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Isothermal Oxidation Behavior and Mechanism of (Tio.2Zro2Hfo2Ta¢2Mo.2)C-Based
High-entropy Ceramics Modified by Si Addition

LIU Jixuan, LU Kaifeng, QIN Yuan, WANG Jingyuan, CHENG Weiqiang, ZHANG Guojun

(State Key Laboratory of Advanced Fiber Materials, College of Materials Science and Engineering, Donghua University, Shanghai
201620, China)

Abstract: The failure of transition metal carbide high-entropy ceramics in high-temperature oxidative environments
severely limits their application as wear-resistant materials. Incorporating secondary phases to modify them represents
an effective strategy to address this issue. In this study, different mass fractions (0, 2.5%, 5%, 10%) of Si were added to
(Tio.2Zro2Hfo2Tao2Moo.2)C (HEC) high-entropy ceramics, and SiC and MoSiz secondary phases were generated in-situ
via spark plasma sintering. The effects of Si content on the isothermal oxidation behavior of HEC ceramics at 1500 °C

and its underlying mechanism were systematically investigated. The results indicate that the oxidation scale of Si-free
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HEC ceramic is loose and porous, exhibiting mass loss due to the release of MoOs (g) and CO (g). Upon Si addition, all
composite ceramics exhibited a slight mass gain. Among them, the HEC ceramic with 5%Si addition exhibited the best
oxidation resistance, characterized by a flat and relatively dense oxide scale surface, along with a four-layered oxide
scale structure extending from the outermost layer to the substrate. Both the outermost Ti-rich oxide layer and the
subouter (Zr,Hf)sTa2017 layer are relatively dense, which effectively suppresses inward oxygen diffusion and the
formation of volatile MoOs (g). However, excessive Si addition (10%) led to the formation of an excessive SiO2 liquid
phase, generating numerous interconnected pores within the oxide scale and thereby weakened the protective effect.

These findings provide experimental evidence for the design of oxidation-resistant high-entropy carbide ceramics.

Keywords: high-entropy carbide; silicon carbide; molybdenum disilicide; isothermal oxidation; oxidation resistance
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W AU 5 MRS, T B R IR AL ik A2 RS2 R ZL BE R 5 3T G AR, AR Rl 2 T I B R
] N SURIZETE 2 1000~1500 °CP7l, TMCs fE il I IEAMAT K B e BT . i B A R 2 i =X 5 i
eFEtm. Rk, Wb IFml & A E P E L RE N TMCs #08E,  — B2 1240 1) =5 LR 53 77 ) 2 — 8190,

AR, EA RS B, A DR THL S TMCs PO BT AL M RE SR AL T 8 BRI 16, o Ffh
Je VA b3 4 o 3 DASE R R LBl S5 BE R LU VA T TMCs dind& b, AT RLSRA3 A B908>1.5R (R=8.314 J-mol
LRI SR . XM 2 0 AT A 2 7 DU BRRRAE RGN, B SRR a3 L B
T4 HORUN PO R RN, AN T ASE AR DR 45 v el 2 SR B AR T4 .88 32 76 TMCs 1) e i AH RS E PEAT BT
FAPEREDT20 40, Wang ZEPURTR K IL, (HE-Ta-Zr-Nb)C ERib ALk K B AL AR IGIR (785 °C)& T
ZrC. NbC. HfC. TaC PUFMELITERAIH 73, 2 T Jola) i)W IR N S 52 T 7 MR Bt sd b ge o =15
BRI, BEE 2 TR A VAR B B A TSR N, MR A AL T, ANTTE R ) 2 EAR T
THBEEM. X8 ERAMTMEAE 1200 °)CF KA EEEZM AL AR A S E, 15 7c
(Tiy/sZrysHf1/sNbysTays)C [ ARPE & Pt B ERE A T — J0(Tii2Zr12)C A1 =JC(TiisZrisHE5)C F&E. WA
DT AERE, =R BRI By et A A+ o TR, < Tu S IR T AL e . AT kB TR
t, 28IV IRITER Tiv Zr. HE 2B E i A A e i e e 0 B AR SR AR 20 7, e TR S B B 2
P EPERUE R, FEmi N RETE B S A B 28, ARG SRS M SO IR 4R R L g B thdh, A
K = A AR 2 58 KB, (TioaZro2Hfo2Tag2Moo2)Ba P 1t mid B AL A2, Tiv Zr. Hf JTREMNE
J T R, Ta B TMON(TM=Ti, Zr, HE)d s K TM*, sdid i ff fME AL B 76, AT FHL
FE TP BUBIE; 1 Mo 703 W R AL BAs 8 1 =k s 42 8 Mo 4Kk, ATMIFE Tiv Zr. Hf. Ta. Mo Ti
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i H - AN (FE-SEM, TESCAN MAIA 3, 5 ) W88 1 FF i S iR IR 5 1) RUE3e, JERAREE
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Fig. 1 (a) XRD patterns and (b) SEM images of the polished surfaces of HEC-xSi ceramics
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SIBICRIIS A, AMRRHER TR EENR . WE Si INIMEMIE £, HEC-5Si 5 HEC-10Si # i
Mo 7635 Si JCRIEMFEIXIR K EEE, 456 XRD g BTk, &% XEIE R T IR KGN MoSix #H. TEAT
A5 SiFEsT, YWERIEAM, XRNTF Si 5 HEC FEARJRAL SN AR Sic AU, 5 XRD 45505, 45
ARG RO TE S S e R AR RFE AT A, s ST INEIE 2, HEC-xSi M %38 AL 8 AR BRI SiC
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[ EEJRARFUR T N U7 HEC 2440, SBCEE fB R AR K. W0 Si 5, FeaRerir LIR30,
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Fig. 2 (a) Macromorphology of the top-surface and (b) XRD patterns of HEC-xSi ceramics after oxidation

HEC-0Si FEShRA THEAEE, FHEBNHEHR-0.96%, Ffrmi i & ik—5.01 mg/em?, F*IHELM
R E RESAT PR . ZI R B 5 TE AWM DUE OB AL E, AR S Bl Sk =ik
HE BT AL SRS B A, IR EEEAL, AT AR SRR R P AE AR R . M2 T, IR
I Si B A 7 AMRE, A & SiAEmIIRIVH A FFE R A LI E . HEC-2.5Si. HEC-5Si A1 HEC-10Si
(1 )55 B8 R TR 0.65% 0.71%A1 0.78%, X M HLAL I FAIE B 3.37. 3.54 A1 3.65 mg/em?. IXFHFI A
Si A T HEC Mg '& & AT N .

2.3 HEC-xSi [ESWSHIEER

B SEALHT S 10 53 2 AT N 2 ZE 2 AR AR = sg i, B 2(b)4a HE T HEC-xSi B&EZ: 1500 °CH
161 h J5/ XRD B, HEC-0Si P& 1) 402 EZEH TiOz. TaxOs. (Zr,H)O2 I TiTaOs 4 H. (E1F 3R
&, RE XRD WAL REWLE HECxSi B B840 /2 P AAAE TiO2 TaxOs. TiTaO4 SE¥0AH, (HARYE LMK T
ERRRAC DR R AL 0 (0 R IR R AL T AT S5 AT A, XRD K IR G X e S AL S B b oK 2 R DL VA AR I
A AEAERS 2434 3] 51 EDS sr i 45 R ik — Pk 71X — 5. 5 HEC-0Si M &AHL, HEC-2.5Si. HEC-
5Si J& HEC-10Si P& AL =9 BB L T (Ze, HD)6TaxO17 AH, UEBAERID Si B MUE T TiO2. (Zr,H)O2
TaxOs S5 W) AR [V S RS2 ERR o 3 4h, BT AR il ) XRD Rl gh SR, SRS 3] 21K & Mo &R
HH, X ATRERFE R JZ I Mo Ju 3R E I FE T K0 A6 MoOs(g) ¥R« i tH LA RGETE ) Mo EAb 4,
5 I 4R AT S 0 T S TR

2.4 HEC-xSi [ESNSHIREHNAIFE

Kl 3 N HEC-xSi Fi &AM G 3R 1 SEM B0UES. HIE 3(a)rl ., HEC-0Si &R O E SR L bhis
FiHE, A A KESSL, RSSO E AR A BB S0 SR P udiiiE . 0 Si 5, HECxSi F
B G RPN 1 B, AR D ERUNLBR(E 3(b~d)). HZ, 4 SidmEE g 10%
I, HEC-10Si M %80 Jm i 2 1 th 30 1 B B AR S (B 3(d) i) . X BB IEREUAMN 2 oA R N AR
WHhEE, M HSHIS AR, SEEAZ SRR, AT BRI T A LR 4 20 36381,
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(b) HEC-2.5Si

7

K 3 HEC-xSi Mg & A AL 5 R H 1 SEM & H

Fig. 3 SEM images of the surface of HEC-xSi ceramics after oxidation

(a) HEC-0Si; (b) HEC-2.58i; (c) HEC-5Si; (d) HEC-10Si

2.5 HEC~Si [ESEREEMIFIE

Kl 4 IR T HEC-xSi %24 1500 °CERAM 1 h 5 A BA0ES Kot R o AitE . HIE 4(a)n] I,
HEC-0Si B2 EEY) 680 pm. M= ANES A RKEH/DIFLE, SToREBNMENENS S
i, RIHERSZME, BIEHENZ S EAA M S 7T g B K (& 4)fEED. wn Si &,
HEC-2.5Si. HEC-5Si & HEC-10Si M & 180 2 55k 2 (M 25 G180 B, ARULEEHBA 1518 i 5% P
G, FALZ RN 159, 121 #1132 um, ¥ HEC-0Si &35 #, H HEC-5Si F& AR EE &
.

ANFT HEC-0Si P & 1 R S8A0JZ 251, % St FEMMEE 2B B Z 451, Aot RE
ANFZE A ZE A A ATRAE . AE THR, &2 MIBINRIR G5 858 1 1L L 1V 2.

XIF HEC-2.5Si P &(Bl 4(b)), HEMNZTTX A ANUES . 51 REINZ)EAEE, Ti i8R EE
& BUESARZIALL N 10~30 pm WFLBR, TioamWIEAE SEES, 110 Zr. HE TR IG5 S350 08,
5 LZM R 55 I ZHEAAME, BEFREEHEDTHE )Z: 5 IV 2RI E g/, Si
LRGSR, 1M Mo JLRMNE S B E 5.

X+ HEC-5Si M & (Kl 4(c)), HAMNMER > ERHES HEC-2.58i B EEAME, H&EEZHTRESTH
MR ONRE . 12T Ti R NG S5RE R HEC-2.5S1 B, 28 I EH Ta. O Si LRIMWHEHHA
fFo B, Fealf2, HEC-5SiM&ESE 12(E Ti J2)ME R HEC-2.5S1 L&, HZE 11 2284
Xof B

X T HEC-10Si M % (& 4(d)), HEMWEHEINYZEEH, BaERFOME S5 HEC-2.5S1 #1 HEC-5Si
PG EAR . HE 1 ENRDREEEANELENE TiJE; B 12N T oRNmEAES5%I8, Zr. Hf. Tast
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FESHEWM, Si Al O LRGSR, WNESRLE, ZENGRNZILE, ASAETFZAARKH
HAE@EAALER; 26 0 B RS AL B R B B db, Si mR MG ST, 5 IV B R3] 211l
B, Mo JTEAE 5 W5

NE—25 8] W HEC-xSi M & Eb 250 R LA AR, 75 58 mBOR R0 WSS T DU FPAE 5 1 Ak 2 38
MROWTES, FERT & AT EDS oy o0t a5 Rl 5 M3 S1 fos. 5 HEC-0Si P % AHEL, HEC-2.5Si.
HEC-5Si 1 HEC-10Si M & A E R IH AR T SiOx 4 £1IR(Zr,Hf)sTa2017 FAFRLIR Mo S AI(MoOy)
Ao EHIETT I, S0 SR T HEC M 88U S IAHZEL S, 2ETiTsmm 140 E S5 kil . G2 HEC-
5Si B EMENE RGXUZSEE K, 5 1E(Ti,Ta)0: J2)FIEE 11 JZ(Zr,H)sTax017 J2) W& A /b &5 1L
B, BEARLLRECE .
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. e BRI SR P
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P 4 HEC-xSi P %54k Ja P i I i (¥) SEM IR A & EDS Ju3R 701
Fig. 4 SEM images and EDS elemental mappings of the cross-sections of HEC-xSi ceramics after oxidation

(a) HEC-0Si; (b) HEC-2.5Si; (c) HEC-5Si; (d) HEC-108Si

Bl 5 HEC-xSi P B 500 ARG AR ) = & SEM 3
Fig. 5 High-magnification SEM images of the cross-sections of the oxidized HEC-xSi ceramics
(a) HEC-0Si; (b) HEC-2.5Si; (c) HEC-5Si; (d) HEC-108i

2.6 HEC-xSi FESWITHFIERIIEE ot

BT FRSZIGAE R, £ 18457 HECxSi MEZ 1500 °CEHR AL 1 h J5 W 5 MO E . HEC-0Si [
B RAEFNKE0.96%), XEHEAMWBHMZ L. AWK EIR H LS Mo JGE L MoOs(g)/E
R AEEMK. WM Si J5, AR E AN E, SEERM Si & 58 nme A L7
(0.65%~0.78%), FMIGIN Si ARUKGE | ANBERLEANE] TR ME =PRSS G, A SRR 5T
i KR 4 S A

TEAMLZ T, SR Si feiE et HEC MBI . 72 H S5 EAE S RIFINEANZE
HEC-5Si &AL ERIUZ4nr45krh, 51 255 0 ZHEEam Si BEf s B2 E g, afbiE
A R BEAS EUS R ARG TR I R SR S Bra bt Re . DURMEE S, HEC-5Si M % 5802 5 i
H, RMCTE., 30%, SHESRGZmEER% ., TRYEFELS, PAMAEMAEERGS. 2 SiF
I — BRI E 10%0, HEC-10Si M %540 = A8 H 3R & 8 fL R SR T R AL, A2 R R A
HEC-5Si AR hn, RS &R Si RIMAISS T8 ZMRIPBER . 48 E, ERSEIRFKMET, BN 5%Si 7&
I HEC PRS00 IR0 A 2 R R R 54 56 BE M 2 [k B T B P

F 1 HEC-xSi M2 1500 °CEFIEEL 1 h J5 I ZE -5 RORRFE

Table 1 Macro and micro characteristics of HEC-xSi ceramics after isothermal oxidation at 1500 °C for 1 h

Cross-section of the oxidized

Oxide layer ~ Top surface of Oxidized
Surface Mass gain ) o layers )
Sample ) thickness/ the oxidized layer/matrix
swelling percentage Layer .
pm layer Microstructure interface
number
HEC- Yes -0.96% 680 Rough surface Single Porous, Long crack
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along

interface

Well-bonded
to matrix, no

cracks

Well-bonded
to matrix, no

cracks

Well-bonded
to matrix, no

cracks

0Si with numerous connected pores
pores
1 Relatively dense
I Highly porous
HEC- Relatively dense ------------------comomoooooo
) No 0.65% 159 Moderately
2.5Si and flat 111
porous
v Slightly porous
Relatively
1 dense, a few
isolated pores
Relatively
HEC- Relatively d
No 0.71% 121 clalively dense I dense, a few
5Si and flat .
isolated pores
Moderately
1
porous
1\Y Less porous
Relatively
dense,
I . .
discontinuous
coverage
Relatively dense ~~ " 77777 TTTTTTTTTTTTTTTTTTO
Porous with
HEC- and flat, .
No 0.78% 132 II interconnected
10Si obvious
large pores
microcracks "t ToToToTooooooooooooooos
Porous with
I interconnected
large pores
v Less porous

2.7 HEC-xSi BRSNS

Zi PR, W Si Ref RN HEC MR 8L S NN SEAL JZ 454, AT R i PS8 AL PERE . HEC

FEARAR S e i R JEUL A2 B SIC AT MoSin 55 —ARAE Ja SR AL AR T AT REDS K LR B :

(Tig2Zrg,Hfy ,Tag Moy ,)C(s)+0,(g)—TiO,(s)+Zr0,(s)+HfO,(s)+Ta,05(s)+Mo0, (s)+CO(g)

Mo0, (s)+0,(g)~Mo03(g)
TiO,(s)+Zr0,(s)+Hf0,(s)+Ta,05(s)—(Ti,Zr,Hf, Ta)0,(s)
Ta,05(s)+TiO,(s)—(Ta, Ti),05(s)
Zr0,(s)+HfO,(s)+Ta,05(s)—(Zr, Hf) ¢ Ta, 045 (s)
MoSi, (s)+0,(g)—>Mo0, (s)+Si0, (1)
2SiC(s)+30,(g)—2Si0,(1)+2C0(g)
MoSi, (s)+0,(g)—>Mo0,(s)+Si0(g)
SiC(s)+0,(g)—-Si0(g)+C0o(g)

3)
“)
)
(6)
(7
®)
)
(10)
(11)

X HEC-0Si M8 7, HAEAM I LLRN(3, 5, 6) A4 B [l A A AL ARA CO(g) . i T8RSk A2
BE AR RORL )G S5 BUR AL, AL RN A R B R 4N LI (B 3() &l 5(a)), 9 R) R
R AL 7 IEIE . XA R MoOuy(s)itt— B B ATERNE MoOs(e)((4)), I5 CO(ILF&EL, &

PO an AR R
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W Si Ja, kegh it R JEALAE B SiC AT MoSis 55 ARSI PU R =Rl 3 28 T HEC M & RIdis
ePERE. ALl —, SiC Fl MoSi, it [ V.(8, 9)F A G Rl SiOx(1), HAFMZILIR, (5 SifEfRmEfL
PR 26 0 2 PR (B 3(b~d))o ML=, J&Rl SiO(WIE AR/ T, {2k T ZrOy. HfO,. TaxOs 5482 111
AN, e T BA A B EE 2 Z B (B 4(b~d)), HARINZNBERNE Ti @4z, KINZHN
ERAR(Ze,HDsTax017 AH(E] 5(b~d)). WL =, FRBURZ JZE50 6 PHRS T IMBE A NEE, RERFIKTH
JZE T, fHRON(3)AE K MoO«(s) T AR E B A7 T80 2 NS, ke 7 FLiE— 2D adnd s B (4) S 4 R 1
MoOs(g). RETEN EMLES EHE T, MoSix fl SiC £t R Ri(10, 11)KR 4 E3hE A, BIK SiO(g), Ak
FiE ik, (HId a8 o R i A LN MoOs(g)# & A 3L R 4l 35, 35 Si A an BRI
NEAI .,

PRI, SidsINEHAEMRZ ELF. 78 HEC-10Si &, =M SiC Al MoSi, 78 & A I A2 BiK = Si0a(1),
HAEM COF M MEREETEAMNES 1 E, BRAREBILI, BKTEMZRE, SEEMNELR
RLJIVER T 25 5 = HE R AU (B 3(d)) . IX L2 R Bk R 3L R AL i 1 S8 S T B PRudEaE, 575 HEC-10Si /4
L2 B i HEC-5S1 A& I (E 1).

3 &g

KTAERGHIT T AE Si i I E X (Tio2Zro2Hfo2Tao2Moo 2) C(HEC) Sl M ZE/E 1500 °CEEIR A AAT I
M S N ENLEE, BT,

(Diid SPS T ZI Ml % 1 3% [1)(Tio2Zro2Hfo2Tao 2Moo2) C-x%Si(HECxSi, x=0. 2.5, 5. 10, %
Si fEReAE AR 1 5 HEC SRR A7 S N AERY 1 SIC AH: 2 Si ik 5] 5.0% & LA B, I8/ 7 MoSiz #H.

(2)TE 1500 °CEIRAML 1 h J5, RSN Si (9 HEC P&ERM A AW EMIK, FEGRZ, EELN
680 um. [AIFF, T MoOs(g)fl CO(e)MI#E K, HEMHEBIRE, FELIRIE0.96%. N Si A NH 7%
WK, FETE S Si M VRN E(0.65%~0.78%), AMNZEEE B ZEWESE 121~159 pm. HH,
HEC-5Si B e pia e i i, HEWZE R (~121 pm) BRI 5. 3U%.

(3)SiC 1 MoSiz 28 —AHAEAME R TE A T SiO2 ¥AH, (R 480 R R Z i b G b A8 22 J= 46504
FXRECE S Ti AW BRI ZA(Ze H)6Taz 017 KA1 ZA RS TS0 A G SO 1 S A i 2
HE R MoOs(g) A . SR1T, BRI Si(10.0%)2 FEL Si0 it £, SRR E I BB FLER,
SMHEIES T840 2 PR BOR «

thFErgRk

ASCRI D 76 AR AT B 5% https:/doi.org/10.15541/jim20260322 &% .
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Tube Furnace

—
Gas flowmeter - |
l

Pressure reducing valve
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K S1 S A LI B R e

Fig. S1 Schematic of static oxidation setup
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P S2 HEC-xSi P& H Y6 ) EDS JE 3 4345 K

Fig. S2 EDS mapping images of the polished surfaces of HEC-xSi ceramics

(a) HEC-0Si; (b) HEC-2.5Si; (c) HEC-5Si; (d) HEC-108Si

% S1 HEC-xSi P B2 M0 JZ 00 2% 4 (1€ 2 EDS B 70 #7465 SR KO L AR AR 2H A
Table S1 Quantitative EDS analysis results and corresponding chemical formula of each phase observed in the cross-sections of the

oxidized HEC-xSi ceramics

Layer

Sample number

Element content/% (in atom) Possible phase
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Position Ti 7r Hf Ta Mo Si O
HEC. 1 1496 787 603 7.9 0 / 64.05 (Ti,Zr,Hf,Ta)O2
05 Single 2 870 277 173 19.12 0.12 /6756  (Ta,Ti)Os
. 3 354 1238 959 902 o /6547  (ZtHfTa)O2
I 4 2873 359 316 941 0.28 0 5484 (Ti, Ta)O2
Ta-rich
i 5 417 1653 1246 1174 0.13 0 5498, HoeTOn
HEC- 6 251 1737 1281  9.54 0.19 0 5757 (Zt,Hf)eTa:017
2.5Si I 7 2310 433 471 995 1.06 0 56.86 (Ti,Ta)O2
8 057 034 094 081 0 3563 61.71 Si0»
v 9 0.51 195 070 085 17.84 0.9  77.96 MoO,
R | S 065 _10.75 _23.02 406 __ __ 225 0 5928  (ZrHfTa)O»
I 11 2370 278 274 708 0.43 0 6327 (Ti, Ta)O2
Ta-rich
1 12 301 1219 985 1022 0.02 0 6461 7 poeTion
HSES? 13 271 1293 1052 902 0.1 0 6471 (ZuHN6Ta017
1l 14 064 046  1.10  1.05 0 3506 61.70 Si0,
v 15 013 066 025 031 1552 035 8278 MoOx
R (- 300 1468 1073 944 137 0 6079 (ZrHfTa)O»
17 2073921 7.02 7 8.00 0.06 0 5499 (Ti,ZHfTa)O:
I 18 1.71 0 060  3.17 0.13  43.05 5134 Si0,
19 2654 142 254 9.60 0.41 0 59.49 (Ti, Ta)O2
Ta-rich
1 20 369 1445 1189  11.41 0.09 0 5847 / HiTaon
HEC- 21 0.62 0 015 008 023 4281  56.11 Si0»
10Si
- 2 220 1572 1295 1051 0.16 0 5845 (ZtHf)sTa:017
23 0.61 0 060 048 0.03 4275  55.53 SiO»
24 172 289 146 181 1837 352 7023 MoOx
v 25 041 077 057 021 875 61.01 2828  MoSi@SiO»
26 719 1289 1003 921 4.14 0 5655 (ZrHfTa)O»
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