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PSPPI 0 405 R T AR AR A P R O S A RHTT AT . 20 142 90 4EARGR, XHEAFGIRIE e
S BPRH38 DTSR SRR TR O BF A . H T, UHTCs B35 T WERAPRL L
I P,

ATELEMN % TP BH A RESE LA TR UHTCs JE4T 4T 4504

2.1 UHTCs B4 BRI

AR LRI ATE UHTCs 1, ZrB, fl HfB, 3 UHTCs AR TR, & HI K
AEOM R U e e, T RAZE 2000°C DL B B IR S AR SE B i (] R i, R H A TS
(I E et AL S IR B ARE, AT TR A T RAT B B S TSk DA SGEB IR I R R B AL e EE I Ok
BRI [ AR IR B FE RN S T T AR A, RN T KRB AT WA 7,
HEF T BRI .

re R P AT A S L TSR LA RGBT R SR e 3 1) S B A i A £ FRAS s R e T
R (> 1800°C). SRAAL SURIINAANYEEIAEE, X HLE SR UHTCs 76 MRG0 fE b B 0 5 1 4
TERE S, 5B SO Sk E R, B ESRAPRE IRASLRE A A A ) 485 4 R 4 e 3,
A BB % A it M A e I AL 2

SFFHUEB AR ERE, FEMNSRENEN T REATRIE. B ke miRaihz 25
H SiO2. ALO;3. Y203+ CrO3. TayOs. ZrOp (HfO,) &5, i il B BB A Rk A A2 il 1 A8 A JIsE 2
BAEBREZES . R EERREE . 550 A A8 A DX ) RO s e B A P AR PR . AR — 1 41
AR TEHE DA JE B3R o T 1A BRI L 45 SRANERR 20 AT AT T ZrO, (HEO2) 5 Si0r B & E M F 4T 1)
. BEEWETE Zr0, (HFO2) TERCE JE4 ) S iR M 58 T A JZ 85 M AR e, T Si02 U 43
ARAE ZrOy ' A2 e 23 78 FLIF AR BN T3 — 2P 4 s b A AR B P R A o

REAE Y ZrO, (HFO,) 1 SiO; LB ) UHTCs 4371l /2 ZrBa2(HIB2) ZrC(HFC)SIC /% SisNsMoSizs
ZrSip Fl TaSi, 6. fEXLER R, ZrBo(HIB,). ZrC(HIC) Fl SiC & e g 1 i+ k.

UHTCs 75/ B MAAS R, AR fiah M Re AT SE vt T 20k . 7R 2 PrA
AR BE (1 il B AR TR BT T R RE . 495 725 BR AR T S M 2 S A L R N ) e
UHTCs M EHH 5 2 A1 A R0 2200 22 T BULE SR b4l 5 7 AR BRI ER R AR T, Xk
TR v Re e AL R, DRI 7R B N — Fh AR 2E 73 SR G2 Ml R AR i AR ) T e 1
Ao B RLEAG RS SR R AT e . AT AL S AR, 7E UHTC BfaH st —e & &
A (G) PAHA LARRACIAR 77, W@ Rl R 8y e L Ao s e, Rl A2 38
UHTC Mfuafbloe i 5 1) 2 3 FRARDC, B T/ £ 904k UHTCs 4b, W43 ) UHTCs ¥ M AR
F R R BEARAE BIME T, AR OR W A AR e ph 1 B 2 1 I P W A, SR R B A 4 T )
UHTCs J& A KA 1 /7SI T R B8 i By #cbA kel DRI B S TR LA (1) UHTCs B #4k
BHA R 1545 : ZrBy(HIB,)-SiC-G ZrBa(HfB,)-SiC-Cr ZrBo(HfB,)-ZrC(HfC)-SiC-Cy Al ZrC(HfC)-SiC-C

=iy
~Jo

BT FRAHT, AFTIRATE SOCHE ZeB, Il HIB, X 9 K8 & im b ikl
2.2 UHTCs Bu&l#&

UHTCs HIHI 4 71k F B IR RSE . TIERess . B T heshss, mxdl& kg, Uk
fest 2 H R UHTCs 5 E BB 45 771

PR PpLE: ZrB, F1 HIB, #2 AIB, BRI/ TS &Y, BRI, R Hod xR
AUAY BOE R . XIS T 7 BAE AR S IR s 1 N A4 e 8Us 1k . — ki, ZrB, Al HIB,
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(B AL 0 Joe 45 1 75 282 2100°C B = (PR EEALE T IR 77 (20 MPa ~ 30 MPa), BREHIG 1#RE
(~1800°C) KM= IE 71 (> 800 MPa) B9, ZrB, Al HfB, g5t AIMEREAHIE . 5 & WG LU AT &, 7
BRI AR s T A AN M A R L AT A, BT DX BLEE A2 ZeBo IR RRSS

ARFT R, JEOR R RORL RS R Al 2 B S e s ERE . — RROR UL, FIURL B A4 0 AR} e
SMBCENARTE A &, JEMEMEE R AR TR B . X T ZeB, IR R LE T S,
KB, £ 2000°C A1 20 MPa 45 21F T, 24 ZeBy MR BRI < i 20 wm FAF] 2.1 um B, #RHT
FUEFER 73% s 91% WO Wit ZeB, ¥y A RURLE i BREE E— P44 A 0.5 pm LUR, 7E 1900°C
F1 32 MPa K245 45 min Ji5 B AT 3R 3 56 A 505 1) ZeBo #4142,

UHTCs () J5 468 44 3R TH 8l AR B — S e i, 48 B20s. ZrOr. HO, 5. fERUIKIR
(~1750°C) T, B2Os YERAHF/BSARTE SRR FHR AL T — MY Bis 42, SEGRR A,
T e AR A U] 2 AR RORE () L R TR AR e 45 0K 50 /), NIRRT UHTC BUE L. N T 2 BREREE
X LA A F TN A ) 50 A ST, Ze By 1A AR Joe 45 08 7 EEN N — L8 ) (AIN. SisNas ZrN
HIN &5) U451, s s A e e o 1 A2 ol S AR 1) B2Os [, B ZeB, I HI A M T H2 =1
B HiE

FHEALEY (W SiC. ZrSir« MoSiaw TaSip 25) WA H YA NI INFIH Tt zrB, FIE AL,
] st L R A BB R R . FEIX S ST REE AR, SiC 51 AHHA YT UHTC 22 & 1ERE (o
SRR TR PR B i b AR SR ) IR ER SRR, BRI ZrBo-SiC BEH64T]
8¢ HBo-SiC ZEM* T UHTCs N T f 52 FE A EMA 2 . SiC 5| NB B ERG T ZeBs sn kiR,
Perm T MRS B . UHTCs R4 M BB IR RAR B BARH T SiC Fokhi )F, ok R~ 4 ie A #
TRl rRess, JUHXSHRII T2 Re A .

ALY (40 ZeSiaw MoSiz) HIGIANIAT LUKTE EEHE 5 UHTCs [FkesbPERe, X — 7 2 i T 7EfE
W5 ZB, Z AL T Si-O-B BHHH, H—HHZREMIESR T (> 800°C) BA RAFHEMk.
TEAC I B AR AR T ZeBo BRI IS R AN A, [FBTIEZE T ZeBy B 2845 M B T LI, A4
T IRETERE . TSI 10 vol% ~ 40 vol% ZrSip 1] LG ZrB, HRR4E il B PR S 1550°C BUEAR. KM
WS 7k (56— 1400°C. 30 min; 2 =0 1500°C. 15min, fRFE 30 MPa) 7] LAZRAS 8% 1)
ZrBo-ZrSip MY,

T BEIRINAAN, SR (G5 Fe Ni. W Al Mo 25) DU AT DLk 3% UHTCs HBe45 1t o
Hort, Fe. Ni SIS mi& 8 1 5] N\ EZRARSEAE e 45 i R Ol G AR (2 32 ks S HEFNAR T, $2 =i
B egb e, (HXM B mR 1= R 2 AR B E E G .. W Al Mo 2 mE S &8t ZiB,
RN 25 ZeBy TR E A, PN ASEUR 7+ RSFAE, SECEAMIER, BRI TR0
TERE AT R T AR A B2 56T ZeBo-Mo VSR ITHERIA, W0 15 wt% Mo R L& AL
WOERE HH 678 kJ/mol FEKE] 367 kJ/mol P31, /DR Iy Co Al Ni XJ ZrBo BB 4 s = A LRI 3%
%[54]0

REBesE: SHIELELEMILL, T esh nT CLSZELAR J g b I 19 i Y, FAARAA Rk 45 40 1) il 48 B
Ko HTAERAEERERAME J7, UHTCs 70 e dh i — M b AR pe 45 0 FE =y 200°C 72t . 7%
FER B R L 2 TR KK, X B 28l b 1R 7 22 P RE AR AR, AL bl o 75 ZEAN IR 45 B )

L Rlpess—FE, UHTCs o450 0 75 2R MY (U0 SiaNs AIN 55) B30I HipKE ]
IR B0 AL . BEAN, B WAL (0 BsC. WC. VC %) 5750 Kk () Ja Ui Ak (G iy s A
HESE) 1O M RV INFIEAF 2] T BRAAIFE SR R 5 ZeBo B HIB, R 1AM B, %
B R R B A . FEFTA SR BT, BaC BN R BA R (7 1200°C B LA F R
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A5 ZrOy KA, RIS AS 220 A4 B e ) 2 1t R AR W A2 o TS I 2 wt% BaC HIT 1 wit% C
ZBRIAEN 2 um [ ZeB ¥y H, 78 1900°C 7] LASRAF B0 1) ZrB, 2 UHTC O i ot BRBE 575404k ZeB,
MAARIRE 0.5 um AR, FERIVNT 4 wt.% B BaC FI/EE C 1 AKEEE B, A LAE— B B& A 2B,
MBCEAIREE, 7E 1850°C FI3K1S 98% LA ERYEUE L, MEsHN 8 wt% WC [ ZrBa ££ 2050°C HAF 5%
PR pesh 4 h Ja B FEAUR 95% (0192,

FEARY) (40 MoSias ZrSio) (281 RIS 48 (W Fe. Cu %) M % fE/E ) UHTCs HIJE R 5
SERNF . (A, (RIS 4R A 5N UHTCs B @i J7 5 e ASF, — AN B o W81 20 vol%
MoSiz 1) ZrBy M ATE 1850°C #é45 30 min R AT 3RAF 56 A BUH M AM R, X FZIHE T MoSi, 1
1000°C DL FEA REFr M, RN HRM S SiOy, kg R (R dh AR B o

HEFEBFRE: HESEE T 54, (Spark Plasma Sintering, SPS) & 7y AR MUk 8] B F#28 A ki
AT In#Re s, HATHRMEEY . pegb i, Agb im0 S, Zmkias ks AT
UHTCs HIil 85 72 Bk i AR R A RORE 2 1] 2 R A TSP, S R 2 kS S iR P2 R v, AE AR
SEXTHIAT DL BURL R THT,  [FIBS P=2E SRR T BRI, o i AL I8 HORA R AE T, M (i 2
AR, A TR IR S, IR AR B T he st T 7 I EUH A IR TEAIG S RS 10 SRR TE 48 /NS,

P B R U AL AN R KAT IR RFR B R HGR T e 8500  CRUR ST (B R n #usk % [66) 7E ZrB,
PRI SPS BRIt R, B e g iR . PRI RDRT N AAE R (1 0 Ak mT LASRAS 808 H kL /Il 4
MR, WEFCRIL, ETHEEZ Y 200°C/min ~ 300°C/min HI%4: R, £E 1900°C 545 3 min B A] 545
UL 97% LA LI ZeBy A RHOT, i TR 545 7 VA £ ZeBa 75 ZE7E 2100°C BUE = IRLE 4 fe
FUEARIY 7 R BIR AR RR 4 7 EAE 1900°C K245 30 min th R BEIRTFEUR AR T 90% 1 ZrB, L%,
AT LAy SPS e &t A Sk FH Ff pRuis I 2 SR A9 i 5503 B LSRR 4 /N ) UHTCs 1) 8

ML A IE 238 i i S I BRI Re e 7, (R ADRI SO AU, (B 5 R A i B 17 O [RI
2 51 S RL K RLOS00T £ SPS gt i FEH, UHTCs HIEUE AL AN Stk KK 5 e 4k 5 B 25 DA o6
TWOKL ZeBo Bk (~ 2 pm) 7E 1900°C LA et 805 5 b A be &b IR I i 235 b7, b — 24
T U P S U B S A /N, T ERRLAE 1900°C LA 1A BB KK, UndE 1800°C. 1850°C A1 1900°C
NS 3 min J5 dk R AR08 3 ums 4 um A1 S pm, (B 2435 TR F] 19500C B R R R
KR F) 12 pme. FR A B T-e 45 1 4 1 ZeBy 76 1900°C K245, B 3 min Y252 M 0 min I (1) 78% it
K F] 3 min B 92%, BRI, BOREEEIN, B E g mne,

IEAh, SPS I ] LA R B LRI SR & i, 5 T3R8 “F7 FLH UHTCs, X544
B iR 2 M R AR H A R U2, SPS #1145 (155 30 vol% SiC 1) HBy #1445 5 7] DA — BL{R 7 F 1500°C:
RN BIEREEA 590 MPa, 1 1500°C =S54 T IR EE N 600 MPa 1545 T8 15 vol% MoSiz Y ZrB»
L, SPS K 1500°C T3 fRHFHR I i s T HUR R RE L, 70008 55.5%80 47.0% U4,

JoAz BB A ik : UHTCs (16 B B0 AR m] LI A S 7 I F e 45 B e e &5 N — 2B 5¢
B HATER R Zr. BsC M Si JRAL R BiHI 4% ZrBy, M AN

xZr+yBsC+ By -x)Si— 2y ZrBy + (x - 2y) ZrC + (3y - x) SiC (D

I EURE A B T R AT SR A B R 43 B A

Ak, Ze AT BAE ZrH, 8% ZrO, /0%, BsC ATLAH B/B,0s. C X%, SimH SiC A& T
AR ZeBo 2B B R . HIB, 2 M BdA4 k) T AR [FIRE (9 7 V) 4%

KH Zr. B FSIC A JERL, @I BRI Ze B ARFR 4 100 nm BLF, AT BATE 1650°C il
RIS E ARG EE =T 95% 1 ZeBo MRL, MAERR 4 IR 1R =2 1700°C J5, MBS0
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AIEE] 99% (IX AN b A B 45 U FE A 200°C 72 47), e &b I o 1800°C Ff n] 3k A5 58 & B I 4
A ZeBy kAN 1.5 pm 73,

FATFN (1) o JEAL N H AR m S AR B &5 A5 7 B RE, 5% — OB AH S P
SRS FE AT E 2 S BERPE AR I RN A TE 4 PR RALBRZR AT TS, BRI 75 B A X
FRIAd 27 S R 02 0 FAGE 6 B 1 e A= o A S B 3 BRI R 1] 4% ZrBo-SiC—ZrC MR}
A AR, T AL SN I R A A R R ERR ZeBy AR, X T R I B R A R,
& W2 Ny 5.7 MPa-m'?, J5#& N 7.3 MPa-m'2 781,

2.3 UHTCs My M gefninifom &t ge

UHTCs & — R MBI ER R, ZEAR S INAIAEE FIRZE 5 R A b k28, 5 8O fEVERR o
1 UHTCs fHil/E i) B Rty 3 A e b T AN RATARIR R I, 00 1) R K 2 R DU i iR Rk (B
7)o DHtEk: UHTCs FIPL# i M R0 495 25 BR e by = 22

FRAE Hasselman 145 3 TAET800, fife 14 b e 4 b R d b o 453 495 PR R 1T LU AR 19 R TRl F-3RAE -

g o= @)
Ea
2y E Kic

R"= = (3)

ot (1-v) of(1-v)

X, o AR, vAIARALL, E ONTRMERUE, o NRIEIKREL o AWTRRIERE,  Kic AR
Ik

X 2) HI R RAETIEG TP I PPRE R R SUIRE ST, R K, #apdid 72 AR
A G =R Ra, FRFIMAR E 2B WAEBURESE (BURN ZeB, F1 HIB, M &
PR ERLE 500 GPa /e A7), 1 il BERAA R AT 65 v 110 B 2 i RN A ) R P R 8

X (3) HFHIR" RAE T IEL Z Al i A RMIKHU RS R BIRE DT, R ORI R S0 A
RO RAEY R HREBNE TR ATHR LM
A B UHTCs 1 2 2 &5 (i
EA] L T 222 0 1 ) 4 s A B UHTCs B AR e
P RE B0 1)

ZrB, Il HIB, P % L A A M R 2 25 il
555 55 R R SH B DA DG, T et RS S T
WILER PR SIURCRAR (B0 FE AR 3 5 )« 3 5 A
TRARE TZESH. R (2B, 5L HfBy). 1
SEA (A SiC) UKL FI AL % R B AL AN
FIEEPEREE ], MIIESRAH SiC BURL AR B4 k)
PERERC I HE N 3 . WEFR I RAD 1 pm LA
N SIC BRI I8 ) ZrB,-SiC A EHE 1850°C ~
1950°C fedh 5 & thsaE k2] 1 GPa At S
Be i R IR R TR B AL, TR ot B 7 ZxB SIC W RAH M E B EH T 4k

BN o g nE B o PR kR B f o B R
e SR AR R ACTK, e BB Figure 7 Photographs of ZrB,-SiC UHTC after

SiC MR In% ek ZrB, 1 HB, 1 ki K A7 B high-frequency plasma tunnel ablation test
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SR, RS EIAR] 20% IR OIIHICR B, #E— 2PN SiC 6 kLI A
i3 AN

ZrBo-SiC AR Wi LI X RLAR SRR /D, R AN ATE — B R e s BB
TR, ZARHE B 2P — % LE 3.5 MPa-m'? ~ 5 MPa-m'? /& 45 . UHTCs ff ki JE 35 1) 6038 ol iy 24
IR 03, RN AR R A SR KRR ZeB, TR IPEIL $] 7.3 MPam!'?, B & T # e dh 2
BIR ZeBo W 2 P8,

$Em UHTCs P& Wi H ot = 24 Mg, — Mo sl NGB (40 SiC 5440, A 5. ZrO,.
MG RS 828, BRI (WEIREEM . AR gh R %) B8], mi BTt i MR B L
BN, HW R — AR A F) 8 MPa-m'?, 1M 5 # W LA T 10 MPa-m'2 78],

LRI, 76 UHTCs H 5] NBREF4E ] LA b3 mdr ki Wr 249 v e sharp e B8, A3 2R
fif it UHTCs FOfftE il . SR80, Sl BT 438 %) UHTCs OIS AR il AR EF4E 1) 25 # 4 45 n
PEREIR AL, HARG LB AR AT 4E 5 S 75 i N A B3 AR DL R4 5 UHTCs 8% i 2 (B R 4=
114k 2 Jsg R [8486.871

B Joe 445 W A 00 ) B 41 4 &85 M B2 405 A 1 RE IR AL BB R0 20, B AR SRR o N et Bh ) (n
ZrSiy) 177 3 AR RETERIR T il & H SO B AT 4E 389 UHTCs, (HEIHE LLBE G 41 4 5 be 4 Bh 7l 1
RIS, BT R, FEHI A ZiBo-SiC-Cr E-AM RN, B 4E S 2B, 5t SiC ¥ AR i
F4I (U0 B2Os+ ZrOs Fl SiOn) K AE I R N2 T 8 AT e S5 Mt i E R H . prdERE T, X
Bef, 2 7 B R TE 1500°C LA E A RE R AR SR P 9K B A 4 B AR B 4k, mT DA 2 BRI 4 L
SLHURREE L . RAPFEIRIAZ A 200 nm ) ZrBy ¥3ARFE 1500°C T #1 B 4h B AT 3R 7550 7 8035 1)
ZrBo-SiC Pii&; TifEdbHeml bgl NaRer4E, lI IR v LI R s s A 48, KiE iRt

i| zrB; [2113]

*  (0000)

g N(oﬁm
(1011) (1121)

m-ZrOy m

+ (000) °

(001)
A\(m)

(120)

¥ “.

Bl 8 ZrBy-SiC-Ce & & MM F B AT 4 G £ R R wy R @ & 4 r 10

Figure 8 TEM images of interfaces between Crand matrix in ZrB,-SiC-Cr composite ¥
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Pulled 09‘
< fibers® ad
Kl 9 ZrB,-SiC-Ce £ A A KHHABT B o 4R: (a) Rk BB 4; (b) Bk BRyB 4 1O
Figure 9 SEM images of the fracture surface of ZrB,-SiC-Cr composites: ]
(a) carbon fibers without coating; (b) carbon coated carbon fibers

MR o 1 BE A5 15 A BRI SR gk

ZrBo M ARTE 1450°C $A4 K B2 45 il £ 1) ZrB,-SiC-Cy 400
Ve s, Tk 214 5 S AR W 2 AR 1) ) STV B, e o 300: b
THAHAE R (] 8), it BH ik 41 4k 5 P e S A4 (R 14 =
2P NS R T A RANE, bedh 5 rBR AT 4E G i B g a6l
WIS E A MR W DRI H B B 4R 44k g c
BT, EU AR RS (B 100,
H T ZrB, 5t HIB, JE4A 5385814 SiC 1 #E e R T T vy
ik 28072 K, AE i AR e 4 i P A E K Flexural strain / %
R 74 % R M s 7 S M R A R P 10 ZrB,-SiC-Cr & & # 8y B2 77 2 2 ith 2.
‘ ) s Figure 10 Stress-strain curves of ZrB,-SiC-C¢ "
LL4L Z1B, M &A1 ZrBo-30vol%SiC & &4k A il (a) ZrB»-20v01%SiC-20v0l%Cr;
B RN 565 MPa, J5EISRE A 1090 Eb; %rgzggVOi"/ﬁg@g-;gVO%gf;
¢) ZrB,-20vo0l%SiC-20vol%Cr;
MPa; {83 Kl F bt 522 ) L7808 K28 (d) ZtBa20v01%SiC-20v0l%C,

X5, 40514 385°C F1395°C U, Rk, #EHF
BT TR ZLANIN C 214k 58 55 0 s FOMH DA RS AN 77

UHTCs {EAR I AR E T 26 E N, G AR 2 i 2 AN AT S fd, 3Rl g B 1215 00N
HEHE, i 3) ATH, R KIEES Kic/od BAEE, NI EHELP RH D@ EZ — itk
) Kicloefti. WFFCERM, RN BT DL BIR 5 ZrBo-SiC E &AP R 2wt 5aR i Ll $UE
PtES B AT LA 7 1 AE DL BB S I R i 5, WA B 1 ZeBo-SiC AWM kR IR KR
RATIAH] 40%, i T H B UHTCs (< 20%) P2 ds I e 4t m] LUK B 2T+ ZeB,-SiC AR
Kic/oell, ZrBo-SiC-Ce &AM K Tt #ivrp o i 22 i1k 740°C, MfE 50 ZeB, B &) 2 5 (B 11) PO,
F4h, 1E ZBo-SiC R R 5 NS BRI IZ AT 4k, W RE08 5510 b5 £ 4 548 iy iR B e J Ak 2 [R) F) 5
M4 G5RE, WME SMEHER RS R R A 4R MK (B9 (b)), #E—D4T T 1M B
M PEREDS,

SRR, K4 UNTCs 7EW S 52 oS 2V HAEE 2 (LD, 7E UHTCs 359
JHHEAE RN S Bk, HEMRZ2EMES) TIESLA4E (I C 4R SiC 4-4E) 19
UHTCs £ &M EHOHI ST 7T AT —F0 Sl A4
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# T UHTCs (MR 5 58K .
+ZrBz-20 vol.% SiC-30 vol.% C' @ 12 ﬁﬁ‘/j—_\‘y ZI‘Bz—SiC E*H B@%%/ﬁlﬂfﬁ%u%‘? EIEE‘l

—8— ZrB,-20 vol.% SiC-15 vol.% G

500

400( R, IR R U BRI I T 2L A
& 300F Y T A A PRI et S AEARCRE L LA e T RS
E  ATedasc” \ R o RIS AP (W Fes Niy ZrSizy ALO3. Y203
¢ 200 AR sy [ BN BRI L 2 T R A R
100k TR, PR RE—RRZE 1000°C L _F it

A T BRI o SR FH e A R AR AR ) 2% 1)
0 200 400 600 800 UHTCs 58FE7E R LNE R —ERFFE] 1500°C,
ATI°C WC HI3I NTT LA ZBo-SiC R IAIA M,

Bl 11 ZrBy-SiC-G A1 ZrB,-SiC-Ce & A A1 b+ #y oo gl 0 e (941, %
BT o 2 50 B 1600°C 525 =ik 675 MPa P HAT#%

Figure 11 The residual strength vs thermal shock TELEE ) ZrBo-SiC-WC P B AE 1800°C I 5 &
temperature differences for ZrB,-SiC-G and % 830 MPa 1951, A BT TR LE T B A

ZrB,-SiC-Crcomposites

M BEFEA S UHTCs, FLas g al DL = iR R 55
F 1500°C ANBEAG, X2 TR s Yl AT
AR 25 BB 73 B 2 R R TR AR s A 0T, AT 50 i TR PED3) ek, o R 0 A0t s i P
F, AHAEEEREAF] . ZrBa (2 pm)-15vol.%SiC (0.5 pm)FHEHE 1800°C 52y 112 MPa, 58 f4F
FKAUN 12.9%, 1M ZrBa (5 um)-15vol.%SiC (2 um) FEHE 1800°C R E N 217 MPa, 3 E RN
43 4% 191,

2.4 UHTCs MRS 1L BR 14 &8

MR EESERZM UHTCs Préafboe itk Re i i R 2R &R . ZiBy 7£ 1100°C PL N A SHIAMNEXT ZrB,
A RA RIFRPTErERE, HEEET 1200°C 2 )5, EAARE B.0s &R N EA B L %S
JE T K B 5 R T E AT R U E AL R BE J15 0 ZrOs O35 25 S AR 8, 76 m iR MR AR e B4,

ZrBy B W B R A A SR R B T NI TR, B OB E R PR IR (2066°C) AT AL
AFERRPRIEE (~2700°C). ik iX AN IR A AT A — NI, AR RS s 2 2 58 T LA 3L
s, PRGN, B 13 TR UHTCs 7ERe it B (R A, 24h0k) P B A S 82 X )3
HEIE 2066°C, AL E S RAEBTRILG : UM RERIHEEE 2700°C B, £ EMEBIESRT
PER FHRER, MR LGRS I e, e B i it P & i AT RS . ] 14 45 T UHTC 1E

‘A". . ,“ . ~
12 ZtBy-15vol%SiC £ M 04 (a) ZiE; (b) 1800°C
Figure 12 Fracture surfaces of ZrB,-15vol.%SiC UHTCs: (a) room temperature; (b) 1800°C [°°]
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Bl 13 UHTC #£ ik e i 22 o e FR El 14 UHTC 7 2800°C LA L #y & fb ket
Figure 13 Photographs of UHTC during ablation Figure 10 Photographs of UHTC after ablation
testing at temperature above 2800°C

2800°C A AR (IR A, UHTC BRELBEAY B i a6 5 A48 13k

TEEAL I SINTT DL 3 5 ZeB, A HIB, BT ALkt B . Horhr, 80N SiC R il e e it
AR PERE AR S M RE 3R m A BB ROR, A AR Si0, AT S5 7E A RLR HAI/EUR 7S ZrO,
RGP, R R PTEAL RS E R . SiC AL Si0, 7E 1850°C LL R Bf R IF KA
AR ER, SRR T Si0, 2 FAPGEE KM KR 10 vol% ~ 30 vol% SiC 151 A AT LA &4
T8 i b S AR LA e PR RE . SIC RS RN 20% A2 A7 B 7R RN B IX 1] p 3 1A A 5 1)
PUAALPERELT8 . e iR B B8 R A A A 0 AR SR AR R R, MR TR R IR =R T
e RLIR N 22 51k SIC SRR S T AR B AT IR S FE IR o SIC SRR JEAR o) AT 45 135 5,
AMAERH) Si02 7E ZrO, 1 0 An k3 &), IXAE Si0, B A E 78 FLIA . 5k B e AT FELA 420
HBEN PAZBE m AR A T R

AN NI UHTCs HiE AL TERERF 50K B : Ta JCRKIFI AN UHTCs . (RIEFT A L IERE AR
AR, 78 1800°C LA XM BT AMEREATIY, 1 W GRS T UHTCs 1 it
AL PRI,

R 1 MEFE T ZeB,-SiC EAMRHEREAN T X A 1AL ERRE 8 AR . UHTCs 78 il T A2 Bl
EALENZ E G, VR S5 K E 2000°C LA FISE, 388 5 002 T A A B AR AE AR K iR
FERREE, {Ef5M KL aT AFE IS 2 I SRS DL B AT o 06 T R D BRI IR 8 58, A2 158
AT DLERRE R 2500°C A4 -

UHTCs 5 -5 S iR H A L2

REPE R S A B YRR K T T L e S _

B e TR L2 AR 28 (0 2400} M_Z'Bz‘”s""m‘
P AL IS T DO, i 15 B, %2000- I r“
TR RIS, FRbRSE 2 T
EBIIRERI R %R (H% > 500°0). & 1600} .

TERIM BRRUIIASAEE R, MRIRIRIER  © L f erz-s!sm \

5 R A GEARTI, A 2 T4 ik 7 o S
1800°C LA RRFIRZE B KA, X T SiO, HHE 8000200 400 600 800 1000 1200
RSP BT EU R SR T PR A 1 B i Ablation time /'s

. E 15 A8 FE A A E T 7 B AR IR E 4
A) > A) ’\%_' I_] )
. L, WTLAFIA UHTCs HR IR SE I Figure 15 The temperature curves for different

EAL R ME BE I T Bl ] UHTCs at the same air environment
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& 1 ZrB>-SiC Il R E MR KW AN EEEATH
Table 1 Microstructure evolution of oxide scale and oxidation behavior of ZrB,-SiC
® Formed oxide is unstable and
not protective
Temperature ® Partial melting of bulk
limit .
material occurs
~2700°C ® Catastrophic failure
M Zr0O; and pore ° Oxide? scale is gnstable
but still protective to
Pore layer
SiC-depleted region some extent
' p & ® Oxide scale acts as
~2500°C Z1B>-SiC thermal barrier coating
; hT‘ 710, and pore ® Formed oxide scale is not adherent to
base material
Pore layer . . .
. . ® Oxide scale acts as thermal barrier coating
SiC-depleted region ) ) )
Z1B0-SiC ® Oxide scale is stable under relatively low
~2200°C TB2-51 gas pressure during dynamic oxidation
ml ZrO,-rich ® Active oxidation of ZrB, occurs, forming
. . pore-rich layer
Pore-rich region . } )
. . ® Oxide scale is stable under relatively low
SiC-depleted region . . L
) gas pressure during dynamic oxidation
~2060°C ZrB-SiC but unstable during static oxidation.
Active oxidation of ZrB: Temperature limit for static oxidation
ZrO; and SiO; ® Active oxidation of SiC occurs, forming
SiC-depleted region SiC-depleted region
_Si ® Si
~ 1600°C ZrB»-SiC Si0, evaporates
SiO;-rich ® SiC oxidizes, forming protective SiO,
Zr0; and SiO, ® 71O acts as skeleton
~1200°C Z1B,-SiC ® B,0; evaporates rapidly
B203-rich ° . d f . O d
7rO, and SiC ZrB, oxidizes, forming ZrO, an
. protective B,O3
~700°C ZrB,-SiC

SHALHBEHETERELEL MK

RTHEISER], ERPE %R (UHTCs) fEH iR N A REFHPUE . bethiEre Bl R = 5 .
{B7E, USTCs A WAFAE LA, MBrRPIVEIR L PTAGRIERZES, WS E 1 XM RHE ™ 1

IR T REAT R A PS4 7 B — PR P,

fEid % 20 ZAEHL, B RIFHSIRRAE . il yite. URmsiive. S0, kbl & mrsE
YRR C/C A1 C/SIC Eatr B2 T P A el 1), X e T SRPRL gl 2 N T K 5 R sk be
. fEESS . SHESEAT B DG AT SRR R g L1, AR C/C BAMEHE 3000°C L
EAREORRE RAF I AR R, (HAEH S IR A S R AR MR, C BASePuE S AL A v,
RAEARKIEE LR T C/C B A RHE et 25 18] R G s g S UL, gehh, R SiC BRI
PR, C/SIC EEMBHEAAIEL N IR ARSI, — A m T 1650°C. FTLL,



%5 (AR AME%E) Advanced Ceramics, 2017, 38 (5): 311-390 -329.-

AR RHIE N D145 773 3R 0] AT+ C/C A C/SiC MPRHME - R A 5~ b . ML= e m) s
%%, DK C/C R C/SIC A WHRHE A 2 M R AT 1) L o

it FIRWIEAMEHORER S, TR T2 I AR Z BT I ] LA AR S IR P IR SR
I AR BeF4E 2 H AT ——Fh7E 3000°C LA L3 AR m b i . Luasise: DA R R A ik R 50
WILF AR RE, [T BR AT et 78 S imid 98 2%. gmal. A<y SR AN Tk k. Rk, 5 C/C AT C/SiC
TAEMEE L, S BTG5 4 M UHTC FIE &M BB C-SiC-UHTC & &M kLA B 17 Pt
Rl ge; thah, FHWRPIME. PIIAE DR AR LT, BT DA R AR SRR R SR A T iR
P B ARG A1 R o

T2 10 ZERMI T KEXRTHRAZEN8 UHTC M C-SiC-UHTC EE S EHITIIT. £+
RIS, TR 2500 5t R B P S A . A 1) DL R IR R 4500 S oA e AE
PR ST, HETS IR — R UHTC I ABIRA4ER SRR T 2. fEpRMERE 5T,
HET22 35T 2 R R G AW RN Pra e Fse il 5e .

AFTCAE P A 2 10 R4 PRI TR IE S, X5 TR R iR AR A B R IR T 44 5
UHTC 1 C-SiC-UHTC & &R BT il 8 St Re i AT A o

3.1 MRl

UHTC 5 &M MR AR AR 5l NJTVEAE, TR S8 T 20 eSS E/ TR T E
(Chemical Vapor Infiltration / Deposition, CVI/D). &M HTIAIR 512 1.2 (Polymer Impregnation
and Pyrolysis, PIP). M iE{A5iE T2 (Reaction Melt Infiltration, RMI). #HEHZH T2 (Slurry
Infiltration, SI)~ J&/f7 W T. & (In-situ reaction) FlF#{Lkess T.& (Hot Pressing, HP) 4.

P R AR /FAR (CVID): CVID L2038 07 IR AE Sl T 208 B JRIE N2 4 i) 44 3
TN K RIE AP G S, & AF 2R A A R4 CVI/D 2 £ 10 3 Al B vy i L2 4 1) 45 Rl Fn
sER AT, A R AAUPE RE R PR RE . CVI/D H TS 72 Tl 4% C 3k Sic EE A MK,
W] T &8 S iR b SRR E A AR 1 HEC A1 ZeBo 161 4 S5 38 7 31 A -

HfCL, + CHe + Hy — 2" 5 HfC + 4HCI (4)
ZrCly + 2BCl + 5Hy, — 2T 5 7:B, + 10HCI (5)

CVID ) FEH MR PIAEE S, W H L ERAET RN, BRI KRS T
BRA. A, CVUD X F—2 K07, L& Hf. Zr fl Ta 55, HUIREEAR, MR .
FrLh, CVID il %8 sl b & iR 2

HAECRA CVUD #il & KRSFEEMEIM RRIEAZ . Sayir 55 AR T2, FIH
TaCl;-CHs-Hp-Ar. HfCly-TaCls-CHy-Ar A1 HfCly-TaCly-CHs-Ho-Ar ENSIE, #1485 7 1A i 4 22 R
[ fX) C/HFC. C/TaC Al C/HfC/TaC E&H1k}

ATIRARIR By LAE (PIP): PIP 2 —Fhi FH K 8 il P B 5| N BB F 4 il A b (1 20, LB
SN ELAG RS B T SRRV RIS BT e T A S 2 AL E &M R, @i, T, 253
R el P s L1071 S-1200 i BRAATE R S A LR &R I R S M S AT IRk, i T R T 19 B &
. ). BEAES, BERRE T E R EHT 4B 10K, ERELZ) HEABRFHEE
. LA RG]\ 2 MR, i H AT BRSSP, 5 CVI ML, PIP AR, i
2 JE A HL AT SR R BEAE S A5 o AL, RYBIRE — AT 1500°C, 5 R HEPRE 4R RMI
T AR XS 2 i B 455/ o PIP T 2000 5 B i 7R MR FE R s 5 R A, 5 350k
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W R ER, 3E R) PR RE R B

Xue 2 NUBRHZ T2, EES KM T HIC BTIRAIRE EIZ LK 2D C/C E&MEH, 25
PG DAY A HIC B4k, i€ 7 C/C-HIC E&MEL. [FFfE, ZrC. HB, UL ZrBy #i ] K H It T
RGN Z AL C/Cy C/SIC B &Rl pll1e19],

RO YEARZ S (RMI): RMI L 22 —Fw APy . sty 2k 51 NBIZ &4k R T
2, HFEHRZEL SE TS BIRAY S &A C 5 B MMM RUH BB RSB . itk
PI5INU2821 B VI, PIP A LG, RMIT AR T H s st A R R 10K FL, DA s ik s
MEEME. b, Z T 2@ LR &8 S SN B R BOR G, FR A S A
FINZFHEAR, RMI T 200K G G 45 J LA G5 0 52 e i 222018300 SR, 7 ) £ 2 v e DAk
TG R SR YE RN, I8 ARG, AT EHR R . A, BREETEMRL N R
I8 4 JE AE ST 2 s i AR DA R AR AR e AN T B A AA B B

C/(C-)ZrC #& RMI T2 H &M iR ERE aMEl 2 —, Tld 21l C/C B 5 & B
SR A AR R BNAS R FRER, B2 I C/C MRS &4 Zr A Si B2 Zr-Si )8 L &)
RIBAB AT SiC-ZrC 5 A PPRIN2 124 AL V)8 iR P & Rt ] R RMI T2 %, 2
it Zr-B 45 2 1L C/C MEHRBIEF#H Zr 525l C/C-B4C Jr Mi128132,

FRzH (SD: EEEKEZB T2, Hil iRk b R 5K ECE U R & T SO, 2
i 38 sk TG R BN R 1) 92K o R i P R KRB N A AE T AR Y, B oR A PIPL CVI &5 T2 A#
UHTC-fi £F 4 TRHNA S S 2] UHTC AU 2 T2 —MaAEH &5 5 THIEMR
¥ UHTC 5I ANBIZ AR R 51, [FBt nl MR 5 B v Bl A ZE SRR A R 450 5 i &= 1 UHTC 2
A o LR RURE (1) 5% SR RIS 5 A4 ) DA B3 AL

Tang 25 N34T ST T 2506 — &%) ZrB, 3 UHTC 5| N BIBREF4E Tl A, AR5t cvl TE
DU BT, #1461 251 C/C-UHTC B &4k, Paul 25 NSRS UHTC ¥ A& /e b i/ 75 B £
RERERE ST T 2% 7 C/C-HfBo(C)E &4 Kl

JRA: R B (In-situ reaction): 7EJFEA7BiEH, UHTC ARSI &8 M 8UEN 14
) MOx AT JEAL ST AE 5I N B2 FLIE G AR R0 ) 4 8 M B SA ) MOx @ i
S Ry BB AR B MLIA TR — ATl Bk 2R 0], SRS IRIB N BIBR AT SE T b . &l T, dIESE M
BH ALY MOx AT 5 28 CVI B PIP &b 2 (1) B 4 S5 A7 S 7 AF it V4 J@ Al Ab Y - 5 RMILAS A 2
JEAL R SR B Va4 B IRIBIX — R, DR AL B B A . 5 RMIT U2, R M T
SRAAR, MRS R, HLERES N M B MOx SBREF4E & Az OB T AR BE R R .

Li %6 NUSERF JFEAL R BB R BIR A YIR R 5 2 Wy B A 7R A0 15 21 i SR A7 e Skl 4% T
C/ZrC-SiC B4 MK, Shen 55 NIMSILL ZrOCL AHTIRYIFE ZrO2 51 NBIBRAF4E Tl i, 85 54 CVI
TZA3RE PyC R Miil# T C/C-ZeC EAE KL

AR LELE (HP): K I BE G5 501 % Bk 21 2 19 58 = ils P B 5 S A R KA b mT LAy R = A0
JRUATISOL, p 5 R CVI At T 2 AbBERR £ 4k DA B sk B BE TR T s AT PR 4T 475 4 R 2
RS Z JE M IREFYE S UHTC ki BIRAIRS GRS, MR, R4S R4
fi, GEEEIEMZ A Ba SRS H % bk 4 4e ol s PR S B A M k. 5 BT TR
HE AL, HP ¥ R RE— A /B n ¥ B 2 4 5 ) LR [R] W 88 A 1) 4% i 2 & A kL. (H
& HP VL2 R 2T 2 B B0 05 AT T B0 R LI PR R T FRU 7). e ok, B8Ry o LI ke il £ 7
RRSFE 2R 8L

Xiao 25 N5 7iB,y 5 SiC ¥y AR EA PyC 88 SiC FLIH LT e 4 20, 565 KA IR A1
JEAEFEHI % T C/ZrBy-SiC E-& k.
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BARZS (PPI): fEMARTURE LSS0, oA, et LGB miR b S R B &
JEE—E, ff UHTC ¥y RIS 7 BUERR AT 4E T R WG 2 o 7580 R -1 4 it 4 ) 2l 1, i s
SR T (W CVIL PIP 55) Sl il sl B S A d bl . 107 VAT ] B i b 5] Nk
re e A, T LR R M R R . SR U RS E A R R, H2, R4
JE A 2T 24 2 DR Sy 25 L D v M B RO A T T R BT U AR o i - e Ah, i S1 T2
B PRI RIORE 8 SR 0N A 2 B FE TR AR AR AL, AT 2 1 i 48 350 e )

Tang 2 NSUERHSH 2B, B KM 4ETHALEEES CVI TERHENER&T
C/ZrBy-SiC H&#klL. Yang £ NS4 2eC F1 SiC B HIIRA BT SRAKIER B 54 ZeBy BBk LT 4E T
b, ZRJGH% T C/C-ZrBy-ZrC-SiC H &5+ Kl

BAZ-BIL (Sol-Gel): V5 JR-HE L AT 5 iz N K 4l M e AR skl 4, R B HLERE AR A A
YIHEREA R, B KR 5D B4 AN AR B A B A A s A A S S, R, ZIRAE R
W) e 5T A R 2 1) % O T A B 2 AR 16138), an VA IR - IR B OSSR AR B - TR, H 2
H IR A% T2 & IR AT 4E 3G i B M B B A L. Chen 58 AUSSILL H3BOs FIERE ZIGEEAE N
e AT IR AR JERE, BRI U EARGE IR R C-BaC FEAR S N 3D BREFYETHIA T, B
JE BT C-B4C FAk 5IERI ZrSiy )R NAF 2] | C/ZrB,-ZrC-SiC E &4 Kl

SRR R, R T2 P FEF DABCK RN, T SE AR AR RS L R A A 4%
HSLIM R LR MR AL

32 EH ARG AME BRI C/IC E&MR

[i] A< K i R BT e 5 P BE RIS A5 AL 0 ey iR IR I R P S 2 2 S MR ) i sk, =l
BRI, G 2t [ 4S K H  BHLHEZE 751 P F AN AR 7 2] (1) B 2%, AR 35 I A8 Ak )
MR L 2 AT IA 3500K U101, C/C S A MARMEMEHARE B 1 3550°C BRI . B s N
FLA B LR BE DA R ik BE SO0 A5, CLBON A K F R SIS F PRI B AR AR . (R TE
e VE REHEE BRI B SR ZLANIIR . BRI, W A L2 B 85 75 4 HoO AT COL 555
RBHERIRHRIE =R, 5 2 R A A S B IE bR e il PRI ek C/C E & AR el
Re Ty EE,

TEE S M EA R, HIC ZeC 1 TaC SEMEIEBRAGII A s AR5 &, 43 ]k 3890°C. 3540°C
F13880°C (% 2), #ihislimT C/C EAMBHAFHAEIEE UL R & A BRI @RI R s T,
X LLTR AL AT 5 B AN N AR B A R SE ALY (HEO,: 2800°C; ZrOz: 2700°C; TaOs: 1890°C),
MG C/C MBI BT EAYERE . AL, BALA B SR . SRl FE RS C/C APRHE & ORI A IR S
AR BT H U R i b AED47), BTBA, C/C-Hf(Ta,Zr)C 1 C/Hf(Ta,Zr)C & A MR A2 ¢/C EE44
LT SRR I FH T Sk ] AR KR S R AR

C/C-Hf(Ta,Zr)C £ 4-##: miE b SR h HEC fE S, i B gein . SRR, e
B, HEWBEEBRERE A (HFO: 2800°C) MIHARHIZESIE (1N 3 x 107 atm) 481, FF
DAL 1% FAAE C/C MRS e e 2 e . BEAE T J LA BT IR & B L 2 R e, HFC He R mldid &
BAVLIRTIAZ PIP T 254155,

Xue 55 NU2IRLZEBEA 1.4 g/em® 1) C/C EAM BN ER KL, @i 13 ¥k PIP T 20144 3 B8 2.01
g/em® i) C/C-HIC EEME, X HAT T4 B 7l geillil. 258K, ZMEHE 2573 K FHE
ok 240 s J5 2 H B FIPUREBRIERE, WFERTAE R T RE A MK HIO,, THOXIER T Bebibt. #
BH 2R el 2 A 5 BB il R 23 51 9 5.31 pm/s F10.55 mg/(cm?s), 5 C/C &M EHAHEL 205 FBE T 71%
F1 86% o & rict B2 Hh 4 ek 2 THI T2 B HESREE IR /) HFO, SR AN HEC Oy A RIS 21 B #4 2 AN BH 482 1
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F2 C. SiC VLR JURY 28 7 i 1 & 4 22 AL 3 i g 351093102172
Table 2 Physical and chemical properties of C, SiC and some UHTCs

Molecular . Melting Thermal Thermal
. . Density . . .
Properties weight / oo point expansion conductivity
/ g-mol! gem /°C / ppm-°C"! / W+(m-°C)!
C 12.01 2.2 3550%* 2.5 (PyC) 150
SiC 40.10 32 2700* 4.3 (6H) 125
HfC 190.54 12.7 3890* 6.8 22
ZrC 103.23 6.6 3540%* 7.3 20
TaC 192.96 14.5 3880* 6.6 22
HfB; 200.11 11.2 3380%* 6.3 104
ZrB, 112.84 6.1 3245% 59 85
. Specific Hardness Young's Poisson's Oxidation
Properties heat / kg-mm? modulus ratio temperature
/1(g°C)"! / GPa /°C
C 0.84 20 ~ 0450
SiC 0.58 2500 448 0.168 ~ 1200
HfC 0.20 2300 350 ~ 510 0.180 ~ 0800
Z:C 0.37 2700 350 ~ 440 0.191 ~ 0600
TaC 0.19 2500 285 ~ 560 0.240 ~0750
HfB, 0.25 2800 480 0.210 ~ 0800
ZrB; 0.43 2300 489 0.160 ~ 0700

* Sublimation temperature

F, (RIS I P AH BT O 72 T LA SOE AR, dhim e mp R s itk R . (HJ2, 12BN s
IRM%, RA 132.1 MPa, XFER T 2R PIP T EAE15 HC Ik & A U4 M S350 1 280 1L
BRI =

HfC i 0] LU S HIO, BB AIE 515 2], HIOCL 52 % F 1 HIO, B 3kAA . Li 55 AMM19204 HOCl,
RIBNBH G R CVI DU BV iR AT SU% AL, FE A SR 2 HEOCL 46 HEC, 28l 4%
H HIC &8 1E 0 wi% ~ 11.5 wt% [ C/C-HIfC E& K. 2800°C. 60 s & LB e MK AN,
I HEC 7R3 C/C EEaMEHRPURMPERE: 4 HEC IINEN 6.5 wt% B, C/C EAM LR
R AR R RN 0.4 um/s F10.12 mg/(em?s). 5 _ETHIHE M) Xue 28 NH) TAEU2OUARH], Li 25
N AR SR Y A e P I P B vy, o i AR PO BB A il HEO, T SRR AR SR THT I 8L 5 AL,
NTIELIG N & e N k=R AR 2 A p N v e

ZrC KR A (3540°C) SRRTHERIIRE (3550°C) £k, HEEE (6.6 g/em’) TiZfX T TaC
(14.5 g/em®) F1HFC (12.7 g/em®), 1 HMFAREE. HAh, ZrC REFRIPTAEMMERE . /o R A m i B b
ATCUA R e C/C AWM BIE AR K 5 S R IR R . Shen 28 AUILL ZrOCL-8H,0 fEH
kL, SRR RA R BER £ T C/IC-ZiC EEMEL, SRIGHE/NURBNNUE I R S8 X ] £ BA4 kel
1T 7 BEAT NI (RBIWLBREEIRE A 3361 K ~ 3386 K, Felhit Al A 3 s ~ 4 s, BREE =S5 N 0.5 MPa
~15.8 MPa), FH51EE OIS N IR R Ge it ERe AT 7 X5 B, WS, phRMee i #2 o i T
ZrC 5 &S W R AE B R OB A BT B B AERAR, R ZeC R R AR A A TR D T Al A
. RS ZrO, IR SIES ZrO, B R IARe SR = A M R BT, AITIRD 1 %
R, BEWET O/C MBI MRS . (ERPRE B iR K & BRI B S AR5 T
Bt LA Qi N s, MORLRTTE A T KRBT, ZeO, Bk, FHETL 445 AN C
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(W 16 FiR). AFRIB R S He kAT N 5 Re b LEEA 3¢, [ K TR LA BE 1) 3 ZE R b L 34
et R Il 177 48 bR FR B 1 458 DL 3 T2 S A 23 g (1451731

TaC L& I 1A 3880°C MM ALK il F RAFMIMIAR I BE, 2 B o — i - il i [ 44k k.
Wit a R EE M C/C A BELL T . Xiong 25 NM2IL) TaCls-CsHe-Ha-Ar RSN ERL, ¥
PyC il TaC X CVI LERZEZH VR, #l#&H T C/C-TaC E&MEL. ZAEH TaC EE A 14 vol%,
1E 2000 K 48 ZBIAEE R REMH 120 s 5 I H RAF IR gel7. thah, H Al AR\ 7R A B4
24 R A2 ST (Chemical Vapour Deposition, CVD) L. 2 3Ly HfC-TaC 15 2|1 & & 44 8L n]
FAE K i et 2% AR . iZ AR HEC/TaC RN 7:3, PR 5 5. 0.5 MPa 4% J5 A 5= 3401481,
XU CVID L4 1 HIC/TaC EAMELEAR R P bubetitEfe. AFES HE, Zr M
Ta =M TSRS T2 M M S FERE, HIC/TaC AT B iE & T-H14 C/C Z &b Rl R et
W (HRFFEI, TaC KA 2™ EREK C/C A M EHEA LA/ N R SIS R Bkl
8, X ETRR TR PR Tax0s 2 E RS N R A ™ 5 [ HLAR R ph 10T,

e FIRTHIR, RS UIHERS & 8 B I I 208 C/C A MRHEA R B 55 R 11
PerhVERE . PRIIAEIXS C/C-HI(Zr, Ta)C KA AR e e HAT & 5Em o R MERE I 250 £ 202
BB A AL 22 T FE R B A TE M LR T Y S R 48 25 LA % B e il P T S8 A T AR et
AR E KRR . SRaif A ORISR, [ R K R S AR RS SR A S A ORI AT,
(B Pph AL b i 58 N8 %), Bk C/C-HE(Zr, Ta)C Ea bR EAE ) S HRT5. B c/C 8
ARG R A RE B TSI EE. mE. SERRArE T, BSR4 U
Fh, FEEEAAARLZ BIE AT AR AL, BT AR O3 8 6 AR B A0 A7) 5 B s 45 45 55 B2 (O 9T

C/Hf(Ta,Zr)C £ A& MA: C/C-H(Zr, Ta)C B A M k&1 B Ak 40 95 Fh A4, A& A
Hf(Zr,Ta)C H:AR K] C/Hf(Zr, Ta)C AW EHE C R DI ] %% . Kim 55 AURI R A B4 45 TaC #RE
AIERRERE T M T CO/TaC EAME. SR, T ARG R R PR 4R 2 5 52 B ki

8 A
, [ 4
¥ Fragmen 4

Bl 16 C/C-ZrC & & MR RAT X SN NA & 5 iy B A4 17
Figure 16 SEM images of a C/C-ZrC composite nozzle throat after SRM ablation ['73]
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TaC Fkiis s B G, FrLICh TR S E AWM EHTERE, D ATERRA 4R RS — 2 S 7
Mz,

54& )8 Ta MHEAH L, Ze )5 £ (1855°C) BEAIS, HE A HERRIERE N5 C AR R N IE I ZiC.
Ultramet 2 7 UL Z LI C/C ‘B4 5 m Ze 347 B, JEIE RMI & H T C/ZiC E64E
Hxd H BAAE M HEAT T VR IT. S5 SRR, C LRk B ZeC EaHE, BIRE) ZrC
KL EUE o-Zr-ZrC MW o AR TR ER C/ZrC B4 MENEE T NASA Glenn 4350°F
(2400°C) FREEN B K5 R BRI T,

H& @B, Zr-Cu )8 S WIS REAS (W0 ZeoCu 45 51 1000°C), A 7E SEAIGHR B2 R A%
WL C =M, WS T R¥EERKE. DIRIE S H ZnCuy ZrCu Al ZrCuio NIRIBH,
£ 1200°C R HEAT KB 46 1 C/ZeC G MR (A 455 8375 32 vol%), 25 #5843 7l o 62.7.
98.2 1 91.1MPa '), RAAH Zpebetivnf FR M RHHAT %1% (R 3100°C, #uWiis 4187 KW/m?, k2
hiskAE] 60 s) U301, ZEERFH]. Zr-Cu &4 HHEE Cu S B, REERLBMZE M 0.0019 pm/s %
£ 0.0006 pm/s, {HFTELEHZR M 0.0006 g/s HEANZ 0.0047g/s. LeFETHE 5 i SR8 2 KA AR AL
BB TR FR S E S S AR R AR Z R, SR E KRERR, B
RER TR E EAK . ZARTEA R B R BT AN : MIIEL Cy ZeC DL & BRI SA N
W R DL & R I 28 R RN AR N s R ZrO, A A BCA . Cu ZE R N . 5U% Zr0s
JZ R RSAE F DL R BR BE Cu 28 RREE AR B AR R I PUR B RE .

I PL TR, C/ZeC EEMEHE SRR R I R F R, HREMAIEE S C/C-ZrC
PORAEAL,  BP#E DR A 4E 584 B0 ZO, 2 T R UL SRR IR =

SKH RMI L Z5 £ B4 RE R T AN Rk 4 () 5k B — LA i 50, 2 xbbe it e = A2 1R K52
M. 5 PIP TZU7FHEL, RMI L 22 HATH| & 80% C/HAZr)C BB LT, HRBAK,
il A . (FZ IEWATSCArR, RMI L2 iR er 4 55 & @ LUk 0 i1 [ N 2> PR A RS . B
HIRE R EATE T & HAEHE PyCy SiCy BN. (PyC-SiC), 7E N I £ Fh LR 4 2 IR B AR AT 4R THT, LA
SRR A R RYPERMNEGHERESH AU LARE SRS E0E W, o2
RMI-C/Hf(Zr)C B &M B K JE .

33 kITERA A SRR C/SIC EEHMR

RSk v P KAT B IR AR B T IE 1600°C ~ 2000°C 28 5wy, HAE K i ARSI Tv) o B
Ko Bk, T X RATER G RLL B 2 R R RE, WIS R R IR SR
T B DA R R K B AL . B bR AT, C/C EAMEIE 450°C BNFAA kAL, T C/SiC
0K B T S A A F S8 RS AN R 1650°C 1108110, fie D) 3 Jt o oK w5 Tl AT 8 o A A LB HE P 1o
FER . I SiC 1 ZrBy. HIBoy ZrC. HIC i iy i M B S R DA A 2 ) 48 oo 7 i R AT 88
HEL HLEATZ LR LSS M B AR AR . B T A= R B R VE . ZrB,-SiC F1 HfB,-SiC
P BN RIS X 3k N B 40t R BT, 10 32 A R e iR 4 M AR U0 701771790 [ g
B T4 C/CL C/SIC EAMEHAPU A M R LA B S P B i 8 nT SE 5 i, RHE N T K&
H C/C-Hf(Zr)B,-SiC. C/Hf(Zr)B,-SiC. C/C-Hf(Zr)C-SiC 1 C/Hf(Zr)C-SiC E &Rl LAMILE w5
AT AR B AR AR B2 S

PR TWAEY), HIC-SiC 8¢ ZrC-SiC J:44 5 piiid PIP 1 RMI L Z ¥ N3 2 L C/C F1 C/SiC
PR, FTRA 2] K2R E AT GE . Sl PIP T 2043 il DA A5 A L AN PCS A R 3R A4 AT Bk 1
% C/AC-)SIC-Hf(Zr)C Z &Mk, mifgs 5 NN ZeC 1 SiC IR ST IAIRIB N Z LI C/IC
Bhor, 40 T ARF ZeC M SiC &) C/C-ZrC-SiC EEM Bl %L Z3R13H ZrC-SiC FAk T 54y
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TELF e R S 42, RIRGKRS ZeC PRI 21 FISREEESER) Sic A (W 17 FioR).
ZrC-SiC &5 EE MBI R A BRI . & ZeC AR 73 Hod 0 3902 19.38% LLJAL SiC 1k
T E 59.04% B2 20.45%, M RHIFLBRZ B 3.79% IZHTH N E] 18.92% . ZrC ik 7] I 2 235 C/SiC
PRI BE M ERE, 24 ZrC 1 SiC & &0 518 17.45 vol% H124.79 vol%lt, #HEHE 2200°C F4E T
WEEeth 300 s J5 IRt RE Ay . LR R 2B SiO, BAE T ZrO, Il — Rk ghii, B % i
ARG RL R T b, JF HOE AT AR MR T I S5 FLBR . thAh, ZrO, 38 B A A m a4
(ZrOz: 215.4 kl/mol; SiO: 8.82 kl/mol), JAMLIIFE Ry R EME, MM BFRA R R R E IS,
SRIM, A SCHRARGE SiC TR AT BRI C/ZeC A BIHE B i B i et el 4. C/ZeC MEHE
2700°C T HZkket R 5 Rt EE SiC S| mmsgm, 5REZ&M4FTH C/SiC Hkeimss F A1
Eb, C/ZrC KKMTF C/SIC Btk fE . (HiE4E 1200°C ~ 2200°C AR MM T C/ZrC A HEREIR
%, RRHTENERRIZ A 20, E & A REBA, 1 HEANESSEEMS SR ZE, o
U, SiC BT IN ] &3 ¥ C/ZrC 1E 1200°C ~ 1700°C iR X HiE b ERE, X EEE B TG
MRLER T Y BCR AR J2 5 TTAH Si0, 5 [l 2 Si0, I [FIE A AEA3 A RHE 1700°C ~ 2200°C (H: 5 5 &)
(A I B AR m] DR B A 77821880 B DL, ZRG 28 EAP R P AL AN PUR M RE, B 1& Y SiC AN
ZrC 1) C/ZrC-SiC H A MR TG B T A K it 3 8 AT SR A g5 i

RMI L Z W54 T# % C/(C-)SIC-HR(Zr)C E&#kL. Li & AU, Zr. Siv C F1 ZrO, KR
A5 250 C/ICHHRUNTEEL KA RMI T2 7E 2300°C K #Ab B 4% T C/(C-)SiC-Hf(Zr)C B &tk
6 FH—BSIA S5 1 Si-Zr 428 AL SR Si-Zr ¥y K AT A RUPEAR ZrC-SiC AR & iR 5 (AR
1800°C) 1241, Li 25 NIUIE DA B . RETR AW R SR AR RN FERLE 4 IR EIRE, @i i A7
NER % T 3D C/ZrC-SiC &k, HARIR BN 1500°C. BFFLR I, SR ARG A ) —
JZ ZeC U2 S AT g/ v BRI RE 2 me, AN BRI 3D C/ZeC-SiC B2 & ARk 25 Ja SRR 3
HZ i S S 2 A RAE LR N i APRHEIR B 2400 K #A4 25120 KW/m?. 600 s 5555
TRIAR T, ZebeiiR 5B R 2%1 8 0.0009 mm/s F10.001 g/s, Hibeii: T Bk JE T F£
LR T — 2 Si0,-ZrO) FIBHE 5 . C/C-)SiC-Hf(Zr)C HE-&FHRHE AT F 3k 5 %1 4

gi Ewlkn, 5 C/C A C/SiC BAMEMIEL, C/C-SiC-Hf(Zr)C Fl C/SiC-Hf(Zr)C £ 8 =i A AL 3R
B R BLE b BURE ik BE S 47 o Beth M RERIHRTHE T 1200°C ~ 1700°C Hl N AL T — E RS
PEEAEEZ . 1700°C ~ 2200°C mEilE FAE T ZrOo-Sios Bk S5 2 Zr02. FTLL, X 1700°C LA
FRTEI CAC-)SIC BEMERRUL, ZrC BIIIA AT 35 AR ERE: XTI SiCC/C-HA(ZnNC &

Figure 17 Microstructure of C/ZrC-SiC composite prepared by PIP [80]
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Bl 18 T~F| 4 ik iy C/COUHTC & & AR A2 # I 25 & 2380 kW/m? T 5844 180 s 3K 300 s /5 B4 3 T ¥ 41133
Figure 18 The surface morphologies of dlfferent C/C-UHTC composites after being ablated
for 180 s or 300 s under a 2380 kW/m? heat flux ['3
(a) C/C—Z1By; (b) C/C—4ZrB»-1SiC: (¢) C/C-1ZrB,-2SiC: (d) C/C-2SiC-1ZrB,—2HfC,
(e) C/C-2SiC-1ZrB,—2TaC: (f) C/C

Kl 19 C/C-4ZrB,-1SiC Eé\ﬁﬂﬁ 2380 kW/m? # R 3 &Z T 300s e/ f5 7 4139
Figure 19 Ablated surface morphology of C/C-4ZrB-1SiC under a 2380 kW/m? heat flux for 300 s [133]

ERERYE, SIC BN AT FFEE 1200°C ~2200°C (FEE T m) FARRMHTEANERE, (HIELEE &
2500°C (HRHAR) B, WRA A EERI T,

T

ﬁ[n

3.4 WAHIZETHYBSERES SR

T Zr(HDB>-SIiC 7RI 1. LA AGH syl T #F A0 R g rEpel - 7071781 jir D)L 54
Zr(HNBo-SiC 1) C/(C-)SiC EEMEHBAR R T Z M7t

N T I UHTC HefRFh R AR 5 be ik e 52, Tang &8 N'SER AR B L 2006 — 271

S ZBy BB IR AR AR 51N BBk 27 4 T 44

i, B JE SR CVI T 28, fil4H— &A1

0.012
C/C-12rBx-2SiC-2TaC AR F S AR S B M oc BEEME
c/IC
_ ootof (C/C-ZrB,+ C/C-4Z1B,-1SiC. C/C-1ZrB,-2SiC.
5 0,008 \ C/C-1ZrB,-2SiC-2HfC . C/C-1ZrB,-2SiC-2TaC),
g . R A LR TFBF 9 T UHTC RN e
§ 0.0087 CIC-42rB2-2SiC G DL A e sy [R) %) C/C-UHTC & A MK
£ oo0sf \/ BN, 7E 2700°C. #3920 kW/m? ()58 & 1
c/C-ZrB: )
0.002k \ c/C- 1;cZIrCB_z4%§B|c 128|.I|éc F 1) C/C'ZrBZ Eé’*j*){' E‘Jﬁ% [/% Iﬁ Hlﬁ%ﬁ% H ﬁlﬁr
AN crra N BCRIRAN 1900°C. #4f 2380 kW/m? 4648,
30 60 90 120 150 180 210 240 270 300
Time / s C/C-4ZrB>-1SiC A5 M BRI RETE 47 (K 18 ~
B 20 CICOUHTC 2 CIC 5 &4 1 % 2380 €1 20). BFAUERIL, 15 ZeBy BRI 3]\ HEC 7]

kW/m? # I T 89 i 2 5% i 0139] o
Figure 20 Mass erosion rates of C/C-UHTC and C/C MO SUBE LATERE, (LM TaC W22 BEACH

composites under a 2380 kW/m? heat flux '35 BB A, LR T BR TR T 0
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FE 1] TaxOs.

Paul 25 A3 HI B 29% ZrBa ZrB-20vol%SiC ZrB,-20vol%SiC-LaBs. HIB, A1 HEC 43 51l
A CIC EEMEFHI% T RIVE AL, BRI ML Ze R, N HE SEPREMKINE S
BHUEAPEREE L, {H SiC F1 LaBe FIIIAFF AR MGE M EHE 2500°C LT PERE .

IR TAERI Ze(HOB,-SiC I T C/C PRIt Re A B Bheil . ZAESRIG Tk
ERE, AT R A B TR AR R SIC R B S E AL C BR. Tang 28 AIPHERH RS CVI
T 2HE ZiBy By R-WAF IR A TR T 51N SiC BRI T C/ZrBo-SiC B &Mk, It H st
REANEAL . BEPiPEREIEAT T . AFIRE NESEMA IR, C/ZB,-SiC E64MES C/SiC #
B b B B B PTG AR AR 3« C/ZrBo-SiC A FE H, AR EIFE 1000°C LA NTERL 1 LA B2Os
NER LI, 1200°C B F AR B T BIRERR £ A0 Si0, A FEHIBIEAH, 1400°C IR T Si0, BRIEAH,
TX S B 38 A AT DLAEAS [F) R E R AR AR B P B 4T 4, SEAN LR AN B R AU SE I A A B . (R TE
1200°C BL'F, C/SiC RIHME LA oK & Si0r AH, A HAEZIR B LA N PTE L PERE AN BIAR . %1%
MEHEAT T 2000°C T 650 s ORI ERL, R NTRM. HPrmhik ge 3 2008 T A [ e ih
W EX R B2Os MIREER 2L . SiOa2y ZrOa. ZrSiO4 LA K SiO,-ZrO, [ v A4 A7 (W [FAEF

C/(C-)SiC-Hf(Zr)B, &M EHU AT LA Z Siv Zr HHWINETIRGK, 2 PIP LEH|4, MaRH
SI 5 PIP iR & L EH ML, SiC B inF & &A1k hl07.136184]

SR EYE, SO TS SR C/AC-)SIC-HA(Zr)By 5 A M BHR Bl Itk B 72 A 58 K 51
H AT 7L R B SiC I AT BRI C/AC-HA(Zr)B, B &M EHE 2500°C UL kethtEfe, R 22 S8
HA PRI B IU™ = HURR s (ER NN SiC RIS A EHE 800°C ~ 2200°C (B /&) & X 1]
P Re i e, L RIE T 7R 1205 DX TR) R AR BRI BB AR ] DRI BB R, [R] B B BB A /% 57 [
A HAZnO, H4N, Wit mB e tt. L SiC AR C/C-SiC-ZrB, H Ik 5 il &
C/SiC-ZrBa E &M RN ST Z2he i 1) 2R Dl (%6 A48 , Hprse il it 5K B T B2Os M AEER £2 L Si02+
ZrOs+ ZrSiO4 LA K SiOx-ZrO, B EAMMIE . 5 Zr EE EMEMLL, C/(C-)SIC-HIB, B Ak A
AL NI, HP AR E LT . 5 C/(C-)HA(Zr)C-SIiC ML, C/(C-)SiC-Hf(Zr)B, E & BIHE
SRR DX 18] 9 #R LA R P RS, 2R BT 800°C ~ 1000°C FH TR KT FE AL
WAL T AT AR OB S ALY, 1E 1000°C ~ 1700°C HiR AR TR, MRl & i &4 et ib 5
SiO2 ¥AH, T AE 1700°C ~ 2200°C (FH 2 F =) i A BRI 2 TR R Si02-ZrO; [E1 544 LA K [ 41 ZrO,
T (PR .

3.5 ZINEERRLTHEIETR UHTC EE SRR

T EAMRRUL, RIS n] DL AN F R 2R . X TR 4elg e B a0k,
T RARPERTER, AMOE FSCRREMAES . S8, SRR, keF4E. BEiRiag
Beph . FLBREE B4 A B A] DUEAT Bert USRI BUHADEMERE . B BT OC T8 & -S4 k)5 1 4 HUR 523
PR Z PO REAL IR IE IR IR, B RFRAT L.

W =i M I N B C/SIC B M kbl 38 Bl HopetiPE e . (2 il 3l WAT 2 AR 97 &
GMACE A T B A . TS A 7R FFEJUE T AP 5A BE I B ok 32 Bk AL EM RLER 1T
R, BINE] C/SIC P 1) o L P B X e D itk B DUk, T 3 2 K] Dy e vy i, ) 8 5 oy (1) 2%
A TPS [ 47 AR 1 B 5 384 0 o By A AN B0 Joe e R sk 28 9 5 T 223K 1 A, Hu 28 AT R S C VI
T2 P 2 FLI H 03U 1 C/SiC BiR, BT PIP T 204 SiC-ZrBo-ZrC B4R 5| N 4MI 2
FLIX, &G T A — =R mamEamel (B 21), HPShEMEER N 1.5 mm,
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ZrBy-ZrC &8N 14.5 vol%. EEMEHZ thREy 237 MPa, FiffisRE N 173 MPa. #FHHN 7.7
W/(m-K) ~ 82 W/(m-K). 5 C/SiC E&MBLL, 1%= G4/ B A BBk Ag, £ 1850°C
A LRGBS BRI A% 1000 s J5, ZRGe iR A E LR 7378 0.415 um/s. 0.0252 mg/s
A1 1.30 um/s. 0.0335mg/s. LAk, FEIZ 1000 s FIFEA ARSI A IR S sR g, 3 keih
1000 s J5 25 M58 EA TR T 8%, HRUEER 1000 s J5 25 #h 3 E HAL R T 9% ~ 13%.

Wik, T ) EAR I ARG ZR AT KR B AR AT B R AR TR, DA B 4 A
TN THI R AR R o PR AT 23R B A ) R SR s AR FLBR S . (R T iR AR 4 1 5
P EE G SRR, % B PR A R MR R R SR R B . B LA T R SRAS UK )& B 7
] B SER SREE, RN XOASRERARIEE, Hu S AMSICRA SIS vl 24 TWE
NZ AL C/C-ZrBy-SiC PiiHHIANZE 2 B NEEE C/C-ZrB,-SiC Al C/C-SiC HI=HVaE &Mk (1K 22):
M C/C-ZrB,-SiC RZETEN TPS BFifF AR 1 AR, ARSI S IR A58 T [ e i P 5
Z LI C/C-ZrB,-SiC JZ AT [F] i SE LD RL A G 22 15 %85 B 1Y) AR s P 0 5502 23 0 T 44 R 4 RO HT U PE e
ZEEMEITAE 1850°C F&Z KA 1000 s (ke H%, ZRbeiz N 0.79 wm/s. 5 KA FIFEA4E
TifiAZ CVI L2451 C/SiC MEHEE, LR M ERv SR B E AL, HaE PR GR
3)e MEEANZ R IR AR B AREY R ST (kG LA AT 4 W 2445 2 L R
CPUEH, FRIR AL, X IE2 2R RE 8 RN Giba B 5L 5 Gop k) % BE 1 B R AR T 3R 15 R
WFAUBRIE RER R . BLA, DAEREE C/C-ZrB,-SiC Al C/C-SiC H4MZE. £ 4L C/C-ZrB,-SiC AN EH =

20pm

H21 ZHik4 TEE: (a) ZRERELR,
(b) ZHREE; (cd) FEREFEEEEL A, (c,d) FH#KATHE A PIP-(SiC-ZBy-ZrC) H /&
Figure 21 Backscattered electron images and schematic of the sandwich-structured composites: (a) low
magnification of the cross-section; (b) schematic of the composite; (c,d) higher magnifications of the region in
and between bundles of the C/SiC-ZrB,-ZrC composites, respectively [''?]. Allows in (c) and (d) indicate the
PIP-(SiC-ZrB;,-ZrC) matrix.
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B SRNY ¥
N 3

: 3 ol it
Gompact _;. Porous C/C-ZrB,-SiC = | Compact
C/C-ZBy#SIC | |-+ Gk,

i : C,/C-SiC
' o . . \ gre

2 7 4; A ,,J;"‘ Large t
# "’ /)bores TN

lmm

< i€ > ->
~2mm | ~3mm : ~Imm

Bl 22 — UM E oM RRE TR PR

Figure 22 Backscattered electron images showing the microstructure of the integrated composite

3 —HAEME A MR C/SIC Z AR IR H

Table 3 Comparison between the properties of the integrated composite and C/SiC composite

Density Flexural strength TC* (24.5°C) Linear ablation rate

/ grem / MPa / W-m-K! / pm-s™!
Integrated composites 1.65 +0.05 260 + 31 3.29+0.25 0.79 (1000 s)
Dense C/SiC 2.10+0.10 310+30 9.40 +0.40 1.40 (400 s)

* TC: thermal conductivity along Z-axis.

Wi g R n] R SR R SRR BE T e e, FRARAORLE R TR, IR R AL RE -

HAT, BT GO0 2T 4 38 56 Pl ek 2 5 MR BIE 78 3 R AR M) 46 28— S AP R A & DAS
MEHISTR MM REIX — T H bR Lo X TR SR P45 H) LLSE B B2 D) e X — U7 [ i FUARE IS IR
Mo TATANY, WEEMEHNZ DhRE Bt AR SRR A, 38 I i R vl i 22 0 4L R 25 7T LA
KA BANFRRR B B ety LR, BRI ROR A BR A R . ST YR A B AN LUt e
IR M BRI AT LLSEIUAN B R SRRV B B RL R . DRI, A REE IR RO 45 4 ) 3
R T ARRIR £ 24 18 Sl i P e S R AR — N LB T 1)

3.6 XEAIE

C/C-SiC-UHTC #I C/UHTC E&MEIUHM R SRR (Piaf. FBitEge. ok,
U P U SR80 1 453 007 25 IR DA B e #A R ) 7 AR K T A Sl LR s e 8 T AT 2% FA BT 47 5 4 R T
A P T 35t o e R B S P 5N 7 2R s T W RS 2 R IE L PIP 5 RMIT L2 2 51N Ze(H)C
I EZET 2 PIP A1 SI &5 N H(Zr)C-SiC 5% Zr(HNB, [ EE T2 1 CVD/I N B IE A ] 448 i i
P B iR 2 ARRBOAS . R0 i 2% Sl a3 i 21 4 10 5o 8 v i P B R A PRI ) K2 A T B R 11
Hir.

MAEFRE AR, C/C-SiC-UHTC 1 C/UHTC & &ARHG GO0 1L AT 38 i 5 H 4 e A R
P DL AT A BT RSB 7E A PR AR AR HEE IR RS T BRI PR S AN LR . 22T,
Hf(Zr. Ta)C /& H 1 S 1)l T8 5 C/C MPRHIPUHULIRAR Tl Be it 5 i el P77« HE(Zr)C-SiC
A1 Hf(Zr)B-SiC & H §iti3% C/C Al C/SiC 1F 2200°C LA RS V2 IR XN K Braafb . etk g
FIRCPETR . AL, SiC HIIIA 2 B#ME C/(C-)HA(Zr)C F1 C/(C-)Hf(Zr)B; 7E 2500°C (BB TiZ iR &) LA
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IR PERE . CH(CHHA(Zr, Ta)C HAMEH R ML A R AL IFEEE R . SR A BH RS 1R
FAL AL 5 R PG REE R . TR CAC-)SIC-Hf(Zr)C F1 C/(C-)SiC-Hf(Zr)B, E& R, H:
F BRI R AR B B AE 1 S SRS VR F B HE(Ze)O, [ AR R s BB AH 1) S 4 T 2]
(I HEHTA LA R A FH

I SRR AT 2 e AR FLIR A 23 A R SR ) 5 R R SRR R i 4T 4 1Y iR v Ui
MEREEEME AR —AEERE . BEAEOERRT, S SRR RS
FAPERE, 30 I 8 5 e v i M 85 1) 2E RSORN 5  mT DA S I R AS [R LS B e ity 8Lk 4, ik i
PARLZS BREERE 2 R T A 2 B R0 45 40 LK% v L P 48 ) 7 AT P DASE AN [F) 25 55 . 5B kB
PEREM BRI 4% .

4 AR ITRAH

R RAT & A A9 DR T AR g 2 R A e A 455 g e 2T A P 42 I A DL P R 2T 4 S M R A
PIRIE . AR FRX IR TG MR AT RGN 4 .

4.1 PEAHERMEPRIRTE

Ve B 1 A NIPE RS FA LUK AT SBT3 R Gt rh B bR MR, 1 AT R AR R gk
KEMH. 1981 F 4 H, A EE-ZHR N “SHEEIE” ST, REEENTR WL
B R G AR AT BRI PLEAS BRI o MR AR R B T 24300 BRF@HAECISY. 7ERE S5
(1) 30 AFHL, iR RAT SR X B R THARBG SR T X MRl 245 TS8R T 140 RIKATAES .
PEAF 24K (1B [1) Py ) 5 2 24 NI A B 0 B — LR AR AT 2% DK T AR 7 B A 5 ) 8 v g i By e LI8T-1881

TE B A YE BB NIPE R BLA FE 07 T, S B — B A T Bl e FH e E S, HuH ks vt kL B A $a
SR o 55 P B AT 4E N B FA L i i) TAELR T 20 AL 60 4FfL. Lockheed A 7w T 1972
SR TS AR LT ERR NG, T 1975 S RA " BB AP B A 4ERS T BLARMA £ 02 A o
AR, R SR E AR CHLPIE AT 25 A I M B AR 4ERIPERG A TT, A 1966 R4 0],
F| 1973 4, NASA A YE Bz Ik e MR CHLBT R EEHEA L o

F— R EF LNV R TTA AR ERRES, BI%ECN 0.144 g/em’ ] LI-900 FE LA
0.352 g/em’ [ L1-2200, LI-900 LAAE A4 99.7% BTG 78 T A0 Je 24 B 42 . DRV I ARl 45 711 4E 1288°C
JRZE T A - L1-2200 [FIAF 2 PRy 4 T0 8 T A e 20 4 98 58 L AR IR OB 45 7], SRR I T 2% 72
FEB A SiC Ky, BE N T BE AR il Fh B RS 2L AR S R RE T, Jee 45 I FE o AH R4 s B 1327°C 19,
Ak, HTBERELREAR MmEAR. Mtk R, [ILEm. AR ERe s, H AR M %
WSR2 DR BB K S8R DS St i (4 o 2 U000, ARAR R T IR ZE AN, 28 —ARRa 4
IR iy S NI A I S SR R e S S = = T N = R S E I T T 5 12
(High-Temperature Reusable Surface Insulation), ST 650°C ~ 1260°C K [X8; A Bt
B 2R E AR T =B A R PR A PL LRSI (Low-Temperature Reusable Surface Insulation), T
370°C ~ 650°C [HHAKIR X 1.

W8 5 AT B A P 2 ) RAT 4 0 R R o0 o) T £ A B D 1 AR B RE SR AN T2 =1, NASA Ames
BEFE G 1978 AERT ISR 158 AR B2 4ERI 14 B £ bL FMIELTYE + EALERAT YR AF
Yt K B EBEHAEL (FRCI)o FRCI 22 —MBRBETE & /N BRE 2 2 I i B 1) B FbA kel
HE BRI A LT YR RERRIALT4E (Nextel), FIEEH RN SiC BiARVEN R LSRN E
#lo Nextel A 4EFHLIEH 14%HIAMNM, Siliest i SRR BH I A S A e I 5, Rl i
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HEMHC
F8 b T AT R AL

FWHT SRR CNRZEES —FEXREHN
AN, 19814 4 A 12 HEXR LM, XEMK T
AEKL56m, BER%24m, RYEEEL 2040 t,
AR AL 2800 t, RAFREM 29.5 t« EHE
RE LB REK 37.2m, AR ES—% DC-9 EMH
AWNEG . BRATR S TR B F MR, CATHIE
7dE30d, MRCATEEZFE 100 K. LKA
ERE, TERCAMB A ET —&, GEKEA
HEHLZFHENT Y, LT EREEASH
BAT, DG NABEBEANARLERAEE, £—
FER L AR CAT &

20032 A1 H, BAELAFMAMEE T
TEMACMEERT HH 16 RWE 28 K AEHES
ZJa, BEMIK, BELEGLERZIS, A HME
HRR, E4FMALHBER,

AR RS EEFIE R, A BT 4 B A B T
Bt 15 Nextel £F4ERIIMN ARG N T BE
INPLI G R AR K 2R 55022

5 AR W B 4T W 1 B A BN SR A RE 2T
Y+ EALERAYE + MRERR AT 4k B S LR Y
o A R Bk R (AETB), /& — 28 kst
FRCI 1RSI ) = Je£F 4k =2 A B A L),
AETB (LY 5> R A er4E 68 wt%. il
RERREAAT4E 12 wt%o. FEALERLT4E 20 wi%o; H
W, AT YRR E AR AT 4R AN 1 um ~ 3
um, WIEERRERA4EIEAAN S um ~ 10 pm.
AETB Ml &S LI KAIFBALELL, A
[ )& AETB HRE SiO) RE4E 7, ekt i%
A SiOx KB FIRIR s E R, BRI ik
PR AT R 45 v (R I R AR, A 4 S e
g, TS & 2R A [ Hh 45 &/ —ifg . H
TN EERRER 47 4 (0 ELAR IR, NIk R #5

2003 5 A6 H, AFiAEFALISHRET
ARz kT ERAENHHREHRTE AL
MG, KRR CALER KB A R E 5 WA
IHRENEAREEM N ESR, ERERNERTRA
R ZHIANT KG@HRAFHSF, RASREEM®E
o [ A iR AN A T AR R R

RYERIG N T BRI LN AT % . 5 FRCIA L,
AETB HJFithism B4 1 20 20%, [RIN Afbda
YIS AETB A Blr (1 mril e e v
1260°C W FIpuiie ettt FRCI #2517 6 fi.
AETB [#FEE MWL T LI BRI, H
s&, AETB MHATd B W FRCL, FRH#I T
BAE IR TR U,

JRUE L1900 1 AETB PR #% BLYE AT B AF FHAOMTR “AT#8 BAF R T 2, (H 20X P AR 24 B
TRFAE— A 2 . Hr, L1900 AF7E LA AN EZEERFE: (1) 7E 1370°C K]0 #4138 58 Hr i 4
RFEEE; (2) LI-900 M & 4 5 £ 4 1Y [ #ob Rl 5 38 4 0 2 4F 4 BB AR JE  (Toughened uni-piece
fibrous insulation, TUFI) Z [AIFJULECIEAGE, fFHIRIE S SRS A e 4ERR R IS 4, (R,
HEEFHAMNR AT AT F L1900 5 7240538 . 1 AETB R ELI ISR b s, BRI 73
N FTEHl . NASA Ames BF 7850 AR SR LI-900 F1 AETB FEERIASE, W 7 — b 284 ) 1 o 4
#4 %} BRI (Boron-Containing Rigid Insulation) ['2), BRI FEEFH 60 wt% ~ 80 wt% A HLF24E. 20 wt% ~
40 wt% FAERLTLERD 0.1 wt% ~ 1.0 wt% B4 C #r2HAL, %8 0.096 g/em® ~ 0. 32 g/em®s o, f5E
Y AAAESE BRI B A5 L1900 AU G2, AL FE A 4E NI BRI E AT 5 50 0 i B AN i v il 1
A, TIHKME 1540°C By, HAE AETB ARE 2 B AP iR AR, 110 BaC Ky A fE A IME A
YL UE TN EAL FR LT YA SRS IS M FL A S E— 2. BRI BRIV B AL RIMHRTE, 78 1260°C TR
16 h A4 =% L1-900 ) 1/8 ~ 1/7, J& AETB-8 [#] 1/2.

MAK EE, BRI ZE—NICRS, 5 FRCIUAALL, HAERASEBL SR T R4 4,
PR b MR b i SO AT SR 8 T 585 AR o s T 4 I e B A B o

P R P E A 4ERG A FL HTP (High Thermal Performance) tHJ& 58 — AR F 5 25 2 W1l 14 [ #4
FLU93Y, A1 BRI —#F, HTP R AR LT 4E AR T I REBR R 21 4, (2 1 FH Rk &5 771108 BN LA HTP-12
Rl HR N 74.4 wive FIHELFYEL 21 wioeSBALERLT4E. 2.7 wt% BN F1 1.9 wt% SiC MK, ZEN
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0.192 g/em®. HTP sl AE el s ik FE IR R SE EAUR CHLEIE 4748 | FRCI-12 A1 L1-2200 1
B HTP RS R b FRCL 4F, (AR & T 1154°C. HTP B b FRCI A1 LI 5 &1 /)%
SRIE, BURSRFELIN LI RYIMIMAE, 7557 ) b h 0 L L [R5 B2 1Y FRCII2 #8514 20%. 1X 2
BT BN KGR0 OAEAEAE HTP of () A1 2 242 [ R 25 31— 82, AT B & TELT 4R R I EL A 5
FIRE . 7E HTP o, SR LT 4ER & SRR A PL I M BE A BOR RS . HTP 75 J5 FEAF 1 J7 [ (14T
PR AL ER AT S BB N SE 3 JE kN, HTP (R T S5 3K 2 5000 it 25 80 B 4 45 2 S 38
ﬁzﬁij([l%] R

&4 IR EFTA R S ZENR VLR BA SR A ERE BB AR . “BHELirS”
R EH R AL, BRI BRI L F AR L1-2200 , 4G HRSI AT LRSI Fifl, RHRA KR
N[E 1 3 3SR )2 RCG (Reaction Cured Glass Coating).  “HkikE 57 ik CHLR HIGA P A5 1 B
#IL, FRCI-20 F1LI-2200. “RILT” fiR CHLRTOGA P E A 7 E 721 BRI-16 FIRGHATL, %R
032 g/em®, JERFATLLKSZ 1810K HIER. “WAREF S 7 &I 8 IYZLfT % kL, Rk
AR SLENE FRCT &40, ARCKATIE AT LA R 1810 K, B A MIRE RN 1640 Ko “Ayit
FUMUORKHLT 1991 Fgtid, H VAR PhARE 5 7, R R A0 2 i Ames A A 472 1] AETB-20,
R 0.32g/em?, FR#VILIERZE /2 TUFL.

BEAE MU AR BRI AR, EE OSSN THUR LR,  H §T 3 ZER ] sl AT 28 A
AN CATE . AEEEP X RINRE AR CATA T, X-43A 75 2004 45 3 AF 11 H B RREEH 5l
SEIL T SR AN 6.8 1 9.8 [ KAT . 1% KATER L P RMEAEK T A TUFL 3RZM AETB Fg#
FL, N T ARIE CAT 2 K TAR AR P B BB S LRI 2, AETB BRI ELIE 23805, BEAHLE E R B4
PENUR EBHTINT, N L5gi)s BT 8w TUFL B2, BEASE TEL. T UrnE R
HHILE, KPR EREAE 13 mm A4 . KATIHEELE 6.0 Mach ~ 7.0 Mach 2 [A] ] X-51A,
BRI R T X-43A ZE18, (HKATHI R TEA, PR R g PERE 2R T . 1% KT8l
DAL R 9 B~ w1 BRI-16 B A FLARG B RE, % FEAE 0.32 g/em?, FERTTTDAZKSZ 1810 K (1)
milk, RIEERE TUFL SRR 2 3R NG RIER 58 i b o T H AT 452 2 FROGE T X-37B, Sk,
A0 JRUTH] 25 e e X SOUE T BRI W g #46 B AET R ) B b b} —— BRI b R A R
(TUFROC).

BRI AN E A (TUFROC) BiFe# R 48 HAT = AN 8 24 5 194, — 2 87K 3% 1700°C 1Y
s, TR CHLR A 358 C/C B AR 320 %, i T LR S R%EMR. FE
B, MR CHINLE BTSSR I3G58 C/C i VR A% EZ178 1.6 g/em®, T TUFROC iR #4 R4t 1) %
FEACR 0. 4 g/em?, JG38 FIMBHE AU E DU 2 —; =hlisF k.. sA{%, TUFROC PikF
R G i A R KHLEF R G 1/6 3] 1/3, BAA 171048 55 TUAR AT 55 5 44 T B g 2 b L,
TUFROC Fe/Ii T At K C LR R B B MEE 1] 88, 76 B s A i i Ve Re S 1 5 T HEAT 1 1R R B st
R —ARATR RATA “HEReth By 25 S W A AR A AR

TUFROC Bifa# R G5 H NASA Ames B 74 QA . Wikl 23 Brs, TUFROC 324 J
TR R AN E R HERS B 132 5T P B Bk R #A B ROCCI (Refractory Oxidative-Resistant Ceramic
Carbon Insulation); P2 AR EREHAE (AETB B, FRCI). 42 ROCCI AP 2 B Bkl it
HARBL A P MRS AL L g MR, iR AR I EC M RS R 4T . ROCCI & — & B I Si-0-C (R
SiOxCy) HIM KL, I8 H @R A R R B R 2 FUR A S R EM B, (FEh T T4, RRSE
T 2343, RSP 1700°C MR MR, Bh4h, ROCCI MEIRITIEHAT 1 ks S b ik 2
TRARTEE . RSB IR E E MRS TaSih, (APUEESBIFIZIAE). MoSi» (fFAZE —IEN,
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RE-ENTRY

HEATING
14334333

re-radiation «c g T

5 4 ¢t ¢t ¢+ 4 ¢+ ¢t 1t

heat conduction --

I 1
: AETB Insulating Base :

significantly reduces heat
conducted to the vehicle

max temp: 2600 ° F

I_ VEHICLE STRUCTURE T

& 23 TUFROC 7 [tk — R W 2 & S A m & B
Figure 23 Structural representation of TUFROC thermal and insulative integrated TPS

HAPUES BT EAAE ) RERRBLFS B.O5-Si0x (1E N B YR A R4 fPisa L Ef). SiBe (A T
SUINFUER, BAmmeEnER) SE30, fEX—% it BRIEEEREY 2 s UHE S A6
BRHATHG SR, @ A WA L2, AR B RE DT M R — N R [E B FE R I, ORIE T AR AE iR
WE TR FE: MmN ERABIKSHRARERRA AR T #MEREEN, (R T ATHEBN
Haitg. HAT, KH TUFROC #4838 Fi 2R Sl 3 Ar v AR S2 I e m i A T KIREE i e, b
FIME A TUFL IRJZ AETB B FL AT 7K 2 1) i il 2 e ) 182°C 11991,

AR, EAPIRMELE T EM T LR TSN 73Rt BB RFARR K2 R
Tl K% TR ARG BR 53T 2 7 S5 S A7 AR 4k g T W RS 24 BL R B AR, RIS T —@
IR TR . FLTE 1994 4F, J7 AR AE AU R B T — Rl ot 8t KB Akt A0k R Si0,
RN ALOs ZF4EZH A, BN JNHEIRT, SiC NFES N, FEM THREBAEBI ARG HIRX (650°C
~1260°C) HIKIAARRGH . AR Z5 4 . VERE IR SE E W68 HTP AHAL, J& T+t 1200°C (k& #uit
ko 25, BUNESENWTRIN T — M 4 e 2 AR EL (B 24), &1 50 wi% ~ 95 wt% (1)
VAR ST AT 4E . 5 wt% ~ 50 wt% [ISECARET 4k L SR Y BN FIBe 2 Bhin). i LA i i i
(1200°C). momfE (B 5 [ hi {58 0.5 MPa ~ 0.8 MPa). K3 & (0.2 g/em® ~ 0.4 g/em®) HIRE AL

Bl 24 LR T & A 5% e X PR B9 T8 R 4F TR BB & BOmOWL 2 4 BR
Figure 24 The product and microstructure of the ceramic fiber insulation tile designed by
Shangdong Industrial Ceramic Research & Design Institute
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RUF (IR SHE 0.046 WmK) [RFs, 158723 ZARBRAE HTP MKF, aTHTHR WITHRR
[l 1200°C LA FAIBGH. RS NDUE VI TR 2 40 kL. BRI AR S /), RANR UL 38R
Ji A T B BE AR, AR S ALR FIA 89.95%, AR EN 0.262 glem®, RN 50
4 338.16 kPa, 200°C RS AHN 0.067 W/(mK), EAJ5 L FLIEERR IR A 5, %6
BHIF IR ATIE 1500°C, AHFHIR K478 1500°C X LA RFEH F0 RS N9 SR vl P e 21 4
FTEHURG S5 72 vk e Y . iR et 25 T2, #1145 T 1500°C B iR K vE g P4 k], %44
BLZERE A 0.3 glem® ~ 0.5 g/em®, HFFE 4 0.06 W/m'K ~ 0.09 W/mK, JE4E 58 0.6 MPa ~ 1.2 MPa,
£ 1500°C 83 1 h AP 5 ZRURAE R /T 2%,

IAh, B TRRAMEISALR IR, T R SRR SRR AR I R R RE, B R TR R
5 8 PO B 3 B BN BB IS BRI, T 0 R o A S ) o DU AR B AR B A

i, FATRE ARG YA BEFYE . FEVAR . BaC ¥y AN EHEZE & Z LRI E 42, LUIFRERR 2,
fig. LB F/KMOEERLHE] Si0 I, 2L E 4R SiOr IR 5 2 Ik AT 25 T Si0, St/ %

BRI EMEL. Si0, [ERE A A S JERIERR L B A 90KRFLEE W, FIFLAEN 39.5 nm,
600°C A1 800°C #FZ /3 HIV N 0.0335 W/(m-K) F10.0404 W/(m'K), 5KE & EE AR 288
b, SRAFERTET 40% ~ 50%. th4h, SiO; [BHRIET T K #BL B 22 R I KR 70 B, 615
PUESRFESE R 7 30%, FF HLAS NI RS R B A 1A — o 2%

4.2 BB THER M FRAE

TR AE R — AR B A I AR, B TR BN K BARIR X . 23— ZTR RHLE
370°C DL X EAMEI /2 Nomex B, Ji RSO M H1 5857 L L 21 2k 2 M0 R A B #AVES 190, S
BEAELAT R, PRVBIEE R, AR ZRITIRA ERKLS, MR T, AHE
R AR B B B 5 e SR BEAT SR, AR T 2 TR TR D 1 AR R e R (L, T
HEG A BA TR I PUAGRIERE, AAEAEINL ] A L

K 25 25 1 3 OV-099 fiik KA EAE B AR 20 A0, W] LU B RR AR fos AL AT AL E
R EAA, W B3R BRI, TR, MR ESEMA.

[ A 508 T B B 2T 24 B PR B 0 S 7 5 [ R RRO — Lo [ 5. L U R 2 A S B AR 1) 32
BRI R S LT 4, 2R T A BRI RCR AR PE R fc 549 21 2 FH 1 Pl e 2T 4 R 74

HRSI
HRSI and LRSI

RCC AFRSI

Kl 25 % E OV-099 L& & H 44
Figure 25 Blanket insulation distribution of US OV-099
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B FRST & A ST e B ALPE LT A b, P A 4T 42 81 1T R, S (3 AR ANB L 815°C. 2 )&
NASA Ames 78 H 0% FRSI B AR #EA7 ook, Al th 1 145 BY R AL 4 85 AFRSI Y, AFRSI {8
PR R A0 21 4 | B I 2 AT RN AP 4 2k, ZREEM &S TIE 1037°C, FilH K NHRFERLN
0.033 W/m'K, 7F AT EHEIL 10 Mach Y X-51A i ©AT 8 LRKHAEA . b4k, FRSI &
Bl LE RS A R BRI e i BN il e S A Bt A R 20,

B B T SR AWTHE R, NASA Ames B 78 10 Xt — 250 T CFBI Al TABI P54 i #4
(25260, CFBI [ #VBS 8T SiC £F4ELRANZWW), I HAT T H 80 1 SR IR U e S S5 TS 2L e 1) 22 J 4544
FAFFELH 0.035 WmK, B&ET AFRSL {HIEMN RS KIESE = . TABI B& LS AN RR 4R
AL EL SIC AFAERY), HNERE 7R RS BRI B = AR S . B AR R T CRI
(Conformal Resulable Insualtion) Bf#ES, i o AR 10 70 A8 B 1 B RcE B4R 41 e A Al e 4 4
fi, HREEN AR FARE. SR S AT 4R 48 T2 M. CRI S HRE O &%
F| T 1200°C . X-37B FiE 56 AT &% 097 KUK T AR B A EHE T CRI B #4B . CRI B #4 B LG FRSI
i fe 1A i s, R ESERSR T A R B v A R S PR R AT AT S AT 2k, U PR R AT
Y1 R 1A 25 T 422 5 M L ISR T L £ A58 FH L R L1080,

EERM B, FREHE GG R B, N T AR AR S, SEEBFH] T AN 67 ) P 41 4
#E OFI (Opacified Fibrous Insulation). OFI & HH [ %5 21 4 A7 A2 10 6 77 i B e 21 Ak 45 i s W
FALEs AR EARE A g A E e, HAEFRETTIA 1650°C; Tk A bR 4 4 f E AL L 2T 4 5%
HIE R AR AT i AT, RN — & E RG], AR FATIA 1480°C, 1093°C FHI#FEHEN
0.11 W/m-K 2021,

FEH 3M AE I Nextel P& 8L IESLLF4E 257 AR T Bl E Br i & i 24748 % 1
B /Ko Nextel A48 BAMIESME IKFARE. RIS 5 i Jig DL R 47 i s 4
GRS P T S FH 88 22 1 2 Neexctel 312 AT Nextel 440 R HIM o F 3% 45 () 787 98 5 Nextel 312
274 403 1) Nextel 312 fi K% FH 4 SR IR 5 1100°C F3REE S IR N SRR s 1 )y 22 10 e e 32 )
PERE, 1M H AR LT A R A i AR R,

FERRYN T T, BRI 23 B 55 S ] Astrium A FJHF R T — PR MR ERRAE (FED), BA &SRS R
BB K RS p, N TERTR AT 880 L3R TH . 8 [E MT Aerospace Wil 7 2 A 2 2 4 & S5 M B #4
L MLI (Multi Layered Insulation), i f# B ATk 1600°C, X Fil@#ob k5 3 E 1) CFBI
RGBS ARARL, (EF T 2 2 I Bt ie) s (HAEARE R /0 T Be #AME B 5 4 (1) Si0, M 44 K g #4
PR RN 1600°C I RE FA R AL FIREE Y 1000°C KPRk JEAE 1, £ S s 2 i
T T v i ) AR A B A 400

] Py o] B RS B Tt A AR 224 . 2R IR AR NROVREE T —Fh 2 Z R AR i 48 v, KR
fE9 3 mm ~ 50 mm AEERI AR AR — S, 2 2RI ARG 2 AR R A 4E R, AL-Si
B e e RIS . 1%k WA fE R 6 Mach ~ 15 Mach K47 28 AT AR A I6L X 8B AT B A 75 3R . 14
RIS NPT B 7 — 2 O R O B B AT 4 S G AR, S5 R R B 4F 4, 2 Ak AT i
RS ER. ZEARABEA R T RIS IRE, 755 A SR T 3 B B i 4 i s FE AR 57
(RN # S RST AR P, FF HRE IR 2 IR 28 . TR ALSE NROTR BT T —Fhstk e 2 28 E &
REHEIRL, Z R 2 B AANERGASEIRE EM B, TENUR CATE . AR, &
g 55 1) v A S AU B A B o AR N ROV B T — AR A Bk A 4 B AR () i 45 i, A
FHUIRRET S N AR, BREFGERAS T RIM AT AR BB, R R aEbe. &l pliEs
R A D RS PUR R AT 4ERR VRS . TERR AT 4R 7E — EAGEERZ, LR E S5 iR4T
Y ieph 2 AR A BT A5 G . DU RSP RLEFE ZE ar i DA 1 4 m 3] 2 aF 0L, HA
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B . KIS AP SR 4RI Z B B, SIS RS B ERDEER X JEURDER
HEAT B AT B EOR AR AT 4E B 44, 72 L BRI T 2 Z R EHE 800°C ~ 1300°C
NHEATIRAC, 15 B0 b A

5w EXANB ARG % ERHAM#

e A AT A LRV RE A B R TR T A R B RGP s R LR
P RATER TN HY e 2 20 )1 R GE, ELAREIR I S A SIHUNTER SR h R A L0120, e A AL
T EAE R AGE R IR T AR, AT AR IR A R SRR RE ) B  E E
AT R IR G SR AT AR R RE M P . BB RATAR R . KHES L K AR R S
RS, il IR AT a0 ) RGO I R G ARG RHR T R s SR EK

5.1 M E & ENHLEIABT IR

FARS Tk RAT AR a5 A T A2 By, iR SIPLI TARRE S e R R S L AR
I PR SE SRR BE Rl 2300 K A A S L AR I A8 U iR 3000 Ko RIE, RBIHLRN
AT A IR, AT A REAR Y, TR R SME S, RSN T IR 4 Ab T A T
PEIRE o

A ZIHLI AR SR N BB BeshFABT DLL BRI 4

EBB RN AT 5 1B 26 Fs )y X-51A BRI A ShBLI ¥ 2077 5P s 1P-7
JRRE MG IR 0 A SHBLRT AR BE N, AT RIS Hedd (Heat Exchanger, HEX) FHOREAMEEMT s #ORHE#
A2 et L I o MG RA R S R S LA h AR A v, AV EERIFAR T Inconel 625 /@ IA Rif)
MBI X-51A Z P A FE Esh IR J5 5, Rl Tt RS HL A S0 = iR R K e, B B #
ZERARBMR AE A 52 e B A I B0 e d AR L P AR RN AR o B BB 375 S v &0
WRRME B T S 2 A, AR S TARR MRS S R J5 5, 0 X-51A BT Bk
SNHLARBVE MR T s B3 75 5. Si5h, GRS RS, RIS A ShHLE 5 BE 528 A 800°C
~ 900°C (i, 5 2 RBAR BT HEh v A, X-S1A B IS R shble Eahe Al G, RIS
P A 22 AP R R FAAARE FRST LABHRR A U 54 (R AR SO BT B, MO A% R SC sk, X-51A

Exit of cooling fuel

Manifold of cooling fue
Lol
Entrance of cooling fuel
. _/ Hot fuel flow out of

the heat exchanger

Distribution values of fuel

Cooling fuel flow through
the heat exchanger

E 26 FIEA A X-51A 28w £ & s L3
Figure 26 Cooling system of X-51A scramjet engine [>!*]
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A R SILILEHE e RS A A A B 377 %

WA 77 RAARAERR TG %, P e R, RlmE. myLshe ) e
2 B R B AR R . AU b R R S s AR b Ak 5 S R RY) R BRET SR s AR AT AR R
MEME BTG R, DUSEBLIRGE v STt DhRE: 72N 18 i i o HLRs Ak, BASE
Bl RN Thae s ETCHLRR AR AN BE I vl s 5e i, DAMRAIE ARSI S5 o . T2 21
TR e Tt 15 A 52 AL i 18 BE AN A A i BT R, I e s A B 9 7 5 2 S T AR I TR AN B i
1000 s F0 ) e R SIALI FA BT 7 o

5.2 HELZVA L ERAMREEIT

ANFEIE RSN TAER S AETE— 8 22 5, (E0BR AR R ZRIA R, EEAFELL T LAA:
(1) TAERES. REWLTAEEEZF] 2300 K ~ 3000 K, FFEHAA RGO IRTERE R TR ER .
(2) BRI o B TR R ZIAE AT IR JE 2 N 4 A L R el e 22 ORI, TREREEE ER . (3)
AR R AR o KA AR [0 LA R B84, BRRATRI AT REAL T- AT fL PR . (4) o
PRsh. WS R EARZ KN TAE R b am NI 5 LA SN ), 75 ZE R P RL RERS IR 1 &5
K 7e 48 (5) BB R BINUINT B #A 2 1 E 8 S LR RS A 7™ (0 PR B 82 A0 20008 AR % BE A R

T BT IR B0 B Al L L 1 BT LA, 1T BB K 52 iR S R A R T IR
BT LAy, DR T e v R R MK 5 B — P R SE I B A IR R AL . B BR Shb LA ke =
8% 40 2 ) i i i MV i S R A FE AR RS, B A2 A RO 20 A1 SR B, R B SR fl v T S 1) —
Horbg ARl R & 2 A iR, 51— AR IR AT DU 2 B PrLL, SRS AR
SERIVETE B A% B B A By B T2, B2 AN R A AR R, AN [RIRA R T LR A A (3] 1D i
IPEREA R EL, AERAR Bk 3 BRI & X A R R B 2K .

Z J7 BB B AN [F] 2 ORI TR T A RS A I B B KRR FE R R R, R s AU B kA, £
/N PR TR SE I KT P . 534k, EZ RRRPGA BRI AR, W DR B N PR B 7R 22,
WEARKIIRE, X2 —RRAARMRAE LI .

ZZ PR BAFERR M REAFMERE . AE. TRE. IMEES, HhmiEik
PRI IR AR v LA G a2 . IREAVIGIR S, ] 27 Fios. SOtz 32 2R T Bk e T
e BRIE 3 B H TOH LA SRR AR DR
EALEIEAE, T SRR E D e,
AT AR A R B e BRI AL A =
T2 R R SE I ER A (R S EBTEARTING L A PRAE 2

Outer surface

N e
T e P Tt P L e P
L L 3

IF-iLow,temperatureila ) . L ‘
e T i ERAM B Rt e, & B2 [ — LR 457
isdigis .
: SLIE L
Functional layer _ N s s fr e
bR RLE LR R IR S 2 LA R, 12
Intermedlate temperature layer ,TE\E?J]EIII._FIK% %‘l‘iﬁ’é aﬁ%, 1@%@&%—%‘%_’:&% %‘l‘iﬁ’é

T T R A I R . R R R AT 4 B AR
200°C B SR HCN 0.046 W/m-K, 1200°C K &
WABCHN 0.141 WmK, T 2 5%, Adbs
R4 400°C B3R % 0.08 W/ mK, 1650°C

Bl 27 % ZRa#Hm &M B E - g
Figure 27 Schematic diagram of multilayer thermal I AR EIERE] 0.23 W/ m-K, e 1R

insulations 2 fi,
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B AP RHE el T BB AR RE R T B, R B2 T el ™ R SR IS DRI . i BRAAR A B
WAL il TR PR AR TE | um ~ 10 pm SR, B 08D 1 ~ 10 pm AIZLAM A
RS A AR H T A R A AR S AR IR AR o PR DRI WR ML A R N T TR, PRI e AN UAC 4
HRINERGT RS RL,  BRAEAP R A BSOS B IR S AR A A, T DASEBUG R A AR A
MOF ML NHAR S BAA A S M 20, AERR IR RTRE SN B FELTAEM R AR T
B TN R 3T 56 3 B PR HEUSS £ A ViR 55

MR, WA TEIRACHATRE, 35 RIS N ARKREER, HHE MR ARE,
VU P 2 1T 2 18] FA i A A R B D 1

AT -T5)
I (6)
& &

0

K, 0 AWFEIF-WIRGEEH, A NEFHRAHR, T T Meas o 7 BN R H B R 5
FEPRIM 2B, BN— KRR 3 SO RSE, HABGE =ARME R 2 M5, /)
a=a=g=¢ W1, 2 WEHZ A PFEFERELR:

_ AT -1
2(2 _1] ©
&

AR 1A 2 218 n DNRER, WHALREN:

0

_ AT -TY)
(n+1) (2 - 1] ®)
&

Hi (8) WAL X T AL TN SR FEAIFH R YRR R AN Sk i BEAE
ZIRMRIARL, SR SN R IR B SR BRI R S, 22 2 B AR R B AR
LS o SEBR T 2 R BRI RIF AR, XN AR N A ST B 22 2 B R R, LRI RR R 2
AR,

% 2 R RRAPRI E EA TR B 2 R B A A, W RIEEAE R AR A AR EOR
FORMM RO ARV SE o 55— D S @ 3% W /B A R AR A VR s 30 — 20 i e
BRI, ARIEAT A% AR A BT REAT Tl @ — AL I R 5 = DRI A& 4
B AN BIL TR AT, AT USSR AT BT 55, JF AR 7 ZEd AT AR S B, S DU
RGBT EAE, PR RIS 4 R IEEN 28 AW EE AT =PRI, DU
Btk Bmit. HTZREEMMEHEEREZ . IRE (AR, BHR). MRS m, 3
JRITH AN ANSY S S RMEREAT AT, 75 2R 2 2 B8 AT R R, U S A TG 1 TSR,
2 AR AT SEAE IR AR, A BT RE R AW A R, NI B8 AR 254 5 52 i
THEBE A G T

0

5.3 M E &ML FRAM R R B &
SLRHRE AR RO A R 22 R T WAL, T R DR B8 AR RE AT DL A SRRl B Bl 4 S 43
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Table 4 Properties of some ceramic fiber insulation materials

. Service . 4 Density /
Materials Temperature /°C Thermmal conductivity / W-(m-K) g-om
Zirconia fiber felt 217! 2200 0.08 (400°C), 0.11 (800°C), 0.14 (1100°C), 0.48
0.19 (1400°C), 0.24 (1650°C)
Zirconia fiber / carbon 2200 0.05 (400°C), 0.072 (800°C), 0.103 (1200°C) 0.4~0.8
fiber composte paper 23]
Zirconia fiber board 2! 2200 0.070 (400°C), 0.091 (800°C), 0.110
(1100°C)
Alumina fiber felt 7] 1650 0.07 (315°C), 0.09 (540°C), 0.13 (760°C), 0.1
0.23 (1200°C)
Alumina fiber / graphite 1650 0.070 (400°C), 0.091 (800°C), 0.110 0.35
composite paper (1100°C)
Mullite fiber felt [2!7] 1600 0.08 (600°C), 0.12 (800°C), 0.16 (1000°C) 0.128
Zirconium aluminum 1430 0.09 (400°C), 0.15 (600°C), 0.23 (800°C), 0.128
silicate fibre felt [2!7] 0.30 (1000°C)
Aluminum silicate fibre 1260 0.07 (400°C), 0.10 (600°C), 0.14 (800°C), 0.064
felt 217 0.20 (1000°C)
Calcium silicate / 1200 0.043 (400°C), 0.062 (700°C), 0.098 0.3
aluminum silicate (1000°C)
composite paper!!”!
Silica with nano-size 1000 0.023 (200°C), 0.026 (400°C), 0.030 0.24 ~
pores 2!7] (600°C), 0.036 (800°C) 0.3
Silica fiber felt 217 980 0.088 (400°C), 0.140 (600°C) 0.064
Silica with nano-size 800 0.020 (200°C), 0.030 (400°C), 0.042 0.3
pores 1220 (600°C), 0.057 (800°C)
Silica aerogel 650 0.02 (25°C), 0.028 (200°C), 0.035 (300°C), 0.35

0.044 (400°C), 0.069 (500°C), 0.095 (650°C)

DRI RMERE . BT RSN AR A T om SRS, bR S R A R 2 e F 2T 4 SR #vkt
Ko B2 H I BVEAESRRR AR L AR A RES TR 4.

T e UL B T L B R SRR AL B AR, ORI LR I TE A R 2
H Tl TER I AL ST AR R 2t , B H AR AL T 5098 B TR B, B S BR R
AEEE . AACE AL S AR BARE /NIRRT EE, B T 2500°C, 72 b A E AR PR iy i B 44
kL. AL BT it ] DURSRAAERG Ay, (El T RS AP 4R AR AR oA I, AR s
RANPURFR SN TAEMEE T AN 52 2IRR M . R 1AV E BB MR 4 5 BB A e R, Il Id i
AR 2 5 A B 2T 4 M 2T A v R SR AR B AP RL, RT DA 2 o e R B L R s A3, AR
I B ik R R 4218

Hh v B A R AR AR AT SR A R ERR AR AT AR SRR A R S, RERRER AT
EFE N R ARG, RTDURSE P ZEORGE G AR S bt o S BRET e[| A thAg 2, (HET4E
a5 R

HAARGHRL B AP LR AT SRR PR AR R S LA kL oy, SRR BRI iR 2« TR IR
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FRINB R AR BT A SR R S AL BRYCKRE, NFESSTE B, A4
WIS TR AE, SRR B, ] ARSI I T A R . ) & S AR SR I
JiiE K FBIG S TREAR, T2MXTE R, R SARE R 25 9K S AR A [R5 mT DA 5 HY
A YURFLEE BB AN RL o DLSARTES] 5 (118 7K Si02 4 1  BEREES 1 s 200 S B 2 4 Dy 2 2 SR
A IS0 AR DA AU FF 7 Uk 46 = ARVRARL IR 1K B R R A b L S TR VR R, KRR
BRI . IR T, AT DA% H PR RO 5 () SR M 4R FL R AR B i s} (2202231

TR TR iR 1 REAE T A SRR, (AR G I A LA RS ARk il S, e ek R A A/ N TR
AR RS, WL [AARERE S, EBUCANIVEMEL, A& T RSIWLRIRE . 8 RN A4,
V4 Tk 05 SR B P W R T AR R BT IR 2% P, ek 0 SR st P DA BE 2T 4 25 h i A2 5, AT ol
T MERE TR B A AL 2241,

K %R S BRI 22 J2 B L SR ARAE o S 5 B A ARk 10 12 436 1422 5 M 26 S i 425 ) R A
BHOTERE, SRR RS 2 0 5R5 bR RO RN T DU B B 4 I BH S LD AR AL BV E T . 3R 5 Zl T —
EER S B MR AR A 2

BB 1A% G0 B R T RGBT IR BB AL, (HR AT DR SR, skl
P ERAL I B AR B AR R, tmT LYW A 1R, IR BRI RO . AR AT b
PAPRL R SR BB, e R AR AR AR A R R WS, R PO R B AR
BRI AL A B I AR, FHIST AL R, AT SCHLRR A B 8. AR I AR 2 253 g [ - [ 4
AR AR AR o — R UL ] -VRAE AR AR AR KA K, & B VE I AR R AR, H AR AR = AR K
B R R m R, TR S A [ AR R A R 2, (2 ARERIB .

RIBAHEMRR Z, FEAFELHKEE. ZookE. R L AR i i i B &
(AR A AL AT DR TR o (1 B A e P sl AR AR A R R B TEHLER . LiaCOs 1 [V AH A2 iR B
720°C, [FEEAHEE N 606 ki/kg. EFMALERREVE B AR, 8 X AR A, Y T 2 AT e
Bk, AT DLSZEIA B SRR RO S5 R 2 . B LinCOs FHAS I RHZ e L i i ] o 6 R BRAT JL AR A4 R
FLzHr, AT LA Y LinCOs/ AR RS AH AR IR AT EL . MgFa HI IR ARAS IR FEAE 1260°C FiiE, AHAS
15N 936 kl/kg. EBEEARVE NIRRT RL, A A 4E I sRARL, SR TR T 2% MgF, 5%

e T e

Table 5 Emissivity of some materials

Temperature / °C 38 260 358 1090 2760
Carbon film 0.95
Graphite 0.41 0.47 0.54 0.64 0.73
Alumium (oxided) 0.1~0.2 0.23 0.33
Aurum 0.02 0.02 0.03 0.03
Molybdenum 0.06 0.08 0.11 0.18 0.43
Platinum 0.06 0.10 0.19 0.28
Platinum black 0.93 0.96 0.97 0.97 0.97
Iron 0.06 0.08 0.13 0.22
Iron (oxided) 0.63~0.79 0.06 ~0.80 0.75~0.84
Nickel 0.04 0.06 0.10 0.16
Nickel (oxided) 0.31 0.46 0.67
Titanium 0.31 (800°C) 0.33 (1050°C)  0.40 (1300°C)

Tungsten 0.024 (25°C)  0.032(100°C)  0.071 (500°C)  0.15(1000°C)  0.28 (2000°C)
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WEREL A R &, MgFa S8 AE 70%  PAR I AT DLRAIE [ UM A2 I e RS 2222200,

XTSI e R S 2 R A G ViR R, AERBIL AR, B R AT &8 AR
PR R B BN, ERRIANE NG R etk L MAEAE T BRI TR B, T FFD 1R 52 e B ) A% i
i, WS AREHIRR AR . BRI TRE M KR AR, REEERNIRERIRENE S &R
AL R AN AR AEAE R TRIRR, T BR AR SIHL A M T SEEAFAE R B . DL AR AT D9 B AR 4,
CAAT AR A SN RKIR, R BRI B A R 71, AT DA 46t 1k e R4 (10 mT I A B 244 e 227

6 7 fa #ik B

CABRET2E 9 8 s AH AP BB S A AR T BA RS . mr bR, m bR, Wl il ket
Ui AN R 2 VERE A i, TR S 1 M B A RHIT R IR AR . By A P BE AN ST R GR 1k g
ZEEBUA R AL, O AT A8 S T L A E LB AR RS20, R, BT YA 5 M B R R A R
ZFPERE R AR PE TR T A B OREF o THNHEE e A AT A el AP DA R e At v Rl T AR A3
PREE,  BRET YRS 50 i o A R A AP RHE BT PR AR 1 — S R B A iR TR R R ZE .
MR IR F] 370°C P L BUKZVRIR LR 650°C BLE B8 CO, I EIAF] 750°C Lh L, BR#ER
SIS PP) CySIC HAaRHEIRLE C/C SEab B B bt efb g, (B2, #pkH]
#HLEWRE T CoSiC BEMBITAAETZ AL, XA BOVE Y iR 4EiETE, E5m
LFAEAE BRI L T8, BeAh, EEERET, SiC Bk | S8 E, S, B
EALRE S, XK FEPRME RE T R 2 58 4 R HIP 2,

B PR FARTRE (A Bl e B 24 BOAN SRV B R 2T i B i) TR LI R . A AR, Bk
o e . WEEMASEI AL 2 H AR WK R EZ AR —, MR S AR
LSRRI 68% P81 (Hi ToREEAC. ZWoK. Amdaiel. A BA S5 e R, BH
v P AT A XTI AR P I o A B BB SR B AR A IS TR PR I 3 22 1) RAT A N R 2
B RE SURI N B L 2 R I, TV DRATE A e AT A3 Y IR 22 4 AT U700,

X B 2T 2 08 ik M R R A2 B AR DA K g R R A BB AE e iR AR A B IR S5 1 T B S e 2k
R, R A AT R TV 20 TT A DASR e L v i R EE P S AR E

HHEPRRATBALL, RERESAR s e, s e )ik, ERAREE R —
FRAEEE. e, BAP st R R RRE I T ZEOR, R LUKk 2T 4 8 5 i i
B G RORE LU B BE B A BLARS A RE I ARG 20T R, AR IR ZMRL B S A8 (0 B FARIT FA L RESR i
77 A g 5 DA e o T o A L /B R A i R IR e 24420 A, RIIREHORA B U H, Xt
FAFIME BT BUBPERAR . FE R il 2 A B S, i L 25 3 2= B R DA A2 8 el T~ i
FIER, AR 5 1 mia sV E AU B A BRI e . R, RIREHRAR DS
RN H AT SR 12, BRI 2 IR T B iR RAT 3 AN R AL 32 2 10 S 3 i A A A,
AFSER M ERIZ Ot T2 N AL = CAT AR T, R 2T 41 i Pl e 56 R SRR T B B4R
BRI IR = B R A LA SR MR R IR B R ) e RS SRR RS o D 1A R 1R AT 2 v iR b B
AT E B B AR R 4 G5 A Y PR T R AZ AR R L e ORI, IR R AR AR T
BEAR AT SR A B IG5 BA AR A BRI AT READ A RS NBR 2T 18 5 Pl e 5
EEPRE LU BE 2 BL/AEE P AR AR, I8 B AR 97 B AR 02470,

AR PP T B 97 R T 4 1 o M B I B A ORI BT SR GE TU e L [ 47 B A BL /B A A
v R S R IREZARL, IEXTIRIZ M & T 2 AT T 2 4
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6.1 MEIR MR BN INEE R S MR

hab 2K PUELE IR E 2 H BT HE SRR AT 430G o ) 7 5 5 A AR DT iR S s A T B
AT UK B2 38 s B £ 4 3 0 P e B 2 S A RHE AL IR B T I AE AR L o B 4T 40 o B B B 55 5 44
BHU AR R 28 T A R N SR S S A PR B R T . (] 28 25 T AE BT AN R AR AT
o 1 58 ) B L T A AR AR Z I RO B I s e R 2R 1100248290 el DU, AT SR A0
Km Al R LA IR B L AUEAT LA ReME: (1) REAR S B IUEA RIFMR AR S M, FR AR
MEBIER, REEINEE;: 2) BIERNREMHKSEPRE, REERATERSZ — €Mk BB
TR A, BRI, EE AR R . MR R MRS, DMRIER A
BHOME RS (3) REMEIN ARG ISt e, A REF IR ML, Bk Er R
R @) WESEAMEIZN, RESEZREAE RIFMEEREILE, 7EmiR FAREARRT
PUEAPERE ST R B (5) N T kG [R5 5 BRI A R A K 5 04 DL T 5 880 B v BT 2,
WESE GBI UL R IZ %2 2 B R R EUR AT e s Bl bR B s (6) IRZE S5 E Ak
Z M EARENEGRE, ZEREZHBERRIFES, UanBES#ENE: (7) WEERS. 5
w. okbad, B EWMBEEERES, Aed M ENIREBIE (C/SIC MR N 400°C) 25 KA AR
WE@FEW%&(&ﬁ%ﬁ@@ﬁ%%?k,@EMﬂ%ﬁﬁhﬁmﬂmE BRI EATIR
A AR 17 S R L o Be il (9) 2 AR BH L AR M AT B, DLIBE S iR 2 H TR A SR i
WD HE AR

gMT: BT RERES WA IRERBATA RS, LanbUbR S . IR R % 5 2R
Trhih SR R SR B — PRI R R 2B 5 K A AR SR 2 2 TR I RR R DR X AN [
2R, ARPIREFL, WESMWRRITT SRR R T 555K,

MERS B, PUEMRER Z AR 29 BRI EE0 gt 2R 2 55
IREEA R, MAML; HIEZREE 0 sl MBS S BRI B, FBRTTAILR; FHRE
MRS HCRAR, AR A PR ROEE R E R AN 8 AV FAY SRS, A RPHP S st
BEY N E SR A RS B AR T BV SR 2 T T AR R IR B A, TRk 2
MBMAESIEAR, Bk EERIUL, HRRRER M. ERELRA IR, NT R TZ

DA H T 0 AU IK R B )25 18 IX 5N Th g
/ Antl vaponzed Iaye/r
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REERE I B % 2 DR A EME iR E M B AR

WA PR EER R EEARENZE. ZEULBEREZE . WZEZE—MRH SiC 1E A4S E Lg%
fRFANFT, HME RN A Y. By, SRR ER A EE . WARIEPIIRA RS
BT L2146 T ZrBy/SiC/SiOx #MNE I EM SiC-ALOs i 2, 7 1800°C #HT 600 s Kb % 4% )5,
BN 3.40 x 10 g/s. Aparicio 55 NPH7E C/SiC EAMEIR I HI% T XZE SiC/EERRE
WE, FE PR REIAT TR, IR BERARG AR 1, 15 1600°C a2 4 L
53 h J5 REN 3%,

ZERER RN BRI R KSR DI ERPE . B2 R Th AR HE A AN
PR, HPTA b ik, Hoak A R — 28Uk /N T 0.1333 MPa (1650°C), & IV A ZiB,.
ZrC. HfBa. SiC. ZrOv HfO: %5, DIfeZE M1 & T M A nl i s i DA R B ar, Bk
AIEEN, AR B B, 0 BoOs+ SiO2. MoSizs P20s. AlO3. 10Ti02-20Si0,-70B,05
&, WS RN RMERIRSIRERS, BIKRE SRR MK KRBT R, R
PPRHH RO AN PR SE E AR R N2 5 R A A b, K REUR T RE— 8. L
U1, Yao &5 APSURGEI @I, R, CVD & T2 C/C HA L4153 T SiC/ZrB,-SiC/SiC =2
W=, JRERZN 150 um, palfEARESE R DiReEABTMZE . BOMZIRENH T C/C ik k.,
Fr LA 6 — 2 SiC 45 2 BRI B 5 ER MAEIK 2802 57 (U RERBUER SiC Bk Ll % ik
E AT IXE SiC R 2.

BEEE IR Z 0 H 1 E 2N T MR DuR 2 I A ) AT SRR B e 55 B TR R TE ¢/C %
& E#146 T ZiBy/SiC B IR 2, AEBEA 2B 1 50 mm A4 Ak B2t 600 s Ji , i B B2 3.89 x 107
g/s. Huang %5 APSERH PS T 27E SiC WEMRI G % T B EH 5 MR AR E, dik imt
W ER T Si0, 1 Y205 MRS HERIEHIRZ sy, AR T HEIKRRE, 185 TIRZEE 6 1M
PUEAAE ST Ren S5 NPSOUR I JEAL N () 5 I5AE C/IC HAEMBIERTHHI4% T ZBo-SiC BIERZE, %
BB BE 1 2 B FE ZrBo-SiC W JZ LK ZiBo-SiC-Si 4MNZE, 75 1773 K S H &AL 207 h 2R H RN 4.56 x 1073

g/cm?,

6.2 MEAMRIMIREFF

BEE IS AR BOR AW AR, Prbeihin ZEMEE M AW R T EEE 2, PN
GUR IR R PURE Pk REREAT 7 IR W TT,  JFIRAE DT aRAS IS5 REEAT L, DA A IS T
i # AR SRR 0L M i 2T 4E N 5 2 S AR iR DUAA R iR 2 HOR R X T RRET 43 5 R A 44 R
WEM S, WEMBLLURA R ER AR, sl sl DLRARA R AR R 805 . Bl A
iR AR B Tl RERR . RERRER N . WS AR . B, I SRt

%[257] .

HRR B POERE FEIREE RSO . TR BRESE, R4 s i R S M R
R RFARANGRE. BOEREARR N RARERsITE, I H BRI SR ik 2T 4E 5 o
P g S AR, WU JZ o 4 B a6 FLIR ARG R v 7 A SR S R B R A R AR T« et
PRRERR L . REPR ER B S AN BB R A BRI A BRI AT DU RO A R 15 12
(2382990, fix 106 PR AR BB A4 B2 DL BoOs 9 B, 51 41 Buchanan 55 NPOVE #E C/C R Tl % T B20s
WRE DR EESURTERE . BERTRZ M ZR RS, AT B R A B, G REmeg
B RERRER IO . BERER B N A BORARL S R RO, (EE, B A 3R R REAE AU IR
(N 800°C) THEMEPUAMBEIRRY", ToiE LR iR P A N R R, DI, H RT3 AS
BEHABRIE N E S EHRZ H 2 53 #5478 - 4 Buchanan %5 APOIE B,0s 7151 A Nay0. K20 ALO3+
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CaO 5184y, 535 E P ELIEEIRTFE 1100°C, 1fif Kobayashi 25 APOSII5% A B4C-SiC # K #il
BILEPUEA IR, S5 R ER IR LIAE 1200°C T4 C/C A8 A LB 3.

2RBBE: WEEEW Ity W, Re. Hf. Mo FEAEA L (> 2000°C), =i NAY #RHUK
A, A TR SR DU R R T I M R, UHE It &)8, ERA B (2440°C). 1K
WIAIZE SIS RES B RE (107" grem™s™!, 2200°C), J HAE 2280°C FASHE N, REA RBH L%
YEG RAEFEAEE AT 1800°C LI EMIPTEAERZRC), Lee 2 NP R T Ir-Al-Si & & HEAM
FIRZE, FRAE 1550°C A8 N HPra b MR T T %1%, 7ERFSETAE 280 h 5, FEA LR
HN 7.29 mg/em?e Ir IRZEMAPARENA N — G EHE 5 RIERER S, & REkiR
FEMZERBR: RS RS, PIEIRASTCHEL =26 FR AR ) 5 4 1 2 77 A R U B I
RFITE . BEAL, I FE NSRS EACAR S, AR TRAT KB Tl A=, PR £ 75 SRoB 1 6@ LAg =
LT -

BeAk, R — e JE i A A AR A e P AR B SR B, AT LR BRI X R &R R 2
WEE mR EUE A E R = &R I PUA I B B8 . Huang 28 NP4 T Cr-Al-Si R & &RIRE,
WIEALE 1500°C 2344k 200 h 5 B 0.079%, AL BRI EES RIEA Crn03-ALO:-SI0, H &
A ER FEEHEAMAEH o« Terentieva 55 N POVUR A 55 B 7 BHUR FIENEBTHRTEH 45 1 Mo-Si-Ti &4
JETE 1775°C RAMESEN 2 h J5, RETLIHEARN, [ 2L sl S &4~ R I R i
HERGIE A YL e 1o

MR PR T M RSP . AP MERS L JE AL P RN K I 4
JRBA ) 5

TR IR R S i % BB 2 IR, EEAE SiCy MoSizy SiO2. SisN4. CrSiz 5.
B EE R K REY BRI Si0, (1200°C B 103 g.em™?s™, 2200°C B4 107! g-em?s!) Fiss i
A A A, [FIE Sio) B RIFIIH A RE ), ATBRACKE i #2 h prr= A S a7,

SiC BARMKHYE C/SiC #iE#EIK 230, 5 CySiC EAMEIRIMEAL ZAHBNELF, R 2
HAR P PUEAL T G iR E AR, RN H AT AR 2« SONBATIM B, Sun 88 NRTERH AL 5
B E SRS SRR T SiICIRE, WREMEHEE. Bas), 1773 K &l T4k
MR I R A e i F s v g . 7790 2286 NRP2ER B 22 SO IR BRI 4 T SiC IRjJE, W]
B B E AR TSR R R R ) . MR NPPIR A PEE R A M RLR T H#% SiICIREE, &
AMEHT R Ge 7 — e R R S, 7R IREE SR aR I, R E TR BRI R ER

— Uik, SiC 7E 1600°C LA R AI LMK SiO, KBy ik A be it —0 k4, HYEE BT
1600°C B, SiO, # AR MERE R, A4 Sio it FE T Sio, MR .

EANPIPGEU ZrOsy HfO2w ALOsy TaOs. Y203 ZFSR A Y2SiOs. ZrSiOs 55t B AR & 44
ML (> 1800°C), HtERBIEAMLLL, EMMEmEMFAER+ofE, BABEFRPELmR g,
DRI E T v i Joe Tk o7 7 AT SR S22 00y . (HRTE IR T, AIMIES CySiC B A MR e
AFAE G0 OS], DR ST R e AR SO NE . Ak, AN C/SIC BEAMENT S, KEaEML
Vb RA R AR 25 FIRE S SR BT g BLVR RS, SRR E . RN R
EHE AT 5 NS R R ok e IR . B S NP RLER T 5 T SiC/SRARE,
SiC REEUFMIEBEAMEORARE, FURE 8k 20 R iy et ge bt iaop ke, 2
1150°C. 109 h s A & 12 X 1150°C B EMTEARGEIRL G, WE R EE RO
0.085%. Shimada % \BPIEA B8 H HIO, 2 [A)fi] £ T SiC #EEVEZE, Pl &1 SiC/HIO, H &2
i RUF, £ 1500°C # Ak 15 h HE& 5 IEHAGEG, KRELCN 0.6 mg/em?. Zhang Z5 AN P700H 2% 1
SiC/Si/ZrSi0s Z MR )Z, WRZEEA MBI AMEREMPTHGEMERE, ATHE 1773 K. 57 h FIRKAA
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B 1773 K B 12 IRIGAIEIR, HEBEFEFRER T SiC HEMNLEZ. 4686k, @A
Wb EEA I RIGERE, FERES IO M PTE LI beth e RE, (H 2 LA IR A &S
B H P S THD Il DA B B P AR AR vy P 1) R

IS S B (F B ZeBy, TiBow HB SR BAMEME S (> 3000°0). RUFHI&
TR S PUA A RE, JEHEH T 2000°C BB RS BRBRER R I22T7278 ek G SR AL 0 a0 ZeBo ()
B L] 3= 2 B S AL AR R B2Os F ZrO2, BoOs AESAE 1100°C BAF AL H o H 2 Bl & i T+
=, B0z MImE#E RS S E AL Zr0, BEAZE MR, AR HEZEL 2L 210, EHENRE W,
IR R E TRk SRR et B 4, BRI M ZeB, 1E A et 2 R P A A b tiae 1A BR .
X6 3 — i JE, 3 AR INE B AR (B0 SiC. MoSia %) SKEgHEIX — BRI . 24 BOs HIHE A FER
J&i » Si0, P 4k SR AL FE kB 3 . & B B T U 2, TR R MR ZE AR %, W CVD,
I S R RN SR b P D W R 1 S SR

ik R B2 NCPUR B W5 R iR - e 45 L % 7 ZeBo-SiC SE M &R 2, W 9T K B AT il £ (1)
ZrB,-SiC-MoSi, 1 ZrBo-SiC-SisNy iR Z G M ECABU, PrleibEae RiF. HAMEORHKAEE T
5534 T AAE C/SIC BatRLR I H] £ 7 & MR ZrBo-MoSi, H &5, fEA-ZIRbeiii s Ay
30 mm i, £ 300 s Beilys R ERME Ty 15.1 x 10* g/s. Pavese 25 NSE Cy/SiC H &4 k2 1 i %
T HIB./SIC R E, HRERIHEL MRt s b kgE, 2 1600°C. 30 min Efb)E, WERFERE
FEAURFE T 20%. Ren 5 NSRRI PP QLRI T SiC WZEY TaBo-SiC-Si 7MRJE, £ 1500°C.
300 h B EALIE, RIS R ERAUH 0.26 x 107 g/em®s Niu 58 NPSER KL 25 71k T2
#1457 ZrB,-MoSi, iR )2, iR EERIR N B At ZrB, & ZrB,-SiC )2 B i Pt E L T fE, 24 1500°C.
15 h ARG, ZRE I T — AN A E .

MRS SR Y) E B HEC, ZrC. TiC. TaC Z5#kL, SN EG WSS (>3000°C). it
R iR D 2 PR R AT AR v R M e S RIE BT Co/SiC 2 [ME AT R 4T f e 25 , 3 N A - 2000°C
VLM R A A EE, e FE A T 3000°C K s A E. Choury 8 H, WEAS AR E & 52 3700°C LA L
(R L, AN eG4 R B A 84, [ AR T8 N LB R A ZeC. HEC. TaC SEMERS BT
JZRIEE CoSiC EEaMEMTEMERE . PP DI e R 2 B il B, AHB VR 20T FE R
AH R ME I 4 SR B A ) B AT 208 i A R it e il PE A

WP Wk m e S PUkEih. Pipf I e HEC. TaC ININE] C/C WAt MR MUZ o, fERRSIR
3800°C. J£ 77 8.0 MPa [¥] 60 s SRM Hi[fil st K S H A% R ORI, X — R IH U PRI T C/C WA (1) e ik
RIS Qayir PSOLE SR IN HIC 1) %8 i i et 2 A 41 kL, Wunder 58 ARPYERF CVD 4% T
C/HfC/SIC HEWE, HEWMIFRE T ZeC Ml kiR 2 P R 7, X Lehf 7 TAE 785 R T i %
R E IR R BhAS S KT . B2 BT A B B A AU i R A, % e AR DS AR IE AR

WEAAER,  E BTSRRI R T — A A R E A G L . Chen 28 NP1 B2 TaC
WERGI% TE RBEMEAT TR, FHRAACHKIGHAT T heimikis, 75 2800°C K&l 60 s
J& s WIEFA. RV . Xiang 25 NIPERA CVD 7 C/SiC B A MRIRTH #1141 ZeC S SiC )2,
B2 LI R I e, ZrC FALIE I ZrOs B8 BRARRFE O be i, T3 sl R i il
fRIBE 7. Wang 25 NP MRS CVD 4145 T HIC 182, IR EReH FUR mik ke pU A 2 it
e, BRE AR ROH PSR S B

6.3 B&HRRREIRITEX

ey QAT AR R A R AL AE AR R o AR S AN R A, R AS R Bz R 1 AN R 2
RERT AR I RRE o MR A BL A2 ve AT #3300 XU T 2 ZER T A bk, e 2400, WP RS
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INBLIR 2 To M RHMAR RO R, JE IS5 By B

P, — — gk b P 6 K P Aerodynamic Radiant
414 S T 2% Tk AR T A K B i gl iyl

PR BT o SRR AR U v AT A 79 XU &
FE TR AR o J LT 5 B A BL AR PR F
FJE RN 5 B BLAT G PR 2R T A 97 U /= th 7
M2 T JUAGERZE T R ot .

HHAFOUT 2 AR 2B bR kR R
I, B R R R R T A AR B < MR A
LA AEST o ) g A e 73 B Zon i IS I AN
WA T £ 5 B9 5, DA A 2 T S5 3 £ A S 34
THEE E gt

E = 6T )

XA 0 T -BUREZHE, TRHRE.

. 7

l Conduction
flux

Low conductivity insulation

Backup or structure material

] 30 I 44 [ £ TUSE AT 7 44 R 22 1

Figure 30 Thermal insulation of rigid insulation tiles

X (9) KW, VIR GRS PR AL E SR THMRTTRIER SR b, 24
IREETEm, EREZ 3.

RSP AT AR M R LA R, LR & R, MR, M. 5
WK ISk R, 7 B SR ER R BINIK Trf i STAVESE B S ft m AR A 2, i A2 AR 1)
HEMAITR R FERMZIANT, URJE T DRSO 70 NS, T R 82 0 B L8 AR PR K 2
AR FE PN SRR (800 K LLL) W, FAGESHEIE, B ) 2 2 05 O Ha S ik
T7 e BEAS TR FLAR T S PG L, AT DLV SRL Y vt 2 1 T S e R S5 A 8 31 o 8 B A 8
SRR RN (¢ - oeT?, EX—LFRWE 30 frox. Bk, $Eem it RIRE RN Y ¢
fHRENS A RO DB R 2 A, ANTTTIE B RR AECR -

BEAN, A AT AR, BRATE R, R OR A AT R S N B K
TRRERM R, FETEA0T (0o Ny HRah. Bk, WE. EEEE, SRBshEK
SR AR ARR R 818 a5 & . £0 THAEME, 2T RERRIRRT#EanE, S5
RMEET e, PRRE T B P45 & RE SR AT R G AR 32 R AT o O T AR LBl PR 5 v i 1
SRR T AER T 45 &, IR PR RE R TR R
A DR RSB T o DR 0 BAT R PR A R4
PERIRTERIR, —ARREINILRZ BT T .

Br— AR AT A AR B AEIR TR

b Hi 2 81, T L B KU I ) AT AT AR
N A b TN 5, BT AR — B 0 R B CL 4 T L
\  Oxidation barrier Jayer AT BB R T EL B R AR E S
_ bk, KRB T HAE MRS . DL, B

_ Reaction barrier layer 7 e :

» , Yy DL/ RIBTI R Z A 2 DfE . AR Js 1
R .2003 4F, £ [E NASA Langley fiff 77 H1 0201
R —FZIhE. ZREHEHARR#E . X
MEGWEN 4 FERERREA R, W 31 fr
e BONENIREALZ, AR AR 2

ZRAERESE, AR AR AL 5=

Base insulator

E3l AR/ EREEeGRENGETTER
Figure 31 Functional layers of the composite coatings
on the insulation tiles or felts
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JERPVEMNIR, X2 A2 SiOx LI MARBE; e — 22 H AlOs 2R S B FHAS ) -

6.4 FRETHENMERARREREFR

5 [l 1 B B 27 E W VE B LR TS PR B A 00 T VR R JE, 1 BLALHE I B [ 40 3 3 v 2
(RCG). I ZLLERRIIRIZ (TUFD) M msdH3EER)Z (High Efficiency Tantalum Based Coating,
HETC). WAMEERIHRZIRZMGR N, HREEAW S, R\ T 2 EE580IRZ.

RCG & : B JEA AR UM R TR 2B 47 /2 55 T US3953646 F1 US3955034 1 151k [H
LR £ 292295, BARGRAERRATL Bl e T AUZREM ZZRZE . WZRERNZENEE S, AR
IE SRR REUTHS, &5 TIERCH L, FR S54MNENENERE (R, SR s
WA ) L. =ZFEREHEEEE . R E IR . e SR A e 0 35 3 DA =4 Ee A
TBA, TR R — RO IR, R EDEE . ERLL. RE K SIC RS, BRI ATIA 0.89
~0.93 (1370°C), {HZHEFFIFERTRAMEE N2 N R, FIREHI, REBICRE, Wi
AREKE AR EE . IWEMPAGEERALE, 1260°C LA H GRS K.

ZJa, FEMEH KT RCGIRZEPN.RCG 12 UL ARE M3k o F Z R, DL AY) (SiBas
SiBe) TENFEST . Hil & TENRADIER: 5B — R il & D e i SR ey . il £ 55+
KRG, T8 BBos s WEEE L 07 20 1) vy V3R S5Ok s 38 MG R 1t 3B bl L R 45 77 S A 55 (SiBas
SiBe) VRAHIHEI, WHR TR BRI, & TR SRR — 2 REORE. PR
WIS ERFRE M. Je2EERE . YRR AL S R R T T AR B AR T d i . ey A B P AE O
PER IR BT A, WA R TN SR e R BR h IR 3, ANEE I M S R R B B . T
PEIEFR E il R o] DR B ik 2 milt B A WEA . SiBs 2 — M siim e, ERAEEA. B
AR e T (R FRERE S, HAERNIR A (g it fE b/ 21 SiB, 2 [F Il Ak
TR 5 3 389 SN T A 2 45 R B T A S8 A, AR T sl IR AR AR PR A . IR S R AR 2
1482°C faif, udt T HuaetERe, (R Z 0Pt 1155, 5% BRI UCHC Mt b s =

7E RCG H:fili I, S il £ H — P2 Dhag AR 220 an i 32 Fis, 3802 i E M R
WZ N EESIRIZE, 5 RCG MIF SNZNEEUIRIE, RARIIZIK 2 5000 1 b 5 3538 5l =y e il
WERR SR BT 45, RERE AU A K PR ST, HA G R B R RIIE S g . BT
B DR, H IR 78 AR R I [ FABL PR DG e v R oo i 12 e o

TUFI & E: 1E5 AR = AR B AL FRCI Al AETB _EiR78 (& ) 50 2 4 4 kg g 2
(TUFD). #HEET RCG )2, TUFI &2 VTR SR S, BORRSHRCN, FEmT I A% o 58 40 (0 ki
AJ DU R 5 32 B B RS, 45 31— BE B AR I B 5 SR T 29628, TUFI I Z A6 B F 1
Bt B,03-Si0,. WA 57 SiBs A&7 MoSis.
Forh g AL R IR R SR B E Ky, BIJA T SiBs
TERe gt i f v 5 50 S B AR R A, (23 T U
R SR B R EE S 2 775 wit%
B,03-Si0; (5.75 wt% By03). 2.5 wt% SiB4 }% 20
wt% MoSiz, KA LA BN RS, TRE
HI R B4 3 FRCL 1 AETB E 10, 13341 4
R G A MRNRZ 2B AL IR Z B TS N
3 mm, ERMATEBCEERLE, 3T iRz
AR SEG R IREPIHEMERELL RCG #2

B 32 — #0523 ah sk B VR, S T NIRRT A, T BALE
Figure 32 A double-layer functional thermal coating Pumrhis 132 s B, 52 1437°C BIER.
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HETC % & : m3GHEERE (HETC) AR 2l TaSi. MoSioy BIfLHEE. WREBL IS K. TaSi
(& 8 2200°C) 1B ARSI FIBEAM R, B MoSi, LI MES K . MoSi, 1E A — FiE S
T BRI AT s [RIE ELAT H ) A VR FE o B RE BB VR SRR, i T BAFFISR A SiBe (1 wt% ~ 5 wt%)o
5 ST 4% O AR SRR ALIR )2, 7E 1650°C A A B AGEMERE. 76 70 W/em? HLITHGR #h
7 50 min PIEHL T, WREIAR] 1540°C, HRZRM LIRS A58 50X 0.9, HETC S2HL T R 1)
RIS SRR, AR TIEAM B AGR, IRKFRE LI T RGeS 7, Ref8 R EE
ARG MIPEE IR R A N g fae 5 52 8. TaSi, BRI R TIRENEFR R, HEE &=
N, EEMEREIK RECZEIE R, FrULEEE R E & H 0 & =2 i HETC [ % gk220300,

TUFI %21 HETC 32 W4 B B F LE B #A-Ra i — b g it v . S54SR B - B oy TR it
AN, 2010 FR G FHRRIEREI X-37B KA T B #-Fa A — AR ok 1 AR ST E L S S A5
(TUFROC) B, #iTi ci4 48 &2, TUFROC FEH MMM E: WNE IS ERASEL, W AETB 8¢
FRCI; 4MNZERNAERE . PUEALKR RIS/ B (ROCCL). X —45K1 N ANH E BT 7RI Z
ReER, Horh, NEREEREHGIEE AETB 8¢ FRCI fUZETH N TUFL )2, M4MNZ2 ROCCI FIZEH N A
HETC 7% )2 . ROCCI £ N HETC )25, 10 min N AE R TGA 1931 K, 1 min A #)4# IR
FETTIA 2255 Ko WAMNAZ Z BRI XN — 2 E B L0 1.2 mm BRSS9 X 1IR146 B 3
. REY (SREREMA N A ARSI (W0 TaSiz. MoSiz F1 WSiy). 7RI FEH, ixEes]
T RAAEE IR BLFEEER], TR RORE S AR IE . DGR AR A2 FNBR A2 2 1] (1305 B Ao P8 R A FA i
Mk REZE S BRI AI3G N, Righ 2 iSRG B 1B T T RPN,

A RPN JH RAERE: HiTEMDAINEHMEES EE AR R, REBAKR. BHT 4R
FHEEH R RS R, T HIETES S G EA MR T k& . #ilin, Takashima 55 ABOURFFE T
Fe-Mn-Co-Cu i % & & AR A i BHE S 3 BE LD AR S AR i, A RS R ik 0.9, #FK
NP E . JEE CRC AF] & E R L3 2 R S AN R S R AT, Al AT TR 78 H B e R S 2 3
BEEEA B 539 ZeOy FERR B o 451 G f AT VAR i) (%) — P 2 2 e o0 W RERR B | S102 Al ALOs IIZLAMNR KL (BY
5 ET24) 7£ 800°C IHLLAMNRETE Ty 0.85, 1E 1000°C I3 0.84; (B E/ETE mHRE Ttk
A KA 72023031, 36 [H CRC A A ZEF= 2 shigkbd, FT & @R F N Sio, fl ALO;,
FA T AR T E B R A ZrOp. SiO, A ALO; B, HAX CRC 24 &) HE H O AT AME S A R
BHIEESEEMY) CoO. Cr0s. Fex03v Mox03 S ", HAH b A= LMk R 24
BONERN, B EBEE RN Si02. ALOs. Fey03. MgO. CraOs A NayO, 1000°C I #igzfik £
Kl 8 x 10°9°C ~ 9 x 10°%°C, #FaEMELF, 7£ 600°C ~ 1300°C T K HEAELT 0.85, 7£ 800°C Ik
B R ik 0.95 B0, g5 4 NBOLEETE ZnO B B AMEL #1517 E KL AME S RIE F
0.91 bkl EEUBIHA T EH5 A B NS R Ay e R s st e, DONTEE S A
BN 5% MR S AT ER AR T R R 12 s A ik B A 3 . EAASE AB®IEL NiO. Cr,03. TiO2 MnO2
AR R [ e Fe R, SR e I AR R e 5 55 TR g R U R R R, 8 KRR
B TR IAR S A AN E R A RIR R, TR T R R ATIA 0.88, HAARUF I AMES RS

6.5 AT HEZMRRERAABHR

Wi 5 2 A R M R AR SR THT R AR 4P IR 242 05 7 DC92. C-9. PCC &5 JLAR A dcidt

DC92 #&/&E: DC92 iR)=2H Alan 28 N R D), wlic 2R MRS AE FRSI |, tATH
TERIMEBG A EC LI-900 AT FRCI . DC92 ¥%JZ H1 50% ~ 55% HIRRSHERHEA 45% ~ 55% FIA L %
TR R, A PR R E A B SR, 1T e AS R SR A A BER R  F BE JURL ARG 257 o S 4
N HIEZ SRR, BB RN T 0.1% ~ 1% KRR, @ ZMEHRFIZ SiBse AT
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0.9 . Gray C-9 coated - .
B I Nextel 440 : :
I 1 I
0.8F 1 ! !
- 1 | I
- I I I
. > 3
2 0.7F %1 : E |
> : 2, 15 |
2 F @ '3 !
€ 3 oI - !
w 0.6F = 13 1
- 3. (e 1
g ~ IWhite C-9 coated .
05F | quartz fabric : :
[ 1 | 1
2 1 I |
041 A N . TR | 1
500 1000 1500
. Temperature / K
K 33 AFRSI & & # C-9 % = F34 &6 CY%EREE CYRERTREME
Figure 33 C-9 coatings on shuttle AFRSI [ JE E B A fh ok R B

Figure 34 Variation of emissivity with temperature on
the surface of Gray C-9 and white C-9 coating [3!!

i A BB KRR, DA R = WS R e AN 1R (VR S RV Bk A, 8 I SRR 1 5 s E
TERER M

C-9 R E: 4% DC92 I JE 58S FARX — i@, J2[H Rockwell Internal A= PR T C-9 iR)Z,
WK 33 fin. %2 B SRIEER I AAE LI SiC 58 SiBe 21, LARAEBENER. & RGN
IEIK R A (R TAE 1000°C BAF C-9 12 ik b 25 B4R, A B REIE S 7 db A0k 5 580
WEIRHERIE TR B 34 45 TIRFE K G C-9 WREF € C-9 12 I 52 1 R ARl 28 11 4 3 6 b s 3
AL, FANE RS H T AFRST AT TABI F 3R Y R B,

PCC % E: 45 C-9 BZMIRIEA LM H &, Kourtides 25 NP2 18— BB 47l % 34
JZ PCC. ZiRJZE VEAEEN R AR SIS R R G, VISTILRE. DURRILRE. BRALEE. —rEfL
B REAES . EALES T — AR URORERIR, Wi 35 B . SRR LR T AR IR R AR
PRI RS T, BRI T4 5 5 5K 1) SiOs FIFR AL EERS I — R T e — A 44, g5 R
IR R ARG EVEANS T RCGy C-9 A Tdem, ZSMIMLRELE N #had 72 vh 72 B ek 1 h 3503 2 1 1
18 A AT R T VRS, BEL L3 25 ) R Rt
— WA TR E R m AR R R
FasE M, IRIRIH S N 5% 2 A, I
1650°C A 2 A 4 It K& C-9 2
[¥) AFRSI [a#EifI &4 PCC R/ZH AFRSI [
FHEELE 20 MW AHF HL IS 5 8¢ 4% iR 34T 4G F
i, FERAINFAE] 1093°C, £ 9 min HAIEIR—
I, BRI SR FR AE 1 T B IR B, e 2
PCC )2 V3415 1 KRR RATHSTE] 1200 s
Jaik | 276.6°C, 1 C-9 i&/Z1k% T 304.4°C,
P PCC 2 A AL C-9 %2 F m Aa %, ' i e
K36 45 H T PCC iRJZ R C-9 ¥ )2 HIFR ST R BER & 35 Nexel/AFRSI % @ £ PCC % E
FE AR ) e 2 B13], Figure 35 PCC coatings on Nextel 440/Saffil AFRSI
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1.0 - . 1.0
4= PCC Sprayed On, Unfired
~&= PCC Sprayed On, Fired
=& PCC Brushed On, Unfired
~—&— PCC Brushed On. Fired I
> 0.9 m\%‘:m z » 09 el
2 2 "‘0.“‘
LIE.I 0.8 . DR S SO LE 0.8 Ml""m
N —6— C9 Sprayed On, Unfired
— IES o
e —8— C9 3rushed On. Fired
0.7 0.7 T Y '
) 1000 2000 3000 0 1000 2000 3000
Temperature / F Temperature / F

&l 36 PCC 3% 2 F1 C-9 1% Z 0N 48 4T R IR JZ & 1L By = APV

Figure 36 Variation of emissivity with temperature on the surface of PCC coating and C-9 coating [*'3]

6.6 BfRMARERH & HEA

CEA AT AER SR IR AR BRI EL B B VB IR IR 1 DL RO TR IR 8E T 6 i 2 1) 1
FORANE, HATCAH KB ZFPiBRHRRERSEAR . W0 EZEASHEITRE. B, KRR
ik iRk, BRSO IR IR RS

AATARGE: AESHMUIR (CVD) & H R &N B I ik 21 4 3 5 P B 52 2 A MR A A e iy
WEG &k, AR R e, EEL RN E RO R SAHY) (i) &30 ik IR
RRARIR, (E— IR B3 B R A RN R U . SHE kA, VD B TTRUR R,
WE SR L R, AR B A A BN S M AT B RS i SO T . CVD UURR AT RL A R IR 2 B4,
BT ISR G R 1)U 2 SRR AT 13100 A BT A BRI, e E AR
T NBOLRH CVD 1E C/C-SiC RV T SiC B2, JUBF=Y N8 — B-SiC 4554, Hi5
BARG A RIF, Pratbemttse RAHENES. REEAPIRE CVD & T ZrC 2, RER
A ARUF I SRR e A R PGB MRS . TP TEP2ERA CVD il 7 HIC )2, SCBL T X HIC ¥&
JEHBAGERI T, 2 BIERE T S EDIR AR SR . (HE, CVD IAZIE A BARSUR
TNRHT, RS A A EERE . ANEH TR Ak, CVD BT RCR AR, 477
RCAAR =, PRI PR ] 1 A TR BT 2 M

PP AHYTAN (Physical Vapour Depostion, PVD) 2l % & K SR Z R F Bz —. @il &aE
THREH AW = ERE R, VIRTER AR RIS, Yi S ABPILL SiC R o4
NE FiEk EB-PVD iR SiC /SiO; i, R B%5, BN A 2 SR 2537008 0.7
1035, BERTIER & PR EVEREIUEL, (HRA R, XTRARMRME R R, ML .

BoRik s BRSNS E B B R IE N BRI KA, R G TR R A R AR b Bl
WAk, i EdE s T E R AR T RIRE . BT AR B R R IER, e & mis
MR EM B R A RS, RN EEA R KAHRSETH&BUEERRRE. Ak
BRSNS, O 2 N T S AR R B BT,

HAT, — S8R 58 N AR A5 B 1 iR il s HUAL R kiR /= o Bartuli 55 A0SR FA 46 59 1 15¢
Wil #% ZrBo-SiC AN B G IR Z . At — DI mnZtl SR b S bt a b rERe, Tului 58 APZERA AT
AR B TBHR T ZiBo-SiC-MoSi, R AR E, IWERA B HIPtAERE . THTBPERA RS
LEETHIREARIECAEH S T ZBo-SiC-Bi B N JZ 1 2 FLRRK 2T 4 1 5 M) B 58 52 G bRl B A 2 T o 4
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ZrBo-MoSir- B IR E, TEA- MK IEH RS, RERI M R i ge, 2400°C Keil 600
s Ja, AR RSN 0.31 x 10 g/s. 4 ARG ANFCRH K AMAE T EE FHUR L2 & T
MoSiz i)2, RHAMREEHEAFSHE N EE THIRGEISH T ZBo-SiC )2, WERA R &Rt
FALTERE. Wu 5 NSRBI S 80 7S H] 4 7 MoSix FTAMIRE, B TWHREFEH MoSi, 477 7
AR AL E T, AITTA3 3] T MoSix-MosSis-SiO: IR AR E, HiR)Z SRS R, BlF-¥it
KB FE ARG E P EALTEBE . SCIEE XS CoSIC H A M BHIR A RAE K it iy 2 P R 75
K, RHARKAEETHIREARLL C/SiIC EEMEIRTHIK T ALO/ZrOy/SiO; F &R (1000°C ~
1600°C) ¥#RZEM R TiC Hif (1600°C ~2000°C) ¥REARRLLK ZrC iR (2000°C ~ 3000°C) ¥RE
R, SRR T R I Bt g

TN, RN SR AR BRG] & S R SR . W EARIFEPPER RS R L2
1E YSZ IZAM% T B m ol R A & B R K NiCnO4 )2, RN 1050°C FIZ&HET, W2
WIZWIBRGE S YSZ HZZE R 11.5%. % =B LLA . EIbss. Eas nER, SR
AHE %A% LaogCaoaCrOs JRARFI AR, R FHAF B T WHIRIELE i & 6 B 38 1 o) 4 v O IR 2
WZEEAERZE N 21 MPa, 1E 600°C ~ 800°C L FEVEE 1, HAeWBURS K1k 0.87 ~ 0.88,

.38 5% VLR H Al B 2 Ht R BCH RGN 7. B R A MR IO AS B
B, R R RS T BT A, S SRS T ) N O IR S i J2 3353360, 3
PR EFE TZRE S HEARRSTRNN REEEE S SR EIRZS WS, HfRREEE
SRIZE . Fu 25 NBTERHWE A LR SiC HUEIRE, 7E 1773 K %A FiR/ZRE424E 310 h (15
BEMRYT, REMHN 0.63%. D EFERESER AL IIHLE C/C B4 MBEE AR & T 8 AT
5. BUEE R SIC RE . Xu 5 ABSR A H] & MoSihL-Si iR)E, #FFiss RE AL 1550°C
A 50 h AT 1550°C 3 100°C FAFE 50 IR, P12 50 BEORRF 2253 Tl 85% 1 80% .« XI| 2 7255 N\ 1340)
KAAMETE CySiIC B EMELREIHI% T MoSi-SiC-Si PiEMIRE, FIfSRESE. LR, &
1400°C 7S H 44k 1 h JEIRFER B R B N 94.1%, 5REF 294.0 MPa, #ili2E BA BIFRIB &L
YEH .

B2, ML EA gy, R EYSERARIRIE. a4 iiiaEs b5&. b,
BT N i, BN TR AT R S AT 4 A F 3 34T 4 52 40

oAtk KOBENE RN JEORHA B BON B — @ S ARG BRSO S P R 55 T Bk i Al
TEMERT, SRJGHHT AL, A H 5 R R BUE IR Z I — RO BT BPLR AR A E S
FUBRET 24 48 5 P e 3 5 A A RLR THI 1] 46 1t ZrBo-SiC-3E IR 2, il 7R E AR n i, 5k
SR ABYER R EHERNES] % T Si-Mo-Cr E&&BIRE, WETE 1500°C £ 3 min £ %= iR AR
20 Ja, REFN3.05%, ZHisREHREERN 87.29%. S NP2 AR IR R/ 5 G B
WRE N R EREH % T AlLSi BE&INEE, RELE 1500°C 25 HEA 17 h J5iRE R R Bk R
I 5%, Smeacetto ¢ APPERH HENE % I E A1 )Z, IRJEAE 1200°C. 120 h BA K 1300°C. 130
h 54 TSR, RE I DLZNE , RS2 EAA AT . Fu 58 NBPYER T Z 2 45 SiClglass
WZEERBRIZE, 28 1573 KA AL 150 h F1 1573 K =R 20 RAGERK G, WERENN 1.07%,
0k B 1) i R 2 R R R R A R T B B R

BRT S, JEHRRRNE T ERN ST, BAMK, &6 KRS RRZES % B REK (8
WAL Z R BTl &R ES G mEAN G WEPSA MR PIAEERRE. &
EEUE A RS R IRE] T X — AT 2 A IR

AL B ks JRALSONVE A RT DA 28 P B R, T DA M iR 2 . C/SIC B i R A4
BhaE s Si 78, 7£ 1400°C ~ 1600°C T AbBE, A LAFER AR SiC JZ . Si-Zr. Si-W. SisNs. Cr3Si.
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TiN. TiC ZEB4-39705x E ] DUOd Rk JR AT [ Sk £ o i 5 AT [ Rk i) £ 1 — AN 1 iR R B 4T 4 4
S BRI H] % — )= CVD-SIC, BRI Y0 ¥y, TIREE S MEAN R LSS T 1700°C 4
B, JERL YSiOs-Y2Si07 i /E, HPTAM R IR IA 1600°C LA 2523981 4 [ 45 A BOLR FEAH /G
UK EEAL IR % T Bue il HEC IR 2, B SR M RTS8 A E . Ren 55 AP A R B
YETE C/C JEARSRTH] 4 T HIBo-SiC IRJZE, 7F 1773 K KSR EAZ 265 h J&, FEL RN 0.41 x
10 g/em?,

BB K s VBRIV R B S AL A AN & J 6 8 JEURL ) & TEH LA A R — Rl 7%, 1%
Ji R ERIR AR RE S B T 4 1 0 B B L T A M R BRR A TOIENE, A KRR B I, 355 A
WAE ST SRR, FHae DML =M EL R 7 S H A MRl & . BT FZ 0 4% 7 1% 22 x4k
BIRYPAEAR SiO2v ALO; LR ENHE GIRZE. BAERMIERY CySiC FREE SN NI
o, BE TSR, R TE, JERET CySIC RS SRR, 2dZRKkE,
G PTENZ . TkEEHES BRI T SiC AR T I -k ik E U e s m, R A
FEEEER M OERERR 28 A ERL, HIERT ALLOs. SiOy KERABZE, WriREPiE Lt Li 2 AB2
KR BB BV EAE SiC RIMARL T 1 um ~ 5 um Y (CaosMgoa)Zra(POus)s 122 FLIENE K B it
PEEE IR KE M. S 4oh, b mT ARSI -HERS VA S A TiO, ¥R 2 SiC 474k, Li 55 NPPER /KM IERER
LB % T SiC—B4C/SiC/SIOy 5, EAE 500°C ~ 1500°C 2 i) B BAFH @& PEfg, £ 1500°C
4k 50 h JEREADT 1.5%, BB IHPiAGENERE . Liedtkev 55 ABR| VA IR-EERIELE Cy/SiC
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Figure 37 Main landing gear door and environmernal seal of a space shuttle
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Abstract: Improving the capability of the present thermal protecting systems and thermal
protecting materials to withstand the extreme environments and exploring new thermal protecting
systems/materials play key roles in developing hypersonic vehicles and space planes. In this review
paper, the historical prospects on development of thermal protection materials/systems for aerospace
vehicles were introduced with emphasize on the past and present status of ceramics for thermal
protection applications in aerospace industry. Then, future directions for development of ceramics for
thermal protecting applications are proposed. This paper is our attempt to capture a snapshot of the
state of the art in ceramic based thermal protections materials and is expected to be a good reference
in exploring emerging high efficiency and high reliability thermal protection materials.

Key Words: Aerospace vehicles; Thermal protection materials; Ceramics
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