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 1, bef 2, LANGHAMMER H T3, MAKOVEC D4

(1. TYPLG[ERP[^JF[`�Z℄ 712081; 2. YCNXG[IQUDISO_KMaHV\W�YC 710049; 3. Physics Department, Martin-Luther-

University Halle-Wittenberg, Halle 06108, Germany; 4. Ceramics Department, Joz̆ef

Stefan Institute, 1000 Ljubljana, Slovenia); 3� ,s La 4(<zo�p BaTiO3 
Y� H2/Ar p℄t���*�Y�}�H�?
PO2

=260Pa p�� (Ar Q O2 pbT�i) �
5H[�qIHNCnt7℄tJw�}H[ILp�H5�Æd TEM �ÆJwH[Y�~�=p![�7�E�,s7/H[���H[Jwp PTCR ,^Wj"4"x���G$_�HNCn�1���t7l#3,s5�p�H��� I(�=�� ∼250◦C) �H)�plOILÆ� II(�=�� ∼800◦C) Q� III(�=�� ∼1250◦C) �℄t"pH[IL��i3S�� II DqI�	1%g:H;$��	'�p�o�H[Æ
� III Dg�11%IL+��H[IL℄�	&z&�=j/�o1��(�\.% Ti p Ba6Ti17O40 "pD~��℄t"&H["p+!IL��k�	T3HEA3�i�	B5p{�=gq
;
YJ�� PTCR ,^�` p N�<zp La <X�
YÆ�	}H[Æ
���Q{4,^>�Y�d�TQ174  %A���A

1 4-
BaTiO3 e PTCR(Positive Temperature Coefficient Resistance) e[�#"	�(�K�

PTCR -_�� PTCR -_U�E�_el2,p���}H)X�Xk	�V-�t}1s�yq��� [1]. i��
4IC6q
;\>JM��o-m$�q�F�f\3I8l���|�GÆ669
k�� �(q)Nu\Ehl�*	+�5)={q
BaTiO3 ee[3I7�a�R ={�?�( [2], lNom�kq BaTiO3 e[7�={p����� ∼0.3mol% qp���k
 HBJ\p�7�3IK�0��v8�\ÆVirJ�0q���>q"\4��={91��k8q`%
K
={p�qe+��l+�7	��I��qe+ [3], �
^u	���K
={p�(Xh0m 10mol%[4]. ihl�^u	��+�Z�I*��j-5)���>�|O1�q}1p�eeh0�^u8q3I�q�
C6)3�\Æ3I-K� PTCR -_
e[q�
C6 :�Z;q~I\JM�!0`#�� ~I\JM7UlVu+�JMq8��	��\JM�(Xh�D�~I\JM
 Makovec[4] � Morrison[5] ��
{ [6] t�-t9ZqI\JMhRF-tq�>a2��FF~I\JM�}8l���>q"\�i[j$���I�^��� 2005–08–12, �P+℄^���2005–10–25jw'	� '�&md=*A&C��d� (BG06-04))B=ov� ~bz (1971– ), h�*A�!�M	 E-mail: puyongping@sust.edu.cn
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920 � f 1 G < � 21 �\JM�Iq"\6�
�F*Æ�jqa2�rJ8��~I\JM�q-t�	�Kxn#�	��sIq�_6�� TEM B;���>q"\Xk-t	�q#5#y�$�vD�F~I\Z BaTiO3 e[q���>q"\Xk�
C6q4IJM

2 �.��\>? Ba1−xLaxTiO3+2.0mol%TiO2 Æ6sI�La X`Z>�Pq4?℄!�={p� x � 0∼5.0mol%,�Z��VuqI\

U9Z�GI
UZ�X;61b��b 3h,Db���VW
,��>Z,�I φ8mm×2mmqKx��C?Q�l H2/Ar(1:99)	��� 1380◦C +� 2h, �ZX 10◦C/min 8�
~I\JM�q�IDeIODoÆ68D�8Iu;S.%w
� [6,7], 5e Ar S O2 q
U	j	��OD�&� 167S 0.5mL/min, I�� PO2

� 260Pa, e ZrO2 V-� (Zirox Sensoren & Elektronik GmbH, Greifswald, Germany,

model SGM5-EL) 8��2	WU 10◦C/min, -tqKx5e-tq80I\	�Æ6I\
}~I\�Zqe[rDXk\> 8ZeD>���B;�KxDbv�Zev,}1��� TEM(Model JEM 2010F, JEOL, Tokyo, Japan) Æ6���>k EDS I�q8�
�+�Mqe[u%^z In-Ga }i�X��}i%^��Mqqd�S
}5	�f8�2�,	}Qk5e 3◦C/min qp�WU� –50∼350◦C ��k8�
#5#y�e HP

4192A 2 (Agilent Technologies Inc.,Palo Alto,CA,USA) #5#��TÆ68��vU8I��� 10Hz∼13MHz.

3 �.rb% 1 5RF-t={p�qe[�^u	��+�Ze[q{ �>Nb
^%�(X!R�={p�� 0.25 S 1.5mol% Kx�_�q���>�Æ={p�� 3.0 S 5.0mol%Kx����>
B 1 C�H7�XQ�LÆ|x�IO�K�TA�l/��mQFVqa
Table 1 Mean grain size, resistivity before oxidation and oxygen coulometry results of

Ba1−xLaxTiO3 samples

∆xuptake

O (Peak III)(mol/mol)
x/mol% d/µm Resistivity/Ω·cm Tonset(Peak III)/◦C

Experiment Calculation

0.25 50 2.41 / / /

1.5 40 0.99 1266 0.0030 0.0075

3.0 5 1.80 1244 0.012 0.015

5.0 2 1.45 1225 0.020 0.025

3.1 1��nSGWs
y 1 �-t={p�qKx�-tq80I\	��qIODo�!
�l\R Kx�6��q4-kR��q	�z�8�Kx�-tq80I\	�7q�I�!�8�ZD��}8lq"\
^y 1 �(X!R�-t={p�qKx�j-tq�I6�
�
I 
�℄/={p�qh0'{v"�mp�� 5.0mol% 7� I )3�Æ� II S III 
�℄={p�qh0'{�
�)�� III q�>	� (6���!qÆ!n x $q�z�����w% 1) ℄={p�qh0Æ�u
rJ Gauss �M�� III q�IDÆ6mU��HJ
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4 � }ay�r� Ba1−xLaxTiO3 
Yp�	}H[f:B� 921l% 1 �

3.2 TEM["s
rJ TEM B;^u85)={q
BaTiO3 �>~I\Z���>q"\
�~I\�Kxq TEM �u����
U��Fhlkp TiO2 JDÆ>0q
Ba6Ti17O40 y�#�Æ�u8m�_qE�

^y 2 q TEM �u�(X!R��={p�� 1.5mol% Kx (80I\	�� 1380◦C) ~I\Z�� BaTiO3 �>ej�pR�FR.+qE�
��N�� ∼100nm, �E�
Æ6 EDS ����H%`�\>I��& Ti q BaTiO3, }1F,y��h/��q Ba6Ti17O40 q\U
 (a=0.989nm, b=1.712nm, c=1.893nm,

β = 98.71◦, C2/2c)[8], ��~I\JM�n
BaTiO3 ejq (111) �^U��0�'<0 [9]. �P��`�.E�
E�~I\ x 1 ,s<zo�pJwpHNCn7��G

Fig. 1 Dependence of the dosing current on tem-

perature of samples with different donor concen-

trationJM�4Iq�Æ-E�+�7 BaTiO3 �>0�JM�hl�>6I� TiJDÆ0Iq
y 2(c) S (d) �&� (a) �E�
 A S B q}1F,y��y�h/��q Ba6Ti17O40 #:� m, Æ BaTiO3 �>ej�q+=/2�j#:� p. �. Ba6Ti17O40 E�
���>ejqR.0�u8m�Æ�80I\	�� 1217◦C q~I\Kx�q�>ej�p�[j��

3.3 U*�GWs
y 3 �-t={p�qKx�-tq80I\	��~I\Zq�O}5U℄	�q"\�!
�l={p�� 1.5mol% Kx�80I\	�� 1017◦C 7[j��R PTCR -_�Æ� 1217 S 1380◦C q80I\	��I\Z�K�R-tM�q PTCR -_
={p�� 5.0mol% qKxI\Z�}5U^ 1.45Ωcm )2m 20kΩ·cm. hl0p�q5)={��#"	�U
Sm ∼0◦C[10].

4 Z!5��6�IODoS TEM q���H���^u	��+�q5)={q BaTiO3 e[�~I\JM�a�$ -tq�(Ih;

4.1 1~�S�J
∆xuptake

O ∼[LaBa]
−n�~I\JM��0I*�qmP�_


V··

O+2e’+1/2O2 →Ox
O (1)��5)={q BaTiO3 q��a2 [11,12], �
^u	� (uI��) �+�q5)={q BaTiO3 e[�qI*�p�℄5)={p�qh0Æ�u


[V··

O]=[LaBa]
−n (2)?� n �R?R�� 600∼1000◦C q��k���^ 0.5 m 1 "\
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922 � f 1 G < � 21 �

x 2 Ba0.985La0.015TiO3 Jw� PO2
=260Pa }H[Y (7/H[��� 1380◦C) p TEM 
t

Fig. 2 TEM micrographs of precipitates of the monoclinic compound Ba6Ti17O40 in Ba0.985La0.015TiO3

sample, reoxidized by heating to 1380◦C in an atmosphere of PO2
=260Pa

(a) Bright field image; (b) HREM image of the precipitate marked in Fig.2(a) with A; (c) and (d) Electron

diffraction patterns taken at the area of the grain marked in Fig.2(a) with A and B

x 3 ,s<zo�pJw�,sp7/H[��}H[Yp�N{4T\��p![� 
Fig. 3 Dc resistivity dependence on the temperature of samples with different La after reoxidation up to

different maximum temperatures

4.2 i6&(1h&S��∆xuptake
O ∼1/2[LaBa]
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4 � }ay�r� Ba1−xLaxTiO3 
Yp�	}H[f:B� 923~I\JM���>%^ (%��
(�) rJ�
2&�(I��>k0�rJ�22&�(I���? (3) �0^u#'I\#q,"

Ba1−yLa·yTi1−yTi′yO3+

y
4 O2 →(1− 3y

22 )Ba1−yLa·yTi1−y/4 (V′′′′

Ti )y/4O3 + y
44Ba6Ti17O40 (3)^;V)(o��(IqD� 1/2y, 8�omI\#q Ba1−yLa·yTi1−y/4(V

′′′′

Ti )y/4O3. i�
PO2

=260Pa q	��~I\JM�R�?>�{W`��lR�={p�qKx-(l�}�I\
h\(w�~I\q�?>JM)N��l5)={p�

4.3 zu1h#\1∆xuptake

O ∼ 1/dhlIn BaTiO3 �>q%^��?�I��(�e[Kxq|%^Xkk0�>q%^
�0	7�n�l#���� ��?�"�\Æ�
�(IqJM�l�8��	�0
�4JMIErJ�
2&Æ��(��>q%^�R��DqKx�IDn�>q{ NbI��
q.��>%^�l�(R4h9qIu1��l�>Nb� 50µm qKx�rJo[(o�
�ID� ∼ 3 × 10−7mol/mol BaTiO3. \Æ�l�K+q�(D� H�0�V.q	���k�VieIODou8R4�L|�e�>P
��
�(Iq4?^a�-tqBz�\Æ^9ÆR./!D�
% 2 5RF={p�� 1.5mol%Kx�-tq~I\	�I\Zq}5U
̂ % 2 Sy
3 �(X!R��80I\	�� 1017◦C 7~I\Z��}8l[j�0eq"\� TEM��O[ju8m& Ti q Ba6Ti17O40 E�
��P�T`y 1 �� I �_qEI*�qmPJM
�Uy 3 �q PTCR -_�(X���j80I\	� > 1200◦C 7���
4I�
C6
%`y 1 �� II S III �_qE^u#qI\
hl~I\JM�5)+Ah�^}1+A,"m*�+Ah�79N4IÆ91*���.Æ91 :^��j�b[R4 [8]. �\JM�4IqE Ti 91*��\ÆE�R& Ti q Ba6Ti17O40 #
;V)~�~I\JM(��B4-tq�?>JM���&�_qE�I�!�q� II S III:B 2 H7�X� 1.5mol% 2
:C�Q8/f�X/feQ_?T)
E�
Table 2 Electric properties of samples with 1.5mol% La after reoxidation up to different

maximum temperatures

T reox
max /◦C ρmax/ρRT Tmeasuring/

◦C ρtotal/Ω·cm ρ1/Ω·cm ρ2/Ω·cm ρ3/Ω·cm

25 4.9 1 4 /
1017 2

265 10.8 1 10 /

25 133 6 127 /
1217 1234

274 164.1k 4 164.1k /

25 252 13 40 200
1380 2276

88 573.4k 5 4.0k 569k

(a) ��uq	����j%��
q�p�I\
�� �0����
U�RJDqÆ91
 H Ti 91*�4I��
(��gY�j��
S$�:zU4lu8m
Ba6Ti17O40 E�
qa�
Æ�K�Vi��REhlI\ÆE�Rq^E��>\>6I�hlJD TiO2 Æ>0q Ba6Ti17O40 #
hl Ti 91q2&�RVu [13], �4JM��0��
(��^9qIrJ�
2&Æh;


(b) ��0q	����_qE�>k0qI\
�4JMhVOIq�22&JM,� [4,9], IrJ�22&Æ!�>k0�E�
_)E��>k0�pE�R4
^ TEM q���H4!�R�� III Z��Kxq�>k04u8mE�
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924 � f 1 G < � 21 �h\(w�� II �_qI\JM (a), ��
U4IE�
�Æ� III �_qEI\JM
(b), ��>k04IE�

rJ�22&VOIk�F� III q�>	��0
L|�^% 1 Sy 1 �(X!R�� III q�>	�℄={p�qh0Æ�u��Ehlj={p�
>0.3mol% 7�Iq�22&�R℄={p�q�pÆ20 [14]. �l={p�� 0.25mol%qKxK�V"q� III, EhlIq�22&�RV+��IODoq8�oy��[j3?q7s4VOIÆh;5�_ (3) q�0
hlKxq�>Nb�e��Æ6 TEM B;7Viu8RE�>qf0��p�I\�iE6�X)q���I\JM (b) K��0�%��
q�p��/^�
U'{C'�>k02��\ÆK����>qe[ (={p�� 3.0 S 5.0mol%) �K�_��>qKx (={p�� 0.25 S 1.5mol%) 7-Wv�I\
I\JM (b) q�IDn;V�#�� (% 1) (X!R�={p�� 1.5mol% qKx�0�I\�Æ={p�� 3.0 S 5.0mol%qKxqI\M�V0�i-E}�I\�n Makovec[4] qD��H#��ÆE�hl\I\JME� PO2

=260Pa	��Æ6q�Kx)[jK�0�q�v` (wy 3), Æ�^��RR�q PTCR -_


x 4 <zo�� 1.5mol% p
Y�7/H[��� 1217 Q 1380◦C 6pG�Q/�"4"x�
Fig. 4 Impedance spectra for 1.5 mol% La-doped samples with maximum reoxidation temperature of

1217◦C and 1380◦C

(a) Cole-cole plot; (b) Z2 and M2 dependences on frequencyI\ZKxq PTCR -_qe+n�I\q
4�	E�(X4I�
C6k�
�e+jA
% 2 5RF={p�� 1.5mol% qKx�-t80I\	��I\Zq PTCR-_q}5Uwp���y 4 ���80I\	�� 1217S 1380◦C 7q0	#5#y�
��}�B�>a2�5e-tRDq RC hsqt-}S ( y 5 ^�)[15,16], |<R>a2Z�#5#y��q5#S}aDt7Æ6mU�mU�HJl% 2 �
�H����80I\	�� 1380◦C 7~I\Z�R�zn 3RC t-}SqmU��?0�Æ80I\	�� 1217◦C 7��U 2RC t-}S
^y 4(b) q}aD M2 ℄vU"\�!�O(X���80I\	�� 1380◦C qKx�!�K�`�q$4��%`}���>h 3RC hs6I�Æ80I\	�� 1217◦C qKx�!��jB4��T`�j 2RC hs
^% 2 �q#5#y��mU�H4!�}5U ρ1 �_qE�>�pq}5U� ρ3 S ρ2 �&�_qE�
�p gb1 S gb2: � gb1 �p��5)� Ti 91*�+A�}1p�Vu�Æ gb2�p� Ti 91*�p�Vu (n�>�#t), }1p�#� gb1 �0�i��>�u��E\���4�pqfÆ}Oq5)91 :h�
Uq*s$}O4+A
�4�p�E



Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

4 � }ay�r� Ba1−xLaxTiO3 
Yp�	}H[f:B� 925

Heywang a2�^�q}1N�9 [17], �X���l�>�j-5)p� ([D·]–4[V′′′′

Ti ]) S�
�(Iq%^`℄�
 ρ3 q�wwel ρ2 E\��I\#�q}1p�wwulN�9 (^u#), 0	#5#y�qmU�H%`�B4�p��j PTCR -_

x 5 PTCR 
Yr,{Rj Cole-cole x� (a) 2RC gqÆ (b) 3RC gq

Fig. 5 PTCR ceramics equivalent circuit and cole-cole plot (a) 2RC; (b)3RC={p�� 0.25 S 1.5mol% qKx�80I\	��&� 935 S 1017◦C 7I\Z[j��R PTCR -_
�49G�H%`��jI\JM (a) P�Æ6Z4(l�8�JM�(IÆ4I�
C6
O�ET�I :��

mR�q�S-`����(��
qIOa���W���>k0
Æ�l={p�� 1.5 � 3.0 S 5.0mol% qKx�80I\	�� 1380◦C I\JM��K�R-t
�q�I� III, �}8lq���>�U 3RC t-}S
6�X)q��(X{
�~I\Ze[���>Eh$0�6I�l��I\q�>��I\qk0�
Xk|0�
6I��R�(tK� Makovec �� [4], ��B4 RChs�_qE���k�>Pq�v9���R4E|0�
�ÆL|R4��I\q�>0��l�'
I\^4Iq Ti 91*�hl�j0qr`�O-(lrJ2&
Sm�>k��j�M��>%^Pj%^N)`
I\M�x0��N)`℄�xe�4Iq PTCR -_�x`�
\Æ�0�I\Z5)={q BaTiO3 e PTCR e[q�
C6R�hB0�6I
|0�
hl�
�JIu1Æ>0qN)%^`�k0�
�91\qÆ91*�PjN)`

5 r�5)={ La q BaTiO3 e[�
^u	��+�Z�~�I�� PO2

=260Pa q	��Æ6~I\qJM���
C69S PTCR -_!0om`#
IODo�2	�	u8m$4-t6�q�I��� I(�>	� ∼250◦C) �I*�qmPJM�� II(�>	�
∼800◦C) S� III(�>	� ∼1250◦C) �_qE^u#qI\JM�� II ErJ�
2&h;I<%��
(�q�p�I\�Æ� III Eh�22&JM,��I\JM^�
'{'�>k0�p2���\JM���℄/& Ti q Ba6Ti17O40 #qE�
�^u#'I\#q,"JM��l�
U4IFB4�j�
C6q}�>hsÆ<e[K�
 PTCR-_
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Mechanism Investigation of Grain Boundary Reoxidation of

Barium-lanthanum Titanate Ceramics

PU Yong-Ping1, CHEN Shou-Tian2, LANGHAMMER H. T.3, MAKOVEC D.4

(1. Shaanxi University of Science and Technology, Xianyang 712081, Chian; 2. Xi’an Jiaotong University,

Xi’an 710049, China; 3. Martin-Luther-University Halle-Wittenberg, 06108 Halle, Germany; 4. Ceramics

Department, Joz̆ef Stefan Institute, 1000 Ljubljana, Slovenia)

Abstract: BaTiO3 ceramics doped with different La concentrations were sintered under a reduc-

ing atmosphere of H2/Ar (1:99), subsequently, reoxidized in oxygen partial pressure PO2
=260Pa

(mixture with Ar and O2 gas).The behaviour of oxygen in the reoxidation process was investigated

by an oxygen coulometry. The microstructure of the raw sintered and reoxidized samples were

analysed via TEM. Temperature dependence of resistivity and complex impedance spectroscopy

of reoxidized samples at different maximum temperature were measured. Results showed that

three oxygen uptake peaks with different onset temperature could be observed during the heating

circle. Peak I (onset about 250◦C) was attributed to the filling up of oxygen vacancy. Peak II

and III were related to the oxidizing of reduced phase. Respectively, Peak II (onset about 800◦C)

was the formation of oxidized phase at the vicinity of the grain boundaries, which was controlled

by grain boundary diffusion. Peak III (onset about 1250◦C) was the oxidized phase expanding

towards the grain centre and controlled by oxygen bulk diffusion, meanwhile, the rich-Ti phase

Ba6Ti17O40 was precipitated. During the transformation from reduced phase to oxidized phase

the development of two potential barriers at grain boundaries resulted in the strong PTCR effect.

Key words barium-lanthanum titanate ceramics; grain boundary reoxidation; positive temper-

ature coefficient resistance effect


