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Æ������
��	 100080)u n� q�k�R�
;�xV?3XyQ (SOFC) A~Vne{E�O��sjA�n`o	"3CxVq�n2�n�	9Xn{'�hxVE�$q�9Xnp&Jl�rxVq�1Lnp&�>		 SOFC q�`7n8��`V

�/>*V SOFC q�p&nÆ>)i	� ' 	�;�xV?3XyQ�q�9X�q�1L{T�2��TM 911 W`�H8�A

1 ol=�zXA5Z{S (SOFC) ,��Uk℄Xe*�Z$�N (SOx � NOx 	�t�=9�:6) �5Zm�bB (7�I�8aKQ�a��>�2�����[��X�s-_5Z) s W�w�l5;p*XfG�,k℄uw�8e^{A��6d4{E��0hs^(,�B�p�� #�K.-G%Or(p8w [1∼3]. SOFC ��d���ds�8���d SOFC ,�{a=maN��3es�*�Y 0��f�Y K#ts�w��QlG�% SOFC r�p
w��2��d SOFC �K3u�.WS�uw���gls!9�U�L/�. [4∼7], K.Y/��d SOFC �?pf|uw~w�}!;.lH� SOFC�?u℄pw�~puw�� [8]. Æ\���d SOFC ps!9���BBt>h [7∼10].#5E�ut�W�d SOFC s!r(pKm�awiyWs!3Np3N�[pr(�?�0?+W SOFC s!;Zr(p�?*j�
2 SOFC :��6j.℄~
2.1 SOFC ;�&+" 1 l SOFC s!p�8f�"�s!;Zf|p3�lÆ (1) �S5Z (? H2, CH4)'zXv (?:�) 8 SOFC �
R��PSNp�sb� (2) 	�wl / {�Z / �l / P�l�{Sf)�R8��8K{S�� (3) 	P�l'-/-u�1��S_KP�l{a�b [7].\2 SOFC s!;Z
8 600∼800◦C pzXp[*��GG�0z�"
Ot{S��� / �SINp8�K�|(s!;Zku [5,11]:(1) '-!!�;Zp8
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��\�8�K� (2) ,�Rmp=���0�4a2�Gs!�8p7~�0�℄�N,�Rmp!�2�� (3) '!!�;Z,��Np�CbQ�!p�RK� (4)8 SOFC 4a��G (:��Y5Z�) ,��NpXj7~b� (5) '!!�;Z,�SNpXjO>b�5�VXj���G�%
�d SOFC s!;Zps!���aIS�r(��WW�s!�ms!Qqm�s!sE_s!&��01�WO�ps!;Z�
(1) q;� (Rigid Sealing): �s!lRs!;Z' SOFCv���a�P��!�Ts!;Z5�BV}b*_ps!�d�lG�%B�=�p SOFC !����!�℄�H	s!;ZyK�
p_m (>�" 1), 2TW#{lP��	2�\lWU�~2�0�2Æ~p℄��q7&K!���s!=�p;Zf|��u;Z (?�M��
�R�s)[12,13] �3N�3N�[s��\�u;Z,�:bN�!�!�*�p8kZb�Ns�w�g}a8
y/-ZF (#Ri{) �	*2zXs/w�z. SOFCs!;Zr(p�M�3Np3N�[Æ,�	#eCyY �!� ! 1 ;�xV?3XyQq�e�!

Fig. 1 Schematic illustration for SOFC seals�f�K#tQs�w�lr(wB�p SOFC s!;Z [5,6,10,14∼19], �r(Km	8T5\Py�
(2) h;� (Compressive Sealing): ms!=��s!-�p&�^K SOFC s!�T5I�s!-�=�pl|*2;Z�?2z��Ns��Im^�U# SOFC v��ps!-
ks!p{p�{ $_s!��LZ#�����T�Mzr(�l�}�a85M9��?2z8n2U 800◦C p8
DEz�. 6.9×10−6K−1[20], .t# SOFC {l;Z

(�� >10.0×10−6K−1), 2�W�BVp8�K�I?��[$�VX�'\�℄/�V�[p8�7�4s! [21]; 6?�us!-	zX�"i{�
y/-ZFs�tP�2zp�Nf�a�℄s!XH�59FQ�
'��;Z
R<�
k�Nps!XH [22].

(3) �Kp;� (Compliant Sealing): qm�s!l^�s!sQ�B�q3es!;Z8a�2�G�BV�~p}b*_��VXÆ2�*XBVp8�K [11]. 
#=��s!!�p SOFC {S��r(�K�8�K:Kp�[lXXpf|*Æ [10,23], IlÆ.s!;Z' SOFC ��v�p8
DÆbtla8�
�8�K8�~t�g?HBVp8�K7Æs!;Zp}b*_�OF|�;7ee�* SOFC {S�4ap74b�Fi�B-x�h;Zp=�t# 1012Pa·s ℄�q7�I}b*_OF8�K� Bloom s9 [11] pr(�K�hs!;Zp=�8 104
∼ 106Pa·s ℄��9OF| CTE O� 20% �BVp8�K�qm�s!lw.H�p SOFC s!&��glqm�s!
s!;Z�W
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286 ; h 9 X h � 21 -W/*p|(��>Æ (1) =�Æ
s!;Z=�<Y|(ee�*�Æ.?H=��t�s!;Z�7�U�{l;Zp;F\�?H�*�!5��XuVX8�K� (2) XjO>bÆÆ.=�t�s!;Z' SOFC ��;Z�p��'?F/|>	�?H�nP�pXjO>b5N�;s!;Z'��;Z�p��b/=�Æ\�qm�s!
s!;Z'��;ZpXjO>b}�WW/*p|(�h qm�s!f|=�3Np3N�[;Z [10,11], �I3Np=�BOF8�K�gtpB{�O>r([S5U��LZ#�����
2.2 �3#�3Q�;��7k/^�3Np3N�[ (�G�Js!3N) l�d SOFC �+=�ps!;Z�tkB�pap��"1�W�_s!3N�I�upr(f|m\8s!3NpXj7~b�8
DEzpÆ
bp87~bs�u�08Is�u+mWIg�?�

(1) !gX�eÆzX�E�>zX
\EpzXDE3N�!Eq�z SOFC s!3N�9n�K(j_K�
5Z{S��G3NpXj7~b�SSe�>zX
\E3N>	_��	'wl;Z��VK\~�Q\~��}	�!VK�\~o���\~o8Yp5Z��G7~b$�� [5,24], �2|�MUpzXD�9�*\~o3NpXj7~b�g�Xj7~b$zXDE3N|�E,zUr�K�5mRz SOFC s!;Z [25]. zX�E3N}>	' SOFC ��;Z�� [26,27], �2zX�3N8':�\pXj7~bL7�gl8Y H2 ��G [26,27], zX�b'�O��VK B2(OH)2 � B(OH)2 s_�bBA�:Ks!3Np�X�r(-xf��zX�.3N_K�℄�s!3N8Y
H2 ��\pXaeTU�
k 20%[24]. DE3NpXj7~b�+N#\~op�~o3N�h s!3Npr�f|�m\8zXDE3NK�qalzXDE3N��Xj7~b}t3NvK�SSe�?r(�K3N\��uDoS>	�I?F��� SOFC��;Z\ [11,27], �S3NpXj7~bp SOFC p7~4a�Æ\�^Xj7~bpÆ�3d�s!3N\ Li2O � Na2O � K2O � B2O3 � P2O5 spLU� 7�ut�

(2) D>y[NÆ?=eÆÆ.;Z�p CTE �
l8�KBVp.,���9n�Faps!3N8
DEzOx�D+1�3Np CTE  7�u'!!�;ZÆ
�.W' SOFC ;Z
RN�s!3Np CTE ��|( > 10−5K−1. 3Np CTE '�vKku|Q>E [28], f�Ox CTE O
�>	�gD�℄3d SOFC 
s!3N*AXw�*Xj7~bp|(℄�*8
DEz)5	ku [25]. \~o3Np8
DEz�*�gXj7~b���D~o3N8��uzXALU�*℄� CTE }S>	ku|( [29], gIC3NpAXw���t�Xj7~b}���.W85L��uzXA℄�9dm* CTE �*AXwps!3N��| BaO K.9nprg�Æ. BaO 8�#�uzXA\
3N8
DEz�*p6Lwe�Æ\S�zXDEs!3N�lg# SiO2-B2O3-Al2O3-BaO �E [5,9,16,30∼32], IY3Np CTE �z8 8.5∼12.8×10−6K−1 ���9'5�p SOFC ;Z (zX��zX~��uP�l;Zs) ^KSNpÆ
�_%��I8ZF<Y!OVK}7}�s!3Np CTE[5,14,31].

(3) DX�eÆ�#;_Kp*M�s!3Np87~b�Q/tku9pap�G�%�)�-p5B [10,13,16,23∼25] pP$pjI [5,11,15,17∼19] g#�/Nps!3Np87~b9��w�9n<1b>hs!3Np*287~b9��3Nl8Kj�7O�8*
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2 � 
%H�q�;�xV?3XyQq�9Xnp&Jl%Æ>)i 2872G (600∼800◦) �^�7OU7~p!Ok*p*j�r(-x�K�ps!3N8*2GpwVsW℄�)1bB!�a CTE �VIgp*X� [4], iVs!3N'!!�;ZBVIgp CTEX
�Sohn[33] s9wHr(s!3N CTE �8ZF℄�p*X�8
800◦ G�
�1�p SiO2-B2O3-BaO-Al2O3Es!3N�a8ZF 100hT��87~bwN3Np CTE(^�bp 11.2×10−6K−1�U 10.8×10−6K−1, 8ZF 500h T� CTE��7�tk 9.9×10−6K−1, *XHI 10%;�
87~b�ps!3N�� CTEp*X"�TUHI 35% (�" 2). :K CTE *Xp*Æl8ZFa3N\BWW Celsian Q
HexacelsianT_�G[!O��np8
DEz�.. 2×10−6K−1 Q 8×10−6K−1,0"�n8ZF℄�psG�n7p HexacelsianObw℄k*K7~p Celsian O�a3Np CTE z�n℄�psGPf�t�zH�8p9�v^ 2002 �1b
s!3N�ar(���>hs!3Np*287~ ! 2 q�1L CTE �7YE\~n)V

Fig. 2 Variation of CTE of sealing glasses with

annealing timeb��IeCy8Kjy�p^ur(�E�u�BW SiO2-B2O3-BaO-La2O3-ZrO2-Y2O3 E3Np*287~b��KT|3N\5L Al2O3, )7&t_Kt CTE p�G[O��*3Np*287~b�+\1�ps!3N
 8YSZ(8mol% zX}7~pzX�) ,�SNp CTE Æ
bp=�b��0,��FNp87~b [34]. ?" 2 �f�8 700◦C 8ZF 500h T�\1�s!3Np CTE sU/*�<. 9.9×10−6K−1, �8 800◦C 8ZF 300hT�� CTE p*X5k 1%(" 2 \/If), ..N# Sohn s9pr(�H�l��515L\*287~bwNps!3N�{ L8r($s!3N/G℄�p87~b�0
s!3Np��O>bZ�a-J�
3 SOFC :��6
t
YRs!l�d SOFC u℄pf|~wP��._�s!9�p�.�mG�,8# 2003� 11 1 7 =8�?�(AKU.mJm SOFC s!;Zr(T{�8$T{Jm{x\�mG�,8Dy�0��;_ks!l SOFC J�Xwf|puwF�� [6]. �℄s!}!;.l�H� SOFC �?u℄pw�~puw��P�� [8], 7�s!;Z8�d SOFC�?\pa|u0�h s!pf|9�l�!��pG�7~b��TmR��p℄zSM8kZ (�� / �S) 4a�=�kuG� (? 40000h) ��℄8kZ (? 3000 ℄) 7~4ap|( [6]. :KK��!��G�7~b�pwf|*Æ�
Æ�ls!3Np87~b� ({ ��p{S�sU�=�3Np3N�[z.s!;Z), L? 5�y�K�ps!3N8*2GpwVsW℄�)1bB!��n℄�psG� CTE 7��VIgp*X�w℄bÆ8�KIeas!XX�
ls!;Z' SOFC ��;Z�p*2XjO>
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288 ; h 9 X h � 21 -b��b�V-_*2Xj���IYXj����ub�Ss!�u�8p7~b�L?
Yang s9 [9] pr(�f�s!3N'�uP�l8*2GS�℄�� (850◦C 1h � 750◦C

4h), )bas!�u�8�VIgp*X�e�V�u�D�et�uBVS�;���p;�TbTU
ks�,p (�5L [9] p" 5), ^�Igu�tWs!;Z'��;Z�p�R!��iV�!��	#�[�_��u�*2��}7�Igu%*�uZ;ZpO�8�zH<"
5L [5,11] \T_x^ps!3N'J�O 8YSZ p*2XjO>b�aWV7r(�q	s!3N�'J�O 8YSZ 
R�m�T#:�\ 1000◦C G8ZF
100h, �I XRD �B8ZFTpOvK��K8ZFTs!3N' 8YSZ �VW���a8�zX�^J�Ok*.fZO�O*:Kp�k*XbiV,[6pBV�_%I_;Z�8*X�5�b�S�upKjb��[7��S�uZ;Zp{Xjb��
 SOFCpG�7~4a�F�J�Æ\�|^K SOFC s!pG�7~�5�|�*s!;Zp87~b�[%d�.s!;Z'��;Z�p*2��9��
4 SOFC :��6
�wBJ�d SOFC "Iw�Zs�p�?��"�.We�uw~��Z8B�X��p ��I,K#�Q!;.l SOFC B�Xpwf|pF��.\�mG�,8'B��7���KJW=	�Uk℄Oo (SECA), 7��� 5 
m)��. SOFC pK#9��{,l8 2010 �x a SOFC p�:K#�U 400 m) /kW. 2��nr(pS��0���Ks!}l SOFC B�Xpf|F�P���#s!;Z
|Ot*2 (600∼800◦C) �zXp[*���p'5�;Z�XjO>s58|(��d SOFC ps!Lu℄e����w�mG�,8pC���vG{^un'mG NASA p+gr(\℄�vKOR1>v����. SOFC �u℄ps!~� [8]. ^ SOFC s!;Zp�?G`pr(KmB2�%d8�Gs�u+m ��<�7�ku SOFC G�7~4a
s!;Zp|(�

(1) PO
d)�Æ��u	�� SOFC {S��8\^Ox���M
|s!puk�_��u9n	��s!p\^�8�?�I���#Rs�8OxB\�8�K���7�?qm�s!s [35].

(2) 0�
�7Æh �#s!p3N�3N�[��u�?m2zs�a8-qp5u�Æ\r(�	b5���7�# SOFC s!p\;Z�E�$?Eq	/�p;Z�# SOFC s!�lGb�/Np?m=jXRA�	3N�3N�[��u��uzXA�a#R_K#Rs!;Zs [6,36,37].

(3) �|!gaFe#�UDX�eÆ�#�";_k87~b�p*2��
 SOFCG�7~p-J�s!;Zp*287~bp�'��;ZpXjO>b	btk�+>h�
#�u;Z
|r(Y#��GpzXjF�Gk�Y�� [4], �
#3Np3N�[;
|OxplG*287~bN�'��;Z*2XjO>bNpvK [6].

(4) ;��3Æ�4G$Æ3Np3N�[Q}	m�<	l SOFC s!pf|;Z��#s!3N
kuXjO>b�8
DEz�=��87~bs�,{,�Æ�s!3NvK���.#5�|P3NvK
KybZp�S))LKO�p*j�=��)g#"upOx��5g�N\l�}S~�:Ky,{,�%d�?s!3Np~UOx�
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5 (Ms

SOFC l5;p*XfG�,k℄uw�,�B�p�� #�s!lH� SOFC B�Xpf|~wP��#5syWs!;Zpr(KmQa8p9��DyW SOFC s!;Zr(p�?�U�;.8\�8�\;Z�XjO>b�*287~b�ps!3N~UOxs�up �l�.h s!G�7~b�p>���1V_
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Present Status and Development Trends of Sealing Materials for Solid

Oxide Fuel Cells

ZHU Qing-Shan, PENG Lian, HUANG Wen-Lai, XIE Zhao-Hui

(Multiphase Reaction Lab, Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100080,

China)

Abstract: Sealing was identified as one of main technical barriers in the commercialization of

advanced planar solid oxide fuel cells(SOFCs). Much attention has therefore been paid to SOFC

sealing. In the present paper, current status of SOFC sealing, including the functions of sealing,

sealing strategy, types of sealing, sealing materials (metal alloys, braze, mica, glass, glass ceramics,

etc.), was reviewed. Future trends about SOFC sealing were discussed.

Key words solid oxide fuel cells; sealing materials; glass and glass ceramic seals


