55 54 55 6 W = L B N = £} Vol. 54, No. 6
2026 7 6 H JOURNAL OF THE CHINESE CERAMIC SOCIETY June, 2026
http://jcesoc.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20250926

G & b
Wiz R Zh AL SiCo/SiC [ ZERE Bk B 378 2 WF o itk Fee
TERL FXRY EARS R0, FEAS RS, TRM]

(1. LT AR SIRE R HORRT 7L, TEFE 110167; 2. P EFITHEE AT R, JEa{ 100024;
3. PERREG SO, PRHARRL S E R BTG, YRR 110016)

H

B F: B4R R A EE(SICYSIO M B R SR RA IR, wbos, mbst, iR S0t s, IOk 1 Sic [
BEWTRFEARAN U b T B AT 1R RE 22 (R BRBE A 2 R S K B A IS P e IR/ R S AA S B A ARV JN R R, IR Ik
KAWLER . FETHER LEAER PRI ANE, fESERE T A Sl A i RS A3 H s e . SERENEA . B ANE R FE g4k
P55 [ b Aol CL S SiCySIC B A M RHIF I AR A ™, FEREI NI T 3 R R U be = KA TR A MA . Tw i Fe 4k
. FRSEZLIIE. AN, FEE ST KSR AN B R, R A et T8 F3A1 £1 vl s e 1 ™

=, K& SICySIC EEMEH B IRZ BRI EE,

KR MBS EME RAGEEA S Bl BirRE
FESHES: TB32  EkFFSRG: A
4% RRETiE] : 2026-05-12

RS RAHLANTE CHLE O, ke EHLME
REMIRE A izt —, Hwih. BRI
WU B K S BH K . St R BRI
FEH R Hbs A KR BE R LK T
fire o, BR S E LR Y T R L AR S
KERR R, SEIF R FEZELT 2 /M 1)
B msRgs e, REmaReR; 2) AN iR
SERIARL, R E AL HES/IhE . AR, RS R
B B MRIA % BEROR,  HAS IR R R0 A 1 R
CLEFIR(1100 C), XMEH T —REMAEm S K
ML R A AT

TES LMY 1100 C LA_L =i s ki, i 4:
T Ak Tk 21 o 338 508 B A4 ek (SiCy/SiC) M %8 3 B A 44 81
AR, mofE . SR s R .
PUAMA PRGBSI RN, 0% T SiC P&
FEPVEACAI PN b T BT 1t BE 22 IR SRR B, 7
Jet iz R sh LI LR A H i .
21 ALK, SiCySiC &M RO 2 B H Tl
MR WL SRR RN SR 5 AR

R H i 2025-07-17, EITAA: 2025-09-10,

RETH: EXERBHEERE S (U21A2063); HE & 8 B 2055 1E 5
H(HFZL2023CXY022),

FEH: FEWA999—), T, Wil, YILTEF.

BEEE: PUHRAST—), T, Wil, @y TR
INEI(1984—), 5, HiL, BFRR.

XEMS: 0454-5648(2026)06-2113-24

AL, (T SiCySiC B A AR s R ) ZE 2 5 F
Bt, PR = B AR I o S AT
B, TPEE EFR SICHSIC B A&MEHIAR .

1 SiCySiC & &k & & i 2

SiC M A =R . . R 250
S RARBEM T R RE, BN AT
TRRAIR. MG HE. . 58S mETT
b LRSI SIC LF4ETHIADNY, T SiC P
BRI 70 B AR YR T R P 80 B, SIS THARE A
RN E AT, B8 T SiCySIC ZEAEH,
IEIESE SiC 4RI sRIET) . o P F R L
TR, AT DL IR T SiC HAR ) )5 Re

240 JI1EH T SiCySiC B &k, S8 Py
PR SO MG e, SR A YR 5 AR
AREL R, BRG], IR .
B, FAERIMFEI R ST B X R EER T~
JERLFy, RIS AMInbL R A G, P A

Received date: 2025-07-17. Revised date: 2025-09-10.

First author: WANG Huiming (1999-), male, Master, Junior Engineer.

E-mail: hmwang@lam.In.cn

Correspondent author: LUO Wendong (1987-), male, Master, senior Engineer.
SUN Luchao (1984-), male, Ph.D., Researcher.

E-mail: lwd524057@163.com; Icsun@imr.ac.cn



< 2114 - CRERR Th22 30

J Chin Ceram Soc, 2026, 54(6): 2113-2136

2026 4

ROy . HH, ROUEy i EF— 8o DL it
SiC 74, Mgt 4y Ry g, XFhR
SUmELAE R IRCR A RINHLR /), Ky R
PEARU2, AN (E AR G A 4t 2 A A s i AR
I BE 9 FUHIAR , B AR 4R R 2Re R BG s AR A
BT RKAE. MOk, HAPRHE S A A IR BT A
B, ZC TR S AT R S p) TR, BN
2 o 5 Ak 2 8] R AR IIK 3 BOAS UL IE TR B8 0 4 B
71, BRI A I R b B R 44540 DLOR BE 4R 4k i
B, s GRS A, M H, 4 SiC A
e AR, FHIAHRE SRS R R AR,
e FAARRLr, FERCGNSRER, B PIERD,
HAr, & MM SiCySiC 7 A8 A k3 5 4 ik
(PyC)~ AR (SiC/PyC), E & HIFI(SIC/BN),
A S EMA R 14101,
1.1 SiC 74

SiC R4 ARIHEL, Xt SiCySiC E AR
RIERE] T ARSI ER, "L, SiCySiC
RAEMERBERE SiC 212 77 I I28 7 s T A= 1 5%
BEMERAEL. 1975 4, HARILKZM Yajima HIFA
FEOI T & IELE SiC AF4EME LB IRIARTE (hiki4,
PNEAYNESE IR Sex RS I RS N Y=
H AU IR T 29 20 DRI AP B HEAT 5
ARIK, SHTEL) 20 12370, HE 1986 F, HA
#— R RIS SiC 4457~ i Nicalon 200
RAI A, HARA FIESZHL SiC 4477kt
B J5 » Nippon Carbon /A &) ¥ /1 T3t — 052 7+ 7= fhifid
Pk, R 1996 4. 2005 FIFEE T 2 AR,
55 3K SiC 444, X 2 AP IR R T RIS

AMRHCMO) 3G, BT, HARFEH M=
2:%E(UBE). Nippon Carbon A ] LA % 3¢ [ i ff 7
(Dow Corning) A ) K AR R BE 42, 55200 1
55 3 AR AR SiC AR 4E kAL .

W SiC A4y S BAR SR 2 A 2 Nicalon
NL202, HFEZRHER S @ikl SiC TE
REETEL 10%(FE 7%, kiELs 1.4].
Nicalon NL202 7EA &I E T 8K I IR E N
1050 °C, 1EMASMAHA 1200 C, FimEdm,
YL 2 1) Si0.Cy A AN A 2R 3 iR S S A B A
A A, SRR YR SR FEARO 7101, 4t
STHIMR SiC AR 4Efff A 2 1, H. Sl A
AR AR B 2RI R T IRAR = e 5 2 AREFLEIIR A
FHERA T EIRT 1%, BT 20%, FILHiRA
IRER A SiC £F4k. 55 2 REF4E I PG A 141
PLEAL A B3R, AT BRI IR 2
91250 °C, H MR FKZ Nippon Carbon A w2k
F ¥ 4R R 7 5 143 B9 Hi-Nicalon & 51|41 4E
UBE ‘A ][] Tyranno ZE R 4 4E220-221, 2 3 {X
SiC £F 4 (1) 3 BAFAE 2T fb it 2 L, 4 4
A R RSP, REEIAR T
1.05~1.10, %54 EHASFHZATHARR B-SiC 7l
B EOIRAS, MR T SmdmRE. Bk, X
R SiC Agemgi i Eims T3 1AM 2 /L SicC
a4, PrEiRE AR EMPIAAERER R, B
AR EIAE] T 1300~1800 C. L RARE
7& Nippon Carbon f#] Hi-Nicalon S R 51 4F 4k, UBE
[*) Tyranno SA %131, & 12958 7 A 2 48,
55 34X SiC R4 fE -

1 OMREE 2 R 3K SiC FHERIMERERY
Table 1 Properties of typical 2nd and 3rd generation SiC fibers>*]

Second-generation SiC fibers

Third-generation SiC fiber

Froperty Cansas 3200 series (Leadasia) Hi—Nicalon Tyranno ZE Indexes Hi—Nicalon S Tyranno SA

Component O content/% <0.4 1.2 2.0 <1.0 <1.0 0.3

C/Si 1.39 1.34 1.05+0.1 1.05 1.08
Fiber diameter/mm 1341 14 11 11£2 12 8~10
Tensile modulus/GPa 280 250 233 =320 340 300
Fracture strain/% 1.0 1.3 1.5 >0.6 0.6 0.7
Density/(g-cm™) 2.75 2.65 2.55 =2.85 2.85 3.1
Temperature for use in an aerobic 1250 1250 1250 >1350 1400 ~1500

environment/'C
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(a) Weak interphase

(b) Layered-structure interphase  (c) Multilayered interphase

(d) Porous interphase (e) Fugitive interphase

Bl 15 R SiCySIC M BedE & RH A T 45 4
Fig. 1 Five types of basic interphase structure for SiC¢/SiC CMCs
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SEHERRIALH , SRR B I A AR AR 2 38
SR SR R DG RRY, X EE RN T 5
EVEHELTESPS IS

FIFABLES 2 21 456 SR H AR il s T S,
AR N2 30 S TH A 2H 59— T 21O &5 Fa— 22 WL g
Z A FIBLE R, N SiCySIC B A MR A H A &
TR SR RERAE AR R i S PR i S % .
1.4 SiCy/SiC EEMREM T L NHLAIR A

SiCySiC EAMEEA I 5 1 il AR e A &
WJ15ERe, HE R, Prafbtkss, B
T 52 RO A R BB I 4 R A 1R e A R
SiCySiC HAMETrPERE RIF, TTKB HEE
F VAR FHIRE AT 1600 °C, Bl A KHEE E
K IE H A2 R BN B B IS R A RO T
EE. HARSN, BRS04k S &P AR e
PEECR, ANBE T REERS G MRTENT S K E)
BLFA A N S R AR 7168730, BB &
MRLR SRR 207 7 MEIR B &R . AEE
IEPER S IR iR . 520 KR 2 iR TR 3%
# 1114(700~1000 °C, <120 MPa), HnEWTE Y Fi/
W NHER S, SR R G A
(1000~1300 C, <<120MPa), 1S [aM-. WA,
KGR IE TR E A5, B e il B A
(1000~1300 ‘C, >120 MPa), FE Y& iRt 1
o IR ES TR KRR P R A R BN RE RS %
H, BWRKIPEZ Gtz —, fEiEfTid
TR, InEe i AR S A R AL P Sk 1 00 A
Wi Y SR, EE AR E RO ). 5
UEIRIE, e i VR S S e R D R A, 20
i 52 RS eh dAer R A T 5 2 R S
MLt ER . Bk, MR FrIvRe S F it
s e A AL HE R B RS A BB AR LA

SRR TR, SiCySIC B MBI B
FE] A1 S 33 2 R BIATL AR 30 43w il 0 vl 2
1EfF EAF RN A . Hodr, S A A (GE)A A iE
T GE9X & ENHL E PR A SIHL(CEM) A & 1) LEAP
RYNVRAHIIRA T SiCySiC & A MRk 1) 5
Ao aE, ARRIRECINA . WAMREE E R B R R
TREC ISR DAL B 2025 4F, BT SiCySiC
B EMENRA SNRH) LEAP RENHLCHE T 45k
4000 42 447 /L, Rit2eds YATH (AT 5%107h,
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BIE T R AT s E AR RN A U273, 7843
WEB T SiCySIC B &M BHE Stk K shildh T2
AR AT AT P R T S

20 tHh4d 80 AR, VEEHETE I (SNECMA) A
FON T $ w2 R S LT E R R I iR 22 1 R
HHARTFRE T C/SiC BEME SiCySiC E-AHM BHE)
MAFARBIG, HWIHHHH T Cerasepr A300 F %)
SiCy/SiC E A #1ELF1 Sepcarbinoxr A262 %41 C/SiC
HEMEL 1996, 25 EFEXEL 1 M88-2 KAL)

E——

(a) M88-2 engine nozzle flap

W AN R T SNECMA FIETRE, R EHL
HEKIERE, beEEEE S M &R E S RHE
AL 23 R BN R 0 A AT i R RO, ] 2a
FiRUel, B 5, SNECMA Aw| XFFK T A500 C/SiBC
A%, A410 SiC/SiBC &%l A416 SiC/SiBC R
SEMEMAR, Hi, A410 SiC/SiBC K R H T
#14% F15/F16 f&=1-HL F100-PW-229 & ShHLHImE
AR R, W 2b BrRUT, iz fFE T 265h (1)
Rz,

(b) F100-PW-229 Engine nozzle flap

B2 SICHSIC B A HRME AT A i R LR e 7]

Fig. 2 Using SiC¢/SiC composite materials as the nozzle flap for the engine tail nozzle!’¢-77]

(a) Examination of ceramic matrix composite nozzle flap and seal in F119

engine

ol
Ty
’ e i

(b) Assessment of ceramic matrix composite nozzle in F135 engine

B3 P B S A RORHEE K N AR08 7

Fig. 3 Application assessment of ceramic matrix composite nozzlel’8-7]

20 tH41 90 4E4X, SNECMA A & B E i d
SiC/SiIC EAMEHRE =R BT 7 180 h K ENHL
MHAR(EA 600 NMEF. 100 h B KIZITIRE), K
Y E S IEIT T 1180 CIRLRE 444 T MRAk 143 h KM
R . 2005 45, SNECMA /A 53k [ i 3k 4
(SAGEM)AHl &3, MOL T Fe1E 4 H(SAFRAN),
SAFRAN #illi& [P B X 5 G A R EWTE T 2015 4F 4
H st T WM AT 2 22 4 R (EASA) R b AT Al T A
WEBY, JET 2015 4 6 HHE#(E CFM56-5B K EhHL
FFERL T E AT

20 thedoR, MERE GMEEE PR S A

W RS R BN i 45 R R R B AR g e AR, 2
BIF R i 1 BB AT 25 R BIATL A 0 B o P e AR X i o 2T
5 EAH 4k 5t 1 55 1 [ 50 2 AR R (NASA) 5
PR R I EHBOR (HITEMP). #5248 SiHLEL
AR(UEET). % H&& 5 n] A& 1St imbe K st
RI(VAATE)S KBTI H , XA KEINLe A kLS
SERBARFVARNKEN T VIR 77, AR
X HE A RHEORIT R 4 )3 . 52 ad T
SRR, Rl 2r G T e i A R AHLEOR THXi]
(IHPTET) E KA, NASA F1 GE HF il i) g i
A MORE DL PR BE S T Ak, R R #
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F100. F414. F110 MK E. EHiks HrFe
(P&W)/A F) 3T IHPTET HHRIFIEAR B, KL
SO AIE PR S A MR R T A A, X
F119 X —A2 BRI KANWLEAT T HARFFE,
WKl 3a FroRU8l RAFTEY A G, KWL & © %
AR, BATHCAWD, WAMEHRS RS . Ak,
P25 F35 i LG BEh ML I ) F135 R Bl L,
P&W A FMAEH THERESME, FEHT
F135-PW-600 ¢ & () 4MUFa 44, 29 F135 s A S LA
St KA S AR SR HHLBE e T S, & 3b
TR T F135 BmHE sLIgel,

IHPTET tH&iH K & R IE T SiCySiC &
H A BHR 5 5 KU T R0 N A TR AR B AR A% e 7. 3
h, BEREEGEEBCOREMH G SR E
SiCySiC &M EL, S T e 1200 °C, k4% 5000 h
M. 1H, ZMRHES PR b= KA R A
JTAGG(BK & i e Je 3t i S LR SR AR 3 1 K 36
I B BURFE KT XTE65/2 Bl HLh gk, K
HAEEER 1480 CHRHAAE AR, & 43254 IHPTET it

I B SiCySiC & &M RHA RS = 4 B F1 K G
& NASA ¥AE(Glenn)BF 57 H 0 JF & HI SiCy/SIC
=AM OEHR 5 10 i R AL R D A 2R AR
S, A H T RERIKL 20%. ZARHED T %
B A E FE 60 m/s< 6 4> KSR (2 6x10° Pa)
J 1200 C RS 5 1%, SE 7 HAE NI 5%
R EEYERE . GE RO 7B BF4, 7 F136 &
FlEm TG EW T H GE ARGIERIE 3
PAREIREE SR B, %0 TAER A & R
BEAR T 50%, FF@Id T 1200 “C TAEFRES () 5610 %
83,

b4 SiCySiC E &M EHEM = KM H IR 2
B B FH A B R R, FEAE il A A 1 B A
W H 5. GE ) LEAP-X RAIKZHEH T
SiCySiC & &M kL il () IR I 5e 7R 38, & R
SiCySiC B A MELER N H T K BUZ LA, X
AR B FAR T SRR R R, T S KRR &
TR AN, w5 BB, 2015 4E 5 H, %
# LEAP-1A KENHLI T2 A320neo ZHLTEME K,

(a) SiCy/SiC composite material combustion outer case

(b) SiC¢/SiC composite material flame tube

Kl 4 IHPTET tHRIH B SiCySiC & &M EMA R 3 i A K pa e (82

Fig. 4 SiCy/SiC composite combustor chamber outer case and flame tube developed in IHPTET program(®?!

(a) SiC¢/SiC 1% stage HPT shroud for LEAP-1A

(b) SiC¢/SiC st stage HPT shroud for LEAP-1B

K5 LEAP-1A 1 LEAP-1B KBIHLA SiCySiC ZAMRHIIERIH 1 BB Hoia e sh 784
Fig. 5 SiC¢SiC composite HPT shroud for LEAP-1A and LEAP-1B engines!®*!



254 55 6 H

FEI S MU RSN SICySIC MRS SR K i iR ERT FList 2121

b6 )5, LEAP RFIER AR IS E, #EH LEAP-1B
A LEAP-1C KL, 73 A&l T & 737TMAX M
HE R K C9192 MR HEML. 2016 4, GE Aw|JF
J& GEOX KAHLE e iR, %R shiLribe=
KIGTRNANR. 28 1 mRiREesbER, 28 2 gt
S ¥RMA T SICySIC EAME, HiEHN
99:1 £ 103 : 1, H#EEMIA 5.2, 2018 4,
GE9X KHMLHIP S 777X BHLERE €, [H4F 9
H 3RS FAA AIIE, IE# AR IZE, B 6 4 GE9X
L2 R BN R 83),

K6 GE9X Mtz RANHLEY
Fig. 6 GE9X aero engine!®]

SiCySiC &AM RHEMNT 2 R BN FE 1L AFH 1 B
HEUR T E R, KENHUARE IR EAE 10 A HiE
w1 80 CLAbo FET A MA, # SiCySiC E&
MEFDI N T #0014, /DB RET R 25%0)
HE 1 VL B 10% BRI 42 - GE A R SiCy/SiC
AP TN AR — B Ab Tt FUAT K, A
I, GE ®AERGHIET SiCySiC imfe i THErI N
F#F5T. GE & MIEE 1A R T ki 46
BREERC e S e i, AL AR & R A
Bl AMNISEIRISMER SiCySiC AR, Kl 7
Fr7Risel, SiCySiC et i i inl i, REIR BN
NS S E W TPy E RS A RN
7, X E ER, B ERSIHL
THRAEF A EAR . 2015 £ 2 H, #%# SiCySiC ik
JEIREE T A F414 LRGSR ENHLSERL T
500 piaehs . PUR TSR IR ISR, R
AL T SRR ARE I, B JS . GE ¥ SiCySiC
RS - i N T B RCHT AR ET )  4R 1
XA100 KB, &RV IE T 5 E 7= F A5
W& Ja 3l I H & M. 2 V) Re K ZhHLE AR (ADVENT) I

H, KWL & bR s 5 R s T
SiCy#SiC B &ML, 2020 4 12 H, XA100 KzhHLe
PR, 7 E & B T SRV OHEARR =
THRIE &N IEA R SIHLIE A8, 2022 429 A,
GE EAi%f 2 5 XA100 H & NAGH RS
2258 8, TRUTHE 2027 444 AE F35 R AL 2023
10 A, GE AFIMEEMZERZN T KEMHEE
B A MORE B TC 25 A Sk BU 0T 52 ML (FARA) Ji7 24 AL
et 2 & AT R S T901 .

K7 GE ARHI& K FAl4 RENHURIE 5 1 )y 8o
Fig. 7 Turbine blade of F414 engine produced by GE[®¢!

2 SiCySiC & &8 b 7% B

Ve B B 5 DR R AR E A 2 R B AL i R
AR TAERS, BT ElK A i Eh A fl
A CaO-MgO-ALOs-Si0> (CMAS) 1 45 & 1
H, RS KA M, 58 AR e
MRl Rk Bk, TEAERRmENG
BT B, RIURZE I SRR SRR i 1 B 47 4
JZ 5 PRAIE PR B3 5 A5 M ) o 30 1 T 5 e AR A3 o
ISP RETH R E AR 1500 °CRH— Qe E HL T
TRAWEARRM, KESRERZNBT 45
W AR AR S A R E R 2 H
2.1 MELNIE G RRER B B R EME
211 mEmKEEM WIS RS R 3 B R
SINBERANY), AP EHEKES, SR TK
KR 55 Si0y RAERN, A R PE Si(OH)s, 1X—
IR R T EO R BRI IR 1) R B SR AR 2
TEFR R KSR ke K SRS Tk 1 s B s R

28iC+30,=—=28i0,+2CO (1)

Si0»+2H,0=Si(OH)4 )

More ZEBIHE(T 7 1200 C @i 2 S &R 10%
KRB T /KE R I aRss, e (24 100 ho 58
AR, mEKEMEHET, S EHED
AR G s IR, eI ER, SiC il
FPE, 1B 8 k. NASA H—1 F IR A CE H,
7£1200 'C. 10 MRS SFEE N 300 /s [I#A
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SIEET, SIC M BRI iR 2204 500 um/kh.

MR Y\ &

C. 'v

Ky ' & o\
e "‘.. . O"vq
S W Ry -y

SIO oxldelayer _:.'\ 2= Honeycombed SlO
\ \

10mm [ERSE S5 10mm 0x1de~layer

— . & ' AR — s '

(a) SiC after 1 hour of oxidation (b) SiC after 100 hours of oxidation

K8  SiC 7E 90%7%5/10%K 75 S5 T 1200 'C/10 atm/1/100 h
JKEE 5 O S1s0)

Fig. 8 Microstructure of SiC after water oxygen corrosion at
1200 C/10 atm/1/100 h in 90% air /10% water vapor
environment!®)

2.1.2 ik CMAS i BT mEE s mmeEA,
~M%¢%hwﬂmmm%%WLWWﬁ\XMR
G AN IR R BIHLN, X5 CMAS i
FIAE iR N2 ah e i SicySiC B &4k, S8k
FHHE RE R IR .
EHE\ENT 2 n 2N T Hi-Nicalon
Z A Sylramic F %1 2 Ff SiC £ 418 1d 1 fil = 12
MD) L ZH % SiCySiC B &M BTN CMAS
JEER LY, BFFRE, 2 B SiCySiC HAEM
BHE 1200 CHRE T, D45 N 35%(BE /R 750
Ca0-10%Mg0O-7%A1,03-48%Si0, ] CMAS J& il
10h J&, 3R 25 M5 B OR BE 2250 5l 69% 1 86%,
Wk 2 Fiow.

&2 20 MI TZHI#/ SiCrSiC BRI
Table 2 SiCy/SiC composites prepared by two MI processes®!!

SiCy/SiC .
composites Fibrous preform Volume fraction Interphase Manufacturer
P p of fiber/% P
sample
1 Sylramic SiC fiber 33 BN GE
2 Hi—nicalon fiber 39 BN GE

ms R i 0 S TR S . RN
SRR, W RSHA BT AEERER NaCl #
%,ﬁwwkﬁmmFA%% W R AL ) RN
A B NaxSOs. NaxSO4 1E Hiili (900 C LA )Xt
SiCy/SiC E-& M B BAmZIM EIEH . NASA
ot RS Fe ML (Advanced Gas Turbine)Ti H H ik
T SiC W& s 3 55 R B I R kR g, 4
R, o-SiC MEZLETE 1000 C. 4 NMRAE.
STEEN 94 m/s, BB S RLN 0.05%-
Na &7 24 2ppm FIEL I T =8 h 40 h
G, IR R N 73%~T7%, B9 R

T IR R RO .

(a) Surface macroscopic morphology after corrosion

(b) High-power micromorphology of region 1

(c) High-power micromorphology of region 2

K19 o-SiC W& 1A i T S iU 5 A AROv T 351102
Fig. 9 Microstructure of a-SiC ceramic specimen after high

temperature corrosion test(*?!

2.2 SiCySiC EEMRIARIFRE

fif ik SICySIC A ARG Tl in) @5 A 2 )i 42
AR EHRIMIREDRZE, £ SiCySiC EE Mk
AERIE SR EEOKE . DR s Sl
SRy al T —iE bR, DACGE L BTK S/ SRR SR h
A R BRI R BIHLIREERT SiCySIC H A
FHEMWEREISEI, RIIE SiCySIC B &Mkl 1
KIATTFEH IR . ARG & T EMAHEBAR, B
PREFEQE T,
221 miRPUEMIRE 2l T2,
KH PIP L2 £ 1 SiCySiC B &M Kl R i SiC
RAiEARE, C/SiJH FHN 1.10~1.15, FHHIESHE
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FLERANZLLL, T FL BRI ST i E AR B R T 4
HNEEMERIEIE, HI59 T 2 6MEHE SRR
IR BT B AR BT ERLEE /), H1120 T SiCySiC EE&4
R i E LU s AL B ar R
PUAMZ DI REZ IR EM B A SRS Pt
AN B RE . B AR WRE SRR
AL AR 55 2 P R i, a0l 10 Fis o

FEFRE AR EE R PIEEI B, R 8R
M —REER, W SICIRE. SHNGIRES, B2
B2 T 52 05 AN AE 1200~1300 'Co N T iE—2D 4
R EN I, AMAERE T EMZHMRE
R Z, ek EEPHOSIRI FARZSI % T Si-Mo-
Si-W )2, ZIRERUEIH AT LAFE 1500 CLLT %
IR BT KB TR R A%

External impact
high-temperature corrosion

. ‘\ . // " “\\
p, / \
S\ o
v\ - === — y—;
\\\\/ 7 ¢¢ = \\\\\://

—#  Self-healing ability
X

>

< > SiCSiC

Physical and chemical
compatibility

SN RN O \g\“z\

Composites —

K10 i i IR 2 PR RE A 32 i IR 3R
Fig. 10 Principal influence factors of high temperature oxidation resistant coating properties
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(1) SiC = R FHRR A SOEE . W2 IR =P a2
K, B SIC BEMIE TSR0 O R
Si0,, W& mIRAER 2 AENMAL, FNEAS
REM R I, Sl J5 4 BEBC RZ8045
ER4EE.
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PR B R iR AR MR R R, H
XK ER R A 1 R O B ks = A I
P, XY SiCySiIC EaM R EREIE R, FEL
FA MR R AL, ik, AR AR
JZ(EBC)X SiCy/SiC E-A M EHIEATBIH, f#ik SiCy/SiC
AWM BT R s R BE IR A 7]

HHT, EBC £ il 55 55 Wi e i 7 R 2
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JEEERIRZEP102, 2R Il E MR IR
BB TR 2 A k. Figh 20 Lt 2 A4
REEARE EBC IR EMS G50E, REPUAM. 25
WERVIHEMRg A EENER . SR
ik R ECS HoAh 3 )2 HT 555 2 Ak 2B AR 2
LB P 3 2 F] PR AK VS AL AR S O, 4R
WENEAR TSGR, HEREE RSN &SRR
SEPERIPTER AL MERE,  DURHR S i iR K A
JATEAI CMAS B fE

HElBr ) EBC B AN A4 L E fi s Hik
JA(NASA). GE. Z /R4 i A F](Rolls—Royce)-
WREf BESERLA F](Oerlikon Metco)&s. [EAMT SiCySiC
FEMELH EBC iRERIWH 7 Chlid 30 4001120, 3 2
Z/E LEAP Ml GEOX M KAl EseBl 7 TFE
IR, HEZREREWME 11 Fix. ik
16, E4F EBC WK S0 £ 2 NPT E RS RS,
% K Be 8 4 O B A L &), FE Siv B.
Hf FIb A0 S Hok R 3525 . [RI I 25 [E B S8 fk At
J&§ o — RO B iR R M R AR A RE . AR
Tk A, BSAS. EEEREE. HE AR, EihiEw
WA (YSZ) # HER R 3. W T B IR 2h L SiC.
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RKEHEMEEE T BER RG2S ERHGEHE
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FIBY, 1 Si. FEokAT. BSAS. SiC )25 CMC
PR BT R I R BT, Bl 2 2R
Wb, HBCHEZER R EBC ME. HZK
ARIPUKAE M I AE, Bl T HEEER,
A e AR, 43 EBC M AMEZE
T EGE EBC BIBIKEE itk fe, 28 2 4/ EBC

1980's-The Oak @

@

& 22 K R AR AR 8 H 5K &8 il i K BSAS
(1-xBaO—xSrO-A1,03-2Si0,, 0<x<1), LKL ZE
£ 1300 °C LA F A RUF Ryt Atk . BSAS BA
R R A i, 5 SiC R A B
)P0 BEAL 22 DL RC M, JE AR ] DL 2 & 3 AL 1300 C
DL RS A5 EBC i3 2 M B ZE SR .

2016-CMC has been
successfully implemented in

Ridge National 2002'_(},]5 . the engineering of the LEAP
Laboratory in the 1992-GE has initiated = 2014-GE continues to engine. Rolls-Royce is
United States has sponsored the  the erllkon HNATEEARSEATa O advancing the engineering
conducted DOE project led - engineering 2011-NASA and CM_C anfi EBC er . application of CMC in next-
fundamental research 0¥ the Oak application of  Oerlikon Metco engineering applications.  oeperation engines.
; Ridge National CMC. llaborativel . -
on SiC fibers. : collaboratively =
%O AK RIDGE Labora'tory in developed the ~—) ,///ﬁofﬂif///!
-National Laboratory the United GEA powder process for \‘\UNITEDCOATINGS GROUP -
States. erospace EBC. A MUCH MORE THAN COATINGS |
1980 1990 2000 2010 02
. A 1996-NASA, GE 3
-Mull!te N and PW § 2011-The
Mullite/ALO,, V.05, = collaboratively Clfeeg =, Umiversifyot
o : i conducted research oo et SO Virginia in the
-Atmospheric plasma " J— Yl S United States has
spraying ) : I e s
Solar Turbi 1992-The NASA ~ -Sibond 2000-The UEET g‘r’lr‘ri‘r‘ecfigss‘:ﬁr:a]:e 4
olar IurbiNes  Ggien Rescarch coat/Mullite project (led by the " | vetems 2019-CMC has
A Caterpillar Company Center has begun +BSAS EBC NASA Galen Y ’ been successfully
research on EBC. Research Center) - implemented in the
-Mullite conducted in-depth !L"JJ! engineering of the
-Mullite/YSZ research on the EBC q IVERSITY GE9X engine.
GE Aerospace IRGINIA
K11 [EH4h EBC iR ZHARRIK R

Fig. 11
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Development of foreign EBC coating technology

CTE, 5,0, X149 3.0x10° K1 #HELZ T, L
MR EA S SiC(CTEsic 214 4.0x10°° K-8 4%
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WIET 7HIE 2000 h FOFEIASELS . 45 R0,

Yb,SiOs TH 2 T B A B m MK 25, RIS
Wi G = A ST RN RS X LR
NAMKZAR I PGEY #oliE, ik TEESE N
b 5 R KEA(TGO L, & SERE
FE R I 8] A R A 7%  NASA it A 1650 °C
JRALIREE . TR RZNHL CMC ke = AR e it
A Z RiRES R, Lait ZrO, A HFO, 245
WHRTEZ, ARG T RERR 5 AR AR R Eh 3R 85
Rz, fE 1650 CHIPBE AN LI H 300 h
IFEER TR AMERD H PR 2SR ik gE, Wil 12
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7% Yb2Six07 EBC HIHI/KZE S RE /1, TE | & 2
L, ONTRRZERSE, &SR NS AR
## EBC RET RS SEE, ZiRENPUE R
FIATEA LR 5, A A IR BN E TR
(APS)H AR 1) YbaSixO7 EBC RJZRITEREK -
) Arnal SEOMEAL T ERLR TR S AR AU
BT HSR FUAY B 5 R RN K R e
YRR, #2577 H 5 EBC HEULAE HIRIROE & .

1650 C capable thermal/environmental
and radiation barrier

SUSIEL IR SIS S

;“:‘L“Mﬁ%\. Energy dissipation and chemical

”,

IPTURRL TS iR | barrier interlayer
.ﬁ%%wﬁ% . .
i N i Environmental barrier

Nano-composite bond coat

Ceramic matrix composite (CMC)

K12 AT SiCySiC CMC RENHLHA: 42 45 kg U7)
Fig. 12 Multi-layer coating structure used for protecting SiC¢/SiC
CMC engine components!!7}
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Fig. 13 Process for preparing T/EBC powder feedstock



254 55 6 H

ERY 5 SR SiCySiC B B B S RRL LB i JE0F 7o itk J .« 2127 -

(b) Cross-sectional of T/EBC
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(a) Surface morphology of T/EBC
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Extended Abstract

Silicon carbide fiber reinforced silicon carbide (SiC¢#/SiC) ceramic matrix composite material exhibits exceptional mechanical

properties (i.e., low density, high specific modulus, high temperature resistance, efc.) due to the direct and complex interactions

among the matrix, fibers, and interface phases, thus overcoming the low fracture toughness and poor performance against external

impact load defects of original SiC ceramic. Consequently, SiC#/SiC composites used as aeroengine structural components can

significantly reduce the need for gas cooling in the engine's hot-end components, leading to decreased engine weight, enhanced

thrust-to-weight ratio, and improved component durability.
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Some international enterprises like General (GE), Pratt & Whitney (PW) and SAFRAN Group of France have realized the
large-scale production of SiC¢#/SiC composite components, which are successfully applied to the inner and outer rings of various aero
engine combustion chamber flame tubes, high pressure turbine outer rings, guides and other core components. For instance, the
ceramic matrix composite seal/regulator developed by GE is commercialized and applied to military engines such as F100, F414 and
F110. Pratt & Whitney (PW) adapts the F119 engine of the world's most advanced fighter jet, the F22, with ceramic matrix composite
nozzle regulator and seal validated under the IHPTET program. SNECMA develops composite systems such as A500 C/SiBC, A410
SiC/SiBC (1200 C) and A416 SiC/SiBC (1400 C). The F100-PW-229 engine nozzle regulator of F15/F16 fighter jet is prepared by
A410 SiC/SiBC system and is needed to pass the 265-h test.

When the hot-end components made of the ceramic matrix composite are used in the extreme gas environment of aircraft engine,
the surface of the components can be faced with corrosion from high-temperature water vapor, high-temperature molten salt, and
molten oxide CaO-MgO-Al203—SiO2 (CMAS), leading to a rapid performance degradation of SiC¢/SiC composites and premature
failure of structural components. Therefore, protective coatings that are resistant to typical gas environment are needed to protect the
SiC¢#/SiC components, such as high-temperature oxidation resistance coating, environmental barrier coating, abrasion resistance
coating, etc.. These functional coatings are expected to provide a long-term and reliable protection for SiC#/SiC components. An
investigation on the design of high-quality coatings and advanced coating preparation technology is thus an essential method to
reduce damage to the SiC¢#/SiC composite matrix and a critical factor in achieving breakthroughs in next-generation high
thrust-to-weight ratio aeroengine technology.

Summary and Prospects The existing domestic research and applications of SiC¢/SiC composites on static parts of turbine engines
is not mature yet, and that on rotor parts is still in a preliminary research stage. For instance, the working conditions for the rotor blade
are extremely harsh and its configuration is complex, which make the component structure design a core and critical technology. The
turbine rotor blade must ensure the structural integrity of the blade body and tenon, as well as the continuity of the fiber in the bearing
direction due to the huge centrifugal mechanical load, thereby leveraging a high tensile strength of the fibers. The structural design of
turbine rotor thus must consider the characteristics of composite materials, forming a structure/material integration design method.

The upper limit of long-term service temperature for SiC¢/SiC composites based on the third-generation SiC fibers is
approximately 1400 ‘C. However, the wall temperature requirements for the combustion chambers of the new generation of
aero-engines exceed 1600 ‘C. To ensure the long-term service reliability of SiC¢/SiC composite hot-end components in
high-temperature gas and corrosive environments, the design and preparation of high-quality protective coatings become one of the
key breakthroughs in the technological iteration of aero-engine research and development. The development of protective coatings for
the hot-end components of the new generation of aero-engines must rely on advanced technologies such as efficient screening and
design of new multi-functional coating materials, innovative coating structure design and precise control of coating microstructure,
large-scale preparation of coating feedstock powders, and performance evaluation and failure control of coating systems under typical
service environments.

In summary, there remains a significant gap between domestic SiCy¢SiC composite materials and protective coatings, as
compared with those of the Western developed countries such as the United States. There is an urgent need to systematically and
progressively develop the application technology for ceramic matrix composite materials suitable for aero engines, accelerate the
establishment of technical reserves, and provide competitive hot-end components materials and technological support for the
high-performance aero engines in China.

Keywords ceramic matrix composites; silicon carbide silicon carbide fiber; corrosion; protective coating



