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1.1 HRRFEMRIER

WARTTIRAARGIH T « WIS il B IR TR IR B e
B, Hl& M C/C EEMELGAHEM, ubeithi
POEPERRLT . MR BURHI 1 C/C HAEM B EIRE
FERAG, HomE R, MR WAREHAR
FHEG CVI HARM S FE TR AR B s T ks RS
I FSARL. & H T & RTBREAE, B AE T e iR
EERE . L2ER, TERER. ARgK.

AR 5T L2543 AR R IR 5 i A (PIC) VA1 i T
RERALHPIC) . LRI, (RS, Wi fkis
AN 50% 447, {HIE 100 MPa & B3R5 N, Bk
TEZRTTIE 90%. Rk iy FR IR B A A AN AT A T SRk
(R Z, B nT DRSO . R IR ] 4
Wik, RIS, AR . PE/RIE T K595 5008
LGSR AR B S B R RS MSE & 0715, Rk
TAE GBI BT 2% B L 25 e B A A5 1) R
FLWFIE T JEORHE G DL SR B B R A M R RE (1 52
W, FRARIRIG VLR 1.75 glem®, fOKES HiTRE
AJIA 383 MPa ] C/C Ea ML PUlb T REHR T
i R RE T2, % TSR @ U R, T
KMEFESE BRI, IR 5 S R AR IR bk
R HHTNH 8% % 1 5 15N B2 TR 1R 5 (VP
%, BT IE ASRR B U B R 7R R i
SRYETHIOR, it v L v A R IR AR A A ik
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JE 7R B0 H T % btk C/C &M
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1.2 CVIEMRER

1T CVIiHil 4 i R nRE A ], 7= b M BB AL 5
A2 240 [ Y S0 = R Tk Ak AR 7 o B S R AR
ik AHZTERIEBCRMIE. K. iAm. ik
TR = A4EWN, BN C/C A PRI A W udk
FERMH CVI AR, AFH A S R, R
W T IRETEE TR RASEMTR. 21 #hid)s, &
EXESGEER CVI %, ABREE CVI LR R Z CVI
FEETZAMGGE. A%, REHF KT —FRIFE CVI
HoAR, FEA:
12,1 PRIRARIR 2R H R S 2 A EE (LTC V)%

£ FCVI T 23tk -, P Ak Tk oK 2 g 22021
FEUEFERY EAR Y LTCVI v, i A BR X i k4 05 7

2O S AR T BE N A7 155, SEILAT SRR (1 SR R B0
R EIM R ST B, 715 REETE 80~100 h N
ARSI F] 170 glem’s FRIREEPE FOVI
by B IEInkR RR,  A EERER , AE
FCVI & Hr A2 g T ah I 28 A ki 2l , 3400 7 1 3K
IRAETHIR R agE I, R T FCVI ikt BT #ia
AR SE VTR P2 AR SR P ZE I R, % 575 ATAE 100h
WA C/C EAMEBIEREIEE] 170 gem’s HEE KK
Ao B o R J0B6EE CVI A, IR A0 m
PIRSCIIABREE 5 R IB RS &, W HGEDTIR C/C
SEMBEDIRIAE, £ 60 h WA EXT] 1.52
glem’, FINEPURCR EiR, & TR AR
I
122 BE#RAESMBEMHCVDIE

TLPH 48 Tz 2 05 & PE FCVI AL I, @il
FAL B 22 78 FL A3 N S N AR R SR R R = S R
fbHE LR, KT HCVI 77k, =TT RMIEER, fif
NS RERAY T 200 5EATAE] 1.7g/em’,
123 CLVI

CLVI 224 TMARIBIE M R 1, I R 7 =
TR 78 A FRAR T A4 SR 2, S8 A P T 2 (i
FEZE, AHRTIRAR B S AE A iR X URR AR S 3 ) 41
MIHERS , SE AR . 1% 515 555 CVI M L:
TR GG LB ERT IR A T, IR . AR
H, AER TIRB ST BINERE RMHRREE. R
RIS IR TS T 4 B OB R B, KiEd Tt T
DURRCR o 3KBRpE PRI %7 i & NRF ¢/)c &
B AT 3h MEMEFERTE 1.7 glom’, JUBIRCR
FIELEEE CVI T TIE E 5. 2006 4F, 422 20l A
T4 R T CLVI XU INIGE, 1207 VA
T CLVI J7 TR A AU SR« URR AEIE 1 )
DABERONRTIRR, DI 3h G R AMEIEELN 1.72
g/em’,
1.2.4  CVI R et

%7 1 B I G355 C VI H T SR A SR AE T3
Il A A TR A AR N PR 1 Il A A S A
M HOd FE, R BRI RCR I B 1. [F 4k
AT ICVI LZXFEMIIRESRIC, WA FSE. 5T
TAARAEF= I A 2SR LUE T RO T IR AR,
&R CVIE, PR 73 h BISRAFSE N 1.70 g/em’ ()
C/IC EAEMEL ATRAEPILL 2B A0 F R IR A S A
NRTIRAAR, BT SR CVIVETTAE 85 h WG M %
(1.80 g/em’) Je = SR SEAAR Y] C/C E A KL
125 ZuMaWils CVLiE%
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T 2006 SE VT, %77 518 Ik 7E TR Py A & T R
2, RS REY . B E oG,
NI SEBILARE R 38 25 o A 9 R 0 DA TR AL S A SR A
Z3d 20 h UTRL, IR EEIAE] 1.71 g/em’, [AINS AT
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1.2.6 &M SIAEEE TG-CVI %
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3R IRAAR S AR R A TE A B R DX A RE A RO, AT
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T T UIRRCR . iz & AR ¢/ HEM
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Fig.1 Densification efficiencies of different CVI technologies
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Fig. 2 Texture photographs of carbon matrix prepared by
Northwestern Polytechnical University: (a) Rough laminar; (b)
Smooth laminar; (c¢) A certain proportion of rough and smooth

laminar pyrocarbon
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21 BREEEREMEEMR

BREFUEEARN 5~15 um, TCkil E SRR/ i
KBE E Ik o 5 RUBE TR A 7E A% G b 21 4 o )
PREERE F AN GURIEBRA ,  SEIRA—4K R R (1 1 4
BA5E,  BRAN T RREF 4L AR R R T B S
(KA. 2005 4E, GONG 42 Hi R F i b fk 22 <A
UURL(CCVD) J5 V2 15 Bk £ 4 19 ) v 26 K BR 9 K 3
(CNT), S5 R B, B iR ONT ot 1 47 4/ 3k FL i,
A REEL T AR 205, WPREIT ¢C e
MkHE R SR AT T RE R s, HFER
R 4 frs o
211 MR AR K5 N7 il

SR S AT AR K ONT 38 518 F i ¥ 42 J8 (Fe,s
Co, Ni Z5)/E MM, B FIE R T 55k
W, SRR . KOU Z5B98 ] Cu BUR Fe/Ni
EeAERMEAFSEIN T CNT 78 2F 4k 22 T (4 J5 A A K
TG T AR A S 4T 4 FeTH 1) BRI Tk, JESEIL T CONT
AR TR 1 — LT . FENG PR FHZ sh ik
CVI W77k, B 7 MR R4 1) BB, 2%
Wyl T AT LR -

2.1.2  CONT 4K S MR 1%

HHPIR CNT RBETR 70 KIE—4EGPRARL 323
WRCR, B2 51K C/C E&MEHA R FLI 4,
SONG Z5P°hgid % CNT KT8, Ll 74k
AR SPIRGKE AE KA 3 FoR). {8 il i
SERGE A, FCFRTHD A A R A AR FE o T S A Y
CNT K5 X LIS BIRIE . ZHANG S0 @5t
FEEE CVI J7i%, JEid T2, #0867 CNT 1fE4-4E

QM Gong et al,
Carbon

oa

Q Song et al; Journal of Materials
Science & Technology

e
Y

kAR RS, 2T ONT st K,
2.1.3 JoAi e g s KRR ] 44

SONG 2P, R Bk A 7%, vl ak f J5
A ONT XFLF4ERIHiT, 2B C/IC A RIET4E
AR E G SRR RIS $2 T . LT 250N i fE R 2
AERMIPIR AN A B Z, Wl — MR 4—A
SBIH-CNT ZY0smik, BEEEG T Bisl 48 s2 A
(0B ok, R SCRT R A SR IR AE R AT 4EAN CNT 2 (]
MIRREE, SCIUANIE R B A #0d . 5 CNT 354
C/IC HAMRIMLL, BREFYE—F BIG-CNT L4
C/IC EEMEHRAHREE R = T 87%.
2.1.4 S ThRE— &AL

5 R IG5 C/C A MBI A R R 725 1
e, HIMREACHF AR 2] T S E o6 LIU
K, GINCNT G, KREE C/IC EEMEHE X BE
() FEL R BR M RE N 28.3 dB #2137 75.2 dB. SHEN
U@ AL C/C H SIC gk G NE, R
T C/IC SAMRHIIAUS i B2 A o k7 di ke -

22 SRIFMETHIRGEK

C/IC HEMEN MR 4, KGR C/C B
B M BHE BT 2 IRAE S A CADIE FR 28« Boksz vy DA S 2%
() 4 R ) T A B R A A, A R L T S M P i
$E. fEXT C/IC BEMERE S YERERT S A2, Pk T
WRFHRKI T C/C EEMEHEST I R(UNE 1
By, WEFRRAE, 957 gk 500, %55 stk th I
B )5 DR B N R ) () AR AN BAR R S
X E RO mEEAEH -

Kou Gang et al., Journal of
Alloys and Compounds
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Fig. 3 Development of cross-scale reinforced C/C composites (pictures from Refs. [33—-34, 36, 38—39])
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Table 1 Fatigue strengthening properties of C/C Composites

i les wh
Residual strength/ Starting cycles when

Type of preform Loading mode static strength/% fatigug s.tr.engthening References
initiated
Unidirectional Unidirectional tension 115 - [42]
2D Cross-ply Three-point bending 121 1X10° [43]
2D plain-weaved Three-point bending 151 1X10° [44]
2.5D needle-punched Unidirectional tension 110 - [42]
CNT-CF multi-scale reinforced preform Three-point bending 115 2%10* [45]

DL 2% () PR B A TG PR AR IR AR 255 C/C BAHM
B2 E A 3, ZHANG U995 R, 1E4
T 50 IR—120~120 CHMER G, C/C ZEM KL
FEARTH T 40 26%. LIU ZWHE T T C/C B &M RHESS
A8 HEA S B ISR, 4RI, JR TR
R ERE T C/C AR ihaRE, IMmaei T
FEIR N2> 5 2 FRAR C/C = AFHRHRBRE

3 B/AREASMRIEIE LA

C/C HEMEHERT 400 CHIAEARE T & Kk4
AU I R T A 24 T AR . R PSR
T R B AR AR TR B R AR . IR, £
TOIEAR YU B 7 A B R IR B AR K
— YRR I R R T TS T T U T ORI R

3.1 BB

TEPURE SRS T T, B IR M s B o e 2 el vk
FIA SiC. #EEBACYIHIC. ZrC. TaC)FIHI{LY)
(HfB,+ ZrB,. TaB,). X4 &b & (UHTCs) A 14
M PURMEE AL ERE IR R et R AR B A
PERSEN A, el E AT (AR, 1400 CLL L),
KABEHBACERE T BRI, 2000 CLL L),
K RIS 3000 C LA ) S5 i o 34855
A AR, 2250 UHTCs gdo: 70 a) ] Hir [ 6
Xt C/IC BAMEHEATA AR (W3R 2 FizR). XIE 21
WEFE I, R A UK AR 12 357 — 2L AR (PIP) 7 72 il 4% 1)
C/C-ZrC-SiC HHEMBIE A L hseitbevh)s, Mk
KRR Zr0,-Si0, A BRI AR T P4
Ble LU 290 & TARM A, AREES &R
C/C-SiC-ZrC-HfC EE& Mk, 455K, ZrO, Ml HfO,
TEM BRI K T 8% 210450, &4 ZrC Al HEC
(152 6 SOV AR ZeC SO A MPRERAA S8 14T

BethtEfE. ZHANG 20 % T ZrC-ZrB,-SiC Fikiik
T C/C HEMEL, @IIRE CVI TEBRE Y- /By AR
MHRIYURR T SiC J2, 455 R SiC FHimiig s 1 b=
V)5 HEARZ TR B 77, AT RS e C/C EAEMRL
Pkt fe .

32 EERKHNBEREEERAR

SRS EML, B ARSI E R B
B VG S5 . ZHOU £V Y Ak vk A, 1
HEAE CIC HEMELERTH & T ZrBy-SiC-TaHICs/
TaHICs WZPTEAMIRZE . G5 R R, 2 A 54
HH Zr0,. SiO,. ZrSiO4. Ta,Os Fl HFO, ik () #5 % |
ESEER BN, v UL B CEY BuR R, If
WNEAE RE TP AR S . AT B AR PR A R AL & N
P45 T Zr,Ta, B,-SiC/SiC %2, FiRAILIGER
AR T Zr-Ta-Si-O AR, Ta-Si-O/Si0, MW= B
EX RS RRR R — e REIER, $Em T REM
EHRaENE: W ZrO, M ZrSiO, ZEARZL R “ ik sy
F7, RCRVETHLAON, B TS C/C B rBiE
KRR, % E AR R AE 1500 C 2SR A 2R
1 C/IC ZAEMEL 1412 h(W1FE 3 FToR). MATR A [FIFE
7704 T TaHE B,-SiC HAHRESY, 45Kk
AL A ) HE-Ta-Si-O EAHBEESHEH, Ta-Si-O B
Al HE-Si-O BHS LR H- I, RETE 1500 CHAS
SRS C/C EAMEL 1480 h G, MEHRERCH
0.57% . WANG 24 F A7 & ik ) 4% 1 86 P HIB,
Mtk SiC BZ, BREIRIES WG TiR)ES oC B
A AR Rk 2 1) BRI K 2R H80A DG T 1 7 A= 1 B 7
b, mil NI 2 A B TAEHE 1600 C
1700 ‘C %M FHIK I #BI . LR iRZE R KD
AAbERE IR 3 Fion. %8 LATR, UHTCs S5k &4
Bl G2 C/C Za MR IR B A b ik 2 1 F 2
f g ARk, G546 K I (A R0 4% T — B i iR 2
135l 5 o
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33 —HMRHEIIRERAR

TR ERENEYE KL S C/C B ARl 2 ik
RBCRICRLSS 7 8 5 1 B E T 2LV, i
Z R, PEAE TR R — 4 RS B R R
#, KM CVD. A&, BEIRB%TE, Ik
NETESAK LI N C/C BEMEEREMmE 4
7). CHU 2555152 H CVD A3 4 T SiC 40K
I SiC/CrSi,-SiC-Si W2, Z5HREM, SiC 9Kk
5 LR Bl 2 UKL T CASE U PRI UBOE BRAET 254,
RS TIREYYE, WELE 1500 C %4 T rfEH
316h, BUAMMEREE AR Bt m. L1 %5
KA CVD FIAMVE{EE %A SiC-SiiRZM C/C B8
MR T AT0R SIC 99K 28%) Si-Cr B2, K
K TR 45 A58 . ZHANG %2R H CVD
AALIEYEH] £ T HIC 9K I8 ) SiCiR)Z, B 7t R I,
HFC 9K 2 T A s NG 2 R SORSE, i T

R/2 C/IC EEMBEEA SR R I mE g

WHEVERGUIILRL, T HIC PR ER RIAE Ak H 451
WINLEIA R s 1 IR = AR R AU E e -

4 FE C/IC EEMPRI~ L

C/C SEME AR BRI ALK E C/C B
GRS R ZN . M HLRE AR 2R E
S BT A2 B NIRRT AR O AR RIS, 20 4D 90
ALK, BRI A IS KA K, REZEL
S A I Sh Y. 2004 4 R KSR AA = B K
BAZE BT C/C KB BT H 5 20 S TR 7
SN A320 KL, IRAFEFEAR R IR,
2005 4F 2 H 9@ iR R A w0 B757-200
RIS AE A B A R A\l ) B757-200 247
MUEAEA, FHBonEfifiE A" e m AR

Table 2 Matrix modification systems of C/C composites and their ablation resistance properties

Linear Mass
P i Ablati Ablati i
Additive reparation b a.tl.on blation time/ ablation rate/ ablation rate/  References
method condition ] 3 2 o
(10 " mm-s ') (mg's )

ZrC-SiC PIP 3000°C 120 2.48 -0.375 [48]
ZrC-HfC-SiC PIP 2.38 MW/m? 120 0.225 -0.151 [49]
SiC interface+ZrC-ZrB,-SiC CVI+PIP  2.38 MW/m? 120 0.204 £0.015 0.0358 = 0.0696 [50]

®3 CICHAMBHTAMERE R LR

Table 3 Oxidation resistance coatings for C/C composites and their properties

. Preparation Oxidation Oxidation Mass loss
Coatings . . Reference
method temperature/ C time/h rate/%
Z1B,-SiC-Ta,HfCs/Ta,HCs Slurry+PC 1500 20 33 [51]
SiC/Zr,Ta,_B,-SiC In-situ reaction 1500 1412 0.1 [52]
SiC/Ta,Hf,_B,-SiC In-situ reaction 1500 1480 0.57 [53]
SiC/HfB,-SiC In-situ reaction 1600 305 1.86 [54]
1700 100 6.41
PC: Pack cementation method
x4 WYIPEIIRE R SIS
Table 4 Toughening coatings of C/C composites and their oxidation resistance properties
Coatines Preparation Oxidation Oxidation Mass loss Reference
& method temperature/ C time/h rate/%
SiC/CrSi,-SiC-Si PC 1500 76 4.27 [55]
SiCnw-toughened SiC/CrSi,-SiC-Si CVD+PC 1500 316 1.24
SiCnw-toughened SiC-Si/Si-Cr CVD+PC 1500 185 0.79 [56]
SiC PC 1500 20 12.54 [57]
HfCnw-toughened SiC CVD+PC 1500 76 3.80
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28 (T A ME—F 2 il s AR R 0 o 8 T e | 3 2
W7 KR EAEAW_ETHY, 1995 4E48 T E ) C/C 'k
WIS AL E 2.2 1278, 2000 4EFHFZE K C/C KALHIB)
B M ERE S A NRTE, fhTh3] 2025 4, FREKHL
B Zh B T A Bkl 45 12, AT MR R
Al st. B 4 NG @i RHE A BR A R AEF= A320 &
% C/C R ZEA1,

H P c/Cc EEMEF RS BRT{EER; -
FA o= AR P 5 e P i A K i R s C/C B4
MR AT o 1984 45 76 22 i K 52 A MR 7 BTt il
(1] C/C LA RHGERT AR LT 2 5 R 55— i 7R T
BIRSS, HANT C/C A MRHE E P At 4 v
WA, 2, PRHREEMERET T OB E
K R KT R B HLGE R . W KR R A e
HIP, R 1) %525 O/C BAMRIRAT, K
fE SR 0K T RSN A W SRR
Wk —5 TR b B T3 1 % S LR 3 3t i o
41, PEAL T K5 S2 B T mitE Rk CVI DU C/C A
BHEA I f & AR A, BER T 10 KRS i
e, BRI TS MRS

TERU R FNBT 36 Rk B A 2 R B WL A &5 0 3 A 7

(a)

M, JEEBURME R TEM T iR E Ak
LT NG SR NS | o B | AN o R v B = S i
C/IC HEAMRIRKAE IR o PEAL Tl K 2t
il () C/C WIS, EFEK N 2650 kikg. <
TIE LA 2040 my/s PR ey 75 I R 9IS B KU Hh 22 g
=R 700 s FEIAE AL (B TR E] 2100 s)f5 R HRAU R
8.1X107° mm/s; K147 R Z W E W 7E 1600 THR
A RIS R BRI AR I 300 h, BT R 2 05
THI P 82 75 2R

TE R, [ BRI C/IC E AP RIHE
XA BEATURAE A B SRR . 2 SRS BT I S A AL P B
WMRMER . PR AR AR Wk s
H B IR ST A 7 S5 B AL ERE S IR A Kb C/C g
TR A& — @ AR, Wi s Bros. Wi s
FM R IR ST A R 1= i O N Fafr#ids . |
PRI 2R EERIS . KRR i it B 24
. PG R R PR F R 6 A7 M 0 e e
FFAATIE 150 4%, CELAAEF R 3000 {17~ RE,
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Research and development of C/C composites in China

LI He-jun, SHI Xiao-hong, SHEN Qing-liang, CHENG Chun-yu, TIAN Xin-fa, YAN Ning-ning

(Key Laboratory for Superhigh Temperature Composites, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: Carbon/carbon (C/C) composites are one of the few candidate materials that can be applied up to 1650 C.
They are the key research materials in the high-tech fields. With the development of modern science and technology, the
manufacturing efficiency of C/C composites has been improved continuously, which promotes the transfer and radiation
of C/C composites technology to other application fields, making it a new material explosion point in the future. In this
paper, the research progress of carbon/carbon (C/C) composites in preparation, structure, properties, oxidation and
ablation resistance, and industrialization in China in recent years was introduced, and the main tasks faced by the
development of C/C composites were pointed out.
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