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Abstract: As therma structural materials operating at high temperatures, C/SIC composites have extensive
applications as thermal protection systems in aerospace vehicles. However, their limited antioxidant performance at
low and medium temperatures restricts their utilization in diverse fields. In this work, an improved slurry impregnation
technique was employed to introduce antioxidant component BN at different contents into the carbon fiber felts by
adjusting the ceramic content in the slurry, and then densified the felts to prepare C/SiC-BN composites using reaction
melt infiltration method. Effects of BN content on the composition, microstructure and oxidation behaviors of the

composites were systematically studied, and relevant oxidation mechanisms were explored. Experimental results
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indicate that introduction of BN particles significantly reduces the open porosity of C/SIC and enhances the initial

oxidation temperature of C/SIC. The C/SIC-BN composite with 3% BN (mass fraction, sample B3) has optimal

antioxidant performance, and the corresponding mass loss rates in static air at 900, 1200 and 1500 ‘C for 1 h are
0.009%, —0.301%, and —0.596%, respectively. After oxidation at 1500 °C, the strength retention rate of sample B3 is

up to 52%. At 900 C, the mass change is dominated by slow weight loss controlled by O, diffusion and oxidation

of C and BN. At 1200 C, the oxidation rates of C and BN phases increase while SiC begins to undergo significant

oxidation. New formed oxidation products, such as B,Os, borosilicate and SiO,, gradually slow the diffusion of O,

and reduce the damage of carbon. At 1500 C, the oxidation rate of SiC is accelerated obviously. Finaly, a

continuous oxidation film formed by generated SiO, retards the inward diffusion of O,, and overflow of gas

products (such as B,O5; and CO) and continuous formation of SiO, dominate the oxidation process.
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Fig. 1 Schematic preparation process of C/SIC-BN
composites
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Fig. 2 SEM images of low-density C/C preforms after slurry
impregnation with BN

(a) Sample B1; (b) Sample B3; (c) Sample B5; (d) Enlarged image of
sample B5
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Fig. 3 Cross-sectiond morphologies of C/SIC and C/SIC-BN
composites and their magnification images

(a, b) Sample BO; (c, d) Sample B5
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Fig. 4 Oxidation weight loss curves of C/SiC and C/SiC-BN oxidated at different temperatures
(8) 900 °C; (b) 1200 C; (c) 1500 °C
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Fig. 6 Surface morphologies of C/SiC-BN(B3) after oxidation at different temperatures for 1 h
(3) 900 °C; (b) 1200 °C; (c) 1500 C
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Fig. 7 XRD patterns of the surface of C/SIC-BN(B3) after
oxidation at different temperatures
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Fig. 8 Cross-sectional morphologies of C/SiC-BN(B3) after oxidation at different temperatures for 1 h
(3) 900 C; (b) 1200 °C; (c) 1500 C



%7 LRR, % CISIC-BN &M R 5% 8 AT H 785

B205(1)=B205(q) 6)  FAEEAM B RE b i i,

B205(1) +xS105(5)=B205-xSIO(1) (1) SRS T LARRBUPHRG . JRZE S A MR
B205Si05(1)=B,05(g) +xSi Ox(g) ®) o, WIS E MRS B

SIS (1~5) A REAS | 40 76 B B A S R . F A
SNL(L, 2)0F Bk £ 4 R # i o S THT A8 A, A2k
HIR N R (3~B)%T N BN Al SiC 4 7o A AT %,
MG E N AT, TSR S, AR S
HABRIRE LMK ERBOK, X5 kA ELR ST
HITEm VI BeAk, NV (6~8) A Ff & 2k it #42,
HEMTR, BE5EMYRIZESEMER.

LEALIRE N 900 CHY, [ EELL(A~3) N E,
A P79 BoOs. SIC 7E 900 CA B i Atk
PERE, 55U PLIE R, AR AR
JRE R E . Rk, BA PR K E 3 Bk H ik
HomAMIER, WMEEEZHE BN Hib Ak
B,O; FT#. B,Os;7E 900 CEA KT MR EN It M
NRFE TR (1.36%107 Pa, [ 9), AT 7S LA
4, HhmBH AR B SR A Y H. HE TR
GUARALAEAE, B A B> AR5
b4/, EAMRE 900 CHIEILLL Oy M BUR
97 42 i) 1) 2% 18 2K E Dl = (B 4(8)) -

YEAIREIAF] 1200 CHE, O, ZEE M BN
WY BOEEI K, CH O R MARK T KESA™
¥y, BN Al SICE AR 1 3 2 1) B,O3 A1 SIO,, 15
ALY &M R R PO (& 4(b)). FEE
FALBT R K, SIO AT LA AT AFTE, 1T B2O3
ZAURAE 1200 CAHHATECR(1.01 Pa), HA%E Kk 2Bl
AN 18] 2E K S 0. (H A2 B,Os AT LS SIC &
T SiOy 2 A i EE AR £ (B203-xSIOy), 1E
—EFEFE EAIH] BoOs 28K (R BEE(6)), AT D>
HEMEH N IR IE . A H(>40 min), EE&4
B B e R g7, X F B NEAMN Y
B,03. ByOsxSiO, fl SIO, TEE A MBI T — 5
AL . O FEAALY) T I BUE 23z /)N

5
0 L
-5t
_-1of
&
-15
s
20 o0t
_25 L
—=— B,05(1)=B,0s(g)
—30r —o— Si0,(1)=SiO,(g)
_35 1 1 1 1 1 L 1
400 600 800 1000 1200 1400 1600

Temperature / ‘C

K9 B,Os Fl SiO, 7S, s I I 5 175 1k fih 28

Fig. 9 Vapor pressure-temperature curves of B,Osand SiO,

AR E A 1500 CHY, SIC. BN AL i
KATEUINER Si0, M1 B,Os HIAE il %, H &4 EH
e R B I I N S ek (B 4(c))« TR ALY
GBI B (<40 min), EAMEREE BN # & 4b &
B,0s, HRM L ANEH SIC BHiFEAE R S0, X4
SO, A fl i 1% 2 I 2 1ER 2 Y il — 2 AL,
LBl A B ] 2 K B A B 17 J S s . 7R A4k i
e, ¥4 BoOs e 5 SO, A Bt 2 h 3t 35 (e
(7). SiO; £ 1500 C %5 [ 28 B AR,
N 2.7x107* Pa(/&l 9), 1 H A — & R sh A 1,
A DL A — B RGN LI SR . SO, AL 1 A=
AT DL RO 2SS O [V E G A kPR HE,
BAAR S AL 3 2R (>40 min) . {H /&, B,O3 7 1500 °C [ 7%
B Ik 187.96 Pa(E 9), A4S B,Os 2 H A # 1] 4k
WY A SIO A E IR REL —, SHE~
A CO. COR S5 SUATE LI o ST I B 3L
A, AT LA IR AL E N, ERRS RS
N EREIE R Wi, EREN 1 ami, SAkFE
Wit SIO, EALE I AL (B 6(c). H4bh, £
AR R S A 22 {8 3R T PR S 8 5 PR 3 7 AR R L
IX B VK R BORVTAD 51 /& 1 FA AR A8 B
B, REUNFLIFSFERIE 2 A O, ) A i) 8,
B BTHFEE A ARHE R 2R I RS, AR
S SO 8. RAE NI, C/ISIC-BN(B3) & & 44
BHE 1500 CHEH AL 6 IR (1 h)J5 558 2 1 1)
(=K % -0.596%), KIAE G KIS BN o
PEG BT A RE Y AR A, X EEIHET SiC.
BN 2540 Jo /AL L A2 H i B R

zi FATR, SEALIRE N 900 CHYF, BN A LA ik
B,0s, &AM EHEE, i B5 & M IFLER R {23 T
O, 1A N 3H B, $m 7 R E R AR E N 1200 C
i, C 5 Oy I MR IR, BN Al SIC 4 il AL A %
B,O3 fl SiO,, 1H - FH T IAERR 2401 T B,Os
(%K . BALIREE A 1500 CHY, BN Al SiC &4
Ji% B0z Fil SIO, [P Z it — 35 Ik, <4 B0z LA I
HMS <l Sio, AR, 143 )5 A LR 24
mf H BN &8s BS A bk R & T Bl
1 B3.

3 4t

AUFFCR B IE L Z 4G RMIL 77 %4



786

WL MR

i % 39 &

%7 CISIC-BN EA Mk, a7 5k 5 1 [EH 2 =
ST BN Fa s, ot LAR A MRET T
SERIRPLEAAT NI AL, 25 RKU:

1) MET CISIC, C/SIC-BN E 5 %5 i i % Al
BARIIFLIR R

2) I N BN#2&& T C/ISIC &R aE Ak
. BN FRESHCN 3%, &4 MEH IR
AR PUE A RIS B — E BRI, & 900,
1200 #11500 ‘CHE AL 1 h/J5, E&MEH R ER LR
4395 0.009%. —0.301%. —0.596%.

3) Y4EALIEE N 900 CH, C/SIC-BN H &4
B E A DL O Bl M HIl 218k o M
fBIEFE N 1200 CHY, B,Os. WlFERZ £ (B205-xSiOy)
il SIO, 2RI A Rk 2% 7 2 A MR E AL
R, MEALIRE )y 1500 CI, SiC JE R % 42 4
PR TSR AP . SIC A1 BN 4G TE S
it 2 A B B [F AR R 2 2 CISIC-BN &+ kit
AACPERE I S

S Z 3k

[1] WANG T Y, LUO R Y. Dynamic oxidation and protection of the
PAN pre-oxidized fiber C/C composites. Ceramics International,
2018, 44(6): 6313.

[2] TRIANTOU K I, MERGIA K, PEREZ B, et al. Thermal shock
performance of carbon-bonded carbon fiber composite and ceramic
matrix composite joints for thermal protection re-entry applications.
Composites Part B, 2017, 111(15): 273.

[3] FAZE, HFEF, B, 5. 2D-C/IC-SIC &AM Rk sif T il
THIRRG T BUAREIR I, 2016, 37(5): 326.

[4] LIU XY, ZHANG J, ZHANG L T, et al. Failure mechanism of
C/SiC Composites under stress in oxidizing environments. Journal
of Inorganic Materials, 2006, 21(5): 1191.

[5] PATEL M, SAURABH K, PRASAD V V B, et al. High
temperature C/C-SIC composite by liquid silicon infiltration: a
literature review. Bulletin of Materials Science, 2012, 35(1): 63.

[6] FREUE, HAT, W, 55 2K AT SRR A R
IARBA P %, 2017, 38(5): 344.

[71 WANG W, ZHOU C J, LIU G W, ef al. Molten salt synthesis of
mullite whiskers on the surface of SiC ceramics. Journal of Alloys
and Compounds, 2014, 582(5): 97.

[8] CHI W G, JANG D L, HUANG Z R, et al. Sintering behavior of
porous SiC ceramics. Ceramics International, 2004, 30(6): 869.

[9] NIU Z B, LI Z, XIAO P, et al. Influence of h-BN as additive on
microstructure and oxidation mechanism of C/C-SiC composite.
Journal of the European Ceramic Society, 2019, 39(15): 4635.

[10] LUAN X G, ZOU Y, HAI X H, et al. Degradation mechanisms of a
self-healing SiCy/BN()/[SIC-B4Clm composite at high temperature
under different oxidizing atmospheres. Journal of the European
Ceramic Society, 2018, 38(11): 3807.

[11] HU C L, TANG S F PANG S Y, et a. Long-term oxidation
behaviors of C/SiC composites with a SiIC/UHTC/SIC three-layer

(12

(13]

(14]

(19]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

(24]

(29]

[26]

[27]

(28]

coating in a wide temperature range. Corrosion Science, 2018,
147(1): 2.

Bk, CIC-SIC-ZrC a2 RE S5y i KAk Rewt T,
TRRH: P ERL AR oR R 21 22 A iR 3, 2022,

ZHOU Q, DONG S M, DING Y S, et al. Three-dimensional
carbon fiber-reinforced silicon carbide matrix composites by vapor
silicon infiltration. Ceramics International, 2008, 35(6): 2162.
TANG Z X, YI M Z,ZHOU Y M, et al. Effect of high-temperature
heat treatment on the microstructure and mechanical behavior of
PIP-based C/C-SIC composites with SIC filler. Journal of the
European Ceramic Society, 2021, 41(15): 7613.

KAVITI R V P JEYASIMMAN D, PARANDE G et al.
Investigation on dry diding wear behavior of Mg/BN nanocomposites.
Journal of Magnesium and Alloys, 2018, 6(3): 266.

LI JW, Li Y, Li Z, et al. Flexibly tailored microstructure and
tribological properties of carbon/carbon composites via combination
of h-BN powdered addition and heat-treatment.
International, 2019, 45(16): 20530.

XIAO P, LIU Z Y, LI Z C, et al. Oxidation behavior of
carbon/carbon-boron nitride composites fabricated by additives
and chemica vapor infiltration. Ceramics International, 2018,
45(4): 4337.

XU Y H, I Z X, YANG Z Y, et al. Densfication and
comprehensive properties of h-BN-based refractories with in-situ
formation of Y3AlsOy,. Journal of Alloys and Compounds, 2021,
875(15): 160018.

FAN X M, YIN X W, CHENG Y, et al. Microstructure and
tribological behaviors of C/C-BN composites fabricated by chemical
vapor infiltration. Ceramics International, 2012, 38(8): 6138.
TONG C Q, CHENG L F, YIN X W, et al. Oxidation behavior of
2D C/SiC composite modified by SiB, particles in inter-bundle
pores. Composites Science and Technology, 2007, 68(3): 603.
DUAN X M, YANG Z H, CHEN L, et al. Review on the properties
of hexagonal boron nitride matrix composite ceramics. Journal of
the European Ceramic Society, 2016, 36(15): 3727.

LIUFH, YI M Z, RAN L Q, et al. Effects of h-BN/SiC ratios on
oxidation mechanism and kinetics of C/C-BN-SIC composites.
Journal of the European Ceramic Society, 2022, 42(1): 54.
LIUFH, YI M Z RAN L Q, et al. Effect of silane grafted h-BN
fillers on microstructure and mechanical properties of CVI-based
C/C-BN composites. Materials Characterization, 2021, 171(1): 110765.
NING Y, LIU FH, RAN L P, et al. Effect of preparation method on
the mechanism for oxidation of C/C-BN composites. Ceramics
International, 2022, 48(1): 526.

NIU Z B, XIAO B, LI Z, et al. Effects of h-BN particles on the
structure, oxidation behaviour, and kinetics of C/C composites
fabricated via CVI. Corrosion Science, 2020, 178(1): 109059.

NIU Z B, CHEN F, XIAO P, et al. Effect of h-BN addition on
friction and wear properties of C/C-SiC composites fabricated by
LS. International Journal of Applied Ceramic Technology, 2021,
19(1): 110.

ZHAO R D, PANG S Y, HU C L, et al. Fabrication of C/SIC
composites by siliconizing carbon fiber reinforced nanoporous
carbon matrix preforms and their properties. Journal of the
European Ceramic Society, 2023, 43(2): 274.

LIU Y S, ZHANG L T, CHENG L F, et al. Preparation and
oxidation resistance of 2D C/SiC composites modified by partial
boron carbide self-sealing matrix. Materials Science & Engineering
A, 2008, 498(1): 432.

Ceramics



