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ABSTRACT

Electrical treeing is one of the main mechanisms of degradation in polymeric high
voltage insulation, a precursor of power equipment failure. Electrical trees have been
previously imaged mostly using two-dimensional imaging techniques; thereby loosing
valuable information. Here we review the techniques that have been previously used and
present the novel application of X-ray computed tomography (XCT) for electrical tree
imaging. This non-destructive technique is able to reveal electrical trees, providing a three-
dimensional (3-D) view and therefore, a more complete representation of the phenomenon
can be achieved. Moreover, taking virtual slices through the replica so created brings the
possibility of internal exploration of the electrical tree, without the destruction of the
specimen. Here, laboratory created electrical trees have been scanned using XCT with
phase contrast enhancement, and 3-D virtual replicas created through which the trees are
analyzed. Serial Block-Face scanning electron microscopy (SBFSEM) is shown to be a
successful complementary technique. Computed tomography enables quantification of
electrical tree characteristics that previously were not available. Characteristics such as the
diameter and tortuosity of tree channels, as well as the overall tree volume can be
calculated. Through the cross-section analysis, the progression of the number of tree
channels and the area covered by them can be investigated. Using this approach it is
expected that a better understanding of electrical treeing phenomenon will be developed.

Index Terms — Electrical trees, Three-dimensional, 3-D, Imaging, X-ray,

Tomography, XCT, SEM, SS-SEM, SBFSEM.

1 INTRODUCTION

THE reliability of high voltage electrical insulation is critical to
the quality of national power supplies. Failure of solid polymeric
high voltage insulation is commonly a consequence of electrical
treeing. Electrical trees are tubular channels of degradation in
highly stressed polymeric insulation caused by electrical discharges
which, over long periods of time, lead to failure of the insulation.
The term ‘electrical tree’ arises from their shape, which is like a
natural tree as shown in Figure 1 [1, 2]. Electrical trees are
evidence of a cumulative and irreversible process which may lead
to electrical breakdown, and is seen in electrical power equipment,
such as power cables, electrical machines, switchgear and
transformer bushings [3]. By better understanding the initiation and
growth processes of electrical trees, power utilities will be able to
improve their asset management, so enhancing network reliability.
At the same time, equipment manufacturers and material suppliers
will be able to upgrade their product design, reducing cost of
infrastructure investments.
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Electrical treeing in solid insulation has been studied for
many years [4]. Nonetheless, the processes are yet to be fully
understood, and little can be predicted concerning for example
electrical tree initiation or growth rate. In insulation materials
in power systems equipment, trees grow over tens of years;
however, in the laboratory trees are typically grown over
periods of a few hours by enhancing the electrical field. This
is normally achieved by generating a high divergent electrical
field inside a material, using a sharp needle as an electrode
[5]. The sample is constructed so that there is a gap of 2-3 mm
between the high voltage electrode (normally the needle) and
the plane electrode (normally grounded). This is known as the
point-to-plane or pin-to-plane configuration.

Electrical treeing is normally divided into three stages [4].
First, is the period of incubation when conditions are
developed which enable a tree to initiate (inception stage) [6].
No physical damage is visible at this stage and this is the least
understood part of the process. It might best be considered as
a period during which conditions are developed which enable
high energy electrons to be created by the electric field in the
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Figure 1.  Left: Branch-type electrical tree created in the laboratory [7].
Right: Bush tree [8].

material. Second, the electrical tree grows through electron
avalanche (partial discharge) activity resulting in hollow
channels of degradation (propagation stage). Third, the tree
bridges the insulation (runaway stage). The final breakdown
event and its associated destructive current may be considered
a further part of the process. During growth, electrical trees
can be characterized by different shapes commonly classified
for simplicity as: branch (Figure 1 - left), bush (Figure 1 -
right) or branch-bush structures (a mix between both) [4].
Electrical trees can have other distinctive shapes or even
possess different structures during their evolution [1, 9]. The
main methods of electrical tree characterization in the
laboratory are: imaging techniques, partial discharge
measurements and electroluminescence detection.

One of the first publications containing images of electrical
trees was in 1935 where treeing in oil impregnated paper was
shown [10]. With the years, failures occurred and pictures
from cables containing electrical trees that were in service at
normal operating voltage were reported [11, 12]. A historical
review of treeing in solid dielectric materials can be found in
[5], while a review of experimental work on treeing is
presented in [13]. Digital imaging and computers have helped
boost the post-processing of data and thus, the possibility of
analysis. However, most research and analysis has been
focused on two-dimensional images, mainly because of
simplicity of acquisition.

This paper reviews techniques previously used for imaging
electrical trees and presents the application of X-ray computed
tomography for 3-D imaging of electrical trees. Then
techniques are compared and evaluated.

2 TECHNIQUES FOR ELECTRICAL
TREE IMAGING

There are several microscopy techniques available for the
examination of polymers [14, 15]. This section reviews the
techniques that have been used to obtain images of electrical
trees [16]. These methods can be classified by distinguishing
features such as: whether they are destructive, resolution
achieved, the nature of the wave applied (e.g. electromagnetic
or ultrasound), wavelength of the source applied (e.g. visible
light, X-ray, electron beam, laser), among others. Here the

techniques are classified as ‘optical microscopy’, ‘electron
microscopy’ and ‘other methods’. A summary of the
techniques is presented in Table 1.

2.1 OPTICAL METHODS

The most common imaging technique for electrical trees is
“visible-light microscopy’; see for example Figure 1. Further
images using this technique can be seen in [1, 8, 17-22]. The
current technology of CCD cameras and microscope systems
with digital recording allow analysis of electrical tree growth,
making it ideal for analysis as the tree grows, with the
possibility of synchronization with partial discharge
measurements [23]. The growth of the electrical tree can be
readily video recorded [24].

This technique is non-destructive and has been applied to
translucent materials such as unfilled epoxy resins,
polyethylenes, unfilled silicone rubbers, polypropylene and
polyesters. Samples are designed to allow clear ‘sight’ of the
tree. Commercial filled polymers such as silica filled epoxy,
clay filled EPDM and ATH filled silicones are unsuitable for
this technique because of the associated reduction of
transparency.

Much information can be extracted from resulting 2-D optical
images of electrical trees as they develop [25]; for example, the
shape or structure [1, 9, 18], the fractal dimension [1, 22, 26],
the tree length [1, 18, 22], tree growth rate [9] and the ratio of
the width and the length of the tree [1].

In practice, the resolution (the closest two points that can be
resolved) achieved by optical methods is mainly limited by the
transparency of the material and the contrast of the electrical
tree with the bulk material. The practical optical resolution is
presently around 0.2 pm [14], however, in the application of
imaging electrical trees in polymers the resolution achieved is
a few micrometers.

A feature of electrical tree growth is that it is associated
with partial discharges. These discharges give rise to emission
of visible light which can also be detected by microscopy [27-
29]. In addition, during inception and later growth, lower but
detectable levels of electroluminescence occur [29].

2.2 ELECTRON MICROSCOPY

Electron microscopy can be divided into scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) techniques. Both use electrons as a source, but while in
SEM the imaging information is obtained by the reflected
signals emitted from the surface of a specimen, in TEM the
information is obtained by the transmitted electrons that
passed through a thin specimen [14].

2.2.1 SCANNING ELECTRON MICROSCOPY (SEM)

In SEM a beam of electrons is focused on the surface of the
specimen and scanned along a raster of a parallel contiguous
line pattern [30]. The incident beam interacts with the surface
of the sample and different signals are emitted as a result of
the interaction. These signals, mainly composed of secondary
electrons, primary back-scattered electrons and X-rays, are
collected to form an image.
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Table 1. Techniques for electrical trees imaging.

1 2 . . Information 3 Real Example
Technique Destructive Advantages (Benefits) Disadvantages (Limitations) extracted Resolution fime references
Video recording (dynamics of tree growth) Only translucent materials Shape
Optical No More accesible technology (cheaper) Narrow depth of field Structure few (um) ® Yes (1,8, 1722, 24]
More direct visualisation, easier to interpret Global dimensions | 0.2-0.3 um ®114)
Possibility of visualizing PD light emissions
Large depth of field Only surface exploration Morphology
SEM Yes High resolution Possiblc fcau?rc dz?magc because the beam . Micro-structure tens Of(l(lﬂr:’l) “ No [3135]
Possible modification of the structure when cutting 2-10nm " [14]
Charging issue
Very high resolution Complex sample preparation (thin specimen) Morphology ®
TEM Yes Possible modification of the feature if etching is used |Micro-structure z Oiin;; No [33, 37-38,40]
Possible feature damage because the beam [14,3¢]
Non-ionizing, compared e.g. X-ray Immersion in water is normally used Flaw detection @
Ultrasound No Comparatively low cost Comparatively low resolution 35_3(; }Zg No [42, 44, 45]
More portable equipment Cannot resolve complex structures 145, 46]
NMR No Very low resolution Affected area 07 mm™ 47 No [47, 48]
Comparatively high cost
LSCM No Better resolution than conventional optical Only translucent materials As in optical 02 um (A) [51] No 50, 51]
Possibility of cuasi 3-D view (focusing at diff. depths)

! Imaging techniques for research purposes, not for diagnosis of equipment insulation.
? Destructive means that the feature is irreversibly damaged during the preparation or examination.
* (A) Best reported for electrical trees. (B) Capability of the technique or reported for another application.

For sample preparation, the specimen is cut with a
microtome typically along a tree branch for exploration of its
interior surface [31-34]. Alternatively, cross-sections of the
tree can be cut to obtain images of tree holes [35].

This technique is destructive since the sample needs to be
microtomed, but it is not dependent on material transparency.
The channel-like nature of the trees was demonstrated using this
technique [5]. The resolution of SEM systems is less than one
nanometer, however, in the case of polymers and electrical
trees, the resolution is decreased by problems related to high
doses of electrons and low contrast [14].

Another potential problem of using SEM on polymers, is the
issue of charging the surface [14]. A method to alleviate this is gold
coating the surface [36]. This conductive layer avoids charge
accumulation and increases the signal of secondary electrons,
improving the signal-to-noise ratio. Another risk is modification of
the morphology of the feature under examination by the electron
beam or as a result of slicing for sample preparation.

2.2.2 TRANSMISSION ELECTRON MICROSCOPY
(TEM)

In TEM a thin specimen is irradiated with an electron beam
[36]. Electrons interact with atoms of the bulk of the sample
as they pass through it and the image is formed from the
transmitted signal. The technique is mainly used to study the
morphology of materials. The specimen is sliced into sections,
around 100 nm thick, for examination [33, 37], and the sample
can be stained to obtain a better contrast [37]. TEM, like
SEM, is a destructive method due to the slicing of the sample.
Accordingly, it does not require optical transparency of the
material. However, the sample preparation is complex since a
very thin slice is needed to acquire the ‘electron-transparency’
of the material. Additionally, samples are normally prepared
by permanganic etching process in order to remove surface
deformation and etch the microstructures for imaging [38].
The main advantage of this technique is its capability to
resolve features below nano-metric size [36, 39]. However, as
a rule of thumb, the resolution limit in polymers is about one

tenth of the thickness of the specimen [14]. An example of
this, is the identification of a tree, immediately after initiation,
as a hollow tube of about 50 nm in diameter [40].

2.3 OTHER METHODS
2.3.1 ULTRASOUND

Ultrasound imaging techniques consist of sending ultrasound
pulses to an area of interest and capturing the reflected signals
coming from the interfaces where differences in acoustic
impedance exist. It is a non-destructive method able to detect
and characterize flaws in insulation [41-43]. Moreover, this
technique has been applied for the detection of electrical trees
[42, 44, 45]. In its application, the transducer which sends and
receives the ultrasound signals, and the sample are normally
immersed into a water tank in order to obtain better transmission
avoiding mismatching of acoustic impedances. In [44] the
location of an electrical tree was detected close to the surface.
That system had an estimated resolution of 50-200 pm. In
another example, electrical trees in silicone rubber were
detected, but the fine structure of the tree could not be
visualized [42]. More recent studies have achieved better
resolutions. In [45] branching of a tree could be discriminated
with a resolution of around 50 pum. In the application of a
proposed modification of the synthetic aperture focusing
method, a lateral resolution of around 35 pm is reported [46].

The ultrasound technique requires a compromise between
resolution and attenuation: on the one hand, higher frequencies
improve resolution, on the other hand, higher frequencies suffer
higher attenuation, limiting the accessible depth [42].

In summary, ultrasound techniques are able to detect areas of
degradation or treeing, but are unable to resolve the detail and
complex structure of electrical trees.

2.3.2 NUCLEAR MAGNETIC RESONANCE
Nuclear magnetic resonance is a spectroscopy which employs
radio frequency radiation in magnetic fields to examine
properties of the atomic nuclei [47]. It is a non-invasive
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technique and does not depend upon the transparency of the
material. In attempts to visualize electrical trees using nuclear
magnetic resonance, the technique was used to analyze
morphological changes in polyethylene. Again, only generally
affected areas (areas of treeing) can be detected, rather than
any detail, and the reported spatial resolution was around 0.7
mm [47, 48].

2.3.3 LASER SCANNING CONFOCAL MICROSCOPY
(LSCM)

In LSCM (or confocal laser scanning microscopy - CLSM)
a laser beam is focused into a small area of the sample and
scanned to get an image at a certain depth level into the
sample. The samples examined are tens of micrometers thick.
This technique is considered as the optical equivalent of SEM
[49]; moreover, when imaging translucent materials, it has the
ability to create 3-D images through the reconstruction of
pictures at different depths. This process is called the ‘non-
invasive serial optical sectioning’ [49].

LSCM has been used for imaging water trees [50, 51]. It
achieves better resolution than conventional optical
microscopy and thicker samples can be examined (200 pm in
[50]) than with TEM. The lateral resolution reached using this
technique in [51] was around 0.2 pm. This technique has not
yet been widely used for scanning insulation materials. Until
now, it has been widely used in biomedical imaging [49, 52].

3 THREE-DIMENSIONAL IMAGING

Most of the images of electrical trees available in the
literature are in two-dimensions (2-D). This is due to the
simplicity of image acquisition. Three-dimensional (3-D)
images are required for a more complete representation that
does not lose information on the electrical tree structure.

As described in the previous section, laser scanning
confocal microscopy has the ability to acquire several 2-D
images at different levels of depth, and from them, reconstruct
the 3-D view of the feature. However, only a few tens of
micrometers in depth can be analyzed and reconstructed;
therefore, this method will not be considered as a 3-D imaging
technique here. There have been a few attempts of 3-D
imaging of electrical trees. One of them was the use of
ultrasound [44]. There, a bush-type electrical tree was imaged.
However, only a general shape-pattern was obtained and
moreover, the technique relied on human recognition of the
signals among noise.

Two key methods of construction of 3-D images are now
considered: serial sectioning method (SSM) and computed
tomography (CT).

Using the SSM [26, 53], the sample is cut in slices with a
microtome, and 2-D images taken. The 3-D pattern is
reconstructed from the 2-D images. This method is
demonstrated for trees in Section 5 using SEM images, where
the technique is called “serial block-face SEM” (SBFSEM).

CT images an object from either transmission or reflection
data collected by illuminating the object with a penetrating
wave from many different angles [54]. In contrast to SSM this
is a non-destructive technique. In [53], an optical microscope

with a CCD camera was used to take the image of the
projected 2-D pattern every 2° from 0° to 180°. However, the
reconstructed 3-D pattern did not yield much detail and it was
pointed out that the method does not reconstruct a dense bush
tree satisfactorily [53], as the details in the interior of the tree
are lost.

X-ray tomography has been applied by the authors for 3-D
imaging of electrical trees [7]. The description of the
technique and the results obtained are presented in the
following section.

4 EXPERIMENTAL.:
X-RAY COMPUTED TOMOGRAPHY (XCT)

4.1 EXPERIMENTAL DETAILS

X-ray computed tomography (XCT) is based on the
measurement of transmission of X-rays through the object
over a range of angles. A schematic diagram of a typical
laboratory micro CT system is shown in Figure 2.
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Figure 2. Schematic diagram of a typical laboratory micro CT system having
cone-beam geometry.

Recent advances in source and detector technology have
enabled resolutions down to one micrometer or less to be
routinely achieved with this type of system [55]. Even higher
resolutions (down to the tens of nanometer range) can be
achieved using X-ray microscopes [55, 56]. These instruments
are analogous to visible light microscopes in that the sample is
illuminated by X-rays using a condenser optic, and a lens
(Fresnel zone plate) is used to focus the X-rays that have
passed through the object on to a detector. In this work an
Xradia micro-XCT-400 system (Xradia Inc., Pleasanton, CA)
was used to provide resolutions down to ~1 pm, while an
Xradia nano-XCT-100 microscope was used to provide 150
nm resolution.

For tomography, a series of 2-D radiographs are taken as
the sample is rotated about the vertical axis over at least 180°,
and these are combined with a reconstruction algorithm to
form a virtual 3-D replica of the object [54]. Contrast is
typically obtained from the attenuation of X-rays (loss of
intensity) as they pass through the object [54]. However,
attenuation contrast was poor for the electrical trees at the
hard X-ray energies produced by the sources of the two
instruments. As an alternative, contrast can be obtained from
the shift in the phase of the X-rays as they pass through the
object. For the Xradia micro-XCT system the ‘in-line’ method
can be used, in which the phase shift leads to interference
fringes being measured on the detector. In the near-Fresnel
regime, these fringes act as an edge-enhancement,
highlighting sharp boundaries within an object [54, 57]. In
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this regime the phase contrast increases with distance between
the source and object, and object and detector (R; and R,
respectively in Figure 2) [57]. These distances were optimized
for each electrical tree to produce adequate contrast.

For the Xradia nano-XCT microscope, Zernike phase
contrast is available, in which the sample is illuminated by a
hollow-cone of X-rays, and a phase ring is placed in the back-
focal plane of the X-ray lens [56]. The phase ring produces a -
3n/2 shift relative to the phase of the X-rays that are
undiffracted by the object. However, some of the diffracted
rays also pass through the phase ring leading to a ‘halo’ effect
which highlights the boundaries within the object. This effect
is manifested in the reconstructed slices as a bright and dark
band either side of the boundary as illustrated later.

4.2 IMAGING STUDY CASES

Several point-to-plane samples were prepared. Electrical
trees were grown under electrical stress until the desired
length of the tree was reached or until electrical breakdown
occurred. After the feature was created in the material, the
sample was prepared for the X-ray scanning process.

The samples were examined under 2-D X-ray imaging
(radiographs) and if they showed no noticeable feature, no
tomography was performed. Other cases revealed features
under 2-D radiographs. Three of them: an electrical
breakdown, a bush-type electrical tree and a branch-type
electrical tree, were fully scanned with 3-D XCT technique.
Samples 1 and 2 were previously reported [7] and are
presented here again with further analysis.

4.21 SAMPLE 1: ELECTRICAL BREAKDOWN

A tree was grown in epoxy resin (Huntsman Araldite®
LY5052 - Aradur® HY5052, a cold curing epoxy system),
until a breakdown channel occurred. Details concerning the
sample preparation and breakdown are given in [7]. For
scanning, the sample was cut down to a 3 mm diameter
cylinder containing the breakdown feature to get better
contrast and resolution. It was observed that the sample had
changed to a darker color during the exposure to X-ray (the
scan time was ~14 h and 2001 radiographs were taken over
188°). However, no changes in the structure of the electrical
tree were evident when comparing the radiographs taken at
the start and end of the scan. After reconstruction, the final
voxel (volumetric pixel) size was 2.4 pm. Features smaller
than this size cannot be fully resolved and thus, could not be
analyzed. Avizo image processing software (VSG, Burlington
MA) was then used to segment the breakdown feature.

4.2.2 SAMPLE 2: BUSH-TYPE ELECTRICAL TREE

An electrical tree was created using a similar procedure as
for Sample 1; however in this case, a more optically
transparent polymer was used (Norland® Optical Adhesive
61, a colorless photopolymer). Details about the sample
preparation and electrical tree creation are given in [7]. The
tree created was a bush-type electrical tree of around 1.2 mm
wide and 0.8 mm long (a video of the electrical tree growth
can be seen in [24]). To get better contrast in the scan, the

sample cylinder diameter was decreased to 2 mm. The
specimen was scanned at higher magnification than for
Sample 1 for 54 h during which time 361 radiographs were
taken over 182°. In this case, no color change was noticeable
in the sample. The reconstruction of the tree resulted in a
voxel size of 1 pum and Avizo software was used to segment
the electrical tree.

4.2.3 SAMPLE 3: BRANCH-TYPE ELECTRICAL
TREE

The sample consisted of an epoxy resin cube of the same
material and dimensions as Sample 1, with an acupuncture
needle (Hwato® 0.35 mm, ~5 pm tip radius) inserted leaving
a2 mm gap between the needle tip and the bottom of the cube.
The sample was stressed under 10 kVrms 50 Hz until the
electrical tree was noticeable optically. The resulting feature
was a branch-type electrical tree of around 200 pm length. For
XCT, the sample was machined to a cylinder of around 2 mm
diameter and scanned for 60 h using the Xradia nano-XCT
microscope at 150 nm resolution, during which time 721
radiographs were taken over 180°. Limitations in the accuracy
of the instrument rotation stage meant that the sample was
subjected to random movement (‘wobble’) as it is rotated.
This wobble was corrected for by tracking the tip of the
needle through the series of radiographs using image
correlation and then aligning the radiographs prior to
reconstruction. The field of view was around 60 um, meaning
that only around a third of the tree length was imaged. After
the scan, a localized change in color of the sample was
observed. Again there were no noticeable differences in the
tree structure when comparing the radiograph taken at 0° at
the start of the scan and at 180° close to the end of the scan.
The voxel size of the reconstruction was 0.13 pm. Again,
Avizo software was used to segment and create the 3-D model
of the electrical tree.

4.3 RESULTS
4.3.1 SAMPLE 1: ELECTRICAL BREAKDOWN

The electrical breakdown and its reconstruction are shown
in Figure 3. An animation with a 3-D rotation of the
breakdown channel is available [24]. The breakdown tube was

| -

Figure 3. Samplel - Electrical breakdown. Left: Optical microscopy. Right:
3-D X-ray tomography. Scale bar: 200 um [7].
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fully revealed by the technique, and some of the thicker tree
branches projecting from the tube were captured.

After segmenting the tube, the following measurements were
determined using Avizo: volume 0.073 mm’, mean diameter 180
um and length along the center path 2.46 mm.

The fine structures of the electrical tree were not captured;
however, some protuberances in the breakdown channel were
evident marking the presence of the branches of the remaining tree.
The reason why tree branches were not revealed, but the
breakdown channel was, may not be only because they were
smaller than the breakdown tube, but also because the breakdown
channel was composed of carbonized material (due to the high
temperature breakdown event) which may help in obtaining a
better contrast between the bulk dielectric and the feature.

4.3.2 SAMPLE 2: BUSH-TYPE ELECTRICAL TREE

The reconstruction results using XCT for Sample 2 are shown
in Figure 4 and Figure 5. The very fine tips of the electrical tree
were not clearly distinguishable due to noise in the data, and
could not be segmented for further quantitative analysis. Only
~600 pm of tree length is presented here. A virtual animation
with axial rotation of the reconstructed electrical tree is shown
in [24].

Figure 4. Sample 2 - Bush-type electrical tree. Left: Optical camera. Right: 3-
D rendering of the XCT reconstruction. Scale bar: 50 pm [7].

—
Soum

Figure 5. X-ray reconstruction Sample 2. Left: view from the top. Right:
another view-angle. Scale bar: 50 pm.

Volumetric measurements were taken using Avizo
software. The volume of the tree was 1.78x10° um’, while the
volume enclosing all points in the tree was calculating using
the convex hull to be 5.06x10” pm®. The convex hull is the
smallest convex polyhedral surface that contains the entire
feature. Accordingly, the proportion of tree volume degraded
of Sample 2 was 3.5% (ratio between volume and convex hull

volume of the tree). The mean diameter of the channels was
calculated to be 4.4 pm (with a standard deviation of 1.7 pm)
using the local thickness plugin for ImagelJ software.

As an additional method of characterizing the tree, the
calculation of the tortuosity of the branches of the tree was
explored. The simplest method of calculating tortuosity is the
ratio between the length along the route through the tree and the
Euclidean distance from the starting point to the end point. The
tortuosity was calculated by first applying the medial axis
transform [58] which determines the center-line along all
branches in the tree. Shortest paths through the tree were then
generated from a single starting point, this being the closest
point to the tip of the needle, to the end point of each of the
branches. The shortest paths were determined using Dijkstra’s
algorithm [59]. The tortuosity of each path was then calculated
using the method presented in [60], which involves sampling
the path on a scale related to the local thickness of the channel.
This method minimizes the effect of noise in the segmentation
which can lead to the center-lines having an erroneous high-
spatial frequency component, leading to an overestimation of
the tortuosity. In the case of Sample 2, the mean tortuosity over
all paths was 1.6 with a standard deviation of 0.6.

The change in the tree with distance from the needle was
investigated by considering cross-sections/slices through the
data, which were aligned approximately perpendicular to the
major axis of the needle and tree. Cross-sections at different
distances from the needle tip are shown in Figure 6. An
animation of the cross-sections (slices) along the progression
of the tree can be seen in [24].

G <X A AN

Figure 6. Cross-sections of the reconstructed electrical tree, Sample 2.
Distances from the tip in pm: a. 20, b. 50, c. 100, d. 150, e. 250, f. 350 [7].

The number of electrical tree channels as a function of the
distance from the needle tip is shown in Figure 7 (top,
continuous line), which characterizes the bifurcation through
the tree. The total channel area and the 2-D convex hull area
(are enclosing all the channels) in each cross-section are
represented as a function of distance from the needle tip in
Figure 7 (bottom). The area of the 2-D convex hull on each
slice was determined using Matlab 2012a (Mathworks Inc,
Natick, MA) (see polygon enclosing the entire set of tree
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channels in Figure 6b). The proportion of area degraded is
defined as the ratio between the total channel area and the
convex hull area is represented in Figure 7 (top, dashed line).

300 10%

A
UAd

W, \'V\‘
\a
(N 5%

N N
o wv
o o

=3
-

ra

<
.

Number of channels
G
o

H
o
o
‘
—££5
5
2
7
—\
[]
rl
1
1
1
1
1
1
1
A4

Proportion of area degraded

o

n
1)
) i\

0%
100 200 300 400
Distance from the needle tip [pm]

=)

180

T : E
. - L
= 7 ‘IJIAVAA::\ ;== Moy s e 160 g-
(= NN\ | T > |
S6 A W 140 o
S -— s “M\\ i 3
%5 4 /s 120 T<
4 —_—
N W o
E / J \ 80 &
EE ' o, 3
g / /S !
Ep) »~ x
S //, F40 S
S1 Le L 20 5
R S
0 0

o

100 200 300 400
Distance from the needle tip [pm]

Figure 7. Cross-section analysis of Sample 2. Top: Continuous line, number
of electrical tree channels. Dashed line, proportion of area degraded. Bottom:
Continuous line, total cross-sectional area covered by tree channels. Dashed
line, convex hull cross-sectional area of tree channels [7].

The graphs of Figure 7 show that the change of the number
of branches and area covered by the channels is in accordance
with the visible aspect of the bush-type tree. By 200 um from
the tip, the tree covered a larger cross-sectional area than the
field of view. At this point, the convex-hull area becomes
artificially constant, while the number of channels and the
total channel area decrease as the tree becomes less dense.

In the case of Sample 2, the X-ray technique was able to
reveal the fine channels of the electrical tree which was not
the case of Sample 1, where only the breakdown tube was
observed. This difference is partly due to a higher
magnification being used when scanning Sample 2. However,
there are other possible reasons including that the tree-
channels in Sample 2 could have been considerably thicker
than in Sample 1 (so that sub-micron resolution would be
required for Sample 1). The samples were made of different
materials, so that the nature of the channels (in particular the
material in the channel and the channel surfaces) in Sample 2
might allow better contrast for X-ray imaging than in Sample
1. Overall, the results suggest that it is necessary to have a
voxel resolution of less than ~2 pm in order to successfully
image the majority of features in the electrical trees with X-
ray tomography. However, much higher resolutions are likely
to be needed when studying early-stage tree development. The
applicability of using X-ray nano-tomography is therefore
explored for Sample 3 in the following section.

4.3.3 SAMPLE 3: BRANCH-TYPE ELECTRICAL
TREE

A 3-D rendering of the branch-type tree is shown in Figure 8
(with the needle omitted) with an accompanying animation
available at [24]. A volume of 59 um x 66.6 um x 64.6 um was
imaged with a voxel size of 0.13 um. It was necessary to image
at the tip of the needle, as this feature was used to align the
radiographs (i.e. correct for stage wobble) prior to
reconstruction (see Section 4.2.3). Therefore, the actual distance
along tree in the direction of the needle available for analysis
was 42.1 um (325 slices). No optical image is provided here
since a good quality image was not achievable in this case.

To improve signal-noise-ratio of the reconstructed slices, a
uni-directional bilateral filter was applied, this being a variation
of the standard bilateral filter developed by [61]. A new
intensity was calculated for each voxel, by considering the
intensity of those voxels within 20 slices directly above and
below the current voxel (the vertical direction being the primary
axis of the tree). The intensities of these voxels were averaged
using a Gaussian weighting related to the difference in intensity
to that of the current voxel.

The channels in the tree were segmented using a grey-level
threshold to select the dark band around the inner edges of the
channels produced by the halo artifact (see Section 4.1). In a
small number of places, the magnitude of the halo artifact was
reduced and a limited amount of manual segmentation was
required. A hole-filling algorithm was then applied in Avizo to
select all voxels bounded by the dark bands, and hence segment
the full internal volumes of the channels. However, it was
noticed that some branches appeared to be disconnected from
the main tree. This can arise if parts of the channels have a
diameter less than a few voxels across or have low contrast,
which in both cases means that the channel section cannot be
distinguished above the noise level. These disconnected
branches were considered for the measurements presented
below, except in the case of tortuosity, since they do not share
the same starting point as the other branches.

—

10 pm 10 pm

—

Figure 8. Sample 3. Branch-type electrical tree. Left: Front view. Right: Top
view. Scale bar: 10 pm.

The tree volume and convex hull volume were 1.30x10°
um® and 6.98x10* um®, respectively (calculations made using
Avizo software). Thereby, the proportion of volume degraded
was 1.9%. The shortest paths from the needle to each branch
end-point were less convoluted compared to the bush-type tree
(Sample 2), with the mean tortuosity being 1.25 (with a
standard deviation of 0.09), using the procedure described for
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Sample 2 in Section 4.3.2. There are, however, far fewer
branches in this data set.

Six cross-sectional slices are shown in Figure 9 with an
accompanying animation showing all slices available to view in
[24]. These images demonstrate the ‘halo’ effect which highlights
the boundaries within the object as discussed in Section 4.1.

Figure 9. Cross-sections of the Sample 3. Distances from the starting point of
the tree in pm: a. 0, b. 7, c. 14, d. 21, e. 31, f. 42.
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Figure 10. Cross-section analysis of Sample 3. Top: Continuous line, number
of electrical tree channels. Dashed line, proportion of area degraded.

Bottom: Continuous line, total cross-sectional area covered by tree channels.
Dashed line, convex hull cross-sectional area of tree channels.

The mean diameter of the channels was determined to be
1.9 um (with a standard deviation of 1 pum), calculated as
before with ImageJ software. The number of tree channels as
a function of the distance from the starting point of the tree is
shown in Figure 10 (top, continuous curve). Additionally, the

total area and the convex hull area of the tree channels are
shown in Figure 10 (bottom); and the proportion of area
degraded (ratio between total area and convex hull area of the
tree channels) is shown in Figure 10 (top, dashed curve). The
values are shown from 5 pm to obtain better resolution in the
plot, due to the fact that near to the tree starting point there
was only one tree channel, yielding to a proportion of area
degraded close to 100%.

4.4 COMPARISON OF SAMPLES 2 AND 3

It is necessary to consider that Sample 2 and Sample 3 were
made of different materials, and moreover, Sample 2 was
stressed much longer than Sample 3, resulting in a larger and
more mature tree. Thus, it was necessary to scan the bush-type
(Sample 2) and branch-type (Sample 3) electrical trees, with
different instruments, having considerably different fields of
view. Therefore, direct comparison between the measurements
made for the two trees is difficult. Nevertheless, the global
parameters (those calculated using the whole data) are
indicative of differences in the structure of the trees. For
example, the mean channel diameter confirms that it was
necessary to scan the branch-type tree at a higher resolution.
In addition, particular local properties measured at the same
distance from the needle tip (Sample 2) or starting point of the
tree (Sample 3) directly relate to differences in tree structure.

The local properties were measured on a slice that was
35 um distant from the needle tip (Sample 2) or the starting
point of the tree (Sample 3). The comparison of these
calculated parameters is shown in Table 2. For the specific
meaning of the parameters and the calculation method, refer to
the previous sections.

Table 2. Comparison of some parameters of Sample 2 and Sample 3.

Sample 2 Sample 3
(bush tree) (branch tree)
Global parameters (1)
Mean diameter 4.4 um 1.9 um
Standard deviation 1.7 pm 1.0 pm
Tortuosity 1.6 1.25
Standard deviation 0.6 0.09
Proportion of volume degraded @ 3.5% 1.9%
Local parameters at 35 pm @
Number of channels 27 14
Proportion of area degraded @ 6.83% 2.7%
Channels area 941 umz 38 umz
Degraded volume @ 93021 um3 1085 um3

() The entire electrical tree is considered.

@ Ratio between volume (area) and convex hull volume (area).
® Only the cross-section slice located at 35 um is considered.
@ Accumulated volume of the electrical tree from 0 to 35 um.

5 EXPERIMENTAL.:
SERIAL BLOCK-FACE SEM

Serial block-face scanning electron microscopy (SBFSEM)
was deployed as an alternative for 3-D imaging of electrical trees
[62]. After XCT, Sample 2 was examined using an SEM
microtomy procedure which consists of slicing the sample and
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imaging its surface [63]. A Gatan 3View” system was used to
perform the automated sectioning process. The 3View" was
housed within an FEI Quanta FEG 250 instrument, which has a
field emission gun and a variable pressure chamber. The
microscope was operated at low vacuum using water vapor to
reduce problems with sample charging. The accelerating voltage
was set to 10 kV and the pressure 120 Pa.

The 3-D reconstruction of the final portion (255 um thickness)
of the tree in Sample 2 is presented in Figure 11. A total of 1273
SEM images were taken from cross-sections of the tree, with a
cut thickness of 0.2 pm. The dimensions of each image were
4000 px by 4000 px with a pixel size of 0.2 pum. The 3-D
reconstruction was completed using Avizo software, after
brightness correction and noise filtering of the original images.

Figure 11. 3-D imaging of the final portion of Sample 2 using SBFSEM.

6 DISCUSSION

Three-dimensional imaging of electrical trees through XCT
is a non-destructive and high resolution technique, which has
provided promising results in the characterization of the
structure of the trees. In practice, the absorption contrast
between the bulk material and the electrical tree structure
(which is likely to be composed of air/gas voids and/or
degraded material) was found to be insufficient to reveal the
electrical tree. The successful imaging of electrical trees
presented here was achieved with the phase contrast
enhancement available on the XCT systems used.

A color change was observed during the X-ray exposure in
the case of epoxy resin, indicating that the X-ray beam
produced chemical ageing in the material. However, no
significant modification occurred in the electrical tree
structure, since no visible difference was evident when
comparing the radiographs taken at the start and end of the
scan, indicating that the color change should not affect the
imaging results. This change in color was not observed in the
transparent material, suggesting that this material is more
suitable for X-ray imaging.

Computed tomography enables quantification of the electrical
tree in 3-D. In the cases studied, not only did the virtual replicas
enable the surface and internal details of the electrical tree to be
observed at any given angle, but also enabled a wide range of
measurements to be taken to characterize and compare the
different samples. New indices were developed to analyze both

3-D features as well as 2-D features on any given virtually slice
through the sample. Thus, a more complete insight can be
achieved. The entire electrical tree can be assessed by extracting
for example the mean diameter and tortuosities of the channels.
Moreover, the progression of the tree away from its initiation
point is measurable using the 2-D virtual slices, as characterized
by indices such as the number of channels and channels area,
among others.

For example, the degraded volume from the starting point of
the tree to 35 um was 93,021 um® and 1085 um3, for Sample 2
and 3 respectively. This notable difference is in concordance
with the visual aspect and the expected difference between a
branch and a bush-type electrical tree. However, this difference
is not prominent when comparing the proportion of volume
degraded of the entire electrical tree (3.5% for Sample 2 — bush-
tree and 1.9% for Sample 3 — branch-tree). Though the volume
degraded in Sample 3 is much larger than in Sample 3
(1.78x10° um® vs. 1.30x10° um®), the convex hull volume that
encloses the tree is also much larger (5.06x10" pm’® vs. 6.98x10*
um’), resulting in relatively similar values for the proportion of
volume degraded. Analyzing the cross-section that was located
35 um from the starting point of the tree, the area covered by the
tree channels for Sample 2 and 3 were 941 pm® and 38 um’
respectively. Accordingly, the number of channels in Sample 2
was almost the double that in Sample 3 (27 and 14 respectively).
Comparing the entire electrical tree, also worth noting was the
difference in the mean diameter of tree channels. For Sample 2
was 4.4 pm and for Sample 3 was 1.9 um. This may be due to
the difference in material, but also, mainly because Sample 2
was stressed much longer than Sample 3, giving more chances
to partial discharge erosion of the tree channel walls, thus
increasing their diameter.

These parameters certainly add valuable information into the
analysis of degradation through electrical trees in polymeric
insulation. However, more data is needed to establish the range
that these parameters typically take and hence determine criteria
by which the tree structure can be interpreted, as compared to
established conventional parameters such as fractal dimension.
In this study the feasibility of creating similar images generated
by the destructive SBFSEM method, has shown that this too can
be used to generate an equivalent data set.

In some cases of the application of XCT, the electrical tree
was not seen. It is not clear why some electrical trees are
visualized and not others. It might an issue of resolution (very
fine tree channels) and also, it might be related to the particular
treeing situation (surface chemistry of the channels) in the
material that provides better X-ray contrast between the feature
and the bulk material.

7 CONCLUSION
It has been shown here that unique insight into the structure
of electrical trees can be achieved by generating a 3-D replica
using the XCT imaging technique with phase contrast
enhancement. In one case presented using the nano-XCT
system, features below one-micrometer could readily be seen.
In addition, serial block-face scanning electron microscopy
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(SBFSEM) was deployed. Whilst being destructive, this too
showed promise as a technique for creating 3-D replica.

It has been established that for all trees absorption contrast
was not sufficient at the hard X-ray energies produced by
typical laboratory X-ray sources. Phase contrast was required to
take advantage of the more sensitive shift in the phase of the X-
rays as they propagate through low atomic number/low density
materials such as epoxy resin.

Tools have been presented that can be used to quantify the 3-
D reconstructed model and distinguish between the distinctive
shapes of the different types of trees. Characteristics can be
extracted from the model, such as the diameter and tortuosity of
tree channels, as well as the overall tree volume and net density
of damage. The capability of taking virtual slices through the
replica brings the possibility of exploring inside the electrical
tree without the destruction of the specimen.

The use of XCT and SBFSEM for imaging electrical trees
have been shown to provide techniques to create 3-D virtual
replicas of trees through which new valuable information can be
extracted. These tools are expected to enable a deeper
understanding of electrical treeing phenomenon.
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