
表面深さ分解能を有する誘電計測による
高分子電気絶縁材料の劣化診断技術の開発

１６３６０１４２

平成１６年度～ 平成１８年度科学研究費補助金
（基盤研究（Ｂ）（２））研究成果報告書

平成１９年３月

研究代表者 所 哲郎

岐阜工業高等専門学校 電気情報工学科 教授



Owner
テキストボックス
T.Tokoro　2007.3

Owner
テキストボックス



平成１６年度～平 成１８年度科学研究費補助金（基盤研究（Ｂ）（２））

研究成果報告書

はしがき

本報告書は平成１６年度～平成１８年度科学研究費補助金（基盤研究（Ｂ）（２）１６３６０１４２）の援助により
遂行された研究成果をとりまとめたものである。なお，本研究の基礎となった従来までの研究成果や，本研
究の成果を実際に利用した研究成果についても一部掲載・紹介することにより，報告書の充実と利用価値
の向上に努めた。

研究組織

研究代表者 所 哲郎 （岐阜工業高等専門学校 電気情報工学科 教授）

研究経費

交付決定額（配分額） （金額単位：円）
直接経費 間接経費 合 計

平成１６年度 8,700,000 0 8,700,000
平成１７年度 1,600,000 0 1,600,000
平成１８年度 2,300,000 0 2,300,000
総 計 12,600,000 0 12,600,000

研究発表（本実績報告書掲載分には本報告でのページ番号を記入）

（１）学会誌等

1) T. Tokoro, T. Iwasaki and M. Kosaki, "Diagnosis of Hydrophobic Condition of Polymer Materials
using Dielectric Measurement and Image Analysis", IEEE CEIDP2004, 7B-6, pp.627-630 (2004.10)
（本報告書のpp.38-42に掲載）

2) S. Masuda, K. Tohyama, M. Nagao, T. Tokoro and M. Kosaki, "Dissipation Current Waveform
Observation of Polyethylene Film under Ac High-Field", IEEE CEIDP2004, 5A-8, pp.368-371
(2004.10 ）（本報告書のpp.43-46に掲載）

3) 所 哲郎，足立俊介，小﨑正光，「ポリマーがいし材料撥水状態の画像解析による評価」，第 35 回電
気電子絶縁材料システムシンポジウム, L-8, pp.265-268 (2004.11)（本報告書のpp.47-51に掲載）

4) 所 哲郎，「シリコーンゴム初期表面劣化過程の定量的な解析に関する研究」，岐阜工業高等専門学
校紀要第 40号, pp.53-58 (2005.3)（本報告書のpp.68-74に掲載）

5) K. Tohyama, S. Masuda, M. Nagao, T. Tokoro and M. Kosaki, "Film Thickness Dependences of Ac
High Field Dissipation Current Waveform for Low Density Polyethylene", IEEE ISEIM2005, A1-3,
pp.25-28 (2005.6)（本報告書のpp.75-79に掲載）

6) T. Tokoro, J. Sato, T. Iwasaki and M. Kosaki, "Dielectric Measurements of Degradation Condition of
Polymer Material Surface", IEEE ISEIM2005, P2-12, pp.576-579 (2005.6)（本報告書のpp.80-83に掲
載）

7) T. Tokoro, S. Yanagihara and M. Kosaki, "Diagnosis of Hydrophobic Condition of Silicone Rubber
Using Dielectric Measurement and Image Analysis", IEEE CEIDP2005, 3B-1, pp.281-284 (2005.10)
（本報告書のpp.84-87に掲載）

8) S. Tsuboi, A. Fujita, S. Masuda, K. Tohyama, T. Tokoro, M. Kosaki and M. Nagao, "Transient
Response of Various Kinds of High Field Alternating Signals for Low Density Polyethylene", IEEE
CEIDP2005, 7C-7, pp.697-700 (2005.10)（本報告書のpp.88-91に掲載）

1 / 124



9) A. Fujita, S. Tsuboi, S. Masuda, K. Tohyama, T. Tokoro, M. Kosaki, M. Nagao and Y. Murata,
"Considerations for Conduction Mechanisms Under Ac High Field for Low Density Polyethylene",
IEEE CEIDP2005, 7C-8, pp.701-704 (2005.10)（本報告書のpp.92-95に掲載）

10) 藤井雅之，遠山和之，所 哲郎，水野幸男，長尾雅行，小﨑正光，「蒸着ポリプロピレン薄膜をガード
フィルムに用いた高電界誘電特性測定用電極系の試作」，電気学会論文誌Ａ， Vol.126 No.7 ，
pp.716-722 (2006.7) （本報告書のpp.97-104に掲載）

11) T.Tokoro, S. Yanagihara and M. Nagao, "Diagnosis of Degradation Condition of Polymer Material
Using Hydrophobic Surface Analysis", IEEE CEIDP2006 ， 5A-18, pp.445-448 (2006.10)（本報告書
のpp.105-108に掲載）

12) 所 哲郎，「ポリマーがいしの撥水性の画像解析による診断」，岐阜高専紀要，第 42 号， pp.67-72
(2007.3)（本報告書のpp.109-115に掲載）

13) 所 哲郎，「ポリマー材料の誘電計測を用いた表面劣化診断」，岐阜高専紀要，第 42 号， pp.73-78
(2007.3)（本報告書のpp.116-122に掲載）

（２）口頭発表

1) 所 哲郎，「研究グループ紹介，岐阜工業高等専門学校 電気情報工学科 計測工学研究室」，電
学論 Vol.124. N0.4, p.346,(2004.4)

2) 所 哲郎，「調査研究委員会レポート，ポリマーがいし材料表面の放電特性評価と劣化現象調査専
門委員会」，電学論 Vol.124. N0.4, p.349,(2004.4)

3) 所 哲郎，「シリコーンゴムがいしの撥水性の評価方法について」，中部大学がいしセミナーにて講演，
2004.8.9-10 (2004.8)

4) 所 哲郎，「ぬれ性・撥水性における接触角・表面エネルギーの解析・測定評価技術」，技術情報協
会講習会資料， pp.1-222 （ 2004.8 ）

5) K.Goto, T.Tokoro, H.Homma and Y.Hirano, "Digest Report of the Investigation Committee on the
Evaluation of Discharge Property and Degradation Phenomenon on the Surface of Polymer Insulating
Materials", IEEJ Electrical Insulation News in Asia, No.11, p.22 (2004.11 ）．

6) K.Goto, T.Tokoro, H.Homma and Y.Hirano, "Digest Report of the Investigation Committee on the
Evaluation of Discharge Property and Degradation Phenomenon on the Surface of Polymer Insulating
Materials", 第 35回電気電子絶縁材料システムシンポジウム, M-4, p.276 (2004.11)（本報告書のp.52
に掲載）

7) 所 哲郎，飯田和生，「シリコーンゴムの撥水性と表面自由エネルギーに関する考察」，電気学会研
究会， DEI-04-95, HV-04-111, pp.31-36. (2004.12)（本報告書のpp.53-59に掲載）

8) 佐藤 潤，所 哲郎，小崎正光，「試料厚さ方向の分解能を有する誘電計測によるシリコーンゴムの劣
化診断手法の開発」，電気学会全国大会， 7-146, 第 7分冊, p.216 (2005.3)（本報告書のp.60に掲
載）

9) 越野幸広，後藤一敏，長尾雅行，本間宏也，平野嘉彦，田沢佐智夫，所 哲郎，「ポリマーがいし材料
の国際規格化動向」，電気学会全国大会シンポジウム， 2-S3-6, pp.21-24 (2005.3)（本報告書のpp.61
-65に掲載）

10) 所 哲郎，「総合討論（ポリマーがいし材料の表面放電特性評価と材料劣化診断）」，電気学会全国
大会シンポジウム， S2-S3-7, pp.25-26 (2005.3)（本報告書のpp.66-67に掲載）

11) 所 哲郎，「撥水性・ぬれ性における接触角・表面エネルギーの解析・測定評価」，技術情報協会講習
会資料，北とぴあ７ F第２研究室 B ， pp.1-10 (2005.7)

12) 藤井雅之，遠山和之，所 哲郎，水野幸男，長尾雅行，小﨑正光，「蒸着ポリプロピレン薄膜をガード
フィルムに用いた高電界誘電特性測定用電極系の試作」，平成 17 年電気学会基礎・材料，共通部
門大会，誘電・絶縁材料 4 pp.315-320 (2005.8)

2 / 124



13) 佐藤 潤，「シリコーンゴム表面状態の高電界誘電特性による評価」，「誘電・絶縁材料等の物性評価
と機能の発現」若手セミナー（第１回），名城大学 タワー 75 15階レセプションホール (2006.1)

14) 柳原聡史，「シリコーンゴム表面状態の画像解析を用いた定量的評価」，「誘電・絶縁材料等の物性評
価と機能の発現」若手セミナー（第１回），名城大学 タワー 75 15 階レセプションホール (2006.1)

15) 小池 健，村上義信，穂積直裕，長尾雅行，所 哲郎，「シリコーンゴムにおける放電による撥水性消失
特性の評価（ II ）」，電気学会全国大会， 7-101, 第 7分冊, p.145 (2006.3)（本報告書のp96に掲載）

16) 所 哲郎，「（超）撥水膜の形成および抵抗減少効果と表面状態の評価 接触角・表面自由エネルギ
ーの解析と表面状態の評価」，技術情報協会講習会資料， pp.1-44 （ 2006.6 ）

17) 小池 健，村上 義信，穂積 直裕，所 哲郎，長尾 雅行，「シリコーンゴムにおける放電による撥
水性消失特性の評価（Ⅲ）」，平成 18年度電気関係学会東海支部連合大会， O-068, (2006.9)

18) 田代雄三，小池健，村上義信，所 哲郎，穂積直裕，本間宏也，長尾雅行，「シリコーンゴム上の汚
損層への撥水性移行試験法の検討」，平成 18 年度電気関係学会東海支部連合大会， O-069
(2006.9)

19) 居軒年希，「傾斜平板法を用いた撥水性の評価」，「誘電・絶縁材料等の物性評価と機能の発現」若
手セミナー（第１回）， A-3, 名城大学 タワー 75 15階レセプションホール (2007.1)

20) 柳原聡史，「シリコーンゴム表面撥水状態の画像解析を用いた定量的評価手法の確立」，「誘電・絶縁
材料等の物性評価と機能の発現」若手セミナー（第１回）， A-8, 名城大学 タワー 75 15階レセプ
ションホール (2007.1)

21) 和田恵里，「表面粗さ計測による材料表面状態の評価」，「誘電・絶縁材料等の物性評価と機能の発
現」若手セミナー（第１回）， B-11, 名城大学 タワー 75 15階レセプションホール (2007.1)

22) 所 哲郎，「誘電・絶縁計測の撥水性高分子材料の表面劣化診断への応用」，「誘電・絶縁材料等の
物性評価と機能の発現」若手セミナー（第３回），岐阜工業高等専門学校多目的ホール (2007.3)

23) 小池 健，田代雄三，村上義信，穂積直裕，所 哲郎，長尾雅行，「シリコーンゴムにおける放電による
撥水性消失特性の評価（Ⅳ）」， 電気学会全国大会， 7-119, 第 7分冊, p.179 (2007.3)（本報告書の
p.123に掲載）

24) 田代雄三，小池 健，村上義信，所 哲郎，穂積直裕，本間宏也，長尾雅行，「シリコーンゴム上の汚
損層への撥水性移行試験法の検討Ⅱ」， 電気学会全国大会， 7-120, 第 7分冊, p.180 (2007.3)（本
報告書のp.124に掲載）

（３）出版物

1) 電気学会：「絶縁界面の評価と改質技術」,電学技報,第 948号, 分担執筆, pp.62-72. (2004.1)

2) 電気学会（ポリマーがいし材料表面の放電特性評価と劣化現象調査専門委員会，所 哲郎：分担執
筆）：「ポリマーがいし材料表面の放電特性と劣化現象評価」,電学技報,第 1071号, pp.1-66. (2006.11)
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研究成果による工業所有権の出願・取得状況

本研究の成果は電気学会技術報告と学会論文等にまとめている。本研究による工業所有権は特にない。

研究成果

本研究の研究成果は大きく３つに分けられる。１つは高分子電気絶縁材料の高電界誘電特性や撥水性
に関する，理論や計測方法の調査結果などの「理論および測定方法」に関するものである。２つめは交流損
失電流波形観測による「高電界誘電特性の測定による材料の劣化診断」に関する実験結果の成果である。
この測定技術に関しては，今までの科学研究費等の助成成果により，本研究室は国内外でも進んだ環境に
ある。研究上協力関係にある豊橋技術科学大学・長尾研究室，沼津高専・遠山研究室，大島商船高専・藤
井研究室からの研究成果は，本研究の手法による共同研究成果である。本研究ではくし形電極系を用いた
試料表面からの深さ方向の分解能を有する計測技術について検討し，非接触部分の誘電特性の変化の測
定に成功した。３つめは「表面撥水状態の観測・評価技術」に関係した実験・研究成果である。表面自由エ
ネルギーの各種依存性等を考慮した，今後の研究課題等についても検討している

上記の研究成果別に発表論文等を分類すると下記のようになる。 なお，上の研究発表にて示した，（４）
本研究の導入となる過去の主な研究発表は，１)が［１］に２)と３)が［２］に，そして４)が［３］に対応している。ま
た， 15 ページ以降に示した論文のコピーは，この過去の導入部分から発表年順に本研究の研究成果を掲
載している。このことにより，本実績報告書を用いることで本科学研究費による一連の研究を理解し，その成
果を利用する上で大いに役立つものとした。

［１］．高電界誘電特性と撥水性の理論および測定方法に関する調査論文と発表
（１）．４． （２）．１，２，３，４，５，６，７，９，１０，１１，１６，２１． （３）．１，２．
［２］．高電界誘電特性の測定による材料の劣化診断に関する実験結果の論文と発表
（１）．１，２，５，６，７，８，９，１０，１１，１３． （２）．８，１２，１３，２２． （３）．１，２．
［３］．表面撥水状態の観測・評価技術に関する実験結果の論文と発表
（１）．３，７，１１，１２． （２）．１４，１５，１７，１８，１９，２０，２３，２４． （３）．１，２．

次ページ以降（ pp.5-14 ）には，以上を総括した，本科学研究費による研究成果をまとめる。また，関連す
る情報は，インターネットの本研究室のホームページ（ http://www.gifu-nct.ac.jp/elec/tokoro ）からも得るこ
とが可能である。
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研究成果の要約

［１］ はじめに

本研究は，既に北米では６０－７０％の新規導入実績を有し，今後も世界的に利用が増すと考えられる高
分子がいしなどの，屋外用高分子電気絶縁材料の初期表面劣化過程を観測・診断可能な新しい誘電計測
手法を，交流損失電流波形計測技術により開発したものである。本研究ではまず，交流電界下における高
電界誘電特性測定技術を，くし形電極系による表面深さ方向の分解能を有する誘電計測に応用した。次に，
屋外絶縁材料の初期劣化診断手法の一つである試料表面撥水性について，誘電計測と撥水画像解析結
果の対応を検討した。また，撥水状態の定量的な評価方法についても検討した。
研究は電気学会調査専門委員会と連携して，全国的な組織として実施した。本研究開始時までの実績
は電気学会技術報告 948号にまとめられている。本研究の期間の成果は電気学会技術報告 1071号として
まとめられた。表面自由エネルギーの各種依存性等，更なる研究の推進は，２００６年度に立ち上げた新た
な電気学会調査専門委員会「屋外用ポリマー絶縁材料の表面機能と長期性能調査専門委員会」にて継続
した協同研究を実施中である。
本研究の設備費として主に導入したレーザ顕微鏡による表面粗さの観測結果とＤＳＰボードを用いた高電
界誘電特性解析システムの構築の概要，および，サーモグラフィを用いた試料表面温度の計測結果と撥水
状態の対応の評価に関しては以下に要約した。以上により，高分子材料の初期表面劣化と対応する撥水
性の画像解析手法やその定量的な評価方法，それらと誘電特性の関係について検討し，高分子電気絶縁
材料の劣化診断技術の開発を進めた。

［２］ 表面深さ分解能を有する誘電計測システムの構築

本研究で用いた交流損失電流波形計測システムの原理は次の通りである。

図 1 交流損失電流計測システム 図 2 システムのベクトル円線図

試料コンデンサに流れる電流 IX と，標準コンデンサの側の電流とを，電流の大きさは CBダイヤ
ルの同調で，その角度は tanδB ダイヤルの同調でそれぞれ平衡させることにより，試料の容量 C と
誘電正接 tanδを零位法で計測するものである
筆者の考案した誘電計測手法では，この誘電計測時に電流比較型ブリッジの平衡が崩れている場
合，その原因となる極微小な不平衡入力電流に対する，零位検出増幅器(Null Detecting Amplifier)に
現れる出力信号 D（の大きさと位相）の周波数特性を測定系全体の伝達関数としてあらかじめ評価
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しておく．そして，交流ランプ波形など，任意の正弦波交流電圧パターンを試料に印加して，ブリ
ッジの不平衡成分である零位検出波形を計測し，伝達関数とフーリエ解析を用いてデジタル波形処
理することにより，本来の微小不平衡電流成分を評価している．試料との比較対象である標準コン
デンサは，測定条件範囲において線形性や時不変性を有しているため，この解析結果から試料の誘
電特性の非線形性や時間依存性による過渡応答を，交流印加電圧の 1波形毎に評価可能となる．
本手法の優れた点は以上に述べたように，零位検出増幅器出力がその測定可能範囲に有る限りは，
誘電特性を解析可能であることである．このため，時間的に誘電物性量が変化する過渡的応答時や
ノイズが多くて同調がとりにくい場合，誘電物性量が非線形性を有する場合なども，極微小な電流
の測定と解析が可能である．この計測手法はまた，電流比較型高電圧ブリッジとしては変成器によ
るブリッジを用いた絶縁計測を利用しているため，試料が絶縁破壊等を起こしても測定系には何ら
支障を生じないといった利点や，補償法を応用しているため，そもそもブリッジの平衡自体も完全
にとる必要がないなどの利点も有している．今回新たに開発した，パーソナルコンピュータと計測
ボードを用いたシステムによる，本測定系の伝達関数とゲイン特性の解析結果の一例を図 3 と図 4
に示す。

図 3 本測定システムの伝達関数

図 4 本測定系のゲイン特性

図 3 に示す， CCB や検出増幅器その他，全ての測定系の伝達関数を考慮した，検出電圧波形 D
から不平衡入力電流波形 Ix を求めることになる。このとき，図 4 に示す，測定系の僅かな検出電圧
と入力電流の大きさの比であるゲイン特性の変化も考慮して，より正確な損失電流の評価を実施している。
この詳細については，後半に示した論文に記述してある。
次に，本誘電計測システムを，くし形電極を用いた表面深さ方向の分解能を有する誘電計測に応用する。
図 5 に，シリコーンシート試料上のくし形電極系と水滴の様子（図 5(a)）を示す。図 5(b)の概略モデルが示
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すとおり，くし形電極間の漏れ電界を利用した誘電計測となる。図 5(c)の有限要素法による電界分布の計算
結果を見るまでもなく，およそ電極間隔と同程度の深さまでの誘電計測を実施することとなる。ここで注意す
べきことは，図 5(b) のＭＨ電極間のＣ air の部分は図 5(c)に示すようにほぼ平等電界であり，挟み込み電極
系の場合は，この平等電界を利用して誘電計測を実施しているのであるが，くし形電極系を用いた本手法
では不平等電界を用いた測定となることである。しかしながら後半に示した研究成果発表論文にもあるとおり，
試料が吸水状態や充填材の配分量の違いにより誘電物性の大きさを変化する場合も，試料が使用される電
界の範囲内においてはこれら物性量は線形な応答を示す（ Q=CVや D=ε*Eの関係が線形応答として成立
する）ため，「電極間隔に比例した表面深さまでの，平均的な誘電物性量の評価」は可能となる。

(a) くし形電極系 (b) 等価的概略モデル (c) くし形電極近傍の電界解析結果

図 5 くし形電極系による漏れ電界を用いた誘電計測と水滴の交流電界下での動的挙動観測の様子

［３］ 表面深さ分解能を有する誘電計測システムによる測定の成果

本研究で開発した表面深さ分解能を有する誘電計測システムによる，電気学会調査専門委員会共通シリ
コーンゴム試料 A-Hに対する，計測結果の主な成果は次に示す通りである。

3.1 くし形電極と非接触な試料の誘電特性の評価結果

表面深さ分解能を有する誘電計測システムにより， ATH の充填量の異なる試料 A-D をくし形電極系によ
り測定した結果を以下に示す。 2 枚重ね，3 枚重ねとし，2 枚重ねの場合，電極に接する下側の試料は試
料 A に統一し，3 枚重ねの場合，電極に接する下側の試料と 2 枚目の試料は試料 A に統一し，最も上
側のくし形電極と非接触な試料を A-D と変化させ，誘電特性によるそれらの違いが検出可能かの検討
を行った。試料 A-D の１枚(試料自身)の結果を図 6(a)に， 2 枚重ねの結果を図 6(b)に， 3枚重ねの結果
を図 6(c)にそれぞれ示す。くし形電極の電極間隔は 4mm，試料厚さは一枚 2mmである。
図 6 により，くし形電極系と非接触な試料の違いをくし形電極の電極間隔程度まで誘電計測可能である
ことがわかる。また，不平等電界が試料に印加されているのであるが，印加電圧の波高値と交流損失電流は
比例することが確認できる。これらのことは充填材に表面処理を施し，誘電損失の違いを小さくした試料 E-H
においても同様に確認できた。なお，図 6 の試料 A のみの損失電流波形の大きさは主に，くし形電極系の
固定台部分に流れる電流であり，試料が吸水していない場合には，シリコーンゴムとシリカによる試料 A に
は，ほとんど損失電流は流れず検出できないことが，従来の挟み込み電極系による測定結果により確かめら
れている。

図 6(a) 試料Ａ-Ｄの誘電特性 図 6(b) 試料Ａ-Ｄ２枚重ねの誘電特性
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図 6(c) 試料Ａ-Ｄ３枚重ねの誘電特性

3.2 本計測システムの誘電特性の時間変化測定への応用

試料 A と C を 2 週間水浸させ，その後，試料を大気中に取り出し自然乾燥させた場合の，試料乾燥
過程における誘電特性の時間的変化を評価した。その結果の一例を図 7 に示す。同時に測定した吸水
量の時間的変化は図 8 である。試料 A ， C とも，乾燥開始時は試料表面の水分のため損失電流 Ixr が最
も大きい。その後は乾燥過程の重量低下と損失電流の低下の対応が確認できる。詳細に観察すると，3
時間後と 4 時間後では損失電流 Ixr に大きな違いは見られないが，水浸前よりも損失電流は大きくな
ったままである。これは，試料表面漏れ電流に関係していた試料表面層の水分が，乾燥 3 時間でかな
り減り，試料表面層の水分の分布に時間的に大きな変化がなくなったためであると考えられる。また，
ATH の入った試料 C の方が水浸による損失電流の増加は試料乾燥の長期にわたり大きいことが確認
できる。また，試料を水から取り出した直後には，ATH を含んでいない試料 A でも大きな損失電流
が流れている。これは誘電的な損失というよりも表面漏れ電流による伝導的な損失であることが図 8
の試料重量変化との対応から示唆される。図 8の試料 Aと Cの乾燥 3時間後と 4時間後では，まだ水
分の減少が生じていることが分かる。従って，試料全体の水分量の変化を測定することになる試料重
量の測定と，試料表面からの水分の分布に関係した損失電流の測定とでは，少し測定結果の特性が異
なることが示唆される。

(a) 試料 A （電極間隔 4mm ） (b) 試料 C （電極間隔 4mm ）
図 7 くし形電極系による試料吸水後の乾燥過程における誘電特性の変化

図 8 試料 Aと Cの吸水後の乾燥時間と試料吸水量の変化
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図 9 試料 Cの誘電特性の変化と試料重量の変化との比較

図 9 は，試料 C の誘電特性と重量変化の試料乾燥時間との対応を示したもので，損失電流 Ixr が
0.34 μ A となる印加電圧波高値を，乾燥時間ごとに表したものである。この図より，誘電特性と吸水
量の緩和過程（時間的変化）の飽和に至るまでの速さは，試料表面からの誘電計測による結果の方が
より早く飽和する可能性を示唆している。従って，くし形電極の間隔を小さくすれば，より表面のみ
の計測となり，この誘電特性の飽和する時間，言い換えれば乾燥状態が既定値に達するまでの時間は，
より早くなると推定される。そこで，電極間隔 2mm のくし形電極を用いて，同様に試料 C を水浸さ
せ，乾燥していく状態における誘電特性の測定を行った。その測定結果を図 10 に示す。電極間隔
4mmの場合と比較するため，図 9 と同様に損失電流 Ixr をそれぞれ一定として，乾燥時間と対応する
印加電圧波高値および試料重量の関係を図 11にまとめてみた。
図 7(b)（電極間隔 4mm ）と図 10 （電極間隔 2mm ）とを比較すると，図 10 では全体的にやや損失電流

Ixr が小さくなっているが，乾燥過程における吸水状態の変化を，くし形電極系により誘電計測可能
であることがわかる。また，図 11 により，電極間隔 4mm と 2mm において損失電流をそれぞれ 0.10
μ A 一定とし，その損失電流を流すのに要した印加電圧波高値を，重量変化とともに比較すると，電
極間隔 2mmと 4mmの誘電特性は両者とも，重量変化より早く飽和していることがわかる。また，電
極間隔 2mm ，すなわちより表面層を主とする測定の方が，より早くから乾燥に伴う表面抵抗率や誘電
損に関係する「交流的な損失抵抗の増加」が進んでいくことが分かる。従って，電極間隔が狭いこと
で，より表面近傍の誘電特性を多く検出し，表面から先に乾燥していく状態を検出している。

図 10 電極間隔 2mmの試料 Cの水浸および乾燥過程の誘電特性変化
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図 11 試料 Cの乾燥過程における誘電特性の変化と試料重量変化量との比較

［４］ 試料の吸水・乾燥過程における試料表面粗さの変化に関する検討

試料の吸水・乾燥過程における試料表面粗さの変化に関して，本研究の設備費にて購入した，レーザ顕
微鏡による解析結果を要約する。まず，乾燥開始から 240分経過後の試料表面を，レーザ顕微鏡で 600倍
に拡大観測した画像を図 12に示す。画像の大きさは 124× 124 [μ m]である。 ATH含有量が多くなるに
つれ黒くなり，荒い感じが観測されている。また，充填材への表面処理により充填材の試料表面への現れ方
が減少しているのが確認できる。

図 12 委員会共通試料 A-Hの試料表面観測結果

図 13 乾燥開始 240分後の試料表面形状の測定結果（ 12.1× 12.1μ m ）
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次に，これらの試料の表面粗さを，傾き補正やノイズ補正を施して解析した結果を図 13 に示す。やはり，
ATH 添加量の増大に伴い，表面の凹凸が激しくなっていることが分かる。表面粗さ Ra の平均値を試料
A-Dに対して求めると， 0.017 ， 0.040 ， 0.057 ， 0.060μ m となった。この表面粗さは表面処理のある E-H
では約 5分の 3に小さくなった。
次に，この表面粗さが試料の水浸および乾燥過程で変化するのかを確認した。その結果を試料 A-D に
対して，吸水量の乾燥過程における減少と対比させて，表面粗さ指標の一つである最大高さで確認した結
果を図 14 に示す。図 14(a)は乾燥過程の吸水量の変化を，図 14(b)は最大高さの変化を示している。これら
より，僅かな吸水量の変化を，試料の最大高さを用いた表面粗さで観測することは困難であることが示唆さ
れる。このことは試料面の平均粗さ等の他の粗さ指標を用いても同様であった。

図 14(a) 乾燥過程の吸水量変化 図 14(b) 乾燥過程の最大高さ変化

図 15 乾燥開始 0-240分における試料 B と Fの充填材界面の表面形状変化（計測幅 12.1μ m ）

以上の解析結果により， ATH 充填量の違いは，表面粗さ指標の大きさにより判別可能であり，表面処理
の有無も判別可能であるが，吸水量の変化は判別が困難であることがわかる。そこで，よりミクロな観測とし
て，試料中の充填材界面に着目して，その，乾燥過程における，充填材界面表面形状の変化の有無を確
認した。その結果を図 15に示す。図 15の試料 Bは ATH を 50%含有し，充填材表面処理は施していない。
僅かではあるが，充填材界面の盛り上がり部分の，乾燥過程に伴う表面粗さの低下が確認できる。これに対
して，同じ ATH 含有量 50%で表面処理を施してある試料 F では，界面部分の盛り上がりは B に比べて小
さく，その乾燥過程における変化は確認できていない。
これらにより，充填材界面のシランカップリング処理などは，吸水量を低下させ，試料表面状態を誘電的
にも表面粗さ的にも改善させていることが示唆される。

［５］ 試料の吸水・乾燥過程の誘電特性の周波数変化を用いた検討

試料の吸水および乾燥過程を，試料表面からの深さ方向の分解能を有する誘電計測により観測可能で
あることは本研究により明らかとなったが，この商用周波数領域における高電界誘電特性を用いた測定には
かなり大がかりなシステムが必要である。 LCR メータなどのより簡便な計測システムにより，高分子材料の劣
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化診断が可能となれば，屋外での現地測定などによる，実施設機器の診断も可能となる。表面漏れ電界を
用いているため，試料の損失電流信号は極めて小さい。そのため，高電圧を印加して観測可能としたのが
［３］の研究成果である。ここでは，周波数を数キロ[Hz]以上として， Ic=jωCVの ω を大きくすることにより，表
面からの深さ方向の分解能を有した誘電計測が可能かについて検討した。

LCR メータでの測定結果の一例を図 16 と図 17に示す。図 16のくし形電極系を用いた静電容量の評価
結果により， ATHの含有量の異なる厚さ 2mm の試料の種類を判定するには，静電容量を測定すればよい
ことが確認される。ただし，判別できる周波数領域は 500Hz 以上の高周波側である。 ATH の充填量増加と
共に静電容量は増加することが確認できる。図 17 は試料の吸水量と静電容量の関係を示したものである。
ATH の充填量と吸水量の増加により，静電容量は増加すること，充填材表面処理のある試料 E-H では，同
じ吸水量でも AHT充填量の増加により誘電率の大きさがより顕著に増加することがわかる。これらにより，吸
水状態を含めて， ATH の含有量によって決まる試料の種類を判別することが可能となる。また，シリコーン
ゴム中の充填材への表面処理の影響については，試料の静電容量を測定して ATH の量が判別できれば，
同じ吸水状態における，くし形電極系で計測したインピーダンスの違いから，充填材の表面処理の有無をよ
り明確に判別できる可能性が示唆された。

図 16 試料 A-Dの静電容量の周波数特性

図 17 くし形電極系による試料 A-D と試料 E-Hの吸水量と静電容量の関係（ f=200kHz ）

［６］ 試料の表面温度と撥水性の画像評価指標との関係の検討

試料の表面温度が異なると，その撥水状態は変化すると考えられる。なぜならば撥水状態を決定する表
面自由エネルギーは大きな負の温度依存性を有しているからである。本研究のように試料の表面状態を測
定する場合には，誘電計測手法を含めて，この各種物性量の温度依存性に対する検討を実施しておく必
要がある。なぜならば，実施設環境下での機器の絶縁劣化診断など，計測時の温度は環境に依存し，実験
室での観測のように特定の温度で実施することは不可能であるからである。
シリコーンゴムなどの高分子材料の初期表面劣化過程を検討する上で，本研究の誘電計測手法と，撥水
状態の画像解析手法の対比を行うことは，この劣化診断の信頼性を高める上での最も大切な検討事項の一
つである。本研究成果では，本研究の設備費にて購入したサーモグラフィカメラによる，試料面の温度分布
と撥水状態との関係の検討結果について報告する。
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図 18 試料表面温度による HC値の変化

図 19 熱的平衡過程における HC値と試料表面温度の変化

測定温度の違いによる試料表面撥水性の画像解析結果への影響の測定結果の一例を図 18 に示す。図
18 では試料 A と H を示しているが，全ての試料に於いて試料温度が上昇すると HC 値が小さくなり，撥水
性が向上する傾向を示した。試料表面温度が 5 ℃の場合，室温にある噴霧水の水滴温度は周囲の固体面
と比較して高いこと，試料温度が 50 ℃の場合は，逆に水滴温度が固体面の周囲温度より低いことが表面温
度計測により確認できたが，水滴付着時の試料温度により決定される試料面の，表面自由エネルギーの温
度依存性により，試料面温度の上昇に伴う固体面の表面自由エネルギーの低下が，試料温度の上昇に伴
い撥水状態の観測結果を良くしていると考えられる。また，図 18 に於いて測定温度の変化に伴う HC 値の
変化率としては，撥水性の悪い試料 A は大きく，撥水性の良い試料 H は小さくなることがわかる。図 18 は
また，界面活性剤を用いて噴霧水の表面張力を低下させ，見かけ上試料 H の撥水性が低下した状態での
測定を行っても，同様に測定温度の変化に伴う撥水状態画像解析指標の変化を，より大きく判別できること
を表している。
次に，試料表面温度の室温への熱的平衡過程における時間経過に伴う変化と，撥水性の画像解析結果
との関係について測定を行った。結果を図 19 に示す。精製水（蒸留水）を用いた比較的良好な撥水状態を
示している HC値が 3 程度の試料 H においては，水滴噴射後の時間経過に伴う試料温度変化に対応した
撥水性の画像解析結果に変化は見られないことがわかる。従って，撥水状態は水滴噴霧時の試料表面温
度によって決まるということがわかる。一方，界面活性剤を用いた水滴を噴霧した場合には，時間経過に伴う
HC 値の改善が見られた。この改善は円形度 fc の改善による撥水性の向上として，試料表面温度が 50 ℃，
5 ℃の両方の場合に対して観測された。このことは，撥水性の低下した試料の撥水状態の測定に関しては，
試料面に噴霧した隣接する水滴の結合など，ダイナミックな形状変化が起こる可能性を示唆しており，撥水
画像解析を用いた表面状態の診断に関する研究成果の論文にても述べているとおり，水滴噴霧時の撥水
状態の形成過程を，撥水状態の診断指標にすると良いことを示唆している。この測定時の温度と撥水性の
評価結果の関係については，引き続き，より詳細な研究を継続中である。

［７］ 研究のまとめと今後の展望

本科学研究費による，「表面深さ分解能を有する誘電計測システムによる高分子電気絶縁材料の劣化診
断技術の開発」における主な研究成果を次に示す。本システムを用いた，電気学会調査専門委員会共通シ
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リコーンゴム試料に対する測定結果も合わせてまとめた。また，表面自由エネルギーや撥水性の解析方法
に関する研究との連携も含めて，今後の展望と検討課題についてもまとめた。

１．ＤＳＰボードを用いるなど，交流損失電流波形計測による高電界誘電特性解析システムの改良を
行い，シリコーンゴムシートなどの厚さ数 mm の試料を用いても，その誘電率・ tan δ・交流損失電
流等の高電界誘電特性を計測可能なシステムを構築した。システムは，リアルタイム計測や印加電
圧１波形毎の計測，試料表面での水滴設置状態での計測や試料表面絶縁破壊発生までの計測
など，印加電圧形状などを柔軟に変更可能で，色々と応用可能なものとした。
２．くし形電極系をシート状試料の片側表面に設置して，電極間の漏れ電気力線を利用することにより，
誘電計測を可能とした。このくし形電極系を用いた誘電計測では，くし電極の間隔に比例した試料
表面からの深さ方向（厚さ方向）の分解能を有する誘電計測が可能である。本計測システムにより，
シリコーンゴムシートを用いて電極に非接触な部分の誘電特性の違いを検出できた。また，試料の
吸水・乾燥過程を誘電計測し，水分の拡散現象に関係した試料表面からの乾燥過程を，この深さ
方向の分解能を有する誘電計測により評価できた。
３．くし形電極系を用いることで，水滴を電極間に設置し，その交流電界下での動的挙動など，撥水状
態との対比を可能とした。この水滴の動的挙動に関してはダイナミックドロップテストとして，今後高
分子材料の評価に用いる新しい国際規格として更に検討していく。
４．撥水状態の画像解析は，本研究の誘電計測結果と対比させることにより，試料表面における劣化
状態と試料内部に至る劣化状態の分離計測を可能とする大切な指標を与える。
５．シリコーンゴムへの ATHやシリカなどの充填材の影響は，誘電計測により明白に区別できた。充填
材の表面処理を含めて，くし形電極系を用いた表面からの計測によっても，これらの試料の違いを
明白に計測できた。このことは，実機器における高分子電気絶縁材料の劣化進展を，表面からの
誘電計測によりモニターし，診断可能であることを示唆している。
６．レーザ顕微鏡を用いた試料表面粗さの計測により，上記の充填量やその表面処理の違いなど，試
料の区別は可能であった。しかしながら誘電計測では可能であった，試料の吸水・乾燥状態の表
面粗さによる確認は困難であることが確認された。充填材界面のより詳細な観測により，充填材表
面処理を施していない試料に関しては，充填材界面の形状計測で，乾燥過程をある程度把握でき
る可能性は示唆されたが，充填材表面処理のある試料では，表面粗さによる吸水・乾燥過程の掌
握は困難であった。アーク放電等でエロージョンを生じた試料の劣化診断は，表面粗さの変化や
劣化痕の形状解析により可能であることは，調査専門委員会協同実験により明らかとなっている。
７．サーモグラフィを用いた試料表面温度の，試料撥水性能評価結果への影響を検討した結果，試料
面の劣化と関係することが指摘されている撥水状態は，噴霧水滴付着時の試料面温度とその撥水
性能，噴霧液の表面張力で主に決定されることが示唆された。従って，撥水状態が低下してくると，
測定温度の低下は撥水指標のより大きな低下（ HC値の増加）をもたらすことが明らかとなった。
８．撥水性に関しては，撥水状態が良好な場合は接触角の測定が，撥水性が低下してくると，スプレ
ー法による撥水画像解析が，より効果的であることが示唆された。
９．今後，試料表面漏れ電流と，試料内部の導電電流，試料内部の誘電分極に関係した電流，試料
面の撥水性等について，その「測定温度の影響」をより詳細に検討し，実機器の劣化診断における，
以上の各種劣化診断指標の「測定温度ごとの補正係数」について検討していくことが望まれる。こ
のことは平成１８年度に立ち上げた，電気学会調査専門委員会にて引き続き検討していく。また，こ
の調査専門委員会では，ダイナミックドロップテストと撥水性の汚損層上への回復テストを新しい国
際試験規格として検討しているが，これらについても本研究の成果を反映させていきたい。

キーワード シリコーンゴム，がいし，劣化診断，撥水性，くし形電極系，誘電特性，交流損失電流，
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Diagnosis of hydrophobic condition of polymer materials  
using dielectric measurement and image analysis 

T. Tokoro, T. Iwasaki and M. Kosaki 
Gifu National College of Technology, Motosu, Gifu, Japan  

 

Abstract: Dielectric measurement and image analysis 
are used to evaluate the hydrophobic condition of 
polymer surface. Silicone rubber sheets were used as the 
experiment material, which had different concentration 
of Alumina Tri-Hydrate and with or without surface 
treatment of fillers. Hydrophobicity of sample surface 
was studied by using image data analysis of a water 
droplet between a pair of inter-digital electrodes on the 
sample surface. The motion of water droplet on the 
sample under ac high field application was captured. 
The video image was divided into each image frame and 
the FFT data of image indices such as size and shape 
factor of the droplet were evaluated. The hydrophobic 
condition of the sample surface was also determined by 
measuring the dielectric property of silicone rubber with 
using parallel plane electrodes. The dielectric properties 
were detected by using unbalance operation of current 
comparator type Capacitance Bridge. The changes in 
dielectric loss current and the capacitive current by the 
change in hydrophobic condition were measured for 
every one cycle of applied ac field. Comparing of these 
results can define the degradation of hydrophobicity of 
polymer insulator more accurately. 

Introduction 
The application of polymer insulator has been expanded 
in the field of power supply and distribution system all 
over the world. Compared to porcelain insulator, 
however, polymer insulator has been demanded to solve 
the subjects on a long-term reliability and on a diagnosis 
techniques in the real application field. Hydrophobicity 
of polymer surface is one of the degradation indices of 
polymer insulator material and is usually evaluated by 
using the image of sprayed water on the sample surface. 
In this study, both dielectric measurement and image 
analysis are used to evaluate the hydrophobic condition 
of polymer insulator surface. 

Hydrophobicity of polymeric insulating material 
surface such as silicone rubber (SIR) was studied by 
using image data analysis of a water droplet on the 
sample surface. The motion of a water droplet under ac 
high field application was captured. The video image 
was divided into each image frame and the FFT data of 
image indices such as size and shape factor of the 
droplet were evaluated [1]. 

The hydrophobic condition of the sample surface 
was also determined by measuring the dielectric 
property of silicone rubber using the parallel plane 
electrodes. The dielectric properties were detected by 
using the unbalanced operation of current comparator 
type capacitance bridge. The changes in dielectric loss 
current and in capacitive current by the change in 
hydrophobic condition were measured for every one 
cycle of applied ac field [2].  

Comparing of these results can define the 
degradation of hydrophobicity of polymer insulator 
more accurately. 

Sample and Experimental Procedure 
High temperature valcanizing silicone rubber (HTV-
SIR) sample of size 60x50x2 mm is used as shown in 
Figure 1. The samples had different concentration of 
ATH (Alumina Tri-Hydrate) and with or without 
surface treatment of fillers. The concentration, i.e. 
percentage in weight of ATH filler and the condition of 
both ATH and silica fillers are shown in Table 1.  

 

Figure 1: Photo view of the samples A to D. Sample A which is 
without ATH filler is transparent. 

Table 1: Sample conditions in this study. 
Specimen ATH(ppw) Surface treatment of fillers 

A 0 Without surface treatment 
B 50 Without surface treatment 
C 100 Without surface treatment 
D 150 Without surface treatment 
E 0 With surface treatment 
F 50 With surface treatment 
G 100 With surface treatment 
H 150 With surface treatment 

A B

C D
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The samples named A to D are without surface 
treatment of fillers and E to H are the ones with surface 
treatment. The percentages in weight of ATH 0, 50, 100 
and 150 percents of SIR correspond to A, B, C and D 
and also E, F, G and H, respectively.  

For image analysis of a water droplet during ac 
field application, a pair of inter-digital electrodes is set 
on the sample surface. Between the inter-digital 
electrodes, three water droplets were put on the sample 
surface. Using high speed digital video recorder, image 
analysis of the motion of each water droplet was done 
for 1,024 frames of pictures during ac field application. 
The applied electric field frequency is 30 Hz and 1,000 
FPS data rate is used in this image analysis. 

For the dielectric measurements of the samples, a 
parallel plane electrodes with main electrode diameter 
50mm is used. The applied electric field frequency is 50 
Hz. AC loss current (Ixr) and deviation of capacitive 
current (dIxc) for each one cycle of AC field application 
wrer measured.  

Specimens are aged in distilled water at room 
temperature and at 50 degree. After the aging, the 
samples were dried in the air at the same temperature. 
The changes in weights during the experiments are 

measured to evaluate the amount of water absorption 
and its evaporation.  

Results and Discussions 
Before immersion in distilled water and during 
immersion in distilled water at room temperature and at 
50 degree, hydrophobic property and dielectric 
properties were measured. The measurements were 
operated in the air at room temperature. 

Changes in weight during immersion in water 

Figure 2 shows the changes in weight of samples at 
room temperature immersion in distilled water. Fig. 2(a) 
is the one for  A to D and 2(b) is for E to H, respectively.  
Figure 3(a) and 3(b) are the same ones except the aging 
temperature was 50 degree. From these figures, the 
absorption amount of water is increasing with increase 
of the amount of ATH filler. Surface treatment of fillers, 
however, decreases the absorption amount of water 
during the immersion in distilled water. Higher the 
immersion temperature shows faster the saturation of 
absorption of water, while the saturate amount of 
absorbed water seems to same or larger. 

 

2(a) 
 

2(b) 
 
Figure 2: Change in weight percent of samples at room temperature 
immersion in distilled water. Fig. 2(a) is the one for A to D and 2(b) 
is for E to H, respectively. 

 

3(a) 
 

3(b) 
 
Figure 3: Same as Fig.2 except the aging temperature was 50 degree. 
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Fourier analysis of image indices of the motion of 
water droplet on the SIR surface 

Figure 4 shows the Fourier spectra of change in size of 
a water droplet on the specimens before aging. Ac 
30Hz is applied and 1024 images for one second are 
evaluated to measure the size in pixels. The volume of 
water droplet is 15 µl where sample A shows most 
large vibration of water droplet at 30Hz. This “resonant 
frequency” of sample A depends on the hydrophobic 
condition of the surface. Therefore, the change of 
surface condition leads the change in the size of water 
droplet and in the frequency of resonant vibration. 
 
Change in size: On the “resonant condition” of the 
sample A, change in droplet size of samples A to D 
show large spectra compared to the samples E to H. 
Samples A and C typically show large spectra at 
second harmonics. The ratio of Fundamental/Second 
harmonics is 1451/6892=0.21 for A and 1829/7494 
=0.24 for C. However, the one for H is 1914/3918 
=0.49. Around “resonant frequency” change in size of 
water droplet shows large second harmonic for the 
samples before aging, therefore, the hydrophobic 
condition of the samples are good.  
 
Change in fc: On the “resonant condition” of the 
sample A,  figure 5 shows the spectra of change in 
circular factor; fc of the samples. It shows larger 
spectra for samples C, D and H. Increasing of 
harmonics of the fc spectra means the expansion of the 
water droplets by electric field. It also shows 2nd 
harmonic as larger signal, therefore, the polarization 
and/or charging of water droplet must contribute to this 
phenomenon. 
 
Change in position: Figure 6 shows the spectra of 
change in position of water droplets on the samples. It 
shows larger spectra for samples B, C, D, E and H. 
Increasing of the harmonics of the motion spectra of 
water droplet means the charging of water droplet. 
Before aging, all specimens have good hydropobic 
condition and the spectra magnitude seems to increase 
with increasing ATH filler in the SIR specimen. 
 
After aging and recovery: After the immersion in 
distilled water for one week of the samples, specimen 
surfaces loose the hydrophobic condition. Using same 
experimental conditions of Figs. 4 to 6, change in size, 
fc and position of the water droplets were measured. 
For the size, the magnitude of Fundamental/Second 
frequency spectra of samples B, C and H are 
3643/23793=0.15, 976/7219=0.14 and 1992/19175= 
0.10, respectively. The resonant condition of water 

droplet on the sample A was moved and the second 
harmonic spectrum is larger compared the samples 
before aging. After one week drying in the air at room 
temperature, the samples recover the hydrophobic 
conditions. After the recovery, the ratio of B and C are 
5443/8182=0.67 and 6944/4935=1.41, respectively. 
The spectra becomes smaller and the ratio of second 
harmonic becomes smaller after the recovery. 
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Harmonics 
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Figure 4: Fourier spectra of change in size of a water droplet on the 
specimens. Applied electric field is 30 Hz and the volume of water 
droplet is 15 µl. These experimental conditions are set on the 
“resonant frequency” of the sample A before aging. 
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Figure 5: Same as Fig.4 except the Fourier spectra of change in 
circular factor fc of a water droplet on the specimens. Here, fc is 
calculated by fc=4πS/l2, where, S is the size of water droplet in pixels 
and l is the length of edge of the image of water droplet in pixel.  
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Figure 6: Same as Fig.4 except the Fourier spectra of change in 
center point of the image in pixel of water droplet on the specimens.  
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Table 2: Change in capacitance of the samples before and after the 
aging and after the recovery. 

 

Table 3: Change in loss current magnitude in [nA] of the samples 
before and after the aging and after the recovery of samples D and H. 
 

These changes in the spectra of fc and position of 
water droplet after aging and theirafter recovery are 
also evaluated. From the results, fc also shows the 
fundamental and second harmonics after the aging, 
however, position of water droplet shows fundamental 
and third harmonics after the aging. 

From these spectra evaluation of the motion of the 
water droplet under ac electric field, the increase in 
harmonics of the spectra components indicates the 
degradation of hydrophobic condition of the sample 
surface, however, the “resonant condition” of the 
motion of water droplets also depends on the surface 
condition. Therefore, not only the spectra study but 
also the measurement of the resonant frequency is 
useful to detect the hydrophobic condition of the 
specimens. Decreasing of hydrophobicity may lead the 
decrease of resonant frequency of the water droplets 
with same volume, because the size of contact area of 
water droplet becomes larger when the sample was 
aged.  

Change in dielectric property of SIR samples 

Figure 7 shows the dielectric property of the virgine 
specimens before aging and recovery. Increasing the 
amount of ATH filler, dielectric loss current Ixr is 
increased. Comparison of Figure 7 (a) and (b) indicates 
the decrease of loss current by the surface treratment of 
fillers.  

During aging in distilled water, the saples absorbe 
the water and increase the dielectric loss current and 
capacitance of the samples. From figures 2 to 3, the 
amount of water absorption is larger when the 
concentration of ATH filler is increased. This change 
in weight correponds to the change in dielectric  

 
(a) 

 

(b) 
 

Figure 7: Electric field dependence of ac loss current Ixr of virgin 
samples. Applied electric field is 50 Hz. Fig. 7(a) is the one for A to 
D and 7(b) is for E to H, respectively. 

properties. Increasing the absorption of water increases 
both the conductive and capacitive current. For 
example, Table 2 shows the change in capacitance after 
the aging and its recovery at room temperature and at 
50 degree. The changes in weight is very small, 
however, the change in capacitance is larger. Table 2 
also shows the surface treatment of fillers drastically 
decrese the increase of capacitence caused by water 
absorption. 

Loss current and tangent delta also shows same 
behavior of capacitance. Increase and decrease of loss 
factors corresponds the absorption amount of water in 
the samples. The tanδ value of samples C and D after 
aging at 50 degree were very large and overflowed at 
higher electric field application. Therefore, absorbed 
water in the samples which includes the fillers without 
surface treatment drastically increse the loss current 
and dielectric constant and decrease the hydrophobicity. 
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Temperature 
Samples A B C D A B C D

Before aging 14.160 17.557 17.257 18.547 14.864 19.004 22.700 23.900
After aging 14.507 21.707 24.060 24.400 14.948 22.688 33.017 50.827

After recovery 14.310 17.946 18.686 20.840 14.307 19.483 22.790 26.000
Samples E F G H E F G H

Before aging 13.479 17.324 17.780 18.050 14.247 16.957 17.257 17.257
After aging 13.707 18.007 18.647 19.507 14.230 18.800 19.900 20.550

After recovery 13.600 17.500 18.030 18.090 14.135 17.196 17.971 18.616

Room temp. 50 degree

Sample D Befofe aging After aging After recovery

Room.Temp. 64.49 410.49 99.41

50 degree 21.59 760.21 95.70

Sample H Befofe aging After aging After recovery

Room.Temp. 13.75 145.06 41.04
50 degree 9.15 199.89 83.77

0.00

0.40

0.80

1.20

0.0 0.5 1.0 1.5 2.0

E[kV/mm]

Ix
r[
μ
Ａ
]…
...

Ａ

B

C

D

0.00

0.05

0.10

0.15

0.20

0.25

0.0 0.5 1.0 1.5 2.0

E[kV/mm]

Ix
r
[μ
A
]

E

F

G

H

42 / 124

mailto:tokoro@gifu-nct.ac.jp
Owner
スタンプ



43 / 124



44 / 124



45 / 124



46 / 124



47 / 124



                          48 / 124



                          49 / 124

Owner
長方形



                          50 / 124



                          51 / 124



                          52 / 124



                          53 / 124



                          54 / 124



                          55 / 124



                          56 / 124



                          57 / 124

Owner
長方形



                          58 / 124



                          59 / 124



                          60 / 124



                          61 / 124



                          62 / 124



                          63 / 124



                          64 / 124



                          65 / 124



                          66 / 124



                          67 / 124



68 / 124



                          69 / 124

Owner
長方形

Owner
長方形



70 / 124



71 / 124



72 / 124



73 / 124



74 / 124



75 / 124



                          76 / 124

Owner
長方形



                          77 / 124

Owner
長方形



                          78 / 124



                          79 / 124



                          80 / 124



                          81 / 124



                          82 / 124



                          83 / 124



Diagnosis of Hydrophobic Condition of Silicone Rubber 
 using Dielectric Measurement and Image Analysis  

T. Tokoro, S. Yanagihara and M. Kosaki 
Gifu National College of Technology, Motosu, Gifu, Japan  

 
 
Abstract: Dielectric measurement and image analysis 
are used to evaluate the hydrophobic condition of 
silicone rubber surface. Hydrophobicity of silicone 
rubber surface was studied by using image data analysis 
of sprayed water droplets on the sample surface. 
Hydrophobicity class, HC from 1 to 7, is evaluated by 
the analyzed image data indices. The water droplets on 
the sample surface are digitized and the image indices 
such as size and shape factor of the droplets were 
evaluated. After this evaluation, 3D mapping technique 
is used to evaluate the HC value. The hydrophobic 
condition of the sample surface was also determined by 
measuring dielectric property of silicone rubber using a 
pair of inter-digital electrodes. The dielectric properties 
were detected by using unbalanced operation of Current 
comparator type Capacitance Bridge. The changes in 
dielectric loss current and the capacitive current by the 
change in hydrophobic condition were measured for 
every one cycle of ac applied field. Comparing of these 
results can define the degradation of hydrophobicity of 
polymer insulator more accurately. 

Introduction 

The application of polymer insulator has been expanded 
in the field of power supply and distribution system all 
over the world. Compared to porcelain insulator, 
however, polymer insulator has been demanded to solve 
the subjects on a long-term reliability and on a diagnosis 
techniques in the real application field. Hydrophobicity 
of polymer surface is one of the degradation indices of 
polymer insulator material and is usually evaluated by 
using the image of sprayed water on the sample surface. 
In this study, both dielectric measurement and image 
analysis are used to evaluate the hydrophobic condition 
of polymer insulator surface [1]. 

Hydrophobicity of polymeric insulating material 
surface such as silicone rubber (SIR) is usually 
measured by IEC 62073 TS Ed.1.0 (the guidance on the 
measurement of wettability of insulator surface). There 
are three methods; Method A - Contact angle method, 
Method B - Surface tension method, and Method C - 
The spray method. In this study, method C is used and 
the image data is analyzed to evaluate the 
hydrophobicity class (HC) from 1 to 7. 

The hydrophobic condition of the sample surface is 
degraded by the absorption of water. The absorbed 

amount of water is usually evaluated by change in 
weight of the samples. On the real application condition 
of the SIR material, however, the change in weight of 
the sample can not measured without using the sample 
specimen which removed from the apparatus.  Using a 
pair of inter-digital electrodes on the sample surface,  
dielectric measurement of silicone rubber can detect the 
change in dielectric property during the change in 
absorbed amount of water in SIR. The dielectric 
properties are detected by using the unbalanced 
operation of Current comparator type Capacitance 
Bridge. The changes in dielectric loss current and in 
capacitive current were measured for every one cycle of 
ac applied field [2].  

Sample and Experimental Procedure  

High temperature valcanizing silicone rubber (HTV-
SIR) sample of size 60x50x2 mm is used. The samples 
had different amount of ATH (Alumina Tri-Hydrate) 
and were with or without surface treatment of fillers. 
The percentage in weight of ATH filler and the surface 
treatment condition of both ATH and silica fillers are 
shown in [1]. The samples named A to D are without 
surface treatment of fillers and the ones named E to H 
are with surface treatment. The percentages in weight of 
ATH are 0, 50, 100 and 150 % of SIR, correspond to A, 
B, C and D, and also E, F, G and H, respectively.  

Under the half of the samples were immersed in the 
distilled water at room temperature and at 50 °C for two 
weeks. After the immersion of the samples, they were 
dried in the air at the same aging temperature for two 
weeks. During this absorption and desorption processes 
of the samples, both the hydrophobic image and the 
dielectric property are measured. The changes in 
weights of the specimens during the experiments are 
also measured to evaluate the amount of water 
absorption and its evaporation. 
 

36 m m

Main

HV

 
 
 
 
 
 

Figure 1:  A pair of 2 mm width inter-digital electrodes. 4 mm width 
fingers are used in this study. 
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Figure 2:  Change in weight percent of samples at room temperature 
immersion in distilled water. Closed marks are samples A to D and 
Open marks are samples E to H, respectively. Under half of the 
specimen of each sample is immersed in distilled water. Upper half is 
kept in air at aging temperature. 
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Figure 3:  Same as Fig.2 except the aging temperature was 50 °C.  

 
Figure 1 shows a pair of inter-digital electrode used 

in this study. The applied electric field is 4kVp-p/4mm 
and the frequency is 30 Hz [2]. 

Results and Discussions 

During immersion in distilled water at room 
temperature and at 50 °C, change in sample weight, 
hydrophobic property and dielectric loss current were 
measured. The measurements were operated in the air at 
room temperature. 

Changes in weight during immersion in water 

Figure 2 shows the changes in weight of samples at 
room temperature immersion in distilled water. Closed 
marks are for the samples A to D and Open marks are 
the ones for E to H, respectively.  Figure 3 is the same 
one except the aging temperature was 50 °C.  

Table 1: Converting table of image indices to HC value of 
each water droplet used in this study. Circular factor, fc, is 
plotted horizontally and size in water droplet, S, is plotted 
vertically. The average value of HC class of the all water 
droplets are calculated from each average values of fc and S 
of all water droplets.  
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Figure 4:  3D plot of image indices of water droplets on the SIR 
surface. X and Y axis are same as Table 1. Z axis is the summation of 
the size S of water droplets in each fc and S division. In this study fc 
and S of all water droplets are averaged, individually. Using the 
average value of fc and S, HC is evaluated from Table 1. 
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From these figures, the absorption amount of water 
is increasing with increase of the amount of ATH filler. 
Surface treatment of ATH filler, however, decreases the 
absorption amount of water during the immersion in 
distilled water. Higher the immersion temperature 
shows faster the saturation of water absorption.  

Evaluation method of HC from image indices 

Table 1 shows a converting table of image indices to 
HC value of water droplet used in this study. Circular 
factor, fc, is plotted horizontally and size of water 
droplet, S, is plotted vertically. The average value of HC 
of all water droplets are calculated from each average 
value of fc and S of all water droplets. Figure 4 shows a 
typical 3D plot of image indices of water droplets on the 
SIR surface. X axis shows fc level from 0 to 100%  that 
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Figure 5:  Change in HC of samples in distilled water immersion at room temperature.  
Samples A to D are without surface treatment of fillers and samples E to H are with surface treatment of fillers, respectively. 
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Figure 6:  Same as Fig.5 except the aging temperature was 50 °C. 

divided to 10 category. Y axis shows S in pixels 
divided to 11 category. They are same as Table 1. Z 
axis is the summation of S of water droplets in each fc 
and S category. In this study fc and S of all water 
droplets are averaged, individually. Using the average 
value of fc and S, HC is evaluated from Table 1. 

Changes in HC during immersion in water 

Figure 5 shows the changes in HC of samples 
immersed in distilled water at room temperature. 
Closed marks are for the samples A to D and Open 
marks are the ones for E to H, respectively.  Figure 6 is 
the same one except the aging temperature was 50 °C.  

From these figures, the absorption of water 
increases the HC number, i.e. it decreases the 
hydrophobicity of the sample surface. Without ATH 
filler, samples A and E show worst decrease in  
hydrophobicity, however, the absorption amounts of 
water were smaller compared to the samples with ATH 
filler. With increase of the amount of ATH filler 
without surface treatment, HC number becomes stable 
during absorption of water. Surface treatment of ATH 

filler, however, decreases the absorption of water and 
decreases the increase of HC number during the 
immersion in distilled water. Higher the immersion 
temperature shows faster the saturation of the 
absorption of water. The change in weight by the 
absorption of water is already saturated, however, HC 
number is gradually increased.  

In this study, HC is digitized to natural number 1 
to 7, however, this HC evaluation system can provide 
HC including the first decimal place, e.g. 3.5 instead of 
4. This treatment of HC can provide more detail change 
in hydrophobicity. Moreover, if the aging condition is 
weak, such as the aging in humidity air, the 
degradation of hydrophobicity starts from the increase 
of size of water droplets at first. fc is decreased, 
thereafter. In this case, using 3D mapping figure as 
shown in Fig. 4 and taking account the location of the 
Table 1 may provide more accurate HC evaluation.  

Figure 7 shows a surface image of sample A 
measured by OLS3000 Laser Sanning Microscopy. 
From Fig. 7, even the sample is transparent the surface 
has roughness and the black grains are Silica fillers.  
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Figure 7:  Surface image of sample A measured by OLS3000. The 
size of Silica grains seems to the range of 1 µm. Size 43*32 µm 

 

 

 

 

 

 

Figure 8: Applied voltage dependence of AC loss current, Ixr, of 
samples A to D measured by using Finger Digital Electrodes,  

 

Changes in AC loss current by the amount of ATH 
filler 

From former studies, dielectric property of SIR shows 
that, 1. Increasing the absorption of water increases 
both the conductive and capacitive current. 2. Even the 
changes in weight by the absorption of water is very 
small, the change in capacitance is larger. 3. Surface 
treatment of fillers decreases the increase of capacitive 
current caused by water absorption. 4. Loss current and 
tangent delta also shows same behavior of capacitance. 
Increase and decrease of loss factors corresponds to the 
absorption amount of water in the samples. 5. 
Absorbed water in the samples without surface 
treatment of fillers drastically increases the loss current 
and dielectric constant and decreases the 
hydrophobicity [1]. 

Figure 8 shows the typical electric field 
dependence of AC loss current of samples A to D 
measured by FDE. Using only one surface and FDE, 
change in dielectric property can measure successfully. 
Figure 9 shows the AC loss current of double layer 
samples, A+(A to D) on the FDE. Without direct 
contact to the electrodes, FDE can detect the change in 
dielectric property of samples A to D on the sample A.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 9:  Applied voltage dependence of AC loss current, Ixr, of 
samples A+(A to D) measured by Finger Digital Electrodes. Sample 
A is set on the FDE and Samples A to D are put on the sample A. 
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Figure 10:  Evaluation of each loss component of AC loss current. 
The system can measure any deviation of dielectric property from the 
balancing operation. 

Figure 10 shows the evaluation method of each 
loss components measured by FDE. Each loss or 
capacitive components is cancelled by using balancing 
operation of the CCB system. Therefore, any deviation 
of CCB balancing condition is able to measure. The 
measured depth of FDE is as same as the width 
between the finger electrodes, i.e. 4 mm in this study. 
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Abstract: Polyethylene is widely used as the insulator 
for power cable. By using dissipation current waveform 
observation system, which is developed by authors, 
frequency dependences of dissipation current waveform 
for LDPE film has been investigated and reported so far. 
In previous paper, it was described that the 
instantaneous changing rate of the electric field is the 
one of important factor to study the charge injection and 
space charge formation under ac high field. In order to 
investigate the effect of the changing rate of electric 
field, the transient responses under various kinds of high 
field trapezoid like waveform are applied to the 70 µm 
thick LDPE film samples. As the results of these 
experiments, it will discuss the high field ac conduction 
mechanism with the charge injection and space charge 
formation. 

Introduction 

The low-density polyethylene (LDPE) is widely 
applied as an insulating material for the power cable. In 
order to understand the breakdown and the deterioration 
phenomenon under ac high field in detail, it is important 
to understand the charge injection phenomena and the 
conduction mechanism under ac high field. It is 
considered that the dissipation current waveform 
observation is the one of valid method to understand the 
high field phenomena. Because, in order to explain the 
nonlinearity of the dissipation current, the injected 
charge from the electrode and the space charge 
formation at the vicinity of electrode will be 
considerable as the conduction mechanism. However, as 
the dissipation current of LDPE is quite small, and then 
the measurement with high accuracy was very difficult, 
so far. Thus, there were not many reports which 
mentioned about the charge injection and the 
conduction mechanism under ac high field. 

Recently, authors have developed the new dissipation 
current waveform observation system, which enables to 
observe the harmonics with high accuracy [1]. To 
combine the digital signal processing technique, such as 
FFT analysis and the numerical analysis by using the 

powerful matrix calculation and graphing software, it 
makes possible to examine the conduction mechanisms 
from the various kind of view points[2][3].  

We have already reported that under ac high field, the 
dissipation current waveform of LDPE show the 
nonlinearity and the 2 peaks for each positive and 
negative half cycles[2][3]. Then in order to clarify the 
space charge effect under ac high field, the relations 
between the dissipation current versus the time 
differential of electric field was estimated by using the 
results of the frequency dependence of dissipation 
current waveform. From the results of this estimation, it 
was found that the former peaks of each half cycles 
appeared at the same time differential value. It indicates 
that the changing rate of electric field is important to 
consider the high field ac conduction mechanism. 

In this paper, in order to clarify the difference of the 
dissipation current under the different changing rate of 
electric field and the hysteresis effect of the dissipation 
current under ac high field, 4 types of trapezoid 
waveforms are utilized as the applied voltage waveform. 
Here, by using the proportionally increasing or 
decreasing phase of this waveform, it makes the 
changing rate of electric field constant and it possible to 
investigate the instantaneous electric field E versus 
current I property under the constant changing rate. 
Furthermore, by using the constant applied voltage 
phase for a few tens milliseconds, the effect of short 
term charge accumulation effect is also examined. As 
the results of these experiment and its estimation, it was 
found that above 10 kV/mm/ms, the feature of E vs. I 
property changed and shows the hysteresis. 

Samples and Experiments 

Sample: LDPE films in thickness 70 µm are used as the 
sample. A three-terminal electrode system is employed. 
Here, these electrodes are formed by gold evaporation. 
Diameter of main electrode is 26 mm. This film sample 
was put into the sample holder as shown in Figure 1. 
Then, to avoid the partial discharges, the holder was set 
in high pressure N2 gas chamber (0.2 MPa). 
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Figure 1: Sample holder. 
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Figure 2: Applied high voltage trapezoid like waveform. 

 
Table 1: Relationship between E0 and dE/dt. 

E0 dE/dt (kV/mm/ms) 
10 kV/mm 2.29 kV/mm/ms 
20 kV/mm 4.57 kV/mm/ms 
30 kV/mm 6.86 kV/mm/ms 
40 kV/mm 9.14 kV/mm/ms 
50 kV/mm 11.43 kV/mm/ms 

 
Table 2: Conditions of each applied trapezoid like waveforms. 
Trapezoid 

like 
waveform 

tA tB tC Total f 

Arb1 10ms 40ms 25Hz 
Arb2 15ms 50ms 20Hz 
Arb3 40ms 100ms 10Hz 
Arb4 

4.375ms 

90ms 

4.375ms 

200ms 5Hz 

 
Experiments: Outlines of the dissipation current 
waveform observation system has been described else 
where [1]. Arbitrary Function Generator (NF 
WF1946A) and Digital Phosphor Oscilloscope 
(Tektronix TDS3052) are connected to personal 
computer via GP-IB cable. In order to confirm the effect 
of the changing rate of electric field, trapezoid like 
waveform signal as shown in Figure 2 is generated from 
WF1946A. By changing the maximum voltage of each 
trapezoid like waveform, the changing rate of electric 
field is controlled. The relationship between E and dE/dt 
is shown in Table 1. Furthermore, conditions of each 

applied trapezoid like waveforms are shown in Table 2. 
Here, only the time tB where the applied high electric 
field is constant are changed for each arbitrary 
waveform, that is, from Arb1 to Arb4, respectively. 
Here, to make the digital noise small, this signal has 16 
bit vertical resolution and 32k word data points. This 
signal is amplified at high voltage amplifier (Trek 
Model 610C) and applied to the sample in the high-
pressure N2 gas chamber. Here, this amplifier’s slew 
rate is 20 V/µs. It is enough to apply the exact applied 
waveforms at 25 Hz for 70 µm thick film sample (Here, 
in the case of the experiment at 25 Hz, 100 kV/mm and 
the sample thickness 70 µm, the expected maximum 
slew rate value will be around 1.4 V/µs.). Furthermore, 
the output of the amplifier is experimentally confirmed 
that there was no distortion on the applied ac high 
voltage waveform when the ac high voltage at 50 Hz. 
Up to 50 kV/mm was applied to the 70 µm thickness 
LDPE film sample, respectively. During applying 
trapezoid like waveform to the sample, simultaneously, 
a canceling signal, that is, the negative time differential 
of trapezoid like waveform (-dE/dt) was generated by 
another channel of Arbitrary Function Generator (NF 
1946A) and connected to the main electrode via serial 
resistor RS. Only the dissipation current component and 
un-canceled capacitive current flow the detecting 
resistor RD. The detected voltage signal was amplified 
by an operational amplifier and was stored by TDS3052 
with the averaging mode. Here the number of averaging 
is set 32. 

Results and Discussions 

Effect of changing rate of electric field: Figure 3 
shows the electric field versus dissipation current 
properties under the different changing rate of electric 
field at tB = 15 ms. As shown in Fig. 3, under 10 
kV/mm/ms, electric field dependence of dissipation 
current is relatively small and there are no hysteresis. 
On the other hand, over 10 kV/mm/ms, that at region 
“tA”  in Fig. 2 is large and it was shown the hysteresis 
only the positive half cycle in Fig. 2. We have already 
reported the similar phenomena under ac high field 
elsewhere in [2][3]. In these studies, from the results of 
frequency dependence of dissipation current, the 
relationship between the instantaneous value of 
dissipation current versus the changing rate of electric 
field are carefully examined. As the results of these 
studies, it was found that under ac high field, the former 
instantaneous dissipation current peak of each positive 
and negative half cycle occur at the same changing rate 
of electric field, that was, around 10 kV/mm/ms. The 
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similar results are obtained by using the trapezoid like 
waveform which the changing rate of electric field dE/dt 
is constant. Furthermore, another interesting feature is 
that even in the case of dE/dt value over around 10 
kV/mm/ms, hysteresis property is not observed where 
the polarity is negative and only at the positive polarity, 
hysteresis are observed in Fig. 3. Above at the electric 
field 20 kV/mm where the time tB set for 15 ms, electric 
field dependence of dissipation current is getting large 
and the dissipation current reaches nearly 10 µA. 
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Figure 3: Electric field versus dissipation current property under 

different changing rate of electric field at  tB = 15 ms. 

 
Effect of the time tB where the applied high field is 
constant:  From the results of Fig. 3, it was found that 
the changing rate of electric field above 10 kV/mm/ms 
and the electric field versus dissipation current property 
only at positive half cycle will show the hysteresis, 
which mentioned above. Figures 4 and 5 show the 
instantaneous electric field versus the dissipation current 
properties for the time tB set for 10 and 90 ms, 
respectively. Here the changing rate of electric field is 
same, that is, 10.3 kV/mm/ms. 
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Figure 4: Electric field versus dissipation current property ( dE/dt = 

10.3 kV/mm/ms,  tB = 10 ms) 

In the case of the time tB set for 10 ms, the slope at “E 
up (+)” in Fig. 4, is slightly large compared with it at “E 
down (-)” above 20 kV/mm. At the negative polarity in 
Fig. 4, there are no difference between “E up (-)” and 
“E down (-)”. In the case of the time tB set for 90 ms, 
the slope at “E up (+)” in Fig. 5, is very large compared 
with the result in Fig. 4 and it is suddenly increasing 
immediately after the polarity reversal. At the negative 
polarity in Fig. 5 is same as that in Fig. 4. It is found 
that in negative portion, the behavior of electric field 
versus dissipation current property is same as the result 
of Fig. 3 even the time tB is different. However, it is 
found that there is difference between the time tB in 
positive portion. As the quantity of dissipation current 
seems to depend on the time tB and that difference 
occurs just after the polarity reversal, then the negative 
charge injection from the electrode will be mainly 
dominated in this region. 
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Figure 5: Electric field versus dissipation current property ( dE/dt = 

10.3 kV/mm/ms,  tB = 90 ms) 

 
Behavior at the region where the applied high field is 
constant, between the polarities: Figure 6 shows the 
dissipation current at the region where the applied high 
field is constant at each polarity. As shown in Fig.6, 
there are differences between the polarities of applied 
field. In the case of positive polarity, the dissipation 
current flows around 20 nA after 30 ms. On the other 
hand, in the case of negative one, it flows around 150 
nA. The current at negative portion is around 7 times 
larger than that at positive one. 

It seems to indicating that the negative charge 
injection from the electrode will be easier than the 
positive one and mainly dominated. Here the estimated 
time constant τ which deduced from the all results were 
almost same and its value was about 4 ms. 
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Figure 6: Dissipation current at the region where the applied field is 

constant. 
 
Figure 7 shows the comparison the initial and the 

final value of the dissipation current at the region where 
the applied field is constant, which are deduced from 
Fig. 6. As shown in Fig. 7, the initial values at the each 
time tB between polarities are almost same. But the final 
values at the each time tB between polarities are getting 
large with the time tB. As shown in Fig. 4 and 5, it is 
found that when the final values between each polarity 
are different, the hysteresis property at positive portion 
which mentioned above is observed from Fig. 7. This 
fact coincide the assumption of negative charge 
injection. However, the maximum dissipation current 
value at 50 kV/mm in Fig. 5 is about 10 µA. Its value is 
quite large compared with the results in Fig. 6 and 7, 
that is, less than 0.1 µA . Then it is considered that the 
space charge under ac high field will be formed very 
rapidly. That will be within 1 ms in this case. Then, the 
dissipation current will be limited by the space charge 
which is formed at the vicinity of electrode. 
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Figure 7: Comparison initial and final value of dissipation current in 

Fig. 6 

Conclusion 

By using the various kind of trapezoid like waveform, 
the effects of the changing rate of electric field is 

investigated. As the results of these experiments, the 
following interesting features are obtained. 

 
(1) Above 10 kV/mm/ms, the hysteresis is observed 

on only the positive portion of the dissipation 
current versus the electric field property. 

(2) There is difference between the dissipation 
current at each polarity where the electric field is 
constant. 

(3) Negative charge injection from the electrode is 
considered under ac high field and space charge 
formation near the electrode is quite fast. 

 
To control the condition of applied waveform, quite 

interesting features are obtained. Especially, the effect 
of the changing rate of electric field is agreed with the 
previous results obtained from the frequency 
dependence. Furthermore, the polarity effect is also 
confirmed. These results are very interesting to consider 
the conduction mechanism under ac high field. 
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Abstract: Dissipation current waveform observation 
method, which has been developed by authors, is very 
powerful technique to detect high field nonlinear 
dielectric property and by using this method, not only 
the various kinds of numerical processing but also the 
observation on the various kinds of experimental 
condition by using arbitrary function generator are 
possible. In this paper, in order to discuss the charge 
injection and the space charge formation, the electrode’s 
metal dependences were examined from the results of 
FFT analysis, that is, the fundamental and third 
harmonics of dissipation current. Furthermore, in order 
to clarify the effect of cross-linking by-product, LDPE 
sheet with and without acetophenone is also examined. 
In this case, differential parts of dissipation current after 
the soaking the samples into the acetophenone were 
carefully estimated under various conditions. From the 
results of these experiments, it was confirmed that the 
effect of acetophenone will be varied with the presence 
of moisture. 

Introduction 

The low-density polyethylene (LDPE) is widely applied 
as an insulating material for the power cable. In order to 
understand the breakdown and the deterioration 
phenomenon under ac high field in detail, it is important 
to understand the charge injection phenomena and the 
conduction mechanism under ac high field. It is 
considered that the dissipation current waveform 
observation is the one of valid method to understand the 
high field phenomena. Because, in order to explain the 
nonlinearity of the dissipation current, the charge 
injection from the electrode and the instantaneous space 
charge formation at the vicinity of electrode will be 
considerable as the conduction mechanism. However, as 
the dissipation current of LDPE is quite small, then the 
measurement with high accuracy was very difficult, so 
far. Thus, there were not many reports that mentioned 
about the charge injection and the conduction 
mechanism under ac high field. 

Recently, authors have developed the new 
dissipation current waveform observation system, which 
enables to observe the harmonics with high accuracy [1]. 

To combine the digital signal processing technique, 
such as FFT analysis and the numerical analysis by 
using the powerful matrix calculation and graphing 
software, it makes possible to examine the conduction 
mechanisms from the various kind of view points[2][3]. 
Normally, in the case of clarifying the charge injection 
from the electrode, the electrode metal dependence and 
in some case the oxidation effect will be examined. In 
the case of examining the bulk conduction, the effect of 
additives, such as the morphology of polymer, the film 
thickness dependence will be confirmed. However even 
though the condition which mentioned above is well 
prepared, the obtaining desirable results is not easy, 
because not only the dissipation current of LDPE is 
quite small and has nonlinearity but also there are many 
factors attributed to the conduction to consider the 
obtained results. 

In this paper, by using this observation system, the 
electrode metal dependence and the effect of 
acetophenone are studied. To clarify the effect of these 
factors, various kinds of unique estimations are 
examined, such as FFT technique, Pool-Frenkel plot, 
and Schottky plot of each harmonics, and so on. As the 
results of these estimations, the high field ac conduction 
mechanism will be discussed. 

Samples and Experiments 

 

 
 

Figure 1: Sandwich type three terminal electrode system. 
 

Main Electrode ( φ = 65 mm ) 

High Voltage Electrode 

Guard Electrode 

Semicon Sheet (2mm thick) 

Sample Sheet (500 µm thick) 
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Figure 2: Time chart for dissipation current waveform observations 
for effect of acetophenone. 

 
Sheet samples for effect of acetophenone: Two virgin 
500 µm thick LDPE sheets were prepared as the 
samples. A three-terminal electrode system (Sandwich 
type, Electrode metal is SUS. Diameter of main 
electrode is 65 mm.) is employed as shown in Figure 1. 
To make the contact between the electrode and sample 
good, the 2 mm thick semi-con sheet was laminated on 
the sample’s high voltage electrode side. As shown in 
Figure 2,  each LDPE sheet samples were soaked into 
the acetophenone for a certain time. In this chart, the 
white and black circles mean the observation points. 
Each observed point was named from A-0 to A-6 or 
from B-0 to B-5 for each samples. Multi and bold single 
lines mean “soaked into acetophenone” and “not soaked 
into acetophenone”, respectively. As the results of each 
soaking, the increment of weight is roughly about 0.02 g 
in average. Original weight was 3.53g (Sample A) and 
3.77g (Sample B), respectively. To avoid the partial 
discharges, the chamber was filled up the high-pressure 
N2 gas (~0.2 MPa).  
 
Film samples for electrode’s metal dependence: 100 
µm thick LDPE films were prepared as the sample for 
the estimation of electrode metal’s dependence. A three-
terminal electrode system is employed. Diameter of 
main electrode is 26 mm. Here, these electrodes are 
formed by gold (Work Function: 5.1 eV) and silver (4.3 
eV) evaporation. This film sample was put into the 
sample holder as shown in Figure 3. Then, to avoid the 

partial discharges, the holder was set in high pressure N2 
gas chamber (0.2 MPa). 
 

 
Figure 3: Sample holder. 

 
Experiments: Outlines of the dissipation current 
waveform observation system has been described else 
where [1]. Arbitrary Function Generator (NF 
WF1946A) and Digital Phosphor Oscilloscope 
(Tektronix TDS3052) are connected to personal 
computer via GP-IB cable. Sine waveform signal is 
generated from WF1946A. Here, to make the digital 
noise small, this signal has 16 bit vertical resolution and 
32k word data points. Digital sine signal is amplified at 
high voltage amplifier (Trek Model 610C) and is 
applied to the sample in the high-pressure N2 gas 
chamber. Here, this amplifier’s slew rate is 20 V/µs. It 
is enough to apply the exact sinusoidal waveforms at 50 
Hz for 500 µm thick film sample (Here, in the case of 
the experiment at 50 Hz, 14 kV/mm and the sample 
thickness 500 µm, the expected maximum slew rate 
value will be around 3.1 V/µs.). Furthermore, the output 
of the amplifier is experimentally confirmed that there 
was no distortion on the applied ac high voltage 
waveform when the ac high voltage at 50 Hz. Up to 14 
kV/mm was applied to the 500 µm thickness LDPE 
sheet sample. Up to 30 kV/mm was applied to the 100 
µm thickness LDPE film sample, respectively. During 
applying ac high voltage to the sample, simultaneously, 
a canceling signal was generated by another channel of 
Arbitrary Function Generator (NF 1946A) and 
connected to the main electrode via serial resistor RS. 
Only the dissipation current component and un-canceled 
capacitive current flow the detecting resistor RD. The 
detected voltage signal was amplified by an operational 
amplifier and was stored by TDS3052 with the 
averaging mode. Here the number of averaging is set 64. 

For 500 µm thick sheet sample, the applied voltage 
was increased from 1 to 7 kV in steps of 0.5 kV. For 
100 µm thick film sample, it was increased from 1 to 30 
kV/mm in steps of 1 kV/mm. The temperature was 
around 25 oC. Setting frequency was 50 Hz. To ensure 
the accuracy for 40th harmonics, number of data point 
per one cycle is set 2,000 points. To eliminate the digital 
noise in extremely higher frequency region, low pass 
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filter processing with FFT technique was applied above 
41st harmonics. Conversion from voltage unit to current 
unit are calculated by dividing voltage by resistance RD 
(10[Ω]) and amplification rate (1,000) of operational 
amplifier. 

Results and Discussions 
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Figure 4: Dissipation current waveforms of sample A at 7 kV, point 

A - 0 (virgin) and A - 3. 
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(a) Ultrasonic cleaning + acetophenone 

Sample B 
frequency: 50Hz
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(b) acetophenone 

 
Figure 5:  Differential parts of instantaneous dissipation current from 

point A-0 or B-0 at each observation points. ([A-n] - [A-0] 
or [B-n] – [B – 0]) 

 
Effect of acetophenone:  Dissipation current 
waveforms of sample A at 7 kV, point A-0 and A-3 are 
shown in Figure 4. In this region, dissipation current 
waveform start to show nonlinearity and peaks appear at 
the former part of each positive and negative half cycle. 
However, as shown in Fig. 4, the differences between 
point A-0 (without acetophenone) and the other points 
from A-1 to A-6 where the sample soaked into the 
acetophenone were quite small. Then, in order to make 
easy the estimation for the effect of acetophenone under 

ac high field, the differential part from point A-0 is 
calculated at each point. The differential parts of the 
instantaneous dissipation current from point A-0 or B-0 
at each observation points are shown in Figure 5. As 
shown in Fig. 5 (a), which sample is treated with 
ultrasonic cleaning, the soaking into the acetophenone 
makes the dissipation current decrease, especially at the 
latter part of each positive and negative half cycle. On 
the other hand, in Fig. 5 (b), which sample has no 
ultrasonic treatment, the differential parts at each point 
are quite small. 

Prof. Sekii et al. reported that under dc high field, 
the combination of the acetophenone soaking and the 
hydroxyl group existence makes the hetero charge 
accumulation at vicinity of electrode, but only 
acetophenone soaking did not detect hetero charge [4]. It 
is considered that under ac high field, the combination 
of acetophenone and moisture (the hydroxyl group: -
OH) play a similar role. As the results of this effect, the 
observed dissipation current will decrease slightly as 
shown in Fig. 5.  
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Figure 6: Electric field dependence of conductivity obtained from 

fundamental component of dissipation current for each 
electrode’s metal.  

 
Electrode’s metal dependence: By using FFT 
analyzing program, the electric field dependence of 
fundamental and third harmonics of dissipation current 
under 50 Hz ac high voltage application is obtained. 
Electric field dependence of conductivity obtained from 
fundamental component of dissipation current for each 
electrode’s metal is shown in Figure 6. Here, the 
conductivity of both metal are slightly decreasing with 
the increase of the applied electric field up to around 25 
kV/mm. Above 25 kV/mm, it start to increase again. To 
consider the space charge effect, these results are very 
interesting. Furthermore, it is found that the 
conductivity of silver is little bit larger than that of gold. 
Electric field dependence of conductivity in Schottky 
plot, in Pool-Frenkel plot and in log-log plot are shown 
in Figure 7 (a) (b) and 8, respectively. As shown in Fig. 
7, the third harmonics of silver electrode’s dissipation 
current is smaller than that of gold, where the electric 
field are from 13 to 36 kV/mm for silver and from 13 to 
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20 kV/mm for gold. These results do not agrees with the 
work function’s trend, that is, silver’s work function is 
smaller than gold’s one. Estimated values of slope were 
8.57 X 10-4 for silver and 17.5 X 10-4 for gold, 
respectively. It is found that the value of silver is near 

the theoretical value of Schottky kTs /β , that is 9.76 X 

10-4 and that of gold coincide with the Pool-

Frenkel kTPF /β  that is 19.52 X 10-4.  
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(a) Schottky Plot 

E1/2 (kV/mm)1/2

0 2 4 6 8

C
on

du
ct

iv
ity

 σ
3 (

µ S
/m

)

10-6

10-5

10-4

10-3

Gold
Silver

[3rd Harmonics]
f0 = 50 Hz

LDPE 100µm

βPF/kT

Silver : 8.57 x 10-4

Gold : 17.5 x 10-4

 
(b) Pool-Frenkel Plot 

 
Figure 7:  Electric field dependence of conductivity obtained from 

third harmonics of dissipation current. (f0 = 50 Hz) 
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Figure 8: Electric field dependence of conductivity obtained from 

third harmonics of dissipation current for each electrode’s 
metal. (log-log plot) (f0 = 50 Hz) 

 
In further higher electric field region, the slope of 

the third harmonics of dissipation current is getting 

small. From the results in Fig. 8, the estimated slope in 
log-log plot was around 1. So far, though it is not clear 
whether it is possible to define the charge injection 
phenomena from the third harmonics of dissipation 
current waveform in log-log plot, probably it may have 
some information about the charge injection from the 
electrode. As the results in Fig. 8 show the different 
slope between in low field region and in high field 
region, then it seems to consider the SCSL conduction 
in high field. 

Conclusion 

By using the high accuracy dissipation current 
waveform observation system, the effect of 
acetophenone and the metal electrode dependence are 
investigated. As the results of these experiments, the 
combination of the acetophenone soaking and the 
hydroxyl group existence makes the hetero charge 
accumulation at vicinity of electrode, the electrode 
metal dependence is confirmed both fundamental and 
third harmonics at a certain field region. The estimated 
slope for silver coincided with the theoretical value of 
Schottky plot. However, that for gold was double. In 
addition, the trend between the work function and 
dissipation current did not coincide. Now, by using 
aluminum, similar experiments are planning. At the 
conference, further information about the electrode 
metal dependences will be obtained and be reported. 
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Abstract: The application of polymer insulator has 
been expanded in the field of power supply and 
distribution system all over the world. Compared to the 
porcelain insulator, however, polymer insulator has 
been demanded to solve the subjects on a long-term 
reliability and on a diagnosis techniques in the real 
application field. Hydrophobicity of polymer surface is 
one of the degradation indices of polymer insulator 
material and is usually evaluated by using an image of 
sprayed water on the sample surface. In this study, 
dielectric measurement and image analysis are used to 
evaluate the hydrophobic condition and, therefore, the 
degradation condition of polymer surface. Using image 
data analysis of these water droplets, STRI’s 
hydrophobicity class, HC from 1 to 7, is evaluated 
automatically. The water droplets on the sample 
surface are digitized and the image indexes such as size 
and shape factor of the droplets were evaluated. After 
this evaluation, 3D mapping technique is used to 
evaluate the HC value. Comparing of these results can 
define the small changes in the degradation condition 
of hydrophobicity of polymer insulator more accurately. 

Introduction 
Hydrophobic property of insulating materials is one of 
the study targets of this research field. The 
hydrophobic property can be characterized by the 
stability, the recovery and the transfer. The test for the 
evaluation of hydrophobicity transfer property by using 
a layer of powder on the surface and the test for the 
evaluation of stability of hydrophobicity of polymeric 
insulating materials by using a dynamic drop test of 
polymeric insulating materials are now studied by 
CIGRE working groups [1]. 

Transfer of hydrophobicity is a phenomenon that 
hydrophilic materials which are placed as a layer of 
powder on the specimen surface become hydrophobic 
after a certain time. The mechanism is caused by 
diffusion of low molecular silicone components (LMW 
components) which are present in the bulk material and 
are able to move through the artificial layer by 
diffusion. The speed of hydrophobicity transfer 
depends on many parameters including the ambient 
temperature. To develop a simple and reproducible test 
method, the numerical evaluation of hydrophobic 
condition is also very important.  

Evaluation of a stability of hydrophobicity of 
polymeric insulating materials by dynamic drop test is 
designed to evaluate the stability of hydrophobicity of 
polymeric insulating materials for outdoor insulation at 
AC voltages greater than 1 kV. The hydrophobicity of 
polymeric insulating materials is a surface property 
which suppresses critical leakage currents which may 
occur when an electrolytic pollution layer is stressed by 
high voltage application. To evaluate the stability of 
hydrophobicity of solid polymeric insulating materials 
under accelerated and calibrated test conditions so that 
different insulating materials can be easily compared 
with respect to this property. Hence, the numerical 
evaluation of hydrophobic condition is very important.  

In this study, the hydrophobic condition of the 
sample surface is degraded by the absorption of water. 
The absorbed amount of water is evaluated by the 
change in weight of the samples. Using a pair of inter-
digital electrodes on the sample surface, dielectric 
measurement of silicone rubber can detect the change 
in dielectric property during the change in absorbed 
amount of water in silicone rubber (SIR) samples. The 
dielectric properties are detected by using the 
unbalanced operation of Current comparator type 
Capacitance Bridge. The changes in dielectric loss 
current and in capacitive current were measured for 
every one cycle of ac applied field [2].  

Sample and Experimental Procedure  
High temperature vulcanizing silicone rubber (HTV-
SIR) sample of size 60x50x2 mm is used. The samples 
had different amount of ATH (Alumina Tri-Hydrate) 
and were with or without surface treatment of fillers. 
The percentage in weight of ATH filler and the surface 
treatment condition of both ATH and silica fillers are 
shown in [2]. The samples named A to D are without 
surface treatment of fillers and the ones named E to H 
are with surface treatment. The percentages in weight 
of ATH are 0, 50, 100 and 150 % of SIR, correspond to 
A, B, C and D, and also E, F, G and H, respectively.  

The samples were immersed in the distilled water 
and dried in the air at room temperature for two weeks. 
During this absorption and de-sorption processes of the 
samples, both the hydrophobic image and the dielectric 
property are measured. All graphs in this paper are the 
results of sample A. 
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Results and Discussions 

Improvement of the image analysis procedure of the 
evaluation of hydrophobicity classes 

Figure 1 shows the flow chart of the image analysis of 
the hydrophobicity class, HC, of polymer surface. Size 
S and circular factor fc of all water droplets in the 
image are calculated. The evaluation conditions such as 
amount of sprayed water on the sample surface and the 
elapsed time just after the spraying of the water are 
studied to define the effect of the error concerning 
these experimental conditions. 3D graph to evaluate the 
HC condition have three axis, the circular factor, fc, 
from 0 to 100 %, the size of water droplets, S, from 
under 100 to over 1,000 pixels and the total area of 
water droplets for each fc and S category. fc and S are 
divided into 10 and 11 categories, respectively.  

Figure 2 shows an interface of the developed 
image processing system. Only specify a loading 
hydrophobic image, system can evaluate the image 
indexes automatically.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Flow chart of the image analysis of hydrophobicity 
class, HC, of polymer surface. 

 

Figure 2: Interface of the developed image processing system. 
Menu buttons are Loading the image, Analyze the image, and 
lower and upper level of the size in pixels of the evaluated water 
droplets. 

  
 
 
 
 
 
 

      (a) With edge water droplets.  (b) Without edge water droplets.  

Figure 3: Removal of the water droplets on the edge of silicone 
rubber samples to eliminate the error for HC level evaluation.  
(a) Before the elimination of water droplets on the sample edge.  
(b) After the elimination of the ones on the sample edge. 
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 Loading of the image data  
(a) Including water droplets on the sample edge. 

 
Image processing and treatment to digitize the 

wetted and dried area as 1 bit code  
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Calculations of the image indexes such as size, S, 
and circular factor, fc, of all water droplets 

Classification of the image indexes of each 
water droplets and preparation of 3D graph to 

indicate the hydrophobic class  

Evaluation of the HC level (b) Without water droplets on the sample edge.  

Figure 4: Evaluated 3D graph to indicate the hydrophobic 
condition of the sample surface. (a) Before eliminate the effect 
of water droplets on the sample edge. (b) After the elimination of 
the ones on the sample edge as shown in Fig.3 (a) and (b), 
respectively. Sample A is used. 

One of the most important procedures to evaluate 
the hydrophobicity of sample is the elimination of error 
caused by water droplets on the edge of the samples, 
because the water droplets usually have lower fc. 
Therefore, the effect of the water droplets on the 
sample edge is studied. Figure 3 shows a typical image 
of water droplets on the silicone rubber surface of 
sample A. Figure 3 (a) shows all water droplets 
including the edge ones are measured. However, Fig. 3 
(b) shows only inner water droplets are used to 
calculate the image indexes.  
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Figure 5: Change in HC during the time after the spraying of 
water droplets. Parameter: The amount of spraying water. 
Normal is a usual amount we used, double and triple are twice 
and triple amounts of water are sprayed. HC [%] is defined by 
the center of the evaluated 3D graph. HC 100 [%] is most 
hydrophobic and HC 0[%] is most hydrophilic. 

Figure 4 (a) and (b) show the 3D HC graph of the 
surface images shown in Fig. 3 (a) and (b), respectively.  
Elimination of the edge water droplets indicate more 
concentrated 3D graph, where the center of fc and S of 
water droplets indicate the HC level. Figure 4 (a) not 
only indicates the good hydrophobicity that appeared 
on the higher fc and smaller S area, but also indicates 
the hydrophilic surface indexes that appeared on the 
lower fc and larger S of image indexes.  

After these treatments of image of water droplets 
on the sample surface, we can evaluate more accurate 
HC level numerically. The amount of spraying of water 
and the elapsed time after the spraying may affect to 
the evaluation of HC. The incline of the sample surface 
and the temperature of the experiment are also affect to 
the evaluation of the surface condition of insulating 
polymer materials. Former effects are studied in next 
chapter and latter are on the experiments now. 

Effect of elapsed time and amount of spraying of 
water to the HC evaluation 

Figure 5 shows an effect of sprayed amount of water 
and the elapsed time just after spraying of water to the 
evaluation of HC level. Here, HC is the percentage 
distance of the STRI’s HC level shown in Table 1. 
HC1 in Table 1 is converted to HC 100 % and HC7 in 
Table 1 is converted to HC 0 %, which are calculated 
by the distance from right-top corner to left-bottom 
corner of Table 1. “Normal” is the usual amount of 
spraying of water. “Double” and “triple” are two and 
three times larger amount of water are sprayed on the 
sample surface, respectively. Using same polymer 
surface and same hydrophobic condition, increasing the 

spray amount of water increases the size of water 
droplets and, therefore, decreases the HC in percent, 
gradually. Compared to large decrease in HC by the 
increase amount of sprayed water, time dependence of 
HC during 60 seconds after the spraying is small.  

To clarify the change in HC of Fig.5, the trace 
during the experiment of Table 1 is studied whether fc 
or S of water droplets are changed. Figure 6 shows the 
change in fc-S plane of average point of 3D HC graph. 
“Normal” and “double” amount of spraying of water 
only increases S from 400 pixels to 1,000 pixels, 
however, fc has slightly increased. On the other hand, 
“triple” amount of spraying deforms the shape of water 
droplets and decreases fc from 55 to 23 - 35 [%]. These 
results show that there is a critical point of the amount 
of spray water where not only sizes of water droplets 
are increased but also fc decreased. These criteria may 
also relate to the HC of sample surface.  
 
 

Table 1: Converting table of image indices to HC value of 
each water droplet used in this study [2]. 
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Figure 6: Change in fc-S plane plot of HC during the time 
after the spraying of the water droplets. Parameter: The 
amount of spraying water. Conditions are same as Fig.5. 
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Change in HC after the spraying of water on the 
hydrophilic sample surface 

Figure 7 shows the change in HC on the fc-S plane of 
immersed sample in water. The sample has hydrophilic 
surface and other experimental conditions are same as 
Fig. 6. Compared to Fig. 6, fc is smaller and S is larger. 
In this case “triple” amount of water spraying makes 
larger and continuous wetted area. The change in HC 
of fc-S plane during 60 seconds just after the spraying 
of Fig. 7 is larger compared to Fig.6. These results 
show that there is a dynamic change in HC location on 
the fc-S plane during the formation of water droplets 
and their connection and deformation. This property 
corresponds to the advance and residual contact angle 
and also hydrophobic property of sample surface. 
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Figure 7: Change in fc-S plane plot of HC during the time 
after the spraying of the water droplets. Parameter: The 
amount of spraying water. Conditions are same as Fig.5 except 
the sample surface is hydrophilic. 

Dynamic change in HC during the spraying of 
water on the sample surface 

Figure 8 shows the dynamic change in HC on the fc-S 
plane of hydrophobic and hydrophilic samples during 
the spraying of water for 8 seconds. Figure 9 (a) and 
(b) show time dependence of fc and S of Fig.8, dried 
and immersed sample, respectively. From these results, 
even the hydrophobic (Dried) sample shows lower fc at 
first and thereafter, increases the fc. Then fc seems to 
saturate at the value that corresponds to the surface 
condition, however, S still increases continuously. 

Compared to hydrophobic sample, immersed 
sample has hydrophilic surface. Therefore, it shows 
gradual decrease in fc and quick increase in S, which 
are related to the connection of water droplets.  

Results for dielectric measurements are presented 
on the conference site. These studies on dielectric and 
image indexes of hydrophobicity can verify the sample 
condition more accurately.  
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Figure 8: Change in fc-S plane plot of HC during the spraying 
of distilled water of 8 seconds. Parameter: The samples are 
hydrophobic and hydrophilic. Former one is dried in the air at 
room temperature. Latter one is immersed in the distilled 
water for two weeks and the absorption of water is almost 
saturated. Sample A is used. 
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      (a) Dried sample                       (b) Immersed sample 
Figure 9: Time dependence of fc and S during spraying of water on 
the silicone rubber surface. (a) hydrophobic surface sample, (b) 
hydrophilic surface sample. One of the reasons of lower fc of Fig.9 
(a) is a digitizing error of fc calculation for smaller water droplets. 
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