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Abstract . Electrical conduction characteristics of low density polyethylene have been investigated
using such contacts as silicone oil, semiconductive carbon black compound and sputtered Al. It was
observed, as a result, the conduction characteristics change depending on the type of contacts. The
major change was that the magnitudes of current densities, activation energies and effective charge
mobilities were different depending on the type of contacts. It was also found that the conduction
behavior of LDPE with the semiconductive contact is very similar to that with the sputtered Al con-
tact. On the other hand, the silicone oil contact showed a low activation energy and a high effective
charge mobility compared to those of sputtered Al contact. A more pronounced change due to the
silicone-oil contact was a considerable suppression in a rate of change of current density at a certain
voltage range. All observed changes due to the silicone-oil contacts were attributed to the interfacial
polarization and subsequent charge sweeping effect enhanced by the accumulation of heterocharges.

Za2|H A15d A6x 1991 12¢

735



Kwang S. Suh and Chang R. Lee

INTRODUCTION

Recently the charge injection and thus formed
space charge has become one of the important fac-
tors that has to be controlled for an improvement
of the reliability of polyethylene for cable insula-
tion.! ™3 Regarding this, the contact problem beco-
mes considerably important, since the electrical
behavior may be greatly influenced by the type of
interface between the electrode and polyethylene.
In an actual experimentation, such electrode con-
tacts as vacuum evaporated metals, silicone-oils
and semiconductive compounds are widely used.
Vacuum evaporated metals are to get a good con-
tact at the interface between the electrode and test
film, silicone oils are to get a flash-over or corona-
proof experimental set-up, and semiconductive
contacts are found in real cables.

Different electrical behaviors such as charge in-
jection or conduction characteristics have been ob-
served when the electrode or contact is different.
For instance, F. Chapeau et al. has found that
homocharges are developed in polyethylene when
the vacuum evaporated metal is used as a contact
whereas heterocharges are accumulated when the
conductive silicone grease is used as a contact.* T.
Ditchi et al. has also reported that the composition
in semiconductive compound for the strand shield
is critical in determining the internal charge dis-
tribution in XLPE.> Besides, it has been previously
reported6 that the conduction characteristics in low
density polyethylene with a silicone-oil contact are
different from those with a sputtered Al contact.
One of the major modifications in case of the sili-
cone-oil contact is a considerable suppression in
the rate of change of conduction currents at cer-
tain voltages. At this moment, no information is
available on the reasons for such suppression.
Also, activation energies for the electrical conduc-
tion seem to depend on the type of contact.®” For
examples, a graphite contact yields an activation
energy of about 1.05 eV, while an evaporated metal
contact (Al) about 0.85 eV. On the other hand, the
silicone-oil contact yields only about 0.50 eV. In a
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practical sense, however, such contacts as vacuum
evaporated metal electrodes, silicone-oil layer, or
conductive grease cannot be found in real cable
systems. Since medium voltage cables have a se-
miconductive layer called a “strand shield” bet-
ween the metal conductor and the insulation layer,
it is quite questionable whether the information
obtained with the above mentioned electrodes can
be directly applied to the real cables.

The present study, a continued work to under-
stand the electrical behaviors in medium voltage
power cables, was aimed to investigate the effects
of contact on the electrical conduction characteris-
tics in low density polyethylene using such conta-
cts as sputtered Al, semiconductive compound, and
silicone oil.

EXPERIMENTAL

The experimental apparatus and procedures
employed in the present study are the same as
those reported elsewhere.® It basically consists of
a dc power supply, electrometer, and electrodes.
For the present study, the measurement system
was modified, the major one being that a general
purpose interface board (GPIB)-controlled data ac-
quisition system was used to collect the charging
currents continuously right after the application of
dc voltages. LDPE film under test is placed bet-
ween two aluminum blocks and the steady state
charging currents were obtained at 40 minutes af-
ter the application of dc Voltages.6 From measured
conduction currents, changes in such conduction
behaviors as conduction mechanisms, effective
charge mobility and activation energy due to the
type of contact were analyzed. All measurements
were made at temperatures ranging from 20 to
90T

Contacts were prepared as follows . Sputtered
Al contacts were prepared by sputtering about 500
A thick Al layer on both surfaces of LDPE film.
Semiconductive compound produced by Dong
Seon Material Co. Ltd. was compression molded to
about 40 um thick films and physically attached to
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both surfaces of LDPE film. This compound is the
same material as the one which is being used as
a strand shield of medium voltage power cables.
For silicone-oil contacts, a drop of silicone oil was
simply pasted on both sides of LDPE film and the
thickness of silicone-oil layer was controlled by
adjusting the tension of spring-tightening device.
A thin silicone-oil layer was obtained from the
high tension of the spring-tightening device and
the thick one from the slight tension. The exact
thicknesses of silicone-oil layers are not known at
this moment.

RESULTS AND DISCUSSION

Current Densities vs. Electric Field

Typical J-E(current density-electric field) plots
for the LDPE with a thick silicone-oil contact at 70
and 90T are shown in Fig. 1, whereas that with a
thin silicone-oil layer at 70C is also shown for the
comparison. As expected, the current density inc-
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Fig. 1. J-E characteristics of LDPE with the silicone-

oil contacts : Thin oil layer (W), Thick oil layer at 70

C([2), Thick silicone-oil layer at 90C(@).
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reases with the field and temperature. Three re-
gions, Region 1, I and I, are clearly seen from the
J-E curves with a thick silicone-oil layer at 70 and
90T, the average slopes being 2.03, 1.30, and 2.15,
respectively. With the assistance of literature info-
rmation,® 1 Regions I and Il can be assigned as
the space charge limited conduction(SCLC) me-
chanism. In Region II, however, rates of change of
conduction currents(current density in this case)
were considerably suppressed at a wider
range of dc fields compared to that with the thin
silicone-oil layer. Such suppression seems to ap-
pear at a wider range of electric fields at higher
temperatures. In addition, a d® dependence of
current density to the film thickness holds true
for Regions I, II and HI, which suggests that the
SCLC is the major conduction mechanism for
these regions.?

Electrical conduction characteristics of LDPE
with a semiconductive contact were evaluated at
the temperature range from 20 to 90C, the results
of which are shown in Fig. 2. It was observed that
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Fig. 2. J-E characteristics of LDPE with semiconduc-
tive contact : 20C([]), 50T (@), 70C (M), 90C(O).
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the slope in a current density vs. electric field plot
changes from about 1.0 to about 2.0 at all tempera-
tures, which indicates that the conduction mecha-
nisms change from the ohmic to the SCLC as the
voltage increases.®® 10 Interestingly, however, no
marked suppression in a rate of change of current
density was observed when the semiconductive
film was used as a contact.

Current densities at 70C with different contacts
were compared in Fig. 3. The results at other tem-
peratures such as 20, 50 and 90C showed a similar
trend to that at 70C. From the figure it can be
clearly seen that the magnitude of current density
changes due to the nature of contact. Sputtered Al
shows the lowest current density, the silicone-oil
the highest and the semiconductive film the inter-
mediate. The shapes of J-E curve for both sputte-
red Al and semiconductive contacts are very much
the same as each other. In this case, the conduc-
tion mechanism can be represented as the ohmic,
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Fig. 3. Effect of various contacts on the J-E characte-
ristics of LDPE at 70C : Sputtered Al contact({>),
Semiconductive contact(ill), Thin silicone-oil contact
(@), Thick silicone-oil contact([:]).
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SCLC and Fowler-Nordheim conductions in order
of increasing electric field. As mentioned earlier,
no marked suppression in a rate of change of cur-
rent density was observed with both sputtered Al
and semiconductive contacts. On the other hand,
the conduction behaviors in case of silicone-oil co-
ntacts are quite different. The major difference is
that the rate of change of current density is consi-
derably suppressed at a certain voltage range. Be-
sides, for both sputtered Al and semiconductive
contacts the transition from the ohmic to the SCLC
occurs at about 80 kV/cm, whereas for both sili-
cone-oil contacts only SCLC is observed at compa-
rable electric fields. In the latter case, the transi-
tion from the ohmic to SCLC seems to occur below
10 kV/cm.

Activation Energy

Activation energies for various contacts were
calculated from the slopes in ¢ vs 1/T plots by as-
suming that the temperature dependence of elect-
rical conductivity follows the Arrhenius-type equa-
tion : 6=0,exp(-AE/kT), where o is the elec-
trical conductivity, o, pre-exponential factor, AE
an activation energy for the electrical conduction,
k a Boltzmann constant, and T an absolute tem-
perature.

Calculated activation energies are plotted agai-
nst the applied field for various contacts in Fig. 4.
In the figure, the one pronounced feature is that
the magnitude of activation energy depends on the
type of contact. Sputtered Al shows the highest,
semiconductive contacts the intermediate, and sili-
cone-oil contacts the lowest activation energy. In
the case of sputtered Al, the activation energy was
estimated to be about 0.80 eV, which agrees well
with the published value.” For silicone-oil contacts
the thin layer shows a little higher activation ene-
rgy than the thick one. It was also found that for
most contacts the activation energy increases at
low fields and then decreases at high fields, the
rate of its change being dependent on the type of
contact. For example, no or slight decrease in acti-
vation energies as a function of voltage is observed
in both sputtered Al and semiconductive contacts
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Fig. 4. Activation energy for the electrical conduction
at various electrode contacts : Sputtered Al contact
(1), Semiconductive contact(ll), Thin silicone-oil
contact(4), Thick silicone-oil contact(>).

while a large decrease in both silicone-oil contacts.

Effective Charge Mobility

Effective charge mobility was estimated from
current densities exhibiting the SCLC mechanism
using the following Child equation : J=(9¢e &, g
V?%/8 d®), where ] is the current density, ¢ the re-
lative permitivity, £, the permitivity of free space,
B the effective charge mobility, V the applied vo-
Itage, and d the film thickness. The value of 2.5
was used for the relative permitivity of polyethy-
lene ®

The temperature dependence of effective charge
mobility for various contacts is shown in Fig. 5,
where the calculated effective charge mobility was
plotted against 1/T. In the figure it can be found
that the effective charge mobility depends on both
temperature and type of contact. The effective
charge mobility increases as the temperature inc-
reases and all contacts except the thin silicone-oil
show a linear change of charge mobility against 1
JT. In the case of thin silicone-oil contact, a rate
of change of effective charge mobility decreases at
high temperatures. A nonlinearity can be explai-
ned in terms of the morphological effect.’ At high
temperatures the enhanced chain motion renders
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Fig. 5. Effective charge mobility of LDPE at various
electrode contacts ; Sputtered Al contact(<{>), Semi-

conductive contact(4), Thin silicone-oil contact(l),
Thick silicone-oil contact(*]).

Effective charge mobility (m*V

the motion of charges active so that the conduction
becomes easier than at lower temperatures, the
net result being a decrease of a slope in a log ¢
vs. 1/T plot. As far as the magnitude of effective
charge mobility is concerned, the sputtered Al
shows the lowest ranging from 10 to 10 m¥
V - s, the silicone-oil the highest ranging from
101510 m%V - s, and semiconductive contacts
the intermediate values ranging from 107°%-107
m?/V « s at all temperatures.

Discussion

It has been found throughout the present study
that the type of contact alters the conduction cha-
racteristics. Semiconductive film and sputtered Al
contacts showed the typical conduction characteri-
stics similar to the ones reported.&g However, the
silicone-oil contacts exhibited somewhat different
conduction characteristics. The major changes due
to silicone-oil contacts are (1) the magnitude of
conduction current densities and (2) a considera-
ble suppression in a rate of change of current den-
sity at a certain voltage range.

It seems that the charge accumulation plays a

739



Kwang S. Suh and Chang R. Lee

major role in exhibiting these features. It has been
reported previously that the homocharges are inje-
cted in case of evaporated metal contacts while the
heterocharges are accumulated in case of silicone
grease contact.? When the heterocharges are for-
med, an internal field might be distorted in such
a manner that the electric field in the interfacial
region becomes higher than the externally applied
one, so that more charges are injected into the po-
lyethylene.}?™® In this situation the observed con-
duction current will be higher than in contacts
where the homocharges are injected. Based on this
concept, it can be said that the current density
with silicone-oil contacts is higher than that with
sputtered Al contact. The continuous accumulation
of charges may keep increasing the electric field
at the interfacial region. When the electric field at
the interfaces becomes high enough to drive the
charges toward the opposite electrode a charge
sweeping effect becomes dominant so that the rate
of change of current density may be suppressed.

Additional changes due to silicone-oil contacts
are that (1) the activation energy for conduction
decreases considerably, (2) the effective charge
mobility increases, and (3) the electric field where
the transition from the ohmic to the SCLC occurs
is altered. Note that the transition occurs below 10
kV/cm with silicone-oil contacts and at about 80
kV/cm with both semiconductive and sputtered Al
contacts.

All these features seem to result from the inter-
facial polarization at the additional less resistive
oil layer. It seems that the heterocharge accumula-
ted at this layer helps the accumulation of more
charges by increasing the local electric field. The-
refore, the activation energy for the electrical con-
duction decreases and the charge mobility increa-
ses. Also, due to the enhanced charge injection, the
SCLC occurs at lower electric fields.

A great attention may have to be paid to the in-
terpretation of the results obtained with silicone-
oil contacts. The present study combined with our
previous report® indicates that the most striking
change due to the silicone-oil layer is the magni-
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tude of activation energy and charge mobility. For
a thick silicone-oil layer, the observed activation
energy was below 0.1 eV and the charge mobility
increases by an order of about 2. All these changes
were attributed to the interfacial polarization
enhanced by the heterocharge accumulation. This
also indicates that the insulating oil used for a
flash-over proof and corona-proof experimental
set-up may change the conduction characteristics
as well as charge accumulation characteristics.

SUMMARY

Effects of contact materials on the electrical co-
nduction characteristics in LDPE were investiga-
ted. Such contacts as silicone-oil, sputtered Al, and
semiconductive film were used in the present
study. It has been observed that the type of con-
tact modifies the electrical conduction behavior of
LDPE. The major features are as follows :

(1) Magnitudes of current densities, activation
energies and effective charge mobilities are diffe-
rent depending on the type of contacts. Silicone-oil
contacts show the highest current density, lowest
activation energy, and highest charge mobility,
whereas sputtered Al contact the lowest magni-
tude of current density, highest activation energy,
and lowest charge mobility. On the other hand, the
semiconductive contact shows intermediate values
for all three quantities.

(2) A considerable suppression in the rate of
change of current density at a certain voltage ra-
nge is observed in case of silicone-oil contacts,
whereas no such suppression is observed in both
semiconductive and sputtered Al contacts.

All observed changes due to the silicone-oil con-
tacts were attributed to the interfacial polarization
and subsequent charge sweeping effect enhanced
by the accumulation of heterocharges.
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