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CopmurpoBaHbl Ha MOAEPHU3MPOBAHHOM 3KCNepUMeHTalbHOM cTeHae BOUIMC-1 BakyyMHO-[yroBbIM Mas-
MEHHO-aCCUCTUPOBaHHBIM METOLOM TOHKME (00 2.5 MKM) NJEHKW BbICOKOIHTPOMUIAHONO Cnjaea CoOCTaBa
TiNbZrTaHf, 6/11M3koro K sKBMaTOMHOMY, /IETMPOBaHHbIE aTOMaMy MeAu M a30Ta, M UCCNef0BaHbl X CBOMCTBA,
3N1eMEeHTHbIV 1 (ha30Bblii COCTaB, a Takke AetheKTHas CyOCcTpyKTypa. PopmMMpoBaHMe NEHKW OCYLLECTBAANN oca-
XOEHVEM W3 MHOrO3/1EMEHTHOW ra3o-MeTa//IMYecKo M/asmMbl, CO34aHHON NpU OAHOBPEMEHHOM BaKyyMHO-
[yroBOM ucnapeHun KaToAoB anemeHTHoro coctasa TiNbZrTaHf u Cu B pexxume ¢ nna3mMeHHbIM acCUCTUPOBAHNEM
(Ar+N). Mpouecc hopMMpPOBaHMA CTPYKTYPbI TOHKMX M/IEHOK in Situ C BLICOKUM BPEMEHHLIM pa3peLleHnem n3yya-
NN, UCNOMb3YSA UCTOYHWK CUHXPOTPOHHOrO W3Ny4YeHUs - HakonuTenb 3nekTpoHos B3IlII-3 (MAP CO PAH).
Cbemka 1 3anucb PeHTreHorpamMmm OCYLLECTB/ANINCE B HEMPEPbIBHOM PeXXMMe KXY MUHYTY B TedeHue 120 MuH.
MpumeHeHue in situ MccnefoBaHWn MeTOLaMM PeHTreHo(ha30BOro aHanmsa ¢ MCMob3oBaHWeM CUHXPOTPOHHOIO
M3MyYeHNs NO3BONWIO BbISBUTL BPEMEHHbIE MHTEPBasbl (DOPMUPOBAHNS 1M NEPECTPOIKM 06HAPY>KeHHbIX ¢ha3. IMo-
Ka3aHO MeTofaMu PEeHTreHOCTPYKTYPHOro aHan3a, YTO MJ/IeHKa SB/IAETCA PEeHTreHoamopHbIM (aMopgHo-
KPUCTaININYECKUM) MaTepuasioMm, OCHOBHbIMKU (hazamu KoToporo ssnstoTes (TiNbZrTaHfCu)N n Cu. Metozamu
ON(PAKLMOHHOW 3NEKTPOHHOW MUKPOCKONWMN YCTAHOB/IEHO, YTO M/IEHKA ABMSETCA HAHOKPUCTASIIMYECKUM MaTepu-
aJlOM C Pa3MepoM KpUCTMTOB (2-5) HM 1 He MMEET CTON6YATON CTPYKTYPbl. YCTaHOB/EHO, YTO U3HOCOCTOMKOCTb
nneHkn (TiNbZrTaHfCu)N coctaBnsiet 1.9-105mm3(H-Mm), uTO Bbile M3HOCOCTOMKOCTY nneHkn TiNbZrTaHfCu B
4.3 pasa. KoagpduumeHT TpeHns nneHkn (TiNbZrTaHfCu)N coctaenset 0.41, 4TO Bbille KO3(dULMEHTA TPeHUs
nneHkn TiNbZrTaHfCu B 1.3 pasa.

KntoueBble CNoBa: BbICOKOIHTPOMMIAHbIV CM/aB; BaKyyMHO-AyrOBOE Ma3MEHHO-aCCUCTMPOBAHHOE Harbl/EHNE;
HUTPUZbI; IErMPOBaHNE MeAbH; CTPYKTYPA; CBOWCTBA.

RESEARCH OF THE TiNbZrTaHfCu NITRIDE FILMS ALLOY
GROWTH PROCESS BY SYNCHROTRON RADIATION METHODS
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Thin films (up to 2.5 pm) of high-entropy alloy of TiNbZrTaHf composition close to equiatomic, doped with
copper and nitrogen atoms were formed on the modernized experimental setup VEIPS-1 using the vacuum-arc
plasma-assisted method. Elemental and phase composition, defect substructure and their properties were
investigated. The film was formed by multielement gas-metal plasma deposition. Plasma created during
simultaneous vacuum-arc evaporation of TiNbZrTaHf and Cu cathodes in the plasma-assisted mode (Ar+N). The
process of thin film structure formation in situ with high time resolution was studied using the synchrotron radiation
source - electron storage ring VEPP-3, BINP SB RAS. Shooting and recording of X-ray diffraction patterns were
carried out in continuous mode every minute for 120 min. Application of in situ studies by X-ray phase analysis
methods using synchrotron radiation allowed us to identify the time intervals of formation and reconstruction of the
detected phases. It was shown by X-ray structural analysis methods that the film is an X-ray amorphous
(amorphous-crystalline) material, the main phases of what are (TiNbZrTaHfCu)N and Cu. Using diffraction electron
microscopy methods, it was established that the film is a nanocrystalline material with a crystallite size of (2-5) nm
and does not have a columnar structure. It was found that the wear resistance of the (TiNbZrTaHfCu)N film is
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1.9106 mm3(N-m), which is 4.3 times higher than the wear resistance of the TiNbZrTaHfCu film. The friction
coefficient of the (TiNbzZrTaHfCu)N film is 0.41, what is 1.3 times higher than the friction coefficient of the

TiNbZrTaHfCu film.

Keywords: high entropy alloy; vacuum arc plasma-assisted depositing; nitrides; copper alloying; structure;

properties.

BeegeHune

3BECTHO, 4TO NOKPbLITUS W MNNEHKKU, B
TOM 4YUCNEe W KepamuyecKkue, CerofHsa ABnf-
IOTCA OfHOW M3 Hambonee BOCTPeOOBaHHbIX
(hopM MPOMBILINIEHHOTO W  MeAULMHCKOro
NPYMEHEHNA pas3IMyHbIX MaTepuanos. Bme-
CTe C TemM MOJIyYeHU0 KepaMuUyecKux (HUT-
PUAHbIX, OKCUAHbLIX, 60PUAHbIX, KapOuAHbIX
n 1.4.) nneHok BAOC un uccnegoBaHUo UX
CTPYKTYpPbl ¥ CBOWCTB MOCBSILLEHO OTHOCU-
TEIbHO HEMHOro paboT MO CPaBHEHWUID C
06beMHbIMK crinasamu [1].

Haunbosnee yacTto CTpyKTypy nneHok BOC
M3yyaroT BbICOKOpa3pellarwmMm MeToAamu
npocBeymnBaloL el 3NeKTPOHHOW Audpakum-
OHHOW Mukpockonum [1, 2]. OaHAKO AaHHbI
MeTO[ MCCnefoBaHUa U MHOrue emy nogoo6-
Hble MO3BONSAET NPOBOAUTHL U3YUeHUEe CTPYK-
TYpbl yXe chopMupoBaBLUeicA naeHku. Pa-
60Tbl, BbINOJIHEHHbIE C  WCMO/b30BaAHNEM
CUHXPOTPOHHOIO U3NTy4YeHUs, Aal0T BO3MOXK-
HOCTb MPOBECTU WCCNef0BaHne CTPYKTYpbl
maTepuana, MNPUMEHAS MeTOoLbl PEeHTreHo-
CTPYKTYPHOIO aHanun3a C BbICOKMM MHCTPY-
MEHTa/IbHbIM pa3pewieHnem [3, 4], a Takxe
paccMoTpeTb 3BOMIOLMIO CTPYKTYpbl U (ha3o-
BOr0 COCTaBa Marepuana MnjaeHkyu B npouecce
ee (opmuposaHua. Tak, B pabotax [5, 6] ¢
MOMOLLbI KaTOAHO-AYrOBOM MCNapUTeNibHOM
Kamepbl OPUTMHANLHOTO U3rOTOB/IEHUA, NPU-
CNoco6neHHON ANng uccnenoBaHWii ¢ UCNOMb-
30BaHMEM CUMHXPOTPOHHOIO WU3ny4yeHus, Obl-
NN BbIMOJIHEHbI in situ nccnefoBaHWA 3BO-
NoUMN HanpsxeHus/gegopmaunm U MUKpPO-
CTPYKTYPbl NMONMKPUCTaNINYECKUX TOHKUX
nneHok HUTpuaa AlxTii-xN (x = 0, 0.25, 0.5 1
0.67) npn pasINYHOM HanpsHKeHUM cmelle-
HUS NOANOXKKN.

Llenbto HacTosiLen paboThbl ABAAETCA MUC-
cnefloBaHWe npouecca (OPMUPOBAHUA HUT-
PULHOTO MOKPbITUA Ha OCHOBE BbICOKO3H-
TponuiiHoro  cnnasa  (B3C)  cocTtaBa
TiNbZrTaHfCu, BbIMoNHeEHHOE in situ MeTo-
JOM PEeHTreHo(MasoBOro aHaan3a € BbICOKUM

WHCTPYMEHTaNbHbIM pa3pelleHreM C WUC-
No/sb30BaHNEM CUHXPOTPOHHOIO MU3NYyUYEHUS.

MeToaunKa sKcrnepumMeHTa

MaTepuanom uccnefoBaHus ABNANCS Bbl-
COKO3HTponuiiHbIA cnnaB TiNbZrTaHf co-
cTaBa, 6/IM3KOr0 K 3KBMAaTOMHOMY, Nerumpo-
BaHHbI aToMamMu Meau U CUHTEe3MPOBaHHbIN
B BUAE TOHKUX (40 2.5 MKM) nneHok. Mog-
NOXKOW ABNANNCL 06pasubl TBEPAOro crniasa
BK8 n BT1-0 pasmepamun 10x10x5 mm.

dopMMpoBaHMe TMNEHKN OCYLLECTB/IANN
OCaX[eHNeM W13 MHOr03/1IeMeHTHOW raso-
MeTan/IMYecKol Mnnas3Mbl, CO3LaHHON npu
OJHOBPEMEHHOM BaKyyMHO-AYroBOM Wucna-
peHun katopos cocTtaBa TiNbZrTaHfu Cu B
peXume C MAasMEHHbIM acCUCTUPOBaHUEM
(Ar+N). 3kcnepumeHTbl MO HAHECEHUIO
MHOT03/1EMEHTHbIX HUTPUAHbIX MJIEHOK Mpo-
BOAUNN Ha ycTaHoBke BIAWUIMC-1 [7]. Mpo-
uecc (OPMMUPOBAHUSA CTPYKTYpPbl TOHKMKX
MMEHOK in Situ C BbICOKMM BPEMEHHbIM pas-
pelweHnemM un3yyann, WUCMNONb3ysa MCTOYHUK
CUHXPOTPOHHOTO W3/ly4YeHUs - HaAKOMUTENb
anekTpoHos BO3MM-3 (MA® CO PAH).
CbemMKa W 3annCb pPeHTreHorpamMmm ocy-
WEeCTBNANNCH B HEMPEPLIBHOM pPeXUME KaX-
LYo MUHYTY B TeyeHune 120 MUH.

ONEMEHTHBbIW COCTaB M CTPYKTYPY MOKPbI-
TUIA U3yyann ¢ nomolbto pactposoro Philips
SEM-515, ocHalleHHOro MUKpoaHanm3aTo-
pom EDAX ECON IV, 1 npocseyunBaroLLero
(JEOL JEM-2100F) 3/1eKTPOHHbIX MUKpPO-
CKOMOB. TpubONOrMyecKne U3MepeHns npo-
BOAWNM Ha TpubomeTpe Pin on Disc and
Oscillating TRIBOtester B reomeTpun «Lua-
puk (Ab03)-gunck». Mpodnnm TpekoB n3Hoca
OLEeHMBanM C MOMOLLbKD KOHTAKTHOIO Mpo-
(munometpa («TRIBOtechnic», ®paHuusa).

Pe3ynbTaTbl U UX 06CYXaeHUe

MeTofaMn MUKPOPEHTreHoCMneKTpanbHO-
ro aHanMsa yCTaHOBNEHO, 4TO CHopmMupo-
BaHHAs HUTPUAHAS NNAeHKa MMeeT Crefyto-
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WU Xumuyeckmx coctas (at. %): 9.6 Zr;
10.6 Nb; 24.2 Ti; 15.8 Hf; 11.3 Cu; 17.2 Tg;
11.3 N.

Mpouecc (opMMPOBaAHUA TMNEHKU B pe-
XUMe peasibHOro BPeMEeHM M3yyann MeToja-
MW PEHTreHo(a3oBOro aHann3a, WUCMob3ys
NCTOYHUK CUHXPOTPOHHOrO wu3nyyeHus. Ha
puc. 1 npuBefeHbl (pParMeHTbl PEeHTreHo-
rpamm, TMOJIYYEHHbIX Ha CTaguMn OYUCTKU
NoANOXKMN (14 MUH.); Ha PasNNYHbIX CTAANAX
thopMupoBaHus CUCTEMBI «TJeH-
Ka/nognoxka» B Bakyyme (14-74 MuH.) 1 no-
cne oxnaxaeHus (119 muH.).

Puc. 1 ®parmMeHTbl peHTreHorpaMmM CUCTEMbI «Jj1eH-
Ka/MOANOXKKa», MOMYYeHHbIe Ha Pa3MYHbIX CTagusx
HarnblNeHNss HUTPUAHOTO cos. [NnTenbHOCTb Mpo-
Liecca ykasaHa uncnamu (MuH.)

dopma AnppaKUUOHHBIX NNHWUIA faeT oc-
HOBaHWe nmnonaratb, 4YTO [MJ/IEHKA SAB/AETCA
pPeHTreHoamopgHbIM (amopthHo-
KPUCTaNINYEeCKMM) MaTepuanom, OCHOBHbI-
MW (hasamm KOTOpOro ABNAKOTCA
(TiNbZrTaHfCu)N n Cu. MeTogamn aun-
(hpakLMOHHOW 3NEKTPOHHON MUKPOCKONUMU
YCTaHOB/IEHO, YTO MJIeHKa fBMAETCA HaHo-
KPUCTaN/IMYecKUM MatepuasioMm C pasMepom
KpucTananTos (2-5) HM (puc. 2).

MpuMeHeHue in situ nccnegoBaHUn MeTo-
AaMU peHTreHo(asoBoro aHaamsa ¢ MUCMosb-
30BaHMEM CUMHXPOTPOHHOIO WU3/yYeHUs Mos-
BO/IM/IO BbIABUTb BPEMEHHbIE WHTEPBasbl
(hopMUPOBaHUSA W NEepecTPOiKN O0BHapY>KeH-
HbIX (a3.

Puc. 2. CTpyKTypa nneHKn (a) 1 ee MUKPO3NEKTPOHO-
rpamma (6). MpocseunBatoLas 3M1eKTPOHHas MUKPO-
ckonua

3aknyeHune

MokasaHo, 4TO MJEHKa SIBNAETCA PeHTre-
HOaMOP(HbIM (aMOPMHO-KPUCTANNTNYECKUM
C pasmepom KpuctannmTtoB (2-5) HM) maTe-
puanom, He MMEeLUM CTON6YaTON CTPYKTY-

pbl. OCHOBHble (hasbl NIEHKN
(TiNbZrTaHfCu)N n Cu.

YCTaHOBNEHO, 4YTO  WM3HOCOCTOWKOCTb
nneHkn  (TiINbZrTaHfCu)N cocTaBfiseT

1.9-1056 Mmm3(H-M), 4TO Bbile WM3HOCOCTON-
KocTu nneHkn TiNbZrTaHfCu B 4.3 pas3a.

KoagpuumeHT TpeHus naeHKn
(TiINbZrTaHfCu)N coctasnsetr 0.41, uTO
Bbllle  KO3((UUMEHTA  TPeHus  MJIEHKU

TiNbZrTaHfCu B 1.3 pa3sa.
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