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School topics:

— Kinetics and thermodynamics of the interaction of hydrogen isotopes with
solids, including the effects of radiogenic helium.

— Mechanical properties and structural transformations of structural materials in
a hydrogen environment.

— Hydrides and hydride transformations.

— Equipment and research methods.



HNPEJUCJIOBHUE

B 2023 roxy ms1 mpoBoarM yxe 16-10 Mexaynapoanyro 1lIkony mo tema-
THKe «B3amMozeiicTBHEe M30TOMOB BOAOPOa C KOHCTPYKIIMOHHBIMH MaTepha-
mamu. THISM23 Junior». Ciemyer OTMETHTh, YTO PEUICHHE O IMPOBEACHUH
Mexnaynaponuoii IlIxonsr 6510 puasiTo B 2004 roxy B r. Capos B xoxe BTo-
POTO MEKAYHAPOJHOTO CEMHHApa ¢ ONHOWMEHHBIM Ha3BaHHeM. [lepsrie Mex-
nynapoansie [lkomsr IHISM Junior 6sumu mpoBenensl B 2005 u 2006 rogax Ha
6aze yueOHOro Henrtpa «Yposepo» Kapenbckoro 'ocynapcTBeHHOro yHHBEp-
cutera nox Ilerpo3aBoackoM (mpeacenaTenb JOKAIbHOIO OPraHU3allMOHHOTO
komutera npodeccop 0. B. 3anka) u cranu o4eHs MOMYJSIPHBI B CpeZie MOJIO-
JBIX YUYEHBIX, 3aHUMAroIuxcs BogopoaHoi temarukoil. C 2008 roxa Illxona
HOCUT MMs BEJIMKOIO YY€HOro M opraHusaropa, npodeccopa Cankt-Ilerep-
Oyprckoro ['ocymapctBenHoro yHuUBepcuTeTa A. A. KypaioMoBa, CTOSBIIETro y
HCTOKOB ee opranm3anuu. @ukcupoBaHHOTO Mecta mpoBeneHus Llkomer He
CYIIIECTBYET — €€ OPTaHU3aTOPAMHU Cpa3y XkKe ObUT BEIOpaH IMepeIBIKHON CTHIID
npoBeaeHus [lkonsr. 3a sTto Bpems Illkoma mpoBoamiack: B Ilerpo3aBoacke
(2005, 2006 u 2016 tT.), B Cankt-IlerepOypre (2007 t.), Ha Teruoxone «I'eop-
ruif XKykoB» (2008 u 2012 r.), B Capose (2009, 20014 u 2019 rr.), B Boponexe
(2010 r.), B 3Benuropoze (2011 r.), B8 Mockse (2015 r.), IIporBuno (2017 1.),
I'atunne (2021 r) u OkynoBke (2022 1.).

Ha 16-it Mexxaynapoasoii 1lIkorne «B3anmoseiicTBre H30TOIOB BOIOPOIA
¢ KOHCTpYKIMOHHBbIMU MaTepuanamu. IHISM 23 Juniory» GyayT npencraBieHb
o0meobpa3oBaTeNbHBIE U CIICHUAJIBHBIC JICKIIUH BEAYIIMX CIICIHAINCTOB, a
TaKXKe JOKJIAJIbI MOJOABIX YICHBIX MO IMUPOKOMY KPYTY BOIPOCOB, CBSI3aHHBIX
¢ temaTtukoi LIIKoJbL.

OprrxoMuTeT ONAroJapuT 3a MOMOIIG B opranu3anuu LIIkoiel u crioHcop-
ckyto nopaepxkky OI'VII «POAL-BHUND®D» u IN'ockopnopanuio «Pocatomy,
Hanmonanesuelii nentp ¢umsuxkn n maremaruku (HLIOM), HUL[ «Kypuaros-
ckuil nHCTUTYT», CaHKT — [leTrepOyprckuii nHeTUTYT simepHor dusmku (HUL]
«KypuaroBckuii uHCTUTYT — [IUSID») 32 aKTHBHOE ydacTHe B OpraHU3aIUU
IIxomsI.

Kenmaem Bam ycmemHo# TTOAOTBOPHOW pabOThI, MHTEPECHBIX BCTPEM,
MIPUATHOTO U MOJIE3HOTO OOIICHHS.

OprkoMuTeT
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FOREWORD

In 2023, The International school for young scientists «Interaction of Hy-
drogen Isotopes with Structural Materials. IHISM Junior» is already held for
the 16 time.

It should be noted that the decision to hold the International school was
made in 2004 in Sarov during the Second International Seminar of the same
name. The first IHISM"23 Junior International Schools were held in 2005 and
2006 on the basis of «Urozero» training center of Karelian State University
near Petrozavodsk (chairman of the local organizing committee Professor
Yu. V. Zaika) and became very popular among young scientists engaged in
hydrogen topics. Since 2008, the School has been named after the great scien-
tist and organizer Professor of St. Petersburg State University A. A. Kurdyu-
mov being the institutor of its organization. There is no fixed location to hold
the School - its organizers immediately chose the mobile style of holding the
School. Over this period, the School was held: in Petrozavodsk (2005, 2006 and
2016), in Saint-Petersburg (2007), on the motor ship «Georgy Zhukov» (2008
and 2012), in Sarov (2009, 20014 and 2019), in Voronezh (2010), in Zvenigo-
rod (2011), in Moscow (2015), in Protvino (2017), in Gatchina (2021) and
Okulovka (2023).

General and special lectures of leading specialists, as well as reports of
young scientists on wide range of topics of the School will be presented at the
16" «Interaction of Hydrogen Isotopes with Structural Materials. 1HISM 23
Junior» International School.

The organizing committee thanks FSUE «RFNC-VNIIEF» and Rosatom
State Corporation, the National Center for Physics and Mathematics (NCPM),
National Research Center «Kurchatov Institute», Saint-Petersburg Institute of
nuclear physics (NRC «Kurchatov Institute») for the assistance in organizing
the School and sponsorship support.

We wish you every success and efficient work, exciting meetings, pleasant
and useful communications.

Organizing Committee
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0. A. Mockanes

Poccuiickuit ®enepanshbiii Anepusiiil Lientp — Beepoccuiickuit
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(OI'VII «PDAL-BHUND D)
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FOxumuyk Apkaauii ApkaabeBud
OI'VIT «POAL-BHUNDDx»
3amecTHTEIbh HAYATEHUKA OTCTICHUS
607188, Poccus, r. CapoB
Hmxeroposckoii 0611.,
np-T Mupa, 37

Yukhimchuk Arkadiy
RFENC-VNIIEF
Deputy head separation
607188, Sarov,
Nizhny Novgorod region, Russia
arkad@triton.vniief.ru

HAIIPABJIEHUE «®U3UKA N30TOIIOB BOAOPOJA»
HAIIUOHAJIBHOT'O IEHTPA ®U3UKHU U MATEMATHKHMH.
HAYYHAS TPOI'PAMMA 2023-2025 TOJ0OB

A. A. Oxumuyx

Poccuiickuit ®enepansusiii Anepnsiit Llentp — Beepoccuiickuii
HAyYHO-HCCIIEI0BATENECKAN HHCTUTYT SKCIICPUMEHTAIBHOHN (pr3uKm
(OI'YII «POALI-BHUNDD»)

607188, r. CapoB Hikeroponckoii 06:1., mp-t Mupa, 37
arkad@triton.vniief.ru

Hampasnenne Ne 8 «®uznka u30TonoB BoAopoja» HaruoHanbHOro 1eH-
Tpa GU3UKU U MATEMATUKU HAINIPSIMYIO KacaeTcsl TeMaTHKHU mpoBoaumoi 1ko-
nel. B pamkax manHoro IIpoekTa mpemmosaraeTcs MpOBEACHUE HCCIICIOBAHUN
1o caeayomum Ilpoexram:

— MCCJICTIOBAHUS B 00JIACTU B3aUMOJICHCTBUS M30TOMOB BOAOPOJA C TBEP-
TIBIM TEJIOM;

— ¢yHAaMEHTaIbHBIE HCCIICIOBAaHUSA B 00JaCTH HEUTPUHHON (QH3UKH H
HEHTPOHOM3OBITOUHBIX SIIIEP C HCIOIB30BAHUEM H30TOIIOB BOAOPOAA U TSI,

OCHOBHBIMH LEJISIMH TIPOBEACHUS padoT mo >TuM [IpoexTaMm sBisIeTCs:
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® pa3BUTHUE CYLIECTBYIOIIMUX U CO3/1aHUE HOBBIX BOJOPOIHBIX TEXHOJIOTUIL
U TEXHOJOTMH TOIIMBHOTO IMKJIA TEPMOSAJEPHBIX YCTPOUCTB (XpaHEHUs, pas-
JIeTICHUS], OYNCTKH, TPAHCIIOPTUPOBAHHS H30TOMOB BOJOPO/A);

® pa3BUTHE METOJIOB WCCIICIOBAaHWK B 00JACTH HEUTPUHHONW (DHU3UKH U
HEWTPOHHO-M30BITOYHBIX AAEP C HCIOIb30BAaHWEM H30TONOB BOJOPOAA M Te-
qus. IlomydeHne pekOpAHBIX MOaHHBIX IO DIIEKTPOMATHUTHBIM CBOWCTBAM
HEHUTPHUHO W M3yYEHHE CBONCTB JICTKUX HEHTPOHOM3OBITOUHBIX SAEp, HAXOMS-
IOIMXCS 32 TpaHUIEW HEUTPOHHOH CTAOWIBLHOCTH — (PAKTHUECKH H3yYeHHE
CBOICTB HEUTPOHHOM MaTepuUu.

B nexuuu npuBonutcs HaydHas mporpamma pabot 2023-2025 romos mno
HampasieHuio «®Pu3uKa H30TOMOB BOJOPOAa», OOCYXKAAIOTCS NPOOJIEMHBIE
BONPOCHI U BO3BMOXKHBIC TYTH UX PCHICHUS.

THE SCIENTIFIC AREA «HYDROGEN ISOTOPE PHYSICS»
OF THE NATIONAL CENTER OF PHYSICS AND MATHEMATICS.
SCIENTIFIC PROGRAM FOR 2023-2025

A. A. Yukhimchuk
The Russian Federal Nuclear Center — All-Russian Research Institute

of Experimental Physics, 607188, Bld. 37, Mira Ave., Sarov, Russia
arkad@triton.vniief.ru

Scientific area #8 «Hydrogen Isotope Physics» of the National Center of
Physics and Mathematics concerns directly with the topics of our School. Un-
der this umbrella research embraced by the following projects is planned,
namely:

Studies of hydrogen isotope interaction with solids;

— Fundamental neutrino and neutron-excessive nuclei physics, using hy-
drogen and helium isotopes.

The main goals of the aforementioned projects are:

o Development of existing and conception of new hydrogen technologies
and nuclear fuel technologies for fusion applications (storage, separation, puri-
fication and transportation of hydrogen isotopes);

e Development of research methods in the area of neutrino and neutron-
excessive nuclei physics, using hydrogen and helium isotopes. Obtaining of
record data on neutrino electromagnetic properties and research of properties of
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light neutron-excessive nuclei beyond the neutron stability boundary, factually,
the research of neutron matter.

The lecture cites the scientific program for 2023-2025 in the area «Hydro-
gen Isotope Physics», discusses problematic tasks and possible ways of ad-
dressing them.
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nmoaxoabl K MPOEKTUPOBAHUIO MATEPHUAJIOB

B. H. Yysunvoees

Poccwus, r. Hmxuuit Horopon, HU®THU HHI'Y uwm. H. 1. Jlo6aueBckoro

PaccMOTpeHB! OCHOBHBIE KOHIENTHI MaTepHAIOBEICHUS M HX CBs3b. OO-
CY)KIAIOTCS TIPOOIIEMBI HH)KEHEPHOTO sI3bIKa MaTepuaioBeeHns. O003HaUCHBI
U aHAJIM3UPYIOTCS MPOOJIEMBI IOCTPOCHHS KapT MH)KCHEPHBIX, TEXHOJIOTHYE-
CKHMX U 9KCIDTyaTalMOHHBIX CBOMCTB. OOCYyKIaeTcsl MOCTaHOBKA 3a/1a4 MPOEK-
THPOBAHUS MaTePHAIIOB.

Kpatko paccMOTpEHBI «SI3BIKN» MPOCKTUPOBAHUS X METAIIPOCKTHPOBAHMSI:
SA3BIK q)OpM, SA3BIK ITIOTOKOB U A3BIK IMATTCPHOB.
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MeabHukoB Cepreii AnexkcaHapoBuY
AO «BHUUXT»

HayuHslif pyKoBOAUTENb HANIPABICHHS
«Mertamryprusi»

111524, P®, r. Mocksa, yi1. DneKTpoHas,
I. 2, cTp. 1
Penxo3eMenbHbIE METAIB, CIUIABBI-
HaKOMHUTEN BOAOPOAA, CHCTEMBI XpaHEHHUS
BOJIOPOJIA, IEKTPOIIN3

Sergey Melnikov
JSC «VNIIHT»

Scientific supervisor of «Metallurgy» field
111524 1Moskva, 2-nd Electrodnaya str., 2/1
Rare-earth metals, hydrogen-absorbing alloys,

hydrogen storage systems, electrolysis
SeAlMelnikov@rosatom.ru

PEJKWE U PEJIKO3EMEJIbHBIE METAJLJIbI
B TEXHOJIOTMYECKOM PA3BUTUU COBPEMEHHBIX
OTPACJIEM D KOHOMUKHA

C. A. Menvrukos
AO «BHUUXTy, r. Mocksa

OcoOeHHOCTH 3NIEKTPOHHOH CTpykTypel P3M ompenensror Qu3muko-
XMMHYECKHE XapaKTEPUCTHKU COCOWHCHMH C NMEPeXOJHBIMH METaJUIaMH TOJ-
rpynmnsl xene3a. B uactHocty, B 1960-X rogax MosBIIIMCH CIUIaBBI HA OCHOBE
coeauHenust SMCOS, KOTOpoe UMENO PEKOPIHbIE MarHUTHBIE CBOMCTBA B Kade-
CTBE MaTepuaia sl IOCTOSSHHBIX MarHUTOB. Ha MockoBCKOM 3aBojie MONIHMe-
TaJUI0B OBLJIO OPraHU30BaHO MPOU3BOJICTBO METAIMYECKOTO CaMapHsi, KOTOPOe
B 1995-1997 rr. Ha OCHOBaHUH PE3yJIbTATOB HCCIIEAOBaHUI OBUIO OABEPTHYTO
rIryOOKOH MOAEPHI3AIINH.

C cepeaunsbl 80-X roJjoB MPOILIOTO CTOJETHS B paMKax MPOTrPaMMBbl KOH-
Bepcun atoMHOU oTpacan AO «BHUUXT» Brimrodmics B pa3pabOTKy TEXHO-
JIOTHW TOJYYCHHS HCXOJHOTO CBHIPhS IJISI MAarHWTOB M3 CIIIABOB CHCTEMBI
Nd-Fe-B. Beimonnusis ceputo HUOKP Ha co3iaHHBIX HA MPEANPUATHIX OTpac-
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m: CXMIIO (r. Cmmnamsd), IO «I1X3» (r. duenpoaszepxunck), III'MK
(r. lHeBuenko), M3IT (r. MockBa), ONBITHO-IPOMBIIUIEHHBIX Yy4acTKax II0
MIPOMU3BOJCTBY MeTamnndeckux P3M U criedeHHBIX MarHUTOB, COTPYAHHKAMU
AO «BHUUNXT)» 6b1H pa3paboTaHbl U BHSPEHBI B MPOU3BOACTBO TEXHOJIOTHH
BHEMNEYHOT0 NoxydeHus muratypsl P3M-Fe, roe P3M — 310 cMmeck Heonnma u
npaszeomuMa ¢ cooTHomenneM kouteaTpammit Nd: Pr=1,0...20,0, MumveTamia
¢ noBbImeHHbIM conepkanremM Nd u Pr. B ato ke Bpems Oblia pa3paboTaHa
OIBITHO-TIPOMBITITIEHHAS TexHoJorus noiayuennst CTP3M (Dy, Tb, Y, Er, Dy-
Fe, Th-Fe). Ha atom peako3eMensHOM ChIpbe ObLTH OTPabOTaHBI PEKHUMBI 110~
JlydyeHus crieueHHbIX MaruutoB R-Fe-B.

B nmpousBojicTBe nmocTosHHbIX MaruuToB P3M-Fe-B ucnonb3yercst TexHo-
JIOTHSI BOJIOPOJTHOTO JTUCTIEPTUPOBAHMS AJIS MOBBIIIEHUSI MAarHUTHBIX CBOMCTB
CIIEUEHHBIX MarHUTOB. BogopoaHoe aucneprupoBanue METaUNIMYECKOTo ypaHa
MIPUMEHUMO IS TOJTyYeHHS CIICUCHHBIX Ta0JIEeTOK U3 MOHOHUTPHJIA YpaHa.

Brimonuss nouckosie HUP B pamkax mpoekroB MOH, B pamkax mpo-
rpaMmMmbl AKM u Crparermueckue marepuansl, EOTII 'K «Pocatom», Kom-
miekcHoi mporpamMmbl PTTH cotpynnukamu AO « BHUUXT npu TecHOM co-
TpyaHu4ecTBe ¢ KojulekTuBamu cnenuanucto HUTY «MUCuCy», HUL «KU-
BUAM», UMET PAH pazpabaTeIBatoTcst HOBBIE SKOHOMHUYHBIC TEXHOJIOTHH:

— ITOJTy4EHUs] METaJUTMYECKOH TPOIYKIIMH Ha OCHOBE TYTOIUIABKUX METaj-
JIOB B TOM YHCJIC U3 TEXHOT€HHBIX HCTOYHHUKOB CHIPbS,

— HepepaboTKH OTXOJI0B MAarHUTHBIX MAaTE€pPHAaJIOB C MOCIEAYIOIUM I10JTy-
YeHHEM OKCHJIOB PEIKO3EMENbHBIX eMeHTOB (P30),

— HoTydeHust 0a30BBIX JIMTATyp PEIKO3EMEIbHBIX METAJUIOB AJS IPOU3-
BOJICTBA ITOCTOSTHHBIX MarHuToB P3M — Fe — B.

RARE AND RARE-EARTH METALS IN THE TECHNOLOGICAL
DEVELOPMENT OF MODERN INDUSTRIES

S. A. Melnikov
JSC «VNIIHT», Russia, Moscow
The electronic structure of rare-earth metals (REM) determines the physi-
cochemical characteristics of compositions based on the transition metals of the

iron subgroup. In particular, alloys based on the SmCo5 compound appeared in
the 1960s. That material for permanent magnets demonstrated record magnetic
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properties. Manufacturing of metallic samarium was organized at the Moscow
Plant of polymetals, which was subjected to profound modernization due to
recent research results in 1995-1997.

From the mid 1980's JSC «VNIIHT» was involved in the development of
the technology for manufacturing of initial materials for Nd-Fe-B alloyed mag-
nets within the framework of the nuclear industry conversion program. A series
of R&D projects were carried out at the industrial enterprises: SHMPO (Sil-
lamae), PA «PHZ» (Dneprodzerzhinsk), PGMK (Shevchenko), MZP (Mos-
cow). (Moscow) and pilot plots for production of REM and sintered magnets.
The JSC «VNIIHT» researchers developed and implemented into production
technologies of out-of-furnace production of REM-Fe alloy consisted of mix-
ture of neodymium and praseodymium with the ratio of Nd:Pr = 1.0...20.0, and
mishmetal with high content of Nd and Pr. A pilot technology for production of
heavy REM (Dy, Th, Y, Er, Dy-Fe, Th-Fe) was developed at the same time.
Initial rare-earth raw materials obtained by this technology were utilized to find
out regimes for sintered REM-Fe-B magnets production.

Hydrogen dispersion technology uses for REM-Fe-B permanent magnets
production to enhance magnetic properties. Hydrogen dispersion of metallic
uranium is applicable to the production of sintered uranium mononitride pellets.

The JSC «VNIIHT» researchers work in close cooperation with specialists
from NUST «MISIS», RDE «KI-VIAM», IMET RAN to perform R&D pro-
jects within the framework of RTTN, MON, AKM and Strategic Materials Pro-
gram, EOTP of GK «Rosatom» and to develop new cost-effective technologies
for:

— obtaining of metal products based on refractory metals, including from
man-made sources of raw materials,

— waste magnetic materials recycling with subsequent production of rare-
earth element (REE) oxides,

— obtaining of basic rare-earth metals ligatures for the production of per-
manent magnets REM-Fe-B.
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METO/ CONPSI)KEHHBIX YPABHEHUU 111 OIIEHKH
IMAPAMETPOB BOJOPOJOINTPOHUIIAEMOCTH 1
TEPMOJECOPBLIIN

10. B. 3auxa
Kapensckuil Hayunslii uentp PAH

B nexnuu aHaIH3MPYIOTCS HEKOTOPHIC KPAcBbIe 3a7a4d B3aUMOJICHCTBUS
M30TOIMOB BOJOPOJa C KOHCTPYKIMOHHBIMH MaTepuaiaMu. 3aaaddl COOTBET-
CTBYIOT SKCIIEPUMEHTAIBHBIM METO/IaM MPOHUIAEMOCTU M TEPMOJCCOPOIHOH-
HOM criekTpomeTpur. Kiaccuueckrne MOJIeNH COIEPKAT KPaeBble YCIOBHS TIep-
BOTO poaa (KOTIa 3aJaroTcs KOHICHTPALMH B TPHUIIOBEPXHOCTHOM 00BEME),
BTOPOTO (321aI0TCSI IOTOKH) M TpeThero («cmech» 1-2 pona). OTIMYHTENEHON
0COOEHHOCTBHIO PACCMATPUBACMBIX HEJIMHEHHBIX MOJENCH SIBISICTCS y4eT JIH-
HAMHKH TOBEPXHOCTHBIX IMPOIECCOB COPOIHK/ICCOPOIMH ¥ PACTBOPEHUS BO
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B3aumoeiicTBuK ¢ M (y3HOHHBIMHU IpoliecCaMu B o0beMe. DTU MPOLECCH
CYIIECTBEHHO Pa3HOCKOPOCTHEIE. I10 3TOi IMpUYNHE TaKue CUCTEMBbl OTHOCSTCS
K KJIAcCy KECTKHX M TpeOyroT pa3pabOoTKH CIENHATN3NPOBAHHOTO MPOTPaMM-
Horo obecnedyeHus. [loMumo 3TOro, HaaW4YWe MPOU3BOTHBIX MO BPEMEHH OT
MOBEPXHOCTHBIX KOHLEHTPALMHA MPUBOAUT K HEOOXOAMMOCTH KIIACCH(PHUIUPO-
BaTh TAKHE MOJIENU KaK CHCTEMBI C MOCJIEACHCTBHEM HEHTpaIbHOro THIA (B
pamkax oOmeil Teopun (QYHKIHOHANBHO-TH(QEepeHIHATPHEIX YpaBHEHHH),
KOTOpBIE CYIIECTBEHHO CIIOKHEE «OOBIYHBIX». JlOKa3aHBI COOTBETCTBYIOIINE
TEOPEMBI CYIECTBOBAHHS M €AMHCTBEHHOCTH PELICHUH TaKMX KpaeBbIX 3aj1ad,
4TO O03HAYaeT MX MaTeMaTH4YeCKyI0 KOPPEKTHOCTh. X mpakTuyeckas «moses-
HOCTB» BBISIBIISIETCS IIPU COTIOCTABIICHUHU C SKCIIEPUMEHTOM.

Crenyrolmuii mar COCTOUT B IapaMeTpUYecKol HAeHTH(UKAINU MOAeIer
[0 SKCIIEPUMEHTAIBHBIM JIaHHBIM. JTO yXe OoOpaTHbIe 3aJayll MaTeMaTHde-
CKOW (DM3MKH, JJIsI KOTOPHIX XapaKTepPHAa BBICOKAas YYBCTBHTEIBHOCTH K pa3-
JMYHOTO POAA MOTPEUIHOCTSIM BO BXOIHBIX JaHHBIX. MHOTromapamMeTpuIecKue
MOJENH OOBIYHO TTO3BOJISIIOT € JOCTATOYHOM TOYHOCTHIO aNIPOKCHMHPOBATH
9KCTIEpUMEHTANIbHbIE KpuBble. HO 3TO upeBaTo HEeAWHCTBEHHOCTHIO HabOpa
IapamMeTpoB, YTO, B YACTHOCTH, MOKET MPUBECTH K HEKOPPEKTHOCTH IlepecyeTa
pE3yNbTaTOB C TOHKUX JIAOOPATOPHBIX MEMOpaH Ha peasibHble KOHCTPYKIIHH.
Heo0xoanMo CONOCTaBIATh CIOXHOCTh MOJENU C WH(POPMATHBHOCTBIO KOH-
KPETHOT'0 SKCIIEPUMEHTAILHOIO METO/1a.

lapanTHpOBaTh €IMHCTBEHHOCTh HAO0Opa MapaMeTpOB ammpOKCHMAlUU B
HEJIMHEWHBIX KpaeBbIX 3a/ladax upe3BbluaiiHO ciokHO. Ho cnenyer no kpaiinen
Mepe CTPEeMHUTHCS K YMEHBIIECHHIO Pa3MEPHOCTH OOpaTHOW MapamMeTpU4ecKon
3aja4yn. B Jjekuuu npeacraBieH OAMH U3 BO3MOXKHBIX MOAXOJ0B — TaK Ha3bIBa-
€MBbIi METO]] COTIPSHKEHHBIX YPaBHEHUI.

ADJOINT EQUATION METHOD FOR ESTIMATION OF HYDROGEN
PERMEABILITY AND THERMAL DESORPTION PARAMETERS

Yu. V. Zaika
Karelian Research Centre RAS
The lecture analyzes some boundary-value problems of interaction of hy-

drogen isotopes with structural materials. The problems correspond to the ex-
perimental methods of permeability and thermal desorption spectrometry. Clas-
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sical models contain boundary conditions of the first (when the concentrations
in the near-surface bulk are given), the second (flows are given), and the third
kind (a mix of the 15t and 2™ kinds). A distinctive feature of the nonlinear mod-
els examined is that the dynamics of surface processes of sorption/desorption
and dissolution are considered in a crosstalk with diffusion processes in the
bulk. The velocities of these processes are significantly different. Therefore,
such systems are described as rigid and require the development of specialized
software. In addition, given the presence of time derivatives of surface concen-
trations, such models are to be classified as systems with a neutral-type afteref-
fect (within the framework of the general theory of functional differential equa-
tions), which are far more complicated than «ordinary» ones. The correspond-
ing existence and uniqueness theorems for solutions of such boundary-value
problems have been proved, which means that they are mathematically correct.
Their practical «usefulness» is revealed by comparison with the experiment.

The next step is the parametric identification of the models based on ex-
perimental data. Here we deal with inverse problems of mathematical physics,
which are highly sensitive to various kinds of errors in the input data. Multi-
parameter models usually provide sufficiently accurate approximations of ex-
perimental curves. However, there is a risk of getting a non-unique set of pa-
rameters, which may, in particular, lead to incorrect translation of the results
from thin laboratory membranes to real structures. The complexity of the model
has to match the information content of the given experimental method.

It is extremely difficult to ensure the uniqueness of the set of approxima-
tion parameters in nonlinear boundary-value problems. Nonetheless, one should
at least strive to reduce the dimensions of the inverse parametric problem. The
lecture presents one of the possible approaches, the so-called adjoint equation
method.
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MPOBJEMA BBIBOPA MATEPUAJIOB ITIEPBOM CTEHKH
TEPMOSAJEPHBIX PEAKTOPOB

A. B. I'onybesa

HHII «Kyp4aToBCKMil HHCTUTYT»

TepMmosiiepHbIif peakTOp — yCTaHOBKAa, B KOTOPOH MHpPOTEKAaeT peakius
CUHTE3a TSDKEJBIX W30TONOB U3 OoJiee JITKUX C BBIJEJICHUEM SHEpruu. B
NepBYIO0 OYepe]b Oy/leT pealln30BaHa PEakiMs Ha CMECH TSDKEJBIX M30TOIOB
BOJIOPOAA:

D+T — He (3,6 MsB) + n (14,1 M>B).

B nmoxmanme paccmarpmBaroTcs NMpoOJIEeMBI BBEIOOpa MaTEpPHAIOB TEPMO-
SIIEPHOTO PEaKTOPA.

K obpamennsm k miazme (OIIM) u xoHCcTpyKImoHHBEIM (KM) MaTepua-
maM TepMosiiepHbIX peakTopos (TAP) BeigBuratorcs tpeboBaHus:

— BBICOKOH TEIIONPOBOJAHOCTH;

— cTaOWIIBHOCTH TEPMOMEXaHUYECKHX CBOIMCTB B 9KCTPEMANIbHBIX YCIOBH-
SIX TEPMOSAJCPHOTO peakTopa (o0ryueHne HelHTpoHamMu ¢ SHepruei <14,1 M»aB,
BBICOKHE IMOTOKH TEIla);

— OBICTPOTO cliaJia HaBEJCHHOW aKTUBHOCTH.
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OIIM, OMHMO 3TOTO, JOJDKHBI OBITH YCTOMYHMBBI IIPH BO3JEHCTBHUH ILIA3-
MEHHOT'O OOJyYeHHMs, a UX NPUMECh B IIa3Me, HOSBIISIONMIAsACS B pPe3ysbTaTe
pacIbUICHHs, He JOJKHA 3aMETHO OXJIAXKIaTh IIa3My.

Kpome Toro, >xenaTenbHO, YTOOBI HAKOIICHHE PAaANOAKTUBHOTO TPHUTHS B
Marepuanax TSP v MOTOKM TpUTHS CKBO3b MaTepUalbl 3a NPEIENbl KaMepbl
peakTopa ObUIM KaK MOXXHO MeHbIle. IlepedurncieHHbIM TpeOOBaHUAM YHOBIIC-
TBOPSIOT OYCHb HeMHOTHe Marepuaisl. B kauectBe OIIM B HacTosmuii mMo-
MeHT paccmarpuBatoT Be, C u yriiepoambie kKoMno3utHele Matepuainsi, Li, W, B
kauectBe KM — aycreHuTHbIe cTanu, (eppuTHO-MapTCHCUTHBIE CTAJIH CO CHH-
*KeHHOU aktuBaimeil, crrassl V-Cr-Ti. B paboTe paccMOTpeHbI TOCTOMHCTBA U
HEJIOCTaTKN MOTeHUIMANbHbIX MaTepraBoB TSP u nmpobiemsl BEIOOpa MaTepH-
ajgoB A INPOEKTOB 3Heprerndeckoro TSP u TepMOsSOEpHOrO HCTOYHUKA
Heiitponos (THH).

PaboTa BeIOTHEHA B paMKaxX Hay4yHOH mporpammsl HarmoHansHOTO 1IeH-
Tpa GU3HKK M MaTeMaTHKH, HarpaBieHne Ne 8 «Dn3nka H30TOMOB BOAOPOA».

PROBLEM OF CHOOSING MATERIALS FOR THE FIRST WALL
OF FUSION REACTORS

A. V. Golubeva
NRC «Kurchatov Institute»

A fusion reactor is an installation where the reaction of synthesis of heavy
isotopes from lighter ones proceeds with the release of energy. First of all, the
reaction will be carried out on a mixture of heavy hydrogen isotopes:

D+T — He (3,6 MeV) + n (14,1 MeV).

The report discusses the problem of choosing materials for fusion reactors.

The following requirements are put forward for plasma-facing (PFM) and
structural (SM) materials of fusion reactors:

— high thermal conductivity,

— stability of thermomechanical properties under extreme conditions of a
fusion reactor (irradiation with neutrons with an energy of up to 14,1 MeV,
high heat fluxes),

— rapid decline in induced activity.
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PFM, in addition, must be stable under the plasma irradiation, and their
admixture in the plasma, which appears as a result of spattering, should not
noticeably cool the plasma.

In addition, it is desirable that the accumulation of radioactive tritium in
the FR materials and the flows of tritium through the materials outside the reac-
tor chamber should be as small as possible. Very few materials meet the listed
requirements. Currently, Be, C and carbon composite materials, Li, W are con-
sidered as PFM, while austenitic steels, ferritic—martensitic steels with reduced
activation, V-Cr-Ti alloys are considered as SM. The advantages and disad-
vantages of the potential materials of FR and the problems of choosing materi-
als for projects of energy FR and fusion neutron source (FNS) are discussed.

The work was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, direction No. 8 «Physics
of hydrogen isotopes».
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PA3HOCTHAS CXEMA PEILIEHUS HEJIUHENHOMW KPAEBOM
3AJIAYH BOJJOPOJJONPOHUIIAEMOCTH C JUHAMUYECKUMHU
IT'PAHUYHBIMHU YCJIOBUSIMU

I0. B. 3auxa®, H. U. Poduenkosa®

1 Kapenbcknii nayunbiii nentp PAH
2HCTUTYT IPUKJIAIHBIX MaTeMaTHYECKUX uccaepopanuii KapHI] PAH

HHTepec kK B3aMMOAEHCTBHIO M30TOINOB BOJIOPOJA C KOHCTPYKIMOHHBIMU
MaTepralaMH BBI3BaH, B YaCTHOCTH, NMPOOJIEMaMH 3aIIUTHl OT BOJOPOAHOU
KOPpPO3MH U MEPCIEKTUBAMH BOJOPOIHON >HEPreTHKH. PaccmarpuBaeTcs He-
JUHeHHas KpaeBas 3a/adya, COOTBETCTBYIOIIAS CIEAYIOLIEMY 3KCIIEPUMEHTY.
Harperas 10 10CTaToYHO BBICOKOH TeMIIEpaTypbl MEMOpaHa CIIyXKHT Iepero-
poaKol BakyyMmMHOW Kamepsl. Ilociie mpenBapUTEIbHOIO BaKyyMHPOBAHMs Ha
BXOJHOM CTOPOHE CO37aeTCs MOCTOSHHOE JaBIEHUE ra3000pa3HOro BOJOPOaA.
C BBIXOHOM CTOPOHBI B YCIOBHUSIX BaKyyMUPOBaHHs ONpeJessieTcs MpOHHKa-
IOLUHI NOTOK. {11 HEKOTOPBIX MAaTEPUAIOB U ONPEACIEHHBIX YCIOBUM JKCIIe-
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puMeHTa (CM., HarpuMmep, padboTy [1]) HabIroaeTCss HEMOHOTOHHBIN XapakTep
YCTAHOBJIEHHS BBIXOJHOTO IIOTOKA BOJOPOJIA.

Cragust CHIDKEHHS IIOTOKA XapaKTEpU3yeTCsl OTHOCHUTEIBHO OONBIION
JUTNTEIBHOCTBIO U MAJIOM CKOpOCThIO. HapacTaHne KOHIEHTpauuH PacTBOPEH-
HOTO aTOMapHOT'0 BOJOPO/IA 10 OMPEAEICHHOTO YPOBHS IIPUBOJNUT K OCTENCH-
HOMY 3aMeUieHnI0 Tuddy3un. B Takux ycnoBusax NpUHATA JHHEHHAS MOJEIH
3aBHCUMOCTH KodddunuenTa muddy3nn ot KoHUeHTpanmu. [lo TemmepaType
3aBUCHMOCTDh B COOTBETCTBHH C 3aKOHOM AppeHmyca. Takue 3a1adn XOpOIIO
U3Y4EHbI, HO B PAMKaX CTaHJApTHBIX PaHUUYHBIX ycioBui. Ha BbIXONHOM cTO-
pOHE B IPUIIOBEPXHOCTHOM OOBbEMe NPUHMMAaeTCs HyJeBass KOHIIEHTpAIUs
mup¢ys3anta. Ha Bxone OOBIYHO CYMTAETCSs, YTO MPAKTHYECKH MIHOBEHHO
(Ipu OTHOCHTENILHO OOJBIIOM JIABJICHWH) KOHLICHTPAIMS JOCTUTAET JIOKAIBHO
PaBHOBECHOTO YPOBHS, IPONOPIMOHAIBHOIO KOPHIO M3 JaBlICHUS (3aKOH
Cuseprca).

CyIecTBEHHBIM HEAOCTATKOM TAaKOW MOJETH SIBISETCA TO, YTO M3 pac-
CMOTPEHHMS MCKIIOYAeTCsl TUHAMHKA TTOBEPXHOCTHBIX NPOIIECCOB PACTBOPCHHUS
n copbunu-necopbuun. B npencraBnenHol paboTe 3TH HpoLecchl yYTEHBI B
(opMe HENMHEHHBIX JTUHAMHYECKUX TPAaHMYHBIX YCIOBHH: 3ammcaHbl nudde-
pEHIMAJIbHBIE YpaBHEHUs AJISl MOBEPXHOCTHBIX KOHIEHTpanuii aTOMapHOTO
Bojopona. TeM cambIM, MPOM3BOIHAS II0 BPEMEHH y4YacTBYET HE TOJIBKO B
1 (y3MOHHOM YpaBHEHHH, HO U B I'PAaHUYHBIX YCJIOBHUSIX. DTO CYIIECTBEHHO
YCIIOXKHIET KpaeByro 3a1ady. Eciu uMeTh B BUAY OOIIYI0 TEOpHUIO (PYHKIIHO-
HabHO-AU(PEepeHInaTbHBIX ypaBHEHUH, TO TOJOOHBIE 3a7a4d OTHOCATCS K
TaKk Ha3bIBACMOMY HEHTpaJbHOMY THITY U TpeOyIOT pa3BHTHA OoJiee CI0KHOTO
MaTeMaTHYECKOTO amnmapara.

B pabote mpencraBieH MTEpalMOHHBIN BBIYHCIUTEILHBIH aJTOPUTM pe-
LIEHUs] HETMHEHHON KpaeBOH 3aJjaudl Ha OCHOBE HESBHBIX PA3HOCTHBIX CXEM H
NIPUBEJICHbl PE3yJIbTAaThl YMCIEHHOro MojenupoBanus. [locne Bepupukanmn
MOJIeN Ha KOHKPETHBIX SKCHEPUMEHTAIbHBIX JAHHBIX MOXHO YK€ YHCIECHHO
MOJICTIMPOBAaTh Pa3iIMYHbIE CUTYyallMy (HalpHMeEp, peaknuio Ha CKauykooOpas-
HBI CTYNEHYaThId XapaKTep BXOJHOTO JABJIECHHUS), SKOHOMS Ha JKCIIEPHMEH-
TaJIbHBIX 3aTpaTax.

JINTEPATYPA
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DIFFERENCE SCHEME FOR SOLVING A NONLINEAR BOUNDARY-
VALUE PROBLEM OF HYDROGEN PERMEABILITY WITH
DYNAMICAL BOUNDARY CONDITIONS

Yu. V. Zaika!, N. I. Rodchenkova?

! Karelian Research Centre RAS
2 Institute of Applied Mathematical Research, KarRC RAS

Studies on the interaction of hydrogen isotopes with structural materials
are mainly necessitated by problems in the protection of metals against hydro-
gen corrosion and development of the hydrogen energy industry. We consider
the nonlinear boundary-value problem corresponding to the following experi-
ment. A membrane heated to a sufficiently high temperature served as the parti-
tion in the vacuum chamber. Degassing was performed in advance. A constant
pressure of hydrogen gas was built up at the inlet side. The penetrating flux was
determined by mass-spectrometry in the vacuum maintained at the outlet side.
For some materials and certain experimental conditions (see, for example, arti-
cle [1]), establishment of the hydrogen output flux has a nonmonotonic shape.

The flux declining stage is characterized by a relatively long duration and
low velocity. When the concentration of dissolved atomic hydrogen reaches a
certain level, the diffusion begins to slow down gradually. A linear model of
the dependence of the diffusion coefficient on concentration is adopted under
such conditions. The temperature dependence conforms to the Arrhenius law.
Such problems are well studied, but within the framework of standard boundary
conditions. On the outlet side, the concentration of the diffusant in the near-
surface bulk is assumed to be zero. At the inlet one, it is usually assumed that
the concentration almost instantly (given relatively high pressure) reaches a
local equilibrium level proportional to the root of the pressure (Siverts' law).

A significant drawback of this model is that the dynamics of surface pro-
cesses of dissolution and sorption-desorption is left out of consideration. In the
present study, these processes are taken into account in the form of nonlinear
dynamic boundary conditions: differential equations are written for the surface
concentrations of atomic hydrogen. Thus, the time derivative is involved not
only in the diffusion equation, but also in the boundary conditions. This makes
the boundary value problem significantly more complicated. If we keep in mind
the general theory of functional differential equations, then such problems are
of the so-called neutral type and require the development of a more complex
mathematical technique.
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The paper presents an iterative computational algorithm for solving a non-
linear boundary-value problem based on implicit difference schemes and pre-
sents the results of numerical simulations. After the model has been verified
using specific experimental data, it becomes possible to numerically simulate
various situations (for example, the reaction to an abrupt stepwise pattern of the
inlet pressure) while saving on experimental costs.

REFERENCES
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KAYECTBEHHAA U HTAPAMETPUYECKAA NWIEHTUOUKALIUA
JABYXITHKOBBIX CIIEKTPOB TEPMOJECOPELIMU BOJOPOJA

1O. B. 3auxa, E. K. Kocmuxosa
OI'BYH ®UL «Kapensckuii HayuHslid neHTp PAH»

WHTepec Kk B3aMMOAEHCTBUIO M30TONOB BOJIOPOJA C KOHCTPYKIIMOHHBIMU
MaTrepuallaMM BbI3BaH, B YAaCTHOCTH, NpoOJieMaMHu 3allUTBl OT BOJOPOJHOU
KOPPO3UH U MEPCIEKTUBAMHU BOJOPOAHOM dHepreTukr. OxHuM u3 3hdexTus-
HBIX 9KCHEPHUMEHTAIBHBIX METO/OB SIBJISIETCS TEPMOAECOPOIIMOHHAS CIIEKTPO-
Mmetpus. OOpasell, npeBapUTEIbHO HACHIIEHHBIH PACTBOPEHHBIM BOAOPOJIOM
IIPU JOCTATOYHO BBICOKOI TeMIlepaType, MEUICHHO (Ha MPaKTHKE OOBIYHO JIH-
HEWHO) HarpeBaeTcs B BaKyyMHOH kamepe. C MOMOIIBIO Macc-CHEKTPOMETpa
OTIpeNersIeTCsl TIOTOK AEra3alliy. 3aBUCHMOCTh IIOTOKa OT TEKyIlei Temmepa-
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TypBI AaeT cnekrp repmonecopoumnu. Ilo atoii mHpopmManuu cyniar o TeX HiH
UHBIX XapaKTePUCTHKaX KOHCTPYKLMOHHOTO MaTepuana, B3auMoJeHCTBYOIIe-
ro ¢ BogopoaoM. CHeKTp 9acTo COCTOMT M3 HECKOJIBKUX HM30JMPOBAHHBIX ITH-
KOB. [IX HHTepIIpeTanus U COCTABIAET 3aJady aHa/In3a CIIeKTpa.

OOBIYHO MPUMEHSIOT CIenyomyo cxeMy. CIeKTp pasiaraioT Ha CyMMY
rayccuanoB. Kakaplli M3 HHX WHTEPIPETHPYIOT KaK peakiUy MEepBOTO WIH
BTOPOTO MOPSIKOB, ONEPUPYS CpeAHeH Mo 00beMy KOHIIEHTpAIel BOIOpOoaa 1
SHEPTHSMH CBS3M B PA3IMIHOTO poJia JIOBYIIKAX (MHUKPOIIOIOCTH, TPaHHIIBI
3epeH U ApYyrue HEOJAHOPOTHOCTH MaTepHaia). 3aTeM C MOMOIIbI0 METOAUKU
Kuccunxepa OIeHUBAIOT NMPEIIKCIIOHEHTH! (YaCTOTHBIE MHOXKHUTEIH) U YHEp-
TUU CBA3U.

YucneHHOE MOJICTUpOBaHKe (paccMaTpuBaeTCsl HeNMMHEHHAsT Tu(Qy3HOH-
Had KpacBad 3ajlada ¢ JUHAMHUYCCKUMHU T'paHUYHBIMU YCJIIOBUAMU U1 TTOBEPX-
HOCTHOM KOHIICHTpAIIMH) MMOKa3bIBA€T, YTO BO3ZMOXKEH U Apyrou cueHapui. Jlis
OTIpE/ICIICHHOCTH Oy/IeM UMETh B BHIY Jera3alliio TOHKOW miacTuHbl. CHavana
[0 Mepe HarpeBa IPOUCXOAWUT ACCOPOUHsS C MOBEPXHOCTH M W3 IPHUIIOBEPX-
HOCTHOTO OOBbeMa (TepBbId THK). Temrmeparypa pacTeT W Yy MOBEPXHOCTH
chopMupoBaH OOJBIION TPAAHEHT KOHICHTpAnH. [I[pOUCXOANT CyIecTBeHHAS
aktuBu3anys uddys3nun 3 o0beMa K MOBEPXHOCTH M HAONIOIAeTCS MOBTOP-
HBIN BCIUIECK JIeTa3allnu.

[Ipexzae, yeM HepexoAUTh K MapaMeTpUUecKOW HIECHTH(PUKALNU, HYKHO
¢du3nyeckn 000CHOBAaTh caM CICHapHil (Ha OCHOBE MMEIOLIMXCS AKCIIEPUMEH-
TaJIbHBIX I[aHHI)IX). C MaTeMaTHYECKOH TOYKH 3pC€HNA BO3HHMKACT 3aJada: Kak
0 CHEKTPY IMOHATH, KaKOMY H3 BApHUAHTOB CJIIEAYET OTAATH Hpe)IHO'-ITeHI/Ie?
MHOTOITMKOBBINA CIICKTP OYCHb TPYAHO OAHO3HAYHO HUHTECPIPECTUPOBATH, IIO-
CKOJIBKY pealbHO UMEET MECTO HAJIOKCHHE MHOTHX BapUAHTOB, HE TOJIBKO YKa-
3aHHBIX JIBYX.

B paboTte mis onpeneneHHOCTH PacCMOTPEHBI CIIEKTPHI ISl XOPOIIO H3Y-
YEHHBIX METAIMIECKUX MarepruasoB. [Ipumenstorcs 06e MoIeu I almpoK-
CUMAllUU CIIEKTPOB. 3aTeM MPOBOIUTCA CEPUS BBIYMCIUTENBHBIX 3KCIIEPUMEH-
TOB (MEHsIETCS TOJIIIMHA TUIACTUHBI, CKOPOCTh HAarpeBa, HayalbHasi KOHIIEHTpa-
IIUsl HACBHIIICHUS, 3aKOH HarpeBa (HampuUMep, CO CTYIEHYAThIM H3MEHEHHEM
CKOPOCTH Harpera),...). HakOTUIEHHBIH BBIYMCIUTENBHBIN MaTeprall MO3BOJISICT
MTOHATH, KAKOW W3 IOMOHUTEIHHBIX SKCIIEPUMEHTOB CIIEIyeT MMPOBECTH, YTOOBI
OKOHYATEIBHO BHIOPATh MOJIENb U MPOBECTH Y)KE €€ MapaMeTpUIecKylo HIeH-
tadukanyio. IS «IUCTBIX» METAIOB BEPOSTHEE BTOPOW CIICHAPHH, a IS
IIOPUCTHIX» — TEpBHIA. B pabote mpeacTaBieHsl peKOMEHIAINN, KaK KCIIe-
PHMEHTAIEHO OTJIMYUTD yKa3aHHbBIE MOJIEIH TEPMOIECOPOLIHH.
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QUALITATIVE AND PARAMETRIC IDENTIFICATION
OF TWO-PEAK HYDROGEN THERMAL DESORPTION SPECTRA

Yu. Zaika, E. Kostikova
Karelian Research Centre of the Russian Academy of Sciences

Various mathematical models are used in the study of multi-peak thermal
desorption spectra of hydrogen isotopes from structural materials. In the article
we will focus on two models: 1) in the form of superposition of first- and sec-
ond-order reactions for volume-averaged concentrations, and 2) on a distributed
model in the form of a nonlinear boundary value problem with dynamic bound-
ary conditions reflecting processes in the volume and on the surface of the ma-
terial. When identifying the spectra, it is necessary to first identify the physico-
chemical causes of various thermal desorption peaks and only after that evalu-
ate the kinetic parameters of a physically based model.
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KHHETHUKA MIPOHUKHOBEHUS BOJOPOJA CKBO3b
BBICOKOSHTPOITMMHBIE CILJIABBI

H. Y. Cudopos*, A. A. Peunenv®, U. C. Cunamoe*, B. A. Iusens?

"Mucruryr meramnypruu YpO PAH, r. Exarepun6ypr
2KpacHo1apcKoe BhICIIEE BOEHHOE aBUAIIMOHHOE YUMIIHILE JIETYUKOB,
um. I'epost Coserckoro Coro3a A. K. Ceposa, r. KpacHonap

MaccoBoe NpOU3BOACTBO BOIOPOJa BBHICOKOW YHCTOTHI HEOOXOAUMO ISt
YJIOBJIETBOPEHUsI OyAyLIEro cCIpoca Ha BOJOPOJ, KOTOPBIH, Kak OXHAACTCS
Oyzmet OBICTPO pacTd B OnrKaiIIe roasl B 00JacTAX HeTeXuMuIeckoil mepe-
pabOTKH, TPAHCIIOPTAa C HU3KUM YPOBHEM BBIOPOCOB U MPOM3BOICTBA 3IEKTPO-
SHEPTHH.

3aja4ya MOJTyYEHHs ACIIEBOIO BOJOPOJA BBHICOKOW YHCTOTHI B HPOMBIII-
JIEHHOM MacmTade TpebyeT pa3padoTKH BEICOKOMPOM3BOIUTEIHHEIX MEMOpPaH.

CymiecTByeT BBICOKHH CIIPOC HAa HEJOPOTHE METAIUINYECKHE MEMOpaHbI ¢
MHUHUMAJIBHBIM COACPIKAHUEM WJIN TOJHBIM OTCYTCTBUEM AparMeTajlyioB, HO
o0JaaroIue CToJb e BEICOKOH BOJOPOAONPOHULIAEMOCTBIO, IIACTHYHOCTHIO
A CTOMKOCTBIO K BOJIOPOJHOMY OXpYMUUBaHHUIO. B0aOpOIHO-CENEKTHUBHbIE
MeMOpaHnbl, chopmupoBanubie u3 cutaBoB ¢ OLIK cTpykTypoii, MOKa3bIBatOT
OUYEHb BHICOKHE KO3()(UIIMEHTHI BOJOPOOIPOHUIIAEMOCTH, HO OHH TTOJIBEPIKE-
HBI XPYNKOMY Pa3pyIICHHIO U3-3a YPE3MEPHOI0 MoromeHus Bojgopoaa. [Toka
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MPOOJIEMBI, CBSI3aHHBIC C STHM, HE MPEOJIOJICHBI, 3TH MaTepHalbl He o0ecneyu-
BaIOT JKU3HECTIOCOOHYIO aJIbTEPHATHBY MEMOpaHaM Ha OCHOBE MaJUIaJIHsl.

B mocnenHee Bpemsi BhICOKOIHTpoINUiiHbIe ciutaBel (BOC) mpuBnexaroT
Bce Oorpliee BHIMaHHE KaK HOBBIH KJIACC TOTEHIIMANBHBIX MATEPHAJIOB IS
BOJIOPO/IHOM HepreTuku. I1o cpaBHEHUIO ¢ OOBIYHBIMI OWHAPHBIMA WJIH TPOH-
HBIMA crtaBamu, BOC 00magaroT HEOOBYHBIMH CBOMCTBAMH, 00YCIIOBICHHEI-
MH HCKQKCHHEM PEIIeTKH, BOSHUKAIOMIMMHU BMECTE C Pa3HOOOpa3ueM H KOJU-
YeCTBOM BKIIIOYCHHBIX JJIEMEHTOB (IATh MM OOJiee OCHOBHBIX JIICMECHTOB,
KXl U3 KOTOPBIX MMEET OIpeNeseHHbIN pa3Mep). JIokaneHas cpema s
KaXXJIOTO aTOMa Pa3JIn4Ha, YTO MOXKET MPUBECTU K UCKAKCHUIO PEIICTKH, KOTO-
pasi B KOHEYHOM HMTOTe 00ecreunBaeT 0oJiee MOAXO/ISIINEe MeCTa BHEAPCHUS U
nyTd quddy3un Uiss aTOMOB BOJOPOA, YTO MPHUBOIUT K MHOTOOOCIIAFOIIIM
CBOMCTBaM [IJIsl MATEPHAIIOB BOJIOPOAHON SHEPTETHKH.

Hamu mpoBeneH aHanu3 pas3iiduus KHHETHKH BOJOPOJA B HM3y4aeMbIX
crutaBax. [lomydeHHBIe pe3ynbTaThl 00CYKAAIOTCS ¢ TOUYKH 3pSHHUS BO3MOXKHO-
ctu ucnonb3oBanus craBa Hf-Zr-Ni-Cu-Co B kauectBe au(y3rMOHHOTO
¢mIBTpa U MOMYYCHHS BOIOPOIA BEICOKOW YrCcTOTEL. Oco00e BHUMAHHUE Ye-
JeHo mpobieme ucnoib3oBanue ciutaBa Ti-Zr-Nb-Hf-Ta anst xpanenust Bojo-
pora.

KINETICS OF HYDROGEN PENETRATION THROUGH
HIGH-ENTROPY ALLOYS

N. I. Sidorov?, A. A. Rempel?, I. S. Sipatov?, V. A. Piven?

YInstitute of Metallurgy of the UB of the RAS, Yekaterinburg
2 Krasnodar Higher Military Aviation School of Pilots named
after the Hero of the Soviet Union
A. K. Serov, Krasnodar

The mass production of high purity hydrogen is necessary to meet the fu-
ture demand for hydrogen, which is expected to grow rapidly in the coming
years in the fields of petrochemical refining, low-emission transport and power
generation.

The task of obtaining cheap high-purity hydrogen on an industrial scale
requires the development of high-performance membranes.
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There is a high demand for inexpensive metal membranes with minimal or
no precious metals, but with equally high water permeability, plasticity and
resistance to hydrogen embrittlement. Hydrogen-selective membranes formed
from alloys with a BCC structure show very high water permeability coeffi-
cients, but they are susceptible to brittle failure due to excessive absorption of
hydrogen. Until the problems associated with this are not overcome, these ma-
terials are not a viable alternative to palladium-based membranes.

Recently, high-entropy alloys have attracted increasing attention as a new
class of potential materials for hydrogen energy. Recently, high-entropy alloys
(HEAS) have attracted increasing attention as a new class of potential materials
for hydrogen energy. compared to conventional binary or ternary alloys, high-
entropy alloys have unusual properties due to lattice distortion that occur to-
gether with the variety and number of elements included (five or more basic
elements, each of which has a certain size). The local environment is different
for each atom, which can lead to a distortion of the lattice, which ultimately
provides more suitable insertion sites and diffusion paths for hydrogen atoms,
which leads to promising properties for hydrogen energy materials.

We have analyzed the differences in the kinetics of hydrogen in the exam-
ined alloys. The obtained results are discussed from the point of view of the
possibility of using the Hf-Zn-Ni-Cu-Co alloy as a diffusion filter for producing
high-purity hydrogen. Special attention paid to the problem using alloy Ti-Zr-
Nb-Hf-Ta for storing hydrogen.
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THUIIBI IOBYHEK BOJOPOJA B BOJIb®PAME: OB30P

A. I1. Ilepcuanosa, A. B. I'onydesa

Hayuno-uccnenoBarenbckuil neHTp «KypuaTOBCKUN HHCTUTYT»

B repmosinepubix peakropax (TSIP) 3ammrHas o0aMi0BKa BaKyyMHO#H Ka-
MepBbl U AuBepTOpa OyJeT MOABEpraThcs BO3ACHCTBHIO HHTEHCUBHBIX ITOTOKOB
TeIula U yacTull (MOHOB, HEHTpaJIoB Nepe3apsaku, HeUTpoHoB). biaronaps BbI-
COKOI1 TeMIepaTtype IIaBICHUs], BBICOKOH TEMIONPOBOIHOCTH, HU3KOMY KOd(]-
¢unMeHTy pacnbuIeHHs BOJIb(GpaM Ha CErOJHSIIHUI JeHb — OJUH U3 HanOoee
MOITYJISIPHBIX OOpameHHbIX K m1a3me MatepuanoB TAP [1]. Bogopon B Bomb-
¢dpame MoxeT OBITh OO0 PACTBOPEHHBIM, JIMOO 3aXBa4eHHBIM B IEPEKTHI KPH-
CTAJUTMYECKOH pEeIIeTKH MeTamia (Tak Ha3blBaeMble IOBYMIKH»). KonmmuecTBo
BOJIOPOZA, 3aXBaUYC€HHOTO B BOJIb()paM, OUYEHb BAXXKHO IMPOTHO3MPOBATh U CHH-
JKaTh, Tak Kak B TSP Oyner ocymectBiena D-T peakums Ha cMecH TSDKETBIX
M30TOIIOB BOJOPOAA, a TPUTUH panroakTHBeH. st 3TOro HEOOXOOUMO HMETh
Npe/ACTaBiIeHuEe 00 OCHOBHBIX THIIAX JIOBYIIEK BOJIOpoAa B Boib(hpame. Jlan-
HBIA JTOKJIAJ MPEACTABIIACT COOOW 0030p OMyOIMKOBAaHHOM B JUTEpAaType WH-
dbopmarmu 00 IKCICPUMEHTAIBHO HCCIICOBAHHBIX JIOBYIIKAX BOJOPOAa B
BOJIb()PAMOBBIX MaTepHasax.

Turmsl TOByIIEK pa3In4aloTCs MEXIy CO00M SHeprueit CBA3M aToMa BOJO-
pona ¢ nanHo# noBymiKoi [2]. JIoBymku MOTyT OBITH CO371aHBI B 00pa3iiax uc-
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KYCCTBEHHO C IIOMOIIBE) OOJYYCHHS BBICOKOOPHEPICTUYHBIMA HOHAMH WIIH
HEHUTPOHAMH TEILIOBOTO CHEKTpa. Tak MOCTyMmarT, B TOM YHCIE, YTOOBI CHIMU-
THPOBATh MUKPOCTPYKTYPY BOJb(pama, IIOBPEKIAEHHOTO 00IyIeHHEeM HEUTpO-
HaMU TepMosiIepHOTo criekTpa. OCHOBHBIMH METOJIaMHU HUCCJICIOBAHUS 3aXBaTa
BOJIOPO/Ia B BOJIb()pPaM SBISIOTCS TEPMOICCOPOIIMOHHAS CIIEKTPOCKOIIHS, Macc-
CIIEKTPOMETPHS BTOPUYHBIX HOHOB, METOX SACPHBIX PEaKUIUil M TMO3UTPOHHAS
CIEKTPOCKOMHS (TIOCTIETHNE TPU METOA TTO3BOJISIOT MOIYIHUTh PacIpeieieHUe
BOJIOPOJIA TIO TITyOWHE 00Pa3IoB) B COYETAHUH C MUKPOCKOITHEH IS M3yUCHHUS
MHUKPOCTPYKTYpPBbI. MoeIMpPOBaHUE TPAHCIIOPTA U 3aXBaTa BOJOPOIa B BOJIb-
¢dpame mpoBoauTCcs B TakuX koxmax, kak TMAP, TESSIM, MHIMS u np.
DHEPruro CBSI3U aToMa BOAOPOJA C JIOBYIIKOW MOXKHO MOJYYHTh KaK C IMOMO-
IIBI0 MOJICIMPOBAHUS, TAK M HANPSAMYIO U3 3KcrepuMeHTa (mo merony Kuc-
CHUHIKEPA).

ITo uroram 0030pa MOXHO BBIICIUTH CICAYIOIINE IHANA30HBI YHEPTUi
CBSI3M aTOMOB BOJIOPO/IA C JIOBYIITKAMH Pa3IMIHBIX THIIOB B BOJb(pame:

— mucnokarmuu: 0,65-1,25 3B, cpennee 3naueHne ~1,0 3B,

— 1-it arom Bomopoma B Bakancum: 1,05-1,55 »B, cpemnee 3HaucHme
~1,4 5B,

— 2-i u T. 1. aToM Bogopoaa B Bakancuu: 1,00-1,35 3B, cpennee 3HaUe-
Hue ~1,2 3B,

— JMCJIOKAllMOHHBIE CTpyKTyphl: 1,65-1,85 5B, cpennee 3HaueHue
~1,8 5B,

— BakaHCHOHHBIC Kiactepsl: 1,70-2,25 3B, cpennee 3nauenue ~2,0 3B,

— mycroThl: 2,05-2,45 3B, cpentee 3nauenue ~2,2 3B.

CremyeT OTMETHTh ONPEACICHHYI HEXBATKY DKCICPUMCHTAIBHBIX JaH-
HBIX JJIS BBICOKHX Temrepatyp o0OpasmoB (>1000 K) u mis o6pa3mos, moBpe-
JKJICHHBIX IOTOKOM HEHTPOHOB.

JIMTEPATYPA
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TYPES OF HYDROGEN TRAPS IN TUNGSTEN: A REVIEW

A. Persianova, A. Golubeva

National research center «Kurchatov Institute»

In fusion reactors, first wall and divertor will be exposed to intense heat
and particle flows (of ions, charge exchange neutrals, neutrons). Due to its high
melting point, high thermal conductivity, and low sputtering coefficient, tung-
sten is currently one of the most popular plasma-facing materials [1]. Hydrogen
in tungsten can be either dissolved or trapped in metal lattice defects (so-called
«traps»). It is very important to predict and reduce amount of hydrogen retained
in tungsten, since in the fusion reactors a D-T reaction will be carried out on
mixtures of heavy hydrogen isotopes, and tritium is radioactive. Therefore, it is
necessary to know about the main types of hydrogen traps in tungsten. This
report is a review of the information published in the literature on experimen-
tally studied hydrogen traps in tungsten materials.

The types of traps differ from each other in the binding energy of a hydro-
gen atom with a given trap [2]. Traps can be created artificially in samples by
irradiation with high-energy ions or thermal neutrons to simulate the micro-
structure of tungsten damaged by irradiation with thermonuclear neutrons. The
main methods for studying hydrogen retention in tungsten are thermal desorp-
tion spectroscopy, secondary ion mass spectrometry, nuclear reaction analysis
and positron annihilation spectroscopy (the last three methods allow one to ob-
tain the depth distribution of hydrogen over the samples) in combination with
microscopy to study the microstructure. Modeling of transport and retention of
hydrogen in tungsten is carried out in codes such as TMAP, TESSIM, MHIMS,
etc. The binding energy of a hydrogen atom with a trap can be obtained both by
simulation and directly from experiment (using the Kissinger method).

Based on the results of the review, the following ranges of binding ener-
gies of hydrogen atoms with various types of traps in tungsten can be distin-
guished:

— dislocations: 0,65-1,25 eV, average value ~1,0 eV,

— 1st hydrogen atom in a vacancy: 1,05-1,55 eV, average value ~1,4 eV,

—2nd, etc. hydrogen atom in a vacancy: 1,00-1,35 eV, average value
~1,2 eV,

— dislocation structures: 1,65-1,85 eV, average value ~1,8 eV,

— vacancy clusters: 1,70-2,25 eV, average value ~2,0 eV,

—voids: 2,05-2,45 eV, average value ~2,2 eV.
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It should be noted a certain lack of experimental data for high sample tem-
peratures (>1000 K) and for samples damaged by a neutron flux.
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OCOBEHHOCTH MOJEJINPOBAHU A U PACYETOB
KOJIMYECTBA INOBPEXXKJEHNUU B MATEPUAJIAX
C ICITIOJIB30BAHUEM ITPOI'PAMMBI SRIM

/. C. Jlyeun, H. I1. Boowvips, J]. A. Koznos

HUII «Kyp4yaToBCKUIl HHCTUTYT»

B obnactu uccieoBanuii B3aMMOJEHCTBHSI N30TONOB BOAOpOJA C Mare-
puagaMu TEPMOSAEPHBIX PEKTOPOB CYILECTBEHHOM 4acThIO ABISIOTCS JKCIIe-
PUMEHTANIBHBIE HCCIIEA0BaHUS C MaTepHaIaMH COIEPKALIMMHU 1e(EKTHl CTPYK-
Typbl. B CBsI3M € TeM, 4TO AKCIIEPUMEHTHI C HEWTPOHHO-00Iy4EHHBIMU 00pas3-
LIaMH BpPeMsA3aTPaTHBI U PaJAHalIOHHO OMACHBI, IIOYTH BCE MCCIIEOBAaHUS MPO-
BOJATCS ¢ 00pa3aMy MOABEPIHYTHIMH UMHUTALIMOHHBIM OOIydEHHUSM yCKOPEH-
HBIMHM YacTHIAMH (JIETKHE HOHBI, TSDKENIbIe HOHBI, 3JEKTPOHBI). B mpomecce
pacdera MOBPEXIAIONINX [103, a TAK )K€ IIPU CPABHECHHUHU PA3IMYHBIX PE3yibTa-
TOB BO3HHMKAIOT TPYIHOCTH HM3-32 OTCYTCTBHUS €MHOTO IOJXOJa K MOAEINPO-
BaHMIO IPOLIECCOB.

MexnyHapoaHasi CTaHIapTH3aLus MOJX0Ja B pacueTax Ne(eKTOB CTPYK-
TypBl UMEET pelIaroliee 3HaueHue AJs KOJHUYEeCTBEHHOTO CpaBHEHUS pe3yibTa-
TOB PaJMAIIIOHHOTO BO3/EHCTBUSA, TOIYUYEHHBIX Pa3IMIHBIMHU HCCIIEIOBATEINb-
CKUMH TPYIIIAMH C HMCIIOJb30BAaHUEM DPA3IM4YHBIX OOMOApIUPYIOIIMX YaCTHIL.
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[Mapamerp cmemenunit Ha atom (cHa, dpa) siBisieTcs HanboJiee paclpoCTpaHeH-
HOW eAMHUIeH M3MEepeHus, UCIOIb3yeMOH JUIsl KONUYECTBEHHON OLEHKHU Mep-
BUYHOTO PaJMAllOHHOTO ITOBPEXICHUS, a TEKyIllee MEKAyHapOJHOE CTaH-
JTApTHOE OIIPEAEICHHE CHA OCHOBaHO Ha Moju¢ukammuu Hoprerra — PobuHco-
Ha — Toppenca (NRT) opurunansHo#t Moxenn Kunumna-ITnza ans mpousBoa-
ctBa nedexTos [1].

SRIM - 3T0 Habop MpPOrpaMMHBIX MMAKETOB, KOTOPHIE BEIYUCIIIIOT MHOTHE
0COOCHHOCTH TIepeHOca MOHOB B BemecTse. s pacueTra KOJMYecTBa IOBpE-
*®aeHuil ucrospdyercs nmaket TRIM (TRansport of lons in Matter) — kommbro-
TepHas nmporpamma Monrte-Kapio, koTopas BEIUHCIISET B3aUMOJICHCTBUS SHED-
TMYHBIX HOHOB C aMOP(HBIMU MUILICHAMHU [2].

B nanHoit pabore mpoBeneHo MojenupoBaHue B nporpamme SRIM B na-
kere TRIM ¢ ncnonp30BaHHEM XHUMHYECKHX 3JIEMEHTOB, KOTOpPBIE SBISIOTCS
OCHOBHBIMH B TEPMOSIJIEPHBIX peakTopax u ycraHoBkax: Fe, Cu, W mpu paz-
JMYHBIX YCJIOBHAX MOJEIHPOBaHUA (3HEPTHs OOMOApANPYIONINX HOHOB, METO/
pacdera, BeNMYMHA pa3indus Macc OOMOapANPYIOMINX HOHOB 1 aTOMOB MHIIIE-
HH). BbIIO MOKa3aHo, YTO NMpH Pa3NUYHBIX YCIOBHAX MOACIMPOBAHUS M3MEHS-
I0TCS Pe3yJIbTAaThl pacdyeTa OLEHKN IOBPEXICHUH. PacxoxeHne pe3yabTaToB
pacyera cBs3aHo ¢ teM, uro SRIM ocuoBan Ha npubmmkenusx BCA (binary
collision approximation, npubnrmkenne OUHAPHBIX CTONKHOBEHUIT) 1 KuHunHa-
[Mu3a. B cBs3U ¢ ATHM HENB3s YTBEPKIATh, 9TO KaKoe-T1M00 U3 ATHX 3HAUYCHUN
OTIPE/ICTIEHHO «IPAaBUIBHO» WMIIH «HENPABWIBHOY. IIpy Hanu4IuM cTaHAApPTHOTO
3HAYCHUS BBICOKOTOYHOI'O 3KCIIEPUMEHTa WIM MOJCTUPOBAHMUSA C ITOMOIIBIO
MeTOJ[a MOJIEKYJIIPHOM TUHAMUKH, 3TH JaHHBIE MOKHO MPUHATH 32 OCHOBY JUIS
BbIOOpa crmocoba pacuera SRIM mmst ucnons3oBanus. B HacTosimee Bpems He
CYIIECTBYET aOCOIOTHO HA/IEKHOTO 3TAJIOHHOTO 3HAUYEHHSI.

Hcnons3oBanne SRIM 1 BEIUUCICHHS KOJIUYECTBA MOBPEXKICHUNA BECh-
Ma MpoOJIeMaTHYHO, ITOCKOJIBKY pa3HbIe CIIOCOOBI IAI0T pasHble pe3yNbTaThl. B
CBS3U C ATHM BaXKHO NpH Hcnons3oBaHuu SRIM yka3zaTte HOMep BepcuM IpoO-
rpaMMBbl, BBOJMMBIE TapaMeTpPhl MOJICTMPOBAHMS U KAKUM CIIOCOOOM OBLT Ipo-
U3BEJICH pacyer.

HccnenoBanue BHITIOJIHEHO B paMKax Hay4HOM nporpammbl HanmoHamib-
HOTO LEHTpa (U3MKM M MaTeMaTHKH, HampasicHne Ne 8 «Pu3nuka M30TONOB
BOJIOPOAA».
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FEATURES OF MODELING AND CALCULATING THE AMOUNT
OF DAMAGE IN MATERIALS USING THE SRIM PROGRAM

D. S. Dugin, N. P. Bobyr, D. A. Kozlov
NRC «Kurchatov Institute»

In the field of research on the interaction of hydrogen isotopes with mate-
rials of fusion reactors, an essential part is experimental studies with materials
containing structural defects. Due to the fact that experiments with neutron-
irradiated samples are time-consuming and radiation-hazardous, almost all
studies are carried out with samples subjected to simulated irradiation with ac-
celerated particles (light ions, heavy ions, electrons). In the process of calculat-
ing damaging doses, as well as when comparing different results, difficulties
arise due to the lack of a unified approach to modeling processes.

International standardization of defect production is crucial for quantita-
tive comparison of radiation exposure results obtained by different research
groups using different bombarding particles. The parameter of displacements
per atom (dpa) is the most common unit of measurement used to quantify pri-
mary radiation damage, and the current international standard definition of dpa
is based on the Norgett—Robinson-Torrens (NRT) modification of the original
Kinchin-Pease model for the production of defects [1].

SRIM is a set of software packages that calculate many features of ion
transport in a substance. To calculate the amount of damage, the TRIM
(TRansport of lons in Matter) package is used — a Monte Carlo computer pro-
gram that calculates the interactions of energetic ions with amorphous tar-
gets [2].

In this paper, modeling was carried out in the SRIM program in the TRIM
package using chemical elements that are basic in thermonuclear reactors and
installations: Fe, Cu, W under various modeling conditions (energy of bom-
barding ions, calculation method, the magnitude of the difference in the masses
of bombarding ions and target atoms). It was shown that under different model-
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ing conditions, the results of calculating the damage assessment change. The
discrepancy in the calculation results is due to the fact that SRIM is based on
the BCA (binary collision approximation) and Kinchin-Pease approximations.
In this regard, it cannot be argued that any of these values are definitely «right»
or «wrong». If there is a standard value of a high-precision experiment or simu-
lation using the molecular dynamics method, these data can be taken as the
basis for choosing the SRIM calculation method to use. There is currently no
absolutely reliable reference value.

Using SRIM to calculate the amount of damage is very problematic, since
different methods give different results. In this regard, it is important when us-
ing SRIM to specify the version number of the program, the modeling parame-
ters entered and how the calculation was performed.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, Ne 8 «Physics of Hydro-
gen Isotopes».
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TEPMHUYECKAS JETPAJAIA KATAJIMTHYECKOI'O
IMOKPBITUSI MEMBPAH HA OCHOBE METAJIJVIOB 5 T'PYIIIIbI

C. P. Kysenos, A. O. Bycniok, B. H. Anumos,
A. U. Jluswuy, E. FO. Ilepeducmos

CIIOI'YT um. npod. M. A. bonu-bpyesuua

MeMOpaHbl W3 BaHaAMs M €ro CIUIaBOB JIOJDKHBI MMEThb HOKPBITHE Ha
BXOJIHOW W BBIXOJHOW CTOpPOHE, 00ECIeunBarolee KaTaIuTHYeCKOe pas3iioxkKe-
Hue Mojnekyn Hy u 3amunTy Marepuana MeMOpaHbl OT KOPPO3HH, HO HE MPEnsT-
CTBYIOIIEE TIPH 3TOM TPAHCIIOPTY BOJAOPOAA CKBO3b MeMOpaHy. TuM TpeboBa-
HUSIM yJOBJIETBOPSIET MOKPBHITHE W3 MaUIaAusl TOJMIIUHOM He 00Jiee HECKOIBKIX
MUKpOH [1, 2]. MeMOpaHbl U3 CIUIABOB BaHAIWS HeyearecooOpa3Ho NCIIONb30-
BaTh npHu TemnepaTtype Hivke 300 °C m3-3a pe3Koro CHIKCHHS CKOPOCTH JIHC-
COLMAaTUBHON abcopbunu Monekyn Hz Ha MOBEpXHOCTH MajIafueBOrO MOKPHI-
tus [3]. Onnako mpu Temmneparypax Boimie 300 °C BpeMs IKCIUTyaTalud MeM-
OpaH MOXeT OBITh OIpaHMYEHO M3-32 TEPMHUYECKOH JlerpaJaluy KaTaluTH4e-
CKOTO TIOKPBITUSI M3-32 MHTEpANGQPY3UN MEXIY NaulaJvueBbIM MOKPHITHEM U
MaTepuaroM MeMmOpanbl [4]. B mpomecce uHTepauddy3un odpasyercst Cloi
HHTEPMETAIIHAA MEXIY HOKPBITHEM U MAaTepHaIOM MEMOpPaHbI, KOTOPBIH 6J10-
KHPYET IepeHoC BOIOpoIa uepe3 MeMoOpany [5].
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B Hacrosimiee BpeMs B JIMTEpAType CYLIECTBYIOT AKCIIEPUMEHTAJIbHBIC
JIaHHBIE TI0 WCCJIEOBAHUIO TEPMUUYECKOTO JETpajJaliiid KaTaIUTHYECKOro II0-
kpertust ipu 7> 400 °C [4-6] 1 OTCYTCTBYIOT JaHHBIE IO U3YYCHUIO CKOPOCTH
JIeTpafaliy MauIaAueBOTO IMTOKPHITHS, HAHECEHHOTO Ha BaHAJHEBbIE MeMOpa-
HBI B TeMIiepatypHoM aunanasone 300—400 °C.

B cBsi3u ¢ 3THM OBIT MHTEPEC MPOBECTH HCCIEIOBAHNE TEPMOCTAOMIBHO-
CTH TAJITIaJUEBOTO MOKPBITHA BaHAANUECBBIX MEMOpPaH B TEMIIEPATYPHOM JHama-
30He 300-400 °C m ompeneaurh ONTHMAIBHYIO TEMICPATypy, IPH KOTOPOWM
npoHukaronmii morok Ho uepes memOpansl coxpansiercst B Teuenun 10000 ya-
COB DKCILTyaTalHy.
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THE THERMAL DEGRADATION OF CATALYTIC COATING FOR
MEMBRANES BASED ON 5 GROUP METAL

S. R. Kuzenov, A. O. Busnyuk, V. N. Alimov, A. I. Livshits, E. U. Peredistov

Bonch-Bruevich Saint-Petersburg State University of Telecommunications,
St. Petersburg, Russia

The membranes of V or its alloys should have a coating on the input and
output sides that ensures the catalytic decomposition of H2 molecules and pro-
tects the membrane material from corrosion, but does not prevent the transport
of hydrogen through the membrane. These requirements are met by a coating of
palladium with a thickness of no more than a few microns [1, 2]. The mem-
branes from V alloys are impractical to use at temperatures below 300 °C due
to a sharp decrease in the rate of dissociative absorption of H, molecules on the
surface of the palladium coating [3]. However, at temperatures above 300 °C,
the operating time of the membranes may be limited due to the thermal degra-
dation of the catalytic coating due to the interdiffusion between the palladium
coating and the membrane material [4]. In the process of interdiffusion between
the coating and the membrane material, an intermetallic layer is formed, which
blocks the transfer of hydrogen through the membrane [5].

Currently, there are experimental data in the literature on the study of
thermal degradation of a catalytic coating at T > 400 °C [4-6] and there is no
data on the study of the degradation rate of palladium coating applied to vana-
dium membranes in the temperature range of 300-400 °C.

In this regard, it was of interest to conduct a study of the thermal stability
of the palladium coating of vanadium membranes in the temperature range of
300-400 °C and determine the optimal temperature at which the penetrating
flow of H2 through the membranes is maintained for 10,000 hours of operation.
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BJIMSTHUE JAKOBBIX I METAJUIMYECKWX MMOKPBITANA HA
BJIATOITPOHUIAEMOCTB 1 BOJOPOJOINPOHUIIAEMOCTD
HOJIMMEPHBIX MATEPHUAJIOB
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H. C. 3onomosa, H. H. barawosa
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B pabote mccnenoBaHa BO3MOXKHOCTh CHIIKEHHSI IPOHUIIAEMOCTH IIOJIH-
MEpHBIX MaTE€PHaJIOB ITyTeM HAHECEHHS Ha UX ITOBEPXHOCTh TOHKOTO METANIIH-
YECKOTO MIJIM JIAKOBOTO CIIOsl. MccrenoBaHus MPOBOAMINCE HA 00pasiax, u3ro-
TOBJICHHBIX W3 TOJMATHJICHA W MOJHKapOOHaTa, U MX KOMOWHAIHAX C QTOpO-
IUIACTOBOH TUICHKOH, METAJUIMYECKUM WM JAKOBBIM ITOKPBITHEM. JKCIEpH-
MEHTAJIbHO yCTaHOBICHBI 3HaYCHUS KO3((HUINEHTOB BJIATO- M BOAOPOJONPO-
HUI[AEMOCTH OJHOCJIOWHBIX M MHOTOCIONHBIX O0pa3iloB. YCTaHOBJICHO, YTO
JIaKOBBIC TTOKPBITUA S(I)q)eKTI/IBHee CHW)KAIOT MPOHHUIAEMOCTb HNOJUMEPHBIX
MaTepuaioB, YCM METAJUIMYCCKUE IMOKPLITHA, HAHCCCHHBIE METOAOM XOJIOAHO-
IO ra30JHHAMHUYCCKOT'O HAIIbIJICHUS. 3a¢)I/IKCI/IpOBaHO, qToO KOM6I/IHaL[I/II/I IOJIN-
MepOB ¢ (PTOPOIIIACTOBOI IUIEHKOH MMEIOT HU3KYIO CEJICKTHBHOCTD IPOHUIIAe-
MOCTH TTapOB BOJIBI U BOJOPOJA.
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INFLUENCE OF LACQUER AND METAL COATINGS ON
MOISTURE AND HYDROGEN PERMEABILITY OF POLYMER
MATERIALS

E. V. Somkina, 4. 4. Tarasov, Yu. S. Belova, N. S. Zolotova, N. N. Balashova

State Atomic Energy Corporation <ROSATOM»
FSUE «RFNC-VNIIEF», Sarov, Nizhny Novgorod region
evsomkina@vniief.ru

The possibility of reducing the permeability of polymer materials by ap-
plying a thin metal or lacquer layer to their surface is investigated in this work.
Studies were carried out on samples made of polyethylene and polycarbonate,
and their combinations with a fluoroplastic film, metal or lacquer coating. Val-
ues of coefficients of moisture and hydrogen permeability of single-layer and
multilayer samples are experimentally established. It has been found that lac-
quer coatings reduce the permeability of polymeric materials more effectively
than metal coatings applied by cold gas-dynamic spraying. It is stated that the
combinations of polymers with the fluoroplastic film have a low selectivity of
water and hydrogen vapor permeability.
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B pabote mpeacTaBieHbl Pe3yJibTaThl MO HCCICIOBAHUIO BIHUSHUS HM-
MyJIBCHOW aprOHOBOM IUIa3Mbl, FTeHEPHUPYEMOH Ha YCTAHOBKE IUIa3MEHHBIN (o-
kyc [1d-4 [1] (PUAH), Ha nepepacnpe/eiaeHie NIPUMECHOTO BOIOPO/a, a TaK-
ke JeHTepusl, KOTOPBIA H3HAYANbHO HAXOJHJICS B ACHTEPHPOBAHHOM MOJIHUITH-
nene (CD2)n. boutn uccnenosansl Tpu cOopku doisr: 1) Ta|(CD2)n|Ta, ¢ Toa-
muHoi Ta-dousr mo 100 mxMm; 2) Ta|Ta|(CD2)n|Ta|Ta, ¢ TommuuuHoi Ta-¢hosasr
no 50 mxm; 3) Nb|(CD2)n|Nb, ¢ Tommuumuoi Nb-donsr mo 105 mxm. Bo Bcex
TpeX CHydYasx TOJI[MHA [CUTEPUPOBAHHOIO MOJHMATUIICHA COCTABJIsLIIA
240 mxm. COOpKH pacnonarajinch Ha pacctossHud 45 MM OoT aHoja. M3yuenne
pachpesiesnieHusi BOJOPO/a U JeHTepusi OCYIIECTBISUIOCHh METOJIOM JIETEKTHUPO-
BaHUS YIPYTO paccesHHBIX aroMoB oTnaun (ERDA) Bogopona u neitrepus mpu
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pe3epdoprockom obpatHoMm paccesauu (RBS). Bce ERDA cnekTpsl ObLH
TIOJIYYEeHBI C UCII0JIb30BAHNEM aHAIM3HUPYIOLIETO My4YKa NOHOB I'eJIis C YJHEPTH-
eit 2,3 M»aB nipu ckomp3sIIeM yriie nmajeHus Ha obpaser B 15° Ha yckopurene
Ban-ge-I'paada «HVEE AN-2500» [2] (HUUS®D MI'Y). O6paboTka CIIEKTPOB
MPOBOJIMJIACH C MpUMEHEHHeM cranmapTHoi mporpammer SIMNRA 6.06 [3].
OO0HapyXeHO, YTO ACUTepUil IIEPECHOCUTCS U3 ACUTEPUPOBAHHOTO ITOIMITHIICHA
B HAXOMAIIYIOCS IIepe]] HIM METaJUITMYEecKyIo (poibry (Kak B ciydasx 14, Tak u
B ciyuae Nb) ma cymiectBennyto riyouny (mo ~250 HM) M MPaKTHYECKH HE
MEPEHOCUTCS B METAIIIMYECKYIO (DOJIBIY C JPYrod CTOPOHBI OT JeHTepUPOBaH-
HOT'O MOJINITHJICHA.
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The paper presents the results of studying the effect of pulsed argon plas-
ma generated at the PF-4 plasma focus facility (LPI) [1] on the redistribution of
impurity hydrogen, as well as deuterium, which was originally in deuterated
polyethylene (CD2)n. Three foil assemblies were investigated: 1) Ta|(CD2)n|Ta,
with Ta-foil thicknesses of 100 um; 2) Ta|Ta|(CD2)n|Ta|Ta, with Ta-foil thick-
ness of 50 um; 3) Nb|(CD2)n|Nb, with a thickness of Nb foils of 105 pum. In all
three cases, the thickness of the deuterated polyethylene was 240 pm. The as-
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semblies were located at a distance of 45 mm from the anode. The distribution
of hydrogen and deuterium was studied by the method of Elastic recoil detec-
tion analysis (ERDA) of hydrogen and deuterium atoms with Rutherford
backscattering (RBS). All ERDA spectra were obtained using an analyzing
beam of helium ions with an energy of 2.3 MeV at a sliding angle of incidence
on the sample of 15° at the Van de Graaff accelerator HVEE AN-2500 [2]
(SINP MSU). The spectra were processed using the SIMNRA 6.06 standard
program [3]. It was found that deuterium is transferred from the deuterated pol-
yethylene into the metal foil located in front of it (both in the cases of Ta and in
the case of Nb) to a significant depth (up to ~250 nm) and is practically not
transferred to the metal foil on the other side of the deuterated polyethylene.
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KOHCTPYKIIMOHHBIE CTAJIM A ATEPHON SHEPTETUKMN:
MHUKPOCTPYKTYPA, MEXAHUYECKHUE CBOUCTBA,
COBPEMEHHOE COCTOSHHME U NEPCIIEKTUBBI PA3BUTHUA

U. 1O. Jlumoguenko?

1 I/IHCTI/IT T (PU3UKHU IIPOYHOCTHU U MAaTCPUAJIOBECACHUA CO PAH, T OMCK
5
2 T'omcknii ToC yaAapCTBCHHBIM YHUBCPCUTET, Tomck

BoO MHOTHX COBPEMEHHBIX SIACPHBIX YHEPIeTHYCCKHX YCTAHOBKAaX B Kade-
CTBE KOHCTPYKIIMOHHBIX MAaTePUaIOB 000I0YEK TEIUIOBBIACIIIOIINX HJIEMEHTOB
U JIPYTHX ACTaliel MepPBOW CTEHKH PEAaKTOpa HMCIONB3YIOTCS XPOMOHHKEICBbIE
aycrenuTHble cranu tuma YC-68 (Fe-16Cr-15Ni-2Mo-Mn-Ti-V-B) u DK-164
(Fe-16Cr-19Ni-2Mo0-2Mn-Nb-Ti-B) ¢ BbICOKHM COAEpKAHHEM XpOMa M HHKE-
7st. DTH CTAl UMEIOT MOBBILMICHHYIO 110 CPABHCHHUIO APYTUMHU KOHCTPYKIIMOH-
HBIMH CTAJSIMU KaPOMPOYHOCTh M COMPOTHBICHHE PAAHALUOHHOMY U TeIHE-
BOMY OXPYIUMBAHHUIO BILUIOTH JI0 103 oOnydeHus okosno 100 c.H.a. OgHako mpu
OoJiee BBICOKMX J103aX OOJy4EHHs B TaKMX MaTepHajax HaOJlloJaeTcsi CKIIOH-
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HOCTh K paJMallMOHHOMY paciyxaHuto (6oinee 7 %). /i peakTropoB HOBOTO
(IV-ro mokonenus) pa3pabaThIBAIOTCSI HOBbIC KOHCTPYKLHOHHBIC MaTEepUAIbI,
KOTOpBIE JIOJDKHBI YIOBIETBOPATH BO3PACTAIOIIMM TPEOOBAaHHUAM SIIEPHON
SHEPreTUKN — MaKcuMaliibHas pabodas temmeparypa 650—-700 °C, makcumans-
HBIE 70361 o0yueHust Oonee 120 c.H.a., MOBBIIIEHHOE COMPOTHBIICHHUE paana-
IIMOHHOMY H TEJIMEBOMY OXpPYyI4IHBaHHIO. [lys1 0OecreueHns BBIMOIHEHHUS 3THX
TpeboBaHUII B HAcTOsIIEe BPeMs Pa3pabOTaHBI M COBEPIICHCTBYIOTCSI HOBBIE
KOHCTPYKIIMOHHBIE XPOMOHHKEJIEBBIC ¥ XPOMOMAPTaHIEBbIC ayCTCHUTHBIC CTa-
I1 ¥ (HEeppPUTHO-MAPTEHCUTHBIE CTAIM (BKJIIOYas MaJlOAaKTHBHPYEMbIE KOMIIO-
3UIINN).

B noknane mpeacTaBIeHO COBPEMEHHOE COCTOSHHE HAay4YHBIX HCCIIEH0Ba-
HUH B 00JIaCTH MaTEepPHAIOBECHUSI KOHCTPYKIIMOHHBIX CTallel (JopeakTopHbIe
HCCIICIOBaHMs U MeXaHHW4eckue ucnbiTaHus). OOCykaaroTcs pe3ynbTaThl UC-
CleoBaHUIl OCOOEHHOCTEH MX MHKpPOCTPYKTYpBI, MEXaHHYECKHUX CBOMCTB,
0CcOOCHHOCTEH IIACTHYECKOW AeOpMaluy W paspyLICHHUs MOCIE Pa3IMIHbIX
TEPMHUUYECKHX U TEPMOMEXaHNYECKHX 00paboTok. [TokazaHO BIHMSAHUE BBICOKO-
TEMIIEPaTYpHOH TEPMOMEXaHHMYECKOH 00pabOTKM Ha M3MENbUCHHUE CTPYKTYPHI
U TIOBBIIIEHUE JUCIIEPCHOCTH M OOBEMHOW JOJM YacTHI KapOuaHbIX (kapOo-
HUTPUAHBIX) ()a3. DTO cHOCOOCTBYET IOBHIIICHUIO BBICOKOTEMIIEPATYPHON
MIPOYHOCTH M YIApHOH BSI3KOCTH (DeppPUTHO-MApTEHCUTHBIX cTanell. [lokasana
BBICOKAsl TEpMHYECKas CTAOMIBHOCTh MHKPOCTPYKTYPHI M MEXaHHUECKUX
CBOMCTB (peppUTHO-MAPTEHCUTHBIX CTajJel mocie AIUTeNbHBIX (70 13500 u4.)
BbIcOKOTeMIeparypHbix (no 620 °C) omxkuroB. OGcyxaaercs (GopMHpOBaHKE
IUTOTHBIX OKCHIHBIX IIJICHOK, 3aIIMINAIONINX MaTepHal OT KOPPO3UH, Ha IIO-
BEPXHOCTH (EPPUTHO-MAPTEHCUTHBIX CTajlieii B CBHHIIOBOM TEIUIOHOCHTENE
IIpY JUIMTEIBHON BBIAEPIKKE MpH Temneparypax 1o 600 °C

Pabora BhImosHEHA B pamkax rocyiapcrBeHHoro 3amanus MOIIM CO
PAH, rema Homep FWRW-2021-0008
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STRUCTURAL STEELS FOR NUCLEAR POWER ENGINEERING:
MICROSTRUCTURE, MECHANICAL PROPERTIES, STATE
OF THE ART AND PROSPECTS FOR DEVELOPMENT

. Yu. Litovchenko®?

YInstitute of Strength Physics and Materials Science SB RAS, Tomsk
2 National Research Tomsk State University, Tomsk

In many modern nuclear power plants, chromium-nickel austenitic steels
of the ChS-68 (Fe-16Cr-15Ni-2Mo-Mn-Ti-V-B) and EK-164 (Fe-16Cr -19Ni-
2Mo-2Mn-Nb-Ti-B) with a high Cr and Ni content are used. These steels have
increased heat resistance and resistance to radiation and helium embrittlement
compared to other structural steels up to radiation doses of about 100 d.p.a.
However, at higher irradiation doses, such materials exhibit a tendency to radia-
tion swelling (more than 7 %). New structural materials are being developed for
the new (IV-th generation) reactors, which must meet the increasing require-
ments of nuclear power engineering — the maximum operating temperature is
650-700 °C, the maximum radiation doses are more than 120 d.p.a., increased
resistance to radiation and helium embrittlement. To meet these requirements,
new structural chromium-nickel and chromium-manganese austenitic steels and
ferritic-martensitic steels (including low-activated compositions) have now
been developed and are being improved.

The report presents the current state of scientific research in the materials
science of structural steels (pre-reactor studies and mechanical tests). The re-
sults of studies of the microstructure features, mechanical properties, features
of plastic deformation and fracture after various thermal and thermomechanical
treatments. The effect of high-temperature thermomechanical treatment on
structure refinement and increase of dispersion and volume fraction of carbide
(carbonitride) phases particles is shown. This helps to increase the high-
temperature strength and toughness of ferritic-martensitic steels. The high
thermal stability of the microstructure and mechanical properties of ferritic-
martensitic steels after long-term (up to 13500 hours) high-temperature (up to
620 °C) annealings is shown. The formation of dense oxide films (protecting
the material from corrosion) on the surface of ferritic-martensitic steels in a
lead coolant during long-term holding at temperatures up to 600 °C is dis-
cussed.
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METOAbI MEXAHUYECKHX UCTIBITAHUIA MATEPHUAJIOB
HA UX CTOUKOCTbB K BOAJOPOJHOMY OXPYITYNBAHUIO

U. E. bouyos

Poccuiickuit henepanbublii saepHblid HeHTp — Beepoccuiickuit
HayY4HO-HCCIIEI0BATEILCKII MHCTUTYT SKCIIEPUMEHTAIBHON (QHU3NKH,
r. Capos, Poccust (PI'VII «POAL-BHUNDD»)
arkad@triton.vniief.ru

PaccMoTpeHBI METONBI MEXaHWYECKHMX HCTBITAaHWH, MPUMEHSIEMBIC NpU
HCCIICIOBAaHUH CTOMKOCTH KOHCTPYKITMOHHBIX MaTepruanoB (KM) x pa3imuaHbM
BU/IaM BOJOPOAHOTO oxpymuuBaHus. OcoOCHHOE BHUMAaHHE YAEIEHO METOAaM
n3ydyenus croiikoctu KM k oxpynuuBaHHIO BHEIIHUM BogopoaoM. Ilpencras-
JICHbI KOHCTPYKIIMK M YCTPONUCTBO YCTAHOBOK JUIS MPOBEIEHHUS MEXaHUYECKUX
UCTIBITAHUI MaTepuaJIoB B Cpejie BOJOPOA: Ha HECYILYIO CIOCOOHOCTh JaBiie-
HHEM BOJIOpO/ia MEMOpaHHBIX U TPYOUaThIX 00pa3lloB, HA pACTSHKEHHE, TPELIH-
HOCTOMKOCTb, YCTaJIOCThb. IIpOBEZCHO CpaBHEHHME UyBCTBUTEILHOCTH pa3iivy-
HBIX METOJIOB IpU OIleHKe cTOMKocTH KM K OXpymuuMBaHMIO BHEUIHHM BOJO-
POJIOM M CTENEHHU BIUSHMA BOJOPOJA HA pa3IMYHbIC XapaKTEPUCTUKU MEXaHH-
4ecKuX CBOMCTB. IIpencTaBieHbl MOAXOABI U UCTIBITATEIbHBIE YCTAHOBKH, Pa3-
pabotannsie B POSL-BHUMD® nns wccienoBaHus BogopomocToiikoctd KM
B Juama3zoHe temmeparyp oT —150 mo +600 °C mpu maBieHHH BoIopona 0
500 MITa.
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THE MECHANICAL TESTING METHODS TO STUDY MATERIAL
RESISTANCE TO HYDROGEN EMBRITTLEMENT

I. E. Boitsov
The Russian Federal Nuclear Center — All-Russian Research Institute

of Experimental Physics, Sarov, Russia
arkad@triton.vniief.ru

Mechanical testing methods to research resistance of structural materials
(SM) to different hydrogen embrittlement types are considered. Particular at-
tention was paid to the methods analyzing the material resistance to embrittle-
ment with external hydrogen. The design and arrangement of the facilities for
the material mechanical tests in the hydrogen environment are described that
allow looking at the carrying ability of the membrane and tubular samples un-
der hydrogen pressure, their tension, crack-resistance, and fatigue. Sensitivities
of different methods were compared, when evaluating the SM resistance to the
external hydrogen embrittlement, as well as degrees of the hydrogen influence
on different mechanical characteristics. There are presented the approaches and
testing facilities developed at the RFNC-VNIIEF for research of the SM re-
sistance to hydrogen within the temperature range from —150 to +600 °C at the
hydrogen pressure of up to 500 MPa.
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HU3KOTEMIIEPATYPHOE JJOKAJIU30BAHHOE
OBE3VIJIEPOKUBAHUE KOHCTPYKIIMOHHBIX CTAJIEI
B XO/JIE BOJOPOJJHOI'O BO3JIEICTBUSI

A. H. Yyxanos, A. A. Arxosenxo, A. H. Cepeees, C. H. Kymenos, E. B. [{oiu
®I'BOY BO «TTTIY um. JI. H. Toncroro», Poccus, Tymna

BBeaenue. O GEKTHBHEIM METOIOM KOHTPOJIS KOHIIEHTPALINH YTIIepo/ia B
(beppuTe sABISIETCS ee onpesesieHne 1o napamerpam 3hhexTa HecoBEepLUIEHHOH
ynpyrocti CHyKa, Kak cieAcTBUsl TU(Qy3ur aTOMOB BHEAPEHUs I10J Harps-
KEHUEM. ABTOpPHI Ha OCHOBE yKa3aHHOTO 3(dekra BBISIBUIN CHIDKEHHE KOH-
LEHTPalMy yriieposia B Gpeppure KOHCTPYKIMOHHBIX YIIEPOAUCTHIX U MaJlojie-
TMPOBaHHBIX CTaJIeH, MOABEPTHYTHIX JECTPYKTHBHBIM BO3/EHCTBUSM — edop-
Malli¥ ¥ HaCHIILEHHUIO BOJOPOAOM. B Xozie HAeCTpyKTMBHOTO BO3AEHCTBUS B
HCXOIHOW CTPYKType cTajei Habmromamn (opMHpOBaHWE OOCTHEHHBIX YTIIe-
poZioM (EepPUTHBIX YYACTKOB, MPHUIIETAIOIMX K Pa3BUBAIOLIMMCSI MHKPOTpE-
IMHAM ¥ TI0opaM. B Xoje MHTEeHCU(HKAIMKM BHEIIHETO JACCTPYKTHBHOTO BO3-
JecTBrS (PUKCHPOBATH HEMOHOTOHHYIO 3aBUCHMOCTD KOHIICHTPALIUSI YIIIepo-
na. Ee xapakTep CBf3pIBANM C BIMSHHEM JIOKANbHBIX TOJICH BHYTPEHHHX
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HaNpsDKeHUH Pa3BHUBAIOIIUXCS CTPYKTYPHBIX AedexToB. CyuTaiy, 4TO IOJIS
HaNpsDKEeHUH 3TUX JIOKAJbHBIX KOHLEHTPAaTOPOB JIONOJHHUTENHHO (TIOMHUMO
BHEIIHUX HANpPSDKEHUH) CTUMYIUPYIOT JIOKATbHYIO TU(GDY3HOHHYIO ITOBHK-
HOCTH aTOMOB BHEJPEHHS (YCKOPEHHBIE «IIEPECKOKI» B IHEPTETHUECKH BBITO-
HBIE TTO3MIMHU PEIMETKN (EeppuTa), YTO BEAECT K YCHICHHIO NUCCHUIIALMN SHEP-
THU B XOZI€ U3MEPEHMS MEXaHUIECKOH CHEKTPOCKOMHMH. BO3MOXXHOCTD yKa3aH-
HOTO TpoIecca MOXKET HAKJIAAbIBAThCA Ha KIACCHUCCKHH MeXaHW3M 3¢dexra
CHyKa U BIUSTh Ha OOBEKTUBHOCTD PacdeTa KOHLCHTPAIMH IIpUMeceil BHEApe-
HUsL B (eppuTe HMccienoBaHHbIX craned. lleab pa6oTsl — M3yduTh BIMSHHE
SBOJIIOLMM aHCaMOJIsl HEeCIUIoNIHOCTe Ha pa3Butue 3 ¢dexra CHyKa, KOHIEH-
TpalLMIoO yriiepoja U ero nepepacrpejiesieHne B A1e(OPMUPOBAHHBIX M HABOJIO-
POXEHHBIX KOHCTPYKIIMOHHBIX CTaysiX. MaTepuajabl U Meroamku. Mccieno-
Balld KOHCTPYKIMOHHBIe cTanmu mapok Ct5, 18I'C, 20I'C, 35T'C, 23X2I2T,
08I'2C, 80C, ympounennelx craneii Ct3, 20, monenpHoro ciuiaBa Fe —
0,09 % C. IIpoBogmmu cratndeckyto nedopmarmio pactsbkeHueM (0...30 %).
Usmepsuin xapaktepuctuku mexanuueckux cpoitcts (OCT 1497-84). Uc-
TIOJIb30BAJI aHOAHYIO M KaTOAHYIO IOJISIPU3AIMIO 00pa3loB B KHCIBIX 3JIEK-
Tposnutax (BoAHbIx pactBopsl 2,5...8 % H>SOs ¢ pmoGasnenuem 2,5 %
NH4CNS) npu j = 2,6-60 A/m?. OneHHBaNHM JUTHTENBHYIO IPOYHOCTH CTanei
JI0 pa3pyLIeHUs NIPH OIPEAETIEHHBIX HANPSHKEHUSIX Ga. M3Mepsun BHyTpeHHEe
Tpenue — BT (aMIumTyHBIE M TEMIEpaTypHbIE 3aBUCUMOCTH) B HU3KOYaCTOT-
moMm (obpasuer d=0,5-3 mm, L=70-100 mm, pemakcarop PIY-TIIU,
f~0,5-3¢) u 3BykoBom (06pasusr 8 X 200 MM, ycramoBka MJICM-1,
~1-10% ¢! mo pesomancuoit meromuke TOCT 25156-82) nuanas’oHax 4acToT.
Meratorpaduo MUKPOCTPYKTYPBI CTalleil U OLIEHKY €€ KOJIMUECTBEHHBIX Xa-
PAKTEPHCTUK (IBOJIOIMIO aHCAMOJISI MUKPOTPEIINH, 00beMHYIO OJI0 (eppHTa
1 TIepJINTA) TPOBOIMIIH 0 JHHEHHOMY W TOUYEYHOMY MeTonaM A. PosuBans u
A. A. I'maroneBa. M300pakeHnss MUKpOCTPYKTYyp oOpabareBanu B IIIIIT Im-
agePro+4.5 m ACDSee 2.5. Bricory makcumyma CHyKa HCIIONB30BAIH IS
ompeneneHus KoHmeHTpanun npumecerd Baenpenus (C, N) B deppure. C mo-
MOIIBI0 mapaMeTpoB 3¢ dekToB Heynpyrocté ((oH, BBICOTA, TEMIIEpaTypa,
SHEPrHs aKTHUBALMK) U JIAHHBIX PEHTT€HOCTPYKTYPHBIX HCCIEAOBaHUI (MUKpO-
UCKa)KeHUs], pazmep OJIOKOB, IUIOTHOCTh IUCIOKalMid) HaOMOamu cyOCTpyK-
TYpHBIE U3MEHEHHs U KOHTPOJHMPOBAIU Pa3BUTHE AECTPajaldd U NECTPYKLHHA
crajiell. BeIBoaBI. Y CTaHOBMIIM B3aMMOCBS3b JIOKAILHOTO 00€3yTIepOKUBaHUS
B HUCCJICAOBAHHBIX CTAJAX C PAa3BUBAIOIIMMUCA B XOA€ BHCIIHCTO BO3}1€I7[CTBI/I}I
JIOKJIbHBIMH KOHLICHTPATOPaMH BHYTPEHHNX HANPSDKEHNH (MUKPOTpPEIINHAMH,
nopamu). IIpucyTcTBHE BOOpOIa PE3KO YCHIIMBAET MpOLECC, IMEPEBOISI €T0 C
CyOCTPYKTYpHOTO Ha MHUKPOCTPYKTYPHBIH ypoBeHb. BiusiHue Bogopoaa ycko-



Mechanical properties and structural transformations... 73

pset nuddy3uo aToOMOB BHEAPEHUS, JieIasi BO3MOKHBIM 00pa30BaHHUE KOM-
IUIEKCHBIX Cerperanuii Ha IUCIOKAalMAX M IpaHuIax 3epeH. Brickasamu ru-
noTe3y, 0 HEOOXOJUMOCTH y4eTa BIUSHHUS MOJIeH JOKAIbHBIX KOHIIEHTPATOPOB
HaTpsDKeHUH Ha penakcaruio CHyka, BennmanHy () ()eKTHBHOTO KO3 dHIeHTa
muddy3nn 1 U Py3HOHHYIO TIPOHUAIIAEMOCTE (eppuTa.

LOW-TEMPERATURE LOCALIZED DECARBURIZATION OF
STRUCTURAL STEELS DURING HYDROGEN EXPOSURE

A. N. Chukanov, A. A. Yakovenko, A. N. Sergeev, S. N. Kutepov, E. V. Tsoi

Tula State Pedagogical University named after L. N. Tolstoy

Introduction. An effective method of controlling the carbon concentration
in ferrite is its determination by the parameters of the effect of the imperfect
elasticity of the Snook, as a consequence of the diffusion of the atoms of the
introduction under stress. Based on this effect, the authors revealed a decrease
in the carbon concentration in ferrite of structural carbonaceous and low-
alloyed steels subjected to destructive influences - deformation and hydrogen
saturation in acidic aqueous solutions with passivators. During the destructive
action in the initial bainite (and pearlite) structure of steels, the formation of
carbon-depleted ferritic sites adjacent to developing microcracks and pores was
observed. During the intensification of the external destructive effect, a non-
monotonic dependence of the carbon concentration was recorded. Its character
was associated with the influence of local internal stress fields of developing
structural defects. It was believed that the stress fields of these local concentra-
tors additionally (in addition to external stresses) stimulate the local diffusion
mobility of the embedding atoms (accelerated «jumps» to energetically advan-
tageous positions of the ferrite lattice), which leads to increased energy dissipa-
tion during the measurement of mechanical spectroscopy. The possibility of
this process may overlap with the classical mechanism of the Snook effect and
affect the objectivity of calculating the concentration of impurities in the ferrite
of the studied steels. The purpose of the work — to study the influence of the
evolution of an ensemble of discontinuities (microcracks, pores) on the devel-
opment of the Snook effect, carbon concentration and its redistribution in the
structure of deformed and flooded structural steels. Materials and techniques.
Samples of structural steels of grades St5, 18GS, 20GS, 35GS, 23X2G2T,
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08G2S, 80C of hardened carbon steels St3, 20, model alloy Fe — 0,09 % S were
studied. Static deformation was performed by stretching (0...30 %). The charac-
teristics of mechanical properties were measured (GOST 1497-84). Anodic and
cathodic polarization of samples in acidic electrolytes (aqueous solutions of
2,5...8 % H2SO4 with the addition of 2,5 % NH4CNS) was used at j = 2,6-60
A/m?. The long-term strength of the steels before destruction was evaluated at
certain stresses ca. Internal friction — IF (amplitude and temperature depend-
ences) was measured in low—frequency (samples d=0,5-3 mm, L=70-
100 mm, RDU-TPI relaxer, f~0,5-3 s) and sound (samples 8 x 200 mm,
installation IDSM-1, f~ 1-10% ¢ by resonance according to the GOST 25156-
82 methodology) frequency ranges. Metallography of the microstructure of
steels and evaluation of its quantitative characteristics (the evolution of the en-
semble of microcracks, the volume fraction of ferrite and perlite) were carried
out using linear and point methods by A. Rozival and A.A. Glagolev. Images of
microstructures were processed in the ImagePro+4.5 and ACDSee 2.5 SPP. The
height of the Snook maximum was used to determine the concentration of im-
purities (C, N) in ferrite. The parameters of inelasticity effects (background,
height, temperature, activation energy) and X-ray structural studies (micro-
distortions, block size, dislocation density) were used to observe substructural
changes and control the development of degradation and destruction of steels.

Conclusions. The relationship of local decarburization in the studied steels
with local internal stress concentrators (microcracks, pores) developing during
external action was established. The presence of hydrogen dramatically en-
hances the process, transferring it from the substructural to the microstructural
level. The influence of hydrogen accelerates the diffusion of embedding atoms,
making possible the formation of complex segregation at dislocations and grain
boundaries. We hypothesized that it is necessary to take into account the influ-
ence of the fields of local stress concentrators on the relaxation of Snook, the
value of the effective diffusion coefficient and the diffusion permeability of
ferrite.
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MOJYYEHHOI METOIOM ITOCJIOMHOTO JIA3EPHOT'O
CILJIABJIEHUS

A. B. Anvuwesa, Y. E. Bouiyos, A. B. byuupun, U. JI Manxos, P. K. Mycsies

Poccuiickuit ®enepansuslii Anepusiit Lientp — Beepoccuiickuit
Hay4HO-UCCIIE0BATEIbCKUI HHCTUTYT 3KCIIEPUMEHTAIBHON (U3UKH
(OI'VIT «POAL-BHUNDD»)

607188, r. Capos Hikeropoackoii 061., ip-t Mupa, 37

B Hacrosiiee BpeMs HOBBIM CITIOCOOOM MPOW3BOJCTBA METAIUTMUECKHUX H3-
JIENAN CIIOKHON (POPMEI SIBIISIETCSI TEXHOJIOTHS ITOCIOWHOTO Ja3epHOTO CIIIaB-
nerns (I1JIC). Oxaum n3 HanboJee MePCIeKTUBHBIX KOHCTPYKIIMOHHBIX MaTe-
pHAIOB, M3TOTABIMBAEMBIX C MOMOIIBIO AJIUTUBHBIX TEXHOJIOTHH, SBIAETCA
Hepxaperomas ctanb 316L-T1IJIC. Madopmanus o BIMIHAN Ha Hee BOIOPOIA
HpeJcTaBIsieT MHTEePEC Ul CO3AaHusA 000pyA0BaHHs, pabOTAIOIEro B BOJOPO-
JIOCOJepIKallluX CpeflaX, B YaCTHOCTH, COCYOB BBICOKOTrO AasieHus. Ha nan-
HBIIl MOMEHT B Hay4YHOI JIuTepaTrype Takoi HHPOPMAIMK HEAOCTATOUHO.

B pabote mpuBeneHsl pe3yabTaThl METALIOTPA()UUECKOTO UCCIIEI0BAHMUS
cTpykTypsl cramu 316L-I1JIC nocne Bo3neiicTBHUA Ha Hee BOAOPOAA IIPU JaBiie-
nun 40 MIla u temneparypax mo 600 °C B TedeHHE IJIMTEIBHOTO BPEMEHH.
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B npouecce ucciieoBanust BHINOIHAINCH H3MEPEHHS MUKPOTBEPAOCTH 00pa3-
1LI0B, M3Y4€HHE UX CTPYKTYPbI B HCXOJTHOM COCTOSIHHHM U I10CJIE HAaBOJOPOKUBA-
HUSL.

PesynbraThl MccinenoBaHMs MOKA3aJd, YTO BOJOPOA HA CTPYKTYpPYy CTann
316L-TUIC BnmstHUS HE OKa3ay, MUKPOTBEPAOCTh YBEIMIMWIACH MPUMEPHO Ha
10 %.

W3menenne ctpykrypsl ctanu 316L-IIJIC mpoucxomammo aubo mpw IiH-
TENBHBIX BBIJIEPKKaAX (IO COTEH YacoB) mpu TemmepaTypax mo 600 °C, mbo Bo
Bpemst omxkura npu 1075 °C. B pesynpraTe TOMOTE€HH3HPYIOLIETO OTXKUTa
ctpyktypa cranu 316L-IIJIC crama mnpakTHYECKH HAEHTHYHOH CTPYKTYpe
AYCTCHUTHBIX HEPIKABCIOUIUX CTaHeﬁ, HU3TOTOBJICHHBIX IIO Tpa}lHHMOHHOﬁ TCX-
HOJIOT'HUH.

RESEARCH OF HYDROGEN AND THERMAL TREATMENT
EFFECT ON THE STRUCTURE OF STAINLESS STEEL 316L
OBTAINED USING THE LAYER-BY-LAYER LASER SINTERING

A. V. Yalysheva, I. E. Boitsov, A. V. Buchirin, I. L. Malkov, R. K. Musyaev

The Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics, 607188, Bld. 37, Mira Ave., Sarov, Russia

Presently, the new method for manufacturing metallic items with a com-
plicated shape is the additive technology of layer-by-layer sintering (LLS). One
of the most promising structural materials made with the help of the additive
technologies is stainless steel 316L-LLS. The data on how it is affected by hy-
drogen is of great interest in connection with designing equipment operational
in hydrogen-containing environments, particularly high-pressure vessels. As of
today, data provided in scientific literature are scarce.

The paper cites the metallographic research data for steel 316L-LLS mi-
crostructure after its exposure to hydrogen at the pressure of 40 MPa and tem-
peratures of up to 600 °C for a long time. In the course of the studies micro-
hardness of the samples was measured, their structure was analyzed in the ini-
tial state and after hydrogenation.

The research data indicated that hydrogen had not affected the structure of
steel 316L-LLS, while its microhardness increased approximately by 10 %.
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The structure of steel 316L-LLS changed either in case of durable expo-
sures (up to hundreds of hours) to temperatures of up to 600 °C, or during an-
nealing at 1075 C. As a result of the homogenizing annealing, the structure of
steel 316L-LLS became practically identical to that of austenite stainless steels
manufactured using the conventional technology.
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COPBIIUA U JECOPBIIUA BOAOPOIJA KOMITIO3UTAMU
HA OCHOBE 'HAPUJA MATHHUSA 1 HAHOCTPYKTYPHBIX
KATAJIMTUYECKHX JOBABOK

P. P. Onvman, B. H. Kyousapos, H. E. Kyporomos
ToMCKull NONUTEXHUYECKUN YHUBEPCUTET

Pa3paboTka METO/IOB aKKyMYJIUPOBAHUSI BOJOPOJA SIBISIETCS OJHUAM W3
HanboJiee BaXKHBIX HAMpPABICHUN B 00JIACTH BOAOPOIHOM dHepreTuku. ['mapu-
JIBl METAJUIOB M KOMIIO3UTHI HA MX OCHOBE SIBJISIIOTCS HauboJjiee MpearnovuTH-
TENILHBIMHM KaHAWUIAaTAMU JJIS BBIIONHEHUS MaHHON posu. OMHAKO, K TaKHUM
MarepuanaM MpPeAbABIAIOTCS Cephe3Hble TPEOOBAHUS MO0 €MKOCTH, IUKIHYE-
CKOW cTabMIBbHOCTH, paboyell Temreparype W JaBICHUIO, a TaKXKe CKOPOCTH
copbunm ® pgecopOumy Bogopoma. B 3TOM ciydae HCIIONB30BaHHE Mar-
HUS/THIPUIA MATHUSI OMPABAaHO, TaK KaK MarHWi sIBJISETCS JOCTYITHBIM U Jie-
LIEBBIM 3JIEMEHTOM. B TO e BpeMs MCIOJIb30BaHNE YUCTOTO THAPHIA MArHUS
OTPaHUYCHO M3-332 BBICOKUX 3HAYCHHH JHTAJBIUH MPOLECCOB COPOLMH U Jie-
copbumu Bogoposaa. DPQeKTUBHOM cTpaTerueil yinyulleHHs CBOWCTB TUIPUIOB
MCTAJZIOB, B TOM 4YHCJIC rH}:[sz[a Martaus, saBJIICTCA CO3JaHHMC Ha HX OCHOBC
KOMIIO3UTOB C HAaHOMAaTepHalaMH. YTJIEPOHbIC HAHOMATEPHAJIbl, B YaCTHOCTH
YIJICPOIHBIC HAHOTPYOKH, SIBJIAIOTCS OJHUMH U3 M3BECTHBIX U 3((EKTUBHBIX
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KaTaJUTHUECKUX 100aBoK. OHU HEJOPOTH, 00JIaIAI0T BBEICOKON TEILIONPOBOA-
HOCTBIO M OOBIYHO COJIepKaT HAHOYACTHIBI METAJIIOB, KOTOpBIE AEHCTBYIOT
KaK KaTalM3aTOPBl peakIuu copOIu M AecopOmmu Bomopona. Eme omHuM
KJIACCOM HaHOCTPYKTYPHPOBAHHBIX MAaTEpHAJIOB, pacCMaTPUBAaeMBIX B Kade-
CTBE KAaTAJIUTHYECKHUX NOOABOK, SBIIFOTCS METAJUIOOPTaHWYECKHE KapKacHEIC
cTpykTyphl. Tak, Metamioopranudeckue crpykrypsl MIL-101 (Cr) ma ocHoBe
MEPEXOAHBIX METAJIOB, OTHOCHTEIBHO HEIOPOTH W TPOCTHI B MPOU3BOJICTBE,
YTO TO3BOJISICT WCIOIH30BATh MX B KaUeCTBE MPEKYypPCOPOB Il HAHSCCHUS Ka-
Taau3aTopa Ha noBepxHocTs MgHo.

B nannoli paboTe paccMOTpPEHbI KOMIIO3MTHBIE MAaTepHajbI-HAKOMHUTEIN
BOJIOPO/Ia HAa OCHOBE TW/IPHJA MarHusi U OJHOCJIOMHBIX YIJIEPOIHBIX HAHOTPY-
00K, a TakXKe THAPHUIA MarHUS W METAITIOOPTaHWIECKUX KapKAaCHBIX CTPYKTYP
MIL-101 (Cr). IToBeneHue copOUUK U IeCOPOLUM BOJOPOIA B KOMIIO3UTE HC-
CJIeJOBaHO B AMAIa30HaX Temreparyp u maBieHuit (593—-653) K u (0-3) Mlla
COOTBETCTBEHHO. VccirlemoBaHBl OCHOBHBIE 3aKOHOMEPHOCTH (ha30BBIX MEPeXo-
IIOB B CHCTEME MarHMH-BOAOPOA IJIsi KOMIIO3HTOB IIpH AETHApHpoBaHUHU. Ha
OCHOBE TOJTYYCHHBIX PE3YJIBTATOB MPEIIOI0KESHBI MEXaHU3MBI COPOIIUH U Jie-
COpOIMHU BOJOPOIa KOMIIO3UTAMH.

Pabora BeImosHeHA Npu (PUHAHCOBOI moanepxkKe ['0CyaapcTBEeHHOrO 3a-
JlaHusl B paMkax HayuHoro mnpoekta Ne FSWW-2021-0017, a taxxe B paMKkax
MPOrpaMMbl MOBBILIIEHHS KOHKYPEHTOCHOCOOHOCTH TOMCKOro MoJHTEXHHYEe-
CKOTO YHHBEPCHUTETA.

SORPTION AND DESORPTION OF HYDROGEN BY COMPOSITES
BASED ON MAGNESIUM HYDRIDE AND NANOSTRUCTURED
CATALYSTS

R. R. Elman, V. N. Kudiiarov, N. E. Kurdyumov

Tomsk Polytechnic University

The development of hydrogen storage methods is one of the important ar-
eas of research in the field of hydrogen energy. Metal hydrides and metal-
hydride based composites are the most preferred candidates for this role. How-
ever, such materials are subject to serious requirements in terms of capacity,
cyclic stability, operating temperature and pressure, as well as the hydrogen
sorption and desorption rate. In this case, the use of Mg/MgHz is justified, since
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magnesium is an abundant and cheap element. At the same time, the use of
pure magnesium hydride is limited due to the high enthalpies of hydrogen sorp-
tion and desorption processes. An effective strategy for improving the proper-
ties of metal hydrides, including magnesium hydride, is the creation of compo-
sites with nanomaterials. Carbon nanomaterials, especially carbon nanotubes,
are one of the known and effective catalytic additives. They are inexpensive,
have high thermal conductivity, and usually contain metal nanoparticles that act
as catalysts for the hydrogen sorption and desorption reaction. Another class of
nanostructured materials considered as catalytic additives are metal-organic
frameworks. Thus, MIL-101 (Cr) metal-organic frameworks based on transition
metals are relatively inexpensive as well and easy to produce, which allows it
to be used as a precursor for catalyst deposition on the MgH, surface.

In this paper, hydrogen storage composites based on magnesium hydride
and single-walled carbon nanotubes, as well as magnesium hydride and MIL-
101 (Cr) metal-organic frameworks are considered. The hydrogen sorption and
desorption behavior in composite have been investigated for temperatures and
pressures ranges (593—653) K and (0—3) MPa, respectively. The main regulari-
ties of phase transitions during dehydrogenation have been studied. Based on
the results obtained, the mechanisms of hydrogen sorption and desorption by
composites are proposed.

The work was funded by Governmental Program, project Noe FSWW-2021-
0017. The authors acknowledge the TPU development program.
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B3AUMOJIEMCTBHUE BOJIOPOJIA C HEKOTOPBIMH
BBICOKOSHTPOIMUINHBIMU CILIABAMHU

I1. A. Kpom®, B. H. Bepbeyxuii*, U. C. Tepewuna®

IMTI'Y um. M. B. JlomoHocOBa, XuMu4ecKkuii (GaKkymbTeT,
Kadeapa XUMHUIECKOH TEXHOJIOTHH U HOBBIX MaTEPHAJIOB,
mabopaTopHs YHEPTOCMKHX H KaTaTUTHICCKUAKTHBHBIX BEIIECTB
2MTI'Y um. M. B. JImonocopa, ®usnueckuii paKyibTeT,
Otnenenue pusuku TBepaoro Tena, Kadenpa ¢pusuku tBepmoro tena

B nocnegnue roipl MHTEpEC K BBICOKOHTpomuiHBIM ciuiaBam (B3C)
HEMpPEepBIBHO pacTeT. SpKoil WIIIOCTpaluel 3TOMY CIYKUT MPAKTHUYECKH JKC-
MOHEHIMAIbHBIA POCT KOJHMYECTBA MyOJHKAIMA MO ATOH TeMe B IOCIESIHEe
necsatuwierne [1]. @opmansHo BOC MOXKHO OTpeIeNIuTh KaK CIIaBbl, COCTAB-
JIEHHBIC U3 TATH (MHOTIA W YETHIPEX) WM OOJIBIIETO KOJMYECTBA DJIEMEHTOB,
MIPUYEM MOJIbHAS JTOJI KaXKAO0T0 U3 HUX HaXOAHTCS B mpezenax oT 5 mo 35 %.
TakoMy XUMHYIECKOMY COCTaBY COOTBETCTBYET UPE3BbIUAHHO BBICOKOE KOJINYEC-
CTBO COCTOSHHH CHCTEMBI, YTO W TPHIACT COCAWHEHHWIO DAJ YHHUKAJIHHBIX
CBOMCTB.
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Opnno w3 HampamieHuit pabotel ¢ BOC, nponsuraromieecss He CTONb aK-
TUBHO, — 3TO U3y4Y€HHME X MAarHUTHBIX CBOWCTB. HekoTopele peaxo3eMenbHbIe
metawibl (P3M, Hampumep, Gd) 001a1al0T CpaBHUTENBHO OJIM3KMMH K KOM-
HaTHBIM Temrepatypamu Kropu/Heenst, uro oOyciaaBmuBaeT BO3MOXHOCTh UX
MIPUMEHEHHS B PA3INYHBIX MATHUTHBIX YCTPOMCTBAX M JJIS CO3/IaHUS TIOCTOSH-
HBIX MarHUTOB. Penxo3eMenbHbIe MeTauIbl MHTEPECHBI eIle U TeM, UTO JIETKO
00pa3yIoT IpyT ¢ Apyrom ¢a3sl TBEPAOTO PacTBOPa, YTO MO3BOJSET CO3/IAaBATh
BBICOKOHTPOIIMHHBIE CIIJIABBI HA MX OCHOBE C M3BECTHBIM (ha30BEIM COCTABOM
U KPUCTAJUIMUECKOM cTpyKTypoil. Hakonen, P3M u ux cruaBel 00pa3ytoT rua-
PHIBI B OTHOCUTENILHO MSTKUX YCJIOBHSIX, YTO OTKPBIBACT MyTh JUIsl MOAM(pUKa-
LUU UX CBOMCTB (B YAaCTHOCTM MAarHUTHBIX) C MOMOILBIO BHEIPEHUS aTOMOB
BOJIOPO/JIa, a, BOBMOXHO, U HHBIX aTOMOB MaJIoro paauyca [2, 3].

Boun BeIOpan psa cruiaBoB P3M, kotopble ObI 0 CBOEMY COCTaBY COOT-
BeTcTBOBaNM Kiaccy BCD, a UMEHHO CIUIaBBI, MpeACTaBISIOMINE cO00i pas-
nyHble KoMOuHanuu sneMedtoB La, Ce, Gd, Th, Dy u Ho ¢ skBuaToMHBIM
COOTHOIIICHUEM, UCCIIEAOBAHMS KOTOPHIX MPAKTUIESCKHA HE OTPAKEHBI B M3BECT-
HOW HaydyHOH nmrTeparype. Ilocie MOArOTOBKM IIMXTH W3 WHIMBHIYaJIHHBIX
PEIKO3eMENBHBIX AJIEMEHTOB (durcToTa >99,9 macc. %) HpOBOAMICS CHHTE3
CIUTaBOB B AJIEKTPOIYTOBOM IEYH, ITOCIIE YEeTO CIUIaBHI ITOJIBEPTANCH BBHICOKO-
temrieparypaoMy oxkury (900 °C) UccnemoBanuch: MOphOIOTHS C TIOMOIIBIO
CKaHMPYIOLIEH 3JIeKTpoHHOM MHuKpockonuu (SEM), aneMeHTHBIH cocTaB ¢ Io-
MOIIBIO YHEPrOJMCIEPCUOHHON peHTreHoBcko cnekrpockonuu (EDX) u da-
30BBIIf cOCTaB ¢ TOMOIIBIO peHTreHodaszoBoro ananusza (XRD). 'mapupoBanne
00pasLoB NPOBOAWIIOCH B almapaTe THNa Sieverts ¢ MOoCiIeXyIomnuM JeTuaApH-
pPOBAaHUEM, CTPOMIHMCH U30TEPMBI pPEaKIUi AETHAPUPOBAHUS, HA OCHOBAaHUU
KOTOPBIX BBIYUCISUIMCH TEPMOAMHAMHUYECKUE MTapaMeTprl nporeccos. [lpucyrt-
CTBHUE THAPUAOB MOATBEPKIAIOCH C ToMOITsl0 PDOA. ObIIH MicCIeI0BaHBI Mar-
HUTHBIC CBOHCTB MCXOIHBIX 00PA3IOB CIUIABOB M WX THAPUAOB HA BHOPAIOH-
HOM MarHeToMeTpe, a UMEHHO ITOJy4YCHBI 3aBUCUMOCTH HaMarHMYE€HHOCTH 00-
Pas3IoB OT MPHJIOKESHHOTO MAarHUTHOTO IOJS M OT COAEpIKaHUS aTOMOB BOO-
pOJa B MX KPUCTAIIMYECKON PeIIeTKE.
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HYDROGEN INTERACTION WITH CERTAIN HIGH-ENTROPY
ALLOYS

P.A. Krot?, V. N. Verbetsky?, I. S. Tereshina?

! Moscow State University, Faculty of Chemistry, Department of Chemical
Technology and New Materials
2 Moscow State University, Faculty of Physics, Department of Solid
State Physics, Chair of Solid State Physics

In recent years high-entropy alloys (HEA) has been attracting more and
more attention. This can be illustrated by the exponential growth of the number
of publication concerning this topic in the last decade [1]. Formally speaking,
any alloy composed of five (sometimes four) or more elements, with atomic
percent of each element between 5 and 35 %. Such a chemical composition
corresponds to an enormous number of system’s microstates, which would ex-
plain several unique properties such a compound possesses.

One of the areas of investigation of HEA which has received relatevily lit-
tle attention is the study of their magnetic propertis. Some rare-earth elements
(REE, i.e. Gd) enjoy comparatively moderate Curie/Néel temperatures, which
allows for their application in permanent magnet production and construction
of various magnetic devices. Further, the ability of REE to form solid solutions
with each other over a wide range of atomic ratios is a useful property enabling
the preparation of REE-based HEAs with predetermined phase composition and
crystalline structure. Beyond that, REE and REE-based alloys form hydrides
under relatively mild conditions paving the way for tailoring their properties,
magnetic ones in particular, by means of introducing hydrogen atoms into their
lattice, and possibly some other small-radius atoms [2, 3].

A number of REE-based alloys with HEA-qualifying atomic ratios, that is,
alloys composed of various combinations of La, Ce, Gd, Th, Dy, Ho elements
and with little to none coverage in available literature were considered. After
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individual element-made furnace charges were made, synthesis of respective
alloys via arc-melting was carried out. The elements were of >99,9 m. % purity.
After that high-temperature annealing (900 °C) of samples obtained was per-
formed. Several investigation techniques were implemented. Firstly, morpholo-
gy of samples was analyzed by means of Scanning electronic microscopy
(SEM). Then elemental composition was obtained through Energy-dispersive
X-ray spectroscopy (EDX). Finally, analysis of phase composition was effected
by X-ray diffraction method (XRD). Hydrogenation/dehydrogenation cycling
of samples in a Sieverts apparatus was performed and pressure-composition
isotherms (PCI) were obtained. Computation of hydrogenation reaction pa-
rameters for synthesized alloys enabled by the PCI was made. Presence of hy-
dride phases was demonstrated via XRD of hydrogenation products. Finally,
magnetic properties of as-synthesized alloys and corresponding hydrides were
studied with the help of a vibration magnetometer, that is, magnetization of
samples vs external field / hydrogen content in a given sample was plotted.
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BJMSIHUE BONTOPOJA HA CTPYKTYPY U MAIHUTHBIE
CBOUCTBA UHTEPMETA/UVIMYECKUX COEJJMHEHUU
sz(Fe, A|)17

C. B. Becenosa, B. H. Bepoeyxuii, Y. C. Tepéwuna
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VHTepMeTanuecKie COCANHeHUsT Ha OCHOBe 4f-pemxo3eMenbHbIX aite-
MEHTOB C MEPEeXOJHBIMU METaJUIaMU TPYIMIbI XKeje3a MPeJICTABIAIOT UHTEpecC
JUISl UCCIIeIOBaHMs OJlarojapsi BBICOKAM 3HAYSHUSIM HaMarHMYEHHOCTH HacChl-
LIeHus, TeMnepaTypsl Kiopu 1 KOHCTaHTBI MarHUTHON aHu3oTponuu [1]. Yera-
HOBJICHO, YTO MAarHUTHBIE CBOWMCTBA WHTEPMETALUIMUYECKOTO COEIUHEHHS
SmFe17 3HAYNTENbHO MOBBINIAIOTCS IIOCIE BHEAPEHHS B KPHUCTAJUIMYECKYIO
pEIIeTKy aTOMOB BOJIOPOAA, YIIepoAa U a3oTa. B pesynprare BIUSHHSA OJHO-
BpPEeMEHHBIX (HaKTOPOB 3aMELICHHs M BHEApeHHs B SMzFe17 MOXXHO IOCTHYB
Ooyee BBICOKMX 3HauyeHHH TemmepaTypbl Kiopu (yBeqWUuUUTH paccTosHHE
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Fe-Fe >2,45 A) U yBEJIMYUTH BKJIAaJ MAarHUTHOM MOAPELIETKH PEAKOM 3eMiid B
o01eif aHN30TPONMHU BCIIEACTBIE M3MEHEHUS! AJIEKTPOHHOM CTPYKTYpPbI UCXO/-
HbIX coequHeHUH. [TomoOHas TpaHcdopmaIs CBOWCTB MaTepHaja CBS3bIBACT-
csl, TIPEXIE BCEro, ¢ 00beMHBIM AP QPEeKTOM (YBEIMUYEHHE aTOMHOTO 00beMa,
paccrosaniit Fe-Fe, R-Fe) m xummueckum 3¢QeKxTomM npu BBEACHWH aTOMOB
BHeApeHus. Ha ceronHsAmHUI NeHb B3aUMOJAEHCTBUE HHTEPMETAIIMUECKOIO
coenmuHeHuss SmpFe17 ¢ BOIOpPOIOM, yriIiepoIoM W a30TOM HapsAy CO CTPYK-
TypHBIMH W MarHUTHBIMH cBolcTBamu SmpFeizMy, rne M — HeMarHWTHBIH
9JIEMEHT, JIOBOJIFHO XOPOILIO M3y4eHo. TeM He MeHee JaHHbIE O BIMSHHM aTo-
MOB BHEJPEHHSI Ha CTPYKTYpy M MarHUTHBIC CBOWCTBA TMAPHIOB Ha OCHOBE
SmyFe17 ¢ xxene3o3aMeniaromuMH dJeMeHTaMu (pparMeHTapHbl. 1lens qaHHON
paboTHI — M3yYCHNE BIHMSIHUS BOJOPOJA HAa CTPYKTYPY M MAarHUTHBIE CBOHCTBA
coenunenuit (SmixAlx)2Fer7 (x =0,1; 0,2; 0,3; 0,4).

Hcxonuble cruaBbl OBLUTH MMOJYYEHBI METOJIAMHU JJIEKTPOIYTOBOM M MHITYK-
LIMOHHOMW IIJIABOK B MHEPTHOI aTMoc(epe aproHa, JaBjeHHEe KOTOPOro B pado-
4yel KaMmepe Iocjie BaKyyMHOM jerasanuu cocrasisiio 1o 1,1 atm. ['omorenu-
3UPYIONINHA OTXKUT MIPOBOIMIM B KBAapIEeBBIX amiynax mpu 1273 K B Tedenue
25-30 9. MUKpOCTPYKTYpY ¥ XUMHUYECKHI1 COCTaB MaTepHUAJIOB B JINTOM COCTO-
SIHUM U TI0CJIE€ BBICOKOTEMIIEPATYPHOTO OT)KUTa HCCIIEI0BAIH Ha CKAaHUPYIOIIEM
anekrpoHHOM MuKpockore «LEO EVO 50 XVPy». Pentrenorpadudeckoe wnc-
CJIEZIOBAaHUE BCEX CHHTE3MPOBAHHBIX 00pPa3IOB MPOBOIMIN HAa TU(PPAKTOMETPE
JPOH-3M B monoxpomatuzupoBaHHOM CoKg-u3znydeHuu. YTO4YHEHUE Iu-
(pakMOHHBIX MpoQUIeH TPOBOAMIOCH TI0 METOAY PurBenbia ¢ ncmnosb3oBa-
nueM nporpammbl RIETAN-2000. I'mapupoBanue OCYIIECTBISUTH NPSIMOH pe-
aKIHel MpeaBapuTeIbHO MEXaHWYECKH M3MENIbYEHHBIX MCXOJHBIX CIUIABOB C
Bozopoaom nipu temrieparype 473 K u nasnennn Bogopoxa 30 MPa B Tedenue
20-25 4. HMccnemoBanre MarHUTHBIX CBOMCTB OBIIM BBIITOJHEHBI ¢ ITOMOIIBIO
n3MepuTensHoro komrwiekca PPMS-9 B mmpokoM nmama3zoHe Temrieparyp, a
Takke Ha BHOpoMarautomerpe VSM-250 B momsax o 2 Ti mpm KOMHATHO#M
TeMIIepaType.

B cootBercTBum ¢ manabIME POA, ycTaHOBIIEHO, YTO 00pasIbl TIOCHIE T0-
MOTEHHU3UPYIOIIEr0 OTXKHUra SBISIOTCS IBYX(a3sHbIMU, HOMHUMO OCHOBHOM (ha3bl
MIPUCYTCTBYET NMpHUMECHasi MarHuTomsrkas o-Fe. OcHoBnas ¢asza tuna 2:17 n
2:17:H coenunenuit SmaFe17xAlx u SmaFe17xAlxH, kpucrannusyercs B pom-
603apuueckoii ctpykrype tima ThoZni7 (mp. rp. R3m).

Cunres TuapuI0B Ha ocHOBe SmpFe17.xAlx mpoxoauia Ha yCcTaHOBKE THJI-
pUpoBaHMs TpH AaBieHuH a0 40 aTM c HarpeBOM MCXOJHOro obpasua 1o
473 K. B pesynbrare ObUIM MOJIyYEHBI THIPUABI C PAa3IMYHBIM COJIEp)KaHHEM
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BOJIOPOJIa, KOTOPOE PACCUHUTHIBAIOCH MO MOAMMDUIIMPOBAHHOMY YPABHCHHIO
Ban-nep-Baannca. Makcumanbaoe 3Hadenue H/SmoFei7xAly cocraBuino 4
aToMa Ha (popMynpHYIO enuHUIY. BHEApEeHNe aToMOB BOAOPOa B KPUCTAJLIH-
YECKYI0 pelIeTKy coeauHeHni (SM1xRy)2Fe17 okaspIBaeT BIMSHHE TaKkKe Ha
MAarHUTHBIC CBOWMCTBA: MPH MX THIPUPOBAHUM yIACTCS 3HAYUTEIHHO MMOBBHICUTH
3HAYCHUS HAMAarHWYCHHOCTH HACBHIIICHHS U KOIPIUTHBHOMN CHJIBL.

JIUTEPATYPA

1. Coey J.M.D. Magnetism and Magnetic Materials // Cambridge Univer-
sity Press. 2010. 614 p.

EFFECT OF HYDROGEN ON THE STRUCTURE AND MAGNETIC
PROPERTIES OF INTERMETALLIC COMPOUNDS Smy(Fe, Al)17

S. V. Veselova, V. N. Verbetsky, I. S. Tereshina

Lomonosov Moscow State University
E-mail: sv_veselova@mail.ru

Ingots (SmixAlx)2Fe17 (x = 0.1; 0.2; 0.3; 0.4) were obtained by induction
melting in an inert atmosphere. The structure and magnetic hysteresis proper-
ties of the initial compounds and hydrides based on them have been studied. It
has been established that (SmixAlx)2Fei7H, hydrides retain the rhombohedral
ThaZn7 type of crystal structure of the initial compounds. Hydrogenation leads
to an increase in the saturation magnetization and coercive force at room tem-
perature.
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BJII/IMHHI/IE SJEKTPOCTATHUYECKOTI'O ITOJISI HA
B3ANMOJEUCTBHUE HHTEPMETAJIVIMYECKOI'O COEJIMHEHMU 1
COCTABA LaNis4Alo3Feo 3 C Bogopoaom

U. A. Pomanos, A. A. Eponun, A. H. Kazaxos

OObeMHEHHBIH MHCTUTYT BhICOKUX Temneparyp PAH, Mocksa, Poccust

JanHas paboTa MOCBsIIEHA HWCCICIOBAHUIO B3aMMOJICHCTBHS WHTEpPME-
tanaeckoro coexaunenus (MMC) ABs-tuna cocraBa LaNig4AlosFeos ¢ Bo-
JIOPOJIOM TIOJ BO3JCHCTBHUEM DJIEKTPOCTATHUECKOTO IIONIS pa3IMIHON Hamps-
JKEHHOCTH | TOJIIpHOCTU. McXoaHbIN 00pasen naTepMeramumaa maccoir 100 r
OBLT IIPUTOTOBJICH METOJIOM CILIABJICHHUS YHCTBIX METAJUIOB B AJICKTPOILYTOBOM
neun B atMocdepe aprouna. [lociie roMOreHH3UPYIOMIEr0 OTXKUra odpaser] Obut
HCCIICZIOBAaH METOJIOM PEHTIeHO()A30BOr0 M PEHTICHOCTPYKTYPHOTO aHAH3a.
Jaee OblTa TIpOBE/IcHA aKTHUBAIUS METOJOM MPOBEICHUS JCCATH MOCICI0Ba-
TEJIHBIX IUKJIOB a0COpOIMK U JIecOpOLMHU BOMOPOIA NMPU TEMIIEpAaTypax OT
253 no 373 K u naBnenuun Bomopona ao 3,5 MIla, B pe3ynbTare KOTOpOii 00pa-
3ell IPEBPATUIICSI B OJHOPOIHBIA MEJIKOJUCIIEPCHBIN MOPOLIOK. beutn usmepe-
Hel PCT-m30Tepmbl abcopOrmm u gecopbunu Bogopona meronoM CuBepTca
npu temmeparypax ot 313 o 353 K.

Ha crenyromem stame obpazen IMC pasnensuics Ha IB€ 4acTH Maccoi
50 B cyxoMm Ookce ¢ MHEpTHOH atMochepoii, OHa M3 KOTOPHIX HCIIOIB30Ba-
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JIaCh B DKCIIEPUMEHTAX C AJIEKTPOCTATUYECKUM IIOJIEM, a BTOpas CIyXKWia B
KayecTBe 00paslia CpaBHECHUS.

OKCIIEpUMEHTHI C 3JIEKTPOCTATHYECKHIM IT0JIEM TPOBOAWINCH B MOJHIIPO-
MTUIIEHOBOM pabodeM cocyie, KOTOPBIi MoMemaics B )KUAKOCTHOH TepMocCTaT,
3aIIOJTHCHHBIA TPaHC(HOPMATOPHBIM MAcIOM. DIIEKTPOCTaTHIECKOE IOJIe CO3/Ia-
BAJIOCh MEXIY [BYMS LMWIMHIPUYECKUMM 3JEKTPOJAaMH, OJUH U3 KOTOPBIX
pacrionarascs 1mo ocu pado4ero cocya 1 CIyKWJI OAHOBPEMEHHO TPyOKOit st
MOJTa9X BOJIOPOJIA, & BTOPOI MpEACTAaBILLI COO0H TOHKYIO IUIACTHHY, OOEpHY-
TYyI0 BOKpYT pabouero cocyzna. st nopaun Hanpspkenust ot +15 no —15 kB Ha
OCEBOM JIEKTPOJ] UCTIOIB30BAJICS UICTOYHHUK BBICOKOTO HampsikeHus «l[lmazony.
B BakyyMHpOBaHHHBIA paOOuYuii COCyH MOAaBaiach KaIMOPOBAHHAS MOPIIHSI
BOJIOPO/Ia, TIOCJIE Yero (PUKCUPOBATIOCh U3MEHEHHUE JIaBJICHHUS HaJl 00pa3IioM Co
BpEMEHEM.

DKCHEepUMEHTHI MOKa3aJId, YTO B 00JaCTH HU3KUX KOHIEHTPALUi BOJOPO-
Jla mojaya TOJIOXKUTENBHOTO NOTEHLHMaNa MPUBOAUT K YCKOPEHHIO Mpolecca
MOTJIOLIEHUS BOAOPOJA, a NoJjaya OTPULATEIBHOTO — K 3aMEJUICHHUIO U MOSIBIIE-
HUIO M3JIOMa Ha KPUBOW 3aBUCHUMOCTH JaBiIeHHs OT BpeMmeHU. [lomaya Hamps-
JKEHUSI Ha AJIEKTPOJI MOCJE YCTAHOBJIEHUS PAaBHOBECHUS B CUCTEME HE BJIMAET Ha
JTABJIICHUE BOAOPO/a HaJl 00pasIIoM.

HUccrnenoBanus BeImoHEHB! Tpu noanepxkke PH® 'pant Ne 22-19-00516.

ELECTROSTATIC FIELD INFLUENCE ON INTERACTION OF
INTERMETALLIC COMPOUND LaNissAlo3Feo s WITH HYDROGEN

I. A. Romanov, A. A. Eronin, A. N. Kazakov

Joint Institute for High Temperatures of the Russian Academy of Sciences,
Moscow, Russia

This work is devoted to the study of the interaction of an intermetallic
compound (IMC) ABs-type composition LaNissAlo3Feo3 with hydrogen under
the influence of an electrostatic field of various strengths and polarities. The
initial sample of an intermetallic compound weighing 100 g was prepared by
fusing pure metals in an electric arc furnace in an argon atmosphere. After ho-
mogenizing annealing, the sample was examined by X-ray diffraction analysis.
Next, activation was carried out by conducting ten consecutive cycles of hy-
drogen absorption and desorption at temperatures from 253 to 373 K and hy-
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drogen pressure up to 3,5 MPa, as a result of which the sample turned into a
homogeneous fine powder. PCT isotherms of hydrogen absorption and desorp-
tion were measured by the Siverts method at temperatures from 313 to 353 K.
At the next stage, the IMC sample was divided into two parts weighing
50 g in a dry box with an inert atmosphere, one of which was used in experi-
ments with an electrostatic field, and the second served as a reference sample.
Experiments with the electrostatic field were carried out in a polypropyl-
ene working vessel, which was placed in a liquid thermostat filled with trans-
former oil. An electrostatic field was created between two cylindrical elec-
trodes, one of which was located along the axis of the working vessel and
served simultaneously as a tube for supplying hydrogen, and the second was a
thin plate wrapped around the working vessel. A high voltage source «Plason»
was used to supply voltage from +15 to —15 kV to the axial electrode. A cali-
brated portion of hydrogen was fed into the evacuated working vessel, after
which the pressure change over the sample was recorded over time.
Experiments have shown that in the region of low hydrogen concentra-
tions, the supply of a positive potential leads to an acceleration of the hydrogen
absorption process, and the supply of a negative one leads to a slowdown and
the appearance of a fracture on the pressure—time curve. The supply of voltage
to the electrode after the equilibrium in the system is established does not affect
the pressure of hydrogen over the sample.
Authors acknowledge support from the Russian Science Foundation grant
No 22-19-00516.
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BJIUAHUE THAPUPOBAHUSA HA TUII MATHUTHBIX ®A30BbBIX
MNEPEXOA0B B COEAUHEHUAX R(Ni,Si)

A. A. Kypeanckas, Y. C. Tepéwuna, B. H. Bepbeyxuti
MI'V um. M. B. Jlomonocosa, 119991, Mocksa, Poccus

Wnrepmeramnnueckue coeaunenns R-Ni (R-penxoseMenbHBI MeTan)
WHTEPECHBI HE TOJIBKO TEM, YTO MPOSBISAIOT 3HAYUTEIbHBIA MarHUTOKAJIOpHYe-
ckuit a3pdexr (MKD) B obmactu MarHUTHOTO (ha30BOTO MEpexojaa, KOTOPHIHA
MPOMUCXOIUT ONM3KO K TEMIIepaType KHIICHHs JXHJIKOI'O a30Ta, HO U CBOUM
CBOWCTBOM JIETKO IOTJIONIATh BOAOPOJ, 00pa3yst crabwibHble Tuapuiasl. [Ipn
9TOM THAPUPOBAHUC CYHICCTBCHHO CHUIKACT TCMIICPATYPbl MAarHUTHOI'O MEpe-
X072 U MOXET U3MEHHUTH THI repexoza [1, 2, 3]. OOpasiibl ¢ 3aMeIIeHUSIMU KaK
B moapemetke P3M, tak u B moapemetke Ni - GdyDy1xNi (x=0,1; 0,9) u
(Gd,Dy)Ni1xSix (x = 0,02; 0,05) — ©3roTaBIMBAIKCEH B ICKTPOLYTOBOM ITCUH B
atMocdepe aprona, a ux ruapuasl GdxDy1xNiH3 (x =0,1; 0,9) u (Gd,Dy)Ni-
xSixHy (x =0,02; 0,05; y = 3, 4) ObUIn MOJTyYCHBI Ha YCTAHOBKE THIA 3UBEpPTA
(pabounit nuanazon maeneHus g0 100 MITa). CoctaB THIPHUIOB PACCUUTHIBAIICS
BOJIIOMETPUYECKUM METOJOM, C IIOMOIIBIO ypaBHEeHUs1 Ban-nep-Baanbsca. Kpu-
CTaJUTMYIecKast CTPYKTypa HOJIYYeHHBIX COEAMHEHHWH HCCIIeI0Bajlach C MOMO-
IGO0 PEHTTEHOCTPYKTYPHOTO aHaiM3a. BBIJIO ompeneneHo, 4To COSAMHEHHS C
BBICOKAM COJCp)KaHHEM TaIOJIMHUS KPHCTALIM3YIOTCS B OPTOPOMOMYECKOH
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crpykrype tuna CrB (mpocTpaHcTBeHHas rpynmna 63), Toraa Kak COeAMHEHUs
Gdo,1Dyo,oNi u DyNio g5Sio,05 KprcTamu3yroTes B cTpykTypax tumna FeB (mpo-
cTpaHcTBeHHas Tpymma 62). [Ipu 3ToM Bce MoSTydeHHBbIe THIPHUIBI HMETH TPO-
cTpaHcTBeHHYI0 cTpyKTypy THna CrB, xpome ruapuma DyNiggsSioosHa, co-
XpaHUBIIETO CTPYKTYpy FeB MCXOMHOrO coeMHEHUs W MOCie THIPUPOBAHUS.
B nanHO# paboTe s OnpeeNCHHs THITA MATHUTHOTO (Da30BOro mepexoa Obut
HCTOJIB30BaH aHAM3 KPUBBIX benoBa-AppoTa, a Takke HEIaBHO IPEI0KEH-
HBIA B pabote [4] aHANW3 BEJMYMHBI MapaMeTpa N, KOTOPBIH OMpeessuics Mo
dbopmyne:
dIn|ASy |
dinH

Bruto o6HapyXeHO, YTO BCE€ MCXOMHBIC COCTMHEHHUS M MOJYYCHHBIC THII-
PHIBI JEMOHCTPHUPYIOT (ha30BBIE MEPEXOAbl BTOPOTO pOJa, YTO KpaifHe Ba)kKHO
U TIPAKTUYECKOTO MCIIONIF30BAaHMS TaHHBIX COSAMHEHUH B KadyecTBe pabodnx
TEeJI MarHUTHBIX peprKepaTopos.

I/ICCJ'IGL[OBaHI/Ie BBITIOJTHEHO 3a CUYCT I'paHTa Poccuiickoro Hay4YHOTro (l)OHL[a
Ne.22-29-00773, https://rscf.ru/project/22-29-00773/.

n(T,H) =

JIUTEPATYPA

1.V.B. Chzhan et al. Materials Chemistry and Physics, 264 (2021),
https://doi.org/10.1016/j.matchemphys.2021.124455.

2. 1. S. Tereshina et al. Journal of Magnetism and Magnetic Materials, 574
(2023), https://doi.org/10.1016/j.jmmm.2023.170693.

3. Chzhan, V. et al. Technical Physics Letters. 46 (2020) 303-306. DOI:
10.1134/S1063785020030189.

4. Law, J.Y. et al. Nat Commun 9, 2680 (2018). https://doi.org/10.1038/
s41467-018-05111-w.
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THE INFLUENCE OF HYDROGENATION ON THE TYPE OF
MAGNETIC PHASE TRANSITION IN R(Ni,Si) Compounds

A. A. Kurganskaya, I. S. Tereshina, V. N. Verbetsky

Lomonosov Moscow State University, 119991, Moscow, Russia

Intermetallic compounds of R-Ni (R-rare earth metal) are interesting not
only because they exhibit a significant magnetocaloric effect (MCE) in the
region of the magnetic phase transition (MPhT), which occurs around the
boiling point of liquid nitrogen, but also because of their easeful absorption of
hydrogen and formation of stable hydrides. Hydrogenation significantly
reduces the temperature of the magnetic transition and can also change the
order of the transition [1, 2, 3]. Samples GdxDy1xNi (x =0,1; 0,9) and (Gd,Dy)
Nizx Six (x =0,02; 0,05) were made in an electric arc furnace under an Ar
protective atmosphere, and their hydrides GdxDyixNiH3z (x =0,1; 0,9) and
(Gd,Dy) Niix Six Hy (x = 0,02; 0,05; y = 3, 4) were synthesised on a Sievert-
type setup (operating pressure range up to 100 MPa). The composition of the
hydrides was calculated by the volumetric method using the Van der Waals
equation. The crystal structure of the compounds was studied using X-ray
diffraction analysis. It was determined that compounds with a high gadolinium
content crystallize in a CrB-type orthorhombic structure (spatial group 63),
whereas compounds Gdo,1DyooNi, and DyNiggs SioosHa, crystallize in FeB
type (spatial group 62) structure. At the same time, all the obtained hydrides
had a CrB type spatial structure, except for the DyNio o5 Sio,0sH4 hydride, which
retained the FeB structure of the initial compound even after hydrogenation.To
clarify the type of magnetic phase transition, not only the analysis of the Belov-
Arrot curves was used, but also the recently proposed [4] quantitative criterion,
namely, the analysis of the value of the parameter n, which was determined by
the following formula:
dIn|ASy |

dinH

It has been found that all the initial compounds and the resulting hydrides
exhibit MPhTs of the second order, which is extremely important for the practi-
cal use of these compounds as working bodies of magnetic refrigerators. This
work was supported by a grant from the Russian Science Foundation Ne 22-29-
00773, https://rscf.ru/project/22-29-00773/.

n(T,H)=
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AHAJIM3 BJIUSHUSA KOHOEHTPALIIMN PAAUOI'EHHOI'O I'EJINA
HA CTPYKTYPY TOHKHUX IINTEHOK THTAHOBOI'O T'HAPHUJA

A. B. Boennos, A. C. Xanos, C. B. Uekanos

®denepanbHOE TOCyIapCcTBEHHOE Npeanpusitue «Bcepoccuiickuii HayuHo-
HCCIIeI0BaTeNIbCKU HHCTUTYT aBToMaTuk uM. H. JI. JlyxoBa»
(PI'VITI «BHUUA»)

B pabore npoBesieHa olleHKa U3MEHEHHUS! CTPYKTYPBI ¥ HAPSHKEHHOTO CO-
CTOSIHHS B 3aBHCHMOCTH OT KOHIICHTpPAIMX PaJAnOTEHHOTO TelHs A THAPUAA
Ti B BHAE TOHKHX IUICHOK HA MOIJIOKKaX M3 MO C IOMOIIBIO PEHTTEHOCTPYK-
TypHOTO aHanu3a. OnHCaHbl OPUEHTAIIMOHHBIE COOTHOIICHUS B3aMMHOTO pPac-
noJIoxeHus (a3 noanoxka-ruapui. [lokazaHo n3MeHeHHE TEKCTYPHOH COCTaB-
JNSIoMmel THApUIA C HM3MeHeHHWeM KoHueHTparmu He. CrenaHa pacdeTHas
OIIEHKAa M3MEHEHHs] MUKPOCTPYKTYpBI TUAPHUAA. DKCHEPUMEHTAIbHO MOATBEp-
MJIEHO, YTO PaJMOTCHHBIH Teluil MMeeT TeHJICHLMI0 K HEOJHOPOJAHOMY pac-
NIPE/ICIEHHIO 110 00BEMY THPHIA, a TaKXKe IMOKa3aHbl MECTa €ro MpeAroyuTH-
TeJILHOH cerperanuu — rutockoctu tuna {111}, [TokasaHo BaMsHUE TEKCTYpHOH
COCTaBISIIONIECH THAPHIA Ha €ro MHUKPOCTPYKTypy. IIpoBeneH aHamm3 Hampsi-
JKEHHOTO COCTOSIHHS THIPHJIA B 3aBHCHMOCTH OT KOHIEHTparmu *He. Brisbie-
Ha HEOJHOPOIHOCTH PACIPEACICHUSI MAKPOHANPSKEHUH 110 TNIOCKOCTH THAPH-
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JAa. Iloka3aHo M3MEHEHHE BEIMYMHBLI OCTATOYHBIX HaHpH)KGHI/Iﬁ o TOJIIIUHEC
ruapuja 1 B 3aBUCUMOCTHU OT KOHLCHTpAIllUn 3He.

ANALYSIS OF RADIOGENIC HELIUM CONCENTRATION EFFECT
ON THE STRUCTURE OF TITANIUM HYDRIDE THIN FILMS

A. S. Khapov, S. V. Chekanov, A. V. Voennov

The Federal State Unitary Enterprise Dukhov Automatics Research Institute
(VNIIA)

The structure and stress state changes were evaluated as a function of radi-
ogenic helium concentration for Ti hydride in the form of thin films on Mo
substrates using X-ray analysis. The orientation relationships of the mutual ar-
rangement of the substrate-hydride phases are described. The texture compo-
nent of the hydride is shown to change with changes in the concentration of
3He. The estimation of changes in the hydride microstructure was made. Exper-
imentally confirmed that radiogenic helium tends to an inhomogeneous distri-
bution throughout the hydride volume and the locations of its preferential seg-
regation — {111} type planes — are shown. The influence of the texture compo-
nent of the hydride on its microstructure is shown. The stress state of hydride as
a function of *He concentration was analyzed. The inhomogeneous distribution
of macrostresses over the hydride plane has been revealed. The change in the
value of residual stresses along the hydride thickness and depending on the *He
concentration is shown.
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NPUMEHEHUE NCTOYHUKA IIO3UTPOHOB HA OCHOBE Cu-64
st IN-SITU HCCIAEJOBAHUY KOMITIO3UTHBIX MATEPHUAJIOB
HAKOIIUTEJIEM BOJOPOJA

E. JI. Anorcueamosa, B. H. Kyouspos, P. P. Onoman, P. C. Jlanmes

ToMCKull NONUTEXHUYECKUN YHUBEPCUTET

I'uapuapl MeTawIoB Hanboee YacTo UCTONB3YIOTCS B KAYeCTBE MaTepHa-
JoB-HaKomuTeneil Bogopoaa. Ocobyro poiib B mporeccax copOIuu/mecopouu
BOJIOPOZIa THIPUA000Pa3yIOIIMMH METaJUlaMH HIPAlOT JAe(EeKThl, BO3HUKAIO-
IYe TP B3aMMOJICHCTBUU MaTepuaia ¢ BojopoaoM. Obpasyromuecs aedexTs
MOTYT, KaK CYIIECTBEHHO CHHXXATh EMKOCTb 110 BOJOPOJY, TaK U SBISATHCS d(-
(eKTUBHBIMH LIEHTPaMH 3axBaTa BOJAOpoja. J[iis ucciaeqoBaHus CTPYKTYPHBIX
neeKkToB B CHCTeMaxX METallI-BOAOPO/l IIUPOKO MPUMEHSIOTCS METO/IbI TTO3H-
TPOHHOW AHHUTHIISALMH, TAKAE KaK CIIEKTPOCKOMNMUSI BPEMEHHU JKU3HH MO3UTPO-
HOB M CIEKTPOCKOIHS JOMJICPOBCKOrO YIIUPEHUS! aHHUTMISIIIMOHHON JIMHUH.
MeTo bl O3UTPOHHOIN aHHUTHISIMK TO3BOJISIIOT M3y4YaTh TUHAMHKY 00pa3o-
BaHMs Je(eKTOB, UX TpaHC(opMaluio U pEKOMOWHALIMIO B Ipoleccax copo-
uH/aecopOuy BoAOpoaa. A HMCHONB30BaHUE JaHHBIX METOJOB COBMECTHO C
TPaIMLUMOHHBIMU METO/IaMH PEHTICHOBCKOW AUGpPaKUMM H CKaHUPYIOLICH
3NEKTPOHHOH MHUKPOCKOINHHU IMO3BOJIIET MOJyYUTh O0Jiee ACTANbHYIO KapTUHY
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100 Tuopuovt u eudpuonsvle npespawjeHus

B3aMMOJICHCTBHS BOJAOPO/A C MaTepUaloM-HaKonuTelneM. [Ipu aTom 1ienecooo-
Pa3HO TPUMEHATh KOPOTKOXKUBYIME UCTOYHUKU IMO3UTPOHOB C HEOOIBIIUM
UAITa30HOM aKTHBHOCTH. B 3TO#l CBS3M, aKTyaJ bHBIM SIBISETCS MPUMEHEHHUE
HCTOYHHKA MO3UTPOHOB HA ocHOBE Cu-64 I n3ydeHus 3BOMIONKH Ae(HEKTHOM
CTPYKTYpPBI KOMIIO3UTHBIX MaTE€PHAIOB HAKOMTUTEJICH BOIOPOIA.

B xome paboTsl OBLIO MPOBEACHO 3KCIEPUMEHTAIBHOE HCCICIOBAHHE iN
SitU MO3UTPOHHOMN CIIEKTPOCKOIINH MaTepHaia-HaKOMUTEIs BOJOPOa Ha OCHO-
BE THApPUAA MarHus M YIJIEpOJHBIX HAaHOTPYOOK B TpoIiecce JecopOnnu ¢ Hc-
[10JIb30BAHUEM HCTOYHHUKA MO3UTPOHOB Ha ocHOBe Cu-64. Taxke mpoBeIeHO
HCCIICIOBAHNUE CIIEKTPOCKOIUY JOIICPOBCKOTO yIIMpeHus in situ. J{ns cepuu
MOJYYCHHBIX CIIEKTPOB JOIUICPOBCKOTO YITHUPCHUS AHHUTHIISAIIUOHHOW JIMHUH
paccuntansl S- © W-niapaMeTphbl.

Pabora BeImonHEeHA Npu (PUHAHCOBOI MoanepxkKe ['0CynapcTBEeHHOrO 3a-
nanusi «Hayka» B pamkax HayuHoro npoekra Ne FSWW-2023-0005.

APPLICATION OF Cu-64-BASED POSITRON SOURCE FOR IN-SITU
INVESTIGATION OF HYDROGEN STORAGE COMPOSITE
MATERIALS

E. D. Anzhigatova, V. N. Kudiyarov, R. R. Elman, R. C. Laptev

Tomsk Polytechnic University

Metal hydrides are most commonly used as hydrogen storage materials.
A special role in the processes of hydrogen sorption/desorption by hydride-
forming metals is played by defects arising from the interaction of the material
with hydrogen. The resulting defects can both significantly reduce the hydrogen
capacity and be effective hydrogen capture centers. To study structural defects
in metal-hydrogen systems, positron annihilation methods are widely used,
such as positron annihilation lifetime spectroscopy and Doppler broadening
spectroscopy of an annihilation line. Positron annihilation methods make it pos-
sible to study the dynamics of defect formation, their transformation and re-
combination in the processes of hydrogen sorption/desorption. And the use of
these methods in conjunction with traditional methods of X-ray diffraction and
scanning electron microscopy makes it possible to obtain a more detailed pic-
ture of the interaction of hydrogen with the material. In this case, it is advisable
to use short-lived positron sources with a small activity range. In this regard, it
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is relevant to use a Cu-64-based positron source to study the evolution of the
defect structure of composite hydrogen storage materials.

In this work, an experimental study of in situ positron spectroscopy of a
hydrogen storage material based on magnesium hydride and carbon nanotubes
during desorption using a Cu-64-based positron source was carried out. In situ
Doppler broadening spectroscopy was also investigated. S- and W-parameters
were calculated for a series of obtained annihilation line Doppler broadening
spectra.

Funding: This research was funded by the Governmental Program, Grant
Ne FSWW-2023-0005.
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MATEPHUAJIbI THBPUTHBIX CUCTEM CUHTE3-CBOMCTBA
U IMPOBJIEMBI

b. B. Kymees

@ HUL KypuaroBckuit nHCTUTYT, II1. AK. KypuartoBa 1, MockBa RU-123182,
Poccus
SHUSTY MU®U; Kamupekoe mocce. 31, Mocksa, RU-115409, Poccus

MarepuanoBeieHHE SBISETCS BAKHON 00JIACTHIO MCCIIEIOBATEILCKON JIe-
SITEIGHOCTH, HANpaBIIeHHOH Ha pa3paboTKy TepMOSICPHBIX YCTAaHOBOK, TH-
OpunHbIX cucteM TepMmosaepHoro cunre3a (FFHS) u ux ocHOBHBEIX Bcriomora-
TENBHBIX TEXHOJOTUH. B3aumopeiicTBue muasmbl ¢ 00JlydacMbIMU MaTepUaia-
MH U Pa3paboTKa KOMIAKTHBIX UCTOUYHUKOB TEPMOSICPHBIX HEUTPOHOB SIBIIS-
I0TCS BaXKHBIM HAaNpaBiICHUEM MEXIYHAPOIHBIX MPOTpaMM HCCIENOBAaHUN U
pa3paborok. CrieKTpaabHbIC XapaKTCPUCTUKUA UCTOYHHMKOB HEHTPOHOB U MOTO-
ki HelTponos Beime 0,2 MBT/M? oxuparorcs B 6mmkaitmme 7-10 1er, ecin
NIeSITeTFHOCTD OyAeT HadaTa HEMEIJICHHO. Y POBEHb IIOBEPXHOCTHBIX HAIPY30K
~MBT1/M? oxumaercs mocie >2035 roma. HewunnyKkTHBHBIC pa3psiabl IATENb-
HOTO JICWCTBHS/CTAllMOHAPHBIC Pa3psibl, PEATU3yeMble B KOMIIAKTHBIX TOKa-
Makax, crnocoOHbl obOecrieunts pa3sutre FFHS mo ypoBHs ruOpumHoil Tep-

MosiiepHOM yctaHOBKM K 2040 roxy M AEMOHCTPALlMOHHOM YCTAaHOBKH K
2055 ronmy.



Equipment and research methods 107

VcrouHukn HEHTPOHOB, pabOTAIOIIME HAa OCHOBE IUIA3MEHHO-JIyYEBBIX
pa3psnoB, OyAyT MEPCIEKTUBHBIMU YCTPOWCTBAMH, €Cli OyIyT pelIeHbI Mpo-
OyeMbl OOpalleHuss ¢ TpUTHEM. TakuWe yCTpOWcTBa MOTYT OBITH CO3JAaHBI K
2030 romy.

OTKpBITBIE CHCTEMBI TIOTPEOYIOT TOTIOTHUTEIHHBIX 3HAYUTEIBHBIX YCHIINH
10 UCCIIENOBAHMIO U NMPOECKTUPOBAHUIO, HAUMHAS C JO-KOHLENTYalIbHOIO YPOB-
HSl COBPEMEHHOI0 IU3aliHa.

VYenemmHsas peanu3zanus MporpaMMbl TEPMOSIIEPHBIX U IUIa3MEHHBIX TEX-
Hoyoruit B Poccuiickoit ®enepanuu B 00JacTH MartepuaioB MmoTpedyer He
TOJIBKO CO3/IaHHsI MCTOYHUKOB HEHTPOHOB, HO M O4YeHb 3((EKTHBHON KOOPIIH-
HaIlUK BCEH HCCIE0BaTEeNIbCKOM eATeIbHOCTH. BrIicokast BaXKHOCTh pa3paboT-
KU U ONpeAeIeHNs XapaKTepUCTUK MaTepHUaIoB MOTPeOyeT COOTBETCTBYIONIUX
KOPPEKTUPOBOK B HALIMOHAJIBHOU IporpamMMme Poccuiickoit denepanuu 1o tep-
MOSZICPHOMY CHUHTE3Y U (PU3UKE IIIa3MBl.
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MATERIALS FOR FUSION-FISSION HYBRIDS-PROPERTIES AND
PROBLEMS

B. V. Kuteev

2 NRC Kurchatov Institute; Ac. Kurchatov sq., 1, Moscow RU-123182, Russia
® NRNU MEPhI; Kashira hgw. 31, Moscow, RU-115409, Russia

Materials science is an important area of research activity aimed at the de-
velopment of thermonuclear facilities, fusion-fission hybrid systems (FFHS)
and its” main auxiliary technologies. The interaction of plasma with irradiated
materials and the development of compact thermonuclear neutron sources form
a valuable direction of international research and development programs. Spec-
tral characteristics of neutron sources and neutron fluxes above 0,2 MW/m? are
expected in the future 7-10 years, if the activity is started immediately. The
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level of surface loads of ~MW/m? is expected after >2035. Being implemented
in compact tokamaks, non-inductive long-acting/stationary discharges are able
to ensure the development of FFHS to the level of a hybrid fusion facility by
2040 and the demonstration plant by 2055.

Neutron sources, operating based on plasma-beam discharges, are promis-
ing devices, if the problems of tritium handling were solved. Such devices can
be build up by 2030.

Open systems will require additionally significant research and design ef-
forts, starting from the pre-conceptual level of modern design.

The successful implementation of the thermonuclear and plasma technolo-
gies program in the Russian Federation in the field of materials will require not
only the creation of neutron sources, but also a very effective coordination of
all research activities. The high importance of the development and characteri-
zation of materials will require appropriate adjustments in the national program
of the Russian Federation on thermonuclear fusion and plasma physics.

REFERENCES
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TOILIMBHBIN JEMTEPUA-TPUTUEBBIN UK.
TEPMOSIIEPHOT'O PEAKTOPA

C. C. Ananves
HUII «KypuaroBckuii MHCTUTYT», MOCKBa

OcyImiecTBiIeHNE YIPABISEMBIX PEaKMi TEPMOSIEPHOTO CHHTE3a Ipes-
IoJlaraeT Cco3JaHue (U3NUECKUX YCTAHOBOK (PeakTOpOB) IUIA HPOHM3BOICTBA
BBICOKOHEPTETUIHBIX HEHTPOHOB U YHEPTUHU — 3a CUET NMPeoOpa30oBaHUs KHUHE-
TUYECKOH 3HEPTUN HEUTPOHOB WIIH 3apPsHKCHHBIX YACTHII TPOAYKTOB PEAKIMH B
AJIEKTPUYCCKYIO U JPYTUe BUABI SHeprud. [IpakTHyecku BCe KaHIHUIATHBIC
SIICPHBIC PEAKIIMK CHHTE3a MPE/IIOIararoT HCIOIb30BaHUE U30TOIIOB BOIOPOIA
B Ka4yecTBE OJIHOTO MJIM HECKOJBKHX KOMIIOHEHTOB TOoIumMBa. TpuTuil Oyaer
MPUCYTCTBOBAThH (B KA4eCTBE KOMIIOHEHTa TOIUIMBA W MPOJYKTA) B PEAKIIUAX
D-T u D-D.

OpHOW W3 BaXHEWIINX CHCTEM, HEOOXOAUMBIX ULl oOecredeHust paboTh
TepmosiiepHoro peakropa (TAP) ¢ TpuTHeM SBIIETCS KOMIUIEKC CHCTEM «TpPHU-
THEBOTO» ToruMBHOTO mukia (mamee — TI) [1, 2]. Kommiekc T1 HeoOxomum
s obecniedeHust paboTHI 000N TepMOsIIepHOW Win THOpUIHOH (00BeanHS-
fomieid B ce0e TEXHOJOTHH CHHTE3a M JCJICHHs) yCTAaHOBKH, HCIONB3YIOMICH
TPHUTHUH B TFOOOM, Jaske€ CAMOM MHUHHMAJIbHOM KOJHYECTBE.
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Bopopon oTkaunBaeTcst U3 Kamepsl ¢ Iu1a3Moi B Buae Mosekya Dy, To, Ho,
DT, HT, DH, a Takxe XMMHUYECKUX COE€IMHEHMH. B mpucyTcTBUM Kuciaopona
9TH MOJIEKYJBI MOTYT OOpa30BBIBATH TPUTHPOBAHHYIO BOIY B pE3yJbTaTe
okucnenwns. [Ipu manmpHeHMIeH mepepaboTKe U3 OTKAYMBACMOW Ta30BOH CMeCH
JTOJDKHBI OBITH BBIBE/ICHBI MPIMECHBIC W BCIIOMOTATENBHBIE Ta3bl, a TAKOKe MOJ-
TOTOBJICHO TOTUIMBO JJISi IOBTOPHOTO HCIOJIB30BaHUs. TEeXHOIOTHIECKHE TOTe-
pu M cOpPOCHI TPUTHS C OTXOJAaMH, BKIIOYas ero Au(Qy3uOHHBIC YTEUKH,
JIOJDKHBI OBITH CBEICHBI K MUHUMYMY. 3arachl TPUTHUS HA IUIOIMIAAKE YCTAHOBKH
JIOJDKHBI OBITH TI0 BO3MOXXHOCTH MHUHUMM3HMPOBAHBL. J{0JKHBI OBITH oOecreye-
HBl CAHUTaPHO-TUTMEHUYECKHE U HKOJIOIMYECKUX TPEOOBAHHUN TPUTHEBOW 0e3-
ornacHOCTH. II0 TEXHUKO-IKOHOMHYECKHUM U 3KOJOTMYECKHM COOOpaskeHUSIM
MIPEIIOYTHUTENICH HENPEePHIBHBIA 3aMKHYTHIM LUKJ IepepadboTKH W pereHepa-
MM razoBou cMecu [1].

B ¢usndecknx ycraHOBKax — mpooOpas3ax TEPMOSICPHOTO peaKTopa Ba-
KyyMHas cucTeMa o0ecleunBaeT HeOOXOIMMEIC YCIOBHUS ISl (POPMHPOBAHMUS,
TMOIIUTKY U YACp KaHUS IUIa3MBI, a TaKKe PadOTHI CPEACTB JOMOTHUTEIHHOTO
HarpeBa IUIa3MBbl, BBOJIa B YCTAaHOBKY BCIIOMOTATEIBHBIX Ta30B U OTKAYKH BCEX
0TpabOTaHHBIX Ta30B (BKIJIIOYAsl M30TOIBI BOAOPOAA U UX XUMHUYECKHE COEIH-
Henus). B 70-90 ronax 20 Bexa ObIIH CO3/1aHBI KPYITHBIE TOKaMaKH (yCTaHOBKH
C MarHMTHBIM yJA€p)KaHHEM IUIa3Mbl) Ui NMPOBEACHUS TEPMOSAEPHBIX JKCIIe-
pumentoB, coaepxamue TI: JET (EBpoatom), TFTR (CILA), TCII
(CCCP/Poccust). Ha mepBbix IBYX ObUIM HPOBEACHBI DKCIIEPUMEHTHI C TPUTH-
em. B 1990-x rogax B PO BHUNO® st MoaenupoBaHus MPOLECCOB BaKy-
YMHO-TpUTHEBOTO KoMIutekca TSP U pecypcHBIX UCTIBITAHUI TEXHOJIOTHIECKO-
ro 000opynoBaHus OBLIT CPOPMHUPOBAH KPYIMTHOMACIITAOHBIA TPUTHEBBIA KOHTYP
¢ cojepxaHueM TpuTHus B KoHType a0 200 r. IIpuHIMOUATBHBIM OTIHMYUEM
TSP oT 3KCcIepUMEHTaIbHBIX YCTAHOBOK OyneT padoTa ¢ OOJBIIUME KOJHYE-
CTBaMH TPUTHUSA (B PEKUME JUTMHHBIX Pa3PsIOB WK CTAIIMOHAPHOM) M HATHYUC
OmankeTa. braHkeT mpesmonaraeTcs AN YTHIU3AIUH SHEPTHUA HEHTPOHOB H
CHHTE3a IENIEBbIX HYKIUIO0B (B TOM 4HCIie, TpUTHs). Bakyymuas cuctema TSP
COBMECTHO C «TPUTHEBBIM 3aBOJOM/KOMIUIEKCOM» OOpa3yloT BaKyyMHO-
TpuTHeBbld KomIuieke (BTK), nomonHnTenbHBIMU (QYHKIHSAMEA KOTOPOTO SIBJIS-
€TCsI MOATOTOBKA U T0Aa4Ya B PEakTOp KOMIIOHEHTOB TOIUTMBA (B T.4. TPHUTHSA),
3aMKHyTas (IHUKIMYecKas) nmepepadoTka MPOIYKTOB TEPMOSIEPHON peaknnu u
W3BJICYEHUE CHUHTE3MPYEeMOro B OnaHkere TpUTHsS. DYHKIMOHAIBHBIE JJIEMEH-
Te1 BTK nokasans! Ha puc. 1.

B Poccun ucropuyecky XOpomio pa3BUThl TEXHOJIOTUH OOpaIeHus C TPH-
THEM, OJIHAKO OHM B IEPBYIO OYepe/lb OPHEHTHUPOBAHBI HA ABOIHOE NMpHMEHe-
uue. [Toatromy co3nanue cucreMm T1I B Poccun Bo3amoxkHO [3—5], HO moTpedyeT
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KooInepaiuuu U KOOpAWHAIUU pa6OTLI ACCATKA Pa3IMYHbIX UHCTUTYTOB — BC-
Aymunx OpFaHI/I3aHHﬁ B CBOMX 00JIaCTSX.

Cucrema oTkaukin
YETPOTICTE ANATHOCTHEN
” .

la

Chcrema Hamycka
rasa

Cucrema oTkaMEn
verpoiicTe BY-narpesa
p107-10-Tla

CrcTema HHEEKLI
TBEPAOTO TOMTIBL

I MACC-CAEKTPOCKONIN YIPAaRIeHIA TEMEHCKANIA

CHeTeMa BaKYYMMETPIN ‘ Cucrema ‘ Cucrema

Puc. 1. YcnoBHas cTpyKTypHas cXeMa BaKyyMHO-TPUTHEBOro koMiuliekca TSP
C MarHWTHEIM yziepkanueM [1]

K umcny BakHEHIINX MHKEHEPHO-(DU3UUECKUX BOMPOCOB M 33/ad, KOTO-
pBIe JOJDKHBI OBITh penieHsl mpu co3aannu BTK, oTHOCATCS:

a) BEIOOp MapaMeTpoB, pa3paboTKa CXeM W TEXHOJIOTHIECKOTO 000pyHO-
BaHWSA JUIA IPUTOTOBJICHHS, BBOJA, M3BICUCHHUS, IEPEPaOOTKH U OUUCTKH KOM-
MIOHEHTOB TOIINBA;

0) ompeneneHne BaKyyMHBIX ITapaMeTpOB U TpeOOBaHUI K CPEelCTBAM OT-
Ka4yKH{ pa3IM4YHBIX MOJCUCTEM PEaKTopa;

B) BBIOOp Ta30KMHETHYECKUX W TEIUIOPU3NYECKUX MapaMeTpoB, KOMIIO-
HOBKM BaKyyMHOI'O TPaKTa M pa3paboTKa ero 3JeMEHTOB, OTBEYAIOLIMX KPUTE-
pUsiM «aOCOTIOTHOI IKCILTyaTaIllMOHHOHN HACKHOCTH,

I') KOMIUIEKCHBIE HCCIIEIOBaHMS B3aMMOJEHCTBHS M30TONOB BOAOPOAA C
KOHCTPYKLIIMOHHBIMA M (YHKIMOHAJIBLHBIMH MaTepHajaMd (B T.4. C y4eTOM
(dopmupoBanust 1ehEeKTOB CTPYKTYPHI M 00pa30BaHMs paANOTEHHOTO TelHs MO
BO3ICHCTBHEM HEHTpoHHOTO 00mydeHus) mist TSP, BEIOOp KOHCTPYKTHBHBIX
pelLIeHui;

JI) ONTUMH3ALHUSI TEXHOJIOTHH OYMCTKHU (AETPUTU3ALMN) BaKyyMHOH Kame-
PBI ¥ TPAKTOB;

€) CO3aHNe HaJEKHBIX CIIOCOO0B repMETH3aMH 1 KOMMYTAallul BaKyyM-
HOTO TpakTa, B TOM YHCIE MPH aBTOMATHYECKOH COOpKe/IMCTAaHIIMOHHOM 00-
CIIy)KVUBaHUY,
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’K) COBEpIICHCTBOBAHME METOJOB BAaKyyMHBIX HM3MEPEHHH M COOTBET-
CTBYIOILIEH anmapaTypbl, METOJOB OINEPaTUBHOIO KOHTPOJI COCTaBa rasa u
IUIa3MBbl;

3) pa3sBUTHE METOJOB M aIllaparypsl JUCTAHIIHOHHOTO KOHTPOJIS TepMe-
TUYHOCTH ¥ yCTPAaHEHUS TeUeH Ha Pa3IMYHBIX y9acTKaX BaKyyMHOTO TPaKTa;

M) COBEPIUICHCTBOBAHUE TEXHOJOTHH KOHTPOJIS INIOTHOCTU M M30TOITHOTO
COCTaBa IIa3MBI IyTEM TOIUTMBHOM MHXEKLUH, JOMOTHATECIBHON CTUMYIISIAN
HeycTOWYMBOCTEN Ha Kparo (DJIM), TOTOTHUTEIEHOTO HarpeBa IUIa3MEbl, Ta30-
HaIlyCKa Y PELUKIIMHIA;

K) BOCIIPOM3BOZCTBO TPUTHS B 30HE OJIaHKETA U €ro U3BJICUEHHE;

7) obecrieueHre paJuallMOHHON 0€30MacHOCTH 10 TPUTHIO B JKCILTyaTa-
IIUOHHBIX PCKMUMaXxX U Mpu aBapHﬁHLIX CUTyalluAX;

M) pa3paboTka aBTOMAaTH3MPOBAHHON CHCTEMBI YIIPABICHMS CPEACTBaMU
OTKa4KH, 6J'IOKaMI/I pereuepanum, OUYUCTKU U NoJadyu TOIJIMBAa, KOMMYTUPYIO-
el apMaTypoi M KOHTPOJIbHO-M3MEPUTEIbHBIMH ITPUOOPAMH;

u IIp.

B noknane mznoxkeHsl moaxonbl K opranuzauuu TL[ mns pedcTByromux
(¢M3MYECKNX YCTAaHOBOK C MAarHUTHBIM YJEp)KaHHEM M HPOTOTHIIOB TEPMO-
SIEPHBIX PEaKTOPOB, 0003HAYEHB! B3aMMOCBSI3aHHBIE IPOIECCHI, ONPEEIISIO-
mue apxutektypy TLI, mepeunciensl KaHuIaTHBIC TEXHOJIOTHH JUISl CO3aHus
3aMKHYTOT'O KOHTYpa, PACCUMTAHHOTO Ha HEMPEPHIBHYIO JJTUTENBHYIO DKCILTya-
Taluro, MPEAJIOKEHBI METOJBI JJIA pacucTa KOMIIOHCHTOB T]_[

HccnenoBanue BBIIIOJIHEHO B paMKax HaydHOU nporpammbsl Hanmonains-
HOT'0 LEHTpa PU3NKH U MaTeMaTHKH (MpoeKT 8 «Du3nka U30TOIOB BOAOPOAAY).

JINTEPATYPA

1. Yepxogen B. E., ®pynze B. B. TpurreBsie KOMIUIEKCHI TEPMOSAEPHBIX
YCTQaHOBOK C MAarHUTHBIM yaepkanueM, Mocksa: Tposanr, 2019. 232 c.: w.
bubnuorp.: C. 218-232.

2. Ananyev S. S., Ivanov B. V., and Kuteev B. V. Analysis of promising
technologies of DEMO-FNS fuel cycle, Fusion Eng. Des., 161, 111940 (2020),
https://doi.org/10.1016/j.fusengdes.2020.111940.

3. UBanoB b. B., AnanreB C. C. OnieHKa ypOBHSI TOTOBHOCTH TEXHOJIOTUH
TpuTHEBOro nukna B Poccum Ha mpuMmepe MpoekTa THOPHIHOTO peakTopa
JEMO-THH, BAHT. Cep. Tepmosinepusiii cuutes, 2021, 1. 44, Boim. 4. DOI:
10.21517/0202-3822-2021-44-4-5-24.

4. BanoB b. B., AnanbeB C. C. OueHka ypoBHS TOTOBHOCTH TEXHOJIOTHIA
TPUTHUEBOTO TOILIMBHOTO Iukia anas peakropa JEMO-TUH. Yacts 2, BAHT.



Equipment and research methods 113

Cep. Tepmosinepusriii cuntes, 2022, 1. 45, Bein. 4. DOI: 10.21517/0202-3822-
2022-45-4-120-135.

5. WBanoB b. B., Ananres C. C., boosps H. I1. Omnierka ypoBHS TOTOBHO-
CTH TEXHOJIOTHI TPUTHEBOTO TOIUIMBHOTO IHKIA s peakropa JEMO-THH.
Yactes 3, BAHT. Cep. Tepmosnepnsiii cunre3, 2023, 1. 46, Bemr. 1. DOI:
10.21517/0202-3822-2023-46-1-49-63.

FUEL DEUTERIUM-TRITIUM CYCLE OF A CONTROLLED FUSION
REACTOR

S. Ananyev

NRC «Kurchatov Institute», Moscow

The implementation of controlled fusion reactions involves the creation of
physical facilities (reactors) for the production of high-energy neutrons and
energy - by converting the kinetic energy of neutrons or charged particles of
reaction products into electrical or other types of energy. Virtually all candidate
nuclear fusion reactions involve the use of hydrogen isotopes as one or more
fuel components. Tritium will be present (as a fuel and product component) in
the D-T and D-D reactions.

One of the most important systems necessary to ensure the operation of a
controlled fusion reactor (CFR) with tritium is the complex of systems of the
«tritium» fuel cycle (hereinafter referred to as FC) [1, 2]. The FC complex is
necessary to ensure the operation of any fusion or hybrid (combining fusion
and fission technologies) facilities using tritium in any, even the smallest
amount.

Hydrogen is pumped out of the plasma chamber in the form of D2, T2, Ha,
DT, HT, DH molecules, as well as chemical compounds. In the presence of
oxygen, these molecules can form tritiated water as a result of oxidation. Dur-
ing further processing, impurity and auxiliary gases must be removed from the
pumped-out gas mixture, and fuel must be prepared for reuse. Technological
losses and releases of tritium with waste, including its diffusion leakage, should
be minimized. The stocks of tritium at the facility site should be minimized as
much as possible. Sanitary-hygienic and environmental requirements of tritium
safety must be provided. For technical, economic and environmental reasons, a
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continuous closed cycle of processing and regeneration of the gas mixture is
preferable [1].

In physical facilities — prototypes of a controlled fusion reactor, the vacu-
um system provides the necessary conditions for the formation, fueling and
confinement of plasma, as well as the operation of additional plasma heating
supplies, the introduction of auxiliary gases into the vacuum chamber and the
pumping out of all exhaust gases (including hydrogen isotopes and their chemi-
cal compounds). In the 70-90s of the 20th century, large tokamaks (facilities
with magnetic plasma confinement) were created for conducting fusion exper-
iments, containing FCs: JET (Euroatom), TFTR (USA), T-14/TSP
(USSR/Russia). The first two were used for experiments with tritium. In the
90s, a large-scale tritium circuit with a tritium content of up to 200 g in the cir-
cuit was formed at the RFNC VNIIEF to simulate the processes of the vacuum-
tritium complex of the CFR and life tests of technological equipment. The fun-
damental difference between the CFR and experimental facilities will be opera-
tion with large amounts of tritium (in the mode of long discharges or steady-
state) and the presence of a blanket. The blanket is supposed to be used for uti-
lization of neutron energy and synthesis of target nuclides (including tritium).
The CFR vacuum system together with the «tritium plant» form a vacuum triti-
um complex (VTC), the additional functions of which are the preparation and
supply of fuel components (including tritium) to the reactor, closed (cyclic)
processing of fusion reaction products and extraction of synthesized in tritium
blanket. The functional elements of the VTC are shown in Fig. 1.

Tritium handling technologies are historically well developed in Russia,
but they are primarily focused on dual use. Therefore, the creation of FC sys-
tems in Russia is possible [3-5], but it will require cooperation and coordina-
tion of the work of a dozen different institutions — leading organizations in their
fields.

Among the most important engineering and physical issues and tasks that
must be solved when creating the VTC are:

a) selection of parameters, development of schemes and technological
equipment for the preparation, injection, pumping/extraction, processing and
purification of fuel components;

b) determination of vacuum parameters and requirements for the means of
pumping out various subsystems of the reactor;

c) the choice of gas-kinetic and thermophysical parameters, the layout of
the vacuum path and the development of its elements that meet the criteria of
«absolute» operational reliability;
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Fig. 1. Conditional block diagram of the vacuum-tritium complex CFR with magnetic
confinement [1]

d) comprehensive studies of the interaction of hydrogen isotopes with
structural and functional materials (including taking into account the formation
of structural defects and the formation of radiogenic helium under the influence
of neutron irradiation) for CFR, the choice of design solutions;

e) optimization of technologies for cleaning (detritization) of the vacuum
chamber and ducts;

f) creation of reliable methods for sealing and switching the vacuum path,
including automatic assembly/remote maintenance;

g) improvement of methods of vacuum measurements and related equip-
ment, methods of operational control of the gas and plasma composition;

h) development of methods and equipment for remote control of tightness
and elimination of leaks in various sections of the vacuum path;

i) improvement of technologies for controlling the density and isotopic
composition of plasma by fuel injection, additional stimulation/controlling of
instabilities at the edge (ELM), additional plasma heating, gas puffing and re-
cycling;

j) reproduction of tritium in the blanket zone and its extraction;

k) ensuring radiation safety in terms of tritium in operational modes and in
emergency situations;
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I) development of an automated control system for pumping equipment,
regeneration, purification and fuel supply units, switching fittings and instru-
mentation;

and etc.

The report outlines approaches to the organization of FC for existing phys-
ical facilities with magnetic confinement and prototypes of fusion reactors,
identifies interrelated processes that determine the architecture of FC, lists can-
didate technologies for creating a closed loop designed for continuous long-
term operation, and proposes methods for calculating FC components.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics (Project 8 «Physics of Hy-
drogen Isotopes»).



Equipment and research methods 117

Kpar Crenan AnapeeBu4
HUAY MU
Crapumii Hay4HbIH COTPYIHUK
r. Mocksa, Kanmpckoe mocce, 31
Haxomnnenue 130Tonos Bogopoia
B OCAX/ICHHBIX U3 TIa3MBbl
METaJUTNIECKHX CIIOSX

Stepan Krat
NRNU MEPhI
Senior researcher
Moscow, Kashirskoe shosse, 31
Hydrogen isotope accumulation in metal
layers co-deposited from plasma
sakrat@mephi.ru

CO3JAHUE HAYYHBIX YCTAHOBOK CPEJHEI'O MACHITABA
HA MTPUMEPE OIIBITA YYEBHO-ZEMOHCTPAIIMUOHHOT' O
TOKAMAKA MUOUCT

C. A. Kpam, A. C. Ilpuwesuywin, H. E. E¢pumos, A. U. Anuesa,
@. C. [looonsxo, A. B. Menvnukos, FO. M. I'acnapsin

HaunonaneHelil uccaenoBaTenbekuil saepuslii yauusepcuter MUOU

Pa3paboTka HOBBIX HAYYHBIX YCTAHOBOK BCET/Ia SIBISIETCS TPYAHOM 3aia-
9el, COMPSHKEHHOMN ¢ MpobiieMaMu B 00JIaCTH MH)KCHEPHH, HAYKH, SKOHOMHUKH
u OropokpaTud. B 1emoM, MOXHO BBIIENUTH TPH «Maciitaba» HayIHBIX
YCTPOMCTB: Majiblii MacIitad, rje sl MOJHOTO MUKJIA pa3paboTKu HEOOX0aUM
OJIUH WJIH, caMoe OOoJbIlice, J[Ba YEIOBEKa, OOJNBIION MacmTad, TpeOYoUHii
COTPYJHHUYECTBA KPYIHBIX I'PYII YYEHBIX U PAJIMYHBIX OpraHu3aluil, U cpel-
HUM MacmTad, Mpu KOTOPOM BKJIAJ OTIEIBHOTO YeJOBEKa OHHU MO-TIPEKHEMY
HUMEIOT pelaroliee 3HaueHne, HO OJIMH YeJIOBEK He CIIOCOOeH MOOMThCS ycrexa.
B meGonpmmx macmTabax JOMHHHPYIOT HayKa W WHXKEHEPHs, a B KPYIHBIX
Y3KHMH MOMEHTaMH YacTO SIBIISIOTCS JIOTHCTHYECKME M aJIMHHUCTPATHBHBIC.
VIMEeHHO YCTaHOBKH CpeaHero Macmrraba, Tjie MaciiTaObl HAydHBIX U aJIMHHH-
CTpPaTHBHBIX 3a/1ad COTOCTABUMBI W OIWHAKOBO CJOKHBI, SBISIOTCS TEMOM
JaHHOM paboTsl. Ha mpuMepe mpoekTa co3Manust CpeaHeMacITabHOrO HAydHO-
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ro ycrpoiictea Tokamak MEPHIST o6cyxnarorcst npobieMbl, orpaHH4YeHUs U
BO3MOJKHBIE PEIICHHS TAKUX MPOEKTOB.

IIpoekt Tokamak MEPHIST (chepraeckuit Tokamak MUDN) [1] sBrsieTcs
MepBBEIM  00pa30BaTENbHBIM TOKamMakoM B Poccwiickoit ®@exepanuu. Bomnbmoi
pamuyc Tokamaka cocrasisier 0,25 M, manbiii paanyc — 0,13 M, ToponnaisHOe
MarHuTHoe mose MoxeT ObTh 10 0,8 Ti. Oxumaemasi IpoJODKUTENFHOCTD pas-
psina cocraBisieT Bcero ~30 Mc U3-3a OTpaHMYCHHOTO HCTOYHUKA ITUTAHII.

SBnAACH yCTPOHCTBOM cpenHero mMacmrada ¢ OrpaHHYEHHBIM OI0KETOM
1 MUHMMaJIbHBIM MH(]pacTpyKkTypHbIMH TpeOoBaHusMu, MEPHIST Bxitouaer B
ceOsl psi/i OPUTHMHANIBHBIX HHXKCHEPHBIX perieHuit. Cucrema TOPOUIATHHBIX
Katyuiek [2] cCOCTOUT U3 €JJMHOT0 TOPOUJAIBHOTO COJICHOU/IA, JUIsl YIPOIIESHHUS
yIpaBJeHUs MUTaHHEM U CUHXPOHU3AIMU KaTyIIEeK, Y4eM-TO HallOMUHAsi TOPCO-
TpoH. PacnipenencHHblil BO3AYIIHBIA UHAYKTOP UCIONb3YeTCs [UIsl MUHUMM3aA-
LM PacCesIHHBIX MArHUTHBIX TI0JICH Ha Ha4aJbHBIX CTaqUAX pa3psaa 6e3 HeoO-
XOJUMOCTH KCIOJIb30BaHUS NMOJOUAANBHBIX KaTyIek [3, 4]. It U3roToBieHus
BakyyMHo kamepsl MEPHIST-0 [5] TpeGyertcs Bcero 18 cBapHBIX IIBOB, a e
pa3Mmep OBUT OTpaHHYCH KOMMEPUYESCKH JOCTYITHOW MPOCTON TEXHOIOTHUEH U3ro-
TOBJICHH. TOKaMaKk OpraHu30BaH TakKuM 00pa3oM, UTO B MPHHITUIIE IS YIIPaB-
JICHUS M HEOOXOINM TOJIFKO OJIUH YEJIOBEK, a MOJAEPKUBATh €ro padoTy Mo-
JKeT KoMaHzaa u3 ~3 demoBek. HeGonblme pa3Mepsl yCTPOHCTBA MO3BOJIIOT
OBICTPO 3aMCHATh BHYTPCHHHE KOMIIOHCHTBI, TAKWE KAK KOMIIOHECHTHI IEPBOi
CTEHKH, OOpalleHHbIe K IIa3Me, U 00JIer4aloT OUYUCTKY T0Ce KOHAUIMOHUPO-
BaHUS CTEHOK KaMephl.

B T0 e Bpems1, kak yueOHOe 3aBesieHue, Tokamak MEPHIST nomxken ot-
pakaTh OOIIME MPUHLIWIBI M JIydIIKE MPAKTHKH, MPUMEHsAEMBIC Ha OoJjee
KPYIHBIX yCTaHOBKaxX, TakMX Kak Tokamak 1-15MJI, mpoekr ITER. Cucrema
coopa u o6pabotku nanHbix MEPHIST ocHoBana Ha cucteme EPICS, koTopas
UCTIONB3YETCsI Ha PsAAC YCKOPUTENCH 3JIEMEHTapHBIX YacTUI[ M TOKaMaKOB,
Bkmoyas ITER. Psag pmarHoctmueckux cpenctB, Takux kak — MK-
HHTephepOMEeTpHUYCCKas CHCTEMA, SBISIOTCS MaJOMACIITAOHBIMH BEPCHSIMH
JMUArHOCTHYECKUX CPEIICTB, KOTOpPHIC pa3pabaThIBAIOTCS WM HCIIOJB3YIOTCS
st T-15MJ1. Tokamak OCHAIIeH IMUPOKUM CIEKTPOM JHATHOCTHK: DJIEKTPO-
MarHUTHBIMH, TaKUMH KaK MOSC POTOBCKOTO, TMOABIXKHBIM 3JIEKTPHUECKIM
30HIOM, ONTHYECKON JAMArHOCTHKOW, TaKOM KaK CIEeKTPOCKONBI, HHTepdepo-
METpBl U OBICTpONeHCTBYIOmAas Kamepa. [IoIBMKHBEIM BBOJX 30HAA OCHAIICH
CHCTEMOM OBICTPOIT 3aMEHBI TOJIOBOK, TIO3BOJISTIONIEH MEHSTH THITHI UCIIONb3Ye-
MBIX 30HI0B 0€3 pa3BaKyyMMHpPOBAHHS Pa3psOHOI KaMephl, a TaKKe yCTaHaB-
JIUBATh PA3IMYHBIC KOJUICKTOPHBIC 30HIBI Ui W3y4YCHHs B3aHMMOJACHCTBUS
IJIa3MEHHON CTEHKH.
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A. V. Melnikov, Yu. M. Gasparyan

National Research Nuclear University MEPHI

Development of new scientific installations is always an arduous task,
with challenges in the fields of engineering, science, economics and logistics.
In general, three «scales» of scientific devices can be defined: small scale,
where one or, at most, two people are needed for the full cycle of development,
large scale, when large groups of people have to cooperate and organize, and
the middle scale, at which an individual’s contributions are still critical, but a
single person is incapable of succeeding. At small scale, science and engineer-
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ing dominate, and at large scale, the bottlenecks are often logistical and admin-
istrative. It is the middle scale installations, where the scope of scientific and
administrative challenges are comparable and equally daunting that are the top-
ic of this work. Using an example of MEPHIST tokamak medium scale scien-
tific device creation project challenges, limitations and possible solutions are
discussed.

Tokamak MEPHIST (MEPHI Spherical Tokamak) [1] project is the first
dedicated educational tokamak in Russian Federation. The large radius of the
tokamak is 0.25 m, the small radius is 0.13 m, toroidal magnetic field can be
increased up to 0.8 T. The expected discharge duration is only ~ 30 ms due to
limited power supply.

As a medium scale device with limited production budget, and logistical
footprint, MEPHIST incorporates a number of novel engineering solutions.
Toroidal coil system [2] consists of a single toroidal solenoid, somewhat simi-
lar to torsatron, in order to simplify power handling and coil synchronization.
Distributed air inductor is used to minimize scattered magnetic fields during the
initial stages of the discharge without having to use poloidal coils [3, 4]. Vacu-
um vessel of MEPHIST-0 [5] only requires 18 welds to produce, and its size
was limited by the commercially available simple manufacturing technology.
The tokamak is organized in such a way that in principle only one person is
necessary to operate it, and a team of ~3 people can maintain its operation. The
small size of the device allows for a quick change in internal components, such
as plasma facing first wall components, and for ease of cleaning after wall con-
ditioning.

At the same time, as a training facility, MEPHIST tokamak has to be rep-
resentative of common principles and best practices employed in larger facili-
ties, such as T-15MD tokamak, ITER project. Data collection and processing
system of MEPHIST is based upon EPICS system, which is employed in a
number of particle accelerators and tokamaks, including ITER. A number of
diagnostics, such as IR interferometer system, are small scale versions of diag-
nostics that are being developed or used for T-15MD. The tokamak is equipped
with a wide range of diagnostic devices: electromagnetic diagnostics such as
Rogowsky coil, movable electric probe, optical diagnostics, such as spectro-
scopes, interferometers and fast camera. The movable probe feedthrough is
equipped with a quick change system, allowing one to change the types of
probes used without venting the discharge chamber, and to equip a variety of
collector probes to study plasma wall interaction.



Equipment and research methods 121

REFERENCES

1. Krat S., Prishvitsyn A., Alieva A., Efimov N., Vinitskiy E., Ulase-
vich D. et al. MEPHIST-0 Tokamak for Education and Research, Fusion Sci.
Technol. (2023) 1-19. d0i:10.1080/15361055.2022.2149033.

2. Krat S. A., Pryshvitsyn A.S., Alieva A.l., Efimov N.E., Vinit-
skiy E. A., Bulgadaryan D. G. et al. MEPHIST-0 Tokamak Toroidal Magnetic
Field System, Phys. At. Nucl. 84 (2021) 1995-2003. doi:10.1134/
S1063778821120024.

3. Sychugov D.Y., Soloviev S.Y., Zhilkin A.S., Melnikov A.V,
Krat S. A. Application of integrated simulation environment SIEMNED to the
analysis of the MEPHIST-0 tokamak operation, Plasma Sci. Technol. 25 (2023)
035602. doi:10.1088/2058-6272/ac9f05.

4. Ulasevich D. L., Khayrutdinov R.R., Lukash V.E., Alieva A.l.,
Prishvitsyn A. S., Efimov N. E. et al. Optimization of poloidal magnetic system
of MEPHIST-0 Tokamak, Probl. At. Sci. Technol. Ser. Thermonucl. Fusion. 45
(2022) 98-107. doi:10.21517/0202-3822-2022-45-1-98-107.

5. Vorobyov G. M., Krat S. A., Mironov V. D., Kurnaev V. A. Vacuum
Chamber of the MEPHIST-1 Tokamak, Phys. At. Nucl. 83 (2020) 1-7.
d0i:10.1134/S1063778820100257.



122 Annapamypa u memoobsl ucciedo8anus

Tpudonos Cepreii AnekcaHapoBuy
AO «HUNDDA»
Benymwuii uccnenonarenn
196641, Poccus, Cankt-IletepOypr,
Jop. Ha MetayiocTpoi, a. 3
O06nacTh HayYHBIX HHTEPECOB: BaKyyMHas
Y TIa3MEHHas JIEKTPOHUKA, KapOUIHBIE TTOKPHITHS,
YCKOpUTENbHAs TEXHUKA, ICTOYHUKH HOHOB

Sergei Trifonov
JSC NIIEFA
Lead researcher
Russia, 196641, St. Petersburg,
road to Metallostroy, 3
Fields of interest: vacuum and plasma electronics,
carbide coatings, accelerator technology,
ion sources
Triser89@gmail.com

YCKOPHUTEJIM HOHOB U U30TOMOB BOJIOPOJIA
JIUISI MATEPUAJIOBETYECKHUX UCCJIEJJOBAHUI

C. A. Tpugonos

AO «<HUUDDA»

Beenenue. B HacTosee BpeMs yCKOPUTEIH 3apsKEHHBIX YaCTHIL CTAHO-
BATCS Bce OoJiee BOCTpeOOBaHBI IS pEIIeHUs NPUKIATHBIX 337ad B 00JacTH
uccnenpoBanus marepuaioB. AO «HUMNDDA» sBugercs oIHUM U3 JTHUIUPYIO-
X OTEYECTBEHHBIX MPEANPUSITHH IO pa3paboTKe, U3TOTOBICHUIO M WHCTAI-
JISIIUM TaKUX TUIOB YCKOpHTENEH, Kak HeWTPOHHbBIE TeHEPaTOPHl, IUKIOTPOHEI
(m1s 3amay HayKu, MEAMLUHBI, MAaTEPUAIOBEICHUS U JIp.) U KOMIUIEKCHI Ha UX
6aze. Bricokue dKCIUTyaTallMOHHBIE XapaKTEPUCTUKH MO3BOJISIIOT KOHKYpPHPO-
BaThb C BEIYLIMMH MHPOBBIMH HPOU3BOJUTENSIMH 10J00HOTO 000pYyHOBa-
uust [1].

HeiitponHbie reseparopsl. ['eHepaTOpsl HEUTPOHOB IPEJHA3HAYCHBI AJIS
MOJy4eHHsI MOTOKA HEUTPOHOB B CTAllMOHAPHOM M UMITYJIbCHOM PEXUMAaX pa-
OOTHI ¥ IPUMEHSFOTCS JJIsl IPOBEJCHUS HUCCIIECIOBAaHN M UCTIBITAaHUN Ha paju-
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AIIMOHHYIO CTOMKOCTH pa3iIMYHBIX OOBEKTOB W MarTepualioB; HCCIECIOBAaHHN
BO3/ICHCTBUSI HEWTPOHHOTO M3JIy4YeHHs Ha OWOJOrHYecKue OOBEKTHI, NpHU
HEWTPOHHO-AaKTUBAIIHOHHOM aHAJIM3€ U CO3JaHNHU TEXHOJOTHI PaaHalMOHHOTO
BO3JICHCTBUS HEUTPOHHOIO M raMMa-u3JIydeHMs JJIs NPUKIAJAHBIX LeJel: Me-
JIMIMHBI, CEIBCKOTO X035HCTBA, KOJIOTHH; & TAKKE CO3AaHHH KOMIIJIEKCOB JUIS
KOHTpOJISI U MOWCKA B3PBIBYATHIX M ACIAILINXCS BEIIECTB; a TAKXKE B COCTAaBE
KOMIUIEKTOB alMapaTypbl A KauHOpOBKH M CepTH(HKAIMM HCTOYHHKOB
HEWTPOHOB W MPUOOPOB I M3MEPEHUs MapaMETPOB ITIOTOKOB HEWTPOHHOTO
U3ITyYCHHUSI.

I'eneparops! HeliTpoHOB cepurt HI' OTHOCSTCSI K BHICOKOBOJITHBIM YCKO-
pHUTENISIM TPSIMOTO JAEHCTBUSL M TIPEJCTaBISAIOT CO0OI YCKOPHUTENM H30TOIOB
BOJIOPOIa C TPUTHEBOW MHIIEHBbIO. MCTOYHHMK YCKOPSIOIIETro HarpspKeHUs
obecrieunBaeT Uyck € TIONOKUTENEHON HOJISIPHOCTHIO OTHOCHTEIIBHO 3€MJIH NIPU
HOMHHAIIFHOM TOKe Harpysku. Pabora remeparopa HeiirpoHoB HI'-10M ocHo-
BaHa Ha MCIIOJIb30BaHUH SAEPHOH peakmu o ¢popmye (1):

D+T =He* +n+17,6 MaB (1)

Hons! pefitepus, 00pa3oBaHHBIE B HCTOYHUKE HOHOB, U3BIICKAIOTCS B BUAIE
Iy4yKa, YCKOPSIoTCs 10 dHEpTHH Wyake, K3B B yckopuTensHON TpyOke n Gom-
0apIupyIOT aTOMBI TPUTHS, COAEpIKAILMEcs: B MULIEHN. B pe3yibTate peakuun
TeHEePUPYIOTCS. HEUTPOHBI ¢ sHeprueit okono 14 MaB u a-uactunst [2]. Cospe-
MEHHBIE TeHepaTropsl HelTpoHoB Turma HI mMO3BONSIOT TMONydaTh HOTOKH
HeiiTporos 10 10 1 ToxoMm myuka 10 60 MA.

Bremmuii Bun HelirpoHHOTo reHepaTopa HI'-10M npezncrasien Ha puc. 1.

Puc. 1. I'enepatop weiirponos HI'-10
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3akaroyeHne. YTBEpKACHHBIN IUIaH npaButenscTBa PO mo peanuzanuu
(enepaibHOI POrpaMMBbl pa3BUTHUSI CHHXPOTPOHHBIX M HEUTPOHHBIX HCCIIEN0-
Bauuit Ha 2019-2027 roas! BKIOYAeT B ceOs cO3MaHNE YCTAHOBOK Kilacca «Me-
racaiieHcy, cpeau Kotopbeix poiib AO «HUNDD Ay sBnseTcss OHON U3 KITFOYe-
BbIX. [Ipomomkaercss pa3BUTHE JIMHEHKU HEUTPOHHBIX TreHepaTtopoB Tuma HI,
cepun nukIoTpoHOB THma CC, Beaercs pa3padoTka KOMIAKTHOTO HUKIOTPOHA
C JIOKQJIbHOM 3aIlUTOM IJIsl CHM)KEHUSI paJvalliOHHON Harpy3Kd Ha NEpCOHAII
Cpenn TepCHeKTHBHEIX Pa3pabOTOK MOKHO OCOOCHHO BBIICIHTH PaOOTHI IO
CO3JaHUI0 YCKOPUTEIBbHOI'0 KOMITJICKCA MHOT0O3apAAHBIX NOHOB IJIsA I/IMl/lTaLII/Iﬁ
YCIIOBUSI KOCMHUYECKOTO MPOCTPAHCTBa ¢ 1ienbto ucnbitanuit OKb Ha paguanm-
OHHYIO CTOMKOCTH ¢ 3Heprueil 8+15 M»sB, a Takxke yckopuress HPOTOHOB C
n3MeHsieMoil sHeprueit B nuanasone 30+250 M»B.
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ION AND HYDROGEN ISOTOPE ACCELERATORS FOR
MATERIALS SCIENCE RESEARCH

S. Trifonov
JSC NIIEFA

At present, charged particle accelerators are becoming more and more in
demand for solving applied problems in the field of materials research. JSC
«NIIEFA» is one of the leading domestic enterprises in the development, man-
ufacture and installation of such types of accelerators as neutron generators,
cyclotrons (for the tasks of science, medicine, materials science, etc.) and com-
plexes based on them. High performance characteristics make it possible to
compete with the world's leading manufacturers of such equipment [1, 2].
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TEPMOINHAMMUKA 1 KNHETUKA ITPOLECCOB PA3JIEJIEHUSA
MN30TOINMOB BOAOPOJA ®U3UKO-XUMHUYECKUMHU METOJAMUA

M. B. Poszenkesuy

Poccuiickuii xumuko-TexHonornueckuit yausepcuret um. Jl. 1. Menneneesa,
Mocksa, Poccus

Otxperteiiil B 1932 roxy Napoasmom FOpu m3otom Bogoposa — neirepwii —
3aHMMAaeT 0c000e MECTO CPEe/H BCeX APYTMX M30TOIMOB JIETKHUX JJIEMEHTOB. DTO
CBSI3aHO C TEM, YTO OH HallIeJ HMIMPOKOe MPUMEHEHHe yxe HauuHas ¢ 40-X ro-
JIOB TIPOLIJIOrO BeKa, CHayaja — BOGHHOE, a M03/IHee - MUPHOE B KAauecTBE 3a-
METUTEIS U TCIUIOHOCHUTENS B TSDKCIOBOIHBIX IHEPIETHUCCKUX PEAKTOPAX.
[To3sToMy 00BEM MPOU3BOICTBA ATOTO M30TOMNA MO CPABHCHUIO C IPYTUMHU H B
HACTOSIIIEE BpeMs SIBJIICTCSI HauOoJiee KpymHOMacTabHbIM, a B 70—-80-x romax
MHpPOBOW 00BEM MPOU3BOACTB Tspkenoi Boabl (D20) mocTturan HECKOIbKUX
TBICSY TOHH B TOJ. B 3TOW CBfA3U ONTHMHU3ALUS SKOHOMHYECKHX 3aTpaTr Ha
MPOM3BOJICTBO MIPaeT BakKHYIO posib. Ompesessioliee 3HaueHne Ul dTUX 3a-



Equipment and research methods 127

TpaT UMEIOT TEPMOJAMHAMUYECKHE M KHHETHYECKHUE XapPAKTCPUCTUKU HCIIOJb-
3yeMBIX IPOLIECCOB pa3ieICHUs.

B nHacTosimem foknaze paccMaTpUBAIOTCSI TEOPETHIECKUE OCHOBBI PAaBHO-
BECHBIX IPOIIECCOB Pa3feiCHHs N30TOMOB BOJOPOJA C HCIIOIb30BAHUEM PEak-
U XMMAYECKOTO M30TOITHOTO OOMEHa, OCHOBHOM XapaKTePUCTUKON KOTOPBIX
SIBIISICTCA OJHOKPATHBIA 3(PQEKT pa3/IeleHus, XapaKTepU3yeMbIid BEIHMIHHOMN
Kod(QunreHTa pa3aeneHus o Wi KoddduiuenTa odorameHus €. AHAIN3UPY-
€Tcs CBA3b 3HAUYEHUM o ¢ BEJIMYMHOI KOHCTaHTHI PaBHOBECUS COOTBETCTBYIO-
e xuMudeckoil peakiuu. C UCMOIB30BAHUEM METOJA CTATUCTHYECKON Tep-
MOJIMHAMUKH TPUBOJUTCS CIOCOO pacyera BeMUYHMHBI KO3(duimeHTa passie-
JICHUSA Ha OCHOBE CHICKTPAJIbHBIX JAHHBIX O COOCTBEHHBIX 4aCTOTax KOJ'le6aHI/l$1
MOJIEKYJI, y4aCTBYIOIIMX B peaKknuu U30TOMHOro ooMena. ObOpaiiaercs BHUMA-
HHE Ha OCOOCHHOCTH PEaKIMi M30TOITHOrO OOMEHA C yJacTHEM H30TOIOB BO-
J0po/ia: KOHLIEHTPALMOHHYIO 3aBUCHMOCTh BEIMYHMHBI KOA(QQHUIIMEHTa pasfe-
JICHWs] ¥ 3aKOHOMEPHOCTH Pa3JIeNICHNs] TPOWHBIX M30TOIHBIX CMEcel MpOTHii-
neitepuii- TpUuTUd. B 3aKIIIOYUTENBHON YacTu JOKIaja paccCMaTpUBAETCs KH-
HETHKa PEaKIMi HM30TOIMHOrO0 OOMEHa C Y4acTHEM BOJOPOAa W IPHUBOIATCA
YaCTHBIE CIy4ad, IO3BOJIIONINE SKCHEPHMEHTAIBHO ONPENSIUTh CKOPOCTh
PEaKIMH C UCIOIB30BAHNEM 3aKOHOB PEAKIH EPBOTO MOPSAKa

THERMODYNAMICS AND KINETICS OF HYDROGEN ISOTOPE
SEPARATION BY PHYSICAL-CHEMICAL METHODS

M. B. Rozenkevich

D. Mendeleev University of Chemical Technology of Russia, Moscow (Russia)

The isotope of hydrogen, deuterium, discovered in 1932 by Harold Urey,
occupies a special place among all other isotopes of light elements. This is due
to the fact that it has found wide application since the 40s of the last century,
first — military, and later — peaceful as a moderator and coolant in heavy water
power reactors. Therefore, the volume of production of this isotope in compari-
son with others is currently the largest, and in the 70-80s the world production
of heavy water (D20) reached several thousand tons per year. In this regard, the
optimization of economic costs of production plays an important role. The
thermodynamic and kinetic characteristics of the separation processes used are
of decisive importance for these costs.
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This report discusses the theoretical foundations of equilibrium hydrogen
isotope separation processes using chemical isotope exchange reactions, the
main characteristic of which is a single separation effect, characterized by the
value of the separation factor o or the enrichment factor . The relationship
between the values of o and the value of the equilibrium constant of the corre-
sponding chemical reaction is analyzed. Using the method of statistical thermo-
dynamics, a method is given for calculating the value of the separation factor
based on spectral data on the natural vibration frequencies of the molecules
involved in the isotope exchange reaction. Attention is drawn to the features of
isotope exchange reactions involving hydrogen isotopes: the concentration de-
pendence of the value of the separation factor and the laws governing the sepa-
ration of ternary isotopic mixtures of protium-deuterium-tritium. In the final
part of the report, the kinetics of isotope exchange reactions involving hydro-
gen is considered and special cases are given that make it possible to experi-
mentally determine the reaction rate using first-order reaction laws.
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TEOPETHYECKHUE OCHOBBI ITPOLECCOB PA3JEJEHUS
MN30TONOB JIET'KUX 9JIEMEHTOB

U. JI. PacmyHnosa

Poccuiickuil xumuxo-TexHonornyeckuit ynusepcutet um. . . Menneneesa,
Mocksa, Poccus

Pa3BuTHE aTOMHO-BOJIOPOAHON U TEPMOSAEPHON SHEPTETHKH, DIIEKTPOHH-
KU ¥ BBIYUCIIMTEIILHON TEXHUKH, MOJIEKYJISIPHOH OMOJIOTMM M MEIULUHBI Tpe-
OyeT co3maHus BEICOK03()(PEKTUBHBIX TEXHOIOTUH MOTYIECHUS 0CO00 YHUCTHIX H
MOHOM30TOIHBIX MaTepHanoB. Pa3/ieneHne N30TONOB JIETKUX JIEMEHTOB OCHO-
BaHO HA OYEHb MAJIOM PA3INYMU WX PA3IMIHBIX CBOWCTB, MOATOMY OBLIO pa3-
paboTaHO MHOXECTBO METOJOB PAa3JEICHHUS U CIIOCOO0B MX MPAKTUIECKON pea-
JMU3aIMA. JTO OOCTOSTEIHCTBO CYIIECTBEHHO 3aTpPyAHSET BBIOOp Hamboiee
3¢ deKTHBHOTO TIporecca pa3felieHus KOHKpeTHoW cMmecn. OmpeneneHne oOrl-
TUMAJIBHOI'O JJIsA 3aJJaHHBIX chIOBI/Iﬁ cnoco6a Pa3aACICHUS SABJIACTCA Ba)KHOM
3a/1a4eil TEOpUU.
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B nokmane u3noxeHbl OCHOBBI OOIIECH TEOPHUHU MPOLECCOB TOHKOTO pa3zie-
JICHHUS CMeCel (PU3MKO-XMMUYECKAUMHU METOJIaMH, BKJIFOUYAIONICH B ce0sl MOHs-
THSI THIIOB Pa3CUTEIbHBIX JIEMEHTOB, B KOTOPBIX OCYIIECTBIISIOTCS HEeoOpa-
THMBIE (pa3AeMUTENbHBIN JIeMEHT 1-To ThIa) U o0paTuMele (pa3aeTuTeTbHbII
9JIEMEHT 2-TO TUMA) MPOLECChl PA3JCICHUS, TCOPUIO MOCTPOCHUS U3 HUX Kac-
KaJI0B Pa3lelUTEbHBIX 3JIEMEHTOB U UX ONTHUMHU3aluu. J{si 0OpaTUMBIX HpO-
LIECCOB pa3fiejieHus, HauboJee YacTo HCIOIb3YeMbIX ISl PAa3[eNICHUS] U30TO-
OB JIETKHX 3JIEMEHTOB, MOJAPOOHO PacCMATPHUBAIOTCS TEOPETHYCCKUE OCHOBBI
pacueTa MOTOKOB M YHCJIa TCOPETUYCCKUX CTYMEHEH pasjeficHus 2-ro THIa, a
TaKXKe pacueTa BpEMEHH JTOCTHIKCHUS CTAIIMOHAPHOTO COCTOSHUS TAKUX KacKa-
JOB U BPCMCHH, H€O6XOHI/IMOFO JUIT JOCTHUXKCHUS 3a£laHHOl7[ KOHIICHTpalu
NpOJyKTa, ¥ Hayaja ero oroopa. PaccMoTpeHbl puMepsl pacuyera TEXHOJIOTH-
YECKUX CXEM pPasJieJIeHUs H30TONOB BOJIOPO/A.

THEORETICAL FOUNDATIONS OF PROCESSES OF ISOTOPE
SEPARATION OF LIGHT ELEMENTS

I. L. Rastunova
D. Mendeleev University of Chemical Technology of Russia, Moscow (Russia)

The development of atomic hydrogen and thermonuclear power engineer-
ing, electronics and computer technology, molecular biology and medicine re-
quires the creation of highly efficient technologies for producing highly pure
and monoisotopic materials. The separation of isotopes of light elements is
based on a very small difference in their various properties; therefore, a lot of
separation methods and methods for their practical implementation have been
developed. This circumstance significantly complicates the choice of the most
efficient process for separating a particular mixture. Determination of the sepa-
ration method optimal for the given conditions is an important task of the theory.

The report outlines the fundamentals of the general theory of processes for
fine separation of mixtures by physical and chemical methods, which includes
the concepts of types of separating elements in which irreversible (separating
element of the 1st type) and reversible (separating element of the 2nd type)
separation processes are carried out, the theory of construction of which cas-
cades of separating elements and their optimization. For reversible separation
processes, most commonly used for the separation of isotopes of light elements,
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the theoretical basis for calculating flows and the number of theoretical type 2
separation steps, as well as calculating the time to reach the steady state of such
cascades and the time required to reach a given concentration of the product,
and the beginning of its selection. Examples of calculation of technological
schemes for the separation of hydrogen isotopes are considered.
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BOAOPOAOIMPOHUITAEMOCTS MEMBPAHHBIX OBPA3IIOB
CTAJIA, HOJYYEHHBIX A/JIMTUBHBIM IVIC-METOAOM

P. K. Mycses

Poccuiickuit ®enepansubiii Anepnsiit Llentp — Beepoccuiickuii
HAYYHO-HMCCIIEIOBATEILCKUH HHCTUTYT SKCIIEPUMEHTANBHON (pr3nKn
(OI'YII «POALI-BHUNDD»)

607188, r. Capo Hikeropoackoit 00:1., ip-t Mupa, 37

CoBpeMeHHOEe NPUMEHEHUE aJJUTUBHBIX TEXHOJOTHH MPU NMPOU3BOACTBE
Pa3IMYHBIX y3710B U3 KOHCTPYKLIUOHHBIX MaTepuanoB (KM), koHTakTUpyrOIUX
C BOZOPOJIOM, TpeOyeT NPaKTHYECKOro MOATBEPKICHUSI COXPAHEHHUS XapaKTe-
puctuk 3tuXx KM miy mosrydeHus: OOHOBJICHHBIX JIAaHHBIX, OTIMYAIOLIMXCS OT
TpaguIoHHBIX. OTHUMHU U3 Ba)XXHBIX XapakTepHCTHK Takux KM, n3rotoBieH-
HBIX AJINTHBHBIM METOAOM, NPH B3aHUMOJECHCTBHM C BOJOPOJIOM SIBIISIFOTCS
rapaMeTpsl BOJOPOIONIPOHNIIAEMOCTH.

B noknazne, B Buae 0030pa pasmuMyHBIX METOIUK M3MEPEHHH, paccMOTpe-
HBI M3BECTHBIE CIIOCOOBI pacueTa IMapaMeTpoB NMPOHHLIAEMOCTH, ANGGY3uu U
PacTBOPHMOCTH BOJOPOZA VIS INIOCKUX METAIMYECKUX MEMOpPaH C HCHOIb30-
BaHUEM SKCIEPUMEHTANbHBIX JAaHHBIX, OJTYYEHHBIX METOJIOM «IIPOPHIBA» Kak
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IIPU CTAI[MOHAPHBIX MM MMITYJIGCHBIX 3HAUCHHSX BXOJHOTO JIABJICHHH, TaK W
IIPU YCJIOBHMSAX JMHAMUYECKOTO BaKyyMa WJIM HAaKOIUICHHsS r'a3a HA BBIXOJHOU
ctopore. [l BeIOOpa ONTHMANBHOM ITOCTAHOBKH OIIBITA TPHBEICHBI IPEUMY-
IIECTBa M HEJOCTATKM 3THX SKCIEPUMEHTAIBHBIX METOAWK AJSI PAa3IHMIHBIX
yCIIOBHI (IMama30HOB IaBIICHHH/TEMIEpATyp M XapaKTEPHUCTHK 0OpasIoB).
ITokazaHbl pe3ynbTaThl pacdeTa MapaMeTPOB BOJOPOAONPOHHUIAEMOCTH HA
npumMepe obpasnos cramm 316L u Inconel 718, momy4eHHBIX aINTHBHEIM Me-
TozoM mocnoiHoro nazepHoro crekanus (IIJIC). Paccmorpeno BimsHUE Teo-
METPHUU KOHCTPYKIMH MOJEIbHOW COOpKHM ¢ MeMOpaHHBIM 00pa3noM, aHallo-
ru4yHbIM 110 rabapuram [1JIC-o6pasiy, Ha XapakTep SKCIEepUMEHTAIBLHON KpH-
BOIl MPOHUIIAEMOCTH (C UCHOIB30BAHUEM IPOTrpaMMHBIX HakeToB Tuna CAIIP)
U BO3MOXKHBIE IOIPEITHOCTH M3MEPEeHHH MapamMeTpoB BOJOPOAONPOHHIAEMO-
CTH, BOSBHHUKAIOMINE NPpU TAKOM BJIUAHUU.

C uCnonb30BaHMEM KIACCUYECKHUX MOJeell MPOHHLAeMOCTH BOJOpPOIa
yepe3 MeTalibl Ha OCHOBE ypaBHeHHsS (DHka IOKa3aHO BO3MOXKHOE BIIMSTHHE
«JIOBYIIEK» BOOPOJA B AepeKkTax CTpyKTypsl Marepuana B Buae nop B [1JIC-
oOpasiax Ha AMHAMHUKY IPOHUIAEMOCTH BOAOPOJA Yepe3 MeMOpaHy M Ha Io-
TpemrHoCTh onpeaencHus dpdexTnBHOro Kodhduuenta Tudppy3un mo xapax-
TEePUCTUYECKHM BpeMeHaM. Ha mpumepax MHKpPOCTPYKTYpBI M TEXHOJIOTHYE-
ckux JAaHHbIX wn3rotoBineHus I1JIC-o0pa3moB paccMmaTpuBaeTcss BO3MOXKHOE
BJIMSIHHE TIOPUCTOCTH Ha MOKA3aHUsI PACTBOPUMOCTH BOAOPO.I.

HYDROGEN PERMEABILITY OF THE MEMBRANE SAMPLES
OBTAINED USING THE ADDITIVE LLS METHOD

R. K. Musyaev

The Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics, 607188, Bld. 37, Mira Ave., Sarov, Russia

Advanced additive technology applications for manufacturing different
units from structural materials (SM) contacting with hydrogen require practical
confirmation of the SM characteristic stability, or obtaining updated data dif-
ferent from conventional ones. Among the most important characteristics of
such SM manufactured with the help of the additive method, are their hydrogen
permeability parameters, when contacting with hydrogen.
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The paper reviews different measuring methods, considers known methods
for calculating the parameters of the hydrogen permeability, diffusion and solu-
bility with respect to planar metallic membranes, using experimental data ob-
tained with the help of «the breakthrough» method both at steady or pulsed
input pressures, or under dynamic vacuum or gas accumulation at the output
side. In order to choose an optimal experimental setup, the advantages and dis-
advantages of these experimental methods are provided with respect to differ-
ent conditions (i.e. the pressure/temperature ranges and sample characteristics).
Computational hydrogen permeability data are provided for the samples of steel
316L and Inconel 718 obtained with the help of the additive layer-by-layer la-
ser sintering (LLS). It is considered the influence of the geometry of the model
assembly with the membrane sample, whose sizes are similar to those of the
LLS sample, on the nature of the experimental permeability curves (using
SAPR codes), as well as possible errors in measuring the hydrogen permeabil-
ity parameters resulting from such influence.

Using classical models for hydrogen permeability though metals based on
the Fick equation, it is shown the possible influence of hydrogen «traps» in the
material structural defects in the form of pores in the LLS samples on the dy-
namics of the hydrogen permeability through the membranes and errors in de-
fining the effective diffusion factor by characteristic times. Exemplified by the
LLS sample microstructure and their manufacturing data, the possible influence
of porosity on the hydrogen solubility is shown.
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YCTAHOBKH JIJISI UCCJAEJIOBAHWSA B3AUMOJIEMCTBHA .
IJIABMBbI C MATEPUAJIAMM JIBI'IIM HUII «KKYPYATOBCKHHN
HHCTUTYT»

. U. Yepres, H. O. Cmenanos, C. C. Auanves, A. B. Cnuyuin

HanuonaneHelit uccnenosatensckuil ueHTp «KypuaToBCKUi HHCTUTYTY,
Mocksa

OnHOM W3 KIIIOYEBBIX 3a7a4 IPU TNPOEKTHPOBAHUM U CO3JaHUHM TEPMO-
snepHbIx peakTopos (TSIP) sBisiercst BHIOOp MaTepHaoB AJIs 3alIUThI BAKyYyM-
HOW KaMephl OT BO3ACWCTBUS IUTa3MEl. B kauecTBe 0OpaIIeHHBIX K ITa3Me Ma-
tepuanoB (OIIM) mns ycranoBku WTOP, kak m3BecTHO, paccMaTpUBAIUCH
Boub(pam u Oeprumid. OHAKO HA TPOBEICHHOM HEOaBHO paboyeM coBeIa-
HUM TNOAHUMAJICA BONPOC 00 OTKa3e OT MCIIOJIb30BAHHS OCPHILTUS KaK OCHOB-
Horo (TI0 TIIOIIAAN) MaTepraja MepBOi CTEHKH B MOJB3y Boibdpama. [lanHOE
00CTOSITENIBCTBO, @ TaK)XKe PAJ yXKE HM3BECTHBIX OCOOEHHOCTEH M mpobieM ¢
OIIM cBUIETENBCTBYET 00 OTCYTCTBUM YHHBEPCAIBHOTO PEIICHUS MPOOIEeMBI
NepBOH CTEHKU M 00yClIaBIMBaeT HEOOXOMUMOCTh B PACLIMPEHHUHU IIEPEUHs Ma-
TepHUaIoB U TIIATEIbHON MpopaboTKe METOAOB U MOIXOJIOB K €€ OpraHHU3alui
B TSP crnenyromux nokosienuit. J{ns sxcrnyatanuu OIIM B TSP HeoOxoaumMo
MIPOBEICHUE Psiia UCCIEAOBaHUN B 00IACTH B3aHMMOJACHCTBHS M30TOINOB BOJO-
poJia B BHJE Ta3a U IUIa3Mbl C MaTepuaiaMu, BBUY PaldOaKTUBHOCTH TPUTHSL,
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€ro BBICOKOM IIEHBI U CIOXKHOCTH €ro BOCcIpou3BoAcTBa B ycnoBusx THAP. Ilo-
JIOOHBIE HWCCIIENOBaHMs HEOOXOAWUMBI MO DSy HPUYUH: JUII MHUHUMH3ALUH
HakoruieHus: Tputist B OIIM u ero mapasuTHBIX yTeueK 4epe3 KOHCTPYKIMOH-
HBIE MaTepUaNbl B TEIJIOHOCUTENH, ONTUMHU3ALMU TOIIMBHOTrO nukina TSP u
KOJIMYECTBA TPUTHS B YCTAaHOBKE, OLEHKH jku3HeHHoro mukina OIIM u otpa-
OOTKM TEXHOJIOTHHM WX NECTPUTH3ALUH W T. A. sl MPOBENEHHS NPUKIATHBIX
HCCIEJOBaHNN B 00NAacTH B3aMMOJCHCTBHS IUIA3MBI C ITOBEPXHOCTBIO MpPUME-
HHUTEJIBHO K 3a7adaM TEPMOSAACPHBIX yCTAHOBOK HaMOOJEe MHTEPECHBI BBICO-
KOIIOTOYHBIE TJIa3MEHHBbIE T'€HEPaTOphl, KOTOPBIE MO3BONAIOT HUMHUTHUPOBAThH
m1a3MeHHble notoku TSP B Haubosnee HarpyxeHHOHM oOiacTu — B AMBEPTO-
pe [1], BBUAY MOBBIIEHHBIX TPeOOBaHUM K CTOMKOCTH MarepuanoB. B Toxe
BpeMs LieJIeco00pa3Ho MPOBEJCHUE UCCIICA0BAHNI U NIPU YMEPEHHBIX BEIHYH-
Hax IUIa3MEHHBIX TOTOKOB, XapaKTEPHBIX JJIsl IEPBOIl CTEHKH, BBUAY OOJIBILON
mouaay ee nosepxsocrtu B TSP.

B nannoi#t pabote Oyner mpeacTaBieH 0030p MO HEKOTOPHIM IITa3MEHHBIM
yctaHoBkaM, pacnojoxkeHHbiM B HUILI «KypuatoBckuii MHCTUTYT», Ha KOTO-
PBIX BO3MOJKHO IIPOBE/ICHHE HCCIICAOBAHUM B 00JaCTH B3aMMOJCHCTBHS IIJIa3-
MbI ¢ MaTepuanaMmu: yctaHoBke ¢ CBY ucrounukom miasmsl [TUM [2], u ycra-
HoBKe C BY ncrounukom miasmel reaukonHoro tuna ['TIM-2 [3]. byayt pac-
CMOTPEHBI HEKOTOpbIE 0OCOOCHHOCTH JIAHHBIX YCTaHOBOK, @ TaKkKe Mpe/CTaBIIe-
HBI HanOoJiee WHTEPECHBIE U CBEXKUE HayJIHBIC PEe3yJIbTATHI, MOIy4YEHHBIE C UX
ITOMOIIIBIO.

HccnenoBanue BBIIIOJIHEHO B paMKax HaydHOU nporpammbsl Hanuonais-
HOTO LeHTpa (U3MKKM M MaTeMaTHKH, HanpaBiieHne Ne 8 «Dusuka M30TONOB
BOJIOPOZAA».

JIUTEPATYPA

1. G.J. van Rooij (2012), Fusion Science and Technology, 61:2T,
266-272.

2. Tonybesa B. u nmp. IIpubops! n texHuka skcriepumenta. 2017, Ne 6.
C.67-T77.

3. Yepkes 1. . u ap. BAHT, Cep.: Tepmosinepnsiii cunte3. 2020. T. 43,
Ne 3. C. 101-110.



Equipment and research methods 137

INSTALLATIONS FOR PLASMA-MATERIAL INTERACTION
INVESTIGATION IN LIGPM NATIONAL RESEARCH CENTER
«KURCHATOV INSTITUTE»

D. I. Cherkez, N. O. Stepanov, S. S. Ananiev, A. V. Spitsyn
National Research Center «Kurchatov Institute», Moscow

One of the key tasks in the design and creation of fusion reactors (FR) is
the choice of the plasma-facing materials (PFMs) for vacuum chamber protec-
tion from plasma exposure. As is known, tungsten and beryllium were consid-
ered PFMs for the ITER. However, at a recent workshop, the issue of abandon-
ing the beryllium usage as the main (by area) material of the first wall was
raised in favor of tungsten. This circumstance, as well as a number of already
known features and problems with the PFMs, indicates the absence of a univer-
sal solution of the first wall problem and necessitates the expansion of the list
of materials and a thorough study of methods and approaches to its organiza-
tion in the next-step FR. For the operation of PFMs in the FR, it is necessary to
conduct a number of studies in the field of the interaction of hydrogen isotopes
in the form of gas and plasma with materials, due to the radioactivity of tritium,
its high price and the complexity of its reproduction in the conditions of the FR.
Such studies are necessary for a number of reasons: to minimize the accumula-
tion of tritium in the PFMs and its parasitic leakage through structural materials
into coolants, to optimize the fuel cycle of the FR and the amount of tritium in
the facility, to assess the life cycle of the PFMs and to develop the technology
of their detritization, etc. For applied research in the field of plasma interaction
with the surface in relation to the problems of thermonuclear installations, high-
flux plasma generators are of most interest, which allow simulating FR plasma
flows in the most loaded region - in the divertor [1], due to the increased re-
quirements for the resistance of materials. At the same time, it is expedient to
conduct research at moderate values of plasma flows characteristic of the first
wall, due to the large area of its surface in the FR.

This paper will present an overview of some plasma facilities located at
the National Research Center «Kurchatov Institute», where it is possible to
conduct research in the field of interaction of plasma with materials: a PIM
facility with microwave plasma source [2], and a facility with a helicon-type
HF plasma source GPI -2 [3]. Some features of these installations will be con-
sidered, as well as the most interesting and recent scientific results obtained
with their help.
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The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, direction No. 8 «Physics
of Hydrogen Isotopes».
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Paznenenne n3zoromnoB Bogopoaa

lvan Alekseev
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Separation of hydrogen isotopes
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TAKEJIAA BOJA. TIPUMEHEHHWE U NIOJTYYEHUE

U. A. Anexcees, T. B. Bacanuna, O. A. @edopuenxo, B. B. Yoopckuii

HUILI «KypuaroBckuil unctuty» — [TUAD

IIpencraBneH 0030p CBOWCTB TSDKEJIOW BOABI M €€ NMPUMEHEHHS Kak B
SIIEPHOM OTpaciy, Tak U B APYTUX OTPACsAX HAYKH U TEXHUKH. PaccMOTpeHbI
OCHOBHBIE CITOCOOBI pa3/ieJICHUsT H30TOMOB BOJAOPOAA U MPOMBIIUICHHBIC yCTa-
HOBKY TOJYYCHHUS TSIKEIOW BOJIBI M3 MPHUPOJHOTO CHIPhs Ha WX ocHoBe. OO-
CY)KJIaeTCsl TOJyUYeHUE TKEION BOJBI U3 TSKEIOBOJHBIX OTXOJOB HAa OMBITHO-
npomseinuieHHoM ycraHoBke OBUO B HUI[ «KypuaToBckuif HHCTHUTYT» —
[MUSAD u nepcrekTuBHl co3nanusi B Poccun yCTaHOBOK TOMYYEHUS TSKEIOU
BOJbI U3 IPUPOJIHOTO CHIPbSL.
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HEAVY WATER. APPLICATION AND OBTAINING
I. A. Alekseev, O. A. Fedorchenko, T. V. Vasyanina, V. V. Uborsky
NRC «Kurchatov Institute» — PNPI

The report provides an overview of the properties of heavy water and its
application both in the nuclear industry and in other branches of science and
technology. The main methods of hydrogen isotope separation and industrial
plants to produce heavy water from natural raw materials based on them are
considered. The production of heavy water from heavy water waste at the
EVIO pilot plant at the National Research Center «Kurchatov Institute» — PNPI
and the prospects for creating installations to produce heavy water from natural
raw materials in Russia are discussed.
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SOLPS - MHHCTPYMEHT JUIs1 MOJAEJIMPOBAHUS IOBEIEHUS
MN30TOINOB BOJOPOJA B TIPUCTEHOYHOU OBJIACTH
TOKAMAKA

B. U Kownanv', C. C. Ananveg*

VHULY «KypuaTosckuit mHCTHTYT», T Akagemuka Kypuaroga, 1,
Mockaa, Poccus, 123182

B pamkax 3amauu NpOEKTUPOBAaHUS TPUTHEBOIO LHMKJIA TEPMOSIEPHBIX
YCTaHOBOK HEJOCTATOYHO paccMaTpUBaTh CUCTEMBI IMOJIUTKHU IUIa3Mbl TEPMO-
SIIEPHBIM TOIUIMBOM IO-OTAENBHOCTHU. Ilma3ma BBICTYIAET B BUIAE «KOJUIEKTO-
pa», Tie CMEIINBAIOTCS MOTOKHM YacTHIl M3 OTHACNBHBIX CHcTeM. Takmm oOpa-
30M, IUIa3My CJIEAYET pacCMaTpPUBATh KaK COCTABHYIO YaCTh TOIUIMBHOTO LIMKJIA
U HEoOXOIMMO TPOBOJUTH MOJICIMPOBAHUE IOBEJICHMS M30TOIOB BOJOPOJA
(KOMIIOHEHTOB TEPMOSIJIEPHOTO TOILIMBA) B OCHOBHOM M NMPHUCTEHOYHOM IJ1a3Me
YCTAHOBKH.
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ITomuMo MomenMpoBaHUS OCHOBHOM IUIa3Mbl BaXKHOM 3ajaded sBIseTCS
MO/JIETIMPOBaHKE IPOLIECCOB IIEPEHOCA YaCTUI] B IPUCTEHOYHON 00JIacTH, orpa-
HUYEHHOM MOCeIHEN 3aMKHYTOH MarHUTHOM NOBEPXHOCTBIO, WK CeNapaTpHu-
€O, — C OHOM CTOPOHBI U CTEHKOM BaKyyMHOW KaMephbl — C JPYTrofl CTOPOHBI.
YacTuipl, NOKHAAIOIINE TUIa3My, IEPEHOCUTCS 110 HE3aMKHYTBIM JIMHUSIM Mar-
HHUTHOTO TI0NIs B 00acTs auBepropa. Hapsny ¢ aTuMm, HeWTpann3oBaHHbBIC Ha-
CTHIIBI TPOHHUKAIOT OOPATHO Yepe3 CEMapaTpucCy M OKa3bIBAIOT BIMSHUE HA TIa-
paMeTpsl OCHOBHOW Masmbl. B mpuctenounoit obmactu (SOL — scrape-off
layer) u auBepTOpE MPOUCXOJMT HAUOOJbIIEE KOJMYECTBO PEAKLMH B3aMMO-
JIeficTBUS YacTUIl M3 IUIa3Mbl ¢ MaTepHajlaMH ToKamaka (OOpaleHHBIMH K
I1a3Me KOMIOHeHTaMHu). Ee MojenupoBaHue IO3BOJSIET MONYy4YaTh OLIEHKU
Harpy30K ¥ MOTOKa YacTHUIl Ha BHyTPHUKaMEpPHbIE KOMIOHEHTHI YCTAaHOBKH JUIS
JAJIbHEHIIINX PacyeToB TPAHCIIOPTA YACTHUIl U MX HAKOIUICHUS.

MonenupoBaHHe MPOIECCOB B OCHOBHOM IJIa3Me TOKaMaka, KOHTPOJIb I1a-
paMeTpoB W ITIOBEACHUS OBUIM OCHOBHBIM HAIpaBJICHHEM TEPMOSACPHBIX HC-
CIIEZIOBaHUI Ha MPOTSHKEHHHM MHOTHX JECATIIICTHH. B mpomecce pasBurust To-
KaMaKkoB C JUBEPTOPHBIMH KOH(PHUTYpalusMH ObLIM pa3paOOTaHbl BEIYUCIH-
tenbHble HHCTpyMeHThl 1isi SOL: SOLPS [1], UEDGE, EDGE2D [2],
SOLEDGE [3] u gp. Omun u3 Hux - SOLPS, pazpabotaHHBI Ha OCHOBE 00B-
€IMHEHHUs TUTa3MEHHO-KUIKOCTHOTO Kojaa B2.5 [4, 5] u KMHETHYEeCKOoro Koja
EIRENE [4, 5] nna pacdera mepeHoca HEHTpPalIbHBIX YacTHIL, OBIT MPUHAT B
Ka4yecTBE OCHOBHOTO PAcUeTHOIO KOJAa A MOJICTHUPOBAHMSA IPHUCTCHOYHOM
mwra3Mbl Ha ITER. 3a cuer manpHeHIero pasBUTHA W BepHUPHUKAIMN Ha KPYI-
HEHMIINX yCTaHOBKAaX BO BCEM MHpPE CO BPEMEHEM OH CTaJl CaMbIM IOIYJIIPHBIM
HHCTPYMEHTOM Ha CETOIHALTHUN IeHb. Texymas moauduxanns xoga SOLPS-
ITER no3BossieT nomy4yars Xopoliee COOTBETCTBUE AKCIIEPUMEHTAIbHBIM JIaH-
HBIM (B OTJIMYME OT JIPYTHX KOJOB) M 00JIalaeT, TAKUM 00pa3oM, HawiIydlien
IIpe/IcKa3aTeIbHON CIIOCOOHOCTEIO.

Ha 6a3e SOLPS peanu3oBaHo corilacoBaHHOE MozennpoBanue (integrated
modeling) KaK HHCTPYMEHT JUI aHAJIM3a YKCIIEPUMEHTAIBHBIX IAHHBIX U MPea-
CKa3aTeIbHOT0 MOJEIUPOBAHMS. DTH BO3ZMOXKHOCTH IOSIBIISIFOTCS 32 CUET 00b-
eMHECHMSI pa3IMIHBIX KoA0B (B ToM uncie, ASTRA u SOLPS) [6], monenupy-
IOIUX TMapaMeTpsl OCHOBHOH mmasMbl 1 SOL. Pa3BuTne naHHOW METOTUKH
Hanbosee MHTEPECHO AJIsI CKBO3HOTO MOJEIMPOBAHMS KOMIOHEHTOB TOIUIMBA
BO BCEX CHCTEMaxX TEPMOSICPHOTO TOIUIMBHOTO NHMKJIAa TOKaMaKa, BKIIFOYas
wia3My. B moxsiaze ONMMCHIBAIOTCS METOAMKA PACUETOB C IOMOINBIO BEPCHU
koma SOLPS-ITER u mepcnekTHBHI NIPUMEHEHHs AaHHOTO MHCTPYMEHTA IPH
MOJIEIMPOBAaHUH MEPCHIEKTHUBHBIX YCTaHOBOK.



Equipment and research methods 143
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SOLPS AS ATOOL FOR HYDROGEN ISOTOPES TRANSPORT
SIMULATION IN THE SCRAP-OFF LAYER A TOKAMAK

V. I. Koshlan?, S. S. Ananyev!
INRC «Kurchatov institute», Ak. Kurchatov sg. 1, Moscow, Russia, 123128

As part of the task of designing the tritium cycle of fusion-fission reactor,
it is not enough to consider plasma fueling systems with fusion fuel separately.
Plasma appears as a «collector», where particle flows from individual systems
are mixed. Thus, plasma should be considered as an integral part of the fuel
cycle and it is necessary to modeling the behavior of hydrogen isotopes (com-
ponents of fusion fuel) in the main and SOL-plasma (SOL - scrap-off layer) of
the reactor.

In addition to modeling the main plasma, an important task is to simulate
the processes of particle transport in the SOL-region bounded by the last closed
magnetic surface, or separatrix, on the one hand and the wall of the divertor on
the other hand. Particles leaving the plasma are transported along open magnet-
ic field lines to the divertor region. Along with this, neutralized particles pene-
trate back through the separatrix and affect the parameters of the main plasma.
In the SOL-region and the divertor, the most reactions of plasma interaction
with tokamak materials (plasma-facing components) occur. Its modeling makes
it possible to obtain estimates of the loads and particle flow on the in-chamber
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components of the facility for further modeling of particle transport and their
inventories.

Processes in the main tokamak plasma simulation, control of parameters
and behavior have been the main focus of fusion research for many decades.
During the development of tokamaks with divertor configurations, computa-
tional tools for SOL were developed: SOLPS [1], UEDGE, EDGE2D [2],
SOLEDGE [3], etc. One of them, SOLPS, developed on the basis of combining
the plasma-liquid code B2.5 [4, 5] and the kinetic code EIRENE [4, 5] for cal-
culating the transfer of neutral particles, was adopted as the main calculation
code for modeling SOL-plasma on ITER. Due to further development and veri-
fication at the largest reactors around the world, over time it has become the
most popular tool today. The current modification of the SOLPS-ITER code
makes it possible to obtain a good correspondence to experimental data (unlike
other codes) and thus has the best predictive ability.

Integrated modeling is implemented on the basis of SOLPS as a tool for
analyzing experimental data and predictive modeling. These possibilities ap-
pear due to the combination of various codes (including ASTRA and SOLPS)
[6], modeling the parameters of the main plasma and SOL. The development of
this technique is most interesting for end-to-end modeling of fuel components
in all tokamak thermonuclear fuel cycle systems, including plasma. The report
describes the calculation methodology using the SOLPS-ITER version of the
code and the prospects for using this tool in modeling promising reactors.

This work was partially supported by the Russian Science Foundation
(Ne 18-72-10162).
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YCTAHOBKA JJIs1 ONPEJEJEHUA KOO®OUIIUMEHTA
TEILJIOITPOBOJHOCTH MMOPOIIKOBBIX MATEPHAJIOB ITPH
BbBICOKUX TEMITIEPATYPAX U JABJIEHUSIX

A. B. 2Kmyposckuu, E. B. Bypax, P. K. Mycsaes, B. B. Tuxonos,
A. B. Pvrcyxuna

Poccuiickuit ®enepansusiii Anepnsiit Llentp — Beepoccuiickuii
HAYYHO-HMCCIICIOBATEIbCKUN HHCTUTYT SKCIICPUMCHTATIBHOMN (pr3uKH
(OI'YII «POALI-BHUNDD»)

607188, r. CapoB Hinkeropockoit 00:1., ip-t Mupa, 37

OnHOM W3 OCHOBHBIX XapaKTEPUCTUK MOPHUCTHIX Ta30IMPOHUIAEMBIX
MaTepHalioB SIBJIAETCS WX TEIUIONPOBOAHOCTh. OO0JacTh NMPUMEHEHUs TaKUX
MaTepHaJIOB KaK IO JAaBICHHIO Ta30BOW CPeIbl TaK M IO TEMIIEPaType MOXKET
OBITh OCTATOYHO IMHPOKOH. CepHifHO TPOWU3BOAMMOE O00OpyIOBaHHWE HE
paccyuTaHO UIA TONyYeHUS KOI()(UIIMEHTOB TEIIONPOBOJHOCTH TP
JABJICHUH Ta30B (BKIOYas Bogopoxa) mxo 150 MIla u Temmeparype mo 600 °C.
Jns permmenus 5Toit 3amaun Obia pa3paboTaHa W M3TOTOBJICHA YCTaHOBKA IO
OTPENCICHUI0 KOA((GUIIMEHTOB TEIIONPOBOJHOCTH, CIIOCOOHAas paboTaTh B
9THX YCJIOBUIX.

B pabore mnpencraBieHbl KOHCTPYKLUS pa3paOOTaHOW YCTAHOBKH H
onucanue ee padotsl. IlepuBeneHbl pe3yabTaThl KAIHOPOBOYHBIX HCIBITAHUN
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YCTAHOBKH U PE3YyJIbTAaTbl OIIPCACICHUA KOS(l)HHI/ICHTOB TCIUIOMIPOBOAHOYTH
HEKOTOPBIX MAaTECPHAJIOB.

THE FACILITY FOR DEFINING THE POWDER MATERIAL HEAT
CONDUCTIVITIES AT HIGH TEMPERATURES AND PRESSURES

A. V. Zhmurovsky, E. V. Buryak, R. K. Musyaev, V. V. Tikhonov,
A. V. Ryzhukhina

The Russian Federal Nuclear Center — All-Russian Research Institute of Exper-
imental Physics, 607188, Bld. 37, Mira Ave., Sarov, Russia

One of the main characteristics of porrous gas-permeable matertials is
their heat conductivity. Such mateials may be widely applicable in terms of gas
environment pressures and temperatures. Serially produced equipment is not
suited for obtaining the heat conductivities at the gas pressures (including
hydrogen) of up to 150 MPa and temperatures of up to 600 °. In order to
address this task, a facility capable of defining the heat conductivities under
such conditions was designed and manufactured.

The work describes the facility design and operation. Additionally, the
facility calibration data are provided, as well as heat conductivities of several
materials.
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MOJEJUPOBAHMUE TEIIVIOBBIX ITPOHECCOB B CUCTEME
XPAHEHMUS BOJOPOJA HA OCHOBE MATHUSI/TUAPUJIA
MATHUA

P. P. Onvman, B. H. Kyouspos, H. E. Kyporomos, H. C. [Iywununa

ToMckuil MOMUTEXHUUYECKU YHUBEPCUTET

PazBuTHe BOIOPOAHON HEPreTHKH NPHBIEKAET BCe OOJbIIee BHUMaHHE
MEXAyHapoaHoro cooOmectBa. OfHON W3 KIIIOYEBBIX 33/a4 JUIS KpyMHOMac-
ITa0HOTO MPUMEHEHUs BOJOPOA SBISETCS BHEJAPEHUE Oc30macHOi u ddek-
TUBHOM CHUCTEMBI XpaHEHMsI U TPAHCIOPTUPOBKU Bopopona. s 3Toil pomau
paccMaTpHBaeTcs NPUMEHEHHE METaUIOTUAPUIHBIX peakTopoB. Ha mpomsso-
OUTEIBHOCTD METAJUIOTHAPHIHOTO PEAKTOpa BIHMSET MHOXECTBO Pa3IMYHBIX
apaMeTpoB, U OJHUM U3 HauOOJIee BAXKHBIX SBJISACTCS YIPABICHHE TEILIOBHIMU
XapaKTepUCTHKaMHU peakTopa. JddeKkTuBHOE yIpaBIeHHE TEMIIEpaTypoid Mo-
KeT OBITh JOCTHTHYTO 32 CYET KOHCTPYKTHUBHBIX APAMETPOB, TAKUX KaK OITH-
MaJIbHOE PaCHOJIOKeHNE (PUITBTPOB, TEOMETPHUYECKOE paCIpeelieHHe THIPUIa
MeTalla BHYTPH KOHTeHHepa, KOHCTPYKLUs pedep u T. 1. M3BecTHbIE MEeTObI
YBEJIMYCHHUS TeIIoNepesadydl BKIIOYAOT HCIOJIb30BAHUE TIEHOMETAIIOB, Me-
TAJJIOTUAPUAHBIX KOMIIAKTOB, TEIIOOOMEHHHUKOB M BHEIITHUX KOXXYXOB. O}IHa-
KO HMCIOJIb30BaHUE TEINIOOOMEHHHKOB M Pa3IMuHbIX KOHCTPYKLUUH pedep sBis-
eTcsl HauboJiee paclpoOCTPaHEHHBIM CIIOCOOOM PELIeHHsI 33/1a4 TeIIOMaccoIe-
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peHoca B METANIOTHAPUIHBIX peakTopax. Upe3Bb4aiiHO MEpPCIEKTUBHBIM Me-
TOJIOM pa3pabOTKH BBICOKOI()(EKTHBHBIX TEIUIOOOMEHHUKOB JUIsSl METAIOTHI-
PHUAHBIX DPE3epByapoOB MOTYT CTaTh aJUINTHBHBIC TEXHOJOTHH. AJITUTHBHOE
MPOU3BOACTBO MO3BOJISAET U3TOTaBIMBATh HEOOJBLINE NETalH MCKIIOYUTEIEHO
CJIOXKHOHN (DOPMBI, a TaKKe BHYTPEHHUE KOHCTPYKLUH M MaTPHIIBI, HEBO3ZMOXK-
HBIE TIPH JIFOOOM JIPYTOM CIIOCO0€ TIPOM3BOJICTBA METAILIOB.

B nmanHO# paboTe OBLT paccMOTpeHa MOJENIb METALUIOTHIPUIHOTO peak-
TOpa ¢ MaTepruaIoM-HaKOMUTeleM Boopoaa Ha ocioBe Mg/MgH2. Yuncnennoe
MOJICITMPOBAHUE MPOU3BOAMIOCH C UCIOIb30BaHUEM Makera mporpamm Comsol
Multiphysics. [lns yaydiienns Teruionepeaay B METAIOTHAPUIHOMN 3achIKe
paccMaTpHMBaJICSl PE3UCTHBHO HArpeBaeMblil CTEPIKEHb C MEIHBIMH JHCKaAMH
pasHoil reoMeTpuy. BbUTO IPOM3BEAEHO MOJEINPOBAaHHE TECUSHHUS BOJOPOJA B
cBOOOJHOM 00BbEMe M METaJUIOTHAPUAHON 3aChINKe, a TAKXKE pacCuUTaHa CKO-
POCTB 3apSIKH METALIOTHAPUIIHOTO aKKyMYJIITOpPa BOAOPOA.

Pabora BeimonHeHa nipn moanepxke Poccuiickoro HayuHoro ¢oHma (Tipo-
exT Ne 22-29-01280), a Taxke B paMKaxX IPOrpaMMbI TIOBHIIIEHHS KOHKYPEHTO-
criocobHocTH TOMCKOTO MOJIMTEXHUYECKOTO YHHBEPCHUTETA.

SIMULATION OF THERMAL PROCESSES IN A HYDROGEN
STORAGE SYSTEM BASED ON MAGNESIUM/MAGNESIUM
HYDRIDE

R. R. Elman, V. N. Kudiiarov, N. E. Kurdyumov, N. S. Pushilina

Tomsk Polytechnic University

The development of hydrogen energy is attracting more and more attention
from the international community. One of the key challenges for large-scale
applications of hydrogen is the implementation of safe and efficient hydrogen
storage and transportation system. For this purpose, the use of metal hydride
reactors is being considered. There are many different parameters that affect the
performance of a metal hydride reactor, one of the most important of which is
the heat management. Effective thermal management can be achieved through
design parameters, such as an optimal filter arrangement, geometric distribution
of metal hydride inside the container, design of fins, etc. Known methods for
increasing heat transfer include the use of metal foams, compacts, heat ex-
changers and external jackets. However, the use of heat exchangers and various
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fins designs is the most common way to solve the problems of heat and mass
transfer in metal-hydride reactors. An extremely promising method for devel-
oping highly efficient heat exchangers for metal hydride tanks can be additive
manufacturing technologies. Additive manufacturing makes it possible to pro-
duce small parts with exceptionally complex shapes, as well as internal struc-
tures and matrices not possible with any other type of metal manufacturing.

In this paper, we considered a model of a metal hydride reactor with a hy-
drogen storage material based on Mg/MgHa. Numerical simulation was carried
out using the Comsol Multiphysics software package. To improve heat transfer
in the metal hydride bed, a resistively heated rod with copper fins (disks) of
different geometry was considered. Simulation of the flow of hydrogen in the
free volume and metal hydride bed was carried out. The charging rate of the
hydrogen metal hydride accumulator was calculated as well.

The work was supported by the Russian Science Foundation (project no.
22-29-01280), as well as within the framework of the program to improve the
competitiveness of Tomsk Polytechnic University.
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BBIJIEJIEHUE BBICOKOOHEPITETHYECKHUX HOHOB TPUTHUSA

" o-HACTHUIL U3 ITIPUITOBEPXHOCTHOI'O CJIOA JINTUSA ITPUA

HEMATPOHHOM OBJIYUYEHUU B AKTUBHOM 30HE SI/IEPHOI'O
PEAKTOPA

K. Camapxanoe'’, 3. Bamvipberoe?, M. Xacenos', T. Kynvcapmos,
1O. I'opouenxo®, IO. lonxpamoe?, E. Tynybaes?, B. Bouxos

! dumman MHCTHTYT aTOMHO# YHepruy HamoHansHOTO SA€pHOTO LEHTPA
Pecny6mmmku Kazaxcran, r. Kypuaros, Kazaxcran
2 HaumoHaIbHbIH simepHbIi eHTp PecryOnmkn Kazaxcraw,
r. Kypuaros, Kazaxcran

B nocnennue roasl OAHUM U3 MEPCHEKTUBHBIX HAIPABJICHUN B Pa3BUTUU
TEPMOSIIEPHBIX YCTAHOBOK SIBJISIIOTCSL MCCIIEJOBAaHUSA, CBSI3aHHBIE C UCIOJb30-
BaHMeM JIMTHUS [1] U ero paznMuYHBIX COEAMHEHUN [2] B KauecTBe MaTepuaina,
oOparieHHOro K mia3Me. Mcrnons3oBaHue JIMTHS B Ka4eCTBE Marepuaia, oopa-
IICHHOTO K IUIa3Me, B OONBIIMHCTBE CIyYacB Peaiu3yeTcsl 3a CYET UCIIONB30-
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BaHMs KanwuispHo-niopuctoit cTpyktypsl (KIIC) B kauecTBe crabmimsupyro-
mei marpunbl [3]. UroOsl obecrieunTb 3(GQEKTUBHYIO TE€HEPALUIO TPHUTHS,
HEOOXOANMO H3yUUTh €r0 B3aNMOAEHCTBUE C 3JIEMEHTAMH CHCTEM TEpMOsAEp-
HBIX PEaKTOPOB M B NEPBYIO OUYEPENh C CAMHM MaTEpHaIOM, B KOTOPOM OyZIeT
TeHepHUpOBaThC TPUTHA. B [4] mpencTaBieHbl SKCIEPHIMEHTAIBHBIE UCCIIEN0-
BaHMA, IOKA3bIBAIONINE BO3MOXKHOCTh HCIOJIB30BAHUS METOAA ONTHYECKOH
JIMAarHOCTHKHN BBICOKOTEMIICPATYPHON IUTa3Mbl B TEPMOSIIEPHBIX PEAKTOPAX.
B skcriepuMeHTax MO HM3YYEHHIO  ONTHYECKOTO  W3JIYYCHHS  SAEPHO-
BO30Yy’K/IaeMO IUI1a3Mbl, MPOBOJMMBIX Ha SICPHBIX pEaKTopax, ra3oBoe BO3-
Oy>xeHHe 00BIYHO OCYIIECTBISIIOT C MCIIOJIb30BaHHEM MPOJYKTOB DK30TEPMH-
YCCKUX ANCPHBIX peaxunﬁ, MMPpOUCXOAAIINX TTPU BSaHMOﬂeﬁCTBHH TCIIOBBIX
neiitponos ¢ sapamu SHe, 2°U, 1B, ®Li [5]. Menee M3ydeHHBIM [0 HAIIMX
pabot [6, 7] OBUIO WCHOIB30BaHUE SACPHON pEAKIHUU JTUTHSI-6 C TEIUIOBBIMU
HeWTpoHamu. bonbmias ammHa cBOOOZHOrO mpobera siaep TPUTHS B JINTHH
(130 MKM) 1 Ta30BBIX cpeax (35 ¢cM B Telud aTMOC(EPHOTO JABIEHHUS) TO3BO-
nseT Bo30yxkaaTh OonbpImne O0BEMBI Ta30B M 00SCIEUMBATH OOJBITYIO MOII-
HOCT, BJIOYKEHHYIO B Ta3, B CPABHEHHH C TIPOLYKTAMHU PEAKIUH ~°B.

B Hacrosieit pabdote paccMmarpuBaroTes iN-SitU CIEKTPOCKOMUYECKUE U3-
MEpeHHUs SAEPHO-BO30YKIEHHON IUIa3Mbl HHEPTHBIX I'a30B, B YACTHOCTH, JIIO-
MHUHECIIEHIIN MHEPTHBIX Ta30B B HIMPOKOM TEMIIEPaTypHOM M CHEKTPaJbHOM
JMara3oHe, BO30YXKIaeMbIX MPOAYKTaMH siepHoil peaxuuu °Li(n, a)®H B ak-
TUBHOHM 30HE siIEpHOTO peakTopa. McTOYHHKOM BO30YKIEHHS Ta30B CITyKHUT
TOHKUH CJIOM JINTUS, HAHECEHHBIM HA CTEHKHM 3KCIEPHUMEHTAIbHOIO YCTpPOM-
ctBa [8], crabummsupoBanssiii B Matpure KIIC. B xoxe BHyTpupeaKkTOpPHBIX
UCTIBITAaHWH, IPOBEACHHBIX Ha HccienoBaTeabckoM peakrope VIBI.1M, Temo-
BbIC HEHTPOHBI B3auMoOJeiicTByioT mo peaxuum °Li(n, o)®H, a BbuteTeBIIHE
anb(a-4acTHIBl ¢ KHHETHYeCcKoi aHeprueit 2,05 MaB u noHbl TpuTHS C KHUHE-
TH4ecKkoil »Heprueit 2,73 M»aB B030yXIaroT Ta3oByr0 cpeny. HTEeHCHBHOCTD
BBIJICTICHNS] NOHOB TPUTHS M3 CJIOS JUTHA B MHEPTHBIX r'a3ax OLEHUBAIH II0
HHTEHCHBHOCTH O-IHMHUH BansMepoBckoi cepun atoma Tputus To (656,2 HM).
HccnenoBanbl TeMIepaTypHbIe 3aBUCHMOCTH MHTCHCHBHOCTH HM3ITYy4EHHS aTo-
MOB WHEPTHBIX Ta30B U BbIneneHus tputus. [Ipu temmeparype, paBHoit 673 K
HaOTI0ATIOCh 3HAYHUTENIHHOE BBIJCICHNAEC TPHUTHUS 3a CUET Hadama AecopOnmn
TEpPMaJIM30BaHHBIX aTOMOB TPHUTHSI, PACTBOPEHHBIX B )KUAKOH (haze IuTHsL.

HOﬂy‘{eHHble PE3YAbTAThI MPCACTABIIAIOT UHTEPEC C TOYKU 3PCHUSA BLIAC-
HEHHUS] MEXaHU3MOB U Pa3pabOTKH MOJIeJIe, TTO3BOJISIONINX OMKCATh ITPOIIECCHI
renepauuy, 1uddQy3un 1 BeIJENCHNS TPUTUS U3 JIMTHS PU HEUTPOHHOM 00JTy-
YCHUMU.
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HIGH-ENERGY TRITIUM IONS AND o-PARTICLES RELEASE
FROM THE NEAR-SURFACE LAYER OF LITHIUM DURING
NEUTRON IRRADIATION IN THE NUCLEAR REACTOR CORE

K. Samarkhanov?, E. Batyrbekov?, M. Khasenov?, T. Kulsartov?, Y. Gordienko?,
Y. Ponkratov, Y. Tulubayev’, V. Bochkov?

LInstitute of Atomic Energy Branch of the National Nuclear Center
of the Republic of Kazakhstan, Kurchatov, Kazakhstan
2 National Nuclear Center of the Republic of Kazakhstan, Kurchatov,
Kazakhstan

In recent years, one of the promising directions in the development of fu-
sion facilities is research, related to the use of lithium [1] and its various com-
pounds [2] as a plasma-facing material. The use of lithium as a plasma-facing
material in most cases is realized by using a capillary-porous structure (CPS) as
a stabilizing matrix [3]. To ensure effective tritium generation, it is necessary to
study its interaction with the elements of fusion reactor systems and foremost
with the material itself, in which the tritium will be generated. In [4] describes
experimental studies that show the possibility of using the method of optical
diagnostics of high-temperature plasma in fusion reactors. In experiments to
study the optical radiation of nuclear-excited plasma conducted at nuclear reac-
tors, gas excitation is usually carried out by using products of exothermic nu-
clear reactions occurring the interaction of thermal neutrons with He, 2%U,
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198, 8Lj nuclei [5]. Less studied before our works [6, 7] was the use of a nuclear
reaction with lithium-6 with thermal neutrons. The large mean free path of triti-
um nuclei in lithium (130 pm) and gaseous media (35 cm in atmospheric pres-
sure helium) makes it possible to excite large volumes of gases and provide a
larger amount of power nested in the gas in comparison with reaction products
with 9B,

The present paper examines in-situ spectroscopic measurements of nucle-
ar-excited plasma of noble gases, in particular, the luminescence of noble gases
in a wide temperature and spectral range, excited by the SLi(n, a)®H nuclear
reaction products in the core of a nuclear reactor. A thin layer of lithium ap-
plied on the walls of the experimental device [8], stabilized in the matrix of
CPS, serves as a source of gas excitation. During in-pile tests, conducted at the
IVG.1M research reactor, thermal neutrons interact via the Li(n, o))*H reaction,
and the emergent alpha particles with a kinetic energy of 2,05 MeV and tritium
ions with a kinetic energy of 2,73 MeV excite gaseous medium. The intensity
of tritium release from the lithium layer in noble gases was estimated by the
intensity of the alpha line of the Balmer series of the tritium atom Ta
(656,2 nm). The temperature dependence of intensity of the emission of atoms
of noble gases and tritium release were studied. A significant tritium release
was observed at 673 K due to the beginning of desorption of thermalized triti-
um atoms dissolved in the liquid phase of lithium. The results are of interest in
terms of clarifying the mechanisms and developing models that allow describ-
ing the processes of generation, diffusion, and release of tritium from lithium
during neutron irradiation.
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METOJbI AETPUTU3AIIUU MATEPUAJIOB B TEPMOAJEPHBIX
PEAKTOPAX

T. A. Hlwwuxosa™? A. B. F'onybesa X, M. 5. Posenxesuu?

YHUALL «KypuaToBckuii MHHCTUTYT», Mocksa, Poccus
2Poccuiickuii XUMHUKO-TEXHOJIOTMYECKU I yHuBepcureT uMm. /1. 1. Menneneesa,
Mocksa, Poccus

ITockonbKky HakoIJI€HUE TPUTHSA B MaTepHajax sIBJISETCS MOTEHIHAIbHON
npobiemoit st TepmosiaepHbix peakropoB (TSIP), paspaborka TexHomoruit
U3BJICUEHUS] TPUTHS, TO €CTh JNETPUTHU3ALMU, ABISETCA OAHON U3 MPUOPHUTET-
HBIX 33/1a4 B Pa3BUTHH TEPMOSICPHOH sHepreTuky. HeoOxomumocTs ee pere-
HUsI 00YCIJIOBIIEHA BOIIpOCaMy O€30I1aCHOCTH, TaK KakK MPOHHKHOBEHHE TPUTHUS
B OKPYXAIOLIYIO CPedy uYepe3 peakTOPHbIe MaTepHalibl MOXET MpPeJCTaBIATh
MOTEHIMATBHYIO YIPO3y AJIsl 340pOBbsl IIepcoHana U HaceneHus. Kpome toro,
n3-3a BBICOKOM CTOMMOCTH TPHUTHSI €r0 M3BJIECUCHHE M BO3BPAT B TOILIMBHBIN
IUKJT SIBJISIFOTCS HEOOXOJUMBIMU C TOYKH 3PEHUSI CHIDKEHUS SKOHOMHYECKHX
NOTeph. 3aja4a W3BJICUCHUSI TPUTHUS aKTyalbHa TAaKXK€ B paMKax HOATOTOBKH
MaTepHalioB K OKOHYATEIbHON YTHIM3ALIH AJIs1 YA0BICTBOPEHNS TPeOOBAHHUAM
paauanoHHON Oe30MacHOCTH.

Hecmotpst Ha To, 4TO GepuUIHil U BOJIb(pAM — OJJHU M3 OCHOBHBIX KaH/IH-
JIaTHBIX MaTepuajoB nepBoi cteHku TP — xapakTepusyroTcsi HU3KOW pacTBO-
PHMOCTBIO BOAOPOJIA, 3aXBaT B Jeekrax KPUCTAIUINUECKOH CTPYKTYPhl MOXKET
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00YCIIOBHUTh BBICOKYIO CKOPOCTh HaKoOIUIcHHs. UTOOBI moJaepkuBaTh Oe3ormac-
HYI 1 3QGEKTUBHYIO PabOTy TEPMOSICPHOTO PEaKTOpa, B MPOIECCE €ro IKC-
IUTyaTalnuyd HeoOXOJMMO MPOBONUTH MEPUOJHUYECKYIO JETPUTU3AIMIO BaKyyM-
HOW Kamepsl. [{nsa permreHust 3Tod 3amaum TpeOyIOTCS Y(PPEKTHBHBIE METOJEI,
MO3BOJISIOIIKE 0€3 HapyIICHUsI LEJOCTHOCTH U (DOPMBI IIEMEHTOB peakTopa
obecreunTh HEOOXOAMMYIO CTeleHb NETPUTH3ALUK Marepuana. B kauecTBe
TaKUX METOJOB PACCMaTPUBAIOT MPOTPEB B BaAKyyMe, H30TOMHbBII OOMEH, Mpo-
JIyBKY WHEPTHBIM ra30M, 00JydeHHE MIIA3MEHHBIM Pa3psiiOM, UMITYJIbCHOE Jia-
3epHOe oOnyuyeHue. [IporpeB B BakyyMe B HACTOSIIEE BPEMs SIBIICTCS OCHOB-
HOU TeXHOJOTUeH neTputuzanuu Matepuanos peakropa UTIP [1].

Lenpto nanHOTO JMOKIana sIBIsiETCS OOOOIEHHME W CHCTEMaTH3alus pe-
3YJbTATOB JIUTEPATYPHBIX JaHHBIX, MOCBAIICHHBIX HCCICAOBAHUAM 3(1)(1)6KTI/IB-
HOCTU pa3IMYHbIX MCTOJAO0B ACTPUTHU3ALIUU. bonbmasa gactb OKCIICPUMEHTAJIb-
HBIX MCCJIEIOBAHMI NPOBOJUTCA C JIESTKMMHU M30TONAaMU BOJIOPOJia BBUAY MX
JIOCTYIHOCTH M MPOCTOTHI OOpAIEHHs, ¥ YCIOBHUSI B TADOPATOPHBIX IKCIIEPH-
MeHTax gajeku oT ycnoBuii B TSP (HOTOKH ¥ MIOTHOCTH MMOTOKOB, KaK MpaBH-
JI0, CYHIECTBEHHO HMXke). TeM He MeHee, MOXKHO OTMETHUTh PsiJ 3aKOHOMEPHO-
cTell, KoTopbie OYIyT CIPaBEUIUBBI U MPH JACTPUTHU3ALNHA MATEPUATIOB TEPMO-
SIIEPHOTO PEAKTOPA.

HccnenoBaHre BBIMOIHEHO B paMKax Hay4dHO# mporpammbl HarpoHasb-
HOTO LeHTpa (U3MKKM M MaTeMmaTHku, HanpabiieHne Ne 8 «Dwusuka M30TONOB
BOJIOPOZA».
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Since the tritium retention in materials is a potential problem for fusion re-
actors, the development of tritium removal technologies is one of the priority
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challenges in the development of fusion energy reactors. The need to solve this
problem is due to safety issues, since the tritium release into the environment
through reactor materials can pose a potential hazard to the health of personnel
and the public. In addition tritium cost is very high, and its removal and return
to the fuel cycle is necessary in terms of reducing economic losses. The prob-
lem of tritium removal is also relevant when preparing reactor structural ele-
ments for final disposal to meet radiation safety requirements.

The candidate materials for the plasma-facing components of fusion reac-
tors (tungsten, beryllium) have low hydrogen solubility, but the trapping of fuel
isotope in structural defects can determine the high rate of tritium retention. To
maintain the safe and efficient operation of a fusion reactor it is necessary to
periodically remove tritium from vacuum chamber materials. For this purpose
cost-effective methods are required to ensure the necessary degree of tritium
removal without violating the integrity and shape of the reactor elements. Vac-
uum heating, isotope exchange, inert gas purge, plasma discharge irradiation,
and pulsed laser irradiation are considered in the literature as such methods.
Vacuum heating is considered as a technology of tritium removal from ITER
reactor materials [1].

The purpose of this work is to generalize and systematize the literature da-
ta on studies of the effectiveness of various tritium removal methods. Most of
the experimental studies are carried out with light hydrogen isotopes due to
their availability and ease of handling, also the conditions simulated in the ex-
periments are not the same as real plasma fluxes and fluencies in fusion reac-
tors. Despite this fact, a number of important regularities can be noted that will
be fair at tritium removal from fusion reactor materials.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, Ne «Physics of Hydrogen
Isotopes».
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HU3KOTEMITEPATYPHASI KOHBEPCHUS MOJUGUKAIIAN
BOJOPOJA U JJEUTEPO-BOJOPOIHBII OBMEH B ITIPOLIECCAX
OXXMKEHUSA U PA3IEJEHUS U30TOIOB BOJIOPOJA
KPUOT'EHHOM PEKTU®UKALIUEN

M. b. INwenuywvin, O. A. Boesa

@DeneparpHOE TOCYJAPCTBEHHOE OI0KETHOE 00pa30BaTEIEHOE YUPEKICHUE
BBICIIET0 00pa3oBaHms «POCCHIICKII XUMUKO-TEXHOJIOTHYECKIH YHHBEPCUTET
mMm. J[. 1. MenneneeBa»

[TomyueHue UAKOro BOAOPOJA YBEIUUHUBACTCS C KaXJbIM rogoM. OH He-
00X0IIM 1Sl BOZOPOTHOM SHEPTETHKH, pa3/ielieHHs] U30TOMOB BOJIOPOAa KPHO-
TeHHOHM peKTU(UKaLUeH, a TaKKe s BEICOKOA(P()EKTUBHOTO PAKETOCTPOCHHMS
pa3nu4yHOoro HasHaueHusa. CorjacHO 3HepreTudeckoil ctpaTteruu Poccuiickoi
®enepanun, k 2035 1. cTpaHa [0JKHA BONTH B YMCIIO MUPOBBIX JIMJEPOB 110
MIPOM3BOJICTBY M MOTpebIeHNIo BoJopoaa. Ha naHHBEIH MOMEHT HHGPACTPYKTY-
pa Bojopoaa B Poccun mpencraBiieHa B OOJNBIIMHCTBE CBOEM 3aBOAAMH, SIBIIS-
IOIIMMHUCS. 4aCThl0 NPOM3BOJACTB KPYMHOTOHHAKHOM XHMHUYECKOH MPOMBIII-
JIEHHOCTH. B cBOIO ouepenp, Ui pa3BUTHS JaHHOH MH(PACTPYKTYphl HE0O0XO-
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JUMO MMETh BO3MOXKHOCTb TPAHCHOPTUPOBKH U JIOJTOBPEMEHHOI'O XpPaHEHUS.
Hanbonee 5KOHOMUYECKH BBITOJICH ISl 3TOTO XKUAKUH BogopoJ. B mpoussoa-
CTBE >KHIKOTO BOAOPOJAA MPHUCYTCTBYET CTaIUs KaTAIMTHYECKOW PEaKIUU Op-
TO-NIapa KOHBEPCHH NPOTHs, 3aKIFOYAIONIAACS B U3MEHEHUH OPHUEHTALUH CITU-
HOB s/Iep B MOJIEKYJIE BOJOPOJa C NapaljieIbHOM Ha aHTHIapauleNnbHyo. Ten-
JIOBBIIETICHUE JAHHOM PEaKklIUU MPEBBIIAET TEIJIOTY HCIApEHus, 4YTO MIPHBO-
JUT K 3HAYUTENBHON MOTEepe MPOLyKTa. Peakius mpoUCXOOUT CaMOIIPOU3BOIIb-
HO TOJNBKO B XHJKOM BOAOPOJIE, MOCKOJBbKY OH 00JaJaeT MarHUTHBIMH CBOM-
cTBamMu. J{1s pemieHus 3Tod mpoOieMbl HEOOXOIUMO B IMPOLECCE OXKIKEHHS
MIPOBO/INTH IPUHYAUTEIbHYIO KOHBEPCHIO, KOTOpasi TpeOyeT BbICOKOd(deK-
TUBHOTO KaTaJlu3aTopa.

B npornecce kpruoreHHo# pekTHdUKaMy BOJIOPOAa TaKKe HEOOXOIUM Ka-
Taau3aTop AJIA Pa3JIoKEHUs JeHTepO-BOJOPOIHON CMECH.

B nanHOl paboTe mpeacTaBiIeHbI pe3yabTaThl UCCIEIOBAaHUS KaTalnu3aTo-
POB Ha OCHOBE HaHO4YACTHI MeTaioB 1-b rpynmsl. Ilokazano, 4To HaHOYACTH-
Il METAJUTOB 00JIAalOT OCTATOYHO BBICOKOW KAaTaJMTHYECKOH aKTHBHOCTBHIO
B o0enx peakuusx. HemocTaTok NaHHBIX KaTalM3aTOPOB 3aKIIOYAETCS B He-
ycroitunBoctr K TemneparypaM Bbime 150-200 °C. MexHble HAHOYACTHUIBI K
TOMY JK€ CKJIOHHBI K OKHCIJICHHIO Ha Bo3ayxe. OIHaKo mpoOieMbl MOXHO pe-
mUTh GOpMHUPOBAHNEM OMMETANIMIECKUX YacTHL. B3anmMoseiicTBre MeTanioB
IIPU HAXOXKACHUHU B OJHOM HaHOArperare MPUBOAUT K MPOSBICHUIO CHHEPTUH,
3aKJIFOYAIOILEHCS B MOBBIIICHUU KAK KaTaJUTUYECKUX CBOMCTB, TaAK U yCTONYH-
BOCTHU K BO3JICHCTBUSIM BHELIHEN Cpeabl.

PaGora BeImOMHEHa B paMKax mporpammbl  pa3ButHi PXTY
um. JI. . Menpgeneesa «IIpuoputer-2030».
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LOW-TEMPERATURE CONVERSION OF HYDROGEN
MODIFICATIONS AND DEUTERIUM-HYDROGEN EXCHANGE IN
THE PROCESSES OF LIQUEFACTION AND SEPARATION OF
HYDROGEN ISOTOPES BY CRYOGENIC DISTILLATION

M. B. Pshenitsyn, O. A. Boeva

Federal State Budgetary Educational Institution of Higher Education «Russian
University of Chemical Technology named after D. 1. Mendeleev»

The production of liquid hydrogen is increasing every year. It is necessary
for hydrogen energy, separation of hydrogen isotopes by cryogenic distillation,
as well as for highly efficient rocket science for various purposes. According to
the energy strategy of the Russian Federation, by 2035 the country should be-
come one of the world leaders in the production and consumption of hydrogen.
At the moment, the hydrogen infrastructure in Russia is represented mainly by
plants that are part of the large-capacity chemical industry. In turn, for the de-
velopment of this infrastructure, it is necessary to have the possibility of trans-
portation and long-term storage. Liquid hydrogen is the most cost-effective for
this. In the production of liquid hydrogen, there is a stage of the catalytic reac-
tion of the ortho-para conversion of protium, which consists in changing the
orientation of the spins of the nuclei in the hydrogen molecule from parallel to
antiparallel. The heat release of this reaction exceeds the heat of vaporization,
which leads to a significant loss of the product. The reaction occurs spontane-
ously only in liquid hydrogen, since it has magnetic properties. To solve this
problem, it is necessary to carry out forced conversion in the liquefaction pro-
cess, which requires a highly efficient catalyst.

In the process of cryogenic hydrogen distillation, a catalyst is also needed
to decompose the deuterium-hydrogen mixture.

This paper presents the results of a study of catalysts based on nanoparti-
cles of metals of group 1-B. It has been shown that metal nanoparticles have a
sufficiently high catalytic activity in both reactions. The disadvantage of these
catalysts is the instability to temperatures above 150-200 °C. Copper nanopar-
ticles are also prone to oxidation in air. However, the problems can be solved by
the formation of bimetallic particles. The interaction of metals when they are in
one nanoaggregate leads to the manifestation of synergy, which consists in an
increase in both catalytic properties and resistance to environmental influences.

The work is performed in the framework of the development program
«Priority-2030» of the Mendeleev University of Chemical Technolo-
gy of Russia.
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INPUMEHEHME I'A30BbIX HEHTPU® YT JJIA PA3JAEJEHUA
HU30TONOB BOAOPOJA (MHOTI'OKOMIIOHEHTHOE
PA3AEJIEHUE)

C. C. Kucenes

VYpanbsckuii ¢enepabHblil yHUBepcUTET UMEHH niepBoro [Ipesunenta Poccun
b. H. Ensuna

Hentpudyra ocraercs 3¢(HeKTUBHBIM pa3ACIUTEILHBIM YCTPOWCTBOM,
CHOCOOHBIM KOHKYPUPOBATh C 0oJiee HOBBIMH TEXHOJOTHSMH, HAIPHUMED, Ja-
3€pPHBIM pasjieieHreM. JTO 00YyCIIOBICHO KaK CaMUM TPHHIIUIIOM pa3ZeIeHUs,
TaK ¥ CyIIECTBOBAHUEM XOPOULIO OTPaOOTaHHBIX M UCTIBITAHHBIX YCTPOMCTB.

Hentpudyra, nepsonavyanpHo, Oblia pa3paboTaHa s pasfciicHHs Ou-
HapHO#l ra3oBoii cmecu. CoBpeMeHHBIE HOTPEOHOCTH pasjlesieHusi TpeOyloT
npucrnocoOiIeHus NeHTPUPYTH JUIsl pa3feneHlss MHOTOKOMIIOHEHTHBIX CMECEH.
D10 TpeOyeT A0pabOTKH KOHCTPYKIIUH CaMOW HEHTPU(YTH U TEOPETUUECKOTO
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UCCJIEJOBAHMSI ONTHMAJILHOTO pa3JelIeHus] MHOTOKOMIIOHEHTHBIX CMecel B
9TOM YCTpPOMCTBE.

OpHoit U3 pobIeM, KOTOPYI0 HEOOXOIMMO PEIINTh, SBISETCS OpraHH3a-
IIUs TOTIOTHATENEHOTO 0TOOpa. LlenTpudyra mnst pazaeneHus OWHApHON cMecH
¢ aByMs oTOOopaMH He CIOCOOHa oOecrednTh >(PQPEKTHBHOE BEINEICHUE W3
MHOTOKOMIIOHEHTHOW CMECH MOJIEKYN C MPOMEKYTOYHBIMA MaccaMi. Jlaxe B
CiTydae, KOT/ia IEeNbI0 pa3/ieeHns SABIACTCS MOMyYeHne KOMIIOHEHTa C MUHU-
MaJbHOW WIM MaKCUMaJbHOM Maccod, HaJIW4YHME B CMECH COCTaBJISAIOIINX C
MPOMEXXYTOYHBIMH MacCaMH MpersTcTByeT 3pPekTHBHOMY 00OTaleHUI0 CMe-
CH IIeNIeBbIM KOMIOHEeHTOM. Kak ObLI0 moka3aHO B pabotax [1, 2], ogHuM u3
MEPCIEKTUBHBIX CHOCOOOB MOBBIMIEHUS (PPEKTUBHOCTH pa3eieHHs SBISETCS
Oopranuzanus B 6I/IHapHOM KackaJae OOIIOJIHUTCIBbHOI'O 0T6opa JUIs1 BBIBEJICHUA
KOMIIOHEHTA C IIPOMEKYTOYHOM MacCcoi.

B pabote mpoBeseH pacyeT MeCTOMOIOXKEHU (PaiyC) TOTOJIHUTEIHHOTO
0TOOpa IPOMEKYTOYHOTO KOMIIOHEHTa B TIPSMOTOYHON EHTPUPYTE C YCIOBHU-
€M MaKCHMU3alud Kod(p¢uimeHTa pasneneHus. [IpoaHanm3upoBaHa 3aBHCH-
MocCTh K03 uirierTa pa3aeneHust OT KOHIIGHTPAIIUH KOMIIOHEHT CMECH.

[MomyueHo BIpakeHHEe A KOI(D(UIMEHTa pa3feNeHus I BCEX KOMIIO-
HeHT. [Toka3aHo, 94TO ONTHMallbHAas TOYKa OTOOpA MPOMEKYTOYHOTO KOMIIO-
HEHTa 3aBHCHT OT OTHOIICHHS KOHIEHTPAIMU JIETKOTO U TSKEJIOr0 KOMITOHEH-
TOB. HO.Hy'-IeHHI)Ie BBIPpAXKCHUA IMTPUMEHCHBI JUIA IPOMEKYTOYHOIO KOMIIOHCHTA
BojiopoJia (Macca 3) M MOTYT TakKe MPUMEHSTHCA K Pa3IMYHBIM ra3000pa3HbIM
BCOICCTBaAM, a BIIOCJICACTBUU 6I>ITB YacCTblO pacy€Ta MHOT'OKOMIIOHCHTHOTIO
Ppa3/IeUTEIbHOI0 KacKaa.

JIUNTEPATYPA

1. TTankua B. A. MHOTOIOTOYHBIE KacKaabl ISl Pa3fesieHus] MHOTOKOM-
IMOHCHTHBIX M30TONMHBIX cMecedl // Atomuast sueprus. 2015. T. 119, Ne 2,
C. 101-105.

2. MMankuu B. A., CoutneB H. A., ®ponos E. C. PacueT onTumManbHBIX ma-
paMeTpoB Kackaja Jis pasjeSeHUs MHOTOKOMIIOHEHTHOM cMecH M30TOMOB //
ATtomnas sueprust. 2002, Ne 92(2), C. 130-133.
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THE USE OF GAS CENTRIFUGES FOR THE SEPARATION OF
HYDROGEN ISOTOPES (MULTICOMPONENT SEPARATION)

S. S. Kiselev
Ural Federal University named after the first President of Russia B. N. Yeltsin

The centrifuge remains an efficient separation device that can compete
with newer technologies such as laser separation. This is due both to the very
principle of separation, and the existence of well-developed and tested devices.

The centrifuge was originally designed to separate a binary gas mixture.
Modern separation needs require the adaptation of a centrifuge to separate mul-
ti-component mixtures. This requires refinement of the design of the centrifuge
itself and a theoretical study of the optimal separation of multicomponent mix-
tures in this device.

One of the problems that needs to be solved is the organization of addi-
tional selection. A centrifuge for separating a binary mixture with two selec-
tions is not capable of providing efficient separation of molecules with inter-
mediate masses from a multicomponent mixture. Even when the goal of separa-
tion is to obtain a component with a minimum or maximum mass, the presence
of components with intermediate masses in the mixture prevents the effective
enrichment of the mixture with the target component. As shown in [1, 2], one
of the promising ways to increase the efficiency of separation is to organize
additional selection in a binary cascade to remove a component with an inter-
mediate mass.

In the work, the location (radius) of the additional selection of the inter-
mediate component in the once-through centrifuge was calculated with the
condition of maximizing the separation factor. The dependence of the separa-
tion factor on the concentration of the mixture components is analyzed.

An expression for the separation factor for all components is obtained. It is
shown that the optimal sampling point for the intermediate component depends
on the ratio of the concentrations of the light and heavy components. The re-
sulting expressions are applied to the intermediate component of hydrogen
(mass 3) and can also be applied to various gaseous substances, and subse-
quently be part of the calculation of a multicomponent separation cascade.
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P®OPMHUPOBAHHUE MOHOKPUCTAJLIMYECKOI'O CJIOs1
JEUTEPUS B COEPUYECKOHU OBOJIOYKE

M. A. Pozoxcuna®, E. FO. 3apybuna? H. A. Yyzpos*
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HAyYHO-HMCCIIEIOBATEIECKAN HHCTUTYT SKCIICPUMEHTANBHON (prU3nKu
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¢umman MI'Y B 1. CapoBe
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Jna gopmuposanus 00HOPOOHO20 MBEPO020 CNOL U30OMONO8 8000POOd 8
cpepuueckou 0bon0UKe HeobX00umMo obecneuums O0OHOPOOHOE MeNnio8oe
OKpYyHCcenue 000N0UKY, UCTNIOUYHUK MENI08bl0eNeHUsl 8 Cloe Tb0d U MOHOKDU-
cmanaudeckylo cmpykmypy eewecmea. Ilpusedenvl pe3yibmamvl IKCHEPUMEH-
Mo 8 0OHOU U Mol JHce chepureckoll 0boa0UKe ¢ opmuposanuem cios oeli-
mepusi Memooom ObICTNPO20 3AMOPANCUSAHUSA (NOTUKPUCANTUYECKAS CINPYK-
mypa) u mMemooom svipawusanus monokpucmania. Iloxasano eénusanue ouna-
MUKU KPUCIAITU3AYUY Oelmepus Ha Kauecmeao noyiaemozo Ciosl.

Jns mpoBeleHHs HCCICJOBAHUM B OOJACTH JIA3€PHOTO TEPMOSIEPHOrO
CHHTE32 HEOOXOJMMO CO3J1aTh KPUOTEHHYI0 MHIICHb C IJIaJIKUM OJHOPOIHBIM
TBEPJBIM CIIOEM BOJOPOJHOTO TOILIMBA B chepuueckoit obonouke. K kpuoren-
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HOMY CJIOIO IIPEABSBIISIOTCS BHICOKHE TPEOOBAHMS: OTKJIOHEHHUS OT c(hepUdHO-
CTH, KOHIEHTPUYHOCTH HE JOJKHA mpeBblmaTh 1 % [1], mepoxoBaToCTs BHYT-
pEeHHEH MOBEPXHOCTH KPHOCIOS IOJDKHA OBITH B mpenpenax | MKM ais Bcex
Moz [2].

Jnst opMupoBaHUsT KPHOTEHHOTO CIIOS 33JaHHBIX IapaMEeTPOB HCIIOINIB3Y-
€TCsl METOJ] PaAnaJIbHBIX TEMIICpaTypHbIX rpanueHTtoB [3]. s peamusannu
JAHHOTO METOAa HEOOXOAMMO 00ECHEYNTh OTHOPOIAHOE TEIUIOBOE OKPYKCHHE
000JI0YKH C TOTUIMBOM M MCTOYHHK OOBEMHOTO TEIUIOBBIIEICHHS B CIIOE TOII-
nBa. OOBbEMHBII HarpeB MPHUBEJET K TOMY, YTO OoJiee ToJICThie 001acTh TBep-
JIOTO BellecTBa OyIyT UMETh OoJiee BEICOKYIO TEMIIEPATypy U, CIEJI0BATENbHO,
Goisiee BbICOKOE JaBieHue napa. Jlex Oyaer nmepepacnpenensiTbes 10 TeX Iop,
IOKa BHYTPEHHsISI IOBEPXHOCTH BEI[ECTBA HE CTaHET M30TepMUUecKoil. B kaue-
CTBE HMCTOYHHKA OOBEMHOI'O TEIUIOBBIAEICHUS MOXeT Hcnojib3oBarscs MK-
HarpeB B o0Oonoukax npomyckaroumx VUK-uznydyenue wim Gera-pacnan B TpH-
THI-COAEpIKAIINX CIOSX.

Ecmu Ob1 00BeMHBIN HarpeB OBIT €MHCTBEHHBIM (PAKTOPOM, OTIPEIeIISIo-
M TPO(UIIB CII0SI, BEIIECTBO CPOPMHUPOBATIOCH OB B OHOPOAHBIN chepuie-
CKHUH CITIOW BHYTPH U30TEPMUIECCKOHN Chepruaeckoi Karcymsl. OQHAKO Ka4eCTBO
KpHCTaJUla TaKkKe BIMACT Ha OKOHYATENbHYIO Gopmy cios. Ciou, BBIpalieH-
HBIE METOJIOM OBICTPOTO OXJIAXKICHUS, OOBIYHO NMPHUBOJAT K 0OpPa30BaHMIO IIe-
POXOBATOTO MOJIUKPHUCTATUIMIECKOTO CI0s Jbaa [4]. s cHUXeHwHsI ImepoxoBa-
TOCTH JIbJia HEOOXOIMMO HCKJIIOYUTH WM XOTS OBl CHU3UTH KOJIMYECTBO KpHU-
cTayuorpaguYecKux AWUCIOKALUH (BHELIHUE I'paHM, TPAaHHIBI 3€PEeH) BHYTPH
JIb/1a ¥ TPEIIMH Ha BHYTPEHHEH MMOBEPXHOCTH JIbJ1a, KOTOPBIE MOTYT pPa3BUBATh-
cs BO BpeMs (a3bl pocTa Kpuctamia [5].

B nanHOI pabote mpezcTaBlieHbl pPe3yJabTaThl SKCIEPHUMEHTOB IO BbIpa-
IIMBaHUIO MOHOKpHCTaIa JieTepust B cdepuueckoii obomouke npu MK-
HarpeBe. [loka3aHo BIMSHME NTWHAMMKHM KpHUCTaJIM3allUM AEHTEepHUs Ha Kaue-
CTBO MOIY4aeMOro CIOsl.
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FORMATION OF ASINGLE CRYSTAL LAYER OF DEUTERIUM
IN ASPHERICAL SHELL

M. A. Rogozhina?, E. Yu. Zarubina®?, I. A. Chugrov!

LRFNC - All-Russian Research Institute of Experimental Physics, Sarov
2 Lomonosov MSU, Moscow, Faculty of Physics, MSU Branch in Sarov
oefimova@otd13.vniief.ru

In order to form a uniform solid layer of hydrogen isotopes in a spherical
shell, the uniform thermal surrounding of the shell, heat release source in the
ice layer and single crystal matter structure should be provided. Data are cited
regarding experiments in one and the same spherical shell dealing with the
Deuterium layer formation, using the fast freezing method (the polycrystalline
structure) and the single crystal growing method. The Deuterium crystalliza-
tion dynamics influence on the resulting layer quality is demonstrated.

With respect to laser fusion research, it is necessary to design a cryogenic
target with a smooth, uniform hydrogen fuel layer in the spherical shell. Strin-
gent requirements are imposed on the cryogenic layer, i.e.: deviation from
sphericity should not exceed 1 % [1], and the cryogenic layer internal surface
roughness should be within Imcm for all modes [2].

In order to form the cryogenic layer with the preset parameters, the meth-
od of radial temperature gradients is used [3]. The method implementation re-
quires uniform thermal surrounding of the fuel-containing shell and a source of
bulk heat release in the fuel layer. The bulk heating will lead to the situation,
when the thicker solid matter areas will have a higher temperature and conse-
quently a higher vapor pressure. The ice will be redistributed until the matter
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internal structure becomes isothermal. IR heating in the shells transparent to the
IR radiation or beta-decay in tritium-containing layers may be used as the bulk
heat release sources.

If the bulk heating ware a single factor defining the layer profile, the mat-
ter would form into a uniform spherical layer inside the isothermal spherical
capsule. However, the crystal quality also affects the final layer shape. The lay-
ers obtained with the help of the fast freezing method typically produce a rough
polycrystalline ice layer [4]. The roughness may be reduced by means of exclu-
sion of the crystallographic dislocation number or at least by their reduction
(the external faces, grain boundaries) inside the ice, and the number of cracks at
the ice internal surface that may develop during the crystal growth phase [5].

The present paper cites the experimental data on the Deuterium single
crystal growing in the spherical shell subjected to the IR heating. The Deuteri-
um crystallization dynamics influence on the resulting layer quality is demon-
strated.
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IIpugedennl pe3yrvmamul paspabomxu Memooos u cpeocms OUaeHOCMUK
napamempos Kpuo2eHHo2o Cl0si U30MON08 6000poo0d 6 MUULEHU HenpamMozo
00nyyenus 05 1a3epHo20 MepMOsI0epHO20 CUHmMe3d.

KpuorenHsle MHIIEHH, NMPEAOCTABISIEMbIE B JIA3EPHBIH SKCHEPHUMEHT MO
3a)KUTaHUIO, JOJDKHBI COOTBETCTBOBATH BBICOKMM TPEOOBAHHSAM: LIEPOXOBa-
TOCTb BHYTPEHHEH MOBEPXHOCTH KpHOCIIOS JOJDKHa OBITH B TIpenernax
1 mxm [1], OTKIOHEHHS OT OJHOPOTHOCTH, CPEPHUIHOCTH, KOHIIEHTPUIHOCTU
CJI0EB OJDKHBI ObITh MeHee 1-2 % [2]. B maHHO¥ paboTe mpuBEAEHBI pe3yilb-
TaThl Pa3pabOTKH METOIOB KOHTPOJIS MU30TOIIOB BOJIOPOJA B KPHOTCHHOH MU-
mreHd. ONTHYECKUI TEHEBOH METOJ HCIIOIb3YETCs ISl ONTHYECKH PO3PayHbIX
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000J104€eK, PEHTI€HOBCKUI METOA ¢ (ha30BBIM KOHTPACTOM - JUISi ONTHYECKU
HENpo3pavHbIX 000JI0YEK.

[IpoBeneHO ABYyMEPHOE MOJEIUPOBAHHE MPOXOKACHUS ITydKa BHIMMOTO
M3IIy4eHHs] Yepe3 KPUOTEHHYI0 MHUIIEHb METOJOM TPACCHPOBKU IIyded, rue
MIEpEMEHHBIMH TTapaMETPaMH SBIIIFOTCS] HEKOHIIEHTPUYHOCTD M HECPEPUIHOCTh
MOBEPXHOCTEH MHIIECHH, PACXOJUMOCTh M HAKIIOH ITyYKa OTHOCHUTEIBHO ONTH-
YEeCKOW OCH HaOMIOACHUS, CMEIIEHHE MIOCKOCTH JIOKAIH3alH H300paskeHns
OTHOCHTENFHO 3KBaTOpa MHIICHH, alnepTypa HAOIIOACHMSA, MOKa3aTelIH IIpe-
JIOMJICHHS CJIOEB, YUCIIO Jydeil U T. 1. MozaenupoBaHue HEOOXOJUMO Ul UC-
CJIEIOBaHUS BIIMSIHUS BBILICIIEPEUUCICHHBIX (DakTOpoB Ha (opmHupoBaHHE Te-
HEBOTO M300paXeHUsI KPUOMUIIIEHN U, COOTBETCTBEHHO, HA BBIUMCIIEHUE Tapa-
METPOB KPUOTEHHOTO CJIO0f, a TAKXKe JUI UCCIIAOBAaHUS IPAaHUI] TPUMEHUMOCTH
ONTUYECKOT0 TEHEBOI'0 METOA.

g mosmyueHUs TBEPAOTO KPHOT€HHOIO cJios TpeOyeMOoM TONIIMHBI pa3-
paboTaHa mporpamMMa BBIYHCICHHS BUAMMON BBICOTHI MEHHCKA JKHIKOTO TOIM-
JMBa ONTHYECKAM TEHEBBIM METOAOM IPH HAIOJHEHHUH 000JOYKU B IpOIEcce
IIPOBEICHUS SKCIIEpUMEHTOB. Pa3paborana mporpamMma Juist TEHEBOTO KOHTPOJIS
IIapaMeTpoB TBEPJIOTO KPHOCIHOS, B KOTOPOH MPH M3BECTHOM JHAaMETPE M TOJ-
myHE 000JIOYKH 110 TEHEBOMY M300pa’KCHHIO aBTOMATHYECKH BBIYHCISIOTCS U
3aIMCHIBAIOTCA B (aiii ciieayroniue napamMmerpbl KpUocios: Ipodumib, Mepoxo-
BaTOCTh, CHIEKTP MOLIHOCTH Dypbe, OTKJIOHEHUsI OT KOHIIGHTPUYHOCTU U cde-
PUYHOCTH BHYTPEHHEH IOBEPXHOCTH KPHOCIOS, CPETHEH TOJIINHE KPHOCIIOS.

[IpoBeneHo ABYMEpHOE MOICTUPOBAHME IPOXOXKICHHUS MapajielbHOro
My4Ka PEHTTCHOBCKUX JTy4del depe3 chepruueckr CHMMETPUYHYIO0 KPHOTCHHYIO
MUIIEHB, TJI¢ IEPEMEHHBIMH ITapaMeTpaMi SBIISIOTCS BHEIIHHH AWAMETp MU-
LIEHH, TOJIIMHBI U MaTEpPHAIIbI CJIOEB, PACCTOSIHUE OT KPUOMHILIEHHU 10 JIETEK-
Topa. Pe3ynmbraToM paboOTHI MpOrpaMMBbl SIBJISIETCS CMOAEIMPOBAHHOE PEHTTe-
HOBCKO€ TEHEBOE M300pa’keHHE M HaHECEHHbIE Ha HEro peajibHble I'PaHUIIbI
KpuomuiieHH. Ha ocHOBe naHHOW TeopeTHYecKod Mopenu OyneT HamucaHa
nporpamma 00paboTKN PEHTTEHOBCKOTO N300pakeHHsT KPHOMHUIIEHH C aBTOMa-
TUYECKHUM BBIYMCICHUEM MTapaMeTPOB KPHOCIIOSL.

JIMTEPATYPA

1. Sangster T. C., Betti R., Craxton R. S. et al. Cryogenic DT and D2 tar-
gets for inertial confinement fusion // PHYSICS OF PLASMAS. 2007. Vol. 14.
P. 1.



170 Annapamypa u memoobsl ucciedo8anus

2. Tianliang Yan. Compact, snapshot and triple-wavelength system for
ICF target ice-layer refractive index and thickness measurement // Optics and
Laser Technology. 2021. Vol. 134. P. 6.
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The results of the method and means development aiming at the diagnos-
tics of the cryogenic hydrogen isotope layer parameters in the laser fusion indi-
rect irradiation target are provided.

The cryogenic targets provided for laser ignition experiments should meet
high requirements, namely: the roughness of the cryogenic layer’s internal sur-
face should be within the limits of 1 mcm [1], deviations from uniformity,
sphericity and concentricity of the layers should be less than 1-2 % [2]. This
work cites the results of the method development for the hydrogen isotope con-
trol in the cryogenic targets. The optical shadow method is used for optically
transparent shells, the X-ray method with the phase contrast is used for optical-
ly non-transparent shells.

The two-dimensional simulation of the visual radiation beam passage
through the cryogenic target was performed, using the beam tracing method,
where the variable parameters were non-concentricity and non-sphericity of the
target surfaces, beam divergence and slope relatively to the observable optical
axis, displacement of the image localization plane relatively to the target equa-
tor, observation aperture, refraction indices of the layers, number of the beams
etc. The simulation is necessary to study the influence of the aforementioned
factors on the formation of the cryogenic target shadow image and, consequent-
ly, on the cryogenic layer parameter calculations, as well as for the research of
the optical shadow method applicability limits.
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In order to obtain a solid cryogenic layer of the required thickness, a code
was developed to calculate the visual meniscus height of the liquid fuel, using
the optical shadow method, when filling the shell during the experiments. Also,
a code was developed for the shadow control of the solid cryogenic layer pa-
rameters, where, if the shell diameter and thickness are known, the shadow im-
age allows automatic calculating and writing into a file of the following cryo-
genic layer parameters, i.e.: its profile, roughness, Fourier power spectrum,
deviations from concentricity and sphericity of the cryogenic layer internal sur-
face, average cryogenic layer thickness.

It was performed the 2-dimensional simulation of the parallel X-ray beam
passage through the spherically symmetrical cryogenic target, where the varia-
ble parameters were the target external diameter, layer and material thickness-
es, and the distance from the cryogenic target to the detector. The code applica-
tion resulted in the simulated X-Ray shadow image with the real target bounda-
ries imposed on it. Based on this theoretical model, a code will be written for
processing the cryogenic target X-ray image along with the automatic cryogen-
ic layer parameter calculations.
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UCIOJb30BAHUE ATOMHO-30HJIOBO TOMOI' PA®UH
JJIA JOKAJIU3AIIMA BOAOPOJA U ETO U30TOIIOB
B METAJIJTAX U CIIJTABAX

A. A. Huxumun*?, C. B. Pozoxckun*?, H. IT. Fobuips*

! Haunonanbheiii Uccnenoparensckuii Ientp «Kypuartosckuii MHCTHTYT»,
Mocksa, Poccust
2 HarmoHAIBHBIH UCCIIeI0BATEIbCKUN sinepHblid yHuBepcuter MUOU,
Mocksa, Poccus

ATtomHO-30H110Basi ToMorpadus (A3T) — 3To HOBBIH METOJ MUKPOCKOIIMU
[1,2], obnamarouiuii NPOCTPAHCTBEHHBIM pa3pelICHHEM Ha HAHOMETPOBBIX
Macmrabax ¥ OJZHOBPEMEHHO BO3MOXKHOCTBIO pas3jiMyaTbh aTOMBI OTJEIBHBIX
XMMHYECKHUX 3JIEMEHTOB, YTO JIENIAET €r0 YHUKAIbHBIM METOJOM JUISl HCCIIEN0-
BaHMA TIPOIECCOB HAKOIUIEHHUS M PaclpeelieHus] BOJOpOAa Ha MeK(a3HbIX
TPaHUIAX W CTPYKTYpHBIX AedeKTax B MaTepHanax. B cucremax Bomopon-
METalI UCCIECJOBAaHWE CBOWCTB TMIPHUIOB HAa aTOMHBIX MacmITabax sBIISCTCS
MHTEPECHBIM IIOIXOJOM JUISl PEIICHUs] MpoOJieM, CBA3aHHBIX C pa3pabOTKOH
MaTepuaoB I XpaHeHus Boxopoza [3, 4]. bomee Toro, mpsiMoii aHamM3 Jo-
KaJIbHOI'O XMMHMYECKOTO COCTAaBa U paclpeleNeHusl BOAOPOAa Ha JUCIOKALUAX
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WIN Ha TpaHULAX 3€peH, IMPEJCTaBIsieT 0COOBIH MHTEpEC /I yCTaHOBICHUS
(yHIaMEHTaIbHOTO TIOHUMaHHMS TAaKUX SIBJICHUH, KaK BOJOPOAHOE OXpYIMYHBa-
Hue [5].

OpHako TOYHOE 0OHAPYKEHHE BOIOPO/Ia B MeTajllaX SABISETCS KOMIUIEKC-
HOU 3amadeli, n3-3a MOBbIMIEHHOW MU y3un TaHHBIX aTOMOB B MaTepuaie, a
TaKXKe HaJMYHEM OCTaTOYHOTO BOJOpOJA B BaKyyMHOM oObeMme. Ilockombky
A3T sBusiercs pa3pymalOIIM METOIOM KOHTPOJS, TO BpEeMs aHaiu3a B IIPoO-
Iecce UCIapeHus oopasia 1moja JeHCTBUEM ICKTPHUIECKOTO oIS Beeraa OymyT
CO03/1aBaThCsI HOBBIE TOBEPXHOCTH, U aTOMBI BotopoJa OyayT auddyHaupoBars
K 9THM JHEpreTHyecku Oosiee BBHITOJHBIM Y4acTKaM IOBEPXHOCTH. Takum 00-
pa3omM, 4ToOBl M30eKaTh TAKOTO POJa MOBEPXHOCTHOM Cerperanyu, UCIob3y-
10TCsL OoJiee TsDKelble M30TOIbI, Takue Kak aedTtepuil. Kpome Toro, nedtepuit
MOJKHO JIETKO OTJIMYUTH OT OCTATOYHOTO BOAOPOAA.

B nanzoii pabore npencrasieHsl o0mue MOAXO0AbI JUTs aHAIN3a CoepKa-
HUS BOJIOPOJIA U JACWTEprs Ha OCHOBE JaHHBIX aTOMHO-30HJOBOI ToMorpadum,
B YaCTHOCTH, IMpoOiieMa Hamuuns (OHOBOTO CHTHANA, WCHOJIB30BaHUE M30TO-
OB BOJOPO/A IS TIOBBINICHNS Ka4eCcTBA aHAIM3a, a TaK)Ke ITOAXOJBI JJIS T10-
Jy4eHUS JOCTOBEPHBIX KOJIMYECTBEHHBIX OIIEHOK COCTaBa Marepuana. B kade-
cTBe 00pasma, KOTOPHIH MPOXOMMI TPOLEAYPY HACHILEHUS AeWTepueM ObLI
B3daT ciiaB cucteMbl Ti-5Al-4V. Tlonydena moapoOHas KapTHHA paclpesese-
HUSL AeliTepus B 00pasie, 0co0oe BHUMaHHE YAEICHO TIIyOnHe U JIaTepabHOMY
pacnpeneneHuto aTOMOB AeUTepusl.
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ANALYSIS METHODS
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Atom probe tomography (APT) is a new microscopy method [1, 2], which
has a spatial resolution of a nanometer scale and at the same time the ability to
distinguish atoms of individual chemical elements, which makes it a unique
method for studying the processes of accumulation and distribution of hydro-
gen at inter-phase boundaries and structural defects in steels and alloys. In hy-
drogen-metal systems, the study of the properties of hydrides on an atomic
scale is an interesting approach to solving problems associated with the devel-
opment of materials for hydrogen storage [3, 4]. Moreover, a direct analysis of
the local chemical composition and distribution of hydrogen at dislocations or
at grain boundaries is of particular interest for establishing a fundamental un-
derstanding of such phenomena as hydrogen embrittlement [5].

However, accurate detection of hydrogen in metals is a complex task, due
to the increased diffusion of these atoms in the material, as well as the presence
of residual hydrogen in the vacuum volume. Since APT is a destructive control
method, during the analysis, during the evaporation of the sample under the
action of an electric field, new surfaces will always be created, and hydrogen
atoms will diffuse to these energetically more favorable areas of the surface.
Thus, to avoid this kind of surface segregation, heavier isotopes such as deuter-
ium are used. In addition, deuterium can be easily distinguished from residual
hydrogen.

This work represents general approaches for the analysis of hydrogen and
deuterium quantification based on atomic probe tomography data, in particular,
the problem of the presence of a background signal, the use of hydrogen iso-
topes to improve the quality of analysis, as well as approaches to obtain reliable
quantitative estimates of the composition of the material. An alloy of the Ti-
5Al-4V system was taken as a sample that underwent the deuterium saturation
procedure. A detailed picture of the distribution of deuterium in the sample was
obtained, with special attention paid to the depth and lateral distribution of deu-
terium atoms.
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OuncTKka ¥ KOMIPUMHPOBAHHE BOIOPOJA C MOMOIIBIO AIIEKTPOXHMHUYE-
ckoro BojmoponHoro Hacoca (OBH) ¢ nmporonoOMenHo# MemOpanuoit (ITOM)
SIBIISICTCS PA3BUBAIOIICHCS, MEPCICKTUBHON TEXHOJOTHEH ¢ MIUPOKOU chepoit
npumenenns. OBH mo3BonseT ouniaTh U KOMIPUMHPOBATH BOJOPOA B OJIHY
WITH HECKONBKO cTaguii B equHoM ycTpoiictBe [1]. O9BH otTmuvaeT: BbICOKas
CENeKTHUBHOCTH MO BOAOPOAY (10 99,999); Beicokast cTeneHb CKATHS (Prux/Pex)
B auana3one 10—1000; nasmenne no 140 Mlla [1]. I[Ipenmymectsom OBH sB-
nsieTcst 6oyiee BBICOKAs TepMoauHamMudeckas 3QpPeKTUBHOCTD IEKTPOXHUMHYE-
CKOM KOMIIPECCHH II0 CPaBHEHHIO C MeXaHHW4ecKod kommpeccueil [2]. D9BH
BO3MOKHO TIPUMEHATH B TorumBHOM Imkie (TLI) TepmosmepHOro peaxropa
(TSAP) [3]. OmHako B cilydyae NPHUMEHEHHs IOJMMEPHOH NPOTOHOOMEHHOM
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MeMOpanbl, Hanpumep, mMapku Nafion®, cymecTseHHBIM BoOmpocoM ocTaeTcs
BEJIMYMHA W CKOPOCTb JErpajialiiy INPOTOHIPOBO/IIINX CBOWCTB IOJIMMeEpa
HOJ ICHCTBHEM HOHU3UPYIOIETO H3TyYESHUS.

B noknane mpencraBiieHsl pe3ynsTaTthl ucnbiTannss OBH ¢ mommvepHoit
MIPOTOHOOMEHHOM MeMOpaHO# B ycioBusax xapakrepHsix aius T1 TSP na ycra-
HoBke «CuBkay. [lepen ucnsrranmsmu ITOM 00xy9any mydkoM 3JEKTPOHOB Ha
ycranoske PC-20 (HULL «KypuaToBcKuii HHCTUTYT») IO HHTETPATBLHON O3B
1 xP (paccestHHBIC 3TIEKTPOHBI M PEHTTCHOBCKOE M3MydeHue). Jlanee Ha ee oc-
HOBe ObLta coOpaHa aiekTpoxumuyeckas syeiika OBH (miomans MemOpaHb
7 CMZ) 0 METOJMKE, OMTUCAHHOM B padoTte [4].

B pesynbraTe ucnbITaHMH IOJIy4EeHBl BOJbTaMIICPHBIE XapaKTEPUCTHKU
3BH c obxyuenHoit MmemOpaHoii B muama3oHe temmeparypsl 20-60 °C, maBie-
HUsI Bojoposa B aHogHoM npocrpadctse 0,01-0,1 MITa. MetomoM masoyrio-
BOT'O PEHTTCHOBCKOTO PacCeMBAHMUS HCCIECIOBAHBI CTPYKTYpHBIC M3MEHEHHS B
noJimMepHor MemOpane. Takxke HccieToBaHbl (GU3NKO-XUMHUYECKHAE CBOWCTBA
MeMOpaHb! (YIeTbHOe COTPOTUBIICHHE U BIaroeMkocTs). [Toka3ano, 9to o0my-
YeHHe MeMOpaHbl CHIDKAeT BEJIMYMHY IUIOTHOCTH Toka i OBH Ha ee ocHoBe
BO BCEM HCCIIeOBaHHOM nuana3zoHe Hampsokenus (0-0,5 B) mo cpaBHeHwmro ¢
OBH Ha ocHoBe HeoOmyueHHOI MeMmOpanbl Ha 30—70 %. DTO BBI3BaHO CTPYK-
TypHBIMU U3MeHeHUus MU B [IOM, CBSI3aHHBIME € pa3pyLIeHHEM KPHUCTAJUIUTOB
ruapodoOHOI MaTpulbl U HedopManueil KaHaIoB, MPUBOISIIMM K CHIDKEHUIO
BJIarocojiepxaHusi MeMOpansl 1 3 (GEeKTHBHOCTH IIPOTOHIIPOBeAeHUs. HecmoT-
psi Ha CHIKeHHe IUIoTHOCTH Toka, DBH Ha ocHoBe 06GyuenHo# [1OM obnana-
€T BBICOKOIl IPOM3BOAUTEIHLHOCTBIO.

Pabora BeImonHeHa mpu mojnepxke Poccuiickoro HaydHoro ¢oHzma B
pamkax npoekra Ne 22—-29-01367
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Hydrogen purification and compression using an electrochemical hydro-
gen pump (EHP) with a proton exchange membrane (PEM) is a developing,
promising technology with a wide range of applications. EHP allows to purify
and compress hydrogen in one or several stages in a single device [1]. EHP
features: high selectivity for hydrogen (up to 99.999); high compression ratio
(Pout/Pin) in the range of 10-1000; pressure up to 140 MPa [1]. The advantage
of EHP is the higher thermodynamic efficiency of electrochemical compression
compared to mechanical one [2]. EHP can be used in the fuel cycle (FC) of a
fusion reactor [3]. However, in the case of using a polymer PEM, for example,
the Nafion®, the magnitude and rate of degradation of the proton-conducting
properties of the polymer under the effects of ionizing radiation remains a sig-
nificant issue.

The report presents the results of testing EHP with a polymer proton-
exchange membrane under conditions typical for FC of a fusion reactor at the
«Sivka» facility. Before testing, PEM was irradiated with an electron beam at
the RS-20 facility (NRC «Kurchatov Institute») up to an integral dose of 1 kR
(scattered electrons and X-rays). Then, on its basis, an EHP electrochemical
cell (membrane area 7 cm?) was assembled according to the procedure de-
scribed in [4].

As a result of the tests, the IV curves of EHP with an irradiated membrane
were obtained in the temperature range of 20-60 °C, hydrogen pressure in the
anode space 0,01-0,1 MPa. Structural changes in a polymer membrane have
been studied by the method of small-angle X-ray scattering. The physicochemi-
cal properties of the membrane (resistivity and moisture capacity) were also
studied. It is shown that membrane irradiation reduces the current density for
EHP based on it in the entire studied voltage range (0-0,5 V) compared to EHP
based on a non-irradiated membrane by 30-70 %. This is caused by structural
changes in PEM associated with the destruction of crystallites of the hydropho-
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bic matrix and channel deformation, which leads to a decrease in the moisture
content of the membrane and the efficiency of proton conduction. Despite the
decrease in current density, EHP based on irradiated PEM has a high perfor-
mance.

This work was supported by the Russian Science Foundation under project
no. 22-29-01367
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MACCOOBMEHHBIE XAPAKTEPUCTUKHA N30TOITHOI'O
OBMEHA BOJIOPO/IA C BOJIOM B KOHTAKTHBIX
YCTPOMCTBAX MEMBPAHHOI'O THUIIA
C IEPOTOPUPOBAHHBIMU CYJb®OKATHUOHUTHBIMH
MEMBPAHAMM

U. JI. Pacmynosa, A. FO. Yebomos, U. A. Bopaxco, A. B. Opexos, A. C. Ilonog

®I'BOY BO Poccwuiicknii XUMHUKO-TEXHOIOTHISCKUA YHUBEPCUTET
uM. J[. 1. MenpaeneeBa

Paznenenue M30TONOB BOJOpOJA SIBJISICTCS Haubosiee akTyalbHOH 3aja-
4el, pellieHne KOTOPOH MPUMEHSETCS Ul pealn3aliy NnepepaboTKu TsHKeNo-
BOJIHBIX OTXOJ/IOB, OOpa3yIOIIUXCSl B pe3ysibTaTe paboThl OOBEKTOB SAECPHOU
IpOMBINIIEHHOCTH. OTUUCTKA OT pajguoakTUBHOro Tputus [T] mepBo3HauHa c
9KOJIOTHYECKOH TOUKH 3pPEHMs, a KOHIICHTpHpoBaHue Aeirepus [D] neodxomu-
MO 7SI AaJbHEHIIEro MCIOIb30BaHUs BOJBI B KAYECTBE 3aMEIUINTENSI HEWTPO-
nos [1, 2].

Paree B PXTY um. [I. I. MenneneeBa Obuto pa3paboTaHO KOHTAKTHOE
ycrpotictBo MemOpanHoro tuma (KYMT) mis npoBeneHus mporecca XuMude-
ckoro m3ortomHoro oomeHa (XMO) B cuctemMe BoJa — MOJICKYIISIPHBIN BOIO-
pox [3]. KYMT npenctasnseT u3 ceds siuelKy, B KOTOPOM MOTOK JKUIKOM BOJIBI
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OTJEJIeH OT ra30BOr0 II0TOKa MEMOpaHO, MPOHUIIAEMOH TOJIBKO JISl BOJSHBIX
napoB. [Tockonpky B KYMT umenHo yepe3 MeMOpaHy OCYILECTBIISIETCS TPaHC-
MOPT BOABI U3 OJAHOTO MPOCTPAHCTBA B JIPYroe, TO MPOHHUIIAEMOCTbH IO BOJE
SIBJISIETCST €e HanboJiee BaXKHOW XapaKTEPUCTHKOW MOMHMO BBICOKOW paauaIiu-
OHHOM CTOWKOCTH M MEXaHW4YeCKOH NpoyHOCTH. MemOpaHa Takke IOJDKHA
0CTaBaThCsl HEMPOHHUIIAEMOH JUI1 BOJOPOJA M MPEAOTBPAIIAThH IOMAaHUE Ka-
TIeJNTh BJIard Ha KaTanm3arop [4].

B pabote mpencraBieHbl pe3yibTaThl OMPENCICHHUS MPOHUIIAEMOCTH IO
Boje MemOpan tuna Nafion pasmuyHol TONIKHBI IPU PA3IHYHBIX TEMIIEPATy-
pax M B 3aBUCHUMOCTH OT UX cOCTOsHMs. MccienoBana MpoOHUIIaeMOCTb ClEdy-
forux MemOpan: miockue MemOpanst M®-4CK (250 mxwm), Nafion 212 (50,8
mkm), Nafion 117 (183 mxm) u tpy6uaras TO-4CK (150 mrm).

Taxke moka3aHo BIMsSHHE TOJIIMHBI MEMOpaHbI Ha MacCOOMEHHBIE Xa-
PaKTEPUCTHUKH MpoIlecca U30TOMHOro oOMeHa Bojgopoaa ¢ Bomoit B KYMT c
IUIOCKO MeMOpaHOii: HCHoIb30BaHNE B MEMOPAHHOM KOHTAKTHOM YCTPOMCTBE
Nafion 212 TommuHoit 50,8 MKM NPHUBOJUT K YIYYHICHHIO MACCOOOMEHHBIX
XapaKTepUCTHK MpoIecca MPUMEPHO B 2 pa3a MO CPABHEHHUIO C HUCIIOIb30BaHH-
eM memOpansl M®-4CK tommuHOMi 250 MKM.
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MASSTRANFER CHARACTERISTICS OF HYDROGEN ISOTOPE
EXCHANGE WITH WATER IN MEMBRANE CONTACT DEVICES
WITH PERFLUORINATED SULFONIC CATIONIC MEMBRANES

I. L. Rastunova, A. Yu. Chebotov, I. A. Vorakso, A. V. Orekhov, A. S. Popov

D. Mendeleev University of Chemical Technology of Russia

The separation of hydrogen isotopes is the most urgent problem, the solu-
tion of which is used to implement the processing of heavy water waste gener-
ated as a result of the operation of nuclear industry facilities. The removal of
radioactive tritium [T] is of primary importance from an ecological point of
view, and the concentration of deuterium [D] is necessary for the further use of
water as a neutron moderator [1, 2].

Previously in D. Mendeleev University of Chemical Technology of Rus-
sia, a membrane type contact device (MCD) was developed to carry out the pro-
cess of chemical isotope exchange (ChIE) in the water—-molecular hydrogen sys-
tem [3]. MCD is a cell in which the liquid water flow is separated from the gas
flow by a membrane permeable only to water vapor. Since in MCD it is through
the membrane water is transported from one space to another, the water permea-
bility is one of the most important characteristics in addition to high radiation
resistance and mechanical strength. The membrane must also remain impermea-
ble to hydrogen and prevent moisture droplets from falling onto the catalyst [4].

The paper presents the results of determining the water permeability of
Nafion-type membranes of various thicknesses at various temperatures and
depending on their state. The permeability of the following membranes was
studied: flat membranes MF-4SK (250 um), Nafion 212 (50.8 pm), Nafion 117
(183 pm) and tubular TF-4SK (150 pm).

The influence of the membrane thickness on the mass-transfer characteris-
tics of the process of isotope exchange of hydrogen with water in the MCD
with a flat membrane is also shown: the use of Nafion 212 with a thickness of
50.8 um in a membrane contact device leads to an improvement in the mass
transfer characteristics of the process by about 2 times compared with the use
of an MF-4SK membrane with a thickness of 250 um.
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PA3PABOTKA TEXHOJIOI'MU PETEHEPALINH ITAJIJIAAWUA
N3 IMMOPOMKOBBIX CUCTEM

O. b. Macnennukosa, U. E. Kananaose, E. B. @adeesa, M. JI. Axynvrosa

Poccuiickuit ®enepansusiii Anepnsiit Llentp — Beepoccuiickuii
HAYYHO-HMCCIIEIOBATEICKAN HHCTUTYT SKCIIEPUMEHTANBHON (pU3nKu
(OI'YII «POALI-BHUNDD»)

B psine wspenuii, pazpabarsiBaeMbix B0 BHUMD®, npumensitorcs mo-
POIIKOBBIE CHUCTEMBI, cojepkamue namtaauil. [Ipu co3gaHuM NMOPOIIKOBBIX
CHCTEM BaXXHBIM KPHTEPHEM SBJISETCS OJHOPOTHOCTH (hPAKIIMOHHOTO COCTaBa
KOMITIOHEHTOB 3THX cMecell. [IpOMBIIIIEHHO BbIMYCKaeMbli OPOLIOK Hajlaaaus
MUMEEeT JOCTATOYHO INMUPOKHHN HaIa3oH 1Mo (pakIMOHHOMY COCTaBy M HE KOH-
TPOJIHUPYETCS MO BEIUYUHE yAENbHON IUIOIAAH TOBEPXHOCTH.

Jns co3maHus MOPOLIKOBBIX CHCTEM C HEOOXOAMMBIMH CBOWCTBAMH BO
BHUUND® Opina pa3paboTaHa TEXHOJOTHS IMOMYYCHHS MOPOIIKA MAJUIAnus C
3aJJaHHBIMH Pa3MepPOM YaCTHUIl U BEIUYMHOHN yAEIbHOH IUIONMAaaAN OBEPXHOCTH.
OTa TEXHOJIOTHs OCHOBaHA Ha BOCCTAHOBIICHUU MaJUIAJMsA M3 a30THOKUCIOIO
aMMHAaYHOT'0 KOMITIEKCa MypPaBbHHOM KHCIOTOH.

B nponecce orpaboTku uzrorasinuaeMbix B0 BHUND® uznenuit nopom-
KOBBIE CMECH IMOJBEPraroTCs Pa3InYHBIM HCIBITAHUAM U TEPSIOT CBOH IIEPBO-
HadaJbHbIE CBOWCTBA M MOJIEKAT YTHIM3AIMH. TEXHONOTHS pereHeparuu
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Nayulaidsl U3 TOPOLIKOBBIX CHCTEM, YTPATHUBILMX CBOM CBOMCTBA, IO3BOJHT
CHHM3HTh CTOMMOCTbH pa3palaTbIBaeMbIX M3AEIHH M YCKOPHUT IIpolecc obopora
naJuIa us IpH NPOBENIeHUH pa3paboTok. JlaHHas TEXHOJIOTHs OCHOBaHA Ha ykKe
W3BECTHOM METOZAE BOCCTAHOBJICHMS NaUIaJusi MYypaBbUHOW KHCIOTOW W3
A30THO-aMMHAYHOT'0 KOMIDIEKCa C BBEACHHUEM JIONOJHUTENBHBIX cTaguil. CyM-
MapHOE CoJepXKaHHe IIpUMeceil B IT0Jy4aeMOM N0 JaHHON TEXHOJIOTHH Hajuia-
num He npesbimaet 0,3 %.

THE DEVELOPMENT OF THE TECHNOLOGY FOR PALLADIUM
RECOVERY FROM POWDER SYSTEMS

O. B. Masslennikova, I. E. Kapanadze, E. V. Fadeeva, M. L. Yakunkova
FSUE «RFNC-VNIIEF», Sarov, Nizhny Novgorod Region

Powder systems containing palladium are used in some items developed at
VNIIEF. When developing the powder systems, the important criterion is the
fractional composition uniformity of such mixes. The industrial palladium
powder ranges quite widely in terms of the fractional composition, and its spe-
cific surface area is not controlled.

In order to obtain the powder systems with the required properties, a spe-
cial technology for getting palladium powder with the preset particle size and
specific surface area was developed at VNIIEF. This technology is based on
palladium recovery from Nitrogen-Ammonia compound with the help of formic
acid.

During processing of the items manufactured at VNIIEF, the powder mix-
es are tested differently, so they may lose their initial properties and be due for
disposal. The technology for palladium recovery from the powder systems with
the lost properties will allow reducing the cost of the developed items and ac-
celerating the palladium turnover for R&D applications. This technology is
based on the already known principle of palladium recovery from Nitrogen-
Ammonia compound with formic acid, though several additional phases should
be added. The total impurity content in palladium obtained with the help of this
technology is not more than 0,3 %.
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