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Fine structure of defects in polyethylene used
for power cable insulation observed by
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The growth of defects called watertrees in cross-linked polyethylene power-insulated cables is
poorly understood. We characterized the watertree structure on artificially aged samples. The
resolution of the observations was improved by contrasting watertrees with rhodamine, a
fluorescent probe and using epifluorescence microscopy. Both video-enhanced microscopy
and confocal laser scanning microscopy provided evidence that watertrees are constituted of
continuous microchannels. Their diameter is irregular and ranges between 0.6 and 0.2 um, and
maybe less. They form a complex three-dimensional array that is accurately depicted.

1. Introduction

Power cables for underground service are made of an
inner conductor, either aluminium or copper, jacketed
by an insulating material. Polymers for insulation
were introduced in the fifties to replace oiled paper,
because they were expected to have a higher longevity
together with a lower price [1]. Many different poly-
mers usually extruded on to the conductor are used:
low-density polyethylene, cross-linked polyethylene
{XLPE), butyl rubber, ethylene—propylene copolymer,
or ethylene-propylene—dien terpolymer. However, it
was recognized in 1968 that after some years of use,
cable failure occurred in the buried cables, evinced by
the decrease of their resistance to alternative break-
down voltage [2]. Under the conjugated effects of the
electric field and moisture, new figures, named water-
trees, appeared inside the polymer. Watertrees are
diffuse structures whose overall shape resembles a
bush or a fan. Two types of watertrees were recog-
nized: the “bow-tie trees” and the “vented trees”,
according to where these trees start growing. Bow-tie
trees are initiated in the bulk of the insulating polymer
and vented trees grow from the insulation surfaces.
Their main axis lies along the radius of the cable. Then
it was established that there was a correlation between
the presence of watertrees and cable failure [3-5]. The
presence of impurities like molecules of water and
soluble ions scattered throughout the polyethylene
may be a limiting factor for cable life. One of the main
objectives in cable development is to increase the
working electric stress. Reducing harmful defects in
the insulation is thus a very important goal. Polymer-
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insulated power cables were initially in the voltage
range 6—66 kV, but power cables with voltages 230,
345 and 400 kV are now under development.

Even if watertrees are generally accepted as the
major cause of failure of polyethylene-insulated cab-
les, the mechanism of watertreeing is not agreed upon.
A survey of the literature on the formation of water-
trees in solid dielectrics was presented in 1976 by
Eichhorn [6]. More recently, Stennis and Kreuger
reviewed watertree growth in polyethylene cables [7].
After the occurrence of a breakdown, small carbon-
ized structures, named electric trees, can be seen. Clear
pictures were published by several authors [1, 8-10]
showing electrical trees grown from the branches of a
watertree. However, it always remains difficult to
characterize the exact relationships between the devel-
opment of an electrical tree and the existence of the
watertrees. As watertrees can act as an initiation site
for electrical trees, it is necessary to know the detailed
features of watertrees.

Watertrees have been studied in specimens ex-
tracted from real defective field-aged cables as well as
from experimentally aged material obtained in the
laboratory. Because field-aged cables are rarely avail-
able, most investigations have been performed on

.samples aged in the laboratory. On such specimens, it

is easy to vary and control different parameters
concerning the original polyethylene and the condi-
tions of ageing. Recently, we showed that this simu-
lation was valid because watertrees observed in aged
cables and in samples aged in the laboratory were
similar at the microstructural level [11].
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Watertrees have been observed by light microscopy
(LM) 9, 10, 12], scanning electron microscopy (SEM)
[8, 13—15], transmission electron microscopy (TEM)
[16—18], and autofluorescence microscopy [ 19]. Most
authors, using LM [9, 10, 12] or SEM [13-15],
assumed that watertrees are made of a distribution of
small unconnected cavities of variable sizes, ranging
from 1 to several micrometres. In contrast to this
model, others observed hollow microchannels in SEM
[8], or suggested from TEM observations, that micro-
channels could result from the coalescence of cavities
as small as 0.1 um diameter, thus interconnecting
larger cavities [8, 16-18].

The difficulties of observing the details of the water-
tree structure explain why the investigators have pro-
posed two different models. Both in scanning and
transmission electron microscopy, in cross-sections, it
is difficult to differentiate a spherical cavity from a
cylindrical channel. The surface of the sections can
also be strongly disturbed ecither by freeze fracture
(SEM) or by sectioning (TEM). Moreover, it has been
proven that the subsequent treatments with etchants
and stains (permanganic, nitric and chromic acids,
osmium tetroxide, carbon tetrachloride) which are
applied to these sections, created many artefacts [14].
Observation by light microscapy, although very use-
ful, is generally limited by the low natural contrast of
the watertrees. Contrast enhancement is generally
based upon the staining of the polymer cavities with
methylene blue. However, this method did not allow
one to distinguish very small cavities against the
background due to light scattering.

We used epifluorescence light microscopy after
staining of watertrees with a fluorescent dye. This
method has been largely used in microscopical biolo-
gical studies, where the fluorescent dye is generally
covalently linked to a drug or an immunological
probe. Although this method could not allow the
separation of two fluorescent points less than 0.22 um
apart with the best objectives available [20], it offers
the possibility to detect very small objects far below
the resolution of the microscope if they are separated
by more than 0.22 pm. Thus, observation of isolated
objects ranging from 30-5 nm diameter is routinely
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Figure I Diagram of the ageing bench for the needle test.
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achieved [20, 21]. Epifluorescence microscopy is cur-
rently operated with a standard video-enhanced light
microscope, i.e. a microscope equipped with a video
camera and a computer used to digitize, record and
process the images. As the out-of-focus fluorescence
impairs the contrast of the images, we also used a
confocal laser scanning microscope in epifluorescence
mode [22]. Schematically, the laser source is focused
inside the specimen so that the fluorescence is emitted
by a punctual source. Then fluorescence of this source
is preferentially collected on a photomultiplier, re-
corded in a computer, and the three-dimensional im-
age is reconstructed by scanning the specimen. This
method improves the contrast and allows the super-
position of optical sections of 0.5 um.

The images obtained on watertrees by these two
techniques are presented here for the first time.

2. Experimental procedure

2.1. Specimens

The material studied was a cross-linked polyethylene
(XLPE) in which an antioxidant (Irganox 1081) was
added at 3000 p.p.m. Cross-linking was obtained
chemically by addition of 2% dicumyl peroxide. After
polymerization, the samples were heated to 70°C in
vacuum over 10 days in order to evacuate the residual
by-products of the cross-linking reactions and to re-
lease residual strains. Samples were moulded accord-
ing to the shape and measurements depicted in Fig. 1.
Then they were aged artificially by the usual needle
test [23]. A needle was inserted in the block before
solidification and then withdrawn. The remaining hol-
low cone was filled with an aqueous solution of 0.1 m
NaClin order to form a liquid electrode (waterneedle).
Then, an alternative voltage of 7kV at 1.5kHz was
applied for more than 20h at room temperature.
Watertrees grew at or close to the tip of the water-
needle under optical control.

2.2. Microscopic observations

Before sectioning, the specimens were dried at 60°C
for 30 min to remove water which could be present in
the watertrees because residual water could fracture
the material during the subsequent freezing procedure.
Then, 10 um thick sections were obtained from the
specimen by cryo-ultramicrotomy performed at
— 100°C, so that the specimen was rigid enough to be
easily sectioned. The sections were cut both along the
axis of the needle and in cross-sections.

In some specimens, contrast was enhanced by filling
watertrees with water or by staining them with
methylene blue according to the usual procedure [24,
25]. Alternatively, contrast was enhanced with rhoda-
mine, a fluorescent probe which can be observed in
epifluorescence microscopy and confocal laser scan-
ning microscopy. Thin sections were immersed in a
70 pg/ml solution of rhodamine at 60°C, for 4h or
more and then washed in water before observations.

Sections were observed with a Zeiss Axiophot
microscope in bright-field and epifluorescence modes
(excitation filter BP 3546 nm/12; emission filter



LP > 590 nm). The images were recorded with a
Nocticon camera (Lhesa), digitized and submitted to
an image-enhancing treatment (Quantel : image aver-
aging, histogram and stretch functions). Some sections
were observed with a confocal laser scanning micro-
scope (Zeiss CLSM) in order to obtain three-dimen-
sional images of the specimen up to 50 pm thick.
Entire watertrees could be recorded because the depth
of the watertrees was estimated to be about 15-25 pm.

3. Results
3.1. General aspects and shape of the
watertrees

When contrasted by water and observed in bright-
field microscopy (Fig. 2), the specimen exhibited
watertrees with the usual figures already described
[9]. Trees grew from the tip of the needle and from the
sides. Their shapes were variable, either fan-like or
bush-like. Their boundaries were very well delimited,
but no internal details of the structure of the tree were
visible, with the exception of contrasting lines radia-
ting from the interface, in which it was impossible to
distinguish any internal structure. More details were
observed in contrasting watertrees with methylene
blue (Fig. 3). The contrast was better and it was
apparent that watertrees were made of bundles
possessing an apparent filamentous nature and orien-
ted radially. These bundles accounted for the pre-
viously observed “radiating lines”. However, it was
not possible to determine the internal structure of
these filaments.

When watertrees were contrasted with rhodamine
and observed by epifluorescence videomicroscopy
(Fig. 4), the areas containing rhodamine showed a
clear red fluorescence. A faint background of fluores-
cence was observed, showing that the fluorescence
inside the polyethylene was very low compared to the
bright fluorescence of the rhodamine filling the water-
trees. The relative background fluorescence was much
lower than the background observed when watertrees
were filled with water (Fig. 2) or dyed with methylene
blue (Fig. 3). The general outline of the watertree was
preserved and the same characteristic features of the
bundles could be observed.

When examined at different places in the same
sample, watertrees exhibited different morphologies
(Figs 4-6, the locations of these figures are shown in
Fig. 7). Some watertrees were found at the tip of the
needle and some were found along its side. At the tip
(Fig. 4), watertrees exhibit a bushy appearence. In
contrast, on the sides (Figs 5 and 6) they were of
narrow fan shapes and, in many samples, they were
curved towards the rear of the needle. Despite these
differences in their overall morphologies, they all con-
sisted of several oriented bundles with a complex
substructure which will be described below. The
lengths of the bundles remained approximately the
same throughout the watertrees. Between the bundles,
areas without fluorescence were observed. They
showed no visible structure (Fig. 6; areas marked X).
Watertrees seemed to possess a “foot” at the interface
of the needle located on narrow spots dispersed in-

homogencously along the edge of the needle print.
Sometimes part of the watertrees close to the foot was
very narrow and became wider only at some distance
from the foot (Fig. 4).

Figure 2 Watertrees grown from a waterneedle. Radiating lines are
visible on the edge of the needle. Watertrees have been contrasted
with water and observed in light bright-field microscopy.

Figure 3 Part of a watertree showing a fan of bundles. Watertrees
have been contrasted with methylene blue and observed in light
bright-field microscopy.
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Figure 4 A watertree grown at the tip of the needle, stained with
rhodamine and observed by epifluorescence microscopy.

Figure 5 A watertree grown on the side of the needle, stained with
rhodamine and observed by epifluorescence microscopy.

3.2. Description of the channels

Increasing the magnification revealed that the bundles
were constituted of numerous small fluorescent spots.
Fig. 8 is a larger scale view taken at the tip of a bundle
shown in Fig. 5. Observation of a single picture in a
focal plane could suggest that these bundles are
formed of adjacent cavities filled with rhodamine.
However, when the focus of the objective lens was
shifted towards other focal planes, other spots came
into view and drew continuous tracks deep in the
specimen, connecting the spots which initially ap-
peared isolated (Fig. 9a and b, spots D-D’, F-F'). A
few other spots could not be connected by changing
the focus. The apparent disconnection of the spotsin a
single focal plane is due to the small depth of field of
the microscope which detects only optical cross-sec-
tions inside the sample (Fig. 10). Therefore, watertrees
appeared as fine microchannels spreading along a very
irregular array in three dimensions. Although the
overall orientation of the bundle was clearly defined,
the local orientation of the microchannels seemed to
be random and independent of the definite orientation
of the bundle that they contributed to form. They went
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Figure 6 Watertrees with well-separated feet on the side of the
needle, stained with rhodamine and observed by epifluorescence
microscopy. The areas marked X are examples of areas without
fluorescence.

Viatertree

Waterneedle

Figure 7 Diagram showing the relative locations of the previous
figures. The watertrees are represented by the shaded areas.

Figure 8 Detail of the tip of a bundle. Numerous rhodamine fluor-
escent spots are visible.



Figure 9 Detail of a part of a bundle at two successive focal planes (a and b). The capital letters are markers to locate the same place of the
sample in (a) and (b). See connections between D and D', F and F'. More or less circular areas without fluorescence delimited by rings of

microchannels are marked X.
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Figure 10 Diagram showing the appearance of a microchannel
when crossed by a low depth-of-focus plane.

up and down, left and right and were very entangled.
Inside the bundles, the local density of microchannels
was also heterogeneous. Some arcas were densely
crossed by channels and others exhibited no fluor-
escent channels or spots. These small areas usually
showed a more or less circular shape about 2 um
diameter, and were delimited by microchannels that
seemed to be displayed in rings when viewed in the
two-dimensional image resulting from the projec-
tion of a three-dimensional structure (Fig. 9, areas
marked X).

This three-dimensional structure of the channels
has been confirmed and its description improved in
recording the different inmrages of each focal plane by
confocal laser scanning microscopy (Fig. 11). The
images of each optical section were then processed in
order to obtain a three-dimensional image which
could be provided as a stereo pair (Fig. 12). The
recordings of the different optical sections showed that
the thickness of the watertrees did not exceed
20-25 pm. It was recognized that the microchannels
surrounding areas without fluorescence (Fig. 9) were
not rings, but open structures more resembling helices.
However, in these first observations, there was no
opportunity to verify whether these microchannels
were connected together into an array offering con-
tinuous paths from the root to the apices of the
bundles. What could be seen were parts of an array
of entangled and connected channels. Mixed with

them, some segments of channels were visible, and,
sometimes, small clongated isolated spots.

In Fig. 13, an enlarged image shows a microchannel
where we could observe the detailed shape. Within the
limits due to the resolution as discussed below, it was
apparent that the diameter of the channel was irregu-
lar. Rough measurements on the micrograph provided
values varying from 0.2-0.6 pm.

4. Discussion

4.1. Epifiuorescence microscopy

No conclusion concerning the structure of micro-
channels can be drawn without discussing the limita-
tions of microscopy observations (resolution, depth of
field) and how the rhodamine fluorescence can pro-
vide reliable images of the real structure of watertrees:
(1) does rhodamine fill or mark the tracks of the
watertree without modifying it?; (2) how the resolution
and the depth of field of the videomicroscope and of
the scanning confocal microscope limit our knowledge
of this structure; (3) does rhodamine stain the whole
watertree?

Most of our previous knowledge about the struc-
ture of watertrees was obtained from images contra-
sted cither by water immersion or by methylene blue.
From our images at the same scale, we can conclude
that the images of the watertrees obtained in epi-
fluorescence using rhodamine as a fluorochrome are
similar and show the same general aspects. However,
epifluorescence both in videomicroscopy and confocal
microscopy gave images with a higher contrast, due to
the decrease of the background, so that higher magni-
fications could be achieved. This background is due to
the autofluorescence of the polyethylene out of the
watertree, and/or to the fluorescence of rhodamine
that diffused in the undamaged polyethylene. Relative
measurements of the brightness on unprocessed pic-
tures, from 0-100 in arbitrary units, showed that the
brightness of the watertrees varied from 24-100 while
the background (black in our photographs) remained
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Figure 11 A series of four successive optical sections obtained in confocal laser scanning microscopy. Sections are separated by a 300 nm
depth. The capital letters are markers to locate the same place of the sample on the different sections. One can find many examples of isolated
points that are connected on another level (A, B, C, D), or can be seen at several levels, thus revealing a vertical channel (C).

Figure 12 Stereo pair showing the microchannels in three dimensions. Reconstruction obtained in confocal laser scanning microscopy from
six 300 nm thick optical sections including the four sections displayed in Fig. 11.

in a 0—14 range. Furthermore, epifluorescence obser-
vations using confocal microscopy provided valuable
information in three dimensions that has never been
obtained with water or methylene blue contrasts.
Some physical or chemical effects of rhodamine, as
well as water and methylene blue, on polyethylene
cannot be excluded at the molecular level, but it is very
unlikely that rhodamine could induce perturbations at
the supramolecular level observed (20 nm or higher),
i.e. in the range of structures that could be detected by
epifluorescence microscopy.

4.2. Diameter of microchannels
The maximum resolution which could be reached with
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the best oil-immersed objective (x 63, numerical aper-
ture 1.4) was about 220 nm. Schematically, this implies
that two points separated by a distance less than
220 nm could not be distinguished from one another.
However, isolated smaller particles up to 5 nm dia-
meter could be detected [20, 217. Due to the diffrac-
tion of light, on the other hand, their apparent size is
far larger, so that an uncertainty of about 100 nm in
the measurements cannot be avoided. All measure-
ments made at the level of the maximal resolution of
the microscope allow estimation of the upper limit of
the apparent diameter, but not the real diameter.
Therefore, the smaller apparent diameter value
(200 nm) of the channels is only a rough estimation, as



Figure 13 High magnification image of a part of a microchannel,
stained with rhodamine and observed by epifluorescence micro-

scopy.

it could be much smaller. The presence of continuous
channels, as discussed below, does not imply that their
diameter is constant. In fact, our observations demon-
strated that the sections of channels are variable, even
if it is not possible to determine their actual size. More
precise measurements of microchannel diameters
could only be obtained by electron microscopy.

4.3. Cavities or channels?

We have shown that watertrees were constituted by
segments of microchannels building an array or parts
of arrays, with a few isolated spots accompanying
them. Of course this holds only within the limits of
resolution. First, we cannot distinguish two points
separated by a distance smaller than 220 nm in a focal
plane, thus we cannot differentiate a continuous path
from a sequence of smali cavities closer than 220 nm.
Second, we cannot distinguish two cavities super-
imposed and located in two adjacent focal planes from
a continuous vertical channel. Observations both in
videomicroscopy or in confocal scanning microscopy
are limited by the large depth of field of the objective
lenses varying from 0.66,0.27, and 0.32 um for the x40
(NA:0.90), x63 (NA:1.40), and x100 (NA:1.30) object-
ives, respectively. However, it is unlikely that several
focal planes could repeatedly display a channel ap-
pearence with superimposed cavities.

Despite this limitation, we can compare our results
with the model based on electron microscopy observa-
tions [8, 16—18]. It has been claimed that watertrees
were constituted of microvoids of 10-100 nm dia-
meter. These conclusions have to be considered very
carefully. In electron microscopy, the specimen is sec-
tioned into about 100 nmh thick thin films, thus the
channels could have been cut and could appear as
isolated cavities exactly in the same way as in the
optical sections (Fig. 10). But the main difficulty in
electron microscopy is the impossibility to distinguish
between holes constituting the watertree, holes present
in the polymer before ageing out of the watertree, and
holes resulting from a harmful preparation procedure.
Although electron microscopic studies have not been

intended to evaluate the absolute distances between
cavities, estimations from the published pictures
[16, 18] suggest distances above 200 nm and most
often above 500 nm, values that could have been
resolved easily in epifiuorescence microscopy. From
our observations (see especially Figs 12 and 13), it is
obvious that microchannels are mainly present in the
watertree area. Figures resembling sequences of spots
with discontinuities are visible, but changes in the
focus and fine inspection of the photographs most
often reveal a faint connection between them. This is
not always the case, as some channels can be inter-
rupted and a few of them appear only as small elonga-
ted cavities. As these observations have been per-
formed on well-developed watertrees, it would be
necessary to study the newly formed watertrees to
determine if these channels are already present at the
beginning or if vacancies are formed first, becoming
closer and closer and eventually coalescing.

Our observations support the view that well-de-
veloped watertrees are constituted by microchannels
rather than sequences of isolated cavities. However,
these microchannels may be segmented, and it is not
proved that these channels build a continuous path
from the root to the tip of the branches.

4.4. Nucleation of watertrees

The feet of watertrees, located at the surface of the
waterneedle print, would logically correspond to their
nucleation point. The location of these feet on precise
arcas must be due to some special local conditions
existing in these spots, favouring the initiation of
destructuring. The nature of these conditions could be
topological, chemical, mechanical, structural or elec-
trical. (1) The interface between the polymer and the
needle could possess some corrugations or bump. (2)
Chemical impurities could be located on it. (3} Re-
sidual stresses due to the moulding of the polymer
could be stronger in some places. (4) Particular arran-
gements of the crystalline lamellae or the amorphous
part could offer areas of preferential destructuration.
(5) Finally, the electric field could be heterogeneous
and could reach critical values at certain spots. These
conditions are not independent. For instance, the local
structure could result from residual stresses, and the
local electric field could be determined by chemical,
topological and structural peculiarities. But up to
now, we have found no indications allowing us to
assess the relative role of each of these parameters.

4.5. Shapes and orientations

Why are the shapes of the different parts of the
watertrees so different, especially between the tip and
the sides of the waterneedle? Different factors could
influence the local expansion and growth of the water-
tree, in the same way as they influence nucleation
spots: the shape of the needle, heterogeneous distribu-
tion of additives like antioxidant or water, the moul-
ding process, or microstructure disturbing the local
clectric field. The initial form of the granules of poly-
ethylene with subsequent heating and pressure, the
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differences of temperature between the bulk and the
surface of the mould during cooling and the shape of
the needle would create heterogeneities and residual
stresses. Moreover, paths with a different mechanical
resistance inside the polyethylene could be present
close to the tip of the needle and to the side.

Because watertrees grow from the tip of the needle
which is an electrode, and the bundles diverge from
this electrode, it could be expected that the orientation
of these bundles follows the force lines of the theoret-
ical electric field between the two electrodes (needle
and plate, Fig. 1). However, it is obvious that there is
no direct relationship between the growth of the bun-
dles and these expected force lines. A first explanation
is that the real microscopic electric field is probably
very different from the theoretical one, because of the
heterogeneities present in the structure. Another likely
possibility is that the path of the watertree could result
from two main influences, the electric field and the
mechanical resistance of the material, both contribut-
ing to chemical changes.

4.6. Entanglement of microchannels

The way the microchannels are displayed inside the
bundles is very surprising. Although the bundles ap-
pear with a very well delimited outline and a definite
orientation, they are constituted by erratic and entan-
gled channels, which sometimes display a circular or a
rather helicoidal path. It is very difficult to suggest a
mechanism relating these two features. However, there
is some indication that the microchannels could grow
around the crystallites or their arrangements such as
spherulites. This has already been proposed by
Muccigrosso and Phillips [26], although Bamyji et al.
[14] demonstrated that the nodules visible in scanning
electron microscopy were not spherulites and were
due to the preparation of the specimen with etchants.
Nevertheless, our preliminary observations in polar-
ized light microscopy on low-density polyethylene
seem to support a structure made of spherulites
bounded by microchannels. However, the spherulites
are not well formed in cross-linked polyethylene and it
is not definite that they are the most common struc-
ture. Therefore, it is necessary to investigate this prob-
lem further on samples made of linear low-density
polyethylene. Furthermore, the thickness of the speci-
men suitable to observe watertrees is too large to
observe clearly the shapes of the spherulites.

5. Conclusion

Epifluorescence microscopy is a very suitable way to
visualize watertrees inside aged polyethylene. It al-
lowed us to reach a better resolution of the images of
the inner structure of the tree, and at the same time,
these images offered a good general view of the com-
plex figure of the bundles. Although it is easier to
observe watertrees by epifluorescence with a standard
microscope, the use of a confocal laser scanning
microscope gave images devoided of out-of-focus
fluorescence and allowed the three-dimensional re-
construction of the microchannels.

168

We were able to determine that watertrees start on
well-defined spots at the surface of the waterneedle.
The nature of these spots remains undetermined.
Microchannels grow along erratic paths entangling
with respect to one another in three dimensions, most
likely according to the arrangement of crystalline and
amorphous parts and to heterogeneous values of the
electric field. Their diameter is variable but very small,
more often less than 0.6 pm and sometimes less than
0.2 pm. Microchannels are connected to each other in
more or less large arrays, but it was impossible to
determine if there was a continuous path between
them. Some channels are short and seem isolated.
More or less elongated isolated cavities can also be
found.

On the basis of our observations, we suggest that, at
least for the well-developed watertrees present in our
specimens and within the limit of the 0.2 pym resolu-
tion, microchannels are not formed by the juxtaposi-
tion of isolated cavities. In contrast, we showed that
the so-called cavities are connected at different depths
inside the polyethylene.
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