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A b s t r a  

Results are presented from an investigation to determine the 
relationship between changes in partial discharge patterns 
and the surface deterioration process taking place in small 
naturally formed spherical voids in epoxy plastic. The voids 
were exposed to such a moderate electric stress above 
inception level, where partial discharges were present for 
more than 1500 hours. 
Two types of electrical tree growth were found, one the 
"bush-like" tree, the other a single "channel-like" tree, which 
led to very different partial discharge patterns. 

Introduction; 

In this report is described results from a long term test on 
partial discharges in spherical voids in epoxy and the 
resulting deterioration of the void surfaces. Pulse height and 
pulse phase analyses have been performed on artificially 
produced, but naturally formed, spherical voids with diam- 
eters ranging from 1.2 to 1.3 mm in diameter. These 
analyses have then been compared with an investigation into 
the void surface deterioration that has taken place using an 
optical microscope.The epoxy used for this test was a 
standard type Bisphenol-A Diglycidylether (Ciba-Geigy, 
CY225) used together with an acidanhydride curing agent 
(Ciba-Geigy, HY925). 

The PD-tests were performed simultaneously on five test 
specimens (designated 1,2,3,4,5) and the surface studies were 
performed on specimens 1 to 4. The test was terminated 
after 1518 hours because one of the test specimens showed a 
high PD activity leading to the assumption than an eminent 
failure was to be expected in said specimen. 

H V  - 21 kV, AC 
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Test Set-Up; 

The test specimens all had a thickness of 5 mm and they all 
contained one gasfilled spherical void in their centres with 
cavity diameters of 1.2 to 1.3 mm. When manufacturing the 
voids, clean medical air was used at a pressure of one bar 
absolute. 

The specimens were placed in a test-chamber containing an 
SF6 atmosphere at 4 bar absolute when exposed to a 50 Hz 
test voltage of 21 kV (rms). A 50 Ohm resistor connecting 
the measuring electrode to ground was used as detection 
impedance. Via this resistor, the PD pulses used for the 
pulse height and pulse phase analysis were fed into the 
measuring system. 

An HP86 Computer acted as the test set-up controller and 
data storage organiser, as shown in Fig. 1. 

Pulse Analvses; 

The tests showed that the PD pulse had a rise time of no 
more than 1 ns and the max pulse height was about 3 volts. 
The measuring system's response to such fast pulses was 
investigated and showed a linear relationship between the 
pulse area I*t and the actual recorded pulse height. This acts 
as the basis for the calibration of the measuring system 
which means that there exists a direct relationship between 
the recorded pulse height and the charge displacement - 
apparent charge (pC). The height analyses were performed 
for both positive and negative pulses. 

50 H z  

CHANNEL- 

Fig. 1 : Test Set-Up 
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In the phase analysis, the PD-activities are directly related to 
the applied test-voltage, which means that for positive going 
voltage (-5 ms to +5 ms), positive pulses are recorded and 
for negative going voltage (+5 ms to + I 5  ms), negative 
pulses are recorded and the two separate analyses are 
combined to form a total phase analysis, but fundamentally 
the phase analysis is just another way of presenting the 
height analysis data, and should basically only be used on 
single voids. The measuring time for both the height and 
phase analyses was increased from 1 min. at the beginning 
of the test to 4 minutes after 400 hours into the test. 

rlEEWl7 A N M I S I S  
2H 1518. 
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The frequency at which the tests were Derformed on the 
single specimen were determined 
Repetition-Rate based on one-minute 
the total number of recorded pulses. 

from the Pulse- 
"orientation" tests of 

Fig.3.a.: Height Analysis, Spec. 2, 15 18 Hours, Pos. Pulses. 

PD Test Results 

&&&&&s 

The height analysis showed the following typical pattern for 
all the specimens: 

NEGATIVE GOIN6 OISCHARGES: 
SAMRINGTIME: 3000 HALFPERIOOS 
TOTAL MJWBER OF COUNTS: 1870 
ATTEWATOA : 17 dB 
TESTVOLTAGE ; 2 l k V  

. I 6  .33 . 4 7  .74  V o l t s  

F i g 2  Height Analysis, Specimen 1, 2 hours. 

Except for variations in the total number of pulses detected, 
this pattern was unchanged during the whole test period. The 
detected pulse height corresponds to m a .  "apparent charge" 
on the testelectrode of 89 pC(Specimen No. 1 )  and 191 
pC(Specimen No. 5 )  and is independent of the polarity. 
Regarding Specimen No. 2, a very high PD activity was 
detected after 1518 hours into the test, and at the same time, 
a very pronounced difference in the total number of positive 
and negative pulses was observed, as shown in Fig. 3.a. and 
Fig. 3.b. respectively. As can be seen almost 10 times more 
positive pulses were detected than negative pulses. 

NEDATIVE WIN6 OISWARGES. 
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Fig.3.b.: Height Analysis, Spec. 2, 15 18 Hours, Neg. Pulses. 

Phase analvsis 

For all the 5 test specimens the phase analysis also showed 
a general trend as a function of time, as shown in Figs.4.a to 
4.e, recorded after 1 ,  20, 50, 300 and 1000 hours for test 
specimen No. 1. 

As can be seen the activity decreases with time, but, at the 
same time, first three ( 5  Hours) and later five (300 Hours) 
maximums occur. This has been reported earlier [ l] ,  and 
could possibly indicate a decrease in the inception voltage. 
This is also somewhat indicated by the change in location of 
PD pulses in respect to the test voltage maximums. After one 
hour the PD inception does occur 1.5 ms before the test 
voltage zero passes, but after 50 hours this has moved to 2 
ms and after 1000 hours to 2.5 ms. If it can be assumed that 
the remaining voltage is zero [Z], it can be calculated that 
this corresponds to a decrease in inception voltage of 10% 
after 50 hours and 20% after 1000 hours in respect to the 
initial value. 
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Fig.4.a-e.: Phaseanalysis, Specimen I ,  1 to 1000 Hours 

0 5 LO -5 

F i g 5  Phaseanalysis, Specimen 2,  15 18 Hours. 

Again, test specimen No. 2 deviates from this behaviour after 
1518 hours, as shown in Fig.5 above. As can also be seen, 
the inception voltage can no longer be determined, but is 
much lower than the initial value recorded. 

Pulse-Repetitition-Rat& 

The pulse-repetition-rate (the discharge activity) for the five 
test specimens behaved with time as shown in Fig.6 below. 

0 

: 1000 0 > unf i l led  epoxy 4 

- ~ s p e c . n o  5 I 
d c 0.1; 
a 0.5 1.0 10.0 100.0 1000.0 

t i m e  [hour s ]  

Fig.6: Pulse-Repetition-Rate, Specimen 1-5 

The PRR decreases from an initial value of 100 counts/sec. 
to about 1 count/sec. after 1500 hours. Specimens 1,2,4 and 
5 behave the same way, whereas specimen 3 shows, over 
long periods, a much higher activity (approximately 2.5 times 
higher). The time to inception of PD after voltage application 
(time lag) is also shown; it  varies from 0.5 hours to 5 hours. 

Surface Investigations with Light Microscope. 

In order to determine the void surface condition before start 
of PD activity, voids made with the same epoxy were opened 
up and examined with SEM. A magnification of 10,000 
showed an absolutely perfect void surface. 

The surface investigations here reported were performed 
using a light microscope (type Zeiss NU2) on the void 
surfaces of specimen I .  2, 3 and 4 after the 1518 hours with 
voltage. The locations of the investigated areas are related to 
the applied electric field as indicated in Fig. 7. 

<hBgh v o l t a g e  e i e c t r o d e )  

I I  I I  
p o l a r  

' q u a t o r  
zone 

Z C  

- la i  3 

1 1  p o l a r  z o n e '  

( g r - o u n d  e l e c i r o d e )  

Fig.7:The Void Orientation in Respect to the Applied 
Electric Field. 

After a preliminary evaluation of the void surface deteriora- 
tion after 1518 hours with voltage from the outside using a 
stereo microscope, the voids were opened up in such a way 
that the "interesting" areas could be directly observed with 

117 

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on July 05,2010 at 12:01:11 UTC from IEEE Xplore.  Restrictions apply. 



the light microscope. Specimens 2,3 and 3 were opened 
along the equatorial plane giving access to the polar zone, 
whereas specimen 1 was opened along the polar plane giving 
access to the equator zone. 

When looking from the outside at the void surface of 
specimen 1 ,  about 10 "star-like" patterns were observed in 
the equator zone. The same patterns were :tIm found after 
the void was opened, Fig. 8 ,  and it is assumed that the 
patterns are formed by oxalic acid as reported in [3] and [4]. 
The same "star-like" patterns were also f o u n d  i n  the equator 
zone of specimens 2 and 4.  

Fig. 10: Specimen 3 before opening up the void, Polar Zone. 

When observing the void of specirnen 4 in the microscope 
from the outside, a black "channel-like" structure was seen. 
starting close to (perhaps at) the void surface at position 2 
with the direction toward the high voltage electrode. ii.s can 
be seen in  Fig1 1. On opening up the void this black 
"channel-like" structure was found to be some sort of a "flat 
twisted" channel, with a dianieter of 2 urn  close to the void 
surface, see Fig. 12. 

Fig.X: Specimen I ,  Equatorial Zone, Crysial Length 33 t i i n .  

Regarding specimen No. 2, ;t "tree-like" crystal w:ts found in 
the polar zone at position 5 ,  near the rne:r\uring elcctrcide. 
and i n  the vicinity of the crystal, ;I severe surface 
deterioration had started, Fig.9. 

Fig1 1 : Specimen 4, with black "channel-like" structure. 

Fig.9.: Spec. 2, Polar Zone. rree-like Cr] \ tc t l ,  Length 64um 

In  Fig. 1 0  is shown the polar zone of ~pecinien 3 from 
position I O  to 2. I t  shows that only certain areas liitve heen 
affected by the partial discharge activity, litit  on the other 
hand the affected areas have been greatly deteriorated. 
N o  form of crystal formation was found i n  the cquator zone 
of this specimen. 

Fig. 12: Specimen 1, 
Observing the "Channel" From the Void Side. 
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In table no. 1 is shown in condensed form, the most 
important results from the partial discharge measurements 
and the microscopic investigation of the deteriorated void 
surfaces. ”Normal” designates what has been found in all the 
test specimens except for specimen no. 3. 

Specimen __ 
1 

2 

Deterioration 

Normal 
Surface deposit 

Crystals in Equator Zone 

Normal + Tree 
Surface deposit 

Crystals in Equator Zone 

Surface Deterioration 
Only in Certain Areas 

Normal + Tree(b1ack) 
Surface deposit 

Crystals in Equator Zone 

PD-analysis 

Normal 

For a period 
High PD-activity 

Non Symmetric PPD 

High PD-activity 

Normal 

r P rn 

The changes in the discharge patterns are most likely caused 
by the decrease in inception voltage. This decrease is most 
likely influenced by the changes in the void surface structure 
causing changes in the test voltage distribution and space 
charge distribution across the test specimen. 
The decreasing PRR can be explained by either a void gas 
temperature increase or an increase in the void gas pressure 
caused by gasformation from decomposed surface material or 
a combination of both. This assumption is somewhat 
supported by the fact that an increase in PRR is detected 
when reapplying the test voltage after some time without 
voltage. Perhaps also a change in the pulse type is to be 
expected. 

Discharcre Patte rns, 

The crystal in test specimen 2 could have been the reason 
for the very high PD activity observed for this specimen 
because the location of the crystal could have led to field 
enhancement, thereby leading to a much higher activity when 
positive than negative. Perhaps the crystal is the first stage 
of an electrical tree formation. 

Regarding test specimen no. 3: had high PRR, only part of 
the surface had deterioration and no crystal-like patterns 
found in the equator zone, which could indicate that the 
surface deterioration in this specimen has been different from 
that of the four other specimens, this being supported by the 
large variation in pulse height. All this makes the explanation 
of the nature of the surface deterioration caused by PD in 
spherical voids very difficult, when keeping in mind that the 
void diameters and the production parameter were kept the 
same. A very alarming result was that the PD signal from 
test specimen no. 4 did not give any indication at all of a 
channel growth. 
In test specimens 1,2 and 4, evenly distributed surface layers 
were found, which were rather easy to remove. An 
assumption could be that these layers consist of one of the 
by-products from the deteriorated surfaces, but this needs to 
be investigated further using e.g. an X-ray analysing method. 

Conclusion 

It has been found that there exists some relationships 
between partial discharge activity measurements and the 
actual surface deterioration of spherical voids in epoxy. 

A direct relationship was found between changes in partial 
discharge patterns and the elapsed time with partial 
discharges. 

Formation of crystals on a void surface leads to an 
immediate and easy to detect increase in the partial 
discharge activity with a following severe surface deteriora- 
tion (deep pit formations ) in the vicinity of the crystal. 
Contrary to this, the formation of a ”black channel-like tree” 
from the void towards the high voltage test electrode, does 
not give any indication of its formation, unfortunately. 
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