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�³���ä�ý��L¡>ÖÈ\!ïÄ?n�méL¡>ÖÈ\�K�, ¦^Í/�·Üí3¢�¿�A
;¥é��Á�?1
ØÓ�m (10 min, 30 min Ú 60 min) �L¡Íz?n. P~���ù	©Û� SEM ä¡Ú
L¡*	L²�Íz�m�O\, Íz��ÍzÝÚþÝO�, L¡�*o÷Ýü$!L¡|�C���. �m´
9e-�>>6ÿþ¤L²�!�Íz (�) Á�k��L¡>Ö�²Ú½�L¡>Ö�', ù
ÍzÁ��L
¡ØU�;>Ö. �È3§�L¡þ�>'>Öu¿§e©O�3 2 min, 10 min Ú 15 min S¯�P~�", Ðy�
Íz�m�ò�~ú�>Öº��Ç. L¡>�ÇÚ�>�ÿþ9L¡UO�L²ÍzÚåL¡>�ÇÚL¡
d�5�45�wÍO\, �§��Íz�m�ò�~�. ÍzÁ�L¡>�Ç�wÍO�8ÏuL¡>Ö�²
��~�U�¢�CfÚL¡áN�Y©. L¡¿>>6ÿþ?�Ú/L², ��Á�A��"��L¡>6�
', ù
ÍzÁ�3ëY¿>Ïmwy���L¡>6. ù¿�Xù
ÍzÁ�3¿>Ïm'�Á�k��õ�
L¡>ÖÈ\.

'�c: ��ä�ý�, L¡Íz�m, L¡>ÖÈà, L�>ÆA5

PACS: 82.35.−x, 81.40.Rs, 73.20.At, 77.22.Jp

1 Ú ó

��ä�ÄEÜá�duäkR��>ý
�!åÆÚ9Æ5U9zÆ½5, ®�2�/
^u>í!>f9ÊUÊ��+�. cÙ´±��
ä�ÄEÜá�ý�| � SF6 íNý�m'�
� (GIS), dup�ý���5!��Ó/¡È9
µ4�(�±�ØÉ	.�¸í¨�K��, ®3
pØ�6 (HVAC) >å�xXÚ¥2�A^
A�
c. ,, yk�ïÄ(JÚ¢SA^®L²�O
�Eäk� HVAC GIS �Óý���5�pØ�
6 (HVDC) GIS E,´��]Ô [1]. ÙÌ��Ï´
��6>|�'!3�6>|e��ä�ý�|
 �L¡þ�´uÈ\>Ö. ý�| L¡þLõ
�>ÖÈ\¬îÆC>|!E¤÷¡ðä>Ø

��Ìeü, $�Úåý�| ÷¡ÂB!���
�¯� [2−4]. Ïd, XÛ³�r>|e!cÙ´�
6r|e GIS ¥��ä�ý�| L¡þ�>Ö
È\´�Ï±5IS	��'5��K��.

ý�| L¡þ�>ÖÈ\´L¡{�>6
�÷¡ (��) >6Ä�Ø²ï�(J [1,5]. Ïd,

�¢yL¡>ÖÈ\���zI�`z�Oý�
| �Ó+!±¦�U/~�L¡>|�{�©
þ�ü$Ù��©þ�Øþ!5 [1,5]; I�;�>
4þ�fe�âå��3 [6,7] ���zíNý�
| >4n(Ü:?�>| [8,9] 9ü$�â (cÙ
´�>5�â) é>4Úý�| L¡�À/ [6,7],

±¦�U/ü$d§�Úu�ÛÜr|u���
>!�älí���ý�| L¡�>Ö5. ,
	, Jp��ý�| �L¡>�Ç�ü$Ù��
5�A�½k|u\�L¡>Ö�º�Ú³�Ù
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È\. Ïd, ý�| �L¡��>5CX?n�
L¡o÷z?n®�JÆÚïÄ [5,7,8].

��Íz��àÜÔL�zÆ?»��k�
�å»��!3zÆó��+�lÄ:ïÄ�ó
�A^®�2�mÐ
 40 õc [10,11]. du4r�
�A5Ú�zUå, ÍíUéNõàÜÔ (�)à
 Í¯L (PVDF)) ��Íz, /¤�ÄNkÅ(Ü
�O��% - ÍL�, àÜÔÄN���A5Ø
¬u)?ÛCz. ù
ïÄÚA^Ì�8¥uUõ
àÜÔL��{	!ÅN½d�A59JpÙL
��zÆ½5!)Ô�N5½åÆ5U [10]. ,
'u��ÍzéàÜÔ>0�>Æ5UK��
ïÄ%A����XÚ��. �´, ·�Cc5'
uàZLÚà¯L�ïÄ(J®L²��ÍzÓ
�Uk�/N�§��>Æ5U [12−17].

�©/Ïù���ÍzEâÁãÏLzÆ?
»��ä�Á��L�!±Ï¢y³�ÙL¡>
ÖÈ\�8�, ïÄ
Íz?n�méÙL¡>Ö
È\�L�Ä�>Æ5U�K�.

2 Á����Íz9¢��{

¢�¦^����U�8ìþ°ä��k�
úi)��V¦ A ��ä� (DEGBA)!`Äo�
�� (MeTHPA) �zJÚ 2,4,6 n (�`XÄ`Ä)

�¦ (DMP-30) r?J. §��± 100:80:1 �'~
·Ü, ��©Ñþ!¿ý�øí���5\ØC
g�äS. 3ý�ó�¥u 120 ◦C eÄkòÙ�
z 2 h, ,�u 150 ◦C eUY�z 3 h, ��g,
e%�¿§!��þÝ� 0.55 mm ���ä�Á
�. �Ø�Á�L¡ÅN��z�¤¦^�ø�
J, Á�3�Ízc½�^uïÄc²{
c[
�L¡�WÚ���$§ZH. Á��Íz3ä
k	Ü>\9��§�¢�¿�A;¥?1, ¦
^�Íz�AíN�ÍíNÈßÝ� 12.5%�I
�Íí/�í·Üí, Íz§ÝÚ�AØå©O�
� 50 ◦C Ú 1 bar (1 bar = 105 Pa), Á��©1?n

 10 min, 30 min Ú 60 min.

¦ ^ P ~ � � � ù 	 (ATR-IR) 1 Ì
{ (Thermo Nicolet, NEXUS 670) ©Û
ÍzÁ�
Ú�Íz (�) Á�L��zÆ|¤. ÏL|u�×
£>fw�º (FE-SEM, XL30FEG, Philips) *	

Á��ä¡ÚL¡, ±(½ù
ÍzÁ��Íz�

þÝÚµdÍz�UÚå�L¡/mCz. ÏL�
>�ÿþ (dataphysics instruments, OCA15) �L¡
UO� (Wu’s harmonic mean �{ [18]) µd
Á�
�L¡d�5�45. Áã¦^9e-�> (TSD)

EâïÄ
Á�L¡�>ÖÐ¼A5. T TSD ÿ
þXÚd�5,§¬!õõU>L (Keithley 6514)

Úêâ?nO�Å|¤. �5,§¬�,§�Ç�
��� 3 ◦C/min. ¦^pý�>{ÿþ¤ (ZC-90G

., þ°�î>fk�úi) ÿþ
Á��L¡>
�Ç, ÿþ>Ø� 500 V. ¦^ã 1 ¤«�¿>ÚL
¡¿>>6ÿþXÚïÄ
Á��L¡¿>>6
A�. 3ã 1 ¥, ü¡©O�ý��Ûk¾�/>
4Ú�>4�Á���u»�¿>Ü©�e�, �
{�>'>Ö����T�/>4þ, 3Á��»
>4m��
��¥%mk���à¯L��. Á
���>4ÏLõõU>L�/, |^T>LÚO
�ÅÿþÚP¹Á��L¡¿>>6.

ã 1 ¿>ÚL¡¿>>6ÿþXÚ«¿ã

3 (J�?Ø

3.1 LLL ��� ��� zzz ÆÆÆ ||| ¤¤¤ ÚÚÚ þþþ ÝÝÝ 999 LLL ¡¡¡ ///
mmmAAA���

àÜÔ���Íz¬�� C–H, C–OH �zÆ
��ä��V�Ú�ÝV���Ú, /¤ CF, CF2

Ú CF3 Äì, Ó�¬Úåp©fó,«§Ý�}
���é [10]. ¤/¤�Íz��ÍzÝ�þÝ�
ûuÍz^� (Íz�mÚ§Ý9�A¿Íí�
 Ø�)[10].

ã 2 �Ñ
�Á��ù
ØÓ�m?n�Í
zÁ�� ATR-IR Ì. 3ù��Á��Ì (a) ¥Ø
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U*	����A�áÂ (1777 Ú 1859 cm−1[19])

Ú��Äì�A�áÂ (915 cm−1[20]). ùL²
V ¦ A � � ä � Ú ` Ä o � � � 3 � z � ã
® ¿ © � A ! Ñ ¦, / ¤ 
 X Ì (a) ¥ C=O á
Â (1734 cm−1[19]) ¤L²��Äì. 3Ì (a) ¥Åê
� 1510, 1182 Ú 800 cm−1 ?�áÂ©O'éu�
�¥� C=C � !���¡SC/Ú��¥��
¡SC/�Ä [20], Åê� 1032, 1095 Ú 1259 cm−1

�áÂ8áu���Ú������ C–O � 
�Ä [20]. ,	, Åê3 3300—3600 cm−1, 2830—

3000 cm−1 9 1430—1470 cm−1 ���A�áÂ
©O� O–H � !C–H � 9 CH2 Ú CH3 ��
�ÄáÂ. Ì (a) ¥ù� u 1651 cm−1 ?
�áÂ¸A´r?J¥��`XÄ`ÄÄì�
áÂ [21].

ã 2 ��Á�� ATR-IR Ì (a) ��; (b) 10 min ÍzÁ
�; (c) 30 min ÍzÁ�; (d) 60 min ÍzÁ� (Åê3 2300—

2400 cm−1 �áÂ��í¥vkÖ�� CO2 �áÂ)

lã 2 ¥ù
ÍzÁ�� ATR-IR Ì (b)—(d)

�w�, Íz��
 C–H, C=C, C=O Ú C–O �
áÂ�wÍ~f!$���, Ó�3Åê 940—

1340 cm−1 ��SÑy
°� C–F ráÂ. �'
�ùn�ÍzÁ�� ATR-IR Ì, �w��XÍz
?n�ò� C–F áÂ²wOr, Ù¦A�áÂ?
�Ú~f½��. ùL²ÍzÚå
��Á�L�
|¤���Cz9�XÍz�mO\�ÍzÝ. ,
	I��Ñ, 3Ì (b)—(d) ¥Åê 1763 cm−1 NC

�áÂ��Äì�áÂ�zÄÍÄì (−COF) 3
�í¥Y)�Ô (−COOH)[10] �áÂ�U\. ùU

)º��o3Ì (b)—(d) ¥E�3 O–H áÂ. z
ÄÍÄì�/¤��ÄáÂ�wÍ~f�¿�X
ÍzL§¥Ó�u)
ó�}�.

ã 3 Ú 4 ©Ow«
ù
ÍzÁ�Ú�Á
�� SEM ä¡�Ú§�� SEM L¡/mA�.

Äuù
ä¡�, 10 min, 30 min Ú 60 min Íz
Á��Íz�þÝU�(½, ©O�� 0.45, 0.64

Ú 0.81 µm. X¤ý��, Íz��þÝ�Íz�m
²w/O�. ,	, ã 4 ¥�L¡ SEM ��ß/w
«ÍzÓ�Úå
Á�L¡�*þC�o÷. ��
Á�þ!!²��L¡�', ù���
 40000 �
� 10 min ÍzÁ��L¡þÑy
�þ�Ø5K
���«Ú��. ��XÍz?n�ò�, ù
�
�«Ú��²w/~�!�L¡|�q�C��
\��, cÙ´ù� 60 min ÍzÁ�. Íz���
àÜÔL¡�*/m�aqCz®���, ù8Ï
uÍz�A��959Í�f'��fk���
�» [22].

3.2 LLL���>>>ÆÆÆAAA555

Á�L��þã|¤CzÚ(�Cz�½U
C
L��>ÆA5. ÄkÁãÏLm´ TSD >
6ÿþïÄ
�Á�L��ÍzÁ�L��>Ö
Ó¼A5. 3¢� TSD >6ÿþc, ù
ý��Û
k¾�>4�Á�3¢�¿^� (40% ��é�
ÝÚ 15 ◦C) e�»�>'¿>, ¿>�Ø!»Ø
Ú¿>�m©O� −10 kV, −2 kV Ú 5 min. �

¦�ØÓÿþ�(J�mkÐ�'é5, ù�¢�
¿^���^ue©¥�Ù§ÿþ. ¿>���
Á�kA��u¿>»Ø (−2 kV) �½�Ð©
L¡> , ã 5 ¥§�m´ TSD >6Ì¥yü>
6¸!¸§�� 148 ◦C. ùL²�Á��L�k�
�>Ö�²ÚûÐ�ý�5. ,, 10 min, 30 min

Ú 60 min ÍzÁ���/��Á���ØÓ. §�
3þã^�e¿>��Ð©L¡> �$u¿>
»Ø (−2 kV), �� −1.06, −1.43 Ú −1.60 kV, �L
¡> ©O�3 2 min, 10 min Ú 15 min S¯�P
~�". ùL²>ÖØU�;3ù
Íz�¥. ¦
^m´ TSD >6ÿþXÚ, ù�L¡>Ö¿§¯
�º�¤Úå�	>´>6 (e©¥{¡�¿§�
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>	>´>6) �P¹, (J�w«3ã 6 ¥. X¤
�, m´ TSD >6åÏuÐ¼>Ö�9º�9Ù
��ÏLNS��>4�[£, Ùþ�þ�uþ>
4aA>Ö��mCzÇ. ,ã 6 ¥�¿§�>
	>´>6�m´ TSD >6ØÓ, §�)u>Ö÷
ÍzL��DÑ. ù´Ï�L�Íz�UC?ÛN

A5!L¡>Ö3¿§ÚXd$�S>|eØ�
U÷XäkûÐý�5�NS��>4[£. '�
ã 6 ¥ù
ÍzÁ��¿§�>	>´>6�
��, �Íz�m�O\, ¿§�>	>´>6�
Ð©�~�!�>6~��"¤I��mO\. ù
�þã�L¡> P~�*	(J��, L²L¡

ã 3 ÍzÁ�Ú�Á�� SEM ä¡�

ã 4 ÍzÁ�Ú�Á�� SEM L¡�
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ã 5 ���Á��m´ TSD >6Ì

ã 6 ÍzÁ��¿§�>	>´>6, �ã�ù
Íz
Á�3¿©ZH��(J

>Öº��Ç�Íz�m�A/ü$. ,	, �

~�Á�L¡áN�Y©é>Ö÷L¡º���
UK�, 3ZH®¥¦^ZHJ¿©/ZH
ù

ÍzÁ�. ã 6 ¥��ãw«
ù
ZHÁ��¿
§�>	>´>6. ��, =¦ù
Á��¿©Z
H�ÙL¡>ÖE¥y�¯�¿§º�. ��ZH
c�', §��L¡>Öº��Ç²w/ü$, X
�ã¥�A���>6Ð©�Ú���>6P~
�m¤L²�.

ÍzÁ�L¡>Ö�¿§¯�º�¿�X
§��½k'�Á�p�õ�L¡>�Ç, ù�
�L¡>�Ç¢Sÿþ�y¢. L 1 �Ñ
�
Á�ÚÍzÁ�L¡>�Ç�ÿþ(J. 10 min,

30 min Ú 60 min Í z Á � � L ¡ > � Ç © O
� 1.0× 10−13, 4.1× 10−14 Ú 1.8× 10−14 S (S �Ü
�f), ��Á��L¡>�Ç 1.4 × 10−17 S �'
Jp
 3—4 �êþ?, ��Íz�m�ò�²w
/~�. ù�L¡> P~�*	(JÚã 6 ¥�

¿§�>	>´>6ÿþ(JéÐ/��. X¤�,

ý�á��L¡>Ö�U± “a�” ��ªÏLL
¡Û�� (�²)!÷L¡DÑ. ,	, 3���¸
¥�L¡þáN�Y©/¤Y��L¡>Ö¬Ï
LY�¯�/º�. L¡áN�Y©fþ�ûuá
��L¡d�5Ú�¸�Ý. L 1 ¥��Ñ
�Á
�ÚÍzÁ�L¡þYÚ�9`���>�ÿþ
(J. ��Íz4�/ü$
Y��>�, l3�
Á�þ� 97.6◦ ~�� 10 min, 30 min Ú 60 min Í
zÁ�þ� 5.9◦, 31.6◦ Ú 65.2◦. Äuù
�>ÿ
þ(J, Uì Wu’s harmonic mean �{ [18] O��
Á�L¡U���3L 1 ¥. L¡U�O�(J?
�ÚL²ÍzÁ�L¡U�45©þÚoL¡U
�wÍO��L¡U�45©þ��A~�!±
9§��Íz�m�Cz. duL¡�*o÷Ý½
þz�(J59o÷Ýé�>��E,K� [23],

<�3µdÍzÚå�àÜÔL¡d�5ÚL¡
U�Cz�Ï~�O\Íz���L¡�*o÷
ÝO\�K� [24]. �¯¢þL¡o÷Ý�O\¬
~�½O\Y%3�Y½ÕYL¡þ��>� [23].

Ïd, L 1 ��>�ÿþ(JÚL¡UO�(J¥
�½�3L¡�*o÷�K�, �ù
ÍzÁ��
�u 90o �Y��>�L²§�L¡�����
Y5. XÙ¦àÜÔ��'ïÄ(Jaq [10,16,25],

á�m (10 min) �Íz����Á�L¡d�5
Ú45wÍ�O\, ò�Íz�m (� 30 min

Ú 60 min) L¡d�5Ú45��ü$. cö´d
uÍzÐÏ/¤�Nõ45Äì (X –CHF–), �
ö8Ïu�XÍz�?�Ú?1!ù
ÍzÐÏ
/¤�45Äì�Ü©=C� CF2 Äì [10], Xã 2

¥�Íz�mOr� C–F áÂ¤L²�. Ïd, Í
zÁ�wÍO��L¡>�Ç8ÏuL¡>Ö�
²�Cz�L¡áN�Y©. Ízé�UÚå
Á
�L¡>Ö�²�¢�Cf, Ï�Xã 6 �ã�(
J¤L²�!ù
ÍzÁ�3¿©ZH�Ewy
L¡>Ö�¿§¯�º�.

3.3 LLL¡¡¡¿¿¿>>>>>>666

L¡>�Ç�wÍO��½¬UC��Á�
3ëY¿>Ïm�L¡¿>A�!~�ÙL¡>
ÖÈ\. Xd�L¡¿>L§´ GIS 3¢S$1
¥Ù��ý�| �~¤;��. ¦^ã 1 ¤«�
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¿>ÚL¡¿>>6ÿþXÚ®ÿþ
�Á�Ú
ÍzÁ��L¡¿>>6. 3�½��Ø (Vp) Ú
»Ø (Vg) e, é��D��!��>�½ý��L

¡, <�U
ý�§�ATkXã 7 ¤«¿�L¡
¿>>6CzA�. 3¿>m©�§��L¡¿>
>6¬á=� ���. éD ��L ¡, 3¿>Ï m

L 1 Á��L¡>�Ç!�>��L¡U

�Á� Íz 10 min Íz 30 min Íz 60 min

L¡>�Ç/S 1.4 × 10−17 1.0 × 10−13 41 × 10−14 1.8 × 10−14

�>� /(◦)
Y 97.6 5.9 31.6 65.2

�9`� 45.3 70.1 73.7 59.6

L¡U /(mJ/m2)
45©þ 2.4 51.1 42.9 19.1

�45©þ 35.4 21.3 19.8 26.3

oL¡U 37.8 72.4 62.7 45.4

ã 7 D�L¡!��>L¡Úý�L¡�«¿L¡¿>
>6�

§�¿>>6¬©ª�±ù����!Øu)U
C, é��>�½ý��L¡, Ù¿>>6¬�
X¿>�±Y~����½�½". ù´Ï�
D�L¡�L¡> 3¿>Ïmð�", ��>
L¡½ý�L¡�L¡> òl"O\����
u Vg ��½ Vg. ã 8(a)—(c) é'/w«
�Á�
Úù
ÍzÁ�3ØÓ¿>»Øe�L¡¿>>
6�, 3ù
¿>L§¥��»m�>Øþ��
±� 10 kV. lã 8(a)—(c) �w�, �Á��L¡¿
>>6kn�ý�L¡�¿>>6A�, ù¿�X
�Á��L¡> U3A¦¨S¯�/���A
�»Ø�, =¦3 −4.0 kV �¿>»Øevk>Ö
÷ÙL�DÑ. ,, ù
ÍzÁ�wy�»Ø�
O\O��²w��L¡>6, ¿��ã 6 ¥
�¿§�>>6(J9L 1 ¥�L¡>�Çÿþ
(J��, ÍzÁ���L¡>6�Íz�m�
ò�~�. ùL²du3ëY¿>Ïm� È>Ö

ã 8 �Á�ÚÍzÁ�3ØÓ¿>»Øe�L¡¿>>
6�
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÷L¡�DÑ, ù
ÍzÁ�äk'»Ø²w$�
�ªL¡> ½äk��L¡>ÖÈ\. ò�Íz
?nØ|u~�L¡>Ö�Ä�È\. ,, ò�
Íz?n���Íz�ÍzÝÚþÝ�O\�L
���5�JpAk|uUõÁ�3�Ï¦^�
�L�Pz5U, ùI�38��ó�¥?�Úm
ÐïÄ.

4 ( Ø

ù
(J®ÄgL²Íz?nU
wÍ/³

���ý�Á��L¡>ÖÈ\, ±�=¦3¿§
e>ÖØU�;3ù
Íz�L�. ù´Ï�Íz
UC
Á�L��|©Ú(�!l��ÙL¡
>�Ç�wÍO�. L¡>�Ç�O�A8ÏuL
¡>Ö�²��~�U�¢�Cf9L¡áN�
Y©. ò�Íz?n¦+Ø|uwÍJpL¡>�
Ç, �Íz�ÍzÝÚþÝ�O\�Ù��5�J
p�~�Uk|uUõÁ�3�Ï¦^� (X GIS

���ý�| 3¢S¦^L§¥) �|Pz5U.

ù38��ó�¥I?�ÚïÄ.
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Abstract

In order to suppress surface charge accumulation on the epoxy resin insulation and to investigate the influence of treatment

time on the charge accumulation, epoxy samples are surface fluorinated for the different times of 10 min, 30 min and 60 min in a

laboratory vessel using an F2/N2 mixture. Attenuated total reflection infrared analyses and the observations of the cross section and

the surface of the samples by SEM indicate the increases in degree of fluorination, thickness and compactness of the fluorinated layer,

and the decrease in surface roughness, with treatment time increasing. Compared with the deep surface charge traps and stable surface

charge of the unfluorinated (original) sample, as indicated by the open-circuit thermally stimulated discharge current measurement,

the fluorinated surface cannot store the charge. The corona charges deposited on the sample surfaces fluorinated for 10 min, 30 min

or 60 min rapidly decay to zero in about 2 min, 10 min or 15 mi at room temperature respectively, showing a slowed-down release

of charge with fluorination time. The measurements of surface conductivity and contact angle and the calculation of surface energy

reveal that fluorination gives rise to dramatic increases in surface conductivity, surface wettability and polarity, while they decrease

with treatment time. The significant increase in surface conductivity of the fluorinated sample is attributed to a very likely substantial

decrease in trap depth and the adsorbed water on the fluorinated surfac. Surface charging current measurements further show that large

steady state current flows along the fluorinated surface during corona charging, in comparison with the almost zero steady state current

for the original sample. This implies that the fluorinated sample has much lower surface charge accumulation in the period of charging,

than the original sample.
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properties
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