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K BOITPOCY O IPEJIEJIbHON OUNCTKE METAJIJIOB
I.II. Koemyn?, J1.A. Cononuxun®, A.II. Illep6ans’

1Hauuonanbublﬁ HAYYHbLIL YeHmD
«Xapovkosckuil puzuxko-mexHuueckuii uncmumymy, Xapoxkos, Ykpauna
E-mail: gkovtun@kipt.kharkov.ua;
2Xapblcoecmu? Hayuonanouwlii ynueepcumem um. B.H. Kapa3zuna,
Xapvkos, Ykpauna

B BBICOKOYMCTOM COCTOSIHUU METAJLIbl PUOOPETAIOT KAYECTBEHHO HOBBIE CBOWCTBA, YTO
U 0OYCIIOBIIMBACT UX IIMPOKOE MPUMEHEHHE KaK JUIsi (DyHIAMEHTAJIbHBIX HCCIICAOBAHHIA,
TaK ¥ JUI IPAaKTUYIECKUX IeIeH.

CylIecTBYIOT pa3iMuHbIe METObI TIyOOKoro paduuupoBanus metamioB [1, 2]. Tlpu
9TOM NPAKTUYECKU BCETJa BOSHUKAIOT BOMPOCHI, CBSI3aHHBIE C OITIPEICIEHUEM MIPEIEIbHOTO
COJIepKAHUS PUMECHBIX AJIEMEHTOB B Tpoliecce paHHUPOBAHHS METAIIIOB, BO3MOXXHOCTH
OLIGHKM TaKOTO COJEP)KaHMs, YCTAHOBJICHHWEM BHEIIHUX (DAKTOpOB, BIUSIOIIMX Ha
COJICpXKAaHUE TMpHMECe. DTOT W JApPYrHe BOMPOCHI PACCMATPHBAIOTCS B JOKJIANe Ha
npuMepax METOAOB HCIAPCHUS M JAUCTHUISIIMKM B BaKyyMe, KpPUCTaJUTU3aI[HOHHBIX
IPOLIECCOB U METO/1a HJIEKTPONIEpeHoca

C T[NOBBIIICHWEM IUKJIOB paUHUPOBAHMS YACTOTA METALIOB, KaK MPaBUIIO,
YBEJIUUNBACTCS, HO IIPU 3TOM JJIsi BCEX METOJ0B HaOJr0/aeTcs TaKk Ha3bIBaeMblil «3ddekt
HachlmeHus». Tak, B mporeccax uCrnapeHust ¥ JUCTUUISIIHA METAJUIOB B BAKYyMe, OYMCTKA
OT JIETKOJIETYYUX MPUMECEH MPEKPaTUTCS MPHU JOCTIDKEHHH PAaBEHCTBA MX MapIHaIbHBIX
YIPYroCTe MapoB U OCHOBBL. DTO, B YAaCTHOCTH, JA€T BO3MOXXKHOCTb OLICHUTh B MEPBOM
NpUOTMKEHUH TIPEIeNIbHOE COAEPIKaHKe JIETKOJIETYUHX MPUMECEH B ATHUX MpoIeccax.

B chaydae HampaBieHHOW KpHCTAUIM3AlMKA I[OCJAE€ MHOTHUX IPOXOAOB  30HBI
pacrpeielieHie MPUMECEH B CIMTKE CTPEMHUTHhCS K HEKOTOPOMY KOHEYHOMY 3HAUCHHIO W
HE W3MCHSETCS TpU JaTbHEHIIEM YBEJIMYCHUH KOJIMYECTBA IMPOXOJOB 30HBI, YTO
00yCJIOBJIEHO BO3HMKHOBEHHEM OOpaTHOrO IIOTOKa IpuMecel 3a cuyé€T pa3HOCTU
KOHILIEHTpalUH.

[Tono6HOE pacmpenenenue nmpumeceil HaOmomaeTcs npu paGUHUPOBAHUN METAIIOB C
UCITIOJIb30BaHMEM MeETOJa dJeKTporepeHoca. IIpu JOCTaToO4HO UIMTENBHOM BpPEMEHHU
NPUIOKEHUS IEKTPHUYECKOTO OIS TIOTOKH MPUMECEH, CBS3aHHBIE C DIIEKTPOIIEPEHOCOM U
obparHor auddysueit, OyayT KOMIIEHCHpPOBATh ApPYr Apyra, NaBasi HYJIEBOH MOTOK H,
CJIEZIOBATEINILHO, TPEIEIBHYIO CTENEHb OYMCTKH.

«O]deKT HachIEHUs» XapaKTepeH W Uil JPYruX METOJOB TIIyOOKOW OYHCTKH
MeTauI0B. BO3HMKaeT BONPOC — MOXHO JIM HOJIYy4uTh abCOMIOTHO umcToe BemiectBo? Ilo
HallleMy MHEHHUIO — 3TO HEBO3MOXHO.

[ToMumMoO BO3HUKHOBEHHUS «3((deKTa HACHIIECHUSI» HAa KOHEYHYI YacTOTy METaJlIOB
OKa3bIBAIOT BIUSHHUE 3arpsi3HCHUS CO CTOPOHBI KOHCTPYKIIMOHHBIX MAaTEpHajioB H
OKpy»Karomen cpeabl. HeBO3MOXHOCTb IMOMydeHHs aOCOJIIOTHO YHMCTOrO BEIIECTBa, IO-
BUIMMOMY, WUMEET NPUHIMIUAIBHBINA Xapaktep. OcCyliecTBIeHHEe I000ro mporecca B
CHCTEME CBsI3aHO C yMeHbleHueMm sHeprum I'mooca G (G=H-TS, rne H, T u S —
DHTAJBIINS, SHTPOIUS U TeMIiiepatypa). [IpoTekaHue mpoueccoB B CUCTEME BO3MOXKHO TPHU
AG <0. JHoctmwxenne aOCOTIOTHO YHCTOTO BEIIECTBA MOXKHO pPacCcMaTpUBaTh Kak
NpUOTMKEHUE BEIIECTBA K COCTOSHHUIO HYJIEBOM SHTPOIHH, YTO B IPUHIIUIIE HEBO3MOXKHO.

JIuteparypa

1. B.A. ITazyxun, A.fl. ®uwep. Paznenenue u padpuHupoBaHHE METAUIOB B BaKyyMe.
M:: «Metamnyprusi», 1969, 204 c.

2 AW benseB.  OU3MKO-XUMHUYECKHE  OCHOBBl  OYHCTKM  METAJUIOB  H
MOJTYTIPOBOJHUKOBBIX MaTepranioB. M.: «Metamnyprus», 1973, 224 c.
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K 120-JJETHUIO CO JHA POXKIEHNS JI.B. LTYBHUKOBA —
BBIJAIOIIETI'OCA ®U3UKA-OKCIIEPUMEHTATOPA

B.U. Cokonenko

Hayuonanvnotii HayuHslil yeHmp
«Xapvkoseckuil puzuko-mexuuyeckuii uncmumymy, Xapvkoe, Ykpauna
E-mail: vsokol@Kipt.kharkov.ua

Jles BacwibeBuu IllyOoHukoB (29 centsaops 1901 r., C.-IlerepOypr — 10 HOsIOps
1937 r.) — BBIAAIOIIMIACS OTEYECTBEHHBIN (U3UK-IKCIIEPUMEHTATOP. 3a CBOIO KOPOTKYIO
Hay4HYIO JAesaTenbHOCTh (14 7eT), mpepBaHHyrO B pesyibTaTe pasrpoma YOTU
opranamu ob6nactHoro HKB/I (tak Ha3eiBaemoe «ueno YOTU»), oOH cymen OCTaBHUTH
SIPKUU CIIe]l B HAYKeE.

JL.B. lllyonukoB ocHoBan B YOTU mepByro B cTpaHe KPHOTEHHYIO I1abOpaTOpUio
(1931 r.), 3amauy KOTOPOW ONMPEICIII, KaK «HMCCIeIOBaHHE (DH3UUIECCKUX MPOIECCOB TPH
HI3KHX TEMIIepaTypax, u3MepeHne (pU3N4ecKux KOHCTAHT M Pa3BUTHE TEXHUKH HU3KHX
TeMIeparyp ¢ LeIbl0 MNPUMEHEHUs B MPOMbIIUIEHHOCTH». OH, IO OIpeleseHuIo
N.B.O6penmoBa, coznan B YDOTU cTuiab KpUTUUECKOH, TIIATEBHO TOYHOM padoThL.

JL.B. IllyOHUKOB C COTpYJHHMKAMHU BIIEpBbI€ B CTpaHE MOJYYMIM >KUAKUHA BOAOPO.I
(1931 r.) m xxunkuit remmii (1932 r.), KyabTypa paboThl ¢ KOTOPBIMH BITOCIICICTBUU ObLIa
HepeHeceHa B PsiJi HaAy4HBIX LIEHTpoB YKpauHbl U Poccuiickoit Penepaiuy, B KOTOPBIX
Ppa3BUBAINCH HU3KOTEMIIEPATYPHBIE UCCIIEIOBAHHUS.

OcHoBHble  pabotel  JI.B.IllyOHMkoBa  OTHOCATCA K  (M3MKE  KPHUCTAILIOB,
CBEPXIPOBOJMMOCTH, aHTU(EPPOMATrHETH3MY, SICPHOMY NapaMarHeTH3My, (azoBBIM
nepexozam, siIepHoN (QU3MKe M TeXHUYEeCKOM KpuoreHuke. Haxonsich B KOMaHIMpPOBKE B
Jletinenckoii nmaboparopun ¢u3ukn Hu3kux Temmeparyp (1926-1930 rr.), [lyOHuxos,
ucronb3yst  meron  OOpenmoBa-lllyOHMKOBa ~ BBIpALMBAaHHUA  MOHOKPUCTAIIOB
nerkoriaBkux MetawioB (Bi, Sb, Zn, Sn, Mg, Al) u ycOBepIICHCTBOBaB METOIUKY,
pazpabotanHyto l'ornem u Kamuuel, momydnn YHHMKalIbHO YHCTblE MOHOKPHUCTAJLIBI
BUCMYTa 17151 (PU3NYECKUX HCCIIEI0BAHNN.

C wumenem JI.B. [llyOHuKOBa CBsi3aHbl Hay4HbIE DPE3YyJIbTaThl MHUPOBOIO YpPOBHS,
nosyueHHsle B Jleinenckoi nabopatopuu u B YOTU:

— OTKpBITHE IIEPBOTO KBaHTOBOTO OCLMJUISILIMOHHOTO s dexra —
HU3KOTEMIIEPATYPHBIX OCHMJUISILIMMA 3JIEKTPOCONPOTUBJICHUST Bi B MarHMUTHOM moJe
(o dext LlyoHUKOB-1€ ["2a3a);

—npsamoe (1 He3zaBucuMoe oT MelicHepa u OxceHdenbaa) 3KCIepUMEHTAIbHOE
JI0Ka3aTeNNbCTBO UACATBHOTO JUaMarHeTU3Ma YUCTBIX CBEPXIIPOBOIHUKOB;

— DKCIIEPUMEHTAIIBHOE OTKPBITHE CBEPXIPOBOIHUKOB II pona;

— MCCJIEIOBaHNE TEIUIOBBIX M MAarHUTHBIX CBOIMCTB XJIOPH/I0B MEPEXOIHBIX METAILIOB,
YTO MPUBEJIO K IKCIEPUMEHTAIBHOMY OTKPBITHIO SIBJICHUS aHTU(DEppOMarHeTus3ma,

— U3MEpPEHNE MarHUTHOIO MOMEHTA IIPOTOHA;

— HccleloBaHue TOTJIONIEHUsST HEMTPOHOB MpU HU3KHUX TeMIiieparypax B Hp, B, Ag,
Cd,

—1epBoe HaOJIOJeHHE IPOMEXYTOUHOIO COCTOSHUSI CBEPXIIPOBOJAHMKA B Mar-
HUTHOM I10JIE;

— HaOJI0IeHNE TPOMEKYTOYHOT'O COCTOSTHUS B CBEPXITPOBOJAHUKE C TOKOM.

JL.B. IllyOHUKOB OCHOBaJ HAy4HYIO HIKONY B 00JACTH HU3KOTEMIIEPATypHOH (HU3MKu
TBEPJIOT0 Tella U KOHJEHCHUPOBAHHOTO COCTOSHHUS BemiecTBa. Cpeau ero y4eHUKOB —
akanemuk  AH CCCP  JL.O. Bepemarun,  unen-koppecnonjaentsl  AH CCCP
H.E. AnekceeBckuii u AH YCCP B.U. XoTkeBuu, [OKTOpa U KaHAWAATHI HaykK
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C.A. 3nyaunbiH -~ AK. Kukoun, [I'.A. Mumotnn, H.C.Pynenko, FO.H. Psa6unun,
A.N. Cynosuos, O.H. TpanesnukoBa, M.®D. ®enoposa, C.C. Mansit, I'.J[. Hlenenes.
[TocnenoBarenu JI.B. llyonukoBa — akagemuku AH YCCP B.I'. JIazapes, b.1. Bepkun,
A.A. T'ankun, .M. Imutpenko, unen-koppecrnonaeHT AH YCCP E.C. bopoBuk u ux
YUCHUKHU.

B HAH VYkpaunsl yupexaena npemust um. JI.B. lllyonukoBa «3a BumaTHi podboTtu y
rany3i ekcnepuMeHTanbHOi ¢izuku» u B CIHIA — moverHoe 3Banue «lllyOHMKOBCKMIA
npodeccop» B Buckoncuackom yHuBepcurere B Majucone.

CTpeMHUTENbHBIN B3JIET «XapbKOBCKOW» (u3uku 30-x romoB XX BeKa, CTABIIHI
BO3MOXXHBIM B TOM uucie Onaromaps nwuynoctd JI.B. [llyOHukoBa, Bce mupe
MPUBJIEKAET BHUMaHHE UCTOPUKOB, KYJIbTYPOJIOTOB U MOMYJSPU3aTOPOB HAYKH.

Jluteparypa

1. JI.B. llyOnukoB. U36panusie Tpyasl. Bocnomunanus. - K.: HaykoBa nymka -
1990. - 352 c.

2. Pasputne kpuoreHuku Ha YkpamHe. COOpHHK Hay4HBIX TpynoB. - K.: HaykoBa
nymka. - 1978. - 224 c.

3. Marepuansl k 6uorpaduu JI.B. lllyonukosa // ®HT. — 1992. — 1.18, Nel. —
c.51-71.

4. FO.A. Xpamos. IlIxona kpuorenuku Lllyonukosa // ®HT. — 1992, — 1.18, Nel. —
c. 83-90.

5. K 100-neruto co nusa poxnaenus JI.B. llyOnukosa: Ilpenpunt HHI[ X®OTU. -
2001. - 46 c.

6. O.C. Baiicoepr. Xomoana ropa. — Xapkis: [IpaBa momuau. - 2010. — 588 c.

7. L.J.Reinders. The Life, Science and Times of Lev Vasilevich Shubnikov. —
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IIUPKOHINA )11 AKTUBHUX 30H
AAEPHO-EHEPTETUYHUX YCTAHOBOK

M.M. IHununenko

Hauyionanvnuii naykoeuit yenmp «XapKiecoKuil (izuxo-mexuivHuil incmumymy,
Xapxie, Ykpaina
E-mail: mpylypenko@kipt.kharkov.ua

Snepna enepretuka choroaHi mnocrtadae 10,5% enekTpoeHeprii y CBITI Ta €
YACTUHOIO TeHepaliiiHoro komiuiekcy noHaa 30 kpaiH, ne mpoxuBae OUIbII K JBI
TPETUHH HACEJICHHS IIJIAHETH.

I3 3arampHOI KUIBKOCTI PEKTOpIB, IO 3HAXOAAThCI B ekcrutyaramii, 81,5% -—
PEaKTOpH 3 JIETKOBOJHUM CIIOBILILHIOBAYEM 1 TETUIOHOCIEM HA TEIUIOBUX HEHUTpoHaX. Y
HaiiOmmkai  50-60 pokiB Taki peakTopu AOMIHYBaTHMYTh Yy TapKy SIACpHHUX
€HEeproOJIOKIB, 10 BUPOOJISIOTH CICKTPOSHEPTIIO.

bazoBum MarepianoM akTHMBHMX 30H PEAaKTOpIB Ha TEIUIOBHX HEWTpoOHaX OyayTb
3aJMIIaTUCA MaTepialdi Ha OCHOBI LUPKOHIIO. YIOCKOHAJEHHS KOHCTPYKLIMHUX
MaTepiajiB JacTh 3MOry MiABUIIMTH edekTuBHicTh Aitounx AEC Ta MOomOBXKUTH
HOPOEKTHI TepMiHM iX Oe3neuHoi ekcruryaTanii. OCBOEHHS HOBHUX 1 YJIOCKOHAJEHHS
ICHYIOUHMX [HUPKOHIEBUX CIUIABIB HEMOXUIMBE 0€3 TJIMOOKOTO JOCIIPKEHHS IPOIIECIB
OJICpYKaHHS [TUX METAJIB SIIEPHOT YUCTOTH.

B nomoBini HaBeneHO pe3yNpTaTH  JIOCHDKEHb 110 OTPUMAHHIO ITHPKOHIO
PEaKTOPHOT YUCTOTH Ta BIUIMBY YHCTOTH METAIy Ha HOTO BIACTUBOCTI.

[TpoBeneHo (izuune OOTpyHTYBaHHS Ta €KCIEPUMEHTAIBHO JOCHIKEHO MOBEIIHKY
METaJIeBUX JIOMIIIOK B Ipoleci padiHyBaHHS LHUPKOHIIO METOAOM E€IEKTPOHHO-
npomeneBoi 1uaBku (EIIl) y Bucokomy Bakyymi. JlocmiJkeHHs TIpOBEIEHI Ha
HOIUIHOMY 1 KaJIbIIETEPMIYHOMY IUPKOHIT. OTpUMaHO SepHO-YMCTUH LUPKOHIHN, 110
3a/I0BOJIbHSE€ Cy4YaCHI BHUMOTH SIIEPHOI €HEPreTUKH, 1 JOCTIHKEHO BIUIUB YHCTOTH
[UPKOHIIO Ha MOTO BJIIACTUBOCTI.

JlocniakeHo MOBENIHKY JOMIIIOK MpU padiHyBaHHI MarHi€TepMiuHOTO I'yOuaToro
[APKOHIIO BITUYM3HSHOTO BUPOOHUIITBA, IO /A€ MOXJIMBICTH CTBOPIOBATH HEOOXiIHI
HepeAyMOBU Ul BHUKOPHCTAHHS MAarHiETEPMIYHOTO IIMPKOHIIO TpH  Po3podIi
IUPKOHIEBUX KOHCTPYKLIMHUX MaTepialiB JUIsl €JeMEHTIB OoOJaJHaHHS sIEepHO-
€HEepreTUYHUX YCTAaHOBOK 3 MOJIMILIEHOK HalIHHICTIO.

[TpoBeneHo MOCHIIKEHHS 1100 BUKOPUCTAHHS €JIEMEHTIB-PO3KHUCIIOBAYIB JUIs
OUMIIEHHS IMPKOHIIO B1Jl KUCHIO NPU BaKyyMHIN IJIaBlii. 3alporOHOBaHa 1 peanizoBaHa
KOHIEMIiS 3MEHIIEHHS! BMICTY KHCHIO B LIUPKOHII, 32 PaXyHOK BBEJCHHS aJIIOMIHIIO Y
BUXIJIHY CHPOBUHY Ha PaHHIX CTaJliIX BUPOOHMIITBA, 30KpEMa MpHU BITHOBIEHH1 METAIy,
3a paxXyHOK YTBOPEHHs 1 BUJAJICHHS OKCUAy amomiHito B mporieci EINI, mo npuBoanTs
JIO TABUIIICHHS SKOCTI MUPKOHIIO (KOHIICHTPAIIisI KHCHIO 3MEHITY€EThCS B 2—5 pa3).

BusBiieHo 0coGIMBOCTI 3MIHU BIACTUBOCTEM KOHCTPYKLIMHUX MaTepialiiB B yMOBax
i1 30BHILIHIX (PaKTOPIB (TeMIepaTypH, paaialliiHOro ONPOMIHEHHS).
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3ABUCUMOCTDb MEK®A3HBIX KOOOOPUIIUEHTOB
PACHPEAEJEHUSA OT TEMIIEPATYPbI U KOHIHEHTPAIIU
KOMITOHEHTOB B JIBOMHBIX METAJLJIMYECKHX
CUCTEMAX

AL Illepbans, O.A. /layenko

Hayuonanvuoiit nayunwiit yenmp
«XapovKkosckuil puzuko-mexnudeckuil uncmumymy, Xapvkoe, Ykpauna
E-mail: shcherban@kipt.kharkov.ua

BeimonmHeH pacueT paBHOBECHBIX Ky M MPEACTBHBIX Kolimg KOI((UIIMEHTOB
pacnpeaenenus (KP) kOMIOHEHTOB 1O  jJuarpaMMaM — COCTOSIHHSL — JIBOHHBIX
Mmertamyeckux cuctem Mg-Ag, Ag-Mg, Al-Mg, Mg-Al, Ni-Ga, Nb-Ge. Otu
CHCTEMBbI OTHOCSATCS K CHCTEMaM C OrPaHWYCHHOW pPacTBOPUMOCTHIO. [loiyueHsl
aNMpPOKCUMHUPYIONINE YPABHCHHSI JIMHHA COJUAYCa W JIMKBUIYCA dTHX CHCTEM B BHJIC
MOJIMHOMOB BTOpPOTO TMOpsiIKA B MHTEpBaje TEMIEpaTyp OT TOYKH IUIABJICHHUS
OCHOBHOTO KOMITOHEHTa Tya JIO TeMIeparypbl O3BTCKTUKA |ga. BBIOTHEH
MaTeMaTHYECKUH aHaJIM3 TIOJYYCHHBIX ypaBHeHHi s pacuetoB KP. PacueTHpiM u
rpaduueckuM ~ METOJaMH  BIEPBBIC  ONPEACNCHBI  3HAYCHUS  IMPEACTbHBIX
K03 PHUIIMEHTOB pacipeaeieHus Kojimg LI Takux cucteM kak Mg-Al, Mg-Ag, Al-Mg.
[TonTBepkIeHO TIONHOE COBMAJICHUE 3HAYCHWH Koljmg, IOJYUYEHHBIX pa3HBIMH
meromamu. st cucrem Ag-Mg, Nb-Ge, Ni-Ga monydeHsl pacdeTHbIC BETHMYHHBI
npelenbHBIX KO (UIMEHTOM, KOTOPBIE XOpOIIO COBMAJAIOT CO CIPABOYHBIMH
3HaYeHUSAMH. [T0CTPOEHBI 3aBUCHMOCTH PAaBHOBECHBIX KOA(PMHUIMESHTOB pacIpe/1eICHHUs

oT Temmeparypsl K], 1 KoHmeHnTpamuu K IS MCClelyeMbIX chcTeM. B mHTepBane
TEMIEpaTyp OT Tma 0 Tpa HaAOMIOMAETCS JTUHEWHAS 3aBUCHMOCTh KO3()()HIIMEHTOB
pacripesienenus Kgg oT Temnepatypsl ATya [1].
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3asucumocmu pagrosecuwix kodpguyuenmos pacnpedenenus Ky om ATy
ons cucmem Ag-Mg, Ni-Ga, Al-Mg, Mg-Al, Nb-Ge, Mg-Ag
Jureparypa

1. A.P. Shcherban, O.A. Datsenko. Dependence of interphase distribution
coefficients on temperature and concentration of components in double metal systems.
East Eur. J. Phys. 4. 63-68 (2020). DOI:10.26565/2312-4334-2020-4-08
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PACYHET PACTBOPUMOCTHU MAJIOPACTBOPUMBIX
KOMITOHEHTOB B TBEPJIOM a-®A3E
IO TEPMOINHAMMNYECKUM ITAPAMETPAM
B3AUMOJIEACTBYIOIIUX DJEMEHTOB

AL Ilepoans, O.A. /lauenko

Hayuonanvuoiit nayunwiit yenmp
«XapovKkosckuit puzuko-mexnudeckuil uncmumymy, Xapvkoe, Ykpauna
E-mail: shcherban@kipt.kharkov.ua

OaHvM W3 BaKHEHIIMX SBISIETCS BONPOC O HAJIWYMM O0JAcTel pacTBOPUMOCTH B
TBEPJIOM COCTOSSHUM BOJIM3M OpPJMHAT KOMIIOHEHTOB, B OCOOCHHOCTH JI TPOIECCOB
OYUCTKH BEHIECTB KPUCTAJUTM3AIMOHHBIMU METOJAaMH, JIETUPOBAHUS METAJIOB U
MOIYTPOBOTHUKOB.

Ha ocHoBe (hyHIaMEHTAJIBHOTO 3aKOHA pPaclpe/IeiCHHsI, OMMCHIBAIOIICTO PaBHOBECHE
MEXIy >KUIKUM W TBEPJAbIM PacTBOpaMH MPH TOCTOSHHOW TeMIepaType MOTyUYEHBI
napamMeTpUuecKre BBIPAXKEHUS NI ONpPENeNieHUs PACTBOPUMOCTH MAalOpacTBOPHUMBIX
KOMIIOHEHTOB B TBEPJOH a-daze o TEPMOANHAMUYECKUM napameTpam
B3aUMOJICHCTBYIOIMX AJIeMEeHTOB. [Ipy BBIBOAE BBIpAKEHUN PAacCMOTPEHBI JBa MOAXOMA:
MEPBbII — ISl UIE€ATBHOTO MOBEICHUSI CUCTEMBI NPH PACTBOPEHUH BTOPOrO KOMIIOHEHTa U
BTOPOW — C y4€TOM OTKJIIOHEHHS OT MeanbHOro nosejeHus. [lepBblil moaxoa HUCHOIB3YET

v < A
HE 3aBUCSLIMN OT TEMIEPATypbl MpeAeabHbIN KodpdHuImeHT pacnpeneieHus Ko,p A

UACAJIBHOIO ITIOBCACHHA CHCTCMBI. Bo BTOPOM METOAC pacdeT MNPOBOAMUTCIA C YYCTOM
OTKJIOHCHHA OT UACAJIbHOTO NMOBCACHUA YCPE3 3aBUCAIYIO OT TEMIICPATYPhI IMapUHuaJIbHYIO

SHTAJIBITUIO PACTBOPCHHS AHg BTOPOTO KOMIIOHEHTa B TBepAod o-¢ase. [IpuBeneHs
pe3yJIbTaThl MPUMEHEHHSI TTIOTYYCHHBIX BBIPOKEHUH ISl pacueTa pacTBOPUMOCTH BTOPOTO
KommoHeHTta s Takux cucreM kak Cd-Tl, Zn-Sn, Te-As, Te-Cu. IToka3aHo, 4ro B
HCCTIEAYEMBIX CUCTEMAaX PACTBOPUMOCThL BTOPOT0 KOMITOHEHTa cocTaBiisieT < 1 aT.%.
OrmpeziesieHbl  OTHOCUTENIbHBIE OTKIIOHEHWS 3HAYEHUN TMpeJeNbHOM PacTBOPUMOCTH
KOMITOHCHTOB, IMOJIYYCHHBIX Pa3HbIMU PAcUETHBIMU MeTodaMH. I McciaelyeMbIX CUCTEM

IpU ONPEENCHUN Yepe3 MaplHUaJbHYI0 SHTAJIBIHUIO PaCTBOPEHUS AH's oTHOCHTEbHBIH
pa3bpoc cocraBisier oT 0 10 mMakcumanbHBIX 26,3% st cucrembl Te-Cu u 26,9% nns
cuctemsl Zn-Sn [1]. OTHOCHUTENbHBINA pa30poc 3HAUCHUH PAaCTBOPUMOCTH, PACCUUTAHHBIX
[0 PAaBHOBECHBIM KO3(QdHIMEHTaM pacrpeneneHus gz [2], coctaBmser 3—4 paza ot
U/1€aTBHOTO.

OcHOBHOM  mNpUYMHOW  pa3dbpoca NOJTYYEHHBIX JAHHBIX [0  PacTBOPUMOCTH
MaJIOpacTBOPUMBIX KOMIIOHEHTOB B TBEPIOH a-(ha3e, MOSYUEHHBIX PA3HBIMU PAaCUCTHBIMH
METOAAMHU, SIBJIAETCS BKJIAJ TEMIIEPAaTypHOH 3aBUCHUMOCTU HUCHOJB3YEMBIX IIPH pacueTax
PABHOBECHBIX ~KOX(P(QULMEHTOB pPACHpPENENCHUs Kpp M NapUUAIbHBIX SHTAJIbIHUH

pacTBOpPCHHMS AHs.
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BIIIMB YACTOTH CdTe TA CdoZno:Te HA BTACTUBOCTI
JETEKTOPIB HA IX OCHOBI
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Bucokoomui HamiBnpoBigHukun CdTe 1 CdogZngiTe € mnepcneKTHBHUMH
MmarepiasiaMi s JETEKTOpPIB 10HI3yIOUMX BHUIIPOMIHIOBaHb, IIO NPAIIOIOTH MPU
KIMHATHIA TeMIeparypi 1 3HaWIUIM 3aCTOCYBAaHHS y 0araTb0X rajxy3siX MPOMHCIOBOCTI,
€HEepPreTUKU 1 HAyKOBUX JTOCII/KEHb. Ba)XIIMBUMH XapaKTEpPUCTHKAMH LUX JETEKTOPIB
€ MMUTOMUH OIIp P, PYXJIHUBICTh €NEKTPOHIB [, YaC YKUTTS HEPIBHOBAKHUX €JIEKTPOHIB
Ty Ta AIPOK Tp, €PEeKTUBHICTH 300py 3apsiiB 1. JeTeKTOpHI XapaKTepUCTUKU ICTOTHO
3ajnexarb Bl yMOB JApeldy HepiBHOBaXHHUX €JEKTpPOHIB Ta MJipok. Ha apeiid
HEpIBHOBOKHUX HOCIIB 3apsiny B nerekropax Ha ocHoBi CdTe i CdZnTe BrumBae ix
3axXOIUICHHS Ta peKOMOiHallig HA TTUOOKUX PIBHAX €JIEKTPUYHO aKTUBHUX JOMIIIOK Ta
CTpYKTypHUX nedekTiB [1, 2], 10 BUHUKAIOTH BXKE HA CTaJil OJCpKAHHS JTETEKTOPHUX
MaTepianiB. B peadpbHHUX yMOBax OJep)KaHHS IIMX MaTepialiB MOXE CTaTucs
HCHABMHCHE BHECEHHsSI B 1X 00'€M DSy HEpexXiHUX METaJiB Ta IHIINX EJIEMEHTIB,
nanpukian, Ti, V, Cr, Fe, Co, Ni, Cu, Sn, Pb, Ge, P, Ag, As. CymapH#uii BMiCT ()OHOBHX
nomirmok Mosxe gocsrarn 10 e [3].

Metoro nocnigxeHHs: Oylo BUBYEHHS BIUIMBY JOMIMIOK 1 JedeKTiB HA P, Up T, 1M
JETCKTOPIB 10HI3yrounx BupoMinioBaHb Ha ocHOBI CdTe i CdggZng Te. docmimkeHHs
HIPOBOJMWINCH METOJIOM MO/JICJIFOBAHHS.

[TpoBeneHi po3paxyHKH TPAHUYHOI PO3YMHHOCTI (POHOBHX Ta JIETYIOUHX JIOMIIIIOK B
JIOCHIJIKYBaHUX MaTepignaX MOKA3a/IH, MO TPH KIMHaTHHUX TEMIEpATYDaX IpaHKTHA
BEJIMYMHA KOHIICHTpAIii pPO3YMHEHHX JOMIMIOK CTaHOBUTH 4:107'cM™, 1m0 3HAYHO
HepeBUILyEe BMIiCT (JOHOBHX JOMIIIOK MPH JAOCATHYTOMY cTyneHt yuctotu Cd, Zn, Te
~99,9999%, abo cymapHii KOHIIEHTpAIlli JOMIIIOK ~10% em®.  Buxomsunm 3
eKCIepUMEHTAIbHO BUMIPAHUX Koe(illieHTIB MIK30HHOI pekoMOiHauii [1], 3’sicoBaHo,
0 TEMIT MDK30HHOI peKkoMmOiHauii Hpu KIMHATHIA TeMmmeparypi B JIOCIIKYBaHUX
Mmarepiajiax MNpUOIM3HO Ha JEcATh MOPAAKIB BEIMYMHM MEHIIMH Bl TeMIy
pexoMmOiHalii Ha TJIMOOKUX PIBHAX JOMILIOK Ta JE(EKTIB, KA OMHCYETHCS MOIEILIIO
Hlokni-Piga-Xomnna, mo Oyna nokjiazieHa B OCHOBY pPO3paxyHKIB Tn, Tp, 1. B pe3ynbrati
MPOBEJICHUX MOJIEIBHUX JOCTIHPKEHh BCTAHOBJIEHO, IO MIK1AIuB1 gomimku Ti, V, Ni,
Ge, Sn mpu mneBHi iX KOHIEHTpalil (~10" CM'3) B CdTe i CdZnTe MoxyTh
BIATATYBaTH piBeHb Pepmi 10 piBHA BakaHcli kaaMito (Vcg), 3HHKYIOUH Tp, Tp, 1 1) YEpE3
3aXOIUICHHs 1 peKoMOiHalil0 HEepiBHOBRXHUX HOCIIB 3apsny Ha Vcg. IlpuitHATHOI
JNETEKTOPHOI SIKOCTI JIOCHIDKYBAaHMX MaTepiajiiB MOXHA JIOCSATTH 3a YMOBH iX
30aJ1aHCOBAHOTO CKJIAJy, KOJM CyMapHa KOHILIEHTpAIlis HIKIAJTUBUX JIOMILIOK MEHIIa
HIX BMICT IHIIUMX (DOHOBHUX JOMIIIOK, CTPYKTYPHUX N1e(DEeKTIB Ta iX KOMIUIEKCIB 1 HE
nepenmye  Bemmunny ~10%° cm®. BCTAaHOBNEHO BIUIMB  9HMCTOTH —JETEKTOPHHX
MaTepiajgiB Ha iX palaifiHy CTIMKICTh TOpu poOOTI MiA [I€I0  10HI3YHOYOIo
BUIIPOMiHIOBaHHA. B jaerekropHux Marepianax 4ucToToro 99,99% 3meHuryerbes ais
MIpoIIeCy pajianiifHOl caMOKOMIIEHCallli OMPOMIHEHOTO MaTepiairy. A came, BakaHCIii
KajMito, chOpMOBaHi MiJl BIUIMBOM OIPOMIHEHHS, B3Aa€EMOMAIIOTH 3 (OHOBUMHU Ta
JIETYIOUMMHM JJOMIILIKaMH 1 YTBOPIOIOTH A-LIEHTPHU - HEUTpaJIbHI a00 3 3apsI0M, OUTBIIUM
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Ha OJIMHUINIO BIJHOCHO TOYATKOBOTO CTAaHY MOJBIWHO 3apsDKEHOI BaKaHCIi KaaMiro
(V&), mo, y cBoro 4epry, mepeukopkae crabimizanii piBas depmi Ta IPU3BOJUTH 10
oro apeiidy o0 30HM MPOBITHOCTI, 3MEHINYIOYHM THUTOMHH OIp p Ta IIPKOBY
OPOBIAHICTh. 3MEHIICHHA P NPU3BOJAMTH J0 30UIBIIEHHS ILIYMy Ta OCTaTOYHOTO
3arJylIeHHS OCHOBHOTO MKy aMIUTITyJHOTO CIEKTPY. BHUCOKOUMCTHIA NETEKTOpHUI
Mmarepiajql Ha IMOYATKOBiIM cTanii OnmpoMiHEHHS 30UTBIIYyE MUTOMMU OIIp 1 MPOSBIISIE
BHCOKY paJiamiifHy CTiHKICTh, OCKUIbBKM piBeHb DepMi y IOYaTKOBOMY CTaHi
3HAXOJHUTHCS OIS cepelnHU 3a00pOHEHOT 30HU 1 cTaOUTI3yeThCS 3a paXyHOK B3a€MHOL
KOMITICHCAIII1 JOHOPHKX 1 aKIIENTOPHUX PIBHIB pamiamiiHuX 1e]eKTiB.
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OCOBO YUCTHII KCEHOH U ET'O CMECH
B I'ASOHANNIOJIHEHHBIX JTETEKTOPAX 'AMMA-U3JIYYEHUA
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JleTekTopel TaMMa-M3JIy4eHUs] Ha OCHOBE 0CO00 YHCTOTO ra3a KCEHOHAa WIJIHM €ro
cMecell MMEIOT psJ IPEeUMYLIeCTB sl HPUMEHEHMH B SAJEpHONW 3HEpreTHKe.
[HopsinkoBbiit HoMep Xe — 54 0/lMH U3 CaMBIX BBICOKMX CPEAU XMMHUYECKHUX IJIEMEHTOB,
UCTOJBb3YEeMBIX B KadyecTBE JETEKTUPYIOUIMX Cpell, YTO CIIOCOOCTBYET BBICOKOH
3¢ GEKTUBHOCTH PETHCTPALUU U3TYICHUH B
JeTeKTopax Ha ero ocHoBe. Takue
JETEKTOPbl MMEIOT BBICOKYIO HAaJ€KHOCTBH
9KCIUTyaTallud M IIUPOKUN  Juana3oH
pabouunx Temmeparyp.

JUis  IOCTHXKEHMsI BBICOKHUX pabouunx
XapaKTepUCTHK  IOJOOHBIX  JIETEKTOPOB
YHUCTOTA KCEHOHA NOJDKHA OBITh >99,9999%
(6N). Takast uncToTa OOBIYHO TOCTUTACTCS
NOOUUCTKONW BbIcOKouncToro (5N) TexHuueckoro raza. Jlias storo Obuia coslaHa
KaMepa CBEPXTOHKOH OYHMCTKM KCEHOHA, B OCHOBE PabOTBI KOTOPOH JIEKHT METOJ
UCKPOBOI'O pacmbUIeHUs TUTaHa B o0ObeM raza. OHa mpexacraBisgeT co0oil 4HCTYIO
KaMepy, CIOCOOHYI paboTaTh Kak mpu riiybokom Bakyyme ~10° mGap, Tak u npu
BBICOKOM JaBiieHMM Tra3a 7o 50 Gap. Mexay TUTAHOBBIMM BIIEKTPOAAMHU KaMephbl
CO3/1aeTcs BBICOKAs Pa3HOCTh TOTEHIIMANOB, B PE3YJbTaTe Yero BO3HHKAECT MCKPOBOU
pa3psan. BeiOuBaemasi pa3psoM THUTAHOBAas «IIbLIbY SBISETCS BbICOKO3((PEKTUBHBIM
reTepoM, KOTOPBI M TOTJIOMIAET Pa3IUYHbIC JIEKTPOOTPHUIIATEIBHBIE PHMECH, TaKHe
kak HyO, Oy u np. [y KOCBEHHOTO ONpEENCHHUsl YPOBHsS YUCTOTHI Ta3a, B Kamepe
YCTAHOBIICHBI ~ MU3MEPUTENIbHBIC  DJIEKTPOABI, C IOMOINBIO  KOTOPBIX  MOXKHO
PETUCTPUPOBATh €AMHUYHBIE NOHU3AIMOHHBIE UMITYJIbChl, BOSHUKAIOIIUE B PE3yJIbTaTe
WOHHM3AIMH Ta3a BHEIIHUM HM3JydeHHEeM. Bpemsi HapacTaHUsi HMIYJIbCOB JJA€T OICHKY
BpPEMEHU JKU3HU HOcHUTENed 3apsfa (3JEKTPOHOB) 7o B rase. Jlyumime 3HayeHUs 7, Ha
JNAHHBIA MOMEHT W3MEpeHHbIE B KaMmepe COCTAaBIIAIOT TMOpPAIKAa HECKOJIbKUX
MHUKPOCEKYH]I.

[Ipu co3manum 1ETEKTOPOB HAMMOJIHEHHBIX 0CO00 YUCTHIMH ra3aMH 0C000€ BHIMaHUE
yIeNseTcss YUCTOTe MOBEPXHOCTEeH jaeTayiell caMoro JeTeKTOpa, a Takke BceX Tpyo,
KJIAITaHOB M T.II. B YCTAHOBKE OYHMCTKH M Hamycka. Co3JjaHHasi yCTaHOBKA JIJIsl pPabOTHI ©
0c000 YUCTHIM KCEHOHOM HE COJIEPYKUT OPraHWYECKHUX BEIECTB U BCE €€ JACTAIN U Y3JIbl
UMEIOT CIEIHMAaIbHO TMOATOTOBICHHBIE BHYTPEHHIE MOBEPXHOCTH C MAaPKUPOBKON «(IJISt
paboThI ¢ YMCTHIMU Ta3aMuy. JleTanu AeTeKTOPOB TAKKe M3TOTABIUBAIUCH U3 METAIIJIOB
¥ KepaMUKH 0e3 UCTIONb30BaHMs OpraHuKy. [lepen HamycKoM rasa Bce y3JIbl YCTaHOBKH
U caM JIETeKTOp MOABEPralMcCh UIUTEIBHOMY HAarpeBy AJS yJaJleHUs C BHYTPEHHHX
MOBEPXHOCTEN a1cOPOMPOBAHHBIX TPUMECEH.

Ha nanHOM »Tame co3gaHbl KCEHOHOBBIE JI€TEKTOPBI Y-M3IY4YEHHs JBYX THIIOB:
MPOMOPIIMOHANBHBIN cYeTYMK ¢ oO0beMoMm cmecu Xe+CH,; ~ 90 oM’ TIPU  TaBJICHUH
0.5...3 6ap, paboTaromuii B IponopLUUOHATIHLHOM pexume [1], u perexkTop ¢ oobeMoM
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cmecu Xet+H; ~2 n mpu naBieHun

20...50 6ap, paGoTtaromuii B PEKUME 10000 - ~, CHEFKTPH TaMMa-H3Ty e HAA
MOHM3aIMOHHON Kamepsbl [2]. ) 0“&12:23}21?0‘;;2;20&
JlerekTopbl MOTYT paboTaTh Kak B @ 1 235
CYETHOM TaK u B Em(’“' o

CHEKTPOMETPUYECKOM  peXHuMax. B E
aTOMHO JHEPreTHKE, momMuMO £ 1004
JIO3UMETPHHU, TaKHE JIETEKTOPHI MOTYT &
HaUTH IPUMEHEHHS JJI1 KOHTPOJISA HAJl % 10 — 1) *U-0,7%
YPOBHEM paJvalU TEIJIOHOCUTENS, U, =& —@) ®U-40%
HaIpUMep, IS ONPEICICHHUS CTEIICHU —(3) *U-20,0%
oboraieHusi sIEpHOTO ToIUIMBa (HA .
pUC. IIPUBEEHBI CHEKTPHl 00pa3loB 0 30 60 9 120 150 180 210 240
ypaHa ¢ pasHOH  CTEHEHBIO Smepru, k3B
oborarieHus).
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OnmHuM 3 TepCrneKTHBHUX NUIIXIB MiJABUINEHHS EKCIUTyaTalllfHUX XapaKTEepPUCTHK
BUpPOOIB € (popMyBaHHS Ha POOOUMX MOBEPXHAX 3aXUCHUX (DYHKIIOHAIBHUX IOKPUTTIB,
cepell sIKUX BaroMe MiCIle TIOCiIal0Th TUIa3MOBI TIOKPUTTSI HA OCHOBI HITPHIiB, KapOiIiB Ta
IHIIUX CHOJYK TepexXiJHUX MeTaliB. B ocTaHHI pOKM 3Ha4yHy YyBary JOCIIIHUKH
NPUAUISIOTE CTBOPEHHIO Ta BUBYEHHIO MOKPUTTIB HA OCHOBI 0araTomiapoBHX CTPYKTYp 3
HAHOPO3MIPHOIO apXiTeKkTyporo. YepryBaHHs ABOX 1 OiNblle mIapiB MaTepialliB 3 pi3HUMHU
(hi3uKO-MeXaHIYHUMHU XapPaKTEPUCTUKAMHU HAJAIOTh MOJKIJIMBICTH 3MIHIOBATH BJIACTHUBOCTI
3aXMCHUX MOKPUTTIB y JOCUTh HIMPOKUX Mexax. PopMyBaHHs O6araToliapoBUX MOKPUTTIB
CTBOPIOE JOAATKOBI MOJKJIMBOCTI IIIIBUIIEHHS 1XHBOI 3HOCOCTIMKOCTI 3a paxyHOK
301LIbIIEHH MDK(a3HUX I'paHMIb, SKI MEPEIIKO/UKAIOTh MEPEMIIIEHHI0 IUCIOKaLii npu
IUIACTUYHIN AedopmMaliii, a Takok KOPUT'YBaHHS TOBILMHHM HOKPUTTS 0€3 3pocTaHHs ioro
KPHUXKOCTIi. 3pO3yMiJio, 0 A €(peKTUBHOTO MOAATBLIOT0 IMPAKTHYHOTO 3aCTOCYBAHHS B
NPOMHCIOBOCTI TUX UM IHIIMX OaraTOIIapoOBUX IOKPUTTIB aKTYaJIbHUM € KOMIUIEKCHE
JOCIIJKEHHSI XapaKTePUCTUK TAKUX MOKPUTTIB I BHU3HAUEHHA B3a€MO3B’S3KY
KPHUCTATIYHOI CTPYKTYPH, €JIEMEHTHOTO CKJIalry, CTPYKTYpHO-(pa3oBoro crany 3 ¢isuko-
MEXaHIYHUMH BIaCTUBOCTSIMHU.

B po0Goti nociimxeno BmacTuBOCTI OararomapoBux NOKpUTTIB (TiZr)N/WN, mo Oymu
chopmoBani Ha 3pa3kax 3i cram 12X18HI9T meTomom BakyyMHO-IYroBOTO OCAKEHHS 3
JBOX JDKEpen mpu Oe3mepepBHOMY OOEpTaHHI 3aKpilsIeHMX 3pasKiB MK pKepenamu 3i
MIBUJKICTIO 8 00epTiB 3a XxBuinHy. OJUH KaTOJ-BUIIAPHUK OyB BUTOTOBJICHHUI 31 CIIIaBy
75 ar.% Ti + 25 a1.% Zr, inmmnii — 3 Bonsdpamy mapku BU. Tuck a3oTy B kamepi CTaHOBUB
0,46 Ila, a HeraTuBHUI1 nMoTeHIiaN 3MiieHHs Ha miaknaa — 200 B. ChopmoBani HOKpUTTS
MaJId TOBIIMHY =~ 5 MKM. Ha pucyHKy HaBeneHO eIeKTpOHHO-MiKPOCKOIIYHI 300pa’keHHs
noBepxHi (a) Ta OiyHOTO nepepizy (0) MOKPUTTIB.

Mikpocmpykmypa nogepxHi (a) ma nonepeuroeo nepepizy (06) nokpumms (TiZr)N/WN,
PEM, JEOL JSM-840
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3a JaHUMHU CHEProAMCIEePCIHHOrO aHanmizy MOKpHUTTs ckimaxamucs (at.%) 3 N (49,17),
Ti(38,93), Zr(8,18), W (3,49) ta Fe(0,24) (BruuB mimkmaaku). Bigmana 3paskiB 3
nokputtssmMu (400 °C, 30 xBwimH) npu3BiB 10 3MmiHu ckiany: N (44,14), Ti (24,71),
Zr (7,22), W (23,93). PentreniBchka audpakromerpis 3adikcyBana ogHoda3Huil craH
nokpurtss 3 ['LIK-rpatkoro ctpykrypHoro tumy NaCl, mapamerp TIpaTKd CTaHOBUTh
0,4289 M, a posmip OKP — 14,7 um mpu 3HauHOMy piBHI Mikpozedopmamiit 6,55-107.
AHai3 po3noAlTy IHTEHCUBHOCTI TUGPAKIINHUX JTiHIH CBIIYUTH MPO HASBHICTH TEKCTYPHU
(111). Iicns Bakyymuoro Biamany npu 400 °C mporsrom 30 XBWJIMH B 3pa3Ky TaKOX
inentudikoBano oxHy ¢a3y. 3adikcoBaHO TIeBHE 30LIBIICHHS MapaMerpa TpaTKh
(0,4295 1m) Ta posmipy OKP (17,5 um) i 3MeHIenns Mikpoaedopmariii (5,35-10%). Biaman
NpHU3BIB JI0 TepeopieHTamii 3epeH i yTBOpeHHs ciiabkoi Tekctypu (200). Tsepmicth
Buxigaux mokputTiB (Falcone 501) cknmama HV,¢=33,2 I'Tla, a micis Binnany — 26,2 ['Tla.
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INFLUENCE OF HYDROGEN PLASMA IRRADIATION
ON STRUCTURAL CHANGES AND MORPHOLOGY OF Ti-Zr-Ni
THIN FILMS CONTAINING QUASICRYSTALLINE
AND RELATED PHASES

S.V. Malykhin', Yu.S. Bogdanov', V.A. Makhlai'?, S.S. Gerashchenko?,
V.V. Kondratenko®, I.A. Kopylets', S.V. Surovitsky', S.S. Borisova

"National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine
E-mail: malykhin@kpi.kharkov.ua; tel. +38(057)707-60-73;
’National Science Center “Kharkov Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: makhlay@kipt.kharkov.ua; tel. +38(057)335-67-26

Quasicrystals (QCs) represent a new class of condensed matter with many anomalous
and unique physical properties that significantly distinguish them from crystals: low
thermal and electrical conductivity, high hardness and wear resistance, low coefficient
of friction. Considering the high fragility of QCs, their use as coatings on the surface of
functional products seems to be the most promising. The potential corrosion resistance,
strength and low thermal conductivity make Ti-Zr-Ni based quasicrystals possible
candidates for use as high temperature protective coatings. Previously, we studied the
features of growing thin Ti-Zr-Ni films by magnetron sputtering of a Tis1Zrsg3Nizo 7
target. A laboratory-technological method for producing films precisely with a
quasicrystalline phase has been worked out. In this work, using the methods of X-ray
diffractometry and SEM microscopy, we study the effect of irradiation of films of
quasicrystalline and related crystalline phases by hydrogen plasma with a thermal load
of 0.2 MJ/m? with a number of pulses up to 20 on the QSPA X-50 (NSC KIPT).

It was found that the quasicrystalline phase, as well as related crystalline phases: the
Laves phase, the a-solid solution, and the 2/1 phase of the Ti-Zr-Ni approximant crystal
remain stable under irradiation with hydrogen plasma. The phase composition does not
change qualitatively. With the accumulation of the number of hydrogen plasma pulses
from 2 to 20 pulses, a monotonic decrease in the quasi-crystallinity parameter from
0.5234 to 0.5160 nm is observed. The width of the reflections (18, 29) and (20, 32)
changes non-monotonically; at first, up to 5 pulses, it increases slightly, by about 10%,
and then decreases by 30% to 12 mrad. Microprobe analysis of the surface did not
reveal a significant change in the elemental composition upon irradiation. In this case,
we associate the decrease in the quasi-crystallinity parameter with the accumulation of
structural vacancies in the bulk of the films. It was found that the changes in the
coatings during irradiation mainly manifest themselves as changes in the substructure of
the observed phases. With the accumulation of exposure pulses, the structure of the
quasicrystalline icosahedral phase improves and the size of the coherence regions
increases. In films consisting of crystalline phases, a partial phase transformation is
observed with a redistribution of components between the 2/1 phase of the approximant
crystal and the a-solid solution phase.

It was found that under radiation-thermal loads in the total of 20 pulses, thin films of
the Ti-Zr-Ni system containing a quasicrystalline icosahedral phase are less prone to
crack formation than coatings with crystalline phases of the same system. The surface
relief observed in the images of scanning electron microscopy qualitatively resembles
the phenomenon of ablation under pulsed thermal action on materials that do not
conduct heat well.
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STRUCTURAL-PHASE CHANGES IN Ti-Zr-Ni THIN FILMS
AND TEMPERATURE STABILITY OF PHASES

S.V. Malykhin, V.V. Kondratenko, 1.A. Kopylets, Yu.S. Bogdanov, 1.G. Shipkova,
S.V. Surovitsky, S.S. Borisova

National Technical University “Kharkiv Polytechnic Institute”,
Kharkiv, Ukraine
E-mail: malykhin@kpi.kharkov.ua; tel. +38(057)707-60-73

Quasicrystalline coatings of the Ti-Zr-Ni system, prepared from ultrapure
components, are promising as high-temperature protective coatings for nuclear reactor
units due to a unique combination of properties [1]. The potential corrosion resistance,
strength and low thermal conductivity make Ti-Zr-Ni based quasicrystals possible
candidates for use as high temperature protective coatings. In addition, the tritium-
saturated target film can be used as an important source-generator of neutrons based on
the D-T reaction. The laboratory-technological procedure for producing films
containing a quasicrystalline phase has been worked out and the features of growing
thin Ti-Zr-Ni films by magnetron sputtering of a Ti41Zr38.3Ni20.7 target are described
in [2, 3]. For the first time, data were obtained on the formation of a 2/1 crystalline
approximant in this system. It was found that immediately after deposition, the films are
nanostructured, with a disordered state that is topologically close to an icosahedral order
prevailing in the near atomic environment. The features of the diffraction pattern makes
it possible to assert that already in the initial state, the atoms are arranged not
chaotically in the structure of the films, but form a "transition™ structure with an
imperfect topological order. This structure is a “prepared” nucleus for the subsequent
formation of the icosahedral phase (QC) upon heating. Annealing for an hour at 300 °C
enhances the icosahedral order. As the temperature rises to 450...500 °C, the diffraction
maxima become more pronounced, and all of them are indexed without gaps as
belonging to the icosahedral quasicrystalline phase. A further increase in temperature to
550...600 °C leads to the appearance of additional reflections in the spectrum. We
identified these reflections as a new phase of the crystal-approximant 2/1 with the
structure type Pa3 . Long-term annealing (= 28 hours) at 470 °C promotes the formation
of a single-phase quasicrystalline state, and 60-hour annealing at 600 °C forms a single-
phase approximant 2/1 state. An increase in temperature up to 850 °C with an annealing
duration of 1 hour contributes to an increase in the content of the approximant phase, as
well as to the appearance of crystalline phases that are thermodynamically stable at
these temperatures: Laves phase (Ti, Zr) ,Ni (L, structural type C14) and a-Ti(Zr) solid
solution. Based on the nature of the change in the quasi-crystallinity parameter of the
QC phase and the lattice period of the 2/1-approximant, it was found that the phase
transition QC —2/1-approximant occurs in the temperature range from 550 to 700 °C.
The same change in the half-width of reflections from these phases indicates that the
transformation occurs in the volume of individual grains.

The structure of the quasicrystalline icosahedral phase and the 2/1 phase improves
with temperature and the size of the coherence regions increases.
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Based on the change in the (653) reflection intensity of the approximant phase, the
activation energy of the phase transformation was estimated to be 94 kJ/mol, which is
typical for atomic jumps over small distances during massive (normal) phase
transitions.
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PA®UHUPOBAHUE MATHUSI METO/IOM CYBJUMALIUU
[F0.11. Boipod, B./I. Bupuw, [[1.H. Butozod, H.IT. Borozos,
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Havyuonanvnotii HayuHslil yenmp
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E-mail: vjugov@meta.ua

CylecTBytoiasi MarHueTepMHUUECKas cXema IMOJIyYEHHUs LIUPKOHUS Mpe/rosaract
MOJIyYeHUE YHUCTOrO0 OT radHUS JTUOKCHAA I[HPKOHUS, €ro XJIOPHPOBAHUE,
BOCCTAHOBJICHUE TETPaxXJIOpUJa LUPKOHUS MarHueM, BBICOKOTEMIEPATypHBIM OTKHUT
NOJYYeHHOW IMPKOHMEBOW ryOku. LlupkoHueBas TyOKa SBISETCS HCXOIHBIM
MaTepHaJOM I BBIIUIABKH ITUPKOHUEBBIX CIUIABOB. UHMCTOTAa ITMPKOHUEBON TyOKH
3aBUCHUT OT YUCTOTHI TETPAXJIOPHIa HIUPKOHUS U MarHusl.

[TomyueHnue 4yMCTON HUPKOHUEBOM T'YOKH TpeOyeT YUCTBHIX COCTABISIONIUX U YUCTHIX
YCIOBUM  BOCCTAHOBJICHUS.  Mar"uii, HUCIOJb3YEMbI I  BOCCTAaHOBJICHMS
TEeTpaxJIOpUaa ITUPKOHHS, JOJDKEH OBITh YHCTBIM 110 COJACP)KAHUIO TpUMecei
BHEJIPCHUS U TIPUMECEH, MIMEIOIINX OO0JIBIIIOE CEYCHHE 3aXBaTa TEIUIOBBIX HEUTPOHOB.

B noknazne npuBeAeHbI pe3ynbTaThl papUHUPOBAHUS MarHus METOJOM CyOIMMaIuu
C KOHJICHCAIIMEH Ha KOJIOHKY, HarpeBaeMyi0 OT THUTIJIA. PaduHMpoBaHME MarHus
MIPOBOJIUJIOCH B BaKyyMe 2:10* Ila meromom cyOnuManuu B TUTISX U3 OKHUCU
UPKOHUSA, CTAOUITU3UPOBAHHON OKHMCHIO UTTPpUs. VICXOaHBIM MaTepraioM ObUT MarHui
tina MI'™-90.

[Ipu mnpoBeneHuH WCCIECIOBAHWK BHAuaje NPUMEHSIACh TJIAJKas KOJIOHKA.
[lonywaromuiica OUCTUIUIAT OCEJal HAa BHYTPEHHEM CTEHKE KOJOHKM IO BCEH ee
BbicOTE. Pacmpezenenne mpumeced MO KOJOHKE MPAKTHUUYECKH paBHOMEpPHOE. ITO
00BSCHSIETCS TEM, YTO Mapbl METaIIa, YIPYTroCTh KOTOPBIX IIPU 3TOM TeMmrepaType yxe
BBICOKAsl, MEXaHWYECKH YBJIEKAIOT 3a CO0OW TpHMecH, UMEIIIHecs B MarHuu, U
MEPEHOCIAT UX B KOHJIEHCAT. 3aTe€M KOJOHKY YCOBEPIIEHCTBOBAJIM, BCTAaBUB CETKY C
pazmepamu sueek 2,0x2,0 MM neperopoaxu (Koibla U Aucku). [lpu oTcyTcTBUM CETKU
U MEePEeropoJoK UMeeT MecTo ciabas ouucTka. [IpuMeHeHrne CeTKu MouTH B TPU pasa
CHIDKAeT COJIep’KaHue TpuMecel B KoHJeHcare. J[nsi oTneneHus mpumeceld, Oosee
Jerkonetyuynx, yeM wmarHuii (Zn, Na, K, xmopuaoB Maruusi), ObUIM yCTaHOBJIECHBI
MOCJIEIOBATEIbHO BHYTPH KOJOHKH KOJIBIIEBBIE M KPYTOBBIE TEPETOPOJIKH, MPUYEM
pa3Mepbl 3THX KPYroB U KOJEI BBIOMpaIMCh TaKUM 00pa3oM, 4TOOBI HCKIIOUYUTH
psIMOE MPOXOXKIAEHUE MOTOKA MapoB MarHus. JlanpHelmme uccieqoBaHusl MOKa3alu,
YTO MPUMEHEHHE CETKHU U TIEPETOPOJOK CHUKAET COJIEPKaHKE MMPUMECEH B KOH/ICHCATE.

bbl1 mpoBegeH XMMHUUYECKHI aHalu3 IMOJYYeHHOro JucTuiuisiTa MarHus. llpu
CpPaBHEHHUU PE3yJbTATOB XUMHUUYECKOTO aHA/IW3a JUCTHIUIATA U XUMHYECKOTO COCTaBa
ucxogHoro MI'-90 BumgHO, uTO TpU padUHUPOBAHWM MATHUS METOJOM CyOIMMAINH
npoucxoauT ourictka ot Na, Al, Si, P, S, Ca, Cr, Mn, Ni, Cu, Se, Sn. He3nauutenbHast
ounctka mpoucxomut ot 11 u K. Maruuii, UMEIOIIUN TaKyl0 YHCTOTY IO MPHUMECSM,
MOXXET TPUMEHSTHCSA JUISI BOCCTAHOBIICHHUSI TETPAxJIOpUAA IHPKOHHUS C TICIBIO
MOJTy4eHUs] [HUPKOHUEBOM TYOKM BBICOKOW YHCTOTHI. lccrenoBana CTpyKTypa U
MHUKPOTBEPIOCTh MOTY4YEHHOTO MarHusl.
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B kayecTBe KOHCTPYKIIMOHHBIX M TIOTJIOIIAIOIIMX MaTEpHAIOB B PEAKTOpax Ha
TEIUIOBBIX HEHUTpOHAX HIMPOKO MPHUMEHSIOTCS MeTauibl |V rpynmsl nmepuoanydeckoit
CUCTEeMbI (IUPKOHUH, TaQHMIA, TUTAH), a TAKXKE CIIaBBI HA UX OCHOBE. TUTaH HAXOIUT
NpUMEHEHHEe TMpU  M[POU3BOACTBE  TPyO  TEII00OMEHHOro  00OpyIOBaHUS,
naporeHepaTopoB, MUTAIOMIUX TPYO U KOJJIEKTOPOB TPAHCIIOPTHBIX YCTaHOBOK, AeTanen
BHYTPEHHETO HACBIIIEHHs] TPYOHBIX CHCTEM, JIONATOK TYypOOYyCTaHOBOK. OJTO
OOBSICHAETCS COYETAHWEM TaKUX IICHHBIX XapaKTEePUCTHK, KaK MaJjas IUIOTHOCTb,
BBICOKasl yZeJdbHas IMPOYHOCTb, KOPPO3MOHHAs CTOMKOCTb, TEXHOJOTMYHOCTb IpU
00paboTKe MJaBICHHEM M CBAapUBAEMOCTh, XJIAJJOCTOWKOCTh, HEMAarHUTHOCTb H DI
OPYTUX CHeHU(PUIecKUX PU3NKO-MEXaHUYECKUX XapaKTEPUCTHK.

B mpencraBnsemoit paboTe MpHBENCHBI PE3yJIbTaThl HCCIEIOBAHUS Ipolecca
paduHHUpoBaHUs 00pa30B HOAUTHOIO TUTAHA METOJIOM OECTHIeIbHOM 30HHOH IUIaBKH
B Bakyyme. [IpoBeIeHBI TEOpPETHYECKHE pacueThl 3HAYCHWH pPABHOBECHOTO U
3¢ ¢dexTuBHOrO K03(PPULUUEHTOB pacupeieneHus Uil Pa3IuyHbIX MpUMeced, a Takxke
dakTopa ucnapsieMOCTH.

IIponecc paduHUpOBaHUS HAa yCTaHOBKE OECTMIeIbHOM 30HHOMN IUIAaBKM BKIIIOYAI
9Tambl MPOTpeBa MCXOJHOW 3aroTOBKH, MPOBEICHHE IIABOK NMPH OOJBIIMX M MajbIX
CKOpOCTSIX MEpEeMELICHUs 30Hbl, TEPMOLMKIMPOBAHUE INIPU TeMIlepaTypax B 00jacTu
dazoBoro nepexoaa. [lomyuensr oOpa3iel TUTaHA YUCTOTOM 99.92 Mac.%. CymmapHoe
KOJIMUECTBO Tpumecel cHkeHo B 1.5 pasza (c 0.12 mo 0.08 mac.%). 3HauuTenbHO
CHI)KEHa KOHIIEHTpalusl npuMmeceil BHenpeHus (kuciopona — B 1.3, yraepona — B 2,
azota — B 2.5 paza).

HccnenoBana MUKpPOCTPYKTYpa (PUCYHOK) U MHUKPOTBEPJOCTh THUTaHA JO U TOCIE
paduHupoBanus. J14 yncThIX 00pa3loB 3HaueHue paBHAnock H, = 940...970 MIla no

a o
Mukpocmpykmypa 06pazyo6 ucxoonHo2o toouoHo2o (a)
U 30HHO-NIABNeHH020 (0) mumana

Ha dotorpadusx MUKpOCTPYKTYpHl pa UHUPOBAHHOTO TUTAaHA (PUCYHOK, O) MOXKHO
VBUACTH IBOWHHMKH, & TAKK€ JHHUHM CKOJBXKEHHUS MO MPU3MATHUYECKUM IUIOCKOCTSIM
{1010}. I'paHuIIBl 3epeH YUCTHIE, pa3Mep 3ePEH JOCTUTAT SX5X7 MM.
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O LIEJJECOOBPA3HOCTHU MPUMEHEHHWSI MHOTOKPATHOT'O
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LlenecooOpa3HOCTh MPUMEHEHHUST N-KPaTHOTO pa(pUHUPOBAHUS IUCTUILISAIMECH WU
HOPMaJIbHOW HaNpaBJICHHOH KpHCTAJUIM3alMel B3aMEH OJHOKPATHOTO pa(uHUPOBaHUS
IpY PA3IUYHBIX 3HAYEHUSAX KOdQPHLIMeHTa pa3aeneHus J 1 OHOM U TOM kK€ KOHEUHOM
BbIX0Jie G OLIEHUBAETCS C MOMOLIBIO KPUTEPUS:

C, [-@a-6""71
C, 1-(1-G)’
rne C, m C; — KOHLEHTpalMH MPUMECH B MPOAYKTE N-KPaTHOTO W OJHOKPATHOTO

papHHUPOBAaHUS COOTBETCTBEHHO Ipu oxHOM u ToM ke G. IlpuBemeHbl MPUMEPHI
pacuera C,/Cy nipu Oosbimx 3HaueHUsIX G.

B=05 p=0.1
Cn
G
=
0,5 a

0,9 0,9
0 08 | 08 G
T T T
1 11 21 1 4
n n

Cn/C1 npu pa3nuyHbIX 3HAUYCHHSX [3, N, BBIXOJE § SAMHUYHOTO MpoIiecca
¥ KoHeuHoro Beixona G=g"

B g n G=¢" Ci/Cy
2 0,98 0,94
05 0,99 4 0,96 0,83
' 09 2 0,81 0,84
' 4 0,66 0,51
2 0,98 0,44
01 0,99 4 0,96 0,07
’ 09 2 0,81 0,27
' 4 0,66 0,02
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[IpencraBiena mMeroauka pacuéra CyOIMMAaLMOHHOTO papUHUPOBAHMS BEIIECTBA C
MCIIOJIb30BAaHUEM JIBYX MapamMeTpoB: KodpduiueHTa pasaenenus [ u uucna [lekne

rae D — koapdunment nudpdysun npumecu, W — CKOPOCTh UCTIAPEHUS BEIIECTBA, P —
IUTOTHOCTH BEIIECTBA, ' - pa3MEPHBIN (akTop MaTepuaa.

D=D*expl 2 (=~ 1)1,
RT, T
rae D* — koo dunuent muddy3un npruMecu B TBEPIOM Tele IPHU TEMIepaType BOIH3H
TeMIIepaTyphl IUIaBIeHUs |, BellecTBa, T — TeMmeparypa cyonumanuu, Q — sHeprus
aktuBaimu auddysun npumecu, R — yHuBepcanbHas ra3oBas KOHCTaHTa. | 'paduku
3aBUCUMOCTH ycpeaHEHHON KoHLeHTpauuu C/Co npumecHu B KOHAEHCATe OT BbIXOJA &
NPOIYKTA MPH PA3INYHBIX U Pe moKa3aHbl HA PUCYHKAX.

B=0.01
10
0o T B //
0.8
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"] ---- Pe=1000 QD 0s o= Pe=10I
= = -Pe=100 @) H e | - - -Pe=10(
- = Pe=10 04 | S - - pe=10
— =Pe=1 03 |} 7 | = =pe=t
—Pe=0.1 H o e — Pe=
e 02 ||~ - Pe=0.1
o1 [ e -=n —
P N P e -
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Hcnonb30BaHNe ypaHa B KauyecTBE MaTepuasla IUIACTHH I HEMTpOHHO-00pa3yrolei
MUIIEHU SAEPHOM NOJKPUTUYECKONM YCTAaHOBKM «VICTOUHHMK HEHUTPOHOB» IO3BOJISIET
YBEJIMYUTH B 2 pa3a BBIXOJ NMEPBUYHBIX HEHTPOHOB, PA3MHOXKAIOIIUXCS B aKTMBHOW 30HE
MOJIKPUTHIECKON COOPKH, U TAKUM 00pa3oM, TIOBBICHTh 3 ()EKTUBHOCTH €€ PadOTHI.

Pemennem 3amauM  MOBBILIEHHMS paJMAallMOHHON CTOMKOCTH YypaHOBOM MMILEHHU
HEUTPOHHHOTO MCTOYHHKA SIBIISICTCS IPUMEHEHHE CIUIAaBOB YpaHa C MOJIHOAEHOM, KOTOpPbIE
COXpaHSIOT TP KOMHATHOM  TeMIeparype H30TPOIHYI0 OO0BEeMHO-IIEHTPUPOBAHHYIO
KyOMYeCKyr0 peIIeTKy BBICOKOTEMIepaTypHOU 7Y-¢a3pl ypaHa, 00JaJalOUIyl0 BBICOKHM
COIIPOTHUBIICHHEM BO3/I€HCTBUIO OOITy4EHHS.

Amnanu3, npoBeeHHbI B padore[1l] mokasan, 4To JierMpoBaHME ypaHa MOJHOICHOM B
KOHIleHTpanuu cBbime 7 Bec.% (onmtumansHo 8...9%) crocoOcTByeT crabuIn3anum
panuanoHHo-cToikoi OLIK cTpyKTypbl B ycI0BUAX 00IydeHUs.

Jnis coznaHus MUILIEHH HEOOXOIMMO IIPOBECTH CIIEIYIOIIE Pa0OTHI:

e  BbIpaboTaTh TPeOOBAHMA K COCTABY M CTPYKTYpE CIUIABA,

®  ONpEIeNUTh YCIOBHS M MPOBeCTH BUILIaBKy ciuiaBa U-(7...9%)Mo;

®  OIpEeNIuTh TEMIEPATypHO-CHIIOBBIE YCIOBUS IPOBEIEHUS BBICOKOTEMIIEPATYPHOM
Mexaandeckoit 3D-006paboTku CIHTKA;

® [IPOBECTU BBICOKOTEMIIEPATypHYI0 TOMOr€HHM3alui0 o00pa3loB B  o0nactu
cymiecTBoBanus y-(has3bl B Bakyyme, B auanasone temmepatyp 900...950 °C B reuenue 24 u.

Marepuan HeiitponooOpasyromeid mumenn (HOM) mnoasepraercst Bo3AeMCTBHIO
MOIIHOTO 3JIEKTPOHHOI'O Iy4Ka, OOJY4YEHHI0O HEUTpPOHAMM MOJKPUTHUECKOH COOpKH,
UCTIBITHIBACT SIEPHbIE IIpeBpalieHus. B 3Toil  cBA3M, BOHpoC O pagUalMOHHON
HOBPEKIAEMOCTH MaTepuajia MMIIEHH B YCIOBHSIX, COOTBETCTBYIOIIMX IapamMeTpam
paboTHl MUIIIEHN UCTOYHUKA HEUTPOHOB, SBIISIETCS aKTyaIbHBIM.

VYcTaHOBIEHO, YTO HAMOONBIIMM BKJIAJ B CKOPOCTh OOpa30BaHUS TOBPEkKACHUI B
ypaHoBoi MumieHun ucrounuka HeWrpoHoB HHI[ X®DTU mnox neiictBuem o0myuyeHus
BBICOKOOHEPIeTUYECKUMHU  3JeKTpoHamMu ¢ 3Heprueid 100 MaB  BHOCAT — OCKOJKHU
¢doronenenus. Bxman ocTanbHBIX MNPOIECCOB (DIEKTPOHBI, (HOTOHEUTPOHBI, HEUTPOHBI
mumieHy, HeWtponel oT IIKC), cocraBiaser HECKOJbKO MPOLIEHTOB OT BKJIaja
doroneneHus[2].
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HIGH-FIELD FORMING OF TUNGSTEN SURFACE BY
EVAPORATION IN LIQUID NITROGEN
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National Science Center “Kharkov Institute of Physics and Technology”,
Kharkiv, Ukraine
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The phenomenon of field evaporation was used by authors earlier for forming the
surface of the needle-like field emitters: specimens for field ion microscopy,
electron/ion emitters, and probe for scanning tunneling microscopes with high
resolution [1, 2]. The basic obstacle to the application of the method of low-temperature
field evaporation is the necessity of the creation of superhigh electric fields on the
surface of the processing object. There are problems connected with the destruction of
objects under the action of mechanical stress, generated by an electric field [3]. In this
contribution was shown that the phenomenon of high-field evaporation of metals in
dielectric liquids could be used for the controlled forming of metal objects with the
sizes in a nanometer range. The high-field treatment in liquid nitrogen was performed
in open-ended Dewars and dielectric baths. The evolution of microtopography was
investigated by methods of field ion and electron microscopy and conventional methods
of scanning electron microscopy. This contribution shows that as distinct from low-
temperature evaporation in a high vacuum evaporation is observed here in a wide range
of electric field strengths 4...57 V/nm. The phenomenon of high field surface formation
in liquid nitrogen takes place in electric fields with strengths lower than those in high
vacuum by an order of magnitude. Accordingly, the density of Maxwell surface stress
is lower by two orders of magnitude. In the proposed treatment process the mechanical
stress of the electric field falls as low as 0.20 GPa. The field ion analysis of
microtopography of W (99.98 at.%) specimens treated in dielectric liquids shows that
the quality of polishing corresponds to the level attained at field evaporation (in high
vacuum or inactive gas medium). A computer mathematical model for analysis of field
ion images of knife-wise tips formed by field evaporation (in a vacuum and dielectric
liquids) was elaborated.

Variations of the emitter radius R in the high field treatment. Initial R is 6 nm (a);
after treatment at 1.2 kV, R = 21 nm (b).
After field evaporation, regular surface reinstated (c)

The comparative mathematical analysis of apex topography for emitters shaped by
thermal smoothing, electrochemical polishing, high vacuum field evaporation, and high
field liquid nitrogen treatment has shown that the discovered phenomenon of the high
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field polishing in dielectric media is a variety of field evaporation. An anomaly large
width of the interval of electric field strength for a high-field treatment in dielectric
liquids points out that this process could be considered as a chemically stimulated high-
field phenomenon.
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[upKOHMI IIMPOKO UCTIONB3YETCS B AICPHON SHEPIeTUKE B KAUeCTBE MaTepuaia Juis
U3TOTOBJICHHSI O000JIOYEK TEIUIOBBLICTSIONIMX JJIeMEHTOB (TBAJIOB). B mporecce
9KCIULyaTallud B YCJIOBMSAX IOBBILIEHHBIX TEMIEpaTyp M OOJBIIMX 103 OO0JIydeHMs
000JIOUKH TBEJIOB JIOJKHBI COXPAHATh CBOU (DPU3MKO-MEXAaHMUECKHE XapaKTEPUCTUKHU B
TEUYEHHUE JJIMTEIbHOIO BPEMEHH, HE Tepss SKCIUTyaTallMOHHBIX KadecTB. B peakrope
TB3JIbl OMBIBAIOTCSI TEIUIOHOCUTEIEM — BOJOM, KOTOpas B YCIOBMSX paavoIM3a
SBJISIETCS MCTOUHUKOM BOJIOPOJa, B3aMMOJIEHCTBYIOLIETO C LIUPKOHUEBBIM CILJIABOM M
U3MEHSIONIETO €r0 XapaKTePUCTUKHU. [ uapupoBaHue 000I0YEK TBIIOB OOCYKIAIOCH,
Hanpumep, B [l], rae ObUIM pPAacCMOTPEHBl MEXaHU3MbI, HPUBOAALIME K HOTEpe
IUIACTUYHOCTU. BHyTpeHHee ruapupoBaHuEe (CO CTOPOHBI TOIUIMBA) CBSI3aHO C
HECKOJIbKUMH SACPHBIMHU IPOLIECCaMU, MPUBOIALIMMU K CO3JAHUIO BaKaHCUH M Jaxe
quciokauui. BHeniHee ruipupoBaHME CBSI3aHO C IPOHUKHOBEHHEM IIPOTOHOB B
000JI0UKY CO CTOPOHBI TEIJIOHOCUTENSA. BHEipeHne Bo10po/ia MPUBOIUT, KAK U3BECTHO,
K YMEHbILEHUIO IPOYHOCTU U OXPYITUMBAHUIO IUPKOHUEBBIX MATEPHAJIOB.

O¢ddexTpl rUIpUpOBaHUS MaTepuaia 3aBUCIAT OT CTPYKTYpHOro cocTosHus. B
HacTosmed pabore wccienoBaicss ZP B Pa3iWYHBIX CTPYKTYPHBIX COCTOSIHHSX,
c(OPMHUPOBAHHBIX COYETAHUEM pa3IMYHBIX PEKUMOB JieopMallliid BOJIOYEHHEM U
TepMooOpadboTok. JlJis HACKIIIEHUs] 00Pa3I[OB BOIOPOIOM ObLT UCIIOIB30BAH MEXaHU3M
AIIEKTPONIEPEHOCA B DJIEKTPOJUTUYECKON SYEHKE B OJHOMOJIBHBIM PacTBOpPE CEPHOU
KHUCJIOTBI. DJIEKTPOJIaMU SIBJISUIUCH IUIACTUHBI TUIATHHBI (AHO) U IMPKOHUEBBINA 00pa3ely
(kaTon) B BUAE OTPE3KOB NMPOBOJIOKU JiinHON 50 MM 1 auamerpom 0,8 mm. Takoro tuma
o0pasisl Zr panee uccienoBaiuck B [2]. [Iporecc HaCkIEHUs BOIOPOIOM MPOUCXOIUIT
B TeueHue oT 3 a0 6 4 npu miotHoctu Toka 0,5 AleM® TeMIIEpaType BaHHBI 70°C.
DNEeKTPUUECKUE XapaKTEPUCTUKH HCXOIHBIX W HACBHIIMIEHHBIX BOJOPOAOM O0pa3IoB
OTIpeNIeNISITUCH 110 YeThIPEeXTOUeUHOl cxeme nmpu Temmeparype 300 u 77 K.

Hannuune Bogopona cka3piBaeTcs Ha MEXAaHUUYECKUX CBOMCTBaxX 0Opaslia U IPUBOJUT
K YMEHBILIEHUIO €r0 MPOYHOCTH, CHUKEHUIO TUIACTUYHOCTH, a TAKXKE OTPAYKAETCS U Ha
AIIEKTPUYECKUX CBOWcTBaXx Martepuana. OTMeueHO U3MEHEeHHEe HSPPEKTUBHOCTU
HACBILIEHUS BOJOPOAOM B 3aBUCUMOCTH OT CTPYKTYPHOTO COCTOSIHUS Marepuaa.
Hampumep, B o0pa3nax, moJABEprHyTbIX KOHEUHOMY OTXHUTY Ipu 650°C oTHoleHue
CONpOTUBIEHUH cocTaBmIO Rspok/R77k=10,93 u B pe3ynbrare HaCHILIEHHS B TEUCHUE
3 9 3Ta BemMUMHA CHU3WIACH 10 4,66. [Ipr 37TOM OCHOBHOE M3MEHEHHE COTPOTHBIICHUS
IIPOUCXOAUT NPU HU3KOM TEMIlepaType, KOrja B METaJlJIe IIOJABJIEHO PACCESHHUE Ha
TEIUIOBBIX (POHOHAX M MPOSBISAIOTCS MPOIECCHl PACCEesIHUSI Ha MPUMECHBIX aTOMax
BOZIOpOAA.

OTMeYeHO CYIIECTBEHHOE CHIKEHHE MOJYJs CHIBHMra IIMPKOHUS B pe3yibTare
HACBILIEHUS BOJOPOJOM, COCTABJIAIOIIEE, B YACTHOCTH, Ul OTOXKEHHBIX mpu 650 °C
o0pa3ioB ~ 25%.
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OOCYXTaf0TCSI BO3MOKHBIC CIICHAPUH HACHIIIICHHS [IMPKOHUS BOAOPOIOM M BIIUSHUS
Ha (DU3MKO-MEXaHMYECKHE CBOHCTBA B 3aBUCHMOCTH OT CTPYKTYPHOTO COCTOSIHHUS
00pa3Ios.
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OcraHHIM YacoM BiJI3HAYAETHCSH TIJBHUINCHUA 1HTEpEC O MOHOKPHCTAIIIB
TYTOIUIABKUX METANIB 5K /10 IEPCHEKTUBHUX MaTepialliB JIsi BUKOPUCTAHHS B HOBITHIX
TEXHOJIOTISIX Yy SKOCTI KOHCTPYKIIIHHOTO 1 (YHKIIIOHAJILHOTO TMpu3HAdYeHHs. Jlo
HAOLIBII TEPCIIEKTUBHOTO METO/Aa OTPUMAaHHS BEIMKOTa0apUTHUX MOHOKPHUCTAIIIB
TYTOIUIABKUX MeETalliB BIJHOCATH IIa3MOBO-iHAYKLIMHY 30HHY muaBky (III3II), sxa
Oyna po3pobinena B IHcturyTti enekrpo3BaproBanHs iM. €.0. [laroma HAH Vkpaiam
[1, 2]. TonoBHa mepemkoga OO OLIBLI HIMPOKOTO BUKOPHCTAHHS MOHOKPHUCTANIB —
BUCOKa co0iBapTicTh. L{f0 mpoOieMy MOXIHMBO BHUPIMIUTH 32 PaxXyHOK iHTeHcHpikamii
TEXHOJIOT1i BUPOLIYBaHHS MOHOKPUCTAJIIB BOJIb(pamy, 110 Ma€ MEPIIOPsTHE 3HAUECHHS.
OngHuM 13  OCHOBHUX CIIEMEHTIB IHTEHCH(}IKalii € WiABUIICHHS IIBUIKOCTI
HapOIyBaHHS MOHOKpPHUCTAJIA.

JloCHiKEHO CTPYKTYpPY IIOCKOTO MOHOKPHCTAJIIYHOTO BOJB(PPaMOBOTO 3JIHMTKA,
orpumanoro crnocodbom III3[1 Ha MOHOKpHCTaTiUHOMY 3apOAKOBOMY KpHUCTall IpH
pI3HMX  MIBHJIKOCTSAX  MOMIApOBOro  mporecy  HapomyBaHus  (17..70 mm/xB).
JocnimkeHHs MeXaHIYHUX BIACTUBOCTEH, PO3MIpIB CyO03epeHHOi CTPYKTYpH, KYTiB
pPO30pIEHTYBAHHS CyO3€peH, XapakTepy pO3MOIUTY JHCIOKAI[ii TpPOBOAWIN 13
3aCTOCYBAHHSAM KOMIUJIEKCY €KCIIEPUMEHTAJIbHUX METOAIB Cyd4acHOro (pi3u4HOro
MaTepiaJo3HaBCTBA.

MeranorpagiyHUMU JOCHIPKEHHSIMH BCTAHOBJICHO, IO CTPYKTypa HApOLIEHUX
MOHOIIApIB OJHOPi/NHA, Ne(EKTIB 1 MOp HE cHocTepiraeThCcs. SIMKM TpaBieHHS, IO
YTBOpPEH1 Ha MOBEPXHI MuTia micas XIMIYHOTO TPAaBJICHHS, MAIOTh OJIHAKOBY (popMy 1O
BCIi BHCOTI MOHOKPHUCTAJIIYHOTO 3JIMTKA, II0 CBIQYUTH MPO  1ACHTUYHICTH
KpHcTanorpagiyHoi opieHTalii Ta ciadKy ii 3aJ€XHOCTI BiJl IIBUIKOCTI HAPOIlyBaHHS B
JTOCJTIJDKEHOMY JT1ara3oHi.

KoHTposb MOHOKPHCTAIIYHOCTI BUKOHAHO Y 5 TOYKaX B3J0BXK BHUCOTH KpHCTaly y
IBOX meprneHaukynsapHux miomuHax (100) ta (110), BiAMOBIZHO Yy 30HI MOHOIIAPIB,
BUpoOIIEeHUX 31 mBHIKicTIO 17 Ta 70 MM/XB. 3a JONMOMOTOK PEHTIE€HOCTPYKTYPHOTO
aHaIi3y BU3HAUEHO, L0 BIIXWIECHHS B1Jl HAPSIMKY BHUPOIIYBaHHS IO BUCOTI KpUCTala
HE NepeBuuLye 5°.

JocnimkeHHs TOHKOI CTPYKTypW IIOKa3ajo, [0 HpH MiHIMaJbHIA IIBUIKOCTI
BupoiyBanHs (17 MM/xB) B 00'eMi MOHOKpHCTaIa PO3NOILI TUCIOKAIiif B OCHOBHOMY
Ma€ PIBHOMIPHUN XapakTep 13 IIIIBHICTIO JUCIOKALIH y Mexax (4...6)-107 oM [Ipn
MaKCUMaJbHIM mBUAKOCTI (70 MM/XB) CHOCTEpIraeThCsl TAKOXK PIBHOMIPHUNA PO3MOJILNT
JUCIIOKAIINA y BChOMY 00'eMi MeTay 3 HIUTBHICTIO (2.. .3)-108 em? . CybOcTpyKkTypa Mae
YiTKI CyOMeX1 3 OJTHOPIHOIO TUCIIOKALIHHOIO CTPYKTYpPOIO, 0€3 CYTTEBHX I'PAJI€HTIB
IIUTHHOCTI JUCIIOKAIIIN 5K y 00'eMi cy03epeH, Tak 1y 30H1 cyomex. Kytu po3opieHTrarii
cy03epeH He nepeBuilyoTh 3° [3].

@i3UKO-MEeXaHIYHl  BJIACTUBOCTI  (MIKpOTBEpPAICTH 1  MOIYJAb  NPY’KHOCTI)
MOHOKpHCTaJIa BOJNb(paMy BH3HAUYaM 3a JiarpaMaMM iHAEHTYBaHHS 3TiHO METOIY
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OniBepa Ta dappa npu HaBaHTakeHHs Ha iHmeHTep 100 Ta 200 T 13 KpOKOM
inmentyBanHs 100 MkM. Y pe3ynabTari IOCHiKEHb OYIIO BCTaHOBJICHO Maibke
PIBHOMIpHIN PO3MOALT MIKpOTBEpAOCTI Ta Moayis FOHra (BigxuieHHs B Mexax 5%),
M0 Jae TiACTaBM BB@XKaTH, IO BHU3HA4YCHI (PI3UKO-MEXaHIYHI BIACTHBOCTI
MOHOKPHUCTAIIB MAaIOTh CJIA0Ky 3aJICKHICTh Bl MBHUAKOCTI iX BupomryBaHHsA. CepemHi
3HAYEeHHS MiKPOTBEPOCTI Ta MOIYJIs MPYXKHOCTI ckianu 6,2 ta 180 I'Tla BinmosiaHo.
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MertonamMu  TPOCBIUYIOUOi  €JICKTPOHHOI  MIKPOCKOMII  JIOCHIIKCHO  BIUIMB
OTNPOMIHCHHST 10HAMH Ar®* Ha napaMeTpH JUCIOKaliiHUX nereib B ciasl Zr-1%Nb 3
pizauM BMicTtoM 3ainiza (Bix 0,012 mo 0,192 mac.%). OnpomiHeHHsI MPOBOIMIOCS Ha
EIIEKTPOCTATHYHOMY MPHCKOpIoBadi Baxkux iomiB ECY-2, iomamu Ar’" 3 emeprieio
1,4 MeB, mpu temneparypi 390°C mo mo3 5 i 153Mmimenr Ha aroMm (3HA).
JocnimkeHHsIMU BUSBJICHO, IO TUCIOKAIIWHI MMETJI B LUX yMOBax MalOTh €IINTHYHY
dopmy. [Ipu poMy, MoYMHAIOUM 3 5 3HA, METJII MOYUHAIOTH B3AEMOIISATH MK CO0OI0,
YTBOPIOIOUM €JIEMEHTH AMCIOKAI[iHOI CITKH. AX A0 03U 15 3HaA cIoCTepiraroThes
TUTBKH TeTNI <a>-TUIly, TeTii <c>-Tuly He BusiBieHI. ONpOMiHEHHS CIUIaBy 3
no0aBKaMH 3aiTi3a MPU3BOIUTH 10 (OPMYBAHHS paialliifHO-1HIYKOBAHUX TETEIh <a>-
TUITY 1 YTBOPEHHS IUCIIOKAIIIHOI CITKM Yepe3 B3aEMOJIiI0 NeTelb mpu 1031 15 3Ha.

JocnimkeHHs eBOMIONIT MIKpOCTPYKTYpH cruiaBiB cuctemu Zr-1%Nb 3 pisHUM
BMICTOM 3ajTi3a JIO3BOJIMJIO BUSIBUTH BIUIMB 3aJIi3a Ha MpolecH (GopMyBaHHS 1 PO3BUTOK
pamiamiifHO-1HAYKOBAaHUX  MDKBY3OJIBHHX JIUCIOKAIIMHUX TeTenb. [liBHIEHHS
KOHIIEHTpalli 3ami3a MNPU3BOAUTH JO 3MEHIICHHS pPO3MIPIB  MIKBY30JbHUX
IUCIIOKALIIMHUX IIETENb 1 HE3HAYHOTO 30UIbIIEHHS 1X LIIJIBHOCTI.

MIiKpOpeHTIeHOCEKTPalbHI JOCTIIP)KEHHsI CKJIaAy BUIUIEHb IOKa3ald, 110 MIpH
OTNPOMIHEHHI 10 703 15 3Ha 3pa3kiB cruaBiB Zr-Nb 3 mogaTkamu 3aiiza BUIIJICHHS
¢a3u JlaBeca 3011HIOIOTBCS 3aJ1i30M 1 MalOTh B CBOEMY CKJIaji Bchoro 1...8% 3amiza
(3amicth 30% no ompomiHeHHs). Lle cBIqUUTH PO MPUMYCOBY iH(UIBTpaLio 3aji3a B
TBEPAUM PO3YMH 1 HOro MOKJIMBY y4yacTh B YTBOPEHHI BTOPHMHHMX pajialiiHO-
IHAYKOBaHUX  JApIOHOJUCHEPCHUX  BUAUIEHb, SIKI  3aTPUMYIOTb  YTBOPEHHS
TUCIOKALlIMHUX TIeTeNb <C>-TUIy, BIAMNOBIJANIbHUX 3a TMPUCKOPEHHS paialliifHOTo
pOCTY CIITIaBy.

TakuM YMHOM, OTPOMIHEHHSI CIUIaBY TOKa3ayio, M0 JOJETYBAaHHS 3ai30M CIUIABIiB
cuctemMu Zr-Nb crpusie NpUTHIYEHHIO SIBUINA paaialliiHOrO POCTY B KOMEPLINHHO
e(eKTUBHHUX Jiana3oHax J103.
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MUKPOCTPYKTYPA U MEXAHUYECKHUE CBOMCTBA
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B Hacrosiiee BpeMsi aKkTUBHO HMCCIIENYIOTCS BBICOKOAHTpomnwuitHbIe criaBbl (BOC),
ABJISIIOIIMECS, B OCHOBHOM, TBEpPABIMH DPACTBOPAMHM C TI'PAHELEHTPUPOBAHHOM
kyonueckoit (I'IK) mim o6bemHO neHTprpoBanHO# kKyoudeckoit (OLIK) pemerkamu u
obnanaronue YHUKaIbHBIMA MexaHnuueckumu cBoictBamu [1]. BOCel ¢ OIIK-
peueTkoi (POpMUPYIOTCS, B YACTHOCTH, B JIETKHUX CIUIaBaX, COJEpKaIUX 3HAYUTEIbHOE
kosmgectBO Ti u Al OTM crulaBpl NEpCHNEKTUBHBI I WCHOJIb30BaHUSA B
ABTOMOOWJIBHOM M a’pOKOCMMYECKON MPOMBILIUIEHHOCTH, a TakKXKe IPEICTaBISIOT
MHTEPEC AJI1 aTOMHOM HEPTE€TUKH.

B nacroseit pabore ucciae1oBaHbl MUKPOCTPYKTYpa M MEXaHHYECKHE CBOMCTBA
MHOTOKOMIIOHCHTHBIX CILIABOB JIBYX cocTaBoB: TlogCrp11Algo7 Nboo, (cmmaB 1) m
Tios Cro11Alogr Nbo1: Voi11 (crutaB 2). CrtaBbl MOJyYaid TyroBOM IUIABKOH C
HEPacX0ayeMbIM BOJIB(PAMOBBIM JIEKTPOJIOM B arMocdepe unctoro aprona. Yucrora
UCXOIHBIX KOMIIOHEHTOB cocTaBisuia He MeHee 99,9%. Jlna obecnedeHus
OJTHOPOJHOCTH CIUTKM neperuaBmsiin  8—10 pa3, pasMep CIUTKOB COCTaBIIsUI
12x12x60 mm.  lia  BbIpaBHUBAHUS XMMHUYECKOTO COCTaBa JIUTHIE  CILIABBI
roMmorenusupoBanu npu remmneparype 1100 °C B reuenue 1 4 B cpeie UUCTOro aproHa ¢
NOCIEAYIOIUM OXJIaKICHUEM Ha BO3AyXe. B nanpHEWIIEM CIMTKH NOJBEPraluch
IIPOKATKE NPU KOMHATHOM Temmeparype A0 ToJmuHbl 0,6 MM ¢ IPOMEXYTOUYHBIMU
omxuramu npu temmeparype 1100 °C.

Jnsa  uccienoBaHMsi MHUKpPOCTPYKTYpPBl M COCTaBa  CIUIAaBOB  MCIOJIb30BaIM
metautorpaduueckuit Mukpockon Olympus GX51 M ckaHUpYIOIUN 31EKTPOHHBIN
mukpockon JSM 7001F, ocHameHHBIN peHTreHOCHEKTpaIbHbIM aHanu3aTopoMm INCA
ENERGY 350. MexaHnyeckue CBOICTBA ONpENENsId METOJOM HU3MEpEHMs
MUKpPOTBEPJIOCTH M TIPU HCHBITAaHUSAX Ha pacTsokeHue. [Ipu sToMm Haxonunum mpenen
TEKYUYECTH G2, IPENIEN IPOUHOCTHU Gy, M YIUTMHEHUE 10 PA3PYLICHUS O.

CornacHo PEeHTIeHOCIEKTPAIbHOMY aHaIM3Y, (PAKTUYECKHE COCTaBbI UCCIIEIYyEeMbIX
CIUTaBOB ObUIM OJM3KM K HOMUHAIbHBIM. CTPYKTYpHBIE HCCIEAOBAHUS MOKa3alH, YTO
TEeMIIepaTypa OKOHYATEJIbHOI'O OTKWra OoJibllie BJIMSIET Ha pa3Mep 3€pHa B CIUIaBe
TIiCrAINb B cpaBaennu co cmmaBom TICrAINDV. Tlpu sTOoM OBIIO TMOKa3aHO, YTO
orxuru npu temneparypax 700 u 800 °C npuBoJsT K 00pa30BaHUIO HHTEPMETAIIH/IOB.
[Tocne omxura npu 1000 °C obOpasubl SBIAIOTCS OAHOGA3HBIMH HO TPU 3TOM
MPOUCXOJUT 3HAUUTENbHBIA pocT 3epeH. llosTomMy TemmepaTypa OKOHYATEIHLHOTO
OTXHra o0pa3IoB JJIsi MEXaHWYECKUX UCIBITAaHUN Ha pacTspkeHue coctaBmia 900 °C, a
CpelHMIl pa3mep 3epHa cocTaBuil IpH 3ToM okosio 70 m 50 MkM anda craBoB 1 u 2
COOTBETCTBEHHO.
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Kak BUHO U3 MpeICcTaBICHHON HIKE TaOJIUIIbI, 3aMEeHa YacTH HUOOUS B CIUIaBe 2 Ha
BaHAJWI MPUBOIUT K HEOOIBIIOMY YBETUYCHUIO MUKPOTBEPIOCTH, U C TIOBBIIICHHEM
TEeMITepaTypbl OTXKUTA ITOT AP(PEKT yCHIUBaeTCsI.

T orx/BpEMS 700°C/1lu 800°C/1u 900 °C/1 u 1000°C/1 4

Cnnas CmnmaBl | CmmaB2 | CrmmaB 1l | ComaB 2 | CmaB 1 | Crumas 2 | Crras 1 Cmnas 2

H,, Mlla 2940+60 | 3030+34 | 2900+24 | 2990445 | 2910+40 | 3050+28 | 2950+43 | 3090+23

Pe3ynbTaThl MEXaHWYECKHMX HUCIHBITAHUH HA pacTSHKCHUE TIPEACTABICHBI B
cieayromen Tadnuiie.

T ucnerrauwuii, °C 20 650

CmuiaB CrmmaB 1 | Cmnas 2 | Cmas 1 Crmuas 2
692, MIla 890 839 536 -

6,5, MIla 936 933 567 -

8, % 23 21 20,2 -

[IpuBeneHHble pe3yabTaThl MOKA3bIBAIOT, 4YTO IMpEAeN TEKY4eCTH HCCIeAyEeMbIX
CIUIABOB TMPEBBINIACT 3HAYEHUs, XapakTepHole i ayctenutHor (X18HIO0T) wu
dbeppurno-mapteHcutHoit (T 91) craneii, ucnonp3yeMbix B aTOMHOU sHepreTuke. [Ipu
TOM TaKXe HaOJII0IaeTCsl JIOCTATOYHO BBICOKUN YPOBEHb IUIACTUYHOCTU. Takum
0o0pa3oM, MpeIJIOKEHHbIE CIUIaBbl, B OCOOCHHOCTH C Y4Y€TOM HH3KOH IUIOTHOCTH,
SBIISIOTCS MEPCIEKTUBHBIMUA KOHCTPYKIIMOHHBIMU MaTepUATIAMHU.

Jluteparypa
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Xapovkos, Ykpauna

bezonacHOCTh W HAJCKHOCTh AaTOMHBIX 3JEKTPOCTAHIMA — BaKHEHIIHE (HaKTOpHI B
COBPEMEHHOM sAnepHo sHepreTuke. CTpemiieHre NOBBICUTh 3PHEKTUBHOCTh PEaKTOpa
3a CU€T NMOBBILICHUS TEMIIEPATYPhl B aKTUBHOM 30HE (A3), a TaK)Ke 3a CUET YBEJIUYECHUS
JI030BOM HAarpy3Kud Ha MaTepuaibl, 10 YMOJYaHHWIO NPUBOIAUT K CHI)KEHUIO YpPOBHS
Oe3omacHocTH. B Takux ycinoBHSX BO3HUKAIOT Bce 0Oojiee BBICOKME TpeOOBaHMS K
WU3MEPUTEIIBHO-TNarHOCTUYECKUM CHCTEMaM, a TaK)K€ CUCTEMaM KOHTPOJIS U 3alLUTHI.
B 4acTHOCTH, TOYHOCTH M OIEPATUBHOCTb M3MEPEHHs IOJEH TEIUIOBBIX HEUTPOHOB
CTaHOBUTCH ellle OoJiee BaKHOW 11 MO iepKaHusl TpeOyeMoro ypoBHs 6€3011acHOCTH.

B pekxropax BBOP s n3mepeHuss HOTOKOB TEMJIOBBIX HEUTPOHOB MCIIOJIB3YIOTCS
COTHH aKTUBALMOHHBIX HEMTPOHHBIX JETEKTOPOB mpsMoro 3apsaa ([AI13) ¢ smutrepom
u3 Rh [1], u Hage:xxHOCTh MX paboOTHI JoKa3zaHa BpeMeHeM. OJHAKO JKCILUTyaTallus
POIMEBBIX NETEKTOPOB B YCIOBHUSAX IOBBILICHHBIX TEMIIEPATYp U J030BBIX HAarpy30K B
nape ¢ TeM, YTO €CTh 3ala3/iblBaHuE CUTHajla, IPUBOJAT K BOIIPOCY: TOCTATOYHO JIU C
TOYKH 3peHUs1 6€30IaCHOCTH UCIIOIb30BaTh TOJIKO HHEPIIMOHHBIE IETEKTOPbI?

KoMnToHOBCKHE N1€TEKTOphl HEUTPOHOB, KaK U B-DMHUCCHOHHBIE, HE HYXAAIOTCS BO
BHEIIHEM MCTOYHMKE IUTAaHUSA U HMEKOT JIOCTATOYHO MPOCTYK) KOHCTPYKLHIO. Y
KOMIITOHOBCKHX JIETEKTOPOB €CTh SIBHOE MPEUMYILECTBO 3a CUET OE3bIHEPIIMOHHOCTH U
OTHOCHUTEJIbHO HU3KHUX CKOpOCTell BbIrOpaHus (s OOLIENPUHATHIX MaTepuaIoB
smuTTepoB B KoMnrToHoBckux /JI13). V Hf yHukanbHble saepHO-pu3Nyeckue
XapaKTEePUCTHKH, a TAK)Ke OTHOCUTENILHO HU3Kasi CTOUMOCTh — UMEHHO 3TH (DaKTOpbl U
ONPEEISAIOT MEPCHEKTUBHOCTh €r0 HCIOJIb30BAHUS B KaueCcTBE MaTepuaa 3MHUTTEpa
KOMIITOHOBCKOTI'O HEUTPOHHOIO JeTEKTOpa 71l A3 JIETKOBOJHBIX PEAKTOPOB [6].

Jlannast paboTa mocBfIleHAa U3YYEHUIO OTKJIMKAa KOMITOHOBCKOTO BHYTPU30HHOTO
JIETEKTOpa C AYMHUTTEPOM U3 Metaummdeckoro Hf mpu B3ammozelicTBun ¢ HEWTpOHAMU
(BocmipounsBenensl ycnousi A3 BBOP-1000). PaccmoTpens! mpoiiecchbl, OTBETCTBEHHBIE
3a (opMHpOBaHHE BBIXOJAHOTO CHUTHaNa. BblsBiIeHO, 4TO Hauboyiee 3HAYMMBIMU
IpoleccamMy SIBISIOTCS paJAMallMOHHBIA 3aXBaT HEWTpOHa B peakiuu (N, y), a Takxke
KOMIITOHOBCKOE pAacCEsIHUE Y-KBAaHTOB B MaTepHallax [ETEKTOpa. AHAJIUTHYECKH H
YHCIIEHHO OIIEHEHa BEJIMYMHA OOIIero curHajia ragHueBOro Jerexkropa. PesynbTarsbl
MO3BOJISIOT 3aKJIIOYMTh, YTO TIOCIE NPOBEIEHUS COOTBETCTBYIOIIUX KaJTHOPOBOK
JICTEKTOP C SMHUTTEpOM U3 Metautnueckoro Hf remecooOpasHo W mepcreKTHBHO
MCIIOJIb30BAaTh AJI1 U3MEPEHMSI JIOKAIBHBIX N- U y-TI0J€i B A3 sS716pHOr0 peakTopa.
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RELATIVE LENGTH AS A CLASSIFICATION PARAMETER
OF THE CRYSTALLIZATION MODE OF AMORPHOUS FILMS

A.G. Bagmut

National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine
E-mail: agbagmut@gmail.com; tel. +38(066)595-04-72

The possibility of using of the relative length &y as a numerical parameter, determining the
polymorphous crystallization mode of amorphous films, was considered [1]. Based on “in situ”
electron microscopic studies with the method of video recording of phase transformations,
following polymorphous crystallization modes in amorphous films have been identified based
on the structural and morphological characteristics (Table).

Layer polymorphous crystallization (LPC) mode describes the nucleation and growth of a
single-crystal layer in the field of the electron-beam impact on amorphous film (Figure). In this
case &= Dolay, Where ag is a cell parameter of the growing crystal. Dy is an average crystal size
atatimet =ty (to is characteristic unit of time), after which the volume of the amorphous phase
decreases by the factor of e = 2.718. For LPC mode &, is about several thousand (3000-5000).

Island polymorphous crystallization (IPC) mode describes the nucleation and growth of a
polycrystalline layer. In this case 8,= Dy/Q", where Q is the volume of the crystal unit cell. For
IPC mode &, is about several hundred (100-1100).

Dendrite polymorphous crystallization (DPC) mode describes the nucleation and growth of
dendrite in amorphous layer. In this case also 3,= Dy/Q", where Q is the volume of the crystal
unit cell. For DPC mode &, ~ 3868.

Crystallization modes in amorphous films

Crystallization mode Film Deposition method dg

Sh,S; Thermal evaporation 4992

LPC Cr,0; Laser evaporation 3107
V,03 Laser evaporation 4553

Ta,O5 Laser evaporation 3659

ZrO, lon-plasma evaporation 118

ZrO, Laser evaporation 904

IPC Ta,05 Laser evaporation 416
V,03 Laser evaporation 1024

Yb,0,S Electron beam evaporation 1030

HfO, Laser evaporation 3829

b

Amorphous phase

71" Sb,S; crystal

Layer polymorphous crystallization of amorphous film of Sh,S;. Electron microphotographs
correspond to the frames at the time moment t, which have passed from the beginning of the
recording of the crystallization process: a—t=3.63s;b-t=11.87s;c—-t=19.50s.
SAED pattern of the crystalline Sh,S; is shown in the upper right corner of the frame 1c

References
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OO0 OCOBJUBOCTENA BUPOGHUIITBA KPEMHIIO
JJIA EHEPTETUYHHUX IIOTPEDB
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AT «Incmumym mumanyy, 3anopixcxca, Ykpaiua,
Zlumenepnuﬁ HasuanvHo-HayKoeull incmumym 3HY, 3anopixcoca, Ykpaina

BuroroBneHHss BUpOOIB 3 KPEMHIIO IS MOTPEO PI3HUX Taly3ed MPOMHUCIOBOCTI
BUMarae AUQEpeHIiioBaHOrO MiIXO0Ay 3 OTJISAYy Ha HEOOXITHICTh OTPUMAaHHS Pi3HUX
BJIACTUBOCTEH Ta XapaKTEPUCTHK KIHIIEBOTO MPOIYKTY abo MoxigHuX HamiB()aOpUKaTiB.
BukopucranHs KpeMHIIO B paliOeICKTPOHHUX HAlpsMax BHMara€ BUCOKOI YHUCTOTH 3a
BMICTOM OJHUX nomimok, Takux sk Cu, Fe, Ni, Mn, Byriemns. 3 iHmoro OOKy B
OaraTbOX BHUMAIKaxX IS OJEPKAaHHS 3aJaHUX XapaKTEPUCTUK BUKOPUCTOBYIOTH
npenusiiiHe JeryBaHHS Ha PiBHI KUTBKOCTI aTOMIB Ha OJMHULIIO 00’ eMy MaTepiany. s
BUTOTOBJICHHS (hOTOENeKTpUYHHUX reperBoproBadiB (DPEIl) BUKOPUCTOBYIOTH KpEeMHIN
«COHSYHOI» YUCTOTH 13 BMICTOM OCHOBHOTO Marepiainy Ha piBHI He MeHIe 99,999%
mac. B rexnomorii ®EIl y sKOCTI BHXiAHOI CHpPOBHHH BUKOPHUCTOBYIOTH
MOJIIKPUCTANIYHUN KpEeMHIN, OTpUMaHUU 3a «Siemens»-TeXHOJOTi€l, CHelialbHO
OUYMINEHUI MEeTANyprifHui KpeMHii (HOPMAaJbHOIO CIPSIMOBAHOK KPHUCTAJI3all€ro,
OapOoTyBaHHSIM ra3oM, IO BMIIIye KHCEHb, padiHyBaHHSIM CTPYMEHEBUM
IUIa3MOXIMIYHUM ~ MeTonoM). [logmameima mepepoOKka CHPOBHHH — 3HIMCHIOETHCS
BUPOIIYBaHHAM 3JIMBKIB MYJBTIKPUCTAIIYHOIO KpPEMHIIO, OCa/DKEHHSM TIpaHyil B
KATUSIYOMY IIapi, BUPOIIYBAaHHSIM 3JIMBKIB «kBa3u-MoHO» (MonoCast), a Ttakox
TPaJULIMHUMU MeToAaMu YOXpajbChbKOro 1 O€3TUIeIbHOI0 30HHOTO IUIABJIEHHS, SIKI
3a0e3nedyroTh NOTpiOHy mns  BHcokoedektuBHUX DEIl  uwmcrory 99,9999999-
99,999999999 mac.%. Meton HoxpanbCchKoro 3abe3nedye MOXKIUBICTh BUPOIYBAaHHS 13
KBapIIOBOTO THUIJII0 MOHOKPHCTANIIB AiaMeTpoM 10 >450 MM 3 BHCOKO JOCKOHAJOIO
KPHUCTATIUYHOIO TpaTKoro (0e3aMcIoKaliiHi MOHOKPHCTAIN), ale 1i KPUCTaIH MICTSTh
KHCEHb, KOHIEHTPALIIIO SIKOTO NOTPIOHO CYyBOPO MIATPUMYBATH HA 33aHOMY piBHI. CZ-
Si-MOHOKPHUCTAIM BUKOPUCTOBYIOTBCSL JUIS BHIOTOBJICHHS Maiike BCIX KJAciB
JUCKPETHUX HaIlIBIPOBIAHUKOBUX MPUIAJiB, IHTerpaabHuX cxeM 1a OEIL 3a meTonom
6e3turensHoi 30HHOI TaBku (B3I1) po3mnaBnena 30Ha 0araropa3zoBoO MPOXOJUThH Yepes3
MOJIIKPUCTAIIYHUN CTPUXKEHb, 3aBJISKM YOMY BIJOYBA€THCS OUYMIIEHHS B1Jl OUIBLIOCTI
METaJIeBUX JOMIIIOK, BYTJEII0 (Mirpailisi iXx B KpaloBi 30HH 3JHBKY), (OPMY€ETHCS
Oe3qUCIOKAIfHIIT  MOHOKpPUCTA 13 33JaHOI0 IIUIBHICTIO MiKpoaedeKTiB Ta
OpOBOJIUTHCA TOTpiOHEe JseryBaHHSA. OCKUIBKM MOHOKPHMCTANIM, IO BHPOLIEHI 3a
metoaoM B3Il (FZ-Si), micTarh Ha AeKUIbKa TMOPAJIKIB MEHIIIE METAJIEBUX JIOMIIIOK, a
TaKOX Ha TMOPSJIOK YHCTIIIE 32 JOMILIIKAMH KHUCHIO Ta BYIJIELO, IX BUKOPUCTOBYIOThH
HIOJI0 OJEp)KAHHS TMOTYKHUX CHUJIOBHX HAIIBIPOBIIHUKOBUX NPUJIAAIB 1 NpUiIaiiB
CHeliaJbHOr0 Ta KOCMIYHOTO0 BUKOpUCTaHHA. Haitbinbi 3aTpeOyBaHMMU Ha CBITOBOMY
PUHKY CHJIOBHUX HAIIBIPOBIAHMKOBHUX TMPUIAJIB € BUCOKO OJHOPIIHI MOHOKPHCTAIU
FZ-Si, axi mignaHi HEUTPOHHOMY TpaHCMyTaliHHOMY JieryBaHHIO. OCTaHHIM yYacoM
meton B3Il ynmockonanmeHuil 3aBAsiku J10JaTKOBOI 0OpoOLll po3IiaBy €JIEKTPOHHUMH
CTPYMEHSIMH, IO JO03BOJIMIIO OAEP)KATH PEKOPIHO HHU3bKY KOHIIEHTPAIil0 KHCHIO
<5-10%cm®. Caitosi IHTENEKTyaJIbHI pecypcd B JaHUM dYac KUHYTI Ha pO3POOKY
TeTepOCTPYKTYpP Ha OCHOBI IIapiB MIMPOKO30HHUX HAMiBOPOBiTHUKIB - BiJ 1,38 eB (InP)
1o 2,2...3,3 eB (SiC, GaN), 1 Bume — anma3s (5,47 eB), AIN (6,2 eB), BN (~ 5 eB) i in.
Ane mBHIKOT KOMepLiami3amii IMX TEXHOJIOTIH MNEepelIKOKAE BiICYTHICTh SKICHUX
MIKIaJ0K U €MITaKCIMHOrO HapollyBaHHS IIMPOKO30HHUX HAaIIBIPOBIAHUKIB, Yy
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SKOCT1 SIKMX T0YaB BUKOPHCTOBYBATHCh MOHOKPHUCTATIYHUN KPEMHIN 3 HAaHECCHHUMH
Oydepuumu mapamu. Lle 103BosI€ 30M3UTH TApaMETPH PEIIITOK MiAKIAIAKY 1 mapy Ta
3armo0IrTH X pO3TPICKYBaHHIO.

[lepceKTHBHUM HANpPSIMKOM BHKOPHUCTAHHS KPEMHIIO € TEXHOJIOTiS 3aCTOCYBaHHS
HOro HaHOPO3MIPHUX IOPOIIKIB JJIs AHOAHOI Tpymu OarapeiHWX cHcTeM. 3a
pe3yibTaTaMu 0araThboX JOCIiKEHb BBEICHHS B OaTapeiHy CUCTeMY TaKOro Marepiany
y TIOEHaHHI 3 KapOOHOBOIO IIJKJIAIKOK BTPHYl 30UIBIIYE THUTOMY €MHICTh
aKyMmynsaTopa. BHroTOBIEHHS MIKPOKPUCTAIIYHUX Ta HAHOPO3MIPHHUX IOPOIIKIB
KPEMHIIO 13 CIeliaIbHUM JIETYBaHHSIM € aKTyaJbHOIO 33/1a4€l0 Ha CbOTOJHIILIHIN JIeHb,
y TOMY 4ucIi, 17151 popMyBaHHsS BUPOOiB 3a 10MOMOT00 3D-IIpUHTIHTY.

Takox IiKaBUM HANPSIMKOM 3aCTOCYBaHHS KPEMHIIO Ta HOTO CIOJYK B aTOMHIH
IPOMHCIIOBOCTI € BUKOPUCTAHHS X Y SKOCTI MOKPHUTTIB. PO3risgaroTbcss MOKIMBOCTI
BUTOTOBJICHHS TCIUIOBHAUIAIOYMX €JIEMEHTIB (TBENIB) 3 BHCOKOYHCTOrO KapOimy
KPEMHII0, OCKIJbKH TaKHi Marepiaj € JOCTaTHhO MIIIHUM, CTIMKHM 10 KOpO3iMHHX,
a0pa3WBHHUX HABAHTAKEHb Ta TEMIIEPATyPHUX T'PAJIEHTIB, K1 ICHYIOTh B 30H1 peaKIlii.
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MI/IHEPAJII)HI)I‘I:/'I N30JIATOP U3 MgO IJIAA AETEKTOPOB
HEUTPOHOB PEAKTOPOB BBOP
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C uenbto ynydmeHus: 3(QQPEKTUBHOCTH HKCIUTyaTallMM, KOHTPOJIS U YIpaBlICHUS
aKTUBHOM 30HOM (A3) smepHoro peakrtopa pa3paboTaHbl M HCCIICAOBaHBI
KOMITTOHOBCKHE JIETEKTOPHI TEIUIOBBIX HEUTPOHOB Ha ocHOBe Metasutnueckoro Hf. Ilo
CPaBHEHHIO C TPAIUIIMOHHBIMHU [3-3MHCCHOHHBIMHU JIeTeKTOpaMu mpsimoro 3apsaa (AI13)
C OMUTTEpaMU M3 pojaus, cepedpa WIM BaHAAUA, KOMITOHOBCKUE JETEKTOPHI
OTJIMYAIOTCSl BBICOKMM ObICTpOjiclicTBHEM. lcmonb3oBanue wmeraumdeckoro Hf B
KauecTBe MaTepuana SMUTTEpa HMEET ps NPEeUMYILEeCTB — Oe3bIHePLUUOHHOCTD,
CIIOCOOHOCTh COXpaHATh M JaK€ PEreHepupoBaTh CBOM paboOdHe XapaKTEPUCTHKH,
OTHOCUTEIIbHO HM3Kas PBIHOYHASA CTOMMOCTh. OIHAKO 3TOT TBEPIBIA U TYrOIIABKHIA
MeTaJul 00J1a/IaeT U PSIIOM CIIeHU(UIECKUX CBOWCTB, YTO MPUBOMIAT K TPYTHOCTSIM IpU
U3TOTOBJICHUH JETEKTOPOB, B YACTHOCTH, MpH (HOPMHUPOBAHHH DJIEKTPUUYECKOTO
U30JISITOpa MEXKAY IMUTTEPOM U KOJUIEKTOPOM.

Panee Obutn MccieI0OBaHbl CBOMCTBA MOPOIIKOB PAa3IMYHBIX COCTABOB U Pa3IMUYHBIC
METOAMKH (OPMHPOBAHUS MarHe3WAIBHOTO HM30JTOpa HA MOBEPXHOCTH Ta(HUEBOTO
smutTepa. Ha ocHoBe wuccnenoBanuii [1] Obu1 BeIOpaH >kuakodasHBIA  CIIOCOO
HAHECEHMsI H30JSIMM Ha IOBEPXHOCTh HMUTTEpPA, KaK caMblil 3((EeKTUBHBIA U
nepcrneKkTuBHbI i u3rortosinenus JI13 ¢ smurrepom u3z Hf. B paborax [2-4]
ONMCAHbI 3aBUCUMOCTHU 3JIEKTPOCONPOTUBIICHNUS MarHe3HMajlbHOM M30JSLUN U3 OKCUa
MarHusi pa3HbIX THIOB (TIEepHUKIIa3 YUCTOTOH OT 89...99%, 00oxkKeHHas KaycTHUecKas
maresust Mapku UJIAY).

K u3onsaropy HeiirponHoro 113 npenbsBistorcs ocoOble TpeOOBaHUS B YACTH TaKUX
CBOMCTB Kak: BBICOKOE YJEIbHOE COMPOTHUBIECHUE B YCIOBUAX BO3ACHCTBHS BBICOKHX
TeMIIepaTyp U paJHalliOHHBIX MOJIEeH; BBICOKAsl MIJIOTHOCTh; TUAPO(GOOHOCTS.

B nmanHOll paloTe mpencTaBieHBl pe3yibTaThl H3MEPEHHUS TeMIlepaTypHOU
3aBUCUMOCTH  YJEJIBbHOIO  3JIEKTPOCONPOTHUBIEHUS  MarHe3MajJlbHOM  WM30JILUH,
NOJTYYCHHOW HaHeceHHeM KUIAKO(Da3HOW CYCIeH3WU Ha moBepxHOCTh Hf B Heckosbko
CJIOEB C MPOMEKYTOYHON CYIIKOW MpU KOMHATHOW Temmeparype. CycleH3usi COCTOUT
n3 nopomika okcuaa maraus ['OCT 4526-75(1) u BOgHOTO pacTBOpa a30THOKHUCIIOTO
Mar"us. OMHTTEP C HAHECEHHBIM H30JSTOPOM IIOMELIAIOT B KOJUIEKTOP 3aTeM
MOJIBEPTalOT IMONEPEMEHHO BOJIOYEHHIO U OTXKUTY B MY(EnbHOM Medyu Mpu pazHbIX
Temreparypax. B mpoliecce HU3roToBieHHMs OOpa3lloB JaHHBIM METOAOM OBLIH
ONTUMU3UPOBAHBI TEMIIEpATypa U BPEMs IPOMEKYTOUYHBIX OT)KUTOB B 3aBUCHUMOCTH OT
cTerneHu JedopMalMyd 3aroTOBKM C II€JbI0  YBEIWYEHUs IUIOTHOCTH H30JIATOpA.
DNEKTPOCONPOTUBIICHNE TMOJYYEHHBIX O0pa3IOB M3MEPSUIOCh B IIMPOKOM JIMara3oHe
TEMIIEPATYP, JAHHBIE UCCIIEA0BAaHNI IIPEIOCTABIEHB]I HA PUCYHKE.

Xapaktep 3aBUCHMOCTEH yAenbHOro 3JekTpoconportuBienus I3 ¢ radprueBbM
AMUTTEPOM OT TEMIEpPaTypbl HIACHTHYEH TEOPETHUUYECKUM pacueTaM U JIaHHBIM,

1
ConeprxaHre OCHOBHOTO KoMIoHeHTa — 98% u Ooree.
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MOJIYYCHHBIM IS Kabens ¢ u3oisTopoM W3 mepukiasa. [Ipu temmeparype 300 °C
COIIPOTHUBIICHHUE MOJIYYCHHBIX 00Pa3II0B COBIIAAAET C JIUTEPATYPHBIMU TaHHBIMU [4].

10]_‘ -

<
.

VensHoe COTMPOTHBICHHE, Om*um

0 260 l 4;}0 I 6[110 ‘ 8(1)0 I 1 OIOO
Temneparypa, rpax. C
3asucumocmsv y0enbHo20 21eKMpOCONPOMUBTIEHUS OM MeMNepamypbi
1, 2 — nonyuennsvie obpazyvt; 3, 4 — 1umepamypHule Oanubvie OJisl U30IAMOPA
usz nepuxnasa [4]; 1, 3 — naepes; 2, 4 — oxaasncoenue

MakcumanbHble 3HAY€HUs YACJIBHOTO ayekTpoconporuBienus (R ~ 10t Owm)
peanu3yroTcs Ha 00pasiax ¢ MaKCHMaIbHOM IJIOTHOCTBHIO M30JISITOPA U OTCYTCTBHEM B
HEM BJIary.

Bricokre 3HaueHHS OSIEKTPOCOMPOTHBICHUS MakeToB HedTpoHHbix [II3 ¢
IMHUTTEpaMHU U3 MeTajutndeckoro Hf, u3rotomienHsie mo pa3pabOTaHHON TEXHOJOTHH
COOTBETCTBYIOT TpeOoBaHUsAM, IpeabsaBiasiembiM K 113, BxomsmmM B cocTaB cOOpOK
BHYTPUPEAKTOPHBIX JETEKTOPOB, MpPEIHA3HAYCHHBIX JJIsi KOHTPOJIS mapamerpoB A3
BBOP.
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MOJAEJUPOBAHME IIOBEJIEHUSA
AMOP(I)HQFO CHHABAUZF57CU15,4AI19Ni12,6Nb5
11O/1 BOSAEMCTBUEM JEUTEPUEBOMU IIJIA3SMBbI

JA.I'. Manvixun, K.B. Koemyn, B.I'. Konoeanoe, C.H. Conooosuenxo,
HU.B. Pvickos, A.A. Bacunves, I'.1l. Koemyn, IO.B. I'opoenko

Havyuonanvnotii HayuyHslili yeHmp
«Xapvkoseckuil puzuko-mexnuyeckuii uncmumxymy, Xapokoe, Ykpauna
E-mail: dmitr.malykhin@gmail.com; men. +38(098)305-99-08

N3zyuenne 3¢dexkra MHTEHCUBHOTO BO3JICHCTBUSI HA METALUTUYECKUE CTEKIIA YaCTHII
JeUTepreBOil MIa3Mbl OTPaXKaeT HEKOTOPBIE POOIEMbI TEPMOSICPHON SHEPTETUKH.

B  ycioBUSX  ANEKTPOHHOTO  IUKJIOTPOHHOTO pE30HAHCA TPU  KOMHATHOU
temneparype [1] oOpasery amopduHoro cmiaBa Zrs7CuissAligNizgNbs  Beicokoit
3epKaNbHOCTH TOJABEpraics BO3NEHCTBMIO MOHOB JelTepueBoil mmasmbl D' ¢
mrotHOCThIO ToTOKa 1-10%° mow/(em?c) (2-10%° D/(cm?-c)) ¥ MAKCHMAIBHBIM TEMIIOM
npupocTa Maccel (3Heprust 100 5B [2, p. 144]) — Bcero aecsaTh C€aHCOB 110 3 4 B J€Hb.

[Tocie kaxxa0ro ceaHca U3MEPSIICS MPUPOCT MACChl U KpMBU3HA oOpasia [2, p. 145],
a TaKke OTHOCHUTENbHOE yriioBoe cMelieHue (-Af/0,) rano peHTreHOBCKON TuarpaMMbl
C ero o0Iy4€HHOW TOBEPXHOCTH.

[IpoBeneHO MOJEIMPOBAHUE OKCICPUMEHTAJIBHBIX JAaHHBIX C OIpeIclIeHHEeM
aTOMHOTO 00B&Ma JelTepus, OleHKOoH ero ko3dduimenta muddy3un 1 KOHIEHTPAIUN
B TIOBEPXHOCTHOM CJIO€ MaTepHalia.

VYcTaHOBIIEHO, YTO CTENEHb MOrJoLeHus aelrepus cocrasiser 27...32% wu
KpUBH3Ha oOpa3la pacTer mpomnopiuuoHanbHo ero Qumoency. Ilocne ¢uroeHca
9-10°° mon/cM®  mpomsomen oTKON ¢ Kpas paGoueil [OBEPXHOCTH 06pasua.
3epKaIbHOCTh U aMOP(HHOE COCTOSIHUE 3TOM MOBEPXHOCTH HE U3MEHUIIUCH.

OnpeneneHo  LEHTPAIbHO-CUMMETPUYHOE  pELIEHHE  YNPYro-UCKaXEHHOTO
coctosiaust oOpasma. Ha ocnoBe storo V& =T?%/2R, rne Vv u @ — aToMHBIld 00BEM
neirepus U (IIOEHC €ro MOTJIOIIEHUS MalbIM MOBEPXHOCTHBIM cioeM; T U R —
TOJIIIMHA U Pajiiyc KPUBH3HEI 00pasia. B pesynsrare v = (2,6+0,2) A®,

HenuuenHOCTh 10O30BBIX M3MEHEHUU

3 I1OJI0KEHUS rajuo PEHTIE€HOBCKOM
JrarpaMMsbl ¢ 00Ty4EHHOM OBEPXHOCTH
2 oOpasia MIPOMO/IETUPOBAHA Ha
2 o b oo HayaJlbHOM y4yacTKe Tpaduka JuiaTanui
o3 L ol0 o )_i/‘—j (pucyHoK) ¢ yuetoM 3 dexra nuddy3sun
1 o neirepus  Briayor — obpasua. s
//D MOCTPOCHUSI  rpaduka HCIOIB30BAHO
0 & CIIEICTBUE IIPEIBIAYILETO
0 2 4 6 8 10 MOJICTTUPOBAHUS: A0/0, = vc —4T/3R
20 ) (vc = 3¢), rae C — KOHIICHTPALUs aTOMOB

¢rioeHc, 10 noH/cm JICUTEPHsI B IPUTIOBEPXHOCTHOM CJIOE.
ﬂ0308bl€ UBMEHEHUS (.) B PE3YIbTATC MOACIIMPOBAHUA (CM.
u modenuposanue () spghexma PHCYHOK) ¢ y4eTOM  XPOHOJNOTHH
dunamayuu 6 npunoeepxHocmuom cioe  OKCIICPHAMEHTA M PEHTTCHOBCKHX ChEMOK
obpasya omeHeH  Kkodpduuuent  auPPysun

,Z[eflTepPI}I B o6pa3ue JAHHOT'O CcocCTaBa.
k2= (1,75...2,45)-10° em?/c.
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OrneHeHBl TpeeIbHbIE XapaKTePUCTUKU KOHIICHTpAIluu jaeutepus B oOpasme. Ha
TpaHUIE PETYIAPHOCTH SKCIEPUMEHTAIBHOTO rpaduka (CM. PHUCYHOK; (pIroeHC
3.67-10%° noH/cM?) ymciaeHHOe oTHomeHrne D/M atomoB peilitepus — ¢ TiIyOHHOMR
BHeApenus: 0,03 MM — Kk atomaM criaBa paBHO 1,6. [lanbpHeilee moHM>XEHUE XOza
OKCIIEPUMEHTAIBHBIX JAHHBIX CBS3bIBACTCA C A(P(HEKTOM KIACTEPHOU CTPYKTYpPHI
obpasma. Ilepen otkonom ¢parmenta ((iroeHc 9.0-10%° non/cm?) D/IM = 2,3 B Takom
CJI0€, OJIHAKO COIJIACHO MPUMEPHOMY TOCTOSHCTBY CTETICHH MOTJIOUICHHS JeHTepus
npu sHepruu 100 3B (27...32%) npuHuMNUaIbHBIE BO3MOXKHOCTH HackleHus BMG
JIEUTEpUEM TOPa3 10 BBILLIE.

Jluteparypa

1. D.V. Orlinski, V.S. Voitsenya, and K.Yu. Vukolov. First mirrors for diagnostic
systems of an experi-mental fusion reactor I. Simulation mirror tests under neutron and
ion bombardment. Plasma Devices Ops. Vol. 15, No. 1, March 2007, p.33-75.
https://doi.org/10.1080/10519990601160075.

2. V.S. Voitsenya, A.F. Bardamid, M. Balden, et al. On the Prospects of Using
Metallic Glasses for In-vessel Mirrors for Plasma Diagnostics in ITER. Chapter 7 in:
Metallic Glasses: Formation and Properties. B. Movahedi (Ed), IntechOpen, 2016,
p. 136-167. http://cdn.intechopen.com/pdfs-wm/51366.pdf.

46


https://doi.org/10.1080/10519990601160075
https://www.intechopen.com/profiles/92198/behrooz-movahedi
http://cdn.intechopen.com/pdfs-wm/51366.pdf

IHOJYYEHUE HAHOJJUCIHHEPCHOI'O ' PA®UTA U IMOKCHU A
HOUPKOHUA TEPMOBAKYYMHBIM CITOCOBOM

B.A. Kymoeou, /I.I. Manvixun, B./]. Bupuu, P.JI. Bacunenxo, IO.B. I'op6enko

Hayuonanvuoiit nayunwiit yenmp
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OnHOM U3 aKTyallbHBIX MPO0JIeM (DPU3UKU SBISIFOTCS HAYYHO-TEXHUUYECKUE TIPUHIIUTIBI
CO3/I1aHMSI HAHOCTPYKTYPHBIX MaT€pUANIOB AJIs HYXK]] COBPEMEHHON TEXHUKH.

Pa3zpaboran sHepro’p(HeKTUBHBIA HMIYIBCHO-YAAPHBIA TEPMOBAKYYMHBIH METOJ
HENPEPBHIBHOTO IMOJIYYCHHUS HAHOAUCIIEPCHBIX MaTephalioB. MeToJ OCHOBaH Ha
OpUHIUIE OOBEAMHEHUS] CKOPOCTHBIX IIPOLIECCOB BAKYyMHPOBAHUS U TEIUIOBOTO
HarpeBa JO 3a/laHHOM TeMIlepaTypbl, MPOUCXOISIIET0 MPH HEMNOCPEACTBEHHOM
KOHTAaKT€ HCXOJHOTO IOPOIIKOOOPa3HOTO Marepuana ¢ BHYTPEHHEH IHOBEPXHOCTHIO
nosoro Harpesaresns [1].

Jns Hambosiee TECHOTO KOHTAKTa C MCXOAHBIM IOPOIIKOOOPa3HBIM MaTepHUaioM
HarpeBaTesib BBIMOJIHEH B (opMe BUHTOBOW crupand. PU3NYECKUI MPUHIMIT TOTO
npuéma COCTOUT B TOM, YTO TIOHW)KEHHUE JIaBJICHUS BHYTPH HArpeBaTeIbHOTO JIEMEHTA,
MPOU3BOJUMOE  BAKyyMHBIM  HAcOCOM, CO34a€T TPaJUEHT, CTUMYJIHPYIOIIHA
WHTCHCUBHBIA TYpOYJICHTHBIA IMOTOK MOpomKa W 3((EKTHBHBIA KOHTAKT YacCTHI[ C
BHYTPEHHE! NOBEPXHOCTHIO HarpeBareis. BpICOkuii TeMIiepaTypHbI TPaAHEHT IpHU
TaKOM KOHTAKT€ CIIOCOOCTBYET CO3JaHHI0O B HHUX BBICOKMX HAIPSDKEHHH, YeM
CTUMYJIMPYETCSI IPOLIECC UX IPOOJICHUS.

TepMoBakyyMHBII Tporiecc ObUT NPUMEHEH JUISI TMOJNYyYCHHS HAHOAMCIEPCHOTO
rpaduta [2]. Mcxoansiii mopomok rpadura mapku Cl ¢ pasmepom vactuil 1...2 MM
ObUI TMO/BEPTHYT TEPMOBAaKyyMHOH 0OpabOTKe, B pe3yibTaTe Yero pa3Mep YacTHIl
MMOHU3MIICA OO0 3HaueHus oT 2 1o 40 HM.

[IpoBeneHo wcciieOBaHUE CTPYKTYpPHl TMOJYYEHHOTO Tmopomka. Jlius a3toro
HCIOJIb30BaH PEHTI€HOCTPYKTYPHBIN aHaIN3 U 3JIEKTPOHHAS MUKPOCKOIIHSL.

CornacHo pe3yibTaTaM PEHTTEHOCTPYKTYPHBIX HccienoBanuii rpadur mapku Cl
nocie 00pabOTKM B TEPMOBAKYYMHOW YCTaHOBKE COXpaHSET MCXOJIHYIO CTPYKTYPY B
BUIE JBYX M3BECTHBIX MOJM(HKAIMNA: TEeKCaroHAIbHAs C TMEPHOJaMHU PEHIETKU
a = (0.2461+0.0002) uM™, C, = (0.6705 £0.0007) am u mopsiaka 30% poMOO3ApHUECKO
¢ nepuogamu a = (0.2461+0.0001) um u ¢ = (1.003+£0.0002) um. [Tomumo 3TOrO B
HEOOJBIINX  KOJMYECTBAX  JIOMOJHUTENbHO  OOHapyXeHa  CBEPXCTPYKTypHas
poMbOosapuueckas (aza ¢ mepuomamu a = 23, = (0.492+0.0001) um u ¢ = (3/2)c, =
(1.003+0.0002) um [2]. OOHapykeHa Takke (a3a ¢ MOHOKIHHHOW CTPYKTYpOH U C
napamerpamu a = (.6075+0.000) um; b = (0.4477+0.0002) um; € = (0.4913+0.0003) HMm;
B =(99.6+0.1)° — mpeAOI0KHUTENBHO, C HATUYHEM aTOMOB JKeJie3a B CTPYKTYpe.

Pe3ynbTaThl aHanmm3za W pacyeToB B 1EeIoM corjacyroTcs ¢ [IDOM-cHumkamu
oOpatHo# peméTkn oOpadboTanHoro rpaduTa [2].

TepMoBakyyMHBIIH — TIpomecc OB TakkKe  NPUMEHEH I TOyYSHHS
BBICOKOJIMCIIEPCHOTO MOPOIIKA JTUOKCHIA IUPKOHUS M3 THApoKcuiaa 1mupkoHus [3]. B
mporecce BBIIENCHUST TUOKCHIA OT(QWIBTPOBBIBATNCH MEIKHE KpPUCTAJUIMIECKHE
(¢pakuuy, KOTOpBIE CBS3BIBAIMCH C MPHUMECAMH TEXHOJOIMYECKOro Ipoliecca
NOJy4YeHUsT THApPOKcHaa. B pesynbraTe momydeH aMOphHBIA THOKCHI ITMPKOHHS C
pazmepoM vactul 20...200 am u Berxogom 30%.
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B pe3ynpTate MOXHO OTMETHTb, YTO OIMCAHHOE COUYETaHHE (PU3MUECKUX IPOLIECCOB
MO3BOJISIET I10JIy4aTh BBHICOKOJUCIIEPCHBIE MOPOLIKY 32 OAMH LUKI nopsanka 15...20 c.
Hcnonb3oBanue (GUIBTPOB MO3BOJSET BBIACHATh (PAKIUIO C HAHOPA3MEPHBIMU
yacTULAMU Ipu BbIXxoae npoxaykra He Huxke 30% [2,3]. Ilpu 3TOoM MOXKHO
MOIUGUIMPOBATE CTPYKTYPY MaTepuaa.

OnucaHHbId TEPMOBAKYYMHBIH METO]] 3HAYUTEJIBHO COKpPAIAeT TEXHOJOTHYECKUM
IPOLIECC U €r0 SHEPTONOTPEOICHIE — U MOXKET OBITh MCII0JIb30BaH Ul HENPEPHIBHOTO U
9HEProd(PpPEeKTUBHOTO TMPOU3BOJACTBA HAHOMATEPUAIIOB M CYIIKH JUCIIEPCHBIX
MaTepHaloB.
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Cpean o0uMs MarHUTHBIX CIUIABOB OCO0O BBIAEISIOTCS CIUIABBI, COJIEpIKalllie
CKaHaui, oONajaroIue MOBBIIEHHBIMH BBICOKOTEMIEPATYPHBIMH MEXaHHMYECKUMHU
CBOICTBaMH, YTO pacUIUpsIeT X (PYHKIMOHAIbHBIE BO3MOXHOCTH.

B nannoi#t pabote u3rorosieH OuHapHbIN criaB cruiaBienneM Mg (99,999%) u 5%
(Bec.) Sc (99,95%) B atmocdepe UMCTOro aproHa, KOTOPBIM MPEACTAaBISIET COOOM
TBepAbIA  pacTBop ¢  mapamerpamu  pemietku  a = (0,3112+0,0002) wu
¢ =(0,5023+0,0007) um. CrutaB MHTEHCHUBHO IutacTHuecku nedopmupoBaics (UITMI)
crocoboM paBHOKaHaJdbHOU yrioBoil skctpy3uu (PKYD) npu 573 K no nomydenus
JTUCTIIEPCHOCTH 3epeH <3,5 MKM. OTOT MeToAa JedopMaluu MPEeACTaBIseT OCOObIi
UHTEpEC U W3YYEHHS PEIaKCAIlMOHHBIX TPOLIECCOB B TEUEHUE BPEMEHH BBIICPIKKU
Py KOMHATHOM TeMIeparype.

HccnenoBanust  BBIMOJNHSUINCH ~ METOJIOM  YJIBTPA3BYKOBOH  CHEKTPOCKOIHH.

HuskoremmneparypHbie (77...300 K)

Aa, dB/cm U3MEpEeHUsl CKOPOCTH V| U MOIJIOIIEHUS o
o8 MpoJodABHOr0 3Byka yactorod 50 MI'n
OTPaXKaJu HSBOJIIOLUIO JUCIOKAMOHHOTO

24 cocrossHust UIIJ] cnnasa. Ilepuon BpemeHu
BBIIEPKKM OXBaTbhIBalI MHTEpBal oT 50 4 10

20 0,5 roma. Cepust u3MEpEHH 3aBUCUMOCTEN
16 [ Vi (T) mo3BONMIa OLIEHUTH BeJH/IIg/IH}ZI
MJIOTHOCTU JAMCIOKAalMi Ha ypoBHEe 10° M

12 . 3a BeCh LMK u3MepeHumil. Ha pucyHke
28°F . Mpe/CTaBiIeHbl  (parMeHThl U3  Cepuu
g M3MEpeHui W3MEHEHUS Ao (T)

24
nedopmupoBaHHOro craBa Mg-Sc-5 mocine

Boiepkku npu 300 K 3a mepuon t: a —
cBexxeeopMUpoBaHHbIN, 6 — 216 4, 6 —
0,5roma. CrekTp TOTJIOMICHUS CBEXeJe-
(hOpMUPOBAHHOTO CIIJIaBa MPOSBISET IBa
100 150 200 250 T,K penakcauuoHHbIX TMKa — 11=238 wu
T7,=190 K. Tlux 77 BbI3BaH penakcamuen
BopioHn W CBs3aH ¢ JUCIIOKAIIMOHHOMN

20
16

12 B

Temnepamypnas 3a6ucumocms
U3MEeHeHUsl NO2IOueHUsI NPOOOTLHO2O

sgyka wacmomoti 50 MIy CUCTEMOM 3€peH. OHEeprus aKkTUBALUU

6 Oeghopmuposannom cniase Mg-Sc-5:  PeIaKcanin COCTaBJIACT 0,1 eB.
a — ceexcededopMUpoSaHHbIiL, Penakcamuss mpu 7,=190 K oOycnoBiena

6 — noce 8vi0epIHcKU HEpaBHOBECHBIM aHcamOieM

npu 300 K 216 4; 6 — nocne evidepocku ~ 3CPHOTPAHUTHBIX mucnokanuit.  Ilocre
npu 300K 0,5 200a BBIICPKKH TIpU T ~ 504 3aBHCHMOCTH

Aoy (T) paguKaIbHO A3MEHIETCS.
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Penaxcamus bopnoHu oTCyTCTBYeT, YTO yKa3blBaeT Ha HA4aJl0 MUTPALlMU TPAHUII, POCT
36peH U CHATHS HalpsDKeHWM. 3epHOrpaHUuYHas pejlakcalus —IPEeTepreBacT
HEYIMOPAIOUYEHHYIO TpaHcpopMmalMio MO MPUYMHE XAOTHYECKOH MepecTpoiku
UCXOJHON CTPYKTYpbl rpaHul 3epeH. IIporecc conpoBoxkaaercs CHUKEHUEM YPOBHS
BHYTpeHHUX HamnpspkeHui. [locie Bbiaepxkku ¢ 1~0,5 roga aKyCTHYECKUE CBOMCTBA
WUI1J] ciaBa cTaOUIU3UPYIOTCS, CIIEI0BATEIBHO, €r0 IUCIOKAIMOHHAs CUCTeMa OJTM3Ka
K pPaBHOBECHOH. YCKOpEHHOE TNPOTEKaHHE peaKCallMOHHBIX IPOLECCOB CIUIaBa
Mg-Sc-5 sBnsercss 3pdexToM TPOSBICHHS BBICOKOW 3epHOrpaHUYHON muddy3uu.
Pe3ynbrarhl paboThl pacCMOTPEHBI B PYClie TEOPUU HEPABHOBECHBIX I'PAaHUI] 3€PEH B
Metamax|1].
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The change in the structural-phase state of the aluminum alloy 2014 was studied [1]. The
aluminum alloy was processed on an LUE-10 accelerator. Irradiation was carried out with
beams of accelerated electrons. The changes took place as a result of radiation-heat
treatment [2]. When exposed to an electron beam, short-term heating of the aluminum alloy
samples occurred. The temperature of heating was insufficient for the remelt of surface of
samples.

Found a decrease in the addition of (PS) by 15...18%. The additive (PS) decreased with
increasing irradiation time. Addition (PS) is parasitic and degrades the characteristics of the
alloy. It increases the corrosion characteristics, reduces electrical conductivity, and affects
the strength properties of the aluminum alloy. The decrease in the additive (PS) was due to
dissolution in the alloy. Thus, diminishing of this addition is instrumental in the purification
of alloy. Those as a result of irradiation, the aluminum alloy are purified [3].

We also measured the hardness of the aluminum alloy and its plastic characteristics. It
was found that these values depend on time of processing. With the increase of time of
processing, the hardness decreases and the plasticity increases. The reason for the decrease
in hardness is an increase of grains of the material [2]. A change in the plastic
characteristics of the samples was found. With an increase in the irradiation time (dose
increase), the maximum elongation to rupture also increased [3]. In the analysis, it was
found that, as a result of irradiation, the phases of the aluminum composition changed [4].

Decreased amounts of phases of aluminosilicates W(AI,MgsCugSis) [3]. A slight
(3...5%) increase in the Mg,Si phase was found. An increase in the Mg,Si phase is directly
proportional to an increase in the irradiation time. Found out phases that contain iron. These
phases include the Al,Cu,Fe and (MnFe)Alg phases. The phases that contain iron changed
little. This is due to the fact that the heating temperature did not reach the melting point.
Therefore, there was no melting of the sample and no remelting of its surface.
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['maBuble mmpkysuuoHHbsle TpybompoBoasl (I'LIT) peaxtopoB BBDP-1000
OTHOCATCS K HamOoJiee OTBETCTBEHHBIM 3JIEMEHTaM, OOECIECUMBAIOIIUM OE€30MaCHYIO
padory ADC. HeBo3moxHocth 3amenbl [I[T B mporecce MIUTETBHBIX CPOKOB
skcryatauu ADC  VikpauHbl 00yCIOBIMBAeT HEOOXOAMMOCTh MEPUOAHUECKOTO
KOHTpoJig cBoMcTB ocHOoBHOro merayma (OM) I'IT. Hacrosmuii pokian mocBsiieH
MeToosIorun nccneaopanus npsameiMu Merogamu OM I'IT snepro6noka Ne3 FOxHo-
VYkpaunckoit ADC (FOY A3C) nocie 200 ThIC. 4aCOB 3KCIUTyaTallUd U KPaTKOMY
M3JI0KEHUIO TTOJIYYEHHBIX IIPU 3TOM PE3yJIbTaTOB.

Merononorust koHtpois mnpsimbiMu metogamu OM T'HT ocHoBbiBaeTcst Ha
Boipe3anuu u3 ['I[T npo6 meTamia s uccienoBaHus B 1aOOPATOPHBIX YCIOBHSX, HE
BIIUSAS NPU ATOM HA SKCIUTyaTal[MOHHBIE XapaKTEPUCTHKU 0OCIIeTyeMOro OO0BEKTa.
[IpoObl Meranna BeIpe3asiuch Ha cxato cropone ruba [T nHa ywacTke c
IIOBBIIIEHHOM, 110 CPAaBHEHMIO C IIPOEKTHOM, TOJIIUHON CTEHKHU.

Bripesanue npo06 Meranna MPOBOAMIM 3JIEKTPOIPO3UOHHBIM MeTojmoM [1] ¢
UCIOJIb30BaHNEM MOOMIIbHOTO KoMILiekca obopynoBanuss MUKPOPE3. O6opynoBanue
MOHTHPOBAJIOCh HEIMOCPEACTBEHHO Ha KoHTponupyemoM ywactke ['LIT B repmosone
sHeproOoka. B kauecTBe 351eKTpo/1a UCIIOIB30BANIACH JAaTYHHAs! IPOBOJIOKA JHaMETPOM
0,2 MM, KOTOpYIO TIO/aBalM BAOJb TPACKTOPHH pe3a HWXKE YPOBHS BHEUIHEH
noBepxHoctu ['UT [2] ¢ paBHOMepHBIM HaTshkeHHeM [3]. Pazmep oroOpaHHON MpoOBI
OM — =60%x60%3 mm.

UccnenoBana crpykrypa OM TI'IIT wmerammorpaduueckumMu U DIIEKTPOHHO-
MHUKPOCKONIUYECKUMHU (C HCIIOJIb30BAHUEM CKaHUPYIOIIETO U TPaHCMHCCHOHHOTO
AJIEKTPOHHBIX MMKPOCKONOB) MeTojgamu. [lokasaHo, 4TO B Ipolecce 3KCIUlyaTaluH
HaOJro1aeTCsl yBeIMYEHUE pa3MEepoB BBIACICHUNA MO TpaHMLAM 3€peH M IUIOTHOCTU
JUCIIOKAIIMN B OT/ACNBHBIX 3epHax OM.

OmnpeneneHbl MeXaHMYECKHE CBOWCTBA (Mpeaen IMPOYHOCTH, YCIIOBHAs TIpaHMIA
TEKY4€CTH, OTHOCUTEJIBHOE YJUIMHEHNE, OTHOCUTENBHOE cyxeHue — npu 20 u 350 °C;
ynapHas Bszkoctb — npu 20 °C) OM I'IT. ®pakrorpaduueckue uccieaoBaHUs
MOBEPXHOCTEH paspylieHus] 00pa3ioB Moka3anu, yTo paspymeHus cranu 10ITH2ZMOA
nocie 200 ThIC. 4aCOB JKCIUTyaTalldd HOCAT BsA3KUM xapaktep. IlokazaHo, d4TO
MexaHuueckue cBoiictBa M cTpykTypa Mertaima I'TIT mnocme 200 Teic. wacos
HKCIUTyaTaI[H YAOBJIETBOPSIOT TPeOOBaHUSAM HOpMaTHUBHON AokymeHTanuu k OM I'I[T
sreprodiokoB ADC ¢ peakropamu BBOP-1000.

[IpoBeneHo cpaBHEHUE pe3yabTaToB HcHbITaHUS OM B HCXOJTHOM COCTOSIHHH, I1OCIIE
100 u 200 TeIC. yacoB skcruryatanuu [4]. Ilokazano, 4yTo B mporecce 3KCILTyaTaluu
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HabOmomaercst crapenne OM I'LIT, mposiBisitonieecss B M3MEHEHUU CTPYKTYPHBIX U
IPOYHOCTHBIX cBocTB OM. Temmbl cTapeHus U ypoBEHb JAerpaganuu ceoiicts OM npu
9TOM He npenarcTByroT 3kcruryarauuu ['IT B mratHOM pexume.
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Hemerannuueckue BKIIOYEHHS SBISIOTCS HEOTHEMJIEMOM YacThio MPOOIEMbI
YUCTOTHI CIUIaBa. VI3BECTHO, YTO HajJWMuue BKIIOYEHUH MOXKET CBECTM HA HET BCE
YCHIIWS, 3aTpayeHHbIE Ha pa3pabOTKy CTad CO CIEIUaNbHBIMU cBolicTBamu [1]. B
paboTe H3JI0KEHBl pe3yJabTaThbl HCCIENOBAaHMM MHKpPOCTPYKTYpBI CTalH, (a3oBOro
COCTaBa, a TAK)XXE PAacCMOTPEHA pOJb BKIOYEHUW HUTPUAA TUTAHA B 3apOKJIECHUU
JOKAJIBHBIX BHUAOB KOppo3uM M pasButuu TpemwuH B craamu  08X18HIO0T
TEII00OMEHHBIX TpyO maporenepatopoB Tuna III'B-1000(M). HccnemoBanus
IPOBOJIWINCH MPHU MOMOLIM METaJUIOrpapUuecKuX METOAMK IMOCPEACTBOM ONTHYECKON
Y CKaHMPYIOLIEH 3JIEKTPOHHOM MHUKpOCKonuu. Hanmume BKIIOYEHUN HUTPHUIIOB TUTaHA
B Metayuie TermnooOoMeHHbIX TpyO (TOT) Obuto HarnmsAHO Moka3aHo B 0ojee paHHHX
paborax u caemaHo OOOCHOBAaHHOE TMIPENIOJIOKEHHE O BIUSHUM BKIIOYCHUH Ha
npoucxoxaenue nepexkroB B TOT B mpouecce murenbHON skcmryaranuu [2]. Ha
OCHOBAaHMU  OKCHEPUMEHTAIBHBIX  HWCCICNOBAaHWA W  yrIyOJICHHOTO  aHaiuM3a
pactipenenenuss nedgektoB mno mHe TOT mnomydeHsl NOATBEP)KIEHHUS TOrO, 4YTO
MMEHHO BIKJIIOUEHUS SIBJSIOTCS NPUYMHON IPOMCXOXKJIECHUS YCTaJIOCTHBIX TPELIMH B
cramu 08X18H10T, koTopble 0OHAPYKHUBAIOTCS CUCTEMAMU BUXPETOKOBOI'O KOHTPOJIS.
Ha pucynke nokasaHbl XapakTepHbIE BKJIIOUEHHUS HUTpUJA TUTaHa B MeTaUle U Ha
MOBEPXHOCTH TEIFIO0OMEHHOH TpyOKH (J16x1,5 Mm).

a 1]
Brrouenus numpuoa mumana: a — cmeujenue 8KIOUEHU HA NOBEPXHOCTIU
6 npoyecce mpyoHoeo nepeoend, 6 — xapakmepHoe GKit0ueHue HUumpuoa mumana
6 cmenxe TOT

KyOuueckast orpaHka U OJMHAKOBBIC Pa3Mepbl BKIIOYEHUN TOBOPSIT O TOM, YTO OHH
00pa3oBaMCh B PAaBHOBECHBIX YCIOBHSX B JKUJAKOH (pa3e MmpH 3aTBEpICBAHUU CTAaJIH.
PucyHkun HarmsiiHO TOATBEPXKIAIOT HECMAaYUMBAEMOCTh BKIIOYEHHH pacliiaBoM
MeTana. Ha pucyHke, @ MOKHO BUIETH CIENbl OT CMEIIEHUS KyOMYeCKOTO BKITIOUCHHS
B MeTayuimueckoi marpuie. CMelieHrne Mpou30IuI0, OYEBHIHO, TpH JIedopMaruu
MeTalljla B Tpollecce MpOKaTku TpyOHoil 3arotoBku. Ha moBepxnoctu TOT (cwm.
PUCYHOK, @) BUJIHAa Oopo3a OT BOJIOYCHHUS BKIIOYECHHS. 37€Ch IPOU3OIILIO0
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BJABJIMBAaHME M YAaCTUYHOE pa3pylleHHe BKIOYeHHdA. [Ipum oOxaTum M INpokarke
TPYOHBIX 3aroTOBOK JI0 HY)KHOTO JAMaMeTpa KPUCTAJUIbl BKIIOYCHUH B CHIIy BBICOKOW
TBEPAOCTH M HU3KOHM IUIACTUYHOCTU PACKAIBIBAIOTCS HA OTACIBHBIE OCTPOYTOJIBHBIE
(parMeHThl, KOTOPbIC BBITATHBAIOTCS BAOJIb JHHUN TPOKATKH (CM. PHCYHOK, 0).
OcCKOJKY BKIIIOYEHHUH B METAJUIE, CIIEbl UX BOJIOYECHHUS, a TAK)KE HECIUIOIHOCTH MEXY
(parMeHTaMH BKJIFOUCHH SIBISIOTCS KOHICHTPATOPAMH HAIPSDKEHHHA, BBI3BIBAIOIIMMU
HOSBJICHHUE 3apO/IBIILIEBBIX TpeUMH. B paboTe pa3BuBarOTCs NpEACTaBICHUS O TOM, YTO
3apOJBIIIEBbIC TPEIIMHBI ITOSABIIAIOTCSA B MECTaX JIOKAJIU3ALUU BKIFOYECHHM, I0PACTAIOT
U Pa3BUBAIOTCS B YCJIOBUAX JKCIUTyaTallUM 10 YPOBHS JE€(PEKTOB, BBISBISAEMBIX IpU
BUXPETOKOBOM KOHTPOJIE.
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JliirenpHBIE CPOKHM OKCIUTyatanuud dHeproO6iokoB ADC  VYkpauHbl JenaroT
aKTyaJbHBIMH HCCIICJIOBAHUS CTApEHUsI MeTaia 000pyIOBaHMs, PEMOHT WM 3aMEHa
KOTOPBIX B IIpollecce HKCIUTyaTallil He NpeaycMOTpeHbl. B Hacrosimem okiane
paccmatpuBaercsi ctapeHue craiu 10H2M®A, aBistomieiics OCHOBHBIM METALIOM
(OM) rnaBHBIX HHPKYIAIUOHHBIX TpyOompoBonoB (I'LIT) sHeproOGIOKOB peakTopoB
BB3P-1000.

CooO1ieHre OCHOBBIBAETCSI HA SKCIIEPUMEHTANBHBIX Pe3yabTaTax, MOTYYCHHbBIX MPH
koHTposie npsameiMu MeTogamu OM I'UT 1, 2 u 3 snepro6iokoB FOxHO-YKpanHckoit
ADC mocnie 100 u 200 ThIC. YaCOB IKCILTyaTAIlMH, a TAKXKe apXUBHOTO Metaia (1-4).
[TpoObI MeTamTa JUIsl UCCIIeOBAaHUN OTOMPATTM HA COOTBETCTBYIOIIMX TPYOOIPOBOIAX
Ha COCEJIHUX ydJacTKax, Temreparypa skcruryaramuu ['L[T — 288...320 °C.

B Teuenne mnepBbix 100 ThiC. yacoB dKcIulyatanuu (pUCYHOK, 1) Ha Bcex
sHeprobyokax Habmogaercs ynpounenue OM (cpaBHEHUE ¢ JaHHBIMU HCCIIEIOBAHU It
apXMBHOIO MeTajla), HE3aBUCUMO OT CBOMCTB ucxogHoro OM u Ttemmeparypbl
skcrryarauuu. HaOmromaercs mnosiBaeHuE BbIIEIEHUM KapOWJOB B Tele M 10
TpaHHIIAM 3€pPEH, YaCTh 36PHUCTOrO MEPIUTa TPAaHCHOPMHUPYETCS B MIACTUHYATHIN.
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CpeaHuii gnametp zepHa OM, mkm

Hszmenenue npedena npounocmu OM I'I]T (20 °C): 1 — om épemenu sxcniyamayuu,
2 — om pazmepa 3ephna (3a émopuie 100 moic. uacos sxcniyamayuu)

B Teuenne nocnenyronmx 100 ThIC. 4acOB KCIUTyaTallMu MPOSBUIIACH 3aBUCUMOCTh
W3MEHEHHUS CBOWMCTB OT XapaKTEPUCTUK UCXO0AHOro OM, B 4aCTHOCTH, pa3Mepa 3epHa
(cM. pucyHok). Pa3smep KkapOWIHBIX BBIJCJICHUN TOBBICHICS, HAOIIOAAIAch HUX
KOAJIECLICHIIUS.

WccnenoBanusi mokasanu, YTO TIPH BBIOOpPE OOBEKTOB ISl TEPUOJIMYECKOTO
koHTposist OM T'IIT Heob6XoauMO YYHMTHIBATh XapaKTEPUCTUKH HCXOAHOTO MeTallia.
CyuiecTBeHHOro BIMsHMS Ha crapeHne OM pasznuuusi B TeMiiepaType IKCILTyaTaliuu
«ropsunx» M «xonoaubix» HUToK I'L[T He oOHapyskeHO.
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Hageneni pe3ynbraTi aHamizy AaHuX 4yeproBoro exkcriepuMeHty 2019 p. Ha girouiii y
HHI[ XO®TI ycranoBui E.LT.F. [1] 3 pmocmimkeHHS KOMOIHOBAaHOTO BIUIUBY
ONMPOMIHEHHSI ¥ MeXaHIYHOI Hampyrd Ha KOpO3il0 MaTepialiB y TEmIOHOCI]
Hankputrunoi Boguoi Konekmiiinoi Ilerni (HBKII). Ha mpotssi 500 rox in situ
HBKII nyukom mnpuckoproBaua enekrponis JIITE-10 (10.3 MeB/7 kBt.) 3a THCKy
23.5 MIla i Temnepatypu 360...380 °C B 0KOJIi HATKPUTHYHOTO TIEPEXOY BOAM OyIn
onpomineri 20 3pa3kiB crani 12X18H10T 3 KOHTpOJILOBAaHOK BiMOBITHAM ITPOTHHOM
KOXKHOTO 3paska Hampyrow y 60...140 Mlla.

Jlo30oBe HaBaHTa)KEHHS 3pa3KiB pO3PaxOBaHE HAMHU METOAAMH OOYMCIIOBAIBLHOT
JO3UMETPIl 32 BUMipaMH iX aKTHBaIii M0 HalpalnboBaHOMY (€ ,y)-Iy4KOM y peakiii
58Ni(y,p)57C0 PalioHyKIIi Ty *Co. OnHocraitHe moaentoBanHsi MonTe-Kapio-konom
RaT 3.1 aktuBHOCTI A Ta MOTJIMHEHOI y KOXKHIM 13 3pa3kiB 1031 D 103BoMII0 Ha OCHOBI
JOKYMEHTOBaHUX IOAOOOBHUX PEXHMIB OMPOMIHEHHS PEKOHCTPYIOBATH MPOCTOPOBO-
€HEPreTHYHUI PO3MOJiN IMyuka Ha MmimeHi. 3Haiaeno, mo Do A" 3 0 =0.4...05 1 y
pisHuX 3paskiB csrae Big 7 go 22 TT'p 3a 1oBomi Hm3bKoro (~6-107*3.H.a.) piBHsS ix
pamiaIiifHoOro MONIKOKEHHS.

[TicnsionpoMiHIOBaNIbHI  JTOCTIPKEHHST 3pa3KiB  3/1MCHEHO BUMIpaMH MHUTOMOI
BTpaTH/HAOYTTSA X Mack OM/S Ta SAKICHUM aHali30M MIKPOCTPYKTYpH U CKjIaxy
kopo3iitHoi moBepxHi (KII) Ta momepeunux nuiiiB y CKaHYHOUOMY €JIEKTPOHHOMY
mikpockoni (CEM, puc.1, 2). Jlani om/S 3aranom MarTh 3HaYHHN PO3KU, 00 €
IHTETPOBAaHUM TOKa3HMKOM KOMOIHOBAaHO1 Jii JEeKiJTbKOX YHHHHKIB, BKJIIOYAIOYU
MeXaHiYHy Hampyry. Ta iX 3iCTaBlIeHHS 3 JO3UMETPHUYHUMH JaHUMHU BKa3ye, IO JUIs
3pa3kiB 3 JIOBOJII HU3BKHUMH piBHSAMHU HaBaHTaxeHHs (60 i1 100 MIla) mae wmicue
TEHJICHIIisl 3pocTaHHs dM/S 3 103010 D onpominenHs. Taka KOpesilis paHillie BUSBICHA
HaMM y ekcnepuMeHTi [1] mng iHmmx MatepiamiB. 3a piBHa y 140 MIla Bona
BTPAyaETHCS, 1110 CBIAYUTH PO BIacHUM eekT Hanpyru. Bin Moke OyTu nmoB’si3aHuil 13
CHPUSHHAM MDX3€peHHi Kopo3ii i KOpo3iHHOMY PO3TPICKYBaHHIO, SK 11€ BUAHO (IUB.
puc. 2,0,8B) Ha nutidi 3pa3Ky B OKOJII HABMUCHO HAHECEHOI Ha HBOTO JIJI KOHIICHTpAIIil
PO3TSHKHOI HANPYTH MOJPSTIHUHY.

Kaptrna € TumoBoro ajisi pe3ynbTaTiB Ha0araTo TPUBAIIIMINX aBTOKJIABHHUX I1CTIMTIB
AyCTEHITHUX CTajJiel y BiJICYyTHOCTI ONMpoMiHeHHA. [IOMiHYyIOTh ariiomMepaTH reMaTury,
MarHeTUTy Ta IIMiHEN, II0 YTBOPIOIOTHCS BHACHIIOK MIK3EpEeHHOI KOpo3ii mij
HaINpyroko Ta, BIPOTiHO, CEAUMEHTAIlli KOPO31HHUX MPOJIYKTIB.
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S SEI 100KV X4,000 WD 219mm 1pm

Puc. 1. CEM 3pasky y euxionomy cmani (a, x5000) ma tioeo KII (6, x5000, s, x4000)
nicna 500 200 excnozuyii' y HBKII nio € -onpominennsam

——

Puc. 2. CEM winighy noopsinunu na 3pasky (a, x800) ma 3apooxu kopo3itino2o
PO3MPICKYBAHHSL Ul MINHC3EPEHHOI KOPO3IL' Y MICYAX KOHYeHMpayii po3mANCHOI Hanpyeu
Ha bpycmeepi (6, x8000) ma oonyi (8, x8000) noopanunu

OMPO 100KV X8,000 WI

PoboTa BuKoHaHa 3a paxyHOK KOIITiB OropkeTHOI porpamu «llinTpuMka po3BUTKY
NpPIOPUTETHUX HAPAMKIB HaykoBUX JociimkeHb» (KIIKBK 6541230).

Jliteparypa

1. O.S.Bakai, V.M. Boriskin, A.M. Dovbnya, S.V.Dyuldya, D.A.Guzonas.
Combined Effect of Irradiation, Temperature, and Water Coolant Flow on Corrosion of
Zr-, Ni-Cr, and Fe-Cr-based Alloys // J. of Nucl. Eng. Rad. Sci., 2016, 2(1), 021007,
doi:10.1115/1.4031126.
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MOJIEJIOBAHHS B3AEMO/I1i BATIPOMIHIOBAHDb
I3 HEBIHIOPAJIKOBAHUMMU MATEPIAJTAMHA
3 PPAKTAJIBHOIO CTPYKTYPOIO

M.1. Bpamuenko, C.B. /lionv0a

Hauyionanvuuii naykoeuit yenmp
«Xapkiscokuii (hizuko-mexniynuil incmumym)y, Xapkie, Ykpaina
E-mail: sdul@kipt.kharkov.ua;
men. +38(057)335-67-48, ¢paxc +38(057)335-08-47

VY cywyacHoMy pajiamiiHoMy W peakTOPHOMY MaTepialo3HaBCTBI BHU3HAYHY pOJIb
BIJIITPAlOTh CTPYKTYPHO-CKJIQJHI MaTepiajid, L0 € HEBIOPSJIKOBAHUMHU Y IIUPOKOMY
nianma3oHi mpocTopoBuX MacmTabiB. Jlo HUX HajekKaTh 3MIIHEHI JTUCTICPCHUMH OKCHIAMHU
(ODS) crami, BHCOKOCHTpOIiiHI CIUIaBH, MOJIKJIAaCTEPHE MACHBHE MeTaJleBe CKIIO,
mucriepcHi TRISO-manuBa Brucokotemmneparypaux pebble-bed-peakTopis, mopucti saepHi
rpaditu, Tomo. Yci BOHM BIJ3HAYAIOTHCS HETPHUBIAIBHUM CIEKTPOM ITPOCTOPOBHUX
KOPEJIAIIN TYCTHHY 1 CKJIaay, W BIICYTHICTh Yy HUX SIK JAJIbHOTO MOPSIKY, TaK 1 IIUTKOBUTOL
TOMOT'€HHOCTI Ma€ BpPaxOBYBAaTHCh y 3aJadax MPOTHO3YBaHHs iX pajialiifHoi cTiiikocTi
METOAaMHU KOMIT IOTEPHOTO MOJIEJIFOBAHHS B3a€EMO/I] 3 HUMM BUIIPOMIHIOBaHb PI3HUX BUJIIB
(HEHTpOHH, Y-KBAaHTH, IPUCKOPEHI 10HH).

Jis bOro NPOIOHYETHCS IMOBIPHICHMH ONMC TaKWX MaTepiajiB, SIK CTalllOHAPHUX
BUMAJKOBUX TOJNIB 3 3aJaHUMHU KopelsuiiHuMu BiacTuBocTsMu [1]. CramioHapHICTh
JIOCSITAETHCSI BBEJICHHSIM CKIHUYEHOT KOPEISIIHHOT JOBXKUHH |¢ 10151, a MajmonapaMeTpuaHui
orHC HOro QUIYKTyaIlii — MPHUITYIICHHSIM PO MacTaOHy iHBapiaHTHICTH ((hpaKTaIbHICTh)
MaTepiany Ha MeHmuUX 3a |l macmrabax, e BiH ONMUCYEThCS (DpaKTaIbHOI PO3MIPHICTIO
D < (2, 3] un ingekcom Xepcrta H=3—-D < (0,1]. B po6oTi Mx Ha MOJIEIBHUX MPHKIATAX
neMoHcTpyeMmo (puc. 1, 2) HemonaBHO HaOyTy crpoMoxHicTe Hamoro koay RaT 3.1 nHa
6a31 GEANT4 MOJeNnoBaTH HEKJIACUYHMH INepeHoc (POTOHIB 1 HEMTPOHIB y (pakTambHUX
MaTepiajiax 3a JOIOMOTIOI0 HOBUX aJTOPUTMIB iX CIIEKTPAIbHOTO CUHTE3Y Ta IMIIJIEeMEHTAaLlii
NpoLeaypy aHcaMOJIEBOrO OCEpEeJHEHHS 3a peaji3allisIMM BHIIAJKOBOTO IOJII METOAOM
noiBiiiHOTO MonTe-Kapsio.

T T T 10 T T T T T r : : :

10°g o homogeneous E ~~~_ Bessel-Feller stochastic process
> ‘ e H=02 Gp=lgem® 1 _F N - 53 = 0,53
~ N e H=02 dp=3gem® | Sobo  N_ - mix
o't ”{?, —+— H=08 Sp=1gem’ { a*é\ Q:.' T..l ] = 10@-1.
é > \Q\:V . —v— H=0.8 p=3 g/em’ 10°F (Yp(\{l;:j;‘ N ~. c mix
i o1l Bﬁ\z\ \n\\ ‘vvv 10keV yin C | SN \\“Cl*p(‘i
3 \;A\A Q\‘\ v, [,=1cm N ‘\Sﬁ:y)
:; \E\'(\“:\ o T p=3gem’ 1107 e ™ R
Q 10*3 L =Y A " - v“ | Oﬂe \.\'\
S I \.\. p S >
@ e T (6)  posorn [1))" ™.

10_4 ‘ N A ) !\_ ) ha ]073 . . . . ) ) . ) .

0 1 2 3 470 1 2 3 4 5 6 7 8 9 10
Depth z (cm) X s (m.fp.)

Puc. 1. Ancambneso ocepeoneni nponacamopu ¢pomownis 3 enepeicio 10 keB
y paxmansromy eyeneyi 3 cepednvoio 2ycmunoio 3 2/cym® 3a pisnux onamunbrocmei 5p
eycmuHnu ma nokasnukie Xepcma H macumabnoi ineapianmuocmi cmpykmypu (a) ma ix
saKicHutl onuc (6) moodennto [1] Hekracuuno2o nepeHocy, Kk CMoXacmuyHo20 npoyecy
beccens-®ennepa. Biosnauumo epexmusry 2omoeenizayito mamepiany npu 2 >>l, ma
CYMHIO HEEeKCNOHEHYIIHICMb PO3NOOINY Ha manux Z >>|.. Busienenoio ocobausicmio
nepenocy y ppakmanvHim mamepiani € icmomua 3anedxcHicms 6io H

60



Scatterer: SiO, Absorber: SiO, + 0.001w% B

T 10!
—=— homogeneous —=—homogeneous  E, =0.0253 eV
——H=02 ——H=02 I.=20cm

——H=038 —+—H=08 -

—_
(=}

T T

[=}
>

p=232g/cm3
Sp=2gmlcm®

_
<
T

E,=0.0253 eV

Total flux #(z)/¢,
Total flux ¥(z)/¢,

I.=20cm
102 = E 102
0 p=2.32g/cm3 (a) 0
Sp=2gm/em®
10—3 1 1 1 1 1 1 1 10—3 1 1 1 1 LT 1 L
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Depth z (cm) Depth z (cm)

Puc. 2. 3mooenvosani kooom RaT 3.1 kpusi po3noscioddicents meniogux HeumpoHie y
@dpaxkmanvrux mamepianax —poscitosaui (a) ma noenunayi (6). Ocmannitl echekmugHo
YCHAOKOBYE 81ACMUBOCMI Nponazamopy 3 pucyuky 1, 6 nepuiomy icmomui eghexmu
baeamopazosux 3iMKHeHb HelMPOHI8 3 A0pamu, U 2oMo2eHizayii mamepiany
He 8i00y8acmvcsl

Jlitepatypa
1. S.V.Dyuldya, M.I. Bratchenko. Non-Classical Radiation Transport in Random
Media with Fluctuating Densities. In: Proc. of NPAE-Kyiv2012, Kyiv: KINR, 2012. Part 1.

P. 531-535.
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HOBE EJIEKTPOITPOBIJIHE MTOKPUTTSI HA OCHOBI
MAX ®A3H Ti,AIC 1JISI BACOKOTEMITEPATYPHOI' O
CEPEJIOBUIIIA

T.O. Hpixnal, 0.C. Kynpiuz, B.A. Hodzypczmas, O.I1. Ocmaus®, T.B. Cepﬁenlokl,
B.b. Ceepdynl, M.B. Kapneubl, b./1. Bacunwvis*, M.O. Bopmmmblca2

1Ihccmumym Haomeepoux mamepianie im. B.H. baxkyna HAH Ykpainu,
Kuie, Ykpaina
E-mail: prikhna@ukr.net;
’Hauionansnuii HAayKo6Uil yeHmp
«Xapkiscokuii (hizuko-mexniynuil incmumym)y, Xapkis, Ykpaina
E-mail: kuprin@kipt.kharkov.ua;
3Wizuko-mexaniunuii icmumym im. I'.B. Kapnenka HAH Y«kpainu, /lveie, Ykpaina
E-mail: podhurskavika@gmail.com

Marepianu Ha ocHOBi MAX (ha3 BBaXalOThCS MEPCIIEKTUBHUMH JJIsI BUPOOHUIITBA
MDKKOMIIOHEHTHMX 3’€[HaHb JUIsl TBEPAMX OKCHAHUX NAJIMBHUX elleMeHTiB [l1],
0COOJIMBO /JIsl €JIEMEHTIB MPOMDKHUX TeMIeparyp, 1o mpaioTs npu 550...750 °C
[2]. Marepian 3’€qHaHb MOBHHEH MAaTH HACTYIHI XapaKTEPUCTHUKU: BUCOKY €JIEKTPO- i
TEIUIONPOBIIHICTE, (ha30By cTaOUIBHICTH mpH TemmepaTtypax 10 500...800 °C, criikicTh
0O HEraTMBHOIO BIUIMBY BHCOKOTEMIEpPAaTYPHUX BIAHOBHUX 1 OKHCIIIOBAJIbHUX
CEpEeOBHII Ha MPOTs3i BCbOro TepMiHy ekcrutyaramii (monan 40 000 rox), 3aA0BUTEHY
MinHIicTh 1 omip moB3ydocti mpu Ttemmnepatypi 600...800 °C, HHM3BKY IIIJIBHICTIO
(0co0IMBO TSI aPOKOCMIYHOTO Ta aBTOMOOUIBHOTO BUKOpHCTaHH) [3, 4].

MeTtoro naHoi poOOTH € AOCHIIKEHHS BIUTUBY XIMI4HOrO 1 (pa3oBoro ckjiaay Ha
CTINKICTh 10 TPUBAIOTrO OKHCIeHHs mpu Temiepatypi (600 °C) Ta enekTponpoBiHICTh
KOMITO3UTHHX 00'€MHHX 1 TUTIBKOBHX MatepiaiB Ha ocHoBi MAX a3 cuctemu Ti-Al-C
B mopiBHsHHI 31 ctaiutio Crofer 22 APU, sika B 1aHuii 9ac € TpaJulifHUM MaTepiaom
JUIs 3'€/IHaHB TBEPAUX OKCUIHUX MAIUBHUX €JIEMEHTIB.

[TokpuTTst TOBIIMHOIO 6 MKM OCQJKyBaJM BaKyyMHO-IYTOBHUM METOJOM 3
BUKOpPUCTaHHAM MimeHi Ha ocHOoBI MAX ¢a3u TipAlC miamerpom 60 mm Ha Ti-
niaktaaky (¢oasra ToBmHOK 0,5 MM po3mipom 25%50 mwm 3i crutaBy Ti-0,3Fe-0,1Si-
0,07C). ®a3oBuii ckiang Marepiady MIlIeHI Ta MOKPUTTIB BU3HAYAIUA 3a JOTIOMOTOIO
PEHTI€HOCTPYKTYPHOTO aHalli3y. MiKpOCTPYKTYpY Ta XIMIYHUIN CKJIaJ] TOCTIIKYBaIH 3a
JIOTIOMOT'0}0 CKaHYBaJIbHOT €JIEKTPOHHOI MIKPOCKOIIIT Ta €eHeproiMciepciiiHoro aHamizy.
EnexrponpoBigHicTs 6 = 1/p, e p — TUTOMUH omip MaTepiaiy, OlliHIOBalIacs Ha MOBITPI
npu 20 °C yoTuppox30HAOBUM MeTofoM Ha mnpuiaai C2080.1. Jlns BU3Ha4YeHHS
HAHOTBEPJOCTI MOKPUTTIB BUKOPUCTOBYBaH npuiaa Nano Indenter G200.

[Toka3zaHo, 110 CTIHKICTh O OKHMCJICHHS MAaCHBHUX 1 IUTIBKOBUX MaTepiajiB CUCTEMHU
Ti-Al-C micns tpuBanoro HarpiBanus mpotsrom 1000 roaud mpu 600 °C Ha moBiTpi
Brcoka (Am/S = 0,07...0,13 r/cm%), ame iX eIeKTPONMPOBITHICTh MCIS OKHUCICHHS
BiapizHserecs. OO'emui wmarepiamm 3 MAX a3 TizsAlIC, ta TiAIC craoTh
HamiBnpoBigaukamMu (6 = 1,73-107 CM/M) depe3 YTBOPEHHS ILTIBKH, IO MiCTHTB
OKCH/IM AaJlIOMIHIIO 1 TUTaHy Ha TOBEPXHI 3pa3Ka, B TOM dYac sIK Marepiajl IJIIBKH
3QITAIIAETHCS €TIEKTPOTPOBITHUM (G = 1,3-10° Cwm/m). Turanosa ¢orera ta cranb Crofer
22 APU min yac BunpoOyBaHb CTalOTh JdieJIeKTpukaMu (o < 2,05-10° Cm/m).
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Hanorsepaicts i Monyns FOHra moBepxHi MOKPHUTTS MICIs TPUBAIOrO HarpiBaHHSI
30uTBITyI0TECA 3 5,5 10 9,5 I'Tla Ta 31 132 go 190 I'Tla BignosigHo.

Bucoki ¢i3uko-MexaHIYHI XapaKTePUCTUKA TOHKUX TUTACTHH 3 THTAHY 3 MOKPUTTSAM
Ti-Al-C, 103BOASIOTE PO3MIIAAATH X, SIK JETKI 3aMiHHMKH MI>KKOMITIOHEHTHHX 3'€JHaHb
31 cram Crofer 22 APU s TBepIuX OKCHAHUX MaJIMBHHUX EJIEMEHTIB MPOMIKHOI
temriepatypu (600 °C).

Jliteparypa

1. C. Niels, R. Kiingas, T. Blennow. MAX phase materials for use in solid oxide fuel
cells and solid oxide electrolysis cells. EU patent EP 2 945 207 A1, Nov 18, 2015.
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Sverdun, Y. Brodnikovskyi. Behaviour of solid oxide fuel cell materials in
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Nov. 11, 2019.
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BJIUSHUE METAJUVIMYECKOI'O TOACJ1051 HA AAT'E3UIO
IOKPbLITUSA Mo,N TP KOMIIVIEKCHOU
VMOHHO-IIASMEHHOM OBPABOTKE

U.C. Jlomnuu, FO.A. 3a0nenposckuii, B.A. benoyc, A.FO. Pocmoea, A.C. Kynpun

Hayuonanvuoiit nayunwiit yenmp
«XapovKkosckuil puzuko-mexnudeckuil uncmumymy, Xapvkoe, Ykpauna
E-mail: yaz@Kkipt.kharkov.ua

KommnekcHast HMOHHO-TIa3MeHHass o00paboTka NpPUMEHSETCS s MOBBIIICHUS
MPOYHOCTHBIX, J3PO3UOHHO-CTOMKHMX U JAPYTUX OSKCIUIyaTallUOHHBIX XapaKTEePUCTUK
pabouyux TMOBEPXHOCTEW PA3JIMUHBIX MPOMBIIUICHHBIX HW3JEIUN, B YaCTHOCTH, IS
YBEJIMUEHHUSI pecypca CTaJbHBIX JeTalled MEeXaHM3MOB THapopaclpelneieHus |
perynupoBanusi TypObun [1]. B KoMIIeKCHOM METO/€ YNPOYHEHHS, COCTOSIIEM U3
STarioB MOHHO-TJIA3MEHHOTO a30THPOBAHUS U TMOCIEAYIOIIEro OCAKICHUS 3allUTHBIX
BaKyyMHO-JIYTOBBIX TOKPBITHH, 1 TIOBBIIMICHHUS aAre€3MH HSTUX TMOKPBITHH K
A30THUPOBAHHON CTaJIM MOTYT OBITh UCIOJIb30BAHBI PA3TUYHbBIEC METAJUIMYECKUE CIIOH.

Lenr npanHOM pabOTBI — HCCIENOBAaHUE BIUAHHUS COCTaBa U TOJIIUHBI
METAJJIMYECKOTO TMOJACIOS Ha aAre3wto MOKpbITHS MooN K a30THpPOBaHHON cTamu
25X1M1D.

HNonno-ma3mennas obpaborka ob6pas3mnoB (20x10x6 mm) u3 cramu 25X1MI1D
IIPOU3BOAWIACH HA BAKYYMHO-yTOBOM YCTaHOBKE Tuna «bymnar», MOaepHU3UPOBAaHHON
JUIs  TPOBEIEHUS  KOMIUIEKCHBIX  mporeccoB.  MccienoBaTenbCckuil — mpolecc
KOMIUIEKCHOT'O HOHHO-TUJIA3MEHHOI'O YIIPOYHEHHS COCTOSIT U3 CIIEIYIOIIMUX 3TAIOB!

1 - a3oTupoBaHue 00pa3IOB B ABYXCTYIICHUATOM BaKyyMHO-IyroBoM paspsae (ABP) [2];

2 — OCaXKICHUE ANre3MOHHOr0 METAIIMYECKOro noziciios u3 Mo, Ti unu Cr;

3— ocaxkzieHue 3amuTHOTO OKpeITHS MoyN.

CpaBHUTENbHBIE aAT€3MOHHBIE UCTIBITAHUS 00pa3oB, 00pabOTaHHBIX KOMIUIEKCHBIM
METOJIOM B OJIMHAKOBOM PEXHMME, HO C Pa3HbIM COCTAaBOM U TOJIIMHONW METaNINYECKUX
MOJICTIOEB, MPOBOAUINCH MeTonoM Daimler-Benz Tecta [3] ¢ oleHKOW MeXaHH3MOB
pa3pylieHusl TOKpbITMM BOJIM3M OTNEYaTKa, OOpa30BaBILIErocs B  pe3ysibTaTe
BrasnuBaHus uaaeHTopa Rockwell C (narpyska 1470 H). bamibl agre3un nokpeiTuit ot
HF1 no HF6 omnpenensmuce cormacHo mnpuHsTor kimaccudpukamuu [4], rme HF1
COOTBETCTBYET HAWIy4Iledl aaresud Mpu TOJHOM OTCYTcTBHM TpemuH, a HF6
COOTBETCTBYET HauXyJIIIeW aare3sud C TMOJHBIM OTCJIOCHHUEM MOKPBITUS BOKPYT
OTHeYaTKa UHAEHTOpA.

Pesynbrathl uccnenoBanuii BimsiHus coctaBa (Mo, Ti wmm Cr) W TONIIMHBI
METAJIMYECKOTO TMOJACTIOs Ha aare3wto mokpeituss MOpN Kk  mpenBapUTensHO
azotupoBanHoil B JIB/IP mommoxke u3 cramu 25X1M1® nokazanu, 4ro HawuidydIias
aaresust (HF1) st MoaN mHabnrogaercs B ciyyae ocaxaeHUsS METALTUYECKOTO MOACTIOS
TONIIMHON He MeHee 1,5 MKM. be3 ocaxaeHust MOACHOS WIM C MOJHOJIEHOBBIM
nojcioeM tommuHo 0,7 MM aares3ust mokpeitiss Mo;N Haxomutes Ha ypoBHe HF2.
VpoBun anresunm HF1-HF4 cuuwratorcs npuemneMbiMu  UIsI  KOMMEPYECKOTO
HCIIOJIb30BaHUS MMOKPBITUI HAa U3AENUX [S].

Takum o0pa3oM, B paboTe MOKa3aHO, YTO OCAXICHHE METAUTMYECKOTO MOACTOs T,
Cr wnu Mo TonmmuHON He MeHee 1,5 MKM Ha MpeaBapUTENbHO a30TUPOBAHHYIO CTAllb
oOecrieunBaeT BBICOKYIO anre3uto mHokpbiThst MO;N. YBenuuenue ypoBHsS aaresuu
3aIIUTHBIX MOKPBITUH OYyJEeT CIocOOCTBOBAaTH CHIKEHUIO MX KOHTAaKTHOTO W3HOCA U
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MOBBIIICHUIO pecypca paboThl CTANBHBIX JeTaNICH, MOIBEPTHYTHIX KOMILJICKCHOW HOHHO-
T1a3MeHHOU 00paboTKe.
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a reliable qualitative control for layered compounds // Journal of Materials Processing
Technology. 2003, v. 143-144, p. 481-485.
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CTIMKICTh IIOKPUTTIB HA OCHOBI Ni ITPHU JIIT KABITAIIII
B.I'. Mapunin

Hauyionanvnuit naykoeuii yenmp
«Xapkiecokuii Qizuko-mexuiunuit incmumympy», Xapkis, Ykpaina
E-mail: marinin@Kkipt.kharkov.ua

BukopucranHs TIOKpUBIB Ui TMiABUIIEHHS CTIMKOCTI MaTepialxiB eJEeMEHTIB
oOnaJiHaHHA, SIKe TMpaIloe B YMOBaxX, ONU3BKUX 1O EKCTPEMAIbHHUX, NOTpeOye
BU3HAYCHHS HOr0 BJIACTMBOCTEH B IMOJIOHMX CHUTYaIlisfX, 30KpeMa 1 B crherupiyHuX
yMmoBax fii kaitamii [1,2]. 3pa3ku Ha ocHOBI Ni omepkaHO Ha MiAKIaAKaxX 13 CTasi
IX18HI10T mutaxom oca/pKeHHS MOTOKIB YacCTOK 13 TMOPOIIKIB 1 JPOTy 0OpOOICHUM
IIa3MO0, IO TEHEPYEThCs IUIa3MOTpoHamu. KagiTarito CTBOproBaiid B Kamepi i3
JTUCTUIILOBAHOIO BOJIOIO 017151 TIOBEPXHI BUIPOMiHIOBaYa €KCIIOHECHIIAIBHOTO MPOQiIHo,
3’€JTHAHOTO 3a JIONIOMOTOK TIEPETBOPIOBaYa EIIGKTPOMATHITHUX XBHWIb Bix Y3-
reHepaTopa B MeXaHiuHi. AMIUTITYJa KOJMBaHb moBepxHi BiOpartopa (30 + 2) MkM, a
gactora (20+1) k', Brpatu mMacu 3paskiB, 110 po3mimieni Ha Bigcrani 0,55 MM Bin
BUIIPOMiHIOBaYa BUMipioBaiu i3 ToynicTio 0,015 Mr. 3HadeHHs1 cepenHboi MIBUIKOCTI
pyhiHyBaHHs 3paskiB (V. MKM/ron) mpu Aii KaBiTamii OOYMCIIEHO 3a KiHETUYHUMH
KpUBUMH. Pe3ynbTaTu 10JJaHO B TaOJIUII.

Howmepa

. 1 2 3 4 5 6 7
3pasKiB

Bucxigauii

g Ni Ni | Ni+1Y | 79Ni-0Cri80Ni-11Cr| 74Ni-15Cr |82W-8Ni-8Cr
marepiai

Craun

. M3IT | M3X | M3 I1 I1 I1 II
3pasKiB

Cepenns
MIBUIKICTH 6,2 7,9 1,07 12,5 0,27 0,88 2,21
pyiHYBaHHs

[To3znauenns: M3II — macuBHUII 3pa3ok, noxipoBanuii; M3X — MacuBHUIN 3pa30K MICIsA
ximMiuHOi 00poOKHu; M3 — MacuBHUH 3pa3zok; I1 — MOKpUTTS.

Jani Tabmuill Moka3yroTh, 10 HAHOUIBITY CTIWKICTH A0 Mii Kaitamii (HaliMeHIIe
3HaueHHs V) BUSBIISIE 3pa30K, o3HaueHUi Ne5, onepikaHuii 13 MOPOIIKY, 110 B CBOEMY
ckiani mae 11% xpomy.

AOpa3uBHUIN 3HOC JOCHTI/DKEHO 3a CXEMOK IUIONIMHA — AucK. Ha tumacki 3pasku
HaHOCWJIM TIOKPHUTTS, a JUCK BUTOTOBIISIM 3 MaTrepiaiy, B SKOMY YKOPCTKO 3aKpiIUIEHO
abpasuBHi 3epHa. IlIBuAKICTH pyXy MNOBEpXHI IMCKA, 110 KOHTAaKTye 3 IOKPHUBOM,
nopiBHIOE 4,38 M/c, HaBaHTa)XXEHHS Ha 3pazok — 224 r. 3Hoc 3pa3ka 3a MEeBHUM nepion
yacy BW3HAYaldM 3a BTPATOK0 MAacH, 3BOKYIOUM 3Pa3Kd Ta BUMIPIOIOYH TapaMeTpH
[JIMOMHU JIYHKHU 3pYHHOBaHOI MOBEpXHI. 3a BH3HAYEHUMH T'YCTHHAMH Ui KOXKHOTO
3pa3ka oOumcnuian o0’ eMHI BTpaTh MacH 3a 1 ronuny aii abpaszusy. [ns 3pa3kiB Ned—7
OIEPXKAHO CepeHE 3HAUYCHHS MIBHAKOCTI pyiHyBaHHsA V, (MM°/rox), Biamosizuo 3,1;
1,34; 0,345; 0,1. Bunno, mo HaiOUIbIIYy CTIMKICTh Ma€ TMOKPUTTS (3pa3ok No7),
OCHOBHOIO CKJIaJIOBOIO SIKOTO € BOJb(pam.

Kopo3iifHi XapakTepUCTUKH OAepaHO 3a yYMOBHU Mii Ha 3pa3ku 3%-ro BOJHOTO
po3uuHy XJopucrtoro Harpito. Ilomspuzamiiini KpuBi 3HIMaaM 3a JIOIOMOTOIO
norenuioctary [1150-1 B ctannapTHiil enexktpoximiuniii  komipai A€C-2 B ymoBax
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MpUPOHOT aeparrii po3unHy. CTamioHapH1 MOTEHITIAN BU3HAYAIIHN TTICIIs BUTPUMYBaHHS
3pa3kiB B KOpO3iiHOMY cepenoBuili mnpotsaroM 10 xB. BennuuHy TyCTHHH CTpyMy
BUMIPIOBAJIU NpH 3-i 3MiHI MOTEHINIAIy BiJl HETATUBHUX 3HAYCHb JO MO3UTHBHUX, IO
JI0 TIEBHOT MipH 3MEHIIIy€ BIUIMB IUTIBOK, sIKi ()OpMYBaIHCh B aTMOC(HEPHUX YyMOBaX Ha
MOBEPXHi 3pa3KiB. AHOJHI TOJSAPHU3AMINHI KPUBI 3HIMAIM TPH 3MiHI MOTEHINATY 13
mBUAKICTIO | MB/c. EnexTponoM MOpIiBHSHHS CIYTYBaB XJIOP-CPIOHMIA €IEKTPOI.
Pe3ynpTaté mpuBenEeHO 1O HOPMAJIBHOTO BOTHEBOTO €IEKTPOAy. BcTaHOBIEHO, M0
MiHIMaJIbHY TYCTUHY KOPO31HHOTO CTPyMY Mae 3pa3ok Ne7.

Jliteparypa

1. Dposus. [lep. ¢ aurn. / [ox pexa. K. Ipuc. — M.: Mup, 1982. — 464 c.
2. P. Kwonm, k. doiinu, @. Xommur. KaBuranus. — M.: Mup, 1974. — 687 c.
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OCA/I’KEHHA BAKYYMHO-AYT'OBUX AJIMA3OIIOAIBHUX
IHOKPUTTIB METOAOM PI11&D

B.B. Bacunwves, O.A. Jlyuaninoe, O.M. Pewiemnsk, B.€E. Cmpenvnuybkuii

Hauyionanvuuii naykoeuit yenmp
«Xapkiscokuii (hizuko-mexniynuil incmumym)y, Xapkie, Ykpaina
E-mail: strelnitskij@kipt.kharkov.ua

OcapkenHs 3 QUTBTPOBAHOI BaKyyMHO-IYTOBOI TIa3MU - OJIMH 3 HAUTOMIMPEHIITHX
MIPOMHKCIIOBUX METOIB OTpUMaHHs amophHuX anmazonomionux miiBok (AIIII) mo He
MICTSITh B cBOeMY ckiaji Boauro. AlIIl 3 BuCOKUM BMiCTOM sp3-3B';13KiB JEMOHCTPYIOTh
BUHITKOBI XapaKTEPUCTUKHU IMOJIOHI alMa3y, Taki SK B BHCOKa TBEPAICTh, BiAMIHHA
3HOCOCTIMKICTh, HU3BKUI KOEQIIIEHT TEpPTs, KOpO3iiiHa CTIMKICTh, G10CYMICHICTb, IO
poOuThH iX HE3aMIHHMM MaTepiajioM AJis Pi3HUX TPUOOJOTIYHHX 3aCTOCYyBaHb, B TOMY
YHCIi ISl 3aXUCTY 1 3MIIHEHHSI TIOBEPXHI OPTONEANYHHUX IMIUIAHTATiB. CTPUMYIOUUM
(dakTopoM Ha HUIAXY po3mupeHHs chep Bukopuctanns Allll e npoGiema HeTOCTaTHBOT
aaresii TOBCTUX IUTIBOK, 0OyMOBJIEHA BUCOKHM DPIiBHEM 3aJIUIIKOBUX HampyXeHb. J[is
onTuMi3alii piBHA 3aJIMIIKOBHX HANpYyXEeHb y PI3HUX BAaKyyMHO-IYTOBUX MOKPHTTAX
BukopucToBYIOTh MeToz PIII&D (Plasma Immersion Ion Implantation and Deposition)
[1], onHak, BIJMB HmapaMeTpiB BUCOKOBOJBTHOIO IMIYJIBCHOTO MOTEHIIATY 3MIiILECHHS
Ha TIAKIAALI TPH OCAUKCHHI BYIJICLEBUX IUTIBOK Ha IX XapaKTEPUCTHKH BHMarae
pETEeNbHOTO BUBUEHHS.

Anma3zonoiOHi TUTIBKH TOBIIUHOIO 2,6...4,8 MKM OcCaJKyBall BaKyyMHO-IYTOBUM
CcrocobOoM 3 BUKOPHCTAHHSAM TpadiTOBOr0 Karoja Ha MOJEPHI30BaHIM YyCTaHOBIII
«bymar-6», oOmagHaHiii OpPHUTIHAIBHAM  TNPSAMOJIHIHHUM  MAarHiTOENEKTPUYHHM
¢GinbTpoM Mmiaa3Mu BiJ MakpodacTok [2]. OcaJkeHHs NPOBOAMIIOCA HA MIJKIAAKU 3
MOJIIPOBAHOI HEP)KaBilOYOi CTayli. AMIUITYA IMITYJbCHOTO IOTEHIIATy 3MIIICHHS
3MiHIoBanacs B iHTepBam 0...2 kB npu ¢ikcoBaHMX 3HAUEHHSX YAaCTOTH MOBTOPEHHS 1
TpuBasnocTi iMmynbeiB 12 k[ 1 6 MKC BIAMOBIIHO. Y TPOMIKKAX MDK IMIyJIbCaMHU
niakiaaka nepedysaja Mpu caMOy3Tro/KEHOMY «I1laBarouoMy» norenmian — 50 B.

Ha pucynke, a moka3zaHa 3aJeXHICTh IIBHAKOCTI OCAKEHHS TOKPUTTIB BIJ
aMIUTITYM IMITYJBCHOTO MOTEHLiady. 3 POCTOM aMIUITYAM IIBHJKICTH 3MIHIOEThCS
HeMOHOTOHHO. B inTepBani Big 0 g0 500 B mBHAKICTH pI3KO 30UIBLIYETHCS Maiike B
JIBa pasy, JOCATaoud 78 HM/XB, a IPU MOJANBLUIOMY 3pOCTaHHI aMIUTITYau a0 2 kB —
HE3HA4YHO 3MeHITyeTbes. OTpumani BUCOKI mBHUIKOCTI ocamkeHHs AIIIl 3naxonsrbes
Ha piBHI KpallluX 3HAYEHb XapaKTEePHUX Ul LbOTO METOJY, IO CBIAYUTH MPO BHUCOKY
INPOJAYKTUBHICTh PO3pO0JIEHOTO (iIbTpa 1 HU3BKUX BTpaTax BYIVICLIEBOI IUIa3MU Ha
HUIAXy A0 migkiaaakd. Ha pucyHke, 6 moka3zaHa TBEpAiCTb MOKPHUTTIB, SKY BUMIPIOBAIN
METOJIOM HAHOIHJIEHTYBaHHsS. 3 PpPOCTOM aMIUNTYIAW TBEPIICTh EKCIOHEHUINHHO
3MeHuryeTbes Bi 69 no 16 I'Tla, mo moB's3aHo 3 pocToM BMICTY IpadiTonoaiOHUX
Sp-3B'sI3KiB.

OOroBOpIOETHCS, IO BHSBIEHA HEMOHOTOHHA 3aJIEKHICTh IIBHJKOCTI OCaKEHHS
00yMOBJI€Ha 3MIHOIO T'YCTHHH IUTIBOK 1 BIUIMBOM 10HHOTO po3nuieHHs. [lokazaHo, 1o
3miHa ammuityaun npu  PIII&D  ocamxkenHi [03Bojs€ THYYKO — peEryJtOBaTH
CITIBB1/IHOILIEHHS sp3 / Sp2 3B's13kiB B AIlll, BuKiItouaroun neperpiB MOBEPXHI OCAKEHHS
1 ICTOTHE 3HMXKEHHS HIBHJKOCTI POCTY IUIIBKH, $IKI CIOCTEpPIraroTbcs 3 POCTOM
MOTEHITIaTy B YMOBaX Mo/1a4i MOCTIMHOTO MOTEHIIATy 3MIMIEHHS Ha TTiIKJIaIII.
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PO BIIJIUB TEPMO®JIYKTYAIIMHOIO BUTIAPOBYBAHHSA
ITPHU IIVIASMOBO-IOHHOMY OCA/I’KEHHI BYI'VIEHHEBOT'O
IHHOKPUTTA HA HIBUJAKICTD POCTY IIOKPUTTA

O.1. Kaniniuenko, B.€. Cmpenvnuyvkuit

Hauionanvnuii naykoeuit yenmp
«Xapkiecokuil (hizuko-mexniynuil incmumymy», Xapkis, Ykpaina
E-mail: aikalinichenko@kipt.kharkov.ua; men. +38(067)900-95-18

[Iupoke 3acTOCYBaHHS IUIa3MOBO-IOHHMX METOJIB OCAJKCHHS IMOKPUTTIB, B SIKUX
MOTIK EHEpPriiHUX 10HIB IMIUIAHTYETHCS IIiJI TOBEPXHIO OCAHKYBAaHOTO MaTepiaiy,
BUCYBa€ 3aBIaHHS JOCIIUKCHHS MIBHJIKOCTI POCTY HOKPUTTS B 3aJIeKHOCTI BiJ
€JIEMEHTHOTO CKJaAy IOTOKY 10HIB, €HEeprii i0HIB 1 peXUMy ocaJpKeHHsA. byino 0
NPUPOTHUM TIPUIYCTUTH, IO IIBUAKICTE pOCTY MOKPUTTA Vsc(E) BU3HaAuaeThCs
BEJIMYMHOIO TOTOKY iOHIB j, IO MaJal0Th HA OJMHHUIKO MMOBEPXHI, 32 BUpaXyBaHHIM
HOTOKY PO3CISIHUX 1OHIB, SIKMI I[IIKOM BH3HA4aeThesi Koedirientom posmmwieHHs K(E)
ioniB manoi eneprii E: vy, (E)= jM [1— K (E)J / p, 1€ p — UIUIBHICTh MaTepialy MOKPUTTS,
M —maca aroma mOKpUTTS. B iHTepBanmi eHeprii iOHIB 25eB<E <1000eB, Xa-

paKTepHOMY Ui OCA/PKEHHS BYTJICIIEBOTO MOKPUTTS 3 IJIa3MH BaKyyMHOI [yTH,
dyukiist K(E), mo po3paxoBana 3a gomomoror nporpamMa SRIM, MOHOTOHHO 3pocTae
Bix 0 1o ~0,2. [Ipy mpoMy 3aleKHICTh MIBUAKOCTI POCTY BYIJICIIEBOTO TOKPUTTS Bij
eHeprii oca/pKyBaHUX 10HIB BiAMOBia1a 6 MyHKTUPHOI KPUBOI, TOKA3aHOT HA PUCYHKY.

OpHak oTpHMaHa OILIHKAa ICTOTHO CYNEPEYHTh EKCIIEPUMEHTAIBHOI 3aJIe)KHOCTI
IIBHAKOCTI POCTY BYIJIENIEBOTO MOKPHUTTS BiA eHeprii mamarounx ioHiB C* (4opHi
CHMBOJIM Ha PHCYHKY). BiIIOBITHO 1O €KCIIEPUMEHTY, IIBUAKICTh POCTY MOKPHUTTS TIPU
eneprisx ioHiB E > 500 eB manae B 2-2.5 pa3u, B MOPIBHSAHHI 31 MIBUAKICTIO 3pOCTaHHS
npu eHeprisax E ~ 100 eB [1]. Ananoriuni pe3ynpTat OTpHMaHi B [2].

Hactinbku pi3ke magiHHSA MIBUIKOCTI
POCTY TIOKPUTTS MOXHA TIOSICHUTH B paMKax
________________________________ MOJIeTIi HETOKAIhbHOTO TEPMOMPYKHOTO MKy

. (HTIID) 10Ha [3] JIOTATKOBUM
BUIIAPOBYBAHHSAM aTOMIB IIOKPUTTS 3 BUIBHOI
noBepxHi HTII ioHIB Ha mouaTkoBiil cTamii
2 ICHYBaHHS TMiKy, sKa XapaKTepU3yeThCs
HaWOIIBII ~ BHCOKHMHU  TEeMIIEpaTypamH.
x x x x 1l KingbKicTb BUIIaPOBYBaHUX aTOMiB
0 200 400 600 800 U V' pyspauaeThcs UMCIOM TEPMOAKTHBOBAHHX
NIePEXO/IiB aTOMIB B MPUIIOBEPXHEBOMY IIapi
iKY, KA 33]]a€ThCSl BUPAKCHHSM:

u

v, um/hour
SN
T

LIsuokicms 3pocmanHs 8yeneye6o2o
HOKPUMMSL 8 3A/IeIHCHOCMI 8i0
NOCMIUHO20 NOMEHYIANY HA NIOKIAOYI, 7 -

PO3paxo6ama 3 ypaxy8aHHsam (CyyiioHa N (E'To) =ngva S (t, E)e oT(LET) gt (1)
Kpusa) i be3 ypaxysauus (NyHKmMupHa 0
Kpuea) mepmoghitokmyayitiHo2o
8UNAPOBYBAHHSL.

YopHi cumsonu — 0aHi excnepumeHmy

e U — eHepris cyOmimanii, Ng — KOHIEH-
Tpallisi aTOMIB, V — 4YacTOTa KOJIMBaHb aTOMa,
7. — eexkruBHuit yac xxutts HTII, S(t,E) —
wionia BimbHOI moBepxHi HTII, a — mixk-
aTOMHa BiJcTaHb, Kg — moctiiiHa bonbkiMana, T — Temneparypa B MiKy, IO 3aJIe)KHA Bif
TeMIepaTypu MiIKIaAKu To, eHeprii E 1oHa, mo yrBoproe HTII, 1 3miHIO€THCS 3 yacom t
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3a paxyHOK OXOJIOpKeHHs miky [3]. 3 ypaxyBaHHSM J0JAaTKOBOi BTpaTH aTOMiB
HOKPUTTS. 332 PaxyHOK TaKOro TEepMO(DIIOKTYal[ifHOTO BHUIIAPOBYBAHHS, CIIPABKHS
mBUAKICTh pocTy MOKpUTTs V(E,To) 3a1a€ThCst BUpaKEHHSIM:

V(E.Tp)= jM[1-K(E)-N(E,T,)|/p. @)

Ha pucyHky mnpuBelneHa 3aJIXKHICTh BiJl MOTeHIiany Ha migkimaami U mBHIKOCTI

OCaJKeHHs BYIVIELEBOTO MOKPUTTA 3 MOTOKy ioHiB C' mmasMu BakyyMmHOI yTH,

po3paxoBana 3a 1omoMororo Bupasis (1), (2) mpu peamicTUYHUX 3HAYCHHSIX BEJIMYUH U,

To 1 7c. BukopucranHs npunymeHHs Mpo TepMOQIIOKTYyalliifHe BUIAPOBYBAHHS aTOMIB

HOKPUTTS 3 TapsiuuX MIKiB 10HIB TO3BOJISE TOMOITHUCS SIKICHOI 3TO/IM TEOPETYHOI KPUBOI
3 pe3yJIbTaTaMH EKCIICPUMEHTY.

Jliteparypa

1. B.E. Crpenpaunkuii. «lccrnenoBanne anma3onogo0HBIX ¢GopM yriepona u
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15(2006)365.

71



BBICOKOSHTPOIIUMHBIE METAJLJIMYECKHUE,
HUTPUIHBIE, OKCHUIHBIE U KAPBU/IHBIE IIOKPBITUA

B.®. I opﬁanbl, A.A. Am)peesz, B.A. Cmonﬁoeoﬁz, H.B. Cep0MK2,
C.A. (Dupcmoel, M.B. Kapneul, HU. Kpanuekal

1HHcmumym npoonem mamepuaiogedenun um. Opanyesuua, Kuie, Yxpaina
E-mail: gorban1944@ukr.net;
2Hauuommmbtﬁ HAy4Hbll YeHmp
«Xapovkoseckuil puzuko-mexuuueckuii uncmumymy, Xapvkoe, YKpauna

[Tomy4yeHue BBICOKOOHTPOIUUHBIX ITOKPBITHIM OCYIIECTBIISAIOCH METOIOM BaKyyMHO-
JIYTOBOI'O OCAKICHHWS B YCOBEPIICHCTBOBAHHOM YCTaHOBKEe bymar-6 u HMOHHBIM
pacIbUICHHEM B IUIa3Me CKAaTOro0 BaKyyMHO-IYTOBOIO pa3psja.

Ha cBolicTBa JyroBbIX MOKPBITUN OKa3bIBACT BIUSHUE IPEJBAPUTEIBLHOE IABICHNE B
KaMepe P HallbUIEHUU (pa3IMyHbIE Ta3bl) U HANPSKEHUE, [10aBAEMOE Ha MOIOKKY
(pMCYHOK), a TakKe MaTepual MCIOJIIb3YeMOI0 BBICOKOAHTPOIIMHHOIO KaToja
(Tabmuia).

DU3UKO-MEXaHNYECKUE XapAKTEPUCTUKU

60: ;'TLM;R"M m _100B BI)ICOKOBHTPOHI/II\/JIHI)IX HUTPUIOHBIX HOKpI)ITI/H\/JI

é R e//\ _—5203038 H[T! EI"’ GES!
i -] Cocra BOC | it | rypa |HAEY | iy
S o] TiVZrHIND 64 405 10,158 | 14,2
0] TiVZrHfNbTa 50 340 [0,146| 114
55— TIVZINbCr | 52 | 350 |0,148| 118
JlaBjieHHe a30Ta B KaMepe, NacKalb TinHfN bTa 53 335 0, 149 12 , 3

Brusnue pexcumos npu
ocaxcoeHuu Ha meepoocmb
TiVZrNbHN noxpeimus

BbICOKOHTpONMIfHBIE HUTPUAHBIE MOKPBHITUS MPEACTAaBIAIOT COOOM TBEpAble
pactBopsl Ha ocHoBe I'LIK-pemieTku, /uisi KOTOPBIX XapakTepHa BBICOKAas TBEPAOCTH.
Tak kak Bce »JIEMEHTHI, BXOAAILIME B UX cocTaB, obmamaror ['TIK-pemerkoii, 310
MO3BOJIIET IIPOM3BECTH pacyeT MapaMeTpa PEeleTOK BHICOKOIHTPOIUNHBIX HUTPUIAHBIX
MOKPBITHH.

Oxkasasioch, 4TO JUIsi HUTPUIHBIX MOKPBITUH, U JUISl JIUTHIX BBICOKOAHTPOIHIHBIX
CIIAaBOB OTpeNIeNsIeMblil TapaMeTp peleTKH OoJblie, 4yeM pacueTHbIi. B To ke Bpems
JUISL HUTPUIHBIX TOKPBITUM HaOIIOaeTcs TEHJEHIUS! CHUKEHUSI TBEPJOCTU C POCTOM
pa3anyns MeX1y pacdeTHBIM U OIIPEIEICHHBIM 3HAUEHUSMM ITapaMeTpa PEeLIETKH.

Boicokue 3HaueHHs] TBEPAOCTH OOECHEUMBAIOT HUTPUIHBIM BBICOKO3HTPOIUNWHBIM
MOKPBITUAM IPEUMYIECTBA B U3HOCTOMKOCTH IO CPAaBHEHHIO C OAHOKOMIIOHEHTHBIMH
HUTpUJIAMH.  BBICOKOPHTpONUIHBIE  HUTPHUJAHBIE  MOKPBITUS  XapaKTEpU3YyIOTCA
BBICOKMMH 3HadeHussMU TBepaoct 50...60 I'Tla u moxyns ynpyroctu 6onee 500 I'Tla,
a Takxke o0Ja/alT TepMOCTa0MIbHOCTBIO 710 Temriepatyp oTxura 1300 °C B nuHepTHOI
atMocdepe.

Jns muorocnoiinoro nokpbitust TiZrVNbTa/(TiZrVNbTa)N rtonmunoit 80 MKM
3apuKkcUpoBaHbl BHICOKKE 3HaueHUs TBepAocTH (10 29 I'Tla), yto obecrneunBaroT eMy
BBICOKHE IT0KA3aTeNIN U3HOCOCTOUKOCTH.
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TBepnocte  BbicOKORHTpornuiiHOTO  Kapouaa  (TiZrHfVNbTa)C  mocturaer
43...48 T'Tla, a monyne ympyroctu paBen 480 I'Tla. IIpoBeneHHbIC HCCIICIOBAHHUS
M3HOCOCTOMKOCTH KapOMAHOTO BBICOKOSHTPONHMIHOIO MOKPHITUS HAa OCHOBE CIUIaBa
TiZrHfVNbTa nokazanu, yto K03((UIMEHT TPEHUsI B Mape ¢ ajaMa3oM B JHMANa3oHe
Harpy3ok oT 2,2 no 5,5 H usmensercs ot 0,09 no 0,104. NccnenoBanue n3mMeHEHUs
CWJIBl TPEHHS TPH BO3BPATHO-MOCTYMATENBHBIX KOJCOAHHMSIX WHJICHTOpA MPHU
nocTosiHHOM Harpy3ke B 100 T mokaszaiau, 4To B MPOIECCE MOBTOPHBIX nedopmariuii
POMCXOIUT CHIDKEeHUE Kodddummenta tpenus ¢ 0,105 mo 0,07.

Okcuanble MOKpbITHS Ha ocHoBe cmiaBa AlTiCrVNbMo xapakTepu3yrorcs
TBepAOCThIO Ha ypoBHE 30...32 ['Tla, BbICOKMM 3HaY€HHEM HOPMHPOBAHHOW TBEPAOCTH
nopsiaka 0,118...0,133 u cambiM HU3KHM KoddunreHTOM TpeHus Ha ypoBHe 0,045.

Jluteparypa

1. @upcroB C.A., 'opbans B.®., Kpanuska H.A., [leukoBckuit J.11. Ypounenue u
MEXaHUYECKHE CBOWCTBA JIUTHIX BBICOKOAHTPONHUMHBIX CIUIaBoB // Kommo3utsl u
Hanomarepuaisl. — 2011. — Ne 2. — C. 5-20.

2. ®upcroB C.A., I'opbanp B.®., Aunpees A.O., Kpanuska H.A. CsepxTBepbie
MOKPBITHS U3 BBICOKOAHTPONMIHBIX crutaBoB// Hayka u naHoBanmu. 2013, Ne5, ¢.32-39

3. Gorban’ V.F., Shaginyan R.A., Krapivka N.A., Firstov S.A., Danilenko N.I.,
Serdyuk 1.V. Superhard vacuum coatings based on high-entropy alloys // Powder
metallurgy and metal ceramics. Vol. 54, Issue 11-12, March 2016, p. 725-730.

73



MEXAHI3MMH, 11O BIIVIMBAIOTH HA HAIIPSIMOK
I IBUAKICTb HIEPEMIINEHHA KATOAHUX IJISIM
BAKYYMHOI IYI' Y MAT'HITHOMY I10JII

B.B. Bacunwves, B.€. Cmpenvnuybkuii

Hauyionanvnuii naykoeuit yenmp
«Xapkiscokuii (hizuko-mexniynuil incmumymy, Xapkis, Ykpaina
E-mail: strelnitskij@kipt.kharkov.ua

BakyymHO-1yroBa karonHa Ija3Ma € OJHUM 3 HaOUThIN JUBOBMXKHUX 1 HAHOUIBII
BXKMBAHUX B JIaHMM 4Yac 00'€KTOM JJsl CHUHTE3Yy PI3HUX IHOKPUTTIB, IO 3MIIL[HIOIOTb.
EnextpoayroBuil po3psii XapakTepH3yeTbCs YTBOPEHHSM Ha IMOBEPXHI KaTola AyXKe
MajuXx 3a po3MipaMu He cramioHapHux karogaux M (KIT), siki 30cepemkytoTs y cooi
IyXKe BHCOKI IIUIBHOCTI CTPyMy 1 MOTYXHOCTI TpU TIOPIBHSHO HHU3BKOMY 1
bnykTyrodoMy kaTonHoMy nafinHi norenmiany (~ 20 B) [1]. Binomo, mio kondiryparris
MarHiTHOTO TOJsS Ha poOOdYiil MOBEpPXHI KaToAa BIUIMBaE Ha HampsMok pyxy KII
BakyyMHOi 1yru [2]. OnHak MexaHi3MHM, L0 BIUIMBAIOTh Ha IIBUAKICTH 1 HANpsSIMOK
nepemimenHs KII B marnitHomy moni Hp, o mepernHae TOpIEBy MOBEPXHIO KaToAa
OiJ NpsIMUM KyTOM IpPaKTHUYHO HE BHUBUYEHI. Bizmomo, 110 BakyyMHO-AyroBa KaToJHa
ila3Ma B 30BHIIIHBOMY MAarHITHOMY TIOJNI T€HEPYETbCS KATOMHUMH IUISIMAMHU
BaKyyMHOi JIyTM 1 IOIIMPIOETHCS  B3JOBXK MArHiTHOIO IMOJSA Yy  BUIVILII
BUCOKOIIBH/IKICHUX IIJIa3MOBHX CTPYMEHIB, B SIKHX CEPEIHs MIBHUIKICTh i0HIB, Vi, s
OLIBIIOCTI KATOMHKMX MaTepialiB, ckianae Beauunny ~ (1.. .2)-10% m/c, 3 TEMIIEPATYPOIO
10HIB pIBHIN TeMIepaTypi eIeKTpoHiB T, sika He niepepuirye 4,5 eB [3]. Meroro manoi
poOOTH € BUSABIIEHHS OCHOBHMX MEXaHi3MiB, [0 BIUIMBAIOTh HA MIBUJKICTH 1 HAIIPSIMOK
pyxy KII BakyyMHOi Iyru 1o MOBEpXHi TOPIS KaToAa, IO MEPETUHAETHCS CHIOBUMHU
JHISIMU MarHiTHOTO MOJIS MiJl TPSIMUM KYTOM.

BuxopucToByroun niaMarHiTHI BJIACTUBOCTI €JIEKTPOHHO-3aMarHi4eHoi IUIa3Mu
BUKOHAHI OI[IHOYHI PO3PaxyHKH OCHOBHHMX IapaMeTpiB IJIa3MOBOIO CTPYMEHs, LIO
BILJIMBAIOTh HA HANPSAMOK 1 MBHAKICTh nepeMinieHHs KII BakyyMHOI 1yru mo noBepxHi
Topis karoja. Cepes; OCHOBHHX MapaMeTpiB IJIa3MOBOI0 CTPYMEHS, 110 BIUIMBAIOTh Ha
BEJIMYMHY 1 IIBHIKICTH 3MIiHH HAINPYKEHOCTI EJIEKTPUYHOTO TIOJISA MOJISpU3aLii
IUIa3MOBOTO CTPYMEHs, 0COOIUBE Miclle 3aiiMaloTh ii ornepeyHi po3MipHu, NoB'a3aHi 3 1i
€JIEKTPOHHOI IIIIBHICTIO, 110 3aJIe)KUTh BiJ HANPY>KEHOCTI 30BHIIIHHOIO MAarHiTHOTO
nosist, Ho. ITix miero enekTpuyHOro moist mossipu3altii miazmoBoro crpymens dEp/dt, mo
3MIHIOETBCSI B 4aci, BCEpPEeAMHI Hel MOPYIIYETHCS CTPYM MOJSIpU3aIlIiHOTO Aperdy
3apsDKEHUX YaCTHHOK [4]: I = - pcz(d En/dt)/Hz, Jie p — MacoBa IIUIBHICTB Tu1a3mu, H —
HANpYKEHICTb MAarHITHOIO TMOJs BCEpEIWHI IUIa3MOBOro cTpyMeHs. JlaHuil cTpym
AQHAJIOTIYHUI CTPYMY 3MILLEHHS Jr1, IO BUHUKAE MIPU MOJISpU3aLiil 11€JIeKTPHUKIB.

Brnepiie nokazano, 110 y370BXK CTpyMy 1HEpIIHOTO Apeiidy 3apsIKeHuX YaCTUHOK
BifOyBaeThcs mepeMimennss KII nyru 3 cepenHbOrO MIBUIKICTIO, IIO HE MEPEBHILYE
dasosy msuakicts Ua = w/k = H/(4np)®°, e k — momepeyHa CKIazoBa XBHIHOBOTO
BekTOpa anb(peHoBcbKoi XBUii [4]. [Ipu npomy, ii MiHIManbHa 4acTOTa KOJIUBAHBb yin
Oyne BH3HAYAaTHCS YMOBOIO PE30OHAHCY TIONMEPEeK IUIa3MOBOTO  CTPyMEHS  3i
CHIBBITHOIICHHS: ®yiy = Ua/de, ne dc — niameTp cTpymeHs, SKWH BH3HAYAETHCS 3
OoTpuMaHoro B AaHiii poboTi Bupasu: d. = 8(I.KT.(Z+1)/(eV; ))1/2/H0, B sikomy |, — cTpym

nyru, Z — 3apsj ioHiB, k — mocriiina bonbliMana, a e — 3apsj enekTpoHa. B pesynbrati
MiJT HETaTUBHO 3aps/PKEHOI0 YaCTHHOK IUIa3MOBOTO CTPYMEHsS Oyne BigOyBaTHCs
sracanHs ctaporo KII myru, a mia i mMO3UTHBHO 3aps/HPKEHOI0 YAaCTUHOIO 1HIIIIOBATHCS
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HoBe KII, 3ynuHstounce Ha dYac (OpPMYBaHHS MaKCHMAIBHOI HAaIPYKEHOCTI
€JIGKTPUYHOTO TMOJISl MOJSPU3aLlii TIa3MOBOTO CTPyMEHs. TakuM YWHOM, CTBOPIOETHCS
crpubkononione mnepemimenns KII nmyrm y3m0Bx modspusamiiHoro crpymy, J,
BCEPEAMHI KO)KHOTO IJIa3MOBOT0 CTPYMEHS, 1110 iMiTyeThes KoxkHO0 KIT myru.
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INTERVAL MODELS OF TEMPERATURE CHARACTERISTICS
OF SUPERHEATER SEPARATORS IN NUCLEAR POWER
PLANT UNITS WITH THE CAPACITY OF 1000 MW
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The analysis of the influence of changes in the parameters of steam superheater
separators SHS-1000 of nuclear power plant units with the capacity of 1000 MW on the
efficiency and safety of their operation, including the temperature characteristics at the
nominal and partial operating modes of power units, has been carried out. Based on the
experimental data of the thermal tests of the power unit, the temperature characteristic of
the second stage of the SHS-1000 has been constructed in the form of the dependence of
the temperature change of the heated steam at the second stage of the SSS on the change
in the operating mode of the power unit. To create a correct mathematical model of this
dependence, taking into account the limited amount of experimental data and the
uncertainty of information about the structure and the probabilistic nature of measurement
error during testing, the use of numerical methods of interval analysis has been proposed.
Interval analysis has allowed to obtain an interval model that describes the receiver,
which contains all possible values of the dependence of temperature change of the heated
steam at the second stage of SHS on the unit operating mode (the electrical load). It has
been shown that in conditions of limited initial data and uncertainty of information about
it, numerical methods of interval analysis allow to create interval models of operational
(energy) characteristics technological processes and equipment of NPP units with the
maximum possible correspondence to real processes and objects, which is important to
ensure high efficiency and safe operation of power units.

While solving the problems of the estimation of safety and reliability of systems and
equipment of NPP units, as well as improving the efficiency of their operation based on
the analysis of operational (energy) characteristics including temperature characteristics
of SHS,there remains the problem of accounting uncertainty in the simulated objects
and processes and the choice of mathematical apparatus for their description. The
classic "point" representation of variables in problems of modeling and optimization
does not often allow to achieve the maximum possible conformity between the real
object and its model. Ignoring the interval nature of the problem leads to the solution in
the form of some “exact” numbers. The proximity of such solutions to the lower
potential and, respectively, the upper values of the interval cannot be estimated. In the
practice of the NPP unit exploitation in the conditions of optimization of technological
processes it can lead, in some cases, to erroneous solutions from the point of view of the
estimation of indicators of safety and reliability.

In such a situation, the advantage of data processing as well as determining and
constructing NPP unit performance models by the interval analysis method tools which
allow to take into account inaccuracies in the setting of initial data, measurement
error,parameters uncertainty, multi-mode operational nature of such complex systems as
nuclear power units, are obvious.

76


mailto:AVEfimov@kpi.kharkov.ua_

Therefore, the application of the mathematical technique of interval analysis, its
features and benefits is promising for solving a wide range of problems of the increase
in efficiency ofnuclear power units, evaluation of their safety and reliability on the basis
of valid interval operationalcharacteristics in the conditions of uncertain initial data.
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The efficiency, reliability and safety of reactor and steam generators of NPPs are
largely determined by the intensity and conditions of the flow in steam generators of
convective heat transfer processes and hydrodynamic (gasdynamic) characteristics of
the flow of coolant and working substance [1, 2]. It should be noted that for single-phase
flows in NPP steam generators the regularities of heat exchange processes and their
hydrodynamic characteristics are well studied, which cannot be said about two-phase
flows (flows of matter with different physical state) of the steam-water mixture.

During the operation of steam generators often occur non-stationary processes in
individual tubes or channels of heat exchange surfaces. For example, in the tubes of the
heat exchange surfaces of the economizer sections of the steam generators there are
pulsations of the temperatures of the walls of the tubes caused by pulsations of the feed
water flow or its temperature at the entrance to the steam generators. In the tubes of the
evaporating sections of the steam generators the pulsation of the feed water flow leads
to the pulsation of the flow. These circumstances complicate the study and calculation
of heat transfer processes and hydrodynamic (gas-dynamic) characteristics of flows in
NPP steam generators [3]. The processes of heat exchange and hydrodynamic (gas-
dynamic) characteristics of flows in steam generators of NPPs with PWPR are greatly
influenced by other physicochemical processes occurring in steam generators. These
are, first of all, the processes of corrosion of structural materials and the transition of
corrosion products into the coolant and feed water, as well as the processes of formation
and deposition on the heat transfer surfaces of scale and removal of impurities of feed
water together with steam. Peculiarities of convective heat transfer processes in steam
generators and hydrodynamic (gas-dynamic) characteristics of heat carrier and working
substance flows must be taken into account when designing and constructing reactor
and steam generator units of NPPs. Criteria equations of similarity theory, which
describe the generalized dependences between the quantities characterizing similar
processes, are used to calculate the heat exchange processes in NPP steam generators
during the movement of single-phase coolant and working substance flows. These are
the criteria Re; Well; Pr; Pe and others. The report provides generalized relationships
between similarity criteria for single-phase flows of heat carriers of different types
(water, gas, liquid metals) and working substances used in the practice of design and
construction of reactors and steam generators. Mathematical relations of models of
single-phase flows in channels of liquid constructive execution for calculation of
parameters of processes of heat exchange and hydrodynamic (gas-dynamic)
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characteristics of streams are presented. A comparative analysis of these relationships
and their differences depending on the design of the channels.
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One of the priority tasks in the operation of existing and creation of new generation
nuclear reactors is to ensure safety and increase the resource of regulatory bodies. The
solution to this problem can be provided, in particular, through the use of promising
structural materials of neutron absorbers. Due to the complexity of its physicochemical
and mechanical properties, hafnium is such a material [1].

Today in Ukraine at “Zirconium” State Research and Production Enterprise
(Kamyanskoye city), a fundamentally new fluoride calciothermic technology for the
production of pure hafnium is developed and mastered. Its peculiarity is that
hydrometallurgical redistribution in the production of pure hafnium is part of zirconium
purification technology. It is characterized by the identity of operations and is
distinguished only by the increase in the number of stages of extraction separation. The
process of hydrometallurgical redistribution is completed with the preparation of a
hafnium fluoride compound — hafnium tetrafluoride (HfF,). The calciothermic

reduction process of hafnium tetrafluoride with subsequent double electron beam
melting of the ingots is at the heart of the metallurgical redistribution. The choice of
hafnium tetrafluoride as salt for calciothermic recovery is due to its physical and
chemical properties, as well as the possibility of its deep sublimation purification from
oxygen (O, ) and nitrogen (N). Calcium (Ca) hafnium tetrafluoride recovery with the

addition of 5% of iron (Fe) or aluminum (Al) to activate the chemical reaction of
recovery allows to obtain compact ingots of hafnium, and electron-beam melting makes
it possible to clear it completely from many impurities. This scheme allows obtaining
hafnium with a total content of hafnium and zirconium, which is not less than 99.92%,
having a high absorption capacity, and suitable for efficient use in nuclear power
engineering.

The increase in purity of hafnium leads to the decrease of its hardness after electron-
beam melting. The process of electron beam remelting consists of melting the initial
ingot in a vacuum and its subsequent crystallization. The base mechanism for refining
metals from metal impurities when heated in a vacuum is the evaporation of volatile
metal impurities. During the remelting process, oxygen and carbon can be removed due
to the formation and removal of volatile metal oxides having a higher vapor pressure
than that of the refined metal.

Each of the above methods for producing pure hafnium has its advantages and
disadvantages, and the resulting hafnium ingots have differences in chemical
composition within the technical requirements established for each method. The content
of some impurities is limited only by maximum values. In other words, there are
uncertainties in the data themselves, which assess the quality of the alloy ingot. This
fact affects the accuracy of determining the dependences of hardness on the content of
impurities and, in particular, oxygen.
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This uncertainty is present in any process of research and evaluation of experimental
data. It contains measurement errors, noise, round-off errors, incomplete information,
methodological errors that give rise to uncertainty. It is impossible to overcome the
conditions of all these uncertainties. An analysis of numerous scientific papers on the
processing of experimental data shows that the interval model can be considered the
best model in terms of the correctness of processing such data [2—4].

The application of the interval and standard probabilistic approaches is compared to
verify the reliability of the results of an experiment to study the mechanical properties
of hafnium samples. The presence of "outliers” in the sample of hafnium ingots
hardness values was investigated at fixed weight oxygen content: 0.03, 0.04, and
0.05wt.% [5]. The situation of measurement error limiting the without reliable
information about its distribution and checking the sample for consistency by the
methods of interval analysis is considered. The classical statistical tests were used: “3c
-rule”, “2o -rule”, Lvovsky’s criterion, “3o -rule” for the median of the sample. The
application of these methods shows conflicting results since they all assume that the
sample values are subject to a Gaussian distribution. But this sample of measurements is
small, and the probabilistic characteristics of the errors are unknown since it is
impossible to guarantee compliance with the Gaussian distribution. The correctness of
the application of interval analysis numerical methods [6] for processing experimental
data under conditions of uncertainty and noisy experimental data is shown.

Determination of the dependence of the hardness of hafnium samples on the weight
oxygen content is performed by a combined method. The approximating curves are
constructed based from the hardness mean statistical values for each subsample
X =(173.857,181,192) and the central actual values for the truncated subsamples

(anomalous values are removed) x_ =(176.24,180.24,193.24)obtained by the interval
method (Figure).
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Brinell hardness of hafniuming

The dependence of the Brinell hardness of hafnium samples on the weight oxygen
content: 1 — approximation by mean values of the sample;
2 — approximation by central actual values

As an approximating curve, we considered a dependence of the form f(x)=a-e” +c.
Curve 1 in Figure shows the line f(x)=3.622-e*** +160.628 when the hardness values
were  statistical mean values; curve 2 in  Figure shows the line
f(x) =0.052-e'"* +174.462 when the hardness values were central actual values. The
dotted lines show the boundaries of the tube built on the uncertainty intervals
H, =[175.68;176.8], H, =[179.52;180.96], H, = [192.0;194.48] obtained by the interval
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method on the truncated samples. Curve 1 does not pass through all the uncertainty
intervals and, thus, gives a rougher estimate of the dependence of the hardness of
hafnium samples on the oxygen content.

The use of a combination of interval analysis methods and classical probabilistic
methods of experimental processing provides an alternative flexible tool for obtaining a
more accurate and complete analysis of experimental data in the presence of incomplete
information, noise, measurement outliers, which is typical when researching the
hardness of refined hafnium ingots.
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The designing of NPP steam generators, which are complex technical systems,
requires a large number of variant calculations, as result of which must be obtained both
optimal integral characteristics of steam generators (total heat transfer surface, metal
capacity, hydraulic circuits, etc.) and many of their local characteristics (distributions
heat flux densities and temperatures, possible amplitudes of their pulsations and others).
The complexity of NPP steam generators as technical systems is determined by their
multi-parameter, the presence of a complex logical and functional relationship between
the parameters, the presence of various restrictions on the change of parameters, the
stochastic change of parameters during exploitation [1-6]. Therefore, a sufficiently
complete system analysis of possible designs of NPP steam generators cannot be
performed without the use of modern computer-based computing technologies and
without the creation of appropriate mathematical models. Mathematical models of NPP
steam generators and their software implementations are subject to certain requirements.

In particular, together with the speed, they should provide the ability to perform
optimization calculations of steam generators of different designs in a wide range of
parameter changes and the use of different structural materials without entering
additional initial data and changes in programs.

For steam generators with countercurrent or direct-flow mutual movement of the
coolant and the working substance (or with equivalent multi-stroke motion) thermal and
hydraulic calculations are largely reduced to the calculation of a single steam-generating
channel. In modern mathematical models in the case of one-dimensional calculation of
the problem of heat exchange and hydraulic processes in the steam-generating channel
are described mainly by a set of dependences below.

This is the equation of heat balance; heat transfer equation; the equation for
determining the pressure and hydraulic resistance in the paths of the coolant and the
working substance; dependences of connection of temperatures of feed water and steam
with their enthalpies and pressures; dependence of values of thermo physical properties
of the heat carrier, working substance and constructional materials on their temperature
and pressure; the dependence of the values of heat transfer coefficients on the sides of
the coolant and the working substance from their determining parameters; the
dependence of the coefficients of hydraulic resistance to the flow of the coolant and the
working substance, as well as the actual volumetric vapor content of the steam-water
mixture from the flow parameters; dependences that determine the limits of heat
transfer modes from the feed water and steam.

Computer simulations use an interval-iterative method to solve all these dependencies.
The logical-structural schemes of computer programs of thermo hydraulic calculation of
NPP steam generators are given.

83


mailto:AVEfimov@kpi.kharkov.ua_

References

1. Yefimov A.V. Automated decision support system by NPP power plant operating
personnel according to the criterion of technical and economic efficiency taking into
account reliability indicators / A.V.Yefimov, D.l. Kuhtin, T.V. Potanina,
T.A. Harkusha, V.L. Kavertsev // Nuclear and radiation safety. K.: —2018. — Ne 2 (69). —
P. 3-11.

2. A.V. Yefimov M.M. Pylypenko, T.V. Potanina, V.L. Kavertsev, T.A. Harkusha.
Reactors and steam generators of NPP power units: schemes, processes, materials,
constructions, models: scientific monograph. — Kharkiv: LTD “In fact”, 2017. — 420 p.

3. O. Yefimov, M. Pylypenko, T. Potanina. Materials and decision support systems in
the nuclear power industry: Monography. — LAP Lambert Academic Publishing. Riga,
Latvia. — 2020. — 135 p.

4. Potanina T.V. Application of interval analysis methods to assess the safety and
reliability of AES power units / T.V. Potanina, A.V. Yefimov, T.A. Harkusha,
T.A. Yesypenko // Nuclear and radiation safety. K.: — 2018. — Ne 3(79). — P. 23-29..

5. Yefimov A.V. Application of interval analysis for improving reliability of
hardness value spread for nuclear structural materials / A.V. Yefimov, T.V. Potanina //
Problems of Atomic Science and Technology. 2020. — Ne1(125). — P. 206-210.

6. O.V. Yefimov, M.M. Pylypenko. Constructions, materials, processes and
calculations of reactors and steam generators of NPPs: educational manual. — Kharkov:
NTU «KhPI», 2009. — 307p.

84
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Two-phase streams of working substance in the steam-generating channels of
reactors of single-circuit NPPs and steam generators of double- and three-circuit NPPs
are a combined movement of liquid (feed water) and steam in the form of a steam-water
mixture [1]. The forms of motion of two-phase flows are much more diverse, and the
laws of their motion are much more complex than the flows of single-phase media, and
they are characterized by a large number of parameters. This is due to the fact that
during the movement of the flow of steam-water mixture in the steam-generating
channels there are mass transfer processes between the liquid and steam phases of the
mixture, in which the volumes of the phases change; the interface between the phases of
the mixture varies along the length of the channel and often do not have a clear
character. The average cross-sectional velocities of the liquid and vapor phases of the
flow are not equal to each other, and the difference in phase velocities at a constant two-
phase flow depends on the mass flow rate of the steam-water mixture, its pressure, flow
direction, heating intensity and other factors. All this complicates the experimental
studies and calculations of the parameters and hydrodynamic (gas-dynamic)
characteristics of the two-phase flows of the steam-water mixture of the working
substance in the reactors and steam generators of nuclear power plants [2-6].

The report considers mathematical relations for calculating the hydraulic
characteristics of two-phase flows of different structure during the movement of the
steam-water mixture in the steam-generating channels of reactors and steam generators
of NPPs, in particular bubble, shell, rod, dispersed. The relations are given for different
design of the channels of reactors and steam generators.

1. O.V. Yefimov, M.M. Pylypenko Constructions, materials, processes and calculations of
reactors and steam generators of NPPs: educational manual. — Kharkov: NTU «KhPI», 2009.—
307p.

S.Yefimov A.V. Automated decision support system by NPP power plant operating personnel
according to the criterion of technical and economic efficiency taking into account reliability
indicators / A.V. Yefimov, D.I. Kuhtin, T.V. Potanina, T.A. Harkusha, V.L. Kavertsev // Nuclear
and radiation safety. K.: —2018. — Ne 2 (69). — P.3-11.

3. A.V. Yefimov M.M. Pylypenko, T.V. Potanina, V.L. Kavertsev, T.A. Harkusha. Reactors and
steam generators of NPP power units: schemes, processes, materials, constructions, models:
scientific monograph. — Kharkiv: LTD “In fact”, 2017. — 420 p.

4. Potanina T.V. Application of interval analysis methods to assess the safety and reliability of
AES power units / T.V. Potanina, A.V. Yefimov, T.A. Harkusha, T.A. Yesypenko // Nuclear and
radiation safety. K.: — 2018. — Ne 3(79). — P. 23-29 .

5. O. Yefimov, M. Pylypenko, T. Potanina Materials and decision support systems in the nuclear power
industry: Monography. — LAP Lambert Academic Publishing. Riga, Latvia. — 2020. — 135 p.

6. Yefimov A.V. Application of interval analysis for improving reliability of hardness value
spread for nuclear structural materials. / A.V. Yefimov, T.V. Potanina // Problems of Atomic Science
and Technology. Kharkov: —2020. — Nel (125). — P. 206-210.
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METO/ JII/I(I)I]II/II_[A—PO3EHIIBEI7H:A B PACYETAX
BIAS-®AKTOPA BASUCHOMU IIETJIM
B 'EKCAT'OHAJIBHOM KPUCTAJUUIE

O.I'. Tpouyenko, A.B. baouu, II.H. Ocmanuyk

Hucmumym rnekmpoguzuku u paouayuonnvix mexuonozuiit HAH Ykpaunowi,
Xapovkoe, Ykpauna
E-mail: oleg-trotsenko@ukr.net

Konnenmus npeanodrurenpHoro noromnieaus (bias) BHyTpEHHUMH MPOTHKEHHBIMU
nedekrTamMu  KpucTayuia (CTOKaMHu) paguanuoHHBIX TouedyHbIX jAedektoB (T/I)
OTIPENIeJICHHOTO0 COPTa CYHMTACTCS IIEHTPAJbHBIM 3JIEMEHTOM TEOPUH PaTUAlMOHHO-
UHAYIUPOBaHHOHN nedopManuu. TUNHYHBIM MPUMEPOM Takou JedopMaiuu sBIsieTCs
pamuanmonusiii poct (PP) I'TTY-meramnos, B yactHocTH 1upkonus [1]. SBnenue PP
COTPOBOXKAAETCA U3MEHEHHEM (OpPMBI MaTepHalia 0e3 MPUIOKEHHs BHEIIHEH HArpy3Ku
u 0e3 3aMeTHOro M3MeHeHHs oObema. Tak, MIUPKOHUHN B TIPOIIECCE POCTa PACHIUPSIETCS B
(a) -HampaBlIeHMH M CyKaeTcs BAoNb (c)-ocH [2,3]. Bo3MmoxHas mnpuuuHa —
3apOKJCHHE U POCT Ha Oa3UCHBIX IUIOCKOCTAX BaKaHCHOHHBIX IHCIIOKAIIMOHHBIX
HeTeNb, «ChENAIOMUX» KPUCTaXd BAOAb (c)-ocu. OaHako MeXaHU3M pocTa
BaKaHCUOHHBIX TETeNlb MOoKa He siceH. COrIacHO KJIAaCCHYECKOHM YIpyrol MAeoJOoruu
(EID — elastic interaction difference) [4] bias-dakrop meTiu He 3aBUCUT OT €€ MIPUPOJIBI.
B Takom cmyudae 3apoxaeHue, a TeM Oojee pPOCT BAaKaHCHOHHBIX IETENb TPYIAHO
o0bsicHuM. AnbTepHaTuBHBIN BapuanT EID — naeonorus anuzorponHoi auddysuu T/,
xapaktepras s ['TIY-kpucramwior (DAD — diffusional anisotropy difference) [3].
OcHOBHOE IpPEIOJIOKEHUE COOTBETCTBYIOIIEH Teopuu cienymwomee: D /DS > DI /D,
rae D} — xoddumment muddysun Tl m-ro copra B 0a3UCHON MIIOCKOCTH HUPKOHUS,
D; — aHaJoruyHas BEJIMYMHA B (C)-HANpPaBIEHUH (MHAEKCHI «v,i» OTHOCATCS K
BakaHcusiM U CMA cootrBercTBeHHO). OAHAKO HENAaBHUE YHUCICHHBIE pacueThl [5]
nokazanu: BakaHcud U CMA nefCTBUTENbHO MOKa3bIBAIOT aHU30TPONHYIO AU HY3HUI0
NPEeMMYIECTBEHHO MapajiebHO 0a3uCHOM mtockocTH ( DY, /DS, >1), HO HEPABEHCTBO B

o0nacTu peakTopHbIX Temreparyp T <800 K obpartHoe: Df /DS < D?/D{. B aTo0li cBsI3u

B paboTe HCHONB3yeTCs ympyras HAeoiorus. UWCIeHHO pacCUuThIBaeTcs (akTop
NpeANoYTeHUs] 0a3MCHOW KpaeBOM MEeTIW pa3HOW mnpuponasl meroaoMm Jludmmma-
Po3eHiBeiira (pucyHoK).

B oas ., 3asucumocms bias-¢pakmopa B
0.40 o ® . om paouyca nemnu R, 011 Rexy = 90b
0.35 ‘e, (* — meocy3enbHas nemis,

g 0.30 . * A — saxancuonHas nemis).

<:§ 025 . L4 s ynpowenust viuucienuti paouyc
2 o20f4e ® 1, N ceueHus eHeune2o mopa Rext
015 “ L 3a0a8ancst 0OUHAKOBbIM OJIs 6AKAHCULL
0.10 S u CMA, yumo coomeemcmezyem
0.0s L npubaudiceruro p = 1/R ext

10! 102 103 104

Pannyc ner Rp (20e p — n1omHOCMb CMOK08)
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[Tokazano, uyro Metona Jludumma-Po3eHnBeiira npu BEIUUCIECHUN COOTBETCTBYIOINICH
¢ynkumn I'puHa ypaBHEHHMH paBHOBECHs JaHHOM YIPYrol Cpensl SBISIETCS
MpeANnoOUYTUTENbHEE METOIOB DiutroTa [6] u KpeHepa u MOKeT ObITh MCIIOIB30BaH IS
pacuera bias-hakTopa mpu3MaTUYECKON METITH.
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[Tomyk piaKiCHUX TMOMIA HAa KIITANT B3aeMomii 3
HeOapioHHOI «TeMHOI0 Martepiero» (TM), moaBiiHOTO
(6e3 ywacti HeWTpuHO) Oera-po3mamy saep —
HaJ3BUYAHO IliKaBa 1 akTyajpbHa mpoljema CydacHOl
¢13uxu. OcrtanHi ycmixu mnpsimoi peectpauii WIMP 3
BUKOPUCTAHHAM CUUHTWISLIHHOIO JIETEKTOPa Ha OCHOBI
HusbkodonoBoro kpuctany Nal (TI) B exkcnepumenrtax
DAMA i DAMA/LIBRA  mnpomeMOHCTpyBaau
HEPCNEKTUBHICTh I[OIO METOAY IiJ Yac IMOUIyKY
qacTUHOK TM mopsij 3 YHCICHHHUMHU €KCIIEpUMEHTaMHU 3
nomyky 2B-posmamy. IlosimimueHHs XapaKTEPUCTHK

Kpucmanu PbWO, HU3bKO(OHOBUX CUUHTWIATOPIB, BUKOPUCTAHHS
(nicas pexpucmanizayii) MaTepigniB 3 pi3HI/Il‘VII/I.$II[paMI/I JI03BOJIUT 30UIBIIUTH
YYTJIUBICTb 1 JOCTOBIPHICTh €KCIIEPUMEHTIB.

CuunTwsuiiai kpuctanu PbWO, — mepcnekTtuBHI Martepiaau Ui BUKOPUCTAHHS B
CUMHTHJISIIHHEX KPIOHHMX JeTeKTopax 3 momyky 2B-posmamy °Cd cummTHIsTOpa
1%CAWO, sk akTHBHOTO 3aXHCTY Bifl paioaKTHBHOCTI (POTOCTEKTPOHHOTO MOMHOYXKYBA4a B
ycraHoBui GeMulti B miazemniii maboparopii I'pan Cacco, a Takox B mpoexti EURECA s
nomyky TM [1]. Oxgrak KpucTaau Bodb(OpaMaTy CBHHIIO 3abpyaHeHi i3oTomom *°Po, mio
BU3HAYA€E WOTO pajiariitauii GoH.

Meronom YoxpaiabChbKOro oTpuMaHi HU3bKO(OHOBI MoHOKpuctanu PbWO, 3 mmxTy,
BUTOTOBJIEHOI IIUIAXOM TBEPI0(})A30BOr0 CUHTE3Y 3 BUXIJHUX OKCHJIB ITiCIIS HOIIHOIEHOTO
OUMILEHHS. 3aBJIKM BHKOPHCTAHHIO apXE€OJOTrIYHOI0 CBHHIIO Branocs orpuMarud PbO 3
HU3BKMM BMIiCTOM pajtioakTiBHOTO i30Tomy “°Po.

JlocmipkeHo ONTHYHI Ta CHMHTWIALINHI XapaKTEpPUCTHKH OTPUMAHOIo KpHCTaa.
BusiBneno noryxuuit potoxpomuuii eexr, HeBIaCTUBUI HABITh JIETOBAaHUM JIAHTAHOITAMU
kpuctanam PbWO,, 1 kpuctanaMm, BUPOIIEHUM iX IIUXTH MEHIIOI 4UCTOTH. Po3pobieHo
METOIU 3HEOApBIICHHS ILIIXOM BiAmamy abo OMPOMIHEHHsS CBITJIIOM 3 JOBXHMHOIO XBHII
> 450 HMm.

JlocnipkeHo ONTUYHI BIAaCTUBOCTI HU3bKO(oHOBOTO KpHctary PbWO, & 43x100 MM sik
cBitnoBoma. Emeprermune posginenss mus —'Cs (Ey =662 keB) CHMHTHISIIHHOTO
kpuctana CdWO, posmipamu &20x20 mm 3 BukopuctanasM PbWO, B siKoCTi cBiTIOBOIA
ckano 9.2% (6e3 cBiTiioBona — 7.7%) 3 BITHOCHOIO aMILTITY 1010 iMITYIbCiB 65%.

CBITJI0BUIl BUX1Jl OTPUMAHOTO KpUCTaa 301IbIIY€ETHCS MIPU 3HIKEHHI TEMIepaTypu J10
Temreparypu piakoro remito. Jns npomwucioBo BupoOieHux Kpucramis PbWO,
CIIOCTEPIraeThCs Pi3KEe 3HUKEHHS CBITJIOBOIO BUXOY IIpU TeMiepaTypax Huxk4ux 3a 50 K.

[loka3aHO NEpCHEKTHBHICTh 3aCTOCYBAHHS HU3bKO(QOHOBUX KpHCTalIB BOJb(ppamary
CBUHIIIO, OTPUMAHUX 3 BUKOPUCTAHHSAM apX€OJIOTIYHOIO CBUHIIO B SKOCTI CBITJIOBOJA B
eKCIIepMMEHTi 3 TIONIyKy NojBiiiHOro GeTa-posmamy sapa '°Cd 3a  jomomororwo
cupaTHIATOpa “°CAWO, B ycraHoeni GeMulti, a Takoxk B eKCHEpPHUMEHTAaX i3 MOMIYKY
«TEeMHOI MaTepii».

1. T'Tl. Kosryn, P.C. boiiko, ®.A. [anweBuu u np. IlpousBojacTBOo M cBOCTBa
HU3KO(OHOBBIX CIMHTHIUIATOPOB BOJIb(pamMaToB KaJMUS M CBUHIIA JUIS MOUCKA JBOWHOTO
Oera-pacmnana // SinepHa disuka ta enepreruka, 2014, 1. 15, Nel. — C. 92-100.
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VY rany3i CUMHTWISLIMHOrO MaTepialo3HABCTBA OCTAHHIM YacoM 0araTo yBaru
NPUIUIAETHCS PO3POOII OpPraHiuHUX Ta HEOPraHIYHUX KOMITO3UIIHUX MarepiaiiB [1].
Taki marepiaqu MaroTh psJ TEpeBar HaJ MOHOKPHCTAJIIYHUMH aHajoraMu, a came:
BUCOKY OJHODIIHICTh CHUHTWISALMIMHUX MapaMeTpiB 3a IUIONIEI0 BHUPOOyY, BIACYTHICTH
oOMeXxeHb JIIHIMHUX PO3MIpiB Ta 3a3BHYail OUIBII MPOCTY TEXHOJIOTI OTPUMAaHHS.
[IpoTte, onepkaHHS KOMIO3UIIHHUX CHUHTUIISATOPIB YacTO IMOB’s3aHE 3 MOAPIOHEHHIM
00’€eMHUX MOHOKPHCTAJIB Il OTPUMAaHHS IMCIEPCHOI0 HAllOBHIOBAYA, 1110 IPU3BOIUTh
JI0 TJIBUIIEHHS BapTOCTI TaKMX MatepiamiB. Y 3B’S3Ky 3 IIUM, METOIO HAmIoi poOoTH
Oyno oTpuMaHHsA MiKpoKpucTaniyHoro nopomky ZnWO,; meronom TBepAo(ha3HOro
CHHTE3Y Ta HOr0 MOJaNBIIOT0 3aCTOCYBAHHS Y KOMITO3UIIIMHAX CHUHTHIISTOPAX.

BceraHoBieHHS ONTUMaIbHUX YMOB CHHTE3y CUMHTHIIALIAHOIO MIKPOKPUCTAIIYHOTO
nopomky ZnWO, npoBoIwIIv 32 JONOMOTOI0 AH(EepeHIIHHO-TEPMIYHOTO Ta PEHTICHO-
¢azoBoro anamnizis (ATA ta POA BianosiaHo). Mopdosorito oTpuMaHUX MOPOLIKiB
JOCIIJKYBIM METOJOM CKaHyk4oi enekTpoHHoi Mikpockonii (CEM). B sxocti
BUXIIHUX MaTepianiB BHUKOpHUCTOBYBaIM ZNO «99,995 %» ta WO3 «99,995 %».
BcraHoBieHO, 110 MOBHE NMEPETBOPCHHS BUXIIHUX OKCHIIB 70 3aaaHoi dazu (ZnWOy,)
BiZI0yBaeThes 3a Temnepatyporo 950 °C uepes 50 roa.

JocmipkenHss BIUIMBY MiHepamizaropa (coneit Jlitiro) Ha mporec TBepaodasHoro
CHUHTE3Y I10Ka3aj0 MPUCKOPEHHs IMepediry XiMIYHOI peakiii CHHTEe3y Ta POCTYy 3€peH
ZnWO, 3a paxyHOK Kpamoi nudy3ii peareHTiB y po3miaBi (pUCYHOK), IO TO3BOJIHIIO
CKOPOTHUTH 4yac cuHre3y A0 30 rox.

-

WD=12.4mm 30.00kV_ x1.00k 30.00kV__ x1.00k

CEM-306pasicenns mixpokpucmaniynux nopouixie ZnNWQy, ompumarnux 3a ymosamu:
a—272n0 + WO3 50 200, 950 °C;
6 —ZnO + WOj3 + LINO;3 (0,1 mac.%), 30 200, 950 «C

Ha ocHOBiI oTpuMaHMX CHMHTHJIAIIIMHUX TOPOIIKIB OYyJ0 BUTOTOBJIEHO ACKIJTbKA
KOMMO3UIIIMHUX 3pa3kiB  po3MmipoM ©D30x2MM Ta JOCHIIKEHO iX OCHOBHI
eKCIUTyaTaliiHi XapaKTepUCTUKU — PIBEHb MICISCBIYEHHS Ta BIHOCHUN CBITJIOBHM
Buxi (CB). OcranHili BHUMIpIOBaIM y CTPYMOBOMY pEXHMI 3a PEHTTCHIBCHKUM
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30ymkenusam (mkepeno IPI — U, =100 B, i; = 1 MA). 3naucans CB 3pa3ka Ha 0CHOBI
MOPOUIKY, CHHTE30BAaHOTO 3 JOJaBaHHSIM MiHEpaji3aTopy, € Ha PiBHI 3HAYEHHS IS
3pa3Ka 3 HoJpiOHEHOr0 MOHOKPHUCTAIY.

[Toka3ano, 1m0 OTpUMaHi KOMIIO3MLIHHI MaTepialii € TEPCHeKTUBHUMH JUIS
3aCTOCYBaHHS y CHCTEMax HEpYHHIBHOTO KOHTPOJIO Ta JETEKTOpaxX IIBUAKHX
HEUTPOHIB.
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BBIIEJIEHUE AKTUHONJIOB B IEMOHCTPAIIMOHHO-
NMHUTALHUOHHOM CEITAPATOPE
C MATHUTHBIM ITOJIEM 3AJJAHHO KOHOUTYPAIIUN
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Jns MopenupoBaHHMsS OYMCTKH oOTpabortaBiiero sjepuoro tommmea (OAT) or
IPOAYKTOB JENCHHUsT OTpabaThIBaeTCsl KOHIEMIHMS IUIa3MEHHOro (MIbTpa Macc ¢
HCIOJIb30BAHUEM HEPAJMOAKTUBHOW CMECH OKCHOB, KoTopas umutupyer OAT [1].
Panee [2—6], 11 OYMCTKY IUIA3MBI OT TPUMECEH HMCCIEI0BAIOCH ABHKECHHE TIa3Mbl B
MarHUTHBIX TOJSX pPa3MYHON KoH(urypamuu. B sTOM acmekre paccMaTpuBaeTcs
KOH(HUTypanus MarHUTHOH CHUCTEMBI JE€MOHCTPAIMOHO-UMHUTALMOHHOTO CemapaTopa
[1], xoTopas onpenenser 0cOOEHHOCTH Apeida Mmaa3mbl, BpallaoLeics B CKPEIIeHHbIX
JIEKTPUYECKOM U MarHUTHBIX Moiisix. Kpome Toro, paccMarpuBaroTcsi BONPOCH! cOopa
MOHOB 3aJaHHOTO JuanazoHa Macc (M =232..277) B JOKaIM30BaHHOW 30HE H
BO3MOXKHBIH CIIOCOO BBIBEJICHHSI aKTHHOUIOB U3 Ceraparopa.

MarsutHoe nosie miasMeHHOro (puiIbTpa Macc BMECTE C IJIa3MEHHBIM MCTOUYHUKOM
3ajjaeTcsi C IOMOIIbI0O KOMOMHUPOBAaHHOH cucCTeMbl OOMOTOK. B muazmeHHOM
UCTOYHMKE MAarHUTHOE T0Je MpoOOYHON KOH(UTYpaluu ¢ MaKCUMyMaMH MarHUTHOW
uaaykoun B, ~35Tn wuw B;~25Tn 3amaercs COOTBETCTBEHHO CHCTEMOH,
BKJIIOYAIOLIEH /1Ba CBEPXIIPOBOJIAIIMX COJICHOMIa C KOHCTPYKTUBHOM MJIOTHOCTBIO TOKA
~10* A/em?. Taxas KOH(Urypalus MarHUTHOTO TMOJII B IUIA3MEHHOM HCTOYHUKE
o0ecrieynBaeT CO3JaHME IUIA3MbI C TpeOyeMbIMH MapaMeTpaMd | aKCHAJIbHYIO
WH)KEKIIMIO TJIa3MEHHOTO TIOTOKa B BaKyyMHYIO KaMepy IUIa3MEHHOTO (HIIBTpa Macc,
rae IiasMma Jpeiidyer B yOBIBAalOLIEeM MarHMTHOE I0jie B OOJIaCTh Cemapaluy.
Opnnopoanoe maruutHoe none (B; = 0,1 Tn) B o6nactu cemapanuu 3a1aeTcsi CUCTEMOM
BOJIOOXJIXKJJAEMBIX ~OOMOTOK W O0ECIeYMBaeT YCIIOBHS  MPOCTPAHCTBEHHOTO
paszzeneHus 1eneBbIx HMOHOB (M =232..277) W UWOHOB JApyroro copra B
0ECCTOJIKHOBUTENBHOM Mia3Mme. BblogHeH pacueT mapamMeTpoB — COJICHOUOB
JI€MOHCTPallMOHHO-UMUTAIIMOHHOTO Ccellaparopa, W IpoBeJieHa OLIEHKa >Hepro3arpar
MarHUTHOH CHCTEMBI, KOTOpasi SIBJISIETCS OCHOBHOW COCTAaBJISIFOIIEH MpPU ONpeAeTIeHUN
CTOMMOCTH CeMaparioHHOTO TpoIiecca.

OcymiecTBUTh cOOp 1LENEBBIX HOHOB BO3MOXKHO B JIOKQJIM30BaHHOM 00JacTu
IWIMHAPUYECKOM BakyyMHOM kamepbl. /[l BbIBEJEHHS OCaXIEHHOTO  CJIOS
AKTUHOMIOB M3 KOJUIEKTOpAa MOTYT MPHUMEHSTHCS Ta30BbIE TEXHOJIIOTHH C CHCTEMOMU
npoayBku. Hamyck B 00acTh KOJUIEKTOpAa WHEPTHBIX T'a30B-HOCHTENEH, HarpuMep
aprosa, B cMecu ¢ kuciopoaoM npu temmneparypax 500...700 °C npuBOgUT K cMeHE
napaMeTpoB KPUCTAJUIMYECKON pelieTkr ocHOBHOro komnoneHTa UO; u npeBpalieHnto
UO, B U30g, mocne gero mopomok U3Og BMecTe ¢ OKCHIaMH APYTUX aKTHHOHUIOB
BBITyBA€TCSl TTOTOKOM IMPKYJIUPYIOIIEH CMECH Ta30B B KOHTEHHEp UISI BO3MOKHOCTH

91


mailto:v.yuferov@kipt.kharkov.ua

IIOBTOPHOI'O UCIIOJIb30BAaHUs aKTMHOUIOB IIPU IIPOU3BOICTBE TOILIMBA YHEPIreTUYECKUX
PEaKTOPOB B 3aMKHYTOM $JIEPHO-TOILJIMBHOM LUKJIE.
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BUKOPUCTAHHS 3AXUCHUX MMOKPUTTIB,
11O BUPOBJISIIOTHCS IIJISIXOM MIKPOILJIA3MOBOI'O
OKCHJIYBAHHS V JTOCJITHALLKAX MPUCTPOSIX
3 HU3bKOTEMIIEPATYPHOIO IIJIA3MOIO

C.B. Hlapuu, M.O. Illseuyy, /I.B. Binnixos, B.b. I0¢epos

Hauionanvnuii naykoeuii yenmp «XapxiecoKuil izuko-mexHiunuil incmumymy,
Xapkie, Ykpaina
E-mail: v.yuferov@kipt.kharkov.ua

Meton mikporuiazmoBoro okcuayBanHs (MIIO) B enexTposiTax 3acTOCOBYETbCS ISt
oTpuMaHHs 0araToyHKIIOHAIBHUX 3aXUCHHUX 1 3HOCOCTIMKHMX MOKPUTTIB Ha BUpPOOax 3
nehopMOBaHHX Ta JIMTUX CIIaBaX. MeToJ 103BOJIsiE HAHOCUTH IIUIbHI OJHOPITHI TOKPUTTS
Ha BUpoOH ckiagHoi ¢popmu. IcHye mmpokuii criektp MetoaiB HaneceHHs MIIO nokpurris,
SIK1 BIZPI3HSIOTBHCS SIK CKJIAJIOM €JIEKTPOJITY, TaK 1 MIKpOJIYyrOBHM BIUTMBOM Ha 0OpOOJICHI
noBepxHi. [1].

Y po0boTi AOCTIKYIOTECS 3pa3Kd 3 AIIOMIiHIIO, SIKi TIOKPUBAJIKMCS 3aXHUCHUM IIapOM
okcuay amominiro Al,O3 mig mier0 MIKpoIIa3MOBOTO OKCHAYBAaHHS Yy eJeKTpomiTi [2].
Enextponit — po3unH NaOH i Na,SiO; y auctuiboBaniit Bozmi. IIporec MIIO
3ailicHIOBaBCs MpH 3MiHHIHM Hanpy3i 380 B ta 3MiHHOMY cTpyMmi IO Mipi HApOCTaHHS LIApy
Bin 14 mo 7 A. ToBuIMHAa MOKPUTTS, L0 BH3HAUYE€HA METOJIOM PACTPOBOI €JIIEKTPOHHOT
MiKpockorii, cTaHOBUTH 15...20 MKM.

3pa3ku MiJaBaluCs BIUIMBY I'a30BOI Ta Ia30-MeTaleBOl IUIa3MH, sIKa OTPUMYBAlIach y
JYTOBOMY pO3psilii 3 pOKaproBaHUM KaroJoM. CTpyM po3psly 3MIHIOBABCS B MeKax
2..50 A, nampyra pospsgy 30...120 B. TlpoBeaeHO HOCHiIKEHHS €ICKTPOI3OISIIIHHUX
BiactuBocteit MIIO MOKPUTTIB OTpUMaHHUX 3pa3KiB y CepelOBUILI HU3bKOTEMIIEPATYPHOI
T1a3Mu. BUMipsHi 3aeKHOCTI TMOTEHITIany 3pa3Ka Bill CTPYMY PO3psAAy BaKyyMHOI JYTH.
Hanpyra enexTpu4HOro nmpo6oro i30I101090T0 mapy B ra30po3psiHii mia3Mi 3 MO3UTHBHUM
noTteHIiaizoM Ha 30H11 csaraia 400 B, a mpu meratusHoMy 180 B. Ilpu 1ipoMy HanpyKeHiCTh
TOJIs B 3aXMCHOMY IIapi focsraa 3Hauenns 2-107 B/ewm.

OTtpumani pe3ysibTaTH BKa3ylOThb HAa MOXJIMBICTh BHKOpHCTaHHS Merony MIIO s
CTBOPEHHS IOKPHUTTIB 31 CHEIiaIbHUMHM  BJIACTUBOCTSAMM. 30KpemMa BHpOOIB 3
€JIEKTPOI30JIIOI0OUMMH MTOKPUTTSMU SKI 30€piraroTb CBOi XapaKTEPUCTUKU HPU BUCOKHX
rpaieHTax eNeKTPUYHUX MOJIB Ta 3HAYHUX TEIUIOBUX BIUIMBaX. Bupobu 3 momiOHUMH
MNOKPUTTSMHU MOJKJIMBO BUKOPHCTOBYBATH NP CTBOPEHHI 30H/IB Il BUMipy HOTEHIIIaNiB B
TUIa3Mi Ta €JEeKTPOMIB Uil 3aBAAHHS MPOTPAMOBAHOTO PO3MOIIICHOTO EIEKTPUYHOTO OIS
HEOoOXiHOT KOH(Irypalii B 00'eMi YCTaHOBOK 3 HU3bKOTEMITEPATYPHOIO Mmia3moro [3].

Jliteparypa

1. DnexTponuTHO-TIa3MeHHas 00paboTKa M HAHECEHWE MOKPBITHA Ha METaJUIbl H
CILTAaBEL A . TTorpeGHsik, IO.H. Tropum, A.T'. boiiko, ML.JI. XKagkeBny,
M.K. Kansiukanos, III.M. Pyzumos. Yenexu @us. Mert. T.6 c. 273-344. UM® 2005.

2. D.V. Vinnikov, A.N. Ozerov, V.B. Yuferov, V.T. Fomin The microplasma
aluminum and titanium oxidation in condensed environments. Problems of Atomic Science
and Technology. — 2020. — Nel (125), — P.178-184.

3. DkcnepuMEHTalbHas 3JCKTPOMAarHMTHas Iula3MeHHas yctaHoBka JIMC-1 s
WMUTAIMOHHOTO pa3/ieJicHus OoTpaboTaHHOTO sJepHOro TorumBa. [lpenaBapurenbHbIe
pesynsTathl. A.M. Eropos, B.b. IOdepos, C.B. [apsiii, O.C. Hpyii, B.O Nnbuuena,
M.O. llIsen, B.M. Tkaues. Bicuuk HTY «XIII», 2009, Ne41, c. 78-90

93



JETPAJALIAS. CBEPXITPOBOIHUKA FeSe IIOCJIE 7-JIETHEI
BBIJIEP’KKH ITPM KOMHATHOM TEMITIEPATYPE

P.B. Boekl, M.B. Kuczzuual, I'.A. Xadafcaﬁl,
A.JI. Conosves’, E. Nazarova®, K. Buchkov®

1Xapbl('036‘l(’uﬁ Hayuonanvuwlii ynueepcumem um. B.H. Kapazuna,
Xapovkos, Ykpauna
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TemneparypHast 3aBuUCUMOCTh corpoTuBieHus: p(7) obpasia xkene30coaepiKaIiero
CBEpXIIPOBOJHMKA HOMHHAIBHOTO cocTtaBa FeSeggs wHccrenoBaHa B UHTEpBaje
4.2...300 K mocne anuTenbHON BBIIEPKKU B TeueHue 7 jet. [lomyueHHas 3aBUCIMOCTb
COTIOCTABJICHA C AaHAJIOTUYHON 3aBUCHUMOCTBIO JIJIsl 3TOTO K€ 00pasiia HeMoCPeCTBEHHO
1ocJjie u3rotosieHus [1].

[Tocne mMTENBbHOM BBIIEPKKU CBEPXIPOBOAMMOCTD COXPAaHUIIACh, HO TeMIepaTypa
CBEpXIIPOBOJAIIETO0 Tepexoja 3HAuYUTEeNbHO yMeHbluiaacb — 0T 7,.~8,43K
HEINOCPEACTBEHHO Iociie u3rotoBiieHus a0 1,.<5 K mocie IIUTeNbHOM BBIIEPIKKH.
Crpykrypubslii  (a3oBbiii mepexon mnpu 7T=75K wu3 terparonansHOil (a3el B
OpPTOPOMOMYECKYI0  TpHU  TOHIKEHWHM  TEMIepaTypbl,  XapaKTepHBIA  JUIs
CBEXKEU3TOTOBICHHOTO 00pasiia, Mociie AIUTEIbHOM BBIIEPIKKH OTCYTCTBYET.

TemnepaTypHble 3aBUCMMOCTHU COINPOTUBJICHHUS KaK I CBEXKEU3TOTOBICHHOIO
oOpasma, Tak M TOCJe JIUTEIHHON BBIICPKKA — METAUIMYECKHE U OOYCIIOBIICHBI
paccessHUEM 3JIEKTPOHOB Ha (OHOHAX U Aedekrax, MOryT ObITh OMHMCaHbl B paMKax
moxenu brioxa-I"pronaiizena-Bunbscona [2]:

™3 (o ™S . (0 0 8 xmax
p(T) = po + C3 (g) I3 (;) +Cs (5) Is (;), rae J, (;) = f;m, 1)
© — temmeparypa J[lebas; C3 u Cs — wuHTeHCHBHOCTH S-d W S-S paccesHus
COOTBETCTBEHHO.

HenyneBoil HWXHHWII TIpeAed WHTETPUPOBAHUS d ONKCHIBACT OTKIOHCHHE
IKCIIEPUMEHTANIBHBIX To4Yek pP(7) BHHU3 OT JMHEHHON AaCHUMITOTBI TPU BBICOKHX
TeMIlepaTypax. JTO MOXET ObITh OOYCIIOBJICHO HalW4YHeM JIe(PEKTOB, CBA3aHHBIX C
HECTEXMOMETPHEH M0 CeleHy WM jKene3dy. Jleno B ToMm, YTO (DOHOHBI SIBIISIOTCS
3 PEeKTUBHBIMH pacCcEeHBATEIIIMH DJICKTPOHOB, KOTJa JUIMHA CBOOOJHOrO mpodera
AIIEKTPOHOB HAMHOTO OOJIBINE JUTMHBI BOJHBI ()OHOHOB [3], TO €CTh HMXKHEH IpaHHIEH
naTerpuposanns B (1) ssusercsa a = (0/T) (Apn/l). st mocTaTouHo wncTOro Marepuana
Apn/l << 1 (a—0), HO nedpexThl yMeHBIIAIOT |, BBI3BIBAs POCT 4.

[TapameTpsl MOAETH ONpPENEsUId METOAOM HAaMMEHBIIUX KBAJPaTOB JUIS Ka)KIOTO
($a30BOro COCTOSHHS OTICIbHO. B HCXOMHOM COCTOSIHUM BEJIMYMHBI OCTATOYHOI'O
CONPOTUBIICHUSI Pg M HIDKHETO TMpeAeia WHTErPUpPOBaHHWS « ONW3KH, HO TIOCIe
JUTUTEIBHON BBIACPKKU OTH MapaMeTphl YBEIWYHIHCh B 1,5 U 2 pa3a COOTBETCTBEHHO,
YTO CBUJETEIBCTBYET O HAKOIUIGHWH AePEKTOB MpuU Tepexoie obpasma k Oomee
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PaBHOBECHOMY COCTOSIHUIO. DTO, B CBOIO OYepelb, MOXKET OBITh MPUYNHONW OTCYTCTBHS
CTpyKTypHOTO (hazoBoro nepexoxna mpu 7' = 75 K.

Haumenwimast Ttemmeparypa [ebas monydeHa uis OpTOpOMOMYECKOH hasbl
ucxoanoro oopasma. Ee Benmnuuna (119 K) oOGyciioBnena teM o0CTOSATEIBCTBOM, YTO B
9TOH (pa3ze OCHOBHOM BKJIAJ B paccesHUE JIEKTPOHOB BHOCST IONEpPEYHbIE KoJeOaHus,
pacripocTpaHstomuecs: Broib ock C ¥ UMEIOIINE HAUMEHBINYI0 CKOPOCTh 3ByKa. B
TETParoHambHOU (pa3e MCXOMHOTO 00pasia HAOIIOAaeTCs MPOMEXKYTOUHAS BeIMYrHA O
(350 K), oOycrmoBiieHHast paccesHHEM OJIIEKTPOHOB Ha MPOJOJIBHBIX KOJCOAHUSX,
pacrpoCTpaHsIOMUXCs nepneHauKyasipHo ocu C, To ecth B cnosx. Ilocie BeIACpKKH
nosydeHa HauOosbinas BenuunHa 0 (543 K), csizaHHas ¢ paccesHHEM 3JEKTPOHOB Ha
MOTIEPEYHBIX ~ KOJICOAHMSAX, PACIPOCTPAHSIONIMXCS TaKXKe B CIOSX, TO €CTh
nepreHauKysipao ocu C [4].

NurencuBnoctH S-S u S-0 paccesnus (mapamerpbl Cs 1 C3 COOTBETCTBEHHO) 00JIbINE
MOXOKM Ha aHaJOTMYHBIE HapaMeTpbl Ui BBICOKOTEMIIEPATYPHOW TeTparoHaIbHOM
¢hazbl.
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Co3ganue  HOBBIX ~ MONU(PYHKIMOHAIBHBIX  MaTE€pUAIOB  C  3aJaHHBIMU
MarHUTOPE3UCTUBHBIMU XapaKTEPUCTHUKAMU — OJHO U3 OCHOBHBIX HAalpaBJICHUM
WCCJICIOBAaHHU COBpeMeHHOUW (u3uku TBepaoro tena [1, 2]. TpaHcrmopTHBIE CBOWMCTBA
9TUX MaTepualoB, TaKHe KaK »JJIeKTpUYeckas U TEIUIONPOBOJHOCTb, OCOOEHHO
MHTEPECHBI, B YACTHOCTH MPU HU3KUX TEMIIepaTypax, IJie TeMIlepaTypHas 3aBUCUMOCTD
JJIEKTPOCONIPOTUBIICHUSI  OMPEENAETCS paccestHUeM DJIEKTPOHOB Ha  (poHOHaX,
nedeKTax, JEKTPOHAX U MarHOHaX, a TeMIEpaTypHast 3aBUCUMOCTh TETIJIONPOBOTHOCTH
B IEPBYIO OYEpE/Ib OIpPEAETSAeTCS PACCeSHUEM TEIJIOHOCUTENe — 3JIEKTPOHOB U
($oHOHOB — Ha ie(heKTax U Ipyr Ha ApyTe.

Hactosmas pabota moCBsIIEHAa HCCIEAOBAHUIO JJIEKTPO- M TEIUIONPOBOJAHOCTH
MeTaJmueckoro kommnosura Fe — Ni, mojlyueHHOro METOJ0M 3JEKTPOKOHCOIUAAINH, B
muamnasone 4,2...300 K.

OOpa3ubl  ObUIM  TOJIyY€HBl W3 TOPOLIKOB HMKENS W JKejle3a IyTeM
31eKkTpokoHcomuaanuu B TedyeHue 10 muH npu Temmneparype 1100 °C, naBnenun
35 MIla u Toke ~ 5 kKA. Takue TexHOMOTHUH YPGEKTUBHBI ISl YIZIOTHEHUS TOPOIIKOB,
0COOCHHO TPYAHOCIEKAaEMbIX MaTepUaIoB U coennHeHui. Takoii moaxon obecrnevynBaeT
MOJIy4eHHE BHICOKOIUIOTHOM M MEJIKOJIMCIIEPCHOM CTPYKTYphI MaTepuaina [3].

bouio  oOHapyXeHO, YTO  3JEKTPONPOBOJAHOCTH M TEIUIOMPOBOIHOCTD
AJIEKTPOKOHCOIMIMPOBAHHOTO 00pa3lia 3HaUYUTEIbHO BBILIE, YEM Y 00pa3lloB TOTO ke
COCTaBa, IOJIyUYEHHBIX IUJIaBJIEHUEM. TerIONpPOBOAHOCTh B OO0JIACTH OCTATOYHOTO
conporuienust (T <25K) mnponopunonansHa Temmeparype Ae(T)~T. Takoe
MOBEJICHUE UCCIIEyEeMbIX BEIMYMH YKa3bIBaeT Ha JIEKTPOHHBIM TEIII000MEH, KOTOPBIN
B 3TOM JlMala3oHEe TEMIEPATyp XapaKTEepHU3yeTcs YIPYTrUM PacCestHUEM AJIEKTPOHOB
OpUMeECSIMM U JIpyruMu Jedekrtamu. B 3Tom ciaydae BelmonHseTcs 3akoH Bunemana-
Opanra-Jlopenmna [4]. Ilpu BeicOKuX TemriepaTypax MmpeoOiagaeT ynpyroe paccesHue
anekTponoB Ha QoHoHax, p(T) ~T, A(T) = const. YaenpHOE COMPOTHUBICHHE Kak
GyHKIMS TeMnepaTypsl Juist 95kBUaTOMHOM cucteMbl Fe — Ni u metannos Fe u Ni moxer
OBITH aIIPOKCUMHUPOBAHO C BBICOKOH cTeneHbto TouHocTH (Ap/p < 1%) dopmyioii (1)
BO BCEM HcclegoBanHoM guanaszone 4,2...300 K.

p(T) = po+ppn(T) + boT?. 1)

31ech pg — OCTaTOYHOE CONPOTUBIICHHE, CBSI3aHHOE C PACCESIHMEM JJIEKTPOHOB Ha
nepexrax, a ppn(T) — yHenpHOE CONPOTHBICHUE, OOYCIOBIEHHOE pPAaCCeSTHHEM
AJIEKTPOHOB Ha (POHOHAX (BHYTPU3OHHOE SS-paccesHUe HIIEKTPOHOB M MEX30HHOE sd-
paccesiHie, XapaKTEepPHOEe IS MEePEeXOJHBIX METAIOB, UX CIUIABOB U COCAMHEHHUH [5,
6]). Cnaraemoe -~ B cucreMe Fe—Ni o0ycnoBineHO HUHTepdepeHIMed MEexXIy
HEYIPYTUM pacCessHUEM 3JIEKTPOHOB Ha (DOHOHAX U YNPYTUM PACCESHUEM DJIEKTPOHOB
Ha TpaHMIax u aedexrax.
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BJIUSIHUE AYCPOPMUHI' A HA MEXAHUYECKHUE
CBOMCTBA CTAJIA 18X12BMB®P
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Kapomnpounsie MapTeHCUTO(EpPPUTHBIE cTaju ABIIAIOTCA BaKHBIMU
KOHCTPYKLIMOHHBIMU MaTepuajgaMHu /s NPUMEHEHHUsS B JHEPIeTUKE, B TOM YHCIE
atomHoi. K atomy kiaccy cranei otHocutcs crainb 18X12BMB®P (211993), kotopas
UCIIONIB3YETCS ISl U3TOTOBJICHMs M3Jenuil (TpyO MapoBbIX KOTJIOB M IapONPOBOJIOB,
JIONIATOK MapoBBIX TYPOHH U 1p.), paboTaroimux npu remmeparypax jno 620 °C [1, 2].

[IpencraBisier MHTEPEC BO3MOKHOCTb IOBBIIMIEHUS MPOYHOCTHBIX XapaKTEPUCTHUK
9TOM  CTalu  METOJaMU  MEXaHUKO-TepMUYECKOW 00paboTKHM, B  YaCTHOCTH
IpUMEHEeHHeM ayc(opMmHHra, BKIIOYAIOMIETO IUIACTHYECKYI JeGopMaluio B
TEMIEpaTypHOil  o0yiacTu CTaOWUIBPHOCTH ayCTEHHWTAa M TOCIEAYIOIIMA OTHYCK B
depputHOi obsmacTu. C ITOH HENBbI0 IMIIMHAPUISCKUE 00Pa3Ibl CTAIH MMOABEPTAIHUCH
ocanke npu Temmeparype ~ 890 °C co creneHp0 UCTHHHON (Jorapu(MUYecKoi)
nedopmanuu e=IN(S/Sp)=0.7 (So — ucxoaHas, a S — KOHeYHas IUIOMIaAL OOpasia).
Otnyck o00pa3ioB MPOBOAMIM TMPH PA3IMYHBIX TEMIEpaTypax H BpeMEHax.
MUKpOCTPYKTYpa HCCIIE[OBaTach METOJaMH MeTaulorpaduul M 3JICKTPOHHOM
MUKPOCKOIIAH. [[711 MCHBITAHMN IIPU OJHOOCHOM PACTSIKEHUU M3 UCXOJHOM CTalIu U
cTanu nocie aychOopMHUHTa BhIpE3aquch 00pas3iibl B BUAE JIBYCTOPOHHUX JIOMATOYEK C
pa3MepoM pabouero yuactka =~ 5.7x0.53%1.0 mm. OOpa3ibl pacTIruBaInch CO CpeaHei
CKOPOCTBIO JepopMaun 1-103 ¢ IpU YeThIpEX 3HAueHUsX Temreparypsl: -196 (B
xkugkoM azore), 20, 550 u 650 °C (ucnbITaHusl MpU JIBYX TOCIETHUX TeMIIepaTrypax
IIPOBOAMIINCH B BAKYyME).

Muxkpoctpykrypa ucxogson cranu 91993 — oTnyleHHbI MapTEHCUT CO CPEAHUM
pa3MepoM 3epHa ~ 13 MKM; HaOIIOJAIOTCS TaK)Ke JOCTATOYHO KpymnHBIe (6onee 100 HM)
BoIIesieHus kapouos tuma NbC.

[Tpu Temneparype otnycka 665 °C cpennuii pazmep cyo3epHa cocTaBisieT =~ 595 HM,
a MMpUHA MapTEHCUTHBIX Jamenel HaxoauTcs Ha ypoBHe 600 HM. [locne otycka npu
550 °C B Teuenue 25 9 cpeqHMiA pa3mep cyO3epHa CHIKaeTcss npumepHo 10 470 HM;
HIMpUHA JIaMeled ocTaercs Hpu ATOM Heu3MeHHo. CpeaHuii pa3mep BbLAEICHUI
HOCIie OCaJKK U OTIycKa mpH Temieparypax 550 u 665 °C NbC ymenbmaercs B 4-5
pa3 110 CPAaBHEHMIO C UCXOJHBIM COCTOSTHUEM.

B Tabnuie npeacTaBieHbl SKCIIEPUMEHTAIbHbIE 3HAYEHHSI OCHOBHBIX XapaKTePUCTUK
MPOYHOCTH U IUIACTUYHOCTH OOPAa3LOB: Gy U Gp — MPeebl MPONOPIHOHATBHOCTH U
IPOYHOCTU COOTBETCTBEHHO; €m — OTHOCUTENBHOE YAJIMHEHNE 00pasiia Iociie pa3phiBa.
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6o, MIla o, MIla €m, %0
Cocrosinue T yans°C T s, °C T s, °C
-196 20 550 | 650 | -196 20 550 | 650 -196 20 | 550 | 650
Ocaaka 1420 | 1040 | 680 | 340 | 1520 | 1170 | 840 | 370 7,3 5 10 18
Ocagka+
oTImyCcK 1280 | 800 541 | 261 | 1390 | 950 583 | 378 136 | 9.3 | 184 | 22.3
720 °C/3 a
Ocanka+
OTMyCK 1270 | 830 520 | 345 | 1355 | 990 574 | 388 - 12.2 | 135 | 195
665 °C/3 u
Ocaaka+
OTMyCK 1390 | 840 520 | 345 | 1480 | 1020 | 650 | 440 9.5 84 | 171 | 26
550 °C/25 4
[, 2] B 700- | 450- | 275- B 830- | 500- | 295- 7 15- | 18- 2%
! 730 470 | 315 870 520 | 340 18 19

W3 npuBeIeHHBIX B TAOIUIIE pe3yIbTATOB BUIHO, YTO ayCPOPMUHT (OcaaKa+ OTIIYCK
npu Ttemmeparypax 665 u 500 °C) npuBOOUT K CYHIECTBEHHOMY TOBBIIICHUIO
MPOYHOCTHBIX XapakTepucTuk craiu 18X12BMB®P no cpaBHeHHIO C JaHHBIMH

I'OCTa, ocHOBaHHBIMU Ha TPaJWLIMOHHON TepMUYECKON 00paboTKe (3aKajlka+oTIyCK).
IIpu 3TOM IUIACTUYHOCTH 0OPA3IIOB OCTAETCS Ha IOCTATOYHO BBICOKOM ypoBHE. Jlyumiee
COYETaHUE XapaKTEePUCTHK JOCTUrAETCs MpH ocasike ¢ oTyckoM 550 °C/25 u.

Jluteparypa
1. http://www.splav-kharkov.com/main.php.

2. K.A.Jlanckas. BeicokoxpoMucTsie kapornpounsie ctanu. M., Metamnyprus, 1976.
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EFFECT OF HELIUM AND HYDROGEN ON THE SWELLING
OF AUSTENITIC STAINLESS STEEL IN THE TRANSIENT
AND STEADY-STATE STAGES

A.S. Kalchenko, S.A. Karpov, N.P. Lazarev, G.D. Tolstolutskaya

National Science Center “Kharkov Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: kalchenko@Kkipt.kharkov.ua

The void swelling of stainless steels is one of the major factors that were found to
limit the lifetime of the internal structural components under reactor irradiation
conditions. Topical line of investigation is analysis and generalization of the effect of
different operational factors, such as irradiation temperature, damage dose, dose rate,
concentration of helium and hydrogen and others on swelling and microstructure of
steels of austenitic type, forecasting of serviceability of reactor elements under high
damage doses typical for life extension procedures.

The effects of dose rate on main
mechanisms of degradation including low
Bl Steady-State Swelling temperature swelling of the 18Cr1ONiTi
B Transient Stage .
[ Incubation Stage steel are considered.

It was shown that differences in dose rate
at most irradiation temperatures mainly
exert their influence on the duration of the
swelling transient regime. A decrease of
dose rate causes swelling to start at lower
temperatures.

The literature data on the swelling of
AISI 304 (18Cr-9Ni) steel were analyzed
after irradiated in a fast reactor EBR-II [1].
A correlation between the transient stage of
swelling and the steady state swelling rate

Correlation between transient stage  was revealed (Figure).

durations and steady-state swelling The longest transition stage is observed

rates in AlSI 304 steel at the peak swelling temperature, followed

by a steady-state stage with the highest

swelling rate. The transition stages are shortened, and the steady-state swelling rates are
decreased at temperatures below and above the peak swelling temperature.

Helium generation in irradiated metals is known to assist void nucleation and thereby
accelerates the onset of void swelling. Hydrogen in LWR-irradiated stainless steels
process is produced at higher levels than helium both in reactions of transmutation and
from the water environment probably through corrosion reactions. Until recently,
hydrogen was thought to play a secondary role compared to helium due to its easy
desorption from the steel as a consequence of its high mobility. However, more recently
it has been recognized that hydrogen generation can also assist void nucleation and
possibly accelerate swelling even in the absence of helium. Hydrogen is known to be
strongly captured in helium-nucleated voids or bubbles, thereby contributing to cavity
stabilization.
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Using accelerator irradiations with Cr3+ and Ar+ ions allowed studying different
initial structure state and implanted ions on features of swelling of the 18Cr10NITi
steel. It is known that inert gases neon and argon may be used instead of helium due to
the character of their influence on gas porosity development. Irradiation of structure
steel 18Crl1ONiTi in wide range of temperatures at gas impurities concentration
~2000...20000 appm to the dose of 50 dpa shows that simultaneous increase of damage
level and of inert gas concentration under implantation temperature 600 °C causes the
formation of large bubbles and decrease in their concentration, and resultantly, the
swelling increases approximately by 2 times. Under on irradiation dose by argon of
310" cm, fine 3 nm bubbles with density 2.5-10"" cm™ form, and the swelling was
0.35%. With an increase of irradiation dose by argon to 1.2-10'" cm™, the formation of
large 5 nm bubbles is observed, with a decreased concentration (q = 1.2-10*" cm™) but
with an approximately doubled swelling (S = 0.78%).

The austenitic 18Cr10NiTi steel in the solution-annealed state is an easy-swelling
alloy, not only under neutron irradiation but also under ion irradiation, at least at
temperatures above ~ 600 °C at the high dpa rate used in accelerator irradiation studies.
The effect of high gas generation rates is minimal, increasing swelling only a little.
However, at temperatures below ~ 600 °C void nucleation appears to be more difficult
and both helium and hydrogen were observed to significantly increase swelling.

References

1. F.A. Garner, B.J. Makenas, S.A. Chastain. Swelling and creep observed in AISI
304 fuel pin cladding from three MOX fuel assemblies irradiated in EBR-II // J. Nucl.
Mater. 413 (2011) 53-61.
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CRITICAL TEMPERATURE RANGES OF HARMFUL
HYDROGEN AND HELIUM EFFECTS ON HARDENING,
EMBRITTLEMENT AND CRACKING
IN STRUCTURAL MATERIALS

S.A. Karpov, G.D. Tolstolutskaya

National Science Center “Kharkov Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: karpofff@kipt.kharkov.ua

Radiation damage of materials involves at least two principal processes:
displacement and defect clusters formation representing the reversible process, and the
irreversible process of transmutation of elements of the initial material in nuclear
reactions. Nuclear reactions in materials produce gaseous impurities, in particular,
helium and hydrogen.

A number of results for measuring hydrogen concentrations in LWR irradiated SSs
indicated that the measured values ranged from 10 to 200 weight parts per million
(wppm). These values did not match the calculated generation amounts from nuclear
reactions, therefore hydrogen in LWR-irradiated SSs was suggested to originate from
the environment, apparently as a result of corrosion reactions.

Hydrogen embrittlement is the phenomenon of accelerated fracture arising from
aggregate hydrogen molecules or brittle hydrides; it occurs under a low load with a very
low hydrogen concentration ~1 wppm after a long delay. Hydrogen reduces the elastic
modulus at the early stages of plastic deformation, while the effect of hydrogen is
virtually constant with increased plastic deformation; at the same time, hydrogen
increases the measured hardness at early stages of plastic deformation, while the effect
of hydrogen decreases with increased plastic deformation. Observed tendencies is
thought to be due to primarily the loss of dislocation mobility. Hydrogen increases the
creep displacement in 310S steel, which indicates that hydrogen facilitates ambient
creep. o’ martensite restrains the nanoindentation creep and hydrogen has little effect on
the creep induced by o’ martensite.

Hydrogen embrittlement has been found to occur at a wide range of temperatures;
meanwhile, for many materials it is most critical near room temperature. In the
framework of so-called hydrogen trapping model, a hydrogen trapping may be
considered as the binding of hydrogen atoms to structure defects or impurities in the
alloy. The trapping energy and diffusivity of hydrogen in trapping models have been
suggested to interpret temperature ranges of hydrogen embrittlement, i.e. why is most
severe around room temperature and becomes negligible at another temperature ranges.
Hydrogen diffusivity is too low to fill a sufficient amount of hydrogen traps at low
temperatures, while at high temperatures the mobility of hydrogen increases and the
trapping decreases. Many Fe-Ni-Cr alloys, including austenitic stainless steels, have
been found to be most sensitive to hydrogen embrittlement in the temperature
range -150 to +150 °C.

Depending on the alloy composition, neutron spectrum and fluence, helium
production in nuclear fission and fusion energy systems varies from one to thousands of
atomic parts per million (appm). Typically, helium is initially produced as an interstitial
impurity. Because of the high mobility of interstitial helium and its high ability to
combine with vacancy-type defects, the helium is often quickly trapped in helium-
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vacancy clusters having a lower mobility in the matrix. At elevated temperatures, the
helium-vacancy complexes become mobile enough to migrate to the grain boundaries,
where the local accumulation of helium-filled cavities weakens the grain boundaries and
can cause premature failure of components subjected to mechanical stress. High
temperature helium embrittlement typically occurs at temperatures above ~0.5Ty and
becomes more pronounced with increasing temperature and applied stress.

With increasing helium content the thermal creep ductility decreases in irradiated
austenitic stainless steels for creep testing at 900 K (~ 0.53Ty). A substantial reduction
in creep ductility was observed for He concentration greater than ~ 0.1 appm. As the
helium levels increased from 30 to 3000 appm the creep lifetime decreased by a factor
of 10000 for neutron-irradiated austenitic steel tested at 310 MPa at 823 K (0.48Ty).
Segregation of helium at grain boundaries appears to facilitate the considerable
weakening of grain boundaries and cracking.

In conjunction, the elevated temperatures, high neutron irradiation fluxes, and steady
or cyclic applied mechanical stresses form extreme operating environments for
structural materials in nuclear fission and fusion reactors. At temperatures below
~ 0.4Ty, radiation hardening and embrittlement are potential problems for irradiation
fluences above ~ 0.1 to 1 dpa. At high temperatures (above ~ 0.5TM), high-temperature
He embrittlement typically emerges for He contents above ~ 1...10 appm (~ 1...10 dpa,
depending on material and neutron spectrum). Thus, low temperature radiation
hardening and high temperature helium embrittlement determine the upper and lower
operating temperature limits for promising structural materials. Mechanical properties
degradation at intermediate temperatures is resulted from radiation-enhanced or
radiation-induced segregation and precipitation of solutes at doses above ~ 1...10 dpa.
The irradiation creep is proportional to dose and applied stress. Depending on material
and irradiation spectrum, void swelling is also proportional to dose following a low-
swelling transient dose that varies from 0.1 to 100 dpa.
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CTPYKTYPA I BJACTUBOCTI TBEPAO®A3HOI'O 3'€/ITHAHHA
30 CTAJI 31 CTAJIJIIO 08X18H10T

b.B. bopy, I.M. Kopomkosa, 0.0. /lonama,
B.1. Cumin, M. Toamauoea, 1.0. Bopooiios

Hauyionansnuit naykoeuii yenmp «XapKieCoKuii (i3 uKo-mexnHivHuil inCmumym),
Xapkis, Ykpaina
E-mail: borts@kipt.kharkov.ua, irina@kipt.kharkov.ua;
men./gpaxc +38(057)335-17-03

VY peakTopu Ha MBUAKUX HEHTPOHAX, IO PO3POOIISIOTECS, MOTPiOHI HOBI MaTepialu.
J30 cranu BOJIOIIIOTH PEKOPAHUMHU SKAPOMILHICTIO 1 ONOPOM IOPOYTBOPEHHS IpH
BUCOKHMX J103aX HEHTpOHHOro omnpomiHeHHs. lle poOuTe iX NEpCHEKTHMBHUMHU B
BUKOPHUCTAHHI U1 BHYTPIIITHBOKOPIYCHIX MPUCTPOiB. OAHAK, MOMIYEHI TPYAHOILIl MIPU
3BaproBaHHi J[30 crami MOXyTh 3poOMTH OOMEKEHHMM BHKOPHCTAHHS IIi€l rpymu
CIUIaBIB JIJIsl 0araTbOX peakTOPHUX MaTepialliB.

Jlns Bupimenns nporo 3apnands B HHI[ XDTI 3actocyBanu meTon tBepaodazHoro
3'eqHanHs. Sk Marepianu Oynu oOpani aycreHiTHa [[30 ctans (08X18H10T + (ZrO; +
Y203)), mo oTpumaHa BaKyyMHO-AYTOBUM meperiaBoM [1] 1 BuximHa craib
08X18H10T.

3'eqnanns miarorosneHoro nakery 30 crans — Hepkasitoua crans 08X18HI0T
IPOBOJWIOCS Ha BAaKyyMHOMY IpokatHoMmy crtaHi JIYO-170: 3aauiukoBUil THCK B
KaMepi meui crama craHoBmia Tpoxu Oimeme 5-10° Ila; Temmeparypa meui
1100...1200 °C; mBuakicts npokatku 0,03 m/c.

Ha orpumanomy OimeTasni 3a JOIOMOTOIO YIBTPa3BYKOBOTO NE(PEKTOCKONA MapKH
Y ]J14-76 npoenu koHTpodb rpanuii 3rigHo 'OCT 14782-86 Ha HasBHICTH MYCTOT 1
HECy LITBHOCTEH 3a pPO3POOJICHOI0 HAMH METOIUKOIO Ui TBepAo(ha3HHX 3'€HAHb.
JlocmiKeHHsT MOoKa3aly BIJICYTHICTh Je(eKTiB Ha KOP/OHI, YJIbTPa3BYKOBUN CHUTHAI
IIPOXOJUTH Yepe3 BECh MAKET 1 BIIOMBAETHCS B/ JHA 3PA3KY.

BunpoOyBanHs TBepAo(ha3HOro 3'€lHaHHS Ha PO3PUB MPOBOJMINCA Ha CEPBO-
rigpaBiaiuHoi  BumpoOyBanbHOi cucreMax NANO mnpu  20°C 31  IIBHIKICTIO
nepopmyBanHs 2 Mm/xB BianoBigHo a0 ['OCT 1497-84. Pesynabrar BHUIIPOOYBaHb
MOKa3aB, 110 OTpUMaHe 3'€JHAHHS Ma€ BUCOKY MilHICTh Ha piBHI 540 MIla i1 po3pus
3pa3ka BiJJOyBaeThCs HA MEHII MillHOMY Matepiaii — ctani 08X 18HI10T.

Meranorpadiuni  AOCTIDKEHHS  TpaHUIl  3'€qHAHHSA  TIATBEPAWIA  JaHl
yIabTpa3BykoBoi jaedekrockomii. Ha mutidi BusABIsS€TbCS TOHKA Mexa 0e3 Je]eKTiB.
[Ticns Biamamy npu 1100 °C cnoctepiraeTbesi 3Ha4He 3pOCTaHHS 3€pHA 31 3HUKHEHHSIM
NBIMHMKIB y BUXiOHIM cramu, a B ODS cramm 3pocTaHHS 3€pHa TajJbMYyeTbCS
YaCTMHKaMH, TOMY CEpEeIHIN po3Mip 3epeH 3HaUHO HIDKYE, HDK JUIsl BUXIJHOI CTamy, 1
3HaYHO MEHIIUI pPO3KWJ 3a po3MipaMu 3€peH. 3 BHECEHHSM JIETYIOUMX €JIEeMEHTIB
MIKpOTBEPIICTh MiABUILY€EThCs HA 10% B MOPIBHSAHHI 3 BUX1AHUM MaTepiajioM.

Hanotepaicte  TBepaodasHoro 3'eHaHHsS BHMIpIOBanacs 3a  JOINOMOTOIO
nanoiggentopy Nano Indenter G200 supoGuuura ¢ipmu Agilent Technologies
Company, CHIA, mo o6magHanuii momgynem CSM. HanoTBepmocth BHXiTHOI cTami
nopiBHioe 2,471 GPa, s 130 crami cepenne 3nauenus 4,76 GPa, mo maibke BABIUi
HepeBUIIlye TBEPAICTh BUX1THOTO MaTepiany Ha HaHOpiBHI. [Ipu BUMiproBaHHS n0OIM3Y
3’€IHAHHS 3HAUYCHHS HAaHOTBEPJIOCTI 3HAXOAATHCS B iHTepBami 3,683...4,398 GPa, To6To
TBEPJICTh ayCTEHITHOI CTaJli MOOJIM3Y rpaHuLl HiABUILYyeThes 10 piBHA JI30 matepiany.
Lle cBigUMTH PO MPOHUKHEHHS 3MIITHIOIOYHX IHCIIEPCHUX YAaCTHHOK 4Yepe3 TPAHHUII0
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3’€JHAHHS B ayCTEHUTHY cTajb. lle mpunymenHs Oyno MIATBEPHKEHO 3a JIOIOMOTIOIO
SEM wmikpockomii [2].

TakuMm YMHOM, MM MOKEMO 3pOOUTH BHCHOBOK ITPO BIATOBIAHICT 0OPAHOTO METOLY
MOCTaBJICHOMY 3aBIaHHIO. [apsdya mpokaTka B BaKyyMi JIO3BOJISIE OTPHMYBATH
s'ennanns J[30 marepiany 3 IHIIMMH MeTaJamMH Oe3 BTpaTH HOro BJIACTUBOCTEH 3
MIITHOIO TPAHMIICIO 3’ €THAHHS.
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MATEPUAJIOBEJYECKHUE U SIAEPHO-®U3NYECKHE
IMPOBJIEMBI CO3JIAHUS W-Ta HEUTPOHHO-OBPA3YIOIIEN
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HU.M. Kapnayxos, U.U. Konoeanos, A.A. Jlonama, IO.B. /lykupckuii,
A.A. Iapxomenxo, H.B. Ilamouxkun

Hayuonanvuoiit nayunwiit yenmp
«Xapovroeckuil puzuxo-mexnuveckuii uncmumympy, Xapokoe, Yxkpauna
E-mail: borts@kipt.kharkov.ua

OpnHol M3 OCHOBHBIX YacTEil yNpaBiIsieMOr0 YCKOPUTEIEM HMCTOYHHMKA HEHTPOHOB
SBJISICTCSA MUILIEHHOE YCTPOMCTBO, IPEACTABIISAIONIEE COO0M CTPYKTYPY, BKIIOYAIOILYIO B
cebsi: Kopmyc Juisl pa3MmellleHuss Habopa IJIaCTMH U3 MaTepuajioB ¢ OosbliuM Z
(Bombhpama u  ypaHa), OOECNEUUBAIOUIUN  COCIMHEHHWE C  BaKyyMHBIM
AJIEKTPOHOIIPOBOJIOM YCKOPHUTENS, caM Ha0op IUIACTUH C 3a30paMM JJisi MPOTEKaHUs
OXJIAKJAIOUIEH BOJBI U KaMmepy, 3aloJHEHHYI renveM. OCHOBHOM 3alayeil MMILEHU
ABJIIETCS CO3/IaHHE INOTOKA HEWUTPOHOB, HAINPABISIEMBIX 3aTEM HA IOAKPUTHYECKYIO
cOOpKY /7151 UX PA3MHOKEHMSL.

[TokpeIThIe TaHTaIOM BOJIb(pPAMOBBIE MHUIIEHH HCIIONB3YIOTCS CETOTHS B IEIIOM
psizie ynpaBisieMbIX YCKOPHUTEIEM MOJKPUTHUYECKHX sAepHbIX cucteM (ADS) mo Bcemy
Mupy. KoHCTpYKTHBHOE pellleHUEe MMILEHH, YIIPaBISIEMON 3JIEKTPOHHBIM YCKOPUTEIEM
nonkputudeckoir cobopku HHI[ XODTU, Obu0o MOTYy4eHO HA OCHOBE PAacyeTOB
HHEPrOBbIAEIIECHUS, TEPMOTUAPABINYECKUX PAaCUETOB U BhIOOpA MPUEMIIEMOIO YPOBHSI
IUIOTHOCTH JHepruu mydka osiektporoB (100 MaB, 1wmA) [1]. Beula mnpunsra
CEeKLIMOHHAsl ~KOHCTPYKLHMsS Bojooxjiaxgaemon W-Ta HeWTpoHHO-0Opasyroueit
MUILeHH. ToJIMHa MULIIEHN BBIOUpaIack U3 COOOPaKEHUH MOTy4eHHs MaKCUMAIIbHOTO
BBIXO/1a HEUTPOHOB M TOCTHUKEHUS TeMIiepaTypsl MuiieHu He Boime 100 °C.

Jlis co3aHusl MUILIEHH HCIOIb30BAIUCH MOPOIIKOBBIN Bosib(paM (unctoroit 99,9) n
TaHTaJIOBbIE (DOJIBIU TONIMHON mopsaaka 250 MKM Ui 3alUThl TOBEPXHOCTH MUILIEHU
OT KOPPO3UU TIOJT O0TYyICHHEM.

[IpoGiemMa B co3gaHMM MHUILIEHH C HCIIOJIB30BAHMEM OMMETaula BOJIb(ppaM-TaHTal
cocrosia B pazpaboTke Merona ux coequHeHus. YuutsiBasg onsiT HHI[ XDTU, Obuio
INPUMEHEHO BBICOKOTEMIIEPATYpHOE COEAMHEHHE BOJb()PAMOBOW IUIACTUHBI U
TaHTAJIOBBIX (DOJIBI MPOKATKOM B Bakyyme. TopIEBble YYaCTKU IUIACTHH MOKPHIBAINCH
MeTooM raszodazHoro ocaxzaeHus Ta Ha W. Jlns ompeneneHuss NPOYHOCTHBIX M
IUTACTUYECKUX XapaKTepUCTUK MaTepuajia MUIIEHHW ObUIM NPOBEJEHBI KOMIUIEKCHBIE
MEXaHUYECKHE UCTIBITAHUS TUIAKMPOBAHHBIX TAHTAJIOM BOJIb(PPAMOBBIX IJIACTHH.

BonbedpamoBas muieHs yxe npopaborana B oOuiei cioxHocTH Oojiee rojpa moj
IIy4KOM BBICOKODHEPIeTHYECKUX JIIEKTPOHOB ¢ sHepruer 100 M»sB B mponecce
HACTPOMKM YCKOpHUTENs U (u3Myeckoro Imycka ycTaHoBKH. [loaTomy Bompoc o
pasvalOHHON OBPEXIaeMOCTH BOIb(PAMOBOI MUILIEHU SIBJISIETCS aKTyaJIbHbBIM.

B 3HaunTenbHOH cTemeHn pecypc ee paboThl 3aBUCHT OT MPEAETIbHO JOIMYCTHMOM
JUIsL MaTepualia MUILIEHHU 036l 00IydeHUs (B CMEIIEHUAX Ha aTtoMm). Js onpeneneHus
70361  OOMy4eHHS B TOJCTOM MHUIIEHU TOJ] JECHCTBHEM BBICOKOIHEPTEeTHUECKUX
AJNIEKTPOHOB, C WCHoib30BaHueM mporpaMmmbl MCNPX, Obu1 oOleHeH BKIIag B
negexTooOpa3oBaHUe YHOPYTUX M HEYNPYIHMX MPOIECCOB: PACCeSIHUS U SAIEPHBIX
peakiuil C y4acTHeM BBICOKOIHEPreTHUECKUX DSJIEKTPOHOB, HEUTPOHOB U TraMMa-
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KBAHTOB. YCTaHOBJEHO, 4YTO HauOOJBLIIMH BKJIaJ B CKOPOCTb OOpa3oBaHMs
NOBPEXJICHUNA B BOJB(PAMOBOW MUIIEHH BHOCHUT YIPYroe B3aMMOJCHCTBHE
BBICOKOHEPreTUYECKHUX IEKTPOHOB C siApaMu. MakcuMallbHasi CKOpOCTh Habopa J03bl
cocraBimsier D, =0.83 cHa/rog m jnocturaercss Ha BTOPOH IJIACTHHE BOJIb(PaMOBOIL

muieHu. ClieyeT OTMETUTb, UTO 3Ta BEIMYMHA TIOYTH Ha JIBA MOPSIKAa HUKE CKOPOCTH
Habopa J03bl, 0KMJIaEMOI B YpaHOBOW MHILIEHH IMPH TEX e MapaMmerpax OOIydeHUs

[2].
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[Tpon3BOACTBO SIEPHOTO TOILTUBA I peakTopoB THa BBOP Tpebyer oborameHHOTO
no motory U okcupa ypana-238. KonuenTpauus ypasa B pynax cocrasiser 0,1%, B
KOHIIGHTpaTe 3aKHUCH-OKHCH OHa JODKHa ObiTh He MeHee 84%. TexHomorus
SKCTPAaKIMOHHON OYUCTKHU ypaHa OT NpHUMECEl B a30THOKHUCIION cpele C NMPUMEHEHHUEM B
KauecTBe dKcTparenrta pactsopa Th® B kepocuHe BrepBbie ObUTa pazpaboTana B YKpauHe U
BHezpeHa Ha [10 «IIpuanenpoBckuit xumudeckuii 3asoa» B 1960 rogy [1].

B 1964 romy mnpu mnepepaborke ypaH-(hochop-peaKo3eMeNbHOTO KOHIICHTpaTa
MmectopoxkaeHus «Menosoey» (Kaszaxcran) mis riryOokoil ouncTku ypaHa ot topus, P33,
¢Topa u mnpumeceld OblT pa3paboTaH MpoIEcC OSKCTPAKIMOHHOTO pa3leNeHust C
npumeHeHueM cmecu Th® u J[u20T' @K B kepocune. Ilporiecc skcTpakuuu OCIOKHSICST
oOpa3oBaHneM TpeTbel (as3bl, KOTOpas CHIKajla IPOU3BOJUTENBHOCTh Npolecca u
KayecTBO MNpoAayKiuu. Ee HempepblBHOE OTAENE€HHWE M YJAJICHHWE U3 30Hbl pPEeaKluu
MO3BOJIMJIO CTA0MIIM3UPOBATH MPOIIECC.

TBepnodaznas peskcTpakiys KapOOHATOM aMMOHHS TO3BOJISUIA MOJy4YaTh KPYIHBIE U
YUCThIE KpUCTaIbl ypaHuiaTpukapOonara ammonuss (YTKA) u NHOBBICUTH IUIOTHOCTb
KOHLIEHTpaTa 3aKUCU-OKUCHU TOcJe YTpsICKU 110 2,9 r/em’. [Tpokanka kpucramios YTKA B
BOCCTAHOBUTENIBHOM aTMocepe mpu H3OBITOYHOM JaBieHMHM okojo 2 klla mosBosmna
T0JTy4aTh BHICOKOUKCTYIO IBYOKHCH ypaHa ¢ coaepxanueM U(IV) no 96%, 4to uckirovao
HeoOxomuMocTh  fgoporocrosimero Boccranosiaeuus U(VI) mo U(IV) Bomopomom wiu
anektposnuzom [2]. Kpome Toro, sto mospossuio ouuctuth U(IV) oT psaa mpuMecHbIX
¢TopunoB, wmonuOaena, BaHaaus u nup. DropupoBanme UO,, momydeHHOrO
BBIIIICOMTUCAHHBIM METO/IOM, C MPUMEHEHHEM DJIEMEHTapHOro (propa MO3BOISIIO MOIYYHTH
UFg, KOTOPBIH B JanbHEHIIIEM o0oramaics mo u30Tomy %°U 110 4,4% ¢ otBanom 0,3% B P®.

Brenpenue sToro mporecca B paMKax CO3JaHHs SACPHO-TOIUIMBHOTO IHKIIA Y KPaWHBI
MO3BOJIUT HMCIIOJIb30BATh KOHBEKTYPY PhIHKA M HAWTH HCIIOIHUTEINSI 00OTallleHHus ypaHa 10
0,1...0,2%, cHU3UTH conep:kaHue 2®U B orsanax. PacyeTsl MOKA3BIBAIOT, YTO JAHHAS
TEXHOJIOTHSI MOXKET YBEIUYUTh CTENEHb WU3BJICUCHUS 2y ¢ 58 no 85%, COKpaluas, Tem
caMbIM, MOTPEOHOCTH B MPUPOAHOM ypaHe He MmeHee deM Ha 30%. Kpome Ttoro, srto
MO3BOJIIET Hcmonb3oBaTh oOeaHeHHbI UFg nns mpousBoactBa MOX-tomnuBa win
NOJy4YeHUs: NeQHUIUTHBIX coeAnHeHui (ropa W mopomka okcuna ypana. [Ipu mpomaxe
KOHIICHTpaTa 3aKUCU-OKUCH ypaHa YkpauHa exerogHo tepser 10 80% UFg, obemnenHoro
1o ypaHny-238, u3-3a OTCyTCTBHUSI COOCTBEHHOT'O MTPOU3BOICTBA TekcadTopuia ypaHa.
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B HacTosiliee BpeMs TUTaH U €rO CIUIaBbl BOCTPEOOBAHBI B PA3IMUYHBIX OTPACIAX
HapOJIHOTO XO035MCcTBA. TEXHUYECKUM OCHOBAHMEM MPUMEHEHUS TUTAHOBBIX CIUIABOB B
KaueCTBE KOHCTPYKIIMOHHBIX MaTepUalioB aTOMHOM SHEPreTHKU SBJISIOTCS: BBICOKas
IPOYHOCTh, BBICOKAas paJHallMOHHAs CTOWKOCTh TMpU paboyux TemIeparypax
(250...400 °C),  xoppo3MOHHas  CTOMKOCTb B  aKTHUBHBIX  cpeax [1].
HuskonernpoBaHHble CIUIaBbl TUTaHA 110 YPOBHIO HaBEJACHHOW aKTUBHOCTH Oosiee yeM
Ha TMOPSAOK MPEBOCXOAAT KOMIIO3MIIMM Ha OCHOBE jkene3a M Xpoma [2]. TuraHoBbie
CIUIaBbl COXPAHSIOT BBICOKYIO IUIACTHYHOCTh TMOCIE HEUTPOHHOTO OOIydYeHUS U
0o0ajafoT HU3KUM TEMIIOM €€ CHIDKEHHS OT (¢uioeHca HeWTpoHoB. Ilo »tum
XapaKTEPUCTUKAM OHM IIPEBOCXOAAT KAaK HU3KOJIETMPOBAaHHBIC, TaK M ayCTCHUTHBIC
cranu [2]. Jyas IIMPOKOrO0 HCIOJB30BaHUSI TUTAHOBBIX CIUIABOB B KAdyeCTBE
KOHCTPYKIIMOHHBIX MaTEpPHAaJIOB KOPITYCOB PEAKTOPOB TPEOYETCs MPOBECTH LIETBINA Psij
UCCJIEIOBAaHUM, OJHAKO YK€ celuac MOXKHO YTBEpPXkAaTh, YTO IO HAAEKHOCTU H
0€30MacCHOCTH OHHU SIBISIOTCSI TEPCHEKTUBHBIM KOHCTPYKLUOHHBIM  KOPITYCHBIM
MaTepuaioM.

W3ydyeHue 3akoHOMepHOCTEeW (OPMUPOBAHHUS HAHOCTPYKTYpPHl B THUTaHE H
U3MEHEHHUsl CBOICTB Marepuaja B HAHOCTPYKTYPHOM COCTOSHMM IIPU BHELIHUX
BO3JICUCTBUSAX NPEICTABIAECT KAK HAYUYHBIM, TaK U MPAKTUYECKUN HHTEPEC, MOCKOIbKY
HAaHOKPUCTANIMYECKUE  MaTepuasibl  O0JIajal0T  YHUKAJbHBIMM  MEXaHUYECKUMHU
CBOMCTBaMHM, TAKUMHU KaK BBICOKAs IPOYHOCTH, H3HOCOCTOMKOCTh, TBEPAOCTh, BHICOKHE
ycTajocTHbIe cBoWcTBa. LleHHass nuHpoOpMaIHs B 3TOM IUIaHE MOKET ObITh MOJIYy4YeHA B
HKCHEPUMEHTAX C 00JIyd€HHEM BBICOKOIHEPIreTUYECKMMH YaCTUIIAMU.

UccnenoBanu texuuueckuid Tutad Mapku BT1-0 nmpomsliieHHOro npon3BoOACTBA B
UCXOJIHOM M HaHOCTPYKTYPHOM COCTOSHUSIX, C(OpMHUpOBaHHBIX B pe3ynbrate WII
npokatanubii npu 300 K, crenenr nedopmarus € = 3,0. O6mydyeHue oOpas3iioB
NPOBOJMIIOCH TYYKOM 3JeKTpoHOB ¢ sHeprueil E =10 MaB npu temmeparype, He
npesbimaromeid 90 °C, ¢ nHabopom no3bl D = 510" em. YCKOpPEHHBIN TTOTOK
AIIEKTPOHOB (POPMHMPOBAICS JTMHEWHBIM YCKOPUTEIEM D3JEKTPOHOB, pabOTalOIIMM B
UMITyJIbCHOM pexuMe. VcnbITanus Ha MOI3y4ecTh IPOBOAWIN B PEXXUME CTYIIEHUATOrO
HarpykeHust mpu temmeparypax 20 um 350 °C, TOYHOCTH H3MEpEeHHs COCTaBIsIa
~5.10° cM. KOHTpOITh DBOMIOLHH CTPYKTYPHI OCYUIECTBISUICS TPH  TIOMOIIA
AJIEKTPOHHOI'O MUKPOCKOIIA.

IToxazaHo, 4TO MNpOYHOCTH TexHHUeckoro TuTaHa BTI1-0 B HaHOCTpyKTypHOM
COCTOSTHMM TIpH TeMmrieparype ucnbiTanuii 20 °C Bo3pactaeT B 2 pa3a 10 CPaBHEHUIO C
UCXOJIHBIM COCTOSIHMEM, a IUIaCTHYHOCTh yMeHblnaercs Ha ~ 20%, T. e. HaOmromaeTcs
YIIPOYHEHUE MaTepuana.

OO6my4yeHue 3I1eKTpOHAMHM HaHOCTPYKTYPHBIX 00pa31ioB TexHuueckoro tutana BT1-0
cnabo BIMSIET HA MEXaHMYECKHE CBOMCTBA U MPHUBOJIUT K CTAOMJIM3ALUU CTPYKTYpPHI B
pe3yJIbTaTe CHUKEHUS YPOBHS BHYTPEHHUX HANPSYKEHUM.

[MIpu Ttemnepatype wucnbiranuii 350 °C mpounocte BT1-0 B HaHOCTpYKTYpHOM
COCTOSIHUM BoO3pacTaeT B 1,5 pa3a, a IUIACTUYHOCTh YBEIMYMBAETCA B 5 pa3, 4To
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00yCJIOBJIEHO pa3BUTHUEM pPEJIAKCALMOHHBIX IPOLECCOB B TpaHMLAX 3€peH U
IPUTPAHUYHBIX O0JACTAX, a TAKXK€ PEKPUCTAIUIM3AIMU B IIPOIECCEe MOI3Y4ECTH, T. €.
CO3/1aHHAasl HAHOCTPYKTYpa UMEET HU3KYI0 TEPMOMEXAHNYECKYI0 YCTOWYUBOCTD.
OO0isiydyeHne >J€KTpOHaMU O00pa3lloB B HAHOCTPYKTYPHOM COCTOSIHUM BBISIBIISIET
TEH/ICHIIIO K IMOBBIIIEHUIO IPOYHOCTH, IUIACTUYHOCTH U CKOPOCTU IOJ3Yy4YECTH IPH
temneparype ucnbpitanusg 350 °C, yTo MOXKET OBITH CBSI3aHO € 3aMEJIEHUEM IIPOLIECCOB
PEKPUCTAJUIM3ALMN U PA3BUTHUEM IPOLIECCOB INOJIMIOHU3ALUU BCIEICTBUE CHMKEHUS
YPOBHSI BHYTPEHHUX HAIPSHKEHHUH B HAHOCTPYKTYPHOM MaTepHalie mociie 00IyueHHs.
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[IpencraBieHsl pe3yibTaThl KOMIUIEKCHOTO M3YUEHUS IPOIIECCOB MEepeHoca 3apsaa u
Tera B BbiIcOKOOHTpormiHOM  cmiaBe  AlgsCOCuCrNiFe,  mpomeniiem
penakcanoHHbIi oxur B uHTepBaie ~ 300...77 K. MaTepec k mpobdiiemMe 00bsCHAETCS
teM, uro Hke T ~ 200 K kuHeTnueckue u akyctudyeckue K03(pPHUIMEHTHI BEAYyT cebs
AHOMAJIbHO, U TIPH 3TOM IPOYHOCTH HEIMHEHHO yBenuuuBaetcs [1—5], uro BaxHO s
MIPAKTUKH.

YCcTaHOBIEHO, YTO TeMIlepaTypHble 3aBUCUMOCTU npoBoaumoctu o(T), Tepmos.n.c.
S(T) u rtemnonpoBogHocTu k(T) 00pasioB MMEOT KOppelupyromue Mexay coOoi
anomamuu B wuHTEepBaie ~ 210...170 K, 3HaKM KOTOPBIX CBHUJAETEIBCTBYIOT O
HEIIMHEHHOM W3MEeHEeHUH G u yMmeHbiieHnun npou3BoxHbix dS/AT wm dk/dT npm
NOHIKEHUU T M0 CPaBHEHUIO C IKCTPANIOIUPOBAHHBIMU U3 0OJIee BBICOKUX TEMIIEPaTyp
COOTBETCTBYIOIIMMHU 3HAYCHUSIMH TeX k€ KO (HUIIUEHTOB (PUCYHOK).

BBuny oTcyTcTBUS, COTJIacHO

E] 1,16
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HOCHUTEJIEN 3apsja
IIPEBAIMPYIOLUE IEKTPOHBI, — UTO COOTBETCTBYET IKCIEPUMEHTAIbHONW CUTYallUH, —
HaliJleH BapuaHT, B Cllyyae pealn3aldyd KOTOPOro KOHGUrypamus MOAEIbHONW KpUBOU
S™U(T) npakruueckn nueHTHYHA KOHQUIYpalMH rpaduka peasbHON 3aBHCHMOCTH
S¥”P(T). TakuM BapHUAHTOM SIBISETCS MEXAHU3M KOHBEPCHHU JBIPOYHBIX HOCHTENeiH B
anekTpoHsl. [Ipu sToM HaOIIOJEHHBIE 3HAKU aHOMalui ko3dduuueHtoB ¢ U k B
untepBasie ~ 210...170 K cooTBeTCTBYIOT CUTYaIlUH, KOTJIa MOJABMKHOCT 3JIEKTPOHOB
3HAYUTEIHHO MPEBBIIIAET MOABIKHOCTD JBIPOK.

Hcxons u3 pesynbraToB pabOThl M JAHHBIX O HAJTUYMM IPAKTHUECKU BaKHOTO

HEJIMHEHHOTO MOBBIIIECHHsT TPOYHOCTHBIX XapakTepucTHk crutaBa AlysCoCUCrNiFe npu
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ymenbiiennn T Huxe ~ 200 K, MOKHO yTBEp»AaTh, YTO OJAHOM U3 BEPOSTHBIX MPUYUH
s deKrTa HETMHEWHOTO YIPOUHEHHSI SIBJIICTCS YBEIMUeHHE KoHIleHTpanuu electron-like
HOCHUTeleH 3apsaa B cucreMe (pepMHOHOB.

Dddekt npencrapiseT Takke HECOMHEHHBIH TEOPETUYCCKHIA HHTEPEC.
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One of the ways to improve the “strength — ductility” ratio in FCC high-entropy
alloys (HEAS) is their doping with atoms of different elements, in particular, carbon
atoms [1]. The purpose of this work was to study the effect of carbon additions on the
structure and microhardness of Cog25xCro2sF€0.25Nig25Cx alloys (x is the atomic
fraction of C element at 0; 0.01 and 0.03) in two structural states: in the cast coarse-
grained (CG) and nanocrystalline (NC) after high pressure torsion (HPT) at room
temperature at the number of revolutions N = 1 and N = 5. The phase composition,
lattice parameters, concentration of stacking faults, and substructural parameters (size of
coherent scattering regions, level of microstrains, dislocation density) were determined
by X-ray diffraction. Vickers microhardness Hy was measured in the temperature range
77...295 K on a special low-temperature device with a freely suspended Vickers
pyramid [2].

It is shown that doping the
CoCrFeNi alloy with carbon atoms
led to a noticeable increase in
microhardness (Figure): when the
amount of carbon atoms changes
from x=0 to x =0.03,
. S 1 microhardness increased by about

I ¢ «=003 | 15-1.7 times. Note that the
| microhardness of the four-element
CoCrFeNi alloy is close to the
microhardness of the five-element
Cantor alloy CoCrFeNiMn [3] over
, , , the entire temperature range (see

100 200 300 400 Figure). At room temperature for

T K NC samples (after HPT at N = 1

and N =5), the dependence of the

microhardness on the magnitude of the shear strain y at HPT is obtained. For all
samples, the growth of HV occurred up to y ~ 30...40, for y ~ 40, the microhardness
reached a constant value = 5.3 GPa. For all studied CG samples, when the temperature
is lowered from room one to the temperature of liquid nitrogen, the microhardness
increases by 1.5-1.7 times, which indicates a thermally activated character of plastic
deformation under the indenter. The same behaviour of Hy, with temperature decreasing

4,0 T T T
CoCrFeNiCy |

3,5

3,0

H,, GPa
N

2,0r x =0.01

CoCrFeNiMn-
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was exhibited in NC samples subjected to HPT at N = 1 (for different C), which means
that the thermally activated character of plastic deformation is retained in this structural
state.
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TyronnaBkue MHOTOKOMIIOHEHTHbIe KoOHIleHTpupoBaHHble ciuiaBsl (TII MKKC)
M3BECTHBIE TaK )K€, KaK TYTrOIUIaBKUE BbICOKO3HTponuiiHble ciuiasbl (TII BOC), umetor
BBICOKHE IIPOYHOCTHBIE XapaKTEPUCTUKU U 3HAYUTEIbHYIO IJIACTUYHOCTH B LIMPOKOM
TEMIIEpaTypHOM JMala30He, YTO JIeJaeT MX HNEePCHEKTUBHBIMH IS Pa3IMUHBIX
npumeHeHuid [1]. B 9acTHOCTH, 3TO OTHOCHUTCSI K OTHOCHUTEJIBHO JIETKUM CIUIaBaM Ha
ocaoBe Ti, Zr, V u Ta. Ilpu sTOM H3-32 OTCYTCTBHSI COOTBETCTBYIOIIUX JWArPaMM
COCTOSIHUSL CTAaHOBUTCSI Ba)KHBIM IPOrHO3MPOBAHHE XapaKTepa CTPYKTYphl, KOTOpas
dopmupyeTcss B mpoliecce KpUCTALIM3ALMU CIUIABOB, a TaKXe MX MEXaHMYECKUX
CBOMCTB.

B pabore Ha OCHOBE M3BECTHBIX KpPUTEPHUEB, OCHOBAHHBIX HAa TEPMOJUHAMHUYECKHUX,
CTPYKTYPHBIX M 3JIGKTPOHHBIX XapaKTEpUCTUKAX 4YHCThIX METaJJIOB, pacCYMTaHa
KpUCTa/NIM4ecKass  CTpyKTypa 4- U 5-KOMIOHEHTHBIX  CIUIaBOB  CHCTEMbI
Taggx TlaoVxZr6Als, Tie x = 0 — 29 1 MpoBeCHO CpaBHEHHE PACUETHBIX PE3YJIbTATOB C
HKCIIEPUMEHTAJIbHBIMU JaHHBIMU, IOJYYEHHBIMHU [IPH UCCIIEAOBAHUN CTPYKTYPbI JIUTHIX
CIIAaBOB MeTOoAaMHU MeTauiorpaduu, 3JIEKTPOHHOU MHUKPOCKOIUU u
PEHTTEHOCTPYKTYPHOI'O aHalIM3a. JTO CPAaBHEHHE IO3BOJWIO YCTAHOBHUTH KPHUTEpUH,
KOTOpBI HanboJjee JOCTOBEPHO MPECKAa3bIBAET CTPYKTYPY JaHHBIX CIJIABOB.

e MexaHuuyeckrue XapaKTepUCTUKU
= experimental value HCCICOOBAJIINCH METOAOM
45 — () (VEOR] U3MepeHuss MuKpoTBepioct Hyp.

— @263 [Monmy4eHHbIE TaHHBIE

. MHUKpPOTBEPJOCTH CPaBHUBAINCH CO
| 1 - . 3HAYEHUSIMH, DPACCUUTAHHBIMM Ha
+7 x OCHOBAaHMUU 3aBUCHMOCTH MEXKAY
- MHUKPOTBEPOCTHIO U
| 2 KOHLIEHTpaluel BaJEHTHBIX JJIEK-
254 TPOHOB [2] Hp ~ (VEC)’R,*
(pucyHok, KpuBas 1), a Takxke Ha
20 S S A A S U OCHOBaHHU CBSI3U MEXIY
MHUKpPOTBEPIOCTHIO, 00BEMHBIM

moxayineM B u monynem cnsura G
DKcnepumenmanvHbie U meopemuyecKue [3] Hu ~ 2(k*G)**%-3 (kpuBast 2).
3HAYeHUs MUKPOMBEPOOCMU CNIABOE CUCTHEMbL

4,0+

Microhardness, GPa

X value, at.%

Pacuer wMukpoTBepmocTH Ha
OCHOBE KOHIICHTpAI[MM BaJIEHTHBIX 3JEKTPOHOB (KpuBas 1) manm Oosiee Onmu3Kue K
peaJbHBIM JIaHHBIM 3HAuU€HHsI, OJHAKO XOJ 3aBHcUMOcTH Hp(X) 3HAYMUTENBHO
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OTJIMYAETCS OT MOJYyYEHHON dKcIepuMeHTaNbHO. C APYroil CTOPOHBI, pacueT Ha OCHOBE
MonyJsiel (KpuBas 2) MOKa3zajd CXO0XKYI € DKCIEPUMEHTAJIbHOW TEHACHLMIO, U 3ajada
COCTOUT B OIPEEICHUH PAaBUIbHBIX KO3()PULIMEHTOB /17151 TaHHON CepUH CIIaBOB.
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Non-destructive methods for the study of substances occupy one of the leading
positions in modern analytical support of work on the creation of new and study of
existing materials and technologies for their production. The work presents the main
features of using the spiral computed tomography (CT) method to study objects made of
carbon and graphite materials. The CT method is based on the interaction of X-rays
with the substance or product under investigation.

A tomograph SOMATOM Definition AS 64 (Siemens) is used as equipment. The
spiral technology of research allows to obtain 64 sections, 0.6 mm thick in one rotation.
The STRATON X-ray tube of the device, combined with z-Sharp technology, creating
two focal points at a frequency of 4.608 times per second, provides the possibility of
obtaining a minimum isotropic voxel of 0.24 mm, regardless of the scanning field.

The application of the CT method in quality control of products made of materials
with low Z, in this case, made of carbon fibers, is shown. X-ray radiation with an
energy of 140 keV was used, with a tube current of up to 550 mA. The penetrating
power of X-rays with this energy made it possible to study samples with dimensions
exceeding 50 cm in diameter. With a 78 cm gantry, some pieces needed to be rotated to
explore the full volume required.

The continuity of the material was controlled in the carbon preforms. At the same
time, possible defects in the form of metal inclusions, uneven laying and omissions of
individual threads arising in the product as a result of technological operations were
revealed.

Examples of the use of the CT method in quality control of model and real products
are given.
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W3YUYEHUE CBOMCTB COPBEHTOB
N JESAKTUBUPYIOIIUX CPEACTB B ITPOLHECCAX
C MAJIBIMUM BEJINYNHAMMU U30TOITHBIX DOPEKTOB

B.B. Jleseneu, A.10O. Jlonun, A.Il. Omenvnux, A.A. Ilyp

Hayuonanvuwiit hayunwlii yenmp
«Xapovroeckuil puzuxo-mexnuyveckuii uncmumympy», Xapokoe, Yxkpauna
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CymectBytonue TpeOOBaHUS K KOJIOTMYECKOH 0€30MacHOCTH OOBEKTOB aTOMHOM
UHAYCTPUM MOOYKAAOT K pa3pabOTKe HOBBIX U COBEPIICHCTBOBAHUIO MAaTEpHAJIOB,
ggnhggfﬂehgglx A YJIABIMBAHUS U J1€3aKTUBALMU IPOAYKTOB JIEICHUS 335U, TaKMX Kak

I, ='Cs, ™Sr, " Co. beumu mokazaHsl MPOBEACHHBIC UCCIEAOBAHUS CBONCTB COPOCHTOB
U JIe3aKTUBUPYIOUIUNX CPEJICTB, HAIllpaBJICHHbIE Ha Pa3pabOTKy MmaTepuajioB ¢ Ooisee
BBICOKMMH TIOKa3aTeIsIMU KOG (GUIIMEHTOB 1€3aKTUBALIMM U OYMCTKU 110 OTHOILEHHIO K
NIEPEYUCIIEHHBIM U30TOMaM.

[Tpu mpoBeneHHM HCCIEIOBAaHUM NPOLIECCOB COPOLMU OBLIM OLICHEHbI BEIMYMHBI
M30TOMHBIX M M30TONMHYECKHX d((HEeKToB (B Cilydae MPUMEHEHHS SACPHO-(PU3NIECKUX
METO/IOB 3JIEMEHTHOTO aHaiu3a). M3yueHue nyOiauKanuii 3a MOclieHHE HECKOJIbKO
JECSTUIIETUH, MOCBSIIEHHBIX TEOPETUUECKUM U SKCIIEPUMEHTAIBHBIM HCCIIEI0BAaHUSIM
3TOr0 BOIpOCa, IMOKAa3ano, 4YTo Ojarozapss MajibIM 3HAYEHHUSIM BEIMYUH HM30TOIHBIX
3pdexToB B mpomeccax cOpOIMH M JI€3aKTUBAIMM BO3MOXKHO H3yYCHHE CBOWCTB
UCCIIElyeMbIX HaMM COPOCHTOB M JE3aKTHBHMPYIOLIMX CPEACTB C MCIIOJIb30BAaHUEM
UMUTATOPOB CO CTaOWIBHBIMU M30TONAMHU. B mpencTaBieHHBIX HCCIEI0BaHUAX
3JIEMEHTHOE COJAEPKAHME ONPEAEIIOCh M0 XapaKTEPUCTUYECKOMY PEHTI€HOBCKOMY
U3JIYYCHHUIO psiia DJIEMEHTOB, BO30YXK/Ia€MOMY ITy4YKOM IPOTOHOB, TaMMa-H3JIydeHHUEM
OT PaJJMOAKTUBHOI'O UCTOUYHUKA, U3JIyY€HHEM OT PEHTI€HOBCKON TPYOKH.

s  sneMeHTHOro aHanu3a ¢ BO30YXKJEHHEM YCKOPEHHBIMU  IPOTOHAMHM
UCTIONB30BAJICA aHATUTUYECKUH saepHO-pu3ndeckuit kommuieke «COKOJI» HHIJ
X®TH [1]. U3mepenust mpoBOAWINCH HA BBIXOJHOM YCTPOUCTBE, BKITIOYAIOIIEM B ce0s
BaKyyMHYIO KaMepy, OJIOKM JETEeKTHPOBAHUS MSITKOTO M KECTKOI'O PEHTIE€HOBCKOTO
u3nydeHus Ha ocHoBe kpuctayuioB Si(PIN) u BeicokourcTOoro repmanus. M3nydenue us3
KaMepbl BEIBOJWIIOCH Yepe3 BaKyyMIUIOTHbIE OEpUIIIIEBBIE OKHA.

Jnsa mpoBeneHuss M3MEPEHUI PEHTIC€HOPAJIUOMETPUYECKMM METOJOM HaMu ObuI
pa3paboTaH U co3aH u3MepuTeNnbHbld Moayib cteHna «CKU®y. Ilpu pa3zpabotke ero
napaMerpbl ObUIM ONTHMMM3UPOBAHBI JUIsl ONpPENENIEHUs COJEep)KaHus ioJa B JIETKOMN
matpuiie o0semom 10 oM. Bo30yxeHne XapakTepUCTHYECKOIO PEHTT€HOBCKOIO
U3ITy4eHUs] B HCCIENyeMOM MaTepuaie MpOoU3BOAMIOCH H3iaydeHueM 59,54 kaB ot
pazvoaKTUBHOTO NCTOYHHKA 2IAm akruBHOCTBIO 3,9 I'BK.

B  wuccrnegoBaHMsX ¢ NPUMEHEHHMEM  PEHTICHO(MIYOPECUEHTHOro  MeToja
ucrnonb3oBanack paspadoranHas B HHI[ X®PTU wmanoraGapuTHas yCTaHOBKa
peHTreHoduryopecieHTHOro 3eMeHTHoro ananusa «JIEAH». [Ins momaBneHus ona
B KaHajJ€ perucTpalyy XapaKTEpPUCTUUYECKOIO PEHTTEHOBCKOTO H3JIY4YEHHSI OT
MEPBUYHOTO M3JIyYE€HHUS PEHTI€HOBCKOM TPYOKHM B YCTaHOBKE HCHOJB3yeTcs 3 deKT
YaCTUYHOW MOJIAPU3ALMHU U3TYYEHUS NIPU €r0 OTPAaXEHUH OT MOBEPXHOCTH. i 3TOrO
INpPUMEHEHAa  PEHTICHOONTHYeCKas CXeMa ¢  B3aUMHO  IEPHEHAUKYISIPHBIM
pacIoio’KeHHEM TPEX oceil 0TOOpa U3ITyueHHs] CUCTEMBI aHOJI PEHTIT€HOBCKOU TPYOKH —
BTOPUYHBIA  M3JydaTesb — aHAIU3UPYeMbId  oOpasel] — JETEeKTOp  PEHTT€HOBCKOIO
U3ITy4EHUS.
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B mpomecce NMpOBENCHHBIX HCCIEAOBaHUI OBUIO BBISABICHO BBICOKOEC 3HAUYCHHE
KOd(UIIMEHTA Ie3aKTUBAIIUU Pa3paOOTaHHOTO MOIOIIETO CPEICTBA MO OTHOIICHUIO K
E3UIO.

Bbu10 ycTaHOBICHO, YTO KOA(PGHUIIMEHTHI OYMCTKA HCCICIYeMbIX MapOK YrOJbHBIX
copOeHTOB ISl GUIBTPOB BO3YXOOUUCTKH aTOMHBIX 3JICKTPOCTAHIINHA YAOBICTBOPSIOT
pexomennauusimMm MAI'ATO.

B Xo1e aHanMTHYECKUX MCCIEOBaHUN OBUTM TOATBEPXKICHBI JaHHBIE O TOM, YTO
TPUPOHBIN CONUT—KIMHONTHIIONUT 00JIaZaeT BBICOKOW CEJICKTHBHOCTBIO K IE3UI0 U
3HAYUTEIBHO MEHBIICH K KOOAIbTy W CTPOHIMIO. YUHUTHIBAasl BBHICOKHE COPOIMOHHBIC
CBOWCTBA CHHTETHYCCKUX IICOJUTOB B OTHOIICHHHM HOHOB KOOalbTa M CTPOHIIHS,
OTKPBIBACTCSl TMEPCIEKTUBA KOMOMHHUPOBAHHOTO HCIIOJIb30BaHKsI MPHUPOJHOTO H
CHHTETHUYECKOTO IIEOTUTOB [2].

Jluteparypa

1. V.V. Levenets, A.Y. Lonin, O.P. Omelnik, A.O. Shchur. PIXE in the studies of
stable cesium sorption from water solutions // X-ray Spectrometry. 2015, No. 44 (6),
p. 447-450. DOI 10.1002/xrs.2626.

2. A.Yu. Lonin, V.V. Levenets, O.P. Omelnik, A.O. Shchur. Comparison of the
sorption properties of natural and synthetic zeolites for the purification of aqueous
solutions from cobalt: sorption of the cobalt from aqueous solutions in dynamic
conditions and the quantitative determination of cobalt by the PIXE method // J.
Radioanal Nucl Chem. 2018, v. 315(2), p. 163-169. DOI 10.1007/s10967-017-5676-1.

119



KOMINVIEKCHAS ONEHKA BUOJOI'MYECKUX CYBCTPATOB
I'PYHIBbI NPO®BOJBHBIX XEMOMETPUYECKUM
N AAEPHO-OU3NYECKUMHU METOJAMU
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AJdI. Omenvnux, A.A. Hyp
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HecmoTpss Ha coOmiofieHre HOPM TEXHHMKH O€30MacHOCTH, KOTOPBIE NMPAKTHUYECKH
UCKJIIOYAIOT B3aMMOJACHCTBHE IIEpCOHala C BPEAHBIMM BEIIECTBaAMH, Ipodiema
npodeccuoHaIbHbIX 3a00JI€BaHUN OCTaeTCsl BecbMa akTyalbHOW. HaumHast ¢ MoMmeHTa
cyliecTBoBaHMsl aToMHOM IpombiiieHHocTd B HHI[ X®TU BeimonsstoTcss paboThl €
OoepuuineM. bepuinii MOXKET ObITh OTHECEH K KaTErOpHUU BEPOSITHO KaHIEPOI'€HHBIX
BEIIIECTB, U OJJHUM M3 CAMBIX ONACHBIX 3a00JIeBaHUI, KOTOPOE OH BBHI3BIBAET, SBISAETCA
OCpHILITHO3.

B nanHBI MOMEHT cpeau OBIBIIMX W HBIHEMHHX coTpynHukoB HHI] cymectByer
rpymna mnpodeccHoHaNbHBIX OONbHBIX. B pabore paccmarpuBaercsi BIIMSHUE
HEraTHUBHBIX (PAKTOPOB OKPY)KAIOLIEH cpeabl M MPOU3BOJACTBEHHBIX YCIOBMH Ha
COCTOSIHUE 3[0pOBbs IE€pCOHAlla HMHCTUTYyTa. SaepHO-QU3MYEeCKMMU MeTOAaMu
ONPEENIEHO COJCP)KAaHUE XHUMHUYECKHX DJJIEMEHTOB B OMOJIOrMYECKHUX CcyOcTparax
(KpOBB M BOJIOCHI) COTPYAHUKOB. [IpoOBI KpOBH M BOJIOC OTOMpAIHCh y 28 4YeIOBEK,
Cpead KOTOpPbIX 5 MHAalMEHTOB — KOHTpPOJIbHAs Ipymnna W 23 nauueHTa — ObIBIIUE
pabOTHUKN OEpPHIUTHEBOTO MTPOU3BOICTBA.

DNEeMEHTHBIN aHaJIu3 BBIIIOJHEH Ha aHAJTUTUUECKOM sIIEpHO-(DHU3MUECKOM KOMILIEKCE
«Cokom». Mcnionb30BaHbl METO/1bI, OCHOBAHHbBIE Ha PETUCTPALMK XapaKTEPUCTHUYECKOTO
PEHTT€HOBCKOTO  M3JIy4€HHsS aTOMOB M Y-M3JIy4€HHUS  sAep, BO30YKIaeMbIX
YCKOpEHHbIMH MpoTOHaMH. CIHEKTpbl H3MEpPEHbl MNpPH HSHEPruu IydKa I[POTOHOB
1,7 MsB, toke 20...50 HA, 3apsaae nporoHoB Ha MumieHu 100...150 mxKin. U3nyuenune
peructpupoainoch Si (Li)- u Ge (Li)-nerekTopamu.

[Tocne npoBeneHust U3MEpPEHUH OBLIM MOTYYE€HBl MAaCCUBBI JAHHBIX MO COJEPKAHUIO
3THUX 3JEMEHTOB B KPOBU M Bosiocax. OOpaboTKa MacCUBOB JAHHBIX MPOBOAMIIACH MPH
MOMOIIM METO/a TJaBHBIX KOMIIOHEHT, KOTOPbIi OTHOCHUTCS K TEXHOJIOTUAM
xemomeTpuku [1, 2]. B pesynbrare mpoaenaHHoW pabOThI cOCTaBieHa Iporpamma
Analytica B komax MATLAB. IIporpamMma HCIOIB30Bajach IS ONpPEACTCHUS
coJiepkaHusl B OMocyOcTpaTax 3J€MEHTOB, HanOoJiee YyBCTBUTEIbHBIX K U3MEHEHHUIO
BHEUIHUX ycsioBul. [Ipu moMoiy Merosaa riaBHBIX KOMIIOHEHT MOJydeHa H(opMaus
0 MHKPODJIEMEHTO3HOM COCTOSIHMM [3] IpyMIbl MalMeHTOB. DTO MO3BOJWIO BBIIBUTH
OINpECICHHBIE TPYNNbl NAIMEHTOB, KOTOPbIE HMMEIOT pa3IWYHbIE IOKa3aTelu II0
COCTOSIHUIO 37I0POBbS, & TAK)KE YBUJIETh CXOJHOCTb MJIM Pa3INuus MEXKIY NalUeHTaMU
B 3aBHCHMOCTH OT KOHIIEHTPAIMK B KPOBHU HJIM BOJIOCAX XMMHUYECKUX 3JIEMEHTOB [4].

W3 mnonydeHHBIX pe3yJabTaTOB CIIEAyeT, 4YTO BOJIOCHI  ABIAIOTCS  Oosee
UHPOPMATUBHBIM  OOBEKTOM, HEXeJIW KpoBb. B  pe3ynbTare INpOBEIEHHOTO
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UCCIICIOBAaHMUSL CJIIEJIaH BBIBOJ, O BO3MOXKHOCTH TPHUMEHEHHs SICPHO-(PU3UIECKUX
METO/IOB IPU IUArHOCTUKE MPOPECCHOHATBHBIX 3200ICBaHUH.
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LOW-TEMPERATURE SERRATED DEFORMATION
OF HIGH-ENTROPY TRIP ALLOY Fe5oMn3,C01oCryg
AT TEMPERATURES OF 4.2 AND 0.5K
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One of the urgent tasks of modern solid state physics and physical materials science
is the development of new structural materials that have high strength and sufficient
plasticity in the cryogenic temperature range (especially at the temperature of liquid
helium). A high strength-plasticity ratio in high-entropy alloys (HEAS), especially at
low temperatures, can be achieved due to phase transformations initiated by plastic
deformation (TRIP mechanism) [1]. The action of the TRIP mechanism due to the
metastability of the structure of some HEAs opens up many potential possibilities for
creating materials with high mechanical properties, including those for use at cryogenic
temperatures. The aim of this work was to study the features of the serrated deformation
of the non-equiatomic high-entropy TRIP alloy FesoMn3pC010Crip (the indices
correspond to the atomic concentration) obtained by the standard procedure described in
[2]. The deformation curves were received in the process of active deformation under
uniaxial tension of specimens with a size of 16x3x0.4 mm, at a constant rate of
1-10* s at temperatures of 0.5 and 4.2 K, for which liquid helium *He (T = 0.5 K) was
used, and liquid helium “He (T = 4.2 K) according to the procedure described in [3].

At temperatures of 0.5 and 4.2 K, an unstable nature of the plastic deformation
process was observed. After achieving yield strength, sequences of stress jumps (drops)
were recorded on the deformation curves; sections of macroscopically smooth plastic
flow were not observed between adjacent jumps. The average deforming stress
increased with increasing deformation. Statistical analysis of serrated deformation
showed the regularities of change in the distribution of the amplitudes of the jumps
along the deformation curves. At 4.2 K after yield strength, the distribution density of
jump amplitudes is close to uniform, but with increasing deformation, the average jump
amplitude increases, and a maximum appears within the distribution density of jumps; it
shifts towards higher amplitudes with further deformation. At 0.5 K, after yield
strength, a maximum is observed within the jumps’ distribution density in the region of
small amplitudes; again, its maximum shifts to the region of large amplitudes at larger
deformations. The appearance of a maximum in the distribution density of jump
amplitudes indicates the characteristic scale of localized plastic deformation.

We interprete the regularities observed in the temperature range under
consideration by the operation of several processes: a change in the nature of dislocation
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motion from thermally activated to inertial one, localized plastic deformation, and
adiabatic heating that leads to instability of plastic flow in the form of stress jumps.
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Recent studies have shown that a some of non-equiatomic metastable high-entropy
(HEA) and medium-entropy alloys (MEA) have a favorable ratio of strength and
ductility, especially at cryogenic temperatures [1]. Recently, a metastable non-
equiatomic MEA Co375Cri25FessNijgMos was developed on the basis of iron and
molybdenum additives (the indices correspond to the atomic concentration, hereinafter
referred to as Mo5). In this MEA, a favorable combination of yield strength and
ultimate strength is observed due to the action of phase martensitic transformations
initiated by plastic deformation (DIMT) [2]. It is known that one of the structurally
sensitive research methods is the study of the elastic characteristics of the material.
Therefore the aim of this work was to study the effect of low-temperature plastic
deformation on the structure and elastic characteristics of the Mo5 alloy obtained by the
standard procedure described in [2]. It was shown [2] that the structure of the alloy in
the undeformed state consists of an face centered cubic (fcc) matrix and submicron
precipitates of the p-phase, predominantly located both at the boundaries and in the
middle of grains with an average size of 4.4 um. Plastic deformation of the samples was
carried out at temperatures of 77, 4.2, 2.1, and 0.5 K by uniaxial tension to fracture at a
constant rate 1-10*s™. It was found that tensile-deformed Mo5 alloy, due to DIMT
from fcc to bec structure, has excellent low-temperature mechanical properties. So, for
example, at 4.2 K the yield strength is 1043 MPa, and the tensile strength is 1748 MPa,
while maintaining high plasticity.

The phase composition of both undeformed and deformed Mo5 samples was
investigated. Phase images of EBSD for Mo5 deformed at cryogenic temperatures show
that DIMT from fcc to hexagonal close packed (hcp) and body centered cubic (bcc)
phase occurs. At true deformation of 10%, the fcc phase begins to transform in the hcp
and bcc phase. With further deformation, DIMT continues and the proportion of bcc
phase increases significantly, while the proportion of hcp phase remains below 10%.
The deformation-induced martensitic transition of the fcc phase to bcc is almost
complete with a true deformation of 30% at 77 K, when the proportion of bcc phase is
98.2%. Interestingly, the proportion of bcc at 30% strain decreased to 68.8% when the
alloy deformed at 4.2 K, but increased to 80.3% and 87.7% when the strain temperature
was reduced to 2.1 and 0.5 K (see Table). The elastic characteristics of the alloy were
investigated in the temperature range of 80...280 K by mechanical resonance
spectroscopy [3]. The course of the temperature dependence of the dynamic Young's
modulus of both undeformed and deformed Mo5 samples coincides with the notions of
the additive contribution of the phonon and electron components. An increase in
temperature leads to a monotonic decrease in the dynamic modulus of elasticity by 8%.
The values of the dynamic modulus of elasticity in deformed samples of Mo5 alloy
differ from the undeformed state and correlate with the degree of DIMT (fraction of bcc
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phase) (see Table). Thus, comparison of the two structural research methods confirms
the effect of DIMT on the mechanical properties of MEA C0175Cr125FessNiygMos.

Dependence of the dynamic Young's modulus of the deformed Mo5 alloy on the
deformation temperature and the conversion rate of partial fcc —bcc DIMT

Deformation Part of the Part of the Youna's dvnamic module. GPa
temperature, K | bcc phase, % | hcp phase, % gsay ’
235 (4.2 K); 232 (80 K);
undeformed 0 0 215 (280 K)
4.2 68.8 0.5 238 (80 K); 220 (280 K)
2.1 80.3 6.3 239 (80 K); 221 (280 K)
0.5 87.7 3.5 240 (80 K); 222 (280 K)
77 98.2 0.5 241 (80 K); 223 (280 K)
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J1o HenaBHETO BPEMEHH €IMHCTBEHHBIM PEAIbHBIM CIIOCOOOM KPHOAe)OpPMUPOBAHUS
3aroTOBOK M3 YHCTBIX METAUIOB M CIUIABOB IMPAKTHYECKH 3HAYUMBIX Pa3MEpPOB IPHU
BCECTOPOHHEM C)KaTUH ObUTa HU3KOTEMIIepaTypHas KBa3UTHIPOIKCTPY3Hs, Ha3bIBacMast
st yrpouienus 6apokpuoaeopmupoBanuem (BKJ) [1]. SBnsromeecs ¢aktudecku
HU3KOTEMIIEPATypHBIM aHAIOTOM THIPOIKCTpy3un BK]l xapakTepuszoBasioch TeM ke
HA0OpOM KaK IOJIOKUTEIbHBIX, TAK M OTPHIIATEIILHBIX KauecTB. B umcie mociemHux
HAJ0 Ha3BaThb TO OOCTOSTENLCTBO, YTO MPHU TOM BHUAC ACPOPMUPOBAHUS HEMHHYEMO
UMeeT MECTO M3MEeHEeHHe (POpMBI 3aroTOBKH: 4eM Ooiblie aedopmanus, TeM OOJbIie
YMEHBIIAETCS B CEYCHUU U YIUTHHSCTCS JIeopMHUpyeMas 3ar0TOBKa.

Eme Bo BTOpO# MOJOBHHE MPOILIOro BeKa ObLI pa3paboTaH 3P PEeKTHBHBIA METO
00paboOTKM METAIIOB, MO3BOJISFOIINAN CYIIECTBEHHO M3MEIBYHTh 3€PCHHYIO CTPYKTYPY
Y TOBBICUThH €0 3KCIUTyaTallHOHHBIC XaPAKTECPUCTUKH TIPU TIOYTH MOJIHOM COXPaHCHHUH
NEpBOHAYAILHOW  (OPMBI W Pa3MEpPOB  3aroTOBKH. OJTO METOJA  «OCaJKa —
BBIJIaBJIMBaHUE», HA3bIBAEMBI €IIe pa3HOHamnpaBieHHON aedopmanuerr [2]. Ho
OCYIIECTBIISUICSI OH, KaK MPaBUJIO, TIPH IMOBBIIMICHHBIX TEMIIEpaTypax, 4TO MO3BOJISIIO
UCIIOJTb30BaTh OOBIYHOE BBIIABIIMBAHUC U OCAJIKY.

Kak wu3BecTHO, TOHWXKEHHE TemmepaTypsl JaedhopMupoBaHus  OOJBIIMHCTBA
HCCIIEIOBAaHHBIX METAJJIOB U CIUIABOB B KPHOTEHHYIO O00JacTh TPHUBOJUT K
CYIIECTBEHHOMY H3MEIIbYCHUI0 HX MHKPOCTPYKTYPHI W TIOBBIINICHUIO MPOYHOCTHBIX
xapaktepuctuk [1]. [ToaToMy mpencTaBisio WHTEPEC PEaTn30BaTh METON OCATKH—
BBIIABITMBAHUS MPU HU3KUX (KPUOTEHHBIX) TeMIieparypax. Takue SKCIepuMeHThl ObLIH
NPOBEJICHbl Ha BBICOKOIHTPONUHHOM CIUiaBe 3KBHaToMHOTo coctaBa COCrFeMnNi
(crutaB KanTopa), OT/IMYAIOMIEMCS BBICOKOW TJIACTUYHOCTBIO TP KPUOTEHHBIX
TEMIIEpaTypax, NpPHYEM BBUIABIIMBAHUE OCYHIECTBIUIOCH HU3KOTEMIIEPATYPHOMR
KBa3UTHJIPOIKCTPY3HEH, a Ocajlka TPaTUuIIMOHHBIM 00pa3oM. bplna mokazaHa BBICOKas
3 PEKTUBHOCTh TaKOH KOMOMHMPOBAHHOW 0OpaOOTKM, MO3BOJMBIIEH 33 HECKOJIBKO
[IaroB TMPAKTUYECKH BTPOE VIPOYHHUTH MaTepHall MPUIOKCHHEM OTHOCHTEIHHO
HEBBICOKHMX Pa30BBIX yCWIMHA. HO MONBITKH MOBTOPUTH 3TO HA METaNIaX ¢ HEBBICOKOU
TUTACTUYHOCTHIO HE YBEHUYAIHCh YCIIEXOM, TaK KaK MpPU MPOBEIECHUH OCAJKU MaTepHal
pactpeckuBancs. VICKIIOUUTh 3TO MOTJIO TOJBKO MPHJIOKEHHE BO BpeMs MPOBEICHUS
OCajJIKl CHJI BCECTOPOHHETO CXaTusi K nedopMmupyeMomy oObekTy. UM peanmzanuio
TaKOTO IMPOIECCa YAIOCHh OCYIIECTBHUTD.

Bru1o pa3paboTraHo yCTpOHCTBO, MO3BOJISIONIEE TPOBOAUTH OCAJIKY C MPUIOKEHHEM
BCECTOPOHHETO CXKaTHS K JehopMUPYyEeMOMY OOBEKTY Kak MpU KOMHATHOU, TaK U TMPH
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KpUOTeHHBIX TeMmriepaTypax. Cpenoil, mepenaromield [1aBlIEHHUE HAa HWCHBITHIBAIOIINI
0CaKy OOBEKT, CIYXKHUT, Kak U B cinydae BKJl, mamuii. B mpeamaraemom mokiazie
OyIyT TIpPEACTABJICHBI KaK MPHUHIUI JEHCTBHS YCTPONCTBA, TaK M PE3YNIbTaThl €r0
MPUMEHEHHUS K Kpro1e(OpMUPOBAHUIO METAUIOB ¢ HU3KOM TNIACTUYHOCTBIO.
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MPUMEHEHMUE B JUHEHHOM YCKOPUTEJE MPOTOHOB
HEMCIIAPSIEMOI'O TETTEPA Zr(86)-Al(14),
PA3SMELLEHHOT'O BHYTPU KAMEPHI
IJIABMEHHO-MOHHOI'O UHXKEKTOPA TIPOTOHOB
JUIS1 EE JOMOJHUTEJABHOM OTKAYKH
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[IpumeHeHrne B JIMHEHHOM YyCKOpUTENe NPOTOHOB [l] HeucmapsieMoro rerrepa
Zr(86)—Al(14), pa3sMelIeHHOI0O B Kamepe IUIa3MEHHO-HOHHOTO HH)KEKTOpa IPOTOHOB
JUIsL €€ JONOJHUTEIbHOW OTKA4KH, IMO3BOJISET CYLIECTBEHHO YIY4YIIUTh pabouune
XapaKTEePUCTUKN HMHXKEKTOpa. A 3TO JaeT BO3MOYKHOCTH DACHIMPUTh INPUMEHEHUE
YCKOpHTEJSI KaK B 00JIaCTSIX HAYYHBIX UCCIEIOBAaHUM, TaK U MPUKIIAJAHBIX IPUMEHEHUAX
[2, 3].

Hcnonp3yeMblii B TAaHHOM HCCIICIOBAaHUU Hewcnapsiemblii rerrep Zr(86)-Al(14),
U3BECTHBIN Takxke noj HazBaHueM St(101), crocoOeH npu omnpeneneHHbIX YCIOBHUSX
MOTJIONIATh HEOOpaTHMO XUMHUYECKH akTHBHBIC razbl: Oz, Nz, CO, CO,, mapsl BOAbI,
yraeBogopoast — CHy, CoHy, CoHa. .., ux dparmentsr: CH, CH,, CHs..., a o6patumo —
BOJIOPOJI M €r0 U30TOIIbI.

B paboTe mpoBeneHbl U3MEPEHUsT CKOPOCTEH OTKAYKH BOJOPOJA M a30Ta B Kamepe
IUIa3MEHHO-MOHHOTO ~ MHJ)KEKTOpa HPOTOHOB, C  Ppa3MEUICHHbIM BHYTpU Hee
HencnapsieMbiM TrertepoMm  Zr(86)—-Al(14). M3mepenus npoBeneHbl B HMHTEpBaje
temneparyp 473...1300 K u naBnenuii ot 13 10 ~ 107 Ila.

B kauectBe 00pasunoB A MCCIENOBAaHUM HCIONB30BAIMCh YACTHUKH TeTTepa,
U3BJIEKaeMble U3 Pa3IpOOJECHHBIX CIUTKOB, MOJIYYEHHBIX CIUIABICHHEM HOAMIHOTO
nupkoHuss U amoMuHus (99,998 %). B kamepe uHXKEKTOpa OHM pacrojiaraiuch
II0JIO’KEHHOM Ha U30JISITOPBI JIEHTE, U3TOTOBIIEHHON 13 Heprkaseromen ctanu X18H10T.

PesynbraThl M3MepeHHi CcKopocTed oTkKauku Bojopoaa (Sy) u asora (Sy),
NOJy4YeHHble B JaHHOM paboTe MpH pacHojOKEHWU TeTTepa BHYTPU Kamephl
MHXKEKTOpa, IMOKa3aHbl Ha puc. 1, 2 mpu JAaBI€HUU B HeH 102 u ~10°Ta -
COOTBETCTBEHHO.
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Sw (W) u Sn (¢) npu oasnenuu 107 Ila Sh (W) u Sx (¢) npu oasrenuu 10° Ia
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YcTaHoBIIEHBI HAHOOJBIINE CKOPOCTH OTKauku Bomoponaa ((283 + 15) a/c) u aszora
((133 £ 15) xi/c), nocturaembie B uHTEpBasie temmeparyp 525...575 K u npu paBneHun
~10° ITa.

[TokazaHo, 4TO MpeaoKeHHBIA Hencnapsiemblid rerrep Zr(86)—Al(14) obecnieunBaet
HeoOxoauMoe pabodee JaBICHHE B KamMepe IUIa3MEHHO-MOHHOTO —HMHXEKTOpa
JMHEWHOTO YCKOPHUTENS TPOTOHOB M MUHUMAJIbHYIO KOHIICHTPAILIMIO BOJOPOa, a30Ta U
JPYTUX OCTaTOYHBIX Ta30B.
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OCOBEHHOCTH CTPYKTYPbI MOHOKPUCTAJLJIOB
COJTHEYHOI'O KPEMHUSA, TIPUMEHAEMOI'O
B HETPAAUIIMOHHOU SHEPI'ETUKE
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Pa3zButue MUPOBOM SHEPreTUKH OINpeNeNseTcsl SHEepPreTMYecCKUM olOecreueHueM
CTpaHbl — 0a30BBIM (PakTOpOM Oe30macHOCTH U Oaromnoyyus crpansl. [lepcrnekTuBHON
OCHOBOHM aJbTEPHATUBHBIX HCTOYHUKOB SHEPIUU SBISAETCS IPEBPALCHUE SHEPrUU
COJTHEYHOTO M3JIy4EHUS B JJIEKTPHUECKYI0 C TIOMOIIBIO TOIYIPOBOJHHKOBBIX
marepuanoB [1]. [lossi pa3nuuHbIX BHIOB dHEPruH B o0IeM OanaHce MpeCcTaBicHA B
JIOKJIaZIe.

AKTyanbHOH sBIIsieTCs po0sieMa CO3aHus COJIHEUHBIX OaTapeil Ha OCHOBE ILIUPOKO
pacmpoCcTpaHEHHOTO B TMPHUPOJAE KPEMHHS — HENPSIMO30HHOTO IOJYIPOBOJHHKA C
mupuHOU 3arnpenieHHoi 30861 (300 K) ~ 1,1 3B, 9To MeHbIIIe ONTUMAIBLHOTO 3HAYCHUS
1,3...1,53B, oOycnopmuBas KIIJI <29%. HeobxoauMoCTh HWCIOJIB30BaHUS
BBICOKOYHMCTBIX MAaTPUYHBIX MOJYIPOBOJIHUKOB O0YCIIOBJIEHA 3HAYUTEIbHBIM BIUSHUEM
MajblX KOHLEHTpPaUUd JIETUPYIOIIUX IPUMECEH Ha JSJIEKTPOXMMHYECKHE CBOWMCTBA
CO3/1aBaeMOro mMarepuaia. AHaJIN3 JUTEPATYpHBIX JAHHBIX YKa3bIBAaeT Ha JAETPafalllio
cBOicTB conHeuHbix Oartapeil (CB), KOTOpble ONPENENsIOTCsl CTPYKTYpPOM, YMCTOTOM,
COCTaBOM KOMIIOHEHTOB, KOHILIEHTpalUel TOYEYHbIX M JIMHEHHBIX Je(PEeKTOB, HX
pacopeneneHueM 1o oobeMy Mmartepuana u T.I1. MccienoBaHue TakuxX HEIOCTATOYHO
U3y4eHHBIX CBOMCTB MarepuanaoB Cb paccMOTpeHO B 1TaHHOM COOOIIEHUH.

Jnsa coznanus snemeHToB CBb mnpuMEHSAIOTCS pas3inyHble (PU3MKO-XUMUYECKUE
TEXHOJIOTUM — IUJICHOYHble, MOHHO-IJIa3MEHHblE M T.NI. B J1aHHOM ucclienoBaHUM
nokazana 3(QQGEKTUBHOCTh NMPHUMEHEHUS MOHOKPHUCTAJUIOB KPEMHHUS, JIETHUPOBAHHBIX
aKUENTOPHBIMU M JOHOPHBIMHU TNPUMECSMH, CO3/1aBAEMbIX IYTEM KOHTPOJIUPYEMBIX
¢dazoBbIx npeBpamieHuil. HeoOxoauMocTh co3gaHusi MOHOKPUCTAINTMYECKUX 00pa3IoB
00ycJIOBJI€Ha TeM, YTO I'PAaHUIIBI 3€peH CO3AAI0T JAONOJIHUTENbHbIE Ae(EKTHbIE YPOBHU
B 3alPEUICHHON 30HE IOJIYIIPOBOJHUKA, SBISSICH JOKAJTHHBIMH LEHTPAMH C BBICOKOW
CKOPOCTBIO PpEKOMOMHAIMM, 4YTO TMPHUBOAMT K YMEHBUICHHIO BpPEMEHHM >KHU3HU
HEOCHOBHBIX HOCHUTEIEM TOKa (3JIEKTPOHOB, [IbIpoK). HeoOxonumel Marepuansl
COJIHEYHBIX JJIEMEHTOB C pa3MepoM 3€pHa KaK MUHHUMYM IIPUMEPHO HECKOJIBKO
MHJUTMMETPOB, 1mo3ToMy amopdusiii Si He 3ddextuBen mias Cb. Ompeneneno, 4to
pasMep OJHOrO 3epHa JOJKEH OBbITh OOJIbIlle TOJIIMHBI COJHEYHOIO 3JIeMEHTa
(100 MKM), Y9TO YMEHBIIAET CONMPOTHBICHHWE HOCUTENel Toka. [IpoBeneH aHamu3
HHEPreTUYECKOM CXeMbl IMOJYNPOBOJHMUKOB Ha OCHOBE ypaBHeHus: Pepmu-Jlupaka u
W3MEHEHUS TTOJIOXKEHUsT ypoBHSI DepMmu B miporiecce JierupoBanus 6opom u pochopom.

Copnepxanune npumeceir 6opa B kpemuuu 0,3 ppm, docdopa 0,2 ppm, npuBeaeHbI
JAHHBIE O pAcTBOPUMOCTH TIpUMECEi B KPEMHHUH, PacCMOTPEHBI Iu(Qy3nOHHBIC
napamMeTpsl MOHOKpUCTa/UIOB. OrmpeneneH MPUMECHBIH COCTaB MOHOKPHCTAIJIOB
KpEMHH N ¥ P-TUNOB C yaenbHbIM conpotusiieHneM ot 0,01 1o 200 Om-cm. ITokazano,
YTO MPH HANPABICHHOM KpHUCTaJIM3allMK HaOIIONAeTCSd HE3HAUMTENIbHAs OYMCTKA OT
npumeceit B, As, P, Ge, ciabee ot kuciopoza. [Tokazana HeOOXOMMOCTh YMEHBIIICHHS
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yHucia TpadUTOBBIX Y3JI0B B POCTOBOM YCTAaHOBKE JUISI YMEHBIICHUS COAEpPHKAHUS
yriaepojaa, BEIOOpa MaTepuala THTIIS B aTMOCQEpHI TIAaBKH (Teluid, BAKyyM).

[IpuBenensl 3HaueHUS (PPEKTUBHBIX KOIPOUIIMEHTOB paclpeeicHUs] MPUMECEH,
ompeneneHo coxepxanue yriuepoga ~ 5-10'°...6:10' oM™, momopHoii mpumecu asora
~10% CM'3, KHCIIOPOJIa 2:10%...2-10'° CM'3, a Tak)Ke IPOBEJICH JCTAIBHBIA aHAINU3
BIUSHUSL TPUMECE Ha JIEKTPOPU3MUECKHUE CBOWCTBA MOHOKPHCTAIUIOB KPEMHUSL.
Oco0oe BHUMaHUE YJEIEeHO MOIYYCHHIO MaJlOIUCIOKAIIMOHHBIX KPUCTAIOB KPEMHHSI,
KOTOPBIC CO3JAIOT yNPYyrue HANPSOKEHUS B ajMa3HOW pEHIeTKe KPEeMHHS, MPUBOIS K
neOpPMUPOBAHUIO SHEPreTUYEeCKHEe 30HBbI, U OOYCIOBIMBAIOT Je()EKTHbIE YPOBHH B
3alpelleHHON 30HE TOJyNnpoBOJAHUKA. OrmnpeneneHo, 4YTO HU3MEHEHUE IIUPHUHbI
3alpenieHHON 30HbI B JISTHPOBAHHBIX MOHOKpHCTaiuiax cocrasisieT 0,3...0,4 5B.

PaccMoTpenbl MexaHM3M BO3HUKHOBEHUS JUCIOKANMA W WX aQHHUTWJISIUN B
pacTymeMm  Kpucrajmyie, BIMSHHE  TEMIIEPaTypHOrO  TpajUeHTa,  CKOPOCTH
KpUCTAJUTM3ALUU. Y CTAHOBJIEHO, YTO PACIPOCTPAHCHHE AHMCIOKALMU B PACTYIIUI
KPUCTAJIJI MIPOUCXOTUT OT MOBEPXHOCTHBIX A€(PEKTOB, HECOBEPILIEHHOW AMUTAKIUN OT
3aTpaBKd u T.1. OMNpeneneHo, YTo ¢ YBEIWYEHUEM YIJla MEXIY IUIOCKOCTHIO
HAUMEHBIIIETO CKOJBKEHHMS M HaMpaBJIIEHHEM pPOCTa JUCIOKAIlMM BBIXOIAT Ha
MOBEPXHOCTh KpHCTAUIa M HE TMEpeceKkaloT TrpaHuiy pasgena ¢a3. Iloatomy
MOHOKPHCTAJIbl KPEMHHUSI C PEHIETKOM anmasa, BbIpociive B HampaieHusx [100] u
[111], sBustoTcst ©OoJee  COBEPIICHHBIMU (fdz 1072 CM'Z), MOHOKPHUCTAJIBl  C
HarpaBieHueM pocta [110] u [112] pg ~ 10* em™. OO6HapyKeH pa3IHyYHBbIi MEXaHU3M
JBYKCHHUS M YCTPAHCHHS] KPAaeBBIX W BUHTOBBIX JUCIOKANWNA. YYacTKaM KpPaeBBIX
JUCIOKalui, napajuienbHbIX BekTopy broprepca [111], sHepreTmuyecku BbIroHEE
MEPEMECTUTHCS B TUIOCKOCTh CKOJIBKCHHSI U TUCCONMUPOBaTh. [Ipn Hammunu nedexTos
CTPYKTYpHI (cyOrpanuiibl) HaOII0JaeTCs TOPMOKEHHUE JABMKEHUS KPAaeBOM AUCIOKAIUH.
BunTOBBIC AUCIOKAIIMN YACPKUBAIOTCS MapajlIeIbHO CBOEH OCH M MPHU JIOCTATOUYHOM
MEPECHIIEHNN PACTYIIEr0 KpUCTaJla BaKaHCUSMHU OOpa3yloT TreluKOuAbl. Takum
00pa3oM, Ha JIBWIKEHUE ITUCIIOKAIUN BIUSET UX CTPYKTypa — BUHTOBAs JUCIIOKAIIUS,
KOTOpasi MpEeJCTaBIsAeT IUIOTHO CXKATble CIUpAld, 3aTPYAHSIONINE pa3pblB CBSA3EH B
KpUCTAJUIC, U ABJISIETCS] HCTOYHUKOM T'€KCarOHOB.

YcTaHOBIIEHO BIUSHUE NUCIOKAIMA HA MPOIECCHl pACCEMBAHUSA U PEKOMOMHAIIMIO
MOJABUKHBIX HOCUTENECH Toka. BhI3BaHHOE IUCIOKAIUSMU pPACCEMBAHHE YMEHBIIACT
MOJIBIKHOCTh HOCHUTEJEH TOKa. YCTAaHOBIEHO YTO TpU OOBIUHBIX TUIOTHOCTSIX
macnokamuit  (10%...10° cm®)  Habmomaercss  HE3HAUYMTENBHOE  YMEHBIICHHE
noaBwkHoctu (300 K). bonee cyliecTBEHHO IUCIOKAllMU BIUSIOT Ha MPOIECCHI
pEeKOMOMHAIIMK U, CJIEJOBATENbHO, BPEeMs JKM3HHU HEPABHOBECHBIX HOCHUTENEH TOKa.
Takum oOpa3zoM, TOJYYEHHE JIETUPOBAHHBIX MOHOKPHUCTAJUIOB KPEMHUSI U JIPYTUX
MOJYTIPOBOJHUKOBBIX MAaT€PUANIOB C MHUHUMAIBHOW TMJIOTHOCTHIO JUCIOKAalUN (B
npezene 0e3 TUCIOKaIUi) SABJISIETCS aKTyalbHOM 3a/1auell B TEXHOJIOTHH BhIPAIIUBAHUS
MOJYIPOBOJHUKOBEIX d1MeMeHToB Cb u ux 0ojiee MIMPOKOro MPaKTHYECKOTO
IPUMCHCHHS.
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