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Thermally activated direct current (DC) electrical conductivity in low-density polyethylene (LDPE) is known to be subject to the
compensation law. Accordingly, the preexponential factor follows a specific relation with activation energy, reducing overall
changes in conductivity. This relationship is governed by the Meyer-Neldel temperature. However, there is no published
evidence for a corresponding isokinetic point, a temperature where the conductivity of all LDPE samples is the same. Here, it
is determined that the compensation law applies to both DC and alternating current (AC) conduction for LDPE and for
crosslinked polyethylene (XLPE) without an observed isokinetic point. The potential origins of compensation in polyethylene
are discussed as well as reasons for similarity between LDPE and XLPE. It is observed that prolonged water exposure removed
the compensation behavior. Meanwhile, preheating samples in the oven prior to measurements modifies the compensation
behavior and reduced the spread around the isokinetic point. It is thus deduced that an isokinetic point can be observed in

polyethylene but is obscured by contributions from water and other impurities.

1. Introduction

Electrical conduction in many polymeric insulators, such as
polyethylene, is a thermally activated process. The conduc-
tivity under moderate electrical fields where Ohm’s law
applies, o0, is governed by the Arrhenius equation:

E
0 =0, exp (—ﬁ), (1)
B

where kj is Boltzmann’s constant, and T is the absolute tem-
perature. Usually, the activation energy E, and the preexpo-
nential term o, are constants for a specific material.
However, for many materials including ionic conductors,
electronic semiconductors, and polymers, it has been
observed that within a family of related materials, or for
the same material processed under varying conditions, E,

is not constant and is instead related to . This observation
is the “compensation law” [1], called as such because the
change in o partially compensates for the change in E,,
leading to similar conductivity values between samples at
certain temperatures. It can be written as the following:

E
0y =04y €Xp <E A ) (2)

MNR

Here, 0, is another preexponential term, and E,;y is
the “Meyer-Neldel energy.” Ey;gr can also be expressed as
kpTynr- At Tynro the conductivity takes on a fixed value
independent of the activation energies of related samples,
due to strict compensation by the preexponential factor.
The isokinetic relationship is the existence of Ty, which
is referred to as an “isokinetic temperature” or “isokinetic
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point” in the literature. The isokinetic point, which is the
term that will be used for the rest of this paper, can be pre-
sented via a plot of conductivity vs. temperature of all sam-
ples analyzed and ideally should correspond to the value that
was extracted using Equation (2).

In much of the literature, the Meyer-Neldel law and the
compensation law are used interchangeably for materials
subject to Equation (2). In chemistry, the equivalent rule is
referred to as isokinetic rule [2]. In this paper, the compen-
sation law is a general description specifying a positive
correlation of In ¢, and E ,, while the isokinetic relationship
is a stricter requirement of a common conductivity at a
characteristic isokinetic temperature. Several examples exist
of materials that exhibit both compensation and isokinetic
temperature, such as plasma polythiophene [3] and silicone-
silver nanocomposites [4]. When both are present, then con-
ventional models such as multiexcitation entropy can be used
to explain these results [5, 6].

However, evidence has emerged over the years that the
compensation law and the isokinetic relationship are dis-
tinct. If this is the case, then it should be possible to analyze
samples exhibiting compensation alone, and multiple exam-
ples can be found in the literature [7-10]. Two examples
cover hypothetical data [7, 8] while the others are based on
measured data [9, 10]. These papers make it clear that while
an isokinetic point is implied by the presence of compensa-
tion, it is not certain to exist. Particularly, it was noted that
deviations from the isokinetic point, even large ones, will
only have a small impact on the compensation plot. This is
because compensation is determined using a best fit line,
which can accommodate deviations, while an isokinetic rela-
tionship is determined by a common point of intersection,
which cannot. This is demonstrated in Figure S1, where
two sets of schematic conductivity data were generated.
One shows an isokinetic point, and the other does not, but
both show compensation with excellent fit. A plot of
conduction against temperature (as the relevant parameters
in this work) where the isokinetic point is present is
strictly necessary to prove that it exists. Thus, only if both
are clearly shown should that material be considered to obey
the “Meyer-Neldel rule”; otherwise, only compensation
should be claimed.

In low-density polyethylene (LDPE), compensation has
been observed as early as the 1970s in studies analyzing con-
duction mechanisms in polyethylene [11, 12]. Thermally
activated conduction for LDPE generally can be observed
at 50°C and above. An analysis of LDPE prepared and mea-
sured under different conditions revealed compensation
behavior with parameters of Ty =97°C and 0y, =3.4 x
107 Sm™!, similar to organic semiconductors [11]. An
investigation of uniaxially drawn LDPE found similar param-
eters (Tywgr =87°C and 0y =1.72x 107 Sm™") [12]. In all
cases, however, no explicit isokinetic points were shown.

Investigations of electrical compensation and isokinetic
behavior in polyethylene variants are lacking. In particular,
an investigation of crosslinked polyethylene (XLPE) is rele-
vant given its use as power cable insulation [13]. XLPE is
commonly made by connecting LDPE branches together in
a three-dimensional network using a crosslinking agent.
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Commercial XLPE is crosslinked using dicumyl peroxide
(DCP) and is degassed to remove DCP byproducts [14],
making it as or less conductive than LDPE [15, 16]. XLPE
conductivity is also thermally activated. A better under-
standing of the mechanisms controlling electrical conductiv-
ity with respect to temperature and experimental conditions
is of great interest to the power transport community.
Reduced conductivity allows for operation at higher volt-
ages, and increasing voltage by a factor of ten reduces trans-
mission losses by a factor of one hundred for the same power
level. Transmission and distribution losses are approxi-
mately 6% of the electricity generated in the United States
[17]. Reducing this value to 5% would reduce annual CO,
emissions by 19.3 million metric tons based on 2016 esti-
mates from the U.S. Energy Information Administration.
There is thus great value in better understanding and con-
trolling electrical conduction in XLPE.

This study shows that, like LDPE, XLPE exhibits the
compensation law, which addresses the variations in insula-
tion performance. Neither of the two polymers exhibited a
clear isokinetic point for either AC or DC conduction. Water
content was found to be a major factor in determining the
overall conductivity and if compensation is present. The
ambient environment and volatile molecules also played a
critical role in determining if the isokinetic point would be
observed, as well as the conductivity and compensation
behavior.

2. Experimental Procedure

2.1. Material Processing. LDPE was obtained from Dow
(density of 0.923 gcm ™, melt mass flow rate of 1.8g per 10
minutes of 2.16 kg at 463 K). DCP (98% pure) was obtained
from Sigma-Aldrich. To create XLPE, 2.1-10 wt% DCP was
soaked into LDPE in an oven at 55°C. LDPE and XLPE films
were created by melt pressing neat and DCP-infused poly-
ethylene beads, respectively, at temperatures above the melt-
ing point. A uniaxial pressure of 17.24 MPa (2500 psi) was
applied to compress the molten polymer, and the pressure
was continuously applied for 12 minutes. The temperature
was 180°C for all LDPE samples but was varied slightly for
XLPE samples to examine the crosslinking step as a variable.
Samples were air cooled to room temperature while main-
taining pressure. Obtained film thicknesses were in the range
of 100-300 ym. Samples were degassed in a vacuum oven at
65°C for 72 hours. After degassing, 50 nm aluminum elec-
trodes were applied using an electron beam evaporator at a
nominal deposition rate of 2.5As™.

2.2. Electrical Characterization. DC and AC electrical mea-
surements were carried out using conduction current mea-
surements (CCM) and broadband dielectric spectroscopy
(BDS), respectively. CCM was done by applying a 2000 V
bias across the film and measuring the current at evenly
spaced temperatures in a range from 25°C to 90°C. The cur-
rent was measured for 1000 seconds, and the average value
of the current obtained from 500 to 1000 seconds was taken
as representative for each temperature and used to compute
values for 0. BDS was done by applying a 1V rms AC bias
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across the film and measuring the capacitance and dielectric
loss as a function of temperature utilizing 10K steps. These
values were measured in a frequency range from 0.1 Hz to
100 kHz. After converting the dielectric loss to conductivity,
a roughly constant conductivity values were observed for
frequencies between 0.1 and 10 Hz at elevated temperatures.
As such, the conductivity values at 0.1, 1, and 10 Hz were
used when fitting the data to Equation (1). Once conductiv-
ity values for both DC and AC were obtained, the activation
energy and preexponential factor were obtained using
Equation (1). After the activation energy and preexponential
factor were obtained from multiple samples of the same
type, the Meyer-Neldel energy was determined using
Equation (2). T g Was also obtained using Equation (2)
and indicated on plots of conductivity vs. temperature to
determine if an isokinetic point was present or not. If both
DC and AC measurements were done on a sample, the AC
measurements were always done first.

3. Experimental Results

3.1. DC Conductivity of XLPE and LDPE. Discussed here are
the results of an analysis of the variable activation energy
and preexponential factor in XLPE and LDPE. Two groups
of XLPE samples with constant processing parameters were
prepared (2.14% DCP and 2.3% DCP, both with crosslinking
temperatures of 180°C), while additional samples were pre-
pared with variable initial DCP concentrations and variable
crosslinking temperatures to determine how those factors
impact conductivity and the activation energy. The resulting
best fit lines of conductivity vs. temperature for all these
XLPE samples are presented in Figure 1. Figure 2 contains
the conductivity vs. temperature best fit lines for a control
set of LDPE samples, prepared for comparative purposes.
For both, the compensation law plots are provided for a
side-by-side comparison, and they indicate that compensa-
tion is present. For both XLPE and LDPE, good linear fits
were obtained from the plot of E, vs. In o, with R? values
of 0.967 and 0.939, respectively (compensation plots are
examined in more detail in 3.2).

Raw DC conductivity values were similar for XLPE and
LDPE and tended to range from 10 to 10°Sm™". These
values are comparable to what has been seen in the literature
[15]. This means that correlations cannot be made between
physical parameters like crystallinity and the conductivity.
The average crystallinity for XLPE (=30%) and for LDPE
(=40%) differ due to the crosslinks disrupting the crystalliza-
tion process, with no apparent impact on the measured
conductivity. This is in line with the results found in poly-
ethylene [11] and other polymers [3]. Similarly, there was
sufficient variation in the conductivity in the XLPE samples
prepared with 2.14% and 2.3% DCP such that altering the
%DCP or the crosslinking temperature could not be corre-
lated with any specific impact.

The isokinetic points are indicated on the two conduc-
tivity plots (53°C for XLPE and 58°C for LDPE), where it
can clearly be seen that an isokinetic point is absent for
XLPE or LDPE. It is noted, however, that a subset of the
XLPE samples appears to exihibit isokinetic behavior, which

has been seen in other situations [10]. This is an apparent
effect, due to the spread in the data, with no physical mean-
ing. Similar compensation parameters in LDPE and XLPE
exclude the possibility that conductivity is controlled by
impurities unique to one of the two materials, in particular,
the residual byproducts of crosslinking in XLPE.

The presence of compensation without a clear isokinetic
point motivated the search for an explanation. First, mea-
surement and/or experimental error should be ruled out
[7, 18, 19]. Such errors are reported to lead to an apparent
isokinetic effect [18, 19] and a much narrower range of acti-
vation energies than observed in LDPE and XLPE [20].
Additionally, said apparent isokinetic point would match
that of the lowest temperature used in measurement, which
for this experiment is room temperature [7]. Neither situa-
tion was observed here. As such, a cause of the large varia-
tions in activation energy and preexponential term should
be sought out.

3.2. Activation Energy of XLPE and LDPE. A compensation
plot that compares the DC conductivity parameters—activa-
tion energy and preexponential factor—from the measured
XLPE and LDPE samples to the results obtained by Sawa
et al. is shown in Figure 3 [11]. There is significant overlap
between XLPE and LDPE in terms of activation energy
and preexponential values. Values of E, range from
0.15eV to 0.85eV for XLPE and 0.2eV to 0.8eV for LDPE.
The XLPE samples prepared with 2.14% DCP had signifi-
cant variance in E,, having values of 0.21eV, 0.43 eV, and
0.65eV. The XLPE samples prepared with 2.3% DCP, on
the other hand, had values around 0.67 eV for all but one,
which had an E, value of 0.83 eV. No correlations could be
made between either initial DCP concentration or crosslink-
ing temperature and the resulting activation energy. How-
ever, each of these subsets of XLPE samples also exhibited
compensation without a corresponding isokinetic point.

There was a clear difference in the obtained isokinetic
point between our samples (53°C for XLPE and 58°C for
LDPE), the Sawa literature reference (97°C for LDPE), and
the previously mentioned examples. The data shown in Sawa
et al. were combined from several reports of thermally acti-
vated conduction in LDPE. There, the values of activation
energy ranged from 0.35eV to 1.5eV, and some samples
do match up with the E, and In ¢, values obtained in these
experiments. Sawa reported an absence of any apparent cor-
relation between the processing parameters used to make
samples and their Arrhenius parameters on the compensa-
tion law plot. The same is true in the present case, as dis-
cussed in the prior subsection.

Sawa found that holding the applied DC voltage for a
longer time in isothermal current measurements led to
monotonic increases in both E, and ¢, and thus compensa-
tion could be observed in a single sample by varying exper-
imental conditions for the conductivity measurements.
However, we also found examples of monotonic decreases
in both parameters, in addition to examples of the mono-
tonic increases. Figure 4 shows compensation observed in
two representative LDPE and XLPE samples cut from iden-
tically processed films. The two samples exhibit opposite
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FIGURE 2: (a) Conductivity vs. temperature plot and (b) compensation law plot for degassed LDPE samples. All samples melt pressed at
180°C for 12 minutes. Degassing done in a vacuum oven at 65°C for 72 hours.
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behaviors. This implies that the activation energies in LDPE
and XLPE may have more than one physical mechanism
that contributes to the overall compensation behavior. Dis-
persive transport is well suited for explaining increasing acti-
vation energy with time, where progressively deeper traps
dominate conduction over transport duration leading to
increasing activation energy [21, 22]. A reduction in activa-
tion energy with time can be accounted by the transport of
water molecules into the regions of high electric field via die-
lectrophoresis. As water is more polarizable than the matrix,
it is driven into the regions of high electric field and regions
with dipolar defects which often act as deep traps, resulting
in lowering of activation energy because of a time dependent
increase in the polarizability of hydrated regions. When
polyethylene is at a temperature lower than the isokinetic
point, the most insulating regions are the ones with the high-
est activation energy for conduction. Consequently, water
penetration into such regions can have strong influence on
the effective activation energy. It can be conjectured that
the key difference between these samples was the degree to
which water had access to the most insulating regions.

3.3. Comparison of DC and AC Response. AC conduction
was also investigated to determine if compensation with no
apparent isokinetic point could be observed. The results
are shown in Figure 5. All XLPE samples had the same initial
DCP concentration and crosslinking temperature. The com-
pensation law plots are presented in Figure 5(a) for XLPE
and 5(b) for LDPE, along with comparisons to the DC data.
Figures 5(c) and 5(d) are the corresponding plots of AC con-
ductivity versus temperature for all the samples used to
make the compensation plots, with the frequencies used dur-
ing measurement labeled in the legend.

The compensation parameters for both AC and DC are
shown in the compensation plots, with T, being shown

in the plots of conductivity versus temperature. Again, there
was compensation between the activation energy and preex-
ponential factor without a true isokinetic point. Instead,
there was clustering to similar but not equivalent values near
Tyngr- While small differences between E, g were observed,
the main difference was in the value of o, which was about
two to three orders of magnitude larger for AC data than for
DC data.

Comparing the raw conductivity values between DC and
AC analysis of XLPE and LDPE samples using Figures 1-3
reveals that DC conductivity values are universally lower
by two to three orders of magnitude compared to the AC
values. Additionally, conductivity values are comparable
between LDPE and XLPE when both are degassed and mea-
surements are done using CCM, while XLPE is slightly less
conductive than LDPE under AC conditions.

One way to account for the difference between DC and
AC conduction is to postulate that AC conduction is deter-
mined primarily by the average bulk properties in the
polyethylene while DC conduction is more percolative. Per-
colation represents the extremes of the relevant material
characteristics, which can account for the wide distribution
of activation energies and apparent independence of sample
preparation. Since AC conduction is several orders of mag-
nitude greater than DC conduction, it supports the idea that
it is governed much more by the average relevant properties
of the polymer. Percolation still plays a role in AC conduc-
tion based on the observed spread in the measured activa-
tion energies, but it is more dominant in DC conditions.

Table 1 compares the compensation parameters of XLPE
and LDPE from this work to literature sources which are
limited to DC conduction. Compensation is observed statis-
tically; so, a confidence interval was provided for both the
energy and the temperature. Narrower confidence intervals
were obtained using BDS due to the larger data set. Also
notable is that the confidence intervals of LDPE and XLPE
for Eygr have significant overlap in DC analysis (p value=
0.923) but insignificant overlap in AC analysis (p value=
0.008). The difference in AC is only 2 meV (~19 K), however,
and so is not practically very large. The similarity between
XLPE and LDPE in CCM suggests that adding crosslinks
does not change the conduction mechanisms for polyethyl-
ene in DC conditions. The same cannot be said for AC con-
ditions based on the existing data, but it could not be
determined if this statistically significant difference had any
practical implications.

In any case, the physical cause of the variable activation
energy had yet to be determined. It must be present in both
AC and DC conduction and in both XLPE and LDPE. For
these polyethylene variants, two main possibilities exist
based on their composite structure. These two materials
consist of multiple phases (amorphous, crystalline, and
interface) and contain trace levels of various impurities
(DCP byproducts, water, oxygen, etc.). All the XLPE samples
are fully degassed thin films; so, the DCP byproducts would
play a reduced role, and they are absent from LDPE. This
leaves other impurities such as water and oxygen as the pos-
sible culprits. These impurities have varying trap depths in
polyethylene [24]; so, variance in the most common trap
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states between samples may explain the variance in E,. This
would be independent of the choice of XLPE or LDPE.
Alternatively, variation in the connectivity of the conductive
interface regions could also work as an explanation [25, 26].
Most of the difference would have to occur between samples,
rather than between different types of PE, even though they
have major differences in morphology [27]. With percolative
transport present, however, the average differences may not
be so significant. The differences in the extremes of energy
barriers would matter more. The data presented here sug-
gests that variation in these extremes is intrinsic to polyeth-
ylene and does not appear to be significantly influenced by
crosslinking. Higher activation energies in AC compared to
DC conductivity also suggest that more than one physical
mechanisms contribute to the compensation since for disor-
dered materials it is more common to have lower activation
energies for AC compared to DC for a single transport
mechanism.

3.4. Impact of Water Exposure. To help examine the impact
of water, samples of XLPE were soaked in water and then
measured in AC and DC conduction modes. Rather than
being degassed, the XLPE thin films were soaked in a tap
water bath kept at 50°C for two hours. The results of the
AC and DC measurements are presented in Figure 6.
Figure 6(a) is the AC and DC conductivity results obtained
from the water-soaked samples. Figure 6(b) is the resulting
compensation plot that includes both sets of results and a
comparison to the degassed XLPE samples.

Not only was an isokinetic point not observed in the
water-soaked samples but compensation was also absent in
AC conduction. Instead, there was a clustering of the activa-
tion energy values around 0.15 eV and preexponential factor
around 10'°Sm™ in AC measurement. These samples

would retain significant amounts of DCP byproducts such
as acetophenone, which produces space charge in the pres-
ence of water and cumyl alochol, which would decompose
into water and methylstyrene [28]. While it has been
reported that water addition will enhance the conductivity
and decrease the activation energy [3, 29-31] and influence
the preexponential factor [29, 30] of polymers such as poly-
ethylene, the presence of these chemical byproducts and
their interaction with water must also be considered.

It was thus decided to clarify the matter by analyzing
XLPE samples that were degassed and then soaked in tap
water. These samples would still have the exposure to water,
but none of the internal acetophenone or excess water from
the byproducts. The samples were determined to have
compensation characteristics similar to the degassed films
without water soaking under both AC and DC conditions
as shown in Figure 7. Parameters obtained in AC for the
degassed and water-soaked samples were 97.4°C (31.9 meV)
and 1.66 x 1072 Sm™, very similar to those obtained for the
degassed samples and distinct from those obtained from the
water-soaked, not degassed samples.

It was concluded from this study that the two hours of
exposure to water did not substantially change DC conduc-
tion. Independently of degassing, the activation energy for
AC conductivity in water soaked samples was greatly
reduced. The initial range of activation energies was 0.3 to
1.23 eV, which decreased to 0.1 to 0.25eV for no degassing
and 0.23 to 0.84eV for with degassing. Since water is pri-
marily present in the amorphous region, the results can be
interpreted that AC response is dominated by additives such
as DCP byproducts and water while DC response is domi-
nated by the more insulating crystaline phase. As such, the dif-
ferent electrical behavior of the water-soaked samples should
be attributed to the combined presence of acetophenone and
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FIGURE 6: (a) AC conductivity vs. temperature plot and (b) compensation law plot for water-soaked XLPE samples. A comparison to the
degassed XLPE samples discussed previously is included in the plot on the right.

water inside the not-degassed XLPE. It is possible that
extended water soaking to ensure the incorporation of water
into the polyethylene and/or removal of byproducts could lead
to a similar transition in electrical behavior, but that would
need to be observed over a long time scale in a dedicated future
study.

3.5. Impact of Annealing. So far, electronic transport has
been assumed as the main conduction mechanism. How-
ever, water also contributes to ionic transport in polyethyl-
ene by virtue of being polarizable and ionizable. There are
a number of reports of literature of hydrogen and proton
contribution to compensation including the direct depen-
dence of activation energy on proton concentration [32-34].

There is also indirect evidence for ionic transport: purifying
polyethylene by removing impurities resulted in approxi-
mately two orders of magnitude reduction in leakage cur-
rent [35] while a number of polymers showed a major
ionic contribution to conduction from measuring the pres-
sure dependence of electrical conductivity [36]. It is the
presence of both ionic and electronic transport which can
account for absence of an isokinetic point, as the two can
have different points. Clearly separating ionic and elec-
tronic contributions requires a combination of simulations
and experiments, and this paper summarizes initial experi-
mental attempts to achieve this.

For example, knowing that polyethylene conductivity
can be sensitive to the internal moisture content, we decided
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to examine if the conductivity was also sensitive to the envi-
ronment in which it was measured. Upon dehydration, it has
been reported that the activation energy can be increased up
to 2eV, far in excess of the values presented earlier in this
paper [31]. As such, the degassed samples likely are only
partially dehydrated, due to absorbing moisture between
degassing and measurement as well as having some residual
trapped water. When water is absorbed by polyethylene, it is
captured by a trap in the amorphous region and heavily
modifies its activation energy, which is determined by the
final arrangement of molecules [31].

As such, polyethylene samples were repeatedly measured
under DC conditions to determine their sensitivity to
humidity. These samples were only measured in DC. Three
types of measurements were done: (1) the sample was mea-
sured under heating and then under cooling, (2) a heating
run with no electric field applied was added prior to the
cooling step, and (3) a heating and cooling run with no elec-
tric field applied was added prior to the DC measurement
during heating step. The results of these experiments are
shown in Figure 8. The results from the initial measure-
ments of XLPE (Figure 8(a)) and LDPE (Figure 8(b)) are
similar to those observed in Figures 1 and 2.

Unlike in many of those measurements, however, there
was a region with a steep slope and a region with a shallow
slope rather than having one consistent slope over the entire
measurement range. Such a result has been previously
observed in the literature and was attributed to an annealing

effect that occurs at temperatures of 318 K (45°C) and above
[37]. For the additional heating and cooling cycles, there
were still two regions but the temperature ranges in which
they were observed were flipped. The conductivity values
decreased with the repeated measurements, which can indi-
cate that water contributes to conduction. The general trend
was of further reduction in conductivity as the measure-
ments went on but with the biggest change happening
between the initial heating and the initial cooling runs.

When samples were either heated from 25°C to 90°C or
brought to 90°C and then cooled down to 25°C with no
applied field, the next measurement run exhibited a roughly
invariant conductivity at lower temperatures and then ther-
mally activated conduction at higher temperatures as shown
in Figure 8(c). This resembled the behavior of the samples in
Figures 8(a) and 8(b) after the initial measurement. As such,
this change can be attributed solely to the effect of heat,
which is consistent with other examinations of polyethylene
[31, 37, 38]. The samples had similar conductivity and acti-
vation energy values after either the initial run with voltage
applied or the heat treatment without voltage. This suggests
that the electrical properties of samples may equilibrate over
time. In fact, measurement of one of these samples one week
after ambient exposure did not lead to significant changes in
the observed behavior. Whatever changes occurred in the
sample due to this annealing appear to be persistent.

Using the activation energies and preexponential factors
from these samples, it was decided to determine if the
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compensation law and/or an isokinetic point were present.
The results are shown in Figure 9. Figure 9(a) shows the
compensation behavior of two groups of XLPE and LDPE
samples. The black squares are the combined XLPE and
LDPE samples examined in Figures 1-3. The red circles
are the combined XLPE and LDPE samples examined in
Figure 8 except for the heat #1 shown in Figures 9(a)
and 9(b).

These two groups lay upon two clearly distinct lines in
Figure 9(a). As expected, there was much less variation in
the samples that had been subject to the heat treatment
prior to measurement, with activation energy values rang-
ing only from 0.4eV to 0.8eV. However, this was much
smaller than the maximum of 2 eV value expected if water
had been completely evacuated from the samples. Further-
more, the compensation law was still applicable. Thus,
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(b)

FI1GURE 9: (a) Compensation plot comparing all the XLPE and LDPE samples to the runs shown in Figure 6 after initial runs or treatments.
(b) Extrapolated conductivity at the nominal “isokinetic point” of 120.9°C for the same samples plotted in red. Legend is shown separately

below the conductivity plot.

these irreversible changes should not be linked to large
changes in moisture content. Instead, there are two possi-
bilities: (1) there are some other volatile species that comes
oft during prolonged annealing; (2) there is an irreversible
change in the structure during prolonged annealing. Given
that the films are already degassed, and it is known that
annealing will increase the crystallinity of polyethylene,
there is more support for explanation 2 than for explana-
tion 1. Based on the analysis of the water-soaked samples,
it would make sense that if the applied heat to the sample
can alter the arrangement of water and polyethylene mole-
cules, then changes in the preexponential factor and activa-
tion energy would be observed. Such changes led to the
altered compensation behavior observed in this work. This
would be useful to examine via simulation, and aid in
determining the impact of other molecules like DCP
byproducts if a generalizable model can be developed.
The compensation parameters for the combined data in
Figure 9(a) are the following: 58.3°C (28.6 meV) and 5.65
x 107 Sm™! for the black squares and 120.9°C (34 meV)

and 6.19 x 107° Sm™ for the red circles. This difference in
Meyer-Neldel energy was confirmed to be statistically signif-
icant (p value=0.0072). Changes of this sort have been
observed in other disordered materials, for example, porous
silicon [39, 40]. In those papers, it was explained that the
conduction path changes from extended state transport to
activated hopping. Polyethylene, in contrast, is an insulator
with bandgap in excess of 8eV that exhibits space-charge
limited current due to high concentrations of traps [41]
and hopping transport through the amorphous regions that
make up the bulk of the sample [42]. As such, it was con-
cluded that this transition was due to an irreversible change
in the configuration of available trap states. This thus leads
to two different observed compensation behaviors and two
different apparent isokinetic points.

Figure 9(b) shows the conductivity at the nominal isoki-
netic point of 120.9°C for those samples designated by red
circles in Figure 9(a). Interestingly, this is close to the nominal
melting point of polyethylene. Unlike in the prior cases of DC
conduction, there was clustering around a conductivity value
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presented in Figure 4. (b) Combination of AC and DC data showing the changes in the compensation plot due to the annealing that

occurs with repeat measurement or pretreatment.

of 6.29x 107 £2.82x 107> Sm™". This is not a true isoki-
netic point since perfect overlap was not present, but a better
case can be made for it here due to the irreversible changes
in the polyethylene from the heat treatment. It is thus sug-
gested that an isokinetic point may be present in polyethylene
samples, but that it will be obscured by large concentrations of
impurities such as water and may require heat treatment in
order to appear. Alternatively, there may be two separate iso-
kinetic points—one for ionic and one for electronic conduc-
tion. It is suggested that very long annealing times could lead
to the presence of a clear isokinetic point, implying that either
ionic or electronic conduction is dominant, and this would be
useful to determine in future research. However, care would
have to be taken to separate out aging effects. Such changes
in the material are also expected to impact the electrical prop-
erties by degrading them [3, 31], which suggests that a combi-
nation of simulations and experiment would be required. At
the same time, quantifying the impacts of aging would be use-
ful in determining the useful lifespan of XLPE cable insulation
in service.

This analysis was extended to AC measurements to
determine if similar changes would be observed under those
conditions. The result is shown in Figure 10, where a similar
transition in the AC compensation behavior was observed,

but not to the same extent as was seen in DC conditions.
The compensation parameters for the combined data in
Figure 10(a) are the following: 89.9°C (31.3meV) and 2.97
x 10712Sm™! for the black squares and 106.2°C (32.7 meV)
and 1.56x 10 Sm™! for the red circles. This difference
could not be confirmed to be statistically significant due to
an obtained p value of 0.12. However, it remained worthy
of discussion. This change was deemed to have the same ori-
gin as for the change observed in the case of DC conduction:
the irreversible change in the configuration of available trap
states due to annealing during the initial run.

Changes in the compensation parameters of XLPE have
two distinct causes: chemical from impurities and physical
from annealing. The impurities from the crosslinking pro-
cess had the effect of blocking compensation in the presence
of water, leading to the clustering of activation energies as
mentioned previously. Degassing removes these DCP bypro-
ducts from the films, but there is always some trapped water
as well as water that can be added with air exposure or with
intentional soaking. As such, there will be coupled ionic and
electronic transport that reduces the activation energy below
the expected maximum value of around 2eV for dried
samples. It is proposed that variation in the extent of hydra-
tion between samples of the same type contributes to
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compensation effects. When samples are annealed, the cou-
pling is retained but altered due to rearrangement of water
and polyethylene molecules and loss of water. This led to
the altered compensation and isokinetic behavior. Further
experiments with different and harsher annealing conditions
as well as simulations of electrical conduction in polyethyl-
ene as influenced by water concentration and temperature
would be useful to confirm these conclusions.

4. Conclusion

In conclusion, LDPE and XLPE have been definitively
shown to exhibit electrical compensation without a clear iso-
kinetic point. This state of affairs exists in both DC and AC
conduction and can be attributed to the wide range of activa-
tion energies available within the material (0.2¢eV to 1.3eV).
Only the samples that were water soaked and not degassed
exhibited neither compensation nor an isokinetic point,
instead having to roughly constant activation energy values
near 0.15eV, though this was only under AC conditions.
Rapid anneals in the oven altered the compensation behav-
ior, but did not lead to the emergence of an isokinetic point.
A summary table of the resulting activation energies and
Meyer-Neldel temperatures for each type of sample and
measurement is presented in Table S1.

The absence of a clear isokinetic point, despite the pres-
ence of compensation, is attributed to three factors. First, the
arrangement of traps and water molecules, which can alter
the trap energy, varies on a sample-to-sample basis. Second,
two contributions to conduction exist in polyethylene—elec-
tronic and ionic—and the two can have their own isokinetic
point and contribute differently in the amorphous and crys-
talline portions of semicrystalline polymer. Third, both dis-
persive transport and dielectrophoretic behavior exist
within polyethylene, which creates alternative conductive
pathways. These factors combine to make variation in con-
duction from sample to sample, even when they should be
similar, an experimental certainty.

Given this complexity, further work examining the elec-
trical conductivity of polyethylene at long timescales and
with stronger annealing conditions using a combination of
simulations and experiments is suggested. It is necessary to
better understand this material, its properties, and its lon-
gevity given its wide use in power cables. Furthermore, it is
suggested to combine electrical measurements with mea-
surements of sample hydration before and after each mea-
surement, to verify if moisture content changes during AC
or DC measurements, and to examine how the distribution
of water molecules may change. During those experiments,
the impact of doing DC measurement prior to AC measure-
ment can also be examined to see if the order in which char-
acterization is done matters.
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