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C/SiC 6?%S2k�x℄rL`<)/e�X[zM& *� #"�)$%�'(!
(������
����Æ�	������������ 710072)� }� (� C/SiC �L4Ij�19alnX!{�	��j+;Qu�r>G ICVI �J� C �hV�U�1$Xj�M�-|f�H C/SiC �L4I ICVI ~^X�Jj>!f��<H"f�� ICVI ��� C/SiC �L4I��G>whEH�w�fq�>Q(.�>H�Q�[j9S*�Djsnu<yÆ�'�pJr>jf�&9OFpa; C/SiC �L4Ij ICVI ~^X�J�<H"f�hEQ C/SiC �L4I-|Uj�0�19a�U-|Ub	��J�j,X9S�� ICVI +;jJX�M5yjye>��9 F ,�C/SiC �L4IÆlnX!{�	�Æ>wfqÆ�M�-|f��j5P=�TB323 mp#bV�A

1 ~{
C �if SiC  M6K (C/SiC  M6K) /�Nk$o�o_��$�g�$�~�!0YJ!�'n SiC 6KkKB�p�	�)�HPX6K\�`J'#�=k�e�v�E,EXJ=�MUN��`kEI4?�9g0�'=k$��5 [1,2]. RyL�����noY#|�
�� (ICVI �) 1j}�� C/SiC  M6Kig)I+8��4Yk�� [3,4]. 
	 ICVI �ZA7Izok-=o�J$A��_YD�o�+�'-=8?��_YAKkF
2�A _�m�}*i�ZA)/��7KY ICVI -=�A3n
8N)/'�k℄T��s�M9k?#g�+=I?xjFg:� ICVI AK��?xgr�/NÆP�Y9� ICVI -=AKJ_9�	�':I�-=8?KYk	x�C	� ICVI -=AKk'��N#��1kzf?A
j}�=b� C � SiC � TiC � Al2O3 ng℄Vk M6Kk CVI AK��H?xgr�=o� C ℄ M6Kk CVI AK��H?xgr
LPPX℄ M6KkW�V�2#� _��K=I?#T)b<��AK�W�Vk�2-%Ro6v1 CVI grknv�v|F
�?xgrk��
'=#lm�`�H`Fk'�J�6�TSH6�g���4b.g� [5,6] �v��i=g� [7,8] �.}g� [9] �H_�x.}g� [10,11] ��v - Zhg� [12] n
�<g����`�?1n�b6N�.}k�_YAK��?xgr�jp(oS�iW�V�.}k�N�R�

	�PC��i#�kW�V7��yw�k�2Ro1�N�&N�k.} [13], ��P 2D x;�iW�V7���N�i=o3k�.} (ef℄ ) J�i=tob�i1x;tok`.} (e#ge�f8_\� 2005–09–02, -v78_\�2005–11–10BKsZ� <k�R�t$"\� (50425208); <k�	$"\� (90405015); Bv"kIW�a��giW (xfB [2005]33)��EJ� l � (1979– ), m�-/&� 	 E-mail: libra−wei@163.com
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1180 s ^ 4 I ! � 21 �℄). C	�s�b<�<�&N�.}kg��N#��)k�1?A
 G.Y.Chung[14] J
V.I.Kulik[15] n�kXq;��7"QgHE&N�k.}�2�1q�kjF�?�Æ)/�z�C	#g�kW:pAJ����Æ/q
�q}�k'�℄T��)� C �iW�V�.}�2k�N�Ro�s�H ICVIAK�W�Vk.}-%g��#g�'Eg��N�.}g��
�qs�H C/SiC  M6K ICVI AKk?#g���M��N�.}g���=IN�=����^I MATLABT)#K�)�H C/SiC  M6K ICVI AKk?xgr

2 fyYu0GQ

ICVI AK���E|V� C �iW�Vo3���FVt�℄%y�i(`D`!G SiC. IrM%kV�C��K(.\6f�%oo%oku�?�I.}Vk%Y�Kb<W�Vo3.}Vk%Y�E&�K M��'ig ICVI AK� C/SiC  M6Kk�_Y:T
�q:�Rl℄; (CH3SiCl3, I�g MTS) g�E|V�: H2 g`|�: Ar gy3|V�!�E!G SiC. MTS ��kY#�E,g
CH3SiCl3(v)

excess H2

−−−−−−→ SiC(s)+3HCl(v) (1)sg%����℄�m�
1. 
�}��iW�Vo3Jb3�N�℄k.}�1�
2. D`AK��VWY#�E>!k�F��iW�Vo3/℄o�S��
3. MTS k���E�g16d�E+�VW>t HCl �Y#�EDVkF
�
4. KN|V�5g9	|V��M9	|V�M�K


2.1 +�Rw4*LP�qK�bk�iW�V2qgX7�2q�s�V�C��K%*I�&
)��F8RzT [16], s�
�EV�C��Kg
∂(εC)

∂t
− Deff

(1

r

∂

∂r

(

r
∂C

∂r

)

+
1

r2

∂2C

∂θ2
+

∂2C

∂2z

)

+
(

νr
∂C

∂r
+ νθ

1

r

∂C

∂θ
+ νz

∂C

∂z

)

= −KCS (2),�� C g MTS kh
u� (mol/m3), ε g.}V� Deff g MTS W�Vo3kN�5�{? (m2/s), νr � νθ � νz �)g+� r 
� θ 
J z 
k MTS k|VPD (m/s), K g
MTS !����Ek�EDVA? (m/s); S gbmV`okN��E`` (m2/m3).ZA ICVI AKk%oPC���P.}�2%Y�V�krMAKP0�[_g [13],C	V�C��K'5grM� ∂(εC)

∂t =0. LP+W�VT��� (r 
) JC��� (z 
)kV��8�=P`�C	+ z 
��k5�ZF':VW�+�"QgV�k�E��g+ θ 
k5�ZFg 0, N 1
r2

∂2C
∂θ2 = ∂2C

∂2z =0. "QgW�V�|Pk���Iz`�W�Vk�^VP���V|P�k~��P':VW�+�LP H2 J Ar ��E|V MTS ky3�IP`�L MTS !�E	Dz|V�kh
u�k%Y2':VW�LyDzk�
�P2':VW [17]. 4, (2) %g
Deff

1

r

∂

∂r

(

r
∂C

∂r

)

= KCS (3)
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5 w k ��l� C/SiC �L4IlnX!{�	��Jj>wfq%� 1181�,g ICVI AK� MTS kV�C��K
, (3) k"�Yqg r = r0 b r = R0 U� C = C0 (4),�� r0 gX7�W�Vko� (m), R0 gX7b� (m).

2.2 OnT1"A4*.}Vk%YVJ MTS k�EDVGp�
dε

dt
= −q

MSiC

ρSiC
KCS (5),�� q g MTS !G SiC kY#�EjF?�MSiC g SiC kh
�F (kg/mol); ρSiC g SiCk_� (kg/m3). �,g ICVI AK� C/SiC  M6K�3.}VH�
�%ok%Y�K
, (5) kP+Yqg  t = 0 %� ε = ε0 (6),�� ε0 g
� SiC ℄V}W�V�NkP+.}V


3 (f0^3�<�K���8? K �go�kC?��M Arrhenius 6{� Deff �4 Fick 5�{?J Knudsen 5�{?�H�
�AK	!%Y
�q���dN��E``k�z
` 1 g C�iW�Vk�N�.}�2.?`
̀ ��i=JbA�i�gH_�1
OUkg�Eg��N�.}g���#g�uW�Vk.}5gE&N�.}k�M
 ICVI AK��Æ6f��UokN��E``g`.k``J�.k``tJ
LP`.k``Y�P�.k``�
�Px��.ok
�/�� ICVI AK
dbA�ioD`k SiC ℄VkT�nP�.}kRo��%��.ok
��=
Y%��7�i=o37
N.}℄�1LP|V5�kZh�~��#.}/ag
�T/N��E``
YU�
��!`.}o�N��E``EnP`.k�E``

Sheldon et al[17] u�i=~`���k�i5gH_�1+=I Avrami g��iS

CVI P+}� (�i=oD`k}�), S H.}Vk%Y:T
S = 2

( ε

ε0

)1 − ε0

rf

[

1 −

( ε0

1 − ε0

)

In
( ε

ε0

)]1/2

(7),�� rf 1�ik�� (m).

Starr et al[12] u�i=ok.}5g�vRZh�GkeY�2��i=o.}k�E``ZA
�eYg�3F
�q=I Sheldon n�TSkg�jF�.k�E``�=I
Starr n�TSk�v - Zhg�jF`.k�E``�+� M6Kb;k.}Vg 4%%�
��=

4 H:>iU�q�k�KZAN�=�� M���jFK�I MATLAB �q#�
jFAK��7�jFi6%* MTS ku��
UjF.}kN^+*��K�kjF8?�|�jF�6%*ku���Yxavg
�AKk�=��UjFS M6Kk.}V
jF
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1182 s ^ 4 I ! � 21 �g��k�68?�( 1 K.

_ 1 N�hV�U�M�-|f�->_
Fig. 1 Sketch diagram of multi-scale porosity

model for carbon fiber preform

(a) Randomly positioned bundles; (b) Randomly po-

sitioned carbon fiber filament in a fiber bundle

$ 1 CgWt.q9'd
Table 1 Parameter values used to

illustrate the model

Parameter Value

R0, External radius/mm 32

r0, Inner radius/mm 26

ε0, Initial porosity/% 55.6

P , Total pressure/Pa 5000

FH2
, Flow rate of H2/mL·min−1 350

FAr, Flow rate of Ar/mL·min−1 350

FMTS, Flow rate of H2/mL·min−1 35

T , Infiltration temperature/◦C 800∼1200

4.1 DhI;` 2 g 1000◦C %.}VH
�%ok%Y`
[`�': S� ICVI AK��+�W�VkT����
�k/�℄�+�℄

�kP+}��W�V�k.}VS�z��H�
�%ok(C�.}VS�WNf`�
�Ux.}VS�℄��L/%
NbZ': S�
�kPx�.}VH
�%o%YkP0�
��Vz$�	
�6z%o:U�
��Vd�wo


_ 2 -|UG	�$nj$X5z_ (1000◦C)

Fig. 2 Relationships of local porosity with infil-

tration time at different position (1000◦C)

_ 3 .[n�~*S����j-|U�0_
(264h)

Fig. 3 Porosity profiles along the thickness direc-

tion at different temperatures for 264h infiltration` 3 1
� 264h U.}Vk�1�2
 1200◦C %
� 264h,  M6K�b;k.}Vwg 4%, jFg����g ICVI AK�=
[` 3 ': S�H�
�o�k"$�.}VS�[7[`�6Kk/�℄�[7[d�
z$ko�� (� 1200◦C), �7 M6Kkb;8Æ_gHL�.}V�yo3k9O.}VZP$�	zoo�� (�
800◦C),  M6Kob3k.}V�=z���_��℄�zG
[` 4 �': S�H�o�kwo�
��℄%o��6K��k�V[7[o
�M` 3 � 4 'r�oo��':igzg�_�9O|.z�k M6K�1KIk
�%ozC�	$o��
��=%oz��6Ko3℄z`k9O.}V� M6K�_�/$
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5 w k ��l� C/SiC �L4IlnX!{�	��Jj>wfq%� 1183

4.2 a||�gH/qg�k�����jH�Ek�z)/
)/KI�ig T300 O�i�Ll�,B�i'��jZ#uG�iO1x;W�V
W�V2qkob�8p( 1, C�g
180mm. D`d��O�`;U� C �iW�Vk.}Vg 55.6%, :Y�g
� SiC ℄VkP+.}V
 ICVI �k-=Yq8p( 1, y���o�g 1000◦C. 
�AK0��BZ�\Z
�%og 120h.

_ 4 .[��n�~-|UG	�$nj$X5z_
Fig. 4 Evolution of global porosity with infiltra-

tion time at different temperatures

_ 5 hE�>Q(.�>�y_ (1000◦C)

Fig. 5 Comparison of calculated value and exper-

imental data at 1000◦C` 5 g.}VkjFxJ)/xk�z�?�y�v=�k��J���)(.��J(;.}VkjF�?
` 5 K.�jFxW�P)/x�EltoI�S�℄k%Y:T��d�qKs�k?#g�PGqb<H C/SiC  M6Kk ICVI AK
[`�': S�#��Yq��} 60h .}V�wDVz0��11Cg ICVI Px�.}k
�h�fqm
YUkAK���i=b3S��%���{�E|V��.o3k5���.ok
�AK�=+��i=o3�G�!k9O|.
YU�`.k
�/�m
ICVI AK�
��V���w�.}Vk%YDV`�wo
m2':PGq�3g&[)/�?�s6Z
�k�V1d�$PU�
�k�V�Cgs6Z
��=%��.}8Æ
�d �U�k��AK|1�`.}���62k
�
ZA:��x'r�=I ICVI ��� C/SiC  M6K%���M"Q
��℄�J
��Vtok6{�*i M6KZ�6z.}V�1J�_�kYq���'pI���%o
[gr�? �zM9k��o�g 900∼1100◦C to�+�':�6/℄k��}� e/℄k
�o�
�
�Px�' e2dzok
�o��KY�.ok
��F�:T$
��℄��
�kUx�' e2dz$k
�o��:T$
��V

5 HU)� C �iW�Vk�2Ro�s�H ICVI AK�W�V.}-%k��N�.}g���+)�Y#�E|A#JV�#k℄�9X�s�HIP C/SiC  M6K ICVI AKk?#g�
)/�?RjF�?I�S�Ck:T�+�Elkv=z��(d�qs
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1184 s ^ 4 I ! � 21 ��k?#g�':PGqb< C/SiC  M6Kk ICVI AK
gr�?{.S C/SiC  M6K ICVI AKkE&}�Px�1g�i=o3�.k
��LPN��E``P`�D`�VP$�Ux�11`.ok
��N��E``���w�
��Vd�wo
jF�?�. �z$o��� C/SiC  M6K��k�℄�z=�zoo��� M6Kk
��Vzo�zM9k��o�g 900∼1100◦C to�'℄%Z�
��℄�J
��VElk1�
&Nlo
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Numerical Simulation of Isothermal Chemical Vapor Infiltration

Process for Fabrication of C/SiC Composites

WEI Xi, CHENG Lai-Fei, ZHANG Li-Tong, XU Yong-Dong

(National Key Laboratory of Thermostructural Composite Materials, Northwestern Polytechnical Univer-

sity, Xi’an 710072, China)

Abstract: The multi-scale porosity model depicting infiltration induced changes of carbon fiber

preform and the mathematical model depicting ICVI process for fabrication of C/SiC composites

were developed. The integrated model was proposed to simulate densification behavior of C/SiC

composites. The correspondences of calculation results and the experimental data indicate that the

model is reasonable and feasible to characterize ICVI process of C/SiC composites. The calculated

results, such as distribution of local porosity, uniformity of densification and evolution of global

porosity during infiltration process, lay foundation of further research and optimization of ICVI

process for fabrication of C/SiC composites.

Key words C/SiC composites; isothermal chemical vapor infiltration; numerical simulation;

multi-scale porosity model


