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(TFLSHUMRGNOIJKPVQ�TF 710049)= 6	 zÆIZsn/�&6℄!:G�����!_2�v6���K~��~Y�t�Zp~R/�#E�x/�sn/��/
inp~R/�#E7�R0&�b℄7Z�R�^E X tNkt (XRD), i)KK7 (SEM) &ga5Xvnp~R/�#EZ7�R0&�b℄7b[�gk� XRD ~B�+"oY+ZÆq9�?�7�Z α-Si3N4 P&d\YdP Y8Si4N4O14 3�E�Zi� β-Si3N4 P� SEM ~BK�p~R/�#E��CH β-Si3N4d
&t�Z~R5�+!��sn/�Z
i�6��#.~F���b℄7�~Zp~R/�#E�p ~ 	!_2�v�p~R/�#E�7�R0��b℄7B$l�u	TQ174 '+\�	A

1 73q�%Gx��z_���" J�K0D!('xAx�J℄���u��:�3Mb$oq�%G[imBs?:#XT~'"0�℄�oq�S0�[im3�Uq�XT~[`>'E�^�$[5`<8^�T��[d^8)1Æ"0�$[d^8�T��[5`<8^)1��*�<%GQ��S0�%G8}�XT~'"0�%G[\b�# β-Si3N4 +IZ�[q�S0�%G�p	5��^�$[5`<8^�	[5��'5�m^℄
�[<W^8 [1∼5]. 3M�$/[7�{w��7�q�S0�%G��e�)H$�D�7�L�:M'�G�|�[q�S0�%G [6,7]; -"dXpZFD#�|{YW�G�|�[q�S0�%G [8], H43�h�%w [9], (�`fw [10] '�jw [11] t|��7�q�S0�%G�#{M[�l:�?$xfy0�pZ�|oq�S0�%G8�Z��d^8[�S [12]. ��l{to0��7^"�q�[pZFD'e<;����"`3�w7��q�S0�%G�!im� SiO2 [�joq�S0�%G8�S1'd^8[�S��im��6�)^[ SiO2 '7^";����"`3�w�=7��#DIZ��	L�� (��x� 44% [|>) [ Si3N4 q�%G�|{}� Si3N4 �0J
	[\b��H/4�*<{wo1hÆ$��H�*<{w7�[q�S0�%G}3$[��Mg��o��
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3SiO2(s)+6C(s)+2N2(g)=Si3N4(s)+6CO(g) (1)x� (1) �"`3�x�[Ox��S0�[Z6"9eI [13]:

SiO2(s)+C(s)=SiO(g)+CO(g) (2)

SiO2(s)+CO(g)=SiO(g)+CO2(g) (3)

CO2(g)+C(s)=2CO(g) (4)

3SiO(g)+3C(s)+2N2(g)=Si3N4(s)+3CO(g) (5)

3SiO(g)+3CO(g)+2N2(g)=Si3N4(s)+3CO2(g) (6)�n|w>�x� (2) ��to0�'7^"/K[� - �o03�x��2x� SiOL :K2A' CO. vQ CO Z6�� SiO L(n|{-"LQ"3�x� (3) 2x�x�
(3) 2x[ CO2 ' C -"x� (4) 2x[ CO v&J�x� (3) [\�VJ-"x�
(5) ' (6), α-Si3N4 e�#^>IZ6���J>l[y	�QG�H�� α-Si3N4 QAOG�6 β-Si3N4 Q�T;Z6�p β-Si3N4 +IZ�[q�S0�%G�
3 �4
3.1 <
�la���<$/�l[~��UH����7^"�� Y2O3 ' α-Si3N4 � U;"��pZFD'e<�H���[=�e� 1 ���℄ 1 ��m	f�Z

Table 1 Composition of the starting powders

Samples Composition

S1 64.3wt% SiO2 (50∼ 100µm)+25.7wt% C+5wt% Y2O3+5wt% α-Si3N4

S2 64.3wt% SiO2 (∼ 20µm)+25.7wt% C+5wt% Y2O3+5wt% α-Si3N4

S3 64.3wt% SiO2 (∼ 10µm)+25.7wt% C+5wt% Y2O3+5wt% α-Si3N4

S4 64.3wt% SiO2 (∼ 1µm)+25.7wt% C+5wt% Y2O3+5wt% α-Si3N4

3.2 �4taH��0�� 1 [=�\=��#=$[��:HfyC�{S0�VU;V._8#9��:}. 48h, ���5(u �^,�5($[Q�#`G,uJ:�%," 403j�-f6Y�f6 46mm×5mm×5mm [4*Z�r�|#2 BN [~1VW:�VJ|fq�8� (High multi-5000 Fijidempa Co. ltd., Osaka, Japan) :�# 0.5MPa [SLfIpZ�pZ>l;� 1750◦C; pZ�K;� 2h.

3.3 ��x5�g.�_h���:%Xw.e+�[L��''l��hb6Yw.e+�[6YPl'm�^�� SEM ��0+�m��� XRD o+�\QS6�C�
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4 �sv"�
4.1 �����C:�)�q�S0�%G[�G�Bs�pZMx�'l�pZ,O^���'x�|>[�S�-".�x�[>�':M|{Y>�r S1 � S2 � S3 ' S4 [x�'l�$/�jto0�o�r|>'O^���[�Se1 1 ���x�"9:[�!|>� 44%, r1:�r[|>j��O��!|>�*|8���#�l"9:USL-"�r�g[�*�Vvo0�L(3#�Y��7^"x�n�B>�4[����H/4�	>IS0�[�[t|�|>&H��1 1 |{w>�|>�Jto0��j[LUr&O�*|8���H��0[�j�U���(>�O�x�7^	�{4�to0��7^"/K[� - �VAx��x6[vo0�L(�Uq�O�[vo0�L(#���"x�n��g[SLPP[���$/�jto0�o�rx�'l[�Se1 2 ���|w>��JH��0�j[LU��L[��(>&O��L[�(8'	�{4�-fx�'lR^��r[O^����Jto0��j[LUrAq&O (�1 1 |w>). �r S4 TO[������FT^[x�'l (�1 2 |w>), O[|>'O[pZZg�H[�

0 1 #.sn/�
inÆqN℄���&{=Z�R
Fig. 1 Linear shrinkage and weight loss as a func-

tion of SiO2 particle sizes

0 2 #.sn/�
iÆq~F�&v?&kZ�R
Fig. 2 Porosity and green density as a function

of SiO2 particle sizes$/to0��jo�r�G�[�Se1 2 ���|w>��Jto0��j[LU��r[�G�LU�pZ([�G���x�'l�|>'O^���*h)N(U�[Z ��1 1 |w>��Jto0��j[LU�|>�0# ±1% [y9/6�|MpZ([�G�Bs[s�O^���'x�'l����pHU[to0��j[��f6[x�'l^�r^[x�'l'HU[�L��YrB}�����{T;�G�[�0Bsw4���HBVU���1 1 ' 2 |w>��Jto0��j[Lq�O^����x�'lo�G�[�SO��H�G��to0��j[LUrLU�
4.2 ,D`w%qD�J<I[ β-Si3N4 e��d;-"�Ie�[�>'QV�'	q�S0�[6YP
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916 � ; ) � b � 21 rl [8]. e1 3 ���-"o�r S1 ' S4 \ XRD �C�aa β-Si3N4 Q�t|�0W8�[ α-Si3N4 Q'e℄e(Q�e℄e(Q Y8Si4N4O14 L^�-" Y2O3 ' Si3N4 � SiO2 x

0 3 Æq S1 & S4 Z XRD 0C
Fig. 3 XRD patterns of samples S1 and S4

�Z6[��H|.�to0��j[�0opZ�r[QS6#�S�H��0[&^��e�j�Dl℄���SpZ(8�S1T>s[���$/to0��jo�r8�S1[�Se1 4 ���|w>��Jto0��j[$/��r[8Z�t7M>,L[$/�-"1 4 [ SEM Z"|{w>�q�S0�%GB-j��HU[�I β-Si3N4 e�S6��u _�%# β-Si3N4 e�?9�T�#1 4(a) ' (b) :���to0�[�jO��YpZ(: β-Si3N4 e�[4j�

0 4 p~R/�Z SEM (A
Fig. 4 SEM photos of porous silicon nitride

(a)—S1; (b)—S2; (c)—S3; (d)—S4)U�rSz��UO��Jto0��j[LU�DI β-Si3N4 e��YHU�4j��O�e�K[��YHUu (e1 4(c) ' (d)). *|8���U:M[to0��LpO[��(>�}��7^"�uxx�x6vo0�L(�r;Q[vo0�L(
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4 D kr��\	�!_2�v6�p~R/�#E 917e��7^"'SLx�x6O�[ α-Si3N4 e��O�[ α-Si3N4 e�o5'0'QG�j�}3�[�I1 4 :3|{w>��Jto0��j[LU��[���q��r�Y5'�*vb�1 2 :�*�[�G�[�0W
�v5[�
4.3 �1.�_�q�S0�%G[6YPl#)O9lnw���[8Z�'QG�9l�q�%G[Pl�e�:M[�EeI� [14] ���

σ = kd−a (7)

k— �+�Z�L8Z��[�	3�� d— pZ(:e�[:M� a— +�&^'�l*N�[fl2��q�%G[Pl��G�/K[�E|�I� [15] ����
σ = σ0exp((−βp) (8)

σ0— �G�; 0 [6YPl� β— Z�-�� p— �G���� (7) |{w>�pZ([e�:M�U�q�%G+�[>Pl�	��� (8)|w>�6YPl�J�G�['	72�IR�F��v{(���L�[L#���QW(Lq�V5�F�&OÆ�v{(��L�[L#�Ho(�?:�V5PlIR�1 5 �,�$/to0��joq�S0�%G6YPl[�0��1 5 |w>��Jto0��j[LU��r[6YPlAqny�*��;�Jto0��j[LU��G�AqIR�z�,LH0�4j�AO&H[���?$�.Y[q�S0�%G[6YPl� Rice ℄b [5]-"x�pZw7�[q�S0�%GQ��#Q/�G�[U�I�?$7Y[q�S0�%G��[Pl��F�[q�%GQ��t}3
�[d^8 [16].H4�?$|{-"(d-+�[8�S1�'	Fd^8 [17].

0 5 #.sn/�
in5XNkZ�R
Fig. 5 Flexural strength as a function of SiO2

particle sizes

5 ��-"to0�'7^"/K["`3�x��7��$/�G�[q�S0�%G��Jto0��j[�U�pZ,[x�|>�O^���j'	��rpZ,�r[�G�R^�Æ-" XRD ' SEM �C�?$|{w>��Jto0��j�U��I β-Si3N4e�AOH0�e�[4j�&O��Jto0��j[LU��r�G�'e�:MLU�Ir�6YPlAq'	�



Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

918 � ; ) � b � 21 r^�&*
[1] Shigegaki Y, Brito M E, Hirao K, et al. J. Am. Ceram. Soc., 1997, 80(2): 495–498.

[2] Arnold M, Boccaccini A R, Ondracek G. J. Mater. Sci., 1996, 31(2): 463–469.

[3] Yang J F, Deng Z Y, Ohji T. J. Am. Ceram. Soc., 1997, 80(3): 750–756.

[4] Kawai C, Yamakawa A. J. Am. Ceram. Soc., 1997, 80(10): 2705–2708.

[5] Rice R W, Mckinney K R, Wu C C, et al. J. Mater. Sci., 1985, 20(4): 1392–1406.

[6] Diaz A, Hampshire S. J. Eur. Ceram. Soc., 2004, 24(2): 413–419.

[7] Miyagawa N, Shinohara N. J. Ceram. Soc. Jpn., 1999, 107(7): 673–677.

[8] Yang J F, Ohji T, Niihara K. J. Am. Ceram. Soc., 2000, 83(8): 2094–2096.

[9] Fukasawa T, Deng Z Y, Ando M. J. Am. Ceram. Soc., 2002, 85(9): 2151–2155.

[10] Yang J F, Zhang G J, Ohji T. J. Mater .Res., 2001, 16(7): 1916–1918.

[11] Inagaki Y, Ohji T, Kanzaki S, et al. J. Am. Ceram. Soc., 2000, 83 (7); 1807–1809.

[12] Shan S Y, Yang J F, Gao J Q, et al. J. Am. Ceram. Soc., 2005, 88(9): 2594–2596.

[13] Weimer A W, Eisman G A, Susnitzky D W, et al. J. Am. Ceram. Soc., 1997, 80(11): 2853–2863.

[14] `3%��=O�R�v�Æ8$F*��D�
D�S,N=�u� 2000. 196.

[15] Coble R L, Kingery W D. J. Am. Ceram. Soc., 1956, 39(11): 377–385.

[16] Ostrowski T, Rodel J. J. Am. Ceram. Soc., 1999, 82(11): 3080–3086.

[17] Yang J F, Shan S Y, Janssen R, et al. Acta Mater., 2005, 53(10): 2981–2990.

Porous Silicon Nitride Ceramics Prepared by Carbothermal

Reduction Method

SHAN Shao-Yun, YANG Jian-Feng, GAO Ji-Qiang, ZHANG Wen-Hui, JIN Zhi-Hao

(State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049,

China)

Abstract: Porous silicon nitride ceramics with high porosity and uniform pore structure were

prepared by carbothermal reduction reaction between low-cost silicon dioxide and activated carbon.

The influence of SiO2 particle sizes on their microstructures was investigated. Microstructures and

mechanical properties of porous silicon nitride ceramics were studied by XRD, SEM and three-point

bending measurement. XRD analysis showed that only β-Si3N4 phase, minor of α-Si3N4 phase and

glass phase Y8Si4N4O14 were detected. SEM analysis showed that porous silicon nitride ceramics

obtained were composed of rod-like β-Si3N4 grains and uniform pores. Porous silicon nitride

ceramics with different porosities and good mechanical properties were fabricated by changing

SiO2 particle sizes.

Key words carbothermal reduction method; porous silicon nitride; microstructure; mechanical

properties


