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The effect of an electric field on the ac electrical treeing in various epoxy/reactive diluent systems was studied in a
needle-plate electrode geometry. Diglycidyl ether of bisphenol A (DGEBA) type epoxy was used as a base resin, and
1,4-butanediol diglycidyl ether (BDGE) or polyglycol (PG) as a reactive diluent was introduced to the DGEBA system,
in order to decrease the viscosity of the DGEBA epoxy system. BDGE was acted as a chain extender, and PG acted as a
flexibilizer, after the curing reaction. To measure the treeing initiation time and the propagation rate, three constant
alternating currents (ac) of 10, 13 and 15 kV/4.2 mm (60 Hz) were applied to the specimen, in a needle-plate electrode
arrangement, at 30C of insulating oil bath. When 10 kV/4.2 mm (60 Hz) was applied, the treeing initiation time and
the propagation rate in the DGEBA system were 356 min and 1.10 x 10 mm/min, respectively, those in the DGEBA/
BDGE system were 150 min and 1.14 x 10° mm/min, respectively. Those in the DGEBA/PG system were 469 min and
1.05 x 10® mm/min, respectively. As 15 kV/4.2 mm (60 Hz) was applied, the propagation rate in the DGEBA system was
5.41 x 10” mm/min, and that in the DGEBA/PG system was 1.42 x 10" mm/min. These values meant that PG could be

used as a reactive diluent in the DGEBA system, without the deterioration of the insulation breakdown property.
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1. INTRODUCTION

Epoxy resins have good mechanical and thermal properties, as
well as excellent electrical properties; thus they have been used
as insulation materials in the field of heavy electric equipment,
such as mold-type transformers, current transformers (CT), po-
tential transformers (PT), metering out-fit (MOF), gas switching
gears, and so on [1-3]. In order to achieve these performances,
many kinds of inorganic fillers, such as silica (SiO,) [4], alumina
(AL,O,) [5], mica [6], aluminum nitride (AIN) [7], titanium dioxide
(TiO,) [8], etc. have been incorporated into the epoxy resins.

However, when inorganic filler was incorporated into an ep-
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oxy resin, the viscosity became too high. So it was very difficult,
not only to disperse the fillers homogeneously, and to remove
bubbles from the epoxy/filler mixture, but also to inject the vis-
cous mixture into a mold, during the curing process. Therefore,
in order to decrease the viscosity, plasticizers, organic solvents or
reactive diluents were introduced to the epoxy/filler composites,
so that bubbles were easily removed from the composites, after
injection into a mold.

However, the plasticizers disturbed the cure reaction of the
epoxy system, so that the crosslink density decreased. This
caused decrease of the electrical, mechanical and thermal prop-
erties of the epoxy system. And, when organic solvent was used,
it should be removed completely after mixing the epoxy, fillers
and organic solvent. If not, it might act as an impurity, so that
the electrical, mechanical and thermal properties of the epoxy
composite would be negatively affected. Reactive diluents were
used, in order to decrease the viscosity during mixing, and the
electrical treeing phenomenon was studied, in order to estimate
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the insulation characteristics of neat epoxies or their nanocom-
posites, because the treeing phenomenon was often referred to
as the most important mechanism for the deterioration of poly-
meric insulators (e.g. high voltage polymeric cables) [9-12]. The
treeing growth mechanism was divided into three processes: (1)
incubation process, (2) initiation process, and (3) propagation
process. If an electrical treeing was initiated, it would be propa-
gated rapidly, and finally the breakdown would occur. Hence,
the initiation time should be delayed, and the propagation rate
be retarded, in order to get excellent insulation polymeric mate-
rials.

In my previous work [13], the effects of ambient temperature
on the electrical treeing phenomenon were studied in needle-
plate electrodes, and in this study, three epoxy/reactive diluent
systems for the insulation materials of heavy electric equipment
were prepared, and the effects of electric field on the electrical
treeing phenomenon were studied in needle-plate electrodes.

2. EXPERIMENTS
2.1 Materials

A commercial DGEBA (diglycidyl ether of bisphenol A) type
epoxy resin, trade name YD 128 (Kukdo Chem. Co.), was used.
The equivalent weight was 184~190, and the viscosity was
11,500~13,500 cps at 25C. The curing agent was Me-THPA (3-
or 4-methyl-1,2,3,6-tetrahydrophthalic anhydride), whose grade
name was HN-2200 (Hitachi Chem. Co.). It is widely used in the
field of electric insulation. An accelerator was BDMA (benzyl-di-
methyl amine, Kukdo Chem. Co.). A reactive diluent employed as
a flexibilizer was a polyglycol (PG), under the trade name DY-040
(Ciba-Geigy Co.). Its molecular weight was about 7,000~10,000,
and its viscosity was 60~90 cps at 25C. Another reactive diluent
as an aliphatic epoxy resin was purchased from Kukdo Chem.
Co., under the trade name BDGE. Its equivalent weight was
120~140, and its viscosity was 15~30 cps at 25C.

2.2 Specimen preparation for ac treeing test

DGEBA (100 g), THPA (92 g) and reactive diluent (10 g) were
well-mixed with a high-speed agitator at 5,000 rpm for 10 min,
and BDMA (1 g) was mixed with the agitator for 3 min. The
mixture was poured into a mold having a cavity of 15x15 mm®
with 30 mm height, in which a needle electrode was arranged
beforehand, to make the distance of needle-plate electrodes be
4.2 mm. Then it was cured at 120°C for 2 hr, post-cured at 150 C
for 2 hr, and cooled slowly at a rate of -0.5C /min until room
temperature, to avoid internal stress. Finally, the opposite-side
of the needle electrode in the epoxy specimen was coated with
conductive silver paste.

2.3 AC treeing test

To measure the treeing initiation and propagation rate, three
constant alternating currents (ac) of 10, 13, and 15 kV/4.2 mm
(60 Hz) were applied to the specimen, in needle-plate electrode
arrangement, in insulating oil bath at 30°C. Then, the specimen
was inserted into the insulating oil, and maintained sufficiently
for 2 hr, until the temperature of the needle tip area reached to
30°C. Then, high voltage (HV) was applied, by using an ac Endur-
ance Voltage Tester (Haefely, Germany) at a rising speed of 1 kV/
s until 10 kV, and the test voltage was kept, until electrical break-
down took place. The treeing morphology was monitored by a
video microscope system (ICS-305B, SOMETECH Inc.), and the
treeing images were collected every 1 min.
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Fig. 1. Treeing growth rate in the various epoxy systems, tested in a
constant electric field of 10 kV/4.2 mm (60 Hz) at 30C.

3. RESULTS AND DISCUSSION

Figure 1 shows the treeing growth rate in DGEBA epoxy sys-
tems with BDGE or PG, tested under a constant electric field of
10 kV/4.2 mm (60 Hz) at 30C. In the DGEBA system, electrical
treeing was initiated in 356 min, and propagated at the break-
down speed of 1.10 x 10° mm/min, and finally, breakdown took
place in 3,794 min. In the DGEBA/BDGE system, the treeing
initiation time in needle-plate electrode geometry was 150 min,
which was 2.4 times lower, and the breakdown time was 3,669
min, which was 0.96 times lower, than that of the DGEBA system.
The propagation rate of the DGEBA system was 1.10 x 10° mm/
min, and that in the DGEBA/BDGE system was 1.14 x 10° mm/
min, which was slightly faster. In the DGEBA/PG system, the
treeing initiation time was 469 min, the breakdown time was
3,996 min, and the propagation rate was 1.05 x 10 mm/min.
The breakdown speed of the DGEBA/PG system was 5% slower
than that of the DGEBA system.

The morphology of electrical treeing for the DGEBA/PG sys-
tem was shown in Fig. 2. Typical behavior of the branch type
electrical treeing was obtained from the morphology observa-
tion. That is to say, when a constant ac electric field of 10 kV/4.2
mm (60 Hz) was applied, electrons were injected and extracted
at the needle tip, so that small electrical treeing was faintly initi-
ated from the needle tip (Figure 2(a)). And then, electrons were
injected and extracted at the newly generated conductive treeing
tip, which had been carbonized, so that several branches newly
appeared, and they grew rapidly, became fatter and darker, with
many new branches (Figs. 2(b)~2(e)); and finally, the penetration
breakdown took place, from the needle tip to the silver electrode
plate (Fig. 2(f)).

To compare the effect of the diluents on the treeing phenom-
ena, the treeing morphologies in the initiation stage and the
propagation state in similar time are shown in Fig. 3. In the ini-
tial stage, many more branches were observed in the DGEBA/
BDGE system (Fig. 3(c)), than in the DGEBA system, and far few-
er branches in the DGEBA/PG system are shown in Fig. 3(e). In
the similar time of the propagation state, the primary branches
formed many new secondary branches. That is to say, electrons
injected and extracted at the needle tip initiated small electrical
treeing from the needle tip, and then electrons were injected and
extracted at the newly generated primary treeing tip, which had
been carbonized, so that many branches newly appeared (Figs.
3(b, d, 1)), regardless of the diluents species. They grew, and be-
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Fig. 2. Electrical treeing morphology of the DGEBA/PG system, tested
in a constant electric field of 10 kV/4.2 mm (60 Hz) at 30C, for (a) 180
min, (b) 300 min, (c) 1,050 min, (d) 1,650 min, (e) 3,650 min, and (f)
3,996 min.
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Fig. 3. Electrical treeing morphology of the various epoxy systems,
tested in the constant electric field of 10 kV/4.2 mm (60 Hz) at 30C,
for (a) 420 min, and (b) 3,550 min, in the DGEBA system, (c) 115 min,
and (d) 3,650 min, in the DGEBA/BDGE system, and (e) 1,050 min,
and (f) 3,650 min, in the DGEBA/PG system.

came fatter and darker with new branches, and finally, the pen-
etration breakdown took place.

Many more branches were shown in the DGEBA/BDGE sys-
tem, as shown in Fig. 3(d), and far fewer branches were displayed
in the DGEBA/PG system. These results meant that PG could be
used as a reactive diluent in the DGEBA system, without the de-
terioration of the insulation breakdown property.

Figs. 4 and 5 show the treeing growth rate in the three epoxy
systems tested in the electric field of 13 kV/4.2 mm and 15 kV/4.2
mm at 30 C, respectively. In the DGEBA system at 13 kV/4.2 mm,
the treeing propagation rate was 2.62 x 10° mm/min, and that
at 15 kV/4.2 mm was 5.41 x 10° mm/min, which was far faster
than the value 1.10 x 10® mm/min at 10 kV/4.2 mm, as was ex-
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Fig. 4. Treeing growth rate in the various epoxy systems, tested in a
constant electric field of 13 kV/4.2 mm (60 Hz) at 30C.
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Fig. 5. Treeing growth rate in the various epoxy systems, tested in the
constant electric field of 15 kV/4.2 mm (60 Hz) at 30°C.
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Fig. 6. Electrical treeing morphology of the DGEBA system, tested in
(a) 10 kV/4.2 mm (3,550 min), (b) 13 kV/4.2 mm (720 min), and (c)
15 kV/4.2 mm (720 min). All were tested at 30C, in the electrical fre-
quency of 60 Hz.

pected. In the DGEBA/PG system at 13 kV/4.2 mm, the treeing
propagation rate was 1.63 x 10° mm/min, and that at 15 kV/4.2
mm was 3.62 x 10° mm/min, which was far faster than the value
1.05 x 10° mm/min at 10 kV/4.2 mm. These meant that the tree
propagation rate increased with increasing electric field, as was
expected.

To study the effect of the applied electric field on the tree-
ing morphology, the electric treeing morphology of the DGEBA
system in Fig. 6 was obtained after testing in (a) 10 kV/4.2 mm
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Fig. 7. Electrical treeing morphology of the (a) DGEBA, (b) DGEBA/
BDGE, and (c) DGEBA/PG systems, tested in 15 kV/4.2 mm (60 Hz) at
30°C for 720 min.

(3,550 min), (b) 13 kV/4.2 mm (720 min), and (c) 15 kV/4.2 mm
(720 min). Typical branch type treeing was observed, regardless
of the electric field. More precisely speaking, as the electric field
increased, many more branches were formed. Compared to Fig.
3, many more branches at the higher electric field were also ob-
served in the other epoxy systems, as shown in Fig. 7. Far shorter
treeing propagation was displayed in the DGEBA/PG system, and
it meant that PG could retard the treeing propagation. Therefore,
PG could be used as a reactive diluent in the DGEBA system,
without the deterioration of the insulation breakdown property.

4. CONCLUSIONS

The effects of an electric field on the ac electrical treeing in
DGEBA, DGEBA/BDGE and DGEBA/PG systems were studied, by
carrying out the treeing test at constant alternating currents (ac)
of 10, 13 and 15 kV/4.2 mm (60 Hz), in needle-plate electrode
geometry. When 10 kV/4.2 mm (60 Hz) was applied, the treeing
initiation time and the propagation rate in the DGEBA system
were 356 min and 1.10 x 10° mm/min, respectively, and those in
the DGEBA/BDGE system were 150 min and 1.14 x 10° mm/min,
respectively. Those in the DGEBA/PG system were 469 min and
1.05 x 10° mm/min, respectively. When 15 kV/4.2 mm (60 Hz)
was applied, the propagation rate in the DGEBA system was 5.41
x 10” mm/min, and that in the DGEBA/PG system was 1.42 x 10”
mm/min. These values meant that PG could retard the treeing
propagation; therefore, PG could be used as a reactive diluent in
the DGEBA system, without the deterioration of the insulation
breakdown property.
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