
Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

{ 22 1 { 1 � 7 l 2 a p � Vol. 22, No. 1

2007 � 1 1 Journal of Inorganic Materials Jan., 2007BR}: 1000-324X(2007)01-0113-065��T=�����%�),�1H-�<7J gql�kin�o f�hjr�msp
(`Y[bZa℄a_^\ead�`X 710072)Q N� 6� IOSIPESCU U�(g	�:nE,r�M�:QUZlM�v(^A,lM� / �aC (C/SiC)&U2a9�Æ�(5O{�ArTpk�Q{FIJ�2a. �Hr�Nk�T - �"h)Q8&"ftk�2ae�r{FlV)h�&d46d��� ?QE,
d��Z��d4d2a�T - �"tTph)re��S�t�h$Wm�W{FTp!;����P^�hr{F}a�(�{F}aIJ h^�j�� � ���Wh&U2a�A,lM�{F}a��h��"V?�"�TQ 174 BD�8'�A

Mechanical Properties and Damage Process of a Three-dimensional Woven

Ceramic Composite under In-plane Shear Loading

CHANG Yan-Jun, JIAO Gui-Qiong, WANG Bo, GUAN Guo-Yang, LU Zhi-Xian

(School of Mechanics and Civil Construction, Northwestern Polytechnical University, Xi’ an 710072, China)

Abstract: The mechanical behavior and damage process of a three-dimensional woven carbon/silicon

carbide (C/SiC) composite under in-plane shear loading were investigated with IOSIPESCU specimens in

relation with the failure mechanisms and the fiber architecture. The C/SiC composite exhibited several

interesting features including an essentially non-linear stress-strain behavior and permanent deformations.

The results show that the major damage mechanisms are matrix microcracks cracking, interface debonding

and fiber breaking. The delamination cracks affect mainly the stress-strain behavior and the mechanical

properties. A damage model is proposed based upon continuum damage mechanics to describe the damage

evolution.
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� 1 +\Æ}A,lM C/SiC &U2ar�oe%h.

Fig. 1 Volume representative unit cell for a 3D angle-interlock woven C/SiC composite�15� IOSIPESCU �'f��1`q��'j��g℄f�u'PzE :��
℄Y\��'zEHIP�kL�'N-�Q℄1`q�'zE�b�$F℄1`q�'�S�!/M�(��-�Q%2�Sl��q2V�jzELs`�℄gQ�
2 �29M5��+kLq���U�D+,U��~�D+(;� Toray 8pR>q T-300 6K q�D+�5�`o"PP� (CVI) 7��g%T1`qU��1`YD+q�n m0( 40%, =��n m0( 30%. 5,1`�L�98#VP.Vq,���%T1` &{#VP.V'/�on LT�P TL � IOSIPESCU T�'f�28��8|\f��Y92Y��g~℄4f��� 1 (1`q�nd$g-��nd$g-�E#VHq�1b��.VHq�1b��O�1`.Vq��Ej<
on1`4b�q�ng-� TL ��'qz�1s	 T $_�'�SO# T V�v
LZ �Æz�1s	 L $_~4�V( L V�<�
1 ~_��L LT ��'$_�'�SO# L V�v ZT ��~4�V( T V�

� 2 ��Fr}#0U�(g�kT
Fig. 2 Anti-symmetrical four-point flexural shear

apparatus�H8f�5�R>��!�;Z5�R

q�'�!�f�5���Eq|"/T�'f�jS�<� 2 ~_�f�8 INSTRON-8871 �ts$f�kH$G�4N?U~4�~4v�(
0.02kN/s, ℄4v�( 0.05kN/s. (℄u'yo�Sq!`1`qzEHI� &� LT �P TL �f��g~℄4f��|<~0 8MPa�g�Z℄4�'^^~4�O� DH-3817�%��!;f=�5q�!P4N�'5,�'|-PW~4NxwO1`5�Rq�S�on1` LT �P TL�q�'~℄4�S�!/M�on1` LT �P
TL �q�'�S�!/M�
3 ���>&
3.1 �0P#P~3E� 3 � 4  &4O℄1` LT �P TL ��'f�q�b�'�S - �!/M�[�Y<
7O�

� 3 LT ��(�T�"?>
Fig. 3 Shear stress-strain curve of LT-plane1`q�'~℄4�uMPgV�'�S�!/M�-��Gq�Mjg(�1`q℄4/MqV���Æ~4/Mg�(OM�8�"℄4|�SY4OJ�Mj�i� LT��'%��2P(

72MPa, 	�!( 1.25~℄4�'%��2P(
85MPa,	�!0( 1.2%, LT ��'f��8~℄4[%��,℄" 20%. TL ��'%��2P( 82MPa, 	�!( 1.4%, ~℄4�'%��
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1 � Ay3�t�A,lM�Wh&U2ar�Æ�(k�t{Fv( 1152P( 86MPa, 	�!0( 1.2%, TL ��'f��8~℄4[%�z��G!`� LT ��'�S�!/M8�!0 >0.35% YOJGgq�MjÆ LT ��'�S�!/M08�! >0.5%YOJGgq�Mj�� 3 Y#O℄ LT �y[�Z~℄4qjj�!P�jj�!
s~℄4m&� TL ��'f�HIsjj�!P�jj�!���P��f� :�J��+kL�Vg%T1` LT �P TL ��'q�S�!/Myo�S�"��Sg�(o�OM�

� 4 TL ��(�T�"?>
Fig. 4 Shear stress-strain curve of TL-plane

3.2 ;6Æ.��U8 LT��'f�q5��'H��#�L�9q�R�21��q8�'�S',P��'R�K#VD+lq��P���Y�K#VP.VD+lq��-�6%q8�'�S��Y5,y>V�Ls� LT ��'f�q	��)88�'�Sy>q���vRK�#VD+lq���f�	�Rd�(#VD+l�R�KZ.VD+l�8R�K#VD+lqY��1`eG℄��℄9q	��<� 5, Æ8	�("q.VD+l/SeG!	��<� 5(a), �Y LT��'d��#VD+l?U�zEkU(hCg�Yq%3F��y[38D+ / g���R�R�i�>R��3���3��-F��V��1`T3L4�S�R��
TL ��'f�qY��8Yl#VD+lV�q./�'j��=�D�(81`q�L�9Y�PjqYlD+lRb�jq8w1KCq.*V��P�q�n'1`H1Y���nP���X�8�'�S�y>� TL ��'q	�ey<� 6, 	�R8Pj#VD+lJ��f�	�(Y1��l	����,�(

� 5 LT ��(
�H&C�
Fig. 5 Microstructure of LT-plane shear at cross-section

(a) Location of fracture; (b) For fracture surface

� 6 TL ��(
�H&C�
Fig. 6 Microstructure of TL-plane shear at cross-section

(a) Location of fracture; (b) For fracture surface
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116 7 l 2 a p � 22 1�l#VD+lqC��	�R#VD+�($H�.VD+la. �H!�	���X. .VD+l(De�	� :$�� TL ��'f�hC8Pjq#VD+l$�g�'D+lJ�>R��3�3��-F��#VD+lT3L4�S��o4N4.��n m�Kq.VD+lILf�y[.VD+l��	�f��R��
3.3 �$;6L�*G8��'~℄4f�Y�℄4Y�#in���0P�>g�Aqw?G_O�Gq�Mj�xwOq℄4�Z,<n6�Æ^^~4g�(OM�xwq~4�Z�(n6�5�OM�Tg��<��f�^^~4qH1E\HI��Y��1
1`�'~℄4f�Yq^^~4�Z Erelq!`�zE D, $_(�

D = 1 −
Erel

E0
(1)^Y E0 1`N℄Mjj��qjj�Z��N�'�!�jj�!P�jj�!Y. xG�;��

γe = γ − γine (2)^Y γe (jj�!� γine (�jj�!�#1`zE�'�S�!>=(�
τ = E0(1 − D)γ − E0(1 − D)γine (3)8��q :Y�5��!z(!Z :1`q�'zEHI
s�S�!>=�

3.3.1 LT(�0;6*G�N LT ��'f�Y�1`^^~4�Z Erel'�!J�vv*�pw (Boltzmann) �I�;<
�
�LmI$_�
Erel = A2 +

A1 − A2

1 + e
γ−γ1

d

(4)^Y A1, A2, γ1 P d (1`�m�5,f��G<
7O84NXwY�^^~4�Zg�,!��Y<
�N�
E0 = A1 (5)

γ1 qwS�(*�pwLm#Pq�2P��qq!ZP� γ1 q9L�(1`qzE|`v�8�!( γ1 R(paP�l�!a# γ1 Y�1`f`v��d�
�'�!(q!Zq~4�Zq/p(�
kErel

=
| E′′

rel |

[1 + (E′

rel)
2]3/2

(6)l k′

Erel
=0, ;<,O1`qY1�F�!P γc1,

γc2. γc1, γc2  &/# γ1 qY:�*vv
�>

=�
γc1 + γc2

2
= γ1 (7)l 0≤ γ ≤ γ1 Y� E′′

rel ≤0, ;�
3E′

relE
′′2
rel − (1 + E′2

rel)E
′′′

rel = 0 (8)<,O
γc1 = γc1(A1, A2, d, γ1) = 2097.1053× 10−6

≈ 2097 × 10−6 (9)7��F�!>=^ (7) <o γ > γ1 Yqg��!P�
γc2 = 3568.5× 10−6 ≈ 0.36% (10)

γc1 P γc2 qwS�(*�pwLm/pqY1pP|��qq!ZP� γ1 q9L�(1`qzE|`v�8�!( γc1 P γc2 R�R�a!`��N8z�g��!P γc2 q#[��jj�'�!-�,�qzE|`e^�<
�
�/M�II�T� &$_(�
γine = A + B1γ + B2γ

2 (0 ≤ γ ≤ γc2)

γine = A3e
A4

γ−γc2
γc2 (γ > γc2) (11)�����

γine |γ=γc2
= γine |γ=γc2

,
rγine

dγ
|γ=γc2

=
dγine

dγ
|γ=γ+

c2

(12)<o�
A3 = A + B1γc2 + B2γ

2
c2, A4 =

B1γc2 + 2B2γ
2
c2

A + B1γc2 + B2γ2
c2

(13)�^ (4), (5) d=^ (1) <o�1` LT ��'qzE|`�I(�
D = 1 −

A2

E0
−

1 − A2/E0

1 + e
γ−γ1

d

(14)�^ (5), (11) P (14) d=^ (3), ;1` LT ��'q�S - �!>=<
$_(�
τ =

(

A2 +
E0 − A2

1 + e
γ−γ1

d

)

(γ − A − B1γ − B2γ
2)

(0 ≤ γ ≤ γc2)

τ =

(

A2 +
E0 − A2

1 + e
γ−γ1

d

)(

γ − A3e
A4

γ−γc2
γc2

)

(γ > γc2) (15)�\�m,q�2Pon� A1 = E0=22.38039,

A2=17.71602, γ1 = 2832.789× 10−6, d=558.629, A =

−13.7747 × 10−6, B1=0.12318, B2 = 21.0545 × 10−6,

A3 + A + B1γc2 + B2γ
2
c2, A4 =

B1γc2+2B2γ2
c2

A+B1γc2+B2γ2
c2

.
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� 7 LT ��(__�5�[Q�kk�"(�"r"a?>
Fig. 7 Relation between reloading modulus,

inelastic strain and strain in LT-plane

� 8 LT ��({FQ�T(�"r"a?>
Fig. 8 Relation between damage, stress and

strain of LT-plane shear

LT ��'~4�ZP�jj�!y�!q!`/M<� 7~_� LT��'f�8~4N℄�� (γ < γc1) ^^~4jj�Zz��Gq��yo4Nq<a^^~4jj�Zu0�X�l1`�'�!DHz�g� γc2 �!Y�1`q^^~4jj�Zw℄,7!`�l�'�!X#z�g��!Y��jj�!H�Z<CÆ�'�!a#z�g��!Y��jj�!<C�G~B�� 8 4O℄1` LT ��'qzE|`/MP�S�!/M�[�Y<
7O�1` LT ��'8~4N℄�zE<C�x!B�g"�Y�1`qzE,7<~�zEP0( 0.21. �zE�bxwOq�S�!/M'1`f��G����%�q,#f�%�P�'%���q��!,;P0( 7000×10−6, /M-b'f��G��6T�
3.3.2 TL(�0;6*G' LT ��'f�qzEkU,�� TL ��'f�d�zEHI(#VD+l$�g�q���>��Y�}qzE|`�I�e-�,�qe^��H :�J TL ��'f�q^^~4�Z��jj�!'�SJ�qLm>=�zE|

`�I�
s1` TL ��'q�S�!>=��N TL��'f�Y�1`^^~4�Z Erely�!q!`��Z>=|`�;<
$_(
�e^�
Erel = A0 + A1γ + A2γ

2 + A3γ
3 (16)^Y A0, A1, A2 P A3 (1`�m�l^ (16) Y γ = 0 Y�� Erel = A0. DY1`z�!e��Y<
�N1`qN℄jj�Z E0vv

E0 = A0 (17)�N TL ��'f�' LT ��'f�q�jj�!y�!q!`>=P��; TL ��'f��jj�!yu�!q|`e^(�
γine = B0 + B1γ + B2γ

2 (18)�^ (16) ,��mm�'l
E′′

rel=0 (19)<o�
γ1 = A2

A3
(20)

γ1 qmo�(�ZLmq=|��qq!ZP� γ1 q9L�(1`qzE|`v�8�!( γ1 ROJi!��zE|`v��x5℄!B��^ (16), (17) d=^ (1) <o�1` TL ��'qzE|`�I(�
D = − 1

E0
(A1γ + A2γ

2 + A3γ) (21)�^ (17), (18) P (21) d=^ (4), ;1` TL ��'q�S - �!>=<
$_(�
τ = (A0 + A1γ + A2γ

2 + A3γ)(γ − B0 − B1γ − B2γ
2)(22)�\�m,q�2Pon�

A0 = E0=23.62798, A1 = −2980 × 10−6, A2 =

0.548635×−6, A3 = −4.21746×10−11. B0 = 9.84511×

10−6, B1=0.1701, B2 = 11.3531× 10−6.�Y<ong��! γ1 = −A2

A3
= 4636.21864×

10−6 ≈0.46%

TL ��'f�q~4�ZP�jj�!y�!q!`/M<� 9 ~_��Yq=a�DP\a�D &(�jj�!P~4�Zq\�P�|MP\M &(f��Gq�T/M�<
7O�yo�'�!q<~��'q^^~4�Z!`v�C�X[<a�81`g"�Y��Z0� 40%, �jj�!0( 0.2%. �jj�!'�'u�!J�(�ZLm>=�
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� 9 TL ��(__�5�[Q�kk�"(�"r"a?>
Fig. 9 Relation between reloading modulus,

inelastic strain and strain in TL-plane

� 10 TL ��({FQ�T(�"r"a?>
Fig. 10 Relation between damage, stress and

strain of TL-plane shear� 104O℄1` TL ��'qzE|`/MP�S�!/M�<
7Oyo�!q<C� TL ��'qzE�Mj<C�8~4N℄���1`+5℄>RzE'svJn�yo�!q<~zE<Cv�C!d[~B�8�!<~n 0.75%Y�zEP_n 0.4, 1`�R���1,;q TL ��'�S�!/M'f��G!`-bP��+�P%�qa#f��G�D'1`f��Gq Cj�>�
4 �&�H��+kL�Vg%T1` LT�P TL���'qf� :�$� LT ��'f�YD+

ld�Li�V(D+l�Vq��'���qd�zEkU(g�35����>P#VD+	ÆTL ��'f�YD+ld�Li'D+l�V�gq��'���qd�zEkU(���>���3F��g�5�y[.VD+l	Æ5��!z(!Z$FP :℄1`q��'zEHI� &�Q℄1` LT �P TL ��'qzE�b�4O℄1`qzE|`�IP�S�!>=��H :�J��# LT�P TL��'qd�zEkU,���}qzE|`�I�-�,�qe^�1`�YqzEP�,�� &( 0.21 P 0.4. 1`^8�1�!g�P�l�'�!a#�!g�PY�1`zE<Cv��G~B� LT ���'�!g�P( 0.36%, ��q�S(f���'%�q 60%∼80%; TL ��'g��!P( 0.46%, ��q�S(f���'%�q 65%∼75%. �#D+<%�Vg%T1`8�'4Nz��z��Gq1$pK��Yg#�1qzE�b,;Oqg��!P�1`q�9NxP7I��-�^�Qm���!AC
[1] Zhang Litong, Cheng Laifei, et al. Aeronautical Manufac-

turing Technology, 2003, 1: 24–32.

[2] Ganesh V K, Naik N K. Composite Structures, 1995, 30:

179–192.

[3] Nguyen M, Herszberg I, Paton R. Compos Structures, 1999,

47: 767–779.

[4] Khashaba U A. Composite Structures, 2004, 65: 167–177.

[5] Sun Huiyu, Pan Ning. Composite Structures, 2005, 67:

317–322.

[6] Pan Wenge, Jiao Guiqiong, et al. Journal of Inorganic Ma-

terials, 2004, 19(4): 871–875.

[7] Guan Guoyang, Jiao Guiqiong, et al. Mechanical Science

and Technology, 2005, 5: 515–517.

[8] He Pengfei, Wu Renjie, et al. Journal of Shanghai Jiaotong

University, 1994, 3: 17–22.

[9] Xia Z, Curtin W A. Acta mater., 2000, 48: 4879–4892.

[10] Siron O, Pailhes J, Lamon J. Composites Science and Tech-

nology, 1999, 59: 1–12.

[11] Siron O, Lamom J. Acta mater., 1998, 18: 6631–6643.


