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Temaruka ko1

— Kuneruka u TepMoarHaMHKa B3aHMMOJEHCTBUS U30TOIOB BOJOPOJAa C TBEP-
JIBIMH T€JTAMH, BKITI04Yast 3PGEKThI paIHOTeHHOTO TeIusl.

— MexaHn4ecKre CBOMCTBAa M CTPYKTYPHBIE MPEBPAIICHUS KOHCTPYKIIMOHHBIX
MaTepHAaJIOB B CpeJie BOAOPOIA.

— 'uapuas! 1 ruApUIHBIE IPEBPAIICHUS.

— Anmapatypa ¥ METOJbI HCCIIEIOBAHUS.
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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 2024 romy Mmbl mpoBoamM §-10 MeXIyHapoAHYIO KOH(EpeHIHIo
u 17-10 Mexxaynaponnyto llkony no tematuke «B3auMopeilcTBHe HM30TONOB
BOJIOPO/Ia C KOHCTPYKIHOHHBIMH MaTepraiamu. IHISM "24».

HcTopus HacTosmmero MeponpusaTis oepeT cBoe Hadano ¢ 1999 roma, xo-
rna B T. CapoB ¢ 17 mo 25 mas 0611 ipoBeieH MexxayHapoausiit cemuHap «Ilo-
TEHLUAJ POCCUUCKUX siepHbIX LeHTpoB 1 MHTII B TpUTUEBBIX TEXHOIOTHUIX Y.
IToMHMO CTICIATMCTOB B 00JIACTH TPUTUEBBIX TEXHOJIOTHH Ha ceMUHAp coOpa-
JIOCH OOJIBIIIOE KOJIMYECTBO CHELHUAIHCTOB pabOTarOIIMX MO0 TEMAaTHKE B3aUMO-
neiicTBus Bojopoaa ¢ MaTepuanamu. CrnemgyeT orMeTuts, uto B CCCP ycnem-
HO mpoBojawics Bcecoro3Hslil ceMuHap 1o JaHHOW Temartuke. Ha cemuHape
1999 rona ObUTO MPHUHATO pelieHrue 00 opraHu3alu MeXIyHapOaHOTO CeMH-
Hapa «B3anmMoneicTBHE N30TONOB BOJOPOAA ¢ KOHCTPYKIIMOHHBIMU MaTepHua-
snamu». [lepBblil Takol cemunap npomten B r. Capos B 2001 rony. Ha Bropom
MexxIyHapogHoMm cemuHape (r. Capos, 2004 r.), BBUAY €T0 HCKIIOYHTEIEHO
BBICOKO MOITYJISIPHOCTH, OBIJIO HPHHSATO PEIICHHE O MOBBLIMICHUH CTaTyca ce-
MHHAp U OH OblI mpeoOpa3oBaH B MexnyHapoaHyto KoH(pepeHnuto. Tam xe
ObUIO MPHHATO perieHne o0 opranmzanuu MexnayHapomHoi Illkossr ¢ omHO-
UMCHHBIM HAa3BaAHUECM.

ITepeeie Mexaynapognsie Ilkomer IHISM Junior ObutM TpOBEAEHHI B
2005 u 2006 romgax Ha 6a3e yuebHoro 1eHTpa «Yposzepo» Kapenbckoro ['ocy-
JTApCTBEHHOTO YHHUBepcuteTa mnof Ilerpo3aBojckoM (mpeacenarensd JOKaIbHO-
ro opraHu3anMoHHoro komurera mpodeccop 0. B. 3auka) u ctanm odeHs mo-
IYJISIPHBL B CPEJie MOJIO/BIX YUEHBIX, 3aHUMAIOIINXCS] BOJOPOAHON TEMAaTHKOM.
C 2008 roga IlIkona HOCUT MMs BEIIMKOTO YYEHOTO M OpraHM3aTopa, mpodec-
copa Cankr-IlerepOyprckoro I'ocynapcrBeHHoro ynuBepcurera A. A. Kyp-
JIIOMOBA, CTOSIBILIETO Y HICTOKOB €€ OpraHU3alnH.

®dukcupoBaHHOTO MecTa npoBeeHus KoHpepeHuun u LIkomnsl He cymie-
CTBYET — €€ OpraHM3aTopaMu cpa3y e ObUI BEIOpaH IepeaBIKHOM CTHIIb TIPO-
BepeHuA. IIpu 3ToM OBIIO MPUHSTO pEIICHHE O MPOBEACHUM KOH(EPEHIHH C
MIEPUOIUIHOCTRIO 2-3 roxaa, a IIIkoibl exeromHo. 3a 3To0 BpeMsi MEPOIPHUSITHE
npoBomitock: B [lerpo3aBoncke (2005, 2006 u 2016 rr.), B Canxt-IleTepOypre
(2007 r.), Ha termoxome «I'eopruit XKykos» (2008 u 2012 r.), B Capose (2009,
20014, 2019 u 2023 rr.), B Boponexe (2010 r.), B 3Benuropozae (2011 r.), B
Mockge (2015 1.), IIpotBuno (2017 1.), 'ataure (2021 1.) u Okynoske (2022 r.).
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Takum 00pa3oM, MOKHO CUYHTATh, YTO CETOIHSIIHES MEPOIPUATHUC SIBIIS-
€TCsl FOOMJICHHBIM — CErOJIHS MBI MOKEM OTMEYaTh 25-IeTHUH F0OUIeH ero op-
TaHW3AIIH.

Ha 8-#i MexnynaponHoil koHbpepenmmn 17-it MexayHaponHoit [lkoe
«B3anMopaelicTBIe M30TOTIOB BOJOPOIa ¢ KOHCTPYKIIMOHHBIMH MaTepHaJlaMH.
IHISM 24y OynyT mpencTaBieHBI MPUTJIANIEHHBIE MOKIAABI M CICIHAaIbHEIC
JIEKIIH BEAYIINX CHEIHATINCTOB, a TakXKe JOKJIAIbl MOJOABIX yYUCHBIX IO IIH-
POKOMY KPYT'Y BOIIPOCOB, CBSI3aHHBIX C TeMaTHKOH [1IKOIEI.

OprkoMuteT G1aroaaput 3a momoins B opranuzauuu [lkonsr u cioncop-
ckyto nonaepkky OI'VII «POAL-BHUNDD» u IN'ockoprnopanuio «Pocatomy,
Haumonanbhelii nentp ¢pusuku u matremaruku (HLI®M), 3a aktuBHOE ydacTne
B opranuszauuu LIxonsl.

XKenaem Bam ycrnemrHoil mionoTBOPHOH padOTHI, MHTEPECHBIX BCTpEY,
MPUSATHOTO U MOJIE3HOTO OOLIECHUS.

OprkoMuTeT
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FOREWORD

The 17" International School «Interaction of Hydrogen Isotopes with
Structural Materials. IHISM’24» and the 8™ International Conference are held
in 2024.

The history of this event dates back to 1999, when the International Semi-
nar «The potential of Russian Nuclear Centers and ISTC in Tritium Technolo-
gies» was held in Sarov from May 17 to 25. In addition to specialists in the
field of tritium technologies, a large number of specialists working on the topic
of hydrogen interaction with materials gathered at the seminar. It should be
noted that the All-Union seminar on this topic was successfully held in the
USSR. At the seminar of 1999 it was decided to organize the International
Seminar « Interaction of Hydrogen Isotopes with Structural Materials». The
first seminar was held in Sarov in 2001. At the second International Seminar
(Sarov, 2004), due to its extremely high popularity, it was decided to upgrade
the status of the seminar and it was transformed into an International Confer-
ence. It was also decided to organize an International School of the same name.

The first IHISM Junior International Schools were held in 2005 and 2006
on the basis of «Urozero» training center of Karelian State University near Pet-
rozavodsk (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 scientist and organizer
Professor of St. Petersburg State University A. A. Kurdyumov being the institu-
tor of its organization.

There is no fixed location to hold the School - its organizers immediately
chose the mobile style of holding the School. At the same time, it was decided
to hold the Conference at 2-3 year intervals and the Schools annually. Over this
period, the School was held: in Petrozavodsk (2005, 2006 and 2016), in Saint-
Petershurg (2007), on the motor ship «Georgy Zhukov» (2008 and 2012), in
Sarov (2009, 2014, 2019 and 2023), in Voronezh (2010), in Zvenigorod (2011),
in Moscow (2015), in Protvino (2017), in Gatchina (2021) and Okulovka
(2022).

Thus, we can assume that today’s event is an anniversary — today we cele-
brate the 25! anniversary of its organization.

The 8™ International Conference and the 17™ International school «Interac-
tion of Hydrogen Isotopes with Structural Materials. IHISM’24» will feature
invited reports and special lectures by leading specialists, as well as reports of
young scientists on a wide range of issues of the School.
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The organizing committee thanks FSUE «RFNC-VNIIEF» and Rosatom
State Corporation for the assistance in organizing the School and sponsorship
support, as well as the National Center for Physics and Mathematics (NCPM)
for an active participation in organizing the School.

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

Organizing Committee
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Bucukano /1. B.
3amecTurens HayyHoro pykosoaurens HIIOM —
I'naBHbIi yuensiii cexperapb HLIOM,
akagemuk PAH

HAYYHASA MIPOI'PAMMA HAIIMOHAJIBHOI'O HEHTPA
OU3NKU U MATEMATHUKH

/. B. bucukano

IIpencraBnen kpaTtkuii 0030p OCHOBHBIX HampaBieHwid Haydroil mpo-
rpamMMbl HammonanmeHoro 1eHTpa ¢Qu3uku U MatemaTuku (HIIDM). Ocoboe
BHUMAaHHE YJENEHO MOoNTy4eHHBIM B 2023 r. pe3ynbTaTaM, UX Hay4HOMY YpOB-
HIO U BO3MOXKHOCTSIM HCIOJb30BaHUS B NMPHUKIAIHBIX MCCIEJOBAaHUSIX. Takxke
oOcyxaaercs TEKYLIMA cTaTyc co3gaHus 3amuiaHupoBaHHbIX B HLIOM Hayu-
HBIX YCTaHOBOK MUPOBOT'O YPOBHS («MHUAN-CAHEHC» U «Mera-caiieHe»).

SCIENTIFIC PROGRAM OF THE NATIONAL CENTER
FOR PHYSICS AND MATHEMATICS

D. V. Bisikalo

National Center for Physics and Mathematics

A brief overview of the main directions of the Scientific Program of the
National Center for Physics and Mathematics (NCPM) is presented. Special
attention is paid to the results obtained in 2023, their scientific level and possi-
bilities for use in applied research. The current status of the creation of world-
class scientific facilities planned at the NCFM («midi-science» and «mega-
science») is also discussed.
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HAIIPABJIEHUE «®U3UKA N30TOIIOB BOAOPOJA»
HAIIMOHAJIBHOT'O HEHTPA ®U3UKHN U MATEMATHUKMN.
PE3YJIBTATHBI 2023 TOJA

A. A. Oxumuyx

Poccuiickuit henepanbublii saepHbIi HeHTp — Beepoccuiickuit
HaY4HO-HMCCIIE0BATEILCKIIH HHCTUTYT SKCIEPUMEHTAIBHON PHU3NKU

Hanpasnenne Ne § «@m3mka M30TOMOB Boxopoaay HammoHamsHOTO IEH-
Tpa (GU3MKH W MaTEMATHUKH HANPSMYIO KacaeTcs TEMaTHKH MPOBOANMON KOH-
¢depentu u 1konel. B pamkax manroro HampaBieHns IpoBOISTCS HCCIENO-
BaHMA 10 cienyomumM [Ipoekram:

— MCCIIeIOBaHMsI B 00JIaCTH B3aUMOACHCTBUS N30TONOB BOJOPOAA C TBEP-
JIBIM TEJIOM;

— (QyHIaMeHTanbHblE HCCIIEIOBaHUS B 00JAacTH HEUTPUHHOW (PU3MKH H
HEUTPOHOM3OBITOUYHBIX SIAEP C UCIOJIB30BAHUEM U30TOIOB BOJOPO/IA U TEIIHSL.

OCHOBHBIMU LIEJISIMH NIPOBEZICHUS padoT 1o 3TuM [Ipoekram sBiseTcs:

e roy4eHne (GpyHIaMEHTaNbHBIX U MPUKIaJHBIX 3HAHUH B 00JIacTH Mare-
pHaNOBECHNS, Pa3BUTHE CYLIECTBYIOIIUX M CO3JAHHE HOBBIX BOJOPOIHBIX
TEXHOJIOTUII M TEXHOJIOTHIl TOIUIMBHOI'O IHMKJIA TEPMOSIEPHBIX YCTPOMHCTB
(XpaHeHUsl, pa3aeieHus], OYNCTKH, TPAHCIIOPTHPOBAHHS H30TOIIOB BOJOPOA);

® Pa3BUTHE METOMOB U TEXHOJIOTUH YHUKAJBHBIX MCCIEI0BATEIBCKUX
pUOOPOB IS TPOBEICHUS UCCICIOBAHMHA B OOJIACTH HEUTPUHHON (QU3UKH H
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HEWTPOHHO-M30BITOYHBIX SJEP C HCIIOJIb30BAaHWEM H30TONOB BOJOPOAA M Te-
mus. IlomydeHune peKOpAHBIX MAAaHHBIX IO AJIEKTPOMATHUTHBIM CBOHCTBAM
HEHUTPUHO W M3yYeHHE CBOWCTB JIETKUX HEHTPOHOM3OBITOUHBIX SAEp, HAXOMs-
IIUXCSl 32 TpaHUIEW HEUTPOHHOH CTAOWIBHOCTH — (PAKTHUECKH H3yYeHUE
CBOMCTB HEUTPOHHOM MaTepuu.

B nmoxiaze mpuBOAATCS pe3yNbTaThl paOOT, BEIMOIHEHHBIX B 2023 roay mo
peanm3auy HayqHOH MpOrpaMMBl.

HccnenoBanue BBIIIOJIHEHO B paMKax HaydHOU nporpammbsl HaunnoHaunb-
HOTO HeHTpa (U3UKK U MareMaTHkH, HanpasieHue Ne 8 «Dusnka M30TONOB
BOJIOPOAA».

PROJECT «PHYSICS OF HYDROGEN ISOTOPES» OF THE
NATIONAL CENTER FOR PHYSICS AND MATHEMATICS.
RESULTS 2023

A. A. Yukhimchuk

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics

Project Ne 8 «Physics of hydrogen isotopes» of the National Center for
Physics and Mathematics directly concerns the topics of the Conference and
School. Within the framework of this project, the research is being carried out
on the following projects:

— Research in the field of interaction of hydrogen isotopes with solid body;

— Fundamental research in the field of neutrino physics and neutron-excess
nuclei using hydrogen and helium isotopes.

The main goals of these projects are:

e Obtaining fundamental and applied knowledge in the field of materials
science, developing existing and creating new hydrogen technologies and fuel
cycle technologies for thermonuclear devices (storage, separation, purification,
transportation of hydrogen isotopes);

¢ Development of methods and technologies of unique research instru-
ments for research in the field of neutrino physics and neutron-excess nuclei
using hydrogen and helium isotopes.

The report provides the results of the work performed in 2023 on imple-
mentation of the scientific program.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, project Ne 8 «Physics of
Hydrogen Isotopes».
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Puznyeckuil PakyabTeT

®du3nka HEUTPHHO, PU3HKa AaTOMHBIX

CTOJIKHOBEHUH

Kouzakov Konstantin
Faculty of Physics, Lomonosov Moscow
State University
Professor
Faculty of Physics, M. V. Lomonosov Moscow
State University,
Leninskie Gory, Moscow 119991, Russia
Neutrino physics, atomic collision physics

kouzakov@gmail.com;
kouzakov@srd.sinp.msu.ru

CTATYC M TEPCIIEKTABBI TPUTUEBOT'O HEUTPHUHHOI'O
OKCIIEPUMEHTA SATURNE

M. Kaoeooy*, @. Jlopoeu®, K. Hocynmu?, A. Usawwun®, K. Kysaxos®,

@. Jlazapes®, O. Mockanes®, U. Cmenanyos®, A. Cmyoenuxun®, U. Tkaues,

B. Tpoghumos®, M. Bepxoeyes’, M. Banxos’, A. FOxumuyx®, 3. 3aeupounoea*
'HanuonanbHbli uHCTUTYT aepHoii pusuku (INFN), Otnenenue Kanbspu,
Kanbsapu, Utanus
2HauuoHanbHelii uHCTHTYT saepHoii pusuku (INFN), Otnenenue Typuna,
Typun, Utanus
SUSIUN PAH, Mocksa, Poccus
“MTI'Y um. M. B. JlomonocoBa, MockBa, Poccus
SPOALI-BHUND®, Capos, Humxeropoackas o61., Poccus
SOUSIU, [ly6na, MockoBckas o6nacTs, Poccus
"®unuan MI'Y um. M. B. Jlomonocosa B Capose, Capos,
Hwmxeropoackast 06:1., Poccust

CapoBckuii TputueBblii HeWrpuHHbIH dkcriepumenT (SATURNE) roro-
BuTcs B HaronansHoM neHtpe ¢usuku n Mmatematuku [1]. B Hem Oynyt uc-
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CJIEJIOBAThCS B3aMMOJCHCTBHS HEHUTPUHO B YHOPYTHX W HOHU3AIMOHHBIX
HEHTPHUHO-aTOMHBIX CTOJKHOBEHHSX MPU OCCIPEIEICHTHO HU3KUX YHEPTHUAX, a
TakKe B HEM OyJeT BECTHCh IOWCK 3JIEKTPOMATHUTHBIX CBOWMCTB HEHTpH-
HO [2, 3], KOTOpBIE SBIAKOTCA OMHONM W3 OCHOBHBIX HEPENIEHHBIX MPOOIEM
HeiitpuaHON ¢m3nkn. OrmmuanrensHO ocobeHHocThi0O SATURNE sBnsercs
HCTIONB30BaHNE BBICOKOWHTCHCHBHOTO HMCTOYHHMKA TPUTHEBBIX HEHTPHUHO C
HavaJIbHOM aKTHMBHOCTHIO He MeHee 10 MKu, a Bo3mosxHo Biuiots 10 40 MKu.
Hcrounuk Tputust GyAeT UCIoNb30BaThes B codetanun ¢ He-4, Si m Srlo(Eu)
MUIICHAMHY JIJIsl U3YYCHHS YIPYTUX U HOHU3AIMOHHBIX KaHAJIOB CTOJIKHOBCHHIA
HEHTpUHO ¢ aToMaMu. OKUNACTCS, YTO B H3MEPCHHSIX C ICTCKTOPOM Ha OCHOBE
He-4 B cBepxTekydeM COCTOSHHH OYAET BIEPBBIC 3apPETHCTPUPOBAHO KOTE-
peHTHOe yrpyroro paccesane HeWrpuHo Ha atome (CEvVAS) [4, 5]. Taxxe
OKHIAeTCs, YTO TOCJIe 5 JeT Habopa MaHHBIX C IMOMOINBIO KHIKOTEIHEBOTO
ZETeKTopa OyIeT MOCTUTHYTa PEKOPAHO BBICOKAs YYBCTBHTEIBHOCTH K Mar-
HUTHOMY MOMEHTY HeiTpuno Wy ~ 1073pg (90 % JIW), KoTOpbIi cpenu mek-
TPOMArHUTHBIX CBOWCTB HEHTPUHO SIBJISCTCS HAUOOJIEE TEOPETHYCCKH MU3YUCH-
HBIM U aKTHBHO HCCienyeTcs B dkcrepumentax. Si u Srlo(Eu) merekTopsl ¢
PEKOPIHO HU3KMMHU JHEPreTHYECKUMH MOPOTaMHU JJISi COOTBETCTBYIOIIHUX TH-
OB JIETEKTHPYIOMINX CHCTEM OyAyT M3MEPSITh MOHW3aIMOHHBIA KaHAIl CTOJK-
HOBEHHUI HEUTPUHO ¢ aromamu. Mcnonb3yst naHHble nocie 1 roga uaMepeHui ¢
KaXIbIM M3 JIBYX IETEKTOPOB, MOXHO OXHIATh JOCTHKCHHS TyBCTBUTEIHHO-
CTH K Wy Ha yposHe ~1072pg (90 % V).

Hauano nabopa nannbix B SATURNE oxunaercst B 2025 roxy, a ero 3a-
BepuieHue — B 2032 rony.

HccnenoBanue BBIMOIHEHO B paMKaX HaydyHOW mporpamMmbl HanmoHanb-
HOTO ICHTpa (PU3MKU M MaTeMAaTUKH, HampaBicHue Ne 8 «Du3uka H30TOIMOB
BOJIOPOJIa».
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STATUS AND PROSPECTS OF THE SATURNE TRITIUM NEUTRINO
EXPERIMENT

Matteo Cadeddu?, Francesca Dordei!, Carlo Giunti?, Alexander Ivashkin?,
Konstantin Kouzakov*, Fedor Lazarev*, Oleg Moskalev®, lvan Stepantsov*, Al-
exander Studenikin®, Igor Tkachev?, Vladimir Trofimov®, Maxim Verkhovtsev’,

Maxim Vyalkov?, Arkady Yukhimchuk®, Elvira Zagirdinova*
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2Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Torino, Torino, Italy
3Institute for Nuclear Research RAS, Moscow, Russia
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of Experimental Physics, Sarov, Nizhny Novgorod region, Russia
8Joint Institute for Nuclear Research, Dubna, Moscow region, Russia
"Branch of Lomonosov Moscow State University in Sarov, Sarov,
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The Sarov tritium neutrino experiment (SATURNE) is under preparation
at the National Center for Physics and Mathematics [1]. It will study neutrino
interactions in elastic and ionizing neutrino-atom collisions at unprecedentedly
low energies, and will also search for neutrino electromagnetic properties
[2, 3], which are one of the basic unsolved problems in neutrino physics. The
marked feature of SATURNE is the use of a high-intensity tritium neutrino
source, with an initial activity of at least 10 MCi and possibly up to 40 MCi.
The tritium source will be used in combination with the He-4, Si and Srl>(Eu)
targets in order to study the elastic and ionization channels of neutrino-atom
collisions. The measurements with the liquid He-4 detector in a superfluid state
are expected to provide the first observation of coherent elastic neutrino-atom
scattering (CEVAS) [4, 5]. With the 5-year data using the liquid He-4 detector,
it is also expected to achieve a record-high sensitivity of ~10™%ug (90 % CL) to
the neutrino magnetic moment p,, which is the most studied theoretically and
actively searched experimentally among the neutrino electromagnetic proper-
ties. The Si and Srl2(Eu) detectors with record low-energy thresholds for such
detector types will measure the ionization channel of neutrino-atom collisions.
With the 1-year data from either detector, one may expect to achieve a
py-sensitivity on the order of ~107 ?ug (90 % CL).
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The first taking of data in SATURNE is expected for 2025, with the data
collection expected to be completed by 2032.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, project Ne 8 «Physics of
Hydrogen Isotopes».
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I'nbPUIHASA MOAEJIb TEPMOJECOPEIIUHA BOJOPOJA
N3 KOHCTPYKIIMOHHbBIX MATEPHUAJIOB

0. B. 3auka
WHeTuTyT npuKiiagHbeix MaTeMatudeckux uccnenosanuii KapHIl PAH

OnHuM 13 3(PQGEKTUBHBIX 3KCIEPUMEHTAIBHBIX METOJOB HCCIICIOBAHUS
B3aMMOJICHCTBHS KOHCTPYKIIMOHHBIX MAaTEpPHAajIOB C W30TOMAMH BOJOPOJIA SB-
nsieres Tepmozecopormonnas crekrpomerpus (TC). Obpasen (paccMmaTtpuBa-
€M TOHKYI0 IJIACTHHY W3 MaTepHuaia, 00JaJaroliero MEeTaJlIMYeCKUMHU CBOW-
CTBaMH), MPEABAPUTEIBHO HACHIICHHBIN PACTBOPEHHBIM aTOMAPHBIM BOJOPO-
JIOM, OTHOCUTEJIBHO MEJJICHHO HAIPEBaeTCsl B BAKYyMHOM kamepe. C moMoIipo
Macc-CIeKTPOMETPa PErHCTPUPYETCs MOTOK Jjerasauu. JJoCTaTOYHO 4acTo Ha
cHekTpe (3aBUCHMOCTh IUIOTHOCTH TOTOKA JECOPOLUH C BYXCTOPOHHEH MMO-
BEPXHOCTH OT TEKyIIeH TeMIepaTypbl) PErHCTPUPYIOTCS HECKOJIBKO JIOKAb-
HBIX TMHKOB. TpPAJMIOHHO 3TO CBS3BIBAIOT C OOPAaTHMBIM 33aXBAaTOM
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B Pa3JIMYHOIO poOJa JIOBYIIKH (HEOAHOPOAHOCTH Marepuaia) ¢ pa3HbIMH JHEp-
rusMH cBsi3u. Ho 4mcieHHble SKCrnepuMeHThl Ha JU((y3HOHHBIX MOJENSX C
HEITMHEHHBIMA JUHAMHYECKUMH TPAHUYHBIMH YCIOBHSIMH, OIHCHIBAIOIIMMU
JIMHAMHKY MOBEPXHOCTHBIX KOHIIEHTPALHi, TOKAa3bIBAIOT BO3ZMOXKHOCTh M HHO-
ro cueHapua. CxeMaTH4HO: CHadajga BOAOPO] IOKHIAET MOBEPXHOCTh M NPH-
MTOBEPXHOCTHBIH 00BbeM (mepBbIid mHK). OOpasyeTcs OONbIOION TpaJreHT KOH-
LEHTpauuu y nosepxHoctu. I1o 3Tol npuyurHe U o Mepe AanbHEMNIIEro Harpe-
Ba CYIIECTBEHHO aKTUBM3MpyeTca aupdy3noHHas MoaKkadka U3 00beMa, 9To
MPUBOJUT K TOCIEAYIONIEMY BCILICCKY jJecopOuuu. B pabote aHAmU3UpPyOTCS
pas3yiMuHbIe MOJIENN TEPMOAEcOpOIMU U IPUBEJCHBI PEKOMEHIALNH, KaK pa3-
JIMYUTh CHEHApUW Jcra3zanuy, COOTBETCTBYIONIMEC YKa3aHHBIM CYHICCTBCHHO
Ppa3HbIM q)HSPIKO'XI/IMI/I‘ICCKI/IM pUuYruHaM.

OcHOBHas Lielb JOKJIaaa — IpeicTaBuTh Tnopuanyto moaens TJIC, coue-
TaloIIyI0 B cebe MOJIEIbh B TEPMUHAX YCPEIHEHHOU M0 00beMY KOHLIEHTPALUH
¢ Oosee AeTanTU3MPOBAHHOW MOAENBIO B opMe ypaBHeHHS nuddy3un ¢ nuHa-
MHYCCKHMH T'PAaHWYHBIMH YCJIOBHSMH, OTPaXXAIOIIMMH MPOLECCH HA IOBEPX-
HOCTH. B mTOore mpuxoamm K cucreMe OOBIKHOBEHHBIX AH((hepeHInanIbHbIX
ypaBHeHmit (cucteme OJ[Y OTHOCHTEIBHO HEBBICOKOTO ToOpsiaka). Takas Mo-
Jienb He TpeOyeT pa3pabOTKM CHEenMaTM3MpPOBAHHOTO IPOrpaMMHOro obecrie-
yeHuss. MOXXHO B JIIOOOM MaTeMaTH4eCKOM Iakere (Hampumep, B cBOOOJHO
pacmpoctpansieMoM Scilab, sI3bIk MPOrpaMMHUPOBaHMSI KOTOPOTO MPAKTHYECKH
coBmanaer ¢ Matlab) 6e3 cylecTBEHHBIX 3aTpaT MAIIMHHOTO BPEMEHH YUCIICH-
HO MOJCIUPOBATH Pa3JIMUYHBIC CUTYallUd U YCJIOBUS OKCIUTyaTallul MaTepHraa.
ITomumo MOJECIN NPEACTABJICHBI PE3YJIBTAThl YHUCIICHHOI'0 MOACIIMPOBAHKA.

HYBRID MODEL OF HYDROGEN THERMAL DESORPTION FROM
STRUCTURAL MATERIALS

Yu. V. Zaika
Institute of Applied Math Research of Karelian Research Centre RAS

One of the effective experimental methods for studying the interaction of
structural materials with hydrogen isotopes is thermal desorption spectrometry
(TDS). A sample (we are considering a thin plate of a material with metallic
properties), previously saturated with dissolved atomic hydrogen, is heated
relatively slowly in a vacuum chamber. The degassing flux is recorded using a
mass spectrometer. Quite often, several local peaks are recorded in the spec-
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trum (dependence of the desorption flux density from a two-sided surface on
the current temperature). Traditionally, this is associated with reversible capture
in various types of traps (inhomogeneities of the material) with different bind-
ing energies. But numerical experiments on diffusion models with nonlinear
dynamic boundary conditions describing the dynamics of surface concentra-
tions show the possibility of another scenario. Schematically: first, hydrogen
leaves the surface and the near-surface volume (first peak). A large concentra-
tion gradient is formed near the surface. For this reason, and with further heat-
ing, diffusion pumping from the volume is significantly activated, which leads
to a subsequent burst of desorption. The work analyzes various thermal desorp-
tion models and provides recommendations on how to distinguish degassing
scenarios corresponding to these significantly different physicochemical rea-
sons.

The main goal of the report is to present a hybrid model of TDS, combin-
ing a model in terms of volume-averaged concentration with a more detailed
model in the form of a diffusion equation with dynamic boundary conditions
reflecting surface processes. As a result, we arrive at a system of ordinary dif-
ferential equations (a system of ODEs of relatively low order). This model does
not require the development of specialized software. It is possible in any math
package (for example, in the freeware Scilab, the programming language of
which is almost the same as Matlab) to numerical simulate various situations
and operating conditions of the material without significant expenditure of
computer time. In addition to the model, the results of simulation are presented.
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CO-OCAXKJEHUE KAK ITIYTh HAKOIIVIEHUS BOAOPOJA
B TOKAMAKAX: OTACHOCTD, ®U3UKA, PEHIEHUSA

C. A. Kpam, A. C. Ilpuwsuywin, E. A. Deghenosa, /. A. Bacuna, A. C. I[lonkos,
IO. M. I'acnapsn, A. A. I[lucapes

HauunonaneHelil nccaenoBaTenbekuil saepHblii yuusepcuter MUOU

Hakonnenue paguoakTUBHOIO M30TONA BOAOPOAA TPUTHSI B TEPMOSAEp-
HBIX YCTAHOBKAX MPEJCTaBIIETCS OJHUM U3 CEPbE3HBIX NPEISITCTBUI K peanu-
3allu¥ KOMMEPUYECKOro YIpaBiIsIeMoro TepMOsSAEpPHOro CuHTe3a. Tak, B MeXIy-
HapoJHOM TokaMake-peakTope UTOP konudecTBO TPUTHS OTpaHUYEHO HOPMOH
B 700 r [1].

Co-ocaxxzieHne — mpouecc OJHOBPEMEHHOTO OCAXKICHUS MPOIYKTOB 3pO-
3UM OOpAIIeHHBIX K IUIa3ME€ JIEMEHTOB IIEPBOM CTEHKH PEaKTopa M YacTHIL
IU1a3Mbl (M30TOMOB BOJOPOAA, renusd U T.A.). B pesynprate co-ocaxiaeHns
MIPOUCXOIUT POCT HACBHIIICHHBIX BOJOPOJIOM CIlIoeB (TJIEHOK). B oTnmume ot
Ipoliecca HaKOIUIEHHUS 3a CUeT MMIUIAHTAllMU B MOBEPXHOCTh, KOTOPBIM Mocie
JOCTIDKEHHSI OIpeeNICHHOH 1035l 00Iy4eHNUs BBIXOJUT Ha HACBIIIEHHE, COIIPO-
BOXKJAOIIeecs] PEe3KUM 3aMeJICHHEM CKOPOCTH JAajbHEHIIEro HaKOIUICHUS,
HaKOIJICHHE 3a CUeT CO-OCAKICHUS MOXET IMPOHCXOJUTHh IMPAKTHYECKH He-
OTrpaHMYECHHO, MOPOXKAAsl CJIOM, HACBHIIECHHBIE BOJOPOAOM Ha BCIO INyOHHY.
Tax, nns tokamaka JET ¢ 6epunnuii-Bonbppamooit « 1TOP-nonodHo» cTeH-
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KO, NOKa3aHO, 4TO Ha JIOJII0 CO-OCaKACHHS B BUJE TOJICTHIX CJIOEB MPUXOJIUT-
csi ~50 % Bcero HaKOIUICHHsSI TSDKEJBIX H30TOMOB BOXOPOIA B yCTaHOBKe [2].
CopeprxaHue BOIOPO/Ia faXke B He 00pa3yoNIiX THAPUABI METalIaX, TAKUX Kak
BoJb(pam, MoxeT mpeBbimiaTh 10 at.%, [3], a B ruapumoobpasyrommx MeTai-
nax, Takux kak Be, nocturate 60 at.%. [4]. ToicTeie co-0CaXKIEeHHbIE TUICHKH
MOTYT OTIICNYIIUBATECA OT MOBEPXHOCTH, 00pa3ys IbUIb, YTO TAaKKe Mpen-
CTaBIISIET COOOH OMACHOCTH IS PYHKIIMOHUPOBAHHS YCTAHOBOK YIIPABIIEMOTO
TEPMOSACPHOTO CHHTE3A.

Juana3oH mapameTpoB OCaKAEHHS, TAKHX KaK TEMIIepaTypa MOBEPXHO-
CTH, IIOTOKU U DHEPIUU BOJOPOJA U IPOAYKTOB 3PO3UH, HAJIUUYUE IPUMECEH
rejMsi ¥ M30TOIHBIA COCTaB BOJOPO/a OYEHb IIUPOK JIaXKe B Tpejiesiax 0IHOTro
ToKaMmaka [5], He rOBOps O pa3IMYHBIX TOKAMAaKax, CTeiaparopax v JIHHEWHBIX
ycranoBkax. CBOWMCTBa CO-OCaXIIEHHOTO CJIOSl, €r0 MHUKPOCTPYKTYypa MOXET
OUYECHb CWJIHO PAa3HUTHCS B 3aBHCHMOCTH OT YCJIOBHH OCa)KIEHHMs, Aenas Io-
CTpOCHHE KaKUX-THOO MOJIeNel U IpeAcKa3aHnue COAepKaHUI BOIOPOIA B CIIOC
ropazzmo Oojee CIOKHBIMHU 3aladaMd, 9eM OHH SBILSIFOTCS IJISI MMIDIAHTAIHH
BOJIOPOJIa B YK€ CYHICCTBYIOIIYIO IIOBEPXHOCTE.

Juis mpencka3aHus coepKaHus BOJAOPO/Ia B CO-OCAXKICHHOM CIIOC B 3aBH-
CHUMOCTH OT YCJIOBHH OCaKICHHS IMIHPOKO MPUMEHSIETCS IMIIUPHUECKOE YpaB-
HEeHHe MaciITabupoBaHusi, BrepBbie pa3paboranHoe ['. [le Temmepmanom [4],
KOTOpO€ B AajbHeleM 0110 pa3uto B. AmimoBsim [3] u A. 3amo3uukom [6].
Taroke CyIIecTByeT TeopeTHYeckH OOOCHOBaHHas (opmysa, OCHOBaHHAas Ha
pelieHnd ypaBHeHusT AubQy3un-aIBeKMN ¢ JOBymKamu [7], Bepubuimpo-
BaHHas s BoJb(hpama, MoinbaeHa, amomunnst [8]. Bmecte ¢ Tem, ocraercs
OTKPBITBIM P BOIIPOCOB, TAKMX KaK BJIIMAHHUC DHCPTHUNU UMIIIAHTAIIUHA BOJOPO-
Ja, (JOHOBOTO NaBJICHHWS M H30TOIHOTO COCTaBa BOJOPOJA Ha CBOWMCTBa CO-
OCa)KJICHHOTO CJIOS M CO/IEpXKaHUe BOAOpoJa B HeM. B cBere namenenus 6a3o-
Boro creHapust UTOP ocobo cTouT OTMETHTH TO, YTO Ha TEKYLIMH MOMEHT B
OTKPBITOM JIOCTYIIE HET paboT IO CO-OCaXICHUIO BOJOpOia ¢ O0pOM, a HEMHO-
TOYHCIICHHBIC PA0OTHI IO MOJTYYEHHIO OOP-BOJOPOAHBIX MOKPHITHH U3 IIPEKYp-
COpPOB MOKA3bIBAIOT CofiepkaHue Bogopoa a0 ~80 at.% [9].

B kauecTBe OCHOBHOTO CIOCO0a IETPUTHU3ALMUHN CO-OCAXKACHHBIX CIOEB
MIPEII0oIaraeTcsl MX HarpeB B BakyyMe. Bo3MOXKHBIM peleHNeM TakxKe SBIICT-
Csl M30TOIHBIM 0OMEH C IIPOTHEM, TTOKA3aBIBIINNA BEICOKYIO 3¢ pekTnBHOCTE (110
~99 %) yxe npu Hu3kux (10 200 C) remmeparypax [10, 11].
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CO-DEPOSITION AS HYDROGEN ACCUMULATION CHANNEL
IN TOKAMAKS: DANGER, PHYSICS, SOLUTIONS

S. A. Krat, A. S. Prishvitsyn, E. A. Fefelova, Ya. A. Vasina, A. S. Popkov,
Yu. M. Gasparyan, A. A. Pisarev

National Research Nuclear University MEPhI

The accumulation of the radioactive hydrogen isotope tritium in fusion de-
vices is one of the main challenges to realizing commercially viable controlled
fusion. For example, international fusion reactor ITER is limited by regulation
to only 700 g. of tritium in the device at any time [1].

Co-deposition is the process of simultaneous deposition of erosion prod-
ucts of plasma—facing elements of the first reactor wall and plasma particles
(isotopes of hydrogen, helium, etc.). As a result of co-deposition, hydrogen-
saturated layers (films) grow. Unlike the accumulation process due to implanta-
tion into the surface, which, after reaching a certain fluence, reaches saturation,
accompanied by a sharp slowdown in the rate of further accumulation, hydro-
gen accumulation due to co-deposition can occur almost infinitely, generating
layers saturated with hydrogen through their entire depth. For example, for JET
tokamak with a beryllium-tungsten «ITER-like» wall, it was shown that co-
deposition in the form of thick layers accounts for ~50 % of the total accumula-
tion of heavy hydrogen isotopes in the installation [2]. The hydrogen content
even in non-hydride-forming metals such as tungsten can exceed 10 at.%, [3]
and in hydride-forming metals such as Be, reach ~60 at.%. [4]. Thick co-
deposited films can peel off from the surface, forming dust, which also poses a
danger to the operation of fusion plants.

The range of deposition parameters, such as surface temperature, fluxes
and energies of hydrogen and erosion products, the presence of helium impuri-
ties and the isotopic composition of hydrogen is very wide even within a single
tokamak [5] not to mention distinct tokamaks, stellarators and linear installa-
tions. The properties of the co-deposited layer and its microstructure can vary
greatly depending on the deposition conditions, making the development of any
models and prediction of the hydrogen content in the layer much more difficult
tasks than they are for implanting hydrogen into an already existing surface.

The empirical scaling equation, first developed by G. De Temmerman [3],
which was later improved by V. Alimov [3]and A. Zaloznik [6], is widely used
to predict the hydrogen content in the co-deposited layer depending on the dep-
osition conditions. There is also a theory based formula using the diffusion-
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advection equation with traps [7], verified for tungsten, molybdenum, and alu-
minum [8]. At the same time, a number of questions remain open, such as the
effect of hydrogen implantation energy, background pressure and isotopic
composition of hydrogen on the properties of the co-deposited layer and the
hydrogen content in it. In light of the change in the basic ITER scenario, it is
particularly worth noting that currently there are no available papers on the co-
deposition of hydrogen with boron, and few works on the production of boron-
hydrogen coatings from precursors show a hydrogen content of up to
~80 at.% [9].

The main detritization method considered is vacuum annealing. Isotope
exchange with protium is also a possible solution, with demonstrated high effi-
ciency up to ~99 % at relatively low (up to 200 C) temperatures [10, 11].
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BOAOPOAOIMPOHUITAEMOCTS MEMBPAHHBIX OBPA3I1OB
CIIVIABA BT6, IIOJIYUYEHHBIX AJJAUTUBHBIM IIJIC-METOJOM

P. K. Mycsies, A. B. Bepmeii, Y. JI. Mankos, A. B. Byuupun

Poccutickuii penepanbHeIii spepHbIil neHTp — Beepoccuiickmii HaydHO-
HCCIIeIOBATENECKUI HHCTHTYT SKCIIEPUMEHTANBHON (u3nky, T. CapoB

IIpuBeneHsl pe3ynpTaThl pacdeTa MapaMeTpoB BOJOPOJONPOHUIIAEMOCTH
o0pasuoB crutaBa BT6, mony4yeHHBIX aaJUTUBHBIM METOJOM IOCIOHHOIO Ja-
3epHoro cnekanus (IIJIC). PaccmoTpeHO BnusiHHE T'€OMETPHM KOHCTPYKIIUH
MOJIETIbHOW COOpKM ¢ MeMOpaHHBIM 00pa3lOoM Ha XapakTep HKCIIepPUMEHTab-
HOW KPHMBOH NPOHHLIAEMOCTH, a TAK)K€ 3aBUCHUMOCTh AU(PY3UU OT NaBICHUS
BOJIOPOJIa HAa BXOHOI CTOPOHE MEMOpaHHOTo oOpasiia.

HccrnenoBanme BBIMONHEHO B paMKax HaydyHOW mporpamMmbl HammoHanb-
HOTO TeHTpa (PHU3MKH W MaTeMaTHKH, HampaBicHHe Ne 8 «Du3mka H30TOIOB
BOJIOPOJIaY.
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HYDROGEN PERMEABILITY OF MEMBRANE SAMPLES OF BT6
ALLOY, OBTAINED BY ADDITIVE METHOD OF SELECTIVE
LASER MELTING

R. K. Musyaev, A. V. Vertey, I. L. Malkov, A. V. Buchirin

Results of calculation of hydrogen permeability parameters of BT6 alloy
samples obtained by additive method of layer-by-layer laser melting are pre-
sented in the paper. The influence of the geometry of the model assembly with
the membrane sample on the nature of experimental permeability curve, as well
as the dependence of the diffusion on the hydrogen pressure at the input side of
the membrane sample are considered.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, project Ne 8 «Physics of
Hydrogen Isotopes».
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HEHTP IIUKJIOTPOHHBIX TEXHOJIOT U1 HA BA3E
AO «PAJIMEBBI UHCTUTYT UM. B. I'. XJIOITUHA»:
OYHIAMEHTAJIBHBIE U ITPUKJIATHBIE UCCJIE/JOBAHUA

C. A. Tpugponos, U. E. Anexcees, A. B. Banun, B. A. Kanunun, C. A. Poouonog
AO «Paauessrii nHCTUTYT M. B. I'. Xnomuaa

B nacrosimiee Bpemst 'K «Pocatom» nmpunsTO pemenue o co3ganuu LleH-
Tpa IUKIOTPOHHBIX TeXHONOrmi Ha ©0aze AO «PamueBBli HMHCTHUTYT
uM. B. I'. Xnonuna». SIapoM HeHTpa CTaHET SKCIIEpUMEHTANIbHBIN KOMIUIEKC Ha
06a3e KOMITAaKTHOTO W30XpoHHOTo mnukiIoTrpoHa CC-30/15 mnpomsBoncTBa
AO «<HUNDDA». Luknorpounstit kommiaeke CC-30/15 snsetcst anekTpodu-
3M4YECKOM CTAllMOHAPHOM YCTAaHOBKOM, IPEIHA3HAYEHHOW JUI1 KOMMEPYECKOU
HApaOOTKU PATHOHYKIUIOB U MPOBEJCHHS IEPCICKTUBHBIX HCCIICAOBAHUIA B
00J1acTH AJACPHON MEJAMIIMHBI, SACPHON QU3MKH U PaJHallHOHHOTO MaTEPHUaIo-
BCIACHUSI. HHKJ’IOTpOHHLIﬁ KOMIUIEKC COCTOUT M3 HUKIOTPOHA, MHUIICHHOTO
KOMIUIEKCa, CHCTEMbl TPAHCIIOPTHPOBKU IydKa M OOECHEYHBAIOIINX CHCTEM.
LleHTp OUKIOTPOHHBIX TEXHOJOTUH TaKkXKe OyAET BKIIOYATh B ceOsl TEXHOJIOTH-
YECKHE YJACTKH MOATOTOBKN MHUIICHEH, BHIACICHHS IIEIEBBIX PaIHOHYKIUIOB,
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KOHTPOJISI KaUueCcTBa U JIAOOPATOPHIO SIepHO-(PHU3NIECKUX nucciaenoBaHuid. [nuk-
notpon CC-30/15 peannsyer ycKOpeHHE OTPHIATEIbHBIX MOHOB BOJOPOJA H
nerTepus o dHepruil B auamazonax 15-30 m 8—15 MbdB cooTBeTcTBEHHO C
BBICOKOH () (EKTHBHOCTHIO BHIBOIAa YCKOPEHHBIX ITYYKOB ITyTEM TEepe3apsaKH B
MIPOTOHBI M JEUTPOHBL. [ apaHTHPOBAaHHBIN TOK Iy4ka — 10 350 MKA st mpo-
TOHOB U 70 150 MKA 15151 AEUTPOHOB.

B LT nnanupyroTcs cieayomue HayqHble HalpaBIeHUs:

1. TIpou3BOACTBO AMATHOCTUYECKUX M TEPANEBTUYCCKUX MEIUIIITHCKUX
PanMOHYKIMAOB ISl creluanu3upoBaHHbX KiuHuUK Cankt-IletepOypra,
Mocksbl, MockoBckoii 00actu, CeBepo-3anaanoro peruona Pd.

2. TIpou3BOACTBO KOMMEPUECKHX PAJMOHYKIIMIOB JJISl UX pealn3aliy Ha
OTCUCCTBCHHOM U MHUPOBOM PBIHKaX U30TOIIOB.

3. SlnepHo-du3nyeckue HccieNoBaHMs, TaKHE, KaK: U3MepeHHe (YHKIMN
BO30YXKIICHUSI U CEUCHUH SIICPHBIX PEAKIIHIi; UCCICIOBAHUC KAHAJIOB SACPHBIX
peaxmmii, 0Opa3oBaHUe BO30YKICHHBIX/M30MEPHBIX COCTOSHUH sAep, M3Mepe-
HHUE YTIOBEIX paclpelelieHHd BTOPUYHOTO U3MYUCHNUS; UCCIICAOBAaHHE SICPHBIX
peaxmmii ¢ HelTpoHaMu, noxyyaeMsix B 2H(d,n), 3H(d,n), 7Li(p,n), 9Be(p,n) u
9Be(d,n) peakuusax; aKTHBAIMOHHBIA aHAJIN3 MAaTEPUAIOB C HCIIOJIHE30BaHHEM
ITyYKOB MPOTOHOB, ICHTPOHOB M HEUTPOHOB; HCCICIOBAHUE COCTaBa M pacIpe-
JIEJICHUS COCTABJISIOIIUX MaTePHaiOB METOAOM OOpPaTHOTO pacCesHHUs.

4. MarepuanoBeTI4ecKrue HCCIeI0BaHUs: KOHCTPYKIIMOHHBIX MaTepHUaIOB
ATOMHOW YHEPreTHKHU (B TOM YHCIIe, BRICOKO3HTPONMMHBIX CIUIABOB), MUIIICHEH
JJIA IOJIYYCHUS UKIIOTPOHHBIX PAAUOHYKIMAOB, MAaTPHUIl JJId XPAaHCHHUA U 3a-
XOPOHCHUA paINOAKTUBHBIX OTXOO0B.

5. IlpoBeneHre COBMECTHBIX HCCIICIOBAHHUMA B 00IACTH SAICPHON (HU3HKH,
PaloOXUMHHU U PAJAMAIIMOHHOTO MaTepUaloBEICHH CO CTOPOHHUMH OpraHu3a-
USMH.

Ha Texymuit MmomenT B Poccuiickoit denepannn OTCYTCTBYIOT COBPEMEH-
HBIE IIEHTPHI SAEPHBIX TEXHOJIOTHH, CIIOCOOHBIX 00ECIIEYNTh MIMPOKOMACIITA0-
HOE TPOM3BOACTBO KOPOTKOXHBYIIMX U JIOJTOXHMBYIIUX PaJUOHYKIHIOB, a
TaKKe MPOBEJICHUE YKa3aHHBIX Hay4YHBIX HAIpaBlIeHUH. EIMHCTBEHHBIN IHK-
JIOTPOH, TMPUTOIHBIN IS BhIMIEeyKazaHHBIX meneit, PUL[-30 (. TBeps), paspa-
6otan B AO «<HUUDDA» B 80-Xx rogax ¥, B HACTOSIIMI MOMEHT, 00JagaeT
OTPaHWYEHHBIMH BO3MOXHOCTSIMH (3Heprusi mpoToHoB 30 MbsB Heperymupye-
Masi, yCKOpEeHHe IEHTPOHOB HE MPEIYCMOTPEHO).
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CENTER FOR CYCLOTRON TECHNOLOGIES BASED ON JSC
«RADIUM INSTITUTE NAMED AFTER. V. G. KHLOPIN»:
FUNDAMENTAL AND APPLIED RESEARCH

S. A. Trifonov, I. E. Alekseev, A. V. Vanin, V. A. Kalinin, S. A. Rodionov

JSC «Radium Institute named after. V. G. Khlopin»

Currently, Rosatom State Corporation has decided to create a Center for
Cyclotron Technologies on the basis of JSC «Radium Institute named after
V. G. Khlopinx». The core of the center will be an experimental complex based
on the compact isochronous cyclotron SS-30/15 produced by JSC NIIEFA. The
technical characteristics of the complex and comparison with foreign and do-
mestic cyclotrons with a proton beam energy of 30 MeV are shown. The prom-
ising program of applied and fundamental research of the Center for Cyclotron
Technologies, as well as the production capabilities of the center are presented.
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OCOBEHHOCTH 3KCIIEPUMEHTOB 11O UCCJIIEJOBAHUIO
_HAPABOTKH U BbIIEJIEHUA TPUTUA
N3 JINTUUCOAEPKAIIINX KEPAMUK HA PEAKTOPE BBPK

T. B. Kvavcapmos', E. B. Yuxpaii*, C. K. Acxepbexoe*?, A. Lllaiimepoenos™?,
JK. 3aypbexoeat, U. Kenocuna®

ITOO «MHCTHTYT NPUKIIAAHBIX HAYK ¥ MHPOPMAIIMOHHBIX TEXHOJIOTHI,
r. Anmatsl, Kazaxcran
2HMuctuTyT AgepHoit Gusukw, T. Anmatel, Kazaxcran

Koncrpykuuns Oyaymux TepMOsIEpHBIX PEaKTOPOB MPEAIOIaraeT Mpou3-
BOJICTBO TPHUTHsI BHYTpH OnaHKeTa-pasMHOXuTeNsl. OZHUMH W3 TEPCICKTHB-
HBIX MaTepHaIoOB Ui OJIaHKETa-Pa3MHOXHTEINS HA CETONHSIIHUI JEHb SBIIA-
I0TCSI JINTHEBBIE KepaMHMKd. Tputuii oOpasyercss B JMTHUHM 110/ HEHTPOHHBIM
o6nyuennem no peakimu °Li(n,0)T. [anee oToT TpuTHil M3BIEKaeTCs U3 GIaH-
KeTa MPOAYBOYHBIM T'a30M U BO3BPAILIAETCS B 30HY CHHTE3a, peau3ysl KOHLEM-
LU0 3aMKHYTOTO TEPMOSAEPHOTO IUKIIA.

OOnydeHne B yCIOBHUSIX PEaKTOpa JEJICHNUS O CHX IIOP OCTAETCsl OMHUM U3
HEMHOTHX JOCTYITHBIX METOJIOB OLICHKH ITapaMETPOB ICHEPALMH U BBIICICHUSA
TPHUTHS U3 TUTHHCOAEPKAIINX MATEPHUAIIOB B pexuMe iN-Situ. B manHo# paGoTe
MIPEACTABICHO OIMCAaHWE THUIIOBOTO PEAKTOPHOTO 3KCIEPHMEHTA IO HEUTPOH-
HOMY OOJYYEHHUIO JIMTHEBBIX KepaMHUK Ha peaktope BBP-K, Bimrouas skcrme-
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PUMEHTAIEHYIO YCTaHOBKY, PEaKTOPHOE aMIYJIbHOE YCTPOWCTBO, METOAUKY
NIPOBEJICHUI N3MEPEHUHT JJIsl pa3JIMUHBIX PEXKUMOB IKCIIEPUMEHTA U TIp.

B paccMoTpeHNM peakTOPHBII IKCIIEPUMEHT pa3OUT Ha HECKOJIBKO 00ia-
cTeil: 00JacTH re BapbUPyeTCsl MOIIHOCTh PEAKTOpa Ha HA4aJIbHOM M KOHEY-
HOM JTalne KaMIIaHWM pPeakTopa, OONacTH IJe BapbHPYeTCS MOIIHOCTh B IPO-
1ecce KaMIIaHHU PeakTopa, OOJacTH e U3MEHAeTCs TeMIepaTypa o0pas3LoB
BHEIIHMM HarpeBaTesieM, O0JAacTH TAe IPOBOAMTCSA HAIYCK ra3oB (BOAOPOZ,
neiiTepwii, mapsl BOJBI) B KAMEPY YCTAaHOBKH ¢ 00pa3maMu.

B pabore mpeacTaBacHbl 0COOCHHOCTH METOAUKH M MOJIYYaeMbIX JaHHBIX
O 3aBUCHUMOCTAX BBIIACICHUSA TpHTHﬁCOﬂepH(amHX MOJICKYJI U TCJIUA IJId KaxX-
JIOT0 3Tama o0IydaTesbHOro 3kcrepuMeHTa. Ha ocHOBe aHanu3a pe3yibTaToB
PCAKTOPHBIX 3KCICPUMEHTOB MNPEAJIOKECHBI MEXAaHU3MbI BBIACIICHUA TPUTHUA U
reJIMsl U3 JUTUEBBIX KEPAMUK B YCIOBHUSIX PEAKTOPHOT'O OOITyUEeHHSI.

FEATURES OF EXPERIMENTS TO STUDY THE PRODUCTION
AND RELEASE OF TRITIUM FROM LITHIUM-CONTAINING
CERAMICS AT THE WWR-K REACTOR

T. V. Kulsartov?, Ye. V. Chikhray?, S. K. Askerbekov?,
A. A. Shaimerdenov2, Zh. A. Zaurbekoval, I. Ye. Kenzhina!

nstitute of Applied Sciences and Information Technologies LLP,
Almaty, Kazakhstan
2Institute of Nuclear Physics, Almaty, Kazakhstan

The design of future fusion reactors involves the production of tritium
inside the breeder blanket. One of the most promising materials for breeder
blankets today are lithium ceramics. Tritium is formed in lithium under neutron
irradiation by the reaction ®Li(n,0)T. This tritium is then removed from the
blanket by a purge gas and returned to the fusion zone, implementing the
concept of a closed thermonuclear cycle.

Irradiation under fission reactor conditions is still one of the few available
methods for assessing the parameters of generation and release of tritium from
lithium-containing materials in in-situ mode. This report presents a description
of a typical reactor experiment on neutron irradiation of lithium ceramics at the
WWR-K reactor (Almaty, Kazakhstan), including the experimental setup,
reactor ampoule device, measurement techniques for various experimental
modes, etc.
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In consideration, the reactor experiment is divided into several areas: areas
where the power varies at the initial and final stages of the reactor campaign,
areas where the power varies during the reactor campaign, areas where the
temperature of the samples changes with an external heater and areas where
gases are injected (hydrogen, deuterium, water vapor) into the experimental
chamber with samples.

The report presents the features of the methodology and the obtained data
on the dependences of the release of tritium-containing molecules and helium
for each stage of the irradiation experiment. Based on an analysis of the results
of reactor experiments, mechanisms for the release of tritium and helium from
lithium ceramics under reactor irradiation conditions are proposed.
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3KCHEPUMEHTBI IO HCCJIEJJOBAHWIO B3AUMO/JIEMCTBHS
BOJOPOJA C BEPUJIJINIOM HUOBUSA BE2NB3

A. B. Enuwenxos', E. B. Yuxpaii*, T. B. Kynocapmoe®, U. E. Kenocuna',

K. A. 3aypbexoeat, C. K. Ackepbexoet, E. A. Kenocun, C. B. Yoapyee®

ITOO «MHCTHTYT NPUKIIAAHBIX HAYK ¥ MHPOPMAIIMOHHBIX TEXHOJIOTHI»,
r. Anmatsl, Kazaxcran
2A0 «Ynp0uHCKMiT MeTalTyprudeckuii 3aBo», r. Ycrs-KameHoropek,
Kasaxcran

WHTepec kK MHTEpPMETAIITHMIHBIM COSANHEHUSIM OSPUIIIHS CBSI3aH C MINPO-
KM CHEKTPOM BO3MOXKHOCTEH MX NPUMEHEHHS B HEPTE€THKE OT KOHCTPYKIIH-
OHHBIX MaTEepHAaJIOB B AJEPHBIX M TEPMOAIECPHBIX peaKTOpax 0 CUCTEM XpaHe-
HUS BOAOPOAA.

Bepuimig HroOust 061a1ast XOPOILEH TEMIONPOBOIHOCTBIO U CTOMKOCTBIO
K BBICOKMM TEMIIEpaTypaM, BBICOKOI MeXaHHMYECKOH NPOYHOCTHIO, HU3KHM
K03(h(pULMEHTOM 3aXBaTa HEHTPOHOB, MOXKET MCIIOJIB30BAThCS JUIsl M3TOTOBJIE-
HUSI Pa3IMYHBIX JIeTajdel TeII0OOMEHHBIX MTOBEPXHOCTEH, 0O0JOYKH TOIIHB-
HBIX 3JIEMEHTOB, U T. I. B TEPMOSIEPHBIX U SJICPHBIX PEaKTOpax.

CrnocoOHOCTF HMHTEPMETAJUINIOB OOpa30BBIBATH THIPUABI OTKPHIBAET
BO3MOXKHOCTh IJISl WCIIOJIb30BAHUS B KauecTBE HAKONMUTEIECH BOAOpoOna Ui
BOJIOPOAHON 3SHEPTeTHKU. TpajuIHMOHHBIE CHOCOOBI XPAaHEHHS BOAOPOIA B
C)KaTOM WJIM CXKIDKCHHOM BHJIE MMEIOT Psii HEIOCTATKOB: BBICOKHE YHEProsa-
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TPAaThl, CIIO)KHOCTH U3TOTOBIICHHS U O0C30IACHOM JKCILTyaTallud OasIOHOB BBI-
COKOTO JIABJICHUS W T. . ANIBTCPHATHBHBIM CIIOCOOOM SIBIIICTCSI HUCIIOJIB30Ba-
HHE THAPHUIOB METAJUIOB OTBEYAIONINX OCHOBHBIM TPeOOBaHMSAM, TaKHM Kak -
obecrieueHre MPUEMIIEMBIX TEMIIEpaTyp BBICBOOOXKICHHUS M MOTJIOMICHHS, CO-
XpaHeHre (a3z0BOTO COCTOSHIS B HY’)KHOM JHAaIla30HE TEMIIEPaTyp U NaBJICHUH,
obecrieueHre BBICOKOH 00BbEMHON M MacCOBOW IUIOTHOCTH IO BOJOPOXY, OBITH
nepe3apskaeMBIMU.

Juis ompeneneHusl CIEKTpa M BO3MOXKHOCTH TPUMEHEHUS IS PerIeHUs
9THX 3a/1a4 BaYKHO TIOHMMATh MApaMETPhl M MEXaHU3M B3aumoelcteus BeoNbs
C BOJIOPOJIOM, YTO JIOCTHTaeTCs IMPOBEICHUEM SKCIICPUMEHTAIBHBIX U TEOPETH-
YECKHX MCCIICIOBAHUI.

A TpencTaBieHHON paboTe MPOBENCHBI HCCIEIOBAHHUS COPOIIMOHHO-
JIECOPOLIMOHHBIX CBOMCTB Oepmimnaa Huoous BeaNbiz. OcoOblii naTEpec maH-
HOTO WCCIIeIOBaHMSA MpeAcTaBsieT Hamumune B Kaszaxcrane HEeHCTBYIOMIETO
MIPOMBINIJICHHOTO TPOW3BOICTBA, BEIITyCKAOIIee OSPIUINI ColepKalie MaTe-
pranbsl: AO «YIbOMHCKUH METAILTYPIHYEeCKUH 3aBOI».

Jis mpoBeneHKS MCCICIOBAHUIN M0 B3aMMOJICHCTBHIO BOJIOPOJIA ¢ OCpHII-
JUIOM HHOOWS pa3paboTaHa METOJMKA W M3TOTOBIICHA YCTAHOBKA IO TPOBEIE-
HUIO COPOIMOHHO-ECCOPOIMOHHBIX JKCIepuMeHToB (MetomoMm CuBeprca),
HMUTHPYIOIIAss YCJIOBUS pPabOThl TEPCICKTUBHBIX MAaTCPUANIOB B pealibHBIX
ycnoBusix. J[Js MpoBefeHUs SKCIICPUMCHTOB YCTAHOBKA OCHAIICHA: CUCTEMOM
aBTOMAaTHYECKOW PETUCTPAIMH TaHHBIX, C BO3MOXXHOCTBIO YIaJICHHOTO MOHH-
TOpPWHTA, MTONYYCHHS JaHHBIX U1 OOpaOOTKH W YIIPaBJICHHUS B PEXXUME peallb-
HOTO BpeMeHH depe3 VHTepHeT, CUCTEMOW KOHTPOJIS aBapUHHBIX CHUTYAIUH C
BO3MOKHOCTBIO YIAJICHHOTO YIPAaBJICHHS OTKIIOYCHUS YCTAaHOBKH, a TaKXKe
aBTOHOMHas paboTa IPHU OTKIIOYCHUH YHEProcHAOKEeHU. Y CTAHOBKA ITO3BOJIS-
€T TPOBOJIUTH UCCJIENIOBAHUS C MaJopa3MepHBIMU 00paslibl (MaJoTo pa3Mmepa,
MacCChl U 061,eMa) YTO MNOBBINIACT YYBCTBUTCIBHOCTH METOAA, B JUAIa3soHax
JIABJICHUI OT HecKoJbkuX Topp g0 coten atmocdep, npu Harpese mo 700 °C,
peanu30BaTh NPOTrPaMMBl C Pa3IMYHBIMHM TeMIEpPaTypHBIMU NpoduiasiMu (Ju-
HEWHBIE HATPEB, OXJIAK/EHHUE, BBIICPKKA HA TEMIIEPATYPHBIX MOJIKaX).

I/ICCHGHOBaHI/IH MMpOBOAUINCH C KOMIIAKTUPOBAHHBIMH o6pa311aM14, ToJy-
YCHHBIMU CIICKAaHWEM B BaKyyMHOW II€YH, MPEABAPUTCIHHO YIDIOTHCHHOH ITy-
TEM IIPECCOBAHHSA CMECH HCXOIHBIX MOPOIIKOB OEpIIUINS, B3SATHIX B CTEXHO-
METPHUYECKONW TPOMOPIUH, COOTBETCTBYIOIEH coenuHennto BeaNbs. Thnot-
HOCTh KOMIAKTHPOBAHHOTO 00pasia coctaBmia He MeHee 70 % oT Teoperuue-
CKOTO 3HAUCHMsI, YacTh MaTepuaia Obla MOJBEPrHYTa M3MEIbUCHHUIO NI 110~
JyYCHHUS TIOPOIIIKA.
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[Ipy npoBeneHUH SKCHEPUMEHTOB BeJach MOCTOSHHAS PErHCTpanus clie-
JYIOIINX [TapaMeTpoB: TeMIlepaTypa odpasua, 1aBlieHHe B KaMepe ¢ o0pa3uamu
(c mompaBKOW HAa HM3MEHEHHE CpEIHEH TeMIlepaTypbl Ta30BOH CMeCH IpH
HarpeBe yCTaHOBKHM). B pesynprare mcciaeoBaHMI OBLIHM MOTYIEHBI 3aBUCHMO-
CTH TIOTJIOLICHUS U BBIJCICHUS BOJOPOAA U3 00pas3lioB B AWANAa30HE JaBICHUN
ot 1 mo 8 MIla u temneparyp ot 25 o 550 °C. [1o momy4eHHBIM 3aBHCHMO-
CTSIM OBUTH ONpENENCHbI CIEAYIOIINE MapaMeTphl - KOJIMYECTBO BOJIOPOAA B
o0pasIax, MOCTPOCHBI TEMIIEPAaTYPHBIE 3aBUCUMOCTH M KOHCTAHTHI PacTBOPH-
MOCTH.

B npexncraBneHHol paboTe MPUBOASATCS CXeMa YCTAaHOBKH, ONUCAHUE CH-
CTEM, MapaMETPbl SKCICPUMEHTOB U PE3YJIbTAThl IMTPOBEACHHBIX I/ICCJIeZlOBaHl/Iﬁ
0 B3aUMOJICUCTBHIO BOJIOPO/a ¢ Oepuiutuaom Huobus BeoNba.

EXPERIMENTS TO STUDY THE INTERACTION OF HYDROGEN
WITH NIOBIUM BERYLLIDE BezNbs

A. B. Yelishenkov?, Ye. V. Chikhray?, T. V. Kulsartov?, 1. Ye. Kenzhina?,
Zh. A. Zaurbekova?, S. K. Askerbekov?, Ye. A. Kenzhin?, S. V. Udartsev?

Ynstitute of Applied Sciences and Information Technologies LLP, Almaty,
Kazakhstan
2]SC «Ulba Metallurgical Plant», Ust-Kamenogorsk, Kazakhstan

Interest in beryllium intermetallic compounds is associated with a wide
range of possibilities for their application: in the energy sector, from structural
materials in fission and fusion reactors to hydrogen storage systems.

Niobium beryllide, having good thermal conductivity and resistance to
high temperatures, high mechanical strength and low neutron capture coeffi-
cient, can be used for the manufacture of various parts of heat exchange surfac-
es, fuel cell shells, etc. in fusion and fission reactors.

The ability of intermetallic compounds to form hydrides opens up the pos-
sibility of being used as hydrogen storage devices for hydrogen energy. Tradi-
tional methods of storing hydrogen in compressed or liquefied form have a
number of disadvantages: high energy costs, difficulties in manufacturing and
safe operation of high-pressure cylinders, etc. An alternative method is to use
metal hydrides that meet basic requirements, such as ensuring acceptable re-
lease and absorption temperatures, maintaining the phase state in the required
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temperature and pressure range, ensuring high volumetric and mass density of
hydrogen, and being rechargeable.

To determine the spectrum and possibilities of using Be;Nbs to solve these
problems, it is important to understand the parameters and mechanism of its
interaction with hydrogen, which is achieved by conducting experimental and
theoretical studies.

In the presented work, studies of the sorption-desorption properties of nio-
bium beryllide BezNbs were carried out.

The presence in Kazakhstan of an existing production facility producing
beryllium-containing materials — Ulba Metallurgical Plant JSC is of particular
interest to this study.

To conduct research on the interaction of hydrogen with niobium beryl-
lide, a methodology has been developed and a facility has been manufactured
for conducting sorption-desorption experiments (using the Sieverts’ method),
simulating the operation of promising materials under real conditions. To con-
duct experiments, the facility is equipped with an automatic data recording sys-
tem, with the ability to remotely monitor, obtain data for processing and control
in real time via the Internet, an emergency monitoring system with the ability to
remotely control the facility shutdown, as well as autonomous operation during
a power outage.

The facility allows for research with small samples (small size, mass and
volume), which increases the sensitivity of the method, in pressure ranges from
several Torr to hundreds of atmospheres, when heated to 700 °C, implementing
programs with different temperature profiles (linear heating, cooling, aging on
temperature shelves).

The studies were carried out with compacted samples obtained by sinter-
ing in a vacuum furnace, pre-compacted by pressing a mixture of initial berylli-
um powders, taken in a stoichiometric proportion corresponding to the Be2Nbs
compound.

The density of the compacted sample was no less than 70% of the theoret-
ical value; part of the material was crushed to obtain powder.

During the experiments, the temperature of the sample and the pressure in
the chamber with the samples were constantly recorded (adjusted for changes in
the average temperature of the gas mixture when the facility was heated). As a
result of the research, the dependences of the absorption and release of hydro-
gen from samples in the pressure range from 1 to 8 MPa and temperatures from
25 to 550 °C were obtained. Based on the obtained dependences, the amount of
hydrogen in the samples was determined, temperature dependences and solubil-
ity constants of hydrogen in BezNbs were plotted.
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PA3PABOTKA YPABHEHHUSI COCTOSIHUSI U30TOIIOB
BOJIOPOJIA M UX CMECEI1 C TEJJMEM METOJIAMHU
TEPMOJAUHAMUKH U MOJIEKYJISIPHOI JUHAMMKH

FO. A. Bozoanoeat, U. B. Maxnawosa®, A. IO. Anetinuxoe?, A. A. Cenesenes*?,
B. IO. Koponeé®

'HarmoHankHBIN HCCIENOBATEIbCKHN snepHblil yHuBepcuteT « MUDN»
2Poccuiickuil penepanbHblil saepHBIHA HeHTp — Beepoccuiickuii HayuHo-
HCCIIeAOBATENLCKUH HHCTUTYT AKCIEPUMEHTAIEHON (DU3UKH

Jlnst pacuera TEIIOPU3NIECKUX XapaKTEPUCTHK W YPABHEHHs COCTOSIHFSI
ra3oBBIX CMecell pa3paboTaHbl YHUCICHHBIE METOJUKH HA OCHOBE TEPMOJMHA-
MHUYECKOTO U MOJIEKYSIPHO-IruHAMIYecKoro (MJI) MoaenupoBaHust ¢ UCIOJb-
30BaHUEM PA3JIMYHBIX TOTEHIMATIOB MEKXATOMHOTO U MEKMOJIEKYIIIPHOTO B3a-
HMOJICHCTBUS, a TaKKe Ha ocHOBe ab initio mogxona. JlaHHbEIE METOAWKH I103-
BOJISIFOT PACCUUTHIBATH TEIIO(QU3UUECKHUE XAPAKTEPUCTHKH Ia30BBIX CMecei u
mapaMeTpsl YpaBHEHHS COCTOSIHUS B IIHPOKOM [HAIa30HE JABJICHUSA U TEMIIe-
parypsl C TOYHOCTBIO, COMOCTABUMOW C TOYHOCTBIO 3KCIEPUMEHTAILHOTO
OTIpeIeNICHUsI PACCMATPHUBAEMBIX TAPAMETPOB.
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st pacueroB metomamu ab initio M/I 6euta npoBeneHa pabora mo 00b-
€IMHEHUIO PACUYETHBIX BO3MOXKHOCTe# maketoB Quantum ESPRESSO (QE) [1]
n LAMMPS [2] ¢ momompio mHTepdeiica MDI [3] (koMruiekc mporpamm
LampGraph). MDI (MolSSI Driver Interface) npeaocraBisieT cTaHIapTH3UPO-
BaHHBIH API mist GBICTpOM OmepaTHBHON CBSA3M MEKIY KOJAMH BBEIYHUCIIATEIb-
HOW XMMHUHU. DTO 3HAYUTEIHHO YIIPOIIAeT 3a1eHiCTBOBaHIE BO3MOKHOCTEH He-
CKOJIFKHX TIPOTPaMMHBIX ITaKETOB B paMKax oxHOW 3amaun. OOMEH NaHHBIMH
MEXIy KOJaMH OCYIIECTBIIEeTCS ¢ TmoMombio Omommorekn MDI, kotopas
00eCIICUYMBACT TECHYIO CBSI3b MEXKIY KOJAMH C UCIOJIb30BaHHEM MeTo10B MPI
wim TCP/IP. B pamkax npoBeleHHBIX pa0OT HamucaH ApaiBep Ha S3bIKE
FORTRANO90, pa6oraromuii Ha cropore QE, KOTOpHId, B CBOIO OYepellb, HC-
NoJb3ys Bo3MoxkHocTH peanusanuu MDI Ha cropone LAMMPS ocymectsisier
obmeH panubiMu Mexny QE u LAMMPS. Takum o0OpaszoM, yaaioch oObenu-
HHUTh B OJJHOM 3amaue mposeaeHus ab ibitio M1 moxenupoBaHus BO3MOXHOCTH
IIBYX pacueTHHIX KOJIOB, HAIIMCAHHBIX HA Pa3HBIX S3BIKAaX MPOTPaMMHPOBAHU:
C++ (LAMMPS) u FORTRAN9O (QE). Ha xaxmom mare ab ibitio MJI moze-
JUPOBAHUS BBHIYUCIICHUE «XOJOJHOI» COCTABIISIONICH YHEPTHUH, CHII U BHpHaJa
ocymiecTBIIIOCH Ha cropore QE, a mobOaBieHne «KMHETHIECKOID COCTaBIIIO-
el SHEprHH C MOCICIYIOIUM WHTETPUPOBAHHEM YPAaBHECHUH IBIDKCHUS, a
TaKXKe TePMOCTATHPOBAHHEM W 0apOCTaTHPOBaHUEM OCYIIECTBILUIOCH HAa CTO-
pone nmakera LAMMPS.

ABTopsl pabotsl 6maromapar C. H. I'anuyka 3a moMoInps B pa3paboTke
koMIuiekca mporpamm LampGraph u npoBeneHnu pacueTos.

PaboTa BhIOTHEHA B paMKax HAyYHOH mMporpamMmbl HarmoHambHOTO IeH-
Tpa QU3MKK 1 MaTeMaTuku (TIPpoekT § «Du3mKa H30TOTIOB BOJAOPOaY, HAIIPaB-
nenue 8.1 «MccnemoBanusi B 00JIACTH B3aMMOJCHCTBYSI M30TOIIOB BOJOPOA C
TBEPIBIM TEJIOM)

JIMTEPATYPA
1. https://github.com/QEF/g-e.

2. https://github.com/lammps.
3. https://molssi-mdi.github.io/MDI_Library.
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DEVELOPMENT OF THE EQUATION OF STATE OF HYDROGEN
ISOTOPES AND THEIR MIXTURES WITH HELIUM BY METHODS
OF THERMODYNAMICS AND MOLECULAR DYNAMICS

I. V. Maklashova?, Yu. A. Bogdanova?, A. Yu. Aleynikov?, A. A. Selezenev?,
V. Yu. Korolev?

!National Research Nuclear University MEPhI
(Moscow Engineering Physics Institute)
2Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics

To calculate the thermophysical characteristics and the equation of state of
gas mixtures, numerical methods have been developed based on thermodynam-
ic and molecular dynamics modeling using various potentials of interatomic
and intermolecular interaction, as well as based on the ab initio approach.
These techniques make it possible to calculate the thermophysical characteris-
tics of gas mixtures and the parameters of the equation of state in a wide range
of pressure and temperature with an accuracy comparable to the accuracy of the
experimental determination of the parameters under consideration.

For calculations using ab initio MD methods, work was carried out to
combine the calculation capabilities of the Quantum ESPRESSO (QE) [1] and
LAMMPS [2] packages using the MDI interface [3] (LampGraph software
package). MDI (MolSSI Driver Interface) provides a standardized API for fast,
on-the-fly communication between computational chemistry codes. This great-
ly simplifies the use of the capabilities of several software packages within one
task. Data exchange between codes is carried out using the MDI library, which
provides tight communication between codes using MPI or TCP/IP methods.
As part of the work carried out, a driver was written in FORTRAN90, running
on the QE side, which, in turn, using the capabilities of MDI implementation on
the LAMMPS side, exchanges data between QE and LAMMPS. Thus, it was
possible to combine in one task of ab ibitio MD modeling the capabilities of
two calculation codes written in different programming languages: C++
(LAMMPS) and FORTRAN90 (QE). At each ab ibitio MD simulation step, the
calculation of the «cold» component of energy, forces and virial was carried out
on the QE side, and the addition of the «kinetic» energy component with sub-
sequent integration of the equations of motion, as well as thermostatting and
pressure control was carried out on the LAMMPS package side.



Kinetics and thermodynamics of the interaction of hydrogen isotopes... 59

The authors of the work thank S. N. Ganchuk for assistance in developing
the LampGraph software package and performing calculations.

The work was carried out within the framework of the scientific program
of the National Center of Physics and Mathematics (project 8 «Hydrogen Iso-
tope Physics», direction 8.1 «Research in the field of interaction of hydrogen
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MOJIEKYJISIPHO-TUHAMUYECKOE MOJIEJIJNPOBAHUE
JTU®®Y3UU BOJOPOJA B METAJLJIAX

0. A. boedanosa, Y. B. Maknawosa, A. A. Cypaesa

HauunonaneHelil ncciaenoBaTeNnbCKuit aepHbiit yuupepcuter «MUDU»

B mocnenune BpeMsi akTHBHO NPOBOJISTCS HccienoBaHus quddys3un Bo-
JI0poZa B METa/u1aX. JTO CBA3AaHO C TEM, YTO CHCTEMa «BOJOPOA-METALD» IIH-
POKOE IIPUMEHSCTCS B MPOMBIIIICHHBIX TEXHOJIOTHAX, B KOTOPBIX CTAHOBUTCA
Ba)XHO OIICHUTH HETaTHBHOE BIMSHHE BOJOPOJA HA CBOWHCTBA MaTephalioB, C
KOTOPBIMH OH B3aUMOJICHCTBYET, HAPUMED, UX OXPYITUNBAHNE WIN KOPPO3HSL.
Bonopon BeiencTBHe MaibIX MacChl M pa3MepoB 110 CPaBHEHMIO C JPYTHMHU
aTOMaMH ra3oB M METaJIOB 00Jia/laeT Ype3BbIYaifHO BBICOKOM A dy3noHHON
MIOJIBYKHOCTBIO, KOTOpasi TAK)KE MOXKET OBITh CBS3aHHOI C KBaHTOBOW HPHUPO-
Joit Bogopopa. CyliecTBYIOIIUE SKCIEPUMEHTalIbHbIE PabOThl TPEeOYIOT CH-
CTEMHOT'0 aHaJIn3a W JIOIOJIHEHUS! TEOPETHYECKUMH OLICHKAMH JUIs OTIMCAHUS
K03 punreHToB u(h(GHy3Un ¢ yIETOM Pa3IUIHBIX 3PPEKTOB B OTMPOKOM JaHa-
IIa30HE TEMIIEpaTyp W AaBICHHUMH.
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MonenupoBanue nuddysun Bogoposa B METaIax ¢ TpaHellEHTPUPOBAH-
HOW KyOM4eCKOW pelIeTKON Ha IpUMepe ajJllOMUHUS M HUKeJIs OBbIJIO IPOBE/ICHO
Ha OCHOBE MEXO0Y3eJFHOTO0 MEXaHW3Ma — JMHAMUKH MHIpaluu (TepemMerre-
HHS) aTOMa BOJIOPOJa M3 OJTHOTO IOJIOKEHHS B Ipyroe 0e3 ero JIOKaJIM3aliy B
y37axX KPHUCTAJUTMYECKOW pemieTku B mporpammHoMm makere LAMMPS [1] ¢
UCIIONB30BaHHEM IOTEHIMAIA MOJISIIH IIOTPYKEHHOTO aToMa.

Jus ompenencenus xoddpoumueHTa audGy3urr BoJOpoaa HCIIOIB30BAIICT
pacdeT CpeIHEeKBAJPAaTHYHOIO CMELIEHHs aTOMOB Bomopoxa B cpexe. Ilomy-
YCHHBIC JJAHHBIC M3MCHEHUs K03 duimenta quddy3un Bogopoaa B 3aBUCHMO-
CTHU OT UBMCHCHUS TEMIICPATYpPhbl U JaBJICHUA B HUKCJIC U aJIIOMUHUU COTJIacy-
I0TCA ¢ UMCIOLIUMUCH JTUTEPATYPHBIMU JTaHHBIMU.

3aBucumocTth kodddunuenta nuddy3un OT KOHIEHTPALMK BOJOPOJA
TpeOyeT AajgbHEeHIIero n3y4eHus.

Taroke npencTaBisieT HHTEPEC BBISBICHUE BIMSHUS Je(EKTOB B KPUCTAI-
JIMYECKOH peleTke MeTaJutoB Ha 1uddy3nio Bogopoa.

Pabora BeITONTHEHa B paMKaxX Hay4HOW IpOrpaMMbl HamoHanpHOTO ICH-
Tpa U3UKU U MaTeMaTHKH (TIpoekT 8§ «Du3nKa H30TOMOB BOIOPOIAy, HAIIPaB-
nerne 8.1 «MccnemoBanus B 00IacTH B3aUMOJCHCTBUS U30TOIIOB BOJIOPOJIA C
TBEPIBIM TEJIOM>)

JINTEPATYPA

1. https://qgithub.com/lammps.

MOLECULAR DYNAMICS MODELING OF HYDROGEN DIFFUSION
IN METALS

I. V. Maklashova, Yu. A. Bogdanova, A. A. Suraeva

National Research Nuclear University MEPhI
(Moscow Engineering Physics Institute)

Recently, active research has been carried out on the diffusion of hydrogen
in metals. This is due to the fact that the hydrogen-metal system is widely used
in industrial technologies, in which it becomes important to evaluate the nega-
tive impact of hydrogen on the properties of materials with which it interacts,
for example, their embrittlement or corrosion. Hydrogen, due to its small mass
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and size compared to other atoms of gases and metals, has extremely high dif-
fusion mobility, which may also be associated with the quantum nature of hy-
drogen. Existing experimental work requires system analysis and complementa-
tion with theoretical estimates to describe diffusion coefficients taking into ac-
count various effects in a wide range of temperatures and pressures.

Modeling of hydrogen diffusion in metals with a face-centered cubic lat-
tice using the example of aluminum and nickel was carried out on the basis of
the interstitial mechanism - the dynamics of migration (movement) of a hydro-
gen atom from one position to another without its localization at the sites of the
crystal lattice in the LAMMPS software package [1] using the potential embed-
ded atom models.

To determine the diffusion coefficient of hydrogen, we used the calcula-
tion of the root-mean-square displacement of hydrogen atoms in the medium.
The obtained data on changes in the diffusion coefficient of hydrogen in nickel
and aluminum depending on temperature and pressure are consistent with the
available literature data.

The dependence of the diffusion coefficient on hydrogen concentration re-
quires further study.

It is also of interest to identify the influence of defects in the crystal lattice
of metals on the diffusion of hydrogen.

The work was carried out within the framework of the scientific program
of the National Center of Physics and Mathematics (project 8 «Hydrogen Iso-
tope Physics», direction 8.1 «Research in the field of interaction of hydrogen
isotopes with solids»).

REFERENCES

1. https://github.com/lammps.
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MOJIEJTMPOBAHUE 3AXBATA TEMTEPHUS B CTAJIM DK-181

A. I1. epcuanosa®, A. B. Fony6esat, B.C. Epumoé?

'HHUII «KypuaToBckuii HHCTUTYT», MockBa
ZHUSTY MU®U, Mocksa

B xone pa®oThl TEpMOSAEPHBIX PEKTOPOB M TEPMOSIEPHBIX MCTOYHUKOB
Heiitponos (TYH) kaMepsl 3TUX ycTaHOBOK OyIyT MO/ABEPraThCsl BO3ACHCTBUIO
MIOTOKOB JICHTEPHUsI U TPUTHS, B CBSI3U C UeM HEOOXOJIUMO M3y4aTh B3aHMMOJICH-
CTBHE M30TOINOB BOJOPOAA C MaTepualaMH CTEHKH, B TOM YHUCJIEe AMHAMHUKY
HakoruieHus1 u3oromnos. st Oynymux oredectBeHHbIXx TMH B kauectBe KOH-
CTPYKLIMOHHOTO MaTepHaja MpeaIaraeTcs HCIONb30BaTh MalTOAKTUBHPYEMYIO
¢depputHo-MapTeHcuTHYI0 cTtanh OK-181 (Pycdep) [1]. K ee mocromHcTBaM
MOJXHO OTHECTH OBICTPBIA CIIa]] HaBEICHHOW AaKTUBHOCTH IO ICWCTBHUEM
HEHUTPOHHOTO OOITyUeHUsI, XOPOIINEe TEPMOMEXaHIMIECKUE CBOMCTBA M ITHPOKHIA
nmuamas3oH pabounx temmeparyp (573-973 K) [2].

Jl1 mpoTHO3MPOBaHUS KOIUYECTBA BOAOPOAA, KOTOpoe OYyJeT 3axXxBaueHO
B DK-181 B npouecce sxcmtyaranun THH, Heo6XoquMo MpOBOJAUTH YUCIICH-
HOE MOJICJTMPOBAHUE IKCIIEPUMEHTOB 110 3aXBaTy M30TOIIOB BOJOPOJAa B 00pa3-
IIbI 3TOMN CTaju. KOMHI)IOTepHOG MOJCIIMPOBAHNUEC B COYCTAHUN C DKCIICPUMECH-
TOM II03BOJIAET ONPEAEIUTh MapaMeTphl 3aXBaTa JACHTEpUs U TPUTHUA — DHEp-
THIO CBSA3M BOJIOPO/JIA C JIOBYIIKAMH U KOHLIEHTPAIIHIO JIOBYIIIEK B MaTepHale.
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B mporpamme TMAP7 Obutn IpOMOJEIMPOBAHEl TEPMOJECOPOLIIOHHEIE
cnekTpel (TJC-cnexTprr) o0pas3noB cranmu DK-181, momydeHHBIE TOCTE BBI-
JIEPKKU B Ta3000pa3HOM JEHTEpUH NPH JaBICHAN 5 atMocep W TeMIepary-
pax 623-723 K. OnpezaeneH Tyl JOBYyIIeK (IPUIOBEPXHOCTHBIE), UX YHEPTHUS
cBs3u ¢ perrepuem (0,75 3B) m xornentpamus (1,5 ar.%). OOHapyxeHsI aHO-
Mammu B T/IC-criekTpax B 00JaCTH BBICOKHX TEMIIEPATYypP, BBIPAXKAIOIINECS B
HAJIMYAA Y3KUX THKOB B BBEICOKOTEMIIEPTYpHOU oOmacTH. M3ydeHo BimsHUE
OKCHITHOTO CJIOSI HA ()OPMY CIIEKTPOB.

JIUTEPATYPA

1. Tony6eBa A. B. u ap. [lepcrniektuBHbIe MaTepuansl 5—18 (2021) 4.
2. JleontseBa-CmupHoBa M. B. u jp. IlepcrniektuBHble MaTepuanbl 40-52
(2006) 6.

MODELING OF DEUTERIUM RETENTION IN EK-181 STEEL
A. Persianoval, A. Golubeval, V. S. Efimov?

INRC «Kurchatov Institute», Moscow
2NRNU MEPhI, Moscow

During the operation of fusion reactors and fusion neutron sources (FNS),
the vacuum vessels of these installations will be exposed to deuterium and triti-
um flows, and therefore it is necessary to study the interaction of hydrogen iso-
topes with wall materials and particularly the dynamics of isotope accumula-
tion. For future domestic FNS, it is proposed to use low-activation ferritic-
martensitic steel EK-181 (Rusfer) as a structural material [1]. Its advantages
include a rapid decline in induced activity under neutron irradiation, good
thermomechanical properties and a wide range of operating temperatures
(573-973 K) [2].

To predict the amount of hydrogen that will be retained in EK-181 during
the operation of FNS, it is necessary to carry out numerical modeling of exper-
iments on the retention of hydrogen isotopes in samples of this steel. Computer
modeling combined with experiment allows us to determine the parameters of
deuterium retention — the hydrogen detrapping energies and trap concentrations.

The TDS spectra of EK-181 steel exposed in Dy at a pressure of 5 bar at
623-723 K were simulated in the TMAP7. The type of traps (near-surface),
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their detrapping energy (0,75 eV) and concentration (1,5 at. %) were deter-
mined. Anomalies in TDS spectra at high temperatures was discovered, that
expressed in the presence of narrow peaks in the high- temperature region. The
influence of the oxide layer on the shape of the spectra was studied.

REFERENCES
1. Golubeva A. V. et al. Perspektivnye materialy 5-18 (2021) 4.

2. Leontieva-Smirnova M. V. et al. Perspektivnye materialy 40-52
(2006) 6.
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U30TOITHBII OBMEH BOJIOPOJIA B CTAJIA JK-181

T. A. Hluwkosa*?, JI. U. Yepxes*, A. B. Ionybeea, H. O. Cmenanos?,
H. I1. Bobwipvt, []. A. Koznoe*, [{. C. Jyeun*, M. 5. Posenxesuu?, B. M. Yepnog®

'HMI], «KypuaToBckuii HHCTUTYT», MockBa
2Poccuiickuil XMMUKO-TEXHOJIOTMYECKUH YHUBEPCUTET
uMm. [1. 1. MenneneeBa, MockBa
SBHUUHM um. A. A. Bousapa, Mocksa

HeobxoaumocTb OBICTPO M3BJIEKATh TPUTHH M3 MaTEpPHAIOB KaMephl Tep-
MosepHbIx peakTopos (TSP) norpedyer npumeHenus 3pHEeKTUBHBIX METOZOB
WIN KOMOMHAIMH METOJOB ICTPUTH3aUUH. [IepCHEeKTUBHBIM METOIOM yAaie-
HUSl TPUTHS U3 MAaTEPHAJIOB SBISACTCA W30TONHBIN 0OMeH. JlaHHBIH METOA OcC-
HOBAaH Ha M30TOITHOM 3aMELIEHHH TPUTHA B MaTepHanax IpHU KOHTAKTE C JeH-
TEPHUEM HJIU IPOTUEM B BHJE T'a3a WM IUIa3MBI.

BBuay BBICOKOI CTOMMOCTH ¥ CIIOXKHOCTH OpraHM3aluu padoThI C PagHo-
AKTHBHBIM TPHUTHEM OOJBIIMHCTBO SKCHEPHUMEHTAIBHBIX PaOOT MO HCCIIEI0BaA-
HUIO 3P (PEKTUBHOCTH METOI0B U3BJICYCHUS TPUTHS IIPOBOJIUTCS C ACHTEPHEM.

B Hactosmieir paboTe 3KCHEPUMEHTATLHO MOJCIHUPOBAIM  BIIHSHUE
HEHTPOHHBIX MOBpEXACHUI Ha 3axBaT neitepus B cranu OK-181. [lna mone-
JUpOBaHMs Ie(eKTOB, KOTOpble OyayT oOpa3oBBIBAaTbCS HPH OOJYYECHUH
Heditponamu TSP, oOpasupl MmoBpenuiau myTeM OOJyYeHHs HOHAMHU Fe?* ¢
sHeprueit 5,6 MaB mpu temmeparype 327 °C. IloBpexaeHHBIE U HEIMOBpe-
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XKIEHHBIE 00pa3ubl o0myunian aeiirepueBoil miaszmoi mpu 200 °C o 1036l
10%° nonos/m?. Cozepikanue jaeliTepuss B 06paslax ONPENENIOCh METOIOM
TEPMOJECOPOIIMOHHON CHEKTPOCKOMHH. Y CTAHOBIIEHO, YTO O0IydeHHE HOHAMH
Fe?* 10 10361 TOBpEsk/IEHNiT | CHA He TIPUBOIMT K yBEIMUEHHIO 3aXBaTa JIeiiTe-
pus B cranu. [1pu no3e noBpexxaeHus 3 ¢.H.a. 3aXBaT OKa3aJcs 3aMETHO BBIILE.

Juist ucciienoBanusi U30TOMHOTO 0OMeHa 00pasiibl, coAepIKane AeHTepui
nocie o0Jy4eHus AedTepreBoi 1a3Moil, 00J1y4dany BOJJOPOAHON IIa3MOi pu
TEX XK€ YCIOBUsIX. TepMomecOpOIMOHHBIN aHAIW3 COJEp)KaHMS JeHTepust B
o0pasiax /0 ¥ [ocie BO3JICHCTBHS ITPOTUEBOH IIa3MBI 1TOKa3ajl, YTO B Pe3yJlb-
TaTe U30TOMHOI0 OOMEHA MPH TUIA3MEHHOM OOJydeHHUH OOIbIasi 4acTh JeiTe-
pus ObuTa yaaneHa U3 00pa3IoB KaKk HEMOBPEKACHHBIX, TaK U MPEIBApUTEIBHO
MOBPEXICHHBIX HOHAMHU Keje3a. IlomydeHHBIE pe3ynbTaThl [UIS CHCTEMBI
H-D MoryT OBITH HCTIONB30BaHBI I OLIEHKN MPHUMEHUMOCTH W30TOITHOTO 00-
MEHa B LEJISIX ACTPUTH3AINN MaTEPHAIOB TEPMOSICPHBIX YCTaHOBOK.

HccnenoBanue BBIIIOJIHEHO B paMKax HaydHOW nporpaMmmbsl Hanuonains-
HOTO LeHTpa (U3MKKM M MaTeMmaThku, HanpasiieHne Ne 8 «Dwuzmka M30TONOB
BOJIOPOJA».

HYDROGEN ISOTOPE EXCHANGE IN EK-181 STEEL

T. Shishkoval?, D. Cherkez!, A. Golubeva?!, N. Stepanov?, N. Bobyr?,
D. Kozlov}, D. Dugin?, M. Rozenkevich?, V. Chernov®

!National Research Center «Kurchatov Institute», Moscow
2Mendeleev University of Chemical Technology of Russia, Moscow
3JSC VNIINM, Moscow

The need for quickly remove tritium from fusion reactor materials requires
the use of effective detritization methods or combinations of these methods.
A promising method of tritium removal from materials is an isotope exchange.
This method is based on isotopic substitution of tritium in materials by expo-
sure to deuterium or protium in the form of gas or plasma. Due to the high cost
and complexity of organizing work with radioactive tritium, mostly an experi-
mental work to study the effectiveness of tritium extraction methods is carried
out with deuterium.

In this paper the effect of neutron damage on deuterium retention in
EK-181 steel was experimentally modeled. To simulate defects that will be
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formed when irradiated with fusion neutrons, the samples were damaged by
irradiation with Fe?* ions with an energy of 5,6 M»B, at a temperature of
327 °C. Damaged and undamaged samples were irradiated with deuterium
plasma at 200 °C to a dose of 10?° ions/m?. The deuterium retention in the
samples was determined by thermodesorption spectroscopy (TDS). It was
found that irradiation with Fe?* ions to a dose of 1 dpa does not lead to an in-
crease in deuterium retention in steel, while at a dose of damage 3 dpa the deu-
terium retention was noticeably higher.

To study isotope exchange, samples saturated with deuterium after
D-plasma irradiation were irradiated with hydrogen plasma. The parameters of
irradiation with hydrogen plasma correspond to the parameters of irradiation
with D-plasma. Thermal desorption analysis of the deuterium retention in sam-
ples before and after exposure to H-plasma showed that the isotope exchange
makes it possible to remove most of the deuterium retention from samples both
undamaged and previously damaged by iron ions. The results obtained for the
H-D system can be used to assess the applicability of isotope exchange for the
purpose of detritization of materials of fusion reactors.

This work was performed as part of the scientific program of the National
Center for Physics and Mathematics, topic no. 8 «The Physics of Hydrogen
Isotopes».
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YUCJEHHOE MOJEJUPOBAHUE BOAOPOAOIIPOHUIIAEMOCTH
C 3KCITOHEHIHWAJIBHO 3ABUCUMbIM OT KOHIHIEHTPALIUN
KO3®PUIUEHTOM JNDDY3UN

I1O. B. 3auxa, H. U. Poouenxosa

WuctutyT npukiaagHeIx MaTeMaTudeckux uccrnenosanuit KapHI[ PAH

HHuTepec k B3aMMOAEHCTBHIO H30TONOB BOJOPOJA C KOHCTPYKIIMOHHBIMU
MaTepuallaMM BBI3BaH, B YaCTHOCTH, NPOOJIEMaMH 3allUTHl OT BOJOPOAHOU
KOPpPO3MH U MEPCIEKTUBAMH BOJOPOIHON >HEpreTHKH. PaccmarpuBaeTcs He-
JUHEHHas KpaeBas 3a/ada, COOTBETCTBYIOHIAs CIELYIOMIEMY JKCIIEPHMEHTY.
Harperas 10 10CTaTOYHO BBICOKOHM TeMIIEpaTypbl MEMOpaHa CITyXKHT IIEPEero-
poakoil BakyymMHOH Kamephl. [lociie mpenBapUTENbHOTO BaKyyMHPOBAHMS Ha
BXO/IHOH CTOPOHE CO37aeTcs MOCTOSIHHOE JIaBJICHHE ra3000pa3HOro BOAOPOIA.
C BBIXOZHOW CTOPOHBI B YCIIOBHSIX BaKyyMHPOBAHHS OTPENENACTCS MPOHUKA-
IOLUH IIOTOK.
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Hapacranue KOHUIEHTpaMM PacTBOPEHHOIO aTOMAapHOro BOJOPOAa [0
OIIPEJETICHHOTO YPOBHSI IIPHBOJUT K CYIIECTBEHHOMY 3aMe UIeHHI0 TU(dy3uH.
B Takux ycloOBWSX NMPHHATA SKCIOHEHIMANbHAs MOJEIb 3aBHCHUMOCTH KO3(]-
¢urnmenTta mudpdy3un oT KOHIEHTpanuu. [1o TeMnepaType 3aBUCHMOCT B CO-
OTBETCTBHH C 3aKOHOM AppeHHyca. Takue 3aJadd XOpONIO M3YdYCHBI, HO B
paMKax CTaHAAPTHBIX I'PaHUYHBIX yciaoBuil. Ha BBIXOIHOH CTOpOHE B IpHIIO-
BEPXHOCTHOM 00BEMe IMPHUHUMAETCS HyleBas KOHIeHTparus nuddys3anta. Ha
BXO/ie OOBIYHO CUMTAETCS, YTO MPAKTHIECKH MTHOBEHHO (IIPH OTHOCHTEIIBHO
60]1]>HJOM IlaBJ'IEHI/ll/l) KOHUCHTpaUusA JOCTUIAaCT JIOKAJIbHO PaBHOBECHOI'O YpPOB-
H$l, TPOMOPIIMOHAIBLHOTO KOPHIO U3 JaBieHus (3akoH CuBepTca).

CylIeCTBEHHBIM HEJIOCTATKOM TaKOW MOJENU SBISETCS TO, YTO M3 pac-
CMOTPCHUSA UCKIIIOYACTCA JUHAMUKA MOBEPXHOCTHBIX ITPOLECCOB PACTBOPCHUA
u copbuunu-necopouuu. B mpencraBneHHol paboTe 3TH NpOLECCHl YYTEHBI B
(dbopMe HENMHEHHBIX NUHAMHYECKUX TPaHMYHBIX YCJOBHIA: 3amucaHbl nudde-
pCHIMATIbHBIC YPaBHEHUsS AJSl MOBEPXHOCTHBIX KOHIIEHTpamuii aTOMapHOTO
Bozopoxa. [Ipon3BoaHast MO BpEMEHH y4acTBYET HE TOJBKO B AU((HY3HOHHOM
YpaBHEHHH, HO U B TPAHUYHBIX YCIOBHUIX. DTO CYIIECTBEHHO YCIIOXKHSAET Kpae-
Bylo 3amady. Ecnm wuMersp B Buay o0OmIylo TeOpHio (YHKIMOHAIBEHO-
muddepeHanbHBIX ypaBHEHUH, TO MOJOOHBIE 334l OTHOCATCS K TaK Ha3bl-
BAaeMOMY HEUTpaJbHOMY THITy M TpeOYyIOT pa3BUTHs OoJiee CIIOKHOTO Marema-
THUYECKOT'0 ammapara.

B pabote mpezacraBieH UTEpPallMOHHBIM BBIYUCIUTEIBHBIN aITOPUTM pe-
LICHWSI HEJTMHEMHON KpaeBOW 3aaud Ha OCHOBE HEABHBIX PAa3HOCTHBIX CXEM U
MPUBENICHbl PE3yJbTaThl YHCICHHOTO MojenupoBanus. [locne Bepudukanmn
MOACIN Ha KOHKPCTHBIX OKCIICPHUMCHTAJIIBHBIX MTAaHHBIX MOYHO YK€ YHUCJICHHO
MOJIETIMPOBATh Pa3iIWYHbIe CUTYyallMy (HalpHMep, peaknuio Ha CKaykooOpas-
HBII CTyNEHYaThIi XapakTep BXOJHOTO JABJICHHS), SKOHOMs Ha HKCIIEPUMEH-
TAJILHBIX 3aTpaTax.

NUMERICAL MODELING OF HYDROGEN PERMEABILITY
WITH EXPONENTIALLY CONCENTRATION-DEPENDENT
DIFFUSION COEFFICIENT

Yu. V. Zaika, N. I. Rodchenkova

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-
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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.

When the concentration of dissolved atomic hydrogen reaches a certain lev-
el, the diffusion begins to essential slow down gradually. An exponential 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. 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.

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.
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OIIEHKA NOBEPXHOCTHBIX ITAPAMETPOB
TEPMOJAECOPBLIU BOJOPOJA
METO/IOM CONPSKEHHBIX YPABHEHUI

IO. B. 3auka, E. K. Kocmuxosa
OI'bYH ®UIL «Kapenbckuii HayuHslid neHTp PAH»

WHTepec k B3anMOAEHCTBUIO M30TONOB BOJOPO/A C KOHCTPYKIIMOHHBIMU
MaTepuallaMM BbI3BaH, B YAaCTHOCTH, NpoOJeMaMu 3allUThl OT BOJOPOAHOU
KOPPO3UH U MEPCIEKTUBAMHU BOJOPOAHOMN 3HepreTuku. OgHuM u3 3hdexTus-
HBIX 9KCHEPHUMEHTAIBHBIX METO/OB SIBJISIETCS TEPMOAECOPOIIMOHHAS CIIEKTPO-
metpus (TJIC). OOpa3seln, mpeaBapUTeIbHO HACHINICHHBIH PAacTBOPECHHBIM BO-
JIOPOJIOM TPU JIOCTATOYHO BBHICOKOW TeMIeparype, MEUICHHO (Ha MPaKTHKEe
0OBIYHO IJIMHEWHO) HarpeBaeTcsi B BakyyMHoOH kamepe. C IOMOIIBIO Macc-
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CHEKTPOMETpPA OINpeNenseTcss MOTOK Aerazaluy. 3aBUCUMOCTh IOTOKa OT Te-
KyLIeH TeMmmeparypbl AaeT clekTp TepmojaecopOuuu. Io atoit nuHpopmarmn
CYIST O TE€X WJIM MHBIX XapaKTePHCTHUKaX KOHCTPYKIIMOHHOT'O MaTepHaia, B3a-
HMOJICHCTBYIOMIEro ¢ BOAOPoAoM. CIIEKTp 9acTO COCTOMT W3 HECKOIBKHUX H30-
JUPOBAHHBIX THUKOB. VX WHTEpmpeTanus W COCTaBIICT 3aJady aHajm3a
CIIEKTpa.

OOBIYHO PUMEHSAIOT CIEenyoIyo cxeMy. CIeKTp pasiaraioT Ha CyMMY
rayccuanoB. Kakaplii M3 HHX WHTEPHPETHPYIOT KaK peakiUy IMEepBOTO WM
BTOPOTO MOPSIKOB, ONEPUPYS CpeAHei o 00beMy KOHLIEHTpaIUel BoJopoaa U
SHEPIUsSMHU CBA3M B PA3IMYHOIO poJia JOBYIIKAX (MUKPOIIOJIOCTH, I'PaHMIIBI
3epeH U JIPyrue HEOJHOPOJHOCTH). 3aTeM C MOMOIIbI0 MeToauku Kuccunmxke-
pa OLCHUBAIOT MPCAIKCITOHCHTBL (‘IaCTOTHbIe MHO)KI/ITGJ'II/I) 1 SHCPI'UHU CBA3U.

YucneHHOe MOJICTUpOBaHKe (paccMaTpUBaeTCsl HENMMHEHHAsT TU(PY3HOH-
Had KpacBad 3ajlad4a ¢ JUHAMHUYCCKUMHU T'paHUYHBIMU YCJIIOBUAMU U1 MTOBEPX-
HOCTHOU KOHIICHTPAINH) TTOKA3BIBACT, YTO BOSMOYKEH M IpyToi cueHapuit. s
OTIPE/ICIICHHOCTH Oy/IeM UMETh B BHIY JeTa3alliio TOHKOW miacTuHbl. CHadana
[0 Mepe HarpeBa MPOUCXOAMT ACCOPOLHS C MOBEPXHOCTH M W3 IPHUIIOBEPX-
HOCTHOTO OOBbeMa (TepBbIA THK). Temrmeparypa pacTeT W Yy MOBEPXHOCTH
chopMupoBaH OOJBIION TPAAUEHT KOHICHTpAUH. [I[pOUCXOANT CyIecTBeHHAS
aktuBu3anus 1uddysnun 3 o0beMa K MOBEPXHOCTH M HaOIFOIAeTCS MOBTOP-
HbII BCILIECK Jlera3aliiu.

JlJ1s 9ucieHHOTO MOAETHPOBAaHUS (HE TOJIBKO TEPMOJICCOPOIUH, HO B BO-
JIOPOAONIPOHUIIAEMOCTH TIPU PAa3UYHBIX BHEIIHUX YCJIOBHAX) HEOOXOIUMBI
OIIGHKHM IapaMeTpoB MOJENH. ODTO YK€ OOpaTHBIC 3a/Ja4M MaTeMaTHYECKOH
¢u3uKH, pereHne KOTOphIX TpedyeT 6omee CI0KHOTO MaTeMaTHYECKOTo amia-
paTa, 4eM TIpU peIIeHHH NPAMBIX 3anad. s ompeneneHus Kod(pQUIHEHTa
muddysun oTpaboTaHsl pa3HOOOpa3HbIE METOMMKH, KaK SKCIEPUMEHTAIBHBIC,
TaKk ¥ Teopetndeckre. C MOBEPXHOCTHBIMU NapaMeTpamH (axcopOumu, necopO-
LINM, PacTBOPEHHS] B 0ObEME) 3HAUMTENBHO CJIOKHEE, IOCKOJIBbKY OHH CyIIe-
CTBEHHO 3aBUCST JIayKe OT METOJIMKH NPE/IBAPUTEIHHOMN MOATOTOBKH 00Pa3IIOB.

B paboTte npencTaBieH aJropuT™ OLIEHKH MTOBEPXHOCTHBIX MTapaMeTPOB O
pesynbratam TJIC-skcniepumenTa. [l momydeHuss He0OOXOIUMBIX COOTHOIIIE-
HUH UCTIONB3YETCS TEOPHS CONPSHKEHHBIX YPaBHEHUH MaTeMaTHIECKOH (hU3NKH.
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ESTIMATION OF SURFACE PARAMETERS OF HYDROGEN
THERMODESORPTION
BY THE METHOD OF CONJUGATE EQUATIONS

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

Interest in the interaction of hydrogen isotopes with structural materials is
caused, in particular, by the problems of protection against hydrogen corrosion
and the future of hydrogen energy. Thermodesorption spectrometry (TDS) is
one of the effective experimental methods. A sample pre-saturated with dis-
solved hydrogen at a sufficiently high temperature is slowly (in practice usually
linearly) heated in a vacuum chamber. A mass spectrometer is used to deter-
mine the degassing flux. The dependence of the flux on the current temperature
gives the thermodesorption spectrum. This information is used to estimate the
characteristics of the structural material interacting with hydrogen. The spec-
trum often consists of several isolated peaks. Their interpretation is the task of
analysing the spectrum.

The following scheme is usually used. The spectrum is decomposed into a
sum of Gaussians. Each of them is interpreted as reactions of the first or second
order, operating with the volume-averaged hydrogen concentration and binding
energies in various traps (microcavities, grain boundaries and other inhomoge-
neities). The pre-exponents (frequency multipliers) and binding energies are
then estimated using the Kissinger method.

A nonlinear diffusion boundary value problem with dynamic boundary
conditions for surface concentration is considered. Numerical modelling shows
that another scenario is also possible. For definiteness we will mean the degas-
sing of a thin plate. First, as the plate heats up, desorption from the surface and
from the near-surface volume occurs (the first peak). The temperature increases
and a large concentration gradient is formed near the surface. There is a signifi-
cant activation of diffusion from the volume to the surface and a second peak of
degassing is observed.

Numerical modelling (not only of thermodesorption but also of hydrogen
permeability under different external conditions) requires estimates of the mod-
el parameters. These are inverse problems of mathematical physics, the solution
of which requires more complex mathematical apparatus than for direct prob-
lems. A variety of methods, both experimental and theoretical, have been de-
veloped to determine the diffusion coefficient. The surface parameters (adsorp-
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tion, desorption, dissolution in volume) are much more complicated, as they
depend significantly even on the technique of preliminary sample preparation.

The report presents an algorithm for estimating surface parameters from
the results of the TDS experiment. The theory of conjugate equations of math-
ematical physics is used to obtain the necessary relations.
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PEAJIN3AIIUA METOAUNKHU PACYETA KO®PUIIMEHTOB
TMEPEHOCA JIJISI TA30BBIX CMECEM N30TOIIOB BOJOPOJIA
N T'EJIUA C UCITOJIb30BAHUEM MOJIEKYJISIPHO-
JUHAMMWYECKOI'O MOJAEJIMPOBAHUS

A. A. Ecopos, FO. A. boeoanosa, U. B. Maxniawosa
HauunonaneHelit ncciaenoBaTeNnbCKuit aaepHbiit yuusepcutrer «MUDU»

B nannoi#i pabote npumeneHa Meroauka ['puna-Ky6o [1] anst pacuera ko-
3¢ GUIMEHTOB NepeHoca (BA3KOCTh M TEIUIONPOBOJHOCTh) B Ta30BBIX CMECSX Ha
OCHOBE MOJIEKYJIpHO-TuHamMudeckoro (M/1) MonenupoBaHusi Ha npuUMepe re-
TS B BOIOPOJIAa, a TaKKe MX OWHAPHBIX cMecei W ObLT pa3paboTaH aNroOpuUTM
00paboTKM AaHHBIX, MOMYYEHHBIX B XoAe¢ M/ MoxennpoBaHUs HAa OCHOBE OT-
KpeIToro mporpammHoro makera LAMMPS [2] ¢ ucmons30BaHHEM BBICOKO-
MIPOU3BOIUTEIbHBIX BEIYUCIUTEIBHBIX CHCTEM.

Merton I'puna-Ky6o ycraHaBnuBaeT cBs3b KO3((GHINEHTOB TEIUIONPO-
BOJHOCTHU K U CI[BHFOBOﬁ BA3KOCTHU 1| ¢ BDEMCHHBIMU KOPPEIAUAMUA CIIOHTAH-
HbIX MOTOKOB TEIIJIa XU MOJHOTO HMMITYJIbCa COOTBECTCTBCHHO. BEI10 BBISICHEHO
YTO, JUISI Ta30BBIX CUCTEM (BOJOPO/A U TeIHs) 3HAUCHUS KOPPEAIMH CTPEMST-
sl K HYJIIO, HO TI0CJIE OIIPEAEICHHOI0 MOMEHTA MOSIBIISIFOTCS CIIy4aiHbIE ITyMBI,
KOTOPBIC HECTATUBHO BJIUAIOT HAa UTOTOBBIC 3HAYCHUA KOE)(I)(bI/IHI/IeHTOB.
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Bout pa3paboran anroputM, pealn3oBaHHbBIA B BUAE KOMIIBIOTEPHOH MpO-
rpaMMBbl, IO3BOJISIIOIIMI 110 HMMEIOLMIMMCS JIaHHBIM BBIOpAaTh HEOOXOANMYIO
JUTHHY KOPPEISINK, 00pe3aB IIyMBbl, U PacCUNTATh 3HAYEHUS KOA((HUINESHTOB
TETJIONMPOBOIHOCTH M BA3KOCTH. JIaHHBIN alrOpuUTM MOKa3al MMOBBIIICHUE TOY-
HOCTH pe3yJIbTaTOB PacueTOB B CPABHEHHH C JaHHBIMH [3].
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IMPLEMENTATION OF A METHODOLOGY FOR CALCULATION
OF THE TRANSPORT COEFFICIENTS FOR GAS SYSTEMS
CONTAINING HELIUM AND HYDROGEN ISOTOPES USING
MOLECULAR DYNAMICS SIMULATION

A. A. Egorov, Yu. A. Bogdanova, I. V. Maklashova

National Research Nuclear University MEPhI
(Moscow Engineering Physics Institute)

The Green-Kubo method [1] was used to calculate the transport properties
(viscosity and thermal conductivity) of gas systems based on molecular dynam-
ics (MD) modeling using the example of helium and hydrogen, as well as their
binary mixtures, and an algorithm was developed for processing data obtained
during MD modeling based on the open software package LAMMPS [2] using
high-performance computing systems.

The Green-Kubo method gives a relationship between the coefficients of
thermal conductivity k and shear viscosity n with time correlations of sponta-
neous heat fluxes and total impulse, respectively. It was found that for gas sys-
tems (hydrogen and helium) the correlation values tend to zero, but after a cer-
tain point random noise appears, which negatively affects the accuracy of the
final values of the coefficients.
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An algorithm was developed, implemented in the form of a computer pro-
gram, which allows, based on the available data, to select the required correla-
tion length, cutting off noise, and to calculate the values of the thermal conduc-
tivity and viscosity coefficients. This algorithm has shown improved consisten-
cy of calculation results with experimental data [3].
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JUHAMMWYECKOI'O MOAEJIMPOBAHUS AJ151 HCCJIEJOBAHUSA
CBOWCTB U30TOIOB BOJIOPOJIA M UX B3AUMO/JIEHCTBUS
C ITIOBEPXHOCTBIO METAJIJIOB

A. C. Cuanv', FO. A. Bozoanoea®, U. B. Maxnawosa, B. FO. Koponee?,
A. A. Cenesenest?

'HaumonanbHbIi HecenoBaTeNbCKuii a1epHblil yHuBepcuteT «MUDN»
2Poccuiickuil PpenepanbHbli fepHBIH IeHTp — Beepoccuiickuii HayuHo-
UCCIIEe0BATEIbCKUI HHCTUTYT SKCIIEPUMEHTAILHON (DU3UKH

JUii MonenupoBaHMS M aHalW3a CBOMCTB MAaTE€pPHaloOB Ha aTOMAapHOM
YpOBHE MHPOKO MpuUMeHsieTcss MeTo hyHKIroHana mwiotHoctu (M®II), koTto-
pBIl TTO3BOJIIET ONMHUCHIBATH 3JIEKTPOHHYIO CTPYKTYPY aHCaMOisl aTOMOB Ha
OCHOBE paclpe/ieIeHUs 3JEKTPOHHON INIOTHOCTHU.

OyHaMEHTAIbHBIMY ypaBHeHUssMU B pamkax MOII, onuceiBaromumu
TIOBE/ICHHE DJIEKTPOHOB B aHCaMOlie aTOMOB, SIBISIIOTCS ypaBHeHusi Kona-
III>ma, ocHOBHasl MJesl KOTOPBIX 3aKIIOYAeTCs B Pa3ielCHUU 3JIEKTPOHHOU
IUIOTHOCTH Ha HA0Op HEB3aWMOJICHCTBYIONINX KBa3HMYaCTHIl, KaXIas U3 KOTO-
pBIX IBUKETCS B 9()(HEKTUBHOM MOTEHIIMAJIE, CO3/1aBAEMOM OCTAJIBbHBIMH DJICK-
TPOHAMHU U sIpaMH aHcaMOIIsl. B aToM cityuae BbIUMCIICHNE SHEPTHU aHCAMOIIs
CBOJMTCS K 3ajade MOWCKa MUHMUMYyMa (hyHKIIMOHAJIA SHEPTHH JUIS OIpeaeie-
HUS DHEPTETUYECKOTO COCTOSTHHSI CUCTEMBI U €€ CTPYKTYPHBIX XapaKTEPHUCTHK.

B pa6ore M®II npoBeneHk pacdeTsl SHEPTHH CBSI3U B MOJICKYJaX H30TO-
OB BOJOPOAA B 3aBHCUMOCTH OT MEXBSIEPHOTO PACCTOSIHUA. Pe3ynbTaTsl
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pacyeToB MMOKAa3ajy, YTO JIMHBI CBSI3U B MOJIEKYJIAX M30TOMOB BOAOPOIa OJn3-
KU BCIEJICTBHE WX OJMHAKOBOW XUMHYECKOM CTPYKTYPBI, @ 3HAUCHHSI YHEPTUH
CBSI3M HE COBIAJAIOT M3-33 PAsjIMYMs SHEPTHU HYJIEBBIX KoyeOaHWil paccMmart-
pUBaeMBIX MOJEKYI. ATOM IPOTHS B MOJIEKYJIE BOJOPO/IAa HMEET HAMMEHBIIIYIO
JHEPTHIO CBSI3U.

B pabote Takke ¢ mcrmompzoBanmeM MOII m mporpaMMHOTO Takera
Quantum ESPRESSO [1] mpoBeneHsl pacueTbl SHEPTUH B3aUMOICHCTBHUS MO-
nexyn H2 u CO ¢ moBepXHOCTBIO psiia METAILIOB U THAPHUAOB MeTauoB. Ompe-
JeNIeHBI UEeHTPhI ancopbuun uist Mosiekyn CO Ha MOBEpXHOCTH THIAPHAA Maj-
naaust. Co3maHa MOJENs MOBEPXHOCTH Uil KPHCTAJUIMYECKOTO aTIOMHHHS,
TUAPUIA aTIOMUHMS U THAPUAA Tammagus. s MOAenMpoBaHus TIOBEPXHOCTH
paccMaTpUBaeMBIX MaTEPHAIOB IIPOBEACHA ONTHMU3ALHS TCOMETPUH DIEMEH-
TApHBIX S9EEK M PACUCTHBIX Cymepsueek. s BU3yaim3amuu paccMaTpHBac-
MBIX aTOMHBIX CTPYKTYP HCIIOJIb30BAJIKCh MPOrPAMMBI ISl AaTOMHCTHYESCKOTO
mozemmposanust BURAI [2].

PaGora BeInosiHeHa B paMKax Hay4HOH mporpaMmsl HanmoHansHOro IieH-
Tpa pu3uku 1 MateMaTHKH (IpoekT 8 «du3nkKa U30TONOB BOAOPOa», HAPaB-
nenue 8.1 «MccnenoBanus B 00JaCTH B3aMMOACHCTBUS M30TOIOB BOAOPOAA C
TBEPJIBIM TEIIOM).
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APPLICATION OF THE METHODS OF QUANTUM MOLECULAR
DYNAMIC MODELING TO STUDY THE PROPERTIES
OF HYDROGEN ISOTOPES AND THEIR INTERACTION
WITH METAL SURFACES

A.S. Smal, Yu. A. Bogdanova, I. V. Maklashova, V. Yu. Korolev, A. A. Selezenev

National Research Nuclear University MEPhI
(Moscow Engineering Physics Institute)
Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics

To model and analyze the properties of materials at the atomic level, the
density functional method (DFT) is widely used, which allows one to describe
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the electronic structure of an ensemble of atoms based on the electron density
distribution.

The fundamental equations within the framework of the DFT method that
describe the behavior of electrons in an ensemble of atoms are the Kohn-Sham
equations, the main idea of which is to divide the electron density into a set of
non-interacting quasiparticles, each of which moves in the effective potential
created by the remaining electrons and nuclei of the ensemble. In this case, cal-
culating the energy of the ensemble is reduced to the problem of finding the
minimum of the energy functional to determine the energy state of the system
and its structural characteristics.

The DFT work carried out calculations of the binding energy in molecules
of hydrogen isotopes depending on the internuclear distance. The calculation
results showed that the bond lengths in the hydrogen isotopes are close due to
their identical chemical structure, and the bond energies do not coincide due to
the difference in the energy of zero-point vibrations of the molecules under
consideration. The protium atom in a hydrogen molecule has the lowest binding
energy.

The work also used density functional theory methods and the Quantum
ESPRESSO software package [1] to calculate the energy of interaction of H;
and CO with the surface of a number of metals and metal hydrides. Adsorption
centers for carbon monoxide molecules on the surface of palladium hydride
have been determined. A surface model has been created for crystalline alumi-
num, aluminum hydride and palladium hydride. To model the surface of the
materials under consideration, the geometry of elementary cells and corre-
sponding supercells was optimized. To visualize the atomic structures under
consideration, the BURAI atomistic modeling programs were used [2].

The work was carried out within the framework of the scientific program
of the National Center of Physics and Mathematics (project 8 «Hydrogen Iso-
tope Physics», direction 8.1 «Research in the field of interaction of hydrogen
isotopes with solids»).
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BJIUSAHHUE YIJIEPOACOAEPKAIIIUX I'A30B
HA MPOU3BOAUTEJIBHOCTDb MEMBPAH N3 METAJIJIOB
STPYHIIBI C BAIIUTHO-KATAJIMTUYECKUM NAJIJIAIUEBBIM
HOKPBITUEM

C. P. Kysenos, B. H. Anumos, A. O. Bycniok, A. U. Jlusuiuy,
E. IO. Ilepeoucmos

Cankr-IlerepOyprckuii rocy1apcTBEHHBINH YHUBEPCUTET TEJIEKOMMYHHKALIUH
um. npod. M. A. Bonu-bpyesuua

[InotHle MeTaymyeckue MeMmOpansl oOmamaroT 100 %-if cenexkTHBHO-
CTBIO IO BOZOPOJY ¥ CIIOCOOHBI 32 OIHY CTaJIMIO U3BJIEKATh U3 Ta30BBIX cMecer
BoJIOpoA unuctotor >99,99999 %. OOBIYHO AJIS N3BJIEYEHUS] CBEPXUYHUCTOTO BO-
JIOpOZia M3 Ta30BBIX CMECEH HCHONB3YIOTCS MEMOpaHbl M3 Maulafius W €ro
CIIABOB, O/IHAKO HEJOCTATOYHAs MPOU3BOANUTEIHHOCTh M BBICOKAs CTOMMOCTh
JTAHHBIX MeMOpaH pe3K0o OrpaHNYMBAET 00JIACTh WX NIPUMEHEHUS. AJIbTepHATH-
BOW MaJuaIneBbIM MeMOpaHaM MOTYT OBITh MEMOpaHbI U3 METAIIIOB 5 TPYIIIIBL,
B KOTOPBIX CKOPOCTh TPAHCKPHCTAJUTMYECKOTO TIEPEHOCa PAaCTBOPEHHOTO BOJIO-
poJa ouTu Ha JBa MOpAJKa BbILIE, yeM B nauiaguu [1, 2]. CnegoBarenabHo, U3
METaJUIOB 5 TPYNIBI BO3MOXKHO CO3[aTh MEMOpaHbl ropaszo OoJbLIeH Mpou3-
BOJUTENLHOCTH M MEHbIIIEH CTOMMOCTH IO CPABHEHHIO C MaJljIa{MeBbIMU MEM-
Opanamu. [3]. [ns ucronb3oBaHus MeMOpaH M3 METAIJIOB 5 Ipynnbl HA Mpak-
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THKE HE0OX0AUMO 00€ CTOPOHBI MEMOpPAaHBI MOKPHITH TOHKUM citoeM Pd, koto-
pBI O0ecIieurBaeT KaTajau3 IUCCOIMATUBHO-ACCOIMATUBHBIX IIPOIECCOB MPHU
abcopoumu-aecopobumu mosiekyn Ho.

OpHako, mpu paboTe TaKMX MEMOpPaH ¢ MaIaAueBBIM ITOKPHITHEM C yTIe-
POACOAEPKAIIMMH Ta3aMH, 00pa3yIONMMICS IIPU TApOBOM PUGOPMHHTE yTIIe-
BOJIOPOJIHBIX TOILIMB, KaTAIUTHUECKash aKTUBHOCTh MOXET OBITh PE3KO 3aMel-
JICHA U3-3a MEXaHU3Ma KOHKYPECHTHOMN afcopOIuu yriepocoAep KalluX ra3on
[4,5]. B aTOM ciiyyae BETMUYWHY MPOHUKAIOIIETO MOTOKA MOKET IMOJHOCTHIO
OTIpENICIATh KHHETHUKA MPOIECCOB abcopOIuu-aecopoimu Monekyn Hy Ha nan-
JIAINEBOM TIOKPBITHH M CKOPOCTH TPAHCKPHUCTAJUIMIECKOTO IIEpEeHOCa pacTBO-
PEHHOTO B METajule BOJOpOJa He OyAeT UrpaTh POJIH Ha MPOU3BOIUTEIHHOCTD
MemOpaH [6].

B pabote 3KcrIepIMEHTATBHBIM IIyTEM OTIPENIENICHO BIHMSHUE TaKUX yTJie-
ponconepkantux razoB kak CHa, CO u CO2 Ha mpou3BOAUTEIHHOCTE MEMOpPaH
n3 OLK cruiaBa BaHaaus, UMeEIOLIEH MNalljlaineBO€ MOKPHITHE B YCIOBHSIX,
ONMU3KUX K DKCIUTyaTal[il BOJOPOI-TIPOHUIIAEMBIX MeMOpaH [7] u omnpejencHa
00paTUMOCTh CHIDKEHUSI MIPOHHUKAOIIEro motoka Hy mocne paboTel MeMOpaHsbI
C TIEPEYNCIIEHHBIMU Ta3aMH.
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THE INFLUENCE OF CARBONACEOUS GASES ON THE
PERFORMANCE OF MEMBRANES MADE OF GROUP 5 METALS
WITH CATALYTIC PD COATING

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

Saint Petersburg State University of Telecommunications

The dense metal membranes have 100 % hydrogen selectivity and are ca-
pable of extracting 99,99999 % hydrogen from gas mixtures in one stage.
Membranes made of palladium and its alloys are usually used to extract ul-
trapure hydrogen from gas mixtures, but the insufficient performance and high
cost of these membranes sharply limit their scope of application. An alternative
to palladium membranes can be membranes made of group 5 metals, in which
the rate of transcrystalline transport of dissolved hydrogen is almost two orders
of magnitude higher than in palladium [1, 2]. Consequently, membranes with
much higher productivity and lower cost can be made from group 5 metals
compared to palladium membranes [3]. To use membranes made of group 5
metals, it is necessary to cover both sides of the membrane with a thin layer of
Pd, which provides catalysis of dissociative-associative processes during ab-
sorption-desorption of H2 molecules.

However, when this palladium-coated membranes working with carbon-
containing gases formed in process the steam reforming of hydrocarbon fuels,
the catalytic activity can be sharply decreased due to the mechanism of compet-
itive adsorption of carbon-containing gases [4, 5]. In this case, the magnitude of
the permeation flow can be completely determined by the kinetics of the ab-
sorption-desorption processes of H, molecules on a palladium coating. The rate
of transcrystalline transfer of hydrogen dissolved in metal will not play a role
on the performance of membranes [6]. The work experimentally determined the
effect of such carbonaceous gases as CHa, CO and CO; on the performance of
membranes made of BCC vanadium alloy. This membrane is coating palladium
layers and tested under conditions working of hydrogen-permeable membranes
[7]. The determined the reversibility of reducing the penetrating flow of H;
after the membrane works with the listed gases.
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BJIUAHHUE CPEJBI BOOOPOJA HA ITPOLECC PA3JIOKEHUSA
HPEKYPCOPOB META/INIMYECKUX HAHOKATAJIU3ATOPOB
TOMOMOJIEKYJAPHOI'O U30TOITHOI'O OBMEHA

C. A. Edumos, O. A. boesa

Poccuiickuii XuMuKo-TexHoJornueckuil yuusepcutet uM. Jl. 1. Menneneesa,
Mockaa

HccnenoBaHue KaTaan3aTOpOB TOMOMOJIEKYISIPHOTO M30TOITHOTO OOMEHa
3aHMMAaeT Ba)KHOE MECTO B paboTe ¢ m30TonaMu Bogopoaa. OTAeIbHYO IPYIILy
CpeI HUX COCTaBIISIOT KaTaJdu3aTophbl, MOJydaeMble METOJOM MPOIMUTKU HOCH-
TeJIs PacTBOPaMM MPEKYpPCOpOB (CONeil METayuioB) C NAJbHEHIIUM TepMHYe-
CKUM pasnoxeHueM. L{esbio 1aHHO# paboThl SABIISIETCSl N3yYEHUE CIIOCOOHOCTH
BOJIOPO/ia K CHUXKEHHUIO TEMIIEPATyphl PA3IOKEHUS IPEKYPCOPOB.

B pabote mpencraBiieHbl pe3yibTaThl UCCIEIOBAaHHS MPEKYPCOPOB KaTa-
JU3aTOPOB Ha OCHOBE HAaHOYACTHUI[ MeTaioB |-b rpynmsl, nmosyuyeHHBIX MeTO-
JIoM nponuTkH. [loka3aHo, YTO HaJIM4YUE Cpelbl BOAOPOJa IIPUBOIUT K CHIKE-
HHIO TEMIIEPATyphl Pa3loKeHUs, U 3TOT 3PGEKT pasaudeH A CHCTEM, ITOTy-
YEeHHBIX pa3HBIMH criocobamu HaHeceHus. Tak, y o6pa3noB AU n AQ CHU3HIACH
TeMIIepaTypa TepBOro MUKa, B TO BPeMs KaK TEMIIepaTypa BTOPOTO MOYTH HE
n3MeHwIach. Y obpasna Au@Ag mporecc pa3ioKeHUst B BOJOPOIE NPOTEKaeT
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B OJIHY CTaJHI0, B OTJIMYME OT PassioKEHUs B Bakyyme. Y obOpasua Ag@AU
IIPOLIECC PA3JIOKEHUSI B BOAOPO/IE IIPOTEKAET IpH OoJiee HU3KOM Temmeparype,
4eM B Bakyyme. [IoMHMO TpodYero, MpH pas3iioXeHHH B BOJIOPOAE 00pasioB
CTPYKTYPHI «spo-000moukay AU@AQ n AG@AU TIOSBHIICS BBICOKOTEMITEpa-
TypHBIH ik 430-460 °C, cOOTBETCTBYIOINI BOCCTAHOBJICHHIO XJIOpHIa cepe-
Opa.

PaboTa BeimonHeHa B pamMkax nporpamMMsl pa3sutust PXTY um. 1. Y. Men-
neneesa «[Ipuopurer-2030».

INFLUENCE OF A HYDROGEN ENVIRONMENT ON THE PROCESS
OF DECOMPOSITION OF PRECURSORS OF METAL
NANOCATALYSTS OF HOMOMOLECULAR ISOTOPE EXCHANGE

S. A. Efimov, O. A. Boeva
D. Mendeleev University of Chemical Technology of Russia, Moscow

The study of homomolecular isotope exchange catalysts occupies an im-
portant place in work with hydrogen isotopes. A separate group among them
consists of catalysts obtained by impregnating a support with solutions of pre-
cursors (metal salts) with further thermal decomposition. The purpose of this
work is to study the ability of hydrogen to reduce the decomposition tempera-
ture of precursors.

The paper presents the results of a study of catalyst precursors based on
group I-B metal nanoparticles obtained by impregnation. It has been shown that
the presence of a hydrogen leads to a decrease in the decomposition tempera-
ture, and this effect is different for systems obtained by different deposition
methods. Thus, for the Au and Ag samples the temperature of the first peak
decreased, while the temperature of the second remained almost unchanged.
For the Au@Ag sample, the decomposition process in hydrogen occurs in one
stage, in contrast to decomposition in vacuum. For the Ag@Au sample, the
decomposition process in hydrogen occurs at a lower temperature than in vacu-
um. Among other things, during the decomposition of core-shell Au@Ag and
Ag@Au samples in hydrogen, a high-temperature peak of 430-460 °C ap-
peared, corresponding to the reduction of silver chloride.

The work is performed in the framework of the development program «Pri-
ority-2030» of the Mendeleev University of Chemical Technology of Russia.
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HEPABHOBECHBIE 'PAHUIIBI 3EPEH.
TEOPHUA U NPUJIOXKEHHUA

B. H. Yysunvoees
Hwxeroponackuii rocynapcrBennsiii yausepeuteT uM. H. U. Jlobauesckoro

W3moxeHBl OCHOBBI TCOPHH TPAHUI] 3€pEH, MO3BOJISIONICH ONHCHIBATH
TepMoanHaMu4YecKie U AU Qy3HOHHBIE CBOWCTBA PABHOBECHBIX M HEPAaBHO-
BECHBIX I'paHull 3epeH [1].

B xadecTBe mapamerpa, XapaKTEepHU3YIOMIETO CTPYKTYPHOE COCTOSIHUE Tpa-
HUIIBI, WCIIOJIb30BaHa BEJIMYMHA OTHOCHUTENBHOTO CBOOOMHOTO 0OBema. Ilomy-
YCHBI BBIpa)KeHI/ISI JJIs CBO60}IHOﬁ BHCpFI/II/I, OHTAJBIINU U BHTI)OHI/II/I FpaHI/ILIBI,
[TO3BOJISIOIINE CBA3aTh OTH XapPaKTEPHUCTUKU CO CTAHIAPTHBIMHU TEPMOTHHAMH-
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YECKMMH KOHCTAHTAMH MAaTepHAlIOB, TEPMOJMHAMHUYCCKUMU MapaMeTpaMHu Io-
BEPXHOCTH pazJiella XKHUIKOCTb-KPUCTAUT M BEIUYUHOM CBOOOAHOTO 0OBEMa
I'paHHLBL.

[Noy4eHs! BbIpaXKeHUs IS SHEPTHH aKTHBAIMH, aKTUBALMIOHHOTO 00be-
Ma U NPEIIKCIIOHEHIIHMAILHOTO MHOXHTEI KO(Q(UIMEHTa 3epHOIPAaHHYHON
camou(py3uHn, MO3BOISIOIINE CBSI3aTh ATU XAPAKTEPHCTUKU CO CTaHAPTHEI-
MH TEPMOAWHAMHYECKHMMH KOHCTAaHTAMH MAaTEepHAJIOB, TEPMOIMHAMUYECKUMHU
napaMeTpaMy MOBEPXHOCTH >KHIKOCTh-KPHCTAILI, JU((GY3UOHHBIMH MapaMeT-
paMu paciuiaBoB U BEJIMYMHON CBOOOHOTO 00beMa rpaHHUIbl.

[TocTpoena Mozenb CTPYKTYphl HEPABHOBECHBIX TPAHUIL 3€PEH, MTPEACTaB-
JsitoIas coboit 0000IIeHHe MOJICNIM HA CIy4aid rpaHul], 00JIadaron[uii u30bI-
TOYHBIM CBOOOAHBIM 00BeMOM. [loiydeHbl BhIpaXKeHUs JUIsl OLEHKH U30BITOY-
HOH CBOOOJHOW SHEPruM M AaHOMANBHBIX JIU(PQY3HOHHBIX XapaKTEPUCTUK
HEpPaBHOBECHBIX T'PAHUI] MPH 33JaHHON BEIMYMHE M30BITOYHOTO CBOOOIHOTO
obbema. [loka3aHo, 4TO HEOOJNBIIME W3MEHEHHUS CBOOOTHOTO 00BEeMa IPaHHIl
JMHEWHO W3MEHSIOT SHEPrHI0 TPaHHIBI U BEChbMa CYIIECTBCHHO (IKCIOHEHIIU-
aJBHO) U3MCHSIOT KOO QHUIIUEHT 3epPHOTPAaHUIHOH caMoIu( Qy3HH.

PaccMOTpeHbl NMPUIIOKEHUS] TEOPUHM K PEUICHUIO 33/1a4 PEeKpUCTaIH3a-

1M, pparMeHTalum, CBEPXIUIACTUYHOCTH, [TOJA3Y4YECTH U Jp.

PaboTta BEIMOMHEHA TpW momIepkke MuHoOpHaykm Poccum (mpoekt
FSWR-2023-0037).

JIUTEPATYPA

1. B. H. UyBmisneeB. HepaBHOBecHBIE I'paHHMIIBI 3epeH B MeTayuiax. Teo-
pust 1 pwnoxkenus. M: ®U3MATIINT. (2004) 304 c.

NON-EQUILIBRIUN GRAIN BOUNDARIES.
THEORY AND APPLICATIONS

V. N. Chuvil’deev
Lobachevsky State University of Nizhny Novgorod

The fundamentals of the theory of grain boundaries are expounded. It
makes it possible to describe the thermodynamic and diffusion properties of
equilibrium and nonequilibrium grain boundaries [1].
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The value of the relative free volume is used as a parameter characterizing
the structural state of the boundary. Expressions for the free energy, enthalpy
and entropy of the boundary are obtained, which allow us to associate these
characteristics with standard thermodynamic constants of materials, thermody-
namic parameters of the liquid-crystal interface and the value of the free vol-
ume of the boundary.

Expressions for the activation energy, activation volume, and pre-
exponential factor of the grain boundary self-diffusion coefficient are obtained,
allowing these characteristics to be associated with standard thermodynamic
constants of materials, thermodynamic parameters of the liquid-crystal inter-
face, diffusion parameters of melts, and the value of the free volume of the
boundary.

A model of the structure of nonequilibrium grain boundaries is construct-
ed, which is a generalization of the model for the case of boundaries with ex-
cessive free volume. Expressions are obtained for estimating the excess free
energy and abnormal diffusion characteristics of nonequilibrium boundaries for
a given amount of excess free volume. It is shown that small changes in the free
volume of the boundaries linearly change the energy of the boundary and very
significantly (exponentially) change the coefficient of grain boundary self-
diffusion.

Applications of the theory to solving problems of recrystallization, frag-
mentation, superplasticity, creep, etc. are considered.

The research was supported by Ministry of Education and Science of Rus-
sia (project FSWR-2023-0037).
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MAJIOAKTUBUPYEMBIE AYCTEHUTHBIE CTAJIN

Y. 0. Jlumosuenxo?, H. A. Honexuna, C. A. Axxysun®, K. B. Cnupudonosa?,
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ManoakTuBHpyEeMbIe XpPOMOMApPIaHIEBbIE ayCTCHUTHBIC CTAJIH CHCTEMBI
Fe-12Cr—(20-25)Mn-C 6butn mpeasiokeHsl [1] B KauyecTBe anbTEpPHATHBBI
XPOMOHHUKEJEBBIM aycTeHUTHbIM cTaimsiM OK-164 u UC-68, ucnonb3yemsM B
HacTosIIIee BpeMsl B Ka4eCTBE KOHCTPYKIIMOHHBIX MaTe€pHalioB 000JIOYEK Terl-
JIOBBIACIISIIOLINX JIEMEHTOB M APYTUX 3JIEMEHTOB NMEPBOH CTCHKH SIEPHBIX
PEaKTOPOB, a TAK)KE B KAUECTBE BO3MOKHBIX MATCPHAIIOB TEPMOSACPHBIX SHEP-
TeTHYECKUX YCTaHOBOK. CyIIECTBEHHBIM IPEUMYIIECTBOM 3THX CTaJeH SABIA-
eTcst OBICTPBIN CIlaJl HAaBEJCHHOW PagMOaKTHBHOCTH (MaJOAaKTHBHPYEMOCTB),
JIOCTHTAaeMbIH 32 CUET OTCYTCTBUS (MMHHUMHU3AIMM) B COCTAaBE CTallel BBICOKO-
aktuBupyembix anementoB (Ni, Mo, Co, u ap.). [TockoibKy B TakMX CTalsix
cTa0mIu3anysa ayCTeHUTa OCYIIECTBIIAETCS ToIbKo 3a cueT Mn u C, To uccie-
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JIOBaHHBIE COCTAaBbl XPOMOMApPraHUEBbIX cTajed [1] ycrymanu mo crabuibHO-
CTH ayCTEHHTa XPOMOHHUKEIIEBBIM CTAJISIM.

B nmoxmane mpeactaBieHBI pe3ynbTaThl McCIeIOBaHUN aBTOpoB [2, 3] mo
pa3paboTKe HOBBIX MAOAKTHBHPYEMBIX ayCTEHHUTHBIX cranei Fe—-11Cr—(26—
29)Mn-W-V-Ti-Ta—Zr-C ¢ NOBBIIICHHOW CTaOMIBHOCTRIO ayCTCHUTA (HHKE-
JIEBBI SKBUBAICHT cTajei mo auarpamme llleddrepa nmeer 3HaUeHHUs cpas-
HUMBIE C COOTBETCTBYOIIMMH 3HAUYCHHUSIMHA IS BRICOKOAKTUBHPYEMBIX XPOMO-
HHUKEJEBEIX cTainei). O0cyxaaroTcs 0cOOeHHOCTH MUKPOCTPYKTYPHI I MEXaHH-
YeCKHe CBOWCTBA HOBBIX CTaJIe B 3aKaJEHHOM M XOJIOJHOAE(HOPMUPOBAHHOM
COCTOSIHHUSIX, a TaKXKe Mocie JmrensHoro crapeHus npu 700 °C B aTux cocTos-
HHAX. HOKaSaHO, 4yTO JIsd cTajeu XapaKTCpHbI IUIAHAPHBIC JUCIOKAIIMOHHBIC
CYOCTPYKTYpBI, 1e(hEKTHI YIIAKOBKH, JUCTIEPCHBIE YacTullbl kKapoumnoB MC (M-Ti,
V, Ta, u ap.) u M23Ce (M—-Cr, Mn, Fe), BbicOKasi INIOTHOCTh MUKPO- ¥ HAHO/I-
BOMHMKOB naedopMmanun. J[uTenbHOE CTapeHHe MPHUBOAWT K BBIACICHHUIO H
pocty wactui, M23Cs Ha TpaHMIaX 3epeH, HEKOTePEHTHBIX M KOT'€pPEHTHBIX
JIBOWHHMKOBBIX I'paHHLAX M Ha rpyboaucnepcHbix yactuuax MC. 3epenHas u
MUKPOJIBOWHHUKOBAs CTPYKTypa B YCJIOBHSX CTapeHHs OCTAaeTcsl CTaOMIbHOM,
4T0 00EeCIIeunBaeT COXPaHEHNE XOPOLIETO YPOBHS MEXaHUUECKHX CBOWCTB.

HccnenoBanue BBITIOTHEHO 3a c4eT rpanta Poccuiickoro HaydHoro ¢oHma
Ne 22-19-00802, https://rscf.ru/project/22-19-00802/.
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LOW-ACTIVATION AUSTENITIC STEELS

I. Yu. Litovchenko®?, N. A. Polekhina?, S. A. Akkuzin!, K. V. Spiridonova?,
V. V. Osipoval?, A. V. Kim!?, V. M. Chernov®

YInstitute of Strength Physics and Materials Science SB RAS, Tomsk
National Research Tomsk State University, Tomsk
3JSC «A. A. Bochvar High-Technology Research Institute of Inorganic
Materials», Moscow

Low-activation Cr—Mn austenitic steels of the Fe-12Cr—(20-25)Mn-C
system were proposed [1] as an alternative to Cr-Ni austenitic steels of the
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EK-164 and ChS-68, currently used as fuel shells structural materials and other
parts of the first wall of nuclear reactors, as well as possible materials for ther-
monuclear application. A significant advantage of these steels is the rapid de-
cay of induced radioactivity (low-activation), due to the minimization of highly
activated elements (Ni, Mo, Co, etc.). Since in these steels austenite is stabi-
lized only by Mn and C, the studied compositions of Cr-Mn steels [1] were lack
in austenite stability compared to chromium-nickel steels.

The report presents the original research [2, 3] on the development of new
low-activation austenitic steels Fe-11Cr—(26—29)Mn-W-V-Ti-Ta-Zr-C with
increased austenite stability (with comparable of Nieg to highly activation Cr-
Ni steels). The features of the microstructure and mechanical properties of hew
steels in the quenched and cold-rolled states, as well as after long-term aging at
700 °C, are discussed. It has been shown the presence of planar dislocation sub-
structures, stacking faults, dispersed particles of MC (M-Ti, V, Ta, etc.) and
M23Cs (M-Cr, Mn, Fe) carbides, high density of deformation micro- and
nanotwins. Long-term aging leads to the precipitation and growth of M23Cs
particles at grain and twin boundaries, on coarse MC particles. The grain and
microtwin structure remains stable under aging conditions, which ensures a
good level of mechanical properties of steels.

The study was funded by a grant of the Russian Science Foundation Pro-
ject No. 22-19-00802, https://rscf.ru/project/22-19-00802/.
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B3AMMOJIEMCTBHUE U30TOIOB BOJOPOJIA C TPA®UTOM.
OB30P

C. A. Kanawenxo

B nexnun paccmarpuBaeTcsl B3aUMOAEHCTBIE MEXy H30TOIIAMHU BOJOPO-
nma u rpagutoM mpu Temmeparypax 500-1000 °C npu naprpiaabsHOM JaBICHUH
BOZIOpPOJIa B HECKOJILKO cOT Ila, 94To mpeacTaBiseT co0Oi Kak akaaeMHYECKUH
MHTEPEC, TaK U NMPAKTUUECKOE 3HAUCHHE IS OOpAICHUS C TPUTHEM, TIPOU3BO-
JMMBIM B PEAKTOpax NEJICHUS ¥ TEPMOSIIEPHOTO CHHTE3A.

JIOMUHUpYIOIIMM MEXaHH3MOM MOTJIOIIEHHS BOAOPOJia B UHTEPECYIOIINX
YCIIOBUSIX SIBISIETCSl XeMocopOuust Ha nedekrax rpadura. Hakomnenue n3oro-
OB BOJIOPO/A B IrpauTe 3aBUCUT OT TEMIIEPATYPHl, JABJICHHS, MUKPOCTPYKTY-
PBI M €70 XUMHYECKOI aKTHBHOCTH.

Jns onuvcaHus B3aMMOZIEWCTBHS M HAKOIUIEHUS BOJOpOJAA C TpaduToM,
TIPeATI0KEHBI H30TepMBI ancopbiun Jlenrmiopa. [IpoBeeHbI OIEHKH SHTPOIINN
U DHTANBNUU ancopOmum ¢ ydetoM 3(dekroB pemakcanuu 0OOpBaHHBIX
Sp2-cBsi3ei.

B 0030pe mpoananu3upoBaHbl TPY BHA JTOBYIIEK:

— KpaeBble aTOMBI YIJIEpOJa BHYTPH 3€pHa C JHTalblIMeHl amcopOrum —
4,4 5B/H> (nepenakcupoBanHble cBsi3H, JloByrka 1),

— KpaeBble aTOMbI YIJIepoja Ha MOBEPXHOCTH 3€peH C JHTaJbIUeH aj-
copbuun — 2,3 3B/H, (penakcupoBanHble cBsi3u, JloBymka 2), u 0GazucHas
IUTOCKOCTh IEHTPHI aficopOIiy ¢ 3uTansnuen +2,43 sB/H, (JloBymka 3).
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B nanHO# nekuuM npeacTaBieHbl KaK TEOPETHUECKUE MOJEINH, TaK U pe-
3yJbTaThl MHOTUX MCCIEIOBAHUN MO MOTJIOUIEHUIO BOAOPOJA MPU Pa3iIuuHbIX
TeMIepaTypax, YTO aKTyaJbHO Ul NPWIOKEHUH 10 XpaHEHWIO BOAOpPOAa, a
TaKXKe ero MOTJIOICHUIO U BBIACTICHHUIO.
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BOJIb®PAM KAK MATEPHAJI 3AIIIATHOM OBJIUIIOBKH
KAMEPBI TEPMOAJEPHOT'O PEAKTOPA — OB30P ITPOBJIEM
U IIYTEW UX PELLIEHUSA

A. B. I'onybesa

HUII «Kyp4yaToBCKUIl HHCTUTYT»

TepMosiiepHBIf peakTOp — yCTaHOBKAa, B KOTOPOH MHPOTEKAeT peakius
CHUHTE3a TSDKEJIBIX H30TONOB W3 0o0Jiee JIErKHX C BBIICICHHEM OSHEPTUH.
B nepByto ouepens OyzeT peann3oBaHa peakiys HAa CMECH TSDKEIBIX M30TOIOB
BOJIOpOAA:

D+T —He (3,6 MaB) + n (14,1 M>B).

JlocTynHbBIe KOHCTPYKIMOHHBIE MaTepuaibl HE CMOTYT BBLIEPKATH OXKH-
JaeMble B TEPMOSAEPHOM DPEAKTOpE HArpy3Kd, MOITOMY CTEHKY BaKyyMHOM
KaMepbl peakTopa HeoOXOJUMO 3alIUTUTh OT BO3JACHCTBHS MOTOKOB YacTHIl U
sHeprud. Ha ceropHsmmHAl AeHb BOMb(ppaM — HanOoyee M3y4eHHBIH, Pacipo-
CTpaHCHHBIH M MEePCHCKTHBHBIN MaTepHall 3alllUTHOW OOJIUIIOBKH TepPMOsIep-
HBIX YCTaHOBOK. HeCOMHEHHBIE TOCTOMHCTBA BOJb(pamMa — €ro BBICOKAs Tep-
MOCTOHKOCTh M HU3Kasl aKTUBANUS I110Jl HEHTPOHHBIM oOiyueHneM. OCHOBHON
HEJIOCTaTOK BoJb(paMa Kak Marepuaia TEPMOSIICPHBIX YCTAaHOBOK — XpYII-
kocTh mpu Temreparype Hrke 200-400 °C. U3-3a HEHTpOHHOTO OOIydYeHHS
TeMIIepaTypa XpyIKo-IIaCTHYHOTO nepexosa noseimaercs 1o 700 °C u boinee,
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MO3TOMY BOJIb()paMOBasi OOJUIIOBKA MOKET OKa3aThCs XPYIKOW Mpu paboumx
YCIIOBHSIX TEPMOSJIEpPHOTO peakropa. Kpome Toro, npy NOBBILIEHHBIX TeMIIepa-
TypaXx B KOHTaKTe C KHCIOPOJOM BOJb()paM HHTCHCHBHO OKHUCIIETCS, H3-3a
Yero CJIEACTBUEM IIPOPHIBA B KaMepy peakTopa BOIbI WM aTMochepbl MOXKET
CTaTh HEOOXOAMMOCTh MACIITA0HBIX PEMOHTHBIX padoT. [ HCIoIp30BaHUs B
HPOMBIIUICHHBIX TEPMOSICPHBIX YCTAHOBKAX JKEJIATEIbHO M30aBHTHCSA OT He-
JOCTaTKOB BOJb()pamMa, COXpaHHMB JOCTOMHCTBA 3TOr0 Marepuaina. JlaHHbIH
0030p MOCBAIICH YCHIIUSIM MHPOBOTO TEPMOSACPHOTO COOOMIECTBA IT0 ONTHMH-
3allM CBOMCTB BOJb(pama.

PaGora BeImosnHeHa B paMKax Hay4HOH mporpaMMmsl HanmoHansHOTO IeH-
Tpa GU3MKK U MaTeMaTukH, HarpasieHne Ne 8 «Du3nka U30TONOB BOAOPOIAY.

TUNGSTEN AS PLASMA-FACING MATERIAL OF A FUSION
REACTOR - AN OVERVIEW OF PROBLEMS AND WAYS
TO SOLVE THEM

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 available structural materials cannot withstand the expected loads in a
thermonuclear reactor, therefore, the wall of the reactor vacuum chamber
should be protected from the particles and energy flows. Tungsten is the most
studied, widespread and promising material for the protective cladding of ther-
monuclear installations. The undoubted advantages of tungsten are its high
temperature resistance and low activation under neutron irradiation. The main
disadvantage of tungsten as a material of fusion reactor is its fragility at tem-
peratures below 200-400 °C. After neutron irradiation the temperature of the
ductile-to-brittle transition rises to 700 °C and higher, therefore, the tungsten
cladding may become brittle at operating conditions in a fusion reactor. Also at
elevated temperatures in contact with oxygen, tungsten intensively oxidizes.
Therefore, after water or atmosphere breakthrough into the chamber of a work-
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ing reactor large-scale repairs may be required. For use in industrial fusion re-
actors, it is desirable to get rid of the disadvantages of tungsten, while preserv-
ing the advantages of this material. This review is devoted to the efforts of the
global fusion community to optimize the properties of tungsten.

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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BJIMSTHUE BOJTOPOJIA HA MEXAHWYECKHUE CBOMCTBA
CTAJIN 316L M CILTABA INCONEL 718, IIOJIYYEHHBIX
METOJOM ITOCJIOHHOT O JIABEPHOT' O CIIVIABJIEHUSA

U I1. Maxcumxun®, A. A. FOxumuyxt, U. JI. Manxoe', U. E. Boiiyos?,
B. B. Banyes', E. B. lleenun®, C. B. Hlomun? B. H. Yysuvoeee?,
M. IO. IT'pasznoé?

Poccuiickuii penepanbHbil saepHbIi HEHTp — Beepoccuiickuii HayuHO-
HCCIIEI0BATENbCKUI HHCTUTYT SKCIIEPUMEHTATbHON Qu3uKH, I. CapoB
HU®TU Huxeropoackoro rocyansepcutera um. H. Y. JlobageBckoro

Mertamnndeckue MaTepHalbl, MOTy4aeMble C MCIIOJIB30BAaHUEM aJIUTHB-
HBIX TEXHOJIOTHH, paCCMAaTPHUBAIOTCS KaK HOBBIN KJIACC KOHCTPYKIMOHHBIX Ma-
TEpUaJIOB, & CamMa TEXHOJOTHS — KaK HOBBIH NMEPCHEKTUBHBIN CIIOCOO KOHCTPY-
UPOBAaHUS METAJUIMYECKUX W3AEIMH CIIOKHOM (OPMBI Ul NMEpCHEKTUBHBIX
NPWIOKEHUI B B PAa3IMYHBIX 00NacTsAX HAyKH W TeXHUKH. VccnenoBanus ma-
TepUaIoB, MOTYYECHHBIX aATUTUBHBIMU METOJaMH, BEAYTCS OYE€Hb aKTUBHO U K
HACTOSIIEMY BPEMEHH MOJPOOHO M3YYEHO BIMSHHE PESKMMOB CIUIABJICHHS HA
IUIOTHOCTb, CTPYKTYPY ¥ (DM3MKO-MEXaHUUYECKHE CBOMCTBA Pa3iIMYHbIX MaTe-
pHanoB. AKTUBHO M3y4aeTcs WX KOPPO3HMOHHAS CTOMKOCTB, Ae(OPMAIIOHHOE
MOBEJCHUE TPU IMOBBIMICHHBIX TEMIIEPATYpaX, CONPOTHUBIECHHE YCTAIOCTHOMY
pa3pyLICHUIO U Ip.
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OnHyMu U3 Hamboliee PaclpoCTPaHEHHBIX MAaTEpPHUAIOB, IPUMEHSIEMBIX B
HacTosIlIee BpeMsl B aJUIUTHUBHBIX TEXHOJIOTHSIX, SBISIOTCS HEpKaBeromas
cranb 316L u xaponpouHblii HukeneBbld ciuiaB Inconel 718. Mexanunueckue
cBoiicTBa Hepxaseromieit cranu 316L u crumasa Inconel 718, monydeHHBIX Me-
ToztOM TocioitHoro naseproro cruasieHus (I1JIC), B HacTosmmiee BpeMs XOpo-
o u3y4eHsl. BMecte ¢ TeMm, B Hay9HOH JIHUTEpaType OTCYTCTBYET HHpOpMAIHsI
00 HCCle0BaHUSIX MPOIECCOB B3aMMOJACHCTBHS TAKHX MAaTEPHANIOB C BOAOPO-
JIOM, a TaKKe O BIMSHHUU BOJOPOAA Ha UX MEXaHWUIECKHE CBOHCTBA. Pe3ynbTa-
ThI UCCJIEOBAaHMSI B3aUMOJICHCTBUS BOJOpPOJa C MarepualaMH, IMOJy4YeHHBIMH
meronoM [IJIC, mpencraBnsior MHTEpeC Ul co3aaHus 00OpynoBaHHs, pabo-
TAIOIIET0 B BOJOPOJOCOJEPKAIIUX CPEAax, B YACTHOCTH, COCYJOB BBICOKOTO
JIaBJICHUS.

B pamxax HacTosIiel paGOThl BHINOJIHEHO HCCIEIOBAHHUE BIMSHUS BOJO-
poJia Ha MEXaHMYECKHe CBOMCTBA PaccCMaTPHBAEMBIX MaTepHAJIOB B JUaNa3oHe
temnepatyp mo 600 °C npu maBnernu Bomopona 80 MIla. ITokazano, 4To BO-
JIOPOA HE OKa3aJ CyNICCTBEHHOTO BIMSHHSA Ha MPOYHOCTHHIE cBoiicTBa [1JIC-
MaTepHuagoB. XapaKTEPUCTUKU TUIACTUYHOCTH cTaiu 3161 He yyBCTBUTENbHBI-
MH K BO3JICHCTBHIO BOJIOPO/A B HHTEPBAJIE TEMIEPATyp OT KOMHATHOH /10 TUTIOC
500 °C. Tomnpko npu Temnepatype 600 °C oTHOCHUTEIBHOE CYXKECHHE MOCIe pas3-
pBIBa B BOJIOPO/IE 3aMETHO YMEHBIIMIIOCH — Ha 25 %, TeM He MEHee OCTanoch
Ha JJOCTaTOYHO BBICOKOM ypoBHE. C pOCTOM TeMIepaTypbl UCTIBITAaHUS HaOIIIO-
JTaeTcsl CHIKEHHE IUIACTHYHOCTH CIUIaBa B cpele BOAOPOAa — B HHTEpBaJe
temrnepatyp ot mmoc 100 °C no mmoc 500 °C cHMKeHHE XapaKTEpUCTHK CO-
craBmio ot 25 10 37 %, a ipu 600 °C 3T0 CHIXKEHUE MaKCUMAIbHO: 57 %.

[Mony4deHHble pe3yJbTaThl MOKa3bIBAIOT, YTO M3MEHEHHE MEXaHHYECKUX
cBoicTB paccmarpuBaeMbix [1JIC — MaTepuanoB moj Bo3AeCTBHE BOJIOPOAA,
MIPAaKTHYECKH TaKoe ke, KaK U Y MaTepHalioB, NOIYYEHHBIX 0 TPAJAUIMOHHBIM
TEXHOJIOTHSIM.

HUccnenoBaHre BBIMOIHEHO B paMKax HaydyHO# mporpammbl HarmoHasb-
HOTO [EHTpa (U3MKK M MaTeMaTHKH, HarnpaBicHue Ne 8 «Dusuka M30TOTOB
BOIOPOIaY.
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EFFECT OF HYDROGEN ON MECHANICAL PROPERTIES
OF 316L STEEL AND INCONEL 718 ALLOY, OBTAINED
BY SELECTIVE LASER MELTING METHOD.

I. P. Maksimkin®, A. A. Yukhimchuk?, I. L. Malkov?, I. E. Boytsov?,
V. V. Baluev}, E. V. Shevnin, S. V. Shotin?, V. N. Chuvildeev?,
M. Yu. Gryaznov?

'Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics, Sarov
ZNIFT1 UNN named after N. I. Lobachevsky, Nizhny Novgorod

Metal materials produced using additive technologies are considered as a
new class of structural materials, and the technology itself is considered as a
new promising way to design complex metal products for promising applica-
tions in various fields of science and technology. Studies of materials produced
by additive methods are actively carried out and by now the influence of melt-
ing modes on the density, structure and physical and mechanical properties of
various materials has been studied in detail. Their corrosion resistance, defor-
mation behavior at higher temperatures, fatigue resistance, etc. are actively
studied.

Some of the most common materials currently used in additive technolo-
gies are stainless steel 316L and heat-resistant nickel alloy Inconel 718. Me-
chanical properties of stainless steel 316L and Inconel 718 alloy, obtained by
layer-by-layer laser melting are now well understood. At the same time, there is
no information in the scientific literature on studies of the interaction processes
of such materials with hydrogen, as well as on the effect of hydrogen on their
mechanical properties. The results of the study of the interaction of hydrogen
with materials obtained by layer-by-layer laser melting are of interest for the
creation of equipment operating in the hydrogen-containing media, in particu-
lar, high-pressure vessels.

Within the framework of this work, a study of the effect of hydrogen on
the mechanical properties of the materials under consideration in the tempera-
ture range up to 600 °C at hydrogen pressure 80 MPa was carried out. It was
shown that hydrogen did not significantly affect the strength properties of mate-
rials obtained by layer-by-layer laser melting. Ductility characteristics of 316L
steel are not sensitive to hydrogen in the temperature range from room tempera-
ture to 500 °C. Only at the temperature 600 °C the reduction area after the rup-
ture in hydrogen was noticeably reduced — by 25 %, nevertheless, it remained at
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a fairly high level. With increasing the test temperature, we can observe the
decrease of the alloy ductility in the hydrogen medium — in the temperature
range from plus 100 °C to plus 500 °C the decrease in characteristics was from
25 to 37 %, and at 600 °C this decrease is maximum: 57 %.

The results show that the change of mechanical properties of the consid-
ered materials obtained by layer-by-layer laser melting under the influence of
hydrogen almost the same as materials obtained using by traditional technolo-
gies.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, project Ne 8 «Physics of
Hydrogen Isotopes».
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BJIMSTHUE BO3JIEVICTBHUSA BOJOPOJIA HA MEXAHUYECKHUE
CBOUCTBA TUTAHOBOTI'O CILTABA BT6, [IOJTYYEHHOTI'O
METOJOM ITOCJIOHHOT O JIABEPHOT O CIIVIABJIEHU A

HU. E. Bouyoe, A. B. Byuupun?, U. I1. Maxcumxun®, E. B. Illesnun?,
A. A. FOxumuyr®, M. IO. I'pasnoe®, B. H. Yysunvoees®

Poccuiickuii henepanbHbil saepHbIi HeHTp — Beepoccuiickuii HayuHO-
HCCIIeI0BATENbCKUI MHCTUTYT SKCIIEPUMEHTAIBLHOM (u3uky, T. CapoB
HU®TU HHI'Y um. Jlo6agesckoro, r. Huxnuit Hosropox

HccnenoBaHo BIHsIHEE BO3AEWCTBHUS ra3000pa3HOTO BOAOPOAA HAa Xapak-
TEPUCTHUKH MEXaHHYECKHX CBOWCTB THTaHOBOro cmuiaBa BT6, momydeHHOTO
MeToZIoM TocioitHoro azepHoro ciutaBienus (I1JIC). IlpuBeneHs! pe3yabTaThl
ucnpITannil Ha pacTsokeHne [1JIC-o0pasnoB, kak B cpene BOAOPOAA, Tak U B
uHEepTHOH cpene npu AasneHun 80 MIla B unteppane temneparyp 20-600 °C.
IToxa3zano, uro IIJIC-cnmaB BT6 ycToifuuB B cpeie BogopoJa IpU TaBICHHU
80 MIla u Temneparype 600 °C B TeucHHE BpEeMEHH JI0 IISITH YacOoB.

HccnenoBanue BBIIIOJIHEHO B paMKax HaydHOU nporpaMmmbl Hanuonais-
HOTO HeHTpa (U3UKK U MareMaTHkH, HanpaBieHne Ne 8 «Dusnka M30TONOB
BOZOPOJa.
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EFFECT OF HYDROGEN EXPOSURE ON MECHANICAL
PROPERTIES OF BT6 TITANIUM ALLOY OBTAINED
BY SELECTIVE LASER MELTING METHOD

I. E. Boytsov?, A. V. Buchirin?, I. P. Maksimkin, E. V. Shevnin?,
A. A. Yukhimchuk®, M. Yu. Gryaznov?, V. N. Chuvildeev?

'Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics, Sarov
ZNIFT1 UNN named after N. I. Lobachevsky, Nizhny Novgorod

The effect of gaseous hydrogen exposure on the characteristics of mechan-
ical properties of BT6 titanium alloy obtained by layer-by-layer laser melting
has been investigated. The results of tensile tests of layer-by-layer laser melting
samples both in the hydrogen and inert medium at a pressure of 80 MPa in the
temperature range 20-600 °C are given. It is shown that the BT6 alloy obtained
by layer-by-layer laser melting is stable in the hydrogen medium at a pressure
of 80 MPa and temperature 600 °C for up to five hours.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, project Ne 8 «Physics of
Hydrogen Isotopes».
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HWCCJIEAOBAHUE CTPYKTYPBI KOHCTPYKIIHOHHBIX
MATEPHAJIOB, I3TrOTOBJIEHHBIX METOIOM MMOCJOIHOT O
JIA3EPHOT'O CILJIABJIEHMSI, TOCJIE UICIIBITAHWII B CPEJIE
BOJIOPOJIA

U. JI. Manxos

Poccwuiickuii enepansHblil saepHblid 1eHTp — Beepocceuiickuit Hay4aHo-
HCCIIeI0BATENbCKUI MHCTUTYT DKCIIEPUMEHTAILHOM (u3mky, T. CapoB

B Hacrosmee Bpems Hanbosiee pacpOCTPaHEHHBIH BHAOM aaJUTHBHBIX
TEXHOJIOTHI TIPH TIPOU3BOJACTBE H3JEIHN CIOXKHOH (DOPMBI SBIAETCS METOX
nocyoitHoro nasepHoro croiasneHus ([1JIC). Madopmarms o BIUSHAA BOZOPO-
Jla Ha CBOMCTBAa KOHCTPYKIMOHHBIX MaTepuanoB (KM), M3roTOBIEHHBIX C TIO-
momsio [IJIC, mpencrasiseT HHTEpEC UL CO3MaHMA 000pYyIOBaHUs, paboTaro-
IIEr0 B BOJIOPOAOCOAEPKALINX CPEaax.

B Hacrosield paboTe npuBeNeHbI pe3yJIbTaThl HCCIIENOBaHUSI CTPYKTYPBI
getbipex KM (cramb 316L, crutas Inconel 718, turanoseiii cruias BT6, crans
BHJI14) no u mocne KpaTKOBPEMEHHBIX HCIBITAaHUII Ha PAacTSHKEHUS B Cpefe
BOJIOPOZIa BBICOKOTO IABJICHHS B JUAla30HE TeMIepaTyp OT KOMHATHOH 0
873 K, miuTenbHBIX (0 COTEH YacOB) HMCIBITAHHIA 10 OMPEACICHUIO0 BOIOPO-
MIPOHULIAEMOCTH TIpH TemmepaTypax oT 673 mo 873 K, HaBo#OpOXHUBaHUS B
9TOM K€ JAuana3oHe Temneparyp npu ngasineHuun 40 Mlla B TeueHue a0
40 gacos.
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[TokaszaHo, YTO B MUCXOJHOM COCTOSHHU B Pe3yJbTaTe OBICTPBIX HarpeBOB
u oxaaxaeHuil npu IIJIC KM umeroT uepapXudeckyro CTPYKTypy, KOTOPYIO
ClleyeT aHaIN3UPOBAaTh HA MaKpoO-, ME30- U MHKPOYPOBHsX. Brustane Bomgopo-
na Ha ctpykTypy KM He ycraHoBieHo. Tak m3MeHeHHe CTPYKTypsI cTamu 3161
MPOUCXOIWIO JHOO MpPH AJIUTENBHBIX BBIICP)KKAX IPH TeMIepaTypax a0
873 K, mu60 Bo Bpemst omxkura npu 1348 K. B pesynpTare roMmoreHm3upyromie-
TO OT)KUTa CTPYKTypa ctanu 316L crama nmpakTHYecKH MACHTHYHON CTPYKTYpe
ayCTCHUTHBIX HEP)KABCIOIIUX CTaJICH, M3TOTOBICHHBIX MO TPaJUIIMOHHON TeX-
HOJIOT'HUH.

HccnenoBanue BBIIIOJIHEHO B paMKax HaydHOU nporpaMmmbl Hanuonains-
HOTO HeHTpa (U3UKK U MareMaTHkH, HanpasieHne Ne 8 «Dusnka M30TONOB
BOJIOPOJA».

STUDY OF THE STRUCTURAL MATERIALS PRODUCED
BY SELECTIVE LASER MELTING METHOD

I. L. Malkov

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics, Sarov

Currently the most common type of additive technologies in the produc-
tion of complex- shaped products is the layer-by-layer laser melting method.
Information on the influence of hydrogen on the properties of structural materi-
als (SM) produced by layer-by-layer laser melting method is of interest for cre-
ation of the equipment operating in the hydrogen-containing media.

This paper presents the results of a study of four SM structure (steel 316L,
alloy Inconel 718, titanium alloy BT6, steel BHJI14) before and after short-
term tensile tests in high-pressure hydrogen medium in the temperature range
from room temperature to 873 K, long-term (up to hundreds of hours) tests to
determine hydrogen permeability at temperatures from 673 to 873 K, hydrogen
uptake in the same temperature range at a pressure of 40 MPa for up to 40
hours.

It was shown that in the initial state, as a result of rapid heating and cool-
ing during layer-by-layer laser melting, the structural materials have hierar-
chical structure, which should be analyzed at macro-, meso-, and micro -levels.
The impact of hydrogen on the SM structure has not been established. Thus, the
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change in 316L steel structure occurred either during long-term holding at tem-
peratures up to 873 K, or during annealing at 1348 K. As a result of homogene-
ous annealing, the structure of 316L steel became almost identical to the struc-
ture of austenitic stainless steels made according to the traditional technology.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, project Ne 8 «Physics of
Hydrogen Isotopes».
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METO/J BOJOPOIOITPOHUIAEMOCTH JIs1 ONPEJAEJTEHUSI
NPEJEJIBHOHU PACTBOPUMOCTH BOJAOPOJA B TA®OHUN

E. A. Jlenucos, E. I1. I pomos, B. A. [Jmumpues, A. A. Cenusanos
Cankr-IlerepOyprekuii rocy1apcTBEHHBIH YHUBEPCUTET

BonopoaHoe oxpynuuBaHHE KOHCTPYKLMOHHBIX MAaTe€pHalOB IOCPEA-
CTBOM MEXaHM3Ma THIPUI000pa30BaHus SBISIETCS JAOCTATOYHO PAaCIpOCTpa-
HEHHBIM siBIeHHEM. K MaTepuanam, CKJIOHHBIM K 0OPa30BaHHUIO XPYIIKOW THA-
puIHOH (a3bl MPH UX KOHTAKTE C BOAOPOJOCOACPKALIIMH CPEAAMH, OTHOCST-
Csl TaKHE HE3aMEHHMBIC B TEXHHKE METAJIbI, KaK THTaH, IUPKOHUH, BaHAIUH,
TaHTaJl ¥ UX CIUIaBbl. IMEHHO 3THM BBI3BaH MHTEPEC K MPOOIEME ONpeAeIeHIS
YCIIOBHH, IPH KOTOPBIX MPOUCXOANT (Pa3oBBIH Mepexo] MexXIy TBEpPAbIM pac-
TBOPOM BOZOPOJA U THAPUIOM METAIIA.

PaboTa nemoHcTpupyeT Ha npuMepe radHUs BO3MOXXHOCTH HOBOI Ipen-
JlaraeMoi aBTopamMH MeToIuKu [1], OCHOBaHHOM Ha MeTOJie BOJAOPOAONPOHHU-
aeMoctd. OHa MO3BOJISIET ONPEAEIUTD NPEAEIbHYI0 PACTBOPUMOCTD BOJIOPOAA
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B MeTaJlIe, P KOTOPOW HauuHaeTcst obpasoBanue ero ruapuaa (terminal solid
solubility for precipitation — Cissp) M0 KMHETHKE MPOHHUKAIOIIETO Yepe3 obpaser
HOTOKa BOZOpoaa B mporiecce (ha3oBbix mpesparieHuii. OCHOBHBIMH TOCTOHH-
CTBaMH METOJMKH SIBJSIETCSI OTHOCHTENBHAS IIPOCTOTA, HATISIIHOCTD MOTydac-
MBIX PE3yJbTATOB M BO3MOXXHOCTH onpeneseHnsi Cissp IIPU MOCTOSIHHON TEMITe-
parype.

B pabote 00HapyKEeHO, YTO BEIHYHHA MPECTbHOH PACTBOPUMOCTH CyLIe-
CTBEHHO 3aBHCHT OT CKOPOCTH POCTa KOHIEHTpaluu B obpasue. [Ipemnoxen
MOAXO0[, MPU KOTOPOM MOBEPXHOCTHO-THMMHUTHPOBAHHBIA PEXUM MPOHUKHOBE-
HUs1 00€CIIeYNBACTCS HA BCEM IPOTSDKCHHU SKCIIEPHUMEHTA 33 CUET MOCTOSHHO-
r0 KOHTPOIISL M PErYAMPOBKH BXOAHOTO MOTOKA, B OTIMYHME OT TPAAULHOHHOTO
HOJXO0/A, IPH KOTOPOM IOCTOSIHHBIM MOAACPIKMBACTCS JaBICHUC Ha BXOTHON
cropore. OmnpererneHa TeMIepaTypHast 3aBHCHMOCTb MIPEICIBHON PACTBOPHMO-
¢t Bojopona B raguuu B uHTepBaie 350-550 °C. TlpoBeneHo cpaBHEHHE II0-
JIyYEHHBIX PE3yJbTATOB C JINTEPATYpHbIMH HaHHBIMH. ClenaH BBIBOA O pabo-
TOCIIOCOOHOCTH METOAUKH, aJeKBATHOCTH MOJIyYaeMbIX C €€ MOMOIIBIO PE3yIlb-
TaToB.

HccnenoBanue BBINOJIHEHO 32 cueT rpaHta Poccuiickoro HayuHoro ¢oHna
Ne 24-29-00625, https://rscf.ru/project/24-29-00625/.

JIUTEPATYPA
1. E. A. Denisov, V. A. Dmitriev (2024). Manifestation of Hydride Phase

Transformations in the Hydrogen Permeability of Polycrystalline Titanium and
Zirconium. Crystallography Reports, 69(1), 45-52.

HYDROGEN PERMEABILITY METHOD FOR DETERMINING THE
TERMINAL SOLID SOLUBILITY OF HYDROGEN IN HAFNIUM
E. A. Denisov, E. P. Gromov, V. A. Dmitriev, A. A. Selivanov
Saint-Petersburg State University
Hydrogen embrittlement of structural materials by the mechanism of hy-
dride formation is a very common phenomenon. Materials prone to the for-

mation of a brittle hydride phase in contact with hydrogen-containing media
include such metals indispensable in technology as titanium, zirconium, vana-
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dium, tantalum and their alloys. That is why there is so much interest in the
problem of determining the conditions under which a phase transition occurs
between a solid solution of hydrogen and a metal hydride.

Using hafnium as an example, the paper demonstrates the possibilities of a
new technique proposed by the authors [1] based on the method of hydrogen
permeability. This allows us to determine the terminal solid solubility of hy-
drogen in a metal, at which the formation of its hydride begins (Ctssp), by the
kinetics of the hydrogen flow penetrating through the sample during phase
transformations. The main advantages of the technique are the relative simplici-
ty, clarity of the results obtained and the ability to determine Cissp at a constant
temperature.

It was found that the value of the terminal solubility significantly depends
on the rate of concentration growth in the sample. An approach is proposed in
which a surface limited permeation mode is provided throughout the experi-
ment due to constant monitoring and adjustment of the inlet flow, in contrast to
the traditional approach, in which the pressure on the inlet side is maintained
constant. The temperature dependence of the terminal solubility of hydrogen in
hafnium in the range 350-550 °C is determined. The results obtained are com-
pared with the literature data. The conclusion is made about the effectiveness of
the technique, the adequacy of the results obtained with its help.

This study was supported by the Russian Science Foundation (project no.
24-29-00625, https://rscf.ru/project/24-29-00625/).
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I'nJPUJAHBIE UCTOYHUKHU BOJOPOJA U OBJIACTH
X IPUMEHEHHA

O. B. Heyxuna

Wucruryt katanuza um. . K. BopeckoBa CO PAH, HoBocubupck

WHTepec K KOMNAKTHBIM (OPM XpaHEHHs BOJOPOJA CTaJl BO3pacraTb B
CBA3M C HaMETHUBILIEHCS TeHJeHLUeH mepexojia ¢ TpaJUIMOHHBIX BUIOB JHEp-
ronocuteneit Ha Bojopon [1]. TIockonbKy 3TO HU3KOIUIOTHBIM T'a3 ¢ BBICOKOM
arpeCCUBHOCTBIO 10 OTHOIICHUIO K Pa3IMYHBIM MaTepuajiaM, TO €ro akKymy-
JIUPOBAHUE B XUMUYECKU CBSI3aHHOM COCTOSHUM OTKPBIBAE€T MEPCHEKTHUBHI CO-
3IaHHSI BOAOPOJHBIX HAKOMUTENEH ¢ BRICOKOW eMKOCThIO [2]. B aTom ciyudae,
MPEANIOYTEeHNE OTAaeTcsl TBepAoda3HbIM (GopMaM XpaHEHUS BOJOPOAA, H
TIpeXJe BCEro, THApuaHbIM coeanHenusiM [3]. IIpu BeiOope ruapuga At KOH-
KPETHOH 00NacTH NPUMEHEHHsS YYHTBHIBAETCSI €r0 CTaOMIBHOCTH W BO3MOXK-
HOCTh OpTaHM3aIlMM TIpollecca ¢ MUHHMAJIBHOM 3aTpaToil SHEpruu. AHau3
JIUTEPATypHI TTOKA3all, YTO ra30reHepanisi MOXKET OCYIIECTBIATHCS JBYMSI CIIO-
cobamMH — TepMHYIEeCKUM passiockeHreM [4] u runponuzom [5]. Ilocnennuit Ba-
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PHAHT NpeArojaraeT TakXKe BOBJICUEHUE BOJIBI B IIPOLIECC ITOJIyYESHUS BOJOPOA
U COIIPOBOXKJAETCSI BBIJICJICHUEM TEIUIA, YTO ITO3BOJISIET CO3/IaTh BOAOPOJIreHe-
pUpYIOIIIe cUCTeMbI A1 ApKTHIecKOH 30HbI. TeMm He MeHee, 1 ux Oe3omac-
HOHM SKCIUTyaTalliM CIEAyeT BBIOpAaTh TMAPHUI C MPHEMIIEMBIM TEIUIOBBIM 3(-
¢dexroMm. TakuMm coenHEHHEM SBISETCS OOPTUAPHI HATPUSI, HO AJISL €ro HOJN-
HOW KOHBepcu: TpeOyroTcs KatamusaTopsl [6]. Hapsany ¢ ux pazpabotkoii pe-
IIAI0TCS BONIPOCHI M CO3JaHNE KOHCTPYKIIMHU Ta30reHepaTropa, IZie OIpeelcH-
HOTO ycIexa JOCTHININ KOPEHCKHE W MCIIAHCKUE MCCIIEI0BATEIH MIPH CO3IaHUN
WCTOYHHMKA SHEPrUM Ha OCHOBE TOIUIMBHOTO 3JIEMEHTa C NMPOTOHOOOMEHHOW
MeMOpaHo#t 1y1s1 GECITUIIOTHOTO JIeTaTeNbHOro anmnapara [7, 8].

HIupokuit crektp ruapuaabix coenunennit (MgH2, LiAlH4, NH3BH3 u
Ip.) paccMaTpUBAETCA M KaK HCTOYHHKH BOJOPO/A, OOECTIEUHBAIONINE €TO Te-
Hepaluio Ipu OTHOCUTENbHO yMepeHHoM Harpese (80-250 °C). [lnst cHuKeHUs
TEMIIEpaTyphl Pa3NI0XKEHHUs] THAPUIA BAPbUPYIOT AUCHEPCHOCTh THAPUAA, JiE-
(hEeKTHOCTh KPHUCTATITMYECKON PEIICTKH, BBOJST 100ABKH, BHIMOIHSIOMINE POJIb
LEHTPOB aacopOmmu/aecopOrnru U crmwutoBepa Bogopoaa [9]. Kpome Toro,
pa3BUTHE TEXHUKHU THAPUIHOTO CHHTE3a MO3BOJISIET NMPEJIOKHUTH HOBBIE XUMH-
YeCKUe COCTUHEHMs, Harmpumep, sTwieHauamuH(0uc)oopan [10], koTopeii B
MIPUCYTCTBUH TUIATHHOBOT'O KaTallM3aTopa MOXKET TeHepHpOBaTh BOJOPO YKe
IIpu KOMHATHOH TeMmepatype [11].

Takum o0Opa3oM, BEIOOp THIPUIHBIX HCTOUYHHKOB BOJIOpPOJAa BeCchMa IIH-
POK U OIPpEACIACTCA 00JaCcTIMU U YCJIOBUAMU UX IIPUMCHCHUSA.

®duHaHCHpOBaHNE — TPOEKT rocyaapcTBeHHoro 3aganus FWUR-2024-
0034.
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HYDRIDE HYDROGEN SOURCES AND THEIR APPLICATIONS
O. V. Netskina
Boreskov Institute of Catalysis SB RAS, Novosibirsk

The interest in compact forms of hydrogen storage solutions has been
steadily increasing due to the emerging trend of transitioning conventional en-
ergy sources to hydrogen [1]. Hydrogen, being a low-density gas with high
aggressiveness towards various materials, presents challenges for storage.
However, the possibility of hydrogen accumulation in a chemically bound state
opens up prospects for creating high-capacity hydrogen storage systems [2]. In
this context, solid-state forms of hydrogen storage, particularly hydride com-
pounds, are preferred [3]. When choosing a hydride for a specific application,
factors such as stability and the potential for organizing the process with mini-
mal energy consumption are taken into account. Literature analysis reveals two
methods for hydrogen generation — thermal decomposition [4] and hydroly-
sis [5]. Hydrolysis involves the participation of water in the hydrogen produc-
tion process and is accompanied by the release of heat, making it suitable for
creating hydrogen-generating systems for the Arctic zone. However, ensuring
the safe operation of such systems requires the selection of a hydride with an
acceptable thermal effect. Sodium borohydride is one such compound, although
catalysts are necessary for its complete conversion [6]. Along with catalyst de-
velopment, efforts are being made to address the design of gas generators.
Some progress has been achieved by Korean and Spanish researchers in creat-
ing an energy source based on a fuel cell with a proton exchange membrane for
an unmanned aerial vehicle [7, 8].

A wide range of hydride compounds (MgHz, LiAIH4, NH3BH3, etc.) are
considered as sources of hydrogen, providing its generation at relatively mod-
erate heating (80-250 °C). To reduce the decomposition temperature of the
hydride, various approaches are employed, including adjusting the dispersity of
the hydride, modifying the defectiveness of the crystal lattice, and introducing
additives that act as centers for hydrogen adsorption/desorption and hydrogen
spillover [9]. Furthermore, advancements in hydride synthesis techniques have
led to the development of new chemical compounds, such as ethylenediamine-
borane [10], which, in the presence of a platinum catalyst, can generate hydro-
gen at room temperature [11].

Therefore, the choice of hydrogen hydride sources is extensive and is de-
termined by the specific areas and conditions of their application.

This work was supported by project FWUR-2024-0034.



118

Tuopuovt u cudpuonvie npespaujerus

REFERENCES

. R. Y. Sathe et al. Int. J. Hydrog. Energy. 48 (2023) 12767.
. G. Senol et al. Int. J. Hydrog. Energy. 68 (2024) 1178.

. P. Wang, X. Rang Dalton Trans. 40(2008) 5400.

. T.-T. Le etal. Chem. Eng. J. 473 (2023) 145315.

. L. Ouyang et al. J. Alloys Compd. 910 (2022) 164831.

. Q. Yao et al. Inorg. Chem. Front. 7 (2020) 3837.

.J. Kim, T. Kim. Energy Procedia. 61 (2014) 1992.

. N. Lapefia-Rey et al. Int. J. Hydrog. Energy. 42 (2017) 6926.
. T.J. Frankcombe. Chem. Rev. 112 (2012) 2164.

0. S. Sahler et al. Int. J. Hydrog. Energy. 38 (2013) 3283.
1. G. Zhang et al. Angew. Chem. Int. Ed. 60 (2021) 11725.

PP OO~NOOITA, WN -



Hydrides and hydride transformations 119

ToanyoxoB Anexkcanap HukonaeBuu
OT'VIIT «POAL-BHUNOD»
Benymwuit HayuHblii COTPYIHUK
607188, r. CapoB Hmwxeropoackoii o0u1.,
p-T Mupa, 1. 37

Golubkov Alexander Nikolaevich
RFNC-VNIIEF
Leading Researcher
607188, 37, Mira av., Sarov,
Nizhny Novgorod region, Russia

arkad@triton.vniief.ru

UCCJIEJIOBAHUE P-T-C COOTHOWEHUH ISl THAPUIA
W JENTEPHJIA THTAHA B OBJIACTH JIABJEHHI 10 300 MITA
WM TEMITEPATYP JIO 978 K

A. H. I'onybxos

Poccwuiickuii henepansHblil saepHblid 1eHTp — Beepocceuiickuit Hay4aHO-
HCCIIeI0BATENIbCKUI MHCTUTYT DKCIIEPUMEHTAILHOM (u3ukH, T. CapoB

ITpoBeneHo u3MepeHre paBHOBECHBIX JaBieHu necopouu Hy u D2 B cu-
cremax Ti-H u Ti-D. PaGoTsl MpOBOAMIINCE B TEMIICPATYPHOM JHANa3oHe OT
594 K no 978 K, obnacte usmenenus nasiennit Hy nnmm D2 Ham cooTBETCTBY-
omumMu ruapugamu coctasisiia oT 0,07 no 297 Mlla. Ha ocHoBanuu ananu3za
MOJYYCHHBIX M30TEPM ONPEACIICHBI IPaHUIIBI pa3aena Mexay B, (B+0) u 6 ¢a-
3aMHU. Y CTaHOBJICHO, YTO MOJIOXKCHHUS TPAHHUIl (Pa30BBIX MEPEXOTOB MEXIy [ u
(B+3) dazamu u mexay (B+0) u & dazamu st cucteMm Ti-H u Ti-D coBmamaror
He MOJHOCTHIO. JIyist cuctemsl Ti-D 3TH rpaHHUIBI CABUHYT B 06J1aCTh GONBIINX
KOHIIEHTPAIMi BOJOPO/a 10 CPaBHEHUIO ¢ cucteMoit Ti-H Ha, mpuMepHo, a.0.
D/Ti =0,05.

Ha ocHoBe monydennsix P-T-C cooTHOmEHNH 1 UMEIOIIUXCS JINTEpaTyp-
HBIX JaHHBIX TIOCTPOCHBI 3aBICHMOCTH TETUIOTHI TUCCOIMALINN THAPUAA U JIeHi-
TepuIa TUTaHA OT COAEPKaHUS BOAOPOA.
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UccnenoBanue BBIMOIHEHO B paMKax HaydyHO# mporpammbl HaruoHasb-
HOTO 1eHTpa (QU3UKK U MareMmaThku, HanpaBieHue Ne 8 «Du3nka H30TOINOB
BOJIOPOIA».

STUDY OF P-T-C RATIOS FOR TITANIUM HYDRIDE
AND DEUTERIDE IN THE PRESSURE RANGE UP TO 300 MPA
AND TEMPERATURES UP TO 978 K

A. N. Golubkov

Russian Federal Nuclear Center — All-Russian Research Institute
of Experimental Physics, Sarov

Equilibrium pressures of Hz and D2 desorption were measured in Ti-H and
Ti-D systems. The work was carried out in the temperature range from 594 K to
978 K, the pressure range of Hz and D2 over the corresponding hydrides was
from 0,07 to 297 MPa. Based on the analysis of the obtained isotherms, the
interfaces between B, (B+5) and & phases were determined. It was found that the
positions of the boundaries of the phase transitions between f and (B+3) phases
and between (B+58) and & phases for Ti-H and Ti-D systems do not completely
coincide. For the Ti-D system, these boundaries are shifted to the area of higher
concentrations of hydrogen compared to the Ti-H system by about a.o.
D/Ti=0,05.

Based on the obtained P-T-C ratios and available literature data, depend-
ences of dissociation heat of titanium hydride and deuteride on hydrogen con-
tent were plotted.

The study was carried out within the framework of the scientific program
of the National Center for Physics and Mathematics, project Ne 8 «Physics of
Hydrogen Isotopes».
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B Hacrosiiiee Bpemsi BOJOPOJHBIC TEXHOJIOTHH TOJIy4aloT HIMPOKOE pa3-
BUTHE MO BCEMY MHpY OJarojapsi TOMy, YTO C MX OMOIIBI0 MOXHO PELINTh
HanOoJiee OCTphIe, TIIO0ANBHBIC MPOOJIEMBI, B TOM YHCIC JHEPIreTHYCCKHE H
JKOJIOTHUECKUE. Bomopos cunTaercss ofHIUM U3 HanOoee SKOJIOTUYHBIX U Tep-
CIICKTHBHBIX BUJIOB TOIUTUBA C BBICOKOW 3HEPTreTHYCCKOW eMKOCThIO. J1Jist miu-
POKOTO TMPHMEHCHHUS BOJOPOAa B TPAHCIOPTE, XUMHUYCCKOW TEXHOJIOTUH H
JHEPreTUKE HEOOXOAMMO PEIIUTh MHOXKECTBO MPOOJIEM, B TOM YHCIIC BBIICIIC-
HHE BOJOPOJA U3 ra30BbIX CMECeH, KOMIIAKTHOE XpaHeHHE U nepepaboTka s
MPOM3BOJICTBA YHEPTHH.

OpmHUM U3 CTIOCOOOB PEUICHHUS JaHHBIX MTPOOIIEM SIBIIICTCS HCIOTIh30BaHUE
BBICOKOHTpONHUHBIX c1iaBoB (BDOC), o0pa3oBaHHEBIX 5 wiin OoJjiee MeTaIaMu
C KOHIICHTpAIUAMH, OJMM3KMMHU K SKBHATOMHBIM. J[aHHBIE CIUIABBI 00JaqafoT
BBICOKO# BOZOPOACOPOIIMOHHON eMKOCThIO (10 2,5 H/M), a Takxke sBISIFOTCS
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NEpPCIEKTUBHBIMU MEMOpaHHBIMM MaTepHajaMu 3a CUeT IPUCYTCTBUS B HX
COCTaBE METAJUIOB 5 IPYIIIBI C BHICOKOW BOAOPOIHOM MPOHUIIAEMOCTBHIO.

CaMbIM TIPOCTBIM U HanboJIee pacpoOCTPaHEHHBIM MEeTOI0M cuHTe3a BOC
SIBIISICTCA AyTOBasl IJIaBKa, HO MaTePHabl, MOJyYeHHbIE TAaKUM 00pa3oM, uMe-
IOT OKHCJIEHHYIO TIOBEPXHOCTH, KOTOPAs MPETATCTBYET B3aMMO/ICHCTBHIO C BO-
IOPOJIOM M JielaeT HeOOXOAMMBIM IIPUMEHEHHE IpEeIBAPUTEIHHON BBICOKO-
temnepatypHoit (573-973 K) akruBammonHoit oOpabotku [l], 4ro sBIISIETCS
HETIPUEMJIEMBIM JUTSI IPUMEHECHHS B CHCTEMAaX XpaHEHHUS M OYHCTKH BOIOPOAA
C0p6U,l/lOHHOFO TUIIA, 4 TAKKEC B MCTAJJI-TIOJIMMEPHBIX M3M6paHaX JJIA BbLACIIC-
HUSI BOJIOPO/IA.

B nacrosmieit pabote ObLIM HCCIIEOBAaHBI BOJOPOACOPOLIMOHHBIE CBOIi-
cTBa cmaBoB cuctembl Ti—-Zr-V-Nb-Ta-Hf, momydeHHsIX Tpemsi pa3HbIMU
METOAaMM: B BUAEC MOPOIIKOB MPU MEXAHOXMMUYECKOM CHHTE3C, B BUJIC KOM-
MaKTHBIX CJIUTKOB IIpU SHCKTpOﬂyFOBOﬁ IJIaBKE, a TaKXXC B BHJAC MHUKPOpa3-
MEpPHBIX BOJIOKOH, MOJYYCHHBIX METOIOM 3JIEKTPOIYYeBOH IUIABKH C Kalelb-
HOM 3KcTpakuuel paciasa [2].

YCTaHOBIIEHO, YTO ONTHUMATIHHBIM CIIOCOOOM TMOJMYYCHHUS SIBIISICTCS DIICK-
TpOJy4eBas IUIaBKa C KaleJIbHOH JKCTpaKIMeH pacriaBa, 00eCIIeYHBArOIIast
MOJyYCHHE OJTHO(A3HBIX MATEPHAIOB C BRICOKOI BOIOPOICOPOLIMOHHON €MKO-
cThi0. M3ydeHue MmporeccoB THAPUA000pA30BaHUS MPOBOJUIN HAa yYCTAaHOBKE
tuna CuBepTca, COBMEIICHHOH ¢ kamopuMeTpoM Tuana-Kansse.

HaJ'IJ'[a)II/IeBI)Ie TMOKPBITUA TO3BOJIMIIM UCKIOYUTH CTAAHUIO BBICOKOTEMIIC-
paTypHO aKTUBHpPYIOIIeH 00pabOTKH M MPOBECTH IMOJHOE THAPUPOBAHUE TIPH
KOMHAaTHOM Temmeparype. IIpoBeieHO u3yueHue NpoMeKyTOYHBIX IPOAYKTOB
peakuuy TruApuI000pa3oBaHus, ONpPEEICHbl CTalul OOpa30BaHUSI TBEPAOTO
pacTBOpa BOJIOPOAa, MOHOTHAPHIAHOW M auruapuaHoit ¢as. C momorsio Tep-
MOXHMMHUYECKHX METOJOB aHaJlM3a BIIEPBHIC NPOBEIEHA OIEHKA 3aBHCUMOCTH
SHTAJIBIINY TUIPUPOBAHMUS OT KOHLEHTPAIMH BOJOPO/Ia B CIIJIaBeE.
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MATHUTHBIE CBOMCTBA IupuioB
UHTEPMETAJUVIMYECKUX COEJUHEHUU B CJIABBIX,
CHUJIBHBIX 1 CBEPXCHJIBHBIX MATHUTHBIX ITOJIAX

U. C. Tepéwuna
MI'Y mm. M. B. JlomoHOCOBa, MOCKBa

OpHa W3 BaXXHEHIMX 3a7a4 COBPEMCHHOM ()M3WKM MArHUTHBIX SBJICHUN
COCTOWT B CO3/IaHMH HAYYHBIX OCHOB MAarHATHOTO MAaTE€PHAaJOBEACHUS H TOIY-
YeHHs HOBBIX MAaTEpHAJIOB C 3apaHee 3aJaHHBIMH CBOMCTBaMH. YCIIEXH, HO-
CTHUTHYTHIC B 3TOM HAIIPaBIICHUH, CBA3AaHBI, B 3HAUNTENILHON CTEIICHH, C HUCCIIe-
OBaHUAMH penko3eMensHBIX (P3) maTepmerammmaeckux coenuaenuit (MMC),
KOTOPBIE ITMPOKO W3BECTHHI B HAYKE M TEXHUKE OJaromapsi CBOMM YHUKATbHBIM
MarHuTHEIM cBoiictBam. HccmenoBanms VMC, kak NpaBWiO, MPOBOASTCS C
MIPUMEHECHUEM CITA0BIX, CHIIBHBIX M CBEPXCHIBHBIX MATHUTHBIX TIOJICH.

Cpeau P3 UMC cymiecTByIOT MaTepuasbl MPUTOAHbIE 1151 UCTIOIb30BAHUS
B KadecTBe MarHUTOTBepAbIX (MTM). C 3KOHOMHMYECKOH TOUKH 3pEeHHUS
HanOONBIINIT MHTEPEC MPEJCTABIAIOT CIUIABBI, B KOTOPBHIX B KadecTBe 3d-me-
PEXOIHOIO MeTalljla UCIIONb3yeTCs Keme30. J[BoiiHble MHTEpPMETAIIUIbI C BbI-
COKHM CofepkaHueM jkene3a RoFe17 obmanaror HM3KUMH TeMmiepaTtypamu Kro-
pH, TO3TOMY JJIHTEIBHOE BpeMS B IPOMEBIIUIEHHOCTH npuMersics P3 UMC
Ha ocHOBe koGanbra. Iloimyuenne MTM ma ocHoBe Nd2Fe1sB mokaszamo, urto
TPOWHBIE UHTEPMETAITUABI MOTYT 00JaIaTh CBOWCTBAMH, HEOOXOMMBIMHU ISt
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UCTOJIB30BaHUS MX B KAUECTBE MOCTOSIHHBIX MarHUTOB. [Ipu 3TOM OBLIO ycTa-
HOBJICHO TOJIOXKHUTEJIFHOE BJIMSHUAC THUAPUPOBAHUS HA MATHUTHBIC CBOMCTBa
coemunennit RoFe1sB. Bogopomnas o0paboTka MarHWTOB TMO3BOJISLIIA YBEIH-
YUTh KOIPIMTHUBHYIO CHIIy C ITOMOIIBIO MPOIIECCOB, U3BECTHBIX B JIUTEPATYpE,
kak HDDR - mo HagampHBIM OyKBaM MpOIIECCOB THAPHUPOBAHMS, JUCIIPOIIOP-
[IMOHUPOBAHUS, IECOPOITMH U PEKOMOWHAITUH.

B mocnemHue ropl pe3ko BO3POC MHTEPEC K MCCICAOBAHHIO MAarHETU3Ma
coenunenuit RoFe14B, RoFe17, a Takxe R(Fe, T)12 (toe T =Ti, V u ap.) B cuib-
HBIX MOJISAX. MI3BECTHO, YTO ATH COCAMHEHHS aKTUBHO B3aUMOJICHCTBYIOT C BO-
opozoM, oOpa3ys TBepIble pacTBOpHI BHeApeHHsA. B coemmHenmsx RoFe1sB,
RoFe17 u R(Fe,T)12 BBefeHre BOAOpOa IIPUBOIUT K BO3PACTAHHIO TEMIIEPATY-
pot Kropu. ®usmueckue MeXaHU3MBI, OTBETCTBEHHBIC 3a M3MEeHeHHE Tc, omnpe-
JIEJIIFOTCS Cpa3y HECKOJIBKUME (DaKTOpaMH.

Eme onmna BaxHeimmas xapakrepuctuka MMC — MarHUTOKpHCTaLTAYC-
ckast annzotpornust (MKA) — taxke CHIBHO MEHsIETCS TTPU BHEIPSHUH aTOMOB
Bomopona. Haubomnee nocroBepubie manusie 0 MKA u civiH — mepeopueHTaIn-
onHBIX nepexonax (CIIIT) MoXHO MOMYYHTH HA MOHOKpHcTawiax. [lorxydenue
MOHOKPHCTAIUIOB THAPUIOB 0e3 pa3pyIIeHns] — KaK MOKa3ajl HAaIH HCCIeHO0-
BaHUS — ATO BIOJHE OCYIISCTBUMAs Ha MPAKTHKE 3a/1a9a. DKCIIepUMEHTAIbHEIC
PE3yIBbTATHI, MOJYYCHHBIC C HCIIOIH30BAHUEM MOHOKPHCTAIUIOB U BBISBICHHBIC
npu 3ToM (PU3MUECKHe 3aKOHOMEPHOCTH BAXKHBI JUIS BBISICHEHUS TPUPOJIBI
(hopMHUpPOBaHUS YHUKATHHBIX (PYHIAMEHTAIbHBIX CBOMCTB P3 MarHUTHBIX Ma-
TEPUAJIOB C aTOMaMM BHEJAPCHUA U CO3JaHUSA HOBBIC MAarHUTHBIC MaTCpUaJIbl C
TpeOyeMbIMU XapaKTEPUCTUKAMH, CIIOCOOHBIMU CTaOMIBHO padOTaTh B BOJO-
poJconepKaIIuX cpeiax.

B moxmazme OymyT paccMOTPEHBI:

— ocHOBHBEIe MeToabl momydeHuss UMC ¢ atomamu BHeapeHHS (BOIOPO-
JIOM) B Pa3IMIHOM CTPYKTYpPHOM COCTOSIHHH, B TOM YHCJE, B BHIE MOHOKpH-
CTaJlJIOB;

— DKCIIEPUMEHTAJIFHBIE UCCIICIOBAaHNE UX MAarHUTHBIX CBOWCTB B CIaOBIX,
CHIIBHBIX M CBEPXCHIJIBHBIX MAarHUTHBIX TOJISX C IENBI0 YCTAaHOBICHHUS OCHOB-
HBIX 3aKOoHOMepHocTel moBeaeHuss MKA, CIOHTaHHBIX M WHAYHHWPOBAHHBIX
MarHuTHBIM ntosieM CIIIT, mocTpoeHne MarHUTHBIX (Pa30BBIX THUArpaMM;

— poib OOMEHHBIX M MarHUTOKPUCTALIMYECKUX B3auMOAEUCTBUH B (op-
MHPOBAHWU MarHUTHBIX CBOICTB COC)II/IHCHI/H\/’I C aTOMaMU BHCIPCHUA

— HOBBIE BOJIOPOJICOJCPIKAIIME COCIHUHEHHS, KOTOPbIE MOIJU Obl Mpei-
CTaBIIATh MHTEPEC HE TOJNBKO IS Pa3pabOTKH HAa WX OCHOBE MATEPHAJIOB JUIS
MTOCTOSIHHBIX MarHUTOB, HO W JJIS TATYMKOB PAa3JIMYHOTO Ha3HAYCHWUs, Ojaroa-
Ps1 CIIMH — TIEPEOPUCHTAIIMOHHBIM (Da30BBIM MIEPEX0/IaM.
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MAGNETIC PROPERTIES OF HYDRIDES OF INTERMETALLIC
COMPOUNDS IN WEAK, HIGH AND ULTRAHIGH MAGNETIC
FIELDS

I. S. Tereshina
Lomonosov Moscow State University, Moscow

One of the most important tasks of modern physics of magnetic phenome-
na is to create the scientific foundations of magnetic materials science and ob-
tain new materials with predetermined properties. The successes achieved in
this direction are associated, to a large extent, with the research of rare earth
(RE) intermetallic compounds (IMCs), which are widely known in science and
technology due to their unique magnetic properties. IMC research is usually
carried out using weak, high and ultra-high magnetic fields.

Among RE IMCs, there are materials suitable for use as hard magnetic
materials (HMM). From an economic point of view, alloys in which iron is
used as a 3d-transition metal are of greatest interest. Double intermetallic com-
pounds with a high iron content RzFe17 have low Curie temperatures; therefore,
cobalt-based RE IMCs have been used in industry for a long time. The prepara-
tion of HMM based on Nd2Fe14B showed that ternary intermetallic compounds
may have the properties necessary for their use as permanent magnets. At the
same time, the positive effect of hydrogenation on the magnetic properties of
RoFe14B compounds was established. Hydrogen treatment of magnets made it
possible to increase the coercive force using processes known in the literature
as HDDR - after the initial letters of the processes of hydrogenation, dispropor-
tionation, desorption and recombination.

In recent years, interest in the study of the magnetism of compounds
RoFe14B, RoFe17, as well as R(Fe, T)12 (where T = Ti, V, etc.) in high magnetic
fields has sharply increased. It is known that these compounds actively interact
with hydrogen, forming interstitial solid solutions. In the compounds RaFe14B,
RoFe17 and R(Fe,T)12, the introduction of hydrogen leads to an increase in the
Curie temperature. The physical mechanisms responsible for changes in the
vehicle are determined by several factors at once.

Another important characteristic of an IMC, magnetocrystalline anisotropy
(MCA), also changes greatly with the introduction of hydrogen atoms. The
most reliable data on MCA and spin-reorientation transitions (SRTs) can be
obtained on single crystals. Obtaining single crystals of hydrides without de-
struction, as our research has shown, is a completely feasible task in practice.
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Experimental results obtained using single crystals and the physical regularities
identified are important for elucidating the nature of the formation of unique
fundamental properties of rare earth magnetic materials with interstitial atoms
and creating new magnetic materials with the required characteristics that can
operate stably in hydrogen-containing environments.

The report will cover:

— basic methods for producing IMCs with interstitial atoms (hydrogen) in
various structural states, including in the form of single crystals;

— experimental study of their magnetic properties in weak, high and ultra-
high magnetic fields in order to establish the basic patterns of behavior of small
spacecraft, spontaneous and magnetic field-induced SPPs, construction of mag-
netic phase diagrams;

— the role of exchange and magnetocrystalline interactions in the formation
of the magnetic properties of compounds with interstitial atoms;

— new hydrogen-containing compounds that could be of interest not only
for the development of materials for permanent magnets based on them, but
also for sensors for various purposes due to spin-reorientation phase transitions.
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PA3PABOTKA CUCTEMBbBI XPAHEHHUS BOJOPOJA HA OCHOBE
CIIJTABA TUTAH-XKEJIE30 C YACTUYHBIM 3AMEIIEHUEM
KEJIE3A HA MAPT'AHEIL]

E. JI. Auocueamosa, B. H. Kyouspos, P. P. Dnoman, A. M. Jludep

ToMckuil MOMUTEXHUUYECKU YHUBEPCUTET

OnHUM M3 CcrIOCOOOB aKKyMYJIMPOBaHHUSI BOJIOPOAA sBIsieTcsl TBeprodas-
HOe o0paTuMoe XpaHeHHe B THApHIaxX MeTauioB. HekoTopble MeTaJuibl U cria-
BBl B3aUMOJICHCTBYIOT ¢ BojopoaoM Me + XHz = MeHzx npu ycnoBusix, 61n3-
KUX K HOPMAJBHBIM, IIPH 3TOM IUIOTHOCTbH PACIIOJIOKEHUSI aTOMOB BOAOPOAA B
KPUCTAJUINYECKOH PEIeTKe MOXKET MPEBBIIIATh IIOTHOCTD JKHIKOTO BOJOPO.A.
Hcrnonp30BaHne METaJUIOTHAPHUAOB IIPEBOCXOIAMUT MO IHEPreTHUECKOH 3 dek-
THUBHOCTH CHCTEMBI HAa OCHOBE CXKATOTO M YKHAKOTO BOJOPOJA 32 CYET OTCYT-
CTBHSI HEOOXOAMMOCTH B HCIIOJIb30BaHUM BBICOKMX naBiieHui (1o 70 MIla) n
HI3KUX Temneparyp (1o 20 K) n BoamoxHOCTH paboTH 32 CHET HU3KOTIOTEHIIH-
anpHOMU TertoBoi aHeprun (MeHee 100 °C). XpaHeHHe BOAOPOJa B CBA3aHHOM
COCTOSTHMM TPW HU3KHUX JaBieHusx (meHee 1 MIla) MHOrokpaTHO MoOBbIIIaeT
0€3011acHOCTh CHCTEM aKKyMYJIHPOBAaHMS BOJOPOJA, YTO IO3BOJISIET CHU3HUTH
9KCILTyaTallMOHHbIE PAcXo/bl M TPeOOBaHHs K MOATOTOBKE M KBaJu(UKALMK
00CITy>KHBAIOIIEr0 MepcoHaa. 3a CUeT CEeJICKTHBHOTO ITOMJIOLICHHST BOIOPOAa
METaJUIOTHAPUABI MO3BOJAIOT OOecreynBaTh NOTpPeOHTENIel ra3oM BBICOKOW
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YHCTOTHI, KPOME TOI'0, METAJUIOTHUAPHIBI IMO3BOJSIOT OCYIIECTBIATh Oe3Ma-
LIMHHYIO KOMIIPECCHIO BOJIOPO/a.

B xozxe paboTs! ObIT pa3paboTaH MOIYIh MPOTOTHIIA XPAHEHHS BOJIOPOIA
C METAUIOTHAPUAHOM 3achIIKOW 1 KT (QOPMYNIBHBIM  COOTHOIIEHHEM
TiFeossMno,05 ¢ mapaMeTpaMu: IOTOK BOJOPOJA OCTABAJICSA IOCTOSHHBIM CO
CKOpPOCTBI0 9,6 HOPM.JI/MUH B T€UeHHE 64 MHHYT, NIPH 3TOM MaKCHMaIbHOE
JIABJICHUE COCTABUJIO 26 aTM, a HOPMaJbHAsi EMKOCTh IO BOJOPOAY ObLiIa paBHA
9,6 HOPM.JI, BO BpeMs Pa3psAIKH METAJLUIOTHIPUIHOTO PEaKTopa JaBICHUE BO-
nopoaa cHuxanoch ¢ 7,5 go 0 arM., a CKOpPOCTb IOTOKa COCTaBWIJIa
0,87 Hopm.11/MuH B Teuenue 82 munyT. [1o pesynbraTtam paboThl ObUIH OIIpeae-
JICHBI pabo4yue JaBJICHUE U TEMICpaTypa CIUIaBa, a TAKXKC BIMSHUC MPUMECH
KHCJIOPOAa B BOJOPOTHOM cpenie Ha COPOLMOHHBIE XapaKTePHCTHUKH CIIJIaBa.

DEVELOPMENT OF HYDROGEN STORAGE SYSTEM
ON THE BASIS OF TITANIUM-IRON ALLOY WITH PARTIAL
REPLACEMENT OF IRON BY MANGANESE

E. D. Anzhigatova, V. N. Kudiyarov, R. R. EIman, A. N. Lider

Tomsk Polytechnic University

One of the ways of hydrogen accumulation is solid-phase reversible stor-
age in metal hydrides. Some metals and alloys interact with hydrogen
Me + xH2 = MeHayx under conditions close to normal, and the density of hydro-
gen atoms in the crystal lattice can exceed the density of liquid hydrogen. The
use of metal hydrides is superior in energy efficiency to systems based on com-
pressed and liquid hydrogen due to the absence of the need to use high pres-
sures (up to 70 MPa) and low temperatures (up to 20 K) and the possibility of
operation at the expense of low-potential heat energy (less than 100 °C). Stor-
age of hydrogen in a bound state at low pressures (less than 1 MPa) repeatedly
increases the safety of hydrogen storage systems, which allows to reduce oper-
ating costs and requirements for training and qualification of operating person-
nel. Due to selective hydrogen absorption metal hydrides allow to provide con-
sumers with high purity gas, besides, metal hydrides allow to perform machine-
free hydrogen compression.

In the course of work a prototype module of hydrogen storage with metal
hydride filling 1 kg with formula ratio TiFeg.gsMno.os was developed with pa-
rameters: hydrogen flow remained constant at the rate of 9,6 normal I/min dur-
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ing 64 minutes, at that the maximum pressure was 26 atm, and the normal hy-
drogen capacity was equal to 9,6 norm.l, during discharging of metal hydride
reactor hydrogen pressure decreased from 7,5 to 0 atm, and the flow rate was
0,87 normal I/min for 82 minutes. Based on the results, the operating pressure
and temperature of the alloy were determined, as well as the effect of oxygen
admixture in the hydrogen environment on the sorption characteristics of the
alloy.
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HOBBIE BOJOPOACOJAEPKAIIIUE MATEPHUAJIBI
JJISI MATHUTHOTI'O OXUIA’KIEHHUSA B OBJIACTH
KPUOI'EHHBIX TEMIIEPATYP

A. A. Kypeanckas™?, Yoxc. JTio', U. C. Tepéwuna®, C. B. Mumpoxun*

IMI'V um. M. B. JlomoHocoBa, MockBa
2pI'6OY BO PTAY-MCXA um. K. A. Tumupszesa, Mocksa

Hcnonp3oBaHne MHOTOKOMIIOHCHTHBIX COCIAMHEHUM B KayecTBE (DYyHKITH-
OHAJIbHBIX MaTEPUAJIOB B YCTPOUCTBAX, paOOTAIIUX HA BOJOPOTHOM TOILIUBE,
a TaKKE B YCTPOUCTBAX JJIS XPAHCHUS M TPAHCIIOPTHPOBKH BOJOPO/IA SIBISCTCS
MEPCIICKTUBHEIM ~ HaNpaBJICHWEM BOIOPOAHOTO MaTepuanoBenmenus [1].
CpenHe- U BBICOKOSHTPOIIMIHBIE CIDIABHI M3BECTHBI CBOCH CIIOCOOHOCTHIO BHI-
JIEPKUBATH OOJBIINE MEXaHUYECKHE HArpy3KH B IIMPOKOM JHAIa30HE TEMIIe-
paTyp, 9TO BBI3BIBACT OCOOBII HHTEpEC K CBOMCTBAM UX THAPHIOB. PaHee Hamu
OBUTH WCCIIeOBAaHBI MAarHUTHBIE M MarHUTOKaJOPHYECKIE CBOMCTBA COeIMHE-
uuii (RR’)Ni u ux ruapunos [2-4]. B nanHo# pabote uccieayercs, Kak THapH-
POBAaHUEC BJIMACT HA MArHUTHBIC 1 MAarHUTOTCIIJIOBBIC XapaKTECPUCTUKN CPEAHEC-
sutponuitHoro cmiaBa Gdo33DYo33Y0,33Ni. CmnaB Gdo,z3Dyo,33Y0,33Ni ObL1
[IOJIYYE€H B DJIEKTPOAYIOBOW MEYH U3 CTEXHOMETPUUYECKOH CMECH BBICOKOYH-
CTBIX DJJICMEHTOB B 3allUTHOW arMocdepe aproHa. FEro rumpun
Gdo,33DY0,33Y0,33NiH3 6611 mostyden Ha ycraHoBke Tuma Cueprca ¢ pabounm
JMara3oHoM JaBieHus Bogoposa a0 10 MIla. CocTaB THAPUIOB PACCUUTHIBAIICS
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BOJIFOMETPUYECKMM METOJIOM, C TIOMOUIBIO ypaBHeHHs1 BaH-nep-Baanbca. Pent-
reHOCTPYKTYpHBIN ananu3 oOpasos (PCA) npousBoawmiics B reomerpuu bparra-
Bpenrano ¢ ucnonp3oBannem m3nydeHns Cu-Ka B amamaszone 26 = 10-120° ¢
marom 0,0072°. M30TepMbl HAMAarHWYEHHOCTH OOPAa3lOB OBUIM ITIONYYEHBI B
MarHuTHEIX monisix o 7 Ti B muamazone temmepatyp 2 — 270 K. Marauroxka-
nopmaeckuit 3pdexr (MKD) onpememnsisicss KOCBEHHBIM METOJIOM C HCIIOJNIB30-
BaHWEM COOTHOIIeHWA MakcBemna. bputo ompeneneHo, d4To coeauHEHHE
Gdo,33DY0,33Y0,33Ni KpUCTALIM3YETCS B OPTOPOMOMYECKOM CTPYKType THIIA
FeB (mpocrpancreenHas rpynna 63, Pnma), Torna Kak TuApUpOBaHUE U3MEHS-
er cTpykrypubiid Tun Ha CrB (mpoctpanctBennas rpymnma 62, Cmcm), yBenu-
4yuBasi 00bEM KPUCTALIMYECKOH ONPEASISUINCH JBYMSI METOAMH: C IOMOIIBIO
aHanM3a KpuBbIX benoBa-AppoTa, a TakxKe ¢ MOMOIIBIO aHAIN3a 3aBUCUMOCTH
MIPOM3BOHON HAMAarHMYCHHOCTH OT TeMIepaTypbl. beuto ompeneneHo, 4To
temnepatypa Kropu ncxomnoro obpasna cocrasmsier 60 K, a rugpuna — 6 K.
Bremnee marauTHOe nose casuraet temneparypy Kroopu Ha 5-6 K B cropony
Gonee BBICOKMX TemrepaTyp. Takxke OBUIO OINpPEAEIEeHO, YTO THAPHPOBAHHE
cyIecTBeHHO yBennmumBaeT BenmuuHy MKD, a mmenno mpu poAH =7 Tim —
ASm = 10,9 In/(xr *K™) u —ASm = 16,5 [/ (xkr *K™Y), mpu poAH = 5 T —
ASm = 8,3 Jik/(kr *K™) 1 —ASm = 13 Jix/(xr*K™) mms Gdo33DYo33Y0,33Ni u
Gdo,33DY0,33Y0,33NiH3 coorBeTcTBeHHO. CTOMT OTMETHTH, YTO B HCCIIENOBAH-
HOil Hamu panee [2] mceBmoOmHapHoW cucteMe coenuuenuit GdxDyi1xNiHy
(x=0,1, 0,9; y=0, 3) rugpupoBaHHe OCTABISIO HEU3MEHHBIM WM JAXKe
Hao0opoT cHmwkano BemuuuHy MKD (mampumep, mpu poAH=5 To ¢ -
ASm=15,7 Iix/(kr *K™) 'y GdoiDyooNi mo -ASm=12,5 ik/(kr*K™) y
Gdo,1Dyo9NiH3). Tun ¢a3oBoro MarHMTHOrO MEpexoda OMpPEAeUICS Kak C
TIOMOIIBIO aHaNM3a KpPUBBIX benoBa-AppoTa, Tak U ¢ IOMOIIBIO aHAJIM3a BEJIH-
YHHBI KOJMYECTBEHHOTO MapameTpa N, KOTOphIii onpenessuics 1o popmyie [S]:

dIn|ASy |
dinH
Beuto obHapykeHo, 4TO Kak ucxogHoe coeauHenue Gdo33DYo33Y 033N,
tak u ero ruapua Gdo33DYo33Y0,33NiH3 mposBisiror MarHuTHBIN (a3oBbIi me-
pexo BTOPOTO IOPSAAKA, YTO BAXKHO JUIL MX IPAKTHYECKOT'O HCIIONB30BAHHMS
IpY XpAaHEHUH U TPAHCIIOPTUPOBKE PA3IUYHBIX CKMKEHHBIX I'a30B, BKIFOYAs
BOJIOPOJ.

n(M,H)=
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NEW HYDROGEN-CONTAINING MATERIALS FOR MAGNETIC
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Academy, Moscow

Using multicomponent compounds as functional materials in devices op-
erating on hydrogen fuel, as well as in devices for storing and transporting hy-
drogen is a promising area of hydrogen materials science [1]. Medium- and
high-entropy alloys are known for their ability to withstand high mechanical
loads over a wide temperature range, which has attracted particular interest in
the properties of their hydrides. Previously, we studied the magnetic and mag-
netocaloric properties of (RR’)Ni compounds and their hydrides [2—-4]. This
work examines how hydrogenation affects the magnetic and magnetothermal
characteristics of the medium-entropy alloy Gdo33Dyo,33Y033Ni. The
Gdo,33DY0,33Y0,33Ni alloy was obtained in an electric arc furnace from a stoichi-
ometric mixture of high-purity elements in a protective argon atmosphere. Its
hydride Gdo33Dyo,33Y0,33NiH3 was obtained in a Sievert-type setup with an
operating hydrogen pressure range of up to 10 MPa. The composition of hy-
drides was calculated volumetrically using the van der Waals equation. X-ray
structural analysis of the samples (XRD) was carried out in the Bragg-Brentano
geometry using Cu-Ka radiation in the range 26 = 10-120° with a step of
0,0072°. Magnetization isotherms of the samples were obtained in magnetic
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fields up to 7 T in the temperature range 2-270 K. The magnetocaloric effect
(MCE) was determined by an indirect method using Maxwell’s relation. The
compound Gdo,33Dyo0,33Y0,33Ni was determined to crystallize in an orthorhom-
bic structure of the FeB type (space group 63, Pnma), while hydrogenation
changes the structure type to CrB (space group 62, Cmcm), increasing the crys-
tal cell volume by 22,8 %. The Curie temperatures of both samples were deter-
mined by two methods: by analyzing the Belov-Arrot curves, and also by ana-
lyzing the dependence of the derivative of magnetization on temperature. It was
determined that the Curie temperature of the original sample is 60 K, and that
of the hydride is 6 K. An external magnetic field shifts the Curie temperature
by 5-6 K towards higher temperatures. It was also determined that hydrogena-
tion significantly increases the magnitude of the MCE, namely at poAH =7 T —
ASm=10,9 J(kg'K™) and -ASm=16,5 J(kg'K™), and at pAH=5T —
ASm = 8,3 J/(kg*K™1) and —ASm = 13 J/(kg~*K™?) for Gdo33DY033Y033Ni and
Gdo,33Dy0,33Y0,33NiH3 respectively. It is worth noting that in the previously
studied [2] pseudobinary system of compounds GdxDy1-xNiHy (x =0,1, 0,9;
y = 0,3) hydrogenation remained unchanged or even, on the contrary, reduced
the value of the MCE (for example, at poAH =5 T from —ASm = 15,7 J/(kg*K™?)
to Gdo1DyooNi to —ASm = 12,5 J/(kg™*K™) for Gdo1Dyo,9NiHz).The type of
magnetic phase transition was determined both by analyzing the Belov-Arrot
curves and by analyzing the value of the quantitative parameter n, which was
determined by the formula [5]:
dIn|ASy |
dinH

It was found that both the parent compound Gdo 33DYo,33Y0,33Ni and its hy-
dride Gdo33Dyo33Y0,33NiHs exhibit a second-order magnetic phase transition.
Thus, these two multicomponent compounds can be used for storing and trans-
porting liquefied gases, hydrogen in particular.

n(T,H)=
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OCOBEHHOCTH METAJLUIYPI'MM CIIEHUAJIBHBIX CIIJTABOB
C BBICOKUM COJAEPKAHUEM TUTAHA, BKJIFOYASA
METAJJIOTHAPUIHBIE MATEPHUAJIBI

B. B. Canun®, C. A. Menvnuxoé?, E. 5. Connyega?

1AO «T'ocynapcTBeHHBIH HAYYHO-HCCIIEN0BATENLCKUN U TPOEKTHBIN MHCTHTYT
peaxkomeTamndeckoil mpomsinuieHHocTH «I'upenmer» uM. H. I1. Caxuna,
Mockaa
2A0 «Beayniuii Hay4HO-HCCIIEN0BATENLCKUI HHCTUTYT XUMHYECKOM
texHosorun» uM. b. H. Jlackopuna, Mocksa

ba30BBIM cIIOCOOOM TOJIydeHHMS 3arO0TOBOK I HOCIENYIOIIeH MeXaHo-
TepMudeckoii oOpabotkort (MTO) sBisieTcs BaKyyMHAsh METAJUTypIUs: BakKy-
yMHO-HHAYKInoHHAs 1waBka (BUII), Bakyymuo-ayroBas mmaska (BAID) u ap.
AO «T'mpenmer» 1 AO «BHUNXT», obnamas BaKyyMHO-IDIABHIIBHOM 000pY-
JOBaHHEM 3aHMMaeTcs pa3pabOTKOH TEXHOJIOTUI HW3TOTOBICHHS CIUIABOB,
BHEJIpsisl B TOM 4YHMCJIe COOCTBEHHbIE Pa3padOTKU TEXHOJOTHYECKUX OCHOB MOJIY-
yenust PM 1 P3M B kauecTBe JerHpyOMIUX W/ uin padhUHUAPYIONIUIA T00aBOK.

OnHUM W3 HamnpaBieHWH MaccoBOro (PyHKIMOHAJIBHOTO HPUMEHEHUS
CIIJIAaBOB — ABJISICTCSA aKTMBHOC BHEJAPCHUC BOJOPOJIHBIX Texuojioruii. OcHOB-
HbIM TIPEUMYIIECTBOM HCIOJB30BaHUsl MeTauoruapunoB (MI) sBuseTcs —
6e3omacHOCTh. Tekylee cocTosiHUE JaHHO# oTpaciu B PD Gasupyercs Ha pas-
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nnyHbIXx Moaudukanusx cmiaBa tuna ABs (LaNis). AO «'upeamer» u AO
«BHUUXT)» ycnemHo 0CBOMJI TEXHOJIOTHIO BBIIJIABKH JaHHBIX MAaTEPUAJIOB C
HCTIOIb30BaHUEM IMMXTOBBIX M (YyTEPOBOYHBIX MATEPHAIIOB, OTHOCSIIUXCS K
6a30BBIM OCHOBaM BaKyyMHOH ciiaBoB Turma AB u AB; (¢ BBICOKHM coaepika-
HueM Ti, Zr u ip.) TpeOyeT WHbIe NOIXO0ABI B 00JIaCTH BAKYyMHOW METaLTypPTHH.

B uactHOCcTH, B HacTosumit MoMeHT AO «['upeamet» u AO «BHUUXT»
pa3pabaTbIiBacT KOMIUICKCHBIC TEXHOJOTHMYECKUE PEIICHUS JJIs BBIIUIABKU
CITABOB C BBICOKHM cojepxanueM Ti (10 46 Bec.%), BKIOYas pa3pabOTKy
COCTaBa KEPaMUYECKUX cMeceil s GyTepoBKH TUTIISA, BBIOOP IIMXTOBBIX Ma-
TEePHAIOB, ONTHUMH3ALNIO MPOIECCOB BBHIIUIABKH, WHTETPAIlI0O METOJOB BHI-
TUTaBKH,  T. II.

Inst 6asoBoro AB-cmumasa FeTi (50/50 at.%) kimodeBoit mokazartespb TpH-
MECHOTO cojepikaHusi kuciopoaa B ciutae coctaBmwr: Oz = 0,008 Bec.%, BbI-
[UIABJIEHHOTO B MPH ONTUMAJBHBIX PEKUMAX M B HOBOM, pa3pabaTeiBaeMoM in-
situ popmupyemom turiie. Jlisi cpaBHEHUsI ObLIH MPOBEIEHBI IUIABKU MPU aHa-
JIOTHYHBIX YCIIOBHSIX, cojaepxkanue cocraBuio: Oz = 0,23 Bec.% ans xopyHIO-
Boro turist (Al203 — ocroBa) 1 O2 = 0,2 Bec.% miist TpaduToBOrO THIIS. Pas-
pabaTpIBaeMble TEXHOJOTHYECKHE PEIICHUS IUTAHUPYeTCS MPUMEHATh I CO-
3IaHMSI HOBBIX CIDIABOB C HU3KUM MPHUMECHBIM COZIEp)KaHHEM 3JIEMEHTOB, KO-
TOpBIC BHOCST KJIFOUEBHIC M3MCHEHHUS B (DYHKIIMOHAJBHBIC CBOWCTBA W3ICIUI
U3 HUX.

METALLURGY OF SPECIAL ALLOYS WITH HIGH TITANIUM
CONTENT, INCLUDING METAL HYDRIDE MATERIALS

V. V. Sanin?, S. A. Melnikov?, E. B. Solntseva?

1Sazhin Giredmet JSC, Moscow
2/NIIHT JSC, Moscow

The basic method of obtaining workpieces for subsequent mechanical
thermal treatment (MHT) is vacuum metallurgy: vacuum induction melting
(VIM), vacuum arc melting (VAM), etc. Giredmet JSC & VNIIHT JSC, having
vacuum melting equipment is engaged in the development of technologies for
the production of alloys, including introducing its own developments of techno-
logical fundamentals for the production of RM and REM as alloying and/or
refining additives.
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One of the areas of mass functional application of alloys is the active in-
troduction of hydrogen technologies. The main advantage of using metal hy-
drides (MeH) is safety. The current state of this industry in the Russian Federa-
tion is based on various modifications of the alloy type ABs (LaNis). JSC
«Giredmet» & JSC «VNIIHT» have successfully mastered the technology of
smelting these materials using charge and lining materials related to the basic
principles of vacuum metallurgy. The creation of technological lines for the
production of more promising alloys such as AB and AB; (with a high content
of Ti, Zr, etc.) requires different approaches in the field of vacuum metallurgy.

In particular, at the moment, Giredmet JSC & VNIIHT JSC are developing
comprehensive technological solutions for the smelting of alloys with a high Ti
content (up to 46 wt.%), including the development of the composition of ce-
ramic mixtures for crucible lining, selection of charge materials, optimization
of smelting processes , integration of smelting methods, etc.

For base AB alloy FeTi (50/50 at.%) the key indicator of the oxygen impu-
rity content in the alloy was: O2 = 0,008 wt.%, melted under optimal conditions
and in a new crucible developed in-situ. For comparison, meltings were carried
out under similar conditions, the content was: O, = 0,23 wt.% for a corundum
crucible (Al,O3 — base) and O2 = 0,2 wt.% for a graphite crucible. The techno-
logical solutions being developed are planned to be used to create new alloys
with low impurity content of elements, which will make key changes in the
functional properties of products made from them.
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OPUEHTAIIMOHHBIN Y®®EKT MOTOKA HEMTPOHOB
JJIA INIEHOK TUTAHOBOT'O THAPUJIA

A. C. Xanos, C. B. Yexanos, A. B. Boennos

denepanbHOE rOCyJapcTBEHHOE NMpeanpusitTie «Beepoccuiickuii HayqHo-
HCCIIEeI0BATENIbCKUM HHCTUTYT aBToMaTuku uM. H. JI. JlyxoBa»

B pabGote mpuBeneHBI pe3yNbTaThl KOJIWYECTBEHHOH OIEHKHM BEIMIHHBI
OpHEHTAIMOHHBIX 3((ekToB as MuImeHeld HEHTPOHHBIX reHepaTopoB. Ompe-
JIENICHO, HACKOJIBKO MOJKET BapbHUPOBATHCA MOTOK HEHTPOHOB MPH W3MEHEHUH
TekcTypsl TuTtaHoBoro ruapuna (I'LIK pemrerka) MumieHu, mojarasi OCTajJbHEIC
napameTpsl (ukcupoBaHHbIMU. [loka3aHo, 4To OoJjblIee YHCIIO HEHTPOHOB
Oynet reHepupoBaThbes B cirydae Tekctyp [100] u [110] no cpaBHEeHHIO ¢ TEK-
crypoit [111]. Jns sKCEpUMEHTaNbHOTO MOATBEPKACHUS OPHUEHTALMOHHOTO
s¢dexra B MICHKAaX T'MIAPUIA THTaHA B KauecTBE IOJJIO0KKH HCIIOIb30BAJICS
MOHOKPHCTAJUIMUECKHHA MOJHOJEH € Pa3IMYHBIMU KpPUCTAILIOTpadUuecKUMU
OpHUCHTAlIUAMMU. OHpeI[e.l'IEHI)I IMOJYYCHHBIC OPHUCHTAIIMOHHBIC COOTHOIICHUSA
nooXKa-TuaApu. [Ipn MCHOIb30BaHMM SKCIIEPUMEHTAIBHBIX MOHOKpPHCTAI-
JMYECKAX MUIICHEH B cOCTaBe HEHTPOHHBIX TEHEPATOPOB pa3HHUIlA HEHTPOHHO-
TO MOTOKAa MEXIY SKCIIEPUMEHTAIBHBIMU 00pa3laMH C MPUMEHEHHEM MOHO-
KPHUCTAJUIMYECKUX MHIIEHEeH 1 00pa3iaMu ¢ IpUMEHEHHEM HE TEKCTYpHPOBaH-
HBIX MuleHel coctaBmia 20 %, 4T0 B CBOIO O4Yepe.lb COTacyeTcs ¢ pe3ysbTa-
TaMHU MOACINPOBAHUA.
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ORIENTATION EFFECT OF NEUTRON FLUX FOR TITANIUM
HYDRIDE FILMS

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

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

The results of quantitative estimation of the magnitude of orientation ef-
fects for neutron generator targets are presented. It is determined to what extent
the neutron flux can vary when the texture of titanium hydride (FCC lattice)
target is changed, assuming other parameters are fixed. It is shown that a larger
number of neutrons will be generated in the case of texture [100] and [110]
compared to texture [111]. To experimentally confirm the orientation effect in
titanium hydride films, monocrystalline molybdenum with different crystallo-
graphic orientations was used as a substrate. The obtained substrate-hydride
orientation relations were determined. When using experimental monocrystal-
line targets as part of neutron generators, the neutron flux difference between
experimental samples and samples using non-textured targets was 20 %, which
in turn agrees with the modeling results.
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BJIUAHHUE BUJTOB OBPABOTKH HA IIIEPOXOBATOCTD
MNOBEPXHOCTHU NPECCOBAHHBIX OBPA3IIOB U3 T'NAPUJA
JUTHUA

E. B. Comxuna, A. A. Kocmuinesa, A. A. Tapacos, FO. C. Benosa,
B. E. Lllamynoe

Poccwuiickuii enepansHblil saepHblil eHTp — Beepocceuiickuit Hay4aHO-
HCCIIeI0BATEIbCKUI MHCTUTYT SKCIIEPUMEHTAILHOM (u3ukH, T. CapoB

HccnenoBaHo BIMAHHE BUIOB 00pabOTKU Ha IIEPOXOBATOCTH 0OPA3LOB U3
ruapuaa autud. OnpeaeneHa LIepoXoBaTOCTh 0OpasloB HOCIE IPECCOBAHMUA,
TOKapHOW 00paboTKH, BaKyyMHO-TEpMUYECKoii 00paboTku. OIeHKa ImapaMer-
POB IIEPOXOBATOCTH NPOBOJMIACH HA OCHOBE CPEIHETrO apH()METHYSCKOTO OT-
KJIOHEHHMS PO M BEICOTHI HEPOBHOCTEH NPOGHIIS IO eCATH TOYKaM. Bbl-
SBJICHO, YTO HanOoJiee POBHBIN NPOQHIb C HANMEHBIIUMH 3HAYECHHSMH HEPOB-
HOCTel Habinomaercs y TepMooOpaboTaHHOTO 00pa3sla THAPHAA JIUTHUS MOCIe
MTOBTOPHOW TOKapHOW OOpaOOTKH IMMOBEPXHOCTH, MPO(PHIN C HAUOOIBIIIMH
3HAUEHHUSIMH HEPOBHOCTEH — Y MPECCOBAHHOIO M TEPMOOOpaboTaHHOTO 00pa3-
1[a THAPUJIA JIUTHUS [I0CIIE TIEPBUYHON TOKApHOH 00paboTKH.
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EFFECT OF TREATMENTS ON SURFACE ROUGHNESS
OF PRESSED LITHIUM HYDRIDE SAMPLES

E. V. Somkina, 4. 4. Kostyleva, A. A.Tarasov, Yu. S. Belova, V. E. Shatunov

Russian Federal Nuclear Center — All-Russian Scientific Research Institute
of Experimental Physics, Sarov

The effect of treatments on the roughness of lithium hydride samples was
investigated. Roughness of samples after pressing, turning, vacuum-thermal
treatment is determined. The roughness parameters were estimated based on the
arithmetic mean deviation of the profile and the height of the profile irregulari-
ties at ten points. It was found that the most even profile with the lowest values
of irregularities is observed in a heat-treated sample of lithium hydride after
repeated surface turning, profiles with the highest values of irregularities are
observed in a pressed and heat-treated sample of lithium hydride after primary
turning.
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A3BIK CONMPAKEHUA TEOPUU U DKCIIEPUMEHTA B ®U3UKE
IUIA3MBI C TEXHOJIOI'HYECKUMH MPOIECCAMHU
BO BCIIOMOT'ATEJIbBHBIX CUCTEMAX TOIIJINMBHOI'O IIUKJIA
YCTAHOBKHN TOKAMAK

C. C. Ananves
HUI] «KypuaroBckuii uHCTUTYT», MOCKBa

OcyllecTBICHHE YIPABISIEMbIX PEAKIUNA TEPMOSIEPHOTO CHUHTE3a MPE-
MoJIaracT co3aHune (PU3MYSCKUX YCTAHOBOK JUIS IIPOM3BOJICTBA BRICOKO3HEPTE-
TUYHBIX HCUTPOHOB U YHEPTHH — 3a CUET MPeoOpa30BaHMsI KHHETHUCCKOU dHEP-
TMM HEHUTPOHOB WJIM 3apsDKEHHBIX YacTHUL] — INPOAYKTOB pPEaKLUMU CHHTE3a B
3JIEKTPUYECKYIO WM IpYyrue BUIbI dHEpruu. IIpakTuuecku Bce KaHAMIATHBIE
sIIEpHBIE PEAKLIMU CUHTE3a IPEANOoaraloT UCIoIb30BaHUE U30TOIIOB BOIOPOAA
B Ka4yecTBE OJHOTO WM HECKOJNBKMX KOMIIOHEHTOB TOIUIMBA. TpuTHH Oymer
MIPUCYTCTBOBATEH (B KAa4eCTBE KOMIIOHEHTA TOIUIMBA W IPOIYKTa) B PEAKIIUIX
D-T u D-D.

Huskue 3HaueHus ceueHUil B3aMMOIEUCTBUSI KOMIIOHEHTOB TOILJIMBA MPHU-
BOJISIT K BHICOKMM 3HAYEHUSIM TIOTOKOB YacTHIl B BaKYyMHYIO KaMmepy. B masz-
My TpH 3TOM MOMAeT HEOOJbINAas YacTh TOIUIMBA — OOJbBIIAS YacTh YACTHII
momnajeT B OTKauky. JlJig moanepskaHus JUIUTEIbHBIX WM CTAI[MOHAPHBIX pas-
psinoB TpeOyeTcs TOIUIMBHAs MHXKEKLMs, oOecredynBaromas Tpedyemble napa-
METPHI I1a3Mbl (B T. 4. MPOGHIN KOHIICHTPAIIMH YaCTUI] U H30TOMHBIA COCTaRB).
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Onu OyayT B CBOIO OYepelb 3aBUCETh OT Cloco0a BBOJA TOIUIMBA B IUIa3My
(Tuna umxeknun). [Iponecckl B OCHOBHOH I1a3Me OyayT CONPOBOXIATHCS pe-
TYJSIPHBIMH W IMITYyJTBCHBIMH TIOTEPSIMM YacTHUI[ U SHEPTHH, 4YTO OyIeT MpHuBO-
IUTH K TpOIleccaM B MPHUCTEHOYHOW O0ONAacTH W AuBepTOpe (B T. 4. IPO3US Ma-
TEPHAIOB BHYTPUKAMEPHBIX AJIEMEHTOB, TIOTEPH KOMIIOHEHTOB TOILIHMBA, TTOTO-
KM HEWTpPaJOB B IDIa3My depe3 cemaparpucy). st koMImeHcany HeXenaTelb-
HBIX 3P PEKTOB B MPUCTCHOYHOH OONACTH OCYIIECTBISAETCS MACIITa0HbIH Ta30-
HaIyCK B BaKyyMHYIO KaMepy a TakKe OTKadka ra3a m3 nuBepropa. Cormaco-
BaHUE IPOLECCOB TOIUIMBHOW M I'a30BOM MHKEKLIMH COBMECTHO C IIPOLIECCAMH,
MPOMUCXOJSIIUMH B OCHOBHOW M NMPUCTEHOYHON/IMBEPTOPHON MjIa3Me He00Xo-
JIUMO Jyis1 00EeCIeUeHUsT YCIOBHUI CHHTE3a/TeHEpalud HEWTpOoHOB (T.e. mapa-
METPOB IJIa3MBbl).

YcTaHOBKH TCPMOAACPHOTO CHUHTE3a HUJIKM €€ NPOTOTHUIIA HOJLKHBI UMETH
CUCTEMBI, 00eCTIeunBaOIe TapaMeTphl IUIa3Mbl: WHXKEKIMH, OTKaYKH, o0pa-
OOTKM W XpaHEHHs Ta3a — 3TH CHUCTEMBI O0pa3yIOT 3aMKHYTHIH TOIUTHBHBINA
mukt. OH MoibkeH oOecreuynBaTh BaKyyMHBIC YCIOBHS B YCTAaHOBKE, a TaKXKe
oOpareHre KOMIOHEHTOB TOIUTHBA W BCIIOMOTATEIFHBIX Ta30B C X KOHTPOIH-
pyembiM BbIOpocoM [1, 2]. TIo 5KOHOMHYECKHM W HKOJIOTHYECKUM COOOpake-
HUSM OH JOJDKCH OBITh 3aMKHYTHIM M IO BO3MOXXHOCTH OPHECHTHPOBAHHBIM Ha
CTallMOHAPHYIO paboTy. i KOHIENTYalbHOTO NMPOEKTUPOBAHHS YCTAaHOBKH
HEOOXOMMO OIIEHHThH KOJIMYECTBO TOILIMBA, TpeOyeMoe JUisl 3alycKa yCTaHOB-
KM, a Ha 3TalC TEXHUYCCKOI'0 MPOCKTUPOBAHUA YCTAHOBKU — C(I)OpMyJ'II/IpOBaTI)
Tpe6OBaHI/I$[ Kk uuM. Ha OIICHKY MaHHBIX MEJICBBIX nokasarejiei HalpaBJICHBI
HCCJIEJOBaHMS, IIPEACTABICHHBIC B JOKJIAIC.

K HactosiiieMmy MOMEHTY B MUpE HAKOTUICH OOJIBIION OMBIT PaboTHI C TPH-
THEM B Pa3IMYHBIX YCTAHOBKAX U Ja0OPATOPHUAX, JEMOHCTPAIHS BO3MOKHOCTH
nepepaboTKH OOJBIIOT0 KOJMYECTBA TPUTHS B YCIOBHSAX, HEOOXOIMMBIX IUIS
TEPMOSIZIEPHON YHEPreTHKH, pean3oBaHa Kak B Poccun, Tak u B Mupe. OHaKo
COBPEMEHHBIN YPOBEHb Pa3BUTHs YCTAaHOBOK TEPMOSIEPHOIO CHHTE3a TpedyeT
JIOTIOJTHUTEIBbHBIX (PyHIaMEHTANBHBIX U IIPUKJIATHBIX UCCIIE0OBaHMI B 001aCTH
TEPMOSIZIEPHOTO TOIUIMBHOTO IMKJIA JUIl HUX. [10AX0ABI U peneHus], HCIob3Y-
eMmeble B yctaHoBkax TFTR u JET, nmpoekrax UHTOP u UTOP, He MoryT B mMoJI-
HOW Mepe OBITh MCHOJIB30BAaHBI 10 MPUYHWHE HUMITYIIbCHO-TIEPHOIMYECKOTO pe-
KMMa pabOTHl M SKCIEPUMEHTAIBHOTO Ha3HAYEHHS 3THX YCTaHOBOK. B crarm-
OHapHO paboTaroIIel yCTaHOBKE, MCIIONB3YIOMEH TPUTHI B Ka4eCTBE KOMIIO-
HEHTa TOIUTMBA, HEOOXOIWMO HENPEpPhIBHO 00padaThIBaTh 3HAYUTEIHHBIC €0
KOJIMYECTBA, HE JIOIMYCKasi Ype3MEPHOr0 CKAIUTUBAHUA U TOTEPh B KaXKIOH OT-
JIETbHOM CHCTEME, a TAaK)KE YYHUTHIBATh BIMSHUE PEKHUMOB TOPEHUS TEPMO-
SEPHOM Ia3MBbl B TOKaMaKe M MapaMeTpOB B3aHMMOJCHCTBHS IIa3Ma-CTEHKA.
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Oro TpebyeT BHIOOpAa TEXHOJIOTMYECKHX PEIICHHH Ha OCHOBAHWM CBEJCHUH O
MOTOKAaX Ia3a U ero U30TOMHOM COCTaBE, UX MHTErpaluyd U ONTHUMHU3ALUU IS
obecrieueHns [ETEBhIX MapaMeTPOB IIa3Mbl B PA3IMYHBIX CLEHAPHUAX PaOOTHI
YCTaHOBKH.

ITockonmbKy 0 HACTOSIIEr0 BPEMEHHU Bce pabOTH HA YCTAaHOBKAX TOKaMaK
MIPOBOAMIINCH B HANPABICHUH IMOBBIIICHUS TEMIIEPATYpPhl, KOHICHTALUH ILIa3-
MBI ¥ BPEMCHHU €€ YACp)KaHUSA, a TAaK)Ke MOIIHOCTH CHHTE3a M HEUTPOHHOTO
MOTOKA, HAKOIJICH 3HAYUTEIbHBIN 3KCIIEPUMEHTAIBHBIM MaTepuan u chopmu-
POBaHBI MOAXO/BI JUISI ONMUCATENBHOTO U MpPECcKa3aTeIbHOI0 MOJAEIUPOBAHUS
MIPOIIECCOB COMPOBOXKAAIOUINX KOHTPOJb IUIA3MBI M TEPMOSIAECPHOE TOPEHHE.
Mexay TeMm, aBTOpaM He W3BECTHO HM OJHOI METOAMKH, KOTOpas Moria Obl
CBA3BIBATh MapaMeTPhI INIA3MEHHOT0 pa3psijia C MIPUMEHSIEeMBIMU TEXHOJIOTHSIMU
TOIUIMBHOT'O IIUKJIA.

ITockonbky Anst IIs KaKIOTO KOHKPETHOTO NMPOEKTa YCTAaHOBKH KaHAM-
JaTHBIC TEXHOJIOTHH TOIUTMBHOTO IIMKJIA JTOJDKHBI BEIOMPATHCS C yUETOM OXKH-
JaeMBIX TIOTOKOB Tra3a, €ro M30TOMHOTO COCTaBa M TPEOYEMBIX PEKHMOB CH-
cTeM, TpedyeTcs pa3paboTKa 1moaxoa Al ONpeIeIeHHs EIEBbIX ITapaMeTpoB
CHCTeM Ha OCHOBAaHMH NPEICKA3aTEIbHOI0 MOJICIUPOBAHMS IIPOIECCOB B OC-
HOBHOH ¥ ITPUCTEHOYHON IUTa3Me YCTaHOBKH. B moknazne omuceiBaeTcs mpeasia-
raeMblii aBTOpaMH HOAXOA K OIPEAEICHHUIO TapaMeTpoB HHGPACTPYKTYPHI TO-
KaMaka — CHCTeM OTKAa4YKH, MHXEKIMHA U 00pabOTKH rasa (TOIUTUBHBIN IUKII) HA
OCHOBE ITapaMeTPOB IUIA3MBI U MPOIECCOB, IPOUCXOAAIINX B BAKYYMHOH KaMme-
pe ycranoBku. Ero npumenenue k npoekram TUH-CT u JJTEMO-THUH mno3Bo-
JIUIIO BBIOpATh KaHAWIAATHBIE TEXHOJIOTHH TOIUIMBHOTO ITHKIIA [2].

HccnenoBaHue BBHINOJHEHO B paMKax Hay4dHO# mporpammbl HarmmoHais-
HOTO [EHTpa (U3MKKM M MaTeMaTHKH, HanpasiieHne Ne 8 «®Dusuka M30TONOB
BOJIOPOJA».
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THE LANGUAGE OF COUPLING THEORY AND EXPERIMENT
IN PLASMA PHYSICS WITH TECHNOLOGICAL PROCESSES
IN THE FUEL CYCLE SYSTEMS OF THE TOKAMAK FACILITY

S. Ananyev

NRC «Kurchatov Institute», Moscow

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

Low cross sections term or stationary discharges, fuel injection is required
to provide the required plasma parameters (including particle concentration
profiles and isotopic composition). They will, in turn, depend on the method of
introducing fuel into the plasma (type of injection). Processes in the main plas-
ma will be accompanied by regular and pulsed losses of particles and energy,
which will lead to processes in the near-wall region and divertor (including
erosion of materials of intra-chamber elements, losses of fuel components,
flows of neutrals into the plasma through the separatrix). To compensate for
undesirable effects in the near-wall region, large-scale gas injection into the
vacuum chamber is carried out, as well as gas is pumped out of the divertor.
Coordination of fuel and gas injection processes together with the processes
occurring in the main and near-wall/divertor plasma is necessary to ensure the
conditions for the synthesis/neutrons generation (i.e. plasma parameters).

Fusion facilities or its prototype must have systems that provide plasma
parameters: injection, pumping, processing and storage of gas — these systems
form a closed fuel cycle. It must ensure vacuum conditions in the facility, as
well as the fuel components and auxiliary gases circulation with their controlled
release [1, 2]. For economic and environmental reasons, it should be closed
and, if possible, oriented towards steady-state regime. For the conceptual de-
sign of the facility, it is necessary to estimate the amount of fuel required to
start the facility, and at the stage of technical design, to formulate requirements
for them. The studies presented in the report are aimed at assessing these target
indicators.
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To date, the world has accumulated extensive experience in working with
tritium in various facilities and laboratories; the demonstration of the possibility
of processing large amounts of tritium under the conditions necessary for fusion
energy has been implemented both in Russia and in the world. However, the
current level of development of fusion facilities requires additional fundamental
and applied research in the field of the fuel cycle for them. The approaches and
solutions used in the TFTR and JET facilities, INTOR and ITER projects can-
not be fully used due to the pulse-periodic operating mode and experimental
purpose of these facilities. In a steady-state operatiom mode facility using triti-
um as a fuel component, it is necessary to continuously process significant
quantities of it, avoiding excessive accumulation and losses in each individual
system, and also take into account the influence of the combustion modes of
main plasma in the tokamak and plasma-wall interaction parameters. This re-
quires the selection of technological solutions based on information about gas
flows and its isotopic composition, their integration and optimization to ensure
target plasma parameters in various plant operating scenarios.

Since until now all work on tokamaks has been carried out in the direction
of increasing temperature, plasma concentration and its confinement time, as
well as fusion power and neutron flux, significant experimental material has
been accumulated and approaches have been formed for descriptive and predic-
tive modeling of processes accompanying plasma control and fusion reaction.
Meanwhile, the authors do not know of a single technique that could connect
the parameters of a plasma discharge with the applied fuel cycle technologies.

Since for each specific facility design, candidate fuel cycle technologies
must be selected taking into account the expected gas flows, its isotopic com-
position and required system modes, it is necessary to develop an approach to
determine the target parameters of systems based on predictive modeling of
processes in the main and near-wall plasma of the facility. The report describes
the approach proposed by the authors to determining the parameters of the to-
kamak infrastructure — gas pumping, injection and processing systems (fuel
cycle) based on plasma parameters and processes occurring in the vacuum
chamber of the tokamak. Its application to the FNS-ST and DEMO-FNS pro-
jects made it possible to select candidate fuel cycle technologies [2].

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»).
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AJANTALMSA 3JIEKTPOJIM3EPOB JUISl PABOTBI C TSIKEJIOM
BOJIOM

C. /1. bonoapenxo, Y. A. Anexcees, T. B. Bacanuna, O. A. @edopuenko

HUILI «KypuaroBckuit unctuty» — [TUAD

[IpumeHeHMe TsKeI0l BOABI B KaUECTBE 3aMEIUTENS] HEHTPOHOB IS HC-
CJIeJOBAaTEJIbCKUX aTOMHBIX PEaKTOPOB IMO3BOJIAET C OAHOI CTOPOHBI MOJTy4YaTh
KOMIIAKTHYIO0 aKTHBHYIO 30HY M BBICOKYIO IUIOTHOCTh HEHTPOHHBIX NOTOKOB,
OJTHAKO, C JPYrod CTOPOHBI TPeOyeTCsl co3/aBaTh CPEACTBA JUIs MOANEPKaHUS
SIepHO-(DU3NUECKUX CBOMCTB TSDKEIOH BOJBI, T.€. BBINOJHATH H30TONHYIO
OYUCTKY OT MpOTHs M HapabateiBaeMoro Tputusi. g stux meneit B8 HULL
KU — ITNUAD pa3pabarbiBaroT B pa3BUBAIOT TEXHOJOTHH W30TOIMHON OYHCTKH
TSDKEJIOW BOJBI Pa3IMYHBIMU MeTofaMu. Hambomee mepcneKTHBHBIM JUIS 3THX
Lenel MojaraloT COYETaHHWE METOAOB 3JIEKTPOJIN3a, W30TOIMHOrO OOMeHa W
KPHOTCHHON peKTH(UKAIHN.

JIJist M30TONTHOM OYMCTKH TSXKEIIOW BOIBI KOMOMHAIIMCH METOIOB 3JICKTPO-
JIM3a ¥ U30TOITHOTO OOMEHa B CHCTEME BOJa-BOJIOPOJ C UCIOJIb30BAHHEM THJI-
pothoOHOro KaTamu3aropa Ba)KHbIM AJIEMEHTOM TEXHOJIOTHH SIBISIETCS 3JIEKTPO-
JIN3HAas YCTaHOBKA.

CepuifHO BBIIIyCKaeMBbI€ JIEKTPONN3EPHl HE3aBUCHMO OT THIA KaK IIeJI0U-
HbI€, TaK U C TBEPAOIOJIMMEPHBIM 3JIEKTPOJIUTOM MMEIOT Psiji OCOOEHHOCTEH,
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CBS3aHHBIX C HAJMYUEM CIYBOK ra3oB M ApPEHaXeW M JKUAKOCTH, KOTOpHIE
npu paboTe C TSHKEJIONW BOJIOW OyIyT SBISITHCS UCTOYHMKAMH HOTEPh TSDKENION
BOJIBI 1 SMHUCCHU TPHUTHUSI B OKPYXKAIOIIYIO Cpeay. BBuay BbICOKO# cToMMOCTH
TSDKEIJION BOJIBI, & TAK)KE COJIEPKAHUSI TPUTHUS B HEW MPUMEHEHHE CEPUMHO BBI-
ITyCKaeMBIX JIEKTPOIM3EPOB B COCTABE YCTAHOBOK UIsl pabOTHI C TSXKEIOI BO-
JION OTPaHUUYCHO JTa00PATOPHBIM IPHIMEHEHUEM.

B paboTe mpuBoOIMTCS pe3yibTaThl ONBITA AAANTAIMH IIEIOYHOTO 3JIEK-
tpoymsepa ©C-525 omprTHO-TIpoMBIIIeHHON yeTaHoBKH DBUO, snexTponuse-
pa HyState 15/30 nns ycranoBku u3BieueHus: Tputus peakropa [IMK u cosna-
Hust HoBoro anekTpoinsepa A6/AT OO0 «Ilonukom» ¢ TBEPAONOIMMEPHBIM
3NEKTPOIIUTOM AJISl PEKOHCTPYKIUH ycTaHoBkH DBUO.

ADAPTATION OF ELECTROLYZERS FOR WORKING WITH
HEAVY WATER

S. D. Bondarenko, I. A. Alekseev, O. A. Fedorchenko, T. V. Vasyanina

NRC «Kurchatov Institute» — PNPI

The use of heavy water as a neutron moderator for research nuclear reac-
tors allows, on the one hand, to obtain a compact active zone and a high neu-
tron flux density; however, on the other hand, it is necessary to create means to
maintain the nuclear physical properties of heavy water, i.e. perform isotope
purification from protium and produced tritium. For these purposes, NRC
KI — PNPI is developing technologies for isotope purification of heavy water
using various methods. The most perspective for these purposes is considered
to be a combination of electrolysis, isotope exchange and cryogenic distillation
methods.

Electrolysis assembly is an important element of the technology for iso-
tope purification of heavy water based on a combination of electrolysis and
isotope exchange methods in the water-hydrogen system using a waterproof
catalyst

Serially produced electrolyzers, regardless of type, both alkaline and with
solid polymer electrolyte, have a number of features associated with the pres-
ence of gas vents and liquid drains, which, when working with heavy water,
will be sources of heavy water losses and tritium emissions into the environ-
ment. Due to the high cost of heavy water, as well as the tritium content in it,
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the use of commercially produced electrolysers as part of installations for work-
ing with heavy water is limited to laboratory use.

The paper presents the results of the experience of adapting the FS-525 al-
kaline electrolyzer for the EVIO pilot plant, the HyState 15/30 electrolyzer for
the tritium removal facility of the PIK reactor, and the creation of a new A6/DT
electrolyzer by Polikom LLC with a solid polymer electrolyte for the recon-
struction of the EVIO pilot plant.
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PA3PABOTKA IMIOJIUMEPHOI MEMBPAHBI B ®OPME
ACUMMETPHYHOT O ITOJIOT'O BOJTIOKHA J1JIsI BBIJEJTEHUSI
BOJOPOJA U3 I'A30BbBIX CMECEHN

A. B. Bapeoickun

Poccuiickuil xumuko-TexHonorndeckuit yuusepcutet um. 1. 1. Menneneena

ITapoBasi KOHBepCHsI METaHa — CaMbIii PACIPOCTPAHCHHBIN MPOMBIIIICH-
HBIA CIIOCO0 MOJYYCHHUS BOAOPOIA. ITO MHOTOCTYIICHUATHIN TEXHOIOTHICCKHIA
MPOIIECC, KOTOPBIN BKJIFOUACT B Ce0s, KAK MUHUMYM, YETHIPE CTaJIUU:

1) xoHBepCcHs METaHa;

2) BBIZIEIICHIE BOIOPO/IA U3 IPOAYKTOB KOHBEPCHUH,

3) monoxHUTENBHAS KOHBepcus ¢ nenbio BeiBeneHus COz u CO;

4) ouncTKa BOOPO/a, KAK MUHUMYM, IO TEXHUIECKOTO KauyecTBa.

Cranus 2 MOKET OBITh pean30BaHa, B Y4CTHOCTH, MEMOPaHHBIM METOJIOM
HA OCHOBE IOJUMEPHON aCCUMETPHUYHON MEMOPAHBI C TUIOTHBIM CEJICKTHBHBIM
cioeM. Ilponecc BblIeNneHUsT BOAOPOJA M3 Ta30BbIX CMECEHl MpOTeKaeT Moj
JaBiaeHueM BIUIOTH 10 13,5 MIla, 4to ompeaensieT UCMONb30BaHUE MOJIOBOJIO-
KOHHBIX MEMOpPaH C BHEIIIHUM JUAMETPOM MEHbIIE 250 MKM.

B cocraB cmecu Ha Beixone co craauu 2 BxoaiaT Hp, CHs, CO u COg2, HO
KOHIIEHTPAIMM KOMITOHEHTOB CHJIBHO 3aBHUCST OT pabOThl KOHKPETHOTO peak-
TOpa KOHBepcHH. B mo0oM cirydae MpH MCTIONB30BaHHMM MEMOPAHHOTO Ta3o0-
pa3zerneHnss HeoOXoIuMa, Kak MHHAMYM, ABYXCTyIIeHYaTasi cxeMa, Iie Ha mep-
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Boii crynenu otaensercst CHy, Tak KaKk CElIEKTHBHOCTbH pa3zieieHHs BOJIOPOAa
10 OTHOIICHUIO K KOMIIOHEHTaM CMECH I CTaHZApTHBIX MEMOPaHHBIX MaTe-
puainoB nanaet B psaxy CHs, CO, CO2.

[ockonbky B P® HeT mpOMBIIIIEHHOTO MPOU3BOJICTBA MEMOpaH JIaHHOTO
THUIA, TO HE00X0IMMO Pa3pabdoTaTh TEXHOJIOTHIO (POPMOBAHMS, KOTOPask O3BO-
nuia Obl M3rOTOBUTH MeMOpaHy HE0OXOJMMOTO KauyecTBa B IPOMBIIUICHHOM
Macuirade.

MemOpana H3roTaBiIMBajach MeToJoM (a3oBOM WHBepcuH. Paspaborka
9TOM TEXHOJIOTHH MpEAIoJaraeT Hajlu4ne GOPMOBOYHON CHCTEMBI, IOJ KOTO-
poil MOHMMaeTcs COCTaB M TEMIIepaTypa MOJIUMEPHOTO pacTBOpa, THII Hepac-
TBOPUTENEH W ONTHMaJbHBIN HabOp mapameTpoB (OPMOBaHUS MeMOpaHBI W3
3TOT0 MOJIUMEPHOTO PACTBOPA.

Jnst ynpapieHus npoueccoM GopMoBaHHs MeMOpaHBI OblIa IPHHATA MO-
nenb GOPMUPOBAHMS ACUMMETPUYHOM CTPYKTYpBI, KOTOpas Npelrojaraet
HaJIMYHe TOHKOTO U IUTOTHOT'O CEJIEKTHBHOTO CJIOS Ha IIOBEPXHOCTH MEeMOpaHHI,
pacriojararonierocss Ha MOPUCTOH «IOJJIOKKE» C MHUHHMAIbHO BO3MOYKHBIM
COIIPOTHBIICHHEM TPaHCMEMOPaHHOMY MEPEHOCY rasa.

B xauectBe Mojenu marepuaia MEMOpaHbI C y4ETOM KOMILIEKCA CBOMCTB
MOJIUMEpPa M COOOpaKCHHI KOMMEPYECKON MTOCTYIMHOCTH ObLIT BHIOpAH IMOJIH-
s¢pupumu (C37H2406N2)n.

Ha nanHoM nosmmMepe oTpaboOTaHBI Takue mapaMeTpbl (GOPMOBOYHON CH-
CTeMBI KaK KOHIIEHTpAIMs IIOJMMepa B pacTBOpe, ero TeMIepaTypa U COCTaB,
JaBJeHHEe BHYTPEHHETO HEPacTBOPUTEIS, BPEMs KCIO3UIUH HOJIOTO BOJOKHA
Ha BO3ZyXe.

st MoJienTbHOM Ta30BOM CUCTEMBI TelIMi-a30T, HOIyYeHbl 00pa3Ibl MeM-
OpaH C HAEANTBLHON CEeNEeKTHBHOCThIO 92 + 5 M yJenbHOW NMPOHUIIAEMOCTH TI0
remio 156 #11  avP(wy.)M 24l npu mmaHoBeIX mokasatensx 100 u
100 av3(m.y.)-M %4 cooTBETCTBEHHO.

HccnenoBanue BBIIIOJIHEHO B paMKax HaydyHoOU nporpammbsl HannoHnainb-
HOTO TeHTpa (PU3MKH M MaTeMaTHKH, HampaBieHHe Ne 8 «Pu3mka H30TOIOB
BOZIOPOJIa.
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DEVELOPMENT OF AN ASYMMETRIC HOLLOW-FIBER
POLYMER MEMBRANE FOR HYDROGEN SEPARATION FROM
GAS MIXTURES

Al. Varezhkin
Mendeleev University of Chemical Technology

Methane steam reforming is the most common industrial method for pro-
ducing of hydrogen. This is a multi-stage technological process that includes at
least four stages:

1) methane conversion;

2) release of hydrogen from conversion products;

3) additional conversion to remove CO; and CO;

4) hydrogen purification, at least to technical quality.

Stage 2 can be implemented, in particular, by a membrane method based
on a polymer asymmetric membrane with a dense selective layer. The process
of hydrogen separation from gas mixtures occurs under pressure up to
13,5 MPa, which determines the use of hollow fiber membranes with an outer
diameter of less than 250 microns.

Gas mixture at the exit from stage 2 includes Hz, CH4, CO and COy, but
the concentrations of the components are highly dependent on the operation of
the conversion reactor. In any case, when using membrane gas separation, at
least a two-stage scheme is required, where CHa4 is separated in the first stage,
since the selectivity of hydrogen separation with respect to the components of
the mixture for standard membrane materials decreases in the series CHas, CO,
CO..

Since there is no industrial production of membranes of this type in the
Russian Federation, it is necessary to develop a molding technology that would
allow the production of a membrane of the required quality on an industrial
scale.

The membrane was manufactured using the phase inversion method. The
development of this technology requires the presence of a molding system,
which refers to the composition and temperature of the polymer solution, the
type of non-solvents and the optimal set of parameters for molding the mem-
brane from this polymer solution.

To control the process of membrane formation, a model for the formation
of an asymmetric structure was adopted, which assumes the presence of a thin
and dense selective layer on the surface of the membrane, located on a porous
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«substrate» with the minimum possible resistance to transmembrane gas
transfer.

Polyetherimide (Cs7H2406N2)n was chosen as a model of the membrane
material, taking into account the complex properties of the polymer and consid-
erations of commercial availability.

Using this polymer, such parameters of the molding system as the concen-
tration of the polymer in the solution, its temperature and composition, the
pressure of the internal non-solvent, and the exposure time of the hollow fiber
to air were tested.

For a model helium-nitrogen gas system, membrane samples with
an ideal selectivity of 92+5 with a specific helium permeability of
156 + 11 dm3(STP) -m=2-h™! were obtained with planned values of 100 and
100 dm3(STP) y.)-m™2-h2, respectively.

The research was carried out within the framework of the scientific pro-
gram of the

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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KPUOT'EHHAA MUIIIEHb HEITPAMOI'O OBJIYYEHUSA JJIA JTC

M. A. Poeooxcuna, E. FO. 3apybuna, U. A. Yyepos

Poccutickuii penepanbHsIil spepHbIi HeHTp — Beepoccuniickuii HaygHO-
HCCIIeIOBATENBCKUI HHCTUTYT SKCIIEpUMEHTANBHON (u3nkn, Capos

Haubonee nepcnexmugnvim munom muwienel 01s 1a3epHo2o mepmosoep-
HO20 CUHMe3a ABNAeMC KPUOLEHHAS MUleHb Henpamoz2o obnyuenus. Onucan
npUHYUn pabomel MueHu, mpebosanust K KOHCMPYKYUU, Smansl ee co30aHUsL.

HccnenoBanus B 00JaCTH Ja3epHOTO TEPMOSIEPHOTO CHHTE3a TIPOBOJISATCS
HA Pa3IUYHBIX THUMAX MuieHeidl. Haubosiee MepCrneKTUBHBIM TUIIOM MUILICHEH
JUI 3aKUTaHUS TEPMOSIIEPHOIM peaklUH SBISIETCS KPUOTeHHAas MUIIEHb He-
MPSIMOTO 00NydeHHs. B KOHIENINN HempsiMOTO 00IydeHHs cheprIecKH CUM-
MeTpuyHoe cxartue DT-TommBa HPOUCXOAUT MOJA JAEUCTBUEM BTOPUYHOIO
peHTreHoBcKoro m3nmydeHus [l]. Mumenp mpenctaBimseTr coboit  Ookc-
KOHBEPTOP, B KOTOPOM B PE3yJbTaTe MOIJIOIIEHUS MHTEHCHUBHOIO Ja3€pHOIO
H3ITyYEHUsl TEHEPUPYETCS] pEHTI€HOBCKOE M3NTyuyeHue. PEeHTreHoBCcKoe U3iyue-
HHUE TOJDKHO CHMMETPHYHO 00)KaTh HAXOAIIYIOCS B IICHTpEe OOKCca-KOHBEPTOPa
cepuueckyto 000J04KY C TBEPJABIM BOJOPOJHBIM TOILUIMBOM, KOTOPOE PaBHO-
MEpHO DAaCIPEJeNICHO M0 BHYTPEHHEH CTeHKe 00OJIOYKM B BHJE IJIAJKOTO U
OJIHOPOJIHOTO TIO TONIIUHE cJos Jbja [2]. B pe3ynbrate oOiydeHUs MOBEpX-
HOCTh OOOJOYKH HCIHapseTcs, CO34aBas yIapHYI0 BOJHY, HaIpPaBICHHYIO
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BHYTPb W OKa3bIBAIOLIYIO AaBJEHHE Ha CIIOW TolumBa. B pesymbrate storo
npolecca TOIUIMBO CXKUMAETCs 10 CBEPXBBICOKHX IJIOTHOCTEH M HarpeBaeTcs
JI0 BBICOKHX TEMIIEPATYP, YTO MOXKET 3aITyCTHUTh TEPMOSICPHYIO PEAKIIUIO.

K KOHCTpyKIMM TakuX MHUIIEHEH MPEABABISIOTCS BBICOKHE TPEOOBAHUS K
TEOMETPUH U Pa3Mepy 3JIEMEHTOB, TOUHOCTH MX M3TOTOBICHUS M COOpKH, Tep-
METHYHOCTH, Ka4eCTBY KPHOTEHHOTO ciost U 1p. [3]. Ot TpeboBanms hopmu-
pPYIOTCS M3 HEOOXOAWMOCTH OoOecreueHMsI yCIOBHN st (YOPMHUPOBAHHS CIIOS
BOJIOPOAHOTO TOIUTMBA TPEOYEMBIX IMTapaMEeTPOB M CHIDKCHHS YHEPIreTHYECKUX
NOTEPb JId JOCTUIKCHUSL MaKCHMaJIbHOM TEMIICPATYPhbI U IIJIOTHOCTHU TOILJIMBA B
TOYKE 3a)KMI'aHUSL.

Co3faHne KpUOTE€HHON MUIIEHH HENpsAMOTro OOIy4deHUs — CIO0XKHasg MHO-
rOYpOBHEBas 33j1a4a, 3aK/II0YarOlIas HECKOIBKO ITAIOB!

— pa3paboTKa KOHIICTII[UM KPUOTCHHOW MUIIICHH HEMPSIMOTO 00Ty4CHUS;

— pa3paboTKa U MPOU3BOJCTBO COCTABHBIX JJIEMCHTOB MUIIICHH, UX aTTe-
cTanus;

— TIpenu3noHHAs cOOpKa MHUIICHU (PACHONIOKEHHE 3JIEMEHTOB ¢ MHUKPOH-
HOHN TOYHOCTBIO OTHOCHUTENBHO APYT ApYyTa) U €€ aTTeCTaIHs;

— CO3/1aHHME KPUOTEHHOTO CII0S TPeOYEeMOro KauecTBa;

— arTecTanysi KpHOTEHHOTO CIIOS;

— IIOCTaHOBKA MHIIEHU Ha SKCIIEPUMEHT MO 3a)KUT'aHUIO0 0€3 MoTepH Kade-
CTBa CJIOSL.

st peanu3anuy JaHHBIX 3TAroB ObUIM pa3pabOTaHbl H PeaIn30BaHbl pa3-
JJMYHBIC TCXHOJIOTHMHW H3IrOTOBJICHHA W aTTCCTAlUM 3JICMCHTOB KpPIOFeHHOﬁ
MHUIICHH. I/IC]’[OJ’IBSyeMBIe TCXHOJIOT'UH MMO3BOJIAIOT U3TOTABJIIMBATE APYTUC THUIILI
JIa3epHBIX MUIICHEH.
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MOCJIEJJOBATEJIbHOCTb NOJATOTOBKY HEUTPOHHO
OBJIYUEHHBIX OBPA31I0OB MATEPHAJIOB TSIP
K UCCJIEJOBAHUIO 3AXBATA JENTEPUS

H.I1. bobwipv?, B. H. Koukun', A. A. Pewemnuxoé?, IO. E. Ilecus*

'HHUII «KypuaToBcKuii HHCTUTYT», MockBa
2A0 «BbICOKOTEXHOJIOIHYECKHUIl HAYYHO-HCCIIEA0BATENbCKII HHCTUTYT
HEOPraHUYECKUX MaTepuanoB uM. akaja. A. A. bousapa», Mocksa

[IpoBenenne o6ayueHHs 00pas3lOB KOHCTPYKIMOHHBIX MaTEpHUAJIOB C Iie-
TbE0 (OpMUPOBaHUS Ae()EKTHON CTPYKTYPHI M UCCIEIOBaHUS €€ BIMSHHUS Ha
CBOMCTBa MaTepuasoB sBIIETCS BaXKHOM MaTepHaloBeUeCKOH 3agaueil, koTo-
past pemraeTcsi Kak Mpy 1Moa00pe HOBBIX KaHJUIATHBIX MaTE€pHalloB JJIsl BHOBb
pa3pabaThIBa€MBIX YCTaHOBOK, TaK ¥ IPH UCCIIECJOBAaHMAX MaTepUaioB IIpUMe-
HEHHBIX B YK€ KCIUTyaTHPYIOIIMXCS ycTaHOBKax. PopMupoBaHue 1eeKTHON
CTPYKTYpPBI B HCCIIElyEMbIX MaTepuaiaXx MOXKHO BBINOJHATH KaK IIpU 00Iyde-
HUM 00pa3loB HAa YCKOPHUTEINSX, TaK M B SACPHBIX peaktopax. IIpmuem, 3aqa-
CTYI0, BO3MOXKHOCTEH yCKOPHTENS HEJOCTATOYHO JJISI NPOBOAMUMBIX HCCIIENO-
BaHud. Hampumep, B ciiyyae HMcClieOBaHUSI MACCHBHBIX 00pa3IoB, IPHMEHE-
HHUE 3apsDKEHHBIX YaCTHIl HE MO3BOJSET CO34aTh PABHOMEPHOE PACIIPEIEIICHUE
nedekToB o 00bEMyY, YTO BIOJIHE peann3yeMo IpH OOIydeHHH B MOJE OBICT-
PBIX HEMTPOHOB.
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Panee Obuta mpoBezieHa OLEHKAa BO3MOXHOCTEl peaktopa MP-8 s o6iy-
YeHMs1 TIEPCIIEKTUBHBIX MaTEePUaJIoB TePMOsIepHOH sHepreTuku. Peakrop 1P-8 —
HCCIIeIOBATEIILCKUIA peakTop 0aCCEHHOBOTO THIIA C UCITOJIb30BAaHUEM OOBIYHOM
BOJIBI B KAYECTBE 3aMEUINTENIS], TEIUIOHOCUTEISI U BEPXHEH 3aIUTHI.

OGIydeHHIO B TOJIE TEILIOBBIX HEHTPOHOB mpu motoke 1,80E+12 n/c*cm?
OBbLIH MOJBEPTHYTHI CIEAyIOIINe KaHAnAaTHele Marepuansl TAP: Bombdpam u
CIUIaBbl BOJb()pamMa ¢ peHHEM, MOJIMOJCHOM, TAaHTAJIOM, HHU3KOAKTHBHpyeMas
¢depputHo-mapreHcutHas cranb EK181(Rusfer), oponsza CulCr0,1Zr, cruas
V-4Ti-4Cr. Joss ObICTPBIX HEHTPOHOB cocTaBmiaa MeHee 1 %.

B Hacrosmieit pabote OyayT mpeacTaBieHbl pe3yinbTaThl 00IydeHHsT KaH-
nunaTHeIX MaTepuanoB TSP B kanane 2-2 B akTUBHOM 30He peakropa UP-8 npu
IIOTHOCTH TIOTOKA HEHTPOHOB ¢ Heprueii Gonee 0,1 MaB  7,6E+13 n/c*cm?.
HaOpannas mo3a oOmyuenust cocrasmia 5,95E+19 a/cM2. IIpoBeneHBI OLCHKH
CKOPOCTH HapaOOTKH Ae()EKTOB CTPYKTYPHI JJIsl Pa3IMYHbIX MaTEpHAJIOB.

IIpousBeneHa oLeHKa BpEeMEHU Cliajja HABEJEHHOW aKTUBHOCTHU A BCEX
HCCIIeAYeMbIX MaTePHAJIOB 0 YPOBHS MUHUMAJIHO 3HAYUMOM aKTUBHOCTH.

STEPS OF PREPARATION OF NEUTRON IRRADIATED SAMPLES
OF FR MATERIALS FOR THE STUDY OF DEUTERIUM CAPTURE

N. Bobyr'?, V. Kochkin!, A. Reshetnikov?, Yu. Pesnya!

!National Research Centre «Kurchatov Institute», Moscow
2Stock Company «A. A. Bochvar High-Technology Research Institute
of Inorganic Materials», Moscow

Irradiation of samples of structural materials in order to form a defective
structure and study its effect on the properties of materials is an important ma-
terial science problem, which is solved both in the selection of new candidate
materials for newly developed installations, and in the study of materials used
in already operating installations. The formation of a defect structure in the
materials under study can be performed both by irradiating samples in accelera-
tors and in nuclear reactors. Moreover, often, the capabilities of the accelerator
are not enough for ongoing research. For example, in the case of studying mas-
sive samples, the use of charged particles does not allow creating a uniform
distribution of defects over the volume, which is quite realizable when irradiat-
ed in a fast neutron field.
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Previosly, we have assessed the capabilities of the IR-8 reactor for irradiat-
ing promising materials for fusion power engineering. Reactor IR-8 is a pool-
type research reactor using ordinary water as a moderator, coolant and top
shield.

The following candidate FR materials were irradiated in a thermal neutron
field at a flux of 1,80E+12 n/s*cm?: tungsten and alloys of tungsten with rheni-
um, molybdenum, tantalum, low-activated ferritic-martensitic steel EK181
(Rusfer), bronze CulCr0.1Zr, alloy V-4Ti-4Cr. The part of fast neutrons was
less than 1 %.

In this work, we will present the results of irradiation of candidate FR ma-
terials in channel 2-2 in the core of the IR-8 reactor at a neutron flux density
with an energy of more than 0,1 MeV to 7,6E+13 n/s*cm?. The accumulated
radiation dose was 5,95E+19 n/cm? Estimates of the rate of accumulation of
structural defects for various materials were carried out.

The decay time of the induced activity for all studied materials to the level
of minimally significant activity was assessed.
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YCTAHOBKH JIJISI UCCJAEJIOBAHUS B3AUMOJIEMCTBHAA .
IJIABMBI C MATEPUAJIAMM JIBI'IIM HULI «KKYPYATOBCKHHN
HHCTUTYT»

. U. Yepxes, H. O. Cmenanos, /. A. Kosnos, T. A. Lluwxkosa, /]. C. [Jyeun,
A. B. Cnuybvin

HanmonaneHelil nccnenoBaTesbckuil LeHTp «KypyaTOBCKUII HHCTUTYTY,
MockBa

OpHOM M3 KITIOYEBHIX 3a/1a4 IPH MPOCKTHPOBAHWU M CO3IaHUH TEPMO-
siepHBIX peakTopoB (TSP) sBisercs BEIOOpP MaTepHasoB I 3alUTHl BaKyyM-
HOM KaMephl OT BO3ACHCTBHSI TIa3Mbl. B kaduecTBe oOpalmieHHBIX K II1a3Me Ma-
tepuanoB (OIIM) mns ycranoBkm WTOP, kak n3BecTHO, paccMaTpHUBAIUCH
BobdpaM u Oepwiumic. OHAKO HAa MPOBEICHHOM HEJIaBHO pabodeM coBella-
HUH TIOJTHAMAJICSI BOTIPOC 00 OTKa3e OT MCIOJIB30BaHUS OepriuIns Kak OCHOB-
Horo (TI0 MJIOIIAN) MaTepuaia MepBOil CTCHKH B TOJB3Yy Boib(hpama. [laHHOE
00CTOSATENILCTBO, & TAKXKE PsJl y)KE HU3BECTHBIX OCOOCHHOCTEH W MpoOieM C
OIIM cBuaeTeNnbCTBYET 00 OTCYTCTBMM YHUBEPCAJIBHOIO PEIICHHS MPoOIIeMbl
NepBOH CTEHKU M 00yClIaBIUBaeT HEOOXOIUMOCTh B PACLIMPEHHUHU IIEPEdHs Ma-
TEPHUAJIOB U TIIATEIHHON MPOPabOTKE METOIOB M TOJXOJOB K €€ OpraHu3aIlul
B TAP crenytomux nokosenuit. s skcrmyatanuun OIIM B TSP mHeoOxoammo
MIPOBEICHUE Psiia UCCICAOBAaHUN B 00JIACTH B3aMMOJACHCTBHS U30TOMOB BOJIO-
polia B BHIE Ta3a M IUIa3MBI C MaTepHajIaMHy, BBHIY PaAHOAKTHBHOCTU TPHUTHS,
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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 uepe3 KOHCTPYKIMOH-
HBIE MaTepuabl B TEIUIOHOCHUTENH, ONTUMH3ALNK TOIMBHOTO nukna TSP n
KOJIMYECTBA TPUTHS B YCTAaHOBKE, OLEHKH jku3HeHHoro mukia OIIM u otpa-
OOTKM TEXHOJIOTHM WX NECTPUTH3ALUH W T. A. sl MPOBENEHHS NPUKIATHBIX
HCCIEOBaHNN B 00NAacTH B3aMMOJCHCTBHUS IUIA3MBI C ITOBEPXHOCTBIO MpUMeE-
HHUTEJBHO K 33JadaM TEPMOSACPHBIX YCTAHOBOK HanOOJIEe CI0KHBI M MHTEPEC-
HBI — BBICOKOIIOTOYHbIE IIa3MEHHBIE T€HEPaTOPhl, KOTOPbIE MO3BOJIAIOT UMU-
TUpPOBaTh IUIa3MeHHbIe 1MOTOKM TSP B HanbGosiee HarpyxeHHOW 00jacTH — B
nuBeprope [1], BBHIY NOBBINIEHHBIX TPEOOBaHMI K CTOHKOCTH MaTE€pHaJIOB.
B Toxe Bpems 1enecooOpa3HO NpOBEAEHUE UCCIECIOBAaHUN U NPH YMEPEHHbIX
BEJIMYMHAX IUIA3MEHHBIX IOTOKOB, XapaKTE€PHBIX Ui NEpBOM CTEHKH, BBHUIY
OoubILON TIIOIAAU ee oBepxHocTH B TSP.

B nannoii pabote OyzxeT nmpeacTaBieH 0030p MO HEKOTOPHIM YCTaHOBKAM,
pacmionoxxeHHBIM B JlabopaTtopun Bzanmoneiictus ['azo u [lmasmer ¢ Mare-
puanamu (JIBITIM) HUILl «KypdaToBCKHA WHCTHTYT», UCHOIB3YIOLINXCS IS
MIPOBEJICHUS MCCIIEAOBaHNI B 00IACTH B3aMMOAEHCTBHUS T'a30B U IUIa3MBbl C Ma-
tepuasnamu: ycraHoBke [TMM [2], ¢ CBY uCTOYHMKOM IIa3Mbl;, YCTAHOBKE C
BY ucrounukom miasmel renukoHHoro tuma ['TIW-2 [3]; a Takke creHne s
npoBenieHus1 TepmoaecopOrmonnoii cnekrpomerpuu TJC [4]. B pabote pac-
CMOTpPEHBI HEKOTOPBIE OCOOCHHOCTH JaHHBIX YCTaHOBOK, a TaKoke MpeJCTaBlIe-
HBI HanOoJiee NHTEPECHBIE U CBEXKHUE HayJIHBIC PEe3yJIbTATHI, MOIyYEHHBIE C UX
momoteio. OTMeueHo, uro pocrynHas B JIBITIM crenmoBas 6a3a mo3BojseT
MIPOBOJUTH PEJICBAHTHBIC MCCIICIOBAHUS TI0 B3aUMOICHCTBHIO H30TOIIOB BOIO-
poJa ¢ nmepcreKTUBHBIMU MaTepuanamu TSP B o0nacTsx yMepeHHBIX HOHHBIX
TIOTOKOB XapaKTEpHBIX JUIsl mepBoii crenku TSP (~0,5+5-10% ar. D/(c-M?) s
niepBoii crenku UTIP.

HUccnenoBaHue BBIMOIHEHO B paMKax HaydyHO# mporpammbl HaruoHasb-
HOTO [EHTpa (PU3MKKU M MaTeMaTHKH, HarnpasiicHue Ne 8 «Dusuka M30TOTIOB
BOJIOPOIa».
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D. I. Cherkez, N. O. Stepanov, D. A. Kozlov, T. A. Shishkova, D. S. Dugin,
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 di-
vertor [1], due to the increased requirements 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.
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This paper will provide an overview of some installations located in the
Laboratory of Interaction of Gases and Plasmas with Materials (LIGPM) of the
National Research Center «Kurchatov Institute», used for research in the field
of gases and plasmas material interaction: the PIM installation [2], with a mi-
crowave source plasma; installation with a helicon-type RF plasma source
GPI-2 [3]; as well as a stand for thermal desorption spectrometry of TDS [4].
The work examines some of the features of these installations, and also presents
the most interesting and recent scientific results obtained with their help. It is
noted that installations available at LIGPM makes it possible to conduct rele-
vant research on the interaction of hydrogen isotopes with promising FR mate-
rials in areas of moderate ion flows characteristic of the first wall of FR
(~0,5+5-10%! at. D/(s-m?) for the first wall of the ITER.

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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IMPOBJIEMA NCITIOJb30BAHUSA KATAJIU3ATOPOB
IIPU JETPUTU3AIIUU I'A3A B YCJIOBHUAX
BO3HUKHOBEHMUSI IIOKAPA

M. b. Pozenukesuy, A. H. Bykun, C. A. Mapynuu, FO. C. Ilak

Poccuiickuii xuMuko-TexHosornueckuii yuusepeutet uM. 1. . Menneneesa

B nmoxmazge mpencTaBiIeHBl pe3yabTaThl H3YUEHHUS aKTHBHOCTH THAPO(OO-
Horo (H1P, Slmomwms) m aByx ruapodmmsaeix (PY/AI203, npowmssoxuTens
N.E. Chemcat Corporation, Sdmonus u Johnson Matthey, Bemuko6Gpuramms)
KaTaJM3aTOPOB B COCTaBE CHCTEMBbI IETPUTAIIMU Ta30BBIX MOTOKOB Ha SIEPHBIX
00BeKTax M UX IMOBEJCHUE B YCIOBUIX BO3HUKHOBEHHS HOXKapa.

DKCIIEpUMEHTHI IOKA3aJId, YTO MPUMEHEHHE ruapodhoOHOr0 KaTtanu3aropa
H1P nns oxucneHus Bomopoja IMpu KOMHATHOW TeMIepaType B CUCTEME JeT-
puTu3auuy Bo3mMoxxHo. OJTHAKO MpH T0Kape BO3JEHCTBHE MPOAYKTOB CrOPaHHMs
Ha Karaju3aTtop B paboueM IMOMEIIEHHH 3HaYuTeNbHO (B 6—7 pa3) cHIKaer
KaTaIUTHYECKYI0 aKTUBHOCTH, )K€ TIPH YCIOBHH, YTO ABIMOBEIC T'a3bl MOCTY-
MAlOT B KaTaJUTUYCCKUN PEaKTOp, HaXOMAIIUICS MPH KOMHATHOW TeMIIepary-
pe. Eme ogHMM BaKHBIM pe3yJIbTaTOM JAaHHOTO HCCICIOBaHHS SBIACTCSA TO,
9TO TIPU MOXKape B IOMEIICHUH, T/Ie PACIIONIOKEH MpeIHa3HaYeHHBIH 11 pado-
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TBI NIPY KOMHATHOM TeMIepaType peKoMOMHATOp, 32 CHET HOoXKapa BO3MOXKHO
MOBBILIEHUE TeMIlepaTypsl peakTopa 10 200 °C mpu KOTOpoii 3TOT KaTaau3aTrop
HE TOJBKO OyJeT pa3pyllieH, HO M MOXET CTaTh MCTOYHHKOM IOXKapa. DTOT
(akT ciexyeT y4uTHIBaTH NPH HPOEKTHPOBAHWM KOMIUIEKCA AETPUTU3AINH.
ITIpoekt B cilygyae BO3HHUKHOBEHHMS TIOKapa JIOJDKEH oOOecrmednBaTh Iepe-
KIIFOUCHHE MTOTOKA BO3JyXa HAa PEKOMOMHATOP, PACIOI0KEHHBIH B JPYroM I0-
MEIICHUH.

Snonckuit runpoduibHeii kKatanuzatop Pt/Al>Os, paboTaroiuii npu Tem-
neparype 200 °C, neMOHCTpUpYeT BBICOKOE 3HAUE€HHE KOHCTAHTHI CKOPOCTH
npolecca OKHCIEHHUs BOIOPO/a, Ha KOTOPYIO IPAKTHYECKH HE BIUSIET KOHIEH-
Tpays Bogopona. OJHAKO OKHCIICHHE Ha KaTalu3aTope OpraHMYeCKHX COe-
HEHuil, 00pa3yloIUXCsl MPH CrOPaHMU H3OJALUHM SJICKTPUICCKUX Kabenew,
MPUBOANT K HEKOHTPOJIMPYEMOMY IOBBIIICHUIO TEeMIEpaTypsl peakropa. Ca-
MOIIPOM3BOJIFHOE BO3TOPAHUE 3THX COEAWHEHWH B JWHHUM ITIOJBOJA JBIMOBBIX
ra30B K PEakToOpy MpeACTaBIIeT COO00H yrpo3y coxpaHeHHs paboTOCIIOCOOHO-
CTH KaTalu3aTopa B CIydae I0XKapa Aake B MOMEHICHUSX, 0OCITYKHBAIOIINX
CHCTEMY IETPUTH3ALNH, HE TOBOPS yXKe O MoKape B MOMEIIECHHSX, TA€ pacIo-
J0KeH caM pekoMOuHatop. I1oaToMy 3TOT KaTaau3aTop HE CIedyeT PEKOMEH-
JIOBATh JJIS1 UCIIOJIb30BAHUS B CUCTEME JETPUTHU3AIINH.

JIpIMOBBIE ra3bl, MPOXOISIKE Yepe3 BTopoit katanuzarop Pt/Al203, Takke
MPUBOIST K MOBBIIICHUIO TEMIIEPATYPHI, HO JIO0 TOPa310 MEHEE BBICOKOTO YPOB-
Hi. D¢ dexTa Bo3ropaHusi OPraHMICCKUX COCITUHEHUH, COACPKAIMUXCS B JIbI-
MOBBIX ra3ax, He HaOII0anock. DTO 03HAYAET, YTO JAHHBIM KaTaIM3aTOP MO-
XKET ObITh PEKOMEH/IOBAH ISl MCIIOIb30BaHMS AJISI TPAKTUIECKOTO HCIIONB30-
BaHMS B CUCTEMax OYMCTKH ra30BbIX IOTOKOB.

THE PROBLEM OF USING CATALYSTS FOR GAS DETRITIATION
IN FIRE CONDITIONS

M. B. Rozenkevich, A. N. Bukin, S. A. Marunich, Yu. S. Pak

D. Mendeleev University of Chemical Technology of Russia

This report provides ehe results of studying of the activity of the hydro-
phobic (H1P, Japan) and two hydrophilic (Pt/Al,O3, manufacturer by
N.E. Chemcat Corporation, Japan, and Johnson Matthey of type 73, Great Brit-
ain) catalysts as a part of the detritiation system at nuclear facilities and its be-
havior in simulation of the fire.
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An application of H1P hydrophobic catalyst for the hydrogen oxidation at
a room temperature for the detritiation system shows that it is possible. Howev-
er, the exposure of the combustion products to the catalyst in case of a fire in
served premises very significantly (6—7 times) reduces the catalytic activity
catalyst even if the fume gases will come to the catalytic reactor kept at a room
temperature. One more important result of this study is that in case of a fire in
the premises where room temperature recombiners are located, a raise in the
temperature of H1P catalyst to 200 °C is possible; therefore, this catalyst will
not only be destroyed but also could be a source of the fire. This fact should be
taken into consideration during the design of the detritiation facility. The design
should ensure that if a fire is in the premises where the recombiners are located,
the air flow should be switched to another recombiner located in another room.

Japan Pt/Al,O3 hydrophilic catalyst kept at a temperature of 200 °C shows
a high apparent rate constant, which practically is not affected by hydrogen
concentration. However, an intensive oxidation in the catalyst of the organic
compounds formed during the combustion of electrical cables, which leads to
uncontrolled raise in a temperature in the reactor. Uncontrolled ignition of
those compounds in the line delivering the fume gases to the reactor is a threat
to save operation in case of a fire even in the premises served by the detritiation
system not speaking about a fire in the premises where the recombiners are
located. Therefore, this catalyst should not be recommended for a use in the
detritiation system.

The fume gases passing through the another Pt/Al,O3 catalyst also in-
crease the temperature but to much less higher level. The effect of the ignition
of the organic compounds formed during combustion of the fume gases was not
observed. This means that this catalyst can be recommended for use in gas
stream detritiation systems.
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ABTOMATU3AIIUA USMEPEHUI BHYTPEHHEI'O TPEHMSI
B CINTABAX PA3JIMYHOI'O MTPOU3BOJACTBA

A. H. Yykanos', A. A. Axosenxo?® E. B. Ljoii*, M. IO. Mooenog®

Tynbckuii rocyjapcTBeHHbIH Nearorudeckuii yHUBepCUTeT
nM. JI. H. Toncroro», Tyna, Poccus.
alexchukanov@yandex.ru; tsoyev@tsput.ru
2000 «Metamnypr-Tynamamy, Tyna, Poccus.
despozisiyal00@yandex.ru
3000 «Tynbckue MexaTpoHHbIE cucTeMBI», Tyia, Poccust.
m.modenov@yandex.ru

BBenenue. DQQexTr BIUSHUS BOJOPOJA B TBEPABIX TeJlaX 00YCIOBJIECHBI
JIETKOCTBIO €r0 NMPOHUKHOBEHHS B MEXAOY3JIMS KPUCTAIIIMYECKOW pEIIeTKH
pacTBOpHTENS M B3aUMOJIEHCTBHEM C JJIEMEHTaMHU CTPYKTYphl. Bo3Hukaroniue
IIPY 3TOM MHKPOHAIPSHKEHUS, OT CMELIEHHsS aTOMOB PacTBOPHUTEJNS M3 II0JIO-
KEHUH PaBHOBECHS, MCKaXXAIOT AMHAMUKY W MEXaHH3M B3aUMOJCHCTBUS Jie-
(heKTOB CTPOCHHS, H3MEHss CYOCTPYKTYpY pactBoputensi. Popma HaXOkKICHHA
(aTOMBI, MOJIEKYJIbI), KOJIMYECTBO M IYTH MHIPALMH BOIOPOJA HPEICTABISIOT
OOIIBIIION WHTEpEC IS OLEHKH PabOTOCTIOCOOHOCTH METAJUIOB H CIUIABOB B KOH-
CTPYKLMSAX aTOMHBIX PEAKTOPOB, KOHTAKTHPYIOIIUX C H30TOMaMH BOZOPOIa. DTO
00YCIIOBIICHO HEOOXOAUMOCTBIO H3yYEHHS] MEXaHH3MOB M3MEHEHHS UX CTPYKTY-
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PBL, a TakKe (UINKO-XUMUYCCKUX U (PU3MKO-MEXaHUYCCKUX CBOWCTB TOJ BO3-
JICHCTBUEM BOJIOPOJI, JUTS IPOTHO3UPOBAHHUS JUTUTEIILHOCTH IKCIUTyaTallH.

TpagunnoHHBIE METOIBI KOJTMYECTBEHHON aHali3a BOAOpoaa (BaKyyMHas
AKCTPAKITUs ), OTpaHUYeHBI rabapuTamMu 00pa3ioB. [IpuMeHeHne SIEKTPOXUMH-
YEeCKOTO aHaJIM3a HACHIMICHUS METAJIOB BOJOPOJOM HEIOCTATOYHO 0OOCHOBa-
HO. [ToMrMO Bcero, HEJOCTATKOM YKa3aHHBIX METOJOB SBIIIETCS HEBO3MOXK-
HOCTB OIIEHKH TEKYIIIETO COCTOSIHHUS BOJIOPO/a B 00BEKTe 1 ero IN Situ BIusHus
HAa 3JIEMEHTHI CYOCTPYKTYPHI M CTPYKTYPHI O0BEKTa.

Bwmecre ¢ Tem JaBHO U3BCCTCH MCTOM, HO3BOH}HOIJ1HI7[ OLICHUTHb HE TOJIBKO
KOJIMYECTBO TOTJIOIIEHHOTO BOI0poa, MU (y3HOHHBIE TYTH €ro TPAHCIIOPTH-
POBKH, HO U 3HEPTUI0 CBSI3U METaNIOB-PACTBOPHUTENEH ¢ HUM. DTO MeETOf
BHyTpeHHero Tpenus — BT (win mexanmueckas cnexrpockornus — MC). BT
CIIy’>KUT MEpOH paccesHHUs SHepruy B TBEPJAOM Tejle B Ipoliecce Iepuoauye-
cKoro ero aehopMUPOBaHUs U onpenelsiercs: GU3NIECKUMH IpolieccaMt, Ipo-
TeKaromuMu pu 3ToM. MC 3akimodaercss B BO30YKICHHA MEXaHHYECKUX KO-
nebaHuil B UCCIeAyeMbIX o0Opasnax u mposeneHnn m3Mepenuit BT u momyneit
YOPYrocTH Ha 4acToTe BO3OYKICHMs/pe3oHaHca oOpasna. Bricokas gyBcTBU-
TENBHOCTh, CPAaBHUTEIBbHAS MTPOCTOTA peaTU3aluy U OONBIION 00beM ToIyda-
eMoii mHpopManuu o MU Py3UHd BOAOPOIa, €r0 BIUSHUN Ha TUHAMUKY Aedek-
TOB CTPYKTYPHI, (pa30BbIe TIEPEXObl TTO3BOIISIET peKkoMeHoBaTh meton BT kak
HepCHeKTHBHLIﬁ 1A CUCTEMATUYECCKOI'0 HMCCICAOBAaHNUA MEPCUYUCICHHBIX IIPO-
LIECCOB.

Lenp pabotel. Co3manne ycTaHoBKM MC HOBOTO MOKOJICHHS, OTBEUalo-
el TpeOoBaHUAM TOJTHOM aBTOMAaTH3allUUd W3MEpPEHUH, BBICOKOH MoMexo3a-
IIWIICHHOCTH, BBICOKOH pa3pemraroneid CriocoOHOCTH, MPOCTOTE YIPaBICHUS,
COBMECTHUMOCTBIO C COBpeMEeHHBIMU cpenamu [10.

Meronuka uccrnenopanuii. B xonne 20-m Beka usmepenuss MC (BT), tpe-
0OBaIM TPOMO3IKUX aHAJIOTOBEIX YCTPOHCTB: 3BYKOBBIX T€HEPATOPOB, OJIOKOB
(GWIbTpAallUN CUTHAJOB, aMIICPMETPOB, OCIILIOrpad)oB, IUCKPUMHHATOPOB,
MIEPECUYCTHBIX YCTPOWCTB, CaMOIHKCIICB, HCTOYHHKOB TOKAa, pETYJIATOPOB
HATIPSDKCHUS TIeUeH U T. . DTU MPUOOPHI OTPEOIISIIH MacCy YHEPTUH, 3aHUMA-
JI1 MHOTO MecTa M OBUIH CIOXHEI B ynpanieHnu. [lomyderHyro uH(pOpMAaImio
3a9acTyi0 3alHCHIBAIM B JKypHall JJISi MOCTPOCHHS TPadUKOB 3aBHCUMOCTEH
BT. C coBeplieHCTBOBaHHEM DJJIEMEHTHON 0a3bl 4acTh TEPEYUCIICHHBIX
YCTPOWCTB 3aMEHMJIIH Ha 3JIeKTpOHHBIE. Y cTaHoBKH MC cranu kommakTHee. Ux
paboty cBszanmu ¢ I1K, ato0s1 coxpaHiTh, 00pabaThIBaTh U BU3YaTN3UPOBAThH
HHPOPMALIHIO.

Opnnako, anroputm namepennii MC ocraBancsi apxanuHbM. [laxke moiry-
ABTOMATHYCCKHUI PEXKHUM PabOTHI YCTAHOBOK TPeOOBa MOCTOSIHHOTO KOHTPOJIS
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KBanupuuupoBaHHoro omnepartopa. CkopocTh ero u nossusmierocs 10 peak-
LMY Ha M3MEHEHUs! B MOBEAEHHH 00pa3loB ocTaBajach HHU3KOH. Perymmposka
temnepaTypHbeIx pexxumoB (ITH/]]) He Oputa maBHO#. OTCTaBaHWE B KOHCTPYK-
TuBe yctaHoBok MC OBIIO CBSI3aHO C yTpaToil mHTEpeca K MeToxy Ha (oHe
OTCyTCTBUS (yX0[a) KBaJHU(HUIIMPOBAHHBIX HAYYHBIX KaJIpOB, CIIOCOOHBIX pe-
I1aTh COBPEMEHHBIC 3a/1a49H.

PesynbraTel uccnenoBannii. C NOSBICHHEM MHKPOIPOLECCOPOB H MUKPO-
KOHTPOJUIEPOB, CO3aHHEM HOBBIX CPEICTB MPOTPAaMMHPOBAHUS OTKPBUINCH
IMUPOKUEC MEPCHEKTUBLI IJI COBEPIICHCTBOBAHUA MC B HUCCICAOBAHUN MaATC-
puajioB KakK TpaJUuIIMOHHBIX (CHI/ITKOB])IX), TaK U HWHHOBAIIMOHHBIX (aﬂ)ll/lTI/IB-
HBIX) TEXHOJOTMH NHpOM3BOJACTBA. [IporpaMmHasi sMymnsuus psfa yCTPOHCTB
MO3BOJIMJIAa 3aMEHHUTH 00JIbIyI0 YacTh npubopoB MC xopommm I10. [{ns uz-
MEpeHHuil cTana HeoOXOoAuMa TOJIBKO KOHCTPYKIUS KpeIuleHHs obOpasia, Tep-
MO/KpHOKaMepa, NaT4uK/JaT4YMKi ¥ KOMILUIEKCHas IulaTa, COYeTarolas C Io-
momsio [1O ¢yHKIME ocTaimpHBIX NpuOOpOB. Mcmonap30BaHME COBPEMEHHON
MHKPOIIPOIIECCOPHON TEXHUKH ITO3BOJICT CO3[aTh YJIbTPAKOMIIAKTHYIO yCTa-
HOBKY MC, HCKIIIOHYAIOIIyI0 BIMSHUE omeparopa Ha pe3yisTar. CrenaTb ee
paboTy BBICOKOCKOPOCTHOW. [IpakTHueckn MTHOBEHHO HACTpauBaThCA Ha pe-
30HaHC cHUCTeMBbl M u3MepsaTh BT, neMmndupyromyo crnocoOHOCTb, MOIYNH
YIPYroCTH ¢ MUHMMAJILHBIM IIIaroM I10 aMIUTUTY e B TeMirepatype. CoxpaHsTh
nH(pOpMaLHUIO PECTaBIATH €€ rpadUIeCKH.

BriBoabl. MuUKpONPOLECCOPHBIA anmapaTHO-IIPOrPAMMHBIM  KOMILIEKC
(AIIK) MC coznanu crermanuctel TI'TIY um. JI. H. Toncroro. Ilpomomxkas
Tpaguimuu Tynbckodt meTtamtodmsuueckod mkoidsl MC, OHH COBMECTHO C
00O «Tynsckue mexatponssie cucteMb» u OO0 «Tynsckue 1mudpoBie pe-
LIEHUsT», pa3paboTajyl YHHMBEPCAJIBHYIO LEHTPAJIbHYIO IUIATYy YIPABICHHS C
MHUHHATIOPHBIMU TPHHUMAIOLIMMHE IIIaTaMu, a Takke KommuekcHoe 10 s
yIpaBJIeHHUs MPOLIECCOM H3MepeHus 3apucumocteil BT B yacToTHOM anamnazone
or 10-20-10° ¢™.

[Ipu pazpadotke AIIK mcronabp30Baid METOABI TEOPHU U pacyeTa U MpOoeK-
TUpOBaHMs (YHKIIMOHAIBHBIX aBTOMaTH4YeCKuX cucreM ympasienus (ACY),
¢u3uKK KoyiebaTeIbHBIX IPOLECCOB, MEXaHUKU MaTepHajioB, HECOBEPLICHHOMH
ynpyrocti. CXeMOTEXHHYECKHE PEIICHNs BBITIOJIHUIN Ha 0a3e MUKPOKOHTPOII-
nepoB stm32f429vet6 u stm3290 ¢ mukpoc6opkoit Ha OY OP2177 aust tudpo-
Boro aHamm3a curHama Ha AIIT-IIAIT 12 6ur. [IporpamMMmHYyIO pean3aliuio
peammzoBamu B cpere Keily uVision ¢ momempoBatmeM paGoThl MPOTOTHIIA
AIIK B cpene Proteus 8. Ha BrITIOTHEHHBIE peIIeHNs ITOIaHbI 3aBKH HA TTaTCH-
THI U TOXy4eHBl 4 CBHIETEIhCTBA O TOCYNapCTBeHHOW peructpanuu [10 mist
ATIK.
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AUTOMATION OF INTERNAL FRICTION MEASUREMENTS
IN ALLOYS OF VARIOUS PRODUCTION

A. N. Chukanov!, A. A. Yakovenko?, E. V. Tsoi!, M. Yu. Modenov®

Tula State Pedagogical University named after L. N. Tolstoy, Tula, Russia
alexchukanov@yandex.ru
2000 Metallurg-Tulamash, Tula, Russia
despozisiyal00@yandex.ru
3000 «Tula Mechatronic Systems», Tula, Russia
m.modenov@yandex.ru

Introduction. The effects of hydrogen in solids are due to the ease of its
penetration into the interstices of the solvent crystal lattice and interaction with
structural elements. The resulting micro-stresses, from the displacement of sol-
vent atoms from equilibrium positions, distort the dynamics and mechanism of
interaction of structural defects, changing the substructure of the solvent. The
shape of the location (atoms, molecules), the amount and migration routes of
hydrogen are of great interest for evaluating the performance of metals and
alloys in the designs of nuclear reactors in contact with hydrogen isotopes. This
is due to the need to study the mechanisms of changing their structure, as well
as physico-chemical and physico-mechanical properties under the influence of
hydrogen, in order to predict the duration of operation.

Traditional methods of quantitative analysis of hydrogen (vacuum extrac-
tion) are limited by the size of the samples. The use of electrochemical assess-
ment of metal saturation with hydrogen is insufficiently justified. In addition,
the disadvantage of these methods is the inability to assess the current state of
hydrogen in the object and its in situ effect on the elements of the substructure
and structure of the object.

At the same time, a method has long been known that makes it possible to
estimate not only the amount of absorbed hydrogen, the diffusion routes of its
transportation, but also the binding energy of solvent metals with it. This is the
internal friction method — IF (or mechanical spectroscopy — MS). IF serves as a
measure of energy dissipation in a solid during its periodic deformation and is
determined by the physical processes occurring during this process. MS con-
sists in the excitation of mechanical vibrations in the samples under study and
measurements of IF and elastic modulus at the excitation/resonance frequency
of the sample. The high sensitivity, comparative simplicity of implementation
and the large amount of information obtained on hydrogen diffusion, its effect
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on the dynamics of structural defects, and phase transitions allows us to rec-
ommend the IF method as promising for the systematic study of these processes.

The purpose of the work. Creation of a new generation MS installation
that meets the requirements of full measurement automation, high noise im-
munity, high resolution, ease of control, compatibility with modern software
environments.

Research methodology. At the end of the 20th century, measuring MS
(IF) required bulky analog devices: sound generators, signal filtering units,
ammeters, oscilloscopes, discriminators, recounters, recorders, current sources,
furnace voltage regulators, etc. These devices consumed a lot of energy, took
up a lot of space and were difficult to control. The information received was
often recorded in a log to plot the dependencies of the IF. With the improve-
ment of the element base, some of the listed devices were replaced with elec-
tronic ones. MS installations have become more compact. Their work was con-
nected to a PC in order to save, process and visualize information.

However, the MS measurement algorithm remained archaic. Even the
semi-automatic operation of the installations required constant monitoring by a
qualified operator. The rate of its occurrence in response to changes in the be-
havior of the samples remained low. The temperature control (PID) was not
smooth. The lag in the design of MS installations was associated with a loss of
interest in the method against the background of the absence (departure) of
qualified scientific personnel capable of solving modern problems.

The results of the research. With the advent of microprocessors and mi-
crocontrollers, the creation of new programming tools, new opportunities have
opened up for improving MS in the study of new materials, both traditional
(ingot) and innovative (additive) technologies. Software emulation of a number
of devices made it possible to replace most of the MS devices with good soft-
ware. For measurements, only the mounting structure of the sample, a ther-
mo/cryocamera, a sensor/sensors and a complex board combining the functions
of other devices became necessary. The use of modern microprocessor technol-
ogy allows you to create an ultra-compact installation that eliminates the opera-
tor's influence on the result. Make her work faster. Almost instantly adjust to
the resonance of the system and measure IF, damping capacity, elastic modulus
with a minimum step in amplitude and temperature. Save information and pre-
sent it graphically.

Conclusions. The microprocessor hardware and software complex (HSC)
MS was created by specialists of TSPU named after L.N. Tolstoy. Continuing
the traditions of the Tula Metallophysics School of MS, they, together