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lonoeu: M.O. A3apeHkoe
B.C. KpacHopyubkuli

NNEHAPHE 3ACIOAHHA
BIAKPUTTA KOH®EPEHLII, 3ArAJIbHI MUTAHHA

BcTtynHe cnoBo
M.O. Azaperkos (HHL| X®TI HAH YkpaiHu, Xapkie, YkpaiHa)

flaepHMi NaNMBHUNA LUK Y CTPYKTYPi aTOMHOI eHepreTukn YKpaiHu
B.C. KpacHopyubkut (HTK AL HHL X®TI HAH Ykpaidu, Xapkis, YkpaiHa)

3ACIOAHHSA CEKUIT A:
®I3NKA PALIALINMHUX ABULL Y METAJAX | CMIJTABAX

€BponencbKka cTpaTeria y ranysi matepianiB gnsa cranoi si4epHOi eHepreTuku.
Po3pobneHHA Ta yaoCKOHaneHHA pagiauinHO CTINKMX KOHCTPYKUiINHUX maTepianiB y
HHL XTI

M.O. AzapeHkos, I" L. Toncmonyubka (HHL X®TI HAH YkpaiHu, Xapkie, YkpaiHa)

Actual problems of nuclear power engineering and the search for solutions. NBW
reactor

S.P. Fomin?, M.S. Malovytsia®? (*NSC KIPT NAS of Ukraine, Kharkiv, Ukraine;

2V.N. Karazin Kharkiv National University, Kharkiv, Ukraine)

Simulation of primary damage and swelling of fission reactor core internals
M. Lazarev, A. Kalchenko (NSC KIPT NAS of Ukraine, Kharkiv, Ukraine)

Study of the effect of swelling, irradiation-thermal creep, hydrogen embrittlement
on the deformed state of WWER internals

D. Breslavsky'?, P. Palamarchuk®, O. Tatarinova®, G. Tolstolutska®, S. Karpov®

and H. Altenbach? (*National Technical University “Kharkiv Polytechnic Institute”, Ukraine;
Otto von Guericke University, Magdeburg, Germany; 3NSC KIPT NAS of Ukraine,
Kharkiv, Ukraine)

Ocob6nuBocTi B3aemogii Nnasmu 3 NOBEpPXHEH NMPU eKCTpeMaribHUX eHepreTUu4HUxX
NNasmMoBUX HaBaHTaXXEHHsX

B.O. Maxnau', I.€. lapkywa', C.C. lepaweHrko', F0.B. lempos*, [1.B. Eniceeg’,
C.B. Manuxi?, C. B. Cyposuubkui?, M.B. Kynuk', [1.5. lllesyyk', F.€. Bonkosa",
C.I. Jle6edes", O.J1. Konomoncukuil* (*HHL X®TI HAH YkpaiHu, Xapkie, YkpaiHa;

2HTY «XapkiscbKull monimexHiyHuti iHcmumymby, Xapkie, YkpaiHa)

NEPEPBA



23 BepecHs, MOHEAQINOK 14%° — 17%°

ronoeu: B.C.Jlumog4yeHKo

. M.M. MNMununeHko
3ACIOAHHA CEKLUII B:

KOHCTPYKUINHI TA NANTUBHI MATEPIAIIM PEAKTOPIB HA TEMNOBUX

HEMTPOHAX
1. ®di3nMYHi acnekTM NpPOrHo3lyBaHHA pagiauinHoOro pecypcy mMeTtany Kopnycy BOAO-
20 x8 BOASIHUX EHEPreTUYHUX peakTopiB
C. Kompeuko', I". 3imina* , O. 3auapHa®, K. Copoka®, B. Peska® (*IHcmumym
memariogpizuku im. I".B. Kypdromosa HAH YkpaiHu; 2IHcmumym s0epHux 00CioxeHb
HAH YkpaiHu, Kuie, YkpaiHa)
2. KoposinHa cTinkicTb 060/I0HOK NanMBHUX CTPUMXKHIB koMnaHii Westinghouse
20x8 B ymMoBax BoAHO-XiMmiyHoro pexumy BBEP-1000
B.A. 3ytok, PO. Pydb, M.B. Tpem’skos, 5.0. Kywmum, B.B. [pyOHUUbKUl
(HTK Aril HHL X®TI HAH Ykpaidu, Xapkis, YkpaiHa)
3. Zirconium for nuclear power plants
20x8  M.M. Pylypenko (NSC KIPT NAS of Ukraine, Kharkiv, Ukraine)
4, Phase field modeling of radiation induced precipitation in commercial Zirconium
20xs alloys
D.O. Kharchenko, V.0. Kharchenko, O.M. Shchokotova, V.V. Kupriienko,
O.B. Lysenko, S.V. Kokhan (Institute of Applied Physics NAS of Ukraine, Sumy,
Ukraine)
5. CniBicHyBaHHA MiXBYy3eNbHMX | BaKaHCIMHUX neTenb Yy MNPU3MaTUYHUX
20 xB  NAOWMHAaX LMPKOHII0
O.I" TpoueHko, A.B. babiy, [1.M. Ocmanyyk (IlHcmumym  enekmpoisuku i
padiauyitiHux mexHosoeait HAH Ykpainu, Xapkis, YkpaiHa)
6. Po3pobka reononimepHux MartepianiB gna iMMoOinisauil pagioakTMBHMX
20 x8 BipxoaiB
C. Caenko, €. Ceimnu4Hul, B. LLkyponameHko, I. Xonomeee (HHL| X®TI
HAH YkpaiHu, Xapkis, YkpaiHa)
7. y-weakening properties of aluminosilicate binders of analcimo-geylandite-
20 x8  mordenite composition
S. Guzii (State Institution "The Institute of Environmental Geochemistry"
NAS of Ukraine, Kyiv, Ukraine)
30 00
24 BepecHs, BIBTOPOK 9 -13

lonoeu: C.0. Kompeyko
B.O. Maxnau

3ACIOAHHA CEKUII C:

KOHCTPYKUIVHI MATEPIANWU ANA PEAKTOPIB HOBUX NMOKOMIHb,
PEAKTOPIB HA WBUOKUX HEUTPOHAX, TEPMOAOEPHUX YCTAHOBOK

1.
20 xB

TA MMP

Development and characterization of ODS austenitic steel and ODS HEA
1.V. Kolodiy, O.S. Kalchenko, M.A. Tikhonovsky, O.M. Velikodnyi (NSC KIPT NAS of
Ukraine, Kharkiv, Ukraine)



20 x&

20 xB

20 xB

20 xB

20 xB

Features of swelling behavior of 18Cr10NiTi and 18Cr10NiTi ODS steels under
heavy ion irradiation
A.S. Kalchenko, G.D. Tolstolutskaya (NSC KIPT NAS of Ukraine, Kharkiv, Ukraine)

MexaHi3M yTBOPEHHSA TPIiLWMH Y TeKCTYypOBaHMX BoNbthpammux 3paskax npu
ONpOMiHEeHHi BOAHEBOI N1a3Mol0 3 TEMNJIOBUMU HaBaHTaXXeHHAMU NoAioHUM

Ao ymoB ITEP

C.B. Cyposuuskuti’, C.B. ManuxiH*, I.€. Mapkywa?®, B.O. Maxnaif?,

J1.€. Konomoncbkuti*, T.5. KoHomonceka®, B.M. JTio6os", C.C. NepaweHKo?,

O.1. TMpka® (* HTY «Xapkiecbkutl nonimexHidHuti iHcmumymy; > HHL| X®TI HAH
YkpaiHu, Xapkis, Ykpaina; *Max-Planck-Institut fiir Plasmaphysik, Garching, Germany)

Byrneub-ByrneueBi KOMNO3uLUiHi MaTepianu AnA peakTopiB Ha WBUAKNX
HEeNTPOHaX, TePMOSAAEPHUX peaKTopiB, HOBITHIX AAePHUX YCTAaHOBOK

I.B. 'ypiH, B.B. Konocexko, O.M. Bykornos, O.B. MowmHik, C.I. Iypin (HHL X®TI
HAH YkpaiHu, Xapkig, YkpaiHa)

BukopuctaHHa ByrneueBux HaHOTPYOOK Ans CTBOPEHHA KOMMO3UTHUX
MaTepianiB 3 NigBULWEHOIO pagialinHOK CTiNKIiCTIO

B.I". Y0osuubkud, B.B. JlumeuHeHKo (IHcmumym eniekmpogi3uku i padiauitiHux
mexHonoait HAH YkpaiHu, Xapkie, YkpaiHa)

BnnuB TepmMoMexaHi4YHOI 0OPOOKM Ha MIKPOCTPYKTYpPY, MeXaHiuHi Ta pagiauinHi
BrnactusocTi ctani T91

[".KO. Pocmosa®, I.B. Konodii*, P.J1. BacuneHko®, O.C. KanbyeHko®,

M.A. TuxoHoscekuii’, I.[]. Toncmonyupbka', O.M. Benukodxui", B.C. Okosim',

M. Ceppano® (‘HHL| X®TI HAH YkpaiHu, Xapkis, Ykpaia; “Centro Investigaciones
Energéticas, Medioambientales y Tecnolégicas, Madrid, Spain)

TNEPEPBA

24 BepecHs, BIBTOPOK 14%° — 17%°

lNonoesu: B.A. binoyc
B.B. JlumeuHeHKO

3ACIOAHHSA CEKUII D:

®I3UKA PAOIALUINMHUX TA IOHHO-MNA3MOBUX TEXHOJOTN

1.
30 xB

20 xB

Synthesis, structure and protective properties of PVD MAX phase-based
coatings

A.S. Kuprin', E.N. Reshetnyak®, T.A. Prikhna?, V.Ya. Podhurska®, O.P. Ostash®,
V.A. Belous', M.A. Bortnitskaya®, V.B. Sverdun?, 1.0. Klimenko*

(*NSC KIPT NAS of Ukraine, Kharkiv, Ukraine; V. Bakul Institute for Superhard
Materials NAS of Ukraine, Kyiv, Ukraine; 3Karpenko Physico-Mechanical Institute
NAS of Ukraine, Lviv, Ukraine)

Structure and mechanical properties of VN and V-X-N coatings deposited
by cathodic arc evaporation

A.S. Kuprin', B. Warcholinski?, A. GilewicZ?, E.N. Reshetnyak®,
G.N. Tolmachova!, Yu.V. Kovtun', 1.0. Klimenko!, V.A. Belous®, I.V. Kolodiy",
R.L. Vasilenko' (NSC KIPT NAS of Ukraine, Kharkiv, Ukraine; 2Koszalin
University of Technology, Koszalin, Poland)

Erosion resistance of structural materials and protective coatings under
cavitation loads of various intensity- new concepts and methodologies

V. Safonov', J. Steller* (!NSC KIPT NAS of Ukraine, Kharkiv, Ukraine;
2Szewalski Institute of Fluid-Flow Machinery, PAS, Poland)



3. CTpykTypa Ta HanpyXeHMM CcTaH nNOKpuTTiB  Bonbdpam — Ti-Zr-Ni-
20 xB KBasikpucTtan Ha ctani EBpodep y BuxigHomy cTtaHi Ta nicrnsi onpomMiHeHHs
BOAHEBOIO NNa3moro
C.B. Manuxid', I.A. Konuneus®, B.B. KondpameHrko', C.B. Cyposuyskuti',
J1.€. KoHomoncekuti*, B.O. Maxnal?’, |.€. lapkywa?® C.C. lepaweHko® (*HTY
«XapkiecbKuli nMonimexHiYHUl iHeCmumymy; 2HHL| X®TI HAH YkpaiHu, Xapkis,
YKkpaiHa)
4, HocnimkeHHA npouecy OTPUMAaHHA  NOKPUTTIB  Kapbigy  LIMPKOHIO
20 xB efleKTpoayroBumM mMeToaom
6.M. lWlupokos, [.I". ManuxiH, O.FO. XKypaensos, C.B. CmpuzyHoecbKul,
B.I. PadueHko (HHL X®TI HAH YkpaiHu, Xapkie, YkpaiHa)
5. 3axucT Kapo- Ta KOPO3iMHO-CTINKUMM NOKPUTTSAAMU BUPOOGIB CKnagHoi
20 xB KOHdpirypauii 3i cxoBaHUMU BHYTPILLHIMU NOPOXHUHAMM
C.0O. Kpoxmarnb (HHL X®TI HAH YkpaiHu, Xapkie, YkpaiHa)
6. MiaBULEHHA AKOCTI BUXiQHOI CTPYKTYpPUY 3BapHUX POTOpPIB NnapoBuXx TypoOiH
20xB AEC
B.B. [imumpuk, CuHb Jled, |.B. KacbsiHeHko (HTY «Xapkiecbkuli rnonimexHiyHul
iHcmumymy, Xapkis, YkpaiHa)
25 BepecHsi, CEPE[IA 930 _ 13%

lNonosu: B.KO. Cmopixko
B.B. JleseHeub

3ACIOAHHA CEKUIT E:

METOOONOrA ONPOMIHEHHA TA TEXHIKA EKCMEPUMEHTY

1.
20 xB

2.
20 xB

3.
20 xB

4,
20 xB

5.
20 xB

20 xB

Experimental setup for ion beam radiation studies of reactor materials
V.A. Baturin, P.O. Litvinov, O.Yu. Karpenko, S.O. Yeromin, O.YU. Roenko (Institute
of Applied Physics NAS of Ukraine, Sumy, Ukraine)

Radiation enhanced crystallization of amorphous laser condensates of hafnia
and zirconia

A.G. Bagmut (National Technical University “Kharkiv Polytechnic Institute”, Kharkiv,
Ukraine)

Carbon sorbents for iodine filters of NPP ventilation systems and methods of
determining their characteristics. Review of researches at NSC KIPT

V.l. Sokolenko, V.V. Levenets, I.V. Gurin (NSC KIPT NAS of Ukraine, Kharkiv,
Ukraine)

Research of the control rods of the nuclear reactor protection system
A. Belash, V. Levenets, O. Omelnik, O. Lonin, A. Shchur (NSC KIPT NAS
of Ukraine, Kharkiv, Ukraine)

Detectors of ionizing radiation for new generation reactors

A. Pudov, A. Rybka, S. Sokolov, V. Kutny, L. Davydov, A. Abyzov,

A. Zakharchenko, L. Pirozhenko, E. Bogdan, A. Ulybkin, K. Kovtun, A. Kosinov
(NSC KIPT NAS of Ukraine, Kharkiv, Ukraine)

Ocob6nuBocTi AoCniAKeHHA BNacTUBOCTEN 6araToBMMipHUX BYrneLb-
ByrneueBMX KOMNO3ULIMHMX MaTepanis
1.B. I'ypiH, O.B. MowHik, C.I. lypiH, KO.B. Iytda (HHL X®TI HAH Ykpai+u, Xapkis,
YkpaiHa)

MNMEPEPBA
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lonoeu: M.O. A3apeHkos
O.B. NodyH

CTEHQOOBI gonosial:

Bnnue po3mipy 3epHa Ha MexaHiuHi BnacTMBOCTi ctanen ¢peputHoro

Ta ayCTeHIiTHOro KnaciB y po3nnaBi CBMHLIO 3a NiABULLEHUX TemnepaTtyp

I. Kyxap, C. Jlagpucbk (®i3uko-mexaHidHut iHcmumym im. I.B. KaprneHka HAH YkpaiHu,
Jlbeis, YkpaiHa)

BnnuB pobounx UYMHHMKIB Ta CTPYKTypu MeTany Ha AedeKToyTBOpPeHHS
TEensI000MiHHMX NOBEPXOHb OCHOBHOTIO ycTaTkyBaHHA AEC
€.0. KpatiHrwok, C.B. Noxerko (HHLU X®TI HAH YkpaiHu, Xapkie, YkpaiHa)

Hardening of new alloys with FCC and BCC structures
S.0. Karpov, G.D. Tolstoluts’ka, M.A. Tykhonovs’kyi, V.K. Karpach (NSC KIPT NAS
of Ukraine, Kharkiv, Ukraine)

PapiaudinHa cTiMkicTb Kapbigy KpemHilo 3 fogaBaHHAM XpPOMYy SIK MaTepiany
KOHTeHepa ANA reosioriyHoro 3aXOpoOHEeHHA pafioakTMBHUX BigxoaiB

C. CaeHko, K. Jlobay, I. Konodit, O. lNununexko (HHL X®TI HAH Ykpai+u, Xapkis,
Ykpai+Ha)

MopentoBaHHA pafiauinHo-iHAYKOBaHOI cerperadii B KOHLEHTPOBaHUX MeTaneBux
cnnaBax Fe-9Cr ta Fe-20Cr-8Ni

PB. Ckopoxod, O.B. Koporioe (IHcmumym ripuknadHoi ¢pisuku HAH YkpaiHu, Cymu,
Ykpai+a)

MeToamnka onpomMiHeHHSI MOBEpPXHi TBEPAOro Tifla NOTY>KHMMM NOTOKaMM 3apsaaKeHnX
YaCTUHOK, npucxopeHux y noaBinHOMY |.uap| o6’eMHoOro 3ap;|,qy

5.0. peyka', I.M. Cepeda’, M.O. Asaperkos®, C.B. Jlumosyerko, [1.0. KazaHoschKul™
(1Xap/<130b/<uu HaujoHasibHUU yHieepcumem im. B.H. KapasiHa; 2HauIOHaﬂbHuu Haykosul
ueHmp «Xapkiecbkul ¢bisuko-mexHidHut iHcmumymy HAH YkpaiHu, Xapkise, YkpaiHa)

3AKPUTTA KOHOEPEHLIT

CyyacHi TpeHAu po3BUTKY aTOMHOI reHepauii. OuiHka iHBecTULiMHOT npuBabnuBoCTi
Manux MoaynbHUX peakTopiB Npu 3pocTaloyin YacTui BiAHOBNIOBaNbHUX mKXepen
eHeprii

O. I'odyH (@inia Bl «Haykoeo-mexHiyHut ueHmp» AT «HAEK «EHepeoamom», Kuis,
YkpaiHa)

JonoBsigi roniB cekuin

3ATrAllbHA OUCKYCIA
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General problems
3araabHi npodaeMun

SIIEPHUI ITAJIMBHUM LIUKJT Y CTPYKTYPI ATOMHOI EHEPTETHUKU
YKPAIHU
B.C. KPACHOPYIIBKHIM. . .. vt tenttttaittteie e et e e e e e e e e e e e e e enaeeenns

CYYACHI TPEHJI PO3BUTKY ATOMHOI TEHEPALIIL. OLIIHKA
IHBECTULIMHOI ITPUBABJIMBOCTI MAJIMX MOJIYJIbHUX PEAKTOPIB
[TPU 3POCTAIOUIN YACTLII BIJTHOBJIIOBAJILHUX JPKEPEJT EHEPI'IT

Session [A]
Physics of radiation phenomena in metals and alloys
®Dizuka pagiagiiHUX IBMI Y MeTaJIaX Ta CIJIaBax

€BPOIIEMCBKA CTPATEI'SI 'V TAJIV3I MATEPIAJIIB JUISL CTAJIOI
SAEPHOIL  EHEPT'ETHMKHW.PO3POBJIEHHAA TA YAIOCKOHAJIEHHA
PAITAIIIMHO CTIMKNUX KOHCTPYKIIMHUX MATEPIAJIIB ¥V HHI[ X®TI
M.O. A3apeHKOB, I'.JI. TOMCTOMYIIBKA .. .euvitiitt it

ACTUAL PROBLEMS OF NUCLEAR POWER ENGINEERING
AND THE SEARCH FOR SOLUTIONS. NBW REACTOR
S.P. Fomin, M.S. MaloVytsia. . ....o.ouuiuiiuiititiii i

SIMULATION OF PRIMARY DAMAGE AND SWELLING OF FISSION
REACTOR CORE INTERNALS
M. Lazarev and A. Kalchenko. .....cooooimrnnie e e,

STUDY OF THE EFFECT OF SWELLING, IRRADIATION-THERMAL CREEP,
HYDROGEN EMBRITTLEMENT ON THE DEFORMED STATE OF WWER
INTERNALS

D. Breslavsky, P. Palamarchuk, O. Tatarinova, G. Tolstolutska, S. Karpov,

and H. Altenbach....... ...

OCOBJIMBOCTI B3AEMO/II ITJIA3MU 3 ITIOBEPXHEIO ITPU
EKCTPEMAJIbBHUX EHEPTETUYHUX ITJIASMOBUX HABAHTAXEHHSIX
B.O. Maxmnait, 1.€. I'apkyma, C.C. I'epamenxo, FO.B. Iletpos, /I.B. Emicees,

C.B. Manuxin, C.B. CypoBunbkuii, M.B. Kynuk, I[1.b. lleBuyk, }O.€. Bonkoga,
C.1. JIebenen, O.JI. KOHOTOIICKHM. .. ... .uuueteettieie et

CRYSTALLOGRAPHY AND MORPHOLOGY OF TiC PRECIPITATES
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General problems
3azanbHi npobaemu

SIJIEPHUM TAJIUBHUM ITUKJI Y CTPYKTYPI ATOMHO{
EHEPTETUKH YKPATHA
B.C. Kpacnopyuvkuii
Hayxoeo-mexniunuii komniekc «0epruil naiusHuil Yukiy
Hayionanvnoeo nayxkoeozo yenmpy «Xapriecokuil (isuko-mexHiuHutl iHCmumympy,
Xapxis, Yxpaina

Exonomika aromHoi enepretuku (AE) BuU3HaYa€eThCs TONOBHUM YHMHOM
C€KOHOMIYHUMU MOKa3HUKAMHU sijiepHOoro nanusHoro mukiy (A1), B mepiry yepry
BapTICTIO CBIXKOTO s/IepHOro manuBa (moyarkosa crajis AIILY).

VY 10omoBiAl CTUCIO BUKJIAJAEHO CBITOBHM JOCBIJ cTBOpeHHs BapianTiB AIILL 3
peakTopaMH pi3HOTO TUNY 1 mpu3HadeHHs. llokazaHo, 1m0 Ha eTami MacoBOTO
OCBOEHHSI aTOMHOI eHepreTuku npeBamoe Binkputuit Al 3 Biaknanenum
pimeHHsiM. Pa3oM 3 TuM TpuBae BiamnpaiioBaHHs BapiaHTiB 3amkHeHoro SIIII,
HaWMpUBAOMUBIIIMM 3 SIKUX € BaplaHT 3aCTOCYBaHHS IIBHJIKOTO peakTtopa 3
JOTNATIOBAaHHSM JOBTOICHYIOUMX aKTUHIIB, 110 YTBOPWIKCS B SIEPHOMY HaJIUBI B
IPOLIEC] MOMEPEAHBOIO HUKIY poOOTH B peaktopi. [Ipyu oMy KOpUCHI TPOAYKTH
(ypaH, TUIyTOHII) TakOX BUKOPHUCTOBYIOTH NMPH BUTOTOBJICHHI CBIKOTO SICPHOTO
najvBa, a paaioaKTUBHI MUIAKH, M0 3aJTUITHINCS, 3aXOPOHIOIOTh.

Ieit BapiaHT o3Ha4yae PyHKIIOHYBAHHS HANO1IBII YMCTOI aTOMHOI €HEPTreTUKU
32 BIUIMBOM Ha €KOJIOTII0 IIaHeTh Ta 3abe3neueHHss AE BTOpMHHUM saepHUM
MaJMBOM Ha JIOBT1 YacH.

Ane, mo6 peamizyBatu Bapiantu I, HEOOXiHO TIAHOMIPHO PO3B'A3yBaTH
HasBHI 3aBnaHHa. HaiiBigomimi — 1€ po3poOka TEXHOJOTIM mepepoOKu
BIJIIPAllbOBAHOIO  SJIEPHOTO TajKvBa, BUJIJICHHS KOPUCHUX MPOAYKTIB 1
BUKOPHUCTaHHS iX y peakTtopax. Ha mepmiomy erami BiANpPanbOBYIOTHCS MPOLIECH
ctBopenHs nanuBa (MOKC nanuBo) /uisi BUKOPUCTAHHS B peakTOpax Ha TEIJIOBUX
HedTponax. [lpuknagoMm Takux po3poOok € DpaHilisi, s5ka B MAaCOBOMY MOPSIKY
3aCTOCOBYE HOTO.

VYkpaina, miciast yTBOPEHHST HE3aJeKHOCTI, MPUHHSJIA KOHIEIIII MOCTYIOBOTO
0oCBO€HHS 0CHOBHUX cTajii 3amkHyToro AL BAIT 3 AEC Ykpainu nepepooiisiiiv
32 KOPIOHOM, 1 KOPUCHI MPOIYKTH Malu OyTH MOBEpHYTI B YKpaiHy s

BUKOPHUCTaHHS. Y 3B'SI3Ky 3 BIJOMMMH OOCTaBMHAMH, II€ BapiaHT HE OyIo
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peanizoBaHO, 1 HHHI B VYKpaiHi peami3yeTbcsi BapiaHT Binkputoro I 3
BinkianeHuM pimeHHsaM. BSAIL 3 AEC mae 36epiratucst B cyxux cxoBumax (50 -
100 pokiB), 70 OpUUHSATTS pimieHb. [Ipu 1bOMY B IUTaHaX PO3BUTKY aTOMHOL
eHepreTuku He 3raxyerbes npo AlIL, HaeTbes TIIbKK MpO BBEIEHHS B CTPYKTYPY
AE peaktopiB Ha TemnoBux HedTponax (PWR, MMP). Ilpu upomy
nependadyaeTbcs, M0 OCHOBHI €Tald BUPOOHMIITBA CBIKOTO SIAEPHOIO TMajvBa
3IIMCHIOBAaTUMYThCS 3apyODKHUMU (ipMaMu. BigoMo, 110 BUPOOHUIITBO SJIEPHOTO
najvBa BJACHUMHU CUJIaMU 3a0e3rnedye He TIIbKU CTBOPEHHS poOOYMX MiCllb, a i
3arajoM rokparrye ekoHomiky ATTLI.

HeoOxinHo mpoanamizyBaTu Iie HassBHUM B YKpaiHi MOTEHIiaNl 31 CTBOPEHHS
MarepiaiiB, KOMIUIEKTYIOUHMX 1 TEXHOJIOTIH CTBOPEHHS BJIACHOTO SIIEPHOTO MaJIBA.
MiHICTepCTBY €HEPreTUKH YKpaiHW HEOOX1JIHO CTBOPUTHU 3arajioM KOHIIEMIIIIO
SJIEPHOTO NAJIMBHOIO LUKIY 3 peakTopaMu, epeadaduyBaHUMU 1JI BOPOBAKEHHS

B cTpykTypy AE Ykpainu B HalOMuxK4iil 1 cCEpeIHbOCTPOKOBIN MEPCIIEKTUBI.
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XXI MDKHAPO/JHA KOH®EPEHIIIA 3 ®I3UKU PA):[IALIIIZHI/IX SIBUIT T PAI[IAHII7IHOFO MATEPIAJIOBHABCTBA
CYYACHI TPEH/JIA PO3BUTKY ATOMHOI 'EHEPAIIIIL. OIITHKA
THBECTUIIMHOI MIPUBABJIMBOCTI MAJINX MOAYJIbHUX
PEAKTOPIB ITPH 3POCTAIOUIN YACTII BIITHOBJIIOBAJIBHUX
JIKEPEJI EHEPI'TI

O. I'ooyn

Qinia BII «Haykoso-mexuiunuii yenmp» AT « HAEK « Enepeoamomy

BukoHnaHo aHani3 cy4acHHUX TPEHIB 3 PO3BUTKY aTOMHOI reHeparlii B yMoBax
MmiHiMI3aIli BukuAiB CO, Ta 30UIbIICHHS YaCTKU BIIHOBIIOBAJIBHOI T'eHepalli y
eHeproOananci. [lokazaHo HasBHICTH YMOB JJi1 3aCTOCYBaHHS 1HHOBAIIHHUX
pPEaKTOPHUX TEXHOJIOTI, Hacammepen Mallux MOAYJIbHUX peakTopiB (SMR).
Hanano iH(popmariito 1moa0 MmoToYHOro cTaHy po3BUTKY TexHousorii SMR y cBiti
Ta MI0JI0 PO3rOPTaHHA B YKpaiHi.

Buxoasuu 3 nonoxens EHepretnunoi crpaterii Ykpainu Ha mepiog mo 2050
POKY, BUKOHAHO €KOHOMIUHY OLIIHKY BIpOBa/LkeHHS SMR Ta peakTopiB BEIHMKOi
NOTYXHOCTI 3 3acTocyBaHHsM 1HCTpyMeHTapito MAI'ATE NEST (Nuclear Energy
System Economics Support Tool). OnHi€lo 3 TpaHUYHUX YMOB € YpaxyBaHHS
3pOCTalOu0i YaCTKU BIJTHOBIIOBAJIBHUX JKEPENl €HEprii B €HEepreTU4Hii cucremi
VYkpainu. Po3paxoBaHO MOKa30BI MHapamMeTpd 3  OLIHKKA  1HBECTHUIIAHOT
MpPUBAOIMBOCTI OYJIIBHUIITBA PEAKTOPIB Majoi MOTYXHOCTI: HOpMOBaHa BapTICTh
enektpoeneprii (LCOE), uucra motouna Bapticth (NPV), BHyTpilmiHA HOpMma
npuOyTroBocTi (IRR) Ta penradenbHicTh iHBecTuiliil (ROI) Ha nmpukiaal npoekTiB
manmx moaynbHux peaktopiB (NuScale VOYGR, SMR-160, Rolls-Royce SMR).
BukoHaHO MOpPIBHAHHS MapaMeTpiB I1HBECTUINIWHOT MPUBAOIMBOCTI JJIST MaJHX
MOJYJIbHUX PpEaKTOpIB Ta BIJHOBIIOBAJBLHUX JUKEpENT €Heprii (COHAYHOI Ta
BITPOBOI TeHepalii). BUKOHaHO OLIHKY BIUIMBY JIOKadi3alii BHPOOHUIITBA
OCHOBHOIO  OOJaJHaHHS Ha MapaMeTpu I1HBECTULIWHOI  MPUBAOJIUBOCTI.
Po3paxyHku poBeIeHO 13 BUKOPUCTaHHSAM MporpamMHoro 3adesneuennss MAT'ATE
NEST (Nuclear Energy System Economics Support Tool). Ilpu mnopiBHsHHI
AJIepHOi reHepanii 13 BIJHOBIIOBAJbHUMU JKEpEaMy €HEprii BPaxOBaHO BILJIMB
CUCTEM HAKONHMYEHHS €HEeprii Ha BapTICTh EJIEKTPOCHEPrii BiAHOBIIOBAIBHUX
mkepen.  IIpoaHami3oBaHO ~ HEraTMBHUM ~ BIUIMB ~ MIHJIMBOI  T'eHeparlii
BIIHOBIIOBAIBHUX JDKEpPeN Ha KOe(IIiEHT BUKOPUCTAaHHS  BCTAaHOBJICHOT
MOTYXXHOCTI MajuX MOJIYJbHHUX PEaKTOpPIB, JJIS 3MEHIICHHS BIUIUBY OI[IHEHO
MEPCIIEKTUBY TIOEAHAHHS MaJUX MOIYJBHUX PEAKTOPIB i3 BUPOOHUIITBOM BOJIHIO
HUIAXOM €JEeKTPOJi3y. BUKOHAHO aHaji3 YyTIMBOCTI PE3YJIbTATIB PO3PAXYHKIB JI0
3MIHM KJTIOYOBUX TEXHIYHUX XaPAKTEPUCTHK JHKEepes reHepartii.

[Tokazani mnuisixu 3a0€3MEUeHHS 1HBECTUINMHOI TPUBAOIMBOCTI  SACPHOI
re’epatii s yMoB YKpaiHu.
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Session [A]

Physics of radiation phenomena in metals and alloys
Cekuyin [A]

di3uKa padiayiliHux asuw, y memanax ma cnaasax

C€BPOMNENCBHLKA CTPATEIISI Y TAJIY3I MATEPIAJIB JJI51 CTAJION
SIIEPHOI EHEPTETHKMN.
PO3POBJIEHHSI TA VIOCKOHAJIEHHS PAJIALIITHO CTIHKHAX
KOHCTPYKIIHHUX MATEPIAJIIB Y HHII X®TI

M. 0. Azapenxos, I'/]. Toncmonyuvka

HHI] «Xapxiscokuii gpizuxo-mexuiunuii incmumym» HAH Ykpainu, Xapxkis, Yxpaina

3a nanumu 3BiTy BeecBiTHbOI simeproi acomiarii (World Nuclear Association),
y 2022 p. spepHa reHepainis 3abe3neunsa OJM3bKO YBEPTI €KOJOTIYHO YHCTOl
€JIEKTPUYHOI eHeprii y cBiTl. B YkpaiHi HaBiTh NiJ 4Yac BiffHM TpoxXH OLIbIe
MOJIOBUHU 3arajlbHOI TeHepallli eJIEKTPOEHEPrii MpuIlaJae camMe Ha aTOMHI
enekTpocraniii. OTxe, siIepHa €HEepPreThKa 1 ChOTOJHI, 1 B MallOyTHROMY €
YMHHUKOM CTaJIOr0 PO3BUTKY EKOHOMIKHM HAILIO KPaiHH.

B ormsal po3risiHyTO €BpONENChKa CTpATeris PO3BUTKY SIIEPHOI €HEPreTHKH,
porpamMu JTOCHIIKEHb 1 1HHOBAIIIN ISl BCIX MOKOJIHb PEaKTOPIB, SIK1I MOEAHYIOTh
cydyacHi IUGPOBI TEXHOJOTII 3 MPAKTHKOI MaTeplajJo3HaBCTBA. J[OTpUMYIOUHCH
MiKkHapogHoro Bektopy ¢axiBui HHI] X®TI mnpamtoroTe Haa BHPIIEHHSM
OCHOBHHMX MAaTepiajlo3HABYMX 3aBJAaHb CYy4YaCHOI Ta MaillOyTHBOI sJIepHOL
CHEPreTHKHU.

VY pamkax pillieHHS 3aBIaHHS - MOJOBXEHHS CTPOKY Oe3MeyHoi eKcruryaTarlii
€JIEMEHTIB BHYTpPIIIHbOKOpPIyCcHUX mpuctpoiB peaktopy BBEP- B HHI[ X®TI
cuinsHO 3 HTY XIII Merogamu 4rciioBOro MOAENIOBaHHS BU3HAYEHO (POPMO3MIHU
BUTOPOJKMA Ta HOMIHAJBLHOTO 3a30py MIX HEI Ta IUCTAHLIIMHUMH PEIIiTKaMH
nepudepiitnux TB3. BcTtaHoBieHO WMOBIPHY BIACYTHICTh KOHTAaKTy BUTOPOAKH 3
MAJMBOM.

BuzHaueHO KiHETHKY 3MIHU BJIACTUBOCTEW METATy TOJIOBHHMX IHUPKYJISIIHHUX
TpyOOTIPOBO/IIB Ta TPYOOIIPOBOIIB TOCTPOI MApH 1 KUBUIBHOT BOJU €HEPTOOJIOKIB
AEC mnpu ix ekcmiyartaiii BIPOJOBX JBOXCOT THCSY TOAWH. BcTaHOBIEHO
peanbHUil cTaH Metany TpyOomnpoBoAiB IliBaeHHO-ykpaincbkoi AEC mpsmumun
METO/IaMH HEPYWUHIBHOTO KOHTPOJIO. Pe3ynbhTaTel BCHOTO MUKy BUKOHAHUX POOIT
Oynau BpaxoBaHI TMpH TMOJOBXKEHI EKCIUTyaTaiii TOJOBHUX UUPKYJISLIHHUX
TpyOonpoBoiB eHeproookis IliBnennoykpaincskoi AEC.

Benuky yBary npumiieHO BUPIIICHHIO MPOOJieM YKpaiHCHKOTO MHPKOHIIO, Y
TOMY YHCIl PO3BUTKY MATrHIETEPMIYHOTO METOAY OTPUMAaHHS ITHMPKOHIEBHX
CIIaBIB. Y pamMKax po3pOoOKH KOHIIEIII] SAEepHOT0 MajanuBa, CTIHKOro 10 aBapiiHUX
ymoB, ¢axiBugimu HHI[ X®DTI po3pobieHi TEXHOJIOTIYHI MPOLIECH OCAKEHHS
3aXMCHUX BaKyyMHO-JIyTOBHX MOKPHUTTIB HAa 0OOJOHKH 3 IUPKOHIEBUX CIUIABIB Ta
MPOBEJIEHO KOMIUIEKCHI JOCHIIPKEHHS iX 3aXUCHUX BiactuBocTed. IlokaszaHo, 1110
XPOMOBI MOKPUTTS MOXYTh OyTH 3aCTOCOBaHI JIJIsl 3aXUCTY LIMPKOHIEBUX CILJIaBiB
SK B yMOBaX HOpMaJbHOI €KCIUTyaTallli, TaK 1 B aBapifHUX YMOBaXx.
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Bueni HHI[ X®TI BukoHytOTh po3p0OOKY T'€OMnoJIiMEpPiB, OTPUMAHUX JTY>KHOIO
aKTHUBAIIIEIO ATFOMOCUIIIKATHOI cupoBUHU. L[ poboTa miarpumyerbest O0'eTHAHOTO
€BPOIEHUCHKOI0 MporpaMoro €BparomMa 3 PO3POOKH TEXHOJOTIH MOBOHKEHHS 3
paaioaKTUBHUMHM BijgxoaamHu, B sikid XDTI 6epe yuacts Ha npaBax O6eHediiiapa.

B HHI[ X®TI ctBOpeHo (yHaamMeHTanbHI Ta TEXHOJOTIYHI OCHOBH HOBHUX
NpiOHO3EPHUCTUX, HU3BKOMIOPUCTUX Ta BHCOKOMIIIHUX TpaiTOBUX MaTepiamiB i3
BUKOPHCTAHHSM OPHUIIHAJBLHUX TEXHOJIOTIH MIPOJITHYHOrO yiniibHeHHs (1g-Cvi)
JUIL  PO3BUTKY  SJIEPHOI, PaKETHO-KOCMIYHOI Ta  aBiallliHOI  TEXHIKH,
MaIIMHOOYyBaHHS, MEAUIIMHU TOIILIO.

BnpoBamxenHst “nacuBHOi cucTeMu Oe3neku’” i MiABUIICHHS €KOHOMIYHOCTI
poOOTH aTOMHOT EHEPreTUKH 3YMOBIIIM HEOOX1THICTh PO3POOKH Ta BIPOBAKEHHS
SAJIEPHUX PEAKTOPiB HOBUX MOKOJIHHSA. OCTaHHIM 4acoM y pamMKax CTBOPEHHS Ta
kBasi(ikallii 1HHOBAIIWHUX MaTepiaiiB 13 BIAMIHHOIO CTIHKICTIO A0 KOpO3ii,
TEMIEPATypu Ta OTPOMIHEHHS ISl oquyBaHI/Ix YMOB €KCIUTyaTalii nepesoBuX
TEXHOJIOTIH JiJICHHs (BKJIIOYAIOYM JOCTITHUIBKI peakTopu Ta SMR) q)aXIBIDIMI/I
HHI[ XOTI y Kona6opau11 3 LleHTpoM eHEpreTMYHUX, EKOJOTIYHUX 1
texHosoriuaux  gociaimkernb  (CIEMAT, Icmanis)  po3poOjeHO — HOBHIA
TEXHOJIOTTYHUN MPOLEC KEPyBaHHS CTPYKTYPOIO (EPUTHO-MAPTEHCUTHHUX CTaJICH.
[Ipouec BKIIOYA€E 1HTEHCHUBHY NIACTHIHY nedopmarllito MOpu  MIJBULIEHUX
TEMIEPaTypax 3 HACTYMHOIO Telequm 06p061<0}0 (MII+TO). Ilicaa IMIA+TO
TOHKA M1Kp0CprKTypa CTam Ma€ BHCOKY WIUIHHICTh TpaHUIb 1 KapOiIHHUX
BUJIUIEHD, SIKI JIIOTh AK "morimHayl JedekTiB" pamianiiiHoro noxouxeHHs. Lle
YUHUTH ICTOTHUM BIUIMB HAa 3HIDKEHHS PaIiallifHOTO PO3MyXaHHS Ta OKPUXUCHHS
(3MILIHEHHS).

QaxiBigsiMu  [OTTMT HHI[ X®TI Bnepme B VYikpaiHni po3poOiieHa
TEXHOJOTIYHAa CXE€Ma BHUTOTOBIICHHS JWCIEPCHO3MIIIHEHUX OKCHUIaMH CTajen
(130-cTani), gka BKJIIOYA€E MOPOILIKOBY METANYpril0, MEXaHIYHE JIErYBaHHS Ta
npecyBaHHs. OTpUMaHO HOBITHI MaTepiajid, TOJEPaHTHI JI0 BUCOKOTO PiBHS
pamiamii, sKi MalThb BHCOKY IIOTJIMHAIOYY 3AaTHICTh HAHOYACTHHOK IS
BJIOBJIIOBaHHS sIK He (y ApiOHMX OynpOamikax), Tak 1 BAKAHCIH.

Bnepmie po3po0iieHO Ta AOCHIIKEHO HOBITHIM KJac MEPCHEKTUBHUX
MatepianiB - BucokoeHTporniiHi cruiasu (BECu). Le criiaBu, 1110 MaroTh y CBOEMY
CKJIaAl 5 1 Ounbllle eJIeMEHTIB-METaliB, MPU LbOMY KOHUEHTpAIisl KOXHOTO
KOJIMBAa€TbCA B 1HTEpBami 5-35 aT. BIJACOTKIB. 3aBIOSKH CTPYKTYPHUM
ocoommBocTssM BECu MaroTh Habip yHIKJIBHHX BJIACTUBOCTEW: BUCOKA MIIIHICTH,
BHUCOKA B’S3KICTh PYWHYBaHHS TpPH HU3BKUX TEMIIEpaTypax, BHUCOKAa TEpMiuHA
CTaOUIbHICTh, KOpo3iiiHa  criiikictb. [lokazano, mo OLK-BECu mpu
OMPOMIHIOBaHHI € OUIbII CTIMKMMH 10 3MilHEHHs (okpuxyeHHs), HiK BECu 3
TPAaHCIICHTPOBAHOI KYyOIYHOIO TIpaTkor. Taki CraBu  MOXYTh  CTaTH
NEpPCHEKTUBHUMHU ~ MaTepiaJlaMu  JJIsi  PI3HUX oOJlacTed  3acCTOCyBaHHSA  —
aepoKOCMIYHA 00J1aCTh, aTOMHA €HEepPreTHKa, KploreHika, 610MeIuInHa, TOIIO.

binbmiicte goCipKeHh BUKOHYEThCS 200 MIATPUMAHO B paMKax Kojaboparrii 3
MDKHAPOIHUMH, YKpPaiHCbKUMU IHCTUTYTaMH, M IPUEMCTBAMU Ta
yHiBepcuTeTaMu. [HCTUTYT OpaB ydacThb y WIECTH NPOEKTAX 3a MPOTPaMoOI0
«opm3onT-2020» (ESSANUF, PREDIS, EURAD, EUROfusion H2020,
UAinEuratom, EURIZON).
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XXI MDKHAPOJIHA KOH®EPEHLIIS 3 ®I3UKHU PAJIALIMHNUX SABUILL I PAJIALIMHOIO MATEPIAJIO3BHABCTBA

ACTUAL PROBLEMS OF NUCLEAR POWER ENGINEERING
AND THE SEARCH FOR SOLUTIONS. NBW REACTOR

S.P. Fomin®®*, M.S. Malovytsia®”

& NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine;
®V.N. Karazin Kharkiv National University, Kharkiv, Ukraine

The enormous growth of human energy consumption over the last hundred
years has been achieved mainly by burning fossil fuels: coal, oil and gas. The
limited reserves of fossil organic fuels on Earth and their rapid depletion, as well as
environmental problems associated with the use of "fire energy"”, are forcing
scientists to look for alternative renewable energy sources that can solve the
problem of sustainable energy supply for humanity in the long term.

Wind and solar energy have become very popular in recent years in this regard.
However, the efficiency of using these energy sources is highly dependent on local
geographic and climatic features, weather conditions and even the time of day.
Nuclear energy, due to its fundamental features, is free of such problems and is the
most stable source of energy. However, nuclear energy has its own specific
problems.

After the Chernobyl accident, safety has become the most important problem of
nuclear energy. To solve this problem, various systems of the so-called "internal
safety” of nuclear reactors are being developed, which should exclude the
possibility of developing an uncontrolled chain nuclear reaction under any
circumstances, based on physical principles, excluding the "human factor". In
recent years, increased attention has been paid to the development of small
modular reactors, considering that it is easier to ensure the safe operation of a low-
power reactor than a more powerful one. However, it should be borne in mind that
when replacing one large reactor with several small ones of equivalent total power,
the probability of an accident will be proportional to the number of these reactors.
In addition, with a multiple increase in the number of reactors, control over the
non-proliferation of fissile materials will become significantly more complicated.

A radical way to improve reactor safety could be to switch to the use of
subcritical accelerator-driven systems (ADS), proposed by Carlo Rubia in 1995.
Now there are only a few low-power ADSs used for research purposes, including
KIPT “Neutron Source”. The main and still unresolved problem for the
implementation of an energetic ADS is the creation of a high-current proton
accelerator capable of operating continuously for a long time. The possibility of
using thermonuclear systems as an external neutron source for a subcritical system
is also being studied.
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Another important problem for the sustainable development of nuclear energy
is the limited supply of uranium-235 on Earth with economically feasible
extraction. The solution to this problem may be the widespread use of fast breeder
reactors, which will allow uranium-238 and thorium to be involved in the fuel
cycle. Most of the Generation IV reactors are fast reactors.

The proposed report presents an overview of the results obtained at the ITP
NSC KIPT on theoretical study of a promising concept of a fast reactor operating
in a self-sustaining mode of the nuclear burning wave (NBW). The idea of such a
reactor was announced in 1958 by academician Saveliy Feinberg. The main
advantages of the concept are the lack of need for operational reactivity control due
to the lack of a reactivity margin, the possibility of using uranium-238 and thorium
as fuel, long-term (decades) operation of the reactor without refueling, etc. A great
contribution to the development of this concept was made by Lev Feoktistov
(1988), Edward Teller (1995), Hiroshi Sekimoto (2000) and some others, using
various approaches and methods. Currently, a private American company
TerraPower, financed by Bill Gates, is working on the implementation of a
simplified version of this concept that will be first “Breed and Burn” reactor.

Our study of the NBW phenomenon was carried out based on the numerical
solution of the multigroup non-stationary equation of neutron diffusion together
with the set of fuel burnup equations and equations of nuclear kinetics of precursor
nuclei of delayed neutron [1-4]. Among the most important results are: studies of
the stability of the NBW mode and a special mechanism of the negative reactivity
feedback, ensuring the "intrisic safety" of such a reactor; a solution to the problem
of a smooth start-up of the NBW reactor; the possibility of its forced shutdown and
restart; the possibility of using mixed thorium-uranium fuel; the reactor power
control using the efficiency of neutron reflector; and some others.

The main problem on the way to implementing the NBW reactor is the problem
of the cladding materials for fuel assemblies’, due to the excessively high values of
neutron fluence. However, if this problem will be somehow solved, the NBW
reactor can provide an answer to all the main challenges facing nuclear power:
safety, expansion of the fuel base, non-proliferation and nuclear waste utilization.
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XXI MDKHAPOJIHA KOH®OEPEHIILA 3 ®I3UKU PAIIALIIMHUX SBHILL I PAJIIALIITHOIO MATEPIAJIO3HABCTBA

SIMULATION OF PRIMARY DAMAGE AND SWELLING OF FISSION
REACTOR CORE INTERNALS

M. Lazarev and A. Kalchenko
National Science Center “Kharkov Institute of Physics and Technology”, Kharkiv, Ukraine

We present an overview of some recent results obtained at KIPT on predicting
radiation effects in structural materials of fission reactors. For a long time, neutron
irradiation was considered to have unique properties and could not be simulated by
ion irradiation. However, a thorough study of the radiation damage mechanisms
led to an understanding of the effective simulation pathways. Using an appropriate
metric to compare irradiations of different natures is the cornerstone of the
successful simulation of neutron irradiation by ion beams [1,2]. Based on the
available data on reactor and ion irradiation, we have developed a
phenomenological approach to calculate the swelling value in the space of external
parameters, namely, temperature, dose, and dose rate, which allowed us to build a
long-term forecast of baffle ring swelling [3]. The presence of radiation-induced
gases always accompanies neutron irradiation. While fuel elements mainly produce
gases of heavy elements such as Xe and Kr, reactor structural materials are
exposed to hydrogen and helium. Simulations of gas effects were performed by
double and triple-ion irradiation of both austenitic [4] and ferritic-martensitic steels
[5]. Oxide dispersion-strengthened (ODS) alloys are considered the main
candidates for next-generation reactors. The study of the evolution of the
microstructure of ODS alloys at the atomic level was performed using atom probe
tomography after ion irradiation in a wide range of doses up to 500 dpa [6]. New
approaches to the phenomenological description of the swelling of typical reactor
alloys are also proposed [7].
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The paper concerns the description of approaches, methods, software and
results of modeling the irreversible deformation processes and determining the
possibility of failure of structural elements of reactor vessel internals (RVI). For
various calculation schemes corresponding to bodies of revolution, thin-walled
elements, and general three-dimensional objects, a unified approach to problem
formulation, development of a method for its solution, and subsequent numerical
modeling [1] is applied. The approach is based on the formulation of the boundary-
initial value problem, which describes the evolution of each point of the deformed
object over time under the influence of mechanical loads, temperature and
irradiation fields. The boundary — initial value problems are solved by the
combined use of the Finite Element Method (FEM) and numerical methods of time
integration.

One of the main components of the calculation method for assessing long-term
deformation and strength of RVI is the construction of the constitutive equations,
which should reflect the main physical laws of the processes. Data from
experimental investigations on thermal and irradiation creep, irradiation swelling,
hydrogen embrittlement, wear during cyclic loading of surfaces and other thermal-
irradiation phenomena in structural materials of the reactor core were used to
construct the constitutive equations used in the method of calculations. The ranges
of irradiation doses and temperatures corresponding to the operating conditions of
the reactors were considered.

The calculation method for the analysis of deformation and long-term strength
i1s implemented in the software for the analysis of two- and three-dimensional
objects. Software complexes FEM Creep, supplemented by the program code FEM
Creep Damage Fracture, as well as 3D FEM Creep Damage, which were
developed in NTU “KhPI”, are used for calculations.

The problem of determining the stress-strain state and the possibility of the
occurrence of the macroscopic defects in the material of the core baffle of the
reactor type WWER 1000 was considered. After analyzing the general three-
dimensional scheme of the baffle and determining the basic conditions of its
operation, the transition to the calculation model according to the plane strain state
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scheme was performed. By solving heat conduction problems, the temperature
field in the baffle was determined. Based on the results of the investigations of the
irradiation creep, irradiation swelling and hydrogen embrittlement of the baffle’s
material (steel 18Cr10NiTi), the main parameters included in the constitutive
equations were determined. According to the data of numerical modeling, the
distribution of stresses, strains and displacements of the baffle, taking into account
equivalent static as well as cyclic loading, cyclic heating and cooling under real
operating conditions, was determined. It was found that the contribution of thermal
strains and irradiation swelling has the main effect on the deformed state of the
baffle and the possibility of hidden damage accumulation in its material.

Due to the presence of time-varying oscillations of the internal flows, the fuel
rods of nuclear reactors are cyclically deformed. Due to the periodic contact of
their surfaces with the fixing devices, there is wear of the surfaces of the fuel rod’s
claddings, which will lead to their failure [2]. The task of determining the effect of
thermal, irradiation fields and cyclic loads on the fuel rod is considered. Based on
the results of solving this problem, the boundary — initial value problem of cyclic
deformation of the fuel rod’s cladding was formulated, taking into account the
thermal and irradiation creep of its material and the wear of the surfaces in the
contact area. Two types of fixing devices are considered: the circular grid and
systems of elastic springs and dimples. Based on the analysis of the experimental
data, the parameters included in the constitutive equations of the Zircaloy alloy at
operating temperatures were determined. According to the calculations of the
stress-strain state and the accumulation of hidden damage, it was determined that
due to the redistribution of stresses during creep, the value of contact loads on the
surface of fuel rods varies significantly. Such changes are taken into account in the
calculation analysis of the evolution of the wear depth over time. It has been shown
that failure of the fuel rod cladding can occur after about five months of operation
due to the completion of the process of the hidden damage accumulation in the
worn surface.

The directions in which the obtained results of numerical modeling of
deformation, long term strength as well as the possibility of occurrence of
macroscopic defects can be used in the procedures of resource extension of the
RVI operating structural elements, are discussed.
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OpHoyacHUI BIJIMB Ha IOBEPXHIO Marepiajy HIUIbHUX TOTOKIB €Heprii i
YAaCTUHOK XapaKTEepHUU NJIi BUKOPHUCTAHHS MAareplaiiB y PI3HUX E€KCTpEeMalbHHUX
ymoBax [1, 2]: kocMi4yH1 amapaTd y BEpXHIX IIapax armocdepu, podora TypOiH,
sJIepHa €HepreTrKa, TEPMOSJIEPHUN CUHTE3 TOIIO. Y JOMOBIl PO3IVISIHYTO OCHOBHI
OCOOJIMBOCTI peakilii marepiajiB Ha TOBTOPHI TOTYKHI IUTa3MOBI BIUIMBH,
3yMOBJIEHI K MEXaHI3MaMHu TIOLIKOKEHHS Ta €pO31MHOI0 IMOBEIIHKOIO, TaK 1
Mo diKalli€l0 MTOBEPXHEBOIO IIapy Ta JIETYBaHHIM €JIEMEHTaMU IJIa3MHU 3 METOIO
MOKpAIICHHS eKCIUTyaTal[liHUX BIACTUBOCTEH Marepiaity.

OOroBOpeHO BIUIMB MOTYXHUX IUIa3MOBHX IIOTOKIB Ha HHU3KY MaTepialiB
€HEPreTUYHUX CHCTEM: PI3HI MapKu Bojdbppamy, (pEepUTHO-MAapTHUHCITHI CTal 31
3HIDKEHOIO aKTHBAIIIE0, CTUIABH HAa OCHOBI raHito, ITUPKOHII0, a Takoxk Hastelloy
N, EP-823 Tomo. Takox mochigxyBaaud Moaudikaiito MOKPUTTIB HaHECEHUX
mazmoBuMu Metogamu Co-32Ni-21Cr-8A1-0.5Y 1 Ti64, pizaux PVD-nokputTis.
OnpoMiHEHHsI MaTepiajiiB MOTOKaMU BOJHEBOI, TeJII€EBOI Ta Aa30THOI IUIa3MH
MPOBOAMIIA Y CHJIIBHOCTPYMOBHX IMIYIbCHUX Ta KBa3iCTAI[IOHAPHUX IJIa3MOBUX
MIPUCKOPIOBavax, 10 3a0e3MeuyoTh BapitOBaHHS €HEPTeTUYHOTO HAaBaHTAXKEHHS Ha
MOBEPXHIO Ta MOTOKY YAaCTHMHOK Yy IIMPOKOMY Jlama3oHi: TyCTHHA eHeprii 1-
25 MJI>1</M2, noTik yactuaOK 10 107*-10% jon/M’c, IBHIKICTD TIA3MOBOTO MTOTOKY
~500 km/c, TpuBanicTh iMmynbey 1-250 mkc. HaliBuiii enepreTuyH1 HaBaHTaKEHHS
3aCTOCOBYBAJIM [IJIsl BU3HAYCHHS XapaKTEPUCTUK Marepialy B EKCTpEeMalTbHHUX
YMOBaX, TOJIi SIK TIOMipHI KOPOTKI IMITYJIbCHI HABAHTAKEHHS BUKOPUCTOBYBAJIN JIJISI
Monu@ikaii moBepxHi [1-5].

[TokazaHo, M0 MMPOKE MOETHAHHS MEXaHI3MiB BIUIUBY MOTYKHOI IJIa3MU Ha
BJIACTUBOCTI Marepiaigy BKIIIOYA€ HE TUIbKU TOIIKOJKEHHS MOBEPXHI 32 PaxyHOK
PI3HHX MEXaHi3MIB €po3ii, ajie i CyTTeBE MOKPAIEHHS BIACTHBOCTEH Marepiaiay B
noBepxHeBoMy mapi 20-100 MM, HOro CTPYKTYpH Ta CYOCTPYKTYpHU 32 paxyHOK
IIBUKICHOTO TapTyBaHHS, YTBOPEHHs yIapHUX XBWIb, JIETYBaHHS Marepiary

nomimkamu 1iasmu [3-5]. [lIBunke HarpiBanHs 1 TUTaBieHHS O0OpOOJIFOBAHOI
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MOBEPXHI, 1[0 MPU3BOJUTH JO BUHUKHEHHS 3HAYHUX TEMIIEpAaTypHUX TPAJIEHTIB
(~10°K/cM) B nNpUIIOBEpXHEBOMY IIapi MaTepiaqy IIij Ji€l0 iMITyIbCHOTO
maa3MoBoi BIUIuBY. lle crnpusie BUCOKOMIBUIKICHIM H]y3ii 10HIB IIa3MOBOTO
MOTOKY B MIUOMHY MOAU(IKOBAHOTO Iapy, 10 MPU3BOAUTH 10 (a30BUX 3MIH B
MOBEPXHEBOMY Iapi 1 (OPMyBaHHIO B MPOIIECI IMOMAJNBIIOI IIBUIKOI pe30oporii
npiOHo3epHucToi  ab0  KBaziamMoppHOi  CTPYKTypH, SKa Ma€  YHIKaJbHI
BJIACTUBOCTSIMU 1 TMIJBUIIEHUMHU EKCIUTyaTallliHUMH XapaKTEePUCTHUKAMU TPH
HACTYITHUX TPUOOJIOTIYHUX BUIIPOOYBAHHSIX.

CTBOpEeHHS YHIKAJIbHUX MMOBEPXHEBUX CTPYKTYP (B TOMY YHCIII BIOPSIAKOBAHUX
HAaHOCTPYKTYP) 1 3HAUHE MOMIMIICHHS (i3MKO-MEXaHIYHUX BJIACTUBOCTEH PIZHHUX
MmarepiajiaiB MOKe OyTH JOCATHYTO TaKOX 3a JOTIOMOTO IMIYJIBCHOT'O IJIa3MOBOTO
JIeryBaHHs, TOOTO MoAM(IKalii 1 3MIIIyBaHHS MONEPEAHHO HAHECEHUX MOKPHUTTIB
IT1JT II€F0 TJIa3MOBHX MOTOKIB [4, 5].
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CRYSTALLOGRAPHY AND MORPHOLOGY OF TiC PRECIPITATES
IN 18Cr10NiTi STEEL UNDER ARGON IRRADIATION

A.S. Kalchenko, S.A. Karpov, G.D. Tolstolutskaya
NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

The precipitation behaviour of transition-metal carbides, designated as MX,
such as VC, NbC and TiC, has been extensively investigated in steels for several
decades. TiC precipitation in austenitic steels is one of those responsible for the
radiation stability of irradiated stainless steels. These precipitates can accelerate
point defects recombination at the interfaces, change the ability of dislocations to
absorb point defects. Their stability is decisive for the swelling resistance in steels
of this type.

The structure and the orientation relationship of the TiC precipitation with
respect to the matrix of 18Cr10NiTi austenitic stainless steel irradiated with Ar-
ions by using high resolution transmission electron microscopy and performing
serial processes such as Fast Fourier Transform (FFT), Fourier mask filtering and
inverse FFT (IFFT) was studied.

Irradiation experiments were conducted in the accelerating-measuring system
“BESU-2”. The samples were irradiated with a 1.4 MeV Ar" ion beam to a dose of
1-10%" cm™ at irradiation temperatures of 600 °C.

Microstructural and precipitates parameter data were extracted using
conventional techniques conducted on JEM-2100 transmission electron
microscopes, employing standard bright-field techniques. Selected area (electron)
diffraction (SAD) was performed to obtain the diffraction pattern and to identify
crystal structures and examine crystal defects. High resolution transmission
electron microscopy images were evaluated using fast Fourier transformation.

Gatan Digital Micrograph software was used for interplanar distances and
interplanar angle measurements. A virtual aperture by applying a Fourier mask
filtering technique was used.

Large precipitates of about 150 nm in size is covered with bubbles about 2 nm
in size after argon ion irradiation. The precipitates have the composition TiC with a
small amount of molybdenum. Argon is registered in the spectrum recorded from
the surface of the precipitates. This allows the small bubbles to be identified as
argon ones. The observed density of these small bubbles was high enough to
completely cover the surface of the precipitate with one layer (Fig. a). Fig. b, c
shows High Resolution TEM (HRTEM) observations at the interface of TiC
precipitate in the austenitic matrix. Inverse fast Fourier transformation (IFFT)
images corresponding to TiC (Fig. d) and the matrix (Fig. e) also presented.

Fourier transforms allow to identify the periodic component of images, so they
are often used for image analysis and filtering. The consequence of a Fourier
transform on a real image is a complex image that is symmetrical around the
center. Masking is usually performed with the following sequence — the Fourier
transform on the image in real space, mask off the desired frequencies in the
frequency space, followed by the inverse Fourier transform on the masked image
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[1]. Both TiC phase and y-Fe matrix had zone axis [110] according to FFT, IFFT
and diffraction patterns in our investigation.
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Precipitate TiC with interfacial argon bubbles(a), HRTEM image (b), high
magnification of precipitate-matrix boundary (c), inverse fast Fourier transform
(IFFT) images corresponding to TiC (d) and the matrix (e)

Large TIiC particles apparently accumulate a lot of argon generated in the
surrounding matrix during irradiation to form a fine and concentrated dispersion of
bubbles at or near the interface.

The susceptibility of TiC precipitates to trap argon atoms appears to be
associated with the size of the precipitates. It is known that the coherency of TiC is
kept at the interfaces when the precipitate is in the stage of nucleation. The growth
of precipitate can lead to the loss of coherency when the precipitate size is larger
than a critical value.

It has been established that the size of the precipitates is critical in our study.
The coherency of TiC is kept at the interfaces when the precipitate is in the stage
of nucleation. The growth of precipitate can lead to the loss of coherency when the
precipitate size is larger than 10 nm in the austenitic steel.

The large positive discrepancy between this precipitation in comparison with
the matrix causes to form a fine and concentrated dispersion of bubbles at or near
the interface precipitates — matrix under argon irradiation.
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Modern technical devices utilize structural materials that function under
extreme conditions, including high temperatures, significant mechanical stresses,
and elevated radiation doses. In environments such as nuclear reactors and
thermonuclear devices, the crystalline structure of these materials continuously
undergoes atomic-level changes due to the formation of various defects. The
emergence of these defects can significantly alter the materials' physical properties.
Radiation damage in materials encompasses at least two primary processes: the
reversible formation of defect clusters through atomic displacement, and the
irreversible transmutation of the original material's elements during nuclear
reactions. These nuclear interactions also lead to the production of gaseous
impurities, notably helium and hydrogen.

Focus of this abstract is on recent advancements in hydrogen-defect
interactions, the nucleation and growth of helium bubbles, and the combined
effects of helium and hydrogen in the context of radiation-induced defects.

Several studies examining the irradiation of austenitic stainless steels with low-
energy hydrogen ions have clearly highlighted the significant impact of vacancy-
type defects on hydrogen trapping behavior. In particular, the relationship between
exposure time and deuterium retention in 18Cr10NiTi steel — after being irradiated
with 6 keV D' to a dose of 1-10*° D/m? at room temperature — demonstrated a
marked decrease in deuterium retention during the initial hours. This finding
suggests that the defects generated in low-energy displacement cascades exhibit
weak trapping of deuterium.

It is believed that the low solubility and high diffusivity of hydrogen in
martensite and ferrite, compared to austenite, could greatly influence hydrogen
transport behavior in ferritic-martensitic steels. Furthermore, hydrogen diffusion in
martensite is affected by factors such as dislocations, grain boundaries, and the
presence of retained austenite. The binding energy value (0.57+0.08) and
(0.71+£0.1) eV for low-energy traps hydrogen are associated with the capture by
monovacancies in Fe. High-energy traps could be interpreted as vacancy clusters
or intrinsic defects associated with precipitates in typical ferritic-martensitic steels.

To date, there has been extensive research on the hydrogen trapping sites in
various metal carbide nanoprecipitates. Nonetheless, several questions remain
about the characteristics of these trapping sites and their efficiency in immobilizing
hydrogen. The incorporation of dispersoid phases into the solid solution can
greatly enhance hydrogen uptake, depending on the coherency conditions, as
hydrogen can be trapped at the interfaces of the nanoparticles and the matrix.
Additionally, the trapping of hydrogen by the nanoparticles may hinder its
diffusion to stressed areas, thereby reducing the risk of hydrogen embrittlement.
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In contrast to hydrogen, helium demonstrates very low solubility in metals,
often leading to the formation of nanoscale He bubbles within structural materials.
To fully grasp the influence of these bubbles in metals, it is essential to thoroughly
assess the mechanisms of bubble formation, which encompass the processes of
nucleation, growth, and coarsening. Each of these stages involves significant
interactions between point defects (such as vacancies and interstitials) and He
atoms, all governed by processes of diffusion, dissociation, and clustering.

During thermal annealing at elevated temperatures, noble gas bubbles typically
experience coarsening — a thermodynamically favorable process that leads to an
increase in the average size of the bubbles while reducing their number density.
Two primary mechanisms have been suggested to explain bubble coarsening
during annealing: migration and coalescence (MC), and Ostwald ripening (OR).
Several studies indicate that the composition and microstructure of material
significantly affect bubble coarsening mechanism.

Experimental data gathered over the past few decades demonstrate that the
synergistic effects of helium and hydrogen have a profound impact on the
evolution of damaged microstructures. This leads to performance degradation in
structural materials, manifesting as issues like swelling and radiation hardening.
Furthermore, the consequences of damage combined with helium and hydrogen
synergies can greatly surpass those resulting from displacement defects alone. It
has been proposed that hydrogen plays a role in facilitating the diffusion of helium
atoms, promoting the nucleation of helium bubbles, and supporting their growth.
The presence of hydrogen atoms at the interface of these bubbles may substantially
impact the formation and expansion of bubbles. Two primary mechanisms for the
trapping of hydrogen at helium bubble interfaces have been identified: a
chemisorption-like mechanism and a stress/strain field mechanism. The first
scenario posits that hydrogen interacts with the inner walls of helium bubbles in a
manner similar to chemisorption, exhibiting a binding enthalpy comparable to that
of chemisorption. The second scenario describes the confinement of hydrogen near
the bubble-matrix interface. In this model, hydrogen atoms are drawn towards the
outer surface of the bubbles due to the positive stresses generated by the high
pressure within the bubbles. STEM-HAADF image of cavities in triple ion
irradiated Fe8Cr2W steel indicate that helium has formed a core-like structure in
the center of cavity, while hydrogen appears to be present at cavity periphery,
forming a shell or halo.

Numerous mechanisms have been proposed to elucidate the effects of
transmutation gases on the structure and properties of materials. However, further
research is essential to achieve a comprehensive understanding of the phenomena
associated with the hydrogen- and helium-induced degradation of reactor
materials. This concern is particularly significant for the structural materials
employed in advanced nuclear reactor systems, where elevated core outlet
temperatures and high radiation doses experienced by the internal structures
present critical challenges.
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CAVITY FORMATION AND EVOLUTION IN 18Cr10NiTi AUSTENITIC
STEEL IRRADIATED WITH ARGON IONS

G.D. Tolstolutskaya, S.A. Karpov, A.S. Kalchenko
NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

The effect of a combination of displacement damage and helium, produced by
high energy neutrons, on mechanical properties and dimensional stability of
structural materials is one of the key issues in the development of nuclear power. In
particular, next generation fast and fusion reactors are estimated to reach extreme
doses of displacements per atom (dpa) and transmuting He [1]. Depending on the
neutron spectrum and fluence, helium is produced in materials by transmutation
reactions in amounts up to thousands of atomic parts per million (appm). Previous
studies have demonstrated that helium plays a strong role in the development of
the irradiated microstructure with modifications to cavities, dislocations, and
secondary phases.

The objective of this paper is to determine the effect of implanted argon on
swelling of 18Cr10NiTi austenitic stainless steel. The focus is on how the resulting
cavity influenced by the irradiation variables, including, displacements per atom,
Ar concentration and irradiation temperature, as well as comparison the swelling
behavior with those resulting from helium implantation.

The swelling behavior of 18Cr10NiTi austenitic stainless steel irradiated with
energetic Ar-ions in the dose range of 40...105 displacements per atom (dpa) with
simultaneously implanted argon to the levels of 0.08...6.3 at.% at temperatures of
550...700 °C was investigated. Transmission electron microscopy (TEM) has been
used to study the microstructure evolution and to determine the dependence of
swelling on the damage and Ar concentration.

Figs. 1, 2 show the number density (N), average diameter of cavities (d) and
swelling (%) as a function of depth for 1.4 MeV Ar ion irradiation at 550 °C to
1.5-10" cm? tended to increase with increasing of damage level and argon
concentration to a depth of 500 nm.
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Fig. 1. Average size (d) and number Fig. 2. The depth distribution of damage,
density of cavities (N) Ar concentration and swelling

More detailed analysis shows that at depths less than 300 nm, i.e. in conditions
of low gas concentration and high dpa, the size of the cavities virtually does not
grow. Only their density increases, indicating the cavities nucleation process. This
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observation demonstrates that irradiation of austenitic steel with argon ions has the
similar effects as helium irradiation [2]. The temperature shift of swelling to the
region of lower temperatures is due to argon-associated stabilization of very small
vacancy clusters, which have a very short lifetime without such stabilization (the
same as in helium case). As a result, a high density of small cavities is formed.
This effect depends on the irradiation temperature. At a temperature of 550 °C, the
mobility of vacancies is not enough for the growth of large cavities. The swelling
in this case is about 0.1% (see Fig. 2). However, at irradiation temperature of
645 °C, everything else being equal, the swelling is (15+3)% and virtually
coincides with the swelling upon irradiation with metallic ions, which is (13£2)%
(see Fig. 4).

In order to simulate irradiation conditions that encompass a wide range of
Ar/dpa, three irradiations were performed with Ar' energies of 0.7, 1.0, and 1.4
MeV. One nominal damage level of 60 dpa at a reference point 100 nm from the
specimen surface was obtained. Cavities microstructure was analyzed in the near
surface region (0...120 nm). Table summarizes the irradiation conditions, and
corresponding variations of cavities number density N, average diameter <d>, as
well as the value of swelling (s) for each investigated case.

Cavity parameters and swelling with variables Ar/dpa

Ar/dpa, | T. d>, N, 5.
appm/dpa | C nm x10% cm %
20 600 0.0 1.4 0.82
625 111 1.52 1,15
645 0.6 1.32 0.63
12 600 11.7 1.68 15
625 283 0.42 5.1
645 231 0.49 30
7 600 01 1.96 08
625 05135 0.30 7.6
645 | 103775 0.11 102

Based on the presented results, it can be stated that irradiated microstructure
strongly depends on Ar concentration, implantation temperature and level of
displacements per atom. At temperatures below 600 °C the swelling is suppressed
despite the growth of damage until the argon concentration reaches value ~ 0.5 at.%.

At a dose of 60 dpa the addition of argon shifted the peak swelling rate location
by ~10...30 °C higher from 615 °C with no argon additions. Argon as well as
helium shifts the temperature of the onset of swelling to the region of low
temperatures and inhibits the swelling as the appm/dpa ratio grows.

The results indicate that argon can be used as an analogue for helium in
implantation-and-annealing experiments, provided that the doses are adjusted so
that the gas concentrations are equivalent.
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EFFECT OF GRAIN BOUNDARY ON THE CAVITY FORMATION
BEHAVIOR IN 1.4 MeV Ar’ IRRADIATED 18Cr10NiTi-ODS STEEL

G.D. Tolstolutskaya, S.A. Karpov, A.S. Kalchenko, M.A. Tikhonovsky
NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

The interaction between helium-vacancy complexes and thermal vacancies is a
crucial mechanism driving the development of gas porosity (GP) in structural
materials at elevated operating temperatures. As GP evolves, gas bubbles tend to
accumulate at grain boundaries, resulting in a significant degradation of material
properties. Conversely, both gas bubbles and pores can also contribute to the
formation of denuded zones (DZ) near grain boundaries, interphase boundaries, or
free surfaces. The formation of DZs can be utilized as a means to elucidate the
impact of inert gases on the sink-defect absorption efficiency of various types of
boundaries.

This study investigates the formation of DZ adjacent to grain boundaries (GB)
in 18Cr10NiTi-ODS steel, which has been enhanced with Y,05-ZrO, nano-oxides
and subjected to irradiation with energetic argon ions. The irradiation doses ranged
from 40 to 110 displacements per atom (dpa), with simultaneous argon
implantation levels of 0.08 to 7 atomic percent, and was conducted at temperatures
between 550 and 650 °C. The evolution of the microstructure and the width of the
cavity-denuded zones were characterized using transmission electron microscopy.
The results indicate that the formation of denuded zones is significantly influenced
by various irradiation conditions, including the irradiation dose, dose rate, and
temperature. Additionally, the effects of grain refinement and nanosized oxide
precipitates on the properties of the denuded zones are examined.

The denudation of grain boundaries becomes distinctly apparent at depths
beginning at 200 nm, in which the argon concentration surpasses 0.4 atomic
percent and the damage dose exceeds 50 dpa. This observed trend exhibits a strong
correlation with the evolution of cavity diameter, density, and swelling with depth
in 18Cr10NiTi-ODS steel that has been subjected to argon ion irradiation at
comparable doses. Specifically, both cavity size and swelling demonstrate an
increase with depth, reaching a peak in the dpa range of 400 to 500 nm, after which
a decline is noted beyond the region of peak argon implantation. It is particularly
noteworthy that, in nearly all instances, the cavity size at the grain boundaries
(GBs) was found to be larger than that observed within the grain interiors.

Round cavities ranging in size from 1 to 8 nm were generated subsequent to
irradiation. The distribution of cavity sizes exhibits a correlation with the
computed damage and argon deposition profiles; specifically, an increase in dose
and argon concentration corresponds with a greater cavity size.

Furthermore, it was observed that the width of the cavity DZ tends to expand in
conjunction with rising irradiation temperatures. Notably, argon-induced cavities
DZ width were found to be smaller in size compared to voids DZ width. This
discrepancy may be attributed to the formation of argon-vacancy complexes, which
possess a high migration energy
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The development of gas porosity and the formation of DZs in 18Cr10NiTi-
ODS steel has a complicated character, which is attributed to its elevated GB
population and the presence of nanosized oxide precipitates.

The numbers in Figure indicate the formation of larger bubbles along the grain
boundaries (1) and/or dislocations (2). The formation of DZ near grain boundaries
(3) and no denuded grain boundaries was observed (4). The heterogeneous
distribution of bubbles in size and density (5), the interaction of bubbles with

precipitates (6) the array of parallel chains of bubbles (7) are also indicated.
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Inhomogeneous distribution of inert gas bubbles in XISHI10T-ODS steels. The
numbers in the figure indicate the peculiarities of GP development in steel

The measured width of the damage zone was approximately 15 nm, increasing
to about 39 nm with rising irradiation temperature. This finding suggests a
significant influence of temperature on the DZ characteristics. At lower irradiation
temperatures, the diffusivity of vacancies is reduced, leading to elevated vacancy
supersaturations and consequently narrower DZ widths. Conversely, as the
temperature increases, the diffusivity of vacancies enhances while vacancy
supersaturation diminishes. Consequently, the DZ width expanded from 15 nm at
570 °C to 39 nm at 645 °C.

The evolution of grain boundary (GB) characteristics and the formation of
deformation zones in 18Crl10ONiTi-ODS steel exhibit a more intricate behavior
compared to conventional 18Cr10NiTi steel, owing to the enhanced population of
grain boundaries and the presence of nano-sized oxide precipitates in the former.
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HARDENING OF NEW ALLOYS WITH FCC AND BCC STRUCTURES

S.0. Karpov, G.D. Tolstoluts’ka, M.A. Tykhonovs’kyi, V.K. Karpach
NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

Advances in nuclear technology have led to the development of next-generation
reactors that are safer, more reliable and more cost-effective. The deployment of
these advanced reactors depends on the development of new radiation-resistant
materials, as the integrity of the structural materials within nuclear reactors is
critical to the overall safety of the power station. A comprehensive understanding
of the effects of irradiation on the mechanical properties of these potential
materials is essential for their further development.

A series of recently developed alloys, including multi-principal element alloys
with FCC and BCC phase structure, ODS-modified austenitic steel, and T91
ferritic-martensitic steel modified with severe plastic deformation have been
investigated with respect to the hardening/embrittlement phenomenon under
irradiation.

The new lightweight multi-principal element (MPEA) titanium-based alloy
61Til0Cr7AI11V1IND (at. %) (calculated density 4.95...5.59 g/cm’) with non-
equal molar ratio, hereinafter referred to as Ti-MPEA, was obtained by arc melting
using a non-consumable tungsten electrode in a pure argon atmosphere.

Non-cobalt 20Cr40Fe20Mn20Ni (mass. %) high entropy alloy (hereinafter
referred to as HEA) was produced by arc melting in a water-cooled copper mould
filled with high-purity argon. The purity of the alloying elements was above
99.9%. Alloys were subjected to thermomechanical treatment (TMT) that consisted
of deformation by rolling at room temperature from 6 to 0.5 mm. Finishing
annealing of 0.5 mm specimens was carried out at 850 °C for 1 h.

The mechanical alloying of HEA powders with oxides and receiving
20Cr40Fe20Mn20Ni-ODS powders (hereinafter referred to as HEA-ODS) was
carried out in a ball mill in an inert atmosphere of argon [6].

The ODS-modified 18Crl1ONiTi austenitic steel (hereinafter referred to as
18Cr-ODS) was produced by mechanical alloying of steel powder with 0.5 wt.% of
80%Y203-20%ZrO2 nano-oxides followed by compacting and thermo-
mechanical treatment.

T91 ferritic-martensitic steel of composition 9Cr-1Mo with minor alloying
elements of Ni, Nb, V, and C was delivered as hot rolled and heat-treated plates
with a thickness of 40 mm. The heat treatment consisted of a normalization
treatment at 1040 °C for 30 min followed by air cooling and then tempered at
730°C for 60 min followed by air cooling to room temperature. The
microstructure of as-received T91 steel (hereinafter sample code T91-M)
represents the tempered martensite structure with the occurrence of boundaries of
former austenite grains and subgrains.

An applying of SPD by the “upsetting-extrusion” method led to an effective
decrease of the average grain size from 8 pum in the as-received state to 100 nm
after SPD. Sample code T91-MSPD after heat treatment at 600 °C for 25 h.
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Samples of all materials were irradiated under identical conditions with 1.4
MeV Ar ions at room temperature. Transmission electron microscopy was used to
characterize the radiation defects and microstructural changes. Nanoindentation
was employed to measure the effect of ion irradiation on hardening. Nano-hardness
measurements were carried out by Nanoindenter G200 with a Berkovich type
indentation tip. The Oliver-Pharr method was used for determination of the
hardness.

The dependence of the hardening parameters on the irradiation dose, their
relationship with the evolution of the microstructure was studied. It was found, that
the developed alloys exhibited a reduced susceptibility to irradiation induced
hardening compared to that of conventional SS316 and 18Crl10NiTi stainless
steels. The study discusses the mechanisms that can affect the radiation hardening
behavior in examined materials.

The initial hardness and the radiation hardening, denoted as AH = H (" —
H gunirr are shown in Figure. Hardness values H (i7" for irradiated materials were
taken at dose of 10 dpa.
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The initial hardness and the radiation hardening for the studied materials
irradiated under identical conditions

Irradiation hardening is associated with dislocation loops and radiation-induced
Ar-filled cavity formation. All new alloys exhibited a reduced susceptibility to
irradiation induced hardening compared to that of conventional SS316 and
18Cr10NiTi stainless steels.

Modification of conventional 18Cr steel with ODS increases its sink strength
for radiation defects, mitigating low-temperature radiation-induced hardening and
reducing its susceptibility to irradiation-induced embrittlement.

HEA materials showed reduced irradiation hardening due to their unique
properties, associated with high configurational entropy and sluggish diffusion.

BCC-structured alloys exhibit approximately 50% less irradiation hardening
than austenitic reference steels, suggesting a lower susceptibility to embrittlement
due to more efficient defect recombination and higher self-diffusion coefficients.
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HYDROGEN STORAGE PERFORMANCE OF MODERN
HIGH ENTROPY ALLOYS

S.0. Karpov
NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

Hydrogen is increasingly recognized as the most environmentally friendly fuel
alternative to fossil fuels; however, effective storage remains a significant
challenge. Traditional methods of hydrogen storage, namely gaseous and liquid
forms, are fraught with limitations concerning safety and efficiency. In contrast,
materials-based storage, particularly through metal hydrides, presents a more
compact and effective solution. This method enables a higher concentration of
hydrogen storage and is considered as a safer alternative for both stationary and
mobile applications.

In the realm of hydrogen storage, practical applications necessitate materials
that demonstrate specific attributes, including the capability for reversible
hydrogen absorption and desorption at ambient temperature, rapid kinetics for
absorption and desorption, manageable pressure conditions for these processes,
and robust cycling stability.

Recent advancements have directed attention towards high-entropy alloys
(HEAs) as a promising class of materials for hydrogen storage. HEAs are
characterized as solid solutions comprising five or more principal elements in
nearly equitably distributed proportions. These alloys offer diverse compositional
configurations that can be tailored to enhance the properties of hydrides, thereby
advancing solid-state hydrogen storage mechanisms. The concept of HEAs
emerged in 2004, leading to the identification of four fundamental effects that
influence their technological properties: the high-entropy effect, sluggish diffusion
effect, severe lattice distortion effect, and the cocktail effect. Collectively, these
effects are pivotal in the development of efficient hydrogen storage systems.

Hydrogen storage alloys are primarily composed of a hydride-forming element
A, which demonstrates a significant affinity for hydrogen, leading to the
exothermic formation of stable hydrides. This element is pivotal in determining the
hydrogen storage capacity of the alloy. Titanium and zirconium are identified as
the predominant hydride-forming elements in HEA systems, playing a pivotal role
in nearly all existing HEA compositions. Conversely, the secondary component of
these alloys is a non-hydride-forming element B, characterized by its negligible
interaction with hydrogen, resulting in an endothermic process upon hydrogen
dissolution. This thermal behavior plays a critical role in the reversibility of
hydrogen absorption and desorption. Furthermore, the enthalpy of hydride
formation within HEA alloys can be optimized through the combination of
elements exhibiting varying hydride formation enthalpies.

All existing methods of preparing high-entropy alloys have a variety of
competing features that can contribute to the optimization of hydrogen storage
properties. HEAs explored for hydrogen storage are mostly synthesized either by
arc melting or by high energy ball-milling, which are particularly suitable for small
series or experimental applications.
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In the context of the extensive array of potential compositions and their
unexplored properties inherent to diverse HEA systems, thermodynamic-based
design strategies have become essential tools for predicting phase formation and
stability. Various computational techniques are commonly used to facilitate the
discovery of novel HEA compositions. These methods include empirical models,
first-principles calculations, CALPHAD, and machine learning algorithms.

Among the reported compositions for storing hydrogen in HEAs, BCC and
Laves phase alloys are generally recognized to be more favorable for hydride
formation. These phases exhibit improved hydrogen absorption and desorption
kinetics, making them attractive for efficient hydrogen storage systems.

Upon hydrogenation BCC HEAs often exhibit hydrogen-to-metal ratios as high
as 2, while some studies have shown that certain BCC HEA compositions can
achieve H/M ratios exceeding 2. In particular, the hydrogenation of TiVZrNbHf-
based HEAs resulted in the formation of a high hydrogen-to-metal ratio of 2.5
(equivalent to 2.7 wt% of hydrogen). This exceptional capacity was attributed to
the occupation of both tetrahedral and octahedral sites in the hydride body-centered
tetragonal (BCT) structure, enabled by significant lattice distortions.

High-entropy alloys with a C14 Laves phase structure have gained significant
interest as potential hydrides for solid-state storage due to their impressive
hydrogen storage capacity at room temperature, fast kinetics, and excellent
reversibility, all without the need for a complicated activation procedure. Recently,
certain selection criteria have been proposed to develop prospective
multicomponent alloys with a C14 Laves phase structure for room temperature
hydrogen storage. These include a valence electron concentration of 6.4, single-
phase thermodynamic stability, and low hydrogen binding energy (slightly more
negative than -0.1 eV).

Overall, HEAs have shown promising hydrogen storage properties, which can
be further enhanced by compositional modification and improvements in
preparation or activation methods. Nevertheless, further research is required to
gain a deeper understanding of the kinetics of hydrogen-surface/matrix interactions
in these alloys, as research in this area is currently limited. Modern theoretical
methods, such as CALPHAD and DFT computations, are becoming essential in
developing HEAs for hydrogen storage by linking alloy composition to hydrogen
storage properties. The incorporation of machine learning techniques may further
enhance advancements in this area of materials science.

The BCC HEAs have been identified as the most promising class of materials
for hydrogen storage, although further research is required to reduce their
desorption temperature and enhance their cyclic performance. Laves phase HEAs
have also demonstrated the ability to reversibly absorb large amounts of hydrogen
at room temperature without requiring an activation process, suggesting potential
for further investigation, particularly of HEAs with C14 Laves structure.

Despite these advancements, research on hydrogen storage in HEAs is still in
its early stages, facing several challenges concerning their hydrogen storage
properties. To achieve commercial viability, further improvements in alloy
composition, fabrication methods, and overall hydrogen storage performance are
essential.
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OF TISe AND TIS CRYSTALS
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S.M. Gakhramanoval, R.A. Mammadov'
Institute of Radiation Problems, Ministry of Science and Education Republic of Azerbaijan,
AZ 1143, Baku, Azerbaijan,

’National Aviation Academy, AZ 1143, Baku, Azerbaijan;
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Ion transport in thallium chalcogenides was discovered by us relatively recently
[1,2], among the crystals of which can be combined with the general formula
A’B’C% and A’CS, the most promising in terms of creating supercapacitors and
energy storage devices are the TISe and TIS compounds. The impact of radiation
on solids, through the induction of radiation defects, leads to a change in their
phase states and physical properties. Currently, the main attention is paid to the
physical nature of radiation-stimulated modifications of the properties of
compounds and the creation of new structures. The impact of radiation on solids
leads to a change in their structural-phase states and physical properties.

In the presented work, the results of studies of the temperature-frequency
dependence of the ionic conductivity and impedance of the TISe and TIS crystal
under the influence of various doses of y - radiation are presented.

Single crystals were grown by the Bridgman-Stokbarger method. For measure
the temperature dependence of the permittivity and electrical conductivity of T1Se
and TIS materials. Measurements were made with an E7-25 digital immitance
meter, at ranges of temperature into 100 + 450 K and frequency into 25 - 10° Hz.

Temperature dependence of electrical conductivity for TISe and TIS crystals
exposed to y-quantum radiation was studied. During the irradiation of the TIS
compound, the value of electrical conductivity at a dose of 0.25 MGy decreases
compared to the initial state, and at the next dose of 0.75 MGy, the value of
electrical conductivity begins to increase. The main role in these processes is
played by the formation of ionized type defects (charged defects) as a result of
radiation. That is, the reason for this is the creation of additional energy levels
based on radiation defects in the forbidden zone of the crystal. The decrease in
electrical conductivity of the crystal at a dose of 0.25 MGy is due to the recovery
of structural defects induced by radiation. The increase in electrical conductivity at
subsequent doses is due to the formation of new non-neutralizing radiation defects.

The observed sharp increase in electrical conductivity in the TISe and TIS
crystals with increasing irradiation dose can be explained by a sharp increase in
energy-equivalent crystallographic positions caused by radiation defects. In this
case, the placement of mobile ions in the crystal becomes larger than the
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crystallographic octahedral positions themselves occupied by T1"' before radiation
exposure. The compounds TISe and TIS are isostructural. The crystallographic
structure of the TISe compound consists of anionic chains formed by TISe,
tetrahedral. TI"' ions are located in octahedral voids between TISe, chains. It
follows from crystal chemical considerations that the chain structure of TISe
crystals and the position of TI"' (TI"' is linked to chains of TlISe, tetrahedral by a
weak van der Waals bond) ions are most conducive to the mobility of T1*.

The time dependence of electrical conductivity in a constant field in TISe and
TIS crystals irradiated with y-quanta at doses of 0 and 0.25 MGy is studied. A
constant electric field of intensity E ~ 1+10 V/cm was applied to the samples, and
the current passing through the sample was measured at certain intervals. Silver
contacts blocking the ionic contribution to the conductivity are used as electrodes.

The time dependence of electrical conductivity in a constant field is nonlinear.
Thus, at the initial moment of time, the value of conductivity decreases, and then it
remains unchanged. As can be seen from the curves, the decrease of electrical
conductivity o(t) occurs faster at high temperature. Such a change is also observed
after exposure to gamma rays. At a temperature of 350 K, the ion current passes
~20% 1in the initial samples, ~80% in the samples irradiated with a dose of
0.25 MGy for the TISe crystal, and ~20% in the initial samples for the TIS crystal,
and ~70% in the samples irradiated with a dose of 0.25 MGy. The time-dependent
current drop in the constant electric field is due to the mutual compensation of the
volume charges in the surface area of the blocking silver electrodes.

It 1s shown that as a result of the impact of y-quanta, in the bulk of the crystal,
the nature of the conductivity changes. In samples not subjected to irradiation,
charge transfer is carried out by electrons, and radiation exposure leads to the fact
that the conductivity becomes predominantly ionic (superionic).
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Usually, new fillers lead to the expansion of the practical usability of the
composite material. From this point of view, polymer composite materials such as
polymer-semiconductor filler are of special interest. The addition of
semiconducting fillers into the polymer matrix leads to changes in its structure and
properties. From this aspect, it is important to study the composites obtained on the
basis of high-density polyethylene (HDPE), GaAs and GaAs<Te> semiconductor
compounds. Using these materials as modifying additives for polymers can lead to
the production of new composites with different electrophysical, dielectric,
thermal, optical luminescent and mechanical properties. It should be noted that
there is not enough scientific information on the study of these composites in the
literature. Currently, radiation technologies are widely used to improve the
physical and chemical properties of the polymer and its composite materials in
high-tech applications.

The fact that HDPE is taken as a matrix is due to its much study. Taking GaAs
and GaAs<Te> semiconductors as fillers i1s due to the fact that these
semiconductors have a special structure. In addition, GaAs <Te> is more resistant
to radiation than GaAs. Investigations of structural changes of HDPE/GaAs and
HDPE/GaAs<Te> composites, optical and electrophysical properties were studied
depend on concentrate of fillers. However, there are no structural changes in these
composites due to the influence of gamma quanta. Therefore, this paper presents
the results of optical studies of structural changes in HDPE/GaAs and
HDPE/GaAs<Te> composites irradiated with gamma quanta.

As a polymer matrix powdered PE 2 NT11-285D high density polyethylene
(Russia, Kazan) with melting point of 130°C, and a density of 947 kg/m’ was
selected. As fillers, GaAs and GaAs<Te> semiconductors are used. HDPE,
HDPE/GaAs and HDPE/GaAs<Te> films were obtained by the method described
n.

HDPE, HDPE/GaAs and HDPE/GaAs<Te> films a thickness of about 100 um
were irradiated by gamma radiation on a MRX-y-20 (**Co) gamma-device with
exposure rate d@/dt = 1.06 Gy/s. The samples were subjected to various irradiation
doses 100,200 and 300 kGy at room temperature.

44



The optical transmission and absorption spectra of this films were measured in
UV-VIS Spectrophotometer Varian-Cary 50 Scan in the of range wavelength (200-
800 nm).

Optical (UV-VIS) absorption spectra of virgin (unirradiated) and gamma-
irradiated HDPE polymer, HDPE/ 4 mass% GaAs and HDPE/ 4 mass% GaAs<Te>
composites were recorded. The choice of the mass content of microparticles
(4 mass%) of GaAs and GaAs<Te> is because of this content the degree of
crystallinity has a same value.

Unirradiated HDPE polymer and its composites has not absorption bands in the
studied wavelength range (A=200-800 nm). On the other hand, spectra of irradiated
HDPE polymer and HDPE/GaAs composite films showed a shoulder band in ~220
nm. This band is attributed to the C=0O group in molecular macromolecule
(ketones). This indicates that the band gap width decreases with irradiation and the
absorption coefficient value increases with irradiation.

It should be noted that the absorption band shifts towards longer wavelength
with increasing gamma irradiation dose. Gamma irradiation induced the cleavage
of C-C bond and dehydrogenation of polymeric chains (i.e. escape of hydrogen
atoms) and this resulted to the production of conjugated —C=C- bonds (A=280 nm).
The increase in the number of conjugated —C=C- bond with increasing gamma
dose irradiation results in a shift of the absorption band towards longer wavelength
side according to FTIR investigations. The behavior is generally interpreted as
caused by the formation of extended systems of conjugate bonds i.e. possible
formation of carbon clusters. The absorption bands in ~ 280 nm are associated to
the electronic m—m  transitions occur in the unsaturated centers of the molecules
I.e. In compounds containing double or triple bands. The excitation of m-electron
requires smaller energy and hence, transition of this type occur at longer
wavelength.

For HDPE irradiated with gamma quanta at 1,2 MeV, they detected new bands
at 1650 and 1735 cm™, attributed to —C=C- formation and polymer oxidation
(formation of carbonyl group C=0) .

It should be noted that radiation changes in the structure of HDPE/ GaAs<Te>
composites caused by the influence of gamma irradiation occur only at a dose of
300 kGy. These changes are accompanied by the appearance of a weak shoulder in
the absorption spectra at A=220 nm. At the same time, the absorption band at
A=280 nm is absent in the spectra.

Analysis of these dependencies shows that composites are more radiation
resistant compared to pure polymer. Among composites, the most radiation
resistant are HDPE/GaAs<Te>. Since, in the optical spectra of this composite, the
absorption band at A~220 nm is blurred, and the band at A~280 nm is completely
absent.
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The effect of ionizing radiation on polymers is of great interest and has been
intensively studied recently [1-6]. Studying the issues of resistance to ionizing
radiation effects of polyolefin polymers and composites with various fillers
synthesized on their basis allows obtaining certain scientific results to ensure the
long-term service of products made from these materials. In the preparation of
composite materials, polymers play the role of the main matrix. By incorporating
specific organic and inorganic fillers into the polymer, it becomes possible to
adjust its characteristics such as flexibility, compactness, lightness, corrosion
resistance, mechanical strength, ability to be formed into various geometric shapes,
and radiation resistance. These adjustments enable the creation of new
multifunctional composite materials with desirable electrical, optical, and magnetic
properties. One of the most important issues is the study of changes in one or
another physical properties of prepared composites when they are exposed to
ionizing rays. Polypropylene (PP) is one of the most widely used polymers in the
preparation of composite materials. Products made of this material are often used
for packaging purposes in the food industry, healthcare, and other fields and those
materials are exposed to ionizing rays for sterilization.

Our article is devoted to finding out what happens during y-irradiation of the
new composites we have obtained, what radicals are formed in them, how their
amount changes from the absorbed dose, and how all this is reflected in their
radiation resistance.In this work presented, the identification of radicals formed
under the influence of y-rays in pure polypropylene (PP100%) and in two
composites (70%PP/30%(CdS+ZnS), 50%PP/50% (CdS+ZnS)), and also the
dependence of their concentration of the amount on the absorption dose of
radiation rays and the percentage of the filler was investigated by the electron
paramagnetic resonance method (EPR). The goal is to study how the radiation
resistance of the composite material changes compared to the pure polymer.

EPR spectra of all three materials were recorded in the widest interval of the
magnetic field 250+5750G to obtain information about the presence of
paramagnetic centers in the initially non-irradiated samples. It can be seen from
Fig. that a broad singlet line is observed in the region of g~2.00 in all three spectra.
The values of spectral parameters and intensities of these lines are shown in Table.

As shown in Table and indicated by the spectral forms, the g-factor values for
the samples vary slightly around 2.00. However, the line widths nearly double
when transitioning from pure PP to composite materials. At the same time, as the
percentage of the fillers in the composites increases, the intensity of the line
decreases. The absence of individual lines from other paramagnetic centers in
addition to the line observed in all three spectra indicates that the studied samples
are highly free of other paramagnetic impurities.
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0 The values of spectral parameters and
0l a intensities of lines in non-irradiated samples
b .

S sl ¢ Material g- AB I (a.u)-
E faktor (G) intensity
= 0 (pik to pik)
§ ol Pure PP 2,1476 | 620 222,600
- 70%PP/30%

ool (CdS+7zns | 2:0990 | 1260 145,963

50%PP/50%
T St e S S (CdS+ZnS)) 2,0963 | 1135 74,621
Magnetic Field (G)

Figure. EPR spectra of non-irradiated
samples: a) pure PP 100%, b) 30%
composite c) 50% composite

These changes, in turn, lead to two events: 1) carbon radicals formed in the
polymer chain as a result of irradiation are actively captured by filler particles
(scavenging); i1) as a result of the modification of the polymer structure, the
interfacial space becomes both narrow and significantly tortuous, which makes it
much more difficult for dioxygen molecules to enter the polymer [2]. Pure
polypropylene polymer and two 70%PP/30% (CdS+ZnS) and 50%PP/50%
(CdS+ZnS) composites were studied by EPR method. The broad spectral line
observed in non-irradiated substances was attributed to oxygen radicals containing
3 and 5 unpaired electrons. The problem of resistance of the studied substances to
1onizing rays was considered. It was found that alkylperoxyl (R-O-O(*)) radical
with identical spectrum is formed in all three materials under the influence of -
rays. The dependence of the concentration of the generated radicals on the
absorption dose of y-rays was studied and it was found that the concentration of
radicals in composites is much lower than in pure PP. This result shows that the
radiation resistance of the composites is higher. The role of the interfacial space in
reducing the number of radicals was investigated.
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3BLJIBINEHHS PAIAIIMHOI CTIMKOCTI INIACTMACOBOI'O
CHMHTUIATOPA HA OCHOBI NOJICUJIOKCAHY

/. A. €nicees, II.M. Kmypin, O.B. €niceesa

Inemumym cyunmunayiunux mamepianie HAH Ykpainu, Xapxkis, Yxpaina

B ocranHi poku ekcnepuMeHTH 3 (I3UKM BHCOKHMX €HEprid, BHACIIJIOK
3HAYHOTO TMIJBUIICHHS IX CBITUMOCTi, NMOTPeOyIOTh MarepiaiiB 3 MiABUIICHUM
MOPOTOM pajliaiitHo1 CTIHKOCTI. ToMy poOIATHCS pi3HOMaHITHI CITPOOU 301IBIITUTH
pajiaiiiiHy CTIHKICTh TIacTMacoBuX cIUHTHIIATOPIB (I1C).

OnuH 13 WUIAXiB MABHWINCHHS pamiamiiaoi criikocti [IC moB’s3aHmii 3
BUKOPUCTAHHSIM TOJTIMEPHUX OCHOB, IIO OUIBII CTIWKI 0 BUCOKOCHEPTETUYHOTO
onpoMiHeHHs. TakuMU pEYOBHHAMM € PI3HOTO CKJIAAY MOJICHIOKCAHOBI MOJIIMEPHI
ocHoBHu. Pamiamiitna ctitikicte IIC Ha mosicuiiokcaHoBiit ocHOBI [1, 2] 3Ha4HO
nepesepirye pamianiiiay cridkicte [IC Ha OCHOBI MOJICTHPONY, SIKa CTAHOBHUTH
omu3zbko 3 Mpan [3]. Lle nerko noscauth. Ilig ni€r0 ONpOMIHEHHS y BYIVIEIb-
BYIJIELIEBOMY CKEJIETI MOJICTHPOIY MOXKYTh YTBOPIOBATUCS CIPSKEH1 IMOJABIHHI
3B’SI3KM — TOJIEHOBI LIEHTPH, SIKI € €(PEKTUBHUMU MMACTKAMU €Heprii 30yIKEHHS.
BoHu mpu3BOAUTH 10 3HUKEHHS CBITJIOBOTO BUXOAY 1, SIK HACHIJOK, 10 HU3bKOT
pamiamiiiHoi cTiiikocTi. CKeJIeTOM MOJICKYJIH MOJICHIOKCAHY BUCTYIAE JIAHIIFOXKOK
aToOMIB KPEMHIIO 1 KUCHIO, 110 YEPTYIOThCA. 3B A30K KPEMHIN-KUCEHb 1] BILTUBOM
BUIIPOMIHIOBAHHSI HE YTBOPIOE LEHTPIB 3aXOIUIEHHS €HEprii 30yKEHHS MOII0HUX
MOJIIEHOBUM IIEHTpaM y ToJicTupoii. ToMy moJicuiIoKkcaHOBa OCHOBA 30epirae mij
JIEI0 OMPOMIHEHHS CBOI BUXIJHI BJIACTUBOCTI MPOTATOM TPHUBAJOTO 4Yacy, IO
3a0e3neuye ii BACOKY padialiiHy CTIMKICTb.

3aranom, IIC ckimagaeTbcsi 3 CUMHTHIALINHOI MOJIMEPHOI OCHOBU, MOJIEKYJ
aktuBaropa Ta 1mmdTepa. Tomy pamiamiiina criiikicte I[IC  Ha OCHOBI
MOJTICUJIOKCAHIB 0arato B 4OMY ITOBUHHA BH3HAUaTHCS PaJiallifiHOI CTIMKICTIO
0e3mocepeIHbO AKTUBATOPA, KM BBOJIUTHCA Y CIHUHTWISIINHY KOMIIO3UIIIIO B
KUIBKOCTI OJWHHUIb MacoBUX BincoTkiB. Cepen TtpamuuiiHux axtuBatopis [1C
HalOUIbII pajlallifHO CTIMKUM € mO-Tep(deHis, aje 4yepe3 HU3bKY PO3YMHHICTH
BUKOPHCTOBYBATH MOTO SIK aKTHBATOP MOJICHIIOKCAHOBOT OCHOBU HEMOKJIUBO.

Merta poOoTu — npoBeaeHHsT Moaudikariii MoJaeKya m-TepPeHiTy IS CIPUSHHS
iX ~ PO3UMHHOCTI Yy  TIOJNICHJIOKCAaHOBOMY  cepemoBuiii.  JlocmimkeHHs
CUMHTWIALIIMHUX BJIACTUBOCTEH Ta pamiamiitHoi criikocti IIC Ha OCHOBI
MOJIICUIIOKCAHYy, aKTUBOBAHOTO MOJIU(DIKOBAHUMH MOJIEKYJIaMU M-TepPEH1TY.

Monudikaris n-tepdeHiny mpem-OyTUIBHUMH — 3aMICHUKAaMH  JI03BOJIHIIA
3HAYHO MIABUIIUTH HOTO PO3YMHHICTH Yy TOJICHIOKCAHOBOMY CEpEIOBHIII (0
OJIMHUIIL MAaCOBHUX BIJICOTKIB). Lle 1amo MOXIMBICTH BUKOPUCTOBYBATH TMOXIIHE TI-
tepheniny 2,4,4'-tpuc-mpem-6ytun-1,1"4",1'-repdpenin (TTBPT) sax axtuBarop
nosicuniokcanoBux [1C.
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Kosxen 3pasok [1C ckinanases 3

Tabanus 1 - KomnonenTn 3pa3skisB niacTMacoBHX CUHHTHISTOPIB
IIOJI1CHIIOKCAHOBO1 OCHOBH A? Cumsoa Crpykrypua opmyaa Ha3ssa komnonenry
N
OTBep’H)KyBaqa B’ JIaTAUHOBOTO CHy 7 g oy \ c‘H,/ Kononimgp:mr\|eTunc1|no’|\'caH—(22-
xaramizatopa  (Pt), mmbrepa | | SLECULILT | bt
POPOP rta axtuBaropa TTBPT > e
[Monipeninme ¥
(Ta6HI/IHH 1). CKﬂaH HC A3 GHs ‘/ 7 R (‘:H;‘J/ Kiuu?;:?:lel:”r:iI::i;:ﬁ:f::ﬂor;c.\i:;:nL
. Y R 300-600 cCr
IPEICTABICHO Y Tabuul 2. Cny by " bw
. . o . Konomi (45-50%
Jlns jociimkenns pamianiinoi | J & o rpocineram)
(X . ol - Lok beniny i M
CTIHKOCTI 3pasKu I1C FTRHLY | e raiinecs
. e Lol e GokcI-
OHpOMlHIOBaHH Ha HlHlI/IHOMy P o/sa ° s{c_/"'nz'co uumosiHinrm:r::c?:.;;:g::(:(:::; KOMJIEKC;
. . |9 /S 1,85-2,1 % Pt
HpHCKOpIOBa‘-Il Hy'40 3 eHepF1€IO /S(\O/ISI\ unKnOBiHi.'me'rnncu:m\'caui
&
kTpoHiB 40 MeB. Inrerpansu P O
cJIe po O © © paﬂ .a POPOP \>—<\_>—</\N/f[ » 1,4-6ic(5-¢penin-2-okcaszonin)oenson
J03a OIIPOMIHCHHA JJIA BCI1X |
spaski IIC cranmosmna 25 Mpax. | .. 244" rpuc-mpem- Sy 114, 1"
. . Tepdenin
BI/IMlpIOBaHHH CBITJIOBOI'0O BHUXOAY

3pa3KiB IPOBOAWIIM BiApa3y MicCIs

. Tabanus 2 — Cxaan IIC
OIMPOMIHCHHSI.

. el . Ne Cxkaaa noaiMepHHX KOMNO3HNIIH, Mac. %
KpHTGplCM paalaninHO1
. ) .. |SI A2=90,375; B=7,525; (Pt)=0,1; TTBIIT=1,0
CTIMKOCT1 CIIYKUTb 1034, IIPHU SAKIU
S2 A3=90,375; B=7,525;(Pt)=0,1; TTBIIT=1,0

BITJIOBUH BHXI1 UHTHISAT
CBITIO Aol JBITOPY 53 A2=9035; B=7,5; (Pt)=0,1; POPOP=0,05; TTEIIT=1,0

3HUKYEThCS  BIBIUL  — 03a
Y A A S4 | A3=90,35; B=7.5; (Pt)=0,1; POPOP=0,05; TTBIIT=1,0
IIOJIOBUHHOTO ociabieHHs Dy ),.
A Ta6.HI/II_[i 3 MIPEICTaBICHO Tabanus 3. PesyasTaTH onpoMiHeHHs 3pa3KiB

HA NOJIICHIOKCAHOBIH 0CHOBI

HTO3HAYCHHA  3Pa3KIB HC? 1X Sample | Lo, Binn. oa | L, Bian. o | L/Lo | D12, Mpan
BIIHOCHUM CBITJIOBUM BHXI1J OO S6 2671 2003 0,75 60
(Lo) i micas ompominennst (L), a 87 7082 1841 | 0,26 12

TAKOK CITIBBIIHOIIEHHS CBITIOBUX
BuxoAiB micias 1 mo ompomineHHs (L/L,), sike xapakTepusye CTYIIHb BIUIUBY
OMPOMIHEHHS Ha CUUHTWIIALIIHI Xapakrepuctuku [1C.

BcranoBneHno, 1m0 BUKOPUCTAHHS MOAM(DIKOBAHMX MOJICKYT TM-TepheHuty
no3BoJisie oTpumatu [1C Ha mo1iCHIIOKCaHOBIM OCHOBI 3 pajilalliifHOO CTIMKICTIO J0
60 Mpan.
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[Tnactmacosi cuunTHiATOpU (I1C) MIMPOKO BUKOPUCTOBYIOTHCS JJIsi CTBOPEHHS
PI3HUX JIETEKTOPIB Y EKCIIEPUMEHTAaX 3 (DI3UKM BUCOKUX €HEPTii. AJie 3 pO3BUTKOM
MIPUCKOPIOBAJILHOI TEXHIKM BHMOTH JI0 CIHUHTWIALIIMHUX MaTepiajiiB, SKiI €
OCHOBOIO JIETEKTYIOUMX MPHUCTPOiB, CTalOTh JeAali KOPCTKIIMUMH. Tak s
ekcriepuMeHTiB Ha Benukomy aaponnomy komaiiaepi (CERN, IlIBeitmapis)
nepen0adyeHul piBeHb IOTJIMHEHOI J03W B KPUTUYHUX 30HAX MOXE JIOCSATaTH
necatkiB Mpan. Tomy migBuineHHs pamiamiiHoi ctiiikocti TIC crae mayxe
BKJTUBHUM.

OauH 3 HampsMKIB MOKpalleHHs paaiauiiHoi criiikocti [IC Ha ocCHOBI
nonictupoiy (PSt) monsirae B meperecerHHi ocHoBHOT cmyru mominecteHIi [1C y
O1IbII TOBrOXBUJIBOBHI Jiana3oH, /1€ BIACYTHSI CMyra MOTJIMHAHHS JNe(EKTIB, 1110
YTBOPUITUCS T JII€I0 OMPOMIHEHHs. ICHY€e KiJIbKa MIISX1B IEPEHECEHHSI OCHOBHOT
cmyru mominecteHili [IC y moBroxBuiabOBUM Jiana3oH, 1 Haile()eKTUBHIMIMI
MOJIATa€ Y BUKOPUCTAHHI SIK aKTHBATOpa MOJIEKYJ 3 BEJHKUM 3cyBoM CTOKCy.
[Tpuxknagom € 3-rigpokcudnasod (3-HF) 1 fioro ankinmoxiaHi. Bukopuctanus mux
cnoiyk sk axtuBaropiB IIC no3Bomnsie y

. . . . . o . Tao. 1-®dr inni 3-HF
KiJIbKa pa3iB MIABMIMUTH IOPIr pamialiiiHol SR S

criikocti [1]. Alle miJ dYac ONPOMIHEHHS [qypt— rvpundopniaumn fopioximn L
BiIOYyBa€ThCS  Jerpajaiiis  He  JIUIIe O °| O
noiimMepHoi ocuHoBu IIC, ame 1 camux on
MOJIEKY1 akTtuBaropa. ToMy HeOOXiTHO _ Siaporen-2 penia- 41 xpove-t-on
3HalTH crmocoOu Moaudikamii  MOJEKys o O
aKTUBaTOpa, SKI MIABUIIATH iX paaiamiiHy O L.
CTIMKICTE. | oaMH 13 coco01B MOB’A3aHUN 3 T

. . 1278
3aMIHOI0 aTOMIB BOJHIO Ha aTomMu (Topy y

CTpyKTypi Mosekynu 3-HF.

3 METOI0 BHBYMTH BIUIMB 3aMiHHM aTOMIB
BOJHIO aroMamu ¢Topy B mojekyni 3-HF Ha
pajiaiiiiny cTidkicTh moJictupoisHoro I1C,
SKUM aKTUBOBaHWM LIMMHU MOJIEKYJIaMH, OyJI0
cuHTe3oBaHo  ¢ropmoximai  3-HF  Ta
JOCIIDKEHO 11X CHEKTpaJibHI BJIACTUBOCTI
(Tabmurs 1, puc.). Otpumano PAL [T
MOJTICTUPOJIBHAX I1C, aKTHBOBAHMX
droprnoxigaumu 3-HF. Ormineno paniamiitHy
cTiMKicTh HOBUX I1C.

1280

1301

o
2-(3,4-m¢propdeni.n)-6,8-uudrop-3-rixpoxcu-4H-xpomen-4-on
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a 1272 1214 6
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08+ 1301
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06+ 1214

0,6

Emission, a.u.

1272, 1278, 1280

0,44
0,4

Excitation, a.u.

0,24 024

0,0 4 0,0

T T T T T T T
T T T T
280 300 320 340 360 380 400 450 500 550 600 650

A, nm A, Nm

Cnexmpu 30y0xcenns (a) ma nominecyenyii (6) pmopnoxionux 3-HF
y monyoni ([C]=10" monw/1)

BcranoBneno, mo y cnekrpax 30ymkeHHs — ¢ropnoximHux — 3-HF
CIIOCTEPITaEThCS 3POCTAaHHSI IHTEHCUBHOCTI KOPOTKOXBHJILOBOT CMYTH 30YIKEHHS
MOpPiBHSIHO 31 cnekTpoM HezamimieHoro 3-HF (puc. a). A BBejeHHsS ogHOTO abo
IBOX aromiB (ropy B MoJekydy 3-HF npakTH4HO HE BIUIMBAaE Ha XapakTep
CHEKTpIB ii JrOMIHECHEeHIli. MakCUMyM CIHEKTpPY JIFOMIHECLEHIIII MOYHUHAE eI
3MINIYBAaTUCS Y JIOBFOXBWJIBOBY 00JIACTH JIMINE MICIS 3aMIHM YOTHPHbOX aTOMIB
BojgHIO (Topom  (puc.6). Omxke, TOJOXKEHHS OCHOBHOIO MAaKCUMYyMY
moMiHecHeHIlii B paioni 530 um ¢ropnoximaux 3-HF, sk 1 y He3zamimieHoi
MOJIEKYJIM, 3a0e3leuye 3MEHIICHHS BTpAaT €HEeprii Ha MacTKax, YTBOPEHUX IpHU
OMPOMIHEHHI TTOTICTUPOITY.

JIJist BCTAHOBJICHHS pajlialliiHOl CTiKocTi moJictupoiabHux [IC, mo MicTsaTh
orpuMani (otoproxinHi 3-HF, BumipssHO iX cBITJIOBI Buxoau A0 Lo 1 micms L
OMpPOMIHEHHsI 7103010 8 Mpaj, a TakoX 3HAMICHO CIIBBIHOIICHHS CBITJIOBUX
BUXO/IB, [0 BHU3HAYa€ CTYIMIHb BIUIMBY ONPOMIHEHHS Ha CIHMHTWIALIMHI
xapakrepuctuku [IC (tabmuims 2). 3HaYeHHS 103U TMOJOBHHHOIO OCTIA0JICHHS
CBITJIOBOTO BUX0OAY D1y OTpUMaHO eKCTpanossiielo HasIBHUX JTaHUX.

Tabonuns 2 - Conaruasuiiibi xapakrepuctuku IIC Ha ocHoBi moJicTupoay,
o mictare 2 mac. % ¢propnoxinnux 3-HF, no Ta micas onpominenHs no3ox 8 Mpan

Cxuan I[1C Lo L L/Lo D1, Mrad | PaniamiiiHa criiikicts, %
2wt % (1214)+PSt | 315 203 0.64 12.6 100.0
2wt % (1272)+PSt | 306 209 0.68 14.5 115.0
2wt % (1278)+PSt | 315 214 0.68 14.3 113.5
2 wt % (1280)+ PSt | 304 214 0.7 15.8 1254
2wt % (1301)+ PSt | 280 214 0.76 20.6 163.5
2 wt % (1309)+ PSt | 209 161 0.77 21.3 169.0

3aie’KHO BiJ MOJIOKEHHS 1 KUIBKOCTI aroMiB (ropy B mosiekyni 3-HF Baanocs
JOCSITTU 30UTBIIEHHS palialliiHol cTiiikocTl Martepiany Bif 12 go 21 Mpan (Big 15
10 69 %).
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VY po6oTi npencTaBiaeH1 pe3ybTaTh T0CTIKeHb BIACTUBOCTEN BoJb(pamy, K
Matepiany Mepuioi CTiHKM TepMosiiepHoro peakropa. Ilig yac ekcruryaraiii B
TEPMOSIEPHOMY pEaKTOpl Ha BOJIb()paM BILUIMBAIOTH BUCOKA TEMIIEpATypa, OTOKU
HEUTPOHIB, NPOAYKTH TOpIHHA [Ia3Mu. Ilpu 1bOMy 3MIHIOIOTBCA — SK
MaKpOCKOMIYHI XapaKTEepPUCTUKU BOJb(pamy, Taka 1 HOro BHYTPIIIHS CTPYKTypa.
BinOyBaeTbcsi po3myXaHHsS IMOBEPXHEBOTO IIapy Bojdb(ppamMy Ta BiITYIIyBaHHS
HOro OKpeMHX €JEMEHTIB MOBEepXHeBoro Imapy. llpu 1pomy, MHOTipHIyIOTHCS
OCHOBHI BJIIACTHBOCTI BoJb(ppamy [1].

B nporneci nocnipkenb 0yno BUKOHAHO iMiTalliifHe MojeatoBaHHs. [IpoBeaeHo
ONPOMIHEHHSI 3pa3KiB BoOJb(paMy MNPUCKOPEHHMMH Iy4ykamu 10HIB. Jljd
OTIPOMIHEHHSI 3pa3ka BUKOPUCTOBYBAIM MPHUCKOPIOBAY, SIKAW /1aBaB MOXKJIHMBICTh
oTpuMaTH my4ku reiniro 3 eHeprisimu 0,12 MeB (pexum iHxkekIii) Ta My4KkH 10HIB
refnito 3 eHeprisimu 4 MeB (pexxum npuckopenHs). LLinbHICTh MOTOKY 10HIB Iefito
mana 3uadenns (0.15...0.44)x10" qact./oM’.

Tak sik HarpiBaHHSI BHOCUTH CYTT€BI NMOXHOKU B PE3YyNbTaTH, SIKI OTPUMYEMO
pU OMPOMIHEHHI, TO €KCHEPUMEHTAIbHI JOCTIIPKEHHS TPOBOAWIN B XOJIOTHOMY
pexumi npu temneparypit 380 K. JlocmikeHHs Mpu Takux TeMIleparypax
JO3BOJISIFOTh ~ BIJOKPEMHUTH 3MIHM CTPYKTYpH Marepiaay MilieHi, sKi Oynu
BUKJIMKAHI paaiallifiHUM BIUTMBOM, BIiJ 3MIH CTPYKTYpH, SIKi Oyiau BUKIIMKaHi
TEIUJIOBUM BILJIUBOM.

Ha noBepxHi 3pa3ka Bosb(pamy BusBieHO TOHKI HUTKH (myx “fluff’) Tta
MIKpOKaBepHU. BUKOHAHO TOPIBHSHHS BUCOTH IMyXy JJIs BUIAIKIB ONMPOMIHCHHS
Bosib(paMy i1oHamu remito 3 eHeprisimu 0,12 Ta 4 MeB. Jlns Bunaaxky eHeprii
ioHiB 0,12 MeB Bucora myxy Brpuui Buimia, HDX maia Bunaaky 4 MeB. Takox
TOBIIMHA HUTOK MyXy Ouibmia jyuist ioHiB 3 eHeprisimu 0,12 MeB. Li pesynabsratu
00pe y3roKyIOThCs 13 pO3paXyHKOBUMH JTAHUMHU.

BusznaueHo, 110 BUCOTa Ta TOBIIMHA HUTOK MyXY 3aJ€XHUTh BiJ Au(dy3ii 10HIB
refiio 3 MMOMHU BOb(pamy 110 Horo noBepxHi. B pe3ymnbrati nudys3ii 10HIB Tei0
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BUJIABJIIOETHCS B TOHKI HUTKM pa3oM 3 Bojb(Ppam. Uum Oinble 10HIB Telii0
nudyHIy€e MO0 TMOBEPXHi, TUM OuIblIe BONb(paMy BUAABIIOETHCS B HUTKU IyXY
"fluff'. Bucota HMTOK TyXy 3aJIe)KUTh BiJ €HEprii 10HIB Tejiil0 Ta IMIUIBHOCTI
IXHBOTO TIOTOKY.

3HaiiieHo, 1Mo TMOWHA MPOHMKHEHHS 10HIB Tellil0 Y BOJb(paM CTaHOBUTH
rmuounay 0,2 mxMm (0,12 MeB) Ta 0,6 mxMm (4 MeB). BianoBigHo, KiTbKICTh aTOMIB,
10 PO3IMOPOIIYIOTHCS 3 MTOBEPXHI1, Y pa3i 10HIB 3 eHeprismu 0,12 MeB Ha nopsiiok
OinbIa, HIX 1715 10H1B 3 eHeprisimu 4 MeB.

VY mnporneci onmpoMiHEHHST Ha TMOBEpPXHI BOJb(ppamy BiOyBalOThCS MPOIECH
Omictepunry Ta (Quekinry. BussieHo, mo BiIOyBaeTbCs MOPYIIECHHS pPiBHOBArd
npoiieciB  Omicrepunry Ta ¢uekinry. [lpum go3ax, ski BUKOPHUCTOBYBAJIMCS B
EKCIIEpPUMEHTI BI0OYBaeThCs 0OpUB mpoluecy Omictepunry. OTe, pO3NHICHHS
MOBEPXHI Wi JIUIIIE 32 PaXyHOK MPOIeCiB QUICKIHTY.

TakoX 111 BUBYUEHHS 3MIH CTPYKTYpU MOBEPXHI OylO BHKOHAHO YHCEJIbHE
MOJIENIOBaHHs ~ mIpoueciB. Jlas  YHCENbHHUX  PO3paxyHKIB  3aCTOCOBYBAJIU
nporpamMauil kox SRIM. 3a nmomomororo makery nporpam SRIM po3paxoByroThCs
JIOBKUHU BUIBHOTO MPOOITY 10HIB Y Marepiaji 3ajie’HO BiJ TUITY MIIICHI Ta BUIY
10HIB. byno 3HaiiieHO 3Ha4YeHHs TMOIIKOMKEHb MiieHi (target damage),
pO3MUJIEHHSI TOBEpPXHI MillleHi (sputtering), 1oHI3aiis MOBepxHi (ionization),
yTBOpeHHsI PoHOHIB (phonon production).
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MAGNETIC FIELD AND CHANGES IN THE MAGNETIC PROPERTIES
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V.l. Sokolenko, N.A. Chernyak
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Pearlitic steels, including hull steel 15Kh2NMFA, are promising structural
materials for nuclear power engineering. The study of physical prerequisites for
extending the service life of products made of steels of this class has fundamental
and applied significance. Previously, results were obtained indicating the leveling
of relief and internal stresses, an increase in the plasticity reserve and a decrease in
the temperature of the ductile-brittle transition of steel 15Kh2NMFA in the stress-
strain state and its welded joints as a result of magnetic treatment (MT), consisting
of exposure to an alternating (50 Hz) magnetic field in a certain mode.

It is of interest to continue research into the effect of an alternating magnetic
field on ferromagnetic structural materials containing inhomogeneous defect
structures in order to clarify the physical nature of the transformation of the
structural-magnetic state under magnetic influence, which ensures improvement of
physical and mechanical properties.

When phenomenologically describing the effect of microplastic relaxation,
we use the previously proposed model of microplasticity of a ferromagnet in a
nonequilibrium state, characterized by the presence of dislocations in a
mechanically unstable state in fields of high internal stresses. A segment, like a
dislocation, fixed at points x=0, x=l, under the influence of the force
bo (b—Burger’s vector, o— residual stresses at the location of the segment) bend
and at the initial moment of time t=0 take the form parabolas. Under the influence
of the force boyicos(wt) (o IS the magnitude of magneto strictive stresses), the
transverse displacement of a segment having linear tension T with and M is mass
per unit of dislocation length satisfies the relation:

4
T

X
y(x,t) = [aM cos Wt +oe * cos wot]sm ﬂT

bl
T
where y=B/2M, B is the damping constant, wo=na/l, a>=T/M. During one period
2r/w0 with weak attenuation at the moment when the second term reaches its
maximum value, expression (1) increases by the amount A~ o). Consequently, with
the oscillatory motion of a dislocation segment in a cluster creating peak internal
stresses, it is possible to achieve a critical curvature of the segment line R~1/2, at
which the Frank-Read source begins to operate.
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The emergence of dislocations formed as a result of MT leads to the activation
of dislocation reactions in places of inhomogeneous defect structures and zones of
internal stress localization. As a result, relaxation processes are realized during the
local dynamics of the reorganization of the dislocation substructure. The relaxation
process can also include the formation of new boundaries in place of powerful
similar dislocation clusters. The transformation of the dislocation substructure is
accompanied by the formation of more stable dislocation configurations and the
corresponding redistribution of stresses, which leads to the ordering of the
arrangement of magnetic moments. The shape of the hysteresis loop (Fig. 1)
indicates the presence of two hysteresis mechanisms associated with the delay in
the displacement of domain boundaries and the delay in the growth of the inverse
magnetic phase. Clarification of the noted features of magnetization behavior
requires the development of studies of the influence of the nature of the defect
structure, chemical composition and phase state of steel on the microplasticity
processes induced by an alternating magnetic field.

M, arb.units

-60

Fig.1. Hysteresis loop of a sample of steel 15Kh2NMFA, prestrained by rolling on
57% at T=90 K and subjected to MT for 15 min.

The relaxation mechanism of structural changes in 15Kh2NMFA steel in a non-
uniformly stressed state is considered. It is associated with the multiplication and
redistribution of dislocations under the influence of an alternating magnetic field,
which leads to a change in magnetic properties.

The obtained results are interesting from the point of view of creating
technologies that ensure the effective flow of structural-phase transformations in
materials in a highly nonequilibrium state as a result of a weak external influences.
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MOJIEJTIOBAHHS PATIALIIMHO-THAYKOBAHOI CET'PETALIIL
B KOHIHEHTPOBAHUX METAJIEBUX CIIJIABAX
Fe-9Cr TA Fe-20Cr-8Ni

P.B. Crkopoxo0, O.B. Koponog

Inemumym npuxnaonoi gizuxu HAH Yxpainu, Cymu, Yxpaina

PanmiamiitHO-1HIyKOBaHi SBUIIA B METalaX Ta CIUIaBaX 3a3BUYAi MPU3BOIATH 10
NoTipIIeHHS (PI3UKO-XIMIYHUX Ta MEXaHIUHUX BIACTHUBOCTEH marepiany. OJHUM 3
TaKUX SIBUIIL, SIKE MOJISITA€ B IPOCTOPOBOMY TIEPEPO3IOILITI KOMIIOHEHTIB CILIaBY 3a
YMOB OIIPOMIHEHHSI, € padiayitino-inoykosana cezpezayis (PIC) [1]. Meroro paHoi
pobotu € yucnoBe gociimxeHHss PIC B koHIleHTpoBaHUX MeTalieBux cruiaBax Fe-
9Cr 1 Fe-20Cr-8Ni y BuUnajaKy mioCcKoi reoMeTpii 3pa3KiB CIUIaBy TOBIIMHOKO ( 3a
PI3HUX YMOB OITPOMIHEHHS.

Jns mpukiiaxy HaBenemo cucremy, ska onucye PIC B TpUKOMIOHEHTHUX

crmaBax Fe-Cr-Ni. Ilepeposnonin konnentpaniii atomis Cr C, (X,t), Ni Cy; (xt),
Bakauciii (V) C,(xt) Ta mixsysensuux aromis (i) C(X,t) 3amaeThcst HACTYNHOMO

CUCTEMOIO AU(EPEHIIANbHUX PIBHAHD Y YACTHHHUX MOXIAHUX [1, 2]:

oC :
b= ~v[-aD,VC, +C,(d,,VC, -4, VC,)], (1=Cr,Ni,Fe)
oC 2
atv =-v|-DVC,+aC,| >  d.VC, |[+K,-R,C,C —-k’DC,, 1)
k=Cr,Ni,Fe

%z_v{_m_aq[ » dk,ivckﬂmo_Rcc._kfoiq,

iv v
k=Cr,Ni,Fe

ne D,, D, 1 D, — xoediuieHTH au(dy3ii KOMIOHEHTIB COPTy k, BakaHCId Ta

\ I

MIKBY3€IBHHUX aTOMIB, « — TEPMOAMHaMiyHui Qakrop, d,, 1 d,; — KiHETHYHI

KOe(ILIEHTH KOMIIOHEHTIB aTOMIB COpPTYy k, Kl JU(YHIYIOTh 3a BaKaHCIMHUM 1

MDKBY3€JIbHUM MEXaHi3MaMHu BIANOBIAHO, K, — MBUIKICTh MNPOIYKyBaHHS
pamiamiiiaux ToukoBux gedekriB (TI), R, — koedimient pexkomOinartii TII, k’ Ta

k? — MOTYKHICTH CTOKIB BakaHCill i MikBy3enbHMX aTroMiB. Crucrema piBHsHb PIC

1
(1) nns cnnasiB Fe-Cr ta Fe-Cr-Ni 3 BiiOBIIHUMU TOYAaTKOBUMH Ta TPAHUYHUMHU
YMOBaMH PO3B’sI3yBajlach YMCENIbHO (IUB. Hanpuknan [3, 4]).
B po6oti qns crmaBiB Fe-9Cr ta Fe-20Cr-8Ni po3paxoBaHi KOHUEHTpaIiiiHi

npodini kommnonentis C, =C,(x) ta T/ C,; =C,; (X) Bix modarky onpomiHerHs 10
MOCSTHEHHST cramioHapHoro pexumy PIC mpu pi3HEUX 3HAYEHHSX MIBUIKOCTI

npoaykyBanHs TJ[, TemmepaTypu Ta TOBIIMHM 3paska. lIpoananizoBaHo
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3QJIE)KHOCTI TOBEPXHEBOI KOHIIEHTpAIlii aTOMiB KOMITIOHEHTIB CIuiaBy CM, MOBHOI

MIMPUHU KOHIEHTPALIHHOTO PO aTOMIB Ha PiBHI MOJOBHHH MaKCHMAJIbHOTO

30arayeHHs (30igHeHHs) FWHM,, cerperamiiHoi IUIomii aromiB S, Ta I1HIIMX

BU3HAYAJIbHUX KUIbKICHMX XapakrepucTuk PIC Bix BKa3aHMX BHILE YMOB
ornpoMiHeHHs. 3a3HaueHl xapakTepuctuku PIC cxemaTHdHO HaBe[eHI Ha BCTaBII

10 puc. [4].
Ha puc. naBeneno 3amexnocti C. =C, (X) i C, =C,, (X) B craBi Fe-20Cr-

8Ni, skl po3paxoBaHl 3a HaOpaHOi 103W ONpOoMiHEHHS D=1 3Ha, MIBUAKOCTI

npoaykyBaHHs pafianiiianx TJ] K, = 10° 3na/c ta temneparypu T =350°C.

Konyenmpayiiini npogpini xpomy C., ma nixeno Cy; 6 cnnasi Fe-20Cr-8Ni (0).
Ha ecmasyi 0o puc. 1 cxemamuuno 300pasiceni pospaxosani xapaxmepucmuxu PIC
[Tocunanus
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®I3UYHI ACHEKTH TPOTHO3YBAHHS PAIAIIHHOT'O PECYPCY
METAJIY KOPIIYCY BOAO-BOISAHUX EHEPTETHYHUX PEAKTOPIB
C. Kompelmol, I 3imina’ , O. 3auapna1, K. Copoxal, B. Pesxd’

! Tnemumym memanogizuxu im. I'B. Kyporomosa HAH Yipainu;
? Inemumym sdeprux docnioxcens HAH Yipainu, Kuis, Yipaina

BcraHoBrieHHs MIKpOMEXaHI3MIB  pajialliifiHOTO OKPHUXYEHHS PEaKTOPHHUX
cTajei 1 po3poOka Ha Iii OCHOBI I1HXXEHEPHUX METOAIB IPOTrHO3YBAHHS
pamiamiiHoro pecypcy meraiy kopmycy peakropa (KP) e kmoduoBoro mpobieMoro
NOJIOBKEHHsSI TepMiHIB ekciutyaramii eHeproonokiB AEC. Ilg npobiema €
aKTyaJIbHOIO SIK JIJISl CBITOBOT aTOMHOI €HEPTeTUKH B IIJIOMY, TaK 1 ISl YKPaTHChKUX
AEC, 30kpema. Tak, Hanpukian, Ha cborogHi 80% eneproonokie AEC Vkpainu
BUYEPNAIU MPOEKTHUHN PECYPC.

B nomnoBial po3misgaerbes (izuyHa MPUPOAA JBOX KIIOYOBHX CKIIQJIOBUX
pamiariiinoro okpuxuenns merany KP, a came: (1) pamiariitnoro 3MinHeHHs 1 (i)
paaiaIitHo-1HIyKOBAaHOTO A {IHHS PI1BHS KPUXKOT MIITHOCTI.

JUIst peakTOpHHUX CTalled AOCIIIKEHO 3aKOHOMIPHOCTI BIUIMBY HEHTPOHHOIO
OMPOMIHEHHS Ha BEJIMYMHY aTepMIYHOI 1 TEPMIYHOI CKJIaJ0BOI TPAHULI TEKY4YOCTI
Go. BCTaHOBIIEHO, IO Il CKJIAIO0Bl G, MO PI3HOMY «PEAryroTb» Ha BEIUYHMHY
¢dmroeHca HedTpoHiB. Lleil epexT 0OyMOBIEHUI MIMPOKUM CHEKTPOM padialiiHO
IHIYKOBaHUX Je(PEeKTIB B OMPOMIHEHOMY MeETajll 1 €BOJIIOIE€ iX Mopdoortii,
po3MipiB 1 00’€MHOI TYCTHHH B TIPOLIECl JIOBFOTPUBAJIOIO HEHWTPOHHOTO
OTIPOMIHCHHS.

[TokazaHo, 1m0 y OUIBIIOCTI BUMAJKIB PIBEHb KPUXKOI MIIMHOCTI R,
3MEHIIYETHCS 13 3POCTAHHSM /03U OnmpoMiHeHHS. OCHOBHOIO MPUYHHOIO IHOTO €
3pOCTaHHA I'yCTHUHM 3apOAKOBHX TPIIIMH, K1 yTBOPIOOTHCS B MeTali KP B mporeci
JIOKaJIbHOI IMIACTUYHOI Jedopmariii B OKOJI1 BEPIIUHA MAKPOTPIILIMHH.

B xiHIl 1OMOBII PO3MISIIAETHCST OOMEXKEHHS ICHYIOUHMX MMIIXOMIB JIO OIIHKH
pamiariiitHoro okpuxueHHs Metanmy KP Ta mporHosyBaHHs pamiamiitHOro pecypcy.
3anponionoBaHa (i3MYHO-O0TPYHTOBAHA Bepcis Takoro miaxomy. Ha mpukimami
Merany kopmyciB peakropiB  BBEP-1000 mpomeMOHCTpOBaHI  MOMKIMBOCTI
3aMpOIIOHOBAHOTO T1IXOY.
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KOPO3IMHA CTIMKICTh OBOJIOHOK ITAJINBHUX CTPUKHIB
KOMITAHII WESTINGHOUSE B YMOBAX BOJHO-XIMIYHOI'O
PEXXUMY BBEP-1000

B.A. 3yiiok, P.O. Pyov, M.B. Tpem’axos, A.0. Kywimum, B.B. I pyonuybxuii

Haykoeo-mexniunuii komniexc «0epHuii naiusHul Yyukiy
Hayionanvnoco nayxosozo yenmpy «Xapriscokuil ¢izuxo-mexniunuii incmumymy,
Xapkie, Yxpaina

E-mail: valeriyz@kipt.kharkov.ua

B 2005 poui po3moyaTo BNPOBAKEHHS HOBOTO SACPHOrO TNaiavBa BiJ
aNbTEPHATHUBHOTO TIOCTadainbHUKa — kommaHii Westinghouse nHa AEC VYkpainu 3
peaktopamu BBEP-1000. Bpana pauBepcudikaiis siaepHoro mnanauBa Oyla
pearnizoBaHa 3aBIsKH KOMIUIEKCY OpraHi3alliiHuX, HAyKOBUX Ta TEXHIYHHUX PIIIEHb
Ha erami JjgineH3yBaHHsA. Kommaniss Westinghouse BHKOPHUCTOBYE KOHCTPYKITIHHI
MaTepialid, K1 37e0UIbIIOro anpoOoBaHl B aKTMBHUX 30HaX peakropiB PWR 3a
napameTpiB BOJHO-XIMIYHOTO pexumy mnepuioro kKoHTypy (BXP-1), HopmoBanux
JUISl pEaKTOPIB LbOTO THUITY.

BXP-1 peaktopie PWR Ta BBEP mae neBni BiaminHocti. Y BBEP, mis
HelTpai3aiii OOpHOI KHCIOTH Ta OTPUMaHHS HEOOXI1JHOTO BiJHOBIIOBAJILHOTO
C1a00Ty>KHOTO CEpEOBHUINA, BUKOPUCTOBYEThCS Trifipokcuy kaniro. B PWR nmns
OO BUKOPUCTOBYETHCS TIIPOKCUJ JiTito. JlJIsi TpUAyIICHHS pajiofizy
TEIJIOHOCIST Ta 30€pekeHHA BIAHOBIIOBAIBHMX YMOB B peakTtopax BBEP
3aCTOCOBYETHCS JI03yBaHHS aMiaky, a B PWR — razononibHoro BogHzo.

Y TB3A Bupobuuirsa pociiickkoi kommanii AT «TBEJI» 06omoHKH manuBHUX
CTpPUXHIB (TBEJ, TBET) BUTOTORBJIEHO 31 ciiaBy E110, a B TB3-W/WR BupoOHuIITBa
xomnanii Westinghouse — 31 crimaBy ZIRLO. Ha nmouatok gocmiigHol ekcrutyararfii
TB3-W, y miteparypi Oyiu BiCYyTHI AOCTYIHI JaHl HIOJ0 KOPO3IWHOI CTIHKOCTI
criaBy ZIRLO B ymoBax BXP-1 BBEP-1000.

VY nmomoBial HaBEJAEHO Pe3yJIbTaTH KOMIUIEKCY poOIT 3 BU3HAUYECHHS KOPO31AHOT
CTIMKOCTI 0O0O0JIOHOK TmanuBHUX cTpwkHIB TB3 kommanii  Westinghouse,
BUrOoTOBJIeHNX 31 cruiaBy ZIRLO, mig wac ekcruryarailii mpoTsSroM YOTHPhOX
nanuBHUX Kammaniii B peakropax BBEP-1000 AEC Vkpainu. Otpumano Ta
CUCTEMATH30BAaHO MACHB €KCIIEPUMEHTAILHUX PE3YJIbTATIB 3 BUSHAYCHHS TOBIIMHU
okcuaHoi miBky (TOIT) B akcianbHOMY HanpsiIMKY 0OOJIOHOK MAJIMBHUX CTPUKHIB
Ta Moka3aHo, o mMakcumaiabHa TOII micist yeTBepToro poky excrutyararii TB3-
W/WR 3Haxonutbcest B Mexax Bij 13 1o 25 mkwm. Ilix yac nmpoBeeHHs Bi3yallbHOTO
KOHTPOJIFO OOOJIOHOK TIAJUBHUX CTPIIKHIB OIIIHEHO iX KOPO3IMHHWI CTaH Ta
BCTAHOBJICHO 3B 530K 30BHINTHLOTO BUIIISIAY iX moBepxHi 3 TOIL.

Pesynbratn BuMiproBanb TOIl Ha moBepxXHiI OOOJOHOK MAJMBHHUX CTPHKHIB
HUXK4Y€ MaKcHUMasbHOI Mexi (60 MKM), BCTAHOBJIEHOI Ha €Tami MPOEKTYBaHHS Ta
miJ] 9ac OTpUMAaHHS J03BOJIy Ha EKCIUTyaTallll0 majuBa B akTWBHIN 30HI BBEP-
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1000, Ta 3HaYHO HIKYE MaKCUMaJbHOI TpPOoekTHOI Mexi (<101,5 mxm) nms
obomonok 31 cruapy ZIRLO. 3rigHo pesynsrataM BHUMIpPIOBaHb, IPOBEIACHUX Ha
egeproomomi  Ne3 BIITIAEC Ta eneprotmomi Ne5 BII3AEC, wmoxnHa
CTBEp/KyBarH, 10 oOonoHKM 31 cmiaBy ZIRLO MaoTh BHCOKY KOpO3iiHY
CTIMKICTB miJ yac ekcrutyartarlii B ymoBax BXP-1 BBEP-1000 AEC VYkpainu.

Ha mingcraBi pesynbratiB BumiproBanHs TOIl Ha 000J0HKaxX MaTMBHUX
ctprxkHiB Ha eHeproomomi Ne 3 BITITAEC Ta enepro6momi Ne5 BII3AEC, a
TaKOX, pO3paxoBaHUX MapaMeTpiB €KCILTyaTallli [IUX CTPUKHIB B yMOBaX aKTUBHOT
301 BBEP-1000, Bu3HaueHo eHeprito akTuBaiii kopo3ii craBy ZIRLO B ymoBax
BXP-1 BBEP-1000, sixa ctanHoBUTh 27280 Ka/MoIIb, 1110 BHUILE, HIK IS 3aX1THUX
peaktopiB Ttunmy PWR (27080 xan/monp). lle cBigunTh mpo BUILY KOpO3iiHY
CTIMKICTB JaHOTO cruiaBy B peaktopax BBEP-1000.

[TIpoBeneno Bamijgamito po3paxyHkKy posnonaury TOII mo BuCOTI 000JIOHKH
MAJUBHOTO CTPUIKHSA MICIs YOTUPHOX POKIB eKCIUTyaTallii B akTuBHINA 30H1 BBEP-
1000 (Puc. l.a) ta Bim wacy ekcrutyaramii/ muOunu BuropsiHas (Puc. 1,0) 3a
po3paxyHkoBoro mojemtto Garzarolli [Garzarolli, F, Jung, W, Schoenfeld, H,
Garde, A, Parry G W Smerd P G, Waterside corrosion of Zircaloy fuel rods. 1982]
(HaMOUTBIIT  PO3MOBCIO/KEHA  MOJENh B KOMIT'HOTEPHHUX  Kojax  JUIs
TepMoMexaHiyHoro aHamizy suaepHoro manuBa (FRAPCON, FAST)) 3
BUKOPHCTaHHSM BU3HAYEHOI €HEeprii aKTHBALIil.
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PesynbraTtun pO3paxyHKy MOKa3aJu BHCOKY CHIBCTaBHICTh 3
eKCIIEpUMEHTAIbHUMU JaHuMH, oTpuManumMu Ha AEC VYkpainu. 3pobieHo
BHCHOBOK, 1[0 pO3paxOBaHy €HEprito akTupailii koposii cruiaBy ZIRLO B ymoBax
BXP-1 BBEP-1000 mMoxxHa BBaxaTu NpuUMHATHOKO miisi po3paxyHkKy TOII nns
KOMIT FOTEPHUX KOJIB, SIK1 CIIParOThes Ha Mozenb Garzarolli.
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ZIRCONIUM FOR NUCLEAR POWER PLANTS

M.M. Pylypenko

NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine
E-mail: mpylypenko@kipt.kharkov.ua

Nuclear power currently accounts for about 20% of the worldwide electricity.
Light water-cooled reactors (LWR), which are water-cooled and also water-
moderated, represent more than 80% of the operating nuclear power plants
worldwide. In the nearest 50...60 years LWR will dominate in park of commercial
nuclear power units which produce electric energy. The main material of the core
of these reactors is structural materials on the base of zirconium.

Today zirconium alloys are non-alternative structural materials for nuclear
power, especially for complete set of the cores of LWRs with operation
temperature of coolant 350...400 °C. Zirconium alloys are used as fuel cladding
and core internals in LWRs because of their low neutron absorption cross section,
good-in-service corrosion resistance, adequate high temperature mechanical
strength, and dimensional stability under radiation.

Improvement of structural materials will improve the efficiency of existing
nuclear power plants and extend the design periods of their safe operation. The
development of new and improvement of existing zirconium alloys is impossible
without an in-depth study of the processes for obtaining nuclear-purity zirconium.

This report presents the results of research on obtaining of nuclear-purity
zirconium and the effect of metal purity on its properties.

A physical substantiation has been carried out and the behavior of metal
impurities in the process of refining zirconium by electron beam melting (EBM) in
high vacuum has been experimentally investigated. Nuclear-pure zirconium, that
meets the modern requirements of nuclear energy, was obtained, and the effect of
zirconium purity on its properties was investigated.

The behavior of impurities during the refining of domestically produced
magnesium-thermal sponge zirconium has been studied, which makes it possible to
create the necessary prerequisites for the use of sponge zirconium in the
development of zirconium structural materials for equipment elements of nuclear
power plants with improved reliability.

One of the real ways for solving the problem of reliability increase, increase of
operating life, physical-mechanical characteristics of zirconium and its alloys for
nuclear power is the development and realization of complex program of activity
in this field, revival of zirconium production in Ukraine and development of
modern cycle for zirconium production with advanced characteristics.
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PHASE FIELD MODELING RADIATION INDUCED PRECIPITATION
IN COMMERCIAL ZIRCONIUM ALLOYS

D.O. Kharchenko, V.O. Kharchenko, O.M. Shchokotova, V.V. Kupriienko,
O.B. Lysenko, S.V. Kokhan
Institute of Applied Physics, National Academy of Sciences of Ukraine, Sumy, Ukraine

We study of secondary phase precipitation in binary and ternary zirconium-
based alloys with extra-small content of doping within the framework of the phase
field approach. Developed phase field model is applied to study [-phase
precipitation in the model system of commercial Zr-Nb-Sn and Zr—Nb alloys at
thermal treatment. An analysis of local rearrangement of doping and equilibrium
vacancies during precipitation is provided. Kinetics of precipitation, size and
distribution of the precipitates, concentration of the species in precipitates and
matrix are studied. It is shown that emergence of dislocation loops around
precipitates follows the Orowan mechanism. Modeling the radiation induced
precipitation during neutron irradiation of zirconium alloys with low content of
doping is performed within the framework of the developed phase field model, by
taking into account ballistic mixing and the dynamics of point defects with their
sinks. It is shown that in a sample initially contains precipitates of the secondary
phase, irradiation results in the dissolution of precipitates at small doses and re-
precipitation with dose accumulation. Analysis of precipitation dynamics and
statistical distributions of precipitates with local rearrangement of non-equilibrium
vacancies around precipitates at neutron irradiation is provided. It is shown that the
competition between ballistic mixing and the thermodynamic force plays a major
role in kinetics of radiation induced precipitation and precipitates dissolution. The
estimation of mechanical properties of Zr—Nb alloy at irradiation at reactor
conditions is provided.
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CIIIBICHYBAHHS MI’)KBY3EJIbHUX I BAKAHCIMHUX ITETEJIb
Y HIPUSMATUYHUX IVIOINUHAX HUPKOHIIO.

O.I'. Tpouenko, A.B. baoiu, IL.M. Ocmanuyk

Tnemumym enexkmpoghizuku i padiayiiinux mexuonoeiu HAH Ykpainu, Xapkie, Ykpaina
E-mail: oleg-trotsenko@ukr.net

Po3poOka HOBITHIX SIEPHO-CHEPTETUYHHX YCTAHOBOK Ta  IIJBUIECHHS
Oe3MeKn eKcIuTyaTallli ICHYIYHX BHCYBalOTb BHMOTH JO OUIBII IIOBHOTO
PO3YMIHHS SIBHII, IIO CIIOCTEPIraroThCs B Marepianax, skl mepeOyBaioTh IMij
BIUIMBOM BHCOKHUX JI03 ONPOMIHEHHS 30KpeMa AaKTUBHOI 30HH SIEPHHUX
peaktopiB. OnHe 13 Takux sBUL € paniauiiauil pict (PP). SBume PP oco6nmBo
IpUTAMaHHO AaHI30TPONHUM MaTepianaM, 30kpema wnupkoHiro (I'MY). Taxk,
O0OOJIOHKHM TBEJIB 1 TEIUIOBHIAUIBbHI 301pKu simepHux peakropiB tuiy BBEP, mo
BUPOOJISIIOTh EHEPril0 33 pPaxyHOK NOJAUTY YypaHy TEIUIOBUMU HEUTpOHaMH,
BUTOTOBJIIOTHCS 13 CIUIABIB ITUPKOHIIO 4Yepe3 iX HU3bKHUM MONEpEeuHUuid mepepis
NOTJIMHAHHS TEIUIOBUX HEWUTPOHIB. CTaOLIBHICTh iX PO3MIpIB, @ TAKOX 3JATHICTb
IIPOTHO3YBATH 3MiHM iX (OpPMHU JyK€ BaKJIMB1 I PO3pOOHHUKIB Ta OMNEPATOPIB
TaKUX PEaKTOPiB, OCKUIBKH JedopMallis BIUIMBAE Ha Mpalre3JaTHICTh Ta TEPMIH
CIIy>KOM aKkTHMBHOi 30HU peakTopa. Tomy PP mupkoHito Ta Horo crjaBiB CTaB
MPEAMETOM IHTEHCUBHUX JIOCIHIJKEHbB I11€ 3 JIPYToi MOJOBUHU MUHYJIOTO CTOJITTS.
[1-5]. 3okpeMa BUSBWIOCS, IO Y NMPU3MATUYHUX IUIONIMHAX ITUPKOHII0 MOXKYTh
CHIBICHYBAaTH JMCIOKAIIiHI METJ pi3HOT MPUPOAHN (BaKaHCIMHI 1 MKBY3€lbHI). |
II€ HE 30BCIM BKJIAJAEThCS y PAMKH CTAHAAPTHOI KOHIEMIN IUCIOKAIiiHOTO
(dbakTopy mnepeBarv, OCKUIbKH BBAXKAETHCS, 110 BIH HE 3aJICKHUTh B TPUPOIU
nuciokariinoi merai [6]. ToMmy cmiBiCHyBaHHS MDKBY3EJIbHMX Ta BaKaHCIMHHMX
nerenb, a TaKOX PICT Oa3MCHUX BaKaHCIMHUX IMETeIb Yy paMKax CTaHAapTHOI
MPYXKHOT 17e0JoTii He3po3yMuli. Byso 3anpornoHoBaHO 1HIIWN MiIX11, MOB'SI3aHUN
3 aHi3oTpornHo audysieto [7]. JIifcHO, BIH MOSCHIOE AESIKI E€KCIIEPUMEHTAIbHI
JIaH1, 30KpeMa KpHUBi1 POCTY BIAMAJICHUX MOHOKPHUCTAJIIB YHMCTOTO IUPKOHIO [8].
Ane 1o moOyAoBU MOCHIIOBHOI TeOpii IILOTO siBUINA 1€ Aaneko. OJHOYaCHOTO
CHBICHYBaHHSI IPU3MAaTUYHUX TETENIb Pi3HOI MPUPOIH BiH MOSCHUTU HE MOXke. J[0
TOTO K HaBEJICHI YUCIIOB1 PO3PAXYHKH CTOCYIOTHCS TUIBKH MOHOKPHCTAIIB.

3a3HauMMoO, 10 BUCHOBOK KIJIACMYHOI Teopli MPYKHOCTI IPYHTYEThCS Ha
NpYyXKHIiN 130Tpomii. Mu x y CcBOiX po3paxyHkax y dopmanizmi QyHkiii ['pina
BPaxOBYEMO KOHKPETHY IUIOIIMHY 3ajsiTaHHA TeTai. Y JaHOMy JTOKJIaji
MPEACTABICHO pe3yJbTaTH HAIIMX JOCHIDKEHb 3a OCTaHHIM Tepioj dacy.
MeTonoM CKiHYEHUX PI3HUIL OOUMCIICHO (PaKTOp mepeBaru a-mnetelib, M0 MarTh

BekTop broprepca 6:1/3<ll§ 0> 1 JexaTh y MNPU3MATHYHIA TUIOUIMHI (1010);
MOPIBHSHO HOT0 3 PO3paxOBaHMM PaHIIIe IS MPU3MATHYHOIT TUTOIUHK (1120) [9]

Ta TPOAHAII30BaHO MOKJIMBICTh CHIBICHYBAaHHS IETENb PI3HOT MPUPOAM B IHMX
TTONUHAX.

63


mailto:oleg-trotsenko@ukr.net

3anexxHicTh (PaKTOpy MepeBaru meteiab pi3HOI MPUPOAM B iX pailyca Jis
JIBOX 3HA4YE€Hb paJlyCy BIUIMBY METENb MOKa3aHO Ha PHUC.

oo f aro

Rox=120a | Ren—60a

008 § coe |

Qo6 § (=T |

cos 4

LOOP BIAS

LOOP BIAS

ooz 4 —

——

104 104 TR

LOOP RADILTS. 8 a LOOP H—-_'HDI'J'D a -
3anexcnicms pakmopy nepesazu nemenv pizHo2o xapaxmepy 6i0 ix padiyca 01
CPaAHUYHOL YMOBU Y |g = XPE(r) g, 07151 080X 3HAUEHB R, .

Bunno, 1m0 B npu3MaTUYHUX IUIOMIMHAX (1120) (TPUKYTHHKH) 1 (1010) (Koa)
MOXYTh BHHHUKATH 1 POCTH @-TIETJl PI3HOI TpUpoaXd (CHHI BIJAMOBIIAIOTH

BAKaHCIMHUM, a YEpPBOHI — MDKBY3€JIbHUM METIIAIM). BOHM MarTh OJHAKOBUUI
BekTop Broprepca b=1/ 3<11 2 0>. I[Teti omHoro Buay (TPUKYTHHKH i KOJIa Pi3HOTO

KOJIbOPY), IO 3asraloTh y PI3HMX IUIOMIMHAX  MAalOTh MPAKTUYHO OJIHAKOBI
3alieKHOCTI  (pakTOpy TmepeBarn BII iX paaiycy. TakuM 4YMHOM, B pamKax
KJIACUYHOI Teopli MPY>KHOCTI, ajie 3 YpaxXyBaHHSIM aHI30TPOMIil IUPKOHII0, MOXKHA
MOSICHUTU (DaKT CMiBICHYBAaHHS MPU3MAaTUYHUX METENb PI3HOI Mpupoau. Ale € 1
He3po3yMil peul. Sk BUAHO 3 puc.l dakTop mepeBarn MiKBY3EJIbHHUX METENb
(uepBOHU KOIip) OLIbINE 32 BaKAHCIHHUX (CHUHIM) B 00J1aCTi pO3MIPIB 10 R~30nm 1
outbme 100nm. Ile 1 € obmacti croiBicHyBaHHsS. HeMOHOTOHHMI XapakTtep
3aJIeKHOCT] (pakTOpa MepeBard BijA pajlycy NeTedb Ta ICHYBaHHS IPOMIKHOI
oOnacTi He3po3ymina. B miil o0macTi MiKBY3€NbHI METIl B MPUHIUIT MOXYThb
ICHYBaTH 1 pOCTH /10 OUIBIINX PO3MipiB. A BaKaHCIWHI IPUMHUHSIOTH CBil picT, 60
edeKTUBHIIIE MOTJIMHAIOTh, MIKBY3€JIbHI aToMH. HanmumkoBi BakaHCiT MOXYTh
mudyHayBaTH Ha Oa3UCHI IUIOMIMHU a00 3apojpKyBaTH HOBI BaKaHCIMHI METIl y
NPU3MATUYHUX IUIOMIMHAX, MMABUIIYIOUM I1X YHCENBHICTh. AJle II€ TUIBKH
MPUMYILIEHHSA 1 TOTpeOye TOAATKOBUX JTOCTIIKEHbD.
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PO3POBKA 'EONOJIIMEPHUX MATEPIAJIB JIJIA IMMOBLII3ALIIL
PAJIOAKTUBHHUX BIJIXO/IIB

C. Cacenko, €. Céimauunuii, B. IlIkyponamenxo, I. Xonomeee
NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

Cepen piIKUX pajiOaKTUBHUX BIAXOJIB OCOOIUBY I'pyly CKJIalal0Th TaK 3BaHi
npoOJieMHI pajioakTHBHI opraHiuHi piaki Biaxoau (POB): macTtuibHi MaTepianiu,
OpraHivHI PO3YMHHMKHU, CIMHTHIIAIIAHI PIAMHYU Ta PIAUHU s ne3aktuBailii. POB,
K1 YTBOPIOIOTHCSI Ta HAKOMIMYYIOTHCS HA aTOMHUX €JIEKTPOCTAHIIISAX, BIAHOCITHCS
JI0 PaJiOaKTHBHUX BIJIXOAIB HHU3BKOTO Ta CEPEAHBOIO pPIBHSA aKTUBHOCTI Ta
MIPOXONATH MPOIEAYPY NEPEPOOKH Ta KOHAUIIOHYBaHHs. JIj1st cTabimizarii BigxomiB
nepes TpUBAJIUM 30€piraHHsIM iX KOHAUIIOHYIOTh y 3aXHMCHI CTa0lIbHI MaTpuLl. Y
MUHYJIOMY JI€SKl KpaiHd BHUKOPUCTOBYBAJIM TPAAULINAHI MPOMHUCIOBI METOIU
00poOKH, TaKl SIK LIeMEHTal1s (3 BAKOPUCTAHHSAM MOpTIaHALeMeHTy). OHaK yepes
ix opraniyny npupoay oopodka POB uacto € ckilagHOI0 Ta BUMarae J10AaTKOBOI
craaii oOpoOku. Tomy, B naHuid 4yac y CBITI NPOBOJIWUTHCS BEJIMKA KIJIbKICTh
JOCHIPKEHh MO po3poOIill TeomnoyiMepiB  (SK  anbTepHaTHBA TpaAUIiTHOMY
NOPTIAHMILIEMEHTY),  AKI ~ OTPUMYIOTbCS ~ MIIIXOM  JIY)KHOI  aKTHBAIlii
amomocuiikatHoi (Al-Si) cupoBunu. Taki 3axucHI MaTepiaiu (4acTo 3BaHi, SIK
reornoiMepHuil O0eTOH) 3a0e3MeuyIoTh BUTITHE MOETHAHHS (Pi3UKO-MEXaHIYHHX
XapaKTepUCTUK 1 TOMY 3HAXOASATh JOCTAaTHE 3aCTOCYBaHHS B PI3HUX Tally3sx
MIPOMHUCIIOBOCTI, 1 MalOTh MEPCHEKTUBY AJisi iMMoOuUTi3alii pagioakTuBHuX POB.
Crporoani B YkpaiHi € AOCTaTHsS CUpPOBUHHA 0a3a JJii OTPUMAHHS T'€OMOIIMEPIB.
Tomy po3poOka reomoniMepiB Ha ocHOBI Al-Si cupoBuHM m1si iMMOOLTIZAII]
pagioaktuBHUX POB € akrtyanpHOro. l'eomnonMepHbIl 3aXMCHUII KOMIAyH[ HE
noTpedye MPUCYTHOCTI MOPTIAHALIEMEHTY SK B'sbkydoro. HaTomicTh, akTuBarlis
BUXIJIHMX MatepiaiiB, Takux sik MetakaoniH (MK), nomennuit mmak (JII), 30ma
BuHOCy (3B), sixi Oarari Ha Si Ta Al, 3 BUKOPUCTaHHSIM BHCOKOJIY>)KHUX PO3UYHHIB
CTBOPIOE B SKYUy PEUOBHMHY JJI1 BUPOOHUIITBA reonoiiMepHoro oerony (Puc. 1).

2 AnromocunikatHa CMpoBuHa
JIyKHUM akTUBaATOP

— MpupogHi (rannu, Tyd) Mikcep
KOH/NaOH | + Ta/abo  —
L — ( \ 3ona suHocy . x i i é i
K,Si05/Na,Si0y - ta/abo a :
[omeHHWiIt Wwnak- ‘A e

Puc. 1. I'eononimep: cuposuna ma cxema ompumanHs
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VY XDTI pocnimxeHo HOBHM 1a00paTOpHUIA METO, 10 0a3yeThCsl HA MPIMOMY
BBefieHHI POB B reomomimepny warpuiio cymimi 3B-JUI-MK  (Puc. 2).
HepanmioaktuBHi pigki opraniyni wmacna (Shell Spirax u  Nevastane)
BUKOpHUCTOBYBasiMcs sik cyporar POB. Bonu Oynu o0paHi SIK TIpeaCTaBHUKU
TUMOBUX OPTaHIYHUX PIJUH, IO YTBOPIOIOTHCSA TMiJ Yac eKcIuTyaTalii Ta
JIEMOHTaXYy SIJIEPHUX YCTAHOBOK 1 MEpepOOKH BiAMPAILOBAHOTO MMAIHBA.

3e'asyBanbHi maTepianu JIyMHWA po3HMH

AMIOMO-CHNIKATHI AxKepena: KOH (9 %), piake crno K;5i05(11 %),

NeTHYa 3013 Big, cNanosaHHa H,0 (12 %)

Byrinna (34 sar.%), LOMEHHMWIA
— LFATE Svanmin 140 )

wnak (20%), metakaonid (14%) Imitatop POB (10-20%)

lTeononimepHWiA KomnayHg

Puc. 2. Xapakmepucmuxa 1abopamopnozo memooy OmpumaHus 2e0noiiMepHo2o
KOMNAayHoy ma 306HiwHil eu2nso 3paskie cknady 3B-/111-MK 3 oooasanuam 30 %
macna Shell Spirax (0 30 ymm)

Po6orta Beaetnes 3 2020 poky B pamkax npoekry Horizon-2020 “Pre-Disposal
management of radioactive waste (PREDIS)”, axuii cnpsiMmoBaHuii Ha po3poOKy Ta
BIIPOBA/PKEHHSA AISUIBHOCTI 3 OOpOOKM TMepea 3aXOPOHEHHSIM paJlOaKTUBHHUX
BixoaiB [1]. Byno nmpoBeneno cniany poOOTY 3 €BPONEHCHKUMHU MApTHEPAMHU JUTA
JTOCJTII>KEHHS, po3p061<1/1 Ta OI[IHKH PIIIEHb JJIs MPAMOTO I(OHI[I/IHIOHYBaHHH POB
Ha OCHOBI T€OIOJIMEPIB 1 JIY)KHO-aKTUBOBAaHUX MarepiajiB K KOHIUIIOHYIOYHX
Marpuilb [2].

byno BU3HaueHO eTamoHHUU CKiaj reomnojiMepy Ha ocHOBI cymimn (3B-/ILL-
MK) 3 ykpaiHCBbKOi CUpPOBHHHU Ta 3 JOJ@BaHHSM IMiTaropa paaioaktuBHux POB.
Peuentypa cymimn (mo 30% POB) Oyna BumpoOyBaHa Ta ONTHMI30BaHa 3a
BUOOPOM Ta KUIBKICTIO aJTIOMOCHJIIKATHUX MNPEKYypCOpiB, JTYKHUX aKTHUBATOPIB,
mo0 oTpUMaTH 3aXMCHI KOMIIAyHAW 3 BIAMNOBIIHUMH PEOJIOTIYHUMU Ta
MEXaHIYHUMH BJIACTHBOCTSIMHU. OTpuMaH1 3pa3Kd BIANOBIAAIOTH MPUHHATHAM
KPUTEPIsIM: TIOCTATHS TEKYYiCTh, Yac CXOITOBaHHS — 20 ToAuH, IIiJIbHA OJHOPIIHA
CTpyKTypa 0e3 aedekTiB Ta MilHICTh Ha cTUCK — 32 MIla micias BUTPUMKH
npotsiroM 28 ni0. Ile Mae BaxkiuBe 3HAUEHHSA JJIs1 PO3POOKHU METOIB Ta MaTepiaiiB
JUIsS. KOHAUIIOHYBaHHS pajioakTuBHUX POB B reomnoniMepHi MaTpulll Ta OLIHKU
3aCTOCYBaHHS HAWOUIbII BIAMOBIAHOTO TEXHOJOTIYHOTO TMIAXOAY Ha SJICPHUX
o0'ekTax YkpaiHu.
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One of the most important aspects of the application of aluminosilicate binders
(synonyms: geocements, geopolymers) as a type of alkaline cement [1] is their use
for immobilisation of radioactive waste of various specific activities. The
attractiveness and effectiveness of using such binders for immobilisation lies
primarily in the fact that many radioactive wastes contain alkaline elements or their
compounds, which are an essential component of these cements. These primarily
include processing products of alkali metal rawest (sodium, potassium-sodium
alloy, cesium) generated during decommissioning of fast reactors and space
nuclear power plants after ground tests, ash from burning vegetation during
remediation of contaminated areas, and liquid rawest from NPPs and nuclear
centres.

The latter contain a significant amount of sodium salts and other compounds.
The high content of alkaline elements and their salts in this radioactive waste
creates significant difficulties in their immobilisation by traditional methods. The
technical concept under development is based on the sorption-chemical form of
immobilisation of radionuclides of alkaline (Na, K, Li, Cs) and alkaline earth (Sr,
Ba) elements with strong fixation of radionuclides in the mineral-like stone, which
is formed with their direct participation, which determines its durability and
reliability of disposal. The high reliability of radioactive waste solidification in
alkaline aluminosilicate stone is because alkaline elements present in them in
significant quantities, in particular Cs-137, which is one of the most dangerous
radionuclides, they chemically bound into a water-resistant compound such as
natural semicite, which firmly fixes this element in the mineral-like stone,
preventing its leaching.

However, there is no information in the literature on the selection of an
aluminosilicate matrix by the ratio of the main structure-forming oxides in terms of
its resistance to y-radiation. Therefore, in this paper, we consider aluminosilicate
binders of analcimo (Na,O- Al 054810, 15H,0)-geylandite
(Na,O-Al,O;-6Si10,- 15H,0)-mordenite (Na,O- Al,O3-8S10,-15H,0) composition [2].

The y-attenuation coefficient (a, %) and linear y-absorption coefficient (y, cm™)
of aluminosilicate binders were determined using known methods on samples of

90 mm diameter discs with a thickness of 6 mm. The results we compared with a
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lead disc of the same dimensions. Radioactive water with activity of 2013.842 Cps
wy used as a radiation source. The test results they shown in the table.

Zeolite Microstructure of | Composition of the elementary cell | p, a, u,

type stone chips; | [3] and crystal cell [4] g/cm3 % cm’!
x1000

Analcyme Single 4-member ring O4K. Cc, | 1.31 43.6 |0.114

a=13.68A°, Z=16. Trapezoidal
crystals capable of forming

germination twins

Gaylandite Complex 4-4-1, unit T;oOy. | 1.43 29.6 | 0.064
Monocl. c¢., prismatic; {=7.45,
b=17.8, c=15.85A°, p=91°26'; Z=4.
Crystals are tabular or almost
square

Mordenite Complex 5-1, unit TsO;6. Rhombus | 1.61 29.8 | 0.054
c.; a=18.25, b=20.35, c=7.5 A°
7Z=2. Prismatic crystals

Pb [5, 6] - Cubic face-centred, a=4.95A 11.34 | 66.7 | 0.183

As can be seen from the data obtained, in comparison with lead, the highest y-
attenuation (43.6%) and linear absorption coefficient (0.114 cm™) are characterised
by an aluminosilicate binder of the analcime type with cubic lattice syngonality
close to that of lead. In terms of y-weakening properties, aluminosilicate binders
(with the same water molecule content) they we placed in a series by crystal lattice
type: analcime> gaylandite> mordenite type. An increase in the density of the
aluminosilicates of the considered types does not affect their y-weakening ability.
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3ACTOCYBAHHSI KANNIJIIPHOTO METO/Y JIJISI BUSIBJIEHHS
MOBEPXHEBUX JIE®EKTIB TABJETOK
HENATPOHONOIMIMHAIOUNX MATEPIAJIIB HA OCHOBI
JUCHPO3IIO

M.B. Cmaponam, 1.0. Yepnos, H.B. Pyow, B.O. Pomanvkos, €.C. Jlecenvkuii

Hayxoeo-mexniunuii komniekc «0epruil naiusHuil Yyukiy
HHI] «Xapxiscokuii gpizuxo-mexuiunuii incmumymy» HAH Ykpainu, Xapxkis, Yrpaina
E-mail: mstarolat@kipt.kharkov.ua

TexHONOriYHUN TPOIIEC BUTOTOBJICHHS HEHTPOHONOIMHAIOYMX TabJETOK Ha
OCHOBI JMCIPO31i0 BKIIIOYA€ HACTYITHI OMEpallii: 3Ba)KyBaHHS BUXIJHUX OKCHIIIB y
MEeBHIN KIJILKOCTI, 3MIIITYBaHHS 3 OPraHIYHUM IJIACTU(]IKATOPOM, CYIIIHHS CyMillli,
NpecyBaHHs TaONETOK, CHIKaHHA 1 MeEXaHIYHy O0OpoOKy OI4yHOI MOBEpXHI.
[TounHatoun 3 eTamy MpecyBaHHA TaONETOK Ha KOXKHOMY HACTYIHOMY €Tarll
MOKYTh BUHUKHYTH 200 HaOyTH PO3BUTKY BHYTPIIIHI a00 MOBEPXHEBI AE(HEKTH —
TPIIMHYU, TIOpHU, ckoiu. [{ns Tabmetok KapOigy OOpy, IO BUKOPUCTOBYETHCS SK
HEUTPOHONOTIMHAIOYU I Marepial, po3MIp MOBEPXHEBUX nedexTiB
peraMmeHTyroThcst ASTM.

VY BuxigHUX TabJIeTKaX TUTAHATY AUCIPO3it0 1 rapHaTy AUCIPO3it0 30BHIIIHBO
HE BUSBIEHO Ne(EKTIB Ha OIYHMX MOBEPXHAX. AJie TPHU MPOBEICHHI KOPO3IMHHUX
BUNPOOYBaHb y Bojl Bucokux mapametpiB (350 °C, 15,7 MIla) Oyno BUSBIEHO
dbparMeHTailito 1eakux TabJeTOK 1 MPOsSBU Ha O1YHIN MOBEPXHI «OUIUX» CIIAIB, O
SKUM BiJI0yBajioCsi pylHYyBaHHS TaOJETOK. AKTyaJIbHUM € TIPOBEJCHHS JOCIIKEHb
3 BUSIBJIEHHS TakuX A€(PEKTIB y TabJETKaX HEUTPOHOMOIIMHAOUYUX MaTepiaiiB, sKi
HEMOYJIMBO BCTAHOBHUTHU Bi3yaJIbHUM OTJISJIOM iX TIOBEPXHI.

JIist BU3HAUEHHS pPO3TAlllyBaHHS TMOBEPXHEBUX JAeheKTiB OyB ampoOOBaHUM
KaliJIIpHUN METOJ] HEPYWHIBHOTO KOHTPOJIIO SKHUH 3aCHOBAHO Ha KaIllJIsSPHOMY
MPOHUKHEHH] 1HIUKATOPHOI pIIMHU (TIEHETPATy) B MOPOKHUHU 00’ €KTY KOHTPOJIS
3 MOJAJBLIOK PEECTPALEI0 1HIUKATOPHUX PHUCYHKIB 32 PAaXyHOK BHUTHCHEHHS
MIEHETPAHTY MPOSIBHUKOM y MICIUSX pO3TallyBaHHS 1e(EKTIB.

Jlns nocmmkeHp Oyno oOpaHo TabieTku TUTaHaTy aucnposito Dy,0;-TiO,,
rapuary aucnposito Dy,O3;-HfO, 1 unwpkonary nucnposito Dy,0;:ZrO, y
BUXIIHOMY cTaHi. Tabnetku raduaty aucmposito-ranonidio (Dy,Gd),05-HfO,
NPOUIIIM KOpO3iiiHI BUMpoOyBaHHs BHpogoBx 1000 roguH, mig 4Yac sIKUX BOHHU
(dbparMeHTyBaIKCs Ha JIBl YaCTUHU. XapaKTEPUCTUKU TAOJIETOK y BUXIJHOMY CTaHi
1 TICIs 3aCTOCYBaHHS KamJIIPHOTO METOMy HaBeneHo B TaOmuii 1. Bimkpura
MOPUCTICTh 3pa3KiB BU3HAYATIACS METOJIOM TiAPOCTAaTUYHOTO 3BaXKYBAaHHS 3pa3KiB
HACUYCHMX BOJOK Yy BakyyMi. 3a pe3ynbTaramMu JOCIHIPKEHb CTaHy IOBEpPXHI
Ta0JIETOK, MICIS BUTICHEHHS MEHETpaTy NPOSBHUKOM, OyJI0 BHSIBICHO AEKIJIbKa
XapaKTepHUX 1HAUKATOPHUX PHUCYHKIB, MO Oynr OOYMOBIECHI IOBEPXHEBUMU
nedexTamMu 1 BITKPUTOIO TIOPUCTICTIO TabJIETOK.
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Tabnuis
XapaKTepPUCTUKH 1 30BHIIIHIN BUIIA Ta0JIETOK TUTAHATY TUCTPO3it0 Ta ragHaTy
JMCIIPO3110 Y BUX1THOMY CTaHI1 1 30BHIIIHIN BUIIIST IPOSIBJICHUX JE(DEKTIB

No|  3pazok I'yctun [TopucticTth BusiBnenun 30BHIITHIN Burnsin
a, r/em’ Barane | Bigkpu | ¥ Aedext BHIJISIT — MIPOSIBTICHHS
Ha, % ta % BUXIJIHUH CTaH nedexTiB
1 Dy203T102 7,2-7,3 2-3 0,5-0,8 OI[Ha
TpilHA
(TDM-1) Ha
TUATITHIPH
YHIH
MTOBEPXHi

2 | Dy,05-ZrO, | 5,5-5,8 | 27-30 25-27 Benuka
KUIBKICTB
(ZD-2) op

3 | Dy,Os-HfO, | 7,8-7.9 8-10 1-2 Opna
TpimuHa i
(HD-2) JIeK1IbKa
mop Ha
IHAJITHIPH
YHIl
MMOBEPXHI

4 | (Dy,Gd),0; | 8,3-84 2-4 0,5-1 Bararo
‘HfO, TPIIIMH Ha
O1uH1M
(HDG-2) MOBEPXHI 1
BHYTPIIITH
bOMY
00’emi

Ha Tabnerkax 3 HU3bKOIO nopucTicTiO (MeHIe 10%) Oyio BUSBIEHO TOOAMHOKI
MOBEPXHEB1 TPIIIMHM 1 MMOPU — YEPBOHI JIHIT Ta MIAMH Ha O1JIOMY MOKPHUTTI, SK1
YTBOPUB MPOSIBHUK. TaOJIETKHM 3 BUCOKOKO BIJKPUTOIO MOPHUCTICTIO (MeHIe 25-
27%) NOmMHAIIM 3HAYHY KIUJIBKICTh MEHETPaTy, SIKUA PU BUTICHEHH] MPOSIBHUKOM
JlaBaB CYIIUIbHY OKpacKy 3pa3Ky, 3aBaxkarouu (pikCyBaTH 1HIAUKATOPHUN PUCYHOK
nedexry. TakuM YMHOM KamnuUIApHUW METO[ He Moke OyTH NpUAATHUN s
BUSIBJICHHSI TIOBEPXHEBUX Je(DEKTIB TAOIETOK HEUTPOHOTIOTIIMHAIOYMX MaTepiajiB 3
BHCOKOIO BITKPUTOIO TTOPUCTICTIO > 25%.

3a pesynbraTaMd  JOCHIPKEHb  IIOKAa3aHO MOXKIJIMBICTh  3aCTOCYBaHHS
KalUISIPHOTO METOJy JIMINE JJISI BUSBJICHHS TOBEPXHEBHUX JEe(PEKTIB TaOIETOK
HEHTPOHOIOTIIMHAIOUMX MaTepiajiB Ha OCHOBI JUCHPO3il0 3 HE3HAYHOIO
BIJIKPUTOIO TTOPUCTICTIO < 2%.
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KOMILJIEKCHUM HMIAX1LI IPH BU3SHAYEHHI TEMIIIB 3MIH
BJJACTUBOCTEMN METAJIY 3TrMHIB BIAITOBLJIAJIBHUX
TPYBOIIPOBO/IB EHEPTOBJIOKIB PEAKTOPIB BBEP-1000
BIIPOJOBXK IIJIAHOBOI EKCILTYATALIIL
C.B. I'oscenxo
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I[Ipu  excmmyaramii  AEC Oe3meka  3a0e3meuyeTbcss — TEXHIYHUM
00CJIyroByBaHHSAM, IO BKJIIOYA€ KOMIUIEKC OMeparliii 3 KOHTPOJIIO Ta MiATPUMKH
Ipale31aTHOrO CTaHy KOHCTPYKIH, cucteM (ememeHTiB) [1]. 3okpema mig yac
IJIAHOBO-TIOTNIEPEKYBAIbBHUX PEMOHTIB €HEProOJIOKIB TMPOBOIUTHCS KOMILIEKC
orepauiid 3 KOHTPOJIIO MOTOYHOIO cTaHy Metany y BianosigHocti 3 TIIKM-10-01
[2]. 3a3Buuaii METOIO LHOTO KOHTPOJIO € BU3HAUEHHS BIANOBIJHOCTI MOTOYHHUX
BJIACTUBOCTEH MeTaly HOpMOBaHMM 3HaueHHsAM [3]. Ilga mporpama nependadae
TaKOX BUSIBJICHHS Ta (piKCaIlll0 3MiH MEXaHIYHUX BIACTUBOCTEH OCHOBHOTO METAITY
BIJIOBIJIAJIBHUX TPyOonpoBoaiB. OCHOBHOIO MPOOIEMOIO BUSBICHHS Ta (hikcamii
[IUX 3MIH € BIJICYTHICTh 3HAYHUX 3MiH HOPMOBAHUX BJIACTUBOCTEN METaly Mij 4ac
excrutyararii. "[Ipuponauit" po3kua MeXaHIYHUX BIACTUBOCTEH METalay HaBiTh y
BHUX1IHOMY CTaH1 HACTIJIKU 3HAYHUM, 1110 HAa MOTO TJI1 BAKKO BIIOBUTH 1X 3MIHH II1]
yac eKcIutyarariii.

KommiekcHuil miaxia mpy BU3HAUEHHI TEMIIB 3MIH Tependadae 3iCTaBICHHS
JAHUX MEPIOJUYHOTO KOHTPONIIO PYHHIBHUMU (J1aOOPATOPHUMHM) Ta HEPYHUHIBHUMU
METOJIJaMH1 OJIHUX 1 THUX K€ 30H KOHTPOJIO TpyOomnpoBoaiB. OCHOBHA yBara B IIbOMY
JOKJIaJl TPUIIAETbCS OOCTEXKEHHIO 3TUHIB, HaWHEOE3MEeUHINNX eJIEMEHTIB
TPYOOTPOBO/IIB.

BuxopucrtanHsi pyHHIBHMX METOJIB BKIIIOYA€ MOCIITOBHUN BIAOIp MIKpONpoO
HAJUTUIIIKOBOTO METalTy 3 OJIHHUX 1 THUX ke JUITHOK TpyoOorpoBoay [4], 30kpema
€JNIEKTPOEpO31MHUM MeTooM [5]. BukopucranHs pyHHIBHUX METOOUK MpHU
00CTeXEHH1 TOJOBHHMX UUPKYISALMIMHUX TPYOONPOBOIIB €HEProOIOKIB BHUSIBUIH
HEMOHOTOHHUI XiJl 3MiH BJIACTUBOCTEH OCHOBHOTO METajly BIPOIOBXK IJIAHOBOI
excruryatarii [6]. OOOB’SI3KOBOI0 YMOBOIO BHKOPHUCTAaHHS PYHHIBHHX METOMIB
KOHTPOJIIO € HAsIBHICTh B TPYOONPOBOAAX HAMJIMIIKOBOTO METaiy, BIAOIP SIKOTO HE
NPU3BOAUTh JIO 3HIDKYBAHHS  ©KCIUTyaTalllHHUX  XapaKTePUCTUK 00’ €KTy
oOcrexeHHs. TpyOonmpoBoAM KUBUIBHOI BOAM Ta "TOCTPOi" mapu e€HeproOJoKiB
peaktopie. BBEP-1000 3a3Buuaii He MaroTh TakKOrO HAJJIMIIKOBOTO METaIYy.
Bracniiok 1poro HaiOuUIblIe MNOIIMPEHHS 3HaWIIa METOAWKAa HEPYWHIBHOTO

BU3HAUEHHS MEXaHIYHUX BJIACTUBOCTEN METajy MO JaHUM 3aMipy TBepAoCTi [7].
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3araJibHOK TEHJEHIIEI0 3MIH MEXaHIYHMX BJIACTUBOCTEH MeTaly 3TUHIB
BIJIMIOBITANTEHUX TpyOOIpoBoniB eHeproomokiB peakropie.  BBEP-1000 €
30UIBIICHHS MIITHOCTI MPU eKCIUTyaramii BOpogorxk mnepmmx 100 Tuc roauH
eKCIUTyaTallli Ta 3MEHIIIEHHS — TIPU eKCInTyaTaltii Bupogosk apyrux 100 tuc rogux
[6]. HaiiOGimpma MBHAKICTh 3MIH CIHOCTEPITAEThCA Ha AUISHKAX, 1€ MeTal Y
MPOIIeCi BUTOTOBJICHHS 3THHIB MiIIaBaBCs HAWOILIBININ MacTU4HiN medopmarrii
(cTuCal Ta PO3TATHYTI AUISTHKH).

BusiBnenuit HEeMOHOTOHHUI XiJl 3MiH BIACTUBOCTEH METally MpH €KCILTyaTarii
TpyOOIIPOBO/IIB 0OYMOBHB HEOOX1HICTh PO3POOKH KOPOTKOCTPOKOBOTO, IIMCHOTO
HAa Tepiog A0  HACTYIHOTO  YeproBoro  OOCTeXEHHA  TpyOOIpOBO/IIB,
MIPOTHO30BAHOTO 3AJIMIIIKOBOTO pecypcy metany. [Ipu po3pobiii mporao30BaHoOro
3aJIUIITKOBOTO PECYPCy METaTy BPaxOBYBAIHCS PE3yIbTaTH KOHTPOIIO METAIY, SKi
3a0e3MeuyoTh JOCSTHEHHS OJHIEI0 3 HOPMOBAHUX BIIACTUBOCTEH KPUTHUYHOTO
piBHA B HallKopoTill TepMiHU. [IpOrHO3 BHUKOHYBAaBCS METOAOM EKCTPAIOJISIIT
3HaYe€Hb MEXaHIYHUX BJIIACTHBOCTEeH MeTtany 3ruHiB micias 100 Tta 200 Tuc. roauH
ekcIutyararii TpyoomnpoBoAiB. I[IporHo3 mnokazaB, 110 HOPMOBaHI MeEXaHIYHI
BJIACTUBOCTI OCHOBHOTO METAly MOXYTh JIOCATTH KPUTUYHOTO PIBHA TICI
400 Tuc. rOAMH  eKCIUTyaralli €HeproOJOKiB, KPUTUYHOK  HOPMOBAHOIO
BJIACTUBICTIO METally € MEXKa MIIHOCTI, KPUTUYHOIO 30HOIO0 3TMHIB € CTHUCHEHA
JIUISHKA.
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ITPO IIVTAHYBAHHA KOHTPOJIIO CTAHY METAJIY
TEINIVIOOBMIHHOT'O TYYKA ITAPOT'EHEPATOPIB AEC
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Excrinyaranis oOmannanns eHeproOnokiB AEC VYkpainu y noHagHOpMOBHUH
TEPMiH, 0 TOTO X B YMOBAaX 3pPOCTaHHA HABAaHTAXKEHHS Ha HHUX, IOBHHHA
BimOyBaTucsa 3 0€3yMOBHUM 3a0€3MEUCHHSM HAJIEKHOTO PIiBHS O€3MeKH poOOTH
yCTaTKyBaHHS, SIKUUA JOCSTA€THCSA, 30KpEMa, 3a PAaxXyHOK BHUKOHAHHS MPOIETYp
KOHTPOJIIO METAIY.

Jlo Hai61mbpm Bpa3nuBux B ckianl AEC HaneXuTh TemiooOMiHHE 00MaHAHHS,
30kpeMa TermnoooMiHHl Tpyou (TOT) maporenepaTtopiB micisi JOBrOCTPOKOBOI
eKcIuTyaTanii. ICHyl0OTh HOPMATHMBHI JOKYMEHTH, SIKI PErIaMEHTYIOTh KpHUTEpi,
0o0’eMM Ta NEPIONUYHICTH KOHTPOJIIO MeTaja TpyOuaTKu MaporeHeparopa 3a
JIOTIOMOTOI0 PI3HUX METOAIB, A0 SKHX BIJIHOCUTBCS METOJ BUXPECTPYMOBOIO
KoHTpomto. Ilpomenypa KOHTpOJIO 30Cepe/KeHa Ha MeXaHI3Max Ta ix
aJICKBaTHOCTI, ajieé 3aJMIlae I03a yBarolo (aktop oOcIry AaHWX, SKUI CTae
CYTTEBUM 3 pOKaMH. 3a pesysibTataMu KOHTposto koxkHa TOT kBamiikyeThcs B
OJIUH 3 THIIIB (BiJl MIOPIYHOTO /10 12 POKIB), KOTPU BU3HAYAETHCS MO KPUTEPISM 3
BpaxyBaHHAM 30HHM 3HAxXOJKEHHs, yYMOB HaBkosio, eBomtouii cycigHix TOT.
BaxxnuBo, 110 no pe3ynbrataM KoHTpodto THI TOT Moxke MIHATHUCH, HAIPUKIIA, 3
IPUYMH 3MIHU CTaHy CYCIIHIX TpyOOK, 1 Ha HacTynHUM KOHTposb Taka TOT Bxe
MaTUME 1HII1 TUI 1 OOMEXEHHS MepioAy A0 HACTYMHOro KOHTpoumto. [loku oOcsaru
HAKOTIMYEHUX BUMIPIB BUXPECTPYMOBOTO KOHTPOJIIO HE3HAYHI, IOBHOTA MEpedopy
peanizoBaHuX y (PakTUYHUX BHUMIpax 0a3u KOMOIHAIK 1 TOTMOJOTIH JIOKAJIbHHUX
CTPYKTYpP 3 PI3HOTUIHUMH Ae(PEKTOYTBOPCHHIMH JOCSKHA IS TUIAaHYBAJTHHHKIB.
Konm >x HakomW4yeHHs BUMIPIB BHUXPECTPYMOBOTO KOHTPOJIO CSTAIOTh 3HAYHUX
00CATiB, TO HACTAE KIIPOKJIATTS PO3MIPHOCTI» MEPEOOPHUX MPOLIETYP 1 BOHO MOXKE
OyTH peasi30BaHe JUIIE KOMIT IOTEPHUMU aITOPUTMAMH.

Merta po6oTu nossirac y po3po06ili eeKTUBHOTO MIaHyBaHHS KOHTPOJIO CTaHy
MeTally TpyOuaTKM TaporeHepaTopa, MpU SKOMY BHUMIPH MaKCHUMAaJIBHO
MOKPUBATUMYTh 30HU 3 HAWOUIbII CTATUCTUYHO 3HAYYIIMMH (32 JAHUMHU BUMIpPIB
MOTIEPETHIX POKIB) AUITHKaMH JedeKTOyTBOPEHb Ta BU3HAUCHHS BEIUYUHU
3arajgbHOi KuTbKocTi BuMiproBanux TOT, pgoctaTHhOI mji1 MiHIMI3aIlli pH3UKIB
MPOIYCKY A1arHOCTUKH Ta HEBUKOHAHHS 00CATIB KOHTPOJIIO TPYOUaTKH 3 HA3P1JIOk0
HEOOX1IHICTIO BUMIpY.

Ha ocHoBi pe3ynbratiB BuxpectpymoBoro koHTpoito TOT maporeHepaTopis
IOVAEC y HHI[ X®TI 3a momomoror maTepiajio3HaBYMX W MaTeMaTHYHHUX
METOJIUK OyJIO IOCHIKEHO EKCIUTyaTalllifHI MOIIKOMKEHHS Ta Oynu CTBOpEH1
MaTeMaTHYHa MOJENb W aJITOPUTMH YacTOTHO-WMOBIPHICHOTO MPOCTOPOBOTO Ta
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YacOBOTO OMNHUCY Ne(PEKTOYyTBOPEHb TPYOUATKH, CTBOPEHA yHIKajdhbHA 0a3a JaHHMX
BUMIPIB 3 KOHTPOJIO MeTaly TemaooOMiHHoro mydka [1, 2]. BaxmuBum
pesynbratoM [3-5] mormmbieHoi oOpoOKM AaHWX Ta aHami3y eBOJIONII CTaHy
Metary TOT crama omiHKa HEOOXITHOCTI MOJEpHI3allii BCTaHOBJICHOTO
peryiaMeHTy npoueayp KoHTposto TpyOuaTku naporeHaptopiB Ha AEC Ykpainu,
KUTbKICHI TapaMeTpud KOTPUX 3a JECATWIITTS BHMIUIM 3a MPOrHO30BaHI
PO3pPOOHUKAMH JTiaITa30HH.

Hakonuuenuid Ha cbOTOAHI OOCAT PE3yNbTATIB W JAHUX JO3BOJISIE BUKOHATH
pobotu 3 Bamimanii Ta Bepudikallii 3aTBEpAKCHUX 1€ Ha CTajli MPOEKTyBaHHS
IporpaM IJIaHyBaHHS BUMIPIB, KOTP1 TOJI HE MOTJIM BpaxyBaTH y MOBHIN Mipl BCi
MaiiOyTHI (aKTOpW BIUIMBY Ha CBOJIOII0 METaly, a TaKOoX 3a0e3lMeunTn
(aKTOJOrIyHy OCHOBY MOJI€pHI3alii IjaHiB MaiOyTHiX KoHTpomiB TOT
naporeHepaTopiB 3 MeTor e(OEKTUBHOTO BHOOPY 30H KOHTPOJIO TpPH HOTro
HernoBHIN peanizarii. [Ipu oMy, € BaXJIMBUM 1 HEOOXIIHUM PO3IMIMPEHHS 0a3u
JIAHUX PE3yJbTaTiB KOHTPOIIO TEIIOOOMIHHOTO My4YKa, a TAKOK OTPUMAaHHS JTaHUX
0JT0 BOJOXIMIYHOTO PEKHUMY IPYroro KOHTYPY IJis TPAaBWIBHOI TPAaKTOBKU M
KOPEJSIIil pe3yabTaTiB KOHTPOJIIO BIPOAOBK HATHOPMOBOTO CTPOKY €KCILTyaTarlil
naporenepatopis AEC.
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BIIJIMB POBOYUX YUHHUKIB TA CTPYKTYPU METAJIY
HA AE®EKTOYTBOPEHHS TEIIJIOOBMIHHHUX ITOBEPXOHD
OCHOBHOI'O YCTATKYBAHHA AEC

€.0. Kpaiinik, C.B. I'oxncenko

HHI] «Xapxiscokuii gpizuxo-mexuiunuii incmumymy» HAH Ykpainu, Xapxkis, Yrpaina
E-mail: krainyuk@kipt.kharkov.ua

IIpaktuka excruryaramii AEC moka3sye, 1m0 HaWO1IbII Bpa3jIuBUM € MeTajl
TEIUI00OMIHHOTO O0NaJIHaHHSA, SIKMH MIJAA€ThCS BIUTUBY PI3HUX EKCILTyaTalliiiHUX
yuHHUKIB. OCOONMMBO TOCTPO 1€ THUTAHHSI CTa€ y HAJIHOPMOBHUI Tepion
eKcrutyaraiii eHneproomoky. [Ipu npomy, KiJbKICTh YIIKOMKEHb METAIly Ha MPOTA31
0araropiuHoi eKCIUTyaTallii 3poCTae.

Ha ¢parmenTax rtemnooOMiHHMX TpyO mnaporeneparopa tumny I[II'B-1000M
1meHTrdikoBaHO AedeKTH, 10 YTBOPWIIMCS IiJ 4ac eKciutyaranii. Brepmie Ha
BEJIUKIM KUIBKOCTI Je(DeKTIB BCTAHOBJIECHA KOPEJALIsl MDK MOKa3HUKaAMU
BUXPECTPYMOBOTO KOHTPOJII0O Ta THUIOM BH3Ha4eHOro aedekrty. CTaTuCTH4HI
pe3yJIbTaTh BUXPECTPYMOBOTO KOHTPOJIIO TEIUIOOOMIHHMX TpyOd 3 Ppi3HHX
eHepro0OnokiB AEC miaTBepaKylO0Th BHUCHOBKH METANOrpAPIYHUX JOCIHIIKEHb.
Pe3ynbrati JOCHIIKEHb 3aCHCTEMATU30BaHO Yy JIOBIIHUKY-Karanory. Kpurepii
DIYUIiHHA ~TEIIOOOMIHHMX TpPyO0 BpaxoByOTh (DakTop dYacy W MOKa3HUKH
BUXPOCTPYMOBOI'O KOHTPOJIIO, ajie MpU LIbOMY HE BPaxOBYIOTh (PI3UYHY MPUPOAY
nedeKTiB 1 1X 3MaTHICTh BIUIMBY Ha BJIACTHBOCTI 3aJIMIIKOBOTO METAJly HABKOJIO
nedexTy. YIIKOMKEHHS, B 3alleKHOCTI Bl iX Ty Ta MopdoJorii, mia yac
eKCIUTyaTalli  yCTaTKyBaHHS MOXYTh  €BOJIIOI[IOHYBATH  IO-PI3HOMY, IO
BU3HAYAETHCA POOOUMM CEPENOBHILEM, HANPYKEHUM CTAaHOM, E€JIEKTPOXIMIYHUM
MOTEHIIIAJIOM Ta CTPYKTYpOIO MeTaly. Brepiie 3 BiAnmpaboOBaHUX TEIIIOOOMIHHUX
TpyO0 BHUTOTOBJICHO KIJBIIEBI 3pa3Kh 3 HASBHICTIO EKCIUTyaTalliiHuX Je]eKTiB,
MPOBEJICHO MEXaHIYHI BUIIPOOYBaHHS Ha po3TarHeHHA. [lokazaHo, 1m0 MexaHI4HI
BJIACTUBOCTI 3aJIUIIKOBOTO METAly, SIKUWA JIOKAJTI30BAaHO HABKOJO KOPO3IWHUX
nedeKTiB, MaloTh 3arajbHy TEHJICHIIIO 70 3HWKEHHS MPH 30UIBIICHHI PO3MIpPIB
nedexry [1, 2]. BigpiicTh MOMIKOMKEHb, IO MNPHU3BOIAATH 10 HEOOX1THOCTI
DIYUIHHA ~TEIJIO0OOMIHHUX TpyO, pO3TallloBaHO MOOIHU3Y JUCTAHIIOHYIOUUX
peuritok. BucyHyTO TOpUMNyLIEHHS, [0 KOPO31HHO-BTOMHOMY  MEXaHI3My
3apo/KeHHST Je(DEeKTIB CIpusie HasBHICTh BiOpariii (KOJWBaHb) TETUIOOOMIHHHMX
TpyO Ta CTaH MOBEPXHI METaly Ha MIKPOCTPYKTYpHOMY piBHI. BpaxyBaHHS 1ux
aCTeKTIB Ta PEKHUMIB BOJOXIMIYHOTO PEXUMY 2-TO KOHTYPY NP JOCIHIKEHHAX Ta
aHaJli3y pe3ysbTaTiB 103BOJISIE OUTBII 00 €KTUBHO OLIIHUTU HEOE3NEKY YIIKOIKEHb
TpyOUaTKu, BUPOOUTH ONTHUMAJIbHI KPUTEPIl DIYIIIHHS TEIJIO0OMIHHUX TPYyO s
NapoOreHEPATOPIB Y HAJHOPMOBUI TEPMIH €KCILTyaTallii.
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Posmsinyto mnuraHHs pydHyBaHHsS cTtam 20 B ckimaml  TpyOOmpoBOMiB
eneprodnoky ~ AEC. Ilokazano, 1m0  cMyracrictb  (epUTHO-TIEPIITHOT
MIKpOCTpyKTypa ctam 20 He chnpuse 3HOcocTidkocTi Tpyd. KimbkicTb
HEMETaJICBUX BKJIIOUEHb 32 MAaKCUMaJIbHO JONMyCTUMUM Oajiom (3,5 Oai) mis crami
20 mpu HasBHOCTI 10HIB XJIOPY Y TEIUIOHOCII Mpusie KOPO3IWHUM IpoliecaMm Ha
MOBEPXHI Ta MOIIMPEHHIO KOPO3ii BIMO MeTaly 3a paXyHOK KOpPO31HHO-aKTHBHUX
BKIIIOYCHb Ta MPOTIKAHHSIM MPOIECY OKUCICHHS IO MEPIiTHINA CKIaaoBid Ta
rpaHulsaM 3epeH [3].

B cuctemi apyroro KoHTYpy HPOMIXHHM JaHIIOTOM B 3BOPOTHIN METII €
HiJIrpiBayl BUCOKOTO THCKY. 3 YacoM eKCIUTyarallii Teruio0OMiHI €JIEeMEHTH
MiJIrpiBa4iB  Jal0Th MPOTIUKY. JOCHIPKEHHSIMU II0Ka3aHO, IO ITOIIKOKEHHS
TEIJIOOOMIHHUX €JIEMEHTIB MIAIrpiBavyiB BIJOYBalOThCS 3 NPUYHMH KOPO31iHO-
€po31iiHOro 3HOLIyBaHHS MeTany. KpiM TOro, BUHUKHEHHS TaK 3BAHUX CBHILIB
(HaCKpI3HHX OTBOpPIB) B CHJIYy KOHCTPYKIIMHOI OCOOJMBOCTI TEIIOOOMIHHUKY
IPU3BOANTH 10 BUHUKHEHHSI KparuieyJapHOi KOpo3ii Ha 30BHILIHIN CTIHII CYCITHIX
TEIJIOOOMIHHUX  eleMeHTiB. [lokazaHo, 110 HEPIBHOMIPHE PpO3MOALICHHS
HEMETaJIeBUX BKIIOYEHb Yy (DEPUTHO-TIEPIITHIA MaTpUlll MPU3BOAUTH 10
IPOCYBaHHS KOpO3ii BIIMO MeTaly 3a BHUXOJLYy HEMETAJIEBUX BKJIIOYEHb Ha
noBepxHi0. Mopdosoris MepIiTHUX 3€peH Ta EJIEKTPOXIMiYHA Te€TEPOTCHHICTh
ctani [4] cnpusiOTh MPOTIKAHHIO KOPO3IMHUX MPOILECIB, a 32 paxyHOK poOOYOro
TUCKY TEIJIOHOCIS BiIOYBAa€TbCsS €pO3iiiHE 3HOLIYBAHHS CTIHOK TEMIOOOMIHHOTO
€JIEMEHTY MiJIrpiBaviB.

[Tocunanus
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OILIIHKA B'SI3KOCTI PYMHYBAHHS CTAJIEN
IICJISI TPUBAJIOI EKCIITYATAILII 3A PE3YJIBTATAMUA
IHCTPYMEHTAJIbHUX YIAPHUX BUITIPOBYBAHbB 3PA3KIB IIIAPIII

O.I'. Pyoenko

HHI] «Xapxiscokuii gpizuxo-mexuiunuii incmumymy» HAH Ykpainu, Xapxkis, Yrpaina

[lapameTpu AMHAMIYHOTO pyHHYBaHHS OIHIOBAJM 3a JAHUMU yJapHUX
BurnipoOyBanp Illapni Ta mOpIBHIOBANIM 3 €KCIEPUMEHTAIbHO OTPUMaHUMHU
3HAUYCHHSAMHM B'S3KOCTI pyhHyBaHHs. CIij 3a3HAYUTH, 110 IS CTaJled HE ICHYE Hi
(ikcoBaHOI TemrepaTypu NEPEXOly KPUXKO-IUIACTUYHOCTI, HI €AMHOTO 3HAYEHHS
B'SI3KOCTI pyWHYBaHHs. J{J1s1 OI[IHKM MapaMeTpiB JIUHAMIYHOI B'AI3KOCTI PyWHYBaHHS
PEKOMEHIYETbCSI BUKOPUCTOBYBaTH 3pa3zku lllapmi 13 momepeaHbpor0 TPIIMHOLO.
OpHak Jneski aBTOpU MOBIIOMIISIIOTH, IO MOXHA BHUKOPUCTOBYBATH 3BHYAiiHI
3pazku lllapmi B 1HCTpyMEHTAJbHUX BUIIPOOYBAHHSIX HA yJaap Uid BU3HAYCHHS
napameTpiB JUHAMIYHOI B'SI3KOCTI pyHHYBaHHA. Buxonsuu 3 1LbOro, MpoOBEJIEHO
crpoOy BCTAHOBUTH KOPEJALINHUHN 3B'SI30K MK €HEPIi€l0 pyHHYBaHHS 3BUYAMHUX
3paszkiB Illapmi Ta mapameTpamu B'S3KOCTI pyiHyBaHHA. [lapamerpu B's3KOCTI
pyHHYBaHHS, OTpUMaHi 3a pe3yJIbTaTaMU IHCTPYMEHTaIbHUX BUIIPOOYBAaHb 3pa3KiB
[[Tapmi 6e3 momepeAHBOTO PO3TPICKYBaHHS, CIIBNAJATN 3 €KCIEPUMEHTAIIBHUMU
JaHUMH 3 ypaxyBaHHSIM  BIJNOBIIHUX  EMITIPHYHUX  CITIBBIIHOIICHbD,
omyOnikoBaHUX B Jiteparypi. [IpoBeneHO MOPIBHAHHS 3 €KCIEPUMEHTATLHUMHU
JAHUMU TIOJ0 B'SI3KOCTI PYWHYBaHHsS CTajed MICIsl TPUBAJIOTO TEPMIHY
excrutyaranii. BigHOCHa mpocToTa IHCTPYMEHTAIbHUX BHUIPOOYBaHb Ha ynap
[[Tapmii € OCHOBHOI TMepeBarolo IMeped BUMPOOYBAaHHSIMHM Ha B'SI3KICTH Ha
pyinyBanHs (Kic/Jic) 3 TOYKM 30py CKIQTHOCTI, IIBUAKOCTI Ta BapTOCTi
eKcrepuMeHTy. JlocuTh TOYHA KOpEJsIisa MK 3HaUYE€HHSIMU B'SI3KOCTI PyHHYBaHHS
Ta THCTPYMEHTAJIbHUMH BHUNPOOYBaHHSAMHU Ha yzaap 3paskiB [lapmi moxe Oytu
KOPUCHUM 1HCTPYMEHTOM [IJIi BU3HAYECHHS TEPMIHY CIyKOM 0OJaqHaHHS,
OCKIJIbKM 3HAU€HHs B'S3KOCTI Ha 371aM BIJOOpa)aroThb MEXaHIYHI BJIACTHBOCTI
MaTepiay 1 MOKyTh OyTH IepeHeceHl 3 BUIPOOyBaJIbHOTO 3pa3ka Ha 00J1aHaHHS.
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THKOPIIOPYBAHHSI BIIITPAITbOBAHOI IOHOOBMIHHOI CMOJIA
B I'EOITOJIIMEPHY MATPHUIIIO 3 3BACTOCYBAHHSM
TEPMOOBPOBKMU IIIJA THCKOM
I'ennaoiu Xonomees, €ezeniii Ceimauunuii, Bonooumup IlIkyponamenxo,
Kocmanmun Jlo6au, Cepziii Caenko

HHI] «Xapxiscokuii gizuxo-mexuiunuii incmumymy» HAH Ykpainu, Xapxkis, Ykpaina

3a pe3yabTaTaMH EKCIIEPUMEHTIB MPHUCBIYCHUX PO3POOI 1HHOBAIIHUX
B’SDKYYUX MaTepialiB JJII BUKOPUCTAHHS X B TEXHOJIOT] 1HKOPIIOPYBaHHS PIIKUX
PAB B 3axucni matpuii, B HHI[ X®TI po3pobrieno reomoniMepHi KOMIO3UIIIT 3
3aCTOCYBaHHSAM BITYM3HSIHHUX MPOMUCIOBHUX BIIXOIB AJIFOMOCHIIIKATHOTO CKJIAMY 1
pI3HHX MiHEpaJbHUX [100aBOK. OTpHMaHI 3pa3Kyd TeONOJIIMEPIB BHU3HAYAKOTHCS
BEJIbMH IIJIBHOK Ta TOMOT€HHOIO CTPYKTYPOIO Ta XapaKTepPU3YOThCs IPUUHATHUMU
MOKA3HUKaMH (PI3MYHUX T MEXAHIYHUX BIACTUBOCTEH.

CydacHi CBITOBI JIOCIIJIKEHHS, 1110 CTIIPSIMOBaHI Ha MOKPAIEHHS BJIAaCTUBOCTEH
B’SUKy4YHX PEYOBHMH, IOB’A3aHI 3 BUKOPUCTAHHSAM METOJY TEPMOOOPOOKH IijT
tuckoM. [lepeBaroro 11bOro METOy € MiJIBUIEHHS MEXaHIYHUX XapaKTEPUCTUK 3a
3HAYHO MEHILUK TEPMIH B MOPIBHIHHI 3 TPAAULINHUMU CIOCOOAMU BUPOOHUIITBA.
Tomy, BUBUEHHS €pEKTUBHOCTI METOY TEPMOOOPOOKH IT1]T TUCKOM JIJIsl TEXHOJIOT11
TeOoMnoJIIMEPIB € aKTyaIbHUM.

VY SKOCTI OCHOBHMX CHUPOBMHHHMX MaTepiajliB BUKOPHCTOBYBAJIU 30JIM BHHOCY
TELL, MetanypriiiHi nuiaku, KaoJiHu Ta Mmicku. Sk Bigomo, B YKpaiHi pagioakTUBHI
10HHO-00MiHH1 cmodu (IOC) BigHOCsTRCs 10 pinkux PAB cepennboi Ta HU3BKOT
aKTUBHOCTI. Y sKOCTI 1MiTaropy paaioakTuBHOi [OC  BHUKOpHCTOBYBaIH
BinnpaipoBany HeaktuBHy [OC Purolite C100E (katio-HiT), 10 ysBisie co00I0
TBEpIi, CPEPUUHI YACTUHKHU 3 MepeBakHUM po3MipoMm 0,5 - 1,0 Mm.

3 CUPOBUHHUX MaTepiajiB TOTYBajl CyXy CyMIll Ta JOJAaBAJIA BiAMPAIbOBAHY
IOC (mo 20 Bar. %), OKpeMO TrOTyBaJIM JYKHUWA aKTHBATOp, SIKUA MICTUB
JTUCTUIIBOBaHY Boay, Tiapokcua kamiro KOH Tta pinke kamiese ckio K,O(SiOy)n.
Cymim 3 iMITaTOpOM JOJIaBaJIM JI0 aKTUBATOPY Ta MEPEMIIIyBaJId 10 OTPUMAHHS
NacTH y IUIaHEeTapHOMY MIMHI BIpoaoBk 30 xBwiuH 31 mBuakicTio 200 00/XB.
Jani macty 3aquBalii B MIAICPITY 10 HeoOxinHoi temmepatypu (80 - 150 °C)
MeTajeBy GpopMy, Ky MOMIMIAIH B TIPeC Ta 31HCHIOBAIM (POPMYBAHHS 3Pa3KiB i
tuckoMm 50-60 MIIa. Jlam 3pa3kyd BUIITOBXYBAJIM Ta BUTPUMYBAJIM BiANOBIIHUAN
yac (7 - 28 mi0) ;s TBEpIIHHSA, TICIS YOTO BUKOPUCTOBYBAJIM JUIsl BU3HAUCHHS
¢di3uKko-MexaHIYHUX BiacTuBocTel. Ha puc. 1 1 2 mokazano cxemy mporecy
dbopMyBaHHS TEOMONIMEPY 3 3aCTOCYBaHHSIM TEPMOOOPOOKM T THCKOM Ta
BIJINOBIJTHO 30BHILIHIN BUTJIS 1 CTPYKTYPY OTPUMAHUX 3pa3KiB.
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<«——— OcboBe 3ycunns npeca
Tennoisonstop

BepxHiit nyaHcoH

Puc. 1. Cxema npoyecy gpopmysanns

Cranesa popma 2eononimepy 3 BUKOPUCMAHHAM

H i .
arpiaa mepmoobpobKu nid MUCKOM

Macta

HwxHin nyaHcoH

b
| [€«——— Tennoisonsartop

I I(— HwkHs nnuTa npeca

Puc. 2. 306niwniii suenao (a) ma cmpyxmypa spaskie 3 IOC (6), ompumarnux 3
BUKOPUCTMAHHAM Mepmoobpooxu nio muckom (80 °C)

3a pesynbTaTamMu TOPIBHSJIBHUX JOCHIDKCHb (PI3MYHUX 1 MEXaHIYHUX
BJIACTUBOCTEH Ta  CTPYKTYPH TE€OMOJIIMEpPIB OOpaHO ONTHUMAJIbHHUI CKJIaj
KOMITO3HIII Ha OCHOBI 30JIM BUHOCY, JOMEHHOTO IIJIaKy Ta METAKaoJIiHYy, a TAKOX
PIIKOTO KaJi€BOTO CKJa Ta TAPOKCUAY Kallito. BUTOTOBIIEH 3pa3Ku reonoaiMepy
BU3HAYAIOTHCS OJHOPITHOIO CTPYKTYpPOIO Ta XapaKTePU3YIOThCS NPHHHITHUMHU
MOKa3HUKaMU MIITHOCTI npu ctuckanHi > 30 MIla. Takoxx BU3Ha4Y€HO ONTUMAIBHI
mapaMeTpH OTPUMAHHs reomnoniMepis: Temmepatypa - 80°C Ta trck 60 MITa.

Ha mizgcraBi mociikeHb BCTaHOBJIEHO, IO 3pa3ku 3 gojatkamu 0 20 %
BianpanpkoBanoi [OC xapakTepus3yrOThCs MIUIBHOK, OJHOPIIHOK CTPYKTYPOIO Ta
MaloTh, B TOPIBHSHHI 3 3pa3KaMH ONTHMAJIBHOTO CKJIaay, HE 3HAYHO MEHII
MOKa3HUKHU MEXHU MIIIHOCTI ITpH cTuckanHi (23 MIla).

OtpumaHi pe3yJbTaTH JTOCIIKEHb TMOKAa3yIOTh MEPCIEKTUBY BUKOPHUCTAHHS
3alpOMOHOBAHOTO METOAY OTpPUMaHHsS TeOMOJIMEpPHOI MaTpuili, B sAKIH
IHKOpIIOpOBaHi YaCTHUHKY BiAnpaisoBanoi [OC.
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XXI MDKHAPO/JHA KOH®EPEHIIIA 3 ®I3UKU PA):[IALIII71HI/IX SIBUIT T PAI[IAHII7IHOFO MATEPIAJIOBHABCTBA
IMMOBLII3ALIS 30JIH BIJ] CIIAJTFOBAHHSI PATIOAKTUBHO
3ABPYIHEHOI JEPEBUHMU 3 BUKOPUCTAHHSIM
MATHIA-KAJIT-®OCPATHOI MATPHUIII

Cepeiii Caenko, Bonooumup IlIkyponamenxo, €ezenin Ceimauunuil,
Onexcanop Iununenko, Kocmanmun Jloo6au, Auna 3uxosea, Céimnana Kapcim

HHI] «Xapxiecvkuti pizuxo-mexuiunuu incmumymy» HAH Ykpainu, Xapxie, Yxpaina

[licas cmamoBaHHS PaglOAKTUBHO 3a0pyaHEHOi AepeBUHU YOpHOOUIBCHKOI
30HM B YCTaHOBII «lHCHHEpATOp» YTBOPIOETHCS 3014, IO MICTUTh TEPEBAXKHO
"“/Cs 3 migBHIIEHOI0 KOHIGHTpALi€l0. BpaxoBYlOYM B3JaTHICTH 30MH 10
pO3MIIICHHS, TiepepoOKka B TBepAy CTaOUIbHY (QopMy MiABUILYE O€3IeKy ii
TPAaHCIOPTYBaHHS  Ta  JOBroTpuBajioro  30epiranHs. OtTxke,  po3poOka
BUCOKOC()EKTHBHOI MAaTpHUIll [Jis1 1MMOOUTI3AIil 307U 3 BHUCOKHM CTyIEHEM
BKJIFOUCHHS, BHMCOKOI KOPO3IMHOIO CTIMKICTIO Ta MEXaHIYHOI MIIHICTIO €
aKTyaJIbHUM 3aBIaHHSIM.

B I®TTMT HHI[ X®TI mpoBoaaThcs MOCHIKEHHS HOBUX MarHik-Kaii-
dbocharnux (MK®D) wmarepiamiB Ta po3poOka  METOAIB  iMMOO1TI3aMil
PaJl0aKTUBHUX BIAXOMIB y 3axucHi (opmu Ha ix ocHOBI. MK® wmarpuis Oyna
anpoOOBaHa CHUIBHO 3 AProOHCHKOI HalllOHAJIBHOIO Jaboparopiero i
OTBEP/KEHHSI IMITAaTOpPIB BUCOKOAKTUBHHMX BIJIXOJIB JOHHUX BIAKIAIEHb 13
pesepByapiB y Xendopai, CIIA (maptHepcbkuii npoekt P-547), a Takox s
IHKancysii peakuiiiHo3natHux MetaniB (mpoekt Horizon-2020 “Pre-Disposal
management of radioactive waste (PREDIS)”). bymo mnokaszano, mo wmarsii-
KajiieBuid pocdar € ePeKTUBHUM Ta YHIBEpCAIbHUM MaTepiaioM A iIMMOOLTI3allii
pizaux tunis PAB.

Mera 11€i poOOTH - OIlIHKA MOMJIMBOCTI BHKOPUCTAHHS MarHiii-Kasiii-
dbocharHoi Marpumi s IMMOOLTIZaIlii 307U BIJ CHATIOBAaHHS PaTlOaKTHBHO
3a0pyIHEHOI JEpEBUHU Ta BUSHAYCHHS BIACTUBOCTEH OTPUMAHOTO KOMIIAYH/TY.

MK® otpumyBanu B pe3ynbTaTi peakiii MK OKkcuaoM MarHiro MgO Ta
po3unHauM guringpodocdarom kamito KH,PO, 3 yrBopennsam K-ctpysiTy
MgKPO,-6H,0 - minepay 3 HU3bKOIO pO3UYMHHICTIO:

MgO + KH2P04 +5H20 — MgKPO46H20

OpnepxaHHsST HEAKTUBHOI MOJEJIBHOI 30U  3IMCHIOBAIM  MIPOJITUYHOIO
00poOKkoto nepeBuHH cOCHU mpu Temmeparypi 650 °C mporsrom 3 romun. [[ms
HACHYEHHS MOJIETIbHOI 30J1M 11€31€M BUKOPUCTOBYBaIX a30THOKHUCINHN 1e31it CsNO;
y BUDIsA11 BogHOTO po3unHy (1 mac.% CsNO;).

3pa3ku MK® komnayHay BUTOTOBIISIIA 32 HACTYITHOK CXEMOIO: IPUTOTYBaHHS
cyxoi peakuiinoi cymimi 3 MgO, KH,PO,4 Ta 3011, po3urHEeHHs CHOBLIbHIOBaYa
peaxkiii H;BO; y Bozi - no6aBka Boju 0 BUX1IHOT PEaKIIMHOI CyMiIIll, OTpUMaHHS
NACTH - 3JIMBKa y (POpMHU, TBEPIIHHS MACTH - OTPUMAHHS 3pa3KiB (puc.).
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[Tpobnemu 3 posmyxaHHSIM Ta MaiuM 4YacoM TyxasieHHS MK® mactu Oynu
BUPIIICHI IUISIXOM BHU3HA4YeHHsI onTuManbHux BimHomeHb MgO no KH2PO4 Tta
BOJIM JIO IIEMEHTHOT CYMIIIIi.

n <D b e
| =
i i ”{ ! " ’ ‘! ‘

ip =

Puc. Cxema eucomoenenns MK® xomnaynoy ma 308HIUHIU 8U2TA0 OMPUMAHUX
3paskie (3 %3 %3 cm).

JIJist BU3HAUEHHS JOMYCTUMOTO CTYNEHIO BKIIIOYEHHs 305 10 MK® marpuiri
BUTOTOBWIM JocCHiaHy mnaptiio MK® 3pa3kiB 3 BBeneHHsM 3o0iu Big 20 g0
60 mac.%. 3 oy Ha OTpUMAaH1 JJaH1 010 MIITHOCTI HA CTUCK MOKa3aHo, 0 MPU
BKJIIOYeHH1 305U 10 40% MinHICTh cTaHoBUTH >20 MIla, 110 3Ha4YHO MEepEeBUIIYE
BIJIMOBIJIHI BUMOTH JO IEMEHTHOro KomrmayHuay (>5 MlIla). [licna 306inbiieHHs
KUIbKOCTI 30 10 60% MIIHICTh Ha CTHUCK pPI3KO 3MEHIIYeThcA. ToOTO
BCTAHOBJICHO, IO JOMYCTUMHH CTYINiHb BKIIOYEHHS 301 B MK® wmatpuirio
ckianac 40%.

Metonamu peHTreHe-($ha3zoBoro aHaiizy nokasaHo, 1o oCHOBHOIO (azoro MK®D
Mmatpuilb € K-ctpyBit MgKPO, -6H,0. Takox cnioctepiraerses kanbiut CaCO; Ta
kBapry Si0,, ski BXoAsATh 10 ckiamxy 3onu. l[lokazano, mo MK® wmarpui
XapaKTePU3YIOThCS MIUTHHOIO CTPYKTYPOIO 3 BKIIFOUEHUMU YACTUHKAMU 30J1H.

[IBuakicTh BuityroByBaHHsI Cs SIBJISIETbCS OCHOBHUM KPUTEPIEM MPAKTUYHOTO
3aCTOCYBaHHS MaTpuilb JJsi 30epiranHs abo 3axopoHeHHss PAB. Ilposeneni
BUNPOOYBaHHS HA BUJIYTOBYBAaHHSI MOKA3ajM, 110 IMBUAKICTh BUIyroByBaHHS Cs 3
MK® xommayuny, sikuii BMmintye 40% 3omu, craHoButh 1.2-10 r/em® nofy, wio
BI/IMOBIZJa€ HOPMATHUBHUM BHUMOTaM JI0 IIEMEHTHOIO KOMIIayHay (He Oliiblie
107 r/em? -1100Y).

OTpumani pe3yabTaTy MiATBEPIKYIOTh MEPCIEKTUBHICT, BUKOPUCTAHHS HOBOI
MarHi-kanii-gpocdarHoi marpuii s IMMOOUTI3alil 30JM BiJ CHATIOBaHHS
PagioaKTUBHO 3a0pyaHEHO1 JepeBUHN YOpHOOMIIBCHKOT 30HHU.

MPC-A20
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SIKICTH CILIABIB IIMPKOHIIO — TOJIOBHUI KPUTEPIN
E®EKTUBHOCTI IX 3ACTOCYBAHHS B SIIEPHOMY ITAJIUBI
AEC YKPAIHH

A1l Myxaueel, M.M. menermoz, J1.0. €Jmm0m4e61, O.A. Xapumomoea1

1IHcmumym eceomexuiunoi mexaniku im. M.C. Ilonakoea HAH Yxpainu, /{ninpo, Yxpaina,
2NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

3acTocyBaHHS CIUIaBiB HA OCHOBI ITUPKOHIIO PEAKTOPHOI YHUCTOTH 13 BMICTOM
rapuiro mernme 0,01% y BuUpPOOHUIITBI OOOJOHOK TBEJIB PI3HUX THITIB
KOMEPIIIHHAX PEaKTOPIB HA TEIJIOBUX HEUTPOHAX 3AMIINAETHCA 1 Oyie CTaOlIbHIM
y HAMOIMK4i IECATHITITTS. IXHS sKicTh 3a6e3nedye TepMiH eKcITyaTallii sSepHoro
nanuBa (AIl) Ha peakropax mnortyxdictio 1000 MBt g0 4 pokis. 'onoBHHM
KpUTEpieEM e(PEeKTUBHOCTI BUPOOIB € KOpPO31iiHA 1 pajialliiiHa CTIMKICTh BUPOOIB 3a
N1JBUILLEHUX TEMIEPATYpP 1 TUCKIB, Y CUJIbHUX HEUTPOHHUX MOJISAX.

Hesiki TexHoznoriyHi nokasHuku Il (cTymiHb BUTOpSIHHS, NMUATOMAa BHUTpaTa
ypaHy) BIIAPI3HAIOTBCS uepe3 pizHuil ckman All. Y mpoueci mpomucioBoi
eKcIUTyartatlii BUpoOiB 3 pi3HuX cmasiB (Zircaloy, Zirlo, M-5, E-110, E-125, E-
635, KTL-110, KTL[-125) Oysno BU3HAYEHO, 110 €KCILTyaTalliiiHl XapaKTepUCTUKH
CIUIaBIB ITUPKOHIIO BU3HAYAIOTHCS K BEJIUYUHOIO BMICTY KPUTUYHUX JOMIIIOK
(Hf, O, F, Si, Fe, Ni, Al, Ti), Tak 1 3arajJbHOI0 YacTOTOIO CILJIaBy IUPKOHIIO.
TexHomor1i OTpUMaHHS IMPKOHII0 PEaKTOPHOI YUCTOTH Oyu po3podiieHi B 1960-x
poKax 1 MpakTUYHO HE 3MIHIOBajMcs. HopMaTuBHI BUMOTH JI0 SKOCTI CIUIaBIiB 3a
BMICTOM JIOMILIOK MEPEXIAHUX METAJIB 1 JOMIIIOK BIPOBAIKEHHS TaKOXK Maixke
HE 3MIHIOBAJIMCS BIATO/II.

OCHOBHOIO TEXHOJIOTIEI0 3AIUIIIAETHCS XJIOPUIHO-MarHieBa, cTBopeHa B CIIIA,
Ha OCHOBI $IKOi BUTOTOBISIIOTH 0 75% CIUIaBIB ITUPKOHIIO JUIsl PEAKTOPIB Ha
TEIUIOBMX HeWTpoHax. Ii ocobnmBicTio € crabinbHa sAKiCTh TIyOKH, sKa
BU3HAYAETHCSI YMCTOTOIO XJIOPUIIB LHUPKOHIIO 1 TEXHIYHOro MarHiio. Yucrora
nupkonito 3a BMmictoM Hf, Si, REE, C 1 TyromiaBkux MeTaiiB BU3HAYAETHCS
CTYTIEHEM OYMIIEHHS B1J] HUX 1 30€piraeTbcsi B MPOIeCi BITHOBIIOBAILHOT IJIABKH.
YucroTa IUPKOHIIO 32 BMICTOM jJoMiIIok BrpoBakeHHs (Oy, N,, C) Bu3HauaeThes
HeBUCOKOI 4yucToTor ZrCly. Kpim Toro, B mporeci BiIHOBJICHHS LUPKOHIN
B3a€EMOJIi€ 3 MaTepiajJoM peakTopa, 1o MiaBHINye KoHueHTpaiito Ni, Cr, Fe B
ryorti.

JlJi1 yCyHEHHSI HETaTUBHOTO BIUIMBY JIOMIIIOK I'yOKa IUPKOHIIO JeryeTbest Ni,
Fe, Cr, Sn, mo BuW3Hayae KOpO3iiiHYy 1 pajialiifHy CTIHKICTh BHpOOiIB. BoHu
BU3HAYAIOTh TEPMIH EKCIUTyaTallli TBEJIbHOI 000JI0OHKM 4 poku. IlinBuiieHHs
TEpMiHYy €KCIUTyaTallii TBeJiB Ha KX CIUIaBax /10 5-7 pOKiB HEMOKIIUBE.

CmnaBu 1upkodito 3 HiobOlem (E-110 1 E-125), mo 3acTocoByrOThCS B
peakropax BBEP, BupoOmsitore B 00csa3i 10 25% Bix CBITOBOro 00CATY, BOHU
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3apekoMeHyBamd cebe SK HaIiiHMIl MaTepial. IXHA uYMCTOTa HE HEPEBHILYE
99,8%, ipu BmicTi radHito < 0,035%, 1o B 4 pa3u Buie BUMOT ctannapty ASTM.
Bwmict Byriemo < 0,02% BU3HAYAETHCS TEXHOJIOTIEID TPOIECY EIEKTPOII3Y, 3a
AKO1 BIIOYBaeThcs pyHHYBaHHS TpadiToBux aHoOmiB. Bmict ¢Topy B crutasi
nocsirae 100 ppm, 1o € HeraTUBHUM (PakTOpoM y pas3l MOXIMBOI aBapii 3
miaBUIEeHHM Temiiepatypu 10 1200 °C.

SKicTh MPKOHIIO TOBHICTIO BU3HAYAETHCS YUCTOTOIO BUXimHOI comi K,ZrFg.
Husbkuii BMicT KUCHIO B 1UpKOHIT (<0,1%) 3HMKYy€E MIIHICTh CIUIaBIB y MPOIEC]
excrutyarariii. JleryBaHHsI IUPKOHIIO BEIETHCS BaKyyM-IyTOBHUM CIIOCOOOM, SIKUM
HE JIa€ 3MOTH JIOJJATKOBO OYKMCTHUTH CIUIAB Bij O1IBII JIETKOJETKHUX, HIK IUPKOHIH,
nomimmok, 30kpema, F, Al, Ca, Mg. V po6otax HHI[ XDTI Oymno noseneHo, 1o
KHCCHbB Y ITUPKOHII € JICTYIOUHM €JICMEHTOM, a HE JIOMIIITKOIO.

HoBoro TexHOJIOTi€I0 OTPUMAaHHSI CIUIaBIB IUPKOHIIO 3 HIO01EM JIJIsi PEaKTOPiB
BBEP crama comoBo-eKCTpakiliifHa TEXHOJOTIS TepepoOeHHS ITHMPKOHOBOTO
KOHLIEHTpaTy 0€3 3aCTOCYyBaHHS TOKCUYHHUX PEAreHTiB (XJIOpY 1 PTOpy) Ha CTaIIAX
PO3TUHY CHUPOBUHHU JO OTPUMAHHS COJI1 PEaKTOPHOI 4acTOTH Ha piBHI 99,9 % i3
BMicTOM moMinrok Ha pisHi 10”° %. ExcTpakiiiine po3mileHHs UpKOHio i radaiio
Ha BIJIIIEHTPOBUX EKCTPAKTOPAX B @30THOKUCIIOMY CEpEJIOBHIII 30UIbIITY€E KIHETUKY
mpoiiecy Ta 1HTeHCU(IKye TpolecH MOAUTY, SK IUPKOHIIO, Tak 1 radHio, 3
MIJBUIIICHHSIM CTYIICHs OUHMIleHHs Bia gomimmok Si, Al, Fe, Ni, Ti, C.

Criiikicte crtami 1X18HIOT rapanTye BHCOKY SIKICTb HITPATHUX COJEH
nupkoHito 1 raduito. Ilpocrora orpumanns ZrF, 3abesneuye ii SKICTh IUISXOM
3aCTOCYBaHHA CTIMKOTrO mojimMepy, dhropmiacty-4. KanpiierepMmiune BiIHOBIECHHS
ZrF, y mpucyTHOCTI HiIO0110 Ja€ 3MOTy B OJIHOMY TPOIIECI OTPUMYBATH CIUIAB 13
HEe0oOX1HO KoHIeHTpalieto Nb 1 kputuunux pgomimok (C, Si, Ni, Ti, Al).
HonaTtkoBe ix owumieHHa A0 PiBHI 99,9% NpoBOAUTHCS METOJIOM EJIEKTPOHHO-
MPOMEHEBOT0 padiHyBaHHS.

bararopiuni wmatepiano3HaBui BUMPOOYBaHHS CIYy:KOOBUX BIACTUBOCTEH
BHUpPOOIB 31 CIIJIaBIB, OTPUMAaHUX 32 HOBOIO TEXHOJIOTIEI0, TpoBeieH] BueHnmMu HHI]
X®TI, 3acBiguuiau iXHIO BIANOBIAHICTE HOpMaTUBHUM Bumoram st BBEP.
PeakTopHi BunpoOyBanHs BupoOiB 31 crutaBiB KTL-110 1 KTL-125, npoBeneHi no
1991 p., TEepeKOHIMBO 3aCBIMYMIIA IXHIO BIAMOBIAHICTH INTATHIN MPOMYKIIII,
OTpUMaHIi METOJIOM  eJeKTpoiidy. I[IOpiBHSHHS OCHOBHUX TMPOMHCIOBUX
TEXHOJIOT1 OoTpuMaHHs KOMNOHEHTIB SII 3 mornsamy KpuTepiiB cTasoro po3BUTKY
JIa€ 3MOTy 3pOOHUTH OJHO3HAYHUN BHCHOBOK IMPO MEPCIEKTUBHICTh YKPATHCHKOT
TEXHOJIOT1i Jyisi BHUpOOHMITBA BiTUM3HsHOTO SII, HE MOBTOPIOIOYM TEXHOMOTIT
iHmmx BupoOHUKIB  SII. VkpaiHcbka TEXHOJOTIA BIAKPUBAE MOMIIUBICTh
nigBuiieHHs cryneHs suropsuus Al qo 70 MB1/kr ypany Ha 100y 1 OIOBXKEHHS
TEpMiHY HOT0 eKCILTyaTallii 10 5-7 poKiB.

83



XXI MDKHAPOJIHA KOH®EPEHLIIS 3 ®I3UKHU PAJIALIMHNUX SABUILL I PAJIALIMHOIO MATEPIAJIO3BHABCTBA

IMPROVEMENT OF THE Zr-1%Nb ALLOY FOR FUEL ELEMENT
CLADDING OF NUCLEAR REACTORS

M.M. Pylypenko', O.V. Yefimov?, T.V. Potanina®, A.O. Drobyshevska®,
V.M. Pelykh?

INSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine;
2National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine
E mail: mpylypenko@kipt.kharkov.ua

In the programs of work carried out in the world to improve nuclear fuel for
light water-cooled reactors and which are aimed at further improving the
operational reliability of fuel cells with fuel burn-up to 70...75 (GW-days)/t U and
a campaign length of up to 6...7 years, much attention is paid to increasing the
resource characteristics of zirconium fuel element cladding and components of fuel
assemblies.

This report presents the results of research on to improve the performance
properties of the Zr-1%Nb alloys.

The composition, properties and operating conditions of modern zirconium-
based alloys fuel cladding are analyzed. The need to ensure high radiation and
corrosion resistance and reliability of fuel claddings for the safe operation and
higher efficiency of pressurized water reactors NPPs is substantiated. Optimization
of the Fe content will lead for increases corrosion resistance in the coolant and
resistance to radiation growth and using the zirconium sponge as the base of alloys
provide safety criteria under LOCA conditions.

The technology of magnesium-thermal production of spongy zirconium on
laboratory installations has been studied. The processes for obtaining spongy
zirconium are considered: reduction of zirconium tetrachloride and high-
temperature vacuum sublimation of the reaction mass. The change in the content of
impurities during the refining of magnesium-thermal the zirconium sponge was
investigated using the electron beam melting method. It is shown that the content
of impurities, except for gaseous ones, in the obtained sponge and the quality of
metal zirconium slightly differ from the sponge zirconium of other manufacturers.
The results of the research can be used to develop an industrial magnesium-thermal
technology in Ukraine for the production of spongy zirconium and equipment for
its production.

The evolution of the structure of the Zr-1%Nb alloy with increasing iron
content has been studied. It is shown that small additions of iron to the Zr-1%Nb
alloy lead to a change in its structure due to the appearance of Laves phase
precipitates. Due to the very low solubility of Fe in a-Zr, practically all of it is
concentrated in the Laves phases. The Fe content in the matrix is 0...0.1%, Nb —
0.3...0.7%. It was found that the number of Laves phase precipitates is determined
by the Fe content in the alloy and increases with increasing Fe content. The
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increase in the iron content in the Zr-1%Nb alloy leads to an increase in the
microhardness of the alloy. And increase in the Fe iron content above 0.13 wt.%
leads to a sharp increase in microhardness up to 1880 MPa.

Long-term corrosion tests of samples of the Zr-1%Nb alloy with different iron
content (from 0.012 to 0.192 wt.% with an interval of 0.03 wt.%), obtained by
Ukrainian technology, in WWER-1000 simulated primary circuit environment
(temperature 350 °C, pressure 16.5 MPa) were carried out, and mathematical
processing of the results of these studies allowed us to determine the optimal Fe
content. Processing the results of experimental corrosion studies made it possible
to determine the optimal Fe content, which leads to increased corrosion resistance
of the Zr-1%Nb alloy under WWER-1000, is 0.1 wt.%. Increasing and decreasing
the iron content in Zr-1% Nb alloy from the optimal amount (0.1 wt.%) leads to a
corrosion rate increase (Fig.).
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Average corrosion rate of Zr-1% Nb alloy samples depending on the Fe content
during 1500 h of testing

Ar®" ions irradiation of the Zr-1%Nb alloy with different Fe content showed
that increasing the Fe concentration leads to the decrease in the size of the
interstitial dislocation loops and a slight increase in their density. X-ray
microspectral studies of the composition of secondary phase particles in samples of
the Zr-1%Nb alloys with Fe additions after irradiation to 15 dpa showed that, the
precipitates of the Laves phase contain only 1...8% Fe; the content of Fe in the
precipitates of the Laves phase was 30% before irradiation. During irradiation, the
Fe release from the precipitates of the Laves phase, diffuse through the matrix and
form secondary radiation-induced fine precipitates, which delay in <c>-type
dislocation loops nucleation responsible for the acceleration of radiation growth.
The Fe alloying of the alloys of the system Zr-Nb contributes to the suppression of
the phenomenon of radiation growth in commercially effective ranges of radiation
doses.
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EFFECT OF VARIOUS RELAXATION INFLUENCES
ON THE CHARACTERISTICS OF VT1-0 NANOSTRUCTURED ALLOY

V.l. Sokolenko, E.V. Karaseva, A.V. Mats, E.S. Savchuk, V.A. Frolov

NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

E-mail: vsokol@kipt.kharkov.ua

The technical basis for the use of titanium alloys as structural materials for
nuclear power engineering are: high strength, high radiation resistance at operating
temperatures, corrosion resistance in active environments. For the wide use of
titanium alloys as structural materials for reactor vessels, a number of studies are
required, because there are still many questions on the physics of strength.
However, it can already be argued that, in terms of reliability and safety, they are a
promising structural reactor vessels material.

Improving the performance characteristics of products made from titanium
alloys is currently associated with the development of methods for the formation of
nanocrystalline structures that have unique mechanical properties that are very
different from the properties of coarse-grained polycrystalline objects. The most
promising method for producing nanostructured crystalline materials is the method
of severe plastic deformation, in particular, rolling deformation. However, the
question remains of the stability of the created nanostructure over a wide range of
temperatures and deformations.

In order to study the possibilities of relaxation of stress and stabilizing the
nanostructure, we studied technical titanium grade VT1-0 of industrial production,
the number of impurities of which does not exceed 0.3 %, strained by rolling at
20°C, the deformation was ¢ = 3.0. The nanograin structure with a size of ~100 nm
formed by rolling is quite homogeneous in volume. Creep tests were carried out in
stepwise loading mode at temperatures of 20°C and 350°C, the measurement
accuracy was ~ 5-10® cm. The evolution of the structure was monitored using an
electron microscope.

It has been shown that rolled samples tested under creep conditions at 20°C and
350°C have higher strength compared to industrially produced samples. In this
case, the level of plasticity decreases at 20°C by ~ 20 %, i.e. the material is
strengthened and increases sharply (5 times) at T = 350°C, which is due to the
development of relaxation processes in the boundaries and near-boundary regions,
as well as recrystallization during the creep process, i.e. the created nanostructure
has low thermomechanical stability.

Ultrasonic treatment with a frequency of =20 kHz and an amplitude of 65 MPa

leads to relaxation of internal stresses in the VT1-0 nanostructures alloy due to the
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formation of an equilibrium structure of boundaries without noticeable grain
growth. In this case, the mechanical properties of the alloy change as follows: the
tensile strength increases, while maintaining the yield strength and plasticity.

This may be due to the rearrangement of the structure and the formation of new
deformation boundaries (cell walls, polygonal boundaries, microtwins), which are
more resistant to tensile loads.

In addition, the low stacking fault energy of the VT1-0 alloy can make it
difficult for point defects to move to the boundaries of nanograins and slow down
the recovery processes associated with vacancy flows, which complicates the
reconstruction of the structure of boundaries and leads to a slowdown in
recrystallization processes and the development of polygonization.

Irradiation by electrons with an energy of E = 10 MeV and a dose of D =
5-10" cm™ has slightly effect on the mechanical characteristics of VT1-0 in
nanostructured states, but leads to the conservation and stabilization of the
nanostructure during creep at T = 20°C. Thus, commercially pure titanium VT1-0
in a nanostructured state with high strength characteristics and sufficient plasticity
has well perspectives for the practical application under irradiation conditions at
the temperature about 20°C.

At a test temperature of 350 °C, irradiation with electrons with an energy of E
= 10 MeV and a dose of D = 5-10*° cm™ of VT1-0 samples in a nanostructured
state reveals a tendency to increase strength, plasticity and creep rate compared to
the characteristics of non-irradiated rolled samples. This is due to the slowing
down of recrystallization processes and the development of polygonization
processes due to the decrease in the level of internal stresses in the nanostructured
material after irradiation. This indicates that the process of structural
transformation has slowed down under creep conditions.
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Materials for nuclear-power reactors of new generation,
reactors on fast neutrons, fusion installations and SMR
Cekyia [C]

Mamepianu 0aa peaKkmopie HOBUX NMOKOJiHb, peaKmopie Ha
WeuodKux HelimpoHax, mepmosaoepHuUx ycmaHoeoK ma MMP

DEVELOPMENT AND CHARACTERIZATION OF ODS AUSTENITIC
STEEL AND ODS HEA

1.V. Kolodiy, O.S. Kalchenko, M.A. Tikhonovsky, O.M. Velikodnyi

NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine
Email: kolodiy@Kkipt.kharkov.ua

Modern concepts of future nuclear facilities (such as fusion and Gen IV fission
reactors) require further improvements in reliability, safety and efficiency. One of
the challenges for the development of these facilities is selection of appropriate
structural materials for their active zones. Radiation environment in these facilities
implies operation in more severe conditions, including high operation temperatures
(>650 °C), high damage levels, and high rates of gas accumulation. Thus,
traditional constructional materials are not suitable.

Among promising candidates for the use in such conditions are oxide-
dispersion-strengthened (ODS) steels. Saturation of steel with a high density of
nanosized oxide precipitates and their homogeneous distribution into the matrix
not only improves its high-temperature mechanical stability, but also is expected to
improve radiation resistance. Another promising class of radiation-resistant
materials (according to the theoretical studies and preliminary experimental
results) is so-called high-entropy alloys HEAs.

In this work, we report manufacturing route and detailed characterization of the
austenitic steel 18Cr10NiTi-ODS and CrFe,MnNi-ODS HEA, strengthened by the
nano-oxides of the Y,0s-ZrO, system. Both ODS materials were developed at
NSC KIPT. The effect of nano-oxide precipitates and grain refinement on
structure, microstructure, mechanical properties and radiation resistance was
studied by the combination of XRD analysis, TEM and SEM observations and
mechanical tests. 18Cr10NiTi-ODS steel has fine-grained structure with the
average grain size of 1.2 um. Complex nano-oxide precipitates have uniform
distribution into the matrix and high number of density: average particle size is
10 nm and average density reaches ~ 7-10™ cm™.

Due to the grain refinement and nano-oxide precipitates with uniform
distribution into the austenite matrix, the strength characteristics of 18Cr10NiTi-
ODS steel are significantly higher (by 1.5+2.5 times) compared to conventional
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18Cr10NITi steel. This effect is especially evident at elevated temperatures
(700 °C). At the same time, the plasticity of the ODS steel decreases slightly, but
still remains at an acceptable level.

=

a) b)
Fig. 1. Microstructure of the conventional 18Cr10NiTi (a) and
18Cr10NiTi-ODS (b) steels

Microstructure of the CrFe,MnNi-ODS HEA is characterized by the fine-

grained structure (average grain size of 2 um) with the presence of two types of

precipitates. The first ones are large oxide precipitates size of 50+150 nm, enriched

with Cr and Mn. Additionally, a significant number of small precipitates size of

~10 nm and a density of ~10* cm™ are observed. It was established that this kind

of precipitates is complex Y-Zr-O nano-oxides. As can be seen, ODS HEA has a

slightly larger average grain size and a lower density of nano-oxide precipitates,
compared to 18Cr10NiTi-ODS steel.

i
a)
Fig. 2. Microstructure of the CrFe,MnNi HEA (a) and CrFe,MnNi-ODS HEA (b)
Mechanical tests of the CrFe;MnNi-ODS HEA revealed a significant increase
in yield strength and ultimate strength (up to 2 times) with plasticity at about 20%
(compared to initial CrFe,MnNi HEA). But it should be noted that mechanical
properties of the ODS HEA are somewhat lower than those of 18Cr10NiTi-ODS
steel. This may be due to a lower density of nano-oxide precipitates and a wide
range of their size distribution in ODS HEA.
According to the presented results, developed ODS materials can be a
promising material for usage in nuclear industry as a core internals material in
future reactors.
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MEXAHI3M YTBOPEHHS TPIHIUH ¥ TEKCTYPOBAHHUX
BOJIb®PAMHUX 3PA3KAX ITPU OITPOMIHEHHI BOJHEBOIO
IIJIASMOIO 3 TEIINIOBUMHU HABAHTAKEHHSAMMU ITIOAIBHUM
10 YMOB ITEP

C.B. Cypoeuubkuﬁl, C.B. Majmxiul, LE. T, apKymaZ, B.O. Max/zaﬁz,
JLE. I(onomoncwuﬁl, T.b. KouomoanKal, B.M. ./1106031, C.C.T epamenkoz,
O.L Tlipka®

! Hayionanvruii mexniunuii ynieepcumem « XapKigcbKutl NOJIMeXHIYHUL IHCIUMymy,
2HHll «Xapxiscokutl ¢izuxo-mexniynutl incmumymy HAH Yxpainu, Xapxie, Ykpaina,
*Max-Planck-Institut fiir Plasmaphysik, Boltzmannstrasse 2, Garching D-85748, Germany

JIOBTOBIUHICTh €JIEMEHTIB TEPMOSJIEPHOTO PEAKTOpa 3aJ€KUTh BiJ] CTIHKOCTI
MaTepiaiaiB 1 KOMIIOHEHTIB /0 TOBTOPIOBAHUX IJIA3MOBHUX HABAaHTAKEHb HA TEPIILY
CTIHKY Ta JMBEPTOP MIKHApPOIHOIO TEPMOSJEPHOTO peakTtopy, 30kpema ITEP.
Bonbsdpam OyB oOpaHuii ik OCHOBHMI Matepian sl TUBEPTOpa 3aBISIKU HOTO
BHUCOKIA TemmepaTypi IUIaBJIEHHSA Ta CTiMKocTi A0 posnopoimieHHs. llle ognum
BAKJIMBUM KpUTEpieM IIpH BUOOP1 3axucHux matepiaiiB s ITER e ixHs criiikicTh
0 PpO3TpicKyBaHHS. ToMmy aHal3 MOXIMBUX MEXaHi3MIB (OpMyBaHHS Ta
PO3BUTKY TpIIMH Yy BOJb(PPAMOBUX MIMICHIX IMPU paaialiifHO-TEPMIYHOMY
ONPOMIHEHHI € aKTyaJIbHOIO 33/a4€l0, sIKa CTaBUJIACh B JJaH1i poOOTi.

VY Hammx nonepegHix poOOTax METOJOM PEHTTEHIBCbKOI TEH30METpii BIepIIe
OyJ10 BU3HAUYEHO 3aJIMIIKOBI HAIPYXEHHS B 3pa3Kax BoJb(pamMy Ta JOCIIIKEHO 1X
3MIHU TIPU ONMPOMIHEHH1 BOJHEBOw Miasmoro B pexkumi ITER ELMs [1]. byno
BCTAHOBJICHO, III0 TOYATKOBI HAMpPYy>KEHHS CTUCHEHHS IiJl i€ TUIa3MOBUX
HaBaHTa)XCHb MEPETBOPIOIOTHCS HA HAMPY>KEHHS PO3TATY, a TPIIIMHM 3'IBIISIOTHCS,
KOJI 111 HAIIPYKEHHS PO3TATY CTa01I13yI0ThCsl 400 MMOYMHAIOTH 3HIKYBaTucs [2,3].
[Ipu 1bOMYy 3apOJKEHHsSI TPILIMH TOB’S3aHO 3 PO3MIPOM 3€PEH, TEKCTYPOIO,
T'YCTHHOIO Ta PO3MOJIIIIOM JUCIIOKAIlN, KUTbKICTIO BAKAaHCIHHUX KOMILJIEKCIB, SKI B
MOYATKOBIN CTPYKTYpl OOYMOBIIEHI TEXHOJIOTI€E0 BHMIOTOBJICEHHS 3pa3kiB. [l
JOCIIJKEHHSI MOXJIMBOTO MEXaHI3My PO3BUTKY TPIIMH (IMCIOKAIIHHUN
MexaHi3M Actpo Ta MotTa, abo BakaHCiiiHMI MexaHi3M Byna, abo ABIHHUKOBHIA
MexaHi3M) Oynau  BimiOpaHi 3pa3kd TaKWUM  YWUHOM, 1100  3aJIMIIKOBI
MaKpOHAIIPYKEHHSI Ta MapaMeTpU CTPYKTYPHOTO CTaHy 1 CyOCTpyKTypu Oyiu
ONMM3bKUMM 3a 3HaYeHHSAMU. JIJIsi BUKIIOYEHHS OKPEMHUX MEXaHI3MIB 3pa3Ku
MiJJaBaINCh CTAI[IOHAPHOMY  OMPOMIHEHHIO 10HAMHU 13 CEPEIHBOIO0 EHEPTIEI0
2 xeB B mxepem FALCON [4] nns Bianany HampyKeHb Ta JA€(PEeKTiB MOYaTKOBOT
cTpykTypu. Take onmpoMiHEHHS BIJINAJIIOE BaKaHCIi Ta JUCIOKalli. TakuM 4ruHOM
BUKJIIOUAETHCS AUCIOKaIIMHMN MexaHi3M. OOpaHi 3pa3kd 3 PI3HOK BICCHO
TEKCTYpH, II0 TMepeadadyae pi3Hy KUIbKICTh IUIOIIMH JIETKOTO KOB3aHHS.
OnpoMiHEHHS BOJIHEBOIO IIA3MOI0 B pexkuMi, 1m0 iMiTye nepexiani noaii (ELMs)
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B ITEP, npoBoannu Ha KkBasicTanioHapHoMy npuckoproBauy mazmu KCIIIT X-50
[1-3] B kimbkocti 100 iMI. 3 EHEpri€l0 IMOBEPXHEBOTO HaBaHTAKCHHS
0,45 Mk M~

3a JaHMMU PEHTTEHIBCHKUX JOCTIDKEHb IMICHsS ONPOMIHEHHS BOJHEBOIO
IJIa3MOI0  BCTAHOBJICHO, IO TIOMEPEAHBO BIAMAJCHI BiJA JUCIOKAIIA Ta
3JTMIITKOBUX HAIPYKEHb 1 HAIMIITKOBUX BAaKaHCIH 3pa3ok 3 Biccto TekcTypu [100]
BUSIBUBCS OUTBII CTIMKUM JI0 YTBOPEHHS TPILIMH, HIXK 3pa3ok 3 Tekctyporo [110],
10 MICTHB JIOJIaTKOBI BaKaHCIWHI KOoMIUIekcH. Ha rianbuni 2 MKM y OpOMIHEHHX
3pa3kax PO3BUHYJIHUCH MPAKTUYHO OJIHAKOBI HAINPYKEHHs, aje B MOBEPXHEBOMY
1api BOHU 30BCIM Pi3Hi.

B pe3ynbpTaTi KOMIUJIEKCHOTO aHai3y OTPUMAHUX JIaHUX CTBEPIKYETHCS, IO
IPUYMHOIO YTBOPEHHS TPIIIMH € IUIacTU4YHaA Jedopmaliis MOBEPXHEBHUX IIapiB
IUIAXOM JBIMHUKYBaHHS. 3pa3Kd 3 PI3HOK TEKCTYpPOI B IUIAHI 3apOKEHHS
TPIIIMH MOBOJATHCA BKpail NpOTHIIEKHO. B 00'eMHO IEHTPOBAHUX CTPYKTYypax Mpu
HU3BKUX TEMIIepaTypax 1 BEJIMKHUX MIBUAKOCTAX aegopmyBaHHsA Tekctypa [100]
3pyuHa mis nedopmaiiii koB3aHHsM, a Tekctypa [110] 3pyuna nns nedopmariii
JNBIMHUKYBaHHSAM. TpilllMHA BHHUKAE SK peE3ylbTaT B3a€EMOJII JBIMHHUKA 3
JBIMHUKOM a00 JNBIMHUKA 3 MEXKEI0 3epHa a00 JIBIHUKA 3 OKPYTJIUM BKIIOUCHHSIM.
Ponb Takux BKJIIOYEHb MOXKYTh BIAIIPAaBATH HAIMOBHEHI BOJHEM MIKpPOMOpPH.
Mikpomopu yTBOPIOIOTHCA SIK Pe3yabTaT HACUIIICHHS BOAHEM, IO IMIUIAHTY€ETHCS,
neTenb BiAHIMAHHSA, 10 YTBOPUIIMCS MPH 3aXJIONYBAaHHI BAKAHCIMHUX KOMILIEKCIB.

OtpumaHi pe3yJabTaTH MOXYTh OyTH BHUKOPHUCTaHI JJIsi MPOTHO3YBaHHS
CTIHKOCTI 3aXHCHUX €JIEMEHTIB TUBEPTOPA, a TAKOXK OCTATOYHO BUOOPY Martepiaiy,
10 KOHTAKTYBaTUME 3 IJIa3MOI0 B TEPMOSIEPHOMY PEaKTOpl HOBOTO MOKOIIHHS
JEMO.
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XXI MDKHAPOJTHA KOHOEPEHIIIS 3 GI3UKU PAJITAIIMHUX SIBULI 1 PATIIAIIITHOTO MATEPIAJIO3HABCTBA
BYTJIELIb-BYTJIEITEBI KOMIIO3HUIIIITHI MATEPIAJINA
JIJII PEAKTOPIB HA IIBUJAKWUX HEUTPOHAX, TEPMOSJIEPHUX
PEAKTOPIB, HOBITHIX AAEPHUX YCTAHOBOK

LB. I'ypin, B.B. Konocenxo, O.M. Bykonos, O.B. Mownik, C.I. I'ypin

HHI] «Xapxiecokuti pizuxo-mexuiunuu incmumymy» HAH Ykpainu, Xapxie, Yxpaina

[upoke BUKOpUCTaHHS TpadiTy B  peakToOpax TOSCHIOEThCS  HOTrO
JIOCTYIHICTIO, 3aJIOBUIBHUMU CHOBUIBHIOIOUMMH BJIACTUBOCTSMHU Ta MallUM
nepepizoM 3axoIUIeHHS HEUTpoHiB. Uuctuil rpadiT Mae epeKTUBHHUM Tmepepi3
3axoruleHHss HeitporiB (0,032¢10% cm?). Y  cBiTOBiif mpakTHIi HAWGLIBLI
MOIIMPEH] PEaKTOPHU KIJIHKOX THUIIB: KaHAIbHI BOJOTPA]ITOBI 3 KUILITYOIO BOJOIO
Ta 3 MEperpiBaHHsIM Mapu; KOPMYCHI BOJO-BOASHI 3 HEKHUIUISTYOI Ta KHUILITYOIO
BOJIOI0; HH3BKOTEMIIEpaTypHI Tra3orpadiToBl peakTOpU, B SKHUX Yy SKOCTI
TEIUIOHOCISI BUKOPHCTOBYETHCA BYIJIEKHCIMA Ta3 Ta BHCOKOTEMIEPATypHI
ra3orpaiToBi 3 TEIIEBUM TEIJIOHOCIEM; PEAKTOPH Ha MIBUIKUX HEUTpPOHAxX 13
HaTPIEBUM TEIJIOHOCIEM; OaceiHOB1 BOJIO-BOIsAHI peakTopH [1].

OctanHiM yacoM Y BChOMY CBITI 3pOCTa€ IHTEpEC 0 PEAKTOPIB Mayoi Ta
CepeHbOI MOTYKHOCTI a00 MoaynbHUX peakTopiB (MMP) uepe3 iX 37maTHICTH
3aJI0BOJIBHATH MOTpeOy B THYYKOMY BHPOOHMIITBI €JIEKTPOEHEPTii I PI3HUX
KOPUCTYBa4iB 1 3aCTOCYBaHb 1 3aMIHUTU 3actapiial enekrpocranimii. Cepex 70
npoekTiB MMP, nipeacrasnenux y 3Biti MAT'ATE [2], 14 3acHOBaH1 Ha KOHLEMIIIT
BTI'P, mie 10 — conpoBi peakTtopu. B OumbIIOCTI 13 HUX BUKOPHUCTOBYIOTHCS
rpadiToBi eneMeHTH, abo €IeMEHTH, 5Kl MICTATh rpaditoBi MaTepianu. ['padiTosi
MaTepiai TaKoK BUKOPUCTOBYIOTHCA 1 B akTUBHIM 30H1 MMP iHImuMx Tumis.

Y HHII X®TI Gyna po3pobieHa yHIKaabHa TEXHOJOTIS OTPUMAHHS IAPOBUX
TBEJIIB, B skiil 3aMiCTh NpPECyBaHHS 3aCTOCOBYEThCS ormepauis (hopmMyBaHHS
BUpOOYy 3 MOJAJbIIMM VYIIUIBHEHHSIM iX NIpOBYIJIElleM, 13 ra3oBoi ¢azu. Y
METOJMII 3aMICTh BHYTPIIIHHOTO Ta 30BHIMIHBOIO HIIJIBHUX MIPOBYTJIEHEBUX
mapiB (PyC) BukopuctoBytorbes komOiHOBaH1 (PyC+SiC) moKpuTTS 13 HIUIBHICTIO
> 2 Ar/cm°. Taka 3aMiHa MO3BONISIC 3HM3MTH BHXiJ Ta3oNONiOHUX Ta TBEPAUX
npoaykrtiB noainy 3 MT y 100 pasi. KomOiHOBaHU 3aXWCHUI IIap J03BOJISE
3MEHIIUTH TOBIIMHY Oy(depHOro mapy mMaike BABII.

AJbTEpHATUBOIO TPAIULIAHUM TpadiTOBUM MartepiajaM € BYIJIClb-BYTJelEeBl
komno3utu (BBKM). BBKM — 3aranpHa Ha3Ba MIMPOKOTO Kjacy MaTepiaiiB, IO
CKJIAJaloThcad 13 ByrJieneBUX abo rpadiTOBUX BOJOKOH Ta BYIJElEeBoi ado
rpadiToBoi matpuili. BoHM HE TIIBKM MarOTh yCi TPUBAOIMBI BIACTUBOCTI
rpadiTiB, aje MarwTh MOMJIMBICT, KEpPyBaTH MIIHICTIO, TETUIOMPOBIIHICTIO,
EJIEKTPOIIPOBIAHICTIO I TEPMIYHUM PO3ITUPEHHSIM MaTepialiB 1 TOTOBUX BHPOOIB y
NOTPIOHMX HampsiMKax. Byrienb-ByriieneBi KOMIO3UTH B TOPIBHSHHI 13
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rpaditamu OLbII CTIMKI A0 TEPMIYHHMX 1 MEXaHIYHUX YyJapiB, aOmsmii,
€JIEKTPOepo3ii, MarTh BUCOKY pajlialiiiHy CTIHKICTb[1].

BBKM  BHUKOpUCTOBYIOTH HE TUIBKA JUIsl BUTOTOBJIEHHS MaJMBHUX
NOTJIMHAIOUMX Ta PEryIIIOYUX €JIEMEHTIB PEAKTOPHUX YCTAHOBOK, ane W JUIsd
BUTOTOBJICHHS KOHCTPYKTHBHHUX €JIEMEHTIB BHCOKOTEMIIEPATypHUX Ta COJBOBHX
peaktopis Tomo [3]. BBKM wmoxyTs OyTH BHKOpPHCTaHI JJisi CTBOPEHHS
YVHIKQIBbHUX  BHCOKOTemmepaTypHux  (=3000 °C)  cucteM  BHUMIPIOBaHHSA
Temreparypu [4], BUSBICHHS BOJISHOI Mapy B Ta30BOMY TEIUIOHOCIT Tomro [5].
Takox Texnosoris BBKM moke OyTu BUKOpHcTaHa Jijisi oOpaTHMOi MOO1Ti3arii
paaloaKTUBHUX MaTepialliB.
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XXI MDKHAPOJIHA KOH®EPEHLIIS 3 ®I3UKHU PAJIALIMHNUX SABUILL I PAJIALIMHOIO MATEPIAJIO3BHABCTBA

BUKOPUCTAHHS BYTJIEHEBUX HAHOTPYBOK /151 CTBOPEHHSI
KOMITO3UTHUX MATEPIAJIIB 3 NIIBULLIEHOIO PAJIIAIIIMTHOIO
CTIMKICTIO

B.I'. Yoosuuvkuii, B.B. /lumeunenko
Inemumym enekmpoizuxku ma padiayitinux mexuonoeit HAH Ykpainu, Xapkie, Yxpaina

Po3pobka peakTopiB HACTYMHHX TIOKOJIIHb TMOTpeOye CTBOPEHHS HOBHUX
MaTepiaiB 3 TIJIBMINCHOK pajialiifHO0 CTIMKICTIO. XOpOIli MOJIUBOCTI
MOKPAIIEHHSI XapaKTEepPUCTUK B)KE BIJIOMHX 1 CTBOPEHHS HOBUX MarepialiB 3
MIIBUAIIEHOIO PaIiallifHOI0 CTIMKICTIO BIJKPUBAIOTHCS TPU BHUKOPUCTAHHI TaK
3BaHUX HAHOCTPYKTYPOBAaHMX MarepiajaiB (HaHOMaTepialiB), SKi 3aBISIKU
OCOOJMBOCTSAM  CBO€l  OyIOBM 3/JaTHI BUTPUMYBATH 3HA4yHI  pajialliiHi
HABAHTAXKEHHA 0€3 CyTTEBOI Jerpajanii CBOiX MOYaTKOBHX BiacTuBocTeil [1]. B
MaTepiajo3HaBCTBI 3apa3 3HAYHY yBary MPUBEPTAIOTH 1 aKTUBHO JOCIIIKYIOTHCS
ByrieneBl HaHoTpyOku (BHT), siki 3aBmsku GaratboM CBOIM (P13MKO-XIMIYHUM
BJIACTUBOCTSM B)K€ 3HAWIUIM IIMPOKE BUKOPUCTAHHA 1 MAlOTh 3HAYHI MOTEHIIIITHI
MO>KJIMBOCTI ITUPOKOTO BUKOPUCTAHHS mpy CTBOpeHHl HOBHUX KOHCprKLIlI/IHI/IX
MarepiaiiB B MamHHo6y,uyBaHH1 MarepiaiiB MIKpO- 1 HAHOENEKTPOHIKHU, B
O10MeIUIIMHI, B €KOJIOT1i, TOIIO.

3HauHUN 1HTEpEC 3 TOYKU 30py CTBOPEHHS MaTepialiB 1 MOKPUTTIB PI3HOTO
(YHKLIOHAJIBHOTO MPU3HAYEHHS MPEACTABISIOTh KOMIIO3UTHI MaTepiajidi Ha
OCHOBI MAaTpHWIlb 3 MarepiajiB pI3HOro TUMy (METaNiYHUX, KEepaMIuyHUX,
MOJIIMEPHUX, TOIIO), B skl BBeAeHl nomimku BHT. B Takux KOMIO3UTHHX
marepiasiax Ha ocHoBli BHT (KMBHT) nHanoTpyOku B OUIBIIOCTI BUMAIKIB
BIJIICPAIOTh  POJIb apPMYIOYOTO KOMIIOHEHTAa, TOKpAllyloud iX MeXaHI4yH1
BIACTUBOCTI. B Marepianax, siki miaal0ThCs pagialiiiHOMy BIUTUBY, BOHU MOXYTh
CIIYT'yBaTH TaKOX B SIKOCT1 CTOKIB JIJIS pajlalliiHuX AeeKTiB, MiABUILYIOYH IIUM iX
paaialiiny CTIMKICTb.

Tema po3poOku 1 nocmimkenns pizuux KMBHT nns sinepHoi eHepreTuky, sk i
0araTtboX 1HIIMX MUTaHb i1 PO3BUTKY, € BAXKIMBOIO 1 akTyalbHOIO [2-4]. B Vkpaini
1[I MUTaHHS OCOOJIMBO aKTyalbHi, OCKIIBKM JUIsl HAIIOl JEp)KaBU 3 OTJIsIy Ha
BTpaTy 3HAYHOI KUIBKOCTI EJIEKTpOreHepalii Hapa3i NUTaHHS ii BIJHOBJICHHS
MaroTh HaJI3BUYAITHO BAKIIMBE 3HAUCHHS.

B nonosizai 3p06J’ICHO OIJISiZ] CYYaCHOTO CTaHy 1 MEPCIIEKTHB PO3BUTKY KMBHT
3 MiJBUIICHUMH MEXaHIYHWMH BJIACTUBOCTSMHM 1 paiaIlifHOIO CTIWKICTIO IS iX
BUKOPUCTAHHSA B SACPHIM EHEPreTHIll, a TAaKOX MPEJCTABICHO JEsKl BJacHI
TEXHOJIOT1YHI HampaloBaHHS 1o ayroBomy cuHresy BHT, skxi mMoxyTte OyTu
BUKopucTaHi rpu ctBopenHi KMBHT.
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BIIJIUB IHTEHCUBHOI IJTACTUYHOI JTE®OPMAIIIL
B IHTEPBAJII TEMIIEPATYP CTABIJIBHOCTI ®EPUTY
HA CTPYKTYPY TA MEXAHIYHI 1 PAJIIAIIIMHI
BJIACTUBOCTI CTAJII T91
I'.10. Pocmoeal, L.B. wa()iftl, P.JL Bacuﬂenkol, O.C. Ka.flb'leHl('Ol,
M.A. T uxouoecbkuﬁl, I'JI. T wzcmwlyubkal, O.M. Beﬂukomtuﬁl, B.C. Okogim’,
M. Ceppano®

1HH[[ «Xapxiscokutl izuxo-mexniunui incmumymy» HAH Ykpainu, Xapxis, Ykpaina;
2Centro Investigaciones Energéticas, Medioambientales y Tecnolégicas, Madrid, Spain

®eputo-mMapreHcuTHa 9%Cr ctans T91 posrnsmaerbes sk Matepial - KaHAUIAT JIIs
MalOyTHBOTO MOKOMIHHS peakTopiB GenlV B SKOCTI meTii 0Xo0JIoAKyBaya HEPIIOTO
KOHTYpY, aponpoBiHOro 1 TermnooominHoro obnagHanHs AEC 3 mapamerpamu HKT, a
TaKOXK SK KOHCTPYKUIMHMI MaTepian B cuctemax Accelerator Driven Transmutation.
['onoBHuM  QakTopoMm, 1m0  CTPUMYyE  IIUPOKE  BHUKOpUCTaHHA  (eppuro-
MapTEHCUTHUX/MApPTEHCUTHUX CTaJlel 13 BMICTOM XpoMy 9% y KOHCTPYKIISIX peaKTOpiB
Gen-1V e ixas Hu3bka >xapominHicTs (~ 500 °C). [dany npobieMy MOXKHA BHUPIIIUTH
[IUISIXOM TepMOMEXaHIYHOT 0OpOOKH, 10 BKJIIOYAE IHTCHCHBHY IUTACTHYHY JedopMaliiro
(II1) nnst moapiOHEHHs 3epeHOoi CTPYKTYpU Ta KapOiAHMX BUAUIEHb Ta MOJANbIILY
TepMIUHY OOpOOKY CTaii Jjisi BUPIBHIOBAHHS HEOIHOPITHOCTI CTPYKTYpPH Ta PO3MOALLY
KapO11iB/KapOOHITPUIB.

Jns  nposemenns  IIIJI oOpano Meron  0aratopa3oBOro  «OCaKYBaHHS-
BunaBmoBanHs» (bOB), mo po3po6nenuit B8 HHI[ XDTI. IlepeBaroro mporo MetToay €
TEXHOJIOTIYHA MOJIMBICTh OTPUMAHHS YJIbTPaApPIOHO3EPHUCTOI CTPYKTYpU SK B
nabopaTopHHX, TaK 1 B IpoMUCIOBUX MacmiTabax [1]. B maniit po6oti BOB npoBoaunace
MpU TIOCHIZIOBHOMY 3HWXEHHI Ttemmeparypu nedopmamii 3 750 mo 575°C nmns
3ano0iraHHs JAMHAMIYHOI pEeKpUCTali3alii Ta MaKCUMaJIbHOIO TMOJpIOHEHHS 3epHa.
[MTomanbpina TepMmiuHa 006poOKa mpoBoaunack 3a Temmeparyp 730...550 °C mpotsrom
1...50 ron. BuBYeHHS 3MiH MIKPOCTPYKTYpU TIiCIsi KOKHOTO eTamy oOpoOKH
IPOBOAMIIOCH METOJAaMHU ONTHUYHOI Ta €JIEKTPOHHOI (CKaHYyBaJbHOI Ta TPAaHCMICIIHOI)
Mikpockomii. JI7si BCTAHOBJIEHHS BIUIMBY CTPYKTYpHHUX 3MiH Ha MeXaHIyHi
XapaKTePUCTUKU TPOBOJMIIOCH BUMIPIOBAHHS MIKpPOTBEpJOCTI 3a Bikkepcom, a Takox
3pa3Ku TECTYBAJUCh Ha MILHICHI Ta IUJIACTHYHI XapaKTEPUCTUKU B YMOBAaX aKTHBHOI'O
po3taryBaHHs. [lns  Bu3HAUYeHHS  pajiamiiiHoi  cTiMikocTi ctami  T91  micns
TEPMOMEXaHIYHOi O0OpOOKHM 3pa3Kd OMPOMIHIOBAIMCH 10HAMH AaproHy 3 EHEpriero
1.4MeB no no3m 120 3ma. Temmeparypa ONpOMiHEHHS BIANOBiajga MaKCUMyMy
posnyxanus ctaii T91 ta cranoBuna T = 460 °C.

3a I0MOMOroI0 METOJIIB ONTUYHOI Ta TPAHCMICIMHOI €JIeKTPOHHOI MIKpOCKOMii OyI1o
BCTaHOBJICHO, 1110 cepeHii po3mip 3epen ctani T91 micna II1/] 3menmryerscs 3 20 MKM y
BuxigHOMY cTaHl 10 140 um micas m'stu nukiaiB BOB. 31 3011bIIeHHAM KIJTBKOCTI ITUKJIIIB
Ta 3HWKCHHSAM TEMIIEpaTypH OCa/KYBaHHS-BHUIABIIOBAHHS, OJHOYACHO 31 3MEHIICHHSIM
CEPETHLOTO PO3MIPY 3EPEH, CIIOCTEPIraeThCs MiJBUIIEHHS OJHOPIAHOCTI iX PO3MOIiTY 3a
po3Mipamu.

BuBuenHs TepmiuHOi cTabuibHOCTI cTpykTypu crtaii micas I/ moxazano, 1mo
yabTpaapiOHO3epHUCTH cTaH ctami 191 € HalicTabulbHIIMM 32 TeMIeparypu
TepMooOpobku 550 °C. Bimmyck mpoTsroM 25 TOAWH HE BUKIWKAB CYTTEBHX 3MiH
PO3MIpIB 3epeH Ta BUAUICHb, & TAKOXX MIKPOTBEPOCTI, siKa 3aluIIaeThes Ha piBHI 3000
MIla. Opnak, migBUIIEHHS TeMiiepaTypu Biamycky o 650 °C nmpu3BOAMTH 10 POCTY
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3epeH, 301IbIICHHS 00'€éMHOI YaCTKH 1 MUIBHOCTI BUAUICHDh KapOimHUX (a3, Mo B CBOIO
uepry 3HI/I)Ky€ TBGpI[lCTB

Puc ] Mmpocmpykmypa cmani T91: a—guxldﬂuu cmat; 6 — 3BOB 6 — 4BOB 2
-5 bOB

JlocmiKeHHS MEXaHIYHHX BIIACTUBOCTEH B IHTEpBANl TeMIeEpaTyp BHIPOOYBaHb
-196...+550 °C moxkasamu, 1m0 MeKa IUIMHHOCTI 1 MeXa MiHocTl craal 191 3
yIbpaApiOHO3EPHUCTOI0 (PEPUTHOIO MIKPOCTPYKTYPOIO MEPEBEPIIYIOTh XapaKTEPUCTUKU
BUXITHOI CTaii, MPUTOMY BiJ3HAYAETHCS 30€piraHHsA JOCTATHHOTO DPIBHS IJIACTUYHOCTI
o0pobnennx 3paskiB. TepmomexaHiuyHa oOpoOka i3 3actrocyBanHsMm II1J[ meromom
«OCaDKCHHSI-BU/IABIIIOBAHHS» JIO03BOJIMJIA JOCSITTH PEKOPAHMX IJIsl 1€l CTayi 3Ha4YeHb
Mex1 Texkydocti (1279 Mlla npu 25 °C 1 502 MIla npu 600 °C) ta mitnnocti (1340 Mlla
mpu 25 °C 1 511 Mlla npu 600 °C).

[IpoBeneHi IOCHIKEHHSI PO3BUTKY MOPYBATOI CTPYKTYpH IMICIS OMPOMIHEHHS CTaji
T91 y pi3HUX CTPYKTYpHUX CTaHaX IOKa3aylo, IO MICs OMPOMIHEHHS ioHamMu Ar 3
eHepricto 1,4 MeB g0 go3m 120 3ma mnpu T =460°C posmyxanHs B
yIbTpaaApiOHO3epHUCTIH hepuTHiit cTpykTypi cTaHOBUTH 0.65% mopiBHsHO 3 0.26% 115
BUXIIHOI CTPYKTYpH BIAMYIIEHOTO MapTeHcuTy. OpHak HaBiTh OUIBLIMKA piBEHb
posmyxaHHs ctai T91 3 pepuTHOIO CTPYKTYPOIO BCE OJTHO € HEBUCOKUM, OCKUIbKH, IS
316 ctami 3 ayCTEHITHOIO CTPYKTYpOIO, PO3IMyXaHHS CTaHOBUTH ~ 15,6%, 1o B 24 pasu
HepeBHmye piBEHb po3nyxaHH;1 ctani T91 3 (bepI/ITHOIo CTPYKTYPOIO.

Puc. 2. Mikpocmpyxmypa onpominenux cmaneu: a — T91 y suxionomy cmaui 3i
CmMpYKmyporo mapmencumy 8ionycky, 6 — T91 3 gpepummnoio cmpykmyporo, 6 — cmaiv
S§8316 3 aycmenimnoro cmpykmyporo

OueBuHO, 10 HAWKpaIla CTIUKICTh 10 PO3MYXaHHS BUXIHOI CTalll TTOB’A3aHa 3 TUM
¢dakTOM, MO y TOPIBHSAHHI 13 (DEPUTHOIO Ta AYCTEHITHOK CTPYKTypaMH, CTPYKTypa
BIJITYIIIEHOTO MAapTEHCUTY Ma€ OLIbII CKJIQJHY MIKPOCTPYKTYpPY, fKa CKIQJA€ThCs 3
JaMeneil Ta cy03epeH MEHIIOro po3Mipy 1 OiIbIIOT HIIBHOCTI TpaHUIlb, BUCOKOI
IIUTPHOCTI UCTIOKAIM Ta KapOlTHUX/KapOOHITPUAHUX BHUJIUICHb, 5Kl € €()EeKTUBHHUMHU
CTOKaMHU TOYKOBHX JE(EKTiB.

[Tocunanus

1. O.B. Yopuwmii ta in. Ilatent 42487 A VYkpaina, MIIK 7 HO1B12/00 «Cmnoci6
BUTOTOBJICHHSI HI0O1M-TUTAHOBOTO HaINpoBigHUKa». brom. Ne9. 3asmn. 12.03.2001;
Ony06a. 15.10.2001.
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XXI MDKHAPOJIHA KOH®EPEHLIIS 3 ®I3UKHU PAJIALIMHNUX SABUILL I PAJIALIMHOIO MATEPIAJIO3BHABCTBA

MOJEPHI3AIISI MIKPOCTPYKTYPHU TA BJIACTUBOCTEM
CTAJII T91 IHTEHCUBHUM INIJIACTUYHUM JE®OPMYBAHHAM
3A HIABUINEHUX TEMIIEPATYP

I'.10. Pocmoeal, L.B. wa()iftl, P.JL Bacuﬂenkol, O.C. KaﬂblleHl('Ol,
M.A. T uxonoecwmﬁl, r'Jl. T 0chm0ﬂyubl<a1, O.M. Beﬂukoonuﬁl, B.C. Oxosim’,
M. Ceppano®

1HH[[ «Xapxiscokutl izuxo-mexniunui incmumymy» HAH Ykpainu, Xapxis, Ykpaina;
2Centro Investigaciones Energéticas, Medioambientales y Tecnolégicas, Madrid, Spain

B naniit poGoTi MU 3aCTOCOBYBaJIM IHTEHCUBHY TutacTudHy Aedopmartito (II11)
METOJIOM 0araTtopa3oBOro «ocaKyBaHHSI-BUAaBIoBaHHs» (BOB), saxuit 1o3BossIE
MPOBOJIUTU OOpOOKY y MpOMHCIOBUX MaciiTtabax. TepmomexaHiyHa 00poOka
(TMO) npoBoausiach HACTYITHUM YWHOM: BHUXIJTHUU 3pa3ok OyB BHJIaBJIICHUN 3a
temriepatypu 875 °C 3 miametpa 40 MM 10 miamerpa 20 mm. Ilicas mporo 3pa3ox
nijgaBai monepeaHboMy Bianany (Hopmanizaiii) npu 1250 °C (s po3urMHEHHS
KapO1/iB) 1 OXOJIOKEHHIO, a MOTIM npoBoawM Tpu Uk OB (20 — 30 —20 mMm)
npu T=875°C, To0to B o00nacti MeTacTabUIBHOCTI aycTeHiTa. IcTuHHA
(morapudmiuna) nedopmaiiis 3a oauH mukia OB cranoBuna e ~ 1,6. Cymapha
ictuaHa aedopmairis 3a 3 nukiau bOB cknana e ~ 4,8. I[licns npoBeaeHHS Mpouecy
IIT]] 3pa3ku migmaBanu BiAmMycKy B iHTepBaii TemmepaTtyp 550-730 °C BmpomoBxk
1-100 rommn. MikpoctpykTypa ctaini T91 BuBuUanach MeTOJaMH ONTUYHOI
MIKPOCKOIIIi, @ TOHKY CTPYKTYpPY IOCIIKYBaju 3a JAOIOMOIOI0 CKaHyBaJbHOI Ta
TPAHCMICIHHOI €JIEKTPOHHOT MIKpOocKomii. MexaHiyHl BJIACTUBOCTI CTaji B
BUXITHOMY cTaHi Ta micids TMO BCTaHOBIIOBAINWCH IUIAXOM BHUMIPIOBAHHS
MIKpOTBEpAOCTI 3a BikkepcoM, a TakoX B yMOBaX aKTHBHOTO PO3TATYBaHHS.
CridikicTs 3pa3kiB ctami T91 3 pi3HOI MIKPOCTPYKTYPOO A0 pasialiifHOro
pO3MyXaHHS BHUBYAJach MPHU ONMPOMIHIOBaHHI BUcOKoeHepreTudyHuMU (1.4 MeB)
1oHamu aprony 3a remneparypu 460 °C no no3u 120 3Ha.

MikpocTpyKTypy craii micis HopManizarii Ta 3 uukiiB OB mpu 875 °C, To6T0
B 00J1acTi METacTabUILHOTO ayCTEHITa, MOKHA OXapakTepu3yBaTH sK "nedextauii"
a6o "momamanuit" wmapreHcutr (puc. 1,0). Cepeanss mupuHa AehOPMOBAHUX
MapTeHCUTHUX Jamenedt cranoButh 0,4-0,5 wMxM. VYcepenuni amenei
CIIOCTEPIratoThCs TPAHUIll CYO3epeH, cepeaHiid po3mip cyO3epeH ckiIaaae OJIM3bKO
150 HM, a po3mip kpuctamTiB ckiagae 47 um. Ilicna ITIJI xap6imu M,3Cs
HaOyBalOTh OKPYTJIOi (hOPMHU 1 PO3TALIOBYIOTHCS a00 B3JIOBXK I'paHUIlb JIAMEJEH,
ab0 B370BX IpaHullb cyozepeH. Bianyck npu 550 °C neperBoproe "mosiamaHuit"
MapTEHCHUT y OubiI "KIacuuHy" GopMy, popmMyroun GJ0KH 1 30LIBIIYIOUH PO3MIP
cyoszepen 0 173 um (puc. 1,B), MpakTUYHO HE 3MIHIOIOYHM MIUPUHY JIaMeJeH.
Kap6imu Mjy3Cs po3TamoByrOThCS B3J0BX MApTEHCUTHUX JiaMelied 1 TpaHUIlh
cy03epeH, Tofl sk kKapOigu MX 3HaxoasThes BcepeauHi cyo3epeH. [linBuiieHHs
temriepaTypu Biamycky a0 600 °C B 1iloMy HE 3MIHIOE XapaKTep MIKPOCTPYKTYPH,
ayie mupuHa Jameneit 30utbiryerbes g0 700 HM, a po3Mmip cyO3epeH 3pocTae 10
210 am (puc. 1,r). Ilpu  650°C mouMHAETBCA TIPOIEC pPEKpUCTAm3aIli 1
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dopmyBanHs  OiMoganbHOT  MiKpocTpykTypu, a npu 730°C  THOBHICTIO
pEeKpHCTali30BaHa MIKPOCTPYKTYpa 3 po3MipoM 3epeH 2,8 MKM YTBOPIOETHCS
npoTsiroMm | roguHu.

Puc. 1. Mixpocmpyxkmypa cmani T91: a — euxionuii cman, 6 — nicaa 3 yuxiie OB
npu 875 °C; 6 — nicaa eionycky npu 550 °C/25 2.; e — nicis 8i0nycky npu
600 °C/252

Buacnigok II1J] wmikporBepaicTs crami ckiana 3958 Mlla, mo B 1,6 pasu
NEepeBUIIy€e 3HA4YeHHS [ BHXIOHOTO craHy (2480 MlIla), ToOTo micas
CTaHAAPTHOI TepMOOOpoOKH «HOpManizauis-sianyck» (N&T). Ilicns Biamycky 3a
temmnepatyp 550 ta 600 °C BpoaoBx 25 roAuH MIKPOTBEPAICTh 3aIMIIAETHCS HA
noctatHbo BucOkoMy piBH1 (3100 Ta 2780 MIla, BiamoBimHO), mpoTe 3a
temriepatyp Buie 650 °C 3HaueHHS TBEPJAOCTI PI3KO 3HUKYIOTHCS BHACIHIJIOK
pekpucraizaiii (puc. 2).

AHami3 MeXaHIYHUX XapaKTEepUCTHUK Moka3zas, 1o micis II1J] 1 Bigmycky mpu
550 °C mpoaoBx 25 roauH Meka IUIMHHOCTI 1 Mea MirHocTl craimi T91 mpu
600 °C B 1,5 pa3u Bume Hix B BuxiiHoMy N&T crasi. [Ipu nboMy, miacTUYHICTh
HioKue juiie B 1,18 pa3u 1 BoHa 30epiraeThecs Ha BUCOKOMY piBHi (14,2 %).

4000 -

3500

3000

HV, MMa

2500

2000 -

1500 T
1 10 100

Yac, roa
Puc. 2. 3mina mikpomeepoocmi cmani T91 6 3anesxcnocmi 8i0 wacy 6ionycky 3a
PI3HUX memnepanmyp

JocnipkeHHst MIKpOCTpYKTYpH cTai T91 micist onpoMiHEHHS! 10HAaMU aproHy 3
eneprieto 1.4 MeB 3a Temneparypu 460 °C go nmo3u 120 3Ha BCTaHOBWIO, B
3pa3Kkax crtaji, mo oTpumani B Tomy x nporieci TMO ( 3 muximy OB npu 875 °C 1
Binmyck mipu 550 °C mpomosx 25 roauH) piBeHb posmyxaHHs ckiaB 0.12% (vs.
0.26% nua BUXiTHOT cTalli), TOOTO 3HU3UBCS OUIBII HIXK y JIBAa Pa3H.

Takum 9rHOM, PO3POOJICHMN TEXHOJOTIYHMN TPOIEC 32 PAXyHOK YTBOPECHHS
MaJIOro po3mipy cy6zepHa (170 HM), BiCOKOI miinbHOCTI aucmokariii (4.35x10™ cm™)
Ta BuineHb Kap6imie Tumy MX  (3.8x10% M) cyrreBo  mokpaius
XapaKTEPUCTUKU MIITHOCTI Ta pajialiiHy TOJEPaHTHICTh (HEPUTO - MAPTEHCUTHOI
crami TI1.
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PAIALIIHA CTIMKICTh KAPBILY KPEMHIIO 3 JOJABAHHSIM
XPOMY SIK MATEPIAJIY KOHTEWMHEPA JUUISI TEQJIOTTYHOT O
3AXOPOHEHHS PAIIOAKTABHMX BIJIXO/IIB

Cepziit Caenxo, Kocmanmun Jloéau, I2op Konoodiii, Onexcanop Ilununenko

HHI] «Xapxiscokuii gpizuxo-mexuiunuii incmumymy» HAH Ykpainu, Xapxkis, Yrpaina
E-mail: lobach0709@gmail.com

Bupimennss nuTaHb CTBOpPEHHS MartepialiB KOHTEHHEpIB AJsi TeOJIOTIYHOTO
3aXOpOHEHHs panioakTuBHUX BigxoniB (PAB) € omamm 13 HaWBaXIWBIIIAX
HanpsMKIB B sifiepHId eHepreTuill. O4YeBUIHO, IO Taki KOHTEWHEPHU ITOBHHHI
HaJIHHO  3amo0iraTd  MOXJIMBOCTI  PO3MOBCIOJDKEHHS — PAJIOHYKIIAIB Y
HABKOJIMITHROMY CEpEJOBHII, TOOTO OyTH pajialiifHO- Ta KOPO3IMHO-CTIHKUMH U
MaTH BHCOKI MTOKa3HUKN MEXaHIYHUX BIACTUBOCTEH. CaMe TaKMMH BIACTHBOCTSIMHU
BOJIOJIIIOTH MaTepialii Ha OCHOBI KapOiay kpemHito (SiC), ajne BpaxoBylOUd YMOBHU
reojioriyHoro 30epiranus PAB (pamiarniiiiHe HaBaHTa)KEHHsI Ta BIUIUB I'PYHTOBHUX
Bog npu T=90°C), To muTaHHS NIABUIIEHHS paJialliiHUX Ta KOPO3IMHUX
BJIACTUBOCTEM € Ty)KE€ AKTyaJbHUMU.

B pamkax BukoHanHa npoekty EU ConCorD (Container Corrosion under
Disposal conditions, rpantoBa yroga Ne 847593), moka3aHO MO3WTUBHUMN BIUIMB
nonaBanHs Cr Ha MEXaHIYHI BJIACTHBOCTI Ta KOPO3iiHY CTIHAKICTh Kepamiku SiC
(pUcyHOK) B yMOBaXx, 110 iMiTy0Th IpyHTOB1 Boju (T = 90 °C).

fo —

Ompumani 3pazku SiC(Cr), posmip 25x25x4 mm

byno BcranoBneHo, mo aoxgaBanHHs Cr go SiC migBuinye 3HaYCHHS
MikpoTBepaocTi 3 22,8 mo 25,5 T'lla, a TakoX MNPU3BOJAUTH JI0 YHOBUILHEHHS
KOpO3iiHUX mporeciB B 3pazkax SiC, mo Moxke OyTH MOB’S3aHO 3 YTBOPEHHSM
3axucHoi miniBku Cr,O3; Ha moBepxHi SiC. CepemHsi po3paxyHKOBa MIBHUAKICTH
po3unHeHHs Takux kepamiuHux 3pa3kiB SiC(Cr) y Boai (T = 90 °C ) He nepeuiiye
0,16 MKM/pik, IO € JOCHTh HHU3BKHM IIOKa3HUKOM. Buxomsum 3 OTpHMaHUX
pE3yNbTATIB, MOIIJIBHUM CTA€ OIIHKA CTIHKOCTI oTpuManoi cTpyktypu SiC(Cr) mo
paialifHOro BUIIPOMIHIOBAHHS.

[TapameTpu pamiamiiHuX BUNPOOYBaHb OOHpATUCS BUXOMASYM 3 BIACTUBOCTEH
isotomie *'Cs ta PSr, sk HaifHeGe3MEUHIMNX, IO YTBOPIOIOTHCS MPH IO
saepHoro mnamuBa. Taki 130TONM MalOTh 3JaTHICTh JIETKO MITpyBaTu B
HABKOJIMIITHAOMY CEpPEJOBHUIII Ta TOTPAIUIATA B Opra”i3M JIIOJUHA 32
010JIOTIYHUMU JIAHITIO)KKAMHU, a 1X TIep10/] HaMiBPO3Maay CTaHOBUTH MpuOIu3HO 30
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pokiB. Akrusicts **'Cs Ta °Sr icroTHO cragae micast 10 mepioaiB HamiBposmany,
1o BianoBigae =~ 300 pokiB. 3a 1ei nepioa 3aXuCcHU Matepian KoHTeliHepiB PAB
MOYe HaGpaTH MOTNMHEHY 103y Y-onpominenus Ha pisai 10° I'p. Takox Bizomo,
10 IIBUJIKICTh HAOOPY JI03HM CYTTEBO BIUIMBAE HA MOBEAIHKY 3aXHCHUX MaTepiajiB
KOHTeHHepiB s 36epiramas PAB: Tak mpm msmmkocti (10%-10%) TI'p/rox
BiIOYBa€ThCSl TTOCUJICHHSI KOPO31WHUX MPOLIECIB B TaKUX MaTepiajax (BHACIHIIOK
MOPYIIEHHS 1X HITICHOCTI).

Tomy, B naHiii poboTi s pamiamiiiHux BumnpoOyBaHb kepamiku SiC(Cr)
BHKOPUCTOBYBAJIH IMiTarliiiHe y-OIpOMiHeHHs 10 mormaeHoi xo3u 2-10° I'p, mo
BianoBigae 300 pokam 30epiraHHs, Ta MBUAKICTIO HA0OPY 103U 10* I'p/ron.

Hocmiaai 3pasKu Oymnu OXapaKTepHU30BaHi 3a JOTIOMOT OO
pentreHocTpykrypHoro anamszy (PCA), crpykrypHoro ananizy (SEM),
enemeHTHOro ananizy (EDS) Ta pamianiiHux BUTIpoOyBaHb.

[To manum PCA Bci oTpumani 3pa3ku MPaKTUYHO 1JIGHTUYHI 3a (ha30BUM
cKiagoM. AHani3 BUSABHB HasBHICTH ABoX momtumiB SiC-6H 1 SiC-4H, a takox
HE3HAYHO! KUIBKOCTI Byrjiento. OcHOBY 3pa3kiB ctaHoBUTH mogitun SiC-6H (3
MacoBOIO YacCTKOIO > 96%) 3 mapamerpamu pemitku: a = 3,080A; ¢ =15,112A.
Bapro 3a3HaunTH TpO BIACYTHICTh AUQPPAKIIAHUX TIIKIB XpPOMY, HaBITh MpH
MaKCUMaJIbHOMY BMICTi. MOKHA MPUITYCTUTH, 1[0 XPOM 3HAXOJUTHCS Y 3pa3Kax y
BUTJIsA/T1 KapOiiB.

SEM aHami3 3pa3kiB TICJHS Y-ONPOMIHEHHS HE BHSIBUB HISKMX JE(EKTIB,
MOPYIICHb HIIICHOCTI CTPYKTYPH, YTBOPEHD TPIIIMH, 3MIH CTPYKTYPH MOBEPXHI Ta
O3HAK PO3ITyXaHHS.

ITposeneni pocmimkends EDS mokasyrots, mo gonaBanHs Cr mpuBoje 0
YTBOPEHHsI HEBEIMKHUX 3a po3MipoM kap6inis Cr,Cy B ctpykrypi SiC.

dopMyBaHHA TakKUX JPIOHOMUCIIEPCHUX KapOiiB B MaTepiajiax € JyxKe
BOKJIMBUM YMHHHKOM, TOMY IO caMe€ Takl KapOiou MaroTh 3HaTHICTh [0
raJlbMyBaHHsI TIEPENIOB3aHHS JIUCIIOKAIIN 1 TUM CaMUM 3aIio0iraloTh MOTJIWHAHHIO
MDKBY3JIB 3 MaTpulli, MiJABUILYIOTh CTYMiHb PEKOMOIHaIli, 10 TPU3BOAUTH [0
3HM)KEHHSI TOUKOBUX A€(PEKTIB Ta BIAMOBIIHO A0 3HWKEHHS PiBHA po3myxaHHs [1,
2]. Otpumani pe3yabTaTH CBiI4aTh, 110 kKepamika Ha ocHoBI SIC(Cr) moxe Oytu
MEePCIEKTUBHUM MaTepiaJioM /i KOHTEWHEPIB reoJIOT14HOT0 3axopoHeHHst PAB.

[Tocunanns

1. Voyevodin V.N., Neklyudov I.M. Evolution of the structure phase state and
radiation resistance of structural materials: Kiev: Naukova Dumka, 2006. P. 376.

2. Shishov V.N., Peregud M.M., Nikulina A.V. et al. Influence of zirconium
alloy chemical composition on microstructure formation and irradiation induced
growth: Zirconium in the Nuclear Industry: Thirteenth Intern. Symp. ASTM STP
1423. 2002. P. 758 — 779.
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TEMIIEPATYPHI JIE®@OPMAIIIL BYTJIELIb-BYTJIEIIEBOI'O
KOMITO3UTHOI'O MATEPIAJTY HIJI YAC HOI'O BUTOTOBJIEHHS
Y IIEYI IPAMOTI'O HAT'PIBY

M.B. Menvmioxoe

HHI] «Xapxiscokuii gpizuxo-mexuiunuii incmumymy HAH Ykpainu, Xapxkis, Yrpaina

s poboTta € mpomoBxkeHHsIM cTaTTi [1], B sKii MOOyI0BaHO MaTeMaTUYHY
MOJICNTb 1 BUKOHAHO YHCIIOBI JOCIIIKEHHS CTPYDKHS 3 JBOX JIJISHOK - €JIEMEHT
TEXHOJIOTIYHOTO OCHAILEHHS, SKUM 3HAXOAMTHCS B Kamepi, 1 TPyXKUHA
cTpymomiaBoay. JlaHi AOCHIJDKEHHS Ha MNPUKIaAl CTPHUIKHEBOI CHCTEMH
MOJICTIOIOTh 3MIHU y HampyxeHo-aepopmoBanomy ctadi (HC) mapiB Byrienn-
ByTJIeLIeBOro komrno3uTHoro matepiainy (BBKM) mig yac ocamkeHHs mipOBYTJIELIO
METOJIOM TepMoTrpajiiecHTHOro TazodasHoro yuibHeHHs (TTY) [2]. Marepian
1IapiB BBAXKAETHCA 130TPONMHUM, SIK II€, HANpPUKIaN, pobuiocs y podoti [3].
MexaHiuHa cucCTeMa, IO PO3IJIANAEThCA, MICTUTh Tpu enementa (Tabm. 1,
pPO3paxyHKOBHI BUNIAAOK 3): — IBOIIAPOBHUI CTPHIKEHD, IIAPU SIKOTO MOKYTh MaTH
pi3HY TeMIepaTypy, 1 pyKUHA CTPYMOITIIBOJA.

IHoO0ynoBa maTtemaTtu4uHoi moaesi. Hexail mo3noBxkHs cuiia, Hampyra, mioma
MOTIEPEYHOT0  Mepepidy, MOAYIb MPYKHOCTI, KOe(DIlieHT TemmepaTypHOro
miHiHOTO po3mmpenHs (KTJIP), mogoBxkeHHs 1 HarpiB Mepuioro i Ipyroro mapis,
MO3JI0BXHS CUJIa B MPY>KHUHI XapaKTepU3yIOThCS BIANOBIAHO BennunHamu: N;, o,

F, E, a, Al;, AT,,N,,, 1e | - HOMep 1mapy. YMOBHU CTATUKUA MAKOTh BUIJISL;
N, =N, +N,. (1)
IIpu ocamxenni mapu BBKM miuibHO 3’€1HaHH] Mk cO0010:
Al, = Al, = Al,, (2)

N . . . .
Al, = # - mepeMinieHHs KiHUd, a C — )KOPCTKICTh NPYKUHU CTPYMOITIIBOJA.

[lepeMilmieHHs1 y KOKHOMY IIapi MO>XKHA 3HAUTH SK CyMy BiJ CKJIaJOBOI,
BUKJIMKAHOT HATPIBAHHSIM Ta MO3/I0BKHBOIO CUJIOI0 Y CTPHIKHI:

I,N I,N
Al, =I1a1ATl+ﬁ, Al, =1,a,AT, + EZZ 22 : (3)
Toni 3 ymoB (1-3) oTpumaemo cucteMy JIiHIMHUX anreOpaiyHuX piBHSIHb:
T o B N
11 C
L, AT, + LN, =h’ (4)
E,F, C
N, +N, =N,

Ky MOXHa PO3B’s13aTH, HAITPUKJIIAJ, 10 mpaBmty Kpamepa.
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YuceabHi npukiagud. Po3ristHEeMO 4YHCENbHI TPUKIATU 7S HACTYITHHUX
3HAYCHb TapPaMETPIB: E1=E2=1,8-1010 IIa, D;=40 MM, D,=60 MM, D3;=80 mwm,
AT,=10°C, I=1 M, 0,=3-10° rpag™, C=2-10° H/m.

Po3paxyHkoBul BUIIAAOK Pesynbratn 1 popmynu

1. Cmpuorcenv 3 BBKM 6e3 ar-10°c N =aATEF =848 H ;
NPYAHCUHU CIMPYMONIOBOOY o =0ATE =0,54 Mlla .
_aATL _
g N, = I 1= 6H,
2. Cmpuoicenv 3 BBKM 3 —r EE +E
VPaxXyBaAHHAM NPYIACUHU ar-10C oo 37196 -
CMpPYyMOniogooy ' Al=21.107 M
AR
3 s N, =-49376 H , 0, =-0314Mlla ;
3. Ha nepuii wap BBKM | = < N, = 49626 H , o, = 0,226 MIla;
ocaooiceno opyauil wap, 1\ N — 2505
memnepamypa sSKko2o Ha — ar=10c zo ’

— . -5
10°C mensvuia Al,=125-10" m.

BucnoBku. B po6GoTi cTBOpeHO MaTeMaTHYHY MOJETh ISl BH3HAYCHHS
napametpiB HIAC B mapax ABOIIApOBOTO CTPUIKHSA, AKI OCAKYIOThCS METOJIOM
TI'Y, MaroTh pi3Hy TeMIepaTypy 1 MOXKYTh MaTH Pi3HI MEXaHIUHI XapaKTEPUCTHUKH.
YwucenbHI TPHUKIAAA JOBOIATH ICHYBAaHHS 3HAYHHMX TEMIIEPATypHUX 3yCHIIb, SKi
BUHHKAIOTH 3 TIOSIBOIO IPYTOTO MIapy HUXKYIOT TeMIIepaTypH.
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BIIJIUB PO3MIPY 3EPHA HA MEXAHIYHI BJACTUBOCTI CTAJIEA
GOEPUTHOI'O TA AYCTEHITHOI'O KJIACIB Y PO3IIJIABI CBUHIIIO
3A HIIBUIIEHUX TEMIIEPATYP
Ieéan Kyxap, Cepziii Jlaspuceo

Dizuxo-mexaniynui incmumym im. I'.B. Kapnenka HAH Yxpainu, Jlveie, Ykpaina

JlocmiKkyBaid  3aKOHOMIPHOCTI  BIUTUBY pPO3MIpy 3€pHa Ha MeEXaHiuHl
BJIACTUBOCTI CcTajieil ()epUTHOTO Ta ayCTEHITHOTO KJIACIB Y CEPEJIOBUII aproHy Ta
po31uIaBy CBHHITIO B iHTepBaii Temmepatyp 350...600 °C.

Sk martepian o6panu crani ¢peputHoro (AISI 409L) ta aycrenitHoro (X18HIT)
knaciB. i1 oTpUMaHHS PI3HOTO PO3MIpy 3epHa CTaii TepMidyHO 0Opobisiiu. B
pe3yabTari po3mip 3epHa aisa deputHoi craimi craHoBuB — 80...120, 100...130 1
150...180 MkwMm, a ayst aycreniTHoi — 35...40, 40...50 1 60...80 MxMm. {ochimxkeHHs
MEXaHIYHUX XapaKTepUCTUK y TemmeparypHomy iHTepBam 350...600 °C
IPOBOJMIM HA Oaratono3uuiiHii po3puBHiid MamuHi P-0.5, y aproni ta po3miasi
CBUHIIIO, 3QJMIIKOBUN TPOCTIp HAJ SKUMH 3allOBHIOBAJIM TEXHIYHO YHCTUM
aprOHOM.

[TokazaHo, 10 piAKOMETAIeBE OKPUXYEHHsS BIIOYBAEThCA 3a PaxXyHOK
NOIIMPEHHS TPIIMH MEXaMH 3€peH (MDKKPUCTANITHE PYHHYBaHHSA), a TaKOX 3a
pPaxyHOK TpPaHC3E€PEHHOTO PYWHYBAHHS Y BHUMAJAKYy KOHTAKTY PiJIKOMETaJIEBOTO
cepenopuma 3 marepianamu. OIlliHKa BIUIMBY pO3MIpYy 3€pHa Ha TeMIEparypy
PIAKOMETATIeBOr0 OKPUXYEHHS JJIA CTajedl (pepUTHOrO Ta ayCTEHITHOTO KiaciB
3acBiguniia HactynHe. i cram eputHOro kiacy 30UIBLIEHHS pO3MIpY 3€pHa
MPU3BOJUTH J0 3MIIICHHS TEMIIEPATYPH MaKCUMAILHOTO €(hEeKTy P1AKOMETAICBOTO
OKpHXYEHHS B 30HY HIKuux Temmnepatyp (Bix 500 mo 450 1 400 °C, BiANOBIAHO).
[Tpu 11boMy 30UTBIIIEHHS PO3MIPY 3€pHA (PEPUTHOI CTaIl CIPUUUHIOE W 3HIKCHHS
MEXaHIYHUX XapaKTePUCTHK MaTepiaty.

30UTbIIIEHHST PO3MIPY 3€pHA ayCTEHITHOI CTall, SIK 1 IS CTall (PEepUTHOTO KIlacy
SUH 409L, npu3BoauTh 10 HE3HAYHOTO 3HIXKEHHS MEX1 MIIHOCTI Marepiaiy.
HeraTuBHOTO BIUIMBY PiJIKOMETAJIEBOTO CEPENOBHUINA 31 30UIBIIEHHSM PO3MIpY
3epHa He BUABJIECHO. BecranoBieHo, 1o 3a temneparyp Buile 400°C BinOyBaeThCs
miacTUugiKyBaHHS MaTepiany, a 30UTbIICHHS PO3MIPY 3€pHa TUTHKU TMOHWXKAE TeH
edekT, macTudiKyBaHHS 3MIHIOETHCS Bl 8 10 6%.

Jlns  exkcrutyaTtaimii B pPIAKOMETAJEBOMY  CEPEAOBHUIINI  CBUHILIO Y
temriepatypaomy iaTepBaii 350...600 °C nmpeBara nmoBUHHA HAJABATUCS CTaJsIM 3
MEHIIIUM PO3MipOM 3epHa HE3aJIEKHO BiJ] iX CTPYKTYPHOTIO Kjacy.

103



XXI MDKHAPOJIHA KOH®EPEHIIIS 3 ®I3UKU PAJIALIHNIX SIBULL I PAIIALIIIHOTO MATEPIAJIO3HABCTBA

TEMPERATURE RANGE OF DEUTERIUM RETENTION FROM
FERRITIC-MARTENSITIC STEEL IMPLANTED WITH DEUTERIUM
AT TEMPERATURE 100 AND 300 K

V.1. Zhurba, O. Morozov, V.O. Progolaeva, V.V. Seliukova

NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine
E-mail: zhurba@kipt.kharkov.ua; morozov@kipt.kharkov.ua

Deuterium thermal desorption spectra were investigated on the samples of
ferritic-martensitic steel (16Cr12W2VTiAB) implanted deuterium at temperatures
100 and 300 K with deuterium ions in the dose range from 5x10* to 4x10™ D/cm?.
It has been determined that for low implantation doses, the thermal desorption
spectrum of ion-implanted deuterium is a wide temperature range of deuterium
desorption in the temperature range of 400-1000 K. As the dose increases, this
temperature range of deuterium desorption expands in the direction of decreasing
temperature and at a dose of 1.6x10*" D/cm? a wide peak with a maximum
temperature of 400 K. A further increase in the implantation dose of deuterium is
accompanied by the appearance of a lower temperature region of deuterium
desorption with a maximum temperature in the temperature range of 200-250 K.
At doses above 8x10'" D/cm?, a qualitative change in the deuterium thermal
desorption spectrum occurs, which manifests itself in the appearance of a lower
temperature region of deuterium desorption in the form of a clearly pronounced
peak with a maximum temperature of ~180 K.

A further increase in the dose of implanted deuterium leads to an increase in the
intensity of the lowest temperature peak of the deuterium thermal desorption
spectrum, and it becomes dominant. The formation of a low-temperature intense
peak in the deuterium thermal desorption spectrum may indicate the appearance of
a new phase state, which can be considered as the formation of a hydride. The
conclusion about the formation of a hydride was made on the basis of the data
obtained by us in the study of the thermal desorption spectra of deuterium from Pd,
Ti and ASS steel. These works show that the formation of hydrides is reflected in
the deuterium thermal desorption spectrum by the appearance of lower temperature
peaks. It is important that the formation of low-temperature deuterium desorption
regions is accompanied by the appearance of a deuterium desorption region
extended along the temperature scale in the temperature range of 200-1000 K.

Deuterium implantation at temperatures of 300 and 600 K leads to a significant
decrease in both the temperature range of deuterium desorption and the amount of
retained deuterium.
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BJIACTUBOCTI NEPCHEKTUBHUX KOHCTPYKIIMHUX CTAJIEA
EUROFER, MOIN®IKOBAHUX ITOTYXHUM IMIIYJIbCHUM
IIJIASMOBUM OITPOMIHEHHAM

C.C. I'epawenxo’, B.O. Maxnait', I.€. Fapxywa’, 1O.B. [Temposé’,
M.M. Axcvonoé', M.B. Kyﬂukl, JI.B. Criceeé’, ILB. llIeeltyKI, 10.€. Bonkosd',
T.M. Mepenxoga', C.0. Pyouenxo’, W. Pantleon’

1 . « . . o . . . .
HHI] «Xapkiscvkuii ghizuxo-mexuiunuii incmumym» HAH Ykpainu, Xapxkis, Yrpaina;
2 . o . .
Texniunuii ynieepcumem /[lanii, /lanis

[TpoGrmema CTIMKOCTI KOHCTPYKIIIHHUX MaTepiaiiB sSACPHUX Ta TEPMOSICPHUX
peakTopiB 3ailMae BaXKJIMBE MICIE y PO3BUTKY CY4YaCHOi EHEpPreTuKkH. Tlakxi
MaTepiaidi TOBHHHI BUTPHUMYBAaTH CYBOpPI YMOBHM, TakKl SIK BHCOKI TEIJIOBI
HaBaHTa)XEHHs, O0MOApAyBaHHS YaCTUHKAMHU, ONIPOMIHEHHS HEUTPOHAMHU BUCOKOT
eHeprii Tomro. ITMOOKe pPO3yMIHHS MEXaHI3MIB TOMIKOJKEHHS MarepiajiB 1
LIJIECIPSAMOBAaH1 3yCHJUIA MO0 IXHBOI MiHIMI3alll IPUHECYTh 3HA4YHI MEpPEBar,
Kl MOXYTb OyTH 3aCTOCOBaHI B PI3HHMX SJAEPHUX CepeloBUIIAX. IMITyIbCHI
IUTa3MOB1 YCTAaHOBKH OXOIUTIOIOTH IIMPOKHH CIEKTP CIIEHapiiB, IO BKIIOYAIOTh
BHUCOKI TEIJIOBI Ta YacTKOBI HaBaHTaKEHHs Ha moBepxHi. [li ycTraHOBKH
BUKOPHUCTOBYIOTHCS JIJI1 MOAM(IKallii MOBepXOHb [1-4] y pI3HUX TEXHOJOTIAX, JJIs
BHUBYEHHSI MEXaHI3MIB €po3ii pI3HUX MaTepialiiB 1 BUABICHHS PU3UKIB, MOB’ I3aHUX
13 3a0pyIHEHHSM IUIa3MHM  TnpoaykTamu eposii. Il pobora mnpucesiueHa
XapaKTepuCTUIll Moaudikaiiil IMOBEPXHI, 0 BUHUKAIOTH MiJ Yac MPOIECy
TBEpAIHHS MarepiajiB B yMOBax pI3HHX IUIa3MOBHX IMOTOKIB, TOOTO 3a pi3HOI
TPUBAJIOCTI IMITYJIbCIB, TUIIIB IJIA3MHU Ta MPUKIIAJCHUX TETIJIOBUX HABAHTAXKCHb.

JocnikeHHs: MoAM(IKaliii MOBEpXHI MiJl BIUIMBOM IOTYXHUX IMITYJbCHUX
MJ1a3MOBUX TOTOKIB MPOBOAMIOCS Ha 1BOX pi3HMX yctaHoBkax: KCIIIT X-50 ta
MIIK. B exkcnepuMmeHTax 13 3aJlyy€HHSM TOTY)KHUW MOBHOOJIOYHOTO
KBa3icTaiioHapHoro TazMoBoro mnpuckoproBad KCIIIT X-50 BixrBoproBaiuch
nepexiHl YMOBHM TEPMOSAEPHUX peakTopiB. OCHOBHI MapaMeTpy BOAHEBOI IJIa3MHU
B KCIIII Bxtouanu eHepriro ioHiB 6iu3bsko 0,4 keB, MakcuManbHUN TUCK ILJIa3MU
0,32 MIla (mo mnepeBUllye THCK IUIa3MH, XapaKTEPHUH ISl TEPMOSIICPHUX
peakTopiB), 1 mgiamerp mnoToky 18 cMm. @opma miIa3MOBOro IMImyinbCcy Oyna
NpPUOIU3HO TPUKYTHOIO 3 TpHUBATICTIO iMmynascy 0,25 mc. HluteHiCTh eHeprii
m1a3MOBOT0 MoToKy gocsirana 3 MJDx/m?. Yeranoska MIIK renepyBana cTucHeH1
TJ1a3MOBI TTOTOKH 3 TEJTiIO 3 IUTBHICTIO Tasmu (n,) 6u3bko 10" ev™ 1 miinbHicTIO
eHeprii trasmu B miamazodi Bim 0,05 mo 0,5 MJDx/m?. Tlepiom HamiBpo3psimy
ckianaB O01u3pko 10 Mkc. ExcriepuMeHTH IpOBOIMIINCS 3 BUKOPUCTAHHSAM YUCTOTO
reJil0 MpU TO0YaTKOBOMY THCKY 266,64 Ila. TemyoBi HaBaHTa)X€HHS Ha
00poOIoBaHI MOBEpXHI Oyl BHOpaHI TaKMM YHMHOM, 1100 MEpPEBMILYBaTH MOPIT
TJIaBJIEHHS 0OpOOIIOBAaHUX MaTepiaiB.
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BuBuanocs moaudikaiiito Ta JeryBaHHs MOBEPXHI 3pa3KiB paaialiifHO-CTIMKUX
Hus3bkoakTrBoBaHUX ctasier EUROFER Tta Crl18NilOTi numsixom HaHECEHHS
NOKPUTTIB Bolib(hpamy metogoM PVD Tta momaneinoro rapryBanss B KCIIII [1-3].
JleTanbHO AOCIHIIKYBaacs BIACTUBOCTI MEPe3acTUINIMX MIapiB MOBEPXOHb 3pa3KiB
EUROFER rmipu BIIMBI MOTY>KHUX IMITYJIbCHHUX TIJIa3MOBUX HaBaHTaXeHb [3, 4].

MiKpOCTPYKTYpY HOCIHIKYBajdd 3a JIOMOMOTOI0 CKaHYIUYOTO EIEKTPOHHOTO
mikpockonia (SEM, JSM 7001F). Touni BuMiprOBaHHS HIOPCTKOCTI TOBEPXHI
npoBojuivcs 3a jgoromororo Tectrepa Hommelwerke T500. s BuB4YeHHs
MIKPOCTPYKTYPHOI €BOJIIOIlII Ta BMICTY €JIeMEHTIB 1 a3 B OMPOMIHEHHX 3pa3Kax
3aCTOCOBYBABCSI METOJI PEHTreHiBChKoi mudpaxiii. Iliq yac excrepuMeHTIB
MIPOBOAMIIA BUMIPIOBAHHS MacH JJIsi KOHTPOJIO BTpaTh Macu (Am) 3 TOYHICTIO
+15 MkL

BrnactuBocti Momudikaiii MOBEPXOHb PI3HUX CTaed B EKCIIEPUMEHTAX,
npoBenenux Ha ycraHoBkax KCIIII ta MIIK, pocmimkeHo 3a pi3HUX YMOB
IJ1a3MOBUX MMOTOKIB, TAKUX SIK TPUBAIICTh IMIYJbCIB, MJIa3MHU PI3HUX COPTIB ra3iB
Ta NMPUKJIAJACH] TEIJIOBI HABAHTAKCHHS.

[TporemoHCTpOBaHO MOYKJTHBICTb JeTyBaHHS MIOBEPXOHb cTaneu
BOJIbppamMoBUMHU TOKpUTTAMH [1-3]. MoaudikoBanuil 1map BKJIIOYAB 3MIMIAHUN
MaTepiall OKpUTTS 3 miakiIaakor. KoHreHTpaiis BoabdpaMy mocsaraia KiTbKOX
wt% y MOBEpXHEBOMY Iapi TOBIIMHOI 10 4 MkM. Ha 00poOieHuX MmoBEpXHSIX
BUsBIIEHO (a3y a-Fe paszom 3 miHisimu Qasu y-Fe Ta Bonbdppamy. YTBOpeHH:
MOBTOPHO 3aTBEPIINX MIAPIB CYITPOBOHKYBAIIOCS MOSBOIO TPIIIHH.

B mnoBropHo 3arBepaiiomy 1mapi Ha omnpomidHeHux mnoBepxHsix EUROFER
CIIOCTEPIrajgocsi YTBOPEHHS IPIOHOKIITUHHOI CTPYKTYPH 3 THUIIOBUMH PO3MIipamu
koMmipok 0su3bko 150-500 M [3-4]. Ile Mmoxke OyTH TOB'SI3aHO 3 BITMBOM BHUCOKOTO
TEMIIEPATypPHOTO TPAJIEHTy Y PO3IUIABICHOMY Iapi, PO3BUTKY HEHCTIMKOCTI
benapa-MapanroHi mij yac mporecy 3aTBEpAIHHSI MaKpO3EPEH.
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SYNTHESIS, STRUCTURE AND PROTECTIVE PROPERTIES
OF PVD MAX PHASE-BASED COATINGS

A.S. Kuprin®, E.N. Reshetnyak®, T.A. Prikhna?, V.Ya. Podhurska®, O.P. Ostash®,
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Surface modification technologies have attracted the attention of many
researchers as an effective way to improve the complex properties of materials. In
recent years, protective ceramic coatings made of MAX phases have gained
popularity among many other composite coatings. MAX phases are nanolaminated
hexagonal carbides and nitrides with the general formula M.1)AX, (M: early
transition metal, A: Group 1A or IVA element, X: carbon or nitrogen, n = 1-3 or
higher). They contain successive layers of octahedral M,.1X, and pure A elements
with covalent ionic bonds MX and metallic MA. The special nanometer layer
structure and combined bonding type give MAX ceramic phases the advantages of
both metallic and ceramic materials. As a result, they have a high Young's
modulus, damage resistance and self-healing ability, resistance to high-temperature
oxidation and radiation, corrosion resistance and wear resistance, combined with
electrical conductivity and good thermal properties [1]. Therefore, the synthesis of
MAX phases in the form of coatings is of increasing interest for many applications
[2].

Successful development of MAX phase coatings requires an understanding of
how the production method and deposition parameters affect the composition,
crystallographic structure and morphology [3, 4]. In turn, it is important to know
how they determine the physical, mechanical and technological properties of the
resulting material.

The purpose of this review is to summarize the progress made in the field of
protective coatings based on MAX phases in Ukraine. The first part of this review
discusses the advantages and characteristics of the synthesis of such coatings using
ion-plasma physical vapor deposition (PVD) methods [3-5]. The purpose of the
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second part is to consider the properties of MAX phases that make them useful for
creating multifunctional coatings to protect the surface of materials operating
under difficult conditions of high temperature [4, 5] and wear [6]. Special attention
is paid to the influence of PVD deposition parameters on the structure and
properties of coatings. Cathodes in the form of 60 mm diameter and 5 mm thick
discs based on the MAX phase Ti,AlC, were produced using a single-stage
technology. The process involved hot pressing of TiH,, TiC, and Al powders at
1350 °C and 30 MPa pressure for 30 minutes. The coatings from the cathodes
based on the MAX phases were deposited by three PVD methods: ion-plasma
sputtering with gas plasma, magnetron sputtering, and cathodic arc evaporation.

The possibilities of obtaining coatings with high protective properties and
prospects of their application in various industries are considered.

The work was supported by the I11-7-22 (0785) Project of the National
Academy of Sciences of Ukraine "Development of wear-resistant electrically
conductive composite materials and coatings based on MAX phases for the needs
of electrical engineering, aviation, and hydrogen energy" and by the NATO project
SPS G6292 “Direct liquid fuelled molten carbonate fuel cell for energy security
(DIFFERENT)”.
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COATINGS DEPOSITED BY CATHODIC ARC EVAPORATION

A.S. Kuprin®, B. Warcholinski?, A. Gilewicz®, E.N. Reshetnyak’,
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One of the most interesting and relatively less studied coatings is the
vanadium-nitrogen (V-N) system. The phase diagram of V-N show that there are
two stable phases in the V-N system: hexagonal V,;N and cubic VN. They show
high hardness and wear resistance.

In the absence of systematic studies of V-N coatings synthesized in a wide
range of nitrogen pressures and substrate bias voltages, especially with regard to
one of their most important properties (adhesion) determining industrial
applications, we undertook the subject of optimizing coating formation and finding
a relationship between the properties of coatings synthesized by cathodic arc
evaporation and technological parameters. The influence of the above parameters
on the morphology, structure, mechanical and tribological properties of the
coatings has been demonstrated [1].

Optical emission spectroscopy studies of vanadium plasma in a cathodic-arc
discharge in a nitrogen atmosphere have been carried out [2]. Studies of cross-
sectional scanning electron microscopy images of VN coatings deposited at
different nitrogen pressures have shown that a dense, homogeneous, fine-grained
microstructure is formed in the coating when the number of neutral V in the
plasma is low, while in the presence of a large number of neutrals, the coating
structure changes to a dense structure with columnar growth.

The effect of oxygen on V-O-N coating properties was also determined [3].
EDX and XRD analyses indicate that in coatings formed with a relative oxygen
concentration in the range of 20-30%, the oxygen concentration in the coating
dramatically increases from about 16 at.%. to 63 at.%. and the nitrogen
concentration decreases from about 34 at.%. to 3 at.%. The occurrence of the Vs0q
phase, which belongs to the Magnéli phases, was observed. The mechanical
properties - hardness, adhesion and wear resistance - decrease with increasing
oxygen concentration in the coating.

The properties of the Cr,_,V«N coatings were compared with CrN and VN, i.e.
for coatings where x = 0 or 1 [4]. In coatings with vanadium the solid solution
(Cr,V)N phase was observed. The hardness and elastic modulus of Cr,_,V4N
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coatings increased from 20 GPa (CrN) to 35 GPa (VN) and 300 GPa (CrN) to
about 500 GPa (VN) respectively. Adhesion of the coatings was very high. The
critical load of the complete coating detachment exceeds 100 N. The highest wear
rate was for CrN coating - (1.7 = 0.1) x 10° mm*/Nm, while the lowest was for
VN coating - (1.2 +0.6) x 10" mm*/Nm.

The coatings of the V-Mo-N system were deposited by the cathodic arc
evaporation method from the unfiltered plasma of two V and Mo cathodes [5]. It
was found that at a nitrogen pressure of 1 Pa the V,3M0,;N50 coating formed with
a predominantly cubic c-(V, Mo)N structure and an insignificant fraction of
hexagonal h-(Mo,V)N. All coatings are characterized by a fairly good surface
quality, high hardness of 30...32 GPa and adhesion to the steel substrate. The
effect of bilayer thickness in VN-MoN multilayer coatings on their structure and
mechanical properties was also investigated.

Correlating the structure of the coatings and the hardness and adhesion results
with the wear results allows a more complete evaluation of the possibility of using
VN-based coatings on tools and machine parts as protective coatings.
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AND COMPLEX ION-PLASMA MODIFICATION ON HYDROGEN

PENETRATION, MECHANICAL AND TRIBOLOGICAL PROPERTIES
OF STEEL AND TITANIUM ALLOY TI6AL4V
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G.D. Tolstolutskaya®, G.N. Tolmachova®, V.Ya. Podhurska?, O.P. Ostash?,
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One of the main factors determining the energy efficiency of nuclear and
thermal power plants is the reliability of the steam turbine unit. The steel parts of
the steam distribution system are highly loaded components, the life and reliability
of which determine the operating time before the turbine has to be repaired. The
problem that needs to be addressed immediately is a significant reduction in the
friction and wear coefficients of the steam distribution system parts in order to
increase their service life. According to the national energy strategies in force in
Ukraine until 2035, the problems of imbalance between power generation and
consumption are to be solved by the development of hydrogen technologies.

The aim of this work is to study the effect of the deposition process parameters
of protective nitride coatings and complex ion-plasma modification on hydrogen
penetration, mechanical and tribological properties of steels and titanium alloy
Ti6AI4V.

Coatings based on TiN, CrN, and MoN were chosen as the subject of research
based on previous experience of their application for protection of various products
used in the power engineering industry of Ukraine [1]. Using a Bulat-type
installation, two metal plasma sources were used to coat samples of titanium alloy
Ti6Al4V and 15Kh12VNMF steel. The steel samples were previously subjected to
ion plasma modification (nitriding) in a two-stage discharge plasma. The coatings
were characterized by X-ray diffraction. The mechanical properties of the coatings
were investigated by nanoindentation using a Nanoindenter G200 with a CSM
module. Wear tests were performed using a reciprocating device consisting of a
pair: a coated plate and an Al,O; or coated steel ball (TiN, CrN and MoN) with a
diameter of 10 mm. The coefficient of friction was determined at 20 and 500 °C
for 30 minutes with the ball pressed against the sample with a force of 2 N.

Studies of the tribological properties of the Ti-6Al-4V titanium alloy substrate
and coatings at temperatures of 20 and 500 °C in a pair with an Al,O3; ball have
shown that TiN and CrN coatings can be used to increase the wear resistance of the
Ti-6Al-4V alloy at temperatures from 20 to 500 °C [2].
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The study of the tribological properties of 15X12VNMF steel with CrN, TiN,
and MoN coatings against a steel ball with CrN, TiN, and MoN coatings showed
the following:

- MoN has a high wear resistance (107 mm?*N m) and friction coefficient in a
pair with steel (0.5) and TiN coating (0.37) only at a temperature of 20 °C.

- TiN has high wear resistance (10° mm®*N m) and low coefficient of friction
in combination with steel (0.45) and CrN (107 mm*N m and 0.4) and TiN (10~
mm®N m and 0.3) coatings at both 20 and 500 °C.

- CrN has high wear resistance (10° mm?*/N m) and low coefficient of friction
in combination with steel (0.6) and CrN (107 mm*N m and 0.38) and TiN (10~
mm*N m and 0.25) coatings at 20 °C, and its protective properties decrease
slightly at 500 °C.

Thus, the most promising way to increase the wear resistance of
15Kh12VNMEF steel in the temperature range of 20-500 °C is to use the friction
pair of nitrided steel parts with CrN-TiN coatings.

The influence of nitriding parameters on the penetration of hydrogen into the
material volume and the wear resistance of protective coatings was determined.
Nitride coatings of TiN, CrN and MoN, as well as surface nitriding, can reduce
hydrogen retention in titanium alloy Ti6Al4V and steel 15X12VNMFV by an
order of magnitude.

The work was financially supported by the National Academy of Science of
Ukraine (program “Support of the development of main lines of scientific
investigations” (KPKVK 6541230)).
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Since recognizing its severe erosive effects in the end of XIXth century,
cavitation has been considered a major technical obstacle in development of high
specific speed hydraulic turbomachinery and other hydraulic equipment. Due to
very high safety and reliability requirements, avoiding erosive effects is of
particular importance in case of cooling circuits in nuclear installations.

The measures to counter-act cavitation erosion can be divided into several
categories, including: proper layout of the hydraulic system, relevant selection of
operating conditions, the use of structural materials with erosion resistant
streamlined surfaces. Since simple combining material is not always feasible,
highly resistant protective coatings or advanced surface hardening technologies
have been applied for a longer time. Similar technologies are used to protect the
steam turbine blading against erosion by droplets produced in result of steam
condensation process.

According to the predominant erosion mechanism, protective coatings can be
classified as thin or thick. The dominant erosion mechanism for thin coatings is the
development of cracks followed by delamination and peeling of coating fragments
due to adhesion failure. In the case of thick coatings, the dominant mechanism is
pitting erosion with penetration through the coating until the substrate material is
reached. Surface protection methods include the application of various composite,
nitride or carbide coatings using modern methods such as HVOF or PVD. Arc
PVD methods are used, in particular, to obtain multilayer TiN, CrC or WC
coatings with a thickness of up to several tens of micrometers. The effectiveness of
this technology as a countermeasure against erosion caused by cavitation and
liquid droplet impact was investigated at the hydraulic lab of the Institute of Fluid-
Flow Machinery (IMP PAN) in Gdansk within the framework of two joint projects
of NSC KIPT NAS of Ukraine and IMP PAN (2018-2024).

The results of tests carried out at the IMP PAN rotating disk rig confirm the
superiority of multilayer CrC coatings when applied to some types of stainless
steel. The optimum carbon content has been determined and the dependence of the
coating resistance on the ratio of hardness and elastic modulus has been confirmed.
Some important conclusions about the optimum process parameters have been also
drawn.
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The key methodological problem when establishing cavitation or droplet
Impact erosion resistance of any coating or structural material is dependence of
impinged surface performance on the erosive load exerted. In case of tests
conducted at some stationary specimens (e.g. double-barricade cavitation tunnel or
vibratory rig) cavitation load can be established basing on measurements of
cavitation pulses by means of piezoelectric transducers. The other approach
consists in replacing cavitation or liquid impact load by process aggressiveness
identified basing on distribution of pits emerging in the initial stage of erosion at
some soft reference material surface. Reference materials showing low dependence
of mass loss on the cavitation pulse amplitude have been used by the authors to
establish erosive load at rigs with non-stationary specimens. By using the eroded
surface analysis, it is also possible to establish the surface distribution of load
exerted.

A problem encountered in case of coatings is always the erosion progress
measure. As using specimen mass or volume loss curves creates obvious
interpretation difficulties, the authors decided to use coating penetration or
detachment probability parameters depending on whether thick or thin coating
approach been chosen. With current state of lab techniques both mentioned
parameters can be considered measurable. Even if detailed surface analysis is
much more cumbersome than plain specimen weighing, its capability to enable
precise correlation of damage and erosive load using only one specimen will
remain a greater advantage of this novel methodology.

Last but not least one should mention that characterising cavitation or droplet
impact load by a single number parameter, assumed proportional to the flux of
energy delivered, cannot be considered sufficient for assessment the surface
resistance and prediction of erosion progress. This fact was particularly clearly
confirmed by the International Cavitation Erosion Test Project co-ordinated by the
IMP PAN. One of results of this major scientific endeavour was conclusion that
some qualitative features of cavitation load should be taken into account whenever
material performance under different load conditions is to be predicted. This
consideration has lead directly to the concept of fractional cavitation resistance,
according to which the tested material may show different resistance to different
load fractions. The superposition law allowing to calculate material performance
under polyfractional load basing on material resistance to individual fractions has
been derived and published as general equation of polyfractional erosion processes.
Quite recently, the authors of this paper have proposed to use a similar approach to
thin and thick coatings. The basic concepts and results will be presented in the full
version of the paper.
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CTPYKTYPA TA HAIIPY)KEHU CTAH ITIOKPUTTIB BOJIb®PAM —
Ti-Zr-Ni-KBA3IKPUCTAJI HA CTAJII EBPO®EP Y BUXITHOMY
CTAHI TA HICJIA OITPOMIHEHHSA BOJHEBOIO IIJIA3ZMOIO

C.B. Maﬂuxiul, LA. I(onuﬂeubl, B.B. I(ondpamermol, C.B. Cypoeuubkuﬁl,
JLE. Konomoncwuﬂl, B.O. Max./zaﬁz, LE. T apkymaz, C.C.T epawgermo2
LHTY «Xapkiecokuti norimexniunui incmumymy, Xapxis, Ykpaina,
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OmHMM 3 OCHOBHHX 3aBJIaHb IIPU peallizalii siIepHuX 1 TEPMOSACPHUX PEaKTOPIB
€ OIlIHKa CTIHKOCTI CHUCTEM 1 MaTepiajiiB, II0 MPAIIOIOTh B YMOBaX BHCOKHX
MOTOKIB €Heprii (Teruia), YaCTUHOK 1 MEXaHIYHUX HaBaHTa)KeHb. JIJisl BUpIIICHHS
3a/1a4l  HEOOX1JIHE OTpUMaHHSA HOBUX (DI3UKO-XIMIYHHUX 3aKOHOMIpHOCTEH
paialiiHO-1HIyKOBaHUX MPOLECIB Y HOBUX MaTepianax [1]. BaxiuBuM nutaHHsIM
€ OIl[IHKAa BIUIMBY TEPMOSJEPHOI IUIa3MU Ha MaTepiajid Mepuioi CTIHKU Ta
JTUBEPTOPY TEPMOSAIEPHOTO PEAKTOPA, sIKI Oy IyTh B3a€MOJIATH 3 IUIa3MOIO Mij yac
NEpPEXITHUX TMPOIECIB, TaKUX SK 3pUBH CTPYMY, HECTIMKOCTI BEPTUKAIBLHOTO
3MIIIEHHS Ta KpahoBi JlokaaizoBaHi Mo [1, 2]. ¥V sSKOCTI OCHOBHOI'O €TaJOHHOTO
Martepialy OyB oOpaHuil BosibpaM dYepe3 Mally HIBUJIKICTh PO3MOPOIICHHS,
BUCOKHMI TMOPIT IUIABJIEHHS Ta BHCOKY TEIUIONPOBIAHICTh. OJHAK MOCTYIOBE
HAKOIMWYEHHSI BHYTPIIIHIX MaKpPOHANPY>XeHb Ta PO3BUTOK MOBEPXHEBUX TPIIIUH
CIPHUSIOTh 3HAYHIN MaKpOCKOMIYHIN epo3ii, a HAaKOIMWYEHHSI 130TOIIB D', T', He+
MPU3BOJSATH J0 KPUXKOCTI BosibPpamy. s 3amoGiraHHs HEraTUBHUM SBUIIAM
npornoHyeTbest BukopuctoByBat mapysati W/Ti-Zr-Ni kBazikpucran (QC), adbo
QC/W komno3uii sl MiABULIEHHS paAlalliiHOl CTIMKOCTI MaTepiajiB sIepHOI -
Ta TepMosiiepHoi eHepreTuku. Kpasikpucranu Ti-Zr-Ni 37aTHI 3MEHIIYBAaTH BILJIUB
BOJIHIO Ha BoJIb(hpaM Ta cTasib, 00 BOHU MOMIMHAIOTH BojAeHb A0 2H/at. y Bursimi
TBEPJIOTO PO3YMHY O€3 YTBOpPEHHS TiAPUIIB. BiACyTHICTh Yy HUX BIACTHUBOCTI
TPaHCIALINHOT 1HBap1aHTHOCTI POOHMTH KBA31KPUCTAIN CTIMKMMH 1O TIiBHUILNCHOI
pamiarii. Taki mapyBaTi CHCTEMH CI1J] PO3TISIATH K Cy4yacHI HAHOCTPYKTYPOBaH1
SMART cucrtemu, B sSIKUX KOXKEH IIap BUKOHYE CBOIO (yHKII0. B gaHiit poOoTi
JOCTIKYIOTBCS BIUTMB BOJHEBOI IJIa3MHW Ha CTPYKTYPHHMA CTaH, BHYTPIIIHI
MaKpOHAMpPYXEHHs Ta MOP(OJIOrit0 MOBEPXHI MIAPYBATUX MOKPUTTIB HA MOBEPXHI
beputo-mMapreHcuTHOi crtani EBpodep. 3paskamu ciayryBanu 1) 2 MKM HOKPUTTS
W/St., 2) 5,4 mxm QC cknany Ti41Zr41Nil18/2 mxm W/St., 3) 2 mxm W/5,4 MM
QC/St., 4) 0,2 mxm W/5,4 mxm QC/St. Ix nocnmimkysanu y BHXiZHOMY CTaHi Ta
nicast TpuBanoro (60 rox) Biamamy mpu 480 C. [TokpuTTs ocamxyBaiu METOIOM
OPSIMOTOYHOTO MAarHETPOHHOTO PO3MMJIEHHS MillleHed 3 Bosib(ppaMy Ta CIUIaBy
Ti41Zr41Ni18 (aT.%) y BakyyMHill KaMepi B CEpeIOBUILI OYMLIEHOTO aproHy MpU
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THUCKY 2:10™ [Ma. EnemenTHuil cKiaz KOHTPOJIIOBAIA METOJIOM (hITyOPECIIEHTHOTO
PEHTIeHIBCbKOTO aHamizy. SK NIOKIAJKu BUKOPUCTOBYBAIM  IOJIPOBAHUN
cranieBuii nuct EBpodep ¢eputrHoro kiacy. 3pa3ku ONPOMIHIOBAIM IMOTOKOM
BOJHEBOT TUIa3MHU Ha KBa3icTallloHapHOMY I1azMoBoMy mpuckoproBadi KCIIIT X-
50 (HHL] X®TTI). OcuoBHi mapametpu miazmoBoro nmotoky KCIIIT Oynu takumu:
e”eprisi ioniB Omm3pko 0,4 keB, TpuBamicte immynscy - 0,25 Mc, KUIBKICTB
iMITynbeiB — 5, Terwtoe HaBanTaxeHHs - 0,6 MJDx/M°. CTpyKTypy, (a30BHil CKIas
Ta 3aJUIIKOBI HAMPYXKEHHS IOCHIKYBAIH METOJOM PEHTICHO - CTPYKTYPHOTO
aHamizy. 3iomku npoBoawau Ha anapati tuny [IPOH y dinerpoBanomy Ka-Cu
BUNpoMiHIOBaHHI. OOpOOKy  CHEKTpiB  BUKOHYBaIM 3  BUKOPHUCTaHHSIM
nporpamHoro mnakety New Profile 3.5. Mopdomorito moBepxHi BUBYaIU 3a
nonomoror Mikpointephepomerpy MUN-4, ocHaieHoro nu@poBor KaMeporo.
3riIHO pe3ynbTaTiB AOCHIIKEHb Y BUXIJIHOMY CTaHl B IIapax BoJb(ppamy I1I0Th
CYTT€BI MaKpOHANpPYXEHHS CTUCHEHHS. B moOkpuTTi BoJb(dpaMy Ha CTaldbHIN
MIIKIAAI Hanpy>keHHs: cTaHoBATh 6= - 1,00 I'Tla, a micns Biamamy iX piBeHb
nigBuinyerbest g0 o =-1,3[Tla. Ilepiox pemriTku B HenepopMOBaHOMY CTaHI
CTAaHOBUB J10 Biamany ao= 0,31688 M, micis Biamaay Jemo 3MEHIIUBCA 0 do=
0,31670 aM. OnrpomMiHEHHS BOJHEBOIO IIJIA3MOKO BIMAJIEHOT'O 3pa3Ka MPU3BEJIO0 JI0
3poctanHs mepiogay pemnritku Ha Aa = 0,00012 aM 1 3HWKCHHIO HANpy>KCHb Ha
Ac=260 MIla. Ha noBepxHi ciocTepiraerbcsi HopMyBaHHS TOPPOBAHOTO penbedy,
0e3 BiAIIApyBaHHA MOKPUTTS, 0e3 (opMmyBaHHS TpiuuH. B Olabml TOHKOMY
MOKPUTTI BOJIb()paMy Ha MiAmIapl KBa3iKpUCTaly HampyKeHHS Habarato OuibIi
o = - 2,5TTla, Ta micas Bignmamxy Tpoxu 3MeHIIyeTbes 10 ¢ = - 2,35 I'Tla. Ilepion
pennTKy B HeAiehOPMOBAHOMY CTaH1 CTAaHOBUB MPHUOJIN3HO ag= 0,31677 um. [licnsa
OTPOMIHEHHS 3aJMIIKOBI HANpPYXEHHS CTUCHEHHS B BOJbGpaMOBOMY IMIapi
cytTeBo 3MeHImMch 10 -300 MIla, a mepion pemniTku B HEHANPYKEHOMY CTaHI
30impmmBes Ha Ti K cami Aa = 0,00012 am. 3mineHHs BigOymucs 1 B miapi
KBa3IKpucTam4Hol (asu. IlapamMeTp KBa3IKpHCTaIIYHOCTI 8q IMICHA ONPOMIHECHHS
smeHmuBes 3 0,5212 no 0,5169 am. 3’4BuIoCch A0/1aTKOBE BiAOUTTS IMOBIPHO BiJl
KpUCTAIIYHOTO  anmpokcumaHTy 2/1. OcCkuIbKH  3TiJHO 3 MiJApaxyHKam
TEeMIIepaTypa Ha MOBEPXHI KBa3IKPUCTAIIYHOTO IIApy MOXKE CSATHYTH MPHUOIHU3HO
1000 C, a mouatox neperBoperHs QC ¢aszu B a3y 2/1 anpokcuMaHTy CTAaHOBHTH
600 C, mu BBa)KaeEMO MMOBIPHUM MPOTIKAHHS TAKOTO TIEPETBOPEHHS.
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JOCJ/IIIZKEHHA ITPOUECY OTPUMAHHSA HIOKPUTTIB KAPBIAY
OUPKOHIIO ZrC EJIEKTPOAYI'OBUM METOAOM

b.M. Illupoxos, /.I. Manuxin, O.1O. /Kypasnvos, C.B. Cmpuzynoscovkuit,
B.1. Paouenko

HHI] «Xapxiscokuii gpizuxo-mexuiunuii incmumymy» HAH Ykpainu, Xapxkis, Yrpaina

Kap6in mmpkonito (ZrC), mopsim 3 JeIKUMH IHIIAMH TYTOIUIABKUMU
KepaMikaMy, pO3ISAA€Tbecs SK  MaTeplai-KaHAugaT Ui BUKOPHUCTAHHS Y
CNIEKTPOHHIN TexXHili Ta saepHUX peaktopax [1]. 3okpema mnpuBaGIMBi
BiacTuBOCTI ZrC BKIIOYAIOTH BHCOKY TeMIIepaTypy IUIAaBJICHHS, 110 MEPEBUIILYE
3500°C (mnst cknaaiB, OIM3bKUX 10 CTEXIOMETPUYHMX ), BUCOKY TEIUIONPOBIAHICTh
U J1y’K€ BUCOKUX TeMIEpaTypax Ta HU3bK1 Nepepi3u NOTrTMHAHHS HEUTPOHIB.

He3Baxatoun Ha 3ycwiisi po3poOKH TEXHOJOTIYHUX TMPOIECIB OJIEpKaHHS
KapOiy KpemHilo, Oynu ojepxaHl Juiie OOMEXKeHI JaHl TMpo KIHOYOBI
KOHCTPYKTHBHI BJIACTUBOCTI, TaKi SIK BUCOKOTEMIIEpaTypHa MIIHICTb, TOB3YYICTh,
MPYXKHI KOHCTAHTH Ta PeakKilisg Ha OMPOMIHIOBAHHS, SKi BBAXKAIOTHCA HEOOX1THUMHU
JUTSL 3aIIPOTIOHOBAHMX B JaHMM 4ac 3actocyBaHb ZrC. KapOin uupkoHito cTablIbHO
ICHY€E y Jiana3oHi CyOCTEeXIOMETpUYHUX CKJIaaiB. baraTuii Byriemnem cKJiaj 3a3BU-
Yyail MPU3BOJIUTH JI0 MPUCYTHOCTI TpaiTOBOI ByriaeneBoi Gpazu, BOyJ0OBaHOT TPOXHU
HIK4Ye crexiomerpuyHoro ZrC. OOMexeH1 aaHi s MaTepiaiiB, M0 3HAXOASIThCS
y HIMPOKOMY Jlana3oHl MapaMeTpiB CTEXIOMETPIi, XIMIYHOI YUCTOTH Ta IIIBHOCTI,
BKa3ylOTh Ha Te€, 110 Pi3HI BIACTUBOCTI ZrC CHUIIBHO 3aJI€KaTh BiJl IUX MapaMeTpIB.

VY poboTi oTpumaHO KapOiJ HUPKOHIIO HIIAXOM BBeAeHHs Toiyoiry C/Hg 'y
MpolleC JYroBOr0 PO3MWICHHS IUpKOHI0. OcamkeHHs  kapOily HIHUPKOHIIO
MPOBOJUIIOCH HA TBEIbHI TPYOKH JOBXHHOIO 30 MM. OUuIIeHHS TOBEPXHI 3pa3zka
MPOBOJUIIOCH 10HAMHU ITUPKOHIIO TpH moTeHIam 3mimeHHs -100 ~ 800 B, 5
XBHJTHH, TIpu cTpyMi gy 100 A ta Tucky B kamepi 10™ topp. Ipu ctpymi ayru
100 A, motenmiani 3mimenHs Ha 3pasky — 250 B Ta TrHCKY Tonyony y kamepi 107
TOpp HAHOCWIM TOKPUTTS Kapbimy mupkonito 30 xBunmH. Ha puc. mpuBeneHa
pEHTreHIBChKa Jiiarpama nokpurts ZrC.

intensity

Hiarpama nokputts ZrC Ha miaknaami Zr-1.0%Nb
[Tocunanns
1. H.F. Jackson, W.E. Lee. Properties and Characteristics of ZrC //
Comprehensive Nuclear Materials. 2012, vol. 2, p. 339-372.
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3AXHCT JKAPO- TA KOPO3IMHO-CTIMKUMH NOKPUTTSAMHU
BUPOBIB CKJIAJJHOI KOH®IT'YPAIIIL 31 CXOBAHUMU
BHYTPIIIHIMHA ITIOPOXXHUHAMU

C.0. Kpoxmanw
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BukopucTtanHs 3aXHCHUX *apo- 1 KOPO3IMHOCTIMKUX MOKPUTTIB OJEPKYBaHUX
METOJJaMU OCaPKeHHsA 3 Ta30BOi (a3 MeTaJOOpraHIYHHUX CIOIYK JO3BOJISE
CTBOPIOBATH KOMIMO3MIIIIHI MaTepiaiu (kapkac + MaTpHIlsl - MaTepial, SKUil Horo
IIPOCOYUIOE), 1[0 MAIOTh K CKJIAIHy KOH(DIrypaiito, Tak i pUXOBaHi MOPOKHUHH.

OTpuMaHHsI KOMITO3UIIITHIX MaTepialiiB 3 TYTOIIaBKOIO MaTPHIICIO, IKI MAIOTh
BHCOKI MIIHICHI Ta 3aXWCHI BJIACTUBOCTI Ta MOXYTh IMpaIOBaTH B yMOBax
BHUCOKHMX TEMIIEpaTyp, SBJIA€ NMEBHUHN IHTEPEC JJIsI CTBOPEHHS HOBHX BHPOOIB, SKI
MOXYTh OYTH BHKOPHCTaHI B cydacHid TexHiml. OJHUM 13 HaOpsIMKIB
BUKOPHUCTAHHS TAKUX MarTepiaiiB, MOXKJIMBO, € CTBOPEHHS NAJIWBHHUX EJICMEHTIB
JUCTIEPCHOTO THUITy JUIsl €Hepro3ade3leyeHHss KOCMIYHOI TexHiku. Marepian
MaTpHIll MMOBUHEH MaTH aAre3iiiHy MIIHICTh JI0 MaTepialy MaJUBHOTO €JIEMEHTY,
BIIMOBIAHI SAepHO-(PI3UYHI, MEXaHIYHI Ta XIMIYHI BJIACTHBOCTI, MAaTH BHUCOKY
TEMIEPATypy IUIaBJIEHHS. 3allOBHEHHS 00’€My KapKacy MarepialoM MaTpHIll Mae
OyTH MaKCUMAaJIbHO BUCOKHM.

Mertoro 1i€i poOoTu OyJio TOCATHEHHS MaKCUMAJIBHOTO CTYIEHS IMPOCOYECHHS
KapKaca TYyroIulaBKUM MaTepiaJloM MaTpull, 3a0€3[€YUTH BUCOKY IXHIO aJre31iHy
Ta MEXaHI4Hy MIIHICTh. [[boMy 0COOMMBO crpuse BUCOKA MPOHHMKAKOUa 3aTHICTh
MaTtepiany MOKPUTTA 10 BaXKKOJOCTYNHHMX MOPOKHHUH Ta MIKpOTpilMH [1], sika
JI03BOJIsSIE MAaKCUMAJIHHO TIOBHO 3alTOBHIOBATH 00'€éM HaBKOJIO KapKacy.

OgauM 13 cnocoOiB  OTPUMAHHS — TYIOIUIABKOI MAaTpHIll  MOXke OyTH
IPOCOYYBaHHS PEUYOBHHOIO, IO OCAIKYETHCS 3 Ta30BOi (a3 METaJOOPTraHIYHUX
CIIONTYK [2], AIK1 TO3BOJISIOTh CYTTEBO 3HH3UTH TEMIIEPATYPY MPOBEICHHS MPOIIECY
[3]. Sk mpexkypcop uisi OTpUMaHHS TYTOIUIaBKO1 KapOiI0XpOMOBOI MaTPHUIll MOXKeE
OyTu matepiai, o oTpuMyeThes mpu mipodizi XOP «bapxocy, 1110 BUIMTyCKaeThCS
npomuciioBuM crocobom (TY-6-01-1149-78). MinimanibHi TemMnepaTypu KUIIHHS
ta poskinaganHs XOP «bapxoc» — 145 ta 300°C, BiamoigHO. Pi3UKO-XIMIiYHI
BJIACTUBOCTI Takoro mnpekypcopy [1,4] Ta ocobmuBocTi ra3zoda3HOro crnocody
OCAJKEHHsI pOOJATh MOro 3pyYyHUM [UIsl BUPILIEHHS MOAIOHOIO TEXHIYHOTO
3aBJIaHHS.

[TonepenHbO yCTaHOBKY BifkauyBaiau 10 THCKYy 1,3—6,7 Ila, ockiibKkuM Ha
aTMocdepi MpeKkypcop 1 Marepiajd KapKacy OKHCIIOIOThCS MpPU HarpiBaHHi [0
TeMrepaTtypu miponizy. JUISHKY HajJ 30HOI0 HArpiBy OXOJOJKYBAJIH 10
temnepatypu 80-90 °C. HarpiBanus BupoOy npoBojuiau a0 Temmeparypu 500 —
550 °C, a pearent nogaBanu 31 mBUAKICTIO 0,6 r/roa. [IIBUAKICTh NPOTSKKU 30HU
npu upomy ctaHosuia 0,65 Mm/ro.

Bucokuit rpamieHT Temmeparypu IO BEpTHUKal BCEpPEAWHI Kapkacy, IIo
IPOCOYYETHCS, CTBOPIOBAIM ILUISIXOM PO3IrPIBY WOro JOHHOI YAaCTUHU 30HHUM
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HarpiBayeM 3 OJHOYACHUM OXOJIO/DKCHHSM BHIIE JIeKAauol AUISHKH CHCTEMOIO
30HHOT'O OXOJIO)KCHHSI.

["azomoi0H1 MPOAYKTH PO3IIay, IO YTBOPIOKOTHCS B 30HI MiPOJIi3y, BIIBOINUIN
13 30HM peakilii 3a JOMOMOTOIK CHUCTEMH BiJKa4yBaHHS Ta BHMOPOXYBald B
a30THIM mactii. [Ipy mbOMy mapu BUXIAHOTO peareHTy, SKHi HempopearyBaB B
30HI peaxilii, BiIkauyBaJIUCsA pa3oM 3 MPOAYKTaMH pO3Majy, KOHJICHCYBAIUCS Ha
BEePTHKAIBHUX CTIHKAaX, MIO0 OXOJO/DKYBAIWCS, 1 TOBEPTAIMCA Ha3ad B 30HY
peaxuii. KoHTposb HaJ i1HTEHCHBHICTIO TIepediry mpolecy Mmipoiiizy 311HCHIOBAN
3a TOKa3aHHSAMM JaTYMKa THCKYy. 3a JOMOMOTOI0 MEXaHI3My MpOTATYBaHHS
3a0e3nevyyBaiu HEOOXIJHY IIBHIKICTh MEPEMINIEHHS 30HU PEakilii 3HU3Y Haropy
BITHOCHO HEPYXOMHX 30H HarpiBaHHS Ta OXOJOKECHHS.

CrymiHb 3amoBHEHHS 00'eMy MiCIis MPOCOYCHHSI BHU3HAUYAIM HA IMOMEPEYHHUX
nundax ~ OTPUMAHOTO  KOMIIO3MIIIMHOrO  Marepialy  3a  JONOMOIOIO
HaIiBaBTOMAaTUYHOIO0 BUMipIoBada KoopAuHar [5].

B pe3ynbTaTi ekcriepuMeHTiB  OyIio:

* Po3po6iieno croco6 ojiep:kaHHs KOMIO3UIIIHHUX MaTepialiB 3 TYTOIJIaBKOIO
MaTpPHULIEI0 Ta BUCOKHM CTYIIEHEM IPOCOYEHHS PEYOBHUHOIO, IO OCAIKYETHCA 3
ra3zoBoi ¢aszu.

* EKCnepuMEHTalbHO IIOKa3aHO, IO PO3pOOJEHUM Crmocid OTpUMaHHS
KOMITO3UIIIMHUX MaTepialiiB JI03BOJIIE OTPUMYBATH MaTepiaid 31 CTyINEHEM
npocodyeHHs: 00'emy, mo pgocarae 95-96% mnpu epexKTUBHOCTI BUKOPUCTAHHS
npekypcopa Ha piBHi 75-80%.
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NIJBUIIEHHS AKOCTI BUXIJTHOI CTPYKTYPU 3BAPHUX POTOPIB
IHAPOBHUX TYPBIH AEC

B.B. /Imumpuk, Cuns Jlei, 1. B. Kacvanenko

Hayionanonuu mexuiunuu ynisepcumem «XI11», Xapxis, Yxpaina

Poropn mapoBux TypOiH BHCOKOTO, CEPEIHBROTO 1 HHU3BKOTO THCKY
BUTOTOBJISIIOTh  NpOBiAHI  ¢ipmu  eHepretuyHoi ramy3i: AT «YkpaiHCbKi
eHepretnyni wmammany, Crams JlaBamb, Paro IImaiimep, BBI[ 1 IIkona.
KoHcTpykiiii poTropiB KoxkHOi 13 HaBemeHWX ¢ipM MalOTh CBOi BiJIMiHHI
ocobmuBocTi. Hampukmnan, m0 ckimagy 3BapHuUX poTopiB  (BUpoOHHMK AT
«YKpaiHChKI €HEPTeTUYHI MAIlTMHUY ) BXOAATh OKpEeMi KOBaH1 JUCKH 1 XBOCTOBUKH,
3’e¢HaHI MDK COOOI0 IWIHAPUYHUMHU TEepeMUYKaMy 31 3BapHUMH IBamMu. Ha
BI/IMIHY BiJ IIUIbHOKOBAaHMX PpOTOPIB 3BapHI POTOPH MAalOTh OLIBII BHUCOKY
KAPOCTIMKICTh, IO COPUSIE CTIMKOCTI iX poOOTH, @ TAKOXK MEHINY YYTIUBICTH O
HecOaaHCy 1 pO3LIEHTPOBKH, 1110 MAaIOTh MICIIE€ MPU €KCIUTyaTtalii poTopiB. Takox
3BapHI POTOPHU TIOPIBHSHO 3 OLIBIIOI JICTKICTIO MiAAAl0ThCS OajaHCYBaHHIO.
OO6acTh 3BapHUX POTOPIB, SIKa MPHU X POOOTI 3a3HAE HANOUIBIINX HANPYKEHb, HE
KOHTaKTy€ 3 KOpPO3IMHUM cepeqoBuIIeM. TakoX B 3BapHUX pOTOpax 13-3a
BIJICYTHOCTI LIEHTPAJIbHOTO OTBOPY B JUCKAX MaKCHMaJlbHI poOOYl HANpyKEHHS €
Maike B JIBa pa3d MEHIIMMH, HDK Yy IIJTbHOKOBAHUX POTOpax 3 IHEHTPATbHUM
KaHaJIOM.

[Ipyn BUTOTOBJEHI MOKOBOK [JIsl 3BApPHUX POTOPIB BUKOPUCTOBYIOTH CyYacHi
YIOCKOHAJIEHI TE€XHOJIOT1i JIUTTSA 1 TEPMIYHOI 0OpOOKH, 1110 3a0e3rneuye BUCOKUMN
piBEHb XIMIYHOT, CTPYKTYPHOI 1 MEXaHIYHOI HEOJHOPITHOCTI iX MeTaly.

B mapoBux TypOiHax, skl BUTOTOBJISIFOTHCS Ha mianpueMcTBl AT «YkpaiHchbki
CHEPreTUYH1 MAIlIMHUY», 3aCTOCOBYIOTHCSI 3BapHI POTOPH HHU3BKOTO THUCKY. 3BapHIi
pOTOPH JUISl IIBUAKOXITHUX» TYpOIH XapaKTepU3YIOThCs POO0YO0I0 KYTOBOIO
MBUAKICTIO 00epTanHs BamonpoBody 3000 o6/xB. Takuit TUN KOHCTPYKIIT
BUKOPUCTOBYEThCsl y TypOiHax K-220-44; K-320-23,5; K-500-65; K-500-240;
K-750-65 Ta in.

B TUXOXI1THIX TypOiHax K-500-60/1500; K-1000-60/1500;
K-1000-60/1500-2M 3 pobouoro mBHIKICTIO 00epTaHHs Bajonpooay 1500 06/xB
TaKO)K BUKOPHUCTOBYIOTh 3BapHi POTOPH.

30uIblIeHHST POOOYMX HABAaHTAXXEHb HAa 3BapHI POTOPU  OOYMOBIIIOE
HEOOX1IHICTh MIABUIIEHHS SKICHUX XapaKTEPHUCTUK iX BHUXIAHOI CTPYKTYpH, IO
HEOOXITHO NIl HAJIWHOI eKCIUTyartailii poTopiB. 3BapHI 3 €JHAHHS POTOPIB HA
BIIMIHY BiJ IIITbHOKOBAHUX XapaKTEPU3YIOThCSA BU3HAYCHOKO HASBHICTIO
CTPYKTYpPHO1, XIMIYHOI 1 MeXaHI4HO1 HeoaHOpinHOCTI. KoBaHi 3aroTiBku 3i cTami
25X2HM®A, nmiamerpom a0 3000 MM i3 0ChOBOIO JOBXKHHOIO 10 3600 MM s
3BapHHUX POTOPIB TUXOXITHUX TYpOiH MaroTh Macy g0 75000 kr. Ctanb Ay Takux
3aroTiBOK BHIUIABIISAIOTH B OCHOBHHX JYTOBUX TMeYax, MINAI0Th [UPKYJISIIHHOMY
BaKyyMYBaHHIO 1 PO3JIMBalOTh Y BaKyyMHIH Kamepi abo B aTmocgepi 1HEpTHHX
razi. Cranp 25X2HM®A wMae HacTynHUM XiMIuHMM ckiad, % Mac.:
C (0,23...0,27); Si(0,17...0,36); Mn (0,40...0,70); S (<£0,015); P (<0,015);
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Cr (1,80...2,20); Ni(1,30...1,60); Mo (0,4...0,6); V (0,05); Cu(<0,25).
MakpocTpyKkTypa 3aroTiBOK, 3TiJIHO HOPMAaTUBHUX BHMMOT, HE IIOBHHHA MaTU
TpilIKH, (DJIOKEHIB, YCaJIKOBOi PHUXJIOCTI, PaKOBHUH, 3aKOBIB, BIJHOCHO BEIMKHUX
HEMEeTaJeBUX BKIIOYEHb, & TAKOXK JIAHIIOXKKIB 13 BKIIOYeHb. He BpaxoByroThCs
HEMeTaJeBi BKIIOYEHHS po3MipoM 10 | MM, SIKIIIO BOHM PO3TAIIOBaHi XaOTHUYHO i
HE CTBOPIOIOTh JIOKAJIBHMX CKYMUYEHb 1 JaHLIOXKKIB. CKyNUEeHHS CTaHOBIISATh
okpeMi rpynu AedexTiB po3mipom 10 1 MM B KinbkocTi Oinbmie 10. JlaHIrosxok
HAJA€THCS, SIK 3TPYNOBaHl B JIIHIIO BKIIOYEHHS, PO3MIPOM /10 2 MM B KUIBKOCTI HE
MEHIIIE 5 IITYK, 3 BIJICTAaHHIO MK JAe(eKTamH, 110 HE MepPEBEpPIIyE TPUKPATHOI
JOBKMHU HANOUIBII BUAOBXKEHOTO NeeKTy, KU BXOAWTh B LIEH JAHIIIOXKOK.
BenuknMu HeMeTalleBUMHU BKIIIOUEHHSIMU BBaXKAIOTHCS BKJIIOUEHHS, TIOB3A0BXKHIN
pO3Mip AKUX € OUTbIIMM 2 MM. MeXaHiuH1 BIaCTUBOCTI 3aroTiBOK 3BAPHHUX POTOPIB
31 ctani 25X2HM®A nipu 20 °C € HacTynHUMHU, TaOJI.

yg:;:a Mexa Bimnocue |BigHocHe | YmapHa Kyt TBeﬁilcn’
Tunu 3pa3kis UHHHOCT] MILHOCTI, |[10I0BXKEHHS, |3BY>KEHHS, | B’ SI3KICTh, | BATUHY, Bpiesnto
b 0 0 2' 5 b
MITa MlIla Yo % Jx/m*-10°| rpamxyc MITa
IToB3mnoBxHI | 520...687 657 16 45 5,9 150 2646
Tanrenmianesi | 520...687 657 14 40 49 120 2646

I3 KOHCTPYKITIHHOT BUCOKOSKICHOI cTami 25X2HM®A BUTOTOBISIOTH KOBaHI
3aroTiBKu 111 3BapHUX poTopiB TypOiam K-1000-60/1500, a Takox mast i
moudikarii K-1000-60/1500-2 Ta iH.

[nsxom onTumizalii mnapamMeTpiB aBTOMATHUYHOTO  3BaplOBaHHS  IpHU
BUTOTOBJIEHHI 3BapHOro poropa 31 cram 25X2HM®A oTtpumanu BHUXIJIHY
CTPYKTYpy poTOopa 3 TMIiJBHIIEHUMHU SKICHUMH XapaKTEepUCTUKaMH. TaKy
ONTHUMI3allll0 BHUKOHYBaJM ULUISIXOM OOpOOKM 1 HACTYNMHOIO Yy3arajJbHEHHS
pe3yNbTaTiB  MOJCIIOBAHHS  3BapIOBAJILHOTO  HArpiBaHHsS  poTOpa, SIKUU
BUTOTOBIISJTH, @ TAKOXK 3 YPaxXyBaHHSIM MOKA3HUKIB BIIMOBIIHUX €KCIIEPUMEHTIB.

Takum YMHOM OTpUMAaJHU 3BaApHUN POTOP, BUXIIHA CTPYKTYpa IKOTO Ha BIAMIHY
BiJl BUXIJTHOT CTPYKTYPH 3BapHOTO POTOPA, OTPUMAHOTO 32 IITATHOIO TEXHOJIOTIETO,
XapaKkTepu3yBalach HACTYMHUMH OCOOJIMBOCTSIMHU. Ha ninsiHKax cCruiaBieHHS,
neperpiBy 1 Hopmamizailii 30HM TepmiuHoro BIumBy (3TB) 3BapHOro 3’eaHaHHS
O0anm aycteHiTHoro 3epHa ckimagaB 7-8 (JACTY 8972:2019). B anamoriuniii
CTPYKTYPpI IITaTHOI TexHoJoT1i 4—5. HOBI mpoAyKTH po3nay ayCTEeHITY Ha JAUISHII
HenoBHOI nepekpuctanmizamii 3TB ckmamganu cop6iT abo TpoctuT. BinmosigHo B
CTPYKTYpP1 J1aHOi AUISSHKU (3pa3K IITATHOI TEXHOJOrii) HOBI MPOAYKTH pO3MaTy
ayCTEHITY NIPEACTABIISIIN TJI00YISPU30BAHUN MEPIIT.

BcranoBuiu, 1110 MexaH14H1 BJIACTUBOCTI 3BAPHOTO POTOPA, BUTOTOBJICHOTO 32
HOBOIO TexHoJiori€ro, € Ha 15-20 % BuIMMH BiJ aHAJIOTIYHMX BJIACTUBOCTEH
pOTOpa, BUTOTOBJIEHOTO 32 ILITATHOIO TEXHOJIOTIETO.
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XXI MDKHAPOJTHA KOHOEPEHIIIS 3 GI3UKH PAJITAIIMHUX SIBULI I PAJTAIIITHOTO MATEPIAJIO3HABCTBA
3ACTOCYBAHHA CVD AJIMA3ZHUX ITOKPUTTIB
JIJISA NIJIBUIEHHSA CTIMKOCTI PIXKYYHUX IVIACTUHOK
3 HOJIIKPUCTAJIITYHOI'O AJIMA3Y

B.1 I puuunal, K.IL Komeeuﬁl, 0. A. Onaﬂeel, O.M. Pewiemnsx’,
B.E. Cmpeﬂbnuubkuﬁl, A.0O, JIﬂmueeaz, A.O. quthZ, C.A. Knumenxo®,
0.0. boueukd’, O.1. ‘Iepm’enkoz
1HHll «Xapxiecokutl ¢izuxo-mexuiynuil incmumymy» HAH Vkpainu, Xapxie, Ykpaina,

2I;Ltcmumym Haomeepoux mamepianis im. B.M. baxyna HAH Ykpainu, Kuis, Yxpaina
E-mail: reshetnyak@kipt.kharkov.ua

Pikyunii 1HCTpYMEHT, OCHAIlEHUH HAATBEPAUMM KOMIIO3UTaMU Ha OCHOBI
CUHTETUYHOI'O anMasy, AyXe 3arpeOyBaHuM i1 OOpOOKM HOBHUX Mareplaiis,
TaKUX K KepaMiKa, ByIJICIJIACTUK, KOMITO3ULIIIHI MaTepiaiu, BaXKKOOOPOOIIIOBaH1
CIUIaBU Ha OCHOBI KOJIbOPOBHUX METaliB, $IKI IIMPOKO BHUKOPHUCTOBYIOThH IS
BUTOTOBJICHHS JIeTallel aBialllifiHOi, KOCMIYHOI, paKeTHOI, BIMCHKOBOI TEXHIKH Ta
IHIIMX BHCOKOTEXHOJIOTTYHUX BHpOOIB. JlogaTkoBe MIABUILEHHS MPale31aTHOCTI
KOMIIO3UTHOTO 1HCTPYMEHTY MO’KHA JOCATTH HAHECEHHSM Ha HOTO TOBEPXHIO
CYLUIbHUX TMOJIKPUCTAIIYHUX aJIMa3HUX IMOKPHUTTIB, Kl HE MICTATh CTOPOHHIX
3B'SI3yBaJIbHUX ~ MarepialiB. MeToro gaHoi poOoTu  Oyno  JOCHIIKEHHS
MOKJIMBOCTEH  MOKpAIlEHHS  3HOCOCTIMKOCTI  PpDKyYMX  IUIACTHH 3
MOJIIKPUCTAIIYHOTO CHHTETUYHOTO alMasy, IUISIXOM HaHECEHHS Ha iX MOBEPXHIO
anMa3HuX NOKpUTTIB MetogoM CVD y ThirouoMy po3psii IOCTIHHOTO CTPyMY, LIO
CTabTI3y€ThCS MOMEPEYHUM MArHITHUM TOJIEM.

3aroToBKM PLKYYUX IUIACTUH OYyJI0 OTPUMAHO INIJISXOM CIIIKAHHS 32 THUCKY 8
['Tla ta temneparypu 1750°C cymimeit pi3Hux ¢paxiiidi aaMa3HOTO IMOPOIIKY,
BUPOIICHOT0 y pocToBiii cucremi Mg—Zn—-C [1]. [IBa Tumnm Crie4eHUX 3aroTOBOK
OyJno 3actocoBaHo. Jljisi mepiioro TMMy BUXITHUNA anMaszHuil mopomok Ha 100 %
Mac. CKJIaJiaBCsi 3 YaCTHHOK po3MipoM <40 MKM TICIsi CHTOBOI Kiacudikarii
MPOAYKTY cuHTe3dy. Jljis apyroro — ckiaj anMasHoro nopouiky mictuB 40 % mac.
OUIBII KPYMHUX YACTUHOK po3mipoM 80-125 Mkm.

AJnMa3HI TOKPUTTS Ha MOBEPXHI IJIACTUH CUHTE3YBajM 13 BOJHEBO-METAHOBOI
cymimi 3a mapuiamsroro ticky CH, B Mexax (2,2-2,7)-10° [1a mpu Temmeparypi
niaknaaky Big 1060 go 1175°C. ns aktuBaiiii po604oro razy BUKOPHUCTOBYBAJIU
TIIIOYMN PO3Psii MOCTIMHOTO CTPyMy, CTAOUTI30BaHUI MONEPEYHUM MArHiTHUM
noiaem [2, 3]. BiamparpoBaHO mMpOILECH TOMEPEIHBOI TEPMIUHOI 0OpPOOKH
pI3aJIbHUX TJIACTUH JUISl 3a100IraHHs BIUIMBY JOMIIIOK 13 KOMIOHEHTIB POCTOBOI
CHUCTEMH Ha MpPOLEC CUHTE3Y MOKPUTTS. BUBUEHO BIIMB TeMIiepaTypHu MOBEpPXHI
pi3ajJbHUX IUJIACTUH IiJl Yac OCAKEHHS Ha CTPYKTYpy HOKpPUTTIB. 3TiIHO 3
pe3yibTaTaMu PEHTTEHIBChKOI AudpakromeTpii 3a oOpanux mnapamerpiB CVD
Ipolecy B MOKPUTTIX (POPMYETHCS MOMIKPUCTAIIYHUN anMa3 (MMpOCTOpoBa rpymna
kyOoiuHa Fd3m). Ili mani miaTBEpIKYIOTHCS XapaKTEPHUMH MIKPOCKOTIYHUMHU
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300paXeHHSIMH TMOBEPXHI MOKPHUTTIB, HAa SKUX BUIHO YITKO OTPaHOBaHI KpUCTaIU
anMasy 3 cepemHiM po3mipoM 5—-30 MkM. 3’siCOBaHO, IO HA MOBEPXHI Pi3aJbHUX
IJIACTUH CHUHTE3YIOThCS CYIUIbHI MOKPUTTS TOBIMUHOKO 20-30 MKM, SIKI MaroTh
OJIHOPIIHY CTPYKTYpY, SIK Ha Kpasx, Tak 1 B HeHTpi miactunu. CepenHiil po3mip
KpUCTAJIB aiMa3dy B TOKPUTTI B TMEpIIy YEpPry BU3HAYAETHCS CTPYKTYPOIO
3aCTOCOBAHOI MOJIKPUCTATIIYHOI aJMa3HOi 3aroTOBKM pi3ajbHOI IIacTUHU. J{7st
pi3ainbHOi TUIACTUHH, sika cdopMoBaHa 3 OUIBII KPYMHHX YAaCTHHOK, PO3MIp
aJIMa3HUX 3€peH B MOKPUTTI 3HAYHO OUIBIIMH, IO IIJIKOM 3pPO3yMiJ0, OCKIIbKH
MOpGOJIOTIS aJIMa3HOrO IOKPUTTS BH3HAYAETHCS MOXKIMBICTIO EMITaKCIHHOTO
pOCTy aiMa3y Ha KpucTajlax pizalbHuX miuactuHu. [lokazano, 10 3a Temneparypu
B Mmexkax 1060-1150 °C xpucranu anmaszy B IMOKPUTTAX YITKO OTpaHOBaHI 3
NPSIMOKYTHUMHU a00 TPUKYTHUMH rpaHsmu. [lojgasnbiine miBUILICHHS TeMIIepaTypu
CUHTE3y NPU3BOIUTH JO YTBOPEHHS Ha MOBEPXHI BEJIMKHUX alMa3HUX KPHUCTAIIIB
MEHIII BIOPSIKOBAaHUX IPIOHUX CKIIAJJOBUX.

[IpoBeneHO MOCHIIKEHHSI BIUIMBY HAHECEHOTO MOKPHUTTS Ha €KCILTyaTalliiiHi
BJIACTUBOCTI 1HCTPYMEHTIB, OCHAIIICHUX HAATBEPAUMHU KOMIIO3UTaMH Ha OCHOBI
CUHTETUYHOI'O ajiMa3y, IiJi 4aC YUCTOBOTO OE3yJAapHOTO TOYIHHS aJIIOMIHIEBOTO
crutay  AKI12M2MrH 1 texniunoi kepamiku MK90. Tlokazano, 110
MOJIIKPUCTAIIYHI aJMa3Hl MOKPUTTSA TOBIIMHOK 30 MKM, OCaJK€HI Ha poOoul
MOBEPXHI pi3aibHUX MIacTuH 3a Temmneparypu 1110-1150°C, 103BoSIIOTH i1 Yac
OOpoOKM aJIOMIHIEBOTO CIUIaBY OTPUMATh OOPOOJEHI MMOBEPXHI 3 MEHIIO0
IIOPCTKICTIO, @ MiJ Yac 0OpOOKM TEXHIYHOI KEpaMIKU MiJBUIIUTHA 3HOCOCTIHKICTh
iHCTpyMeHTIB y 1,52—1,75 pas3u, mo mnomuproe o07acTb BHUKOPUCTAHHA Ta
3a0e3neuye MiABUIIEHHS €()EKTUBHOCTI 1HCTPYMEHTY. 30UIbLIEHHS! TeMIepaTypu
cuntesy Ao 1175°C cnpuse @QopMyBaHHIO TOKPHUTTS 3  TIPIIMMHU
eKCIUTyaTaIllfHUMU BJIACTUBOCTSIMHU.
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3axuCHI MOKPUTTS Ha OCHOBI anmmasomnoaioHoro Byriemnto (DLC — diamond like
carbon) epeKTUBHO 3aCTOCOBYIOTh Yy PI3HUX Tally3sX 3aBISKU BUCOKIA TBEPAOCTI,
XIMIYHI 1HEPTHOCTI, BUCOKIA 3HOCOCTIMKOCTI Ta BIAMIHHUM TPHUOOIOTIYHUM
BIACTUBOCTAM. bynyunm Oiocymichum DLC wMae MmUpOKI MOXKIUBOCTI st
MEAMYHOTO 3aCTOCYBaHHS Y OPTONEIUYHHUX IMIUIAHTaTaX, CepIEBO-CYIUHHUX
KJIallaHaX, €HAOINpPOTe3aX CYMIOOIB 1 XIPpypriyHOMY IHCTpyMEHTapii. 30Kpema,
BUKOPUCTAHHA TOKPUTTIB 3 aJMa30MoOJIOHOTO BYIJVICHIO Yy By3JaXx TepTs
SHJIONPOTE31B 3arobirac HaAXOKEHHIO 10HIB BaKKUX METaJiB B OpraHi3M,
3MEHIIIy€ 3HOIIYBaHHsI, 301JIbIIIYE TEPMIH CIY»KOHU Ta HaJIHICTh BUPOOiB. PoboTa
IpUCBAYEHA pO3poOILIl 00NaHaHH 1 MPOIECIB BaKyyMHO-AyroBoro cuHtesy DLC
MOKPUTTIB JJ1s1 010MEAMYHOTO 3aCTOCYBAHHS, SIK1 XapaKTEPU3YIOThCSI MIHIMAIbHOIO
KUIBKICTIO 1e(DEKTIB, BACOKUMHU MEXaHIYHUMU MMOKA3HUKAMHU, TAPHOIO aJre3ito, 110
3armo0iraroTh 3HOUTYBaHHIO 1 KOpO3ii y O10pIIUHU TIpH TpUBAJIOMY (DYHKITIOHYBaHHI
BUPOOY.

CucrematnuHi  JOCHI/DKEHHS ~ BaKyyMHO-IYIOBOIO  CHHTE3y  IUTIBOK
anmasonoioHoro Byriento Oynu posnovati y HHI[ X®DTI me na moyatky 1970-x
pokiB. OOmamHanHs 1 wmetonuku ocamxeHHss DLC  TOKpUTTIB  aKTUBHO
PO3BUBAIOTHCSA, YIOCKOHAIOIOTHCA 1 BIIPOBAKYIOTHCS B PI3HUX rany3sx. B manuii
yac y HHI[ X®TI Ha oCHOBI HEMOJAaBHO pO3pOOJIEHOT0 BUCOKOMPOIYKTUBHOIO
oKkepena (GiTbTpoBaHOT BaKyyMHO-IYTOBOI TJIa3MH CTBOpPEHa YCTAaHOBKA JUIA
OCQDKYBaHHS BHCOKOSIKICHUX aJMa3oIoIOHUX TOKPUTTIB. BimmpanboBaHa
pamiariiHo-lOHHAa TEXHOJIOTISl TOINEPEAHHOTO OYMINEHHS TOBEPXHI BUPOOY 1
OCa/DKCHHS Ha HEi MOKPUTTIB B YMOBax MOJadi IMITyJIbCHOI'O BHCOKOBOJBTHOIO
noTeHuiany. Po3po6iieHo mpoliecu ocayKeHHs aIMa3onoIiI0HUX MOKPUTTIB Pi13HOT
TOBILIUHM (B1J KUTBKOX HM JI0 KUUIBKOX MKM) 3 BUCOKOIO aATe31€10 10 MiIKIaIKH.

CtBOpeHa TEXHOJOTIYHA OCHACTKA JJIs 3a0€3MeUeHHsT PIBHOMIPHOTO HAHECCHHS
DLC mnoxputTiB Ha cdepudHi ToBepxHi. J[JIs 1hOro 3aCTOCOBAHO TPUCTPINA 3
KUIBLIEBUM MAarHiToM, 10 (OKyCye 30BHIIIHE MAarHiTHE IoJie Ha CEepUYHy
MOBEPXHIO BHpPOOY miag KyToM Onu3bkuMm 10 ii HopMmaii. Po3pobiieHo mporiec
HAHECEHHs ajMa3oNoAiOHMX TMOKPUTTIB Ha C(GEepUYHI YaCTUHU EHJOMPOTE3IB
Cyrio0iB 13 HEpXaBiIOYOi CTaldl Ta KOOAJIbT-XpOMOBOTO cIutaBy. I[lokputTs
xapaktepu3yioThcss TBepaicTio 30..40 I'Tla Tta rapHoro aaresi€o 10 MeTaleBOl
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migkIagkd. Bucokuii piBeHb anaresii JOCITaeThes 3a PaXyHOK OMTHMI3AIii piBHS
3QJIUIITIKOBUX HAMNPYXEHb TPU BHUKOPHUCTAHHI BHCOKOBOJIBTHOTO IMITYJIbCHOTO
NOTEHIIay 3MIMIEHHS MIAKIAJAKKA T Yac OCa/pKeHHA Ta 0OararomapoBoi
apXITEKTYpH MOKPUTTIB. 3’sicoBaHo, 1110 DLC MOKpUTTA HE BiALIAPOBYIOTHCS MPH
PI3KHX Iepernaiax TeMIepaTypH: KUIl'ATIHHI eHJ0IpoTe3a ado MpU 3aHypEeHH1 HOTo
B P1AKHIL a30T.

ExcriepuMeHTanpHO TMOKa3aHO, IO ajiMa30MoJiOHI TOKPUTTS, OCaHKEHI
BaKyyMHO-JIyTOBUM CIOCOOOM 3a PO3POOJIEHOI0 TEXHOJIOTIEI0, IIIJIKOM IpHUAaTHI
JUIL  3aCTOCYBaHHS Yy MEAWYHUX IMIUIAHTaTaX, 3aBISKH OI10CYMICHOCTI,
OCTEOIHTErpallii, Bi/ICYTHOCTI HEraTUBHOT'O PEMOJICIIFOBAHHS MPHUJIETIIOI KICTKOBOT
TKaHWUHHU, BUCOKIA 3HOCOCTIMKOCTI B O10JIOTIYHOMY CEpPEIOBHUIII. 3a JTOMOMOTOIO
TECTIB In VIVO OI[IHEHA peakilis TKaHUH Ha 3pa3ku 3 MNOKpUTTAMU. [licis
BUNPOOYBaHb HE BUSIBICHO PO3IIAPYBAHHSA MOKPUTTIB, MPOIYKTIB KOpPO3ii,
TOKCUYHOI J1i Ha HaBKOJIUIITHI TKAaHUHHU, aCENITUYHOI 3amanbHol peakiiii. Tectn Ha
3HOCOCTIHKICTh alMa30moIi0HUX MOKPUTTIB Ha Auckax 31 cmiaBy Co-Cr-Mo, 1o
npoBoauianchk 3a ctanaaproM ASTM (G99-17 y OionoriyHii piaMHI MOKa3add ix
BHUCOKY 3HOCOCTIHMKICTb.

AnmazonofiOHi MOKpUTTS OyiM HaHECEHI Ha MapTil0 eKCIepPUMEHTAIbHHUX
SHJIONPOTE31B TUICUOBUX CYTNI00iB (quB. puc.). EHponpore3u Oynu iMIuIaHTOBaHI
NalleHTaM 3 TSHKKUMU TpaBMaMM IiedoBUX cyriio0iB. Ilicig peaOutitamii y BCix
NAII€HTIB BIJHOBWJIACh PYXJIMBICTh IUIEHOBOTO Cyrjiodba 0e3 moOiYyHMX €(eKTiB.
OTtpumani anMa3ono/10H1 MOKPUTTS € 6araTodyHKIIOHATLHUMHU, MAIOTh KOMILIEKC
YHIKQJIbHUX BJIACTUBOCTEHN 1 MOXKYTb CITY>KUTH JIJIs1 MOJU(IKAIllT TOBEPXHI JeTaleit
1 IHCTPYMEHTY, 1110 3aCTOCOBYIOTHCS B PI3HUX TaTy3siX.

Enoonpomesu nnewogoeo cyenoba 3 armazonodionumu nokpummamu (a)
3acmoco8aui y KIiHiuniu npaxmuyi. Penmeenoepama (6) ma goomo (8, 2)
nayieumie yepes 2 micays nicis onepayii
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XXI MDKHAPOJTHA KOHOEPEHIIIS 3 ®I3UKU PAJIAIIMHUX SIBULL 1 PAJTAIIITHOTO MATEPIAJIO3HABCTBA
BATATOIHAPOBI ITIOKPUTTS (TIAICrY)N/ZrC C®@OPMOBAHI
METOAOM BAKYYMHO-AYI'OBOI'O OCAKEHHSA

C.B. /lumoguenko, O.B. Makcakoea, B.M. bepecues, /I.B. I'opox, b.0. Ma3zinin

Xapriscokuu Hayionanvuuu yHieepcumem im. B.H. Kapasina, Xapkis, Ykpaina
E-mail: s.lytovchenko@karazin.ua

OmHuM 3 HAWUMOMIMPEHIMNUX Ta e(QEeKTUBHIMMX NUIAXiB  Moaudikarmii
MOBEPXHEBOI0 IIapy MaTepiajiB € CTBOPEHHS Ha IXHIN MOBEPXHI (DYHKITIOHATBLHUX
10HHO-TIJIA3MOBHX MMOKPUTTIB HA OCHOBI HITPH/IIB 1 KapO1/1B TYTOIUIABKUX METAIB.
Taki mnokputts € e(eKTUBHUM 3aco00M TMIJIBUIICHHS EKCIUTyaTaliiHol
JIOBFOBIYHOCTI ~ MaTepiajgiB Ta NPOJYKTHUBHOCTI TEXHOJOTIYHUX IIPOIIECIB.
EdexTuBHICTh PYHKIIIOHAIBHUX MOKPUTTIB, chopMOBaHUX (HI3UYHUMH METOJaMHU
OCaJKEHHsI (BapiaHTOM SIKHUX € BaKyyMHO-IyTrOBE OCA/KE€HHs), 0araro B 4OMY
3aJIEKUTh B1JI PIBHS IXHBOI aares3ii 10 OCHOBH Ta (PI3MKO-XIMIYHMX BJIACTUBOCTEU
(30Kpema, CTIMKOCTI 10 TEPMOOAPUYHUX HABAHTAXKEHb, B TOMY YMCII IUKITYHUX
Ta MOBTOPIOBAHMX, CXWJIBHOCTI JI0 KPUXKOTO PYHHYBaHHS, TPUBAJIOTO 30€pEKEHHS
MOKa3HUKIB TBEPJAOCTI Ta IacTU4HocTl) [1-3]. 3a3HadeHUidl KOMIUIEKC
BJIACTUBOCTEMN MOKPUTTIB 3aBXkKIU OYB y LIEHTP1 yBaru po3pOOHMKIB Ta TPAIULINHO
niggaBaBcs ontumizamii. OJHUM 13 NUBSIXIB TaKoi ONTHUMI3aIlli € 3aCTOCYBaHHS
OaraTomrapoBUX TMOKPUTTIB. baraTomapoBa apxiTeKTypa Ja€ MOXJIMBICTH Kparie
aJanTyBaT MEXaHIYH1 Ta TPUOOJIOTIUHI BIACTUBOCTI MOKPHUTTIB 0 TEXHOJOTTYHO
CKJIaIHAX 3aCTOCYBaHb 3aBJISKH MPOSIBY XapaKTePHUX CTPYKTYPHUX Ta PO3MIPHUX
e(eKTiIB, cepel SIKUX — PO3LICIUICHH 1 BIIXWICHHS TPIIIMH Ha MeXax 3epeH 1 (a3,
JUCHUTIAII €Heprii yTBOPEHHs TPINIMH, JOKaJdbHA peJakcallis BHYTPIIIHIX
HaIpPY>KEHb 1 MJIACTUYHICTh HA HAHOPIBHI, 00YMOBJICHI JIOKAJTBHOIO JETaMIHAITIETO 1
yTBOpeHHsIM HaHomop. IlepeBaramu OaraTomapoBUX CTPYKTYpP € MOXJIHMBICTb
IHTErpyBaTl BIACTUBOCTI, MPUTaMaHHI OKPEMHUM MIapaM, y HOBIM CTPYKTYpHI
koMOiHauii. Hampuknaa, oaMH 1map MOXe XapaKTepHU3yBaTUCS HU3bKUM
Koe(dirieHToM TepTA, BHCOKOIO TBEPICTIO Ta CTIHKICTIO hi ()
BHUCOKOTEMITEPATyPHOTO OKUCIIEHHS JIJIS 3a1100ITaHHs YTBOPEHHS TPIIIUH, a THIITHHA
map MoXe 3a0e3Me4YUTH BUCOKY aJre3ito, IUIACTUYHICTh Ta €JACTUYHICTh IS
NIJBUIIEHHS CTIAKOCTI MNOKpUTTA. lle cTHMys0€ MOLIyK HOBUX KOMIIO3MIIIH
OaraTtonrapoBUX MOKPHUTTIB, SIKi O Maju MOKpAIIECHI aHTUKOPO31iHI BIACTHBOCTI B
MOETHAHHI 3 BUCOKOIO TBEPIIICTIO, CTIMKICTIO 10 OKMCHEHHS Ta 3HOCY, a TaKOX
CTPYKTYPHOIO CTaOUIbHICTIO TIPM BHUCOKMX TeMmIeparypax, Ta BIAMOBLIAIH
BUMOTaM CYYaCHHMX TEXHOJIOTIYHUX ITPOIIECIB.

JocnipkeHo ¢gopMmyBaHHs OaraTtomapoBuUX 0araTOKOMIOHEHTHUX TOKPUTTIB
tunty (T1AICrY)N/ZrC Tta Bu3HayeHi Jeski iXHI XapakTepucTuku. I[lokputTs
OCa/DKyBaIM  BaKyyMHO-IIyTOBUM METOJJOM Ha YCTaHOBKaX, O0OJIaJIHAHUX
HEOOXIIHUMH KOMIIOHEHTaMH Ta eJIeMEHTaMH [JIsi CTBOPEHHS BakyyMy a0o
HEOOXITHOTO Ta30BOI0  CEpellOBUIIA, NPUCTPOSIMU  (OPMYBAaHHS  TEBHHUX
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IUTa3MOBHX MOTOKIB 3 PETyJIbOBAaHUMH XapaKTePUCTUKaMH (TJIa3MOB1 BULTAPHUKH),
MEXaHIYHUX CKJIAJOBUX JUISl PO3MIIIEHHS 3pa3KiB Ta IXHBOTO MEPEMIIIECHHS,
€JIEMEHTIB KOHTPOJIIO Ta YIPaBJISHHS MPOIECOM BHUIIAPOBYBAHHS-KOHIEHCAIII.
[lepen ocamKeHHSM TOKPUTTIB MNPOBOAWIM OYHCTKY 1 aKTHUBAIll0 TOBEpPXHI
HiAKIaIKA 10HHUM O0MOapayBaHHAM MPOTAroM 10 XBHIIKH.

[ToxpuTTsl ocaKyBaiu 3 IBOX BUNApHUKIB — OaratoenemeHnTHoro TiAICrY Tta
nupKoHieBoro. [1o oci kamepu CUMETPUYHO JJO BUMIAPHUKIB PO3TAIIOBAHUI TpUMay
3pa3KiB-MIAKIAI0K, SKUWA TOB’S3aHUNA 3 EJCKTPOABUTYHOM HJisi 3a0e3meueHHs
nepeMilieHHsT 3pa3KiB MDK 30HaMH Jii BUIMAPHHUKIB. TEXHOJOTrIYHA cXeMma
dbopMyBaHHS TTOKPUTTIB Oyye€ThCs Ha MEPEMIIICHH] 3pa3KiB MK BUIIApPHUKAMU 3
3YIUHKaMH O1Is1 BIJIMOBIAHOTO BUMApHUKA HA TIEBHUHM MPOMDKOK 4yacy. [Ipu npomy
pu poOOTI GaraToeIeMEHTHOTO BUMIAPHUKA PEAKI[ITHUM ra3oM B KaMepi € a3oT, a
py poOOTI HMPKOHIEBOTO BUITAPHUKA — allETUJIEH.

PentreniBcbkuii aHamiz BUSBUB B MOKpUTTAX 2 (azu: HiTpug TiAICrYrN Ta
kap6ig ZrC, oouasi ¢azu marote I'LIK rpatu (ctpykrypuuii Tun NaCl). [1apametp
rpatku ZrC cranoButh 0,4694um, a Hitpuay TiAICrYrN — 0,4356 um. Iloxin
HaKJIaJIeHuX AUQPPaKIIMHUX JIHIA Ha CKJIAJO0Bl 3aCBIAYMB, IO JIHIT HITPULY
TiAICrYN posmupeni Habarato Ouibllie y TOpiBHAHHI 3 Kkapoigom ZrC
(IpakTUYHO pPO3MHUBAIOTBCA B audpakiiitHe ramo). lle cBiguuTh mpo
peHTreHoaMop(HMI cTaH 6araTroeIeMeHTHOTO HITPUAY.

AJre3iiiHy MIIHICTh BU3HAYAJIM METOJIOM CKpailOyBaHHs. Baanocs BUBHAUUTH
TPAaHMYHI 3HAYEHHS KPUTUYHOIO PYWHIBHOTO HABaHTaXEHHsA. B MOKpHUTTI,
CUHTE30BaHOMY TIpW ToTeHmiam 3mimeHHs -200 B, koresiiiHe pylHyBaHHS
MOYMHAETHCS TIPU MiHIMaIbHOMY HaBaHTaxxeHH1 21,13 H, Pe3ynbrar cBiquuth ipo
BHUCOKY KOT€31iHY MIIHICTh MOKPUTTA. Y MOJAJBIIOMY MpHU HaBaHTaxeHH1 29,5 H
CIIOCTEpIracThcs HE3HAYHE BIANIAPYBAaHHS TOKPUTTA HAa KpasX MOAPSIHH.
[MopiBHsutbHUE aHami3 mokasaB, mo 3pasku mokputtTiB (TIAICIY)N/ZrC mnpu
HNOJIPSNMHAX 3HOIIYIOTHCS, ajle He BIAMIAPOBYIOThCSA, TOOTO PYHHYIOThCS 3a
KOre31MHUM MeXaHI3MOM, IIOB’S3aHMM 3 IUIACTHYHOIO jaedopmaliiero Ta
YTBOPEHHSIM BTOMHHMX TpPIIIMH B MaTepiajili MOKPUTTSA. BOHM moOKazanu BHCOKY
aAre3iiiHy MILHICTh 1 BITHOCHO HU3bKUW CTYMIHb PO3IIAPYBaHHS.
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EFFECT OF MAGNETRON SPUTTERING POWER ON THE
PROPERTIES OF TiZrNbMoTa HIGH-ENTROPY ALLOY COATINGS
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Modern materials with unique properties are essential for the development of
high-tech industries. One promising category of such materials is high-entropy
alloys (HEAS). Significant attention is currently focused on the development and
production of HEAs containing elements with high melting points, such as Ta, W,
Nb, and Mo. These alloys are characterized by high thermal stability, corrosion
resistance, and mechanical strength. This work investigates TiZrNbMoTa coatings
deposited using the Pulsed Magnetron Sputtering method. To form the
multicomponent TiZrNbMoTa coating, a mosaic target on a titanium base with
inserts of Zr, Nb, Mo, and Ta was designed and manufactured, taking into account
the sputtering ability of each component.

The effect of sputtering power on the structure and properties of the coatings
was studied. During synthesis, the sputtering power was varied from 250 to
1000 W. Each coating was deposited for 20 minutes at a fixed pressure of
5x10 Pa, with argon as the working gas. The results show a correlation between
sputtering power and the chemical composition of the TiZrNbMoTa coating. As
the power increased, the concentration of Ta decreased from 18.87 to 12.66%
(correlation coefficient -0.95), while the Ti content increased (correlation
coefficient 0.85). Additionally, the deposition rate was found to increase almost
linearly with power, leading to a layer thickness increase from 162.8 to 1214 nm.
Depending on the deposition conditions, the TiZrNbMoTa alloy exhibited different
structures, including FCC and BCC. XRD analysis revealed the formation of an
amorphous-nanocrystalline structure with a preferred orientation along the (110)
plane and a body-centered cubic (BCC) structure. Coatings deposited at different
powers exhibited hardness ranging from 7.19 to 10.88 GPa and an elastic modulus
from 96.86 to 126.4 GPa. Changes in sputtering power contributed to a gradual
increase in grain size and the appearance of internal defects, which likely caused a
reduction in hardness to 7.19 GPa at a power of 500 W. Furthermore, elastic
recovery (We%) and the ratios of elastic to plastic deformation (H/E and H%E?)
were evaluated, with indicators of good wear resistance achieved at the maximum
power of 1000 W.

These findings facilitate the optimization of the deposition process to produce
TiZrNbMoTa coatings with tailored characteristics suitable for specific operating
conditions.

128



XXI MDKHAPOJIHA KOH®EPEHLIIS 3 ®I3UKHU PAJIALIMHNUX SABUILL I PAJIALIMHOIO MATEPIAJIO3BHABCTBA
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Composite systems, such as nanolaminates and nanocomposite coatings, have
been extensively studied to overcome the limitations of single films and achieve
superior mechanical performance. In the present research the structure and phase
composition of nanolaminate PVD coatings have been investigated. Coatings were
applied in a modernized vacuum-arc installation "Bulat-6" (Fig. 1) using ZrTa and
ZrTiCu as cathode materials. The "Bulat-6" vacuum-arc installation is also
equipped with a source of constant voltage, the value of which can be changed in
the range of -5...-1300 V, which is supplied to the substrate holder with samples.

1 - vacuum chamber, 2 - vacuum-arc evaporator; 3 - metal screen,
4 - sample holder screen, 5 - nitrogen pressure regulator, 6 - samples, 7 - vacuum-
arc evaporator body - gas discharge anode, 8 - ZrTa cathode, 9 - switching relay,
10 - constant voltage source, 11 - command controller, 12 - pulse voltage source,
13 — ZrTiCu cathode.

Fig. 1. Schematic diagram of a modernized vacuum-arc installation of the
"BULAT-6" type for applying multilayer coatings

For the ZrTa cathode, the arc discharge current was equal to 120 A, for ZrTiCu
100 A. Polished stainless steel substrates 12X18H9T with dimensions of 20 x 20 x
3 mm, copper foil with a thickness of 0.2 mm were used as samples, which were
previously washed with an alkaline solution in an ultrasonic bath, and then
nephrosom C2-80/120. The substrates were located at a distance of 250 mm from
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the evaporator. After the vacuum chamber was pumped down to a pressure of P =
0.006 Pa, a potential of -1300 V was applied to the substrates, their surface was
cleaned and activated with ions of the cathode material for 9...10 minutes. Then
metal layers were deposited at a residual gas pressure of P = 0.006 Pa, and then
nitride layers at a nitrogen pressure of P = 0.26 Pa and at a negative potential on
the substrate of -200 V. 118 layers were deposited with a total coating thickness of
~4 um.

EDS distribution of chemical elements, SEM cross-section and EDS spectrum
of nanolaminate TzTaN/ZrTiCuN coatings are depicted in Fig. 2 (a-c).
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Fig. 2. EDS distribution of chemical elements (a), SEM cross-section (b) and EDS
spectrum of nanolaminate TzTaN/ZrTiCuN coatings
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EFFECT OF SUBSTRATE TEMPERATURE ON INTRINSIC STRESSES
IN CARBON COATINGS DEPOSITED FROM C*, C,H," AND CgHg"
FLOWS
O.1. Kalinichenko, V.E. Strel’nitskij

NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine
E-mail: aikalinichenko@kipt.kharkov.ua

As is known, during deposition of a coating from a stream of low-energy ions,
compression stress arises in the coating, which play a significant role in the
kinetics of formation and fracture of coatings. In the case of deposition of carbon
films, experiments have shown a correlation between the intrinsic stress and the
proportion of sp* bonds in the coating. Therefore, it is important to investigate all
factors affecting the value of intrinsic stresses in the deposited coating.

In the present work, the effect of substrate temperature T, on the intrinsic
stresses during ion deposition of carbon coatings from C*, C,H," and CgHs" ion
flows is theoretically investigated.

Previously, we proposed a modification of the Davis formula [1] to calculate
intrinsic stress o based on the nonlocal thermoelastic peak (NTP) model. Applied
to the case of a carbon coating deposited from a flux of C,H.;," ions in the DC
regime, the formula has the form [2]:

Ey /,“(E/;() (1)

E,2.Ty)=A ,
(B2 T) = AT w(E 7 )

where y=(12n+n1)/12~n; the function
7o(E) &
W(E’TO):nOV j V(E,t)e kBT(E,To,t)dt (2)
0
sets the number of thermally activated transitions with the activation energy & of

defect migration in the carbon coating. Here nq is the concentration of atoms, v is
the vibrational frequency of the atom, kg is the Boltzmann constant,

. (E)~[R(E,0)] / 4« is the effective lifetime of NTP, « is the thermal diffusivity
of the coating, V(E,t) is the volume of NTP, approximated by a spherical segment,
radius R(E,t)=L(E)/2+2x(t+7), with the centre in the middle of the mean

projective range of the ion L(E), and - is the ion-ion relaxation time. Temperature
T(E,To,t) in the NTP is found from Eq.

7(E)E ):TD(Q)_TOD(EJ, 3)

pCV (E,t T T
where
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D(x)=%]§23dz )

X° e’ -1’
n(E) is the fraction of phonon losses of the C* ion with energy E, p and C are the
density and high-temperature limit of specific heat capacity of the target material,
respectively; ¢ is the Debye temperature. The defect formation function ¢(E) of
the C* ion in the carbon coating was obtained from the fraction of the ion energy
used for the formation of long-lived point defects. The functions L(E), #(E), and

¢(E) used in the calculations were found using the SRIM2000 software package.

GPal : ™ *
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Intrinsic stresses arising in carbon coatings deposited from beams of C*, C,H,"
and CgHg" ions at substrate temperatures of 300, 400, and 500 K.
U is the accelerating potential

Fig. shows the results of calculations using expressions (1) - (4) of intrinsic
stresses in carbon coatings deposited from beams of C*, C,H," and C¢Hsg" ions at
different substrate temperatures. As can be seen from the figure, an increase in the
deposition temperature always leads to a decrease in intrinsic stress. The greatest
influence on the intrinsic stress has the temperature of the substrate in the case of
deposition of the coating from the flow of ions C*, the least - in the case of
deposition of ions C¢Hs". In the first case, the stress variation can be 6 GPa, in the
latter case - no more than 0.5 GPa.

The obtained results were used in qualitative analysis of the structural state of
the carbon coating material using the P, T-diagram of the carbon phase state.
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BIIVIUB TEXHOJIOT'TYHUX ITAPAMETPIB OCA/I’KEHHS
MNOKPUTTIB HA BJIACTUBOCTI BATATOIIAPOBOI
TiI/TIN-CUCTEMHA

LB. Cepowk, B.O. Cmonbosuit, A.O. Andpees, P.B. Kpusowanka

HHI] «Xapxiscokuii gpizuxo-mexuiunuii incmumymy» HAH Ykpainu, Xapkis, Yrpaina

TeopeTnuHO NUISAXOM BBEACHHS TUTAHY Y BHUIJISAI TPOMIKHHUX IIAPIB Yy HITPHUI
TUTaHy, TOOTO OTPUMAaHHA TaKUM YMHOM OararomapoBoi cuctemMu T1/TiN, MmoxxHa
MIJBUIIUTH PiBEHb IIACTUYHOI JieopMariii 1, B 3B'SI3Ky 3 OUIBIIT HU3bKUM MOJTYJIEM
MPY>KHOCT1 TUTAHY B MOPIBHSHHI 3 HITpUIOM TUTaHy TiN, 3arajibMyBaTH PO3BUTOK
TPIIIMH B IUIONIMHI TaKoro mapysaroro nokputtsa. Orxe, Oaratomaponi Ti/TiN
NOKPUTTS TOBUHHI IMPOSIBUTH TMOKPAIIEHUI OMip PYWHYBAHHIO B IMOPIBHSHHI 3
onHomapoBuMu (ogHodaznumu) TiN nokpurtsimu. [IpoBeneHi B IbOMY HANPSMKY
JOCTIJPKEHHSI TOKa3aliMW, 10 y pa3l BaKyyMHO-IYIOBHX CHCTEM 3 BIAHOCHO
BEJIMKMMH TOBIIMHAMU MIapiB y TMepiojii OararomapoBOi CUCTEMU HAHOUIbIILY
TPIIMHOCTIMKICTh MpU 30€pEKEHHI BEIUKOI TBEPJIOCTI MOXHA OYIKyBaTU MpHU
TOBUIMHI wapiB Tutany Ommu3pko 120-130 wm [1,2]. Ilpu mpomy HEOOX1AHO
3a3HAYMTH, 10 BIUIUB 0araTomrapoBOro CTaHy Ha PENIaKcalliio Hampy>KeHb B IIapax
NO3HAYAEThCS MpHU JyKE€ MaIUX Mepiojax (3 CyMapHOIO TOBIIMHOKO IHIApiB Y
nepioai menme 20-25 HM mpu cmiBBigHOMmIeHH! ToBmMHM mapiB Ti mo TiN He
MeHmomy 1/4 [3]. OnHak y BUINAJIKY NPUKOPJOHHOIO MEPEMIIIYBaHHS TBEPHICTh
TakuX 0araToIIapOBUX CHCTEM BIJHOCHO HEBUCOKA. Y 1bOMY 3B'SI3KYy CIIIJ
3a3HAYMTH, 10 B pa3i BAKyyMHO-JIYTOBOTO METO/IY 3 BIITHOCHO BHCOKOIO €HEPTiEI0
3apsAKEHUX YAaCTUHOK Ha BIAMIHY, HANpPHKIaA, BiJl MarHETPOHHOTO, MPH MaJIUX
TOBIIMHAX MIApiB TeEpeMilllaHi B pe3yibTaTi IMIUIAHTAIli 30HH OyayTh
MepeKpUBATUCS 1 IAPU TUTAaHY OyAyTh 30arauyBaTHCS a30TOM, 1110 MPU3BOAUTH 10
BTpaTH TMepeBar, TMOB'A3aHUX 3 TUIACTUYHICTIO THUTAHOBUX IIApiB B TaKHUX
OararonrapoBux cuctemax. lle BU3Havano MiHIMalbHY TOBIIMHY APy TUTAHY IS
3a0e3MeyeHHs] He MEepeMIlIaHOTO0 TUTAHOBOro Imapy, ska craHoBuia 30 um. Ilo
MaKCUMaJIbHI{ TOBIIMHI TUTAHOBOIO MIAPY CTaBWIIOCA 0OMexeHHs 250 HM, Olnblie
K01, 3a JaHuMu poOIT [1,2], BimOyBaeTbcsl pizka BTpaTa TBEPAOCTI CHUCTEMOIO.
TakuMm 4MHOM, aHaNI3 BIUIMBY Ha CTPYKTYpPY, Hampyx’eHO-Ie(popMOBaHUN CTaH 1
MEXaHIuHI BJIACTUBOCTI OaraTtomapoBoi cucteMud Ti/TiN TOBIIMHH THTAaHOBOTO
mapy (B i"TepBaimi Big 30 mo 250 HM) Ta BENWYMHM HETaTHBHOI HANpPYrd Ha
MIIKJIAAM TpY BITHOCHO TOBCTUX Iapax TiN mpescrapiisiec HAYKOBUN 1HTEPEC.

bararomapoBi mnokpurtst Ti/TIN Oynau oTpuMaHi y BaKyyMHO-IyrOBId
yctaHoBIli «bymat-6». B sKocTi 3pa3kiB BUKOPHCTOBYBAJIWCS IMOJIPOBaHI
nigkaaaky 3 Hepkasitouoi ctam 12X18HI9T ta minnoi donbru. Iliaknanku Oymu
po3tamoBani Ha Biactani 250 MM Big Bumapumka 3 Ttutany BT1-0. Ilepen
HAaHECEHHsIM 0araTomapoBOTO MOKPHUTTSA BaKyyMHY KaMepy BiAKadyBajH J0 TUCKY
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2,7-10° Tla. OunieHns TOBEPXHi 3pa3KiB MPOBOAMIN OOMOAPAYBAHHAM iOHAMH
TuTaHy npotarom 10 XB. mpu HeratuBHii Hanpysi 1 kB. Hanecenns mapiB TuTany
TPOBOMIIN TIPH THCKY 3aTHIIKOBHX Tasis 2,7-107° ITa, a mapis TiN - npu THCKY
azotry 0,67 Ila. 3arasbHa TOBIIMHA MOKPUTTS CTaHOBWUJA /7 MKM. Bennmuuna
HEraTMBHOI HaNPYTrHu Ha miakiaaAn ctanosuia 0, -40, -70, -200 B.

[Tpu nocnimxenni 6aratomapoBoi cuctemu Ti1/TiN BcTaHOBIIEHO, IO B IIapax
HITpUAy TUTaHy TOBIIMHOIO 300 HM 1 OLIbIIEe MPH MOJA4l HETATHBHOI HAIPYTH
po3BuBaeThcsi Tekerypa [111]. CrymiHb TOCKOHANIOCTI TEKCTYPH MIJBUILYETHCS 31
30UTBIICHHSIM TOBIIUMHU 1Iapy, IO CBIAYUTH MPO XapaKTEP 3apOJKEHHS TaKOTo
TUIY TEKCTYPH, CTHUMYJbOBAHOI pajialiiHuM OOMOyBaHHSM TIpM HaHECEHHI
BaKyyMHO-AYTOBUX TMOKPHUTTIB. TOBHIMHM THUTaHOBUX IapiB Oimpiie 30 HM
BUSIBIISIETHCSL JIOCTaTHBHO, IIOO PO3BUTOK HAMPYKEHO-I€(POPMOBAHOTO CTaHy B
mapax TiN npoxoauB 6e3 iX cyTTeBO1 penakcailii. Tex BUABIAETHCS 1 MIPU OLTBIIT
TOBCTUX THUTAaHOBHX Imapax 125 um 1 250 uwm. Ilpu 30uiblIEHHI HETaTUBHOT
HaIlpyru Ha MiAKIaAl BinOyBaeThCcs 3pocTaHHs Makpoaepopmamii B TiN a3zt
[IpyyoMy BuUX1J Ha MakCHUMaJibHE 3HA4YeHHs Aedopmarii BiAOYBa€eTbCA BXKE MpU
BITHOCHO HeBHCOKiN Hampy3i -40...-70 B, a mpu Oinbmriii Harpy3i mpu 30epekeHH1
MPAKTUYHO TMOCTIMHOrO 3HA4YeHHS Makpojedopmalii cTUCHeHHs Onusbko 2 %,
B1JI0YBA€THCS 3pOCTaHHS JOCKOHAJIOCTI TEKCTYPH, 10 MPU3BOAUTD JI0 MiIBUILIEHHS
BIJIHOCHOI IHTEHCHUBHOCTI peQuieKciB, Ta 301IHEHHA JErKUMHU AaTOMaMu, IO
PU3BOJIUTH 10 3MEHIIICHHS NEPiOAy B HEHANPY>KEHOMY MepeTuHi. TakuM 4HHOM,
MakcUMaJibHa TpyXHa nedopmaliis cTaHOoBUTH Onm3bko 2 %. Taka nmedopmarris
pO3BUBAETHCS TpU Oe3nepepBHOMY neopMyBaHHI CyOMOBEPXHEBUX IIAPIB MpHU
IMIUTaHTaIlli 10HIB IMiJ Yac POCTy MOKpUTTA. [loumHaroum 3 BiJHOCHO Majoi
TOBUIMHU wapy HiTpuay tutany (300 HM) Qopmyerbcs nedopmMoBaHHUIl CTaH,
BJIACTUBUH 1 JIJIsl BEJIMKUX TOBIIUH MOHOIOKPUTTIB, 3aBTOBIIKHU 3,5—7,0 Mkm. [Ipu
TOBIIMHI TIapy TUTaHy B OaratomapoBidi cuctemi T1/TiN wmenme 125 um
MEXaHIYH1 BJIACTUBOCTI 30€piraroThCs TOCUTh BUCOKMMH (TBepaicTh 34...36 I'Tla
npu mMoxaym npyxHocTi 413...434 I'Tla), mo poOuUTh iX NEPCHEKTUBHUMH IS
BUKOPHUCTAHHSA MIPU BUCOKOMY 3HAKO3MIHHOMY HaBaHTa)KECHHI.
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AND STRUCTURE OF VACUUM-ARC DEPOSITED (Ti-Cr)N COATINGS
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A modern trend in the creation of surface protection of structural materials used
in power engineering is the formation of vacuum arc coatings based on Me-N
compounds with improved performance characteristics. NSC KIPT (Kharkiv) has
technologies for complex ion-plasma surface hardening of turbine parts with
nitride coatings, which significantly increases their wear resistance and extends
their service life at least 2 times [1]. However, the current operating conditions of
steam and nuclear power plant parts require the creation of new protective
materials that can be used as multicomponent nanostructured coatings. For the
protection of the surface of nuclear reactor fuel elements, the direction of
deposition of vacuum arc coatings based on Ti-N compounds, in which, in
particular, chromium is used as an impurity, has been developed. (Ti-Cr)N
coatings are characterized by improved mechanical, corrosion and radiation
resistance properties and are also resistant to oxidation at high temperatures [2 - 4].
However, the deposition of CrN, (Ti-Cr)N coatings is characterized by low rates
(up to 5 um/h) [5, 6], which is mainly due to the high chromium sputtering
coefficient [7]. The "depletion™ of coatings by a particular metal component can
depend on many parameters of the deposition process, starting with the droplet
component, the pressure of the working nitrogen gas and the ion energy, which
depends on the value of the substrate bias voltage. The aim of the research was to
determine the synthesis parameters of Ti-N based nanostructured coatings in order
to obtain the optimal Cr additive content in terms of improving the performance
characteristics.

The coating deposition was carried out on a standard vacuum arc setup using
plasma sources with magnetic retention of the cathode spot and focusing of the
plasma flow [1]. A straight-line separator with a flap was used to separate the
plasma stream from macroparticles. For the deposition of coatings, one-component
cathodes made of VT1-0 titanium alloy (99.9 %) and two-component Ti-Cr
cathodes (23 % and 32 wt% chromium) made by vacuum arc melting were used.

The obtained dependencies of the chromium concentration in (Ti-Cr)N coatings
on the nitrogen pressure Cr = f (Pn2) and on the microhardness H,, = f (Pn2), which
are characterized by extreme behavior, allowed to determine the range of operating
pressures Py, = (1-5)x10" Torr necessary to obtain coatings with high mechanical
properties.
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It is shown that the value of Hu of the coatings is directly dependent on the
value of Cc, of the chromium concentration in them. Comparative studies of the
chromium concentration as a function of the substrate bias voltage Cc, =  (U)
during deposition in both direct and separated plasma streams have yielded (Ti-
Cr)N coatings with high Cr contents (up to 20 wt% for separated coatings), and the
influence of cathode material macroparticles on the concentration of metal
components in the coatings has been determined. The main physical mechanisms
affecting the sputtering of Cr components both under the conditions of gas target
action and during plasma chemical synthesis on the substrate surface are discussed.
The phase composition and microstructure of (Ti-Cr)N coatings have been studied
and their influence on the performance of the samples has been determined. In the
specified range of nitrogen pressures, using the Ti-32Cr cathode, nanostructured
coatings were obtained in which crystalline (Cr,Ti),N compounds with a high
content of X-ray amorphous phases were found. The size of the crystallites in the
coatings is in the range of 6 to 8 nm.

Thus, the prospects of using titanium-chromium alloy cathodes to deposit
nanostructured coatings with high mechanical properties have been demonstrated.
The developed (Ti-Cr)N coatings can be used to increase the service life of power
equipment components.
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OF REACTOR MATERIALS

V.A. Baturin, P.O. Litvinov, O.Yu. Karpenko, S.0. Yeromin, O.Yu. Roenko
Institute of Applied Physics of the National Academy of Sciences of Ukraine, Sumy, Ukraine

Methods based on the use of beams of charged particles to create radiation
damage are used quite successfully as an express analysis of radiation damage to
materials. In the process of irradiation with an accelerated beam of charged
particles, it is possible to reproduce and study almost all known effects of radiation
under well-controlled conditions, as well as to study the physical nature of these
effects in detail. A unigue complex has been created at the IPF based on a high-
dose ion implanter to study the radiation resistance of materials on heavy ion
beams.

The ion implanter of the standard design is a direct current accelerator with
regulation of ion energy from 20 to 300 keV in the doubly charged ion mode.
Installation of the source of metal ions developed by us (one/two chargers) in the
implanter allows accurate irradiation of samples in the chamber with metal ions
(Fe, Ni, Cr, Cu, Zr, Mo, etc.) and gas ions (H, He, N, O, Ar, etc.) in the energy
range from 20 to 300 keV. The current in the sample chamber approaches 130 pA
for metal ions and 200-300 pA for gas ions.

The accelerated ion beam separated by masses enters the first receiving
chamber, where it is purified from the neutral component and scanned in the
vertical and horizontal planes (the scanning area varies from 10x10 mm2 to
100100 mm2). The second chamber contains the irradiated target, a precision
radiation dose measurement system, a target heating system and its temperature
measurement system.

A beam of metal ions is generated and formed in the ion injector. The energy of
charged ions at the ion source output can be set in the range of 5 + 20 keV. Mass
separation of ions is carried out in a 90°%sector electromagnet with a maximum
mass number M/Z ~ 60. After separation, the ions are again focused by an Einsel
lens and accelerated to the required energy in an accelerating tube. The accelerated
beam enters the first receiving chamber, which is at ground potential. To cut off
the neutral component of the ion beam, plates are installed at the chamber input,
deflecting the accelerated beam in the horizontal plane at a small angle. The
deflected ion beam enters the horizontal and vertical scanning system (the scanning
area varies from 10x10 mm?® to 100x100 mm?). The first chamber contains a fixed

137



and a movable Faraday cup for measuring the ion beam current. Electrostatic
lenses inside the ion injector and at the mass separator outlet, as well as the beam
scanning system, allow regulating the ion current density in the plane of the sample
under study in a wide range (10”...100 pA/cm®). The temperature of the irradiated
samples can be regulated in the range of 100-600 °C using a heater based on a
halogen lamp with a water-cooled reflector. The sample temperature is measured
remotely by an infrared sensor. The irradiation dose is measured by the Faraday
cupz1 and the ion current integrator. The residual gas pressure in the chambers is ~
10™ Pa.

During the irradiation of the studied samples, it is necessary to measure the ion
beam parameters, such as the ion current density, ion dose (fluence), temperature
of the irradiated sample, etc. Special software was developed for this purpose
(Fig.). The code was written in the Delphi7 environment and is about 700 kB in
size.
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Software for measuring ion irradiation parameters

A B7-21A digital voltmeter connected to a PC was used to measure the ion
current passing through the diaphragm in the target holder. The program allows
you to read this current from the voltmeter, plot its time dependence and integrate
the ion current value over time to calculate the ion fluence. The input parameters of
the program are:

- the charge state of the ion Z (Z = 2 for doubly charged ions used in the
experiments);

- the area S of the diaphragm used to measure the ion current [cm?];

- required ion fluence value D, [cm™].

The output parameters are:

- current irradiation time T [h:m:s];

- current value of ion current passing through the diaphragm [nA];

- current value of ion current density J [uA/cm?];

- current value of electric charge Q brought by ions [uC];

- current value of ion fluence D [em™];

- remaining time of the irradiation process Trest [h:m:s] (if D>DO0, an audible
signal is given).
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RADIATION ENHANCED CRYSTALLIZATION OF AMORPHOUS
LASER CONDENSATES OF HAFNIA AND ZIRCONIA
A.G. Bagmut
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Email: agbagmut@gmail.com

Amorphous films of hafnia (HfO,) and zirconia (ZrO,) are formed on
substrates at room temperature in the process of pulsed laser evaporation of Hf and
Zr targets in an oxygen atmosphere. lrradiation of amorphous film with the
electron beam initiates its crystallization. The transformation has one-stage
character. The amorphous hafnia polymorphically passes into the crystalline one
with monoclinic modification of HfO,. (Fig. 1). According to the video recording
data during crystallization of the film a single dendrite grows in the field of
observation. The dendrite grows at the constant rate at dose rate (~ 6-10* e/A?:s)
of electron beam irradiation of the film. In this case the dendritic diameter D, the

length h; of the first order and h, of the second order dendrite branches where ~ t.
The crystalline fraction x ~ t°. These structural and morphological characteristics
qualitatively indicate the implementation of the dendrite polymorphous
crystallization mode [1].

Fig. 1. Electron-beam crystallization of the amorphous HfO; film: ED patterns of
the initial state (a) and after partial crystallization of the film (b); TEM image of
the film after partial crystallization (c). I — amorphous phase. 2 — crystal phase

The amorphous zirconia polymorphically passes into the crystalline one with
cubic modification of ZrO2 (Fig. 2). According to the video recording data during
crystallization of the film multiple crystals grows in the field of observation.
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Nucleation happens only at the beginning and growth takes place afterwards. Each
crystal grows at the constant rate at the constant intensity of electron beam
irradiation of the film. This nucleation mechanism would be identified as a Site-
Saturate Nucleation (SSN) [2]. In this case <D> ~ t and x(t) = 1-exp(-ktn). The
Avrami exponent n = 2.03 (nearest integer = 2). It contains information about
growth dimensionality (N). For site-saturated nucleation n = N. These structural
and morphological characteristics qualitatively indicate the implementation of the
island polymorphous crystallization mode [3].

Fig. 2. Electron-beam crystallization of the amorphous ZrQO, film: ED patterns of
the initial state (a) and after partial crystallization of the film (b); TEM image of
the film after partial crystallization (c). 1 - amorphous phase. 2 - crystal phase
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During the operation of the nuclear power plant, a wide range of radionuclides
Is produced, gaseous radioactive waste is formed, including inert radioactive gases,
molecular iodine and its organic compounds, as well as aerosols resulting from
depressurization of fuel cells. Ventilation and gas purification systems equipped
with filter columns and iodine filters are used to capture these harmful substances
and ensure permissible standards of radioactive emissions into the external
environment, as well as to prevent the impact of radiation factors on NPP service
personnel. Their working substance is granular activated carbon, which has the
ability to absorb dangerous components of gas mixtures, of which the isotope **I
and radioactive methyl iodide CH5'*'I are the most harmful to humans. According
to IAEA standards, the sorbent used in the filter must have a methyl iodide
purification factor of at least 100.

Degradation of the operational characteristics of the iodine filter is a
consequence of: a) saturation and “poisoning” of the sorbent with radioactive
substances, which leads to their breakthrough, b) the formation of a dust fraction
due to friction of granules. Granules are worn under the action of lateral alternating
von Karman forces, which are associated with vibration loads and the turbulent
nature of the flow of filtered air in the intergranular space. When replacing the
spent sorbent in all power units (at the beginning of the aggression of the Russian
Federation, the nuclear power plants of Ukraine had 15 power units), about 150
tons of active coal are required. Currently, Ukraine does not have its own
production of active coal for the needs of nuclear power plants. The world's
famous brands are represented on the nuclear activated carbon market: Calgon
Carbon Corp. (UK), CarboTech CMS (Germany), Norit Group (Netherlands),
Jacobi Carbons (USA). In addition to the production technology of such coal, the
characteristics of the raw materials are also important. Taking into account the
global trends in the development of nuclear energy, it is clear that high-quality
impregnated activated carbon is a sought-after product. Therefore, the task of
creating domestic carbon nuclear sorbents with a high level of properties on the
basis of innovative technologies and effective certification methods developed at
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the NSC KSPT is urgent, with the prospect of implementation in the nuclear
industry.

The review presents the results of research conducted at the NSC KIPT on the
adsorption, mechanical, and aerodynamic properties of carbon sorbents of various
manufacturers and the factors for deterioration of properties under conditions
corresponding to the air flow regime in the NPP ventilation system. For the first
time, the Rebinder effect was observed on various brands of activated carbon
saturated with moisture and iodine vapors. The obtained data were used in the
selection of sorbents for repair and manufacture of AU-1500 type adsorbers for
NPP ventilation systems.

In recent years, NSC KIPT has developed research into methods for creating
activated carbon materials with a high specific surface area using pyrolysis
processes, high-temperature treatment of carbon materials and refining of products
and materials in inert environments and vacuum, and activating materials using a
scientific and technical complex of gas-phase technologies for carbon-carbon
materials. The sorption capacity for iodine vapor of samples of carbon fabrics “31-
37, “31-6”, “35-17, “35-2” and “KIPT 16-00”, obtained at NSC KIPT, carbon
fabrics of the Saut and Busofit brands and activated granular carbons 1SQ-3 and
DGF-2 was studied. It was shown that the sorption capacity of the 31-6 and KIPT
16-00 series fabrics is ~30% higher than that of the Saut fabric and ~4 times higher
than the characteristics of the SKT-3 and DGF-2 activated granular carbons.

In order to determine the coefficient of absorption of methyl iodide by carbon
sorbents (cleaning coefficient), an iodine filter control stand (SKIF) using a stable
isotope of iodine was developed and created at KIPT. The stand consists of two
modules - the pumping module (SKIF-1) and the measurement module (SKIF-2).
Unlike foreign (Germany, USA) methods for determining the purification
coefficient, based on the use of radioactive methyl iodide, the SKIF stand uses
non-radioactive methyl iodide and the nuclear-physical method of recording
excited radiation. The patented method of determining the efficiency of iodine
absorption by carbon materials of adsorbers of NPP ventilation systems meets EU
and US standards.
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RESEARCH OF THE CONTROL RODS OF THE NUCLEAR REACTOR
PROTECTION SYSTEM
N. Belash, V. Levenets, O. Omelnik, O. Lonin, A. Shchur
NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

The safety of nuclear reactors is one of the most important factors in the further
development of the industry. A special role in improving the safety of energy
production at nuclear power plants is played by the control and protection systems
of the reactor core — Reactor Protection System (RPS).

Boron carbide — B4C is one of the most chemically and mechanically stable
substances, has high resistance to oxidation, is insoluble in aqueous media and
concentrated acids

The study used the methods of PIGE, PIXE and computed tomography (CT).

Samples for investigation were presented STC NFC NSC KIPT.

The research was performed on the analytical nuclear physic complex (ANFC)
“Sokil” and computer tomography were studied on a multidetector CT
SOMATOM Definition AS 64 (Siemens). The projection of the proton beam on
the target was a circle with a diameter of 3 mm. A Ge (Li)-detector was 2.5 keV
for the energy of y-quanta of 1332 keV. He was oriented at an angle of 0° and the
distance from the target to the surface of the detector crystal was 1.5 cm. A Si-pin
detector with a resolution of 160 eV along the 5.9 keV line was used to record X-
rays. The detector was placed at a distance of 45 mm from the target at an angle of
135°.

The analysis of the obtained data shows that the chosen methods of analysis of
elemental and isotopic content makes it possible to detect differences in
stoichiometry and isotopic composition of boron carbide in a non-destructive
manner, with sufficient accuracy without complex sample preparation, with high
expressiveness. Analysis by PIGE indicates the presence in the alloy samples of a
group of light elements — Li, B, Na, F and the PIXE method allows you to
determine elements from Al to W.

The study samples by STC NFC by computed tomography. It is shown that the
use of CT scan in certain physical conditions, radiation energy — 140 keV, tube
current more than 200 pA, is appropriate to determine the integrity of the shell, end
structures, as well as density and its distribution for the filler (neutron absorber).

As a result, the elemental and isotopic composition of the rods was determined
and a computer tomography of the rods was carried out.
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In the context of currently ongoing large-scale shelling of energy facilities,
Ukraine’s nuclear power plants play a special role. At the same time, as in the rest
of the world, the areas of nuclear safety, security, spent-fuel storage, anti-
terrorism, non- proliferation, ecology and environmental monitoring remain vital
and face an increasing number of challenges. In order to face these challenges,
novel, more advanced and/or more economically viable safety systems and their
components, including the detectors and sensors of ionizing radiation, must be
developed.

For several decades now, NSC KIPT has been conducting research and
development of new generation ionizing radiation detectors for various
applications.

In particular, dosimeters and spectrometers of vy-radiation based on
semiconductor single crystals of CdZnTe and other compounds based on them
have been developed [1]. As a result of the conducted research, many material
science problems were solved to achieve high operational characteristics of the
manufactured detectors. Gamma-radiation detection units were manufactured and
tested, in which the latest electronics and output signal processing methods were
used.

Gas-filled y-radiation detectors

ik based on  high-purity  xenon
2% A Y omde @k 0LP T 2% (99.999%), designed for radiation
0l . tine 2'Am. 60 keV control systems of nuclear power
Sl N Y plants, have been developed [2].
] v N These detectors operate in both
Eul ‘x‘ \A Y . counting and spectrometric modes.
T LN NI S EPCEY i Gas—flll_ed detectors are prefeyre;d for
- R R measuring spectral characteristics of
‘] low-energy y-radiation; the energy
0
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Voltage (V) energy of ~60 keV of such detectors
Is ~6-7% (see Figure: Energy Resolution vs. Anode voltage of various detector
models). The main characteristics of the developed detectors are at par with foreign
analogues.
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Among the most recent achievements is the development of digital signal
processing systems for detectors [3], the use of which significantly expands the
scope of their application.

Large-volume (2000 c¢m®) ionization chambers based on high-purity xenon
(99.9999%) under high pressure (40 atm) (HPXe) have also been developed [4] for
detecting y-radiation in a wide energy range of ~30-1500 keV. Such detectors have
a number of unique advantages (wide operating temperature range, temporal
stability, etc.) for use in nuclear energy, non-proliferation, and space.

Among the studies currently being conducted is the development of self-
powered neutron detectors (SPND) based on metallic hafnium for in-reactor
thermal neutron dosimetry. In water-cooled reactors, rhodium SPNDs with
significant response inertia have been in use. Hafnium "Compton" SPNDs can
detect changes in the neutron flux inside the reactor almost instantly, which can
significantly improve both the safety and operating characteristics of the reactors.
At present, the main theoretical calculations have been made, the promising
qualities of these devices have been proven [5], and work is underway to create
detector prototypes [6].

Another direction of modern research is the development of detectors of
a-radiation and thermal neutrons based on CdS/CdTe thin-film semiconductor
diode structures [7].
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OCOBJIMBOCTI JJOCJIIIXKEHHS BJIACTUBOCTEN .
BATATOBUMIPHUX BYTJIEHb-BYTJIEHEBUX KOMITO3ULUINHUX
MATEPAJIIB

LB. I'ypin, O.B. Mownixk, C.I. I'ypin, FO.B. I'yiioa

HHI] «Xapxiscokuii gpizuxo-mexuiunuii incmumymy» HAH Ykpainu, Xapxkis, Yrpaina

BBKM - 3aranpHa Ha3Ba MMPOKOTO KJIAacy MarepiajiB, IO CKIAMAIOThCS 13
ByTJICIIeBUX a00 TpadiTOBHX BOJIOKOH Ta BYyTJIENeBOi abo rpadiToBoi MaTpwHIi.
BoHn He TUIbKM MaroTh yClI TNpUBAOJMBI BIACTUBOCTI TpadiTiB, ajieé MarOTh
MOXJIMBICTh KEPYBaTH MIIHICTIO, TEIUIOMPOBIIHICTIO, €JIEKTPONPOBITHICTIO M
TEPMIUYHUM PO3IIMPEHHSIM MaTepiaiiB 1 TOTOBUX BUPOOIB y NOTPIOHUX HANPSIMKaX.
Byrieup-ByrieneBi KOMIIO3UTH B MOPIBHAHHI 13 Tpaditamu OUIbII CTIHKI 10
TEPMIYHUX 1 MEXaHIYHUX YyAapiB, aONsAllii, eNeKTpoepo3ii, MalTh BHUCOKY
pajianiiHy CTIMKICTb.

ITpu mpoBeneHHi nocmipkeHb BiaactuBocteii BBKM HeoOxiqHO BpaxoByBaTH
pAl 0coOJIMBOCTEM, MOB'I3aHUX 13 OYI0BOIO IIUX MaTepiaiB.

Tak, Hanmpukiaa, Mpyd BU3HAYEHHI MEXI MILHOCTI IPH CTUCKY HEOOXITHO
BpPaxOBYBAaTH IMOBEJIHKY CKJIaJ0BUX MaTepiany. HamoBHioBau (BOJIOKHO) Mae
3HAYHO BHIIMA MOAyib mpyxkHocTi (150-450 I'Tla) mik marpums (10-30 I'Tla).
Jlany 0coOIMBICTD I KOMITO3UTY 3D-CTpyKTypH apMyBaHHS HAOYHO JIEMOHCTPYE
PUCYHOK HIDKYE .

Ha PUCYHKY HAaBEICHO
30BHIIIHIN BUTJIST MPOKIAAOK 3
JBII, sxi 6ys0 po3TanioBaHO Mix
3pazKoM Ta MyaHCOHAMU
PO3PUBHOI MallWuHU npu
BUNPOOYBaHHI 3pa3KiB Ha CTHUCK.
Sk BHUIOHO iX TIPEACTABIEHOIO
PHUCYHKY, B iHTep(]eiicHOMY Imapi
KOHTakT 13 3pazkamu 3 BBKM
3MIMCHIOETBCSI, TEPEBAXKHO, TIO
TOPIISIX apPMYIOYHX BOJIOKOH TOTO
HAIPSIMKY, Y3I0BK SKOTO
BUpPI3aHUI 3pa3oK.

AHaJIOT1YHa CUTYaIlisl CIOCTEPITa€ThCs 1 MPU TOCTIHKEHHI TETUIOMPOBITHOCTI,
10 ICTOTHO BIUIMBAE Ha TMepeady TeIIOBOro MOTOKY B 00J1acTi iHTepdeiicy.

Jlis HiBeNIOBaHHS NaHOTO €(EeKTy BUKOPHUCTOBYETHCSA PsJ TEXHOJOTIYHHX
npuitomiB. OTHUM 13 3aMPOIMOHOBAHUX MPUMOMIB € 3aCTOCOBYBaHHS MPOKIIAJIOK,
BUpI3aHUX 3 (OJBIM 3 TepMOpPO3MIMpEeHHOro rpadity ToBmMHOKWO 0,5 1 1 mMm.
[IpoBeneni BUMPOOYBaHHS Yy Ha KOHTPOJIBHMX 3pa3Kax MIATBEPAWIIA BUCOKY
e(eKTHUBHICTh BUKOPUCTAHHS TAaKUX MPOKIAJIOK.
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JOCJ/IIIZKEHHSA EJIEMEHTHOI'O CRKUIAZLY 3PA3KIB KAPBIAY
KPEMHIIO 3A JJOIIOMOI'OIO CIEKTPOMETPII 3BOPOTHOI'O
PO3CIIOBAHHSA

B.M. bonoapenxo, B.B. /leéeneuw, K.B. Jlo6au, B.1. Cyxocmaseup,
C.M. Ymenkos

NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

OCHOBHOIO METOIO JOCHIIKEHHsI OyJI0 BU3HAYEHHS BMICTY KHCHIO B 3pa3Kax
KapOily KpEeMHIIO IICJIsS BBEJACHHS B HUX PI3HOTO POAY JOMIIIOK 3 HACTYITHOIO
JIOBrOTPUBAJIOI0 BUTPUMKOIO Y BO/II.

Jlnst aHamizy 3pas3kiB KapOily KpEeMHII0 METOIWKAa 3BOPOTHOTO PO3CIFOBAHHS
(3P) Oysa Hamu 3acTOCOBaHa y BapiaHTI 3 MPOTOHHUM ITYYKOM.

BumiproBanHs npoBOAWIMCH HAa MPOTOHHOMY IMYy4Ky TpuckoproBaya “Cokin”
HHII X®TI. I[lydyox npoToHiB jgiamerpoM 3 MM MajaaB Ha 3pa3ok. [lim dyac
BUMIipIOBaHb eHeprisi Eq mporoniB ckimagana 1,52 MeB npu cepennpomy cTpymi
nyuka 200 HA. KyT nagiHHs my4yka Ha 3pa3oK CTaHOBUB ¢1=0, KyT peecTpauii
poscisiHux mpoToHiB 6 =165,

BigmoBigHo, BigHOIIEHHS BHXOMAiB 3P 1 I-r0 1 j-TrO €JIEMEHTIB PEYOBHHH
3pa3ka MO>KHA MPEJCTaBUTH y BUTIISIL:

Yo _(/A) oi(Ey,0) (k;S(E,)+ As(k; (Ey)) (1)
Y, (e;/A)0(E0) (kS(E,)+S(KE,))

1€ 0j 1 0; — AA(depeHIiaabHl Iepepi3u MPYKHOTO PO3CIIOBaHHS IPOTOHIB Ha AIpax
BIJITIOBITHKMX 130TOIIB €JIEMEHTIB; S=COS ¢1/COS ¢,. B Hamomy Bunanky f=1,035.
Hageneno cnextp 3P Bix 3paska kapOiqy KpemHito, B sikuil OyB g00aBlieHUN
kpemHiit (1%) ta Byrmeup (0,3%), 1 axuii BuTpumyBaBcs y Boji npu 35 °C Ha
npots3i 1000 roaus.
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B cmekTpi cmocTepiraroThCsi BI XapaKTepHI CXOAWHKH, IO BiAMOBIIAIOTH
PO3CIIOBAaHHIO MPOTOHIB Ha atomax ~C i “®Si, M0 BXOZATH B CKIA[ PEUOBHHH
3paska.

Ha puc. 2 nonano cnextp 3P Bij 3pa3ka kapOily KpEMHIIO 3 JOMIIIKOIO XPOMY.
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Puc. 2. Cnexmp 360pommoeo po3ciosanns 8i0 moougixkosanoeo 3paska SiC.

[TopiBHSIHO 3 BUXITHUM 3pa3KoM B Iiei 3pa3ok OyB qo0asnenuid xpom (0,5%) ta
Byriensb (0,15%). 3pazok ButpumyBaBcs y Boji nipu 35 °C Ha npoTs3i 1000 roauH.

O6poOka crnekTpy IoKaszaja, II0 BMICT KHCHIO B PEUOBHHI 3pa3Ka CKJIaJae
0,27+-0,07 mac.% (a6o 0,35 at.%).

3po3ymiJio, 10 B JAHOMY BUTIAJKY HACTHCS MPO KUCEHB, 3B’ SI3aHUN Y PEUOBUHI
3pa3ka, TOMy IO KHUCEHb BOJM, B SIKIi BUTPUMYBABCS 3Pa30K, MOBUHEH Pa3oM 3
BOJIOI0 IIBHJKO 3aJIMIIATA 3pa30K B YMOBax BaKyyMmMy €KCHEPHUMEHTAIbHOI
YCTaHOBKH.
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FORMATION OF SPUTTERED EXCITED PARTICLES DURING
ION BOMBARDMENT OF COMPLEX OXIDES

L.O. Afanasieva, V.V. Bobkov, V.V. Gritsyna, Yu.l. Kovtunenko

V.N. Karazin Kharkiv National University, Kharkiv, Ukraine

The bombardment of solids by ions of medium energies is accompanied by a
number of secondary processes, one of which is the optical radiation of sputtered
excited atoms and ions. This phenomenon is called ion-photon emission (IPE) and
iIs the basis of the method of analysing the surface of solids - ion-photon
spectroscopy (IPS). Despite the fact that research on the IPE phenomenon has been
going on for more than 60 years, there is still no single theory that describes this
phenomenon. This is due to the great complexity of the problem, because within
the framework of unified concepts, it is necessary to take into account the
influence of processes that lead to the flight of particles in an excited state, as well
as the spectroscopic parameters of the excited state of the sputtered particle. In this
case, one of the most important questions is how the excited state of a particle
flying away from the surface during ion bombardment of solids is formed. In most
works on the experimental study of the IPE phenomenon, the quantum vyield of
radiation is determined (y;;). But this parameter is affected not only by the process
of knocking out particles in the excited state, but also by the parameters of the
spectral transition [1] (A4;, — probability of transition, t; — lifetime of the excited
state) of the studied emission and the multiplicity of the excited state, which is
determined by its statistical weight g, and they can significantly complicate the
conclusions of the analysis of experimental data. In this regard, it makes sense to
introduce the concept of the excitation efficiency of a level o(E;) = #, as
depending only on its energy.

A comprehensive study of the main parameters of the radiation of excited
particles sputtered by medium-energy ions (20 keV) from the surface of complex
oxides (yttrium aluminium garnet Y3AlsO1, and magnesium aluminium spinels
MgO-nAl,O3) was carried out in order to determine the processes leading to the
flight of particles in the excited state. It is shown that the optical spectra for all
investigated targets are due to the spontaneous emission of excited atoms and ions
of metals that are part of the investigated targets. No lines of oxygen, which is also
part of the oxides, are observed. However, the emission of YO, AlO, and possibly
MgO molecules is observed in the spectra of the corresponding oxides. From the
analysis of the spatial distribution of radiation, it was determined that there are two
groups of excited particles belonging to two different velocity groups. These are
relatively slow particles with an energy of 100-500 eV and fast particles with an
energy of more than 1 keV. The group of slow particles includes metal atoms in
states with low excitation energy. The group of fast particles includes single- and
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double-charged metal ions and metal atoms in states with high excitation energy.
The kinetic energy of flying particles is obtained as a result of collision processes.
These can be multiple collisions, when an excited state is formed when a common
electron cloud of a pair of separating particles is divided. Or the processes of
cascade collisions, where the excited state is formed when the bond between a
particle and a solid is broken. From the experimentally determined values of the
quantum vyield of radiation, the efficiency of excitation of a metal particle to a
certain state, depending on the excitation energy, was calculated. The velocity of
the excited particles knocked out in the process of multiple or cascade collisions is
in the range of 10°-10°sm-c™ and is less than the velocity of the Bohr electron
(10°sm-c™), that is, it can be assumed that the excited particles are formed during
the adiabatic decay of the system. In this case, the dependence of the excitation
efficiency of a certain state level on the excitation energy is exponential, that is, the
dependence of the logarithm of the excitation efficiency on the energy can be
approximated by a straight-line segment. It is determined that only for slow
particles, the formation of excited states of which is associated with the
development of a cascade of collisions in the target, a significant increase in the
efficiency of excitation of their states is observed when their levels are removed
from the vacuum level. The excitation efficiency of single- and double-charged
metal ions and metal atoms in highly excited states formed as a result of multiple
collisions is significantly lower than that of atoms. However, for certain excitation
states of both yttrium atoms knocked out of Y3Al;05,, and aluminum atoms
knocked out of MgO-nAl,O;, a significant deviation from the straightforward
dependence of the logarithm of the efficiency of excitation of a metal particle into
a certain state on the excitation energy is observed. This indicates that the
formation of these excited states is associated with the influence of an additional
non-adiabatic process. Based on the analysis of the spectral composition of the
radiation (presence of radiation of stable excited molecules of the type MeO) and
taking into account the presence of oxygen in the chemical formula of the oxides, it
can be assumed that the formation of these excited states is associated with the
collapse of an unstable complex (metal atom-oxygen atom) in the excited state,
which is knocked out of the crystal lattice of a solid during ion bombardment.

Thus, from the analysis of the results obtained, it was concluded that there are
two mechanisms for the formation of excited particles: 1) adiabatic processes of
formation of excited particles due to electronic exchange in the solid-flight particle
system, at multiple collisions of the incoming ion with target particles or
development of a cascade of collisions in the solid; 2) the process of knocking out
a metal oxide in an excited unstable state with its subsequent decomposition into
an atom or metal ion in a certain excited state and oxygen
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MEASUREMENTS OF THE ION ENERGY DISTRIBUTION FUNCTION
IN THE PLASMA OF A GLOW AND COMBINED DISCHARGE
OF Ar AND He PLASMA USING A MULTIELECTRODE PROBE

M.N. Bondarenko, I.K. Tarasov, G.P. Glazunov, A.L. Konotopskiy
NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

This material presents experimental studies using a multi-electrode probe
(hereinafter referred to as the probe), which was made to measure the ion energy
distribution function in glow (GD) and combined discharges (GM) of argon and
helium. Previously, a significant decrease in the discharge voltage value was
shown when turning on a 2.4 Hz magnetron in a GD plasma in the DSM-1
installation to 200 V [1]. The parameters were measured using a probe placed at
the level of the chamber wall, which was subjected to ion bombardment. In the
published work [3], the distribution functions of He ions in glow discharge plasma
were presented without analytical processing.

The measured values then processed in the Origin 8 graphics program. Below
are the graphs of the ion energy distribution function for various discharge
conditions. Glow and glow microwave discharge (GD and GM) in an argon gas
environment.

Gd-Ar’; 1-50mA; U-430V; p-1,24*10torr
0,008 GD+UHF; U=200V:1=25mA;p=1,2*10"torr
0,015

0004 | .
0,010 | . .

Arb.Unit
Arb.Unit

0.002 - / \
0,005 . "
I
]

0,000
0

1 ! ! L i 1 i

0.000 | 1 1 Sk
20 40 60 80 100 120 140 160 0 20 40 60 80
uv

Fig. 1. Energy distribution function of argon Fig. 2. Energy distribution function of argon
ions in plasma (GD) of the DSM-1 installation ions in the plasma of (GM) of the DSM-1
installation. In this case, the amount of low-
energy ions up to 40 eV to the total amount is
84%

The ratio of the number of low-energy ions to the total number of ions at all
energies can be determined from the ratio of the integrals of the total area to the
area for the energy range from 0-40 eV. Estimated at ~ 65% are low-energy ions.
The value of 40 eV was chosen based on considerations of the boundary energy at
which the sputtering rate is very low ~ 10 at/ion, i.e. it is assumed that ions below
40 eV do not make a significant contribution to the erosion of the chamber wall

[2].
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When microwave power was introduced (an 800 W magnetron was used) into
the chamber with GD Ar plasma, the combustion potential decreased from 400 to
200 V, while the total discharge current increased. Comparing the ion distribution
functions for GD and GM, it is evident that with a decrease in the combustion
potential, the proportion of ions with energies above the "threshold value"
decreases. In this case, from 35% for GD to 16% for GM. Moreover, the upper
energy limit also shifted to the low-energy region, from 140 to 80 eV for GD and
GM, respectively
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Fig. 3. Energy aistribution function of helium ions in the plasma of glow discharge of the
DSM-1 installation[3]
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SMALL-SIZED THERMAL DESORPTION PROBE FOR THE
MEASUREMENTS OF OUTGASSING AND NUMBER OF GAS
MONOLAYERS ON THE WALLS OF HIGH VACUUM CHAMBERS

G.P. Glazunov, M.N. Bondarenko, A.L. Konotopskiy
NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine

Improved thermal desorption probe has been manufactured, installed and tested
in the high vacuum stand GAS [1, 2] for characterisation in-situ a stainless steel
wall outgassing rate and a number of molecular layers of residual gases on its
surface. The detailed description of this diagnostic and thermal desorption probes
design was presented in [3-5]. These probes themselves were strip-like tapes,
which are made of stainless steel 12Cr18Nil0Ti, an analogue of 316 stainless steel.
The dimensions of the probe tape are 10x200x0.3 mm. The probes made with a flat
or zigzag shape. The design of the new probe (shown in the Fig. 1) is different
from the design of the one, described in [3-5].
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Fig. 1. Photo of the thermal Fig. 2. Apparatus curve of pressure increase vacuum
in the GAS desorption chamber during probe heating up
probe to 250 °C (initial pressure ~2-107" Torr)

As we did not have in the GAS device ports with large enough diameter (100-
160 mm as in the works [3-5]), the probe tape was made of stainless steel wire
(2mm diameter) with Archimedes' spiral shape. This makes it possible to install
probes to ports with a smaller diameter (diameter of 60 mm in our case). The probe
tape connected through two massive copper current electrodes and isolators in the
flange conflate to an electric power source that provides either pulsed or stationary
heating of the probe to the required temperature. The time of pulsed heating for
new probe when heated to ~250°C was 4 s at 5 V of applied voltage (Fig. 2) what
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IS near to that for the probes in [3-5]. The specific outgassing rate of stainless steel
q (Torr.l /s.cm?) was estimated with equation:

g= (Pm-Po)-S/F,
where P, (Torr) is the pressure maximum during probe heating, P, is the initial
pressure, S (I/s) is the pumping speed, F is the surface area of probe at the
temperature of 250 °C.

The estimation of monolayer numbers N desorbed from the surface of the SS
probe was carried out with the formula [4]: N,=VL/N,. Here V= gAt — the amount
of the gas desorbed from the unitary probe surface during time interval At ; L —
number of molecules in the gas volume of the 1 cm® (Loshmidt’s number), N,, —
the number of molecules in the monolayer on the unitary surface.

Note, above-described probe could be especially useful for such installations
when it is very important to know real number of gases adsorbed on the surface of
the device walls. Often this amount can be in few orders of value higher, than the
molecular number in the vacuum volume. Such situation is observed in the
Uragan-2M stellarator [4], when gas quantity on the surfaces in five orders of
magnitude higher than in vacuum volume.
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METO/IUKA OITPOMIHEHHS ITOBEPXHI TBEPJ1OI'O TIJIA
HOTY KHUMMU ITOTOKAMMU 3APATKEHUX YACTUHOK,
MNPUCKOPEHUX Y NOJBIMHOMY IIAPI O5’EMHOTI'O 3APSITY
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Pamiamiiini TexHosorii 0OpoOKM KOHCTPYKIIIMHMX MaTepiajiiB 3a JOIMOMOI'OIO
INPUCKOPEHUX 1HTEHCUBHHUX IMITYJIbCHUX IOTOKIB 3apA/DKEHUX YACTUHOK €
e(EeKTUBHUM METOJIOM MOKPAIIEHHS SKOCTI TOBEPXHEBOTO IIapy, IKUH Ma€ HU3KY
CYTTEBHX TI€peBar MOPIBHIHO 3 TPATUIIIHHUMHA METOJIaMH, 110 BUKOPHUCTOBYIOTHCS
B MAaIIMHOOYIyBaHHi. Ham3BHyaifHO BHCOKA TYCTHHA MOTYXHOCTi moToky (10°—
10° Br/cM?), 1110 IPOHUKAE BCEPEAMHY TTOBEPXHEBOTO APy MaTepiaTy Ha TIHOHHY
n0 10 MKM 3a KiJTbKa MIKPOCEKYH/I, 1HIIIIO€ HU3KY (I3MKO-XIMIYHUX IPOILIECIB,
TaKUX SK IIBHJIKE HATpiBaHHS, TJIABJCHHS, BUIIAPOBYBAHHS, CaMO3arapTyBaHHS
(10°-10° K/c) Ta 0X0I0KEeHHS MaTepialy 6e3 TepMidHIX [HepPEHABAHTAXCHD IIapy
noBepXHI. B pe3ynbTaTi peanizyeTbcs HEPIBHOBAKHA MIKPOCTPYKTYpa MOBEPXHI 3
MTOJIIIIIEHUMH BJIACTUBOCTSIMH — MIJBUIICHOIO MIITHICTIO, 3HOCOCTIMKICTIO Ta
KOPO31HHOIO CTIHKICTIO.

Tpaauiiiini MeToaM TeHepallii IHTEHCUBHUX TMOTOKIB 3apsKEHUX YaCTUHOK
Uit 00poOKM MatepiaiiB mependavyaroTh 30BHINIHIO 1HXKEKI[I0 TydKa, II0
bopMy€eTbCS TPUCKOPIOBAYEM 3aps/DKEHUX YACTHHOK, Ta TMOJaNblIe HOTO
TpaHCHIOPTYBaHHs 70 MimeHl. [IpoTe mpu BUCOKUX PIBHAX MOTYKHOCTI1, KOJHU JIJIst
TPaHCIOPTYBaHHS My4yKa MOTPIOHA 3aps0Ba KOMIICHCALlIS, TyYOK BTpayae 3HAUYHY
YacTKy €Heprii B TMia3Mi MPOCTOPY TPAHCIOPTYBaHHS, HABITh SKIO TaKe
TPAHCTIOPTYBaHHS Majie. YHIKalbHY MOXJIMBICTH JIJISl IIBHJKOTO Ta JIOKAJHHOTO
BUILICHHS eHeprii 3 Bcokoro (Ha piBai 10° Br/cM® i BUIIE) IYCTHHOO MOTY>KHOCTI
Ol TOBEpXHI TBEPAOro Tija, IO OMPOMIHIOETHCS, HAJa€ BUKOPUCTAHHS
CaMOCTIHHOTO TUIa3MOBO-TIYYKOBOTO PO3PSAAY. XapaKTEPHOIO OCOOIMBICTIO I[HOTO
po3psiAy € GopMyBaHHS B CTPYMOIIPOBIIHIN T1a3Mi MOABIHHOTO 1Iapy 00’ €MHOIO
3apsAy, Ha SKOMY 30CEpPEIKYETbCS OCHOBHE TMAaJIHHSA HAMpyrd po3psiay.
[ToaBifinuii map 3abe3nedye ePeKTUBHY Mepenady €Heprii BiJ 30BHIIIHBOTO
CJIEKTPUYHOTO TIOJIA JO €HEeprii OIMoJApHOTO pPyXy 3apsHKEHUX YaCTUHOK.
[IpuckopeHuii B €JNEKTPUYHOMY TOJII TOJBIMHOrO IIapy My4YOK BHJILISE CBOIO
SHEprif0 o/pa3y K 3a 30HOK TMPUCKOPEHHS, Ha BIJICTaHI, SKa TOPIBHSIHA 3
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TOBIIMHOIO I1apy. Takuil MexaHi3M Tepeaadi eHeprii € HallePEeKTUBHIIIMM 32 YMOB
HU3BKOTO THCKY 1 TMPONOHYETHCS HAMU JIJISl TPOBEACHHS OMPOMIHEHHS MOBEPXHI
TBEPJIOTO TiJIa MOTY>KHUMHU MMOTOKAMU 3aPSKEHUX YACTUHOK.

ExcriepuMeHTanbHl  JAOCHIDKEHHS TMPOBOAMIHMCS B PO3PSAAHIN  KOMIpIIl
CHWJIBHOCTPYMOBOT'O IMIYJILCHOTO TJIa3MOBOTO /10/1a HU3BKOTO THCKY. KirouoBoio
OCOOJIUBICTIO  PO3PSIAHOT  KOMIpKH Oyno oOMekeHHS poOouoi MOBEpXHI
BUCOKOBOJIbTHOTO  €JIEKTpOoJia  130JATOpOoM. Take  OOMEXKEHHS  CHpPHUSIIO
KOHIIGHTpALlil Ha eNeKTPO BHCOKOI TYCTHHH PO3PSAHOr0 cTpyMy (10 2 MA/cm?
IpU  EHEProeEMHOCTI KOHJeHcaTopHoi Oartapei g0 200 I)x) Ta 3a0e3medusio
dbopMyBaHHS MOABIHHOrO mapy Ol Horo moBepxHi. Po3psaHuil cTpym MaB
dopMy 3racarouux KOJMBaHb 3 MAaKCUMaJIbHOI AaMIUIITYyJI0K0 B MEPUIOMY
HamiBrepioAi 10 35 kA 1 nepiogom ~ 3,5 MKc.

B sxocti MmimeHi BUKOpUCTOBYBaBcs 3pa3ok 31 craBy BK8 (92 WC + 8 Co,
Mac.%) 3 mapyBatuMm NOKpUTTAIM (MoTi)N-Mo. Byno BcraHoBiieHO, IO Taka
o0poOKa CyTTEBO BILIMBAE Ha CTPYKTYpy NpunoBepxHeBoi 30HU. [licisa oOpoOku
MOBEPXHI 3pa3Ka JIBOMA IMIYJbCAMH 3 aKTUBHOIO MOTYKHICTIO B MakcuMymi 710 80
MBT BinOynocs ii ounineHHs BiJ 3a0pyAHEHb, CIIIKAaHHS BKPAIUICHb Ta YTBOPECHHS
KPUCTAIITHOI CTPYKTYpU 3 YITKUMH MexamH 3epeH. OKpiM Toro, 3adikcoBaHO
YTBOPEHHS MEBHOI JIAHLIOTOBOI MOPUCTOCTI, KOJIM MEX1 KPHUCTAJITIB 3HAUYHOIO
MIpOI0 TOOYJIOBaH1 JIaHIIOTaMU TIOp, @ B CEPEIUHI 3€peH MOpU NPAKTUYHO
BiJicyTHI. ONIpOMIHEHHS 3pa3Ka I’AThbMa IMITyJIbCaMHU 3 aKTUBHOIO MOTYXHICTIO B
Makcumymi 10 80 MBT nokazano miacuiieHHs1 €(eKTiB, 110 CHOCTEpIralucs Mpu
o0OpoO11i ABOMA IMIYJIbCaMHU 3 OJTHAKOBHM PIBHEM MOTY>KHOCTI. B po0oTi Takox
HABOJUTHCS aHANI3 Pe3yIbTaTiB €IEMEHTHOTO CKJIaTy MOBEPXHI 3pa3Ka /10 Ta Micys
o0OpoOKHM,  OTpUMaHUW  METOJOM  EHEProJMCIEePCIHHOT  PEHTTEeHIBCHKOT
CHEKTPOCKOMII.
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XXI MDKHAPOJTHA KOH®EPEHIIIS 3 ®I3UKU PAJTALIIHUX SIBUIL 1 PAJITALIIITHOTO MATEPIAJIO3HABCTBA
SIMULATION OF PARAMETERS OF MIXED vy, e, n RADIATION FIELDS
FORMED BY TWO-LAYER TARGETS ON THE M-30 MICROTRON

E.V. Oleinikov, L.V. Pylypchynets, V.I. Roman, A.V. Papp, O.0. Parlag,
V.V. Pyskach

Institute of Electron Physics NAS of Ukraine, Uzhgorod, Ukraine

In the study of radiation processes in materials and the influence of radiation
fields on their characteristics, bremsstrahlung radiation generated at electron
accelerators [1], which contains, in addition to photons of the continuous spectrum,
residual electrons and secondary photoneutrons [2], is widely used. Therefore, to
study the influence of radiation fields on the characteristics of the materials under
study, reliable and complete information is required about the spectral and integral
parameters of bremsstrahlung beams and their components (photons, electrons,
photoneutrons) generated at electron accelerators. It should be noted that the final
characteristics of the energy spectra of photons, electrons, and photoneutrons, their
integral values, and ratio in the bremsstrahlung beams that interact with the
materials under study are significantly influenced by the design features of the
electron beam output devices (which differ significantly for different types of
electron accelerators [2]), geometric factors of irradiation schemes and the
presence of additional structural elements (filters, collimators) used in their
formation [2]. In turn, the difference in the form of the obtained spectra, as well as
their integral characteristics, significantly impacts the value of the absorbed and
equivalent dose, the change in the nuclear-physical properties of the irradiated
materials [1].

For the formation of mixed radiation fields with predetermined ratios of
photons, electrons, and photoneutrons on electron accelerators interacting with the
studied materials, double-layer targets are used (the bremsstrahlung photon
converter is tantalum (Ta) + filters made of aluminum (Al), graphite (C), boron
carbide (B4C) [2]). Their use makes it possible to regulate the content of particles
in the radiation beams of electron accelerators due to the difference in their
nuclear-physical characteristics.

Computer modeling using the GEANT4 toolkit [2, 3, 4] is used to obtain
information about the parameters of mixed radiation fields generated at electron
accelerators, taking into account their design features and irradiation schemes as
close as possible to the real conditions of their formation.

As a result of the simulations, the parameters of the beams and their
components generated by two-layer targets (Ta+C, Ta+B4C, Ta+Al) at the electron
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accelerator of the National Academy of Sciences of Ukraine, M-30 microtron were
established, taking into account the technical characteristics of its output node [2].
Calculations were made for the initial energy of electrons — 17.5 MeV. To generate
bremsstrahlung photons, a Ta-converter was used (plate dimensions - 40x50x1
mm). Filters made of C, B4C, and Al (discs with a diameter of 20 mm and a height
of 18 mm) were placed close to the Ta-converter.

The parameters of the spectra of photons, residual electrons, and secondary
photoneutrons falling into the plane (1000 x 1000 mm) of potential installation of
the investigated materials during their irradiation (at a distance of 112 mm from the
electron output node) were modeled. Their integral values for one initial electron
1s: for Ta — 1.304 vy/e, 0.945 e/e, 2.888E-5 n/e; for Ta+C — 1.738 vy/e, 0.761 ele,
2.188E-5 n/a; for Ta+B,C — 1.733 vy/e, 0.682 e/e, 2.034E-5 n/e; for TatAl — 2.045
v/e, 0.442 e/e, 2.917E-5 n/e. In addition, the parameters of the spectra of photons
and residual electrons directly interacting with material samples were calculated
(the area of the sample is 100 mm?), and their integral values were established: for
Ta — 0.045 vy/e, 0.00775 e/e; for Ta+C — 0.040 y/e, 0.00492 e/e; for Ta+B,C —
0.03912 vy/e, 0.00437 e/e; for Ta + Al — 0.03946 y/e, 0.00208 e/e. Statistics of
calculations for the initial flow of 10E8 electrons did not allow us to determine a
proper number of photoneutrons.

The information obtained is necessary for forming mixed radiation fields with
parameters given by two-layer targets on the M-30 microtron when conducting
experimental studies of radiation processes in materials and studying the influence
of radiation fields on their characteristics. This approach can be used to develop
material irradiation schemes on various types of electron accelerators and predict
the parameters of the formed mixed radiation fields.
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OpHi€ro0 13 BOXIIMBUX XapaKTEPUCTUK pagialliiHO — 3aXUCHUX KOMIO3UITIHHUAX
MaTepiaiaiB € XapaKTepUCTUKH MIIHOCTI. 3 METOI0 MiJIBUIIEHHS XapaKTEPUCTHK
MIITHOCTI OyJM TpoBeaeHI POOOTH 3 YAOCKOHAJICHHS MpoIlecy BHpOoOHHUIITBA [1].
byno  nmoompanboBaHO — cUCTeMy — IEpEMIITyBaHHS  CHUPOBHUHHU,  CHUCTEMY
MOTIEPETHROTO HarpiBaHHA. TakoX YJOCKOHAJICHO CHCTEMY KOHTPOJIO TEIJIOBOTO
HarpiBy. Bcl 111 BAOCKOHAJEHHS Ta JIOONpPAIOBAaHHS Jal0Th MOJKJIMBICTH OLIBII
€(EeKTUBHO BUKOHYBaTH POOOTH 3 BUTOTOBJIEHHS KOMITO3WLIMHHMX MaTeplaiiB.
Bynu BUTOTOBJEHI 3pa3Ku KOMIIO3UTIB, $IKI MalOTh BHCOKY OJHOPIAHICTh
KOMIIO3UIIIMHOTO MaTepiamy.

[Ipu BUpOOHHUIITBI KOMIIO3UTIB B SIKOCTI OCHOBU BUKOPHUCTOBYBAJIU MOJIICTUPOIL.
s pagiamifHOro 3aXMCTy 3aCTOCOBYBAIM MOPOIIOK CTali. 3 METOI0 301IbIIICHHS
MIITHOCTI KOMITO3HUIIIKHOTO MaTepiaay J0 HbhOro OYB JOJIaHHM ITOPOIIKOBHI
IIOMIHIA. 3aCTOCYBaHHSI QJIIOMIHIIO OOTpYHTOBaHE THUM, IO aIIOMIHIA A00Ope
3MOYY€ETHCSI TOJICTUPOJIOM Ta MOXE €(PEeKTHBHO apMyBaTH KOMIIO3UIIIHHUAN
Matepian. byau BUTOTOBIIEH1 3pa3Ku KOMITO3HUILIIMHUX MaTepiaiiB, y SKUX 00'eMHUI
BMICT METaJIeBOI KOMIIOHEHTH BUETBEPO MEHIIIE, HIK MOJIICTHPOIY.

Takox Oynu BUTOTOBJIEHI MaTepiaiu 3 pi3HUMHU pO3MipaMy KPYIIUHOK CTalll Ta
amominio. Kpynunku cranu mamu po3mipu 280 MxMm. KpynuHku anoMiHii0 Mainu
po3Mmipu 20 MkM. BuBuanucs MOKa3HMKM MINHOCTI Ha po3puB. BumiproBaHH:
npoBoguincs 3a temrepatyp 250, 290, 320°K, axi MawoTh MiCIle B pealbHUX
yMOBaXx.

3HalificHo, IO MIIHICTh Ha PO3PUB 3MIHIOBAJIACS B IHTEpBa Big 25 10
28 MIla. Begnumna 3HaueHHS MIIHOCTI 3ajie)kajda BlJ  CHIBBIJIHOIICHHS
KOMITOHEHTIB, CIIBBIIHOIIEHHS PO3MIPIB KPYIMUHOK 1 TeMIIEpaTypyu CEPEIOBHUIIA.
BenuunHu 3Hau€Hb MIITHOCTI HA PO3PUB ISl MOJIICTUPOJI CTAJEBUX KOMITO3UTIB
HUXKY€, HDK JJISI TIOJTICTUPOI BOJIb(PPaMOBUX KOMITO3UTIB [2].

3a nmonomororw koay nporpam Geant4d v 4.9.6p03 Oyio oTpuMaHO pajiaiiiiHo-
3aXMCHI XapaKTePUCTUKH JUJII IMX KOMIO3UTIB. Po3MismaBcs MpoIIapox
3aBTOBIIKK 10 mMm. KommnosumiitHuit mMarepian OyB abo cyunuibHUM abo y
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HACUITHOMY BUTJIsAl. BuBuamucs SK CyHUIbHHM NPOMIAPOK KOMIIO3UIIHHOTO
MaTepiaiy, TaK 1 HACUITHUN TIPOIIAPOK.

HacunHuii map KOMIO3UTY CKJIAa€Thes 3 KyJNbOK AiamerpaMu abo 2 MM, abo
5 MM. 3HaiifieHO, 10 KOMIIO3UIIMHI MaTepiaJd 3 TaKOI TOBIIMHOIO 1 TaKuX
KOMITOHEHTHUX CKJIaJiB MOXKYTh 3aCTOCOBYBATHCS IS paliallifHOTO 3aXHCTy Bin
BUIIPOMiHIOBaHHS 3 eHepriamu a0 80 keB. 'amma BUMpoMiHIOBaHHS Takoi eHepril
BUKOPUCTOBYETHCS i1 Yac pOOOTH MEMYHOTO YCTaTKyBaHHS.

[Tocunanus
1. E.M. Prohorenko, V.V. Lytvynenko, A.A. Zakharchenko, M.A. Khazhmu-

radov, S.A. Sokolov, T.G. Prokhorenko. Study of strength characteristics and
radiation protective properties of polystyrene tungsten composite materials //
Problems of atomic science and technology. 2023, Ne 2, v. 144, p. 29-36.

2. E.M. Prokhorenko, V.V. Lytvynenko, A.A. Zakharchenko, M.A. Khazhmu-
radov, T.G. Prokhorenko, A.P. Ben. Brief overview on research and development
of radiation shielding protective composite materials based on polystyrene //
Problems of atomic science and technology. 2024, Ne 2, v. 150, p. 107- 114.
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PO3POBKA CUCTEMH YITPABJITHHS AKICTIO [P BUPOBHUIITBI
PAIIO®APMAIIEBTUYHOT O TIPEMAPATY
«HATPIIO TIEPTEXHETAT [®"T¢], EKCTPAKIIIHW»

I.M. Kapnayxoe, A.IO. 3enincokuii, b.B. bopu, I.B. Yuaxos, JI. M. Cioenko,
10.0. lllepoans

HHI] «Xapxiecvkuti pizuxo-mexuiunuu incmumymy» HAH Ykpainu, Xapkie, Yxpaina

OHKOJIOT1YHI TMATOJIOTIi € OJIHI€I0 3 OCHOBHUX IMPUYMH 3aXBOPIOBAHOCTI Ta
CMEpPTHOCTI CepeJl HACEeJEeHHsA YCiX KpaiH cBiTy. 3a AaHuMH MIDKHApOIHOTO
areHTCTBa 3 BUBYECHHs paky [1] cranom Ha 2022 pik Oyno BuUsBIeHO Maibke 20
MJIH. BUIAJKIB 3aXBOPIOBaHHS Ha pak 1 3adikcoBaHo moHaja 9,7 MIIH. cMepTeH,
MOB’SI3aHUX 3 OHKOJIOTIYHUMHU 3axBoproBaHHsSMU. Ha mNOTOYHMIT MOMEHT ISt
HacelleHHsT YKpaiHu mpoOjemMa paky TaKOX 3aJHIIAEThCS TyKe aKTyallbHOIO,
OCKUIbKM B KpaiHl XBOpi€ MoHaj | MuUIbHOHY Jtoaei. IMOBIpHICTH yCHIIIHOTO
JIKYBaHHS TaKUX MAI[i€EHTIB 3HAYHOIO MIPOIO 3aJCKHUTh BiJl CTajli XBOpoOM Ha
MOMEHT JIarHOCTyBaHHA. /[l METOAIB paHHBOI JIarHOCTUKU 1 JIIKYBaHHS
OHKOJIOTIYHHUX TIATOJIOTI BHUKOPUCTOBYIOTH paaioapMalieBTUUHI IpernapaTu
(P®OII), mo MicTITh OoAMH abo OuIbIIE PaaiOaKTUBHUX 130TOMIB. TexHOmoris
BurotoBiicHHd P®II 3a3Buuail ckinagaeTbcsi 3 JEKUIBKOX €TamiB: OTPUMAaHHS
HEOOX1JTHOTO PaJli0i30TONa; BUPOOHHUIITBO PEAKTUBY-HOCIS 130TOIY; BUPOOHUIITBO
TPOIHOTO JI0 OpraHa Ipemnapary, KOHTPOJb SIKOCTI TOTOBOI MPOAYKIli. B sikocTi
pamioHykiigy uisi MideHHs POIl HaiOubll IIMPOKO BUKOPUCTOBYBAaHUM €
pamioisororn Texenito - "Tc. YV citi POII Ha ocrHoBi *Tc cTaHOBIATH MOHAL
80% nHoMmeHnkiatypu Bukopuctants ycix POII. [Ipu nupomMy ix 3aCTOCOBYIOTH st
JIIarHOCTUKK TIPAKTUYHO BCIX OpraHiB OHKOJOTIYHUX maIrieHTiB. OpHak Ha
CHOTOAHINIHIN J€Hb B JIepKaBl BIJICYTHE BJIACHE BHUPOOHUIITBO I[HOTO BKpaii
BOXKJIMBOTO Pajloi30TOIy. 3apeecTpOBaHUN JIMINE OAWH JIIKAPChKUN 3aci0
3akopJIoHHOrO0 BUpoOHULTBa «llonTexHer» y (opmi reHepaTopiB paJiOHYKJIiIIB
(**Mo/®"Tc).

OpgHuM 13 HampsIMKIB BUKOPUCTaHHS SAJIEPHOI MIJKPUTUYHOI YCTaHOBKH
«Ixepeno ueitponiBy, cnopymkenoi B HHI[ XTI 3a yuactio AproHcbkoi
HamioHabHOi Jtabopatopii (CIIA), € mpoBemeHHS IOCHIIXKEHb 3 TEXHOJOTIH
HalpalloBaHHs Ta BUIUICHHS paJioi30TOIIB, B TOMY YMCII ¥ JUIsI MEIUYHOIO
MpU3HAYEeHHS [2].

PagioaxtuBHuit i30tom "Tc YTBOPIOETBCS 3 OMNPOMIHEHOTO BCEPEIMHI
aKTUBHOI 30HM YCTAaHOBKH TCTUIOBUMH HEUTPOHAMH TOPOIIKY 3 OKCHTY MOJIIOJCHY
MoO; wepe3 peakmito °Mo(n,y)**Mo(B)*"Tc. Ilicas onpoMiHeHHs ammyia 3
MoQO; TpaHCIOPTYEThCS y J1a00paToOpito 3 TapsYMMU KaMepamu, BCEPEAUH1 SIKUX
3MOHTOBAHO TEXHOJIOTIUHE 00JIaJHAHHS TS eKCTPAKIi - "' T¢, BUrotosaeHHs POII
Ha OCHOBI * T, {f0ro cTepuizariii Ta po3dacyBaHHS.
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MeTto10 pob0oTH € po3podKa CUCTEMH YIPaBIIHHS SKICTIO MPU BHUPOOHHUIITBI
POIT «Hatpito meprexuerar [*"'Tc], excTpaxuiiiamiiy. PoGOTH mpoBOgMIHCS 32
TaKUM QJITOPUTMOM: TTPOCKTYBaHHS Ta MOHTQXK YUCTUX MPUMIIIEHB; MPOCKTYBAHHS
Ta MOHTaX CHCTEMH TOBITPOMIATOTOBKH; MIA0Ip, MOHTa)X, KBaiQikaris
71a00paTopHOTrO Ta BHPOOHHYOro oOMagHaHHsS, KBamigikarmis mpoekry (DQ),
kBaiikaris moutaxy (1Q), kBamidikarmis gynkmionyBanas (OQ), kBamdikaris
excruryatarii (PQ); mimbip Ta HaBuaHHS KagpoOBOTO TNIEPCOHANTY, a TaKOX
MIPOXOJIKEHHS CIEIIaIbHOTO HaBYaHHS Ta JOMYCK JIO0 CaMOCTIMHOI poOoTH; BiaOIp
MOoCTayaJbHUKIB BHXIJIHOI CHPOBMHHM 1 MaTepiajiB Ta NPOBEACHHS ay/auTIB,
3aTBEPKEHHSI PEECTPY MOCTAaYaIbHUKIB Ha OCHOBI OIIIHIOBAHHS PHU3HKIB 3T1JIHO
HactanoBu ICH Q9; dapmaneBtnuna po3poOka; macmraOyBaHHS Ta TpaHchep
TEXHOJIOT1i BAPOOHUIITBA ITpenapary; JilleH3yBaHHs BUpoOHUITBA POII.

VY nabopartopii panioi3oTOmiB TpoBeleHa ¢apmarieBTUYHa po3podka POII
«Harpito neprexuerar [*°"Tc], excTpakiiiinuii». BUpOGHULITBO TAHOTO MPEIIapary
3IIACHIOETHCS B ACENTHUYHUX yMoOBaX. [IpoBOASTBCSA MOCHIKEHHS 31 CTBOPEHHS
(apMaleBTUYHOI CUCTEMHU SKOCTI, sSIKa IOBHHHAa €(QEKTHUBHO (PYHKIIOHYBAaTH
BIJIMOBITHO /O BHMOT HalekxHOi BHpoOHWUYOi mnpaktukun (GMP) [3] nmmsa
MOJAJIBIIOTO BIPOBAKEHHS JIKAPCHKOTO 3aco0y B MPOMUCIOBE BUPOOHHUIITBO,
OTPUMAaHHS JIilIeH31i Ha BUPOOHUIITBO Ta BUBEACHHS Ipenapary Ha puHOK. YucTi
IPUMILIEHHS, BUpOOHHUYE Ta JaOOpaTOpHE OOJaIHAHHS CIPOEKTOBAH1, 3MOHTOBAHI1
BiIOBITHO J10 [4] Ta 3HaXOAAThCS Ha eTari nmpoBeacHHs KBamidikarii. [Tepconan
MIPOUIIIOB TEOPETUYHE BHYTPIIIHE, 30BHIIIHE, CHEIlialbHE, MPAKTUYHE HaBYAHHSI.
Buxinna cupoBHHa Ta MaTepiajiy MOCTAYarOThCA BiJ MPOBIAHUX €BPOMEHCHKHUX
BUPOOHMKIB, SKI Tpounum BinOip, ayaut Ha BuMorn GMP. BinmpanpsoBana
TexHomoris orpumannsi POII «Hatpito meprexnerar [*"'Tc], eKCTpakuiiHMI» B
nabopatopHux yMmoBax. llomanmbiiuMm eTarnoM JOCHIKEHb OyJe MpOBEACHHS
BaJIiJIaIlii TEXHOJOTTYHOTO IPOIIECY Ha 3-X JOCIITHO-TIPOMHUCIIOBUX CEPIsX.

Takum uymHOM, CTBOpeHa ¢apmalleBTUYHA CHUCTEMa YIPABIIHHA SKICTIO 3
JOTPUMAHHSIM BHUMOT HAJIC)KHOT BHUPOOHHMYOT MPAKTHUKH JO3BOJIUTH HAJArOJUTH
npommcioBe BupoGHUITBO POII «Hatpito meprexuerar [ Tc], excTpakiiifHmii
B yMOBax Jaboparopii paaioi30TOMIB JjIsi MOJAJIBIIOTO0  BIPOBAIHKEHHS
JIKapchKoro 3aco0y B MeAW4HI 3akianu. JlaHe BUPOOHHUIITBO MOBHHHO MPOWTH
npoleaypy JineH3yBaHHs JlepkaBHOIO Ciry>k00t0 YKpaiHu 3 JTKapChKUX 3aco0iB
Ta KOHTPOJIFO 3a HApKOTHKaMH, a TaKoX JlepKaBHOIO IHCICKIIIEI SIACPHOTO
peryiaoBaHHs Y KpaiHU.

[Tocunanus

1. International Agency for Research of Cancer. https://gco.iarc.fr/today/en/dataviz/

2. ANL-16/03 «Medical isotope production analyses in KIPT Neutron Source
Facility», Technical Report, Argonne National Laboratory, 2016, 54 p.

3. CT-H MO3YV 42-4.0:2020 «Jlikapceki 3aco0u. Hanexxna BUpoOHUYA TPAKTUKAY.

4. JICTY ISO 14644-4:2012 «Ywucti mnpUMILIEHHS Ta TOB’S3aHI 3 HUMH
KOHTPOJIbOBAHI CEPEIOBUILAY.
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INFLUENCE OF THERMOMAGNETIC TREATMENT ON THE
MICROHARDNESS AND STRUCTURAL STATE OF THE WELDED
JOINT OF St3 STEEL

A.NV. Mats, V.1. Sokolenko

NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine
E-mail: vsokol@kipt.kharkov.ua

Steel 3 (St3) belongs to the class of ferrite-pearlite steels. Steels of this class are
promising for use in nuclear power. Welded steel joints are characterized by the
difficult character of stress distribution along the weld joint, which can cause the
appearance of structural damage and degradation of properties under the conditions
of vibration and thermocyclic loads. Earlier, we showed that under the influence of
non-stationary magnetic fields at room temperature, the level of internal stresses
equalizes, the impact viscosity increases, and the temperature of the viscous-brittle
transition of welded joints of ferrite-pearlite vessel steel 15Kh2NMFA decreases.

The aim of the work was to study changes in the mechanical characteristics and
structure of various areas of the welded joint of samples of steel St.3 pipe as a
result of exposure to non-stationary magnetic fields in the temperature region of
the phase transition from the ferromagnetic state to the paramagnetic state of
cementite (FesC) inclusions present in the steel structure.

The histogram (Fig. 1) shows the distribution of HRC hardness in different
areas of the welded joint before (left side) and after (right side) thermomagnetic
treatment (TMT). The tempering zone and the fusion zone before TMT are the
least durable, and increased strength is characteristic of the hardening zone.
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Fig. 1. HRC hardness distribution along the welded joint of a St3 steel pipe
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Fig. 2 shows the microstructure of the hardening zone of the welded joint.
Particles of cementite of different dispersion are visible in the pearlite grains.
Cementite, like a-Fe, is a ferromagnet, but with a Curie point of ~210°C. The

influence of the external magnetic field in this temperature range increases the
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thermodynamic instability of this phase with the destruction (dissolution) of
particles, probably of a critical size. Carbon atoms pass into the solid solution and
diffuse to the grain boundaries. This is evidenced by the lighter contrast near the
grain boundary (Fig. 2,b).

Ta

arrow indicates the carbon-depleted region
A similar effect is known to occur as a result of heat treatment at elevated
temperatures (T>500°C). Fig. 3 shows the microstructure of the hardening zone
after annealing the sample for 3 hours at 550°C. The decrease in hardness and the
level of internal stresses should be associated with a decrease in the concentration
of the hardening carbide phase and the length of the interphase boundaries.

* e
SR 5 W
Fig. 3. Microstructure of the hardening zone after annealing at 550°C for 3 h.
The arrow indicates the area of reduced carbon content

The obtained results testify to the fact that the preliminary thermomagnetic
treatment of welded joints of ferrite-pearlite steels in the region of the magnetic
phase transition, where the instability of the crystal lattice of cementite occurs,
ensures the internal stresses leveling and the strengthening of the tempering and
fusion zones, which leads to an increase in thermomechanical stability and an raise
in the resource of safe operation steel products.
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AKYCTHUYHI JOCJIIJP)KEHHSI MATEPIAJIIB ATOMHOI
EHEPIT'ETUKHA

B.C. Knouko., A.B. Kopnieys, B.1. Coxonenxo, 1. @. Kicasak, O.€. Koxcegnixos,
L B. Konooiii , 1O.C. Jlinoscvka, /I.I'. Manuxin, T.M. Tuxonoeécvka

NSC “Kharkov Institute of Physics and Technology” NAS of Ukraine, Kharkiv, Ukraine
E-mail: korniets@kipt.kharkov.ua

MetonoM pe30HAHCHOI CHeKTpockomii B iHTepBaii Temmeparyp 78...300 K
BUKOHAHO JIOCTI/PKCHHS IIBUAKOCTI 1 3MIHM 3racaHHs MMO3/I0BKHBOTO YIbTPa3BYKY
MerarepIioBoro Jiarna3oHy 4acToT B IIMPKOHIi, BACOKOUHNCTOMY TadHii, SKi 3a3HaIU
IHTEHCUBHOI IUJIACTUYHOI Jedopmalii, Ta BHUCOKOCHTPOMIMHOMY CILJIaBl 3
kommno3uiiero FesgMnzCo19Cryg (aT.%), XapakTepHOIO OCOOIMBICTIO SKOTO €
BHCOKa 3HOCOCTIMKICTh y TOEAHAHHI 13 TapHOI KOPO3IMHOIO 1 pajiaiiiiHOI0
CTIHKICTIO (MIEPCIIEKTUBHOMY MaTepiajl aTOMHOI EHEPTeTUKH ).

Buxigai 3muBku Zr umcrororo 99,98 Bar.% ta Hf umcrororo 99,87 Bar.%
TOTYBAJIUCS IUIAXOM 2-X 1 3-KpaTHOI O€3TUTENIbHOI 30HHOI TUIABKU 3 €JIEKTPOHHO-
POMEHEBHUM HATPiBOM Yy BakyyMi Ha piBHi 4-10™ ITa. 3pasku xapakTepu3yBaIuch
BEJTMYMHOIO 3aJTUIIIKOBOTO OTOPY P300 /P42 k ~40 1 po3mipoM 3epHa 1-3 MM.

[upkoHiii medopMyBaBCs 3a METOIOM «OCAKEHHS-BHUIABIIOBAHHS» TIPU
7=870 K 3 BenM4MHOIO ICTHHHOI Temioi nedopmarii &,~1,1, a motiM mnpu
7=293 K 3 BenMYMHOIO 1CTUHHOT XOJIOAHO1 AeopMarii &,,,~4,0. [Ticas nedopmarii
3pa3Ky MaJIM OJTHOPIIHY CTPYKTYPY 3 cepeaHIiM po3mipoM cyb3epeH ~300 HM.

HuniaapuyuHi  3arOTOBKM 3 BUCOKOYMCTOro radHiro Oynau  miagaHi
kBasiriapoekcTpysii npu 77 K ua 16 u 30 %.

3a naHuMu pentreHorpadii yabTpagpiOHO3EpHUCTUN UPKOHIN MaB aKcClaJbHy
TEKCTypy (0001) 30picHTOBaHy mix KyroM 60 rpamycis 10 HampsMKy aedopmarii.

AKciajpHa TEKCTypa <1010> 1 <20§1> 3 Pi13HOIO IIUIBHICTH MOJIIOCIB CIIOCTEpIraiach

B €KCTpY/I0BaHOMY ra(Hii B 3aJI€XKHOCTI BiJ] CTYMHEHIO Aedopmarrii.

3MUBKM BUCOKOEHTPOMNIMHOTO CIUIaBy OyJlM OTpUMAaHI LUISIXOM CIUIaBJICHHS
KOMITOHEHTIB (uuctota ~ 99,9 Bar.%) Ha MiIHOMY BOJOOXOJIO/)KYBAaHOMY MOy B
JyTOBIN TIeYl B CEPEIOBHUIIl OYHUIIICHOTO apTOHYy 3 BUKOPUCTAHHSAM OE3BUTPATHOTO
BOJIb(PpaMOBOro eneKkTpoay. JlJis mosinimeHHs XIMIYHOI OJHOPIAHOCTI OTpUMaHi
37UBKH 3a3HAJIM M'STUKPATHOTO MeperuiaBieHHs. MIKpoCcTpyKTypa MaTepialy maia
TUMOBUHN JICHAPUTHHUM XapakTep 3 OPIEHTAIIEI0 TIJOK ACHAPUTIB TOBIIUHOIO
15...20 MKM y3/10BXK HaNpsMKY TETJIOBIIBEACHHS.

MikpoTepaicTs ciaBy ctaHoBuia 2103 ta 2015 MIla neprnieHauKyIsipHO Ta

napajielbHO HaMPSMKY TETUIOBIIBE/ICHHS, B1IMOBIIHO.
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3a pgaHuMu peHTreHorpadii BUCOKOCHTPONIWHUN CIUIaB 3HAXOAMBCS B
HEOJTHOpITHOMY cTpyKTypHOMY cTaHi 1 MmictuB ['IK- 1 TIY-da3u, npuyomy I'IIK-
¢daza Oyma ocHoBHoo. [lapamerp rpatku I'IIK ¢asu a = 0,3602 am, mapamerpu
rpatkun 'Y ¢a3u cranoBunm a=0,2544 1 ¢=0,4098 um. B oO'emi 3pa3ska
BiJI3HAyajacs NEepeBaKHA OpIEHTAIlld TUIOK JCHJAPHUTIB 3 KpHUCTajgorpadiqyHUMU
ocsmu  [001] Tta [111] mepneHAMKYJIApHO Ta MapalebHO  HaIpsAMy
teroBiiBeAeHH, BignoBigHo. Jlms T'I[Y-da3u Takox BUSBICHO TEKCTYpy 3
NEPEeBAKHOIO OpieHTalie€l0 KpuctamyHumu 1miomuHamMu  (00.2) mapanenbHo
HaIpPsIMKY TEIUJIOBI1ABEACHHS.

HusbkoTeMiiepaTypHi yiabTpa3BYKOBI JTOCIHIIKEHHS BUKOHYBAJIUCh MOCTOBUM
IMITyJIbCHUM (ha304yTIIMBUM METOJOM 3a CXEMOI0 MpoXomkeHHs. CTBOpEHHs Ta
JIETEKTYBaHHS YJIbTPA3BYKOBUX KOJIMBAHb 3AIMCHIOBAIOCS IIHPOKOCMYTOBHMHU
(¥2 MI'm) n'e3omeperBoproBauaMu 3 HI00aTy JITIIO 3 BJIACHOI PE30HAHCHOIO
yacTtoToro 50 MI'1. AKyCTUYHMI KOHTaKT JOCSTaBcs 3a JOMOMOTOI CHUJIIKOHOBOI
OJI1i, BIUIMB AKOi HE BpaxoByBaslocsi. BumipioBaHHs 3M1iCHIOBAIN B aMIUIITYIHO-
HE3aJIeXKHIA 00J1acTI BHYTPILIHBOIO TEPTs npu HarpiBaHHi 3 TemnoMm 40 K/ron.
[IBuakicT 1 3MiHA 3racaHHs TMO3J0BXKHBOTO YJIbTPa3BYKy BHUMIPIOBAIUCS
OJIHOYACHO.

VY pesynbrari JOCHIKEHb OYyJIO BUSBICHO 3HMWKEHHS BEJIUYMHU IIBHJKOCTI
MO3J0BKHBOTO YJIBTPA3BYKy Yy Ae(pOpMOBaHOMY LHPKOHII 1 radHii B HACIII0K
KOHKYpPEHIIli BIUIMBY TEKCTYPH 1 CIOTBOPEHHS KPUCTATIYHOI CTPYKTypHU
(3MEHIIIEHHS JIOBXKMHU MIDKAaTOMHOTO 3B’si3Ky). B 1upkonii  3adikcoBaHO
aHI30TPOMII0 MIBUAKOCTI YIBTPA3BYKY B 3aJIEKHOCTI BiJl HAmMpsAMKY jaedopmaiili,
o0OyMOBJIeHy TekcTyporo nedopmaiii. Ha TemneparypHoMy CHEKTpl aKyCTHYHOIO
3racaHHsl TO3JOBXHBOTO YJIbTPa3BYKy BHUSBIEHO MaKCUMyMHU (y TIO€IHAHHI 3
NPOrMHOM Ha TEMIEPATypHIA 3aJeKHOCTI KOro IUBUIKOCTI), TMOB’S3aHI 3
pellakCcaliifHUM PE30HAHCOM JUCIIOKAIIMHOTO TUmy. Y TadHil MOKa3aHO BIUIMB
MIOBEPHEHHS Ta BIJMAly HA €BOJIOIIIO CIEKTPY aKyCTUYHOTO 3racaHHs B pamKax
Teopii HEBPIBHOBAKCHUX TPAHUIIb 3€PEH B METaJlaxX.

Y Bucokoentpomiitnomy cmiaBl  FesoMnzgCo10Cryp  BusiBIeHO aHoOMamii
TEMIIEPATypHOI 3aJIeKHOCTI IMIBUAKOCTI 1 3MIHM 3TacaHHS IO3JI0BKHBOTO
yIBTPa3BYKy OOYMOBJICHI MPOSBOM HEMPYKHUX SIBUI B HACHIJOK CXHJIBHOCTI
CIutaBy 10 Hecrtiiikoro ¢aszoBoro meperBopenHs (bidirectional HCP & «» FCC vy
transformation) B moii MIKpOHAmpyr TEPMIYHOI aHI30TPOINii. YNPOAOBK BCHOTO
IHTEepBaIy TEeMIeparyp AOCTIHKEHHS 3a(iKCOBAaHO AaHOMAJLHO BHUCOKE (HOHOBE
3racaHHs yJIbTPa3BYKY, BUKJIMKAHE IT1JIBUILIEHOIO B'SI3KICTIO MaTepiaiy.
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3ACTOCYBAHHSA NTPOI'PAMM ImageJ AJ1 OBPOBKH 3HIMKIB
MIKPOCTPYKTYP TABJIETOK TUTAHATY AUCIHPO3IIO
ITA®HATY AUCITPO3ITIO

0.C. 3opuenko, 0.0. Crabocnuuywvka, 1.0. Yepnoes

Hayxoso-mexniunuii komniexc « AA0eprutl nanueHuu Yyukiy
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E-mail: elya80372@gmail.com

TabGneTkoBuil mornMHady HeUTpoHiB THUTaHAT AucTpo3ito (Dy,03:-TiO,) 1 raguar
muctposito (Dy,03-HfO;) posrnsmaerbest sik oguH 3 MEPCHIEKTUBHUX MaTepiajiB
nornuHatounx  enemeHTiB  peaktopiB  BBEP-1000. IlpencraBnse iHTepec
BU3HAYECHHS PO3MOJILTYy MOp Ta 3epeH 3a po3mipamu B Tabietkax Dy,03:TiO, 1
Dy,03-HfO, meTonoM 00poOku mudpoBUX 3HIMKIB MIKPOCTPYKTYP 3a JTOIIOMOTOIO
porpam BiIJILHOTO BUKOPUCTAHHS.

ImageJ — nmporpama 3 BiIKpUTUM BUXIJHUM KOJOM IS aHai3y Ta oOpoOKu
nndpoBux 300pakeHp komrianii National Institutes of Health 1o 3actocoByeThes y
OloMemUYHUX JOCHIKEHHSAX, acTpOHOMIi, reorpadii Ta IHIIMX IUCIHTUTIHAX,
MOB'SI3aHUX 3 aHAITI30M 300paKCHb.

s ampoOyBanHs MoxumBOcTedl Image] sk anamizaTopa MIKPOCTPYKTYD
credeHux TabieTok Dy,03-TiO, 1 Dy,03-HfO, Oynu BuKOpHCTaHi 3HIMKH IIIO
OTpUMaHHI  ONTHUYHOIO Ta  CIEKTPOHHOI  Mikpockomier  (puc. 1, 3).
Xapakrepuctuku Tadietok DY,03-TiO, i Dy,03-HfO, naBeneno B Tabmuri.

XapakTepuCTUKH TaOJIETOK TUTAHATY JUCIPO3ito 1 TadHATY ITHUCIIPO3it0

Ne | 3pasok Cknapg, yctuHa (p), r/cm’ MopwcTicTb, %
1 TD-1 50 mon.% TiO,+ 50 mon.% Dy,03 5,7 23
2 TD-2 71 4
3 HD-2 50 mon.% HfO,+ 50 mon.% Dy,0; 8,1 6

0

Puc. 1. Mixpocmpyxkmypa mabaemox mumanamy oucnposiio (36. x500):
(onmuyna mikpockonis): a — 3pasok TDI, 6 — 3pazox TD2
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Posnoxinenns mop 3a po3mipamu 3paszkiB TD1 1 TD2 maBeneno Ha puc. 2.
50 +

40 - OoTD1

30 - ETD2
20 -

10 -
0 -

Bmict, %

1 2 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24 25
AiameTp nop, MKm

Puc. 2. Posnoodinenns nop mabnemox Dy,03-TiO, 3a pozmipamu

-

—-— 1pm NSC_KIPT

X 5,000 20.0kV ADD SEM WD 10mm

a 6
Puc. 3. Buxione 306pasicenns mikpocmpykmypu 3paska HD-2 (a) i
pe3yibmam ananizy 30opadicenns ImageJ (6)

Posnmoxinenns 3epen Dy,03;-HfO, 3a po3mipamu (3pazok HD-2) naBemeno Ha
puc. 4. Po3mip 3epeH 3HaX0auThes B Jiana3oHi 1...4,5 MKM, 3 cepeiHiM po3MIpoM

2,32 MKM II0 BH3HAYEHO SK CEPEIHE3BAXKEHHE 3HAUCHHSI KUIBKOCTI 1 PO3MIPY
3€epEH.

15
10
5
0

BmicT, %

1 15 2 25 3 35 4 45

Po3mip 3epeH, MKm

Puc. 4. Posnooinenns zepen mabnemox Dy,03-HfO, 3a posmipamu

TakuM YuMHOM TIOKa3aHa MOXJIMBICTH 3aCTOCYBaHHS 1 BCTAHOBJIECHO
MOCJIIOBHICTh  OTIepalliii 1 HaJamTyBaHHA oMK mnporpamu Imagel s
KOPEKTHOTO  aHalizy 300paXkeHb MIKPOCTPYKTYp i OOpOOKM  3HIMKIB
MIKpOCTPYKTYPH TaOJIETOK TUTAHATY AUCIIPO3ito 1 radHATY TUCIPO3ito.
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EKCIEPUMEHTAJBHE JOCJIPKEHHS MTPOLIECY JIETA3ALILL
CILTABY HHAJIAAIIO 3 BOOJHEM B 0-OBJIACTI IIAI'PAMMU Pd-H

O.M. JTrooumenko

JIBH3 «/loneybkuti HayionanvHutl mexHivHut yHigepcumemy, JIyyvk, Yxpaina
Email: e.n.lyubimenko@gmail.com

Ha cporogui B VYkpaini cmocrepiraiorbcsi MpoOIeMu  MOB's3aHl 3
BUKOPUCTAHHAM 1 30epiraHHsIM BOJHIO, SIKI MOTPEOYIOTh 3aCTOCYBAaHHS CY4aCHHUX
BOJIHCBOCTIMKMX MaTepiaiB il 3a0e3MEeUeHHST HAJICKHOTO PIiBHSA OC3MEKH.
B3aemoniss marepiaiiB 3 BOJHEM MPHU3BOAUTH JO BHUHUKHEHHS BHYTPIIIHIX
BOJIHCBUX KOHIICHTPAIIMHUX HAMPYXKECHbB, SIKI MOXKYTh CIPUYUHSITH TTOITKOIKCHHS
eHepreTuyHoro obiamaHanHs. BogHoyac BofeHb 34aTHUN TTOKPAIyBaTH CTPYKTYPY
Ta BJIACTUBOCTI MarTepialliB, IO CIpHUsi€ PO3POOII HOBUX MaTepialiB 3
PI3HOMaHITHUMH (HI3UIHUMHU XapaKTePHUCTUKAMU.

Mera pobotn — mociipkeHHsS (OPMO3MIHEHHS KaHTWIEBepYy (TJIaCTHHH) 31
criaBiB o-PdHn (me n — koHIleHTpalisi BOJHIO) 3 PI3HUM BMICTOM BOJHIO B
iHTepBaii Temneparyp Big 130 go 350 °C B mporeci jgerasaiii TiJpOreHHO-
BaKyyMHOI KaMEpH.

Jlist  mpoBeleHHS ~ €KCIEPUMEHTIB  BUKOPHUCTOBYBAIM  MOJIEPHI30BaHY
TIpPOT€HHO-BaKyyMHY yCTaHOBKY [1]. 3pa3ku y dopmi nanaaieBuxX KaHTHUICBEPIB
(68x5,5x0,27 ™M) uuctororo 99,9%, sxi 3 OgHOTO OOKY €JIEKTPOJIITUYHO
MOKPUBAJIU MIJTHOIO TUTIBKOIO TOBIIMHOKO 0,75 MKM, Sika HE MPOIYCKAa€ BOJICHb.
Jam 1l 3pa3kd HarpiBaii B Kamepl TiAPOT€HHO-BAKyyMHOI YCTaHOBKH IO
TEMITepaTypy EKCIIEPUMEHTY, BUTPUMYBAIN MPOTATOM 30 XBUIMH AJIST 3MCHIIICHHS
TEPMIYHUX HaIpyKeHb. [1oTiM TpoBOAMIM HACHYCHHS KAaHTUJIEBEPY 3 YHUCTOTO
nanagito g0 crmiaBy o-PdHn. Ilicns otpumanns craBy o-PdHn mpoBoaunu
Jera3allifo KaMepu YCTAaHOBKHM Ta KaHTHJIEBEPY 1 3a JIOMOMOTOI0 KaTeTOMETpa
CIIOCTEPITaJIn 3a 3MIHOIO (POPMU KaHTUJIEBEPY.

BceraHoBneHo, 1m0 BHUTMH KaHTWIEBEPY TNpW jerasaimii cruiaBie o-PdHN
BIIOyBaeTbcsl 'y JBa ertanu. llepmmii eram, TpuBae KOPOTKMM dac 1
XapaKTEPHU3YEThCS MBUIKUM JIOCATHEHHSM MaKCHUMalIbHOTO BUTHHY Bif 9 10 30 ¢
3 YTBOpEHHSAM IuiaTo TpuBamicTio Bix 3 g0 30c¢. Hasaicts 11aTo
€KCIIEPUMEHTAJILHO MIATBEP/IKYE BCTAHOBIIEHHS TEPMO-0apo-TIpyKHbOT PIBHOBAaru
B crutaBi. Jpyruii eram TpuBa€ 3HAYHO JIOBIIE: TIOYMHAETHCA 3 TIOCTYIIOBOTO
3MCHIIICHHS] BUTHHY 1 BIJANOBIIHO TIOBEPHEHHSIM KAaHTWIEBEPY Y BHUXITHE
MOJIOKEHHST a00 JOCATHEHHS JIESKOTO CTallilOHApHOTO CTaHy 3 HE3HAYHUM
BIIXWJICHHSIM B1JI TOYaTKOBOTO TIOJIOKEHHS, IO CBITYUTH MPO peai3alliio
KOTEPEHTHOTO MEXaH13My BUTUHY KaHTHJIEBEDY.

[Tpu oMy i yac BUTUHY 30€pIra€ThCsi KOTEPEHTHA CTPYKTYpa TUMUYACOBOTO
rpagienTHoro cruaBy o-PdHn (map 1), korepeHTtHa cTpykTypa Mmapy 2
(Hampy>KeHU# Mmanajii) 1 KOTepeHTHA CTPYKTypa 30HH 3 €HAHHS MK mapamu 1 i
2. Ilig dac peamizaimii KOTEPEHTHOTO MEXaHi3My 3MiHH (OpPMH BOJTHEBI
KOHIICHTpAIliiHI HamNpyXEHHS, 10 BUHUKAIOTh Yy TPH TOBEPXHEBHUX IMapax
KaHTWiIeBepy. Monaynb rpamienta koHueHtpamii rigporeHy dCH(x)/dh crae
BKJIMBOIO XapaKTepucTukor criaBy o-PdHn, sikuii TpancopmyeThest B mporieci
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Jierasailii 1 MOCTYNOBO 3MIHIOETBCS JIO YTBOPEHHS HOBOIO MaTepiajly - YHUCTOTO
nanasio.

Brnepie excriepuMeHTanbHO BHUSBICHO, IO MPH Jierasailii KaHTHJIEBEpYy 31
cruiaBy o-PdHn mpu tuckax Bomuio B kamepi 0,03; 0,09; 0,15 Mlla, skwmii
BIJINIOBI/Ia€ PIBHOBKHIM KOHIIGHTpaIlii BOAHIO B manamii (n), ¢popmo3MiHEHHS
KaHTUJIEBEPY 3MIHIOETHCS 32 €KCTPEMaJbHUM 3aKOHOM 1 B 1HTEpBal TEMIEpaTyp
220-280°C BuUrnH gocsrac MakCUMaJIbHUX 3HAYEHbD.

BHyTleIHl KOHI_[eHTpaI_III/IHl BOJHEBI HAIPY>KCHHS, SKI BHUHHUKAIOTH ITIJI 4ac
nerazamii  kaHtwieBepy 31 cmiaBiB  o-PdHn, mnepeBumiytoTe  mpyxHi
XapaKTepuCTUKU rpajgieHTHoro cruaBy o-PdHn (200 MIla) 1 3HaxomsTbcs B
miarmazoHi  Bim 62 mgo 370 MIla, mo mATBEpIXyEe HASBHICTh SBHIIA
HagmiactuyHocTi [2]. IlpoTe, y BCiX €KCIEpUMEHTAaX BHUTUMH KaHTUJIEBEPY
3aJIMIIAEThCA  Maike IIOBHICTIO 3BOPOTHMM. MIMOBipHO, Taka TOBeJiHKa
Majgai€BOr0 KaHTUJICBEPY 3YMOBJICHA BOJHEBO-TIPYKHUMH HAMPYKCHHSIMH, IO
BUHUKAIOTh YHACIIJIOK SBUIIA HAAIIIIACTUYHOCTI.

Ile cBiguuTh Mmpo Te, MO NPU JOCIIPKEHHI CIUIAaBY MeETaja-BOJCHb, SKUN
CKJIaIa€ThCS 3 JBOX AaTOMHHUX IIJCUCTeM (MeTajeBa IMiJCUCTeMa 1 BOJHEBa
MiJCUCTEMa TTPOHUKHEHHS), AU(y3iiHA PYXJIUBICTh SKUX 3HAYHO BiAPI3HAETHCA,
MU TOPIBHIOEMO HAIPYXKEHHS JJII MEXI1 MPYKHOCTI CIUIaBy MasiaJlii-BOJICHb, SIKI
XapakTepHl JUIsl METaJeBOl MiJCUCTEeMH. BpaxoByrouW, IO HANpPYKEHHS, AK1
BUHUKAIOTh y KaHTWJIEBEPI IIJ Yac EKCIEPUMEHTIB, NEPEBULIYIOTh MEXY
MPOTIOPILIMHOCTI, CTa€ 3pO3yMiNO, IO B CIIaBaX METAJI-TIIPOTEH B1A0OYBAEThCS
30UIBIIICHHS] PYXJIMBOCT1 JUCIIOKALIIM, a CUJIM MI)KaTOMHO1 B3a€MO/IIi MI>K aTOMaMu
najaairo B cuctemi Pd-H 3MEHIIYIOThCS.

OdyeBuaHO, 10 1EW TPAIEHT KOHIEHTpAIlli KOHTPOJIOEThCA TUuDy31iHUM
BHUBCJCHHIM BOJHIO 3 00'eMy MeTaly 10 HOTO TOBEPXHI 1 3aJeKHUTh BiJ
IPOCTOPOBHUX Ta YAaCOBHX MapaMeTpiB MpoIlecy Jerasailii MeTtany (Temmeparypa,
TUCK Tra3onoAioHoro rigporeHy Ttoio). Came Tpali€eHT KOHIEHTpaIlii BU3HAYa€
XapaKTEPUCTUKN Ta BIIACTUBOCTI TUMYACOBOTO TPaJIEHTHOrO Marepiaay MeTa-
TIIPOTE€H, Takl SK TpajleHTH [ujaTalli KpUCTATIYHUX TIPATOK, TPATIEHTH
MDKaTOMHHMX CHJI B3a€MO/I1i, MEXaHIYHI BJACTUBOCTI, TPaJIIEHTH KOHIICHTPAIlIHHUX
HaIpy>KEHb T1APOTeHY TOIIIO.

Takum 4YMHOM, SBULIE BUTMHY KaHTWieBepy 31 cruiaBy o-PdHn mig wac
neraszailii Ti[poreHy € MpOosiBOM HAATUIACTUYHOCTI 1, Ha HAIly AYMKY, MOTpedye
CUCTEMATUYHOTO BUBYEHHS AociiiHUKaMu. OTpuMaHi pe3yiabTaTH MOXYTh MaTH
3HAYHUH BIUIMB Ha PO3POOKY HOBUX MaTepialliB 3 MOKPAIEHUMH BIACTUBOCTIMU
JUIsT BUKOPUCTaHHS B PI3HUX cdepaxX, TaKuxX sK 30epiraHHs BOJIHIO, IMaJWBHI
€JIEMEHTH Ta 1HII1 BUCOKOTEXHOJIOTIYHI rays3i.
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