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Abstract : Electrical conduction characteristics of the XLPE with semiconductive electrodes have been
investigated at electric fields ranging from 10 to 600 kV/cm over the temperature range of 25 to 100
C. It was found that the rate of change of current density was suppressed at a certain field range,
the extent of which depends strongly on the conditions of semiconductive electrodes. As-pressed se-
miconductive electrode produced the most considerable suppression and vacuum treated ones only
slight suppression. At high fields above a few hundreds kV/cm, the conduction mechanisms change
from the space-charge limited conduction(SCLC) to the Schottky conduction once the semiconductive
electrodes are treated under vacuum. A suppression in a rate of change of current density and the
change of conduction mechanisms were aitributed to the low molecular weight byproducts formed
by the thermal decomposition of peroxide during the crosslinking reaction.
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INTRODUCTION

In measuring voltage-related properties, various
types of electrodes such as vacuum evaporated
metals and silver pastes are used for applying vol-
tages to the specimen. Two major criteria in selec-
ting the proper electrode are (1) whether it can
provide the ohmic or blocking contact and (2) how
the contact potential can be reduced.

In some cases, however, these factors may have
to be ignored in actual experimentations. A typical
example can be found in medium and high voltage
power cables, where a so-called conductor strand
shield exists between the metal conductor and the
insulation layer. This strand shield is the crosslin-
ked polyolefin with a high content of carbon black
and acts as a layer to diminish a sudden voltage
drop between the metal conductor and the insula-
tion layer and to prevent a direct contact of the in-
sulation layer with the metal strands. In this case,
for example, one may encounter the situation
where the results obtained with such electrodes as
vacuum evaporated metals and silver pastes may
not be utilized directly for predicting the insula-
tion properties of the materials for cable insula-
tions. A modification in electrical conduction cha-
racteristics of polyethylene due to different conta-
cts has been already reported in our previous pub-
lications.™? It can be said, therefore, that a semico-
nductive electrode made from the same material
as the one for the strand shield needs to be selec-
ted so as to simulate best the situation encounte-
red in power cables.

In this study, therefore, dc conduction characte-
ristics of both fresh and vacuum degassed XLPE
and semiconductive electrodes were investigated
and compared with those of sputtered Al electro-
des.

EXPERIMENTAL
About 40 pm thick XLPE films were prepared by

compression molding from a commercially availa-
ble XLPE, a major insulating material for medium
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voltage power cables. Semiconductive compound
produced by Dong Sun Material Co. Ltd. was com-
pression molded to about 40 ym thick films and
physically attached to both surfaces of XLPE film.
This compound, the olefinic polymer containing a
large amount of carbon black and various additi-
ves, is the same material as the one which is being
used in cable manufacturing industries as a strand
shield of power cables. Both materials were trea-
ted in a vacuum oven, details of which are sum-
marized in Table 1.

Of these, XLPE1 to XLPE3 have been chosen to
study the effects of conditions of both XLPE and
semiconductive electrodes and XLPE4 to compare
the effect of electrode types.

J-E(current density-electric field) characteris-
tics of these specimens were determined at tem-
peratures from 25 to 100C by measuring 30 mi-
nute charging currents after the application of dc
voltages. Details on both instrumentation and ex-
perimentation have been described elsewhere.!

ANALYSIS OF CONDUCTION MECHANISMS

An analysis of conduction mechanisms from J-E
curves is well documented in the literature3~7
When a linearity in a log J vs. log E plot holds
true, current densities and-electric fields can be
expressed as J o« E”, where n is a slope in a dou-
ble logarithmic plot of J and E and can be utilized
in differentiating the conduction mechanisms. That
is, n=1 represents the ohmic conduction and n=2
the SCLC. The SCLC mechanism can be confir-

Table 1. Conditions of XLLPE Specimen and Semicon-
ductive Electrodes

XLPE1 XLPE2 XLPE3 XLPE4
XLPE  fresh! fresh  vac.treated fresh
Semicond. fresh vac. treated® fresh  sput. AP

electrode

D Tested within a few hours after the compression
molding

2 Under vacuum at 80T for 100 hours.

3 Sputtered Al
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med by a thickness dependence of conduction cur-
rents. That is, for the SCLC, J «c d® following a
Child law. However, if a log J vs. log E curve de-
viates from the linearity, a field dependence of co-
nduction mechanisms shown in Table 2 needs to
be examined for a correct identification of conduc-
tion mechanisms. Typical mechanisms which be-
long to this category are Schottky, Poole-Frenkel,
or Tunneling(Fowler-Nordheim) mechanisms.

RESULTS

XLPE(Fresh)-Semiconductive Electrode(Fresh)

Figure 1 shows J-E characteristics of the fresh
XLPE with the fresh semiconductive electrode
(hereafer XLPE1). The current density increases,
for example roughly from 10 to 10° A/m? at 70T
as the electric field increases from 10 to 600 kV/
cm. Also, higher current densities were obtained
at higher temperatures.

In Fig. 1, four regions having different rate of
change of current density are observed. These are
assigned as Region I, II, I, and IV in the order of
increasing field. At low temperatures, for example
at 257, the slope changes from 1 to about 2, which
indicates that the conduction mechanisms change
from the ohmic to the SCLC. At higher temperatu-
res, the situation becomes a little different. In the
case of 100 result, the slopes are 1.9 for Region
II, 0.4 for Region 1M, and 2.15 for Region IV. It can
be said, therefore, that the SCLC mechanism is
predominant for Region I and IV and that the co-
nduction mechanism for Region II is apparently
different. However, a thickness dependence of cu-
rrent density shown in Fig. 2 indicates that the

Table 2. Field Dependence of Conduction Mechani-
sms

Conduction Mechanisms
Schottky
Tunneling

Field Dependence
J=AT* exp{ (B.E"*-0)/KT}
J=AE? exp(-B/E)
Poole-Frenkel c=0, exp { (BprE"*-$) /kT}

SCLC J=(9/8) € € pes V¥/d®
Hopping J=], sinh(eEa/2kT)
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SCLC may be the main conduction mechanism for
Region I, I, and IV.

XLPE(Fresh)-Semiconductive Electrode (Va-

cuum Treated)

Figure 3 shows J-E characteristics of the fresh
XLPE with the vacuum-treated semiconductive
electrode (hereafter XLPE2).One can see that at
25C the slope, n, is equal to 1 below about 50
kV/ecm above which n becomes approximately 2.0.
This indicates that the conduction mechanism cha-
nges from the ohmic to the SCLC at about 50 kV
/cm. Also, a 50C result shows the change from the
ohmic to the SCLC at about 30 kV/cm, a little lo-
wer than that of a 25C result. Above 50T, howe-
ver, only SCLC mechanism can be seen over the
low electric fields.

At higher fields, on the other hand, the rate of
change of current densities deviates slightly from
the linearity, which implies that the conduction
mechanism other than the SCLC may work in this
region and that the field dependence needs to be
examined. For this purpose, the current densities
at higher fields have been rearranged in a log J vs.
EY2 plot, a so-called Schottky plot. As shown in
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Fig. 1. J-E characteristics of the fresh XLPE with the

fresh semiconductive electrode : Temperatures : 25C

(D), 50T (@), 70C(M), 90C(), 100T(M).
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Fig. 2. A thickness dependence of charging current of
the XLPE with the semiconductive electrode : 200 V
(D), 600 V(¢), and 1600 V(H).
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Fig. 3. J-E characteristics of the fresh XLPE with the

semiconductive electrode treated under vacuum at 80

€ for 100 hours : Temperatures . same as in Fig. 1.
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Fig. 4, a linearity in a Schottky plot was obtained,
which suggests that the conduction is limited by
a so-called Schottky effect in this region. Schottky
coefficient, B, was estimated from the slope of Fig.
4 to be 1.53X10%, which is in the same order as
the calculated value from €=2.3 for the XLPE.

XLPE(Vacuum Treated)-Semiconductive Elect-

rode(Fresh)

Figure 5 shows the J-E curves for the XLPE
treated under vacuum at 80C for 100 hours with
the fresh semiconductive electrode (hereafter
XLPE3). General features including the conduc-
tion mechanisms are almost the same as those ob-
served with the XLPE1. For example, four regions
are distinguishable and a suppression in a rate of
current density was observed. The ohmic conduc-
tion mechanism seems to be the major one at low
fields and the SCLC at higher fields.

In this case, however, the extent of suppression
in a rate of change of current density is not signi-
ficant compared to that of the XLPE1. This can be
seen from the slope of Region III, i.e., 0.416 for the
XLPE1 and 0.959 for the XLPE3.

10 “/’
10_51 - /
p -.. o ¢
L0 /;;"
3 " o o
< *
2 _ " m "o
; 10774 o" .’ .-
2 ° 4 e &
a o]
-‘: 1078+ " S
8 * ®
3 s ° o8
_ *
10 5: " Ea
3 a
| [}
10710 T T T
0 200 400 600 800

E% (Viem)*

Fig. 4. The Schottky plot of the fresh XLPE with the
semiconductive electrode treated under vacuum at 80
T for 100 hours : Temperatures . same as in Fig. 1.
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Fig. 5. J-E characteristics of the XLPE treated under
vacuum at 80C for 100 hours with the fresh semicon-

ductive electrode : Temperatures : same as in Fig. 1.

XLPE(Fresh)-Sputtered Al Electrode

J-E characteristics of the XLPE with the sputte-
red Al electrode (hereafter XLPE4) are shown in
Fig. 6. It can be seen that at 25T the slope changes
from 1 to about 2, which indicates that the conduc-
tion mechanisms change from the ohmic to the
SCLC. At higher temperatures no ohmic conduc-
tion region is seen.

At higher fields for all temperatures the rate of
change of current densities deviates from the li-
nearity, so that a Schottky plot was made in Fig.
7 to identify the conduction mechanism. A Schot-
tky plot shown in Fig. 7 exhibits a linear relation
between log J and EY2 g0 that it can be suggested
that the conduction at high fields is limited by the
Schottky mechanism.

DISCUSSION

Some of the features observed in the present
study agree well with those that have been already
published.8~1° Also, these features are the ones
observed in all specimens with the semiconductive
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Fig. 6. J-E characteritics of the fresh XLPE with the
sputtered Al electrode : Temperatures : same as in
Fig. 1.
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Fig. 7. The Schottky plot of the fresh XLPE with the

sputtered Al electrode : Temperatures . same as in
Fig. 1.

electrodes. For example, the current density inc-
reases as both electric field and temperature inc-
rease. Also, upto medium fields, the ohmic and the
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SCLC are the major conduction mechanisms. At
low temperatures below 50T the conduction me-
chanisms change from the ohmic to the SCLC,
whereas at high temperatures above 70T the
SCLC is the major conduction mechanism.

On the other hand, there observed two features
showing a systematic change depending on the co-
nditions of semiconductive electrodes. These are
(1) a suppression in a rate of change of current
density and (2) change of conduction mechanisms,
characteristics of which are compared in Table 3.

Suppression in a Rate of Change of Current

Density

As shown in Table 3, a suppression in a rate of
change of current density at a certain field range
is observed in all specimens with the semiconduc-
tive electrodes, the extent of which seems to de-
pend on whether the semiconductive electrode is
fresh or treated under vacuum. A considerable su-
ppression was observed with the fresh semicondu-
ctive electrode, whereas a slight suppression with
the vacuum treated one. No such suppression is
observed with the sputtered Al electrode. A simi-
lar phenomenon has been observed in silicone-oil
pasted LDPE™ as well as in other polymers.11~16

Regarding the source for such suppression, the
information in Table 3 is informative. That is, such
suppression may come from the low molecular
weight species residing in semiconductive electro-
des. In a fresh semiconductive electrode, there
exists such byproducts of peroxide decomposition
as acetophenone, cumene, moisture, methane, a-
methylstyrene.6 It has been also reported that the
concentrations of these byproducts are reduced
greatly by the vacuum treatment.!” Under these
circumstances, the migration of byproducts into
the XLPE may be considerable in case of the fresh
semiconductive electrode and not significant in
case of the vacuum treated one.

These low molecular weight byproducts may be
charged under desirable conditions and form the
heterocharges. High electric fields may enhance
the migration of these charges toward the counter
electrode side. The accumulation of heterocharges

2|0 A16A 3% 19923 59

Table 3. Conduction Characteristics of XLPE with Se-
miconductive Electrodes

XLPE1 XLPE3 XLPE2 XLPE4

XLPE fresh  vac. fresh fresh
treated

Semicon. fresh  fresh vac.treated sput. Al
Electrode
Slope in 0416  0.959 1.404 NA
Region Il
Conduction Only Change from SCLC
Mechanism SCLC to Schottky
Schottky NA 15X10* 1.8X10#
Coeff.

in polyethylene has been already reported.}”*®
Thus formed heterocharges may neutralize the
homocharges coming from the electrode, the net
result being a suppression in a rate of change of
current density.

Change of Conduction Mechanisms at High Fie-

Ids

Conduction mechanisms also depend on whe-
ther the semiconductive electrodes are as-pressed
or treated under vacuum. With fresh semiconduc-
tive electrodes, even when the rate of change of
current density was considerably suppressed in a
certain field range, the SCLC mechanism remains
unchanged over the entire range of electric field.
With vacuum treated semiconductive electrodes,
on the other hand, the conduction mechanisms
change from the SCLC to the Schottky mechanism.

Since the change of conduction mechanisms is
observed only with the vacuum treated semicon-
ductive electrodes, it can be easily deduced that
the byproducts play a very important role in dete-
rmining conduction mechanisms. When the semi-
conductive electrode without low molecular weight
byproducts are used as a contact, the conduction
is governed mainly by the homocharges injected
from the electrode as is the case in sputtered Al
electrode. However, the byproducts chargable and
mobile under strong electric field seem to reduce
the amount of homocharges, possibly by the neut-
ralization effect, so that the conduction is still go-
verned by the space charges residing in the XLPE.
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In conclusion, the presence of byproducts in se-
miconductive electrodes surely influences the con-
duction characteristics of the XLPE. The present
results also suggest that the electrode materials
need to be carefully selected for a correct charac-
terization of electrical behaviors of the system. A
wrong choice of electrode material may lead to an
observation of different conduction characteristics
and consequently to a misunderstanding. A similar
concept may be extended to both measurement
and interpretation of other charge-related electri-
cal properties.

CONCLUSIONS

Conduction characteristics of the XLPE were
found to change depending on the conditions of
semiconductive electrodes. The major conclusions
are as follows :

1. It was generally observed that the current de-
nsity increases as both field and temperature inc-
rease.

2. At low fields below a few tens kV/cm, the oh-
mic conduction arising from the internally existing
ionic species was a major conduction mechanism.
On the other hand, the SCLLC mechanism seems
to play a major role at medium fields up to a few
hundreds kV/cm.

3. Conduction mechanisms at high fields also
depend on conditions of semiconductive elctrodes.
With the fresh semiconductive electrodes, the
SCLC . is the major conduction mechanism, whe-
reas the mechanisms change from the SCLC to the
Schottky with the vacuum treated ones.

4. A suppression in a rate of change of current
density was observed regardless of conditions of
semiconductive electrodes. However, the extent of
such suppression depends on the concentration of
byproducts formed during the crosslinking reac-
tion. A considerable suppression was found with
the fresh semiconductive electrodes and a slight
suppression with the vacuum treated ones.

5. The change of conduction mechanism and a
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suppression in a rate of change of current density
were attributed to the low molecular weight byp-
roducts formed by the thermal decomposition of
peroxide during the crosslinking reaction.
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