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Research and Development of Continuous SiC Fibers and SiC¢/SiC Composities
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(Science and Technology on Advanced Ceramic Fibers and Composites Laboratory, National University of Defense Technology,
Changsha 410073, China)

Abstract: Polymer-derived method is the main preparation method for continuous SiC fiber. So far, three genera-
tions of SiC-based fibers have been developed. SiC fiber is mainly used as reinforcement for SiC matrix to prepare
SiC¢/SiC composite, which exhibits excellent properties such as high-temperature resistance, oxidation resistance,
high-temperature creep resistance, and neutron radiation stability. Therefore, it is considered as a promising pre-
ferred alternative material for structural components which works under harsh environments. In this review, the
domestic and oversea development of the polymer-derived SiC fibers are introduced, in particular the different ap-
proaches for preparation and the characteristics of the 3" generation fibers. Then, the development of SiCy/SiC
preparation technology and properties are reviewed and the relationship between the innovation in fabrication of
SiC¢/SiC composite and the development of SiC fiber is hightlighted. Finally, the application progress of SiC¢/SiC
composite in high performance aero-engines and fusion power cores is summerized. Meanwhile, some perspectives
on the development of domestic SiC fibers and SiCy/SiC are also discussed.
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B IPUAAGRE ), FTLL SiCySiC 5 A M EHE =
WAEAESAE BN TR G T s EMP. B
A,  Yajima FFEITO T 50 IR Ak il 25 3% 4
SiC -4t 7k, 2F4EEAR/NT 15 um, BAT UK
YR ZAE O X R AR K HES T SiCy/SiC 1)
ZHERANH . JLHER, A RHR & Tk 4l
SE R 5 T RE ¢ R I SEEAT AT, DL S AR N AR |
JL[RHES) T SiC 2T 4ER SiCy/SiC IR K JiE .

AKX SIC L1 4ERT SiCySiC fEHI4 T2, Kl
PEREFD TRE N FH Rk REIEAT T 283k ol I X P Fp
BER FEAEFAM 0T, S HAFITER T 2

1 RIMESL SIC A AR

Bl SiC PR SiC/SiC [ME 4L, Hk
Re e T2 A MELI& T2 Mk EEmas, &
MOEHEEAATEREER T . AR SE SiC £F4E——
Nicalon £f4i ] tH DIk, BlE XG4T 4E 2 e g5k . il &
T ERME R =3 Z M R WIER N, 27 4]
2 LEAWISCE, TEREA W3 mr o AR 41 R 2544 F
PRSI IE AR B SIC £R4ERI = AR, F 1
FIH T =AY SiC LTk BT
1.1 EESICHHUARRIZ

SO AL AL R 4 SIC 2T 4 - EALHE DY A D g

FEIAAG G Jie . AT SRR R R
giU SRk PCS BB I YE AR, St Ry
2243 B 1) Jid 22 58 B B AIC(<SMPa), I HLTE v i A MR
RIS S5 5 Rl T 8 S 2T TR, BT DA R 22 75 B AT R
AL HE , A Nicalon £F-4E 441, & 7E & ok feihRH
BEAANIEAALTE, PCS 4 FH Oy N, IR
Si-O-Si il Phi% %, e 2 Il A 1 128 Bt
ZEF o DR IR AT Y AE B e R b AT DU R SR A TR A,
P bR, AT 13 2T R4 b RE Sic
414 . Nicalon [FITHOW S5 4 AN B-SiC Bk, B H
R8s A SiC,O, A AT A0 [, 38 AR H 0 s 1 A&y
s US10] s RO B I T4l SiC M RH(E=
400 GPa, p=3.2 g/em’), Jf-H. SiC,0, HI7E 1200°C Lk
BRI AR, I Si0 R CO Ak, A
B-SiC &b dh &R K, PELT gl s a1,
TETYEN il R RE W BRI, SICy/SIC ) il 4 il & 1
A P9 B A0 (1000~1200°C), 3X Al K3 PR T &
B EHA N o

B4R SiC £r eyt = FE R TATIAN)G
FELT 4 FP B T ANRGE K SIC,0, AH, TR 125
AL RE . D, WIFST 3 SR fl 1 o R
AEWEEB) 0L ARSI TR AR (CVE) P R
V2475 221320y i 5 N4, o, Nippon Carbon
AFIRLE EB AREAL 7 T8 AR

F1 =R SICALMER. M. MaEFIMgl

Table 1 Details of composition, structure, properties, and cost of three generations SiC based fibers’™*!

Generation First Second Third
. Tyranno g g Tyranno .
Trade mark Nicalon LOX-M Hi-Nicalon UF Hi-Nicalon S SA3 Sylramic UF-HM
Cross-linking Electron irra- Electron irra-
method Oxygen  Oxygen diation non diation Oxygen Oxygen non
Production
. 1200 1200 1300 1400 >1500 >1700 >1700 >1700
Temperature/'C
i+29C+
Element 56Si+ 54Si+ 63Si+ 60Si+ 69Si+ 68Si+ 67318(2)3_C 67Si+
Compostion/wt% 32C+ 32C+ 37C+ 39C+ 31C+ 32C+ 3 21'3+0 AN 31C+
P ’ 120 120+2Ti 0.50 10 0.20 0.6A1 ' ; 2B
+2.1Ti
Crystal state Amorphous Microcrystalline Polycrystalline
Crystalline size/nm 2-3 2-3 5-10 <5 20 >60 40~60 >50
Fiber diameter/um 14 11 12 10-15 12 7.5 10 10-15
Density/(g-cm™) 2.55 2.48 2.74 2.70 3.05 3.10 3.05 3.10
Tensile strength at
RT/GPa 3.0 3.3 2.8 2.8-3.5 2.6 29 3.0 2.1-3.5
Young's modulusat ), 185 270 N/A 400 375 400 N/A
RT/GPa
Thermal conductivity
J(W-mK) 3 1.5 8 N/A 18 65 40 N/A
Cost
2000 1250 8000 N/A 13000 5000 10000 N/A

(US$/kg)
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fk SiC £ 4——Hi-Nicalon(HNL), 4§ SiC,0, 477, i 50.0
LS A AR i, AT i 4 ST,
PR L RGP RO AR v A $ . cve Rt 5 30 e
LY R T A R 9145 TS N .
R, A DA AR, R T R A 7 i o {HZ 5 £ .0 ' E
FUSIC £h4Erh B-SiC 45 i STV, 18 1400°C LA L, 2 |hoo S
CREMRIE T B-SIC 45k K KT =R R I8P JF 1L % 2
SRR AL O AR (I i, S B HURAR T 2 10t Lioo
B AL TR A PR, (7 AN B i 1 e R B BL
AU B Iy SR T2, 0.0/ - - - 0.0
Initial 1200 1400 1600 1800 2000

TN TR, AR B AR R L
R SiC 214k, RIS —AX SiC £F4E. H iy, 25—
X SiC 2R 4 il 46 = 2R WA s 26 ()HEL Hi-
Nicalon S (HNLS) A 3K, 1E PCS 414k EB A5k
Sl b, BANIB A Y& Hy AR P AT RE R,
ik %4 C 0%, B3 C/Sic1 n g s>,
(2)LA Tyranno SA3 (TySA)!'*") Sylramic®" . UF-HM!!!
JARE, WL EILITEB B Al), £ 1700°C
DL EEE TR s BUE b, 19 2 sk RE A — 1R SiC £7 4 .
B AE A B s dl A I N, A
SiC,O, MH{EREZ i R Hh 2 i Jsc s CO, WiBR s 4 Co

HAR AR SIC A 4E# it s b, s
fn (RREAE, (i T B e f TR, JL A A
PEREAFAEZE 5. A7 1H, HNLS SKH T m A i1
EB AN&ALJ7vk; Sylramic WIE -9 #5 I\ B
JCH, Tl 2. SR k. LL PR EF
Y 1AL 25 R TH) A B v, BT LA AR B Bt . UF-HM
RN TR 20Tk g ek R, s DURR e gtk
W, AR RN . TySA H 3 it 4 & i # b
¥ ALBI NG IRAK, J5aud FEAN TR R T8 R R AR
2%, PTG, PERE TS IH, HNLS (¥ #% i fE
BAK(~1600°C), B-SiC 4 i -1 #/M20 nm), 24if
JE T TR I, HNLS (g5 £ b 1 ki 2k
KIMAZ RS, SRR N P i 1 pis.
ME R FH, =BT e B TF 4 T R, 5L
gE O RST IR AR W BB K R E AT Y o T = Rh£F
AE ) 2R B . TySASHNLS>HNL, FIf LAET 4] 4h
gt )T RAMBAFAEAI N R R o AR Al b 2
Firh, TySA 21 4E 148 75 1800°C t AAEAE T 45 i
K SEMBRE %, M HNLS £ 1600°C LA AbH i,
2 T 5 b RS AR K T 5 T UG A

Sylramic ZF4ENItH T4 B, N JUREAHT4F
Y 1R AR AG PR AR I A R AR E PR OF B
SiC fRL A7 LE TiB, dhIAIAH, T ECL UG AR M RAIL,
Wi 2 froc. B2 K Dicarlo (1975 il Ny #A5h
(BSRYIERIE ML HEDUEARMERE, m AT 0~1 Z [,

Annealing temperature / °C

Bl 1 BAAR B S LT e b3 b 4 U KOG R (A 1 )P
Fig. 1 Relationship between tensile strength and the crys-
tallite size for fibers annealed at elevated temperatures in Ar
for 1 h*
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Fig. 2
generation SiC fibers

High-temperature creep resisitance of the three
[9,13]
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Zx ETIR, TySA 274kt H w4 v VEpr Lo s
) SiC £F- 4, 0 fgini & SiCy/SiC TMbAk N F ) 77 3K
H AT, SiCy/SiC # L E RN 2 3k F iz B - ek
SR
1.2 ERZEZESICHAHELRIRK

PEIT N SIC 2T 4k S ANE AR 92 i 7™ B4, 3%
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T SGERAR PCS A . 2L 22 R R
o B R 2T Y imnil b A OCBERR, BT 45 11 KD-1
T 4T 4k 5 [ A Nicalon £F4EPEBEAH 24 . AR K A 255637
FRRR T AR B AS 1) 45 I A B i 28 SiC 27 4 (o,
T MO e IR AR T, R ENE T H T CVe
AL B AL 0 PCS 214k, TS SiC 4T 4ih 4 &
KA 1wt%~3wt%. 1% 7754 1) KD-I1 2 SiC
2T Ye Pk fe gzl Hi-Nicalon 7K, H KRB T 477
JRAR, CESE T IR . IR, 1A B
JTJ& Tyranno SA BLFAEMIBESE, H AT oS g7 22 4%
PACS 5 &, SIS 228 % 54T 4 A 3000 m.
W A A+ RAZ TG . TARA+HCVC SR AN [R] AN I35
sk, AT AT 5 NPSL I s i 2T 4 i
HUB A N Z 34T T P50, (B R 5 4 S B 4
Y fRE bR % . EITRYT 2000 45 BT
J& T SiC LR A G gL, Hak Mg F 25
Hi-Nicalon. Hi-Nicalon S #H1El, Jf-#£ PCS £F-4E 1) H
TR AT I U IR T e 1 5 7 THLEUAS
EEEZ LI/ 0'E e

2 SiCdSiC #ll& T 2R

ESE SiC 2T Y F 2L N H 2 E A SiC B &)
Wik, W% SiCySIC BAaMEl. ER3Z2IELE SiC £F
devEREZ A, SICySIC MtERE S Hfl & T 2% )
G, HET, fEghs TEMH: Bk R iE
(Polymer Infiltration and Pyrolysis, PIP). k225 AHi5i%E
(Chemical Vapor Infiltration, CVI) fll Jz W 44 3
(Reaction Melt Infiltration, RMI)%% . JT KL HIL T
— SR 7 A, WA KR S I A 3L 5 (Nano
Infiltration and Transient Eutectic, NITE), Hiiki5i%
5 A 3L SITE(Slip Infiltration and Transient
Eutectoid), LA 2 R kA0 8 T 2.

2.1 SiC{SiC BitegHl& L2

PIP T2t BAHBREF 4Tl b 2K,
Hg S IR A4 Rl B SV VR S JEAT IR BT, AR e AR
AGURYT, BEAT ARSI R A R i A g ), AR
PIP — /% K H S B ik ot (Polycarbosilane, PCS){E 4 46
ORAk, AN EAT: (1) PCS A5 K[k, 75 ERLE K
NFBOEATIRE, BT A7 20 (2)PCS £E 500°C
PLN JGAC IO [ A 05 1, 7 Tl #A e B R A1 4y
TSGR T, FR R BAR(<60%); (3)JG5K 1A
gt i, P REAENS T, EEEMED
T B AL BRI G5k B, 75 B2 22 I 23R ot - FA R ik R A
Re PR Ak (4) BTl SiC 344k AR 2=t & Lb

(Ew), JToElas. DL EA RS T SiCy/SiC R
Pem . N TR EREBIRCE, WA H AR,
WA AL ] A A P 1B R ST IR A, 8 R 0
T (Polyvinylsiane, PVS)*&47] £ 7,4 Jh 4> A S ¢
T 4% (Allyhydridopolycarbosilane, AHPCS)™**
B O EERIELL(LPVCS)P Y, JiH & AHPCS,
HAR B 2P R C/STHE 1, AL B TR S,
Nanetti 2P0 AHPCS Jy S5 944, Tyranno SA £ 4k
JsEnEAA, 1l PIP T2 T SiCySiC. 'B48 1700°C
PRbHLE, ghitEem, FNRSETHEE] 30 W(mK).

CVI L T2 AR Sy fei e =
TZEWIVER] N & M i B L 4egm 23U, m
FHL, 75 900~1100°C F, 2556 ARLE g 231 LR
KA, A B S VTR FLBRAE |, FLBRAE
I 5 I8 AT 8 0 S S %07 A R R 15 3
AR, WA SIC K E TR AR, B
ZRICARIEBAE . #F CVI LRl fErh, 5 SR RE
fRRTAFLNIF A, PLRIE S IR B T (H
X[ AR O BN AE T TR E A RL
B 2 A (10%~15%)P), 3 B4 f e, %%
Ao AT HErXS CVI et R sl i s/ s
B CVIF-CVD Akt CVI(P-CVD&%E, 32 H (132
M URAIBIE, AL, e il % g7,

RMI v T 25 #2: 4% SiC #1 C RS ok RN
WAVER, TR RS SRS B K, JF
BRI C O, Ak SIC, HIEEE M E AR
ZITEAR AT A3 A BHLBR R R IR R 2%~5%,
4 P 0, AR, B R b AN T SR 4
TEAENE B RE, PR T L R oo i R o 10204,
2.2 SiCy/SiC Hl& I Z IR

SiCySiC VENSEFM R, b T 3RA3 T i 1 i Ui
PEVHUSEALTE, TR AR, RS
REMBIEARMBUE . difE. 21 Hhay), HE
ff) Koyama JT & T NITE L2, T 2K 3 BT
o WK 3 Fiw, HEEEEA B-SiC 4Kk
&% 45 B 71 (A1,05-Y,05) I I RS 45 771 1) B8 e T 6
MR AE L. ¥ Tyranno SA £F4ER AR, R
FOHMGER by MR TR, £33 1D TR s
FRE TR R YA T BB . HER, NSRRI A,
7E 1800°C L I, 15~20 MPa 45 N #URFe4t ik .
PifS SiCySiC G EHIFLET 2K (3%~9%), FHXT
WREAR] 95%LL b, g R, S LR
FRIRTE . ARG B R 0Oy Bl
T4k, 77 Cef-NITE SiCy/SiC, 3 Riuhil %
T AT TR AR A A A A gL,
LG AR AN T I8 G Ml 5 | N TR A A b 45 Bh 7
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Fig. 3 Process flow diagram of NITE technique

HLVKVB 3% A — Pl il 2 A MPREAR 1 1, ¥
Pl K W SR T )l R o, fEFIKAE R R,
RL ) £ YE R R A NS IE DR FIKIBIE R T
I 13838, B4 SiC R ) v Bk AR i 45
(52 A M BHLBR 255 55 (35%)  Ivekovic 25707 Hy
VKIBIE MR AS I AR &5 6 JF ) oW 714 SITE, RIbKg
SiC e 4 By 77 Jkr 8 A I sl B i, 18 1 ks
E R gL, BJGAE 1400°C L EREATRESS . b T
B AR M, Novak Z572E SiC ok it
VKUTRRBIE BT e dm 2 F Ja, L AHPCS 4 26 k44,
L PIP #EAT 3 AL, SiCy/SiC £ 8¢ 2 1600°C (1) #h4b
G, FLERIRRE] 14%, HA mah il m e
(E WA 65 W/(mK)), A SITE-P Jiik. LA FFl
JIEATIAL T S0 A B

FRE S TSR, S T AL TR N H
SR RLEUR . g )2 e ST R AR K,
LR TS At R ER e 1P,

MR X5 T E RN HAMEE H, PIP Al
CVI J7 VAR A AN P BT 5E A, 326 HH i i
PERARI SiC £F4ERP AT . KA RMI. NITE F1 SITE
EOT, IR A OB AR GG A R, R Ik
M PELE 1400°CBL B SiC 274, JLILE TySA
i, wI UL SiCySiC 4% T 2 IR FF 8, At
B ARV BRI T SiC AR 4E K

3 SiC{SIC E&## N ARHRE
SiCy/SiC H A& il Praatb Lo /i

R b o S PR R, AL ok R AR S A R
SERIERAE B MRl T AESK, SiCy/SiC 7EH 4% =

[65]

REFIT 7 R B ATURITRZ 3R A% S I HE 45 K 3B AL TR AT 5 R0 L
FH 5 T Jr T
3.1 SiCy/SiC fEfnZ & sh#l g i A i @

F 2 RSN R A AWt mfE L, 1
R AL A LE R R B 2 T, 4 E KT
10 W, A (17 T AR I P K 32 1 A% 4 e i A
A EHARZIEE1150°C). 198 i & b Rl 45
BRI G BT O T2 e MR R Be R
077 J&, KB MR R R A MR A i ik AR
SiCy/SIC VAL S 11 g Bl 1 S 1 e i 7€)

P 7 Rk AR SICHSIC K B w45 /2 1
WU DR, R T REMFF TR, #9 2ik
FSEHIKF . E2d 90 4E4X, 52 NASA il i EPM
T H T R E SiCy/SiC 2y HSCT(High Speed
Civil Transport) % J& (1) e 4 R HA R U7 Bt 5, #00
25 RSN HLHIIE B 2 5 NASA T 31— R A<
T H, i IHPTET. UEET 1 VAATE 4%, {FiX 44
FEERIT, SICYSIC # HH T8 v A & A B = KA
fal D AR T A MU AT A,
E 55 iR 2 4 (R iR T HE 2 % rh R B L ] AT A
AR ANRGE R, R ER, M TR
ijﬂ‘ﬂ,%{%m 56, 78-81] .

203 20 ZHEMIR R, 1L SiCy/SiC M K
BHL ) TR Y B 5 gt g« GE 5 CFM 4
ml A AEHES TS & Ham AR A SiCy/SIC IR
M % 8§l LEAP, JFH T 2% A320neo. 7%
T3TMAX M E €919 25 ML, GE A Wit fE
GE9X K BIHLIN PN AMNABE A6 45 T 50 s W 23
R SiCy/SiC ¥ it, %K EhHUE I Tk & 777X 2%
TN, 2015 4E 2 f1, GE AWILE F414 5%
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FIHLRAENL LSk T SiCySiC 4% (1 g K Ik
WA, R SiCySiC 2k T Z AN T & 8
MU 50 A 1R )= PR, AT DA R B AL T AR T i e
X g5k ) 5 8%

3.2 SiCi/SiC TE+% B2 2 ditgh 7 A i3t &

Bl A2 R R, N2 eV 0 T ok 55 H R 1,
% B AR fi S i e N ISR ) AL Bk pe 2 — 1Y,
K% IR AR I N HE (1) 45 R AR T AL T iy s RN
T N R 4R R, SiCYSIC Bt VB M i AT
K PR AR AR BN T AR IE R, &
HIERIEIE S A R, EEN R NSRS W
B LR 9 2% 25 10485870,

VU7 KI5 FE S0 SiCy/SIC 7 K% S8 AR ATk f iif 57
TSR, JeIE B AEAE SIC £F 4Ry i i
o BWS 5 B 5RREMAEET . BRIEEZ LK
% (ORNL) H A A5 A TF e A4 R 1 4 e 38 45 L il
WL, 240 SiCySiC 1 146 JERT J5 1K 7 2% A
R IR O A o . AL A E R S =
(PNNL)X} SiCy/SiC 7E AL T AR T k22 A 2 1
AT T W5,

W BRI AR R, SEESEC X SiCySiC
BETFRA N H 347 % %2, WSk [E ARIES-1 Al ARIES-
AT, HA<X DREAM, EX% PPCS-D. TAURO %3 H %4,
BE T2 58 = ARES: SiC 274k, ikl sz
SiCy/SiC, B LAME CATT e AH S 5T

4 BR5RE

5 HAKSEAE G2 SiC 27 4E 7 R AR, &
FIFE T SICSIC AEMUF MR A% T A 77 1
(0 I8 FHAIE 9, A G A et 5245 6 8k a2
T, B H PR RE DAE N T 2 0 N R REE o 1 I
45 SiC 21 4E AT SiCy/SiC PR AR ) fd B H 1 52 A
VE 7 M E AR B8, B A =Rk B A AR
JE

(1) BARFRIEES: SiC 27 4 IR 97k A0 B,
(LI Py AT L) 4 b o TR P b A T 1 R e
PR CU T SiC 2T 4EE AT MR BE RIS A 1 2545 LR, AR
JE K& Tyranno SA MULF4E, AU AT LKl SiCySiC
B L2 OGO, AR T SiCySiC T
AN R Ji o A5 LR )% 1 SRl T b, 20
ooy BB AR SERR, AT RCR BB B H B AR T
CRYEI AR E R

(2) H W SiCySiC il 4 T 2320 PIP. CVI %
15718, IF HA 3RS — e 1300°C LR, HELL

il A g Ay Ak 2 i LR e 850 M
TEM A AR, TEI2085 A2 55 20 N BB 06 4 R ) 22
Ko X FTEZE NI IESE SiC 21 Y it il Pk 25
RE 11 Rl o

(3) MIES: SiC LR Y& AT RN, Y. S i)
JFJE$Em SiCySiC PHEREIB L 25T, X PTfs
SiCy/SiC FBAE N A IR P AR A T AR S AL

5% Lk
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