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[1,2]

U���2�V7�W%X

Y()*&'������Z[\]^�_+`'�

a���-bDcde'fg$hi$ C/C *j�

��kD)*&'cl> 1650 m6nopGpqd

re'stuvw�x�kD&'cl> 1200 m6

yope'z{w�|�kD&'cl> 600 m6}

3 ~���>()*&'���������+   

�

[3-5]

U>�XD��&'cl�C������_�

�� 2078 909:�� ����	5�����

5,-��������� C/C���� C/C�C/SiC�

SiC/SiC �����uv�*j����Dcuv

�UHTCs�� -�������G��� ¡¢£

¤¥��¦�§¨©� 2000 m�2000 s ªi«¬&

'hi$�h����

[6-10]

6 

st�D®����¯T����°±?²�

³´µ¶·��������¸r¹º�»R���

¼·st$�½Dc�����w�����@p�

5¾�	
�3STª¿GÀÁ6Â<��Ã¿>ÄÅ

������?ÆÇÈ 3G~Éz{w�|�uvw�

x�Dfgl������C/C�C/SiC�SiC/SiC�UHTCs

��6aK�z{w�|gl> 0.1~0.2 g/cm

3

�&'c

lÊ 600 m�ËDcl&'ÌÍÎÏ��{"

[11]

Uu

vw�xgl> 0.2~0.4 g/cm

3

��Ð&'clÑÒÓ

> 1200 m�ËDcl&'�uvw�x��ÔÕÖ

×¨©

[3,12]

UC/C�C/SiC�SiC/SiC�UHTCs�Dfg

l��»��i$«¬Ø&'cl¿D� >1200 

m��¼glÙGÎ 1.6 g/cm

3

�Ú=QRs�$Æ   

T

[5-10]

�Û���ÜÝ¿D�_+&'J+KSÆÞ

ß¶¤w�ÆT6àáâã�^ª�����Ú=

ä�QR½Dc�s�$��w�ST�5¾st

$�½Dc�����w�#!" ,$��®Õ

å()*&'�æçè�	
Gpq���-b�

3éêëì�íî��; 6  

� 2010 9 4 ï���=ðµ X-37B >:¢��

æçèñò-b�	�#%�	��6X-37B ó�G

�ôõ���2��,-� ö@A=÷��	
ø

ù�2ú<û�Dc¤üe'�5¾ý$�,���

�hi$*j���TUFROC��þ���ý$¢p�

½Dc���ROCCI����ÜÝ�w����BRI-20�

�������(=õÌ~2000 K Dcªi«¬�)
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*&'ST�	,glÓ> 0.4 g/cm

3 [13,14]

6X-37B�

#%�	���!
��ðµ���ÃK�·5¾

½Dcst$�����¸r¹º)G¨©��Dc

���Dw��st(��#!"Î ,�

TUFROC���:¢�Õå()*&'�	
���

-b�k5��@�6µ¶·½Dcst$����

�����Ã@p��¿��Hong�

[15-17]

�����

�´�ý ZrB

2

�{���*j���ahi$�I

����3��glhi$���· 1500~1600 m«

¬Ø¢^Y���hi${"

[15-17]

UNiu �

[18,19]

��

� SiOC�{���*j����Juv�,�{��

�� !{"� 1000 mhi${"º"�G#X

$ULi�

[20]

��� SiC��%�{�gl���*j

����JÏü&» SiC ��%�{����h'(

{"�h)*{"º"+,X$

[20]

6-.�/0ËD

C�cl&'��gl�1 ���*j���Ã2

ª��6 

§�Ã/0Õå5¾�	
��ST�M��½

Dc�glhi$���*j��34�35�67

�Ã6�Ã ¡¢£��3�½Dc�glhi$�

��*j��· 1700~1750 mDcªi«¬»�i

$����¢p8�fg9:;i$<�=>��?

ª���hi${"6 

1  �  � 

>�QR¢pDc���¶¤Dw��3ST�

�J�¥� ö�¥d]^.ä!"@A�BCDl

JE]^�w� ,$��§ÏF34�½Dc�g

lhi$���*j���?,GH 1 âI6aK�

�,��>�gl�1 ���*j���CBCF��

e'1J�����JKL�¾_M35.�

[21]

�Ï

Ngl 0.18 g/cm

3

�OPÝ 90%6GH 1aâI�CBCF

® ~�QR��ST8��U�VW ö����

�;���1 A>��)Æ��¤¥�Ì J+K

�X?Æ�õY�Z �'6-.�Ì3ÎªÍ��

�»l���,q[��Zb CBCF  !{"\��

·hi$�I35J+K]Y^�Î�,�l\�.

Üf�¥I^M_^`6>��1�� !{"�.

ëì} ��Ú²�e'$!Habc(CVI)_M@d

·�����1 A¢p35Ùef��gq�I

�PyC��GH 1b âI6PyC �34�]^(=&�

1 A����ª2 j8� ,��.�"Ëh�

õY�Z �'6e'�cHagq_M35 PyCÇ

iI�<j,>kl�gqcl 1000 m6>�Þm

.ä PyCInl0��{"�opqr�34� 20�

60� 210 h 3s.ägq��6·�ý$ PyC-CBCF

35��·�t¢p34�uIhi$�I ö�Ç

[¢pfghi$I�%¢pDlJEhi$I�G

H 1câI6uIhi$�IÙe' Hf v�1~3 µm, w

l 99.5%��Si v�1~2 µm, wl 99.9%�� B v�1~2 

µm, wl 99.5%�xy z{|�e'ª2}~��

8�<j,}���J�p������$�DcÏ

ü�`� 35.�6�3�üpq�%���<j

,}�t�(=]^���l�JEInl���6

�����·�)��0t��	���$�cl

200 m��� 1~2 h6-�·Dc_ë�K0�t�	

_ë�DcÏü�`�cl 1550~1600 m���  

0.5~1 h6 

e'���"��20�� !{"�	¥��

��ÇÈnl@��$�l�nl@�)*�l6a

K�nl@�h��l��@d�y GB/T1452-2005

��
���t��> 16 mm×16 mm×20 mmUnl

@�)*�l��@d�y Q/Dq360.3- 2000 ��


���t��> 20 mm×20 mm×20 mm6

 

 

 

 

 

 

 

 

 

 

· 1  PQRDEFklNGHI01&'�¸¹º· 

Fig.1  Schematic diagram of anti-oxidation low density carbon bonded carbon fiber composite: (a) CBCF, (b) PyC-CBCF, and         

(c) oxidation coated PyC-CBCF
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+ Spot A 

e'Dc���0��Dchi${"�	��

�¥��>����ºt�·3zcl�hi${"�

�ó$c��cJ+K�i$op�·i${"��

K0$c��cJ+���¶¤�	 {H¡=��

êcl¢"3zÞ£cl���¶¤�FUH��

.¥ {H¡«¬R¦�UH«¬���cl>

1700~1750 m�i$��> 300~600 s6��<��0

�t�	�§��	�)\¨©�b4i$ª)Ý6 

2  ����� 

2.1   ��������	
��� 

H 2>¥«gq 20�60� 210 h� CBCF��¶¤

¬¾���®8¯6(=°Y.ä�� CVI±²��

���¢pÙ8�ÙeÇi� PyCI�Û��gq��

�³»�PyC Inl´µ�G�¶Ùnl¥«> 280�

400� 1000 nm6PyCÇiI�35J+�®�,�gJ

+���gq���³»�CBCF ��gl¥«�ÏN

0.18 g/cm

3

�·� 0.20�0.25� 0.35 g/cm

3

6 

-b�Ã�.ägq��0�� !{"�op

qr� ¡GH 3âI6�H 3a(=°YÏN���

l¿��nl@�h��l�h)*�lÓ> 0.16�

0.22 MPa6�J.ä��gq±²����nl@�

h��l�h)*�lÙ¸^��á$¹º6Âgq

20 h����glXD� 0.20 g/cm

3

�h��l�h

)*�l¢ 0.22 MPa� 0.66 MPa��#¥«> 38%

� 200%UÂgq 60 h����glXD� 0.25 g/cm

3

�

h��l�h)*�l¥«XD� 0.35� 0.90 MPa�

�#¢ 119%� 309%U��gq��� �³»&�

�gl¢ 0.35 g/cm

3

��h��l�h)*�l¢ 0.60 

MPa � 0.97 MPa��#¥«¢ 275%� 341%6�H

3b (=°Y�»¼��½$qr�h��l½$¹

º�§~¾���gq��� 20³»� 60�210 h�

��glXD� 0.20�0.25 � 0.35 g/cm

3

�����

»¼�¥«X$� 21.0�42.9� 62.8 MPa��#¥«

¢ 36%�179%� 343%6 

0Î CBCFå¿�ÏN���QR�����;

���1 A����1 A®���ÀÁA�·õ

YÌ J+KWO8�_Â\�&©Ã

[22,23]

6�J

CVI _M±²��·����1 A¢p8�Ùe

PyC ÇiI� @p0�1 A�	¢p�$�&�

1 A����fT8�ª2	,�Ëh�XõYZ

 �'UÄ @p CVI&º�,glG#�·�gq

210 h�glkDX$Å 1Æ��"Ç�"¿h��ý

$¡6}È�Zb�fg¾ C/C�C/SiC�*j��

PyC ÉpI�'ª£+À�6ÊË�CVI _M��0

CBCF ��ª¿>²Ì��ý$�{¡�Û�Jj

²34gq_M�Í(=]^��gl� !{"�

ª�Î��36 
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�ÎDchi${"ST�34\35�uIh 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

· 2  ��uv�¿wcGHIÀÁ SEMÂ( EDS/Ã�Ä 

Fig.2  SEM images (a~c) and EDS analysis (d) of carbon fibers after CVI for different time: (a) 20 h, (b) 60 h, (c) 210 h, and (d) EDS 
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· 3  ��uv�¿w CBCFf�Y/bÆÇ 

Fig.3  Effect of different CVI time on mechanical properties of CBCF: (a) tensile strength and compressive strength; (b) tensile modulus 
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;�Ép j¿h�ÒªY^£+�¥I�M_^`6

GH 4a�4b âI�¢phi$�Ia0fg�nl

300~400 µm�?ÆÇ[ÓÔ�ÕÖa�H 4b�4d��

×ÔÕØa�H 4b�4e���6aK�ÕÖa·Dc

ªi«¬Ki$8�½c�ÙD���/iÚÛ-Í�

i$Ö��.0 CBCF �Dchi$=��'UÕØ

a·Dcªi«¬Ki$8�½KDc��iÚÛ-

Í�DÜÝ-Í�i$ØUä�i$ØDcØ?ªÞ

h�ßà@{�"Ç0¢pO�_Â�"áâ�ã

j�.�"äähi$�'UGH 4a�4câI�%¢

I>DlJE öhi$I�nl 2~3 mm�?Æ�Ö�

Ø���uvåaÇæ����G�OP���Û�

á�ØOP[�´µ�G�a�uv[�´µçè6

}sDlJE ö @p?Æ�éëÊ�¥.ä� 

öÀ�Üf�å²ê��$!aë{�'�Ä @p

"Ç�Juva�Oi$�" z+l�i$=��

'6H 5 >�gl���§,�hi$�I XRD H

ì6(=°Y��Juvv,DcÏü�`��¢p

8��ÕÖaÇÈ HfB

2

�Hf

2

Si ��8��ÕØaÇ

È SiC��`íî Si6 

ï'Dc���0e'áã@d�3�º�½D

c�glhi$���*j��· 1700~1750 mD

cªið�Ø�hi${"�	¥����6G¢ 1

âI�>?,���Í��� ¡6 

�J 1700 m/600 si$����¼¾t�ñª�

·��)Ý> 1.1ò10

-5 

g·(cm

2

·s)

-1

�����t	,

÷®=�¿h�Ñóô±Òª_Â�õö�M_^`�

¢^Y���hi${"6H 6 >�t¢p®8¯

� EDS "ì¥�6(=°Y����t¢p�÷Ôi

$Öøù�H 6b�6d�úûÎfg9:;i$Ø�H

6b�6e���6i$ÖüA¿D�~2756 m��ä�?

ª¿����iÚÛ-Í�"Ç·Dc��Dc«¬Ø

=����hý�{"� ö0	{U·Þ£clð�

Ø�i$8��i$Ø>?ª¿hßà@{�9:;i

$þå�"Ç0¢p�_Â�O��"ãj�áâ�

ä�i$Ø�iÚÛ-Í¿���®{¿²Ì�iÚÛ
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pG�Ùe¥Í�i$Ø����¥�®�Îi$J
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ª�)��)Ý> 1.5ò10
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g·(cm

2

·s)
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��t	,÷®
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a@�aÅ�¼¢p£+��6� �¥�(=�^

�� ö>i$Öøù��úûÎi$Ø;K60i

$Ö��dr� ��G�(=��®m~¾Î��

��� ö�GH 7b�7câI6}?Æ®· 1750 m

Dci$J+K��t¢p8�G��i$Ö�i$Ø�

Ûi$Ø·Þ£clØ>ü�;�üAÊ 1723 m��Û

�gl���¶¤OP¿#�·»�DcJ+K 
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· 4  DEFGHI01&'klN��ÀÁ�¸ 

Fig.4  SEM morphologies of as-prepared anti-oxidation coating on CBCF: (a) low magnification; (b, c) high magnification of the marked  

areas in Fig.4a; (d, e) EDS spectra corresponding to spot 1 and spot 2 in Fig.4b 

 

 

 

 

 

 

 

 

 

 

 

 

· 5  DEFGHI01&'mÈ(�C¬klN�� XRD 

·Ã 

Fig.5  XRD pattern of the CBCF matrix and prepared coating 

 

� 1  �������	
����� 

Table 1  Oxidation resistance of as-prepared CBCF 
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Temperature/ 

£ 

Time/s 

Mass ablation rate/�

10

-5

g·(cm

2

·s)

-1

 

1 1700 600 1.1 

2 1750 300 1.5 
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· 6  1700 £lN 600 s�C¬ÀÁÂ( EDS/Ã 

Fig.6  Surface SEM images (a~c) and EDS spectra corresponding to spot 1 and spot 2 (d, e) after oxidation at 1700 £ for 600 s 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

· 7  1750 £lN 300 s�C¬ÀÁÂ( EDS/Ã�Ä 

Fig.7  Surface SEM images (a~d) and EDS spectra of corresponding to spot 1 and spot 2 (e, f) after oxidation at 1750 £ for 300 s 
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· 8  1700 £lN 600 s�É¬ÀÁÂ 

Fig.8  Cross-section SEM images after oxidation at 1700 £ for 600 s: (a) low magnification; (b) dense layer of about 50 µm; (c) SiO

2

 

embedded with HfO

2

 layer; (d) interface between the inner oxidation layer and the CBCF matrix 
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Abstract: Low density carbon bonded carbon fiber (CBCF) composites are thought to be attractive candidates for thermal insulation 

applications in aerospace due to their unique properties such as low density, high temperature stability and low thermal conductivity. In the 

present work, an anti-oxidation low density carbon bonded carbon fiber composite was designed and fabricated for high temperature 

application. Firstly, PyC coating was deposited uniformly on the surface of carbon fibers to improve the mechanical properties of CBCF 

through CVI process. After deposited for 210 h, the tensile strength and pressure strength in thickness are increased by 275% and 341%, 

respectively. Then, a dual-layer coating was designed and prepared to improve the oxidation resistance of CBCF. High temperature 

oxidation properties at different temperatures were tested by a high temperature muffle furnace in air. The results show that the 

as-prepared oxidation coating can protect composites effectively under high temperature oxidation conditions. After oxidation at 

1700~1750 ºC for 300~360 s, the mass ablation rates are about 1.1×10

-5 

~1.5×10

-5 

g/(cm

2

·s). The formation of a dense glass layer of SiO

2

 

or SiO

2

 embedded with HfO

2

 is responsible for the good ablation resistant. 

Key words: low density carbon bonded carbon fiber composites; high temperature anti-oxidation coating; oxidation property 
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