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MAELRER T SRR Sh B3 A2, FEmdd PR A
PR BRI E AL E R A 3 R OB (2) ) LA
HRhTIEFAA M AL, 7E 1600~1700 CHREIERIN, H
T SiC EFHEMARAE SI0 (M (5) ), ZrB,-SiC
VR B R i E O AR bR, R B DL R
RN H IR EORIFLBR, (51534 2T 2 C/C EEH4
BHE @il K b S A i 2k o R BB A 70 A D )
ZrB,-SiC P & i 2 AT L AN S5 A BT E LA m HL PR
RERTN

Z1B,(8)+5/20,(g)=ZrO,(s)+B,05(1) QD)
B,0;(1)=B,0s(g) (2)
SIC(s)+3/204(2)=Si0x(s)+CO(g) 3
SiC(s)+205(2)=SiOx(s)+COx(g) 4
SiC(s)+0,(g)=SiO0(g)+CO(g) (5
7105(s)+Si05(s)=ZrSiOx(s) (6
Si0s(s)+1/28iC(s)=3/2Si0(g)+1/2CO(g) D

1.1 ZrB,-SiC EE AMEREHAEKIZIT

Y R B A B G 5N AR, ek
SAEACI AN S84, AR Py mT W [ e 4 B
RIS & REEE SRR A, M4 & ZiB,-SiC E &k
R RE .

1.1.1 AR ALY B

ek S REALH), 1 Si. MoSiy M1 ZrSi, 25, DRIHAR KA A5
A RT3 SR & &, A58 ZeB,-SiC 5 &
WEM A BB EMBUEEE, W HE ZrB,-SiC 5 &k
Z BT E A RE G SR AR .

Yao %L Siy B,05. C 1 ZiB, ¥k N ERL, RA
PR IVETE C/C B AP RLL I 4 T SiC/ZrB,-SiC-Si
BE, HEEE (120 um)  JFFLERAC LR ML
HREAR, HSHEARFmE S RiF. BIME 1773 K 1HE A
AEERRT KRS 386 h e, IS A AR T RS 18 Y

oCH; ®Si ecC
®SiC eMo @ZrB,

hemical vap

SI
@ infiltration shi
——

brushing
==

Porous structure PyC filling layer

1 SiC/ZrB,-SiC-MoSi,

Green layer

FORE. AN, ZFIRE 1773 K (120 KAERK ), &
HIRE AR e B R ERAUN 1.53% (E 540 . Feng
ZEBUPL ZeB,. Siv C Hl Fe,Os WA NERL, RAFIS A
HVEAE C/C EAMBIERT 73 714 T Fe,O5 e Al A
PEIK SiC/ZrB,-SiC-Si B &Rk = AL PERE A LS R W],
RECHEMERIZES 1773 K AALALTE 50 h J5 15T 457
R 3.36 mg-em™?, 1] Fe,0, MM E & EL AL
AEFE 150 h J5 R B R IMET 0.76 mg-em ™, JR A&
Fe,05 1F A& FL I TR A8 1k 2 3 1 1) 50 i) ks 22 AL,
SERILASRE = ZeBy A S B 210, G FI T8 G . 5
LR IE PR IR JE RS B, AT 38 i P A A
Ao FHULTTAL, ZB, #HI 2 8 SR =2 Fe,05 it
ME G ERA BRSSP R 2R

Li 2088 &40 225 M8 & 75 (chemical vapor
infiltration, CVD) . IRMIFEEHEABIYETE C/C BEM
BIRTHHI T SiC/ZrB,-SiC-MoSi, E&iRE (B 1) .
WL RR, WHINREMAE A5, BF3EE 5
234 80 F1200 um. 28 1773 K 1HE A AL EE 305 h )5,
ZE A MEHA R RHE LN 0.56%. Zhou ZPPER K
AR IIRESS A AR C/C HEMRRTH & T
ZrBy-SiC-ZiSh, iRt JZ . WA REW, %R 4 EE,
SiC. ZrSi, #1 ZrB, M3 2351 #UIRAS, BiRES C/C
SAEMEBHEEATERR T “HUBCES” 451, MAR T
HAMEMmE. 41773 K [HiREAAAH 580 h 5, 1%
HAPRHA RS RN 1.56 mg-em™; 42 1773 K Al
IR 50 ARG AL , %2 AR E R
N 1.52 mgrem™. fEMLEFEF, ZrSi, B AAE R E
IBEESAHAT ZrSiOq AH, IfIHE = T IR 2 T E ke .
AN, ZrO, #HAN ZeSiO, A T AT B JZE M B A= A
BN, ANTTAETR 2 A= AR R B 7, 3k T g 35 e A 1)
RhitE 3N I B AR AL

sessai

2333333333333
2222232020223

22220004

Porous skeleton layer Composite coating

HREHS LZRER

Fig.1 Schematic diagram of the SiC/ZrB,-SiC-MoSi, composite coating preparation process

[18]
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FEFRIRIN B, R Sk S A M 5l N H T4
AR R A FERAR A AR AV . AR BE A IR B
FrE AR AR, BEESAHMREFER, SBUREDR
PePEREAR 22 . [R5 N 2RI S AR 1) 4% 1 B A IR B AR
TR S S A () IR AL A A e
1.1.2 # L8 4ed otk

i S A ) N e i ) S S A ) DU
HATEALIEREPS, A8 Si0,, B HE Y B Bt
M WO i R R RS B R P A K % . Zhang
2B I LaBs MBI N$EH T ZrB,-SiC B & # Rl 7E
2400 CLL R X P A RS, SRR LaBg %
=) LayZr,0, WA B B A Z R TS N T
WICH AN ZiB,-SiC B &R ZEPTAM RN
M, Xie 2Z£057L) Siv C. ZrO,. Lu,O; 1 B,C ¥4k g K,
KA EE S BITE C/C A M RRTE EALE T
SiC/Lu,05-ZrB,-SiC il SiC/ZrB,-SiC E&FZE R T
HprarEge. A4 RRMA, & 1500 CHER A EE
236 h J&, SiC/ZrB,-SiC H &2 Wi &8k Fik 3
0.33 mg-cm™; 1fj SiC/Lu,05-ZrB,-SiC B A H:Z4 1500 C
PRI 836 h ALFE 5 A A 78 A 54k, X R 3G H AN
0.62 mg-em”., RIULEMSHTEERER, SiC/ZB-SiC &

. crdek

Oxidation
layey o

WEMRSAEENE R AMERRR RS, 1 HE A
IR RE R T ARy R, AR R 1 B ZE e, adkim
SEREAHLL X IRE) C/C AWM B E K 2a).
52 BB EE ), SiC/Lu,05-ZiB,-SiC H A2
22 M [R] AR SR AAL B 5 AP AR KRS S LR (B 2b)
JR R EEAL P W) Z2rO, ZrSiO4 Al LuyZrs Oy, #1425
Pem T RIS EMERREME. SR E
SERPE—IPAES, Ze A Lu JEFHA T HUEA Sio, M4
ARG e, ITEILHE F Si0, 28 RS e 11 LLHE 5
SiC/Lu,05-Z1B,-SiC & & iR)2 KIPia bt fE .

Chen Z5P8P) ZrB,. Siv C. B,0; Al La,05 ¥j& A JE
B, RABEEE C/C E6MER 2 Hl & T
SiC/ZrB,-SiC-La,0; (ZSL) Al SiC/ZrB,-SiC (ZS) HE&
WE. AL REH, & 1500 ClHEE A
550 h J5, ZS F1 ZSL &1 )2 I i B4 R 22 439008 1.89%
M 0.60%, H ZSL B&IRIZ4 1600 ClE 1A
107 h JGHIREBR RN 0.92%. th4h, 4 ZSL &
BREZ 1500 CEZHEA 50 RGP 5 1 5 %
AN 0.35%. HSUEE La-Si-O & A& B2 MR fa
SEAH ZrSiO, MIERUE ZSL HAHERDH M T HIPtE
AR VERE I R R (B 3)

Coating’

&

‘Oxidation
layer

B2 % 1500 CHEAALIRE ZrBo-SiC Fl Luy05-ZrB,-SiC ¥ 2 Bk I Y] BSE-SEM 15 Bl B 1 IR A
Fig2 Cross-sectional BSE-SEM images of the ZrB,-SiC (a) and Lu,03-ZrB,-SiC (b) coatings after oxidation in static air at 1500 °C>"

0, 0, O _ 0, 0, O . . b
o Z1Si04 718i0, > 02 0, Z1Si0 Z1Si0;
l l B0 Cco ¥ l l = ~
i s 0,207 - “ " B0; “La-Si-O glassy layer
ZI‘Bz-SIC CcO 2 N ZI'BQ-SIC-L3203 cO o
R T 1500 °C  €0Os SiO; glassy layer =~ 1500 °C  EiZasumane
-l _ —rocracks SiC —
550 h c/C
/e 550 h c/ic c/ic
?2 C;z Olz sio 7rSi0, OIZ Olz 0O, 71Si0, i SiO, ztEioA d
T B0 gzo io5i0: glassy layer - ! %0 B0; ®® 14800 glassy layer
ZrB,-SiC 1600 °C Ccé) d Sio3 Zw-La203 coooc G
SiC 2'Ml})‘c ks l;\enelrating crack SiC l:> CcO
C/C 100 h C/C c/C 107 h c/C

3 ZrB,-SiC 1 ZrB,-SiC-La,O5 i 2 M H S L ML FE ]
Fig.3 Schematic of oxidation protection of the two types of coated specimens: (a) ZS-coated specimen at 1500 °C for 550 h, (b) ZSL-coated

specimen at 1500 °C for 550 h, (c) ZS-coated specimen at 1600 °C for 100 h, and (d) ZSL-coated specimen at 1600 °C for 107 h*®
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A M A ) 5N KRR iy 1 A ARG
AL T HAE R, MARTREEGRZERPUAE
Aeo HE L= B BAR TR 2 2 B IR R = 78
K S FA R 77 38 K T 80 U 2R U 2 SR A R R 32
JR A

ZE ERTiR, @ RO R R E R S P A R
NI EFE DL T LK

COARNE e AL WILEIRIR N 28 e S8 A0 A2 B SiO,
SGAT BUERBEARHIYIAR, AT —J7 AP A 5 AR
JENERYHG o — 5 BT FLBR AR SE B, AT
P B A B = I BUR

(2) ZrO,. ZrSiOy Ml LusZr;0,, 2 mis /iEN “ &
37, AT E PR S R B A S A e e v, T H B
RVIAR ) JE AL A B R P AR AR AR K RS AN R R ST, A
T 3 B B AH B B FE BEAS R A 9 e, a3k T A i,
SRR B B

(3) M LA E A s s Al, nhdid g e e
BB IR BT LRI SiO AT B,Os SHRIE M 5 1 KA
=y, teah, Wi LEAI IS ANTTRRE Si0, W24 45
M, WA R T A0 08 S B A JE % H G LN
1.2 ZrB,-SiC £ E &MERENLEMZIT

EIRNT ZrBo-SiC 22 5 G IR JE# AT L B vk vl $ iy
PrAYERE, (HIR)Z 5 2R ) S 45 A 2 22 SR =3
VMRS o) AT SRAFAE, AT R I PR T ZeB,-SiC
L GWRZERE SR N . EExF b 8, ATk
JAAEA Bl AT LR BT T S R etk H—

< W\ A
» a7 .,}\-;*‘ SR )

Bridging :

&

S

F2 5l NGHOKER/ i 200 55 14 5 AH DA w5 U J2 R A 1) 5L T
SEATE R R DU IREAR 5 IR 2 2 [H]
T 1)

1.2.1 “hR&K/ SRz

KL/ AT (I SiC 2. SiC Gk AN HEC gk 2k
) SERREAIEIT RNl R REUREC. A FR MR
FEERLI T AR = AR E A 2 M AN S 45 A R

SiC &zl (SiCw) FI5INA R Tk I J2 5 B A ]
AR 11, Wang 265K FH AL 22 AR TR (chemical
vapor deposition, CVD) FIR IR Z5ELE SiC BER) Cy/C
BEMRLLRIH & T SiC, SMER HIB,-SiC-Si ik/=.
FREEREKY, 21500 CHEALAIE 468 h Al 50 KIAJFER
G, SEEMERTETURFE RN 0.88%F1 4.48%,
FHH A R mbrartae. FERRZ SiCw @it
A AR RGO R S S L T RS e, AT
SR AR N A AR AR, HEIm T 1R R TR AR
R EFEEAR RIS A RE (HD .

Ren 25 CVD Al ¥ 7 25 B 11554 (supersonic
plasma spraying, SAPS) VA7t SiC 7 1) C/C HEM K}
K& T & HIC G0KZ 1 ZrB,-SiC iR )2 . WF 745 Rk
B, 1ZRESHEE BNINRZE RIS RIF, 99KE
BIS BB AE SIiC IRERM LB Z L HIC 99KZk
2 (E5) o MBETRBAN HIC 9KE&EE (59N,
B HIC 9K ZR IR = HA i W 45 A R (7.5 ND.
EAYAS P SAE I E R L U N =5 S N ]
Rm T EEMEIN G S E . NIEE C/C-HfC-ZrB,-SiC

4 SiC,-HfB,-SiC-Si/SiC /)2 SEM I8 )¢
Fig.4 SEM images of the SiC,-HfB,-SiC-Si/SiC coating: (a) cross-section, (b—c) SiC, bridging features on the fracture surface, and (d) SiC,,

pull-out features on the fracture surface!’!
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«(111) HfC d
oSiC
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220) 311

@22) (400)
) Il

20 30 40 50 60 70 80 90
200°)

K5 SiC IRZRMA HIC 992KkZk SEM i FF1 XRD i

Fig.5 SEM images (a—c) and XRD pattern (d) of the prepared HfC nanowires on SiC coating

AP BHISE A, Wang SR A 2 AT R AAR 15
M@k (precursors immersion pyrolysis, PIP) #ll#% 1" SiC
YKL IR C/C-HIC-ZrB,-SiC E &+ k. SiC gk
BN, A g B R0RL RO ORI, Rl I SiC 9K
Ak H AR LU LR FETE 2 (MIRLRe, WS &
RIS thom B AN W RN Sld i T 21%H0 28%.

YK 2/ 2 S5 1 it R R I 2B L R 2 S fh B A
BEFIHLHI LA Ay g, A B e m T R A6
BHE S 4 A i R BT E AR RS, (AR 2R I1L,
PR IR A AEAE LR LA i)

(1) BUB 9IRS e 2 A 1R )2 8 SR R R 2
MEMEIR ST S “ B %54 B AEE DOk 2140 &
RO RCR, R R S SO A A LR VG B 5 A B i
PUEALTEREANES

(2) fE RIS ARG FE Gk Ly b
TGRS L) Gy S AR e, AT 7 55 Ak HAE R s

(3) YR/ RAFEME IERE RS L, F
B % S R 5 5] BV RE AR B 0 K RS K S A4 TR 1 b T
e 7 25 ) 5 o
122 HERER

BEEE IR E B RIRI F 2 238 2 B A EAME AP R
FATE R oh B 3 R A R o % T O IR B A S R 2
V) ()RR v R, AN T e 2 R 25 FA BT 4P R AL
PERE.

Yao ZEPURHIVE, WRRIFELAR CVD IEMKIK
il % 1 SiC/ZrB,-SiC/SiC B & E . i gelliksh

[41]

R, 21773 K EREMAEIE 217 h )G, ZEE6ME
TR EI R RN 0.56%; 4 1773 K ZEEM 50 R
MG, HIEFE RN 0.5%. NI HEERZELE 1100~1500 C
T iRIR A P EAL PERE, Hu Z™MER A CVD ERR b
S5IRAE CY/C HE MBI £ T SiC/ZiB,-SiC/SiC B &
WE. MAEREY, RZERAMLSE RIFHAFER
AT REEE R (B 6) « ixE-A#EZ 1100 1 1300 C
THIREAL AL 114 h FERIBRER KRS AN 036 F
1.65 mg-em™; £ 1500 CHEIE A ALEE 68 h J5, Fis
RN 3.45 mg-em™. HA, SiC WEE NI EA
WL T C/C EAMEIA ZiB,-SiC i8] 2 22 8] (I #k
FCFE, SiC AMZNRAE T $0H] B,Os 3 K FNHE i ROk 1] 25
A R E I AR o

N T IRERIE SR Z A R 45 A iR, Ren %)
KHAP DA C/C EAMEIRTHI& T IEEN
200 pm ] ZrB,-SiC BiEEIRIE . WAL REKM, &L
WIEWN ZB, M & BRI 2 IR R i 2 N . %2
GMELZ 1773 K HIREAGALEE 207 h J5 IR B4R F 2
N 4.56 mg-em?, WM EA RS MPUEALEGE. T
JER AL PR A 2 ) s o 6 B S TR (10 T A RURAIS T 2=
SRR HORES . SRR B, Li S % T
SiC-Si/SiC-Si-ZrB,/SiC-MoSi,-Z1B,-Si H ik J2 . L4
R, HTHEN ZrSi04-Si0, E S MK, %846
EE 1773 K B4bAEFE 550 h Gk RELE, mE
1873 K, 200 h #1 1953 K, 50 h 18I &0 =4 1) ok B %
I3 HIN 1.56%F1 2.44%.
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6 ZrB,-SiC H[H]E AT SiC #ME 1) SEM M Ji; SiC/ZrB,-SiC/SiC ¥ Z 1 #kTH 1Y) SEM FE

Fig.6 Morphologies of the ZrB,-SiC layer (a) and SiC outer layer (b); cross-sectional morphologies of the SiC/ZrB,-SiC/SiC coating (c)!**

i EPTIR, AP PIK L) AE )RR P 2 1 4
T T A 2t 17 1k PR AR R SO DL B T 7 2R 8 =
LI ANTT A 1R AL, AT ZeB,-SiC 2 E &R 47T
AMNERE. H H AR TR R E AR e R sk = PR TR
S HARJR R 25 5 5 B AL i AN B A

2 ZrB,-SiC EEARERENHIZFE

ZrB,-SiC J 5 & W i 2 IR 1 4% 75 v s £,
L BRI R SR m R A AR - p e )
KA SABEES.,

2.1 aE%k

fL 7% (pack cementation, PC) i J FE & o5 S
Hl 5 2 E FR R A G CyC B EMEL, BERRHT
RABAEILIIBN C/IC EEMBEEHEZERAENL
RN RRZEPY s A A ER AR AN 1 i o
S, B RS S R AT SR R I A A A
o6 FE S0, WO R T R e J2 R R A T £ R T
I

Yaol24 L) Siv MoSi,+ ZrB,. C #1 ALO; ¥ & K5
B SR PG AMVALE C/C A MERTHI& T REN
60~80 um [f] SiC/ZrB,-SiC-MoSi, H &ig)/2 . W4 1%
W, ZIREEHEE, (D ER AT ENMRL. %
HEMEE 1773 KR AALALIE 510 h J5 R E R
109 0.5%. fEHEIERY b, Ful 45 5 % A AL AL 30
CVD il % SiC YKL N IRIZE, S8 R AR F 752
il 4% 1 ZrB,-SiC-MoSi, MRz - W TR 45 KM, 51 SiC
YRS, ZIREAAF AR F R £ 17713 K 1E
RAEMARE 124 h 5, ZEAMEHORES KN
1.1 mg-em?, FIPHEAMR R HFEMMERE. X2EHT
TEAGAL R IR ik EAM RS IE B C/C BEMELIN, B
FLAR B SiC Aok 26 3@ i 3 BIHL i mT BELAS R 2 N B2 1
YL, IR T RER A ERE .

ESA ZeB, R R & ZrB,-SiC IR 21

JEORIBISIU S T B A 72 AR R 5 1 2 I P AR A
e, LiZPILL ZrC. ByC A Si A 5okl SR ik
1E CyC EAEMEIRMEN G T ZB,-SiC RE. Wi
SRR, EEREREELN 200 pm HIGKRF LI
T MERL. & 1773 K ERANLHE 216 h )5, 1%E
A MBI BRI RN 0.15%. EHFERE F, Li 25
K AR RN R R 46745, T8 C/C & MPRER T 4
T SiC-ZrBy-ZrC = IR |2 . ZIREBUE R E AL
HEFFLK. 4 1673 K 5 221 h )5, =S &K
FH8 BN 1.07%. Ren®LL Siv B,05. ZrO, f1 C 45
AERE, SR EIEVETE C/C EAMELRTR &
BT SiC/ZiBo-SiC HE&WRZE (B 7 « WAL REY, %
WEAAEMAE, EEFNEAFYAERIER T
VUEH AR, ZeBy AHTEIRZ N AFAE AT A 51 (1 I
%, SEN R AEMRL. AHEREREY, %
HEMEHE 1773 K [ERAMAIE 550 h J5, FREHRKE
R 0.22%, UESEHEA H AR HtE b Itk ge .

F IR 4 (1) ZrB, SiC B2 5 AR Z A 8% H %
Bl I = 2 TR A A A R R R s, (B AR LR L
)ﬁKE:

D) LR R 5 0 TR &, 5y oh] A P i 444
R, SFEOL R IR

(2) AL HEVE 25 1R 2 0 o0 35 SO A 2 HL B A
i, DL A5 AR

(3) BISETRAE % P A48 N dEAT, DRI R 1) 1 B
il Z A MR ARFIR ST .

2.2 ERREEE

IRRRANE S ok IR KRG 45 7 AR R R 2 2Kk B VR
GHIBCREL, RIERRE BRI R AR, &G4
TR LS A HE R IR E . R SE IR B T2 A
FRAIC B 25

Zhou 251 1B, SiC 1 ALO; ¥4 A 5K, KH
WRIGREEEAE SiC BEN C/C HAMERTH & T
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o,

i
O
Raw

Double layer

coated C/C c/c

i

.
o}
"0 materials ’

Heat treatment

2373K Bond
N@ :iﬁ eat
Heat ok ey Sod k350
_ o9 yoX X6 o ‘ ':_‘3
< G G =
% 5 ¢ X2 SiC-Si ID g §
5 poses, coated ee 4 E%s 9
25 BRI C/C £3
= 2 ol 3 < =
&} 3 gwck, g ©
e ]
Hea% 8 3 %t
o poe ]

Bond Bond

Inner SiC-Si coating

\Outer ZrB,-SiC coating

K7 ZiBy-SiC Ak = Kl & iR B A

Fig.7 Illustration of the preparation of the outer ZrB,-SiC coating

ZrB,-SiC ¥ )2,  FL 5 R Rt i B i e 1) AR i il v
BT BEREE RRY, 1ZIREEM B BAF/EFLRE
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N 5.3%F1 3.0%.

RGeSt 0 A R P AR T B, o R
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TR v R ) I B R Bl DR e )
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Research Progress of ZrB,-SiC Based Anti-oxidation Coatings of Cy/C Composites

Fang Yaohua, Zhang Zhi, Wang Yongxin, Peng Jie, Zhang Haijun, Liu Jianghao
(The State Key Laboratory of Refractories and Metallurgy, Wuhan University of Science and Technology, Wuhan 430081, China)

Abstract: Owing to their outstanding properties including low density, high thermal conductivity, good ablation and thermal-shock resistances,
C¢/C composites have great potentials in various high-end structural application fields such as hypersonic aircraft, aircraft braking systems and
rocket nozzles. However, the high oxidation sensitivity of C¢/C composites generally causes some severe problems including serious chemical
ablation and significant degradation of service performances. To address these problems, the preparation of ZrB,-SiC-based ultra-high temperature
ceramics (UHTCs) coatings on the surface of Ci/C composites is the most effective solution so far. Consequently, this paper reviewed the recent
progress in the topics of compositional/microstructural modifications of ZrB,-SiC-based coatings, their oxidation resistances and enhancement
mechanisms. Moreover, the principles as well as advantages/disadvantages of popular preparation methods of ZrB,-SiC-based ceramic coatings
were summarized. Based on this, the prospects of the promising directions of research and the technique development of this field were forecasted.
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