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ABSTRACT 
The dielectric properties of water-treed crosslinked polyethyl- 
ene (XLPE) were studied by using a hollow microwave wave- 
guide system between 135 MHz and 13.6 GH5. The dielec- 
tric loss of water-treed XLPE is proportional to water con- 
tent. Water-treed XLPE has a low relaxation frequency which 
is probably due to bound water. The binding of water in trees 
was confirmed by the lower apparent water diffusion rate in 
treed XLPE than in undamaged controls measured with a ra- 
dioactive tracer met hod. 

1. INTRODUCTION 2. EXPERIMENTAL 

ARIOUS diagnoses of water trees in XLPE cable are V being investigated for the purpose of preventing di- 
electric breakdown [l, 21. However, most of these meth- 
ods involve interrupting the operation of a cable line in 
order to  test for water trees. The development of hot-line 
detection of water trees is desired. We have studied mi- 
crowave techniques that can detect the water and water 
trees in energized insulation. Microwave dielectric prop- 
erty measurements may enable one t o  detect the water in 
trees and also allow one to  distinguish a t  the same time 
between free and bound water. 

This paper describes various experiments which were 
performed with treed XLPE films t o  study the use of mi- 
crowave techniques for the detection of water trees. The 
results may eventually lead to  a n  on-line test for water 
treeing in bulk XLPE cabling. 

2.1 WATER TREE GROWTH 

HE experiments have been performed on a cable grade T dry cured XLPE. The films were 500 p m  thick. To 
saturate the test specimens with water trees, accelerated 
treeing conditions were employed, including scratching of 
the surface with sandpapers and exposing the dielectric 
to a stress of 5 kV/mm rms a t  500 Hz for up to 380 h in a 
treeing cell shown schematically in Figure 1. For practical 
reasons, the energized time was accumulated discontinu- 
ously in - 10 to  12 h segments, with overnight shut-down 
periods. Electrolytic solutions containing NaCl were also 
used to accelerate treeing. Concentrations of NaCl varied 
from 0 to  4 mol/liter. 

Optical microscopy techniques were employed to char- 
Contrast was acterize the extent of treeing in film. 
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Figure 1. Schematic diagram of treeing cell 

achieved using boiling pure water 100°C for 30 min on 
a representative field slice cut from the center of the film. 
The treed area ratio of the sample cross section was used 
to  express an optical measure of the extent of trees. The 
treed area ratio is calculated with microscopic pictures 
using a planimeter. 

Water content measurements were carried out in a Mit- 
subishi moisture meter, model VA-05, which employs the 
Karl Fischer coulometric titration method. 

2.2 MICROWAVE MEASUREMENTS 

A hollow microwave waveguide system was used for 
measuring the dielectric properties of treed XLPE films 
between 135 MHz and 13.6 GHz [3-51. For instrumen- 
tal reasons, measurements were performed a t  specific fre- 
quencies. With this hollow microwave waveguide system, 
samples were cut to  fit the waveguide and were inserted 
into the waveguide near the shorted end. The change in 
the electric field nodal pattern was used to calculate the 
complex permittivity. 

A waveguide which has been shorted a t  one end creates 
a standing wave pattern inside the waveguide. The loca- 
tion of a minimum electric field node and width of the 
minimum node a t  twice the minimum power are found 
for the waveguide with and without a sample. For high 
loss material, only a thin sample is used. For a low loss 
sample, a thick sample is needed for an accurate loss mea- 
surement. The thin sample is located a t  an electric field 
maximum in the standing wave pattern. The thicker sam- 
ple is located a t  the end of the waveguide with the sam- 
ple length an odd multiple of axial quarter wavelengths 
(X,/4, as measured in the material, with A, = 2 n / k ,  
where I C ,  is the axial wavenumber) long. 

For 8.5 and 13.6 GHz measurements, the sample is a 
solid disk (25 and 16 m m  diameter, respectively). The 
waveguide is excited in the T E l l  mode, and by rotating 
the sample, any anisotropic behavior can be observed. 
All the lower frequency measurements use a 25 mm 0. 
D. coaxial waveguide excited in the TEM mode. 

2.3 WATER PERMEATION 
EXPERIMENTS 

Water permeation experiments were carried out a t  room 
temperature in a partition cell similar t o  the treeing cell 
(Figure 1). Each cell compartment was filled with deion- 
ized water, one side being tagged with a radio tracer, triti- 
ated water. Tritiated water with a count of 20 mCi/liter 
yielded a counting rate measured by liquid scintillation 
of 2 . 8 ~ 1 0 ~  counts/min per gram of water (CPM/g). The 
steady-state transport of a permeant through a film can 
be described as the mass flux ( l /S)(dQ/dt)  driven by 
concentration gradient (Cl - Cz)/l  developed across the 
film 

where P is the permeability coefficient, Q is the amount 
of permeant which has passed through the film in time 
t ,  S is the surface area of the film, 1 is the film thickness 
and C1 and C2 are the concentrations in the water up- 
stream and downstream, respectively. C2 is low and is 
neglected in comparison to  C1 and Q = CzV where V is 
the volume of the downstream cell. The concentrations 
Cl,2 are proportional to the activities A1,2 resulting in 

Steady-state permeability was evaluated from the slope of 
the linear plot of the activity ratio (equal to  the concen- 
tration ratio) vs. elapsed time. The diffusion coefficient 
D of homogeneous material can be calculated from the 
relation 

P = k D  (3) 
where k is the partition ratio, defined as the ratio of the 
concentrations in the film and in the solution [6]. 

3. RESULTS AND DISCUSSION 

3.1 MICROWAVE MEASUREMENTS 

IGURE 2 shows the relation between relative permit- F tivity E' and loss factor e'' of room temperature treed 
XLPE at 8.5 GHz as a function of water content. In 
Figure 3, the loss factor is replotted on a log - log scale. 
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Relative permittivity and loss factor of room tem- 
perature treed XLPE at 8.5 GHz as a function of 
water content. 
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Figure 3. 
Loss factor of treed room temperature XLPE at 
8.5 GHz as a function of water content. 

The energized period, the surface condition and the 
concentration of NaCl in the treeing cell solution varied 
with each sample. The permittivity E’ slightly increases 
with the increase of water content. Although the value of 
E” is much smaller than that of d ,  E” increases steadily 
with the increase of water content. Considering that E” of 
water (28.9) is much greater than that of XLPE (0.001) 
a t  8.5 GHz, these results are expected. The permittivity 
E’ a t  25OC for XLPE is 2.22 and water is 65.4 a t  8.5 GHz. 

In Figure 3, the loss factor increases almost in propor- 
tion to  the water content regardless of treeing conditions 
so that  the water content in treed XLPE can be measured 
from the loss factor. Some treed samples were dried in 
air for two weeks and dielectric properties of these dried 

samples were measured. The results are also shown in 
Figure 3. Although these samples contain a somewhat 
larger amount of water than undamaged XLPE and the 
treed area ratio of these samples vary from 0.20 to  0.95, 
there is no significant difference in loss factor between 
these samples. These results for the dried treed samples 
show that most of the loss of treed XLPE is attributed 
to  the water contained in the trees. Water trees without 
water can not be detected with our microwave system. 

Figure 4 shows the loss factor dispersion of treed sam- 
ples which were immersed in deionized water or various 
NaCl solutions during treeing. Although the values of 
spectra can not be compared directly since the energized 
period and tree growth vary with each sample, there is 
no significant relation between spectra and NaCl concen- 
trations. 

O.* t 

FREQUENCY (Hz) 

Figure 4. 
Loss factor dispersion of treed XLPE conditioned 
in deionized water or NaCl solutions. 

These measured spectra of treed samples are quite dif- 
ferent from that of the spectra of the NaCl solutions. The 
permittivity of aqueous solutions has been widely studied 
and several models have been proposed. Figure 5 shows 
the loss factor E’’ dispersion a t  room temperature calcu- 
lated by using one of these models [7]. The E” of deionized 
water has a peak a t  18.8 GHz. With the increase of NaCl 
concentration, the E‘‘ increases a t  lower frequencies and 
masks the relaxation peak. This increase of E” can be 
attributed to  the increase of conductivity by the addition 
of NaCl. 

Although the behavior of ions in a polymer under the 
action of an electric field is far from clear, it is reasonable 
to  assume that  the diffusion into the polymer takes place 
a t  a limited number of sites [8]. This may make the NaCl 
concentration in water treed polyethylene lower than that 
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be due to  bound water. I t  is known that  bound water 
can relax in the frequency domain ranging from kHz to 
GHz depending on the nature of binding [9]. 

3.2 WATER PERMEATION 
M E A S U R E M E N T S  

4.0mol/l 
3.0molll 

E " 

The state of water in films can also be studied with dif- 
fusion characteristics. Generally, the diffusion coefficient 
D of homogeneous material is calculated from permeabil- 
ity with Equation 3. However, our treed samples have 
three regions, two treed layers and one undamaged layer 
between them (Figure 6) .  Thus, a triple layer model in 
which treed samples are treated as a composite of treed 
and undamaged layers was considered to  obtain the diffu- 
sion coefficient. This model is described in the Appendix. 

In Figure 7, results of the permeability measurement 
for treed and untreed XLPE with tritiated water are 
shown. The trend of diffusion coefficient and water con- 

FREQUENCY (H4 

Figure 5. 
Calculated loss factor dispersion of NaCl aqueous solutions. 

tent in treed XLPE is shown in Figure 8. The diffusion 
coefficients obtained from Equation 3, treating the sample 
as a homogeneous single layer are also shown in Figure 8. 
The partition ratio was calculated from the saturated wa- 
ter content in the sample assuming that  the water and 
tritiated water have the same ratio. With an increase 
of treed area in the sample cross section, the water con- 
tent in the sample increases and the diffusion coefficient 
decreases. This trend is consistent with the result ob- 
tained using LDPE [IO]. This can be also explained by 
water binding in trees. With water tree growth, the wa- 
ter content in treed XLPE increases. However, some part 
of water in trees is immobilized by binding and does not 
contribute to  the diffusion mechanism. 

The value of D obtained for undamaged XLPE was 
5 . 4 ~ 1 0 - l ~  (m2/s) for a moisture content of 50 ppm. The 
diffusion coefficient D for water absorption in steam cured 
XLPE cable obtained by Chan and Jaczek is lower, D z 

(water content 1000 ppm) than that of ours [ll]. 
This discrepancy can be also explained by water binding 
[6]. Steam cured XLPE contains more microvoids than 
Our dry cured samples. This explains why this water ab- 
sorption is so high although the solubility of water in P E  
without microvoids is low ( 5  100 PPm). The water in 
these microvoids is clustered and does not contribute to 
the diffusion. Only a small amount of the Soluble Wa- 

ter diffuses so that the apparent diffusion coefficient is 
reduced. 

1 0 0 u m  
Figure 6.  

Water tree growth in XLPE film conditioned at 5 
kV/mm, 500 Hs, for 100 h in 0.5 mol/liter NaC1. 

in the treeing cell solution. This may reduce the varia- 
tion of NaCl concentration in water trees and may be the 
reason why the spectra in Figure 4 differ from that in 
Figure 5. h,foreover, since the ionic motion in the solid is 
limited by the chemical or physical interaction with solid, 
the NaCl ions in trees may not significantly contribute to  
the conductivity and loss factor. 

However, each treed sample has a relaxation peak be- 4. CONCLUSION 
tween 500 MHz and l GHz regardless of its NaCl concen- 
tration. These peaks are lower in frequency than that of T has been shown that  the dielectric loss of water treed 
deionized liquid water (18.8 GHz). This peak shift may I XLPE a t  microwave frequencies is proportional to  wa- 
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Figure 7. 
Tritiated water permeation through treed and un- 
damaged XLPE at room temperature. 
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Diffusion coefficient and water content in XLPE 
as a function of treed damage. 

ter content. A smaller relaxation was detected below 1 
GHz. It is suggested that it might be associated with 
bound water. The binding of water can be also confirmed 
by a lower apparent water diffusion rate of treed XLPE. 

Although more experiments are necessary, microwave di- 
electric property measurements may enable us to  measure 
the water content in water trees and also allow us to dis- 
tinguish between free and bound water. 
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APPENDIX 

TRIPLE LAYER MODEL FOR WATER 
DIFFUSION THROUGH TREED XLPE 

FILM 

REED samples which are made with our treeing cell T have three layers - two uniformly treed layers and 
one undamaged layer between them. Figure 9 shows the 
water content distribution in sample crosssection in the 
steady state. In our experiment, the time elapsed (1000 
h) is much longer than the diffusion relaxation time ( ~ d  = 
12/D 'v 1.4 h). 

Treed Undamaged Treed 
Layer Layer Layer 

I I 1 

Figure 9. 
Steady state water content distribution in three 
layer treed sample model. 

The governing equation for diffusion in steady state is 

(4) 

where D is the diffusion coefficient assumed to  be the 
same in each region and C1,2,3 are the concentrations of 
water in each region. 

Authorized licensed use limited to: MIT Libraries. Downloaded on October 12, 2009 at 12:09 from IEEE Xplore.  Restrictions apply. 



1088 Suauki et al.: Dielectric Study of Water-treed Crosslinked Polyethylene 

The boundary conditions on the moisture concentra- 
tions are 

x = o  C1 = klCo 
x = d l  Cz = k2Cl 

(5)  z = dl  + dz (73 = ( l / k z ) C z  
z = dl  + dz + d3 = 1 Cm(t) = ( 1 / k i ) C 3  

where the partition ratio kl is the ratio of the concen- 
trations in the treed layer and the solution, and kz is 
the ratio of the concentrations in the undamaged layer 
and treed layer. We assume that  the time variations of 
the downstream tritiated water concentration, Cm(t), are 
sufficiently slow that the moisture distribution through- 
out the film is in quasi-equilibrium with Cm(t) so that  
dC1,2,3/dt 0. 

From the continuity of mass flux, 
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x = d l + d Z  @ = &% dx 

From Equations 4 and 6 the moisture distributions are 
linear with the same slope in each region as shown in 
Figure 9. The diffusion coefficient for the treed layer is 
then given by 

(7) 

where V, is the working volume of the downstream side 
of the film and S is the effective area. Then, the solutions 
of Equations 4 to  7 give 

( k z x  + 1 - X I ,  
k 

D =  

where x is the ratio of treed area in sample crosssection, 
k = klkg, and P is the permeability coefficient derived 
in Equation 2, which is calculated from the slope of the 
linear response curve. 
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