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Abstract: The development of hypersonic vehicles requires ultrahigh temperature ceramic matrix composites ( UHTC-
MCs) for their thermal protection system. The effective way to fabricate the UHTCMCs is to enhance the ablation resist-
ance of coatings and matrix of C/SiC composites. In this paper, we briefly introduced the fabrication of C/SiC composites
and their ablation behaviors. The modification of the coatings and matrix of C/SiC composites by adding single- or multi-
UHTC components was reviewed, and their ablation behaviors as well. The results indicated that the refractory borides or
carbides, such as ZrB,, ZrC, TaC and HfC, which were good candidates to enhance the high temperature resistance and
the ablation resistance. Base on the requirements of multiple ablation resistance for future reentry vehicles, the modifica-
tion of UHTCMCs to meet these requirements was also reported. The preliminary results of multiple ablation under oxyacet-

ylene torch flame were given.
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#2000 C* o {H SIC ER T 1700 CHEEIZ K/ T3
TR BRI REF HE R PR AP, TS BOpP R R 3, 52
Wi 1 C/SiC A A AP RHE B & AT d B 7 4 ) QT
R o e AR R C/SIC A MARHE S B 18 1
IO N R B = I S X N W s L P
TR0 I 45, 8 & 1R P % (Ultrahigh Temperature Ceram-
ics, UHTCs) BAME s, AEIKRBUN, A E <5
PP R AR C/SiC A RR, B m
R RIURE B RE ™, T U S R PR S A b
#} ( Ultrahigh Temperature Ceramic Matrix Composites,
UHTCMCs) .,

AR TR C/SiC K Hope AT o, JF 72 B Sk it B
L33 R R il P T S MR R T ST R, O R
o Uk P S R A BB B AT 00 il S 1 ) 2B F 9T R AT
3
2 C/SiC E&#HIRFI &M ITH
2.1 C/SiC E&mRIHH &

C/SiC SRR #8 J5 i FEA A SARB B/
FH: (Chemical Vapor Infiltration/Deposition, CVI/CVD) ,
S UK AR V5 7% 4 7 ( Precursor Infiltration and Pyrolysis,
PIP) i1 5 W #5447 18 13 ( Reactive Melt Infiltration, RMI)

CVI T 252 S e Tl 4% 119 £F 2k 25 1 AN — )2 A it ik
(PyC)VE N FLAH, HR7E—E il B2 (800 ~ 1 000 °C) FlIj
JE(JL kPa ~ 10 kPa) &, i 52 ( — Mk = 58 HY ke
AR, SO, AU AT AN
W, KA R A R SIC AR T % He i R AR
o, TG MR R A, AT G AR
T BEORISOT RGOS #, RO 2, S H i e — 7
AR . PIP T2 o 7 1 T i (A 27 4 2 i
TUR— 2o S )2, AR5 SiC 35 ¥ e Bk 14 id 1o
HAENRE T SR B B B A, e — iR E T
SR . R, TR AR XA I R B RS
—E MM BUR L. SIC G W ol AR — i 38 9 5 ok ek e
(PCS) o ZITER T2 S8 S W T Bt Wl ad
] SE R A b S I TG PR IECRE (I Ti, AL, Cr 25 SEBR) €/
SiC A BBt . RMI T2 F 3276 20 (1 400 C-
1600 C) H=F, fff Si DUARIAVEA C/C Hifli4, H5
CJEAE SO AR SiC, Fe a3 C/SiC Ak, %07k
(Y A R R, B A, AR, 1 EIEY
C/SiC S A MRHECR I # (FLBR TS T 3% )

N T e — ] O VR R B, T8 R LA A
Trkgh Gk, MEATE, PLkB PR BOE R H Y.
WNIEIEEAE 25T CVI T PIP 5 g2 Aok, k3 T ek
HELEP

2.2 CISIC EEMMHIBEMITH

B A G, R, IR 4 2
TR T R b N R A TR, R AR
I, A, Beihid B w2 R . %k
— JBER 2R b8 Tl 2R R B ik SR R AR A R A e el i

C/SiC B A MBHIPTRePERE RN 45 5 % . FLERE
YRR, MBTT RN ZA K B Smwr
R A, FL B AR, b blovE AR B AF . AR PR SOk
[18, 21 =23 ], #% GJB323A -96 #rifE, C/SiC flZk e
R 1.0 x 1072 mm/s X M ECEE S, T C/SiC & A
BHABE MBS AR R, KBT 58 3 AN beilh
DX, FEGT X, BErhii g, Bl la, b, c fT
AR L MR IX A EDS A4S AN IE X 80
T Be ik HLEEA ]

e O X AR T A0 HL R 2R IR (] 1a) o 35X
2 R i X 3L B e e, TTEK 3 000 °C, 1T SiC I ol
2380 °C, FHEHE A 2700 °C, C ZF4E 1 Fh 4 i i
F3000 C, Hik, SiCrERMTEPSIHET4E, CLF
WA FARTE R THERPRAE . BEAL, Beblir0 T 52 H g
R, AR o B, C 2R 4EFE SR &5 SiC LR AR
PG, TERRA PRI B E R, HBIRERIES . H
I, Betrbs X AR ih LB 5 B AT A bR oA

e it Y X LR R 1) = B SR AR T 7 A A e R
MO (B 1b) o 3R PR iz IX S IR e il o X
/N, #521700 ~2000 °C, ZRET, SiCASTHE, H
Ho R A B AR RIS S0, AR SiO fEK
& B R T I R e . R,
e B X 5 i L 32 sh A be o 3

Beih i 2% KBS EEAARSE T U SiC TSR (K 1e)
1M EDS B Si0,, FEIL K SiC &AL T 9 8l 4
fbo X FIZ X IR RAR( <1700 C), ZXI SiC
FERE T FE P EALTE R SIO, 1472, A G pminl . BU%
Si0, JAE EAE SiC SLRP Fe T, FHAT T SiC B iF—
e, HIG, X Pe i REL, FEUM IR L
Hh

MULERLAE H, C/SiC &G b RHEBAR Y B T
(<1700 C), K SiC s fbA: HA R ERI Sio,
1A AP PURE i B . SR, SRR AT A B
PRGETIRZ B 2 000 C LI A, EIbEES
FIPY, SiC ke Al K, 8Ll MR e R
BRREATH 2 A TR AR R G MR TR
X FEE A C/SiIC B MBI SRR L, X )2 fatik
PEAT iR 7 T ST B, AR v v IR Ak A
HERE
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Fig. 1 SEM micrographs and EDS spectrum of oxyacetylene ablated C/SiC composites
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[24]. (a)ablation center, (b) ablated

transitional zone, (c) ablation edge, and (d) EDS spectrum of the ablation edge

3 C/SiC EEMHEmMKERE

BEREKY

RERAL A AT KA 58 50 (CIRA ) 25 B F IR 11 7
BAE C/SIC R 2B, W2, ISR E XU % %
Hpehh b, BUS T RAFABER™ . % Ultramet 24w
WF5EH HIC | TaC 1 ZeC 5532, #2781 C/SiC AL
PE L FEEPY, RIIG IR B CVD 5k fE C/SiC KT
il g 22C W), I PR B KGR 8% T et fig, e
—ETE RS T C/SIC BT A LRI R . T
S5 B R A 2B, W2, FEHAE OB T H
PenhPEfg. 45REW, WIZ MR C/SiC A bRk
PhARIEA N Z, ARBER C/SIC BN 0. 064 mm/s,
SR, B—IRJZ X C/SiC BB AL RIPTRe ik B4R 5 A
B o 3 Sk PRI oAy 1 P 8 O J2 4R 185 C/SiC HLpe b vk 1)
SPLIIR A O S R M e Ak, Zx0, | HIO, %, B
SEPESEIRTR T, BT RARERIER, W T A ¢/
SIiC fybenh . (EAEIRIR S L sobe mhud ft b, AR Y Z10, |
HIO, 25 Ry b 2 FLA5 MY, 7S BETE B0 10 bt B b A
JZo AL, Pavese 257" FIHORRARIIELE 2D C/SiC 2 i
# i HIB, - SICIRAWR)Z, FF4E 1600 C 44k 30 min J5
AR 2= Re, JL58 B2 AT 3k 90 4R 58 3 1Y 80% LA b
(HHIHREZIZB B IOPR ki . AN 2 5

3.1

HWRNRRIH & B ZB,-SiC IR AR ZE, AR HRIGEE
Hipbemhtefe, 458 L, B,-SiCIRGHREZSHE
FIPTRE L RE ALl SiC IR)ZE G M R PUbe i BEAH L.
XETIERN, ZB,-SiC IR RZHEACHBEMEAST,
W TR B, 5 ZeB, iREE SRR SiC PR e,
3 2B, B 200, TER L SIC 4555, Sl
[ B SR RL N SR AW = <=3 1 I YN (157 A O =Re % S N 0K kT
R BT RS A A R
3.2 ZERE

RGWRZ BT LR & C/SiC & &R bt A bt
fig, (XS HpUR R M A R, Bk, BN EE IR
5T T4 C/SiC A HPRELR T & 2202

Ultramet 23 & Ffl CVD 3741 4 H HIC/SiC &R 2,
OISR AN 2 FrR ™ o ZIRIZATFE 1799 °C R K i)
(BUNET) , 2093 °C T4, ££5.95 MW/m’® [k
T E T PR AT R3] 5 x 10 " mm/s, KRR
T C/SiC FraALMPheim b fE . Blum %57 FIRORRARIZS
4 PIP 414 H ZeB,/SiC Fl ZB,/ZiC/SIC IR 2, R EE
FEIR 100 pm, FRGMEEE T C/SiC BT AIERE .

FEEN, RITARS VD 3:1E C/SiC Fmk 4 T
SIC/ZrC/SIC ZEFWRIZ, H % T HBU A Fdibe i v g,
JEGR T ZeCURIZIEBEXS C/SiC A M BHIURE il PE BE Y
M, G5RERW, 1E SIC/ZeC/SIC R 2R R T, ZCiR)E
RS, HPURErE ReSE S N B, 2 AT AR AR
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&2 Ultramet /A 5] ] CVD #4145 119 HEC/SiC 34 2 #1a 1Y SEM &
A, (x1500) 28
Fig. 2 SEM image of cross-section of HfC/SiC coating prepared by CVD

process in Ultramet, ( X1 500 ) [28]

ORI PSR B o X R TR R B ZeC )2 R 1 3
M, R IR 2 BB g, S R B TE
T, AR AN G ks i, Xiang 25 ORI B 45 4
CVD ¥ 7E C/SiC 0 il % th ZeC/SiC % 2, HAA L
Bt 2 R B P A . 45 5 % W] ZeC/SiC iR R AT C/
SiC & A FRHI 2B h A AIG 59. 5% , T ok R
16 50. 3% . Wen % 45 85 T WU Ll 4 T W/ZiC
WIZ(NZ R W, SRR ZeC) , il C/SIiC &G B R
et 4 0 R ik 8 o R 4 B AR 56. 7% F138.2% .
Bk 21C Sh, & ZoB, B9 %2 WO BT O, RE R
20T ORI R R K b CVD 34l 45 T SiC/( ZrB,-SiC/
SiC), W2, FEWFIE T HAE 1500 CFiH AL fg.
R, WIEEAFOBAE 1 500 C4E ML 25 h 5
2.5% , F B S BA L2 fE. Xiang 2577
PIP, HORMR 45 7 CVD 1 )5 k48 C/SiC 2 1 il #5
(ZxB,-SiC) /SiC )2, I A Z % 1 L he il v B
28 LR WZ G 2 T C/SiC & 45 bRk 2k B8 oy 3 0 ok

a4 B RRAR 62. 1% Fl1 46. 1% , & RIS T H#
BB be M e

4 C/SiC E&MEIHIEMEM

4.1 BEEFRHE

XS4 ORI 46 T 2D C/SIC-ZiB, 4
FEEL, SRR B SR ILpe i P RE , ISk et R
o 0.066 mm/s, #H KT AE HIHORHZ (ST Al PIP Jy ik
145 th 2D C/SiC-ZeB, AR, I AT e R 048 2k
W BB, 55 T KRS 5. E G A
FH SI 454y PIP et 46 — 4k C/SiC-ZiB, A6k, 65
T ZiB, 5 O RERHBE M BRI S . S5 R R W], ¢/
SIC-ZtB, [ i K B ZeB, & 19 Th @5 W R A%, Hu
SRR PIP kI Y C/SiC-ZeB, ARERE, AT T

ZrB, FEXFEMERE R, R TR R, B
ZrB, Ab, ZeC i R C/SiC & A Mk, R BER
SETH RMI 3446 T C/SIC-ZeC B AMRE, FERIR 20k
M BT L be il vk e, TN A R B il R 4o
-0.004 mm/s, KRR T C/SiC ZAF RGP bl
fig. Li % PIP k45t 2D C/SiC-ZiC EAHRE, I
PR REIA A TR R, A R e 32 24 74 0. 003
mm/s, Feng 25" /35| H] SI F1 PIP 344 T C/SiC-ZeC &
HARE, JRFERIORIR B % 4% T P bR, B TR
GPACR . FIH SRR T ZeC 2 %R R i e 1
B, Z5IREW], B ZeC SR, C/SiC-ZC B
MRV R IR AR, ZeC (RAL S 800 33.3% Wik e, 74
CHRIEREN 60 s 5, AT LA b R A - frh 2R 43 )
4 0.004 mm/s 1 0.006 g/s, 3XHI Chen 257" iy BIF 57 4%
AR, 5 & [FRE R ST 454 PIP #4146 T 2D C/SiC-
TaC & AR, FEWF5E T TaC & x4 kB b vk 5 19
o, B5RFH, MOBL R Bt BEREE TaC & & 1 F
Ee BT, JEREIK. 4 TaC (RFLE R 30. 5% BF, #4
BB P RE B, R SRR 60 s J5, TS
BRI AR AT el 38 4357y 0. 013 mm/s F10.017 g/s,,
BEAh, AR PIP J7 i i 45 C/SIC-HIC & 43
A, HOBIEREM 120 s J5, ML bR A 9. 1
x10 " mm/s, FEREMZE N 1.3 x10 7 g/s, Xk C/
SiC B pe il fE (Bl %K 0. 06 mm/s, Jifi 5% fnlt
EHR0.01 g/s)H THKIES,

O T e R P B R 4R B C/SIC A A b R B ik
REMIPLEEAR L. AR BEUA % FH RMI 2 il 45 19 3D C/SiC-
ZiC AR o AR S LB B 20 s )5
FeimfOIE N 3 B, Kl 3a, b, ¢ BRI FE
DX SRR IR 2 TR S . B ik s X B
ERR BB IIE S 1R R BRI X SRR R, R
PEOPRIE, SiC Pk e, B ZeC B AL R 200, N
WAL, RO BARATE . RS 200, WEAE ZeC H
e, PR T2 E L, ]\ T C/SIC E A
BHOTT A ALY ZeC SRR, TERIRIE TN E A,
Xt Zr0, R E TR M VEH, BRI R, R
C/SiC HTHLBR R ph P RE . 3% P61 () L R A 8 T
C/SiC WbiheimPEfE. Pebhad WX, H B0 3L 78 1 £L R 8
PHARAE . X T SiC 33 kAR B Si0 A4k i 7=
R AEARXT T b, AR AT BB S TR AR R
UL Zr0, B T W E RS Si0,, BRI R H R
Ve fEbeiting, AR, ZC S LA B 70,
A ZfLE5H, Si0, AT Ze0, BHLmIb, LW %7
Seph e, BHAEARRE— 2 SR
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3 RMI il # 19 C/SiC-ZiC A MR B A B G SEM JE
Je (a)geirpn X, (b)) Beiud P, (o) BRiminsk

Fig. 3 SEM micrographs of C/SiC-ZrC composites fabricated by reactive

melt infiltration ablated by oxyacetylene: (a) ablation center,

(b) ablated transitional zone, and (c) ablation edge

4.2 EiHEERHE

AR IR P IR T C/SIC B A AR btk
PERE, [HARAATE— SR . WMEIA 4 8 b s A AL s
ALY B, O, FE il NPT, AE R N SO 4
fALYI i Z AL, ASREHE— D BH P AR A A M
15 IR TENGIR T et A 2, O B R XEkE 4
TR B B A TR A (40 ZeC AR g 800 °C, HIC
AR R A 500 €)™ R IR LS T R 2 Ak
RGASZALEER, NREIE— A BH PSR A

Ht, k78w C/SiC 24 MRy B beih
A, BFICEITUR A A kot C/siC &2 & d Rl &A1
P&t C/SiC Il & kA . RBIIEIR BB, Jeik
IR BRSR D, KRN BUE L UL E T2 A .

ZERRIR A ORI 45 & CVI T2 45 2D
C/SiC-ZrB,-TaC A MK, IR S HIE % 1% T HR ik
PERE . Hpe bt X P SOUTE 35 AN 1] 4a TR, [l 4b 1)

Sy ELal 2B, Btk C/SIiC B A MR S G G XE
$1 A ZeB, PR C/SIC B A RPRHRR BRI L X £F
ek, F4ERITCIAE, MORIBE M N . i 2D
C/SiC-Z1B,-TaC & &R R b0 IX B A SR LT i 1
EBCRR A, LR YA [ R B A T, bR B 4
R be i 2 8. X2 T TaC Ak A W T,05 7
2 000 C LIRS, 78 Zr0, I5ALATIEFEAE 200, FF
Yl B T AR A PRI URR R R

3

&4 2D C/SiC-ZrB,-TaC 12D C/SiC-ZrB, & A& M EE 2 Hestbeil
s X SEM R A0 (a) 2D C/SiC-ZiB,-TaC, (b)2D
C/SiC-ZrB,

Fig. 4 SEM micrographs of 2D C/SiC-ZrB,-TaC and 2D C/SiC-ZrB,

composites ablated by oxyacetylene!®®); (a) 2D C/SiC-ZrB,-
TaC and (b) 2D C/SiC-ZrB,

WAl BB SRR A A RN K8 i3
Wit %t 2D C/SiC-ZiB,-ZeC A FHRE, FEMIA B IG5
BB ERE . SR e i % 0.002 mm/s, Li
YR PIP J7 i 45 1 3D C/SiC-ZiB,-ZeC & & bR,
ARS8 T R F 58 7 Hprhemrhfg, 4582 £9,
Z1B,-ZrC S AAMI R E C/SIC & A MOBHEA 1 57 i 4
A AR R
4.3 BEEHHE

T RARIRAS, 5 8 5 KA TR A AR B R S
AT . PR 5 i A AR bR R AN, $
UHTCMCs % 4504 K4 19 75 52 56 il P gt J2 7 5 9 34 =2
—. LI ZB, il ZeC MR, A B 200, AT S A
FMEAP LR BIPE T o (5 Ze0, FE7E =R, 76K R
FATLUE RS Bl Y 200, , (EWREIE A4
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HISE 7 S ZE DU T i, di e e 728 S R o AE 1R DU 5
ARAEZE O B AR R B b, 2 BEAE 6. 10g/em” E Dl
5.65g/cm’ . B MR AE A R 3. 25% AR fE, A
W, FEmE TR A Y Si0, HupRlmRA, A
REEERIZH 210, XA FEURFERER 200, 12 M5
RGN ALLE Y, HO e ™ . A AR
BHWE, Toiki R R B F R Ik, RUE 210,
LR, AV EL i R A B O R v B Ak B T R A e 1
(USR-S

Labrincha %5 ' ZE0F 8 3 0L M e I & B, KR
JLER La LI Z:O, MBS TR A . BE PR BAR A2, HAS
FAAERIAS . R RT LU S Ze0, 96 B A 1R AT,

BEAR AT E A B, Wik, PSS Wi RMI 7
Pl % T 3D C/SiC-ZrC-La EA MK, JE0FR T HAEH C
WAL T R Z B, A5 3 IRE SRR AR
FEF R 1 iR 3 Yobe il 5 At B i rp OB SRR
WHE 5a, b, c

£ 1 C/SIC-ZiC-La EAMA 3 REZ I HEM R

Table 1  Ablation rate of C/SiC-ZrC-La composites after three

times oxyacetylene ablation’>’

Ablation rate 1st 2nd 3rd
Linear ablation rate/mm « s ™! 0.009 33 ~0.002 0.01
Mass ablation rate/g + s ! 0.001 197 0.000 86 0.001 167

5 C/SiC-ZxC-La S & BPRHZE 3 YR b X 9 SEM B (a) 55 1 dkdelh, (b) 452 chehl, (o) 45 3 Yeketh
Fig. 5 SEM micrographs of 3D C/SiC-ZrC-La composites ablated by three times oxyacetylene ablation®’ . (a) 1st ablation, (b) 2nd ab-

lation, and (c¢)3rd ablation

MES AL, C/SiC-ZiC-La & MBI H 1
UREIMURIFBEA 2P 4ERR 1, 25 2 YOhe i IT da A7 27 4R 1
553 KR IR BE P R ATH A TR R Y C/SIiC B 5 K
Zeid 3 Wbl E , LFHERR AL A R RSP RO, A
REG T RAFRYSEEENE . W IE R, La SURIVIMAA 2K
Mo 1 C/SIC-ZeC S BB ] A ek fE

5 & &

=A

o AT AR R R X AR I R AR T
HRIEK . C/SIC 2 A bR A B i P A AL i be
PhYERE, (HEASAENE L & H i T as R B 2, 2
K i P R A AR X Bl C/SiC B A
FORRAATRER R 2 SO 923, 32 i Hpr AL Ao pe ik
PERE. S ZAERIITTE, MR R S AR B be
PR CL PR BRI, T HL A B Tl ) AT 5 A IR
MG, EF KRB TR,
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