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Mica/Epoxy machine insulation is a composite material of the mineral
mica, fibre-glass mesh and epoxy resin. The material is used in motors and
generators rated for high voltage, where the material must withstand
multiple stresses such as elevated temperatures, mechanical and electrical
stresses. This is a novel investigation that focuses on the breakdown
mechanisms related to electrical stress of the insulation. These include
partial discharges and electrical treeing. The micro Computed Tomography
(µCT) uses a series of X-ray images to visualise the interior. This provides
a method for non-invasively examination of the insulation for any signs of
material degradation caused by high electrical fields. The following thesis
presents an initial study on how this material system interacts with the
µCT, the production of 16 samples capable of being electrically aged and
scanned in the µCT, with minimal interference, sample preparation and an
analysis of the images produced from the µCT. The samples produced are
electrically aged at different voltages after which they are scanned with the
µCT. The images produced are then analysed for signs of material
degradation using different software. Some of the samples did have a
complete electrical breakdown and an attempt of correlating these
breakdowns to the amount of folds in the insulation is done. It is found
that samples with an aluminium core are suitable for µCT imaging. The
visualisation of defects such as voids, resin rich parts or folds in insulation
is also possible. The detection of material degradation due to electrical
aging is not clear enough to draw any conclusions although some possible
signs are found. For samples that had an electrical breakdown the result is
much clearer. It shows the breakdown channels path inside the insulation,
moving in between the mica tape layers. The samples with a complete
breakdown also had tendencies that the breakdown channels followed the
resin rich part in the sample. Even if no signs of electrical treeing can be
seen in the samples during aging, the breakdown channels visualised still
show what path the final treeing did take and how it did so by moving
around the mica tape.
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Examinator: Åsa Kassman Rudolphi
ISSN: 1401-5773, UPTEC Q 17012

Undersökning av de elektriska
nedbrytningsmekanismerna i
glimmer/epoxi-isolation
Carl Saxén
Dagens växande samhälle kräver allt mer elektrisk energi och i centrum för en stor del av
tillverkningen och användningen av denna energi finns stora elektriska generatorer och
motorer. Det är dessa maskiner som omvandlar energi, lagrad i exempelvis vattenkraft
eller kärnkraft, till användbar elektricitet som sedan kan plockas ut där den behövs.
Skillnaden på en motor och generator är mycket liten, de har samma grundkomponenter,
en rotor och en stator. Rotorn är den del som roterar och statorn är den som står stilla.
Statorn innehåller kopparledningar som skall leda ström. I en generator omvandlas
mekanisk energi till elektrisk energi, vilket görs genom att rotera rotorn så att ström alstras
i statorns kopparledningar. Om man istället vill driva något med en motor så tillsätter man
ström i statorn, denna ström ger upphov till ett magnetfält som får rotorn att rotera.
För att dessa maskiner skall fungera bra och hålla länge ställs det höga krav på den
elektriska isoleringen kring kopparledarna inuti statorn. Dagens isolationsmaterial är ett
kompositmaterial bestående av flera material. De tre huvudkomponenterna är glimmer,
glasfiber och epoxi. Den viktigaste komponenten är glimmer på grund av dess goda
dielektriska egenskaper vilket betyder att det klarar av höga elektriska fält. Glimmer är
ett samlingsnamn för flera mineral som alla har liknande egenskaper, de är lamellära och
har hög dielektrisk styrka. Det går ej att använda detta mineral som det bryts ur marken,
utan att det måste förberedas. Mineralet mals och bereds till något som påminner väldigt
mycket om papper. Detta paper är mycket skört och för att kunna användas som isolation
så beläggs pappret med en glasfiberväv som ger det bättre styrka. Nu kan pappret skäras
och rullas upp till lämpliga storlekar för att lindas på kopparledarna inuti motorer och
generatorer. För att se till att allt sitter på plats och förbättra isolationsförmågan så tillsätts
epoxihartset sist när allting är på sin plats inuti motorn eller generatorn.
Även om isolationen är bra så håller inte en motor i all evighet. Vanligast är att för höga
temperaturer skadar isolationen eller helt enkelt att andra mekaniska delar slits ut. Det
förekommer också nedbrytning som beror av de höga elektriska påkänningarna. Detta
kan leda till elektriska genomslag inuti motorn eller generatorn som kortsluter den. I
denna studie undersöks vilka nedbrytningsmekanismer som bidrar till detta elektriska
genomslag och om det är möjligt att upptäcka nedbrytningen av isolationsmaterialet innan
det har skett.
Som hjälp används en relativt ny teknik kallad mikro-röntgentomografi. Tekniken
använder sig av röntgen för att på ett icke-invasivt sätt titta inuti materialet. Den fungerar
genom att flera röntgenbilder tas av ett prov från olika vinklar. Informationen av alla
dessa bilder kan då användas för att beräkna enskilda skikt inuti provet. Dessa bilder kan
användas för att återskapa provet i hög detalj. Det finns dock begränsningar för vilka

material som går att kolla på. Eftersom röntgenstrålar inte kan penetrera alla material så
måste vissa saker tas i beaktning.
För denna undersökning producerades 16 prover bestående av aluminiumrör lindade med
glimmer-isoleringen. Aluminium används för att koppar inte går att analysera med
röntgentomografi. Proverna impregnerades med epoxi och utsattes därefter för en
elektrisk åldringsprocess. Eftersom det inte fanns tid för 20–30 år av åldring, som är en
vanlig livslängd, så accelererades processen genom att utsätta proverna för en högre
spänning. Efter åldringen så kapades proverna till längder som passade för
röntgentomografi. De tecken som kan antyda nedbrytning är håligheter inuti epoxin,
inneslutningar av främmande material som metallpartiklar eller veck i isolationen från
tillverkningen.
Av de prover som åldrades elektriskt var det några som hade ett genomslag. Dessa visade
tydlig avbildning av genomslagskanalen och hur den letat sig genom den elektriska
isoleringen. De visade att genomslagen har en tendens att ske på prover med stora
volymer av epoxi. Det finns också indikationer på att veck i isoleringen påverkar
livslängden.
I de prover som åldrats utan att få ett genomslag var det svårt att hitta tecken på
nedbrytning. Ett prov visade intressanta områden med skador nära håligheter som kan
komma från åldringen. Men dessa skador kan även introduceras från tillverkningen.
Det är i alla fall klart att röntgentomografi är ett kraftfullt verktyg för att undersöka
isolationssystemet i motorer och generatorer. Proverna behöver dock produceras på ett
sätt som ger en jämnare kvalitet, då det skiljde sig avsevärt från prov till prov.
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1 Introduction
The world’s ever increasing demand of electrical energy requires a steady and reliable
system of production and use. At the core of almost all the production and usage of
electricity lies one technology, high voltage engineering, that starts with a generator and
often ends with a motor. These machines are often referred to as large rotating machines.
Regardless of if the energy source is wind, water, fossil fuel, nuclear or geothermal, it
still requires the crucial transformation stage, which efficiently transforms the mechanical
energy into electrical energy or vice versa.

Fig. 1: Large stator, without a rotor, showing copper winding inside slots. This
particular stator is of a water pump1.
There are many different types of motors and generators. For understanding the different
components, a synchronous motor will be used as an example. The two main components
are a rotor, which is the rotating part, and a stator. The stator consists of a copper winding
inside the stator core, often referred to as a stator winding. In a synchronous motor, the
rotor is supplied with a DC current that produces a permanent magnetic field. At the same
time, the stator winding is supplied with an AC current that produces a rotating magnetic
field. This magnetic field is concentrated in the stator core which causes the rotor to spin2.
Fig.1 shows a stator of a large water pump motor with insulated stator windings inside
the stator core visible.
One of the most critical aspect in the motors is the insulation around the stator winding
that should withstand high voltage. The most commonly used material today is a
composite material of fibre-glass backed mica tape impregnated with an epoxy resin. For
most industrial applications motors and generators have a lifetime of at least 20-30 years3.
The limiting factors in the lifetime are several aging processes often referred to as the
TEAM effects. TEAM stands for thermal, electrical, ambient and mechanical aging.
Thermal aging occurs due to the elevated temperatures that the insulation system is
exposed to during operation. Electrical aging is caused by the potential difference
between the components in the machine. Ambient aging is due to a combination of other
processes that can degrade the insulation; often from the machine’s surrounding, such as
dust particles, humidity and corrosive agents like oils and gases. Mechanical stresses are
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due to the rotational forces during operation and vibrations caused by the alternating
current generation4.
This study focuses on the electrical aging processes and its impact on the insulation. What
mechanisms causes breakdown in the material when it is subjected to high electric fields
from operation? To investigate these mechanisms relative new technology called micro
computed tomography (μCT) is used. It works by taking multiple x-ray images of a
sample as it is rotated. These images can later be reconstructed as cross sections of the
sample visualising the inner structure of the material.
Traditionally the breakdown mechanisms in solid insulation are studied using optical
methods that investigate the electrical breakdown paths, also known as electrical treeing
as they resemble the branches of a tree. Theses optical methods uses clear, see-through,
polymer materials that allow traditional light microscopes being used. Additionally, the
investigations often use a well-defined initiation- and ending point for the breakdown,
such as needle and plane electrodes. These visually show the thickness and growth
propagation of the electrical trees in the materials5.
Using μCT technology adds another dimension to the study of breakdown channels. It
has been used for investigating electrical treeing in clear polymer insulation, where it with
great detail can give a three-dimensional representation of the path and shape of the
electrical tree6. Investigations of the mica/epoxy system carried out by Piller et.al. using
μCT7 show that it is possible. These studies focused on accurately segmenting the
different materials in the insulation, detection of defects such as voids, gas filled bubbles,
inside insulation, their shape and distribution. One problem of imaging the machine
insulation is the copper coil core it surrounds. Before the imaging the copper coils must
be slipped out for the x-rays to penetrate the insulation.
This report will focus on the electrical breakdown mechanisms of machine insulation.
Mainly, if any signs of electrical aging can be seen before an electrical breakdown has
occurred. The investigation will be centred around using μCT technology for imaging the
insulation. A new method for manufacturing and preparing samples that can be
electrically aged and scanned in the μCT without removal of conducting coils from the
sample is proposed and tested. Resulting images are investigated and segmented into
individual components of voids, epoxy resin and mica tape. The novelty of this
investigation should be brought up since not much information of μCT investigations,
specifically looking for damage prior to an electrical breakdown in this material system
has been found.
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2 Background
2.1 Machine insulation
The main insulation consists of the mineral mica. Mica is the name given to a group of
minerals consisting of different silicates with similar physical properties such as its flaky
nature and high dielectric strength. The most common type used in electrical insulation
is muscovite, H2KAl3(SiO4)3 and phlogopite, [H, K (Mg, F)3] Mg3Al(SiO4)3. Fig. 2a
shows a picture of the mineral muscovite as it can be found in nature. The mica used in
electrical insulation is usually a mica paper produced by first roasting the mineral in a
rotary oven that drives out water of crystallization. The mineral is then wet ground to fine
platelets or flakes. This slurry can then be suspended in an aqueous solution and then
deposited onto a continuous belt, that with a combination of gravity and vacuum removes
most of the water which allows the mica flakes to bind together. The mica paper is then
backed with a fiberglass mesh that allows the otherwise brittle paper to be mechanically
wound onto the stator windings, also known as stator bars. These bars are then fitted into
the stator core8.

a
b
c
Fig. 2: Muscovite mineral from Minas Gerais, brazil9 (a). It shows the flaky appearance
of the mineral. Mica tape showing the two layers of mica (2) and fibre-glass (1)(b). Cross
section of stator bar wound with mica tape and impregnated with epoxy resin (c).
Fig. 2b shows a roll of tape where the glossy side (2) is the mica mineral paper and the
opposite is the fibre-glass backing (1). After winding the tape to the stator bar the tape is
normally dried in an oven to drive off any moisture before it is headed off to the vacuum
pressure impregnation (VPI) chamber. An example of a finished stator core with winding
can be seen in Fig. 1. A cross section of the stator bar can be seen in Fig. 2c.
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Fig. 3: Schematic picture over VPI showing sample preheating, vacuum pumping, resin
injection, pressure increase, emptying and curing of resin (illustration provided by Göran
Paulsson, ABB Västerås).
During the VPI process the entire stator core, with stator windings is placed into a
chamber where a vacuum pulls all the air out of the chamber. The chamber is then injected
with resin that fills the tape insulation and secures the windings in the core. To achieve a
good resin saturation and to speed up the process, the chamber is then pressurized with
air to further force the resin in to the insulation. The chamber is then emptied of unused
resin and the samples transferred into an oven for curing. A schematic image of this can
be seen in Fig. 3.
The dielectric strength in the stator insulation is measured in voltage per thickness of
material (kV/mm), which describes how much electrical field the material can withstand
without breaking. This in turn affects the final insulation thickness for the given
application. For example, the dielectric strength of pure mica (muscovite) is 120 kV/mm,
basic epoxy resin 20 kV/mm and air 2 kV/mm at standard conditions10. However, some
of the machine insulation today is rated at 5 kV/mm11 because of the composition of both
mica and epoxy resin.
To simulate the lifetime progression of 20-30 years an accelerated testing has to be done.
Exposing the insulation to a higher electrical stress reduces its lifetime significantly. A
higher electrical stress can be achieved by either using thinner insulation or increasing
the voltage, which essentially gives the same result. Aging the samples to breakdown at
different voltages is a proven way to statistically estimate the final lifetime for the system.
Some variation is always present, which could be caused by a local higher electrical stress
caused by the presence of voids. A sample at a low voltage stress or which is defect free
might sometime seem to have an infinite lifetime.
One phenomenon which has a significant degrading effect on the electrical aging is the
presence of small discharges called partial discharges (PD). As described by the
international standard IEC 6027012 a partial discharge, is a “localized electrical discharge
4

that only partially bridges the insulation between conductors and which can or cannot
occur adjacent to conductor”. This is also followed by three notes that clarify what is
meant by the statement. Firstly, the PD usually is present due to local electrical stress
concentrations inside or outside the insulation. Since the insulation material consists of a
multitude of materials, including mica tape, epoxy resin and presumably gas filled voids,
which all have different dielectric strength, it is likely that the partial discharge will occur
where the electrical stress is high or the material is weak. This is where local electrical
field might be higher, such in corners, voids or folds in the tape. For example, an electrical
breakdown usually occurs in the corners of stator bar winding where the field is more
concentrated and the insulation is thinner than the rest of the bar. This is usually the case
in the corners of the stator bar cross section in Fig. 2c. Secondly, other kinds of partial
discharges known as coronas, that are discharges in the gaseous media around the
conductors, should not be used as a general term for all forms of PD. Thirdly, it is common
for partial discharges to be accompanied with the emission of sound, light, heat, and
chemical reactions, which all are important since they contribute to the degradation of the
material.
In the event of a partial discharge in a void, charge carriers in the form of negatively or
positively charged ions are released. These charges are accelerated in the electric field
and impacts the surface of the insulation material. The amount of damage depends on the
applied voltage and what type of charge carrier is involved. PDs in solid materials is still
not clearly understood13. There are more transport phenomena besides electronic and
ionic currents. These currents are thought to be reached when electrons gain enough
energy to cross between the valence band to the conduction band. If these electrons get
enough energy in the electric field they might create more electrons between collisions in
the lattice and produce electrical trees13.

Fig. 4: Illustration of machine insulation material with void present, showing some
charge carrier impact and initial treeing. Note the half overlapping tape.
It is thought that there will be more insulation degradation where the charge carriers
impact the solid insulation, and repeated discharges will eventually lead to electrical
treeing, which can be seen in Fig. 4. These channels will grow leaving behind a void filled
with gas and soot particles from the insulating material. Since higher electrical stress will
be present in these narrow grooves these points will continue to grow14. The mica tape
has a higher dielectric strength and is more PD resistant than the epoxy resin. This will
result in that the breakdown path will occur between the mica tape layers5,15.
There are several methods to detect partial discharges. The most common non-electrical
methods are acoustical, optical and chemical methods. However, these methods are not
suitable for any quantitative analysis, but they are still effective and quick ways to detect
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and/or locate discharges. A simple yet effective form of visually inspecting and listening
was used to verify if there was any PD activity12,16.
The electrical setup of PD measurement system can be divided into three sections
consisting of a coupling device, a transmission system and a measuring instrument. In
Fig. 5 we can see the basic PD test circuit16 where Cc is representing the void, Cb1 and Cb2
the starting and ending in the cavity and Ca1 and Ca2 are the walls outside of the void.

Fig. 5: Basic circuit of insulation analogy in the measurement circuit where A and B is
the electrode applying ac voltage and various capacitances equivalent of the different
materials. Image from high voltage engineering fundamentals, p.18216.
When a partial discharge occurs, it is equal to the closing the circuit in Fig. 5b, and the
circular current ic(t) flows. This is what is measured with an external circuit. The actual
amount of charge moving over the void cannot be measured. Instead the amount of
discharge is measured with an apparent charge which is the integration of the ic(t)16. Note
that the samples used in this investigation consist of composite material. The sample in
Fig. 5 is not an accurate representation of the composite material in this study, but is used
to explain how the basic PD measurements are carried out. The PD activity is measured
and plotted against the phase angle, which depending on the shape of the curve gives an
indication of what kind of defects are present in the samples17.
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2.2 Micro computed tomography (µCT) theory
Micro computed tomography (µCT) is a method based on classic computed tomography
which uses x-rays for imaging. Instead of making regular flat images the µCT takes
several pictures of an object as the object is rotated around its own axis. These images are
then reconstructed into slices, using an algorithm. This enables a 3D reconstruction of the
sample with a high degree of details. The µCT enables features ranging from 10 µm down
to 1 µm to be detected depending on instrument and methods used18.
Image contrasting is based on how much the material absorbs x-rays, also known as the
attenuation level. The intensity is characterized by Beer-Lambert’s law, and is given
according to Equation (1):
𝐼 = 𝐼0 𝑒 −µ𝑥

(1)

where I0 is the output intensity, µ is the attenuation coefficient, which differs depending
on material. x is the distance travelled by the x-ray in the material.
Because the insulation is a composite structure of many materials, a modified version of
Beer-Lambert’s law must be used which account for the different materials. Equation (2)
does this since it sums all the materials the x-ray passes through depending on their
attenuation coefficient and distance travelled in this media.
𝑛

𝐼 = 𝐼0 𝑒 ∑𝑖 (−µ𝑖 𝑥𝑖 )

(2)

n is the total number of materials in the composite. Choosing lower voltage on the x-ray
source usually results in a better mass contrast although it will limit the thickness of the
sample as less radiation can pass through. For instance, a sample with a solid copper core,
which is present in a stator winding, will give rise to large distortion in the image around
the copper core since the x-rays do not have enough energy to penetrate the high density
material19.

Fig. 6: Basic components of a µCT using a cone beam x-ray source sampling a cylindrical
sample with defect illustrated as a black spot.
The x-ray source in the desktop style µCT scanners produce a cone-shaped x-ray beam.
Basically, the x-rays scatter from a point source and create a cone, see Fig. 6. This desktop
style has the advantages of magnifying the sample without any lenses depending on where
the sample is placed between source and detector. Depending on where the sample is
placed between the source and detector, this will give an increase or decrease of the region
of sample captured by the detector. One disadvantage with the desktop style µCT is that
it does not give as high spatial resolution as a synchrotron source of x-rays19.
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Fig. 7: Illustration of images from acquisition and reconstruction into slices.
The 2D projections from a scan are then reconstructed using a cone beam algorithm
developed by Feldkamp19. This takes all the 2D projections of a sample and computes
new 2D images of the sample’s cross sections, as can be seen in Fig. 7. These cross
sections, or slices, can then be reconstructed and visualised with different software or as
a 3D model.
This investigation used the Bruker Skyscan 1172 desktop style µCT scanner. It has a user
variable 20-100 kV polychromatic x-ray source with constant effect of 10 W, i.e. the
source current is changed automatically when the voltage is changed to achieve 10 W.
The detector is an 11 MP, 12 bit cooled CCD fibre-optically coupled to a scintillator. The
maximum object sizes the scanner can handle, are samples with 27 mm in width and 50
mm in height.
The operator has the most impact on imaging because no fixed set of parameters are
known, like size of sample, x-ray tube voltage, magnification, exposure time and filters
to use for best image. There are guidelines from the manufacturer that are followed. But
in general samples must be tested to figure out what parameters that give the best results
for this composite material of epoxy resin and mica-tape. Parameters set during
reconstruction of the x-ray images also have a significant impact on how the final image
will turn out. Therefore, when a satisfactory image is achieved all settings are saved and
reused for next scans.
Beam hardening artefacts arise from the nature of the x-ray source. X-rays used in these
desktop style µCT-scanners create a polychromatic spectrum of x-rays i.e. if the set
voltage is 100 kV this will create x-rays with energy from 0 – 100 kV. Since most of the
lower energy x-rays will absorb in the outer parts of the sample this will show up as a
lighter area in the final reconstructed image, showing an artificial higher density of the
perimeter of sample, which is not true. To compensate for this effect, one can apply filters
of a pure metal such as aluminium and/or copper which absorb or block the lowest energy
x-rays. Thus, only the correct higher energy x-rays will pass through the sample and give
a more accurate final image.
Misalignment of the sample is another problem that can occur, and is mainly a human
error. The sample holder used for this experiment is bigger than the samples itself so
aligning the sample perfectly is not possible. To get the best alignment possible the
sample must be cut as perpendicular as possible to the longitudinal direction. Some
correction for the misalignment can be done during reconstruction, although it cannot be
fully removed and will result in a blurrier image. The samples scanned were simply
attached to the sample holder with blue tack adhesive.
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Flat field correction is used for enhancing the contrast. If a parameter is adjusted like
voltage, current, exposure time or filter change, a new flat field correction must be done.
The flat field correction impacts the part of the energy spectrum the camera is most
sensitive to and must be done before each sample, if not settings have been saved.
Acquiring the flatfield correction is done by taking two images without the sample in the
camera view; one with the x-ray off and one with the x-ray on. Correctly applied this
should give an enhanced contrast to the final image20.

3 Experimental procedures
From the initial tests, it was shown that samples could be prepared with an aluminium
tube as electrode. Samples were prepared at ABB Machines in Västerås. Eight samples
were then electrically aged until two samples experienced electric breakdown. The
remaining samples were then the true samples of interest, as they might have some
visible material degradation that could be imaged using the μCT. In total 16 samples
were produced at two separate occasions using the following method.

3.1 Sample preparation
The insulation tape was applied by a simple insulation winding machine. The samples
consisted of 750 mm long and 6 mm thick aluminium tubes, which were wrapped with
the mica/fibre-glass insulation tape to a thickness of roughly 2.5 mm through its entire
length, except for 25 mm at the ends. These were left bare for electric connection. A 20
mm long section in the middle of the rod was left with 2.5 mm insulation and then more
insulation was applied towards the ends of the tube to a thickness of roughly 4.5 mm.
This will increase the probability that any electrical breakdown will initiate in the middle
of the sample. An illustration of a finished sample is shown in Fig. 8. A thin aluminium
tube was chosen, since this will maximize the amount of detail in the reconstructed slices.
Smaller samples will enable higher magnification when scanning the sample as discussed
in the µCT chapter.

Fig. 8: A sketch of the sample with main insulation (red), conductive tape (black) and end
corona protection grey. Connection points in the electrical test circuit noted with A and
B. Note that the figure is not to scale.
Half of the samples, numbered 5-8 were given a shallow grove in the middle of the rods’
length, which will in theory give rise to a higher field concentration. This will increase
the likelihood of partial discharges and electrical tree growth initiation at this point. This
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will also give a point easy to locate and inspect for insulation degradation during μCT
analysis.

b
a
Fig. 9: Visualization of electrical field with(a) and without(b) end corona protection. Note
the sharp concentration of electrical field at the end of the conductive tape in the image
to the left (provided by Göran Paulsson, ABB Västerås).
After the mica/fibre-glass tape was applied, 120 mm conductive tape was applied by hand
to the centre of the samples to act as an electrode. The last layer of tape applied, also by
hand, and overlapping part of the conducting tape was the end corona protection tape, see
Fig. 8. The end corona protection tape is a field grading material that distributes the
electric field over a larger area which minimizes the electrical stress between the electrode
and the insulation material, which can be seen in Fig. 9b. This makes it less likely to get
surface discharges and flashovers between the electrodes and avoid any field
concentrations at the interface between the conductive tape and the insulation, as seen in
Fig. 9a.
Due to the thin dimensions of the aluminium tube, 6 mm in diameter, and large width of
the tape, 25 mm, there were difficulties when winding the tape onto the samples. Even
after adjusting parameters like the tape tension, the feed rate and the tape inclination on
the machine the samples were still left with some folds in the insulation layers. This is
not desirable in machine insulation.

a

b

Fig. 10: Thinner middle section of samples where highest electrical stress will be located,
wrapped with conductive tape and end corona protection tape visible at the ends(a). Holding rack
for the samples before VPI process(b).
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To suspend the samples during the VPI process a holding rack was built to accommodate
the eight samples. It consisted of two steel plates with holes drilled in each plate where
the samples could be placed in. To fix the samples in between the two plates a threaded
rod was inserted in the holes that where not occupied by samples which thus made the
rack more rigid. The final setup is shown in Fig. 10b. The samples were then dried in an
oven at 100 ˚C for 6 hours to release any moisture before they were sent to the VPI.
After curing the samples were released from the holding rack and prepared for the
electrical aging. This was done by carefully removing epoxy resin on the middle electrode
with some sandpaper to ensure a good electric contact. The middle section was then
wrapped in aluminium foil. The aluminium foil was then secured with a few windings of
normal adhesive tape. To ensure a good connection on the high voltage electrode
(aluminium tube), a non-insulated copper wire was attached to the aluminium tube. The
entire setup can be seen in Fig. 11.

Fig. 11: Samples 1-8 connected in parallel and ready for electrical aging. A indicates
connection to ground and B is the high voltage connection.

3.2 Methods of analysis
Before the electrical aging process for samples 9-16, one of the samples was chosen to be
measured for partial discharges. Sample 9 was chosen and connected to the partial
discharge equipment. The instruments were calibrated to 500 picocoulombs (pC) and
measuring time was set to 20 seconds at 50 Hz AC voltage. The subsequent PD activity
was then registered and plotted against the phase angle.
The samples were then placed on a wooden frame and connected in parallel with crocodile
clips. Samples 1-8 were subjected to 40 kV, samples 9-16 were subjected to 30 kV.
During the aging, the peak temperature of the samples was measured using an infrared
camera. These measurements were done to assure that all samples are connected to the
test circuit.
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Fig. 12: Samples 1-8 undergoing electrical aging at 40kV showing a maximum
temperature of 63˚C.
After the samples were aged, they were cut with a disc cutter to a length between 20-50
mm depending on weather the sample had an electrical breakdown or not. If so, it was cut
with some margin in case the breakdown channel was spreading along the length of the
sample. Two random samples out of the remaining ones were selected and cut to lengths
of approximately 40-50 mm to ensure that any electrical tree propagation will be captured.
3.2.1 Optical microscopy and SEM
The cut samples were investigated using a LEICA MZ6 stereomicroscope to quickly
verify the condition of the insulation, for example if there were any signs of excessive
folding or insufficient epoxy resin impregnation. For the SEM images, a HITACHI TM
1000 table top SEM was used with 15 kV acceleration voltage. The working distance
varied depending on the magnification but was around 7700 – 77800 µm.
3.2.2 Micro computed tomography and analysis
The Bruker Skyscan µCT takes images that are 2D projections of the sample, see Fig. 5.
For this system of mica and epoxy resin a higher acceleration voltage is required. To
compensate for the beam hardening artefacts as discussed earlier a filter of copper and/or
aluminium must be used.
First a background image must be taken to get a baseline intensity reading. This is later
subtracted from the final image, which gives lower density areas in the sample a darker
tone. The background level should give a 50-60 % average intensity. If it is too low or
high either exposure time or voltage can be increased or decreased to get within this level.
A bright-field and dark-field image is then acquired for the flat field correction. After the
image is acquired the sample can be placed in front of the x-ray source. The flat field
correction is then applied to the system and a new image is taken. This image should now
have a minimum intensity between 20-30 % to yield a good quality picture. A maximum
reading at 100 % is not good since this indicates that the detector is over exposed. One
other aspect that influences the image quality is the proportions of the sample. A good
width ratio of 1:1 in the xy-plane is preferably since then the x-rays must pass through
the same thickness of material during the rotation of the sample in the μCT.

12

3.2.3 Image analysis
Reconstruction is done in Bruker’s own software NRecon V1.7.0.4 which takes the 2D
projections from the µCT scanner and reconstructs them into cross sections of the sample.
To do a successful reconstruction it is most important to use the correct settings as
described above. This will give a better image when reconstructing the 2D slices.
First a preview is created in the software, where only one slice is reconstructed. This
preview shows what brightness and constrast should be assigned to the entire
reconstruction. This is very important for later segmentation of the different materials in
the composite insulation. Further adjustments of parameters such as post-alignment,
beam-hardening correction, ring-artefacts reduction and smoothing can be performed if
necessary. Smoothing applies a gaussian filter that makes the image a little more blurry
but more homogenous grayscale distribution. This can eliminate some noise but will
decrease the details shown in the reconstruction. Post-alignment can address
misalignment issues to some extent. Values are for these parameters are measured during
each scan by the scanner and are then by default applied in the reconstruction software.
During this study, it was found that the default settings acquired from the scan gave a
satisfactory result for the most part. Some ring artefacts were still present since smoothing
was set to zero to give the highest possible detail in the images. Smoothing removes the
finest details but reduces some of the artefacts. There is always a trade off on what is
more important.
For the volumetric 3D-model CT Analyser takes the binarized images and generates the
model after them. The size of the model is closely related to the resolution of the starting
image. A 3D equivalent of a pixel is called a voxel and is volumetric dimensions of a
reconstructed scan. For example, a pixel can have the real length of 10 µm. Looking at
an image 10x10 pixels would be the equivalent of viewing an area 100x100 µm2. So then
looking at a 3D reconstruction with 1000 voxels would simply be a model consisting of
1000 voxels, corresponding to a volume of 10 000 µm3.
Segmentation of each material in the insulation is a difficult task. The segmentation is
carried out in another of Bruker’s software CT Analyser V.1.16.4.1, which is a powerful
tool to assign regions of interest to a subset of images. The segmentation creates binary
images and reconstructs the samples as a volumetric 3D-model. Another software called
FIJI21, which is a distribution of ImageJ specifically used for scientific image analysis,
was also used to create visualisations and do measurements on the reconstructed images.
The segmentation is done by asserting a specific grayscale value to a material. For an 8bit image this grayscale value is a value between 0 and 255. 0 being black and 255 being
white. The impact of noise is a substantial problem since this will give rise to small
regions of improperly segmented regions. This can be corrected for by using some
operations to clear up the segmented image.
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The grayscale values to use for thresholding can be identified either by investigating the
image in FIJI by plotting lines or even areas to get a representative value. The CT
Analyser can also be used to check the threshold images directly to the original for
different thresholds. One threshold interval is used for each component of the insulation,
as an example, of the 255 grayscale values 0-76 could be classified as voids, 77-100 as
epoxy resin and 101-255 as mica tape. Using these thresholds creates binary images in
black and white, which allows for a 3D model to be generated.
One 3D model for each threshold is then generated and is displayed using CT Volume
V2.3.2.0 which is another software for reading the 3D files. In this software, each model
can be assigned distinct colours and opacities for a clearer view of the inner structure of
the insulation. As a complement to the volumetric 3D-models yet another software is also
utilised, CT Vox V 3.2.0, which gives a 3D visualisation directly from the reconstructed
image stack. This software also gives a good representation of inner structure of the
material, it also gives a possibility to get cross sections in other directions than the
reconstructed slices. However, the quality of this 3D-model is not as good as in the
original images.
A ridge detection plugin for FIJI22 was used to investigate if there could be any correlation
between the amount of folds and the lifetime of the samples. The ridge detection is based
on line detection algorithm described by C. Steger23. The plugin detects any lines present
in an image. It is accomplished by adjusting a few parameters by the operator. The first
parameter is what linewidth the plugin will detect, this is basically what width of lines the
program will look for. In this case the linewidth corresponds to the thickness of tape in
the insulation. Next an upper and lower threshold, which determine what pixel intensities
correspond to those of the tape. The last parameter is if dark or bright lines are detected.
For images in this study, the tape is bright against dark background and therefore bright
lines should be detected. The output are the indexed lines detected, in this case the tape,
and the length of the line.
For detecting the amount of folds present in a reconstructed slice, the total length of mica
tape in an image was measured. The theory being that a longer length correlates to more
folds, which could impact the lifetime of the insulation. For each sample three different
cross section images were selected from ¼, ½, and ¾ of the total length of the sample and
then the average length of the mica tape was determined. The average length of the mica
tape was then compared to the aging time of the sample and if there was a breakdown or
not in the sample. If so is it due to more folds or not.
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4 Results and discussion
The following sections contain the results from the initial testing of samples capable of
electrical aging and imaging in µCT. The sample design, as seen in chapter 3.1, was
influenced by the circumstances in the electrical testing as well as the μCT imaging. The
results from theses samples are also presented and include; partial discharge
measurements, electrical aging result, optical microscopy study, µCT investigation, 3Dreconstruction and ridge detection of the samples with and without electrical breakdown.

4.1 Initial testing of machine insulation
4.1.1 μCT investigation of conducting core materials
Two non-impregnated samples were first produced; one wound with a mica tape on a
plastic tube covered with aluminium foil, and another wound with a mica tape around an
aluminium tube. This was to investigate what method would be the best to create a
substitute for the conducting copper conductor. Another samples, impregnated and
unaged, was also made to investigate how well the mica tape and epoxy resin could be
distinguished.
The sample with the aluminium tube, consisted of an aluminium cylinder 12 mm in
diameter with 3 mm thick walls. It was wrapped with a 25 mm wide fibre-glass backed
mica tape to a thickness of roughly 3 mm. The sample with the plastic tube, consisted of
a PMMA-plastic cylinder with a diameter of 15 mm and wall thickness of 2 mm. The
plastic tube was first wrapped with aluminium foil to act as the electrode and then
wrapped with roughly 3 mm of insulation tape. The parameters used when scanning the
test samples are presented in Table 1.
Table 1: µCT parameters for initial testing of first samples, two comprised of dry mica
tape wrapped around Aluminium tube and a PMMA-tube with aluminium foil. Lastly a
sample impregnated with epoxy resin.
Parameter [unit]

Al-tube sample

Source voltage [kV]
Source current [µA]
Camera pixel size [µm]
Image pixel size [µm]
Filter [arb.]

89
112
9.01
9.91
Al

PMMA-tube +
Al-foil sample
100
100
9.01
10.87
Al + Cu

Impregnated mica
tape sample
78
125
9.01
2.58
Al
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a
b
Fig. 13: Reconstructed images of initial test of samples with aluminium tube (a), PMMAtube (b).
The reconstructed images from the samples wrapped in dry mica tape can be seen in Fig.
13a and b. Both the aluminium tube and the PMMA-tube wrapped in aluminium foil is
capable of μCT imaging since the tape is distinguishable.
4.1.2 Segmentation and 3D-model visualisation
Additional tests were conducted on impregnated, not aged samples to investigate if all
main components, voids, epoxy resin and mica tape could be segmented sufficiently to
reconstruct a 3D-model. The scanning and segmentation were also carried out on a
smaller sample, which was cut out from the impregnated sample. This was done to
investigate how the sample size affected the amount of details in the final image.
Reconstruction of one slice can be seen in Fig. 14. In this reconstructed slice, a smaller
region of interest was chosen to speed up the computation of the binary image and the
creating of the 3D-model.
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Fig. 14: Reconstructed slice of impregnated sample, showing region of interest of
870x708 pixels that was binarized and reconstructed.

a
b
Fig. 15: Line profile of image grayscale value corresponding to specific material in the
insulation. (1) represents voids, (2) represents epoxy resin and the higher peaks (3)
represent mica tape layers (a, b). Histogram plot showing the distribution of grayscale
values of the reconstructed image (b).
The region of interest consisted of the white rectangle, 870x708 pixels in size, seen in
Fig. 14. These were binarized using CT Analyser with the threshold values determined in
FIJI. Fig. 15a represents a portion of the reconstructed image seen in Fig. 14. The line
plot in Fig. 15b represents the grayscale values along the line in Fig. 15a, where (1)
indicates a void with threshold values around 30 – 60, (2) indicates an epoxy area with
threshold values around 60 – 100, and (3) indicates mica tape with values around 100150.
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a
b
c
Fig. 16: Segmented image 0-60 (a) 61-100 (b) and 101-255 (b), segmenting void, epoxy
resin and tape separately.
The threshold values determined in Fig. 15 were applied to segment the images into the
components of the insulation. In Fig. 16 the binarized images are presented, showing
voids (a), epoxy resin (b) and mica tape (c). The small white dots were removed using
despeckle operations in CT Analyser.
The binarized and despeckled images could then be rendered to a 3D-model. Because the
binarization only gave one threshold it had to be done three times, once for each material.
This was done for 200 stacked images within the region of interest. The result of this is
shown in Fig. 17.

Fig. 17: 3D visualization segmented material colorized, voids (yellow), epoxy resin
(green) and mica tape (blue).
The resulting 3D-model was very spotty even after the despeckle operation, and did show
some cohesive regions of the voids, epoxy resin and mica tape. Volumes full of smaller
pores (yellow) are present in the epoxy resin regions (green), see Fig. 17. More troubling
was the fact that the file size even for this small reconstruction was around 1 GB for each
model. For a sub volume of 870x708 pixels and 200 stacked images correspond to 123
million voxels (voxel size of 2.58 µm from data seen in Table 1). It can be determined
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that the reconstructed volume is roughly 2.1 mm3, which is a very small part of the entire
sample.
4.1.3 SEM imaging
To complement the CT-images, a scanning electron microscope (SEM) was used to
clarify and confirm what structures and materials that were present in the CT-images.
Two different sample were investigated, one that had been wound with mica tape and
vacuum pressure impregnated with an epoxy resin and cured. The other sample consisted
of only one single layer of tape, see Fig. 2b.

b
a

c
Fig. 18: SEM image of a single layer of tape showing both sides of the tape. First image
showing fibre-glass backing (a) and the second showing the mica side of the tape showing
the platelets or flakes of mica (b). A cross section of a single layer of tape clearly showing
the mica layers and fibre-glass backing (c).
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b
a

c
Fig. 19: SEM image of a cross section of machine insulation clearly showing individual
tape layers (1a) and the glass fibre backing (2a). Note the good impregnation as no voids
are present in image (a). Image(b) shows some sign of voids (1b) and fibres ripped out
of matrix (2b). Lastly, a SEM image of a void roughly 80 µm in length (c).
A single layer of tape, see Fig. 18, was investigated to get a better view of both the fibreglass side, Fig. 18a, and the mica side, Fig. 18b. It clearly shows the fibre-glass mesh and
mica layers. A cross section of the tape was also imaged and shows the individual mica
layers and that the thickness of the tape is roughly 0.17 mm, see Fig 18c.
4.1.4 Discussion of initial testing
The initial μCT testing, see Fig. 13, show that it is indeed possible to image the insulation
without any large artefacts as was present with copper as the conductor. Because both of
the samples could be imaged it was decided that samples could be prepared with an
aluminium core as electrode. This was mostly decided due to less manufacturing steps
and it would likely give a better rigidity when applying the mica tape.
During the segmentation small white dots were always present, likely from noise in the
picture, see Fig 16a. These dots were removed by a despeckle operation. This effectively
removed the white speckles below a certain length chosen by the user. However, this
despeckle operation could remove real voids, so care had to be taken to choose a length
that is suitable for the image. Note that the segmentation was carried out with intervals
covering all grayscale values in the image. This was done to not get any discontinuities
in the 3D-model, see Fig. 16.
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The SEM images give a good and clear picture on what can be seen in the CT-images. As
seen in Fig. 19 there are several smaller layers of mica for each layer of tape. These are
in turn difficult to segment during the 3D-reconstruction, which is evident in Fig. 17. It
is important to note that these SEM images are taken of a section of an impregnated
sample that was cut with a disc cutter. This makes it difficult to distinguish between
damages introduced from the cutting and damages originating from the manufacturing
process.

4.2 Primary study of machine insulation
4.2.1 Partial discharge measurements
One of the samples, sample 9, was chosen from the second batch of samples (samples 916) to measure PD activity before aging. The setup was calibrated to 500 pC which was
around the level measured in our samples. Measuring time was set to 20 s and the
measurements were done with 50 Hz AC voltage. The results of these measurements are
plotted against the phase angle of the voltage, and can be seen in Fig. 20 and Fig. 21.

Fig. 20: Partial discharges in sample 9 at 2 kV; which was the threshold voltage where
discharges started to appear (marked with red circle).
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Fig. 21: Partial discharges in sample 9 at 6 kV. Here there are a lot of discharges and
they form two distinct regions at each polarity change of the voltage (at 0 and 180
degrees).
The threshold voltage for the PD-activity was around 2 kV, after which the activity
increased as the voltage was increased, see Fig. 21. The shape of the PD patterns does
indicate that there could be voids and electrical treeing present in the insulation since the
pattern is quite symmetrical. There are two streaks present, which is similar of what was
discovered of Suwarno17. All PD-measurements, voltages 2 – 15 kV, can be found in
Appendix A.
4.2.2 Electrical aging
The electrical aging results are displayed in Table 2. Samples 1-8 were the first samples
fabricated and aged at 40 kV. The first sample to break was sample 2, which broke down
after only 0.7 hours. To make sure this was not a onetime occurrence it was decided to
further age the remaining samples until a second sample broke down. The second sample
to break down was sample 6 after 2.7 hours. After two samples had broken down it was
decided to halt the testing. Two other samples without a breakdown were selected,
samples 3 and 7, to be investigated together with samples 2 and 6 which had experienced
electrical breakdown.
The short lifetime prompted to produce eight new samples to be aged at a lower voltage.
Samples 9-16 were constructed using the same method as for samples 1-8, but instead
aged at 30 kV. The life time increased, although not to the level which was estimated.
This time the first sample to break down was sample 15 after 13.1 hours and the second
sample 9 after 17 hours. Again, the aging was halted and two aged samples without a
breakdown were selected, samples 10 and 16, and cut together with samples 9 and 15
which had experienced electrical breakdown.
When the first set of samples had been investigated it was decided that all remaining
samples, which had not been cut, should be aged further. This time at an even lower
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voltage of 20 kV. The aging test was stopped after 335 hours since no breakdown had
occurred.
Table 2: Aging times and voltages for each sample, if there was an electrical breakdown
or not and if it was decided to cut the sample or not.
Sample No.
1
2
3
4
5
6
7
8

Time aged
[h]
2.7
0.7
2.7
2.7
2.7
2.7
2.7
2.7

9
10
11
12
13
14
15
16

17
17
17
17
17
17
13.1
17

Aged at 40 kV
Breakdown
CT-Scanned
No
Yes
No
No
No
Yes
No
No
Aged at 30 kV
Yes
No
No
No
No
No
Yes
No

Yes
Yes
Yes
Yes
-

Time aged
[h]
335
335
335
335

Yes
Yes
Yes
Yes

335
335
335
335
-

Aged at 20 kV
Breakdown
CT-Scanned
No
No
No
No

Yes

No
No
No
No
-

Yes
-

a

b
Fig. 23: Picture of sample 2 showing the damage of breakdown at 40 kV (a). Picture of
sample 6 also showing the damage from breakdown at 40 kV (b).
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a

b
Fig. 24: Picture of sample 9, aged at 30 kV, showing two different exits from the
breakdown indicated as 1 and 2 (a). Sample 15 showing one small hole from breakdown
in (b).
The electrical breakdown produced signs visible on the outside of the samples. They are
visible as exit holes from the breakdown that are clearly seen in Fig. 23. for sample 2 and
6 aged at 40 kV. The lower voltage of 30 kV for samples 9 and 15 gave less damage and
only small holes were visible on the outside of insulation, which can be seen in Fig. 24.
The aged samples, without any breakdown, did not have any signs of damage on the
outside of the insulation.
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4.2.3 Optical microscopy
The optical microscope images taken of the cut ends of the samples gave away some
details of the status of the insulation. Any amount of serious folds, large areas filled with
resin, discolorations or breakdown channels could quickly be detected. The first set of
samples to be investigated was samples 2, 3, 6, and 7, where 2 and 6 had the electrical
breakdown, seen in Fig. 23. The optical microscopy images can be seen in Fig. 25 - 28.

a
b
Fig. 25: Picture of sample 2 (aged at 40 kV, breakdown after 0.7 hours), showing damage
inside the insulation, likely caused the breakdown (a). Other side of sample 2, showing
no sign of damage from the electrical breakdown (b).

a
b
Fig. 26: Picture of sample 3 (aged at 40 kV, no breakdown), showing some sign of damage
(a). Other side of sample 3 not showing any sign of aging but some folding of tape (b).
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a
b
Fig. 27: Picture of sample 6 (aged at 40 kV, breakdown after 2.7 hours), showing some
sign of damage and discoloration from the electrical breakdown (a). Other side of sample
6, also showing some sign of discoloration and possible damage from breakdown (b).

a
b
Fig. 28: Picture of sample 7 (aged at 40 kV, no breakdown), showing no sign of damage
(a). Other side of sample 3 not showing any sign of damage either (b).
There is a significant damage present in sample 2, see Fig. 25a, which most likely is a
part of a breakdown channel or delamination caused by the breakdown. This is likely
since the gases caused by the breakdown could travel between the mica tape layers and
spread along the longitudinal direction of the sample. On the other side however, there
seem to be no signs of damage, see Fig. 25b. From sample 6 which also had an electric
breakdown there is less evidence of damage, even if there are large signs on the middle
of the sample. Some discoloration and small de-laminations can be seen in Fig. 27a and
Fig. 27b. One interesting feature was that the damage present appeared on the same side
of sample as the electrical breakdown exit holes seen in Fig. 23.
For samples 3 and 7 which were aged but without a breakdown, see Fig. 26 and Fig. 28,
there is a damage present in Fig. 26a. This damage is similar to the one visible in sample
6, Fig. 27, although not with the same discoloration. This is probably due to that there is
no breakdown in sample 3. If the damage is from electrical aging, manufacturing or from
the cutting of the sample is not certain.
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The next set of samples to be investigated was samples 9, 10, 15, and 16, where 9 and 15
had experienced an electrical breakdown. The images can be seen in Fig. 29 – 32.

a
b
Fig. 29: Picture of sample 9 (aged at 30 kV, breakdown after 17 hours), showing some
damage from breakdown (a). Other side of sample 9 with no signs of damage from
breakdown although excessive folding of tape (b).

a
b
Fig. 30: Picture of sample 10 (aged at 30 kV, no breakdown), with no sign of damage
although some discoloration (a). Other side of sample 10 showing no sign of damage (b).

a
b
Fig. 31: Picture of sample 15 (aged at 30 kV, breakdown after 13.1 hours), showing some
folding (a). Other side showing excessive folding of tape (1b) and big resin rich area (2b).
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a
b
Fig. 32: Picture of sample 16 (aged at 30 kV, no breakdown), showing signs of folding
(1a) and some discoloration (2a). Other side of sample 16 showing signs of damage and
folding (b).
Sample 9 which had an electric breakdown shows some signs of damage, which is evident
in Fig. 29a. Sample 15 does not show any damage from breakdown, although it shows
excessive folding and resin rich areas, seen in Fig. 31b. The interesting observation with
the resin rich area was that it coincided with the side of the exit hole from the breakdown
seen in Fig. 24b. For the samples without an electrical breakdown, 10 and 16, there are
again some sign of damage and folding of the mica tape, as seen in Fig. 30 and Fig. 32.
Again, it is difficult to say if they are due to the electrical aging, manufacturing or from
cutting the samples.
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4.2.4 µCT investigation of samples without electrical breakdown
From the samples that did not have any electrical breakdown two samples from each
testing voltage were chosen and cut to be scanned for any evidence of electric degradation
or other damage from the electrical stress testing. The following image sequences give a
representation of what the samples looked like and if there were any signs of damage.
Table 3: Parameters for the scanning and reconstruction of aged samples without
breakdown.
Parameter [unit]

Sample 3
(40 kV)

Sample 7
(40 kV)

Sample 8 (40
+20 kV)

Sample 10
(30 kV)

Sample 14
(30 + 20 kV)

Source voltage
[kV]
Source current
[µA]
Camera pixel size
[µm]
Image pixel size
[µm]
Filter [arb.]

100

95

100

100

100

Sample
16 (30
kV)
100

100

104

100

100

100

100

9.01

9.01

9.01

9.01

9.01

9.01

13.58

3.40

3.32

3.19

3.40

3.19

Al + Cu

Al

Al

Al

Al

Al

The following two figures show representative reconstructed cross sections of samples 8
and 14, which have been aged the longest, at 40 + 20 kV and 30 + 20 kV respectively,
see Table 2. Images of samples 3, 7, 10, and 16 are presented in appendix B.

a
b
Fig. 33: Representative reconstructed slices of sample 8 (aged at 40 + 20 kV), Showing
some ring artefacts (1a), folding (2a) and a void inside resin rich area (3a). Sample 14
shows more voids between tape layers (1b), a high-density inclusion (2b) and some
folding (3b).
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Since it is very difficult to only inspect each slice of an entire scan (that number in the
several thousands) CT Vox was used, which creates a 3D visualisation from all
reconstructed slices. The resulting images of sample 8 and 14 can be seen in Fig. 34a and
Fig. 34b respectively.

a
b
Fig. 34: 3D visualisation of sample 8 showing some sign of possible degradation (1a).
Sample 14 showing folds in tape (1b) and voids between tape (2b).
The most interesting feature seen during the investigation was in sample 8, seen in Fig.
34a. There are some signs of degradation near the shallow groove that was introduced in
samples 5-8. This could possibly be signs of insulation degradation from PD activity.
During a closer look of the reconstructed slice in that region there is a sign of a void that
seems to be protruding into a damaged mica layer, see Fig. 35.

Fig. 35: Closer investigation of region with damage, seen in Fig. 34a. A void is visible
with a sharp path seemingly passing through the mica layer.
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4.2.5 µCT investigation of samples with an electrical breakdown
The following samples had an electrical breakdown. As the focus was on the aged samples
without a breakdown, not all samples where scanned in high resolution. However, the
features left by the breakdown channels are clearly visible even at lower resolution.
Table 4: Scanning and reconstruction parameters for aged samples with breakdown.
Parameter [unit]
Source voltage [kV]
Source current [µA]
Camera pixel size [µm]
Image pixel size [µm]
Filter [arb.]

Sample 2 (40 kV)
100
100
9.01
13.59
Al + Cu

40 kV

Sample 6 (40 kV)
100
100
9.01
13.58
Al + Cu

Sample 9 (30 kV)
100
100
9.01
13.58
Al

Sample 15 (30 kV)
95
104
9.01
3.40
Al

30 kV

a
b
Fig. 36: Reconstructed slice of sample 2 (a), showing significant damage from breakdown
(1a and 2a). Reconstructed slice of sample 9 (b), showing breakdown channels (1b), a
resin rich area (2b) and folds (3b).
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40 kV

30 kV

a
b
Fig. 37: Reconstructed slices of sample 6 (a), showing the exit hole from the electrical
breakdown (1a), what seems to be a contact point on the electrode (2a) and a breakdown
channel (3a). Sample 15 (b), showing a breakdown channel (1b), a resin rich area (2b)
and what seems to be a contact point on the aluminium tube (3b).
Interestingly for samples 6 and 15 were that they show signs of breakdown that appear at
the inner aluminium electrode, see Fig. 37a (2) and Fig. 37b (3). Again, the individual
slice represents only a small part of the sample and to fully grasp the extent of the damage
from breakdown, CT Vox was used to investigate the breakdown channels.

a
b
Fig. 38: 3D visualisation of sample 15 in CT Vox showing the breakdown channels
electrode contact point and connections to channels (3b). Another part of the breakdown
channel (1a) and resin rich volume is also visible (2a). Note that the resin rich volume
contains a void (2a).
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a
b
Fig. 39: 3D visualisation of sample 9 in CT Vox showing exit hole from breakdown (1)
and resin rich area (2). Note that the resin rich volume extends along the sample (2b).
Sample 15 was scanned in high resolution and shows a clear big resin rich area on the
side where the breakdown has occurred, which can be seen in Fig. 37b (2). When looking
closer at the features present there is evidence of large voids, again in the resin rich area,
see Fig. 38 (2). The contact point visible in sample 15 is seen connected to a longer
breakdown path, see Fig. 38 (3). It is also noteworthy that there seems to be a significant
fold of tape above the breakdown channel.
Sample 9 also shows presence of a resin rich area that can be seen in Fig. 39 (2). The
breakdown channels are also visible, see Fig. 39 (1). In Fig. 39b it is also clear that the
resin rich area extends quite far along the sample’s longitudinal direction.

a
b
Fig. 40: 3D visualisation of sample 2 in CT Vox showing exit hole from breakdown exit
(1), there is also sign of a breakdown channel closer towards the centre of the sample (2).
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a
b
Fig. 41: 3D visualisation of sample 6 in CT Vox. Showing breakdown channel (3) and
initiation point (2).
Fig. 40a (1) shows sample 2 with a large hole due to the electrical breakdown. Fig. 40a
(2) shows signs of some folds and large breakdown channels, Fig. 40b. Sample 6 had
some interesting features that differed from the other samples with a breakdown. It
seemed to have breakdown channels on opposite sides of the sample. As seen in Fig. 41
the large damage that is visible from outside is connected to (3) and on the opposite side
there is signs of damage (2).
4.2.6 3D – visualization of breakdown channels
The 3D reconstruction of a whole sample was not possible for the high-resolution scans
since they were simply too large. Instead the samples were scanned in lowest possible
resolution. Table 5 shows the parameters for these scans. Even these images were too big
and had to be reduced further. All reconstructed images of originally 1000x1000 pixels
were resized to 200x200 pixels. This reduction in resolution in turn further reduced the
amount of details in the images. This made an accurate segmentation of epoxy resin and
void difficult.
Table 5: Scanning and reconstruction parameters for low resolutions scans on
breakdown samples.
Parameter [unit]

Sample 2 (40 kV)

Sample 6 (40 kV)

Sample 9 (30 kV)

Source voltage [kV]
Source current [µA]
Camera pixel size [µm]
Image pixel size [µm]
Filter [arb.]

100
100
9.01
13.59
Al + Cu

100
100
9.01
13.86
Al + Cu

100
100
9.01
13.86
Al + Cu

Sample 15 (30
kV)
85
118
9.01
13.86
Al

The following image, Fig. 42, is taken from CT Volume and illustrates the aluminium
tube (green), voids and breakdown channels (blue) and mica tape insulation (red). For
illustration purposes, the insulation has been removed to better show the breakdown
channels and voids. Samples, 6, 9 and 15 are shown in appendix C.
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a
b
c
Fig. 42: Sample 2 aged at 40 kV illustrated at different opacities of mica tape, 0% (a),
50% (b) and 100% (c).
The following figures illustrate the electrical breakdown channels in greater detail and
compares it to the reconstructed cross section at the indicated region. All images have
corresponding numbers for what part in the 3D-model is represented by what in the cross
section.

a
b
Fig. 43: 3D reconstruction of breakdown channel of samples 2 (a), showing large
amounts damage from the breakdown, exit hole (1a) and inner breakdown channel (2a)
can be seen. 3D reconstruction of sample 6 (b), showing the breakdown channel wrapping
around the sample, where four distinct part of the breakdown channel is visible (1b, 2b,
3b, 4b).
Since sample 2 had such significant amount of damage it was difficult to follow the
breakdown channels from electrode to electrode. Fig. 43a does show the exit hole (1) and
the inner breakdown channel (2) although no clear connection between the two electrodes.
They are hard to show because of the presence of the large amounts of damage and the
large breakdown channel. Sample 6 seen in Fig. 43b gives a clear picture of how the
breakdown channel moves through the insulation up and down along the longitudinal
direction which gives the four distinct channels, Fig. 43b (1-4). One can also follow this
channel from the contact point at the aluminium tube, Fig. 41a, to the exit hole visible in
Fig. 23b. This is an interesting phenomenon since the higher dielectric strength of mica
makes the electrical treeing take the path of least resistance.
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a
b
Fig. 44: 3D reconstruction of breakdown channel of samples 9 (a) showing the
breakdown channel. 3D reconstruction of sample 15 (b), showing similar breakdown
channel, with exit hole (1b) and channels inside insulation (1b, 2b).
For samples 9 and 15 that had less visible damage than samples 2 and 6, the breakdown
channels were a little easier to visualise. However, no clear connected breakdown channel
from electrode to electrode was found as was the case for sample 6, see Fig. 43b. Sample
15 had a clear breakdown point near the aluminium tube in the cross-sectional images,
see Fig. 37b. The connection between this point and outer electrode are not clearly visible.
Only the outer parts of the breakdown channel are visible, see Fig. 44b.
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4.2.7 Ridge detection
The ridge detection was done to investigate if any correlation between the large amounts
of folds and electrical breakdown could be found. The thought was to compare the length
of the mica tape in the cross-sectional images of each sample, since more folds would
give a longer total length of tape in a cross section. The amount of folds could then be
compared for time aged until electrical breakdown at a specific voltage i.e. one for 40 kV
and one for the 30 kV. Fig. 45 shows an example on how the length of tape was calculated.

a

b

c

Fig. 45: Images showing the ridge detection process for sample 10, 3 places in sample
(a), image before contrast enhancement (b) and final ridge detection shown with red lines
following tape (c).
Fig. 45a shows each part of the sample where a cross section is taken. If there is any major
damage due to a breakdown channel or an artefact from the detector, another cross section
nearby is chosen for a better representation of the whole sample. Fig. 45b shows the
reconstructed slice before it is enhanced for better contrast in FIJI. The last image Fig.
45c shows the image with enhanced contrast and ridge detection algorithm applied. The
red lines show where the tape is located and follow the windings around the sample. The
total length of the tape is thus given as a length in pixels.
The total length for each image, as seen in Fig. 45a is calculated after which an average
is determined for each sample. Since the scanning parameters are not the same for all
samples, the pixel length is converted to actual length in mm. The results of the ridge
detection is shown in Table 6 and Table 7.
Table 6: Ridge detection results for samples aged at 40 kV.
Parameter [unit]
Average length [pixels]
Image pixel size [µm]
Average length [mm]
Time aged [h]
Breakdown [yes/no]

Sample 2
25913.9
13.59
352.2
0.7
Yes

Sample 3
31803.7
13.58
431.9
2.7
No

Sample 6
29726.2
13.85
411.7
2.7
Yes

Sample 7
126420.1
3.40
429.4
2.7
No
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Table 7: ridge detection results for samples aged at 30 kV.
Parameter [unit]
Average length [pixels]
Image pixel size [µm]
Average length [mm]
Time aged [h]
Breakdown [yes/no]

Sample 9
28127.8
13.86
389.9
17
Yes

Sample 10
127085.1
3.19
405.4
17
No

Sample 15
140687.3
3.67
516.3
13.1
Yes

Sample 16
156320.4
3.19
498.7
17
No

Fig. 46: Scatter plot showing the average amount of folds of the tape with standard
deviation vs. aged time. Samples without a breakdown indicated with (circles) and if the
sample had an electrical breakdown (cross).
The plot in Fig. 46 shows the average amount of folds in a sample against the time aged,
as well as if the sample had a breakdown or not, indicated with a cross or circle
respectively. If the plot is studied there is no real correlation between the amount of folds
and breakdown. For example, samples 2, 3, 6 and 7, shown as yellow and blue in Fig. 46,
it seems that the samples that had an electrical breakdown had less amount of folds in
them, average of 350 mm and 410 mm for samples 2 and 6 respectively. Samples aged at
30 kV have samples with an electrical breakdown at both the highest amount of folds and
the lowest, see Fig 46.
4.2.8 Discussion of primary study
Since the partial discharge measurement only is carried out on one sample it is good to
ask why this is relevant. One reason for this was that there was limited time for doing this
measurement on all 16 samples. The main aim was to see how much PD-activity there
was in a sample. Doing the measurements for all samples would give a good baseline of
activity. Since sample 9 was tested for PD, and later broke down, as shown in Table 2, it
would have been interesting to know if this sample had more activity than other samples.
If so, could this be the reason why it broke? Having these measurements could then have
helped in pointing in the direction of what samples would most likely be affected by
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insulation degradation due to the electrical aging. This would be valuable since the
samples chosen for the µCT investigation did not have any indication that they were the
most likely to have signs of electrical aging.
As seen in Table 2 there is a significant difference of aging time for each voltage tested.
The lifetime of the first set of samples were shorter than expected (0.7 hours and 2.7
hours). Even after lowering the voltage to 30 kV the lifetime was not long enough (13.1
hours and 17 hours) and it was therefore lowered again to 20 kV. The low lifetime is
most likely linked to the quality of the samples. It was known that there were many
folds in the insulation from the manufacturing process of these samples. That it would
have this impact was however not known. Another factor that could have impacted the
lifetime is the shape of the samples, which differed from the normal shape of a stator
coil. This could have influenced the electrical stresses in the sample. One argument
against this is that the round samples do not have any sharp corners where higher
electrical stresses are present.
The optical microscopy images give a good indication of the state of the insulation. It is
most valuable for samples that had the electrical breakdown since it shows if there is any
characteristics that give a breakdown on that side, which was seen in samples 9 and 15.
There was also some damages present for samples 2 and sample 6 as can be seen in Fig.
25a and Fig. 27. This indicated that the first section cut of 20 mm was too short for
catching the whole extent of breakdown. The length of the sample was then increased to
make sure to catch any sign of aging or that the entire breakdown channel was present. It
is important to note that some of the signs of the damage, for example Fig. 32b, could be
from the cutting itself and not from the electrical aging. The question arising from seeing
the damaged was if it is part of an electrical treeing channel or just a delamination as a
result from the breakdown? This is especially a valid suspicion of samples 2 and 6. Since
the damage is large it is not very likely to be electrical treeing. One likely scenario is that
the force of the breakdown creates gasses that delaminate the mica tape layers in the
composite structure. This would also explain the discoloration since it might be caused
by carbonized material.
Detecting any signs of insulation degradation in samples aged and without a breakdown
was very difficult due to the large data sets and that it was not fully clear what to look for.
Using CT Vox did make it easier to detect any regions that might contain some damage.
As seen in sample 8, see Fig. 34a, some suspicious signs that might indicate damage is
seen. When looking at the corresponding cross section, see Fig. 35, a small void is present
with a protrusion into the damaged mica tape. This is a possible sign that there was
insulation degradation during the electrical aging. It might also be just another small void
from manufacture. However, the width of the protrusion is roughly 13 µm which is in the
same size range as has been found when researching electrical treeing5. One argument
against it being degradation from electrical aging is that the mica mineral is more PDresistant and any electrical treeing and degradation follow the less resistant epoxy resin 5.
Since all samples produced were electrically aged, there is no certainty if the sign of
degradation in sample 8, is from manufacture or electrical aging. One or several reference
samples would at least give some indication on what signs and damages are from
manufacturing and what are due to electrical aging. For sample 14 there is no real signs
of insulation degradation due to electrical aging. There are some voids, high-density
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inclusion and folds present in the insulation, see Fig. 33b. These signs were also present
in most of the other aged samples, see appendix B.
Comparing the damage from the samples with an electrical breakdown side by side as in
Fig. 36 and Fig. 37, shows that there is a clear difference in the amount of damage caused
by the breakdown between 40 kV and 30 kV. The impact of the resin rich areas, that were
noted directly after cutting using the optical microscope, is also much clearer from the
3D images from CT Vox. The resin rich volumes can be seen running along the length of
the samples, see Fig 38a and Fig. 39b. This is also the same side of the sample that the
electrical breakdown occurred. The result from the µCT study also show that there are
quite extensive amounts of folds in the mica tape, as well as small and large voids in most
of the samples, as can be seen in Fig. 36 - 41.
Ideally all samples would be scanned top to bottom in the highest possible resolution in
the µCT. This would give the best image quality but it would also take an incredible
amount of time for scanning and reconstruction, not to mention the enormous amounts of
data that also would need to be analysed. For example, one single scan at the highest
resolution gives around 2500 reconstructed images at 15 MB each and takes 4 hours. At
a resolution of roughly 3.5 µm this is equal to a sample height of 8.75 mm. A sample 40
mm in length would need 5 scans, which totals around 180 GB and 20 hours of scanning
time, note that this is only for the 2D projections prior to reconstruction. Instead it was
found that depending on the purpose, like looking for treeing and degradation in aged
samples without breakdown, a high-resolution scan was important since the amount of
detail needed to be as high as possible. Concentrating the scan in the middle of the sample
would increase the odds of finding any signs of insulation damage, since all breakdowns
occurred in this region, this would also be the region likeliest showing sign of aging. For
visualising the breakdown paths in aged samples with a breakdown, a high resolution was
not necessary since a good enough result was achieved from a lower resolution.
As can be seen in Tables 3-5 there are some differences in the scanning parameters. This
is mainly due to the filters of the µCT scanner not functioning properly. Scanning was
still possible although the right filters could not always be used. To get the required
intensities for a good image, the voltage and exposure time had to be altered. This also
resulted in that over size scans could not be performed i.e. only a small part of the sample
could be scanned at once.
There is a lot of noise and artefacts in the reconstructed images even though the best
parameters for reconstruction was used. This is most likely due to the inaccuracy when
placing the samples on the sample holder. This was done with an adhesive putty on a
sample holder which base was larger than the samples investigated, which made it
difficult to centre. This also required that the cut of the sample would be as perpendicular
as possible to the rotational axis of the sample. A solution for improving this would be to
build a custom sample holder that could centre the sample using the inner aluminium tube
as a guide.
The breakdown channels visible in the 3D-models rendered using CT Analyser show path
travelled in the insulation. For samples 2, 9 and 15 the channels are clearly visible, see
Fig. 43b and Fig. 44. However, for samples 9 and 15 they cannot be followed from
electrode to electrode. This is probably because of the resin rich volume closer to the
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electrode, see Fig. 39b as an example. Because the image resolution had to be reduced,
the segmentation between voids and epoxy was more difficult. There is a long strip of
voids and epoxy present closer to the aluminium tube, see Fig. 44b. This is most likely a
mix of the breakdown channel, voids and epoxy resin. A better 3D-model might be
achievable if the segmentation and rendering is done in smaller batches of the images
with a original resolution of 1000x1000 pixels.
Even though no signs of insulation damage were found in the aged samples without
breakdown there might still be damaged there. Reasons for not detecting any could be
that the electrical treeing is just too small for the resolution achievable from the μCT. The
channels might also be filled with a material similar in density as the surrounding, which
then would not give any contrast during scanning. However, when investigating the
breakdown channels in the samples with an electrical breakdown, the channels might not
show the full extent of the electrical treeing present in the samples. Yet, the treeing must
have made contact along these channels which during contact form the thicker channel,
which is discussed by Schurch. R. et.al.6, and visible in Fig. 43b and Fig. 44 in this report.
The detection of the amount of folds in the samples did not give any clear results, as seen
in Fig. 46, For the first set of samples aged at 40 kV it seems like less folds gave a shorter
lifetime and breakdown. For the samples aged at 30 kV the results are even more scattered
since both the sample with most folds, sample 15, and the sample with least folds, sample
9, had a breakdown. Also, the samples that did not have a breakdown have a difference
in the amount of folds. Clearly this method of correlation is not a good approximation.
Why the ridge detection did not come to any real conclusions could be for a lot of reasons.
One large factor was that there are simply not enough samples to make the result any
statistically significant. Also, that only 3 cross sections for each sample were used for the
ridge detection. This is evident as the standard deviation of the values are very large and
in some cases overlapping. Other errors, that could have been the reason for samples 2
and 6 showing such a low average length, could be due to the large amount of damage
present in the samples. This in turn would then decrease the total length of mica tape
detected during the ridge detection procedure. Another reason is that the resolution of the
samples did vary. It was more difficult to detect the tape layers at a lower resolution since
noise and artefacts interfered more with the algorithm. As can be seen in Fig. 46, samples
10 and 16 which were scanned at the highest resolution, show the least amount of
deviation. One last reason is that one parameter such as amount of folds, is not enough to
correlate to a breakdown. The folds themselves might give rise to other defects like resin
rich areas, which according to these findings do have some impact.
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5 Conclusions
µCT is a powerful technique to visualise the inner structure of materials and is more than
capable of doing it to the mica/epoxy insulation system even with an aluminium tube as
electrode. However, the size and dimension of the samples should be adjusted for making
samples with less folds in the insulation, since it might have affected the outcome of this
study.
From the images of the aged samples without an electrical breakdown, there are no clear
signs of insulation damage or degradation. Even though they seemed to have the same
amount of folds in the insulation, a few high-density inclusions and voids, see Fig. 33.
Still they did not get an electrical breakdown. One sample, sample 8, did however show
some signs of damage. Yet it is not clear enough to say if it was a result from the electrical
aging or manufacturing. Images of the samples with an electrical breakdown were more
interesting for this investigation since they do portray the path that the electrical trees
must have taken during the aging process, specifically the last bridging contact between
the electrodes. One conclusion that can be drawn from the samples with an electrical
breakdown is the impact of large volumes of resin. These resin rich areas do increase the
risk of an electrical breakdown, and as it seems, these resin rich volumes are most likely
caused during the manufacturing processes.
The 3D visualisation gives a clear picture of the condition of the insulation and indicates
what parts that have more folds or resin rich volumes. The 3D images also show how the
breakdown channels travel inside the insulation. It does not take the shortest path, instead
it seems to work its way around the more resistant mica tape, until it finally reaches the
ground electrode. Although only sample 6 gave a clear result from one electrode to
another, samples 9 and 15 did show clear breakdown channels as well, although
interrupted by the resin rich volumes.
The correlation between the amount of folds in the insulation and a breakdown did not
give any clear results, it is most likely since one parameter is not enough to draw
conclusions on why a breakdown occurs. The method used is not very accurate due to a
lot of variation in the samples, such as resolution used and amount of damage present.
However, since it was known that a lot of folds were introduced during manufacture it
might still be worth investigating a more accurate and reliable method for measuring
amount of folds in the insulation.
Improvements that could be done are many. Firstly, one or more reference samples would
eliminate any doubts of what damage and defects emanates from manufacturing and what
are from the electrical aging. Ideally one and the same sample would be electrically aged,
scanned in the μCT, then aged more and then scanned again. If this could be repeated
several times, a gradual degradation of the insulation might be seen when comparing these
images. This would be ideal since any faults or differences from manufacturing would be
the same. This was not the case for the 16 samples in this study. A sample holder to centre
the insulation better around its rotational axis would likely produce images of better
quality. For the image analysis, scanning the samples at the highest possible resolution
would create better cross-sectional images. For the 3D reconstruction, keeping the high
resolution of the images when rendering the samples, possible in batches, would create
more accurate 3D-models, where a segmentation between epoxy resin and voids would
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be clearer. Lastly a partial discharge measurement could be interesting to carry out on all
samples to get more information about which samples to investigate with the μCT. This
would be very valuable in this study since the scanning is so time consuming.
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7 Appendix
7.1 Appendix A
The full set pf partial discharge measurements for sample 9 showing how the activity
increases as the voltage is raised from 2 kV to 15 kV.

Fig. A.1: Partial discharge measurement at 2 kV showing small amounts of activity seen
around the 90 degree phase angle.
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Fig. A.2: Partial discharge measurement at 4 kV showing more activity.

Fig. A.3: Partial discharge measurement at 6 kV.

Fig. A.4: Partial discharge measurement at 8 kV.
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Fig. A.5: Partial discharge measurement at 10 kV.

Fig. A.6: Partial discharge measurement at 12 kV.
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Fig. A.7: Partial discharge measurement at 15 kV.
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7.2 Appendix B
Images presented here are better resolution images from the reconstructed slices from the
µCT investigation. Samples 3, 7, 10 and 16 are also displayed.

Fig. B.1: sample 3 showing folding (1), void (2) and high density inclusion (3).
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Fig B.2: 3D visualisation of sample 3 showing the cross section in the longitudinal
direction and the folding of insulation (1).
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Fig B.3: Sample 7 showing folds (1) some voids near groove (2) and void in insulation
(3). Note the ring artefacts visible in middle of aluminium tube.
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Fig B.4: 3D visualisation of sample 7 showing the folds (2) and voids (1).
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Fig B.5: Sample 10 showing resin rich area (1) and small voids and folding (2).
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Fig B.6: 3D visualisation of Sample 10 showing a longitudinal cross section. Also
showing some folding (2) and resin rich parts (1).

55

Fig B.7: Sample 16showing the end of tape (1), voids and folding (2).
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Fig B.8: 3D visualisation of sample 16 showing folding (1) and void (2).
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7.3 Appendix C
All complete 3D visualisations of samples showing them with and without the mica
insulation. Where it is clearer how the breakdown channels move along the longitudinal
direction of samples

a
b
c
Fig. C.1: Sample 6 aged at 40 kV illustrated at different opacities of mica tape, 0% (a),
50% (b) and 100% (c).

a
b
c
Fig. C.2: Sample 9 aged at 40 kV illustrated at different opacities of mica tape, 0% (a),
50% (b) and 100% (c). Note the long blue streak along the longitudinal direction.

a
b
c
Fig. C.3: Sample 15 aged at 40 kV illustrated at different opacities of mica tape, 0% (a),
50% (b) and 100% (c).
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