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ABSTRACT

Distribution of electric energy by extruded polymer insulated cables continues to be a
subject of outstanding relevance in modern industrialized countries all over the world.
Dielectric characterization, conduction modelling and finally diagnostics of polymeric
insulations are necessary steps towards the development of reliable and less expensive
robust technologies of electric power distribution. This paper is devoted to a detailed
experimental / theoretical study of the conductive properties of LDPE affected by
different levels of degradation by water trees. Water tree layers of different lengths
were grown in accelerated conditions and were characterized by water tree kinetics,
time-dependent permittivity and polarization current. The polarization current was
found to obey a Curie-von Schweidler law whose parameters were used to characterize
the effect of ageing time. A new conduction model that takes into account dipole
interactions and was obtained from a two-wells Debye model is presented which allows
us to give an interpretation of the effect of ageing. This laboratory study was intended
to improve the characterization of service power cables aged by water trees.

Index Terms — Polarization current, conduction model, water treeing, accelerated

ageing, permittivity, low density polyethylene.

1 INTRODUCTION

ONE of the most important applications of polymer
dielectrics (EPR, HDPE, XLPE, LDPE...) is their extended use
as power cable insulations. The typical degradation known as
water treeing usually appears in underground / submarine
cables and it is mainly due to electrical stress and humidity in
wet environment. That is why industries of PE production and
fabrication of cables as well as utilities for energy distribution
are very interested in the study of water trees. Their existence
has been known for the last thirty years (for reviews, see
[1,2]). Water trees are small-damaged zones that can appear in
polymeric insulations of ac medium and high voltage (MV,
HYV) cables [3,4]. They frequently look like bushes or trees
and improved optical microscopy techniques permitted to

conclude that every water tree is made up of "bouquets",
which are alignments of microcavities [5]. Water trees grow
during the service life of power cables from defects where the
electric field is amplified [3,4,6,7,8]. The longer the water
tree, the more dangerous it becomes, because the insulation
breakdown voltage decreases with the increase of the length of
water trees [4,9,10].

Another very important phenomenon in power cables
affected by water trees is the conduction process. This is also
of great interest for both users and manufacturers of cables
[4,11,12,13] because electrical conduction is one of the factors
that reveal the level of degradation of the cable. Concerning
the polymer conductivity, the study of the mechanisms of
thermo-electrical degradation of the polyethylene insulation is
essential in order to develop improved assessment strategies
[14]. Although many works have been devoted to the
development and review of diagnostic methods of MV/HV



power cables affected by thermal ageing or degradation in the
presence of water [15,16,17,4] in the last few years, a thorough
theoretical / experimental study of the conduction processes is
necessary for developing new diagnostic technologies. They
should serve both for new extra high voltage (EHV) cables as
well as for old-in-service cables which is of outstanding
importance because utilities must ensure reliability of their
present distribution systems without making unnecessary huge
investments.

“Macroscopic” modelling of conduction processes can be
done by considering the dielectric function response ([18,19,
20,21] of the polymer. Nevertheless, in order to have a deeper
look into material, we were interested in developing a
“microscopic” modelling of conduction in PE. Hence, on the
basis of a previously published Debye-like model [22] and
taking into account the idea of dipole interaction from the
‘Many Body Universal Model of Dielectric Relaxation’
[23,24,25], we propose a new conduction model for water tree
degraded LDPE that reproduces the Curie-von Schweidler
potential dependence of real current measurements and permits
an easy physical interpretation of their fitting parameters.
Consequently, in this article, we characterize the conduction
processes in new and aged polyethylene by using experimental
results and we present a new theoretical model for the
conduction processes.

Water treeing was produced in laboratory material
specimens and not in cables although our experimental test
objects (LEMD-CNRS) simulate very closely this degradation
process in real cables. Accordingly, in the beginning of our
paper we describe the experimental procedures for the growth
and characterization of water trees and the electrical
measurement techniques. Afterwards, we present the
experimental results for the water tree kinetics, electrical
capacitance / permittivity evolution and current measurements,
especially using specimens with different degrees of treeing. A
special attention was paid to ensure high levels of repeatability
and reproducibility, and to prevent any type of artifacts and
parasitic effects in all the experimental procedures used. We
then present our new electrical conduction model that takes
into account both the current time dependence and the
evolution of water trees and give an interpretation of the
experimental results. Finally, using the simulation results from
our model, we discuss the correlation between both the degree
of ageing / level of polarization voltage, and the evolution of
the fitting parameters of current experimental data to the
potential Curie-von Schweidler law.

2 EXPERIMENTAL

Plane-plane LDPE specimens were obtained from sheets
prepared with a "Carver" heating press at LEMD-CNRS. A
precise method for the fabrication of those sheets was
developed which allowed us to cut disks of great homogeneity
whose thickness/diameter were respectively L=500 um
(AL=10 um) and ®=35 mm. A granulated mass of LDPE (base
polyethylene for compounds for cable insulation with
antioxidants and stabilizers from Borealis), m=1 g, was
inserted in each of the 12 circular holes of a brass matrix and

exposed to successively selected conditions of pressure,
temperature and waiting periods. In this way we could attain
the necessary homogeneity and quasi-uniform width in our
experimental specimens for ensuring a good (i) repeatability /
(1) reproducibility in electric measurements which are defined
as: (i) quality in the repetition (iteration) of a measurement on
a unique specimen; (ii) quality in the repetition of a
measurement on several specimens —identical specimens in
principle—. From the point of view of accelerated ageing, the
typical degradation of cable polymeric insulations known as
"water treeing" was simulated at laboratory using a plane-
plane electrode configuration, a 0.1 M NaCl solution and an
ageing voltage of 5 kV,, at 1500 Hz. Once the laboratory
specimens were assembled from disks, and previously to the
measurement of polarization current with a Keithley 6517A
electrometer, I(t), the evolution of capacitance, C, and
dielectric losses, tand, [4,10] was also controlled for the same
scheduled periods of accelerated ageing. In parallel with these
experiences, a destructive microscopic analysis of the water
tree aged specimens was also performed, which allowed us
(once the water tree kinetics for the LDPE under study was
completed) to establish a continued correlation between the
evolution of the above electrical variables and the actual treed
thickness. Such a correlation permits the usage of the related
variables as an instrument of degradation diagnosis for any
specimen under test. The description of the samples used in
non-destructive measurements of polarization current,
capacitance and dielectric losses is summarized in Table 1. All
the measurements were taken at room temperature.

Table 1. Summary of accelerated ageing conditions and elementary samples
characteristics (thickness, L, and capacitance, C) for samples series K, M and
J used in non-destructive measurements.
AGEING CONDITIONS:.......................... V=5kVums ; f=1500 Hz
SAMPLES CHARACTERISTICS............ { (L[um] , AL[um]) ; C[pF]}

Series K (for t,,=0h)

Series M (t,;=0h)

Series J (t,;=202h)

K4: (534, 10);13.0

M1:(530,0);12.9

J1:(514,10); 17.4

K5: (534,10 ; 13.0

M2: (532, 10);12.6

13:(514,10); 172

K6: (534, 10); 13.0

M3: (532,10);12.9

J4:(518,10); 17.2

K7: (530, 10 ; 12.7

M4: (528, 10);12.8

J5:(520,0) ; 18.8

K9: (528, 10) ; 13.0

M5: (524, 10) ; 13.1

J6:(520,0) ; 169

2.1 GROWTH AND CHARACTERIZATION OF WATER
TREES

In order to obtain a multitude of water trees we produced a
wide dispersion of tree inception points in one of the sides of
the cutted disks of LDPE. We applied a pressure of 372 bar,
during an interval of 2 min with an abrasive paper P400 (used

and replaced after its application) and we repeated this process
twice for each disk [4,26]. This abrasive-paper method, at least
in LDPE, revealed as less aggressive and more reproducible

than the method of sandblasting [27], especially because we
could choose a grain width which produces a kind of defect
deep enough for initiating water trees without involving a
direct risk of dielectric breakdown when applying the ageing
voltage. The laboratory specimens [4,10] (see Figure 1) were
placed on a metallic recipient, which acted both as ground
electrode and as a container of a small quantity of silicone oil.
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Figure 1. Specimen configuration: (1) platinum electrode, (2) silicon cap, (3)
salt solution, (4) PE cylinder, (5) LDPE disk, (6) silver paint.

It helps to avoid partial discharges in the air by filling the
occasional small cavities that usually appear between the
LDPE disk and the metallic plane of the ground electrode. We
got several very important advantages from the usage of the oil
technique. (a) There is a drastic diminution of the risk of
dielectric breakdown for short ageing periods for thin layers of
water trees. It means not only a reduction in the number of lost
test objects but the fact that the process of tree growth for the
rest of specimens is much more continued and reliable, as
water tree retractions attributed to periods of absence of
applied electric field are mainly avoided [28]. (b) The
possibility of applying a stronger ageing electric field
(Eoiteg=10 kV/mm  vs E =3 kV/mm). Consequently,
deeper and thicker degraded layers are developed for much
shorter ageing periods. It permits us their detection through
very significant changes for the values of electrical variables in
measurements  {C,I(t),tand}. Once the ageing period is
finished, the active part of the test object (LDPE disk with
water trees) is extracted and stained with rodhamine during 48
h at a temperature of 60°C. Afterwards, five 200 um width
slices are cut from each disk with a microtome and their
coloured water trees can already be visualized by using an
optical microscope. Water tree average length was determined
for each scheduled ageing time from equation (1),

N
Zlix,.

] =12 (l)

w

xmax

Where |; and x; are respectively the length and width of each
individual water tree, N is the total number of trees per slice
and X, is the total length of each slice.

2.2 EXPERIMENTAL PROCEDURES FOR ELECTRIC
MEASUREMENTS

2.2.1 POLARIZATION CURRENT TECHNIQUE
The LEMD experimental set-up for polarization current
measurement is shown in Figure 2. Current measurement and
DC stabilized voltage supply were both performed by using a
Keithley 6517A. Data acquisition was done by means of a

/
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Figure 2. Experimental set-up for current measurements: (1) IEEE-488 card
inserted in a PC586, (2) GPIB cable, (3) ammeter (Keithley 6517A), (4)
stabilized DC source (Keithley 6517A), (5) triaxial connections, (6)
protection resistance, (7) specially designed test cell, (8) continuous copper
Faraday cage.

software developed from Keithley Testpoint packet. A special
goal for this kind of very low current measurements consists in
minimizing noise. Electromagnetic noise could be reduced by
providing an especially designed test cell, triaxial connections
between Keithley and test cell, a metal box for the protection
resistance and an additional continuous copper Faraday cage
which confined all the previous elements. The physical
components of the test cell are schematically drawn in Figure
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Figure 3. Test cell: (l)l PE cylinder, (2). guard ring, (3) LDPE sample, (4)
lower electrode, (5) protective screen, (6) PTFE insulator, (7) upper
electrode, (8) contact spring, (9) copper wire.

3. A special attention must be paid to the design of its upper
electrode which must make contact at a very well defined area
on every LDPE specimen. A first screwed version of this
upper electrode was substituted by a more weighted one whose
contact was simply done by its weight. In this way,
repeatability and reproducibility were greatly improved
because of the constant pressure at the contact and by avoiding
the possible generation of charges by a kind of mechanical
stirring  on the surface of the polymer [29].
Analytical/graphical processing of experimental data was
performed with Kaleidagraph 3.07 and Sigmaplot 5.0
programs.



2.2.2 CAPACITANCE MEASUREMENTS
An IRLAB apparatus (model LDTRP-2) and a 1621 General
Radio bridge successively switched to the specially designed
cell mentioned above were used to get the values of
capacitance, C, and dissipation factor, tand, for every
scheduled ageing period.

2.2.3 PARASITIC EFFECTS

Before each measurement, the salt solution is removed and
the rest of solution on the sample surface is eliminated by a
process of absorption with absorption paper [4]. Nevertheless
we observed that solution continues to evaporate from the
sample at room temperature for about 20 minutes, which is
proved by a continuous diminution of its capacitance and
dielectric losses factor. Consequently, after absorption, a
waiting period, t4,=20 min, is absolutely required for avoiding
variations in capacitance (and in the rest of electrical
variables) with time —particularly in thick treed layers—. Then,
when this period is over, we consider that the measured
capacitance is representative both of polyethylene and the
water tree with its water. Concerning polarization current
measurements, residual currents can be measured in the
absence of applied polarization voltage, Vpc , when the ageing
period is over. They can endure for periods ranging from 10
min up to 1 h depending on the LDPE volume affected by
water trees. An adequate method for minimizing these residual
currents was applied by short-circuiting the entire test object
support —once the ageing period is finished— during a period
of about, tg,,=30 min.
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Figure 4. Water tree evolution in LDPE under accelerated conditions —ageing
voltage of 5 kVins at 1500 Hz with solution [NaCl]=0.1 M—: (a) three
photographs taken after ageing times (from top to bottom) of 4 h, 31 h and
2712/2h; (b) average water tree length dependence on ageing time, 1, versus
tag .

3 EXPERIMENTAL RESULTS

3.1 THE GROWTH KINETICS AND THE
CAPACITANCE OF WATER TREES

In parallel with the non-destructive measurements of
capacitance and current within our experimental procedures,
we also undertook destructive measurements in order to obtain
the thickness of tree degraded polymer —water tree length 1,—
for different ageing periods as we explained in section 2.1.
Destructive measurements are necessary for two main reasons :
firstly they enable us to establish a continued correlation
between electrical variables (current / capacitance) and
degradation thickness which represents a diagnostic purpose
and secondly and most important, water tree length
measurements are necessary to evaluate water tree permittivity
[30] which is essential for mathematical simulations from our
new proposed conduction model.

The evolution of water trees with the ageing time in a LDPE
sample is shown both graphically with pictures and from the
variations of the average water tree length —water tree
kinetics— in Figure 4.

From Figure 4b we conclude that the water tree length varies
very approximately with ageing time as tagm, in agreement
with the very recent theoretical model published by Crine and
Jow [31].
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Figure 5. Average electric capacitance as a function of ageing time.

Otherwise, a quasi-linear dependence for the variations of
the average capacitance of the samples with the ageing time
was also obtained from direct measurements (Series K). This
result is plotted in Figure 5.

Using an equivalent plane capacitor model for the water
treed samples and taking into account the variations of
capacitance, C, and water tree length, 1,,, with the ageing time,
t.g, the average relative permittivity of water trees, €;, can be
derived from ,

C(tug )SZIW (tag) (2)
1,(t,,)C(t,) - LI, C. ]

Sl(t):

where €,=2.3 is the relative permittivity of non-degraded PE
and C; is the non-degraded capacitance of the sample. A
maximum value, €,,,,=4.1, was attained.



3.2 CURRENT MEASUREMENTS

3.21 EVOLUTION OF I(t) WITH DEGRADATION
Figure 6 shows the polarization current experimental data for a
measuring period of 10 min, a polarization voltage Vpc=300 V
and different periods of accelerated ageing. The experimental
data were fitted to the potential Curie-von Schweidler law,
I=Iot™ . Their corresponding parameters {Ip,m} and degraded
width percentage, g(%)=(1,,/L)-100, were summarized in Table
2. We can obtain a first version of diagnostic method
—estimation of the degree of degradation from a unique I(t)
measurement— by simply plotting and adjusting the
dependence g=g(m), which is shown in Figure 7.
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Figure 6. Polarization current measurements for different water tree ageing
periods and a polarization voltage of Vpc=300V (averaged values from
samples of Series K): (1) Oh, (2) 15h, (3) 34 h, (4) 64 h, (5) 146 h, (6) 250 h.

Table 2. Fitting parameters {lp,m} for each ageing time and corresponding
degraded width percentage.

(Series M) and their corresponding fitting parameters {ly,m}
are summarized in Table 3. A prevailing trend to saturation in
the evolution of exponent m with polarization voltage, V¢, for
both aged (decreasing variation) and new (increasing
variation) LDPE samples is observed and depicted in Figure 9.
Consequently, a second tool of degradation diagnosis for this
kind of test objects could be developed on the basis of the
variations of exponent m as a function of the polarization
voltage level.

Series J
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Figure 8. Polarization current measurements and their linear curve fitting for
different values of the polarization voltage, Vpc (averaged values from aged
samples of Series J with degraded width percentage, g=63%): (1) 100 V, (2)
300V, (3) 500 V, (4) 1000 V.

Table 3. Polarization current fitting parameters {lp,m} for new samples
(Series M) and aged samples (Series J) as a function of Vpc.

tag(h) 2(%) To(A) m
0 0 6.251-107"2 0.666
15 14.8 1.1477-107"° 0.8106
34 22.3 4.1352-107"° 1.0566
64 34 3.5889:1071° 1.0893
146 56.3 1.2905-107° 1.2491
250 70.7 6.1215-1071° 1.3001
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Figure 7. The dependence g=g(m) as a first version of diagnostic tool for
LDPE treed samples.

3.2.2 EVOLUTION OF I(t) WITH POLARIZATION
VOLTAGE
Figure 8 shows the polarization current measurements in aged
samples (Series J) as a function of the polarization
voltage, Vpc. A similar study was performed for new samples

Vpc(V) Iy(A) m
Series M Series J Series M Series J
100 4.7826-10" 1.3465-10” 0.42736 | 1.6603
300 2.5357:10"2 1.6406-10° 0.61002 1.3546
500 4.0321-102 | 2.4369-107 0.63351 1.3102
1000 1.0702:107"" 4.0661-107 0.69758 1.2419
1.8
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Figure 9. Detail of the tendency to saturation in the evolution of the exponent
m in new (1) and aged (2) LDPE samples as a function of polarization
voltage.

4 CONDUCTION PROCESS MODELLING

A Debye-type conduction model based on the dielectric
relaxation of independent dipoles for polyethylene was
presented in [22]. A more realistic new approach to the
modelling of these processes is proposed in this work [32]. It
is based on the assumption of interaction between dipoles
following the "Many-Body Universal Model of Dielectric



Relaxation” [23,24,25]. We have tried to validate the proposed
model in a LDPE affected by different levels of water tree
degradation. The model is founded on several hypotheses: one
of them takes as a basis the variations of permittivity with the
degree of water treeing damage and others take into account
the microscopic structure of the material. With these
simplifying hypotheses the proposed model can account for the
larger part of our experimental results. The application of the
"Many Body Universal Model of Dielectric Relaxation"
implies that for a long enough measuring time, a "slow down"
process in polarization is activated: it is due to the mechanism
of local redistribution of energy (flip-flop transitions) which
results in a power dependence for polarization current, with a
negative exponent whose absolute value is me (0,2). Because
of the mathematical complexity of this theory, we propose in
this paper a modification of the model of non-interacting
dipoles presented in [22], in order to take into account
interactions. With the aid of the new model we have tried to
explain the variations of parameters in the power current law
(best-fitted dependence for the polarization current
measurements) as a function of (a) the degree of degradation
by water trees and (b) the polarization voltage. Finally, a
discussion about the validation of the model and its range of
applicability is performed.

4.1 MODEL
411 TWO POTENTIAL WELL MODEL

The mechanism of dipole orientation is often considered as
responsible for polarization currents in solid dielectrics.
Nevertheless, in a dielectric material in which no important
dipolar groups are present, polarization currents could be
attributed to ion jumps between equilibrium nearby-positions.
Both mechanisms can be explained by means of a unique
simplified model in which a charged particle can jump
between two close positions separated by a potential energy
barrier —two potential well (Figure 10)— [23,33]. For this

2a

Potential

2Ea

Distance

Figure 10. Elementary scheme of two potential well model: E, applied
electric field; 2a, distance between two well sites.

model and considering a plane-plane sample for relatively low
applied electric fields, the variation of local polarization P
with time is given by,

oP(x,t) ob(x) 3
— O(P(x,t)+—kBT E(x,1) 3)

where E(x,t) is the electric field, o is the probability per unit
time that one ion changes its equilibrium position in the
absence of applied electric field and due to the thermal energy,

o=2v exp(— v ] )
k,T

where V is the vibration frequency of ions inside their wells, W
is the height of the potential energy barrier which separates the
two respective well sites and b(x) is given by,

b(x) = p’n(x) )

where the concentration of ions is represented by n(x) and the
dipolar moment associated to one ion is represented by p.
From (3) and considering that the contribution of ohmic
conduction is irrelevant, we get a simplified expression for the
current density,

J(@)=¢,

OE(x,t) N OP(x,t) ©)
ot

ot

We will study the dielectric response to a step voltage given
by,

V)= VDC “u(t) (7N

41.2 ALTERNATIVE APPROACH FOR DIPOLE
INTERACTIONS

Due to the difficulty for the interpretation of the physical
meaning in the coefficients of the power current response
supplied by the "Many Body" theory —especially from an
experimental/applied point of view—, we propose a simplified
alternative approach: departing from the non-interacting
dipoles model (mathematical equations, numerical calculations
and simulations developed in [22]), we introduce a simple
mathematical algorithm that accounts for dipole interactions.
This new model also predicts a power current law for the
response of the dielectric material (similar dependence of the
experimental Curie-von Schweidler law, I(t)=I;t™) but this
time, coefficients {Ip,m} can be readily determined as easy
functions of the microscopic/macroscopic parameters of the
material. Dipole interactions will be described by an
"effective" potential energy barrier, which grows with the
measuring time t as,

W()=W,+AW(t) (8)

where W is the potential energy barrier of the non-interacting
dipoles model. Consequently, it implies that parameter o of the
new model must depend on time t. Such a time dependence
must be a decreasing one and its initial value must coincide



with that of the non-interacting model, ¢ . We propose next
expression for o(t),

o = ©
I+—
T

4.2 HOMOGENEOUS MATERIAL
In the case of a homogeneous material, all the variables in
equation (3) are independent from position, x. Furthermore,
for t > 0 electric field is independent from time and is given by
E=Vpc/L , then equation (3) becomes,

dP(t) _

inllh S — 10
7 a(t)(P()- P,) (10)
where,
p, =200 (11)
k,TL

By integration of (10) and making use of equations (9) and
(6) we get,

V —a,7-1
J(6) =" & 5(t)+ a{)PS(l + t] (12)
L T
Finally, if t >> 1, current is
=1t (13)
where,
(D) m=1+a,r=1+2vrexp W
k,T
(14)

(11) 10 = Sa{)PSTm = SaO % Tm
k,TL

which means that we get expressions that directly connect the
microscopic/macroscopic variables of our LDPE sample with
the actual values of our measured experimental current
parameters {I,,m} [34]. Moreover, we will be able to discuss
the evolutions of the parameters (Curie-von Schweidler law)
with the variations of polarization voltage and water tree
degradation, as we will see later on.

4.3 INHOMOGENEOUS MATERIAL
In the case of a water tree degraded LDPE —inhomogeneous
material (see schematic drawing in Figure 11)— we cannot
obtain, in general, an analytical solution from (3).
Consequently we used numerical methods for the calculation
and simulation of polarization, P(x,t), and polarization current,
I(t). The hypotheses used for the numerical calculations are:

1. Parameter o(t) is independent of position, x.
2. Parameter b(x) which is related to the permittivity of the
material depends on the position as,

b(x) = (15)

b (x)
bmax

bPE

lw X

Figure 11. Model for the variation of parameter b=b(x) within the LDPE
plane-plane sample from the hypotheses for the variation of permittivity in a
water treed specimen [30,10]: 1,=gL/100 = degraded width corresponding to
a continuous layer of water trees.

where g represents the percentage value of degraded material,
bmax 1S the value of b(x) that corresponds to a maximum
relative permittivity whose actual value was chosen as 4.1 (for
te=272 h), bpg is the value of b in the non-degraded region,
whose relative permittivity was chosen as 2.3 and u is the
slope of the assumed linear dependence. The related
permittivity values are taken from real permittivity
measurements performed on polyethylene specimens degraded
by water trees [34,4]. We also took into account for our
calculations the relationship between the macroscopic variable
relative permittivity, €,, and the microscopic parameter b=np’,

b(x)
&kyT

(16)

£ (x)=1+

4.4 SIMULATION RESULTS

Experimental results are interpreted from the proposed
model of interacting dipoles by using equation (13).
Nevertheless, for small water-tree degraded layers, an
interpretation of the exponent parameter m of experimental
polarization curves is not possible as m<l. According to
equation (14i), this model can only explain the current curves
corresponding to a higher level of degradation which gives
experimental exponents m greater than unity (m>1): i.e. the
experimental results of Figure 6 that are related to ageing
times: t,= 34 h, 64 h, 146 h, 250 h. From numerical
integration, we can obtain the values of the characteristic
microscopic parameters of our conduction modelling (T, ¢,



Table 4. Microscopic parameters from numerical integration (T, 0o, Wo) as a
function of the degree of water tree degradation, g.

(%) T (s) o (s™) W, (eV)
22.3 0.14 0.124 0.768
34 0.12 0.37 0.74
56.3 0.52 0.454 0.735
70.7 0.27 1.0385 0.713

W) as a function of the level of degradation in the insulating
material, as shown in Table 4. Figure 12 is just an example of
the degree of adjustment between the current results I(t),
obtained from numerical integration (curve (2)) and from the
experimental data (curve (1)) corresponding to a sample of
degraded width g=70.7% (t,e= 250 h). From Table 4 we
observe an increase for the value of 0 with degradation which
corresponds to a diminution in the potential energy barrier,
Wo.

1010

101 A

1012

Polarization current, I(A)

1013 A

10 100
Time, t(s)

1000

Figure 12. Current results from numerical simulation (2) and from
measurements (1) for a LDPE treed sample of degraded width, g=70.7%
(tag=250 h) and microscopic parameters: T7=0.27 s, 0p=1.0385 s, We=0.713
eV.

5 DISCUSSION

The relative permittivity of water trees in LDPE
continuously increased from its value for non-degraded PE,
€,=2.3, up to a maximum value €;,,,=4.1, for an ageing period
of 272 h and an average water tree length of 373 um
(g=74.6%); it supplies a permittivity amplification factor
A~=1.8, a little bit higher than the value found for XLPE in
[10], Ae=1.6 . From polarization current measurements we
could determine the evolution of coefficients {Io,m} of the
Curie-von Schweidler law with the ageing time. A progressive
increase was obtained for both coefficients: 9897% for I, and
95% for m, when the degraded width grew from g=0% (new
sample) up to g=70.7% (sample with a high level of
degradation). Otherwise, we could establish, as Vp¢ got from
100 V up to 1000 V: (Ip) 2137% increase in new samples and
202% increase in aged samples; (m) 63% increase in new
samples, 25% decrease in aged samples and, in both cases, it
appears a remarkably trend to saturation with Vpc.

5.1 VARIATIONS OF {lp,m} WITH g(%)
The diminution of energy barrier W, with degradation is a
consequence of the increasing facility in the movement of

charge carriers, which is due to the destruction of the internal
structure of the polymer known as "water treeing" [2,4,35].
The increase of o, as an effect of the diminution of W, is
given by equation (4). Then, if equations (14) are supposed to
be valid in a qualitative sense for the case of a water-treed
material, the increase of o, explains the increasing dependence
of Ip and m with degradation (Figure 6, Table 2 and Table 3).
Concerning numerical calculations, there was a good
agreement between measurements and simulation results of
polarization currents in aged samples for ageing periods: 34 h,
64 h, 146 h and 250 h (Figure 12).

5.2 VARIATIONS OF {lp,m} WITH Vp¢

(Iy) From equation (14ii)) we consider that, basically,
parameter I is linearly dependent on Vpc (i.e. dependencies
on Vpc through parameters o, and T are supposed to be less
important or irrelevant). Consequently I, should increase with
Vpc both in aged samples —in a qualitative sense— and in new
samples —in an analytical sense—, as we found in our current
measurements (see Table 3, Figure 8).

(m) New samples: From equation (14i) we can explain the
enhanced values of m as Vpc grows (Table 3 —Series M—,
Figure 9) if we show the physical reason for the decrease of
W, with Vpc: a higher applied voltage, V¢, produces a higher
internal energy of the system which means again an increased
facility of movement inside the atomic-molecular system (both
for the charge carrier jumps and for the rotations of molecular
chains that constitute the polymer). The resultant effect is "just
as if" the effective two-wells energy barrier, W,, had a
diminution. Naturally and furthermore, the superposition of the
curve representing the two wells potential energy to the curve
of the applied potential energy (application of Vpc) is
equivalent to a physical diminution in the height of the
potential energy barrier.

Aged samples: We should emphasize the fact that the more
degraded the water treed LDPE, the more inhomogeneous it
becomes and a larger number of possible polarization
mechanisms it acquires, i.e., the degraded LDPE can adopt a
whole spectrum of possible different energy barriers, Wy;, one
for each type of atomic-molecular species involved and/or
process of dielectric relaxation. Such different mechanisms are
available due to the state of degradation of the polymer but
they will only be effective mechanisms —they will be
activated— depending on the level of polarization voltage that
is applied for each experience. If a higher DC voltage is
applied, new polarization mechanisms with a greater barrier
height, Wy, are activated, which implies from equations
(4,141) respectively that the corresponding jumping
frequencies 0 =2vexp(—W/kT) are smaller in these processes
and then that the decreasing slopes in the log-log
representation, m;, are smaller. The incorporation of those new
mechanisms results in an average slope, m, that diminishes as
Vpc grows (see Table 3 —Series J—, and also have a look at
Figures 8-9). Although the process of effective diminution of
each particular barrier height with the applied voltage
described for new samples also applies to aged samples, it is
clear that the effect of activation of greater barriers in aged



samples due to increasing degradation must be a predominant
one.

5.3 FURTHER CONDUCTION MODELLING

The new proposed model explains satisfactorily the potential
—Curie-von Schweidler— dependence of polarization currents
in LDPE specimens new and aged with different degrees of
water-tree damage up to a very high percentage degraded
width of about 70%. In aged samples, the new model can also
account for the variations of parameters {Ip,m} as a function of
degradation (g%) and I, as a function of polarization voltage.
The increase of the water tree thickness seems to diminish the
potential energy barrier which is compatible with the
increasing values of Iy and decreasing values of W, from
Tables 2, 3 and 4. The explanations for the variations of
exponent m as a function of Vpc are much more controversial
as discussed in previous section and need more clarification.

In new samples, experimental current measurements show
exponents m<1 and then our model (see equation 14.i) cannot
explain them, therefore other models should be revised
[36,37,38] and even an experimental study as a function of
temperature would be of interest to confirm the predicted
temperature dependences in equations 14.

In order to elaborate more detailed models of polarization
currents in PE it is necessary to incorporate the thermo-
electrical degradation mechanisms to simulations. These
mechanisms should take into account the processes of space
charge accumulation, charge transport and the distributions
and concentrations of trapping centers [39]. Recent
investigations (“ARTEMIS” European project [14,40]) have
already characterized PE insulation by using “ageing markers”.
This characterization is performed by means of sophisticated
experimental techniques (PEA, FTIR, SEM, TEM, TSM,
DEA, DSC,...), some of which our research group has also
begin to use. These studies will have many industrial
applications for cable manufacturers and power distribution
utilities. Particularly, the development of underground extra
high voltage XLPE cables (EHV: 400-500 kV) where electric
field is approximately, E~16 kV/mm, quite higher than electric
field in traditional moderately-stressed power cables, E~6
kV/mm. Secondly, the development of “robust” diagnostic
technologies which would also serve to evaluate and improve
the reliability of traditional power cables that have been in
service for about 30 years. This is of outstanding relevance for
distribution companies in the present deregulated market,
where utilities are “fiercely” competing for offering clients a
more reliable and non-expensive product.

6 CONCLUSIONS

Accelerated-aged LDPE specimens with different levels of
water tree degradation were characterized by means of
measurements of water tree Kkinetics, capacitance and
polarization current. Combining water tree kinetics and
capacitance measurements, the maximum average value for the
relative permittivity of water trees in LDPE was calculated,
€1max—4.1 . Polarization current measurements were fitted to
the potential Curie-von Schweidler law in order to study the

evolution of its parameters {lp,m} with ageing time and
polarization voltage.

An interpretation of the experimental results has been given
from a new conduction model in LDPE that takes into account
dipole interactions and was obtained from a modification of a
previously published two-wells Debye model. The proposed
model provides easy analytical expressions for the
dependencies of the experimental Curie-von Schweidler
parameters on both microscopic and macroscopic variables of
the LDPE plane-plane samples under test. From the evolution
of these variables with water tree degradation width, g(%), and
polarization voltage, Vpc, we could simulate polarization
currents that had a good deal of accord to measurements in
accelerated-aged LDPE specimens.

This work represents a contribution to improve the
knowledge of conductive processes in water-tree degraded
polyethylene which can certainly allow a better
characterization of power cable insulation under service
conditions.
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