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HEEELE
5355 - 2000

B TREAGH OBk YE & 2 E T L F—
o BERT

Hydrophobicity and Surface Free Energy of Polymeric
Insulating Materials

Tetsuro TOKORO

Synopsis

The hydrophobicity of polymeric insulating materials is studied from the viewpoint of the surface

free energies of both liquid and solid.
including the water repellency of the surface.
field application.
temperatures and salinities.
investigated,
droplet of distilled water on the specimen.

of the samples, i.e., STRI's spray method.

Silicone rubber insulator has an outstanding characteristic
It loses its hydrophobicity during the aging of electric
Therefore an aging test was done by long immersion in saline water at different
The recovery of hydrophobicity in air at room temperature was also
This hydrophobicity was usually determined by measuring the contact angle of a
It was also determined by the hydrophobic surface image

The surface free energies of both the sample and the

liquid by which this hydrophobicity was evaluated were discussed from the viewpoint of evaluating
the degradation of the sample surface more accurately.

I

1 1@ C &

BSFESEEME OIRE S LBE OB KEED—
2ELTESHAVOhTWARIKEI>WT, HRThH 3
Bk L KB EER T 2RIEORTEB T % V¥ — DE LD
SERL, BKECBHALESLZOEROMY KV ITHT
BB EBRNE,

) a-vTAREDERFEIMERMEHIB KSR
OBVLELTELFIAS o253, vYa—vTai
Zzodic, —RICLMWERZh 3 ESFE - BEEFE %
VE-BAEEFLTED, Bhi@kitszoRERS
2875, COBKHERESTFORKLEILEE, Kklk
HOEEME L LToHt2RMT 3 b0Th b, EFK
KEOMERmM COBEME L L CREDERT, %/, ®
BKOEFIT L ZMERAOBARECER I X »LH4H
i (STRI®) FEishTHW3, ThooBkM R, ik
THAKELEKRTH 2EOmEORA L L CRA T %
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2 BKHICRT IERE L UFEAE

2.1 XEEHRAIRIVF—-ICHTIEER

K1 otktakiE%*EZ 5. kkoER@RN GEEHx
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EHE70&95.5 L, VOREERZTHAZTIEE,
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E#RREOMNE (BE) HEW.s OBKRIE, —icy v
7 DR (Young's equation), ‘
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¥, 72 7L DX (Dupre equation),
Ta=7s + 7.—Wa @
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ZHAVWT, B@EROE T A VF-BAERD 5FERS
CHVWShTWwBP D

2. 2 BWREABHIRIVE—OFESE
SRS LIRS DB AN R 5 _EHEOMKI &
%, BARETO 2 >0&MAOE, S, €OEKORE
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CZTD, HoRESREhZhFRHARI A VE—DSH
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1823 BKERORT.

(a) 0.00[W%], =72.8[mN/m] (b) 0.02[W9] , =68.0[mN/m] (c) 0.04[W9] . =63.1[mN/m

(© 0.08[1%] . =53, 4[uN/n]

. () 0. OG[W%, (f) After 7 days aging of (a).

(=58. 3[mN/m]

(g) After 15 days aging of (a). (h) Colored water before aging. (i) After 7 days aging of (h.
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Abstract: Non-liner behavior of dissipation current
that flows in polymer materials contains much
information about dielectric property under AC high
field application. Recently, the properties were
evaluated by using film sample of non-polar dielectric
materials. AC dissipation current measurement shows
the formation of AC space charge near electrodes
under AC high field application. However, the direct
measurement of AC space charge distribution is not
so easy due to the resolution limit of the
measurements. We measured high field dielectric
.properties of PP film up to breakdown by using short
time AC ramp voltage application method. Based on
the experimental results, AC conduction mechanism,
AC breakdown mechanism and the space charge
behavior under AC high field were discussed.

Keywords: AC high field, dielectric property, AC
dissipation current, capacitive current, space charge
layer

INTRODUCTION

Polymer materials have excellent dielectric and
insulation properties; however, those properties in AC
high field region have not been known well. Recently
we established an evaluation method of high field AC

dissipation current waveform of polymer materials.[" -

AC dissipation current waveforms of polyethylene
and polypropylene films show nonlinear distortion in
AC high field region. This non-linearity was supposed
to be related to the behavior of charge carrier motion
and its AC space charge formation in the sample near
electrodes./] The properties of space charge formed
under AC high field at power frequency seems to be
different from that formed under DC high field.
However, the measurement of AC space charge
distribution is not so easy due to the resolution limit
. of the space charge measurement.

We studied the dielectric properties of bi-axially
oriented polypropylene (BOPP) film under AC high
field up to breakdown. As a result, dielectric loss
tangent (tan 6 ), AC dissipation current (Ixr) and
unbalanced component of capacitive current (A Ixc)

were gradually increased till breakdown. Especially,
the Alxc increased above a threshold field and was
considered to be due to the AC space charge
formation. This AC space charge layer near electrodes
are supposed to be formed due to carrier injection
under AC high field application.I*]

Generally, the space charge formation accompanies
the increase of carrier density in sample film and
causes the distortion of electric field. Consequently, it
is thought that the space charge distribution affects
breakdown field strength. In this study, the average
thickness of AC space charge layer was estimated
from the increment of Alxc till breakdown and the
influence of AC space charge formed near electrode
was discussed.

SAMPLE FILM AND ELECTRODE SYSTEM

BOPP films with thickness of 30um were used as a
sample for the measurement of high field dielectric
property. The new electrode conformation used in this
experiment is shown in figure 1. [

Main electrode( ¢ 26mm)
Sample film
(BOPP 304¢m) Guard clectrode
Guard film

(BOPP 304m) l ~ Epoxy glue

Silver paste

PMMA frame
High voltage electrode( ¢ 40mm)

Figure 1: Sample film Aan‘d new electrode system with
guard film electrode.

In this electrode system, all of the electric field lines
flow into the main electrode only through the sample,
which eliminates the influence of surrounding epoxy
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resin on the measurement of dielectric properties. A
partial discharge free measurement is possible with
this epoxy molding. Au was evaporated as electrodes.

EXPERIMENTAL PROCEDURE

In order to study the high field AC conduction
mechanisms and AC space charge formation, electric
field dependence of tan § , AC dissipation current and
unbalanced component of capacitive current were
measured up to breakdown of the sample. The
frequency of applied field was 50Hz. The dielectric
measurement under short time AC ramp voltage
application was carried out.!")

The outline of the measuring system is shown in
figure 2. The fast rising AC ramp voltage was applied
to the sample in the thermostatic bath. This AC ramp
voltage waveform signal is generated by the
programmable function generator (1731S; NF Elec.
Instrument) and is amplified by the power amplifier
(TA-120; NF Elec. Ins.) and then a HV transformer.
High field dielectric characteristics, tand and
capacitance C, were measured by using the current
comparison type capacitance bridge  (CCB, type
" 1210-A, Sohshin Elec.). '

AC dissipation current (Ixr) and unbalanced
component of capacitive current (A Ixc) are also
measured by this bridge system. Only the capacitive
current component is balanced at low field and
canceled in the bridge arms. Therefore, only the
- unbalanced loss current and the deviation of
capacitive current appear as an output of a
balance-detecting amplifier of the bridge. All of this
unbalanced output signal (D) and the monitor output
of the applied AC ramp voltage (V) are digitized
simultaneously by a data-storing device. The quantum
resolution of the storing.device is 16 bit and its
memory length is 1000-kilo words (maximum).
Sampling interval usually adopted is 50 psec.

Programmable
Function Generator
&
Power Amp.

A/D Converter
&
FFT Analyzer

Figure 2: Outline of the system for evaluatmg high
field dielectric propertles
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Detected output signal D is divided into each one-
cycle of corresponding applied AC voltage V. Then
the 512 points data are allotted to each one-cycle data

'by interpolation. Fast Fourier Transform (FFT)

waveform analyzing program using a rectangular
window is used to evaluate the fundamental spectrums
of both V and D. From these spectrum data, dielectric
loss tangent (tanS), AC dissipation current (Ixr) and
the deviation of capacitive current from balanced
condition ( A Ixc) are evaluated. In this case, Alxc is
calculated as an increment part or decrement part
from capacitive current at AC 50 KkVi,/mm
application. The effect of transfer function of this
total measuring system is also considered.

Typical applied voltage waveform (V) used in this
study is shown in figure 3. Both increase of AC ramp
voltage from 0 V to maximum voltage and decrease
from maximum voltage to OV was done in 1 second.
The maximum electric field was 200 KV mms/mm. It
keeps its maximum value during 10 seconds. All
measurements are done at 298K (25C). ’

Electric Field [kVp~p/mm]-

0 2 4 6 8 10 12
Time [sec]

Figure 3: Applied electric field waveform.

RESULTS AND DISCUSSIONS

Electric Field Dependence of AC Dissipation
Current (Ixr) and Unbalanced Component of

Capacitive Current (A Ixc)

AC dissipation current (Ixr) and unbalanced
component of capacitive current (A Ixc) of BOPP film
were measured up to the breakdown of the sample
occurred. Figure 4 shows electric field dependence of
Ixr and ‘AIxc under increasing AC ramp application
part. Higher the electric field, the more Ixr increased.
The increase of Ixr is almost in proportion to the
applied electric field. On the other hand, A Ixc
started to increase drastically when the applied
electric field was over 60kV ,s/mm.

.Under DC high field, it is reported that the increment

of capacitance is related to space charge formation.””!
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Under AC high field, we considered similar increment
of capacitance that evaluated from A Ixc, which
related to AC space charge formation near the

electrodes. Since the alternate field was applied at AC -

field application, the space charge formation should
be difficult compared to DC field application. Under
AC field application, figure 4 shows an evidence of
the AC space charge formation.

In figure 4, threshold field of the increment of A Ixc,
was around 60kV,/mm, it means that the carrier
injection from electrodes was started and AC space
charge was formed near electrodes.

2

s
15 -
Alxr ’
[ ] Alxc : ..
< 1
=
t
e
505
O
0
-0.5 L - L
0 . 50 100 150 200

Electric Field [kV,,/mm]

Figure 4: Electric field dependence of AC dissipation
current (Ixr) and unbalanced component of capacitive

current ( A Ixc) of BOPP film.

Change in AC Dissipation Current and
Unbalanced Component of Capacitive Current up
to Breakdown

25

Current [u Al

-05 S
0 2 4 6 8 10 12
Time [sec]

Figure 5: Electric field dependence and time variation
of Ixrand A Ixc of BOPP film till AC breakdown.

Figure 5 shows time dependence of Ixr and A Ixc of
BOPP film up to breakdown at 298K (25C). Sample
film was broken down abruptly at 10.6 second after
the field application. It corresponds to 9.6 second
after the applied electric field reached constant value
of 200kV,,¢/mm. Under the constant high AC electric
field application, both Ixr and A Ixc increased
gradually. Especially, somewhat larger increment of
A Ixc shows that the space charge layer near
electrodes expanded towards to inside of sample.

It is reported that a space charge layer is formed in PE
film by the carrier injection from cathode over
30kV/mm of DC field application.”! A schematic
image of DC space charge is shown in figure 6. The
ratio of change in capacitance ( A C/C,) and thickness
of the space charge layer (/) is calculated by following
equation (1). !

AC_C-Co_ 1

Co Co 2d -1

Where C, and C are the capacitance before and after
the application of DC high field, respectively. d is
thickness of the sample film. Using equation (1), it is
reported that DC space charge layer was estimated
about 0.6 pm for PE film with thickness d of 50um
under DC high field of 100 kV/mm.

.

Space Charge distribution layer
S) - @

v

X

Figure 6: Schematic image of space charge
distribution.

In higher AC electric field region, capacitance of the
sample also increased and we consider it was caused
by AC space charge formation. We tried to estimate
the thickness of the AC space charge layer by the
same procedure as the case for DC high field
application.

In this study, Cp at 50kV,¢/mm was 353.3pF and the
capacitance change ( A C) under AC electric field
application was calculated from equation (2).

Alxc = ®ACV c (2
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It leads space charge layer as 0.17um immediately
after the AC electric field reached at 200kV,,/mm.
Furthermore, it leads space charge layer as 0.20um
just before the breakdown. The AC space charge layer
near electrodes expanded, slightly.

It is thought that the thickness of the evaluated space
charge layer at 298K (25C) is related to carrier
mobility. In low temperature region, the carrier
mobility is low, and most of carriers injected from

cathode are trapped near the cathode. This space .

charge layer starts to disturb inner electric field in the
sample under AC high field application and A Ixc
increases. However, the thickness of the space charge
layer at low temperature region is not so large and
only slightly increased even at very high electric field
near AC breakdown.

0.25
'£0.20
3
s
30.15
)
50.10
o
8
(-]
So05 [§
s
[
0.00 e o o . .

0 2 4 6 8 10 12
Time [sec]

Figure 7: Time variation of estimated AC space
charge layer near electrodes calculated by equation
.

In many cases, Ixr and AlIxc increased drastically
just before breakdown and breakdown occurred
suddenly under AC high field in low temperature
region. These drastic increases of currents cannot be
detected by AC dielectric property, because the
measurement of this system required one cycle (1/50
second) data for the FFT analysis. Therefore,
breakdown in figure 5 and 6 occurred suddenly less
than 1/50 second at 298K (25C).

AC space charge formed near electrodes by carrier
injection is at first homo space charge, but it changes
to hetero space charge when the polarity of applied
electric field is changed. The AC space charge layer at
each electrode inside increases the inner electric field
between the space charge layers. Furthermore, carrier
density inside sample film gradually increases.
Consequently, the electrical breakdown or thermal
breakdown occurs easily.!”}

SUMMARY

In order to study the high field AC conduction and
AC space charge formation mechanisms, AC
dissipation current (Ixr) and unbalanced component of
capacitive current ( A Ixc) of BOPP film were
measured under AC high field application ‘at 298K
(25C). Both Ixr and AlIxc increased with electric

" field, and increased gradually up to breakdown during

constant applied high AC electric field of
200KV p/mm.

We tried to estimate the thickness of the AC space .
charge layer by the same procedure as the case for DC
high field application. It leads space charge layer as
0.17um immediately after the AC electric field
reached at 200k V,,/mm. Furthermere, it leads space
charge layer as 0.20um just before the breakdown.
The space charge layer near electrodes expanded

gradually.
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Abstract: The relation between motion of water
droplets and their dielectric property on a silicone
rubber surface is studied under AC high-field
application. Both water droplets and inter-digital
stainless steel electrodes are put on the silicone rubber
surface and AC high field with superposition of DC
offset voltage is applied to the electrodes. The vibration
of water droplets, which is related to the hydrophobicity
of the silicone rubber surface, is evaluated by both the
image data analysis of the shape of water droplets and
its dielectric measurement using unbalanced operation
, method of a capacitance bridge. These data are useful to

determine the small changes of hydrophobicity classes
with combine the usual contact angle and STRI
methods.

INTRODUCTION

Polymeric insulating materials are widely used in the
manufacture of weather-sheds of outdoor insulators.
Silicone rubber (SIR) especially has excellent
hydrophobic property in addition to its excellent
electrical, mechanical and chemical characteristics. The
usage is expanding rapidly as an electric insulation
material typically under the heavy contaminated
environment. Therefore, it is very important to study the
degradation of hydrophobicity of polymer surface as one
of the indices of its initial deterioration process.

The hydrophobicity of the material is usually measured
by contact angle of a droplet of distilled water on the
sample surface. However, it sometimes shows hysteresis,
time dependence and location dependence during the
measurements. Therefore, hydrophobnc image of the
specimen surface after spraying of water mist, which
includes many - water droplets, is recently used to
determine the hydrophobicity class of the surface
(STRI’s HC level from 1 to 7) [1]. A digital image
‘processing method for estimating the level of
hydrophobicity class of specimens is reported in [2, 3].

This paper studies the motion of the water droplets on -

the SIR surface during AC high field application. AC

ramp voltage and AC high field with superposition of

DC .offset voltage are applied to the inter-digital
stainless steel electrodes on the SIR surface. Between
the electrode fingers one or three water droplets are set
on the SIR surface. Image data indices such as size and

position of the water droplets are evaluated to discuss
the change in HC levels from vibration behavior of the
water droplets [3]. This phenomenon is also detected by
the change in dielectric property measured by using the
same electrode system on the SIR surface [4]. Electric
field dependence of dielectric properties, such as AC
loss current, Ixr, and the change in capacitive current
from the bridge balance, dlxc, with superposition of DC
offset voltage are measured. Dipoles and charges of the
sample may show different behaviors under with and
without the superposition of DC high field to AC field
application.

This dynamic motion study of water droplets on the
polymer surface under AC high-field application with
DC offset voltage can diagnose the hydrophobicity of
polymer surface more accurately. This vibration may
initiate the flashover on the insulator surface and,

- thereafter, the degradation of the material starts.

SAMPLE AND EXPERiMEN’l‘AL PROCEDURE

HTV-SIR sample of size 60x50x6 mm is used. A pair of
inter-digital electrodes which was made by stainless
steel is set on the sample surface. Between the
inter-digital electrodes, water droplets were put on the
sample surface. The photographic view of the sample
and electrodes are shown in Fig. 1. Width and height of

Figure 1: Inter-digital electrodes and water droplets on
HTV-SIR sample surface. M; Main electrode, HV;
High Voltage electrode, WD; Water droplets, LED+
and LED— are monitoring the phase of applied AC field
for image analysis.
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Figure 2: Typical result of image data analysis of a
water droplet under AC ramp voltage application. AC
ramp voltage; 30 Hz, Max 4 kVp-p, 0 to peak and peak
to 0 are 1.5 s each. Image rate: 500 FPS, 512x240
pixels. 8bit. Change in size of a water droplet is
measured for 1,500 image frames. Volume of the water

droplet is 20 pl.

the electrode finger are 4mm and 3 mm, respectively.
The separation of M(Main) and HV(High Voltage)

electrode fingers are 6 mm. The volume of water .

droplets are 20 pl for AC ramp voltage application and
10 ul for DC superposition measurements.

AC high field is applied to the electrodes and the motion
of the droplets are measured by the image analysis using
high speed digital camcorder and also by the dielectric
measurement of AC loss current (Ixr) .-and deviation of
capacitive current (dIxc) for each one cycle of AC
field application. These dielectric properties are
evaluated by using the unbalanced operation method of
~ high-voltage capacitance bridge[4]. DC offset voltage is
also superposed to the AC field to -clear the
hydrophobicity class of the sample surface.

RESULTS AND DISCUSSIONS
Motion of Water Droplet

Figure 2 shows a typical result of the image data
analysis of a water droplet under AC ramp vo|tage
application. Change in the size of a water droplet is
almost corresponds to the shape of applied AC ramp
voltage waveform. At lower field region, however, it
cannot detect the change in applied field magnitude
from image data analysis by this experimental.condition.

Applied AC Field with Superposed DC Ramp
Voltage

Flgure 3 shows an apphed voltage pattern with
superposition of DC high field to AC field. At first,
. only AC ramp voltage of 33.3333 Hz is applied from 0
to 0.9 s (30 AC wave cycles). Thereafter, superposition
of DC ramp voltage is started. 0.6 s (20 cycle) is from 0

ay Zoome: x1.8 Zoomt: x1.8
0.95:30cycles | 0.65:20cycles H

ACAKVpp

L 425 :140 cycles |
—6kV - - : U U A e U R,

Figure 3: Typical applied voltage pattern of this
measurement. Only AC ramp voltage of 33.3333 Hz is
applied from 0 to 0.9 s and 3.3 to 4.2 s (30 AC cycles
each). Superposition of DC ramp voltage is 0.6 s (20
AC cycles) for each ramp condition. Maximum and
minimum values of DC ramp voltage are 2kV and
—2kV, respectively.

2 r
> / ¢ ]
o 0 ‘. Ty ‘3': 1 L s T I NP
O % B
2 Q20 40 60 g0 109 120 140
e
-2 L ‘-‘,ﬁ .

Number of applied AC wave [cycles]

Figure 4 Evaluated AC and DC components from
superposed applied electric field shown in Fig. 3. AC;
Maximum value. DC; Average value.

to 2kV, 1.2 s is from 2kV to —2kV and 0.6 s is from
—2kV to 0 V. Finally, AC applied voltage is reduced
from 4 kVp-p.to 0 V using 0.9 s. Therefore, 140 cycles
of AC waves are applied, totally. The maximum DC
offset voltage is 2kV; therefore, 50" and 90™ AC cycles
are only positive and negative field application to the

HYV electrode, respectively. ‘

Figure 4 shows evaluated AC and DC components from
superposed applied electric field shown in Fig. 3. AC
amplitude is maximum value of the AC wave component
and DC amplitude is average value of superposed DC
voltage. Even with superposition of DC high field, the
measuring system can-evaluate dielectric properties for
every one cycle of AC field.

Dielectric Properties of SIR before Aging '

Figure 5 shows an evaluated AC loss current, Ixr, during

_superposed field application. HTV-SIR sample is before

aging and dried naturally at room temperature. @ is
with three water droplets. [J is without water droplet.
The SIR sample is dried and hydrophoblc Therefore,
without water droplets it shows small Ixr. This loss
current flows both on the sample surface and in the

- sample volume.
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Figure 5: Evaluated AC loss current, Ixr, during
superposed field application. HTV-SIR sample is dried
naturally at room temperature. @; With three water
droplets. [1; without water droplet. Volumes of water
droplets are 10 pl. Distilled water, 3 uS/cm, is used.
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_Figure 6: Same as Fig. 5 except evaluate the deviation
of capacitive current, dIxc, from its balanced condition
without water droplet.

With three water droplets Ixr increases, slightly. This
small increase in Ixr is caused by dielectric loss, which
is corresponds to the motion of water droplets. From
Fig.5, DC offset voltage slightly increases the Ixr.

Figure 6 shows the evaluated dixc. The measurement
conditions are same as Fig.6. Before set the water
" droplets capacitance bridge is balanced. Therefore, [
shows no signal during the measurement. This means the
capacitance of the experimental specimen dose not
change by the amplitude of AC field. It also means that
capacitance of the specimen does not affected by DC
field. A

With three water droplets, however, Fig. 6 shows the
change in. capacitive current. The effect of superposed
DC field to dlxc is, however, still small for hydrophobic
samples. Figs. 5 and 6 also show small time dependence
of hydrophobicity during AC field application of 30 to
110 cycles.
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Figure 7: Evaluated AC loss current, Ixr, before and
after aging in distilled water of HTV-SIR. Sample is
without water droplet on the surface. During aging,
sample is immersed in distilled water at room
temperature for 55 days. [J; Before immersing in
distilled water.  ; After immersing in distilled water.
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Figure 8: Evaluated dielectric properties of Ixr and
dixc after aging in distilled water of HTV-SIR. Sample
is with one water droplet on the surface. Aging
condition is same as Fig.7. Applied field patterns of AC
and DC are also indicated in the figure.

Dielectric Properties of SIR after Aging

HTV-SIR sample is aged by immersing the sample in
distilled water at room temperature The immersing
period is 55 days and increase in sample weight is
0.08 %. After this aging, SIR sample surface slightly

looses its hydrophobicity.

Figure 7 shows the evaluated Ixr during superposed field
application without water droplets on HTV-SIR surface.
O is before aging and is after aging. After
immetsing the sample in distilled water, sample absorbs
water and increases the Ixr. This means the dielectric
loss caused by water absorption is increased. It dose not
affected by DC superposition. Therefore, conductive
loss does not affected to dielectric loss.
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Figure 9: Evaluated Ixr of HTV-SIR with one and
three water droplets. Sample was aged in distilled water
Aging condition is same as Fig.7.

(a) | hver toMam ectrode at D-ak.

(b) Flashover to HV electrode at DC+ peak.

Figure 10: Typical flashover between water droplet
and electrode. LED .is lighted when at (a) DC- peak, (b)
DC+peak.

Dielectric Properties of SIR with Water Droplets
after Aging

Figure 8 shows dielectric property of a HTV-SIR
surface with one water droplet. SIR was aged by
immersion in distilled water. The SIR sample is aged;
therefore, even without water droplet it shows larger Ixr
(Fig.7). With one water droplet Ixr increases more,
typically around high DC field region. The capacitive
~ current, dIxc, also becomes larger compared to the
sample with three water droplets and before aging (Fig.
6). In Fig. 8, dlxc at larger positive DC superposition
region shows small decrease. These results mean DC
superposition increases the dielectric loss caused by
conductive carrier and DC high field limits the motion
of water droplet. Around minus peak of DC offset
voltage water droplet is just before flashover to Main
electrode.

Figure 9 shows Ixr of a HTV-SIR surface with one and
three water droplets. Conditions are same as Fig. 7.

— 1239 —

Increasing the number of water droplets, it increases the

* Ixr. The effect of DC superposition increases the loss

current drastically. At —2 kV DC offset region, 3
droplets measurement occurs flashover.

Flashover between Water Droplet and Electrode

Figure 10 shows typical flashover between water droplet
and electrode. Fig. 10 (a), corresponds to Fig. 9, shows
flashover occurred at Main electrode. Water droplet
seems to move toward the High voltage electrode,
however, flashover occurred at Main electrode. From
LED- lighting, this flashover occurs at the negative peak
of superposed DC applied field. Fig. 10 (b) shows the
flashover occurred to HV electrode. LED+ indicates the
positive peak of the DC offset voltage.

SUMMARY

Inter-digital electrodes on SIR surface can detect the
water absorption of the sample and, therefore, it can
detect the degradation of the hydrophobicity of the
sample surface from the dielectric properties. Water
droplets on the sample surface, which set between the
electrodes, increase both Ixr and dixc of the dielectric
property. When the sample surface decreases its
hydrophobicity, both Ixr and dixc increase more. Water
droplets enhance these increases.

These changes in dielectric properties corresponds to the
hydrophobicity and, therefore, to the motion of water
droplets during electric high-field application.
Superposition of DC electric field to the AC field also
enhances the increase of dielectric property, which
caused by the change of hydrophobicity class.

Image data analysis of the motion of water droplets
under AC or DC superposed field application is also
useful to recognize the hydrophobic condition of the
sample surface.
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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 paralel 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.

I ntroduction

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 adiagnosis
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].

0-7803-8584-5/04/$20.00 ©2004 IEEE
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The hydrophobic condition of the sample surface
was aso 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 silicafillers 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 conditionsin 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
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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 datarate is used in thisimage 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 digtilled water a room
temperature and at 50 degree. After the aging, the
samples were dried in the air a the same temperature.
The changes in weights during the experiments are
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Figure 2: Changein weight percent of samples at room temperature
immersion in distilled water. Fig. 2(a) is the one for A to D and 2(b)
isfor Eto H, respectively.

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

Results and Discussions

Before immersion in didtilled 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.

Changesin weight during immersion in water

Figure 2 shows the changes in weight of samples at
room temperature immersion in distilled water. Fig. 2(a)
istheonefor A to D and 2(b) isfor 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.
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Figure 3: Same as Fig.2 except the aging temperature was 50 degree.
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Fourier analysis of imageindices 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 pl 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
withincreasing 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

629

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 a 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.

Signa
magnitude
[au]

8000
6000
4000
2000
0
A B CDEFGH
Sample

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 pl. These experimental conditions are set on the
“resonant frequency” of the sample A before aging.
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magnitude
[au]
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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 fe=4nS/1?, where, Sisthe size of water droplet in pixels
and | isthe length of edge of the image of water droplet in pixel.
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Harmonics

ABCDEFG
Sample

Figure 6: Same as Fig.4 except the Fourier spectra of change in
center point of theimage 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.

Tearpeaue Roomtemp. 50 dayee

Snples A B C D A B C D
14.160 | 17.557 | 17.257 | 18.547 | 14.864 | 19.004 | 22.700 | 23.900
After agng 14.507 | 21.707 | 24.060 | 24.400 | 14.948 | 22.6838 | 33.017 | 50.827
After recovery | 14.310| 17.946 | 18.686 | 20.840 | 14.307 | 19.483 | 22.790 | 26.000

Snples E F G H E F G H
13479 | 17.324 | 17.780 | 18.050 | 14.247 | 16.957 | 17.257 | 17.257
13.707 | 18.007 | 18.647 | 19.507 | 14.230 | 18.800 | 19.900 | 20.550
13.600| 17.500| 18.030 | 18090 14.135| 17.196 | 17.971 | 18.616

Beforeagng

Beforeagng
After agng
After recovary

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.

SnpleD Befofeagng Aftar agng | Afte recovery
RoomTerp. 64.49 410.49 99.41

50 dagee 21.59 760.21 95.70

SnpleH Befofeagng Aftear agng | Afte recovery
RoomTerp. 13.75 145.06 41.04

50 degee 9.15 199.89 83.77

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
aso 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.
Changein 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

E [Kv/mnil

Figure 7: Electric field dependence of ac loss current Ixr of virgin
samples. Applied eectric field is 50 Hz. Fig. 7(a) is the one for A to
D and 7(b) isfor 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 tand 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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Abstract: Polyethylene is widely used as the insulator
for power cable. To investigate the conduction
mechanism for power cable insulation under ac high
field, it is very important to acquire the dissipation
current under actual running field. Recently, we have
developed the unique system which make possible to
observe the dissipation current with wide band range. In
this system, to observe the nonlinear conductive
properties under ac high field with high accuracy,
capacitive current component is canceled by using
inverse capacitive current signal. Then, it is possible to
observe the nonlinear conductive properties under ac
high field, where it is considered that the charge
injection from the electrode and the space charge effect
may occur. We have already reported that the
dissipation currents of 40 pum thick LDPE film at 10
kV/mm and over 140 Hz, odd number’s harmonics are
observed. To explain this phenomenon, various kinds of
estimation, such as time variations of resistivity, FFT
spectra of dissipation current and so on, have been
estimated. As the results of these estimations, the
possibility that latter part of peak for each half cycle is
due to occurring the movement of charge in bulk under
momentary enhanced bulk electric field by the injected
carriers has been pointed out. In this paper, by using the
different thickness of LDPE film, the film thickness
dependence of the dissipation current observations is
carried out to confirm the conduction mechanisms,
especially for latter part of peak of each half cycle.

Introduction

Noopolar  polymers, such as  polyethylene,
polypropylene and so on, are widely used as power
cable’s insulation and power capacitor’s dielectrics.
Although these materials have excellent short-term
mechanical and dielectric properties they are susceptible
to long-term degradation caused by the effect of the
high electric field. It is well known that at high electric
field charge injection and space charge formation can
occur in the polymer and cause insulation aging. To
access the operating condition of the insulation,
absorption current and tand are usually measured for dc
and ac applications respectively.

Under ac high field, it is extremely difficult to
measure the dissipation current component of the

0-7803-8584-5/04/$20.00 ©2004 |IEEE

conduction current because it is ~0.01 % of the
capacitive component. To cancel the large capacitive
current, various types of bridge circuits have been used
but only the fundamental component of the dissipation
current can be measured with high precision. The
harmonics are difficult to resolve with high accuracy
due to the restrictive frequency range of the bridge
measurement system. ‘

Recently, a new method [1-3], which does not use
a bridge system, was reported. In this method, an
arbitrary waveform function generator was used to
compensate the capacitive component of the charging
current and the measurement system was automated and
controlled by a computer. The use of computer and
digital signal acquiring system makes it possible to save
and analyze the large amount of data instantly. FFT
technique also is utilized to obtain the spectra of
dissipation current and separate the signal and noise.
Then, this new method can observe harmonics of
dissipation current with high accuracy which will be
useful to analyze the space charge effect.

Frequency dependences of dissipation current
waveforms of LDPE 40 pm thick films were observed
at 10 and 15 kV/mm [4-5]. Observed dissipation current
waveforms start to show nonlinearity and the value
itself is getting large with the increase of the frequency
above certain condition, that is, at 10 kV/mm, it does
above 130 Hz, at 15- kV/mm, above 100 Hz,
respectively. In this case, in higher frequency,
dissipation current shows 2 peaks in each positive and
negative half cycle. To understand high field ac
conduction mechanism, various kinds of estimation
were carried out by using the above results [5]. From
the results of estimations, it is concluded that the first
peak of each half cycle may occur due to the injected
homo space charge become hetero just after inverse of
polarity under alternative .electric field [6-9], and the
second peak of each half cycle may occur due to that the
internal electric field enhancement [5]. Normally, the
injected homo space charge will make relief the electric
field at vicinity of each electrode, however, the internal
electric field will be enhanced by these homo space
charge at the vicinity of electrode. To confirm this effect,
various thickness LDPE films are prepared and
examined.
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In this paper, the instantaneously internal electric
field enhancement effect at the later part of each
positive and negative half cycle which mentioned above
will be discussed. Electric field dependences of
dissipation current waveforms were observed by using
three different thickness LDPE films to see the bulk
effect. FFT analyses are employed, and the spectrum
distributions, especially 3rd and 5th barmonics of the
dissipation current were also estimated to confirm the
internal electric field enhancement effect between
different thickness film samples.

Sample and Experiment

Sample: LDPE films in three different thickness 37, 72
and 93 pm are used as the sample. Four same thickness
film samples are prepared at the same time to confirm
reproducibility. A three-terminal electrode system is
employed. Here, these electrodes are formed by gold
evaporation. This film sample was put into the sample
holder. Then, to avoid the partial discharges, the holder
was set in high pressure N, gas chamber (0.2 MPa).

Experiments: Outlines of the dissipation current
waveform observation system has been described else
where [1]. Arbitrary Function Generator (Tektronix
AFG320) and Digital Phosphor Oscilloscope (Tektronix
TDS3052) are connected to personal computer via GP-
IB cable. Sine waveform signal is generated from
AFG320. Here, to make the digital noise small, this
signal has 12 bit vertical resolution and 16,384 data
points by using edit function. Generated signal is
amplified at high voltage amplifier (Trek Model 610C)
and applied to the sample in the chamber. Here, this
amplifier’s slew rate is 20 V/ys. It is enough to apply
the exact sinusoidal waveforms up to 200 Hz for 100
pm thick film sample (Here, in the case of the
experiment at 200 Hz and 15 kV/mm, the sample
thickness 100 pm, the expected maximum slew rate
~ value will be around 2.0 V/ps.). 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 200 Hz, 15
KV/mm was applied to the 100 pm thickness LDPE film
sample. During applying ac high voltage to the sample,
simultaneously, a canceling signal was generated from
another Arbitrary Function Generator (Tektronix
AFG310) and connected to the main electrode via serial
resistor Rs. Only the dissipation current component and
un-canceled capacitive current flow the detecting
resistor Rp. The detected voltage signal was amplified

by an operational amplifier and was stored by TDS3052.

The electric field was increased from 1 to 15
kV/mm in steps of 1 kV/mm with Ssec at each step. The

temperature was around 25 °C. Initial setting frequency
was 50 Hz. After the observations electric field
dependence of dissipation current waveforms at 50 Hz,
same procedures were carried out at 100, 150 and 200
Hz, respectively. To ensure the accuracy for 10th
harmonics, number of data point per one cycle is set
over 1,000 points. To eliminate the digital noise in
extremely higher frequency region, low pass filter
processing with FFT téchnique was applied above 11th
harmonics. Conversion from voltage unit to current unit
are calculated by dividing voltage by resistance Rp
(10[Q]) and amplification rate (1,000) of operational
amplifier.

Results and Discussion

Electric field dependences of high field dissipation
current waveforms at 200 Hz which are obtained by
different thickness LDPE film samples are shown in
Figures 1, 2 and 3, respectively.
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Figure 1: Electric field dependence of high field dissipation current
waveforms at 200 Hz for 37 pm thickness LDPE film.
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Figure 2: Electric field dependence of high field dissipation current
waveforms at 200 Hz for 72 pm thickness LDPE film.
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Figure 3: Electric field dependence of high field dissipation current
waveforms at 200 Hz for 92 um thickness LDPE film.
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Figure 4: Electric field dependence of FFT spectra of dissipation
current waveforms at 200 Hz for 37 pm thickness LDPE film. '
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Figure S: Electric field dependence of FFT spectra of dissipation
current waveforms at 200 Hz for 93 pm thickness LDPE film.
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As shown in Figure. 1, there are 2 peaks in each
positive (P1 and P2) and negative half cycle (P3 and P4).
Similar trend is observed in other case, such as in Figure
2 and in Figure 3. Under 6 kV/mm, dissipation current
waveform did not show the film thickness dependence
and the shape of waveform was almost sinusoidal. -
However, above 7 kV/mm, it has started o show both
the nonlinear property and the film thickness
dependence. Even the applied electric field is same, the
value itself and variations of instantaneous dissipation
current indicated the film thickness dependence. It
seems that the film thickness is thinner and thinner, the
variation of instantaneous dissipation current is getting
larger and larger. Figure 4 and 5 are the spectra of
dissipation current waveforms for 37 and 92 pm
thickness LDPE films, respectively. Here both graphs
are deduced from the results of Fig.1 and Fig. 3 by
using FFT, respectively.

In both Fig. 4 and Fig. 5, the dissipation current less
than 6 kV/mm has only fundamental component. But -
above 7 kV/mm, 3rd harmonics became large. Here, the
rate of the increment of 3rd and 5th harmonics was also
different between 37 and 93 pum thickness film samples.
Then to clarify the relationship between film thickness
and 3rd and 5th harmonics, by using the following
equation (1), the ratio between nth harmonics and
fundamental is calculated and plotted as in Figure 6.

Ratio R(E) =£"—(£)-x100[%]

o
1,(E)
I(E) : n"™® harmonic component at field E
I(E) : fundamental component at field E

Electric Field [kV/mm]

Figure 6: Comparison of electric field dependence of 3rd and Sth
harmonic component for different thickness film samples.

In Figure 6, 3rd and 5th harmonics started to
increase over at 6 kV/mm. Value itself of both 3rd and



5th harmonics became small with the increment of film
thickness. Curves of 3rd harmonics show a peak around
10 to 12 kV/mm (P,). Curves of 5th harmonics also
show a small peak (Pg) at relatively lower electric field.
After the small peak, they were increasing again with
electric field (Pc), and they were exceeding the previous
peak value. From the results of Fig. 6, the following
things are clarified.

1. The film thickness dependence of nonlinear ac
conductive properties is appeared above 6 kV/mm at
200 Hz.

2. The threshold field which starts to show nonlinearity
was the same among different thickness film
samples.

3. Above the threshold field, odd number harmonics
become large with applied electric field.

4. If film thickness is thinner, then, the increment of
odd number harmonics will be larger compared with
thicker film sample’s one.

These facts seem to indicate that the appearance of
odd number harmonics is related to the conduction in
bulk. Under ac field, it is well known that the injected
homo space charge become hetero space charge at the
next half cycle of opposite polarity. This phenomenon is
normally occurs at the former part of each half cycle (P1
and P3 in Fig.1-3) and may cause EL [10, 11]. However
it is so difficult to explain the peak at the latter part of
each half cycle (P2 and P4 in Fig. 1-3) by using charge
injection and recombination under alternative electric
field mentioned above. Then, charge movement model
in bulk is considered. The results show that the film
thickness dependence appears only above certain
electric field. Thinner film sample’s odd harmonics is
larger than that of thicker one. The inner field will be
enhanced by the injected homo space charge at the
moment. This injected homo space charge layer makes
the inner field higher than average applied field. Then
charge in bulk will be drifted by this enhanced inner
field. As this effect worked the case on a thin film rather
than that on a thick film sample, the dissipation current
due to this effect will flow filamentaly. Because if the
space charges uniformly distribute on surface direction,
then inner electric field formed by this space charge
does not depends on the distance from the space charge
layer. However, the results show film thickness
dependence. It is considered that the injected charge
distribution in this region will be not uniform and the
charge injection will occur in some restricted area.

Conclusions

To discuss the conduction mechanism under ac high
field, specially to discuss the two peaks of the
dissipation current waveform in each half cycles at 200
Hz, film thickness dependence of dissipation current
waveform at 200 Hz were examined. As the results of
experiments and analyses, charge movement in bulk
may be attributed to the appearance of the latter part
dissipation current waveform peak of each negative and
positive half cycle.
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Image Analysis of Hydrophobic Condition of Polymer Insulator Materials
Tetsuro Tokoro, member, Syunsuke Adachi, non-member and Masamitsu Kosaki, member

The hydrophobic condition of water droplets on the polymer insulator surface was studied. Silicone rubber
materials with various concentrations of ATH fillers and with or without surface treatment of fillers were used.
Water droplets were made by spraying the distilled water on the sample surface and the image analysis of the
water droplets were done. Image indexes such as size, circular factor and number of the water droplets were
evaluated. These image analyses of water droplets can measure and evaluate the degradation of the material

surface more accurately.
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Fig.1. Photo of the sample A after the two weeks aging
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Fig.2. Result of image analysis of Fig.1. (The number of
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Fig.3. Result of image analysis of Fig.1 with using the
summation of size of all water droplets in each size and
circular factor area.
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Digest Report of Investigation Committee on the Evaluation of Discharge Propérty and
Degradation Phenomenon on the Surface of Polymer Insulating Materials

Chairperson Kazutoshi Goto (Consultant)
Secretary Tetsuro Tokoro (Gifu National College of Technology)
Secretary Hiroya Homma (Central Research Institute of Electric Power Industry)
Assistant Secretary  Yoshihiko Hirano (Toshiba Corporation)

Application of polymer insulators has already
expanded in the field of power supply and distribution
systems all over the world. Compared to porcelain
insulators, however, polymer insulators have been
demanded to solve the challenging subjects on
long-term reliability and diagnosis techniques in
service conditions.

From April 1st of 2002, a new investigation committee
started with 23 members. In 2004, the members have
become 25 researchers. 12 members of them are from
universities and 13 members are from electric power
utilities and manufactures. Using 8 kinds of plane type
and rod type common samples of silicone rubbers, all
members are investigating the degradation properties
of the polymer insulating materials by using their own
advanced measurement techniques.

The former related WG issued several useful results on
the round robin test conducted by CIGRE, fog
chamber tests and measurement techniques of leakage
current for polymer specimens. These techniques are
also used in this committee, '

The main subjects of the committee are summarized as
follows. 4 .
1. Discharge mechanism and recovery mechanism
of hydrophobicity at the surface of polymer
insulating materials.
2. Degradation mechanisms of the target materials
and their evaluation techniques.
3. Leakage current measurement techniques.
4. Accelerated ageing test and Exposure test.

This committee is focusing to investigate the
polymer’s long-term ability by the relation between the
discharge amount and the degradation phenomenon of
the material’s surface. The separation measurement of
the leakage current to conduction, partial discharge and
arc currents are also investigated to improve the
diagnosié technique of polymer’s long-term reliability.

The final technical report will be issued from IEE
Japan in 2005. This committee is also related to
CIGRE WG Dl.14, “Material properties for
non-ceramic outdoor insulation”.

Chairperson: Mr. Kazutoshi Goto

Secretary: Prof. Tetsuro Tokoro

Secretary: Dr. Hiroya Homma

Assistant Secretary: Mr. Yoshihiko Hirano
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Study on Surface Free Energy and Hydrophobic Condition of Silicone Rubber
Tetsuro Tokoro* (Gifu National College of Technology) and Kazuo lida (Mie University)

Abstract

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 surface. The hydrophobic
condition is related to the surface free energies of both solid (silicone rubber) and liquid (water droplets). Surface free energy
strongly affected by the temperature. Low molecular weight material (LMW), which usually has low surface free energy, also
cover the silicone rubber surface and change the hydrophobic condition. In this study, the hydrophobic conditions of silicone

rubber are studied by the view point of surface free energy of polymer surface and the water droplets.

F—=0—F : REEBZIAX—, Bk, YVa—rdn, LMW, RY=—nL
(Keywords; Surface free energy, Hydrophobicity, Silicone rubber, LMW, Polymer insulator)

1. [ZC®HIZ

YY) a—rIdAREEAVERY v —RWLIRERETE
KEERAL, BEFARETRC COBANERP TS
hTETW3B, LAaLess, BffESEE0RS»D, &
Y=—2 0 LOBEBRRWL & B LS LBROFE,
EDOELZDFACERBEOILKIZMITTORESAL LT
EfshTn3,

RS FHEREOBAIET, MBOMEMEIET0—I5
BELTEE, ABOBMACKRE~DKEKERIZL S
KERHAA—CE2BRATE LIz oTHEES LT
5, AFRTIXZ 0@ FHRREOBAMELRET 2D
HETHD, ROEBZ R X —ICBEAR Ko TERLT
W3, £LT, REREICES EHIIRE Lz ko8
REOEZETOHEH LTS LCoER EOTESR
EEEZEL, B FHEONPLBREY LY ERNICHE
B FHEFTREL T3 Z L BHE L TR EDH T,

2. EHOBKEOMECHEESZ 5EEY

(2:1) REEHATRLF—OREKEE BEERE
DR, EFEBEF L TORETKRE LIRS 3ikED,
AEORTEBT XN F—OBEFRIC L > TEIZRESH
Do MBDAV IR TH I EBROFEREIH
~T, RAPERTHIREEBRT R X —IIRE RIBE
BEEEET I LA TH B, Bkt RT—iET

b5 ERE EoREOEAA 0 L, Bk X CikKEkoRE
BEHIRAX—ys Ly, R, BRAEOME (%) #4F
Ws, OBRIL, &FXMUITRLEL ST, —RITIX (1)
DY 7 DFE(Young’s equation)R(2)DF 2 7 L DR, (Dupré
equation) AV TR Zh 3,

yicosb=ys-ygy B ¢))
Y =Vs+y,—Wgy (2)

IRLOREMA BT RVX—IWEEHRT 20 THEE
REDEBRR LI VT B, BY v—HK0LOL
EEXZBEITH, EMEORKRPEL BT HIEEL)
ZEBRETANVF—0HEMNPL, YY) a—r ATl
MEFOESFRERS (LMW Low Molecular Weight
material) ASFPEIREIZHRAE L, Z OFSMERETE BT X
NE¥—THBIDITEAENEE - T3, BkR
BABKEHORARS LEFRTIZLARERBEIhTY
3 (l)(4)°

ETRARERBRAOWAMEIX, BB S Lkisz B
THHED, MEOKTEHHT AN X—0EEKREMSIZ &
S2THERT D, ZOREEHRAI RV —DOADIRERTE
TV 7 i BOBEREM L LRTEMIZK
ERVDOTHD, L XTBKREBOERERFIZIELE A
B0, REBREEZLTLL—ELTERWESD, R

81— 54/124



OHCEORELEHT D0, REPLHEELIHEERD
RRFECREL TOHHEIC, REOBCRBORRIN
BRBEREL TV A, REHEEDOEICERR CORIE
BEICAGEEEAEL, TOZ LARELRIZEOHIC
BETAINTHS,

C—RICREE AT I F—FADEERELEYE L TE
Y, KT OCHS 1000CETTH 76 75 59 [mN/m}F TIE
T30, ZoZLRNEREALST S LKEORER
BT RVX—ETL, AFEXBHFOREENIZL DAL
RYREREB/MELEL ) ETHHABMETL, LvBEEKE
el E O bhBKMERET T2 L 2E%T 5, —F,
BHEESORAHATRAX—bEE LR L L HIZETT
379, BEFEELXESRTIZSESIT LS LT5HA
ETL, BhRBmoBKERMETSZE 25, EBED
BAEREFICE, ZomEARKFICEE TY, Bk
BEDO LD LOHRIBKEDERIZEN DO EVS Z
ki3,

Li biiv Y a—rIdAngkEizllT3iREN0RE L
T, BEO LS LEIZREOBKIEIRF LT3 LR ST
T3 9, ZoBRXTHE, VY a—rIroEkiEoBsE
L OBRIZOWT, REKSRF CREHAE ¥ LE &
BAORE, REHERECO LMW ORAH L 2B Y /<
FA=FELLTHELELD, BIV, BAkEOEELE
EEZRFA—FLLTHELELLDORLIZOVWTHRMLT
W3, TLT, WTFhoBRBb, REHEEN LT3
EMETHLLTVWS, ZD3HmXIE LMW OB LS
IRV RS 23 L (RERE OB BT, REHEED

EREIRABPORGOET 2 bbb T/ iMERDY, Z0-

PAKEDETIESAEORTHHTRIALX —2{ET S,
BAkiEEmLEIERILER2ERELELOTHY, REBRE
DEESNBARBORE, OWTIRRBOLHIIRIEDRIE
ICEDXSIZEEBTINERLTIVRY, FiZix, BB
BEOEAN LMW OERRIZESTHZ L bEXONS
M, ZORKBELTRREBEILE—DHHIS L UE
DB ZTE OBRLT, FRXO%ETHR~RS,

V) a—rIA LR E0EREB BT R —EHIEK
HARRFTARETH AHT OSBLHBAL Y IBIV
ATH ORELBOFEIZ LS, & 8EEDORE LRI H
EEHEL TV, 20X 5 RIERFALRAX—BHEOE
KREBOBEEEZELD L, MFRELAL5EER
FOREMEARTRXLX—DETIX, XS RREHH
IRNF—EFTHRKADKRAL RN E—DET LY b4
RWeEZbh, AMMIIKEORTHAT IV —DIE
TIZLBHREMNBEEL Y, RERED LR LIIZRnIT
EoBAMIRIETT2bDEEILND, LALRROGE
FEOLDORTV—EIZ X BRETIX 10-30°CREE CORIET

REERERBRT B2 LIXTERhok © -0, 5T
b 40°CREDRFEIRE DL T, 20-30°CRRE TR0k
HRBRLLBRShAEmAD ok, ERTORIENBEAE:
RN EOPETEERERI, KEOEEE Kidko
REBRNOLFIZ IV RGRBLRESE, NSRKEE
RBRE LI LTV, Z0OHE, KEOKE EDS5G
& LT, BkETRFREEICAHT 2 EMERTH,
KFOBFELS ML, ERFETOETRMTEETLTL
EH5BMETRL, BEOHEEIVBFML LIS
ZEAFERTHBLELILRBO,

(2-2) BHEIEORMTLOME HREHEEZAE
CAWREBIZHRTEREAIRELTIZ i, kB
FLERCERRTAROREIIBVWTELL RETELE
x2bh3, ZOZLix, MERIZERHORERE,SH
FRE~ORHHOTLARBRELTEY, KFEOBEEITEL
Th, REES L URHELOABOBERETEZ L
EE®RLTWS, £IC, EXES IBY =—2 Lt
DREHERHETHE & LB R IBEFMEERLLERF A
6D EAVT, WSTOREBARHDOEEHPORE 2
mY L%, RERDBEENEDLSTELTIONE
BRI, TOEREEITT T, BREKEPOREABCD
FEEETHLEIZRYHLT, ZBORAFLARSL
—hZREL, TOXRMBEOELEH 180 HRIMELL
b DTHD. ABCD L ATH FHH DOEWREDF 0
BEETHE 22BMAH5, ZOMEFRIL, ATH %
HERIZXY, EROFEIZL > CTIHREHEEIZ SCRENDE
BELAAEEEZTRELTWS, HEEILOMYHLEE
D, FERBREMZEOFREEE—LTH, B TRE
RIFEEEIZENAE U BN H B,

r ——Sargle A
&0 ,Q\ — == - Sarge B
g 55 [ I :‘\\\\\' Samrple C
L.. 50 1 '. ’\\". ....... sa,rdeo
8 AN —
45 1L g N Y -
RSN
40 i S T
F 1) “""-M
30 =
25
0 60 120
time, t [s]

B1 ZR~FHL TV < BERELOREORKZL
Fig.1. Time dependence of surface temperature in the air at room

temperature. Specimens were removed from the air at 65 degree.
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Fig. 5. Surface free energy as a function of contact angles of water and methylene iodine.
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Development of Deterioration Diagnostic Technique of Silicone Rubber Using Dielectric Measurement

with Detection of Thickness Direction

Jun Sato, Tetsuro Tokoro and Masamitsu Kosaki (Gifu National College of Technology)
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Figure 1. Applied AC voltage dependence of AC loss current of

silicone rubbers A to D on sample A on inter-digital electrodes.
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The present state of international standards for materials using composite insulators
Yukihiro Koshino* (NGK Insulators Ltd.), Kazutoshi Goto (Consultant), Masayuki Nagao (Toyohashi University of Technology),
Hiroya Homma (CRIEPI), Yoshihiko Hirano (Toshiba Co.), Sachio Tazawa (J-Power systems Co.),
Tetsuro Tokoro (Gifu National College of Technology)
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1 HY=—20 Lo
Fig.1 Structure of polymer insulator

IEC 60707
IEC 60587

(5138 Y ,Bh TR EE)

EXAIFE
(HERIET2 &)

(53R Y MEE,
BIRME 2 )

BRI
(HEE, WFFA
RURT—7728)

B2 St L FRP a7 H O LB
Fig.2 Required properties for housing and FRP core materials

3. IEC k%
RYI=—BWLOMGKERAKEL L TIE IEC 61109
¢ Composite insulators for a.c. overhead lines with a nominal
voltage greater thanl000V — Definition, test methods and
acceptance criteria’ XARM TH B, ZOMIZH T A U FR
FBWL, RF = a VyRR L, BWEORE LD
B35, MERBRICET B EBIIKRZEH 2 <. A IEC 61109
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Table 1 Test procedures on housing and core materials in IEC 61109
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Table2 Important properties and minimum requirement of polymeric materials for non-ceramic outdoor insulation
in CIGRE WG D1.14 (Draft)

Property Units Applicability and Minimum requirements Test standard
Housing Core Structural Suggestion for future work
Resistance to tracking 1A3.5" - 1A35 IEC 60587
and erosion
Resistance to corona X -- X See foot note ?
and ozone
Resistance to chemical *voltage test” IEC 61109, 62217, water diffusion test
and physical withstand yoltage (no ‘blfeakdown, no ﬂgshover) of
degradation by water 2 12 kV required for 1 minute, current during test shall
not exceed 1 mA (r.m.s.)
Optional test Tan &
"Dielectric properties after water immersion” IEC 60250
tan d<0.2 after 50 days of water immersion at 50C
Tear strength N/mm >6 | [ ISO 34
Volume resistivity Qm >10% IEC 60093
Breakdown field | kV/mm 40 (covered by 40 IEC 60455-2
strength boiling test)
10 10 IEC 60243-1
Resistance to chemical - No failure in the --
attack ¥ acid resistance
test for FRP core
Resistance to X - X ISO 4892-2, ISO 4892-3
weathering and UV Evaluate Xenon arc and fluorescent UV
methods with respect to duration of
testing and minimum requirements.
Resistance to X --- X IEC 60695-11-10
flammability Consensus should be achieved for the
minimum requirement, i.e. vertical or
horizontal bumning test. Alternatively, a
test measuring the limiting oxygen index
(LOI) should be evaluated. Further
investigation is necessary to give
correlation to VB and HB-categories.
Arc resistance s >180 -—- >180 IEC 61621
Glass transition | C --- Tg>Tmax+15K Tg>Tmax
temperature +15K
Hydrophobicity 9 Several test methods exists. Evaluation
- Stability with respect to reproducibility is
- Transfer necessary.

1) Insulating materials for special medium voltage applications, e.g. termination materials for XLPE cables, show a stability of class

1A2.5 and show satisfying performance in service
2) The resistance to corona should refer to the mechanical integrity of the materials. Therefore, corona test should be combined with
mechanical stress. Suitable corona test arrangement needs to be defined. The correlation between corona test and service performance
need to be investigated further. The corona test also covers the resistance to ozone.

3) Water diffusion test gives all necessary information about suitability of materials for outdoor insulation. The water immersion test

gives additional information about the mechanism of aging and is useful to rank materials

4) This property is applicable only to rod materials claiming to be acid resistant

5) This property is only applicable to materials claming to have permanent intrinsic dynamic hydrophobic properties
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Fig.2. Temperature dependence of surface free energy of water.
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Table 1. Titles of presentations of S3 session.
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RA=— DO LB OE B LB et

K3 K& A FAM)OERA L EfEORRHB=
FNX—(y 5=y spt v sw)DEHS DBIR[3]

X1 EiRRFERESL@EAE (A-D) Fig.3. Surface free energy of solid evaluated from contact angles

Fig.1. Plane type samples A, B, C and D of water and MI.
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Quantitative Analysis of Deterioration Process
of Silicone Rubber Surface

Tetsuro TOKORO

Synopsis

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 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 surface. In this
study, dielectric measurement and image analysis are used to evaluate the hydrophobic condition of
polymer surface. Using these indexes, the deterioration process of the sample surface was evaluated

more accurately.
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Abstract: Polyethylene is widely used as the insulator
for power cable. To investigate the conduction
mechanism for power cable insulation under ac high
field, it is very important to acquire the dissipation
current under actual running field. Recently, we have
developed the unique system, which make possible to
observe the nonlinear dissipation current waveform.-In
this system, to observe the nonlinear properties with
high accuracy, capacitive current component is
canceled by using inverse capacitive current signal
instead of using the bridge circuit for canceling it. We
have already reported that the dissipation currents of
40 pm thick LDPE film at 10 kV/mm and over 140 Hz, it
starts to show nonlinearity and odd number’s
harmonics were getting large. To investigate the
conduction mechanis ms in this region, especially space
charge effect, various kinds of estimation, such as time
variations of instantaneous resistivity for one cycle,
FFT spectra of dissipation current waveforms and so
on, has been examined. As the results of these
estimations, it was found that the dissipation current
will cpend on not only the instantaneous value of
electric field but also the time differential of applied
electric field due to taking a balance between applied
field and internal field. Furthermore, two large peaks of
dissipation current for each half cycle were observed
under certain condition. In this paper, to clarify the
reason why it shows two peaks for each half cycle, the
film thickness dependences of dissipation current
waveforms were observed by using the three different
thickness LDPE films.

INTRODUCTION

Nonpolar  polymers, such as polyethylene,
Polypropylene and so on, are widely used as power
cable’s insulation and power capacitor’s dielectrics.
Although these -materials have excellent short-term
mechanical and dielectric properties they are susceptible
to long-term degradation: caused by the effect of the
high electric field. It is well known that at high electric
field charge injection and space charge formation can
occur in the polymer and cause hsulation aging. To

access the operating condition of the insulation,
absorption current and tand are usually measured for dc
and ac applications respectively.

Under ac high field, it is extremely difficult to measure
the dissipation current component of the conduction
current because it is around 0.01 % of the capacitive
component. Conventionally, bridge circuits will be used
to cancel the large capacitive current; however, in this
case only the fundamental component of the dissipation
current is precise. Therefore, the accuracy of harmonics
is not enough. However, accuracy of harmonics is
getting important to study the conduction mechanism
and space charge effect under ac high field.

Recently, a new method "'~ which does not use a bridge
system, was developed by authors. In this method, an
arbitrary function generator was used to compensate the
capacitive component of the charging current and the
measurement system was automated and controlled by a
computer. The use of computer and digital signal
acquiring system makes it possible to save and analyze
the large amount of data instantly. FFT technique also is
utilized to obtain the spectra of dissipation current and
separate the signal and noise. This new method can
provide harmonics of dissipation current with high
accuracy, which will be enough to analyze the space
charge effect.

Previously, it was reported the frequency dependences
of dissipation current waveforms of LDPE 40 pm thick
films at 10 and 15 kV/mm ™) Dissipation current
waveforms show nonlinearity and the value itself is
getting large with the increase of frequency above

-certain condition. In addition, in higher frequency,

dissipation current waveform shows 2 peaks in each

positive and negative half cycle. To understand this
phenomenon, various kinds of estimations were carried
out L It is well known that the first peak of each half
cycle may occur due to the injected homo space charge

become hetero just after inverse of polarity under.
alternative electric field **. On the other hand, he
second peak of each half cycle appears after the peak of

—25—
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applied field. In this region, applied electric field is
getting small, so why it starts to increase again is hard to
explain so far 1) Injected homo space charge will make
relief the electric field at vicinity of each electrode,
however, these homo space charge make to enhance
electric field in bulk instead. If this second peak may
relate with carrier movement in bulk due to these homo
space charge, it should show the film thickness
dependence. To confirm this effect, various thickness
LDPE films are prepared and examined.

It is well known that space charge effect is a time
dominant phenomenon. Under ac field; not only the
value of electric field but also the time differential of
electric field is always varying and should affect the
charge injection and space charge formation. In order to
estimate this effect, high field triangle waveform
application which makes the time differential constant
with varying the value and includes polarity reversal, is
carried out by using the latest dissipation current
waveform observation system. Rectangular waveform is
selected as the capacitive current canceling signal.

In this paper, the instantaneous internal electric field
enhancement effect at the later part of each positive and
negative half cycle which mentioned above and the
effect of the time dfferential of electric field will be
discussed. Electric field dependences of dissipation
current waveforms observation were carried out by
using three different thickness LDPE films to confirm the
bulk effect. FFT analyses are employed to know the
behavior of spectrum distributions, especially 3 and 5*
harmonics of the dissipation current. Furthermore, from
the results of high field triangle waveforms application,
the E-I properties in each case s discussed.

SAMPLE AND EXPERIMENTS
Sample

LDPE films in three different thickness 37, 72 and 93 pm
were used as the sample for sinusoidal waveform
application and thickness 21.5 pm was used for triangle
waveform application, respectively. Four same thickness
film samples were prepared at the same time to confirm
reproducibility. A three-terminal electrode system was
employed. Here, these electrodes were formed by gold
evaporation. This film sample was put into the sample
holder. Then, to avoid the partial discharges, the holder
was set in high-pressure N, gas chamber (0.2 MPa).

Experiments

Outlines of the dissipation current waveform
observation system has been described else where [1].
Arbitrary Function Generator (Tektronix AFG320 / NF
WF1946A) and Digital Phosphor Oscilloscope

(Tektronix TDS3052) were connected to personal
computer via GP-IB cable. Sinusoidal waveform signal
was generated from AFG320, triangle waveform signal
was generated from WF1946A, respectively. Here, to
make the digital noise small, this signal has 12 bit vertical
resolution and 16,384 data points by using edit function.
Generated signal was amplified at high voltage amplifier
(Trek Model 610C) and applied to the sample in the
chamber. Here, this amplifier’s slew rate is 20 V/ps. It is
enough to apply the exact sinusoidal waveforms up to
200 Hz for 100 pm thick film sample (Here, in the case of
the experiment at 200 Hz and 15 kV/mm, the sample
thickness 100 pm, the expected maximum slew rate value
will be around 2.0 V/ps.). Furthermore, the output of the
amplifier has been experimentally confirmed that there
was no distortion on the applied ac high voltage
waveform when the ac high voltage at 200 Hz, 15 kV/mm
was applied to the 100 pm thickness LDPE film sample.

During applying ac high voltage to the sample,

simultaneously, a'canceling signal (cosine waveform /
rectangular waveform) was generated from another
Arbitrary Function Generator (Tektronix AFG310 / NF
WF1946A) and connected to the main electrode via
serial resistor Rs Only the dissipation -current
component and un-canceled capacitive current flowed
the detecting resistor Rp. The detected voltage signal
was amplified by an operational amplifier and was stored
by TDS3052.

The electric field was increased from 1 to 15 kV/mm in
steps of 1 kV/mm with Ssec at each step. The
temperature was around 25 °C. Initial setting frequency
was 50 Hz. After the electric field dependence
observations of dissipation current waveforms at 50 Hz,
same procedures were carried out at 100, 150 and 200 Hz,
respectively. To ensure the accuracy for 10th harmonics,
number of data point per one cycle is set over 1,000
points. To eliminate the digital noise in extremely higher
frequency region, low pass filter processing with FFT
technique was introduced above 1lth harmonics.
Conversion from voltage umit to current unit were
calculated by dividing voltage by resistance Rp aoen
and amplification rate (1,000) of operational amplifier.

RESULT AND DISSCUSSION

Film Thickness Dependence of Dissipation Current
Waveforms.

Dissipation current waveforms at 6 and 15 kV/mm, room
temperature, which results were obtained from different
thickness film samples, is shown in Fig. 1. In this figure,
at 6 kV/mm, dissipation current waveform is almost
sinusoidal and there are no film thickness dependence.
The dissipation current waveform of all film samples had
four peaks for one ac cycle at 15 kV/mm. Here, each
peaks are named P1, P2, P3 and P4 as shown in Fig.1.
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Amplitude of peaks P1 and P3 are almost same between
each sample and appeared at 60° and 240°, respectively.
As these peaks appeared just after the polarity reversal
and showed no film thickness dependence, it is
considered that charge injection from the electrode is
mainly occurred in this phase. .
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Fig.1 Dissipation current waveforms obtained from
different thickness film samples.

On the other hand, the values for P2 and P4 peaks which
appeared at ~130° and ~310°, respectively, showed the
film thickness dependence. Variation of dissipation
current after each peaks P1 and P3 is also differ with the
film thickness. Thinner film sample’s variation is larger
than thicker one. As peaks P2 and P4 showed the film
thickness dependence, it seems to consider that the
conduction mechanism in this region will be related on
the charge movement in bulk.

o 1 m‘ 45 8 7 8° 9 10 11 12 13 14 15
Etectric Field [Vimm] '
Fig.2 Electric field dependences of 3 and 5™ harmonic
component for different thickness film samples.

Fig. 2 is electric field dependence of 3™ and 5™ harmonics
for different thickness film samples. These data were
deduced from the results of electric field dependence of
dissipation current waveform by using FFT analysis. As
shown in Fig.2, up to 6 kV/mm, 3 and 5® harmonics are
quite small and there are no film thickness dependence.
Over 7 kV/mm, both 3' and ' harmonics starts to
increase and 5™ harmonics show the relatively small peak
first. Then, 3 harmonics show the large peak. Over 10
kV/mm, 5* harmonics start to increase again. These
results indicate that the time variation of dissipation
current is getting rapid with the electric field increment.
As shown in Fig. 2, once the 3¢ and $" harmonics

appeared, then the film thickness dependence also were

. observed.

Electric field vs. dissipation current properties.

Dissipation current waveform versus phase angle of
LDPE film under triangle waveform at each frequency is
shown in Fig. 3. Applied electric field is also plotted on
same graph. It is confirmed that there were no distortion
both the applied triangle waveform and rectangular

‘waveform (canceling signal). Here the maximum value of

electric field for triangle waveform corresponds to the
maximum value of that for sinusoidal waveform. Even
though the applied field is same, detected current shows

- big different between before and after 90° for positive
_ half cycle and 270° for negative onme. Before 90°

(increasing phase), detected cutrent is increasing with
applied field but the value itself is one tenth of that after
90° (decreasing phase). It seems to be considered that
the current after 90° will correspond the space charge
relaxation phenomena. As shown in Fig.3, increment of
frequency makes the detected current’s peak increase. In
time scale, this relaxation time was same in each

‘frequency.

— S0Hz
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——— 150Hz 35
—~——e—e 200 Hz 20 £
—_ ——— Applied Field| 15 E
3 oz
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Fig.3 Dissipation current waveform of LDPE film under
triangle waveform application at each frequency.
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Fig.4 E-properties of LDPE filmunder triangle

waveform application.
Electric field versus dissipation current property of

LDPE film that is obtained from the result of Fig.3 is
shown in Fig.4. As shown in Fig. 4, Electric field versus
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dissipation current property deviated from ohmic and
shows hysteresis curve. In addition, some part of that
flows to opposite direction. It seems to be considered
that the sudden change of time differential of applied
electric field at 90° and 270° disordered the balance
between the applied field and the inner field formed by
.injected space charge. Then, the large amount of current
flow continued until the internal field recovered the
balance with applied field.

In order to investigate the effect of the time differential
of applied electric field, only the increasing phase’s
electric field versus current properties is represented in
Fig. 5. E-I properties at 50 and 100 Hz are almost ohmic
and the value itself is quite small in this region. On the
other hand, those at 150 and 200 Hz show nonlinearity.
Here, as the property around the zero crossing will
depend on the balancing condition of canceling signal,
conduction mechanism around zero crossing, especially
negative slope properties at 200 Hz avoid discussing in

this time. At 150 Hz, the curve shows the peak around =+
5 kV/mm and then it seems to saturate. At 200 Hz, same
behavior is observed around =415 kV/mm but the

maximum current is larger than that at 150 Hz. These
results coincide with the frequency dependence of
dissipation current waveform.

5
41 LDPE 24um fim
3{ RrT.(23%) /M
= 2l A
22 ~
5o
g1
3 —a— 50 H;
O -2 / ’ -v—100:|z
-3 4 —=— 150 Hz
-4 A —0— 200 Hz
-5 -

30 20 -10 O 10 20 30
- Electric Field E [kV/mm)
Fig.5 E-properties of LDPE filmunder triangle
waveform application (Increasing phase only).

CONCLUSION

In order to study the charge behavior under ac high field,
by using the latest observation system, dissipation
current waveform under ac high field and under triangle
waveform application are carried out and the film
thickness dependence of dissipation current waveform
and the effect of time differential of applied electric field
are discussed. As the results of these experiments,
where the dissipation current waveform show the
nonlinearity, peaks P2 and P4 showed the film thickness
dependence. It is also confirmed that the time differential
of applied electric field affect the conduction under ac
high field. On the experiments under high field triangle
waveform application, as the quite large amount of

current, which seems to consider the space charge
relaxation phenomena, were observed. Image force of
injected charge, filamentary conduction which makes the
restricted area’s internal field high and non uniform, and
so on, should be carefully estimated to consider the
conduction mechanism in this area.
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Abstract: The application of polymer insulator, such as
silicone rubber has been demanded to solve the subjects
on a long-term reliability and on a diagnosis techniques.
Dielectric measurement of the degradation condition of
polymer material is one of the most useful techniques to
evaluate these changes on the properties. In this study, a
pair of inter-digital electrodes is used to detect the
change in dielectric properties of silicone rubbers. It can
detect the change in hydrophobic condition of polymer
surface and also the change in bulk condition of the
polymer. The dielectric property of insulating material
is evaluated as loss tangent and capacitance by using the
application of ac electric field. The inter- - digital
electrodes is set only on one side of the sample surface,
however, it can evaluate the dielectric property by using

the leakage of the electric field lines from the edge of

inter-digital finger electrodes on the sample surface to
the bulk region of the sample. High field
tan§-capacitance - bridge system can successfully
measure the condition of both the surface of polymer
and also the bulk of the material for every one cycle of
ac electric field application.

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.

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 surface. This property is strongly affected by
only the condition of surface of the material. In order to
evaluate the degradation process of the polymer, both
surface condition and also its bulk condition of the
material are required to measure.

The hydrophobic condition is related to the surface free
energies of both solid (silicone rubber) and liquid
(water droplets). Surface free energy strongly affected
by the temperature. Low molecular weight material
(LMW), which usually has low surface free energy, also
covers the silicone rubber surface and changes the
hydrophobic condition [1].

- Dielectric property of insulating material is also one of

the degradation indexes of the materials [2]. It is usually
measured by wusing three terminal parallel plane
electrodes that sandwich the plane sample by contact
both surfaces. In this paper, we have used inter-digital
electrodes to measure the dielectric property from the
one side of the sample surface [3]. Three terminal
parallel plane electrodes are required to reduce the
leakages of the electric field lines from electrode edges;
however, for the measuring method by using a pair of
inter-digital electrodes, this leakage of electric field line
is used to measure the dielectric properties of both the
surface and the bulk region of the samples.

SAMPLES AND EXPERIMENTAL METHOD
Samples

HTV silicone rubber (HTV-SIR) sheets with the size of
50 x 55 and 2 mm in thickness are used. Before the
measurement, samples are dried in air at room
temperature. The degradation condition of silicone
rubber is simulated by using 8 kinds of different
samples which has different concentration of ATH filler
and with and without surface treatment of ATH and
silica fillers [4].

Samples A, B, C and D are without surface treatment of
fillers and has larger water absorption and, therefore,
larger loss and capacitive currents compared to E, F, G
and H, respectively. E to H are the correspond samples
with surface treatment of fillers. The weight percentage
of ATH filler of samples A to D and E to H are 0, 50,
100 and 150, respectively.

Inter-digital Electrodes

A pair of inter-digital electrodes is made from stainless
steel. Both the electrode's width and interval are 4 mm.
Thickness of the finger electrode is 3 mm. Schematic
view of a pair of 2 mm width inter-digital electrodes is
shown in Fig. 1. In this study, 4 mm width electrodes
are used. This pair of inter-digital electrodes not only
measures the leakage current through the sample on the
electrodes but also measures the one through the
insulating substrate under the electrodes. In this study,
sample sheets are set on the electrodes. The number of
sample sheets on the electrodes is 1, 2 and 3 sheets.
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80/ 124



Fig.1. A pair of 2 mm width inter-digital electrodes.
4 mm width fingers are used in this study.

Experimental Method

Before the measurement, transfer function of the total
measurement system is evaluated. After evaluating the
transfer function of the measuring system, AC high
voltage is applied to the sample and the Capacitance

Bridge is adjusted to be balanced. After the bridge is

balanced, set tand dials to zero, which provide the loss
current response from the balance detecting amplifier of
the bridge system.

After digitizing the data, we can evaluate the high-field
dielectric property of the sample by analyze the
measurement result with using transfer function of this
system. This technique can evaluate the change in
dielectric property from the bridge balance condition

without any additional balancing operation. Therefore, °

this system can measure the change in dielectric
property for every one cycle of AC field application [3].

Figure 2 shows a schematic view of sample specimen
and electrodes. For hydrophobicity measurement such
as shown in Fig.3, dynamic motion of water droplets on

the specimen surface is measured. In this case, sample is -

under the electrodes as shown in Fig.2 (b). In this study,
however, electrodes are under the HTV-SIR sample as
shown in Fig.2 (a). To check the measurement depth
from sample surface to bulk, double and triple layer
sample sheets are also measured.

1,2,0r3
sheets

(b) Sample under the electrodes

Fig.2. Schematic view of a specimen and electrodes.
Type (a) is used in this study.

— 577 —

Fig.3. Top view of type (b) in Fig.2 to evaluate the
hydrophobic condition by using dynamic motion of the
water droplets under ac field application [4]. Both
image analysis and dielectric measurements can detect
the change in sample surface property.
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Fig.4. Electric field distribution around inter-digital
electrodes of Fig.2 (b). The field distribution of 2 mm
interval inter-digital electrodes is evaluated.

RESULTS AND DISCUSSIONS

Distribution of Electric Field around the Electrodes

Figure 4 shows typical electric field distribution around
the inter-digital electrodes. The depth of the electric
field through the bulk of the sample is as same as the
length between the electrode fingers. The field strength
of the bulk is, however, gradually decreases at inner
part of the specimen. In this study, the distance between
the electrodes is 4 mm, therefore, dielectric property of
2mm thick sample can measure its bulk property and
also conduction current on the sample surface. Double
layer sample such as sample A+A’ means the thickness
is 4 mm, where sample A is on the electrodes. From
Fig4, the dielectric property of sample A’ can also
detect, however, the signal becomes smaller compared
to the one of sample A. Triple layer sample A+A’+A”
has 6 mm in thickness. In this case, the property of
sample A” almost not appears on the detected signal.

Dielectric Loss Current of Each Sample Sheet

Figure 5 shows typical electric field dependence of
samples A to D (Fig.5 (a)) and E to H (Fig.5 (b)). Each .
sample is put on the inter-digital electrodes as shown in
Fig.2 (a). Increasing the amount of ATH filler the
dielectric loss current increases. With surface treatment
of fillers, the loss current becomes smaller. These loss
currents including not only the bulk conduction current
of the sample but also the surface leakage current of the
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Fig.5. Electric field dependence of AC loss current, Ixr,

of HTV-SIR at room temperature. AC applied field

frequency: 30 Hz. Width and interval of the electrode
fingers: 4 mm. Thickness of the samples: 2mm.

sample and also the leakage current through the
substrate insulator under the electrodes.

If we want to recognize only the change in ‘sample
condition, the loss current through the substrate can also
be cancelled by the balance operation of the tan§ dials
of the bridge system. Therefore, this unbalanced
technique can measure any deviation from the balanced
condition of the -bridge system. Using the balancing
operation, sensitivity of the system becomes higher.

Dielectric Loss Current of Double Layer Sample

Using the small loss' sample A on the inter-digital
electrodes, double layer samples A+A to A+H are
measured. The electric field dependences of double
layer samples are shown in Fig.6. The loss property of
above A sample that is not contact any electrode can be
measured. If the spacing between the electrodes is
changed the measurement depth also changed.

o Aal

00 05 1.0 1.5 20
A Apylied voltage, Vim [KV]
(a) HTV-SIR samples without surface treatment
for ATH and silica compounds on sample A.

O.(BO"

® A4E
B A+

00 05 10 . 15 20
Applied voliage, Vm [KV]

(b) HTV-SIR samples with surface treatment
for ATH and silica compounds on sample A.

Fig.6. Electric field dependence of AC loss current, Ixr,
of HTV-SIR double layer samples at room temperature.
AC applied field frequency: 30 Hz. Width and interval
of the electrodes: 4 mm. Thickness of the samples: 2
mm + 2 mm. Sample A is on the electrodes.

Dielectric Loss Current of Triple La);er Sample

Figure 7 shows the results of triple layer samples A+A+
(A to D). From Fig.7, however, there are no remarkable
changes on the evaluated loss current. This means the
leakage of electric field lines which through the 3™
sample sheet is very small. Using the 4mm distance
between the finger electrodes, the evaluation -depth of
dielectric property is 4 mm from the surface where the
electrodes and sample have contact. o

Discussions

Degradation of silicone rubber insulator is usually
evaluated by hydrophobicity of the material surface.
The hydrophobic condition is strongly affected by the
absorption amount of water of the samples. The change
in hydrophobicity can measure by using image analysis
of water droplets on the sample surface.
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Fig.7. Electric field dependence of AC loss current, Ixr,

of HTV-SIR triple layer samples at room temperature.
HTV-SIR samples are without surface treatment. AC
applied field frequency: 30 Hz. Width and interval of
the electrodes: 4 mm. Thickness of the samples: 2 mm +
2 mm + 2 mm. Sample A is on the electrode.

For example, degradation of silicone rubber decreases
the hydrophobic condition and increases the dielectric
properties. Using inter-digital electrodes, this dielectric
measurement not only measures the surface condition of
the material but also the bulk condition of it,
simultaneously. However, the signal detected from
inter-digital electrodes is smaller compared to parallel
plane electrodes. . :

In this study, unbalanced operation method of
Capacitance Bridge is used to evaluate the change in
dielectric conditions of the samples. Using inter-digital
electrodes which contact only one side of the specimen,
the measured signal is small and, therefore, it can detect
both changes in dielectric loss current, Ixr, and
capacitive current, Ixc. These changes from bridge
‘balance condition include both positive (increase) and
negative (decrease) changes for Ixr and Ixc. Therefore,
de-convolution technique for vector transfer function of
total measuring system is required.

Figure 8 shows evaluated complex current including
“both Ixr and Alxc; the deviation of capacitive current
from the bridge balance condition. The magnitude of
complex current is successfully evaluated both positive
and negative direction of Ixr and Alxc. If the bridge is
balanced the evaluated signal becomes null, the center
point of the Fig.8.

Figure 9 shows schematic diagram of an unbalanced
vector current which can detect by unbalanced
operation of Capacitance Bridge. Left figure shows
Capacitive component is almost balanced. Right figure
shows capacitive component is not balanced. During the
easurement of the changes in dielectric property of the
Specimens, both changes in capacitance and also
dielectric loss have occurred.
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Fig.8. Evaluated complex current including both AC
loss current, Ixr, and ‘deviation of capacitive current
from the bridge balance, Alxc.
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Fig.9. Schematic diagram of unbalanced current. Left:
Capacitive component is almost balanced. Right:
Capacitive component is not balanced.

During vector analysis of the unbalanced current, if the
change in capacitive component is almost balanced, the
error of previously evaluated phase shift of the transfer
function dose not affected to the evaluation of Ixr as
shown in Fig.9 (Left). However, if the capacitance is
not balanced and Ixc appears on the detected signal as
shown in Fig.9 (Right), the effect of phase shift error
appears on the loss current. '
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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 wusing 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.

Main

36mm 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
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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.

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 um. Size 43*32 um
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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.

A AQ ~lnsulator

Applied voltage, V[V
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 um
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 . 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?*,

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'”®!. 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 wusing 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 [ 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. 1
property changed and shows the hysteresis.

Samples and Experiments

Sample: LDPE films in thickness 70 um 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 N, 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 E; and dE/dt.

Eo 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 ta ts tc Total f
waveform
Arbl 10ms 40ms 25Hz
Arb2 15ms 50ms 20Hz
ab3 | ™ oms | 3™ [Tooms | 10Hz
Arb4 90ms 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 tg where the applied high electric
field is constant are changed for each arbitrary
waveform, that is, from Arbl 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 N, gas chamber. Here, this amplifier’s slew
rate is 20 V/us. It is enough to apply the exact applied
waveforms at 25 Hz for 70 um thick film sample (Here,
in the case of the experiment at 25 Hz, 100 kV/mm and
the sample thickness 70 pum, the expected maximum
slew rate value will be around 1.4 V/us.). 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 um 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 Rp. 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 tg = 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 tg set for 15 ms, electric
field dependence of dissipation current is getting large
and the dissipation current reaches nearly 10 HA.

15
LDPE film
10 1 Thickness : 70 um
T=30°C asrt

2.28 kV/mm/ms
4.57 kV/mm/ms

°
v
B 6.85 kV/mm/ms
-10 o
A

Dissipation Current I, (uA)
o

9.14 kV/mm/ms
11.4 kV/mm/ms

-15

-60 -40 -20 0 20 40 60
Electric Field E (kV/mm)

Figure 3: Electric field versus dissipation current property under
different changing rate of electric field at tg = 15 ms.

Effect of the time t; 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 tg set for 10 and 90 ms,
respectively. Here the changing rate of electric field is
same, that is, 10.3 kV/mm/ms.

15

LDPE film
10 | Thickness : 70 um
dE/dt = 10.3 kV/mm/ms

-10 1

Dissipation current Ix ( uA )
o

-15

-60 -40 -20 0 20 40 60
Electric Field E ( kV/mm)

Figure 4: Electric field versus dissipation current property ( dE/dt =
10.3 kV/mm/ms, tg = 10 ms)

In the case of the time tg 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 tg 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 tg is different. However, it is
found that there is difference between the time tg in
positive portion. As the quantity of dissipation current
seems to depend on the time tg 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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Electric Field E ( kV/mm)

Figure 5: Electric field versus dissipation current property ( dE/dt =
10.3 kV/mm/ms, tg =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 T 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 tg between polarities are almost same. But the final
values at the each time tg between polarities are getting
large with the time tg. 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 HA. Its value is
quite large compared with the results in Fig. 6 and 7,
that is, less than 0.1 QA . 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.

100
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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 "),

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®*),
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

High Voltage Electrode
Semicon Sheet (2mm thick 1?

Guard Electrode

Main Electrode ( ¢ =65 mm )
Sample Sheet (500 um thick)

Figure 1: Sandwich type three terminal electrode system.
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Sheet samples for effect of acetophenone: Two virgin
500 um 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-O 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
N, gas (~0.2 MPa).

Film samples for electrode’s metal dependence: 100
wm 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 N,
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 N, gas
chamber. Here, this amplifier’s slew rate is 20 V/us. It
is enough to apply the exact sinusoidal waveforms at 50
Hz for 500 um thick film sample (Here, in the case of
the experiment at 50 Hz, 14 kV/mm and the sample
thickness 500 pum, the expected maximum slew rate
value will be around 3.1 V/us.). 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 um thickness LDPE
sheet sample. Up to 30 kV/mm was applied to the 100
wm 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 Rg.
Only the dissipation current component and un-canceled
capacitive current flow the detecting resistor Rp. 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 pum thick sheet sample, the applied voltage
was increased from 1 to 7 kV in steps of 0.5 kV. For
100 um thick film sample, it was increased from 1 to 30
kV/mm in steps of 1 kV/mm. The temperature was
around 25 °C. 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 Rp
(10[€2]) and amplification rate (1,000) of operational
amplifier.

Results and Discussions

LDPE sheet 500pm
V=7kV —— A-0

f=50Hz

Dissipation Current Iy [uA]
O OO A NMNONHMO®O

0 90 180 270 360
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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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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-O 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-O (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-O is
calculated at each point. The differential parts of the
instantaneous dissipation current from point A-O 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 !, 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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104

10
Electric Field E (kV/mm)

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* for silver and 17.5 X 10* for gold,
respectively. It is found that the value of silver is near

the theoretical value of Schottky ,BS [ kT , that is 9.76 X
10* and that of gold coincide with the Pool-
Frenkel 3, / kT thatis 19.52 X 10™.
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Figure 7: Electric field dependence of conductivity obtained from

third harmonics of dissipation current. (f, = 50 Hz)

103
[3rd Harmonics] 6=AE"+B (n=1)
£ f, =50 Hz = J=AE*+B
@ LDPE 100um
=, 104
©
2
=
°
3
5
5 10 —e— Gold
© —Oo— Silver

10 Ejectric Field E (kv/mm) 100

Figure 8: Electric field dependence of conductivity obtained from
third harmonics of dissipation current for each electrode’s
metal. (log-log plot) (f, = 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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Development of New Electrode System for High Field Dielectric Properties Measurement
Using Evaporated Polypropylene Thin Guard Film
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Non-polar polymers such as polyethylene (PE) and polypropylene (PP) are widely used as very important electrical insulating
and dielectric materials. They are used in the increasingly high AC electric field strength region approaching to the limit of
electrical breakdown strength of the materials. Therefore the study of high-field dielectric property is very important in terms of
understanding the AC breakdown mechanism of materials. A three-terminals electrode system with a guard film (new type
electrode system) was developed in our laboratory for the precise measurement of high-field tan & , where the guard film was
used to reduce the disturbance of electric field around the edge of a main electrode.

However, minute air sometimes steals between a sample film and the guard film. The air sometimes generates partial discharge
in the high electric field region. ﬁerefqre, when the sample had minute air, the new type electrode system was limited under
100kV,,/mm application that didn’t reach to an intrinsic breakdown strength of the 30um-thick sample. We tried to improve the
néw electrode system without minute air between a sample film and the guard film. We also tried to make very thin guard film to
reduce the field disturbance at the edge of main electrode. In this paper a PP-guard film on a biaxially oriented polypropylene
(BOPP) film was made by evaporation. This improvement of the electrode system using the evaporated PP-guard film was in
success so that high-field dielectric properties of BOPP film could be measured up to near the intrinsic breakdown field of the
sample.
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Key words : polypropylene, evaporated polypropylene, high-field dielectric properties, tan § , AC dissipation current
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Fig. 1. Electrode system with guard film.
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(a) Good insulation surface of evaporated polypropylene guard film
R

(b) Bad insulation surface of evaporated polypropylene guard film
2 7R PP Y — FEIRKE® SEM T
Fig. 2. SEM analysis of the surface of evaporated PP guard
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Fig. 3. FT-IR analysis of the samples.
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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.

1-4244-0547-5/06/$20.00 ©2006 | EEE

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, CandD, 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 O 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.

Loading of the image data

v

Image processing and treatment to digitize the
wetted and dried area as 1 bit code

v

Calculations of the image indexes such as size, S,
and circular factor, fc, of all water droplets

v

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

v

Evaluation of the HC level

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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(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.

=
10 10
8 | 220 00 8¢9 s =
()
=]
wo | ® S
g, @ 5 ) -
e .f ofc Boe o ofc
#—le 2 o0 o BS|[
0 L 0 L
0 4 8 0 4 8
timet [s] tinet [s]

(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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Synopsis )

The application of polymer insulator has been expanded in the field of the power supply and the distribution
system all over the world. Compared with the porcelain insulator, however, polymer insulator has been demanded
to solve the problems on a long-term reliability and on diagnosis techniques in the actual application field.
Hydrophobicity of the polymer surface is one of the degradation indices of polymer insulator materials and is
usually evaluated by using the images of water droplets on the surface. In this study, the image analysis of
water droplets on the sample surface is used to evaluate the hydrophobic condition of the polymer surface. Using
image indices, the deterioration process of the polymer surface was quantitatively evaluated more accurately.
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Diagnosis of Surface Degradation of Polymer Materials
Using Dielectric Measurements

Tetsuro TOKORO*

Synopsis

Dielectric measurement is very effective to diagnose the electrical properties of materials in the electric field.
Usually, parallel plane electrodes are used to measure the electrical responses where the AC or DC electric field is
applied to the condenser-shaped specimen. From the response signal, dielectric properties of the materials are
evaluated. High field dielectric properties of polymer materials on the commercial power frequency are successfully
measured even till the electrical breakdown of the specimen. The useful knowledge is reported with the
experimental results of the polymer materials. In this paper, diagnosis methods of the surface degradation using
dielectric measurements of polymer materials are discussed. The worldwide research trends in the long-term
reliability tests of the silicone rubber insulator and its diagnosis techniques are also reported.
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Fig.1. Schematic diagram of electrode system
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Fig.2. Dynamic drop tests of HTV-SIR with dropping without voltage
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Hydrophobicity Transfer Test to the Pollution Layer on Silicone Rubber II
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Fig.1. Thicknesses of Pollution Layer with Various Method
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Fig.2. Contact Angle to Thickness after 9 Hours
on Polluted Surface of Silicone Rubber
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