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CBepxBbICOKOTEMMEPATYPHbIe Kepammkm Ha ocHoee HfC 1 ZrC 06nagatoT yHUKanbHbIMU CBOCTBaMU: Temmepa-
Typa nnaeneHus >3000 °C, Bbicokas TBepAocTb (20-25 MMa) u mogyns FOHra (400-500 IMMa). OaHaKo ux npuMeHe-
HVe OrpaHMYeHO KaTaCcTPO(MUeCcKnM okucneHmem Boiwe 500 °C. BefeHve nermpyrowmx anemeHtos (Al, Ta) ons
(hOPMMPOBaHUS 3aLUMTHBIX OKCUAOB TPAAMLMOHHBIM NIErMpoBaHeM YXyLLIaeT MexaHUyeckme CBoiicTBa U3-3a obpa-
30BaHMA BTOPUYHbIX (ha3. MpuMeHeHNe SHTPONWIHON cTabnun3aLmm No3BONSET NOAABNATL BTOPUUHBIE (ha3bl 38 CHET
BbICOKO/ KOH(MIypauUMOHHOM 3HTponun. B HacTosiee BpeMst MCCNeA0BaHNS BbICOKOAHTPOMMIMHBLIX KapbuaoB Ha
6aze HfC/ZrC B 0CHOBHOM cOCpefoTO4eHbl Ha nermposaHun Ti, Ta unmn Nb, B To Bpems kak noteHuman Al n Cr,
(hopMUPYHOLLMX NJIOTHbIE 3aLMTHBIE OKcnabl Al203 Cr203mn3yyeH ciabo 13-3a CyLLECTBEHHbIX Pa3inimnii B kapoua-
HbIX pelleTkax. B gaHHOI paboTe NOKpbITUA 6M3KOIA K 3kBUMONAPHON cucTembl HFZrCrAITaC 6binn CUHTE3NPO-
BaHbl METOIOM PEaKTMBHOr0 MarHeTPOHHOIO pacrbineHus B cpede Ar+CH4. CucTema coueTaeT Tyronsaskyt mar-
puuy Hf-Zr c no6askamm Al, Cr 1 Ta. MonyyeHHble NOKpbITMA HFZrCrAITaC nokasann NOBbILLEHHYIO OKUCIUTESb-
Hyto cToiikocTb npu 1100 °C ¢ yaenbHbIM Npueecom B 20 pas HIbke, YeM y HenermpoBaHHoro HfZrC.

KntoueBble C0BA: BbICOKOIHTPOMUIAHAS KEpaMUKa; PEAKTUBHOE MarHeTPOHHOE PacrblIeHUE; OKWUCIUTE/bHas
CTOKOCTb; Kapbuzbl; 3aLLUTHbIE MOKPLITMS.
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Ultra-high-temperature ceramics based on hafnium carbide and zirconium carbide are a unique class of materials
that combine extreme thermomechanical properties with chemical stability, making them indispensable for use in
ultra-high temperatures and aggressive environments. These materials exhibit a melting point exceeding 3000 °C,
which exceeds most modern refractory compounds, as well as exceptional hardness (20-25 GPa) and Young's modulus
(400-500 GPa). However, a key limitation of the widespread use of HfC and ZrC ceramics remains their tendency to
catastrophic oxidation at temperatures above 500 °C. The introduction of elements such as aluminum or tantalum
leads to the formation of glassy or fine-crystalline oxides during the oxidation process, characterized by low diffusion
permeability for oxygen. The traditional alloying (5-10 at.%) often worsens the mechanical properties of the main
carbide layer due to the formation of secondary phases and boundary defects. The conception of entropic stabilization
of multicomponent carbides, where the introduction of five or more cations in equimolar ratios, leads to the formation
of solid solutions with increased configurational entropy and suppression of secondary phases. However, existing
works are mostly focused on alloying of ZrC and HfC with groups 1V and V transition metals such as Ta, Nb, Ti,
forming simple cubic carbide lattices, while the potential of alloying with aluminum and chromium, capable of
forming protective AhO3and Cr203 remains poorly studied due to significant differences in their carbide lattices,
requiring additional efforts to stabilize a single high-entropy lattice. Here we report the reactive magnetron sputtering
synthesis of the high-entropy system HfZrCrAlTaC, combining a refractory master carbide matrix Hf-Zr with
oxidizing additives Al, Cr and Ta in close-to-equimolar compositions. We found that HfZrCrAlTaC show increased
oxidation resistance at 1100 °C, with the specific weight gain by 20 times compared to unalloyed HfZrC.
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BBegeHune

CBepxBbICOKOTEMMEpPaTypHble Kepa-
MMWKKN Ha ocHoBe HfC un ZrC obnapatloT yHuU-
KanbHbIMW  TEPMOMEXaHUYeCKUMM  CBOMA-
cTBamu (Temnepatypa nnaeneHus >3000 °C,
TBepAocTb 20-25 ITla, mogyns HOHra 400-
500 I'Ma) n XuMn4ecKoin cTabnnbHOCTbIO, YTO
fenaet Ux He3aMeHWMbIMWU N5 3KCTpeMasb-
HbIX ycnoBuii. OfHaKO UX NPUMEHEHME Orpa-
HUYEHO  KaTaCTPOPUUYECKUM  OKUCNEHUEM
Boie 500 °C. TpagMUMOHHOE NervpoBaHune
(Si, Al, Ta) yacTo yxyaLlaeT CBONCTBa M3-3a
006pa3oBaHMs BTOPUYHbIX (pa3. MpopbIBHbLIM
HanpaBneHVeM B JaHHOW 06nacTu cTano npu-
eMeHMne cTafna MeToja 3HTPOMUIAHON cTabu-
Nn3aLMn MHOTOKOMMNOHEHTHbIX Kapbuaos (5+
9KBMMONAPHbIX KaTWOHOB). JTOT MNOAX0A
yCMewHo NPUMeHSAETCA B TOM YKC/ie B TOHKO-
NMIEHOYHbIX MOKPbLITUAX AN MHOIOCIOWHbIX
TepMobapbepHbIX cucteM. OfHaKo Kapbua-
Hble CUCTEMBI, BKMOYatoLmne B ceds Al n/nnm
Cr, n3yyeHsbl cnabo n3-3a MeTaCTOUNLHOCTA 1
KOMMNNEKCHOr0 CTpPOeHusa ux Kapbugos. B
JaHHOol paboTe nccnefoBaHbl NOKPbLITUS Bbl-
COKO3HTponuinHoro kap6buga HfZrCrAlTaC,
CUHTE3MPOBaHHbIE METOLOM peakTUBHOIO
MarHeTPOHHOI0 pacnblieHus.

MeToanka aKcnepuMeHTa

MokpbiTna cuctembl HfZrCrAITaC 6bin
CUHTE3MPOBaHbl METOLOM PeakKTUBHOIO Mar-
HEeTPOHHOro pacnbineHus. MapameTpbl Mpo-
Llecca BK/HOYaIN pacCTOAHME MULLIEHb-MOS-
noxka 100 mm, ob6uiee gaBneHune rasa 1 Ma,
nnasaloWwmii NoTeHLMan NOAMOXKA N OTCYT-
CTBME HarpeBa MoOAM0XKoLepxaTens. Yrne-
POAB MOKPbITUE BBOAMICSH C MOMOLLbIO Me-
TaHa (CHa4), npn aTom napuunanbHoe fAaBne-
Hne CH: noppep>xusanocb Ha yposHe 10-
20% ot obuwen cmecn Ar + CHa. dnemeHT-
HbIA COCTaB MOKPbITUIA PerynnpoBancsa nsme-
HEeHMEeM TOKa Ha MarHeTPOHHbIX MULLIEHAX.

PesynbTaTbl U UX 06CYXAeHUE

MneHka HfZrAIC xapakTtepusyeTcs Bbipa-
YXEHHON KyOW4ecKON KpuCTananyeckon pe-
LLIETKON, MAEHTUYHOI KyOWYEeCKOW peLleTke

OCHOBHOro kapouga HfZrC, uto nogreepxaa-
eTCA HaMyMeM OTPaXKeHWW OT MIOCKOCTEN
(111), (200), (220) n (311) B gnana3oHe yrnos
29 = 20° - 80° c LOMUHUPYIOLUM MUKOM
(111). CoxpaHeHue KybUYecKoin CMMMETPUM
CBUAETENbCTBYET 00 YCNEeWwHON 3HTPONUii-
HOW CcTabunms3auum CUCTEMbI, HECMOTPS Ha
BBeAEeHMNE 3HauMTeNbHOro konuyectsa Al (~
11 at.%).

AHanus PEHTreHorpamm o6pasLoB
HfZrAICrC n HfZrAICrTaC (puc. 1) BbisiB-
NAeT HaiMyme LWMUPOKMUX MaNOUHTEHCUBHbIX
MNKOB, YTO CBUAETENbCTBYET O HAMYUUN B UX
CTPYKTYpe PEeHTreHoaMOpP(HbIX WAW HaHO-
Kpuctannnyeckmx ®as. B oTnmume oT 006-
pasua HfZrAIC, nukn HfZrAICIC wu
HfZrAICrTaC [AeMOHCTPUPYHOT pasmbiTe U
CHUXXEHME WHTEHCUBHOCTU. POpMUMpOBaHME
aMOp(HOM CTPYKTYpbl CBA3aHO C HapyLlle-
HUEM KPUCTaNIMYeCcKOro ynopsagovyeHns ms-
3a BBefleHMs 6onbworo kKonuyectea CrsCq,
MOCKOMNbKY KpucTtannmyeckasa pewetka TaC
MAeHTUYHa peweTtke Kapbuga HFC/ZrC.
XPOM, Mesi NOHHBIV paguyc 1 31IEKTPOHHbIE
CBONCTBA, OoTAMYHble oT Hf, Zr n Al, moxeTt
co3jaBaTb /IOKa/libHble MUCKaXeHUs PeLueTKu,
npensTcTBYA (HOPMMPOBAHUIO AasibHEro no-
pAaKa.

Pric. 1 PeHTreHoBCKuWe AUpaKTorpamMmmMbl 3KBUMOSAP-
HbIX NMOKPbITHA cucTembl HFZrAICrTaC
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AHaNN3 KNHETUKN OKUCNIEHUS KapOuaHbIX
MOKPbITUIA NpeacTasieH Ha puc. 2. Okucne-
Hue nposogunn npu temnepatype 1100°C B
TeyeHne 120 MWUHYT. Pe3ynbTaTbl MOKasbl-
BalOT, YTO HAMOOMbLINM MPUPOCTOM MaccChl,
pocturarowmnm ~40 mr/cmz 3a 120 MuHyT, Xa-
pakTepusyetca HfZrC. Kpusas nmeeT napa-
601MYeCKNn xapakTep, TUMUYHbLIA 418 He-
KOHTPO/NIMPYEMOr0 poCTa OKCUAOB C HU3KOM
3aWMTHON CNOCOGHOCTLIO. OTU pe3ynbTaThl
cornacyrrca C 06pa3oBaHMEM OKCUO0B
HfO2/ZrO: Ha noBepxHocTn HfZrC, npo3pauy-
HOM ANS KMCNOpOoAa BO34yXa, YTO MPUBOAUT K
HenpepbIBHOMY OKUC/IeHU0 06beMa maTepu-
ana.

Tine, min
Puc. 2. YpgenbHblid npupoct Beca HFZrC (3eneHsblid),
HfZrAIC  (kentwid), HfZrAICrC  (cvHnin) m

HfZrAICrTaC (KpacHblii) B 3aBUCMMOCTW OT BPEMEHM
okucneHnsa npu 1100 °C

B npouecce okucneHma HfZrAIC npupoct
Macchbl CHMxaetca fo ~15 mr/cm23a 120 mu-
HYT, HO OCTaeTCs 3HaYUTeNbHbIM. HayanbHbIi

yyacToK (0-40 MWHYT) LEMOHCTpUpYyeT Nn-
HEeAHYI KWHETUKY, YTO CBA3AHO C ObICTPbIM
OKWUCNEHMEM aNtoMUHUA C 06pa3oBaHUEM
Al:Os. Ona HfZrAICrC xapakTepHO cyule-
CTBEHHOE CHVXeHWe MpupocTa macchbl, KOTO-
pblii 32 120 MUH yMeHbLUaeTcs 40 ~4 Mr/cMa.
JInHeliHas KWHEeTMKa C MEHbLUIMM HaKI1OHOM
no cpaBHeHuto ¢ HfZrAIC cBuaeTenbCTBYET O
ObICTPOM 06pa3oBaHUN MOTHbLIX 3aLLMTHbLIX
okcnaoB Cr20s n Al:Os. [lo6aBneHne TaHTana
NPUBOAUT K CHMXXEHUIO NpupocTa mMacchbl o
~2 Mr/cmz 3a 120 MuH.

3ak/oyeHne

N3yyeHo BAusiHMe [06aBNeHUA Nerupyo-
wmx anemeHToB Al, Cr n Ta B MaTpuyHbIin
Kapoug HfZrC. Oob6aBneHue antOMUHUA CO-
XpaHAeT paBHOMEPHYH KyOUUeCKyr Kpu-
cTannmyeckyro pewwetky HfZrC, ogHako, 3Ha-
YnTeNbHble KOHLEHTPaLUN Xpoma 1 TaHTana,
HecMoTps Ha 6/1M3K0e CTPYKTYPHOe CPOACTBO
HfC/ZrC wn TaC, npuBoAAaT K nepexogy cu-
CTeMbl B aMOP(HOE COCTOAHMNE. DTO 0OBACHA-
eTcsA KOHKypeHuuein a3: CrzCz, uMetoLLmnii
OpTOPOMOMYECKYD peLLeTKy, He crnocobeH
BCTpaMBatbCAd B  KyOW4YecKyl  matpuuy
HfZrC, uto nogaBnseTt pocT 3epeH faxe npu
CTEXMOMETPUYECKN cbanaHCMPOBaHHOM CO-
CTaBe M OTCYTCTBUW CBOBOAHOIO yrnepoaa.

NernposaHue Al, Cr n Ta pagnkanbHo no-
BbllaeT CTOMKOCTb NMOKPbITUIA K OKUCNEHWNIO
npu 1100 °C, cHmXas yaenbHbIin npusec B 20
pa3 Mo CPaBHEHWUID C HeNermMpoBaHHbIM
HfZrC.

16-aMe>kayHapoHaa koHepeHuus «B3anmogeiicTBMe N3NyyeHNii ¢ TBePAbIM Tenom», 22-25 ceHTa6pa 2025 r., MuHck, benapych
16th International Conference “Interaction ofRadiation with Solids", September 22-25, 2025, Minsk, Belarus

391



