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Ablation Resistance of High-entropy Oxide Coatings on C/C Composites
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Abstract: With improvement in service temperature of thermal structural components for the new generation
hypersonic aircraft, higher requirements are put forward for the phase stability and ablation resistance of the thermal
protection coatings (TPCs). Carrying out high-entropy design for traditional transition metal oxide ZrO, and HfO,
coatings, solid-phase reaction and supersonic atmosphere plasma spraying (SAPS) were applied to prepare
(Hfy.125Zr9,1258M0 5510 25 Y .25)O5.5 (MIR30), (Hfy,Zrg ,Smg;Erg,Y(2)O05.5 (M2R30), (Hfj 25Z1925Smg 16710167 Y 0.167)O2-5
(M3R30) high-entropy oxide (HEO) coatings. The effects of rare earth content on phase structure evolution, phase
stability and ablative resistance of HEO coatings were investigated. M2R3O coating and M3R3O coating possessed

excellent phase stability and ablation resistance, which maintained stable phase structure after ablation by
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oxygen-acetylene flame with heat flux density of 2.38-2.40 MW/m’, without decomposition of solid solution and

precipitation of rare earth components. Mass ablation rate and linear ablation rate of M2R30O coating after cyclic

ablation for 180 s are 0.01 mg/s and —1.16 um/s, respectively. Compared with M1R30 coating (0.09 mg/s, —1.34 um/s)

and M3R30 coating (0.02 mg/s, —4.51 pm/s), the reductions of ablation rate are 88.9%, 13.4%, respectively, and

50.0%, 74.3% for M2R30O coatings, respectively, presenting the best ablation resistance. M2R30O coating exhibits

excellent ablation resistance due to its high melting point (>2200 °C) and low thermal conductivity ((1.07£0.09) W/(mK)),

which effectively protects the internal SiC transition layer and C/C composites from oxidation damage, avoiding

interface cracking caused by the formation of SiO, phase.

Key words: high-entropy ceramic; transition metal oxide; thermal spray; thermal protection coating; ablation

resistance; C/C composite
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Table 1 Compositions and component molar ratios of

high-entropy oxides in this study

n(Hf + Zr)
Label Constituent n(Sm+Er+Y)
MIR30  (Hfy,125Z10.125Sm0 25Er25Y 9.25) 025 1/3
M2R30 (Hfo'zzrovzsmO'QEro'zYovz)Og_g 2/3
M3R30 (Hfy5Zr92558m0167Er0.167Y 0.167)O2-5 3/3
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Fig. 1 Phase characterizations of high-entropy oxide powders
(a) XRD pattern of M2R30 and standard diffraction peaks for each single-component oxide; (b) XRD patterns of three
high-entropy oxides; (c) Ideal crystal structure; (d) Raman spectra of three high-entropy oxides
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Fig. 2 TEM analyses of M2R30 powders
(a) Morphology; (b) High-resolution TEM (HRTEM) image; (c) Selective area electron diffraction (SAED) pattern;
(d) High-angle annular dark field (HAADF) image and corresponding element mappings
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Fig. 3 Surface and cross-section morphologies of high-entropy oxide coatings
(a, d) M1R3O coating; (b, €) M2R30 coating; (c, f) M3R30 coating
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Fig. 4 XRD patterns of high-entropy oxide coatings
(a) Full spectrum diffraction; (b) M1R3O coating and refinement pattern; (¢) M2R30O coating and
refinement pattern; (d) M3R30 coating and refinement pattern



66

AL M OB IR

39 %

R B, REIEEET Ry R, LK S8
TEARKI K. iR B B v E . MIR30.,
M2R30 EL K M3R30 iR JZ ) A& 5 H ok o 5.26.
521 LK 5.15 A, AH G iRR A AUR AR B/ 2028
et R
23 HEMETSHBEENE

HE— 5 3R B B A 2 T B X T AR R 4
FEAS RN, B 5 N HFO,-RE,03 1 ZrO,-RE,Os
(RE=Sm. Er. Y)—7uHIEP, %F HfO,-Sm,0; —
JCR R (B 5(a)), BEE A ALY AL IC I BE IR 43 L
M 50%(F A AP 5 1L & R ALY BE R L 3:3)
A 75%F A 5T 48 A BE R L
3:1), 1600 C 2 Wi ¥) A A il B 5 A0 = A A
F(Fm3m )25 NE A M F ORSA B(C2/m)HIE
fr o KT HEO»-Er, 03 -tk R (K 5(b))F1 HFO,-Y,0;
ZuRRE 5(c)), BEE R A AL I BE IR 4 B
PEE, 1600 C ZILPIAHZH B A A AH F A
WA F MG C(Ia3)MiREHEL. T
Zr0-Sm,0; e R (K 5(d)), FEEH LA A
TCEE IRy B, 1600 °C IR W0k 20 i 0h 24 AR ¥
BAASI AR Co 55T ZrOy-EnO; —JCik R(E 5(e)), Bt
i b LA OB IR S B i, 1600 °C 2B
YA AL R R AT M F ORI ST A C VR A VR 1) B
SLJTAH C SET7AH € F EreZrOyy AHIR A HAH
EreZrOy M 78 . X T Zr0,-Y,0; Zufk R(E 5(1)),
1600 C I PIAHLL b - K NS A A FOAISE
T C RS M. T T ocHEERE, RS ER

RIS, A A T DA U 48 S Ak 4 1
FAH F A21E; fEfM L& RREmMIEL T, WimE T
CARE HEAMI IS T C fFTE .

G W VA AR AR AS I T BT B0 IR BE R B AR A T
CLBAH A A IS5 M AE . TSI N Z R L oe R
S e o8 B A D TE A B B v AR PR 1% R 341 A
FAE G AFAE, 3K 3 B A DR T v 00 P 1 v 4
RSP, GE AR, BA RN AT 4 R B A A
FHIRET &, AR A SIS M 3 AT AR A%
1k, XATLAEEEGE T E &R AR E .
2.4 fukEidtEge K

Bl 6 ybeiiid 72 i = Fh s i A AL i 2 i R T
B2 . TERRIMITUR G0 5 s P, IRE R IRE
W =R 2000 C LA L, Bl 22 0 1R E 2%
B EIA BT R . s — MER R, IRER
T R 4 iR A I 2~1100 °C, BG4k 2L TF U6 T
—MER PR FERABME W, BESE
J3 R A R FHR R, XA 2 T AR T R
R T RE IR, RERRERE 2 NG
Z (K sz, Hrh M2R30 & )2 BA ALK S
Z((1.07£0.09) W/(m-K)), [T £E 55 — 4> o8 ik il 9
Hh 2 I e AR TR

B 7 =R RS A R IR R BB bl 1) 7%
MIESR . MIR3O ¥RJZHET 60 s J5, #2900 X HEL
INRSFR RSB 7(a)), H2 K528 52 345
o B M E I IR BOE— 00, IREHaE e A
FIhAE SiC 1t )Z R FE(E (0, o), WIEKK. ML

2800 2800 (® 2800
2600 2600 - 2600 -
2400 2400 o 2400
© © o
<2200 = 2200 fir 2200 fiY
2000 2000 ||| T+F 2000
1500 1509 1900
My AM P W T T T S Mn/MTFI|||I|||I|||I||| 160“6[’.‘..|...|..|...|...
16000 "2 40 60 80 100 990020 "0 0 80 100 0 20 40 60 8 100
HfO, Sm,O;/ (HfO,+Sm,0;) (%) Sm,0s HfO, En0;/(HfO,+Er,0;) (%) Er,0s HfO,  Y,0;/(HfO+Y,05) (%) Y,0s
2800—(d) 3:3 3:2:3:1 2800‘(6)/} 3:3 3:2 13:1 2800 L® 3:3 3:2 3:1
= L+F L ——— L — L
2600 - 2600 | 2600
¢ 2400 - (52400 ¢ 2400
= 2200 Uy 2200 = 2200
2000 ' o 2000 F c 2000
A+B
1800 H .. 5 1800 [l T+F | GfdOu 1800
1| & Py C+B T~ ) ) VARG T
1600 ——————————— U — 1600 ———— A 1600
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
710, Sm,0;/ (ZtO+Sm,0;) (%) Sm;0; 710, Er,0;/ (Zr0,+Y:05) (%) Y0, 710, Y0/ (ZtO+Y,05) (%) Y205

K5 HfO,-RE,O; fll ZrO,-RE,0; (RE=Sm. Er. Y) - JGA &Y
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Fig. 6 Surface temperature curves of high-entropy oxide
coatings during ablation
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Fig. 7 Macro morphologies of high-entropy oxide coatings
after ablation
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Tabel S1 EDS element point scanning analysis

Hf Zr Sm Er Y Si (@)

Spot A/(%, in atom) 10.5 5.6 9.3 8.5 8.4 — 57.7
Spot B/(%, in atom) 5.6 4.7 5.1 8.7 10.4 3.8 61.7




