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Fig. 1 Structure model schematic diagram of laminated

suture preform
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i . Table 1 Physical parameters of laminated suture C/C
SIOQ+4HF—> SlF4+2H20 (5) )
porous composite
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com 3 0 0
8 A5 55027 1 FO7002 B X SH AT b lgem) % .
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Fig. 2 SEM images of micrographs of laminated suture C/C porous composites: (a), (a") C/C1; (b), (b") C/C2; (¢), (c") C/C3
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Fig. 3 Pore size distributions of laminated suture C/C
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Fig. 4 XRD patterns of laminated suture C/C-SiC

composites: (a) C/S1; (b) C/S2; (c) C/S3
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o IR 2 WAL, 1750 CHil& 1) C/C-SiC &4k}
T 1650 CHl&MEAMEBIE . HHFEE
TR i £ 1) C/C-SiC B A MELE FERE C/C 2 LK%
F&E (I3 0 PR A IR SR T C/C 2 LR BE AR FL
PR, 2N ATIHATE 21 SiC Fik, HF
IR S St 2, FRpEtm. Sillika
Si &R, C/S1-1650 H N 14.51%, C/S3-1650
B Si RN 4.66%-

®2 BEEES C/C-SIC EEHMEESH
Table 2 Physical parameters of laminated suture C/C-SiC

composites
ey P S
C/S1-1650 1.90 6.0 14.51
C/S1-1750 1.94 6.0 12.26
C/S2-1650 1.83 7.1 7.59
C/S2-1750 1.85 6.1 6.38
C/S3-1650 1.79 6.8 4.66
C/S3-1750 1.82 6.5 5.83

gh G 4 N 2 v SRSk UL BT AN C/C
LAEEET R, RAE S FED . JTANG &7
W R, 1E 1400~1800 ‘CYLIHE A, 445 B} A AH
[FIR, AR5 P B B R B ) T i g n, X 2
2 Si iR, MR R R AR
Si &, HIEE 4(c)H KRB C/S3-1750 W4 Si
TEEET C/S3-1650 kA Si & &, XK A C/C3

FLARR ST B/, BT m it m R PR A Si 135
NHZ, Si BN R, X T & A U
SiC AR 7 B TR, S8 C R+ 5 Si Ji it
TARRRAR, AHNLM Si R Fat & \EE S E N,
XERMGEA Si SR ELS B2 —80.
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K 5 s NS 2 8% 4 C/C-SiC E &k EDS
o B S AL R X O iR AF 4, AKX 380K SiC,
& XA AT Sie B 6 s NB 2484 C/C-SiC
HAEMEHIOR ISR SEM 4. I8 6 AT 0L, SiC %
PRTERpA 2 AR 2 R ) () FLBR P R 2 AR .
EE 6(a)s (b) &I, /D SiC FAR A o) A fE 41 R
WALH, BT LLE BILF4E R N FLAA L8 X 8 PyC #7H

EDS Spot.3
EDS Spot 2
EDS Spot 1

=
(b} EDS Spot 2
0 26 52 78 104 130
Energy/keV
© Si EDS Spot 3
C
0 26 52 78 104 130
Energy/keV
5 BREE C/C-SIC EEMEHIESA EDS %
Fig. 5 Morphology of laminated suture C/C-SiC

composites(a) and EDS spectra of corresponding spots((b), (c))

FEoBfE A et Rk A T B, W 6(g)FT s, (RAE
Bl 6(d)s (DAAERNHMIHEAF R SIC Hfk. R4
e 1) SiC FEARAN TR IEL AR, 12 RHUR
i, XN C/C1 B EEAL, FLBURSHHXTRR,
BARIEIR Si AR H RN 4E R N AL, (HE IR T
A S ZAIRYHOEN, Si 2R HENLF 4R A 5 5T
Bl 5 PyC AR SiC HH AR IR 2L LUl TE 1, A=
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Fig. 6 SEM image of micrographs of laminated suture C/C-SiC composites: (a) C/S1-1650; (a") C/S1-1750; (b) C/S2-1650;

(b") C/S2-1750; (c) C/S3-1650; (c") C/S3-1750

£, IXRAEMIFERT BT A28 o

HilE 6 AT WL, 1E C/C-SiC At kLA EA U T
HERH Y R MR AL, WEREE T R EMEL N
FRARINN FTIE IR, TR (1 AR AR BB TR
LRYER IR R AL fERh A b, S EOR N AR
IR A, IR AR AR NIRRT e A, et
AEAN IR ) R IR AR B C 2 P BN TR
ST = AR B AT St ) (O B8P, X RG] 4
R FEARA R AT R

24 EBR%E C/IC-SIC EAMBENESHEE
%3 i NSRS C/C-SIC HAM RS vk
fig. HHZK 3 1A, 1650 CHil&M&)Z C/C-SiIC B &
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Table 3 Flexural properties of laminated suture C/C-SiC

composites
SZ;\IIIZ)I?le str:ieg)zllll/r;/}Pa moljillj:l);l;aéPa Strain/%
C/S1-1650 229+6.8 51.9+1.80 0.54
C/S1-1750 233+11 45.7+0.90 0.64
C/S2-1650 23749.8 55.2+0.71 0.54
C/S2-1750 246+14 53.6+2.30 0.57
C/S3-1650 234+11 52.4+2.80 0.54
C/S3-1750 253+8.9 50.7+1.50 0.63

AR 5 B2 RN R R AR AR T 1750 CHil &M E
B ELS s BRI R4S, Horf €/S3-1750 & ith
W FE B N 253 MPa, {H 1650 °CHil £ 182 SRS
BhAR B =y, AN 552 GPao 1650 CHil#& /)
C/C-SiC EEMEI L B C/C Z ALK % BT =
FetEINJE PG, BT C/S2 BUEE R, B
/b, 25 B A 237 MPa; 1750 CHil 4 &
BIEVS SR EERE C/C 2 AL BT i T s, T
W AR Y 2 AL FE TR R
2.4.1 C/C ZALIR% (152

PyC & 2R S 45 6 5 BE S kAT 4R B A5
FEfE. C/C1 #ERAK, BELAYEN PyC ZH, R
IR C/S1 BB ey, (R LLLF RIS A Si RIS
A gl SR EE AR . C/S2 A C/S3 MU FERAK, 1H
PyC & &im, /D T ISR Pk A 4E 4 ,
PRI I R T I ISR . 5 —J7 T, CAO
SRR SRR, PyC A BH N4 FAAR AL TH 45 4 9
FE, MM SELFLERFIVERG I, R4S i 2 2
G e, BEMEINEN SEFETE 2 EeE, Frb
C/S3 I tsm KT C/S1 Z s .
242 IFBIRERIR

IFBIRES PR 2 NS R I Bod R R
S o WEVBUR BT = ] AR AR A Si iIRERE,
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Fig. 7 Flexural load—displacement curves of laminated
suture C/C-SiC composites: (a) C/S1; (b) C/S2; (c) C/S3
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Serrated surface

E 8 AF PyC & T BRI 4E ) SEM &
Fig. 8 SEM images of failed fibers after flexural test at
different PyC contents: (a) 25.7%; (b) 30.3%; (c) 32.8%
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1) LABJREEE b i g is, 255N
IR, T T 3 MOARFRIEER C/C 254k, H
C/C ZAARFLAR I AGAE 5~200 pm F£F4E o [a) FLAD
R FL S FLEFR ) 70%~80%, 43 ARTE 0.5~3 pm )
R AL A FLIERFRT 20%~30%

2) PRBK A BN C/C-SiC BA MRS ik fE
A WER o b a2 b T R4

B, FRICT Mg &R, F4ekiibz, Hig
1 C/IC-SiC EAMEHYZ i A di i e, =
Xof W 2 A% T W S R

3) BRI C/C-SiC R A MRS 5
FERIRBERI 2 . MBI &, IEA Si BRI,
SSLIRES) S HEE, ARAS SR AR i 2 1 B A
1650 CHl%MEZ4 4 C/C-SiIC EEMES ihi
FERIBT 2N AR BAR T 1750 CHill % & S ARk
SRPEFIMIZNAS, 1B 1650 CHil& ME aFRZS ih
B B . C/C-SiC & & PP RHI 25 h 3 — 0 4% th 2%
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REFERENCES

(11 £ B, EARM. &l A TS AR SR BT FL it e A

HaB I T[] FRUMEL L E, 2016, 44(1): 1-6.
WANG Lu, WANG You-li. Research progress and trend
analysis of hypersonic vehicle thermal protection
technology[J]. Aerospace Materials & Technology, 2016,
44(1): 1-6.

2] FRE, 2L, R, & BN C/C Zatritsiit

JE[)). R EAE 4 2AR, 2019, 29(9): 2142-2154.
LI He-jun, SHI Xiao-hong, SHEN Qing-liang, et al
Research and development of C/C composites in China[J].
The Chinese Journal of Nonferrous Metals, 2019, 29(9):
2142-2154.

[3] KOLFE], Bk K. LAY PN RIS SR TR R

JEEIE IRV [T]. HAMEEER, 2007, 24(2): 1-6.
ZHANG Li-tong, CHENG Lai-fei. Discussion on strategies
of sustainable development of continuous fiber reinforced
ceramic matrix composites[J]. Acta Materiae Compositae
Sinica, 2007, 24(2): 1-6.

[4] X/, g€k, SKaLFE, %, C/SIC EAMBHED A EE
I PERER TUREREI]. #RHF AR, 2013, 27(9): 127-130.
LIU Xiao-chong, CHENG Lai-fei, ZHANG Li-tong, et al.
Research progresses on properties of the C/SiC composites
under the space environment[J]. Materials Review, 2013,
27(9): 127-130.

[5] JAYASEELAND D, XIN Y, VANDEPERRE L.
Development of multilayered thermal protection system
(TPS) for aerospace applications[J]. Composites Part B:
Engineering, 2015, 79(15): 392—-405.

[6] CHEN Guan-yi, LI Zhuan, XIAO Peng, et al. Tribological



31 BHTH

Ridh, % SR5EE 4 C/C-SIC HAMEMHIE 1152 th Rk

1877

(8]

(9]

[10]

(1]

[12]

[13]

(14]

properties and thermal-stress analysis of C/C-SiC composites
during braking[J]. Transactions of Nonferrous Metals
Society of China, 2019, 29(1): 123—131.

PADTURE N P. Advanced structural ceramics in aerospace
propulsion[J]. Nature Materials, 2016, 15(8): 804—809.
WA, WA w23 B S Rk S BUR S58 5 0 JLo
[7]. ThEertHL, 2013, 44(16): 2401-2405.

DU Tong-liang. Experimental and numerical stamping of
carbon woven fabrics[J]. Journal of Functional Materials,
2013, 44(16): 2401-2405.

GARCIA-CARPINTERO A, HERRAEZ M, XU J, et al. A
multi material shell model for the mechanical analysis of
triaxial braided composites[J]. Applied Composite Materials,
2017, 24(6): 1425—1445.

B R, . 99 a2 RIEM S M EUE
SHTIT). THE 125K, 2010, 27(6): 1022-1028.

TIAN Jun, ZHOU Chu-wei. Multi-scale coupled numrical
analysis of  textile composites and structures[J].
Chinese Journal of Computational Mechanics, 2010, 27(6):
1022-1028.

SURESH K, ANIL K, ROHINI D, et al. Capillary infiltration
studies of liquids into 3D-stitched C-C preforms: Part A:
Internal pore characterization by solvent infiltration, mercury
porosimetry, and permeability studies[J]. Journal of the
European Ceramic Society, 2009, 29(12): 2651-2657.
skJedn, AR, HER, 5. C/C-SIC BAUMA L AMEL
FL I B 1 A S LR A PR RE AT L)), A AR AR,
2020, 37(8): 1969—1980.

ZHANG Zhao-hang, CUI Shao-kang, TAN Zhi-yong, et al.
Modeling of void defects in C/C-SiC satin weave composites
and simulation of their tensile properties[J]. Acta Materiae
Compositae Sinica, 2020, 37(8): 1969—1980.

TRARDY, wkERA, 2R, & S5 =4Em4 C/SiC fu
i 2 AT N [0]. A MR, 2019, 36(12):
2894-2901.

ZHANG Gen-xi, ZHANG Pei-wei, LI Yan-bin, et al.
Analysis of mechanical behavior of sutured 3D-C/SiC
braided composite under cycle tensile loading[J]. Acta
Materiae Compositae Sinica, 2019, 36(12): 2894—2901.

MEI H, YU C K, XU H R, et al. The effects of stitched

density on low-velocity impact damage of cross-woven

carbon fiber reinforced silicon carbide composites[J].

[15]

[16]

[17]

(18]

[19]

[20]

(21]

(22]

(23]

Ceramics International, 2016, 42(1): 1762—1768.

NIEJJ, XUY D, ZHANG L T, et al. Effect of stitch spacing
on mechanical properties of carbon/silicon carbide
composites[J]. Composites Science and Technology, 2008,
68(12): 2425-2432.

LIK Z, JING X, FU Q G, et al. Effects of porous C/C density
on the densification behavior and ablation property of
C/C-ZrC-SiC composites[J]. Carbon, 2013, 57: 161-168.
HEZ, kBE, e, & RN S RFL4E
FR IR B 5 07 VE[T]. BARAR SR, 2013, 49(9): 615-617.
TIAN Zhi-hong, ZHANG Xiu-hua, MEI Min-ghua, et al.
Principle and method of refractory pore structure
measurement by mercury intrusion method[J]. Physical
Testing and Chemical Analysis, 2013, 49(9): 615-617.
EARL, BEOBL HOM, S ZFLAEHI& L EX C/C-SiC
SEMEG iR m ). P EA 48 SR, 2003,
13(5): 1191-1201.

WANG Lin-shan, XIONG Xiang, XIAO Peng, et al. Effect
of manufacturing techniques of performs on properties and
fracture modes of C/C-SiC composites[J]. The Chinese
Journal of Nonferrous Metals, 2003, 13(5): 1191-1201.
JIANG S Z, XIONG X, CHEN Z K, et al. Influence factors
of C/C-SiC dual matrix composites prepared by reactive melt
3009):

infiltration[J]. Materials

3738-3742.

and Design, 2009,
YAN K F, ZHANG C Y, QIAO S R, et al. Failure and
strength of 2D-C/SiC composite under in-plane shear loading
at elevated temperatures[J]. Materials and Design, 2011,
32(6): 3504-3508.

CAO X Y, YIN X W, FAN X M, et al. Effect of PyC
interphase thickness on mechanical behaviors of SiBC
matrix modified C/SiC composites fabricated by reactive
melt infiltration[J]. Carbon, 2014, 77: 886—895.

YANG J, LLRGBUSI O J. Kinetics of silicon-metal alloy
infiltration into porous carbon[J]. Composites Part A:
Applied Science and Manufacturing, 2000, 31(6): 617—625.
EEB, FHEn, kL. 2D-C/SIC HAMRMZE LT
FRPERM BRI A EER, 2005, 22(4): 81-85.
GUAN Guo-yang, JIAO Gui-qiong, ZHANG Zeng-guang,.
Uniaxial macro-mechanical property and failure mode of a
2D-woven C/SiC composite[J]. Acta Materiae Compositae
Sinica, 2005, 22(4): 81-85.



1878 o EA 4R AR 2021 47 A

Microstructure and flexural properties of
laminated suture structure C/C-SiC composites

ZHAO Xiang-kun', WANG Ya-lei', XIONG Xiang', DU Peng-cheng', YE Zhi-yong',
LIU Cong-cong', LIU Yu-feng’

(1. Powder Metallurgy Research Institute, Central South University, Changsha 410083, China;
2. Science and Technology of Advanced Functional Composite Materials Laboratory,

Aerospace Research Institute of Materials and Processing Technology, Beijing 100076, China)

Abstract: In order to meet the requirements of materials for hypersonic aircraft thermal structure components, the
laminated suture structure C/C-SiC composites were prepared by mixed process of chemical vapor deposition
(CVD) and reactive melt infiltration (RMI), the influence of C/C porous bodies density and infiltration temperature
on the microstructure and flexural properties of C/C-SiC composites was investigated. The results show that the
pore size of the C/C porous bodies has a bimodal distribution, and the pore volume decreases with the increase of
the density of the porous bodies. C/C-SiC composites are composed of SiC, C and residual Si phases. The flexural
strengths of C/C-SiC composites increase with the increase of infiltration temperature. The flexural strength of
C/C-SiC composites prepared at 1650 °C firstly increases and then decreases slightly with the raise of C/C porous
bodies density. At 1750 C, the flexural strength increases as the density of the C/C porous bodies increases. The
maximum flexural strength of C/C-SiC composites is 253 MPa when the density of C/C porous is 1.55 g/cm’ and
the infiltration temperature is 1750 °C. Under the flexural loads, the displacement—load curves of C/C-SiC
composites show a “stepped” fracture behavior.

Key words: C/C-SiC; laminated suture structure; infiltration temperature; C/C porous bodies density; flexural

strength
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