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Abstract: An all-ceramic hinge based on the two dimensional carbon fiber reinforced silicon carbide

matrix (C/SiC) composites was prepared by chemical vapor infiltration. The high temperature combus-

tion wind tunnel realized simulation of the transmitting and friction behavior of the hinge at 1800◦C in

an oxidizing atmosphere. Based on the coupling stress equivalent simulation system, a characterization

method with the change of torque was proposed to evaluate the friction behavior. The friction and wear

behavior as well as wear mechanism were studied both at high temperatures in combustion environment

and at room temperature in air. The results indicate that the friction torque is stable and insensitive

to the sliding time at high temperatures, which demonstrates stable and reliable friction property and

thermal load-carrying ability of the hinge. The tribochemical reaction products on contact surface may

moderate the stress distribution by providing a reaction layer for wear protection and lubrication.
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502 + q L � q � 23 Lrde�u�YL (∼25�I) P
�h,�ah8rden�-K�-JX0'Urde℄&p�-hE���2*\P6-"LB 1477◦C, ,�"L_� 1800 ◦C; �
�xh��u�YLwlrdeUa℄&u�-hENB [3,4]. ���H-P

;Urdef'-NÆ
u|
Z`-	v�2'_qN�4)Lo
o�HNÆ (CMC)� &'��=_ &℄��y�k4j(�_	��u��mW6�-,�oT [5−7]. CMC � &�=sS�~��_ &u� &-�~3�2_qGu�"L8uM�NB1Z`z�[Bg(V�Bk CMC  &S &uMZ`-P
rd
;l--�'�4S℄��&6 X 6�a�rde-(��s�k?�lNX�)�1<^&��*&�l [7−9]. �' CMC NÆ�m<�Ypk_3 (C/SiC) �HNÆ,5J/)�-D=bsg��?�"'Ag��"U�_g[�d
0j+� [10−13]. .Tk6
S\
�X'5�gX6�- C/SiC �HNÆ�J=bgL-}A [14], �	=bU�Y[Ez�9-�Jd� [15]. �[+5P

;9�0��qN&�20��J:�- C/SiC �HNÆ�J=b(v�*a=��E�"6-�"��NB�4�Y�J=bd�-}ABk��Æ�'�(!0};�"�h~H H�x
;-1VE�8Q0D
 C/SiC �HNÆ��8Q�S
1800◦C �"�h
;�-�E��qN�y�E�Jd��S4H�x1V8Q6�-o~��}A�JxF-2_8�E;n�JgL-+6�};U,x2B"y�"�h
;9-�JgL8=ba"�WZNB�"Ly�_huU�E8�Jd�- L1��:p�a�J=bsp�
2 �5
2.1 9:q}�<&�L C/SiC Xf��LD5P'_shJ"� (CVI) -ld}%
J/B�a�8u�-^� C/SiC �HNÆE��Jx-}%;n8RW$E [16] �f.I-S�FÆJ��,S�-��6-};2�!,� &YH2L8[E�J-	v�0�fP'-�E�
>
φ20mm, .P� 4mm; �E�-
L� 120mm, a��=
�M'kA��y8{�esYYH-u��8u�J
I> φ20mm, 
> φ30mm, .P
5mm.

2.2 C/SiC Xf��q}�6�[!��jvGLFO=�<B�};"d}}-4H�x1V8Q6�}A
C/SiC �HNÆS�NB�4�Y�Ez�9-�J=bd��
 1 �|
 C/SiC �HNÆS4H�x
;�-VE<p
��
f9�h�6�-�J8�JE�-VEPP'~o
 C/SiC �HNÆ��J�, C/SiC �HNÆ8u
E C/SiC �HNÆ�E�*j�8u
lS�N�I��E�};�MA�:,�E�z�a�E��J,��9�N��y-�0��}�*j� C/SiC8u
8�E��,�;-���9�� C/SiC ���9�N�U8-0����}; C/SiC �HNÆ�M}��NB,�N6��j�};8
�9NB_0D�S�E;n�-dN�N�E�;n�_UNB��Y��JUF��yVEB�-"L8hu1RK-dd}8VE�(8Q6�_0D�,�N8�E-[E�J=bd���
 1 ��f9�`��x
;9-�Jd��/NÆ(��6-�i[�JX[E℄&-�J0'�2/�NÆ2af�d-�J0'�0�bU�/NÆ2a2/NÆ�J=b-�'
;�P'�JUFU C/SiC�HNÆS�E;n��Jd�-d6g�_p�i|a0-E�KH�/*
};~\i*�J6Kf�k-/[�:s_�p-g#NÆS�E"69�9UF-Lx��"�h
;};"d}a-#H5-1V8Q6�0D��6��=��,=G"Ed}-�"�h~H��q�N�z (Model Instron 8801

from Instron Ltd., High Wycombe, UK) ��y�q"d}a-'�0D���E8�J-�E{E

	 1 C/SiC �G��D�R3G�w/UD�7P5��,�D7?I
�UD8�	
Fig. 1 Schematic of the coupling stress equivalent simu-

lation system for transmitting and fiction tests of C/SiC

based hinge bearing
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� 503�z�<p
� Zhang 1S$E [17] �f.I��h~H-PE"L`p>B 60mm, �h�Y�
20m/s, _0D 600∼1800◦C �"�P'O
V"�8?2H&�=WU,VA-ld-d
"L3A��h~Hh>�����hE�h��"�h℄.�	�hu�}
R8����-�h�
�l}
Y
�h��hjx�Æ O2( ��=�
20%,xx PO2

≈17kPa),Odh H2O(22%∼35%,xx
PH2O ≈ 34.5 ∼ 55kPa), ^�_k CO2(30%∼45%),�y����_k8�h��h$xp� 100kPa.8Q-�"�h
;8a0P
�h
;J/KWmUÆ
;"L�&�we;rdeP
-,�"L��_hus8=�=�80�
;���B�n�S5Odh-xx���50�P
hu�aB-S5WZNÆS`�O�4HZ`z�9-
;d�=�_�8a0
;�< �E< �-�-0D1V�(0� C/SiC �HNÆ��E�S�"�h
;�-�E8�Jd�VES 1800◦C z�9-d�NANB9VE,��E��Y� 32r/min; S-dv
NB9VE,��NZ�� 0.01Hz, �9�N�-�Ni�� 5∼15kN, E�,� 30min, �E��Y 32r/min, E�;n�"EPvNB8�JxFKH�
2.3 �PB�=,�^CP'�o'(dVE C/SiC�HNÆ-)L�P'/sA�= (Nikon SMZ1000),�.= A�=
(SEM, HITACHI-S-2700),�y< xA�= (AFM,

Molecular Imaging) U C/SiC �HNÆ���J�S�"�h
;�-d�E8�JE�S-=b6-a"E�TL-d
VE�
3 r`R$<��
3.1 C/SiC Xf��Lz2/Ælq}�6�[!��jvGL!PDS%P'_shJ"�d}%-^� C/SiC�HNÆ-)LB 2.05g/cm3, h
�B 12%. 6 1 �|
B"9 2D-C/SiC �HNÆ-xsgLVE 8��HNÆ(Vd�-[��	8<�8oxn�-#- H/+�S_shJ/";n��%�<��R-6-PE���X�"m#-X�_�l
SiC oxE<�n�?#-#- HpL�/V�9NBEe"<�Eoxn�-�xv���lSR�;n�<�-�|�SR�;n�-<��|

DP63
NÆ-p�g8pJFg(Vd��U5^� C/SiC �HNÆ�,5S�p5mE>X-PLlN�$/�
<�- &s;�y2ai���z�yxdpL���[X��qpL�4�ai���zyxdpLx8� 245 � 405 E
360MPa, �qpL� 28MPa.℄�3A�"�h~H��h-
;"L�
1800◦C,  =SE�;n�BLP3h� C/SiC �HNÆ��E�-"L
=NA- 1800◦C. bU
C/SiC �HNÆ��E�S�"�h
;�-"L`xE-d
8Q~\�~\;n�'&KH�6 1 �f9�a~\ 8�
 2 f9� 8aDS
C/SiC �HNÆ��E����8u
8�E�f�-"L`BS 800∼1300◦C i��
3.2 gM>b' C/SiC Xf��LFO=�<�
 1 �f9�C/SiC �HNÆ��E����E�88u
n�-��_�T0=���G\d-��=�Q8�-=�
-��(v�����6--���ip�+6&��JU[E-��6-n��J(x-�S��[�d�E;n���xF-2_�
 3(b) �|
B"9 C/SiC �HNÆ��E�S
 3(a) -NANB9-�JxF_[E,�-2_�#NBGgY
& 6kN ,��JxF
GgY
&B 25N·m. 500s S#NB�sNA��JxFk9�x;�sS�gi�I=E�`�	8���J�-�E�88u
��℄:��6-n�-=H;n/+�6-=H-nL8���x�yNÆSB�u�i�I-R�;n/+�v	9 1 2D-C/SiC Vd>�Jy1.

Table 1 Properties of the 2D-C/SiC composites

Items Results at r. t.

Density/g·cm−3 2.05

Open porosity/% 12

Tensile strength/MPa 245

Flexural strength/MPa 405

Compression strength/MPa 360

Inter-laminar shear strength/MPa 28

Young’s modulus/GPa 60

Coefficient of thermal expansion‖
2

/×10−6/K

Coefficient of thermal expansion⊥
5

/×10−6/K
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	 2 C/SiC �GL���R�!�gb:�,
D�+,!K_wD7P|[�7
Fig. 2 Calculation result of C/SiC Composite hinge

tested in a higy temperature combustion environn-

mentNBBe;6�-�#r�NBu�g
�=H���
�aj/[6-� =H,��
�_�x

Y��=H,�2O�#NBe;6��#qNLx,�UK_L26--=H;5K�[*B&?-=H6-�k2=H(� [18,19].
 3(d) �|
 C/SiC �HNÆ��E�S
1800◦C �"�h
;�-dNANB ( �
 3(c)f9) E�,-�JxF8[E,�-+6�#NBGgY�,���JxF
�Gg+6Y
�8B"B�-=�#NB 17kN NA,�JxF
��sSNAi� (10∼25N·m). SNANB�"9-�JxFU,�B1���JxFvSy4NB�&,�,|D��{r�nS�sSNAi��
3.3 3j>b' C/SiC Xf��LFO=�<�
8Q�X�0�� &qN�20��J:�-NÆS�v
NBy�"9:s��4�Y�E,-�Jd��(0�U,x2
 C/SiC�HNÆSB"8 1800 ◦C �"�h
;9�AJ�-v
NB,�E8�Jd���
 4 f9�NBS 5∼15kNi�I�j>=a6�N�
 4(a)f9�aDB"8�"9-�JxF�S�=�y2_1�B���
 4(b) f9�B"9-�JxFS

	 3 T+ C/SiC �GL���D�R�!�gb:DRA!8,
M�LA+,?IwE7ZD+
,*5
Fig. 3 Relationship of friction torque versus sliding time of the C/SiC composites axle under constant loading conditin

at high temperatures in combustion environment and at room temperature in air

(a) Load at room temperature; (b) Torque at room temperature; (c) Load at high temperature; (d) Torque at high temperature
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� 5056��ta�$+�q 25N·m Q��
R�5 �taQw3[%�+x3+ 0∼25N·m 0� 0∼10N·m._��6� 7>H���4+m	+;F9l-)�>HvDSYC*	/��̂ YC*	+Wb>HvD��L
�0)SK��/��� y�7� C/SiC �FK�Q�+taK�.%7h�A 15∼20min �$;F�h��� 4(c) e7�Q� �fa97+b+�~�C6>HC~�_BQx3���h7K��$+� 15kN *>HvD�$+� 25N·m, 6\�ta�K*vD
R�6� 7�~+<�� 7+>HvD9#-^K�ta
J+W�Z
R�vD�rQ 0∼25N·m. ��VY C/SiC �FK�Q�fa9�>H*4�SYC*	+/�e�w�C6>H+℄Xe��nQ� �fa97+b 30min C~��� 4(d) e7�Qta�v.%7>HvD�i=<_5�rQ 5∼25N ·m L?h��>HvDSK�/��ZSYC*	�/��4Bz%?+�C6>HeJ�_BH~YC

*	H�� �fa9���4+�	��$;F�h�*	
N� 5∼6min,<� y�7eh�*	+ 1/3∼1/4. ���� �fa97� C/SiC�FK��C6>HeJ%?�S*	�/��K�6a9<�K�C6>HeJ+���V�{9taK�7+S*C~_B� C/SiC �FK�S J4Bz�>+>�9l�Q� 7+�C6>HeJ*� ��%?�℄X�� 7+taF4�b�9r�~>H�Q� 7SYC*	�/��>HvD�rQL?h�H�
3.4 C/SiC U
=~o{	:TI��8�+�{a(w4+�If&3
-��℄-j`g)�-e���4+3
W+�Q�0�4+-nC℄pre�QlVYC>H9l��4+3
9℄���d!>H9l�OZ�BO�ÆZ?��2>H6;`��fa9�N
f+�Q�1��4++3
9��QN
f�-r3YC9l�+�Y�ZNv�C�v�1f6 SiC;Zw
SiC �W0w_#�℄e�������4+��

	 4 C/SiC �GL���D�R�!�gxA!b:�,
ubLAD�+,?IwE7ZD+
*5
Fig. 4 Relationship of friction torque versus sliding time of the C/SiC composites axle under repetitive loading

condition at high temperatures in combustion environment, comparing with that at room temperature

(a) Loading condition; (b) Torque at room temperature in air; (c) Torque at high temperatures in combustion environment; (d)

Torque at high temperatures tested for another 30min
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f��f+-n3
�1�QQ6�℄e�+℄p3
� C/SiC �FK��~Q� �fa9�+b�C6>HC~*��->H1-℄pe��℄pe��2>H;`+.%<{9Q>H4+#h%?+e��U9.B��Gi+ J^+v07ta6�C
4+��Gv+ JA 800∼1300◦C,_�K�Q� a97�℄e�t"�v%y����Q�fa9�+ SiC �WQ 800∼1300◦C +�℄e��#h SiO2 +&C�℄�� (�e�5 1∼3), ��4+^�YC*	+Wbf��#h�W SiO2 �℄9���+3��4++��z�CG�v9�Z_#+Q�_h;u�;uW��K�+*4+t��f�4WK�QQ��Ze0_��ÆCZ�9l�+�℄�ÆZ�W���4+>H℄p9+_h�-{?42�Q�℄fsjf)a9�>H4+�℄e�9+_hJ'{9#h�W�U9ÆZ�2K�+>H;`.% [18−21].

2SiC(s)+3O2(g)=2SiO2(s)+2CO(g) (1)

SiC(s)+2O2(g)=SiO2(s)+CO2(g) (2)

SiC+3H2O(g)=SiO2+3H2(g)+CO(g) (3)

� 5 �z� C/SiC �FK��C
Q� �fa9�wQ� 7+btaK�7+�C6>HC~Q`4+�,�$��� 5(a)e7�C/SiC�FK�
Q� C~Q+>H4+&��y�;Z���_W;Z<4+�SzQ�K�.%7Q�_h�� 7oK*���4+< SiC �W�`!J��K����{TJE_#Ze0_�Q!e��h�HBf_#Q�℄`�;Z+_h�*6K��WJ.�V-)�ZrSa9r7<a9)Joa/� [20]. �a9�+Nvf1)CW&zwhW�+;Z[um	_#Z|�_�Z|W-%'+Z
vÆZ℄�{9�[vC���vj
R>H;`�Q� a97��� 5(b)e7��C
4+.�[Y�_h�W%?ND+>H9�n�,Y�4+�QK�+Ze�C6h[ (�� 5(c) e7). J^v0_B>H9+-~)h��&�℄+ SiC [u6�℄\- SiO2 +hF-� SiC�� J'�Z_#K�Æ℄��� 7�	�_#Ze0_�4++>H℄p\- SiO2�℄9{9S4+���v+�[vCQ�?lJ�t"�We�9�U�ÆZ�2>H'v [21].

	 5 C/SiC �GL�RA!x�!�gb:85PubLA8���Dw7?ID�R,?a5,`!
Fig. 5 Microstructure of the worn surfaces of the C/SiC composites rotating axle after tested under cyclic loading

At high temperatures in combustion environment (b), (c) & (d) and at room temperature in air (a)
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	 6 C/SiC �GL��D�R�!�gb:�,
�D7?ID�jR,5,;�w���%	
Fig. 6 AFM images on the surface of the C/SiC composies retating axle before and after the transmiting and friction

tests in the high temperature combustion environment

(a) Surface of the as-machined axle before test; (b) Smooth surface of axle after test in combustion environment; (c) local

magnification of the smooth surface after test�� 6(a) e7�C~i+��4++lV�Sz)h�`�SJA� 1.2µm. Z39� �fa9�+C~Q�C�4+&�W.Y(.rI-$H.V+>H9����� 6(b) Q?�<7_B4+�Sz{T&;[�4+{T*;Z�4+�SJA� 0.08µm, A<C~i+ 1/15. CGn�_B��� 6(c) e74+&�W.Y�V+lT;yh-~+>H9���
4 r�

1. %℄pfH � (CVI) +kb{#�vpeJ6>HeJ(�+\� C/SiC �FK��`(JA� 2.05g/cm3, fb�A� 12%, QQ�9l�4Bzo�e6oIEe℄`b��ÆymJA 405MPa.

2. � �f|F.B��~>H�Q� �℄fs�+.T6O��fa9.B� 1800◦C � w�+�vw6Nvw�"� �f|F+a9 J�$ 1800◦C *� C/SiC �FK��~>H�+ J^A� 800∼1300◦C.

3. C/SiC �FK�+�C6>HeJ{9>HvD4e�℄o�e"K��8vDJv�w��4++>Hb�� C/SiC �FK��~>H�Q� �fa9�4Bz*� 7�℄X��%?+�C6>Hb��QL?K��wtaK���C~y�7�� 7+>HvD^YC*	��7�9w3[%�64+;F9l)(z4�Z� �fa97>HvDSYC*	�/���o�rQL?h��
4. {9?�v0_B�� y�7;`4+

&��;Z���Z� C~Q+4+{T#-;Z�4+&�W.Yx(+℄pe�>H9���4+�SJ+C~i+ 1.2µm 
R$ 0.08µm._��6�~+>H;`pn-)�� 7+>H;`+K�w4WK�Q�~t�h�H+Q�9lM?��;u;`�����4++;FS�C6>Hb��.%�Z� �fa9��>H;`9l64WK�Ze0_6Z��4+℄p3
6�℄e�#h+e�9�U�N
f�Y.V��V-)�<�℄;`6Z�;`#~.%+�G9l�Aw"(
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