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DC resistivity of extruded ethylene propylene rubber (EPR) samples with various Pb
concentration have been measured under wet conditions as a function of electrical field at
selected temperatures in a range from 20 to 100°C. The temperature and electrical field
coefficients of resistivity have been calculated. Thermally stimulated discharge current (TSDC)
has also been measured and a broad positive peak has been observed for three EPR samples. It
has been found that the resistivity of EPR is not sensitive to the Pb concentration within the
range of 0 to 5 parts per hundred base resin (phr). The results show that the resistivity of EPR
varies non-linearly with both temperature and electrical field. The temperature coefficient of
resistivity « of EPR has been measured to be ~0.1 K~ for all the samples with various Pb
concentration. The electrical field coefficient of resistivity 8 of EPR at room temperature is small
and increases with temperature. Increasing Pb content increases slightly the electrical field
coefficient B of resistivity. Based on a space charge limited conduction model, the trap depth of
EPR has been estimated. TSDC measurements indicate that doping with Pb increases both the
density of charge carriers and the number of deep traps simultaneously. The broad TSDC peak
reveals that there must be a distribution rather than just a single value of the trap depth.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Ethylene-propylene rubbers (EPR) and elastomers (also
called EPDM and EPM) continue to be one of the most
widely used and fastest growing synthetic rubbers having
both specialty and general-purpose applications. In par-
ticular, EPR has been widely used in high voltage cable
industry for number of years [1, 2]. In addition to its high
electrical resistivity and breakdown strength, it has the ad-
vantage of more mechanical flexibility and higher water
resistivity over other insulation materials, which makes
it an ideal subsea insulation material [3—6]. Inclusion of
filler, typically at 60 parts per hundred base resin (phr),
improves the mechanical properties of EPR without re-
ducing its electrical resistivity significantly. Red lead, Pb,
is one of the components of the EPR formulation and is
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thought to impact improved electrical performance in wet
conditions [7]. Although there have been extensive inves-
tigations on the physical properties of this commercially
important polymer, little work has yet carried out con-
cerning the effect of lead concentration on the electrical
behaviour of EPR under wet conditions.

DC resistivity of an insulating material at a given tem-
perature is a technologically important parameter. Many
of the electrical designs require the knowledge of temper-
ature dependence of resistivity. Furthermore, the resistiv-
ity of polymeric insulating materials such as EPR is in
general varies with electrical field (also called electrical
stress in electrical engineering). Measurements of tem-
perature and electrical field dependences of resistivity of
EPR provide not only the value of resistivity but also its
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temperature and field coefficients, which are essential to
many high voltage electrical applications.

Introducing conductive Pb particles would in general
reduce the resistivity of EPR. However, these particles
may also create electron traps that would lead to a decrease
in charge carrier mobility and hence increase the resistiv-
ity. Using thermally stimulated discharge current (TSDC)
technique, the influence of chemical impurities that lead
to the capture of charge carriers in electron traps can be
studied with high sensitivity. TSDC method also provides
information on the mechanism of electrical conductivity
of polymers; it can also lead to a better understanding of
the long-lived electrostatic charging of polymeric materi-
als, which is due to the charge storage in electron traps.

In this paper we study the effect of Pb concentration on
the electrical properties of EPR, by measuring the temper-
ature and electrical field dependences of DC resistivity,
and the thermally stimulated discharge current of EPR
insulating materials under wet conditions.

2. Experimental

Pure elastomers are rarely used in technological ap-
plications. To provide particular required attributes, it
is usual for them to be compounded with a number
of additives. The formulation of the elastomeric com-
pound studied here is based on an ethylene propylene
hexadiene terpolymer including 66% (by weight) low-
density ethylene and 22% clay: the stabilisation package
forms less than 6%. The EPR materials with different
Pb concentrations were supplied by Petrochemical Co.
Ltd.

To measure the DC resistivity and the thermally stim-
ulated discharge current, EPR materials with Pb concen-
tration of 0, 2.5 and 5 phr respectively were extruded on
to copper wires of 1 mm in diameter, using a conventional
commercial production line. Five meters extruded wire,
with a typical wall thickness of 1 mm, was immersed
in a glass jar filled with tap-water. One end of the wire
was connected to a Glassman high voltage unit capable
of generating DC voltages up to 15 kV. The other end of
the wire was left free in the air. The water in the glass jar
acted as another electrode. As the resistivity of tap-water
is roughly 8 orders smaller than that of the EPR insulat-
ing material, the resistance of water can be ignored in data
processing.

The glass jar, together with the extruded wire sample
was placed in a Grant W14 oil bath, with which the sam-
ple temperature can be increased up to 150°C. A K-type
thermocouple was immersed in the water to measure the
temperature to an accuracy of £0.1°C. The DC current
across the extruded wire insulation was measured using a
Keithly 617 programmable electrometer, which has a res-
olution of 107'® A. The DC voltage output of the Glass-
man unit was controlled proportionally from zero to full
scale by a0-10 V DC signal supplied by the electrometer,
and was monitored using a Black Star multimeter.
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After a DC test voltage is applied to the sample,
the current normally decays to a steady or quasi-steady
value. The time to reach the steady state depends on
the temperature, Pb concentration and electrical field.
In the present work, current measurements were taken
60 s after a voltage step had been applied to the
sample.

3. Results and discussion

3.1. The resistivity and its temperature and
electrical field coefficients of EPR
insulations with different Pb
concentration

The DC current has been measured as a function of the DC

voltage applied to EPR extruded wire samples at selected

temperatures. Although Ohm’s Law does not generally

hold for dielectrics at high electrical fields, one can still

define resistance as R = V/I. It then follows that the resis-

tivity of wire insulation is given by

2LV !
P = o/ 1 W
where L is the length of the wire, | the conductor radius,
1, the insulation radius and r; < r < r. The log resistivity
of extruded EPR wire insulations with different Pb con-
centration, calculated using the measured current (/) and
voltage (V) data, has been plotted against mean DC elec-
trical field for the three samples at selected temperatures
(Figs 1-3).

It can be seen from Figs 1-3 that the resistivity is
electrical field dependent. For all the three wire samples,
the electrical field dependence of resistivity is very small
at room temperature. At higher temperatures, however,
the log resistivity decreases approximately linearly with
applied electrical field. The electrical field dependence
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Figure 1 Electrical field dependence of DC resistivity of EPR1 (0 phr Pb)
at selected temperatures.
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Figure 2 Electrical field dependence of DC resistivity of EPR2 (2.5 phr
Pb) at selected temperatures.
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Figure 3 Electrical field dependence of DC resistivity of EPR3 (5 phr Pb)
at selected temperatures.

of resistivity can be described by the following equation

p = poexp(—BE) 2

where E is electrical field, 8 the electrical field coefficient
of resistivity and pg a constant corresponding to a resis-
tivity at very small electrical field. By fitting a straight
line to the log resistivity versus electrical field data, the
electrical field coefficient of resistivity, 8, can be obtained
from the gradient. The results for the three samples with
different Pb concentration are given in Table I, together
with those for a crosslinked polyethylene (XLPE) sample
for comparison [8]. It can be seen that EPR in general
has a relatively smaller electrical field coefficient than
XLPE and that the electrical field coefficient of EPR
increases with temperature while for XLPE it decreases
with temperature.

At room temperature, the electrical field coefficient of
resistivity of EPR is very small (Table I), indicating that
room temperature DC resistivity of EPR is not sensitive

TABLE I Temperature coefficient o, electrical field coefficient g of DC
electrical resistivity for EPR wire insulation EPR1 (no Pb), EPR2 (2.5 phr
Pb), EPR3 (5 phr Pb) and XLPE. R-square is the linear regression coefficient

EPR1 EPR2 EPR3 XLPE [8]
a(K™1) 0.101 0.103 0.101 0.099
R-square 0.9980 0.9969 0.9980 0.9210
B (mm/kV) at 20°C 0.096 0.065 0.033 0.83
B (mm/kV) at 90°C 0.189 0.224 0.279 0.42

to electrical field. At higher temperatures, however, larger
values of electrical field coefficient are obtained for the
three EPR samples. Moreover, the electrical field coef-
ficient increases with the Pb concentration. This obser-
vation may have important technical implications. Since
the temperature of the insulation material of a loaded DC
cable could be as high as 90°C, the change in electrical
field coefficient due to an increase in Pb concentration
may affect the electrical field distribution across the cable
insulation [9,10].

The results presented in Figs 1-3 also indicate that
the resistivity of EPR is strongly temperature dependent
and this temperature dependence varies with electrical
field. To further highlight the effect of temperature, the
resistivity of the three wire insulations has been plotted in
Fig. 4 as a function of temperature at a constant electrical
field of 0.1 kV/mm. In the temperature ranges studied, the
effect of temperature on the resistivity of EPR can best be
described by the equation

p = pr=oexp(—aT) 3)

where T is temperature in Kelvin and « the tempera-
ture coefficient of resistivity. The temperature coefficient
of resistivity of EPR samples has been obtained by least
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Figure4 Temperature dependence of DC resistivity for EPR wire insulation
materials with different Pb concentrations.
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square fitting of the data to a straight line and the results
are given in Table 1. It can be seen that the temperature
coefficients of resistivity of the three EPR samples are
approximately the same and independent of Pb concen-
tration. In addition, the temperature coefficient of EPR
appears to be similar to that of XLPE (Table I).

3.2. Thermally stimulated discharge current
(TSDC)

Before measuring the thermally stimulated discharge cur-
rent, we have to pole the sample first. EPR sample im-
mersed in tap water was heated to 90°C and then the volt-
age was ramped up to a value corresponding to an average
poling electrical field of 8 kV/mm, at which sample pol-
ing was carried out for 120 min while the temperature was
kept constant. In the electric field, permanent and induced
dipoles orient either individually or under the influence
of the motion of neighbouring groups. Thermal motion of
the molecules continuously disrupts the orientation of the
dipoles in the direction of the applied electric field so that
a dynamic equilibrium ensues. Under the influence of the
electrical field, charge carriers can also be injected into
the sample [11]. These charges migrate to the oppositely
charged electrodes and space charge can be built up in
their vicinity. After poling the heater was turned off and
the sample was left to cool down to room temperature
under the highest electrical field (8 kV/mm).

In general, TSDC gives information on dipole relax-
ation, charge injection and detraping processes in electri-
cal insulation materials [11]. After poling (stressing) at
the highest voltage and temperature, all the dipoles are
lined up with the electrical field and their contribution to
the DC current tends to be zero. The current measured
now includes only the contribution from charge carriers,
whether they are injected or activated from traps. There-
fore, the temperature dependence of DC current under
constant voltage will lead to a determination of trap depth.

According to theory, the space charge limited current
density J that flows for an applied voltage V can be given
by the Mott and Gurney square law [12]

_ 9ege, V2

J = 0 4
8L2 “)

where L is sample thickness and

ne Net AE,
9 = — = j— 5
ny N; exp( kT > )

is the ratio of free charge carriers to those trapped. In
Equation 5, n. and n; are the densities of free charge car-
riers and trapped carriers respectively, N is the number
density of traps with trap depth AFE, (an energy below the
bottom of the conduction band) and N, the effective den-
sity of states for the conduction band. Now, if Equation 5
were correct, an Ln DC current versus 1/T plot would
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Figure 5 Temperature dependence of DC current for EPR materials at

a constant electrical field of 8 kV/mm. The data were obtained when the
samples were cooled down to room temperature after poling.

result in a straight line, which is exactly what we can see
in Fig. 5. From the gradient of the straight line, the trap
depth AE; has been calculated for the three EPR samples.
The results are given in Table II. Note that the band gap
of polyethylene is 8.8 eV and we would assume a simi-
lar value for EPR formulation. The trap depth of EPR is
slightly larger than that of XLPE (0.990 eV) [8]. Note that
the experimental data in Fig. 5 have been obtained under
constant voltage after poling” and therefore is a direct
consequence of long-range migration of charge carriers.
This is rather different from the data given in Fig. 4, which
include contributions from both charge carriers and dipole
reorientation. It is evident from Fig. 5 that Pb doping in-
troduces more charge carriers and therefore increases the
conductivity of the EPR materials. However, Pb particles
may also result in an increase in the number of traps that
would subsequently decrease the conductivity. Moreover,
increasing the Pb concentration could reduce the mobil-
ity of the molecular dipoles, which will also lead to an
increase in resistivity. The competition of theses effects
determines the electrical properties of the EPR samples
and might be partially responsible to the resistivity data
presented in Fig. 4.

After the sample temperature reached the room tem-
perature, the applied DC voltage was turned off and the

TABLE II TSDC peak position T}, peak height /;, and trap depth AE;
for extruded EPR wire insulation with different Pb concentration
EPR1 EPR2 EPR3
T, (°C) 79 85 83
I, (pA) 641 523 623
AE; (eV) 1.054 + 0.005 1.037 £ 0.005 1.064 £ 0.005
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Figure 6 Temperature dependence of TSDC current for EPR samples with
different Pb contents.

sample was short circuited and discharged for ~12 h. To
measure the thermally stimulated discharge current, the
sample short circuited across the Keithley electrometer,
was heated linearly up to 93°C with a heating rate of
~1°C/min. An external collecting voltage up to 130 V
did not have any detectable effect on the discharge cur-
rent. The sign of the current remained the same even if the
polarity of the external collecting voltage was changed.
The flow of the activated carriers is mainly controlled
by the local field due to trapped charges in the vicinity
of electrodes. For this reason, no collecting voltage was
applied during the TSDC test.

It was observed that the direction of the current flow
during the TSDC measurements is always consistent
with that of a normal discharge current, indicating that
the trapped space charge in EPR wire insulation is
homocharge. The TSDC spectra of the three EPR wire
insulations are given in Fig. 6. The spectrum consists of
mainly a broad positive peak (i.e. the current flow is in the
normal discharge direction), with a shoulder somewhat
20°C below the main peak. The peak height and peak
temperature of the three samples are also listed in Table II.
Although the discharge current includes contributions
from both charge carriers and dipoles, the main feature of
the spectrum arises from orientational relaxation of the
dipoles within the insulation. The physical origin of the
shoulder might be well associated with the order-disorder
transition of EPR at ~60°C, evidenced by ultrasonic
measurements [13], where a pronounced change of slope
in the temperature dependence of longitudinal wave ve-
locity was observed. In addition this feature in the TSDC
spectrum seems to be correlated with the sharp drop in
logG’ and a peak in tané observed at 40°C in the dynamic
mechanical thermal analysis (DMTA) test [13, 14].

While features at lower temperatures can be associated
with conventional mechanical processes, the main TSDC
peak that occurs well above the glass transition tempera-
ture (about —60°C [3-5]) must correspond to the release
of charge carriers from electron traps and can only be in-

vestigated using TSDC technique. TSDC peak height is
a measure of the density of trapped carriers and frozen
dipoles in the poled material. It can be seen from Table II
that the peak height for sample EPR2 with 2.5 phr Pb is
the lowest. This means that fewer charges were trapped
and fewer dipoles were frozen in the insulation during the
poling. The data presented in Table II indicate that more
charges will be trapped in the insulation if the traps are
deeper. In any case, the releasing of charges, whether they
are trapped carriers or frozen dipoles, seems to be domi-
nantly controlled by the molecular motion in the polymer.
TSDC peak temperature T}, is directly related to the
electron trap depth: while charge carriers in shallow traps
can be released at low temperatures, higher temperature
is needed to activate the charges in deep traps. The broad
TSDC peak observed for the three EPR samples indicates
that there is a distribution in the trap depth. Some of the
traps are shallow and some of them are deep. The space
charge limited conduction model used in the previous sec-
tion is over simplified and the trap depth obtained there is
only an average over traps of various depths. The fact that
lead doping shifts the TSDC peak to higher temperatures
suggests that deeper traps have been introduced.

4. Conclusion

To summarise, the DC resistivity of 3 extruded EPR sam-
ples with different Pb concentration have been measured
under wet conditions as a function of electrical field at
selected temperatures up to 100°C. The temperature and
electrical field coefficients of resistivity have been de-
termined. Based on a space charge limited conduction
model, the trap depth has been obtained for the three EPR
samples. TSDC test has also been made and a broad pos-
itive peak has been observed. It has been shown that the
resistivity of EPR is not sensitive to Pb concentration in
the range of 0 to 5 phr. The temperature coefficient of re-
sistivity a of EPR has been measured to be ~0.1 K~! for
all the samples with various Pb concentration. The electri-
cal field coefficient of resistivity S of EPR increases with
temperature and is smaller than that for XLPE. Increasing
Pb content increases slightly the electrical field coeffi-
cient of resistivity, which may have important technical
implications for cable applications. TSDC measurements
show that doping with Pb increases both the density of
charge carriers and number of deep traps simultaneously.
The broad TSDC peak suggests that there must be a dis-
tribution in the trap depth rather than just a single value.
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