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Abstract. Nanoscale multilayer coatings (NMCs) have many advantages such as resistance to
corrosion, scratches and radiation. They also have high strength and toughness, which makes them
useful in industry. However, nanoscale multilayer coatings can be exposed to hydrogen, which can
lead to embrittlement and changes in their structure. To better utilize these materials, it is
necessary to study their structural changes after exposure to hydrogen. Hydrogen can lead to the
formation of complexes with material atoms and cause defect formation. Interfaces can also be sites
of hydrogen concentration. Zirconium and niobium, the nanoscale multilayer coatings used in this
work, have different characteristics. Zirconium suffers from hydrogen embrittlement, while niobium
can induce deformation by hydrogen accumulation. Therefore, it is necessary to investigate the
structural changes in such systems after hydrogenation. The hydrogenation pressure and time are
factors affecting the hydrogen concentration and distribution as well as the microstructure of the
coatings. The layer-by-layer analysis of structural defects was carried out by the Doppler
broadening spectroscopy (DBS) method using a variable energy positron beam.
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Beenenune

Hanopasmepnsie MmHorocnoitasie nokpbsitist (HMII), rcrionszyemble B siIepHOM 1 KOCMUYECKON
TEXHHUKE, MOTYT IOJBEPraTbCs HABOAOPAKUBAHMIO, KOTOPOE H3MEHSAET UX MHKPOCTPYKTYpy H
npUBOIUT K oxpymuuBanuio [1]. CormacHo TepMmoauHamuueckoi moaenu Bumypa u np., Bomoposa
NPEUMYILIECTBEHHO HakarumBaercs B PB-Zr (aze MUPKOHUH-HUOOMEBBIX CIUIABOB, YTO MPUBOJUT K
pacnany cyOcrabmibHOM [B-Zr (a3sl u mepepacnpesenieHnto Boxopoaa B cocemnue Zr u Nb
untepdeticol [2]. CreayeT OTMETUTb, YTO JUI MOKPHITUH CO 3HAUUTEIBHOW TOJIIMHONW OJHOTO CIIOS
(50-100 HM) CTPYKTYypHOE pacrpee/icHHe MOKPBITUS OCTACTCS HEM3MEHHBIM JIaKe MPH MPSIMOM
BO3/ICHICTBUM MPOTOHOB HA MOBEPXHOCTh. B MOKPBITHAX C TOHKOH MOHOCIOWHOW ToimmHoi 10-25
HM MPOTOHBI pa3pyIIalOT FPaHUILy pa3jielia MOKPBITUH, coxpaHsis Bogopo. [IpoToHHoe n3nydenue He
BBI3bIBAET CEPBHE3HBIX MOBPEXKACHUN MarepHajga U HE M3MEHSET CTPYKTYpy MHOKpbITHs. [lokpbiTHe
CTaHOBHUTCS 0Oo0Jjiee IUIACTUYHBIM M MEHee XPYNKHUM 3a CUeT HAKOIUIEHUS KOMILJIEKCOB BOJOPOJ-
BaKaHCHs, YTO CHMIKAET €r0 TBEPAOCTb. ODTH PE3YJIbTaThl MO3BOJSAIOT MPEANoaoxkuTh, uto HMII
Z1/NDb sBISIOTCS BO3MOKHBIM MaTEPHUAIOM, YCTOMYHBBIM K BO3/IeHCTBHUIO Bojoposa [3]. JanbHetimee
M3Y4E€HUE MUKPOCTPYKTYPHBIX N3MEHEHHUH ITOCIIE HAKOIIEHHSI BOJOPO/Ia UMEET PELIAOIEE 3HAUCHHE
JUIsl COBEPILIEHCTBOBAHMSI MPOLIECCa IPOU3BOJICTBA MOKPHITHH U YITYUIIEHHUs CBOMCTB MaTepHara.

Lenpto naHHON pabOTHI SBJISIETCS HCCIEIOBAaHHE 3aBHCHMOCTH Pa3IMUHBIX IapaMeTpoB
HaBOJIOpakuBaHus Ha JAedektHyro cTpykTypy HMIT Zr/NDb.
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JKCNepUMEHTAJIbLHAA YaCTh

OO6pa3ibl HaHOpa3MEpHBIX MHOTOCIOWHBIX TOKpeITHH (HMII) ¢ depenyrommmucs ciosMu
Zru Nb ObUIM HM3rOTOBICHBI METOJOM MAarHETPOHHOTO PACIbUICHUS Ha CIHCIHAIN3UPOBAHHOU
yCTaHOBKe, pazpabotanHoil B McciemoBarenbckom mieHTpe uMm b.I1. Baitn6epra HammonamsHOTO
uccinenosarenbckoro Tomckoro nosnutexHuueckoro ynusepcurera (Tomck, Poccust). ITonmoxku
MOHOKPHUCTAJUIMYECKOTO0 KpeMHHsI ¢ opueHtammeir (111) 3akperisauce B 3KCIEPUMEHTATIbHOM
KaMepe C IIOMOIIbI0O CHCTEMBI OCEBOTO BpaiueHus. bpuia moaroromneHa cepus o00pas3IoB
HMII Z1/Nb ¢ TommuHoi oTAeabHbIX yepeayrommxcs cinoeB 50 um (Zr50/Nb50). Obmias TonmuHa
MOKPBITUSA U1 BceX 0Opa3ioB cocraBuia 1.1 + 0.2 mxMm. Hackimenre BogopojoM OCYIIECTBIISIIOCH
Ha aBTOMaTu3upoBaHHOM komruiekce Gas Reaction Controller LPB ¢upmsr Advanced Materials
Corporation nmo merony CuBeprca. B kauecTBe MCTOUHMKA BOJOPOJA MCIOIB30BAJICS T€HEPATOP
Bogopoaa HyGen 200 ¢upmsl Proton. UnctoTa renepupyemoro Bogopoaa coctaBmia> 99,9995 %.
HaBopopoxuBanue npoucxouiio B aBTOMaTH4YeCKOM pexxume npu temmeparype 350 °C (ckopocThb
HarpeBa 6 °C/muH.). OXJIaKIeHHE OCYIIECTBIUIOCh B CPEIe BOJIOpOJa CO CKOpOocThio 5 °C/MuH.
3HaueHus JaBJICHUS, TEMIIEpaTypbl U KOJIMYECTBO IOIVIOIIEHHOTO BOJOPOJA 3alMCHIBAINCH Ha
IIK ¢ 3aganHOl mepuoIu4YHOCThIO. Pa3nuunoe pacrpeneneHue BoAopoaa B oOpas3lax 3aJaBajlioch
JIaBJIEHUEM, KOTOPOE BapbUPOBAIOCH OT 2 710 20 aTM. PU TPEXYacOBOI BBIIEPIKKE € COAEPKAHUEM
Bogopona 150 + 15 ppm. ConepkaHue BOIOpPOJAA OIPEAETSIOCh BPEMEHEM HaBOJOPOKUBAHUS
(ot 1 no 7 yacoB) npu MakcUMalibHOM AaBiieHuu 20 aT™ ¢ cojepkanueM Bojopoaa ot 165+10 ppm
no 370 £+ 15 ppm. IlocnoiiHelii aHamU3 CTPYKTYPHBIX J1€(EKTOB MPOBOJUICS METOAOM
JOTIEPOBCKOTO YITUPEHUST aHHUTWIISMOHHON yinauK (Y AJl) ¢ ucnoiap30BaHrEM MO3UTPOHHOTO
mydka nepemeHnHoil suepruu B OUSIU, r. Jlyona, Poccus. Mcnons3oBancs MOHOIHEPTETHYECKHIMA
IO3UTPOHHBIA ITyd4OK aMaMeTpoM 5 MM u wmHTeHcmBHOCThIO 10° ¢l Jlmamasom osmepruii
HMMILUTIAHTUPYEMbIX O3UTPOHOB cocTanisul oT 0,1 k3B 1o 22 k3B.

PesyabTaTsl
Pesynpratel nocnoitnoro ananuza JYAJI B HMII Zr/Nb HaBOJOPOXEHHBIX NIPU Pa3InIHOM
JABJICHUH U BPEMEHH IIPE/ICTaBICHbI HA PUCYHKE 1.
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YBenuueHue NaBIeHUS MPUBOAMT C CYIIECTBEHHOMY M3MeHeHHUto mpoduieit S/So u W/Wo,
IIPH ATOM HE HAOJIOJAeTCs POCT 3HAUCHHH S BBINIE MCXOJHBIX 3HAYCHUH, YTO HEXapaKTEPHO IS
BBICOKOTEMIIEPATYPHOTO HABOJOPOKUBAHUS METAIMYECKHX MaTepuanoB. HakoruieHue BOIOpO-
WHIYIIUPOBAHHBIX JE(PEKTOB, a TAKKE CTPYKTYpHO-(ha30BbIC IPEBPALICHUS COMPOBOMKIAOTCS
W3MEHEHHEM HWMITyJbCHOTO PACHpPEENICHUs, YTO B OCHOBHOM TPUBOAHWT K POCTY 3HAYCHHUU S,
MTOCKOJIBKY YBEITUYNBACTCS CBOOOTHBIN o0BeM, 30HIUPYEMBIi MO3UTPOHAMH.
[Tpu BeICOKOTEMITEPATYPHOM HABOJAOPOKUBAHUU METAJUTMUECKUX MATEPUATIOB, BaKaHCHOHHBIC
komruiekcel (mV), mpocteie (V-nH) u cinoxuple (mV-nH) Bomopo-BakaHCHOHHBIE KOMILICKCHI,
(bopMHpYIOTCS TOCTIEIOBATEIBHO B 3aBUCUMOCTH OT COZIEPKaHUs BOJOPOJa U (pa30BbIX IEpexo/10B,
OTIPENIENIIEMBIX YCIIOBUSIMH HABOJIOPOKUBAHMSI, TPUYEM MEPEXOJ OT MPOCTHIX KOMIUIEKCOB K
CIIO)KHBIM ~ OCYILECTBISICTCS BONMM3M TpaHUIBl (a30BBIX TIEPEXOJIOB. BeposTHO, CHIDKEHUE
mapamerpoB S/So (W/Wo1) B HMII Zr/Nb mnocie HaBOAOPOKMBAHUS IPOUCXOAMUT 3a CYET
HAaKOIUICHHUS BOJIOPOJIa B pEIIETKAaX METAUIOB M 00pa3oBaHWEM BOJOPOI-BaKaHCHOHHBIX
KOMILIEKCOB U THJIPUTIOB.

3akioyeHue

[TokazaHo, 4TO yBeNMYEHHWE JABJICHUS MPUBOAMUT K 0OJee PaBHOMEPHOMY pacCIpeieICHUI0
Bomopona B oObeme HMII Zr/Nb, conmepkanume mnpu 3TOM HE HU3MEHSETCS U COCTaBISIET
150 + 15 ppm. Habmogaercst TeHASHINS U30BITOYHOTO HAKOIUICHHS BOJIOPO/IA B CIOSX LIUPKOHUS.
VBenn4yeHne BpEMEHH HaBOJOPOXHBAHHUA OT 1 0 7 4acoB NMPUBOIUT B POCTY KOHIEHTPAIHU
Bojopoaa ot 165 £ 10 go 370 £+ 15 ppm.

Paboma evinonnena npu ¢unancosou noooepocxke Poccutickoeo Hayumozco gonoa

MNe 20-79-10343.
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