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VccnefoBaHve NOCBALLEHO M3YUEHUIO BAUAHWUS 061yYeHWs ra30BbIMW KNACTEPHLIMU MOHAaMW aproHa Ha Mop-
thonoruio 1 coctas noeepxHocTu cnnasa Hastelloy C-276, npuMeHAeMOro B Ka4ecTBe MOA/MI0XKKMN AN BbICOKOTEM-
nepaTypHbIX CBEPXMPOBOAALLMX IEHT 2-r0 MOKOMeHUs. MeToAOM aTOMHO-CU/IOBO MUKPOCKOMNWU MOKas3aHo, YTo
KfiacTepHoe 06yyeHMe N0 HOPMaIM K MOBEPXHOCTM NPUBOAMT K CrIaXWMBAHUIO pe/nbeda B AMana3oHe npocTpaH-
CTBEHHbIX YacToT 107-10- HM-1, ycTpaHss nepenajbl BbICOT Ha rpaHuLax 3épeH. B HaHoMacLuTabe (4actoTbl >10-
HM J) LepoxoBaToOCTb HECKO/bKO BO3pacTaeT. C NOMOLLbIO PEHTIEeHOBCKOW (DOTO3NEKTPOHHOM CNEKTPOCKONUM Bbl-
AB/IEHO 3HaUMTENbHOE 06eiHEHME MOBEPXHOCTM XPOMOM M MO/IMOAEHOM, YTO NPYBENO KYBENIMUYEHNIO KOHLEHTPaLMK
Hukens 4o 90%. Kpome Toro, 061yyeHve nog yrnom 45° K noBepxHOCTU CHOPMMPOBAIO MEPUOANYECKUIA HaHOpe-
nbed). MonyyeHHble pe3ynbTaTbl AEMOHCTPUPYIOT MEPCNeKTUBHOCTb UCTONb30BAHUSA Fa30K1aCTEPHOro 061yYeHus
AN MOAMMMKALMK NMOBEPXHOCTU MOAJIOXEK C LIEMNbH0 YNyYLLeHUs KavecTBa 6y(hepHbIX 1 CBEPXMNPOBOAALLMX C/I0EB B
BTCI1-neHTax.

KntoueBble CnoBa: rasoBble KMacTEPHbIE MOHbI; BLICOKOTEMMEPATYPHbIE CBEPXMPOBOASLLME NEHTLI; MOAUGDUKA-
LISt NOBEPXHOCTM; HAHOCTPYKTYPUPOBAHUE; aTOMHO-CU/I0BAsi MUKPOCKOMMS.
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This study investigates the effects of gas cluster ion beam irradiation on the surface morphology and chemical
composition of Hastelloy C-276, a nickel-based superalloy widely used as a substrate for second-generation
high-temperature superconducting tapes. The research focuses on optimizing the substrate surface to enhance the
quality of subsequently deposited buffer and superconducting layers, which are critical for the performance of HTS
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tapes. The experiments were conducted using argon cluster ions with an energy of 10 keV and an average cluster size
of 1000 atoms, at a fluence of 1056ions/cm2 Irradiation was performed both at normal incidence and at a 45° angle to
the surface.

Atomic force microscopy revealed that normal angle irradiation significantly reduces surface roughness in the
spatial frequency range of 10310~i nmy eliminating height variations at grain boundaries. However, at higher
frequencies (>10 ~nm4), a slight increase in nanoscale roughness was observed without altering the overall surface
morphology. X-ray photoelectron spectroscopy analysis demonstrated a substantial depletion of chromium and
molybdenum from the surface, resulting in a nickel-enriched layer with over 90% Ni content.

Notably, sliding angle (45°) irradiation induced the formation of a periodic nanoscale ripple pattern, with an
average period of 41.5 nm and a height modulation of up to 7 nm. This nanostructuring effect could potentially be
utilized to engineer surface topography for improved epitaxial growth of functional layers. The findings highlight the
potential of cluster ion beam processing as a versatile tool for surface modification of metallic substrates in
superconducting tape manufacturing, offering control over both topography and composition.

Keywords: gas cluster ion beams; high-temperature superconducting tapes; surface modification; nanostructuring;
AFM.

BBegeHune JlomoHocoBa [5] MyYKOM KNacTEPHbIX VOHOB
CnnaB Hastelloy C-276 oTHOCUTCA K Ka- aproHa c sHepruein 10 k3B u cpegHum pas-
TEropmn HUKeNeBbIX Cynepcnnasos, OT/K- mepom 1000 atomoB. ®toeHC 06/1yyYeHUs
YaloLLMXCSH BbICOKOW MPOYHOCTbLIO, KOPpO- coctaenan 1016 noHos/cm2. O6nyyYeHUe Bbl-
3MOHHOW CTOWMKOCTbKD M >KaponpOYHOCTbIO, MOJSIHANOCL MO HOPManuM N NOA YrnoM yriom
M3-3a Yero ux MNPUMEHAKT npu paboTe B 45° K NOBEPXHOCTN.
9KCTPeMa/bHbIX  YCNOBUAX.  YKa3aHHbIN Tonorpaguns nOBepPXHOCTM [0 W nochne
CnnaB UCMONb3YeTcA B MPOM3BOLCTBE BbICO- 06nyyeHus 6blna wuccnefoBaHa MeTOAOM
KOoTemnepaTypHoWi CBEPXMNPOBOAALLEN aTOMHO-CMN0BON  MuKpockonun  (ACM).
(BTCI) neHTbl 2-ro NOKOMEHMs, B KOTOPOWA M3mepeHua npoBOANINCE B MONYKOHTAKTHOM
BbICTYMaeT B KayecTBe MOANOXKU. Takas pexxume. AHanM3 W3MeHeHWsa cocTasBa no-
NeHTa npejctaBnser coboin MeTaninyeckyto BEPXHOCTHbLIX C/I0EB CnjaBa MPOBOAMICH C
NOANOXKY, Oy(epHbIli cnoii n cnoii ceepx- MOMOLLbHO PEHTIEHOBCKOMN (DOTO3NEKTPOHHOIA
NpoBOA4HMKa BTOPOro poja, MOKPbIBAEMOrO cnektpockonuu (P®3C).
3aWMUTHbIMK cnosamMn cepebpa n meau. by-
(hepHbIn cnoii npepoTBpaliaeT B3aMMOfeN- O6ny4yeHne No Hopman
CTBMA CBEPXMPOBOAALLErO C/I0A C MaTepua- lMoBepxHOCTb 06pa3uoB 6bina yxe fo-
NIOM NOAMOXKN. Mopgonorma noBepxHOCTU CTAaTOYHO TrNafKOW nocne 3MeKTPOXuMmye-
MOAMOXKMN M ocaxjaemoro 6ydepHoro cros CKOW NONIMPOBKWN, 04HAKO Ha Heil 0cTaBa/inCh
onpegensieT KayecTBO CBEPXNPOBOAALLEro HEeO4HOPOLHOCTH, CBA3AHHbIE C rpaHuLamm
cnosa [1, 2]. MyTem 061y4YeHUs KNacTEPHbIMM 3epeH.
NOHAMV MOXXHO MNPOM3BOAUTL CriaXuBaHue Ha pucyHke 1 npeacTaBneHbl M3ob6paxe-
MOBEPXHOCTU M MOAUGMKAUUIO cocTaBa Mno- Hua ACM noBepxHOCTW cnfasa O M Mochne
BepXHOCTM [3, 4], 4TO MOXeT no3BOJINUTb 00/y4YeHUs MYYKOM ra3oBbIX KAaCTEPHbIX
YNYULWKNTb KauecTBO 6ydepHOro cnos. MOHOB. paHuLbl 3epeH, 3amMeTHble Ha Heob-
pPaboTaHHOW  MOBEPXHOCTWU,  3HAYUTENbHO
MaTepuasnbl N MeToAbl UCCef0BaHUA CraXuBalTCs Mocne BO3AEWCTBUSA  Kna-
B KauyecTtBe MWLIEHM WCNOMb30BaNachb CTEPHbIX NOHOB aproHa.
npoMblLleHHaa neHTa n3 cnnasa Hastelloy CpefHekBagpatmnyHas LLIepoX0BaToOCTb
C-276 TONWMWMHOK 40 MKM W LWNPUHOK 12 MM. Heobny4dyeHHOro obpasya coctaBuna 2.9 HM
Pasmep 06ny4aemblx 06pa3LoB COCTaBMAN ana obnactm ckaHmpoBaHMA 10x10 MKM w©
12x12 wmm. O6pasubl npowan npeasapu- 0.25 HM ana o6bnactn 1x1 MKMm. KnactepHoe
TENbHYK 3/1eEKTPOXUMMUYECKYHO TMOJIMPOBKY. 06/y4YeHMe MO3BOJIN/I0 3HAYUTENIbHO Cr/a-
O6nyyeHMe nNpoBOAWSIOCL HA YCKopuTene OWUTb pefibed MOBEPXHOCTU B [Mana3oHe
rasoBblX KiacTepHbiX MoHoB MI'Y um. M.B. MPOCTPaHCTBEHHbLIX 4YacToT oT 10-3 go 10-1
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HM-1 [pn 3aTom B 06/1aCTU NPOCTPAHCTBEH-
HbIX 4acToT cBblwe 10 HM” Habnwpgaetcs
yBe/IMYEHNE  LLIEepOXOBaTOCTU, HO  Kaye-
CTBEHHOro W3MeHeHWs Mopdonorum  no-
BEPXHOCTWU Ha 3TOM MaclTabe He NMPoOUCXO-
anT.

@) )

Puc. 1 ACM wn306paxKeHne NOBEPXHOCTU 3M1EKTPO-
MO/IMPOBAHHONO CrJ/iaBa @) Ao 1 6) nocne ob6yyeHns
K/acTepHbIMU MOHaMK aproHa. Pasmep o6ract cka-
HUpoBaHusa cocTasnseT 10x10 MKm

AHann3 metogom P®3C nokasan, 4TO
06paboTKa KnacTepHbIMW MOHaMK NpuBena K
00efJHEHNIO MOBEPXHOCTM XPOMOM U MO-
nnébaeHom, 6onee 90% cTan COCTaBNATb HU-
Kenb. ®as30Bblil COCTaB He npeTepnen 3Ha-
UNTE/bHbIX M3MEHEHWIA.

O6ny4eHune nog yrnom 45°

Mpu ckonb3awem yrine 061yvYeHUs Ha
NOBEPXHOCTU (POPMUPYETCA NEPUOLUYECKMIA
HaHope/nbed € BOSIHAMU CO CPeHUM Mepuo-
fom 415 HM “ nepenagom BbICOTbl 7 HM,
NepneHAnKYNAPHbIMM  HanpasfeHU0 MNpo-
eKLMN HanpasieHUsa My4yKa Ha NOBEPXHOCTH.
CHumok ACM nonydyeHHOro HaHopenbega
npeactaeneH Ha puc. 2.

Puc. 2. ACM wn306paxkeHne MOBEPXHOCTM Crasa,
06/1y4EeHHOr0 KNacTepHbIMU MOHaMK aproHa Mog yr-
niom 45°

3ak/oyeHune

MpoBefeHHOe  nccnefoBaHWe  AEMOH-
CTPUPYeT NOTEeHLMaN ra3oBblX KNaCTEPHbIX
WOHOB A1 MOAU(MKALUN NOBEPXHOCTU HU-
KefieBbIX CyrnepcnnaBoB.

O6nyyeHne no Hopmanum 3PHEKTUBHO
CriaXunBaeT pefbed, ycTpaHas HEOAHOPOS-
HOCTU, W MO3BOMAET LOCTUTHYTb 3HAYUTESIb-
HON CcTeneHW OAHOPOLHOCTU coOCTaBa no-
BEPXHOCTU.

O6nyyeHne nop yrnom 45° nossonger
NpPon3BOAUTL HAHOCTPYKTYpupoBaHue. Ta-
KUM 006pasoM MOXHO KOHTPO/MpOBaTb pe-
nbed OydepHOro cnosl, KOTopblii Hacneayet
penbed MNOLNOXKW, a TakXe MOBbILWATb
npoyHocTs BTCI1 neHTbl 32 CUET yny4dLleHuns
agresnun 6yepHoOro cos.

WccnepoBaHme BbINOMHEHO 3a CYET rpaHTa
Poccuiickoro Hay4HOro (hoHAaa
Ne24-79-00125.
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