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Abstract

Glass fibre composites are common materials used in high voltage appli-
cations as insulating materials that provide good structural integrity. The
aim of this thesis is to develop a method of studying the failure in such
materials by measuring the dielectric strength on micro- and meso- scale
samples, consisting of single fibre filaments and fibre bundles respectively
embedded in epoxy resin. To do this, a body of relevant knowledge has
been amassed, which is complemented with finite element analysis giving
detailed insight into the electric field distribution in the microstructure
of fibre composites. A method of producing virtually defect free single
fibre samples has been developed where a filament is hung down tubes
and cast in epoxy resin. A similar method was developed for producing
bundle samples, however this needs some slight correction in order to pre-
vent exothermic reactions. The dielectric strength of these samples are
measured by applying a continuously increasing voltage until discharge is
recorded. To evaluate the method micro- and meso- scale samples were
prepared of three different fibres and their dielectric strengths measured.
This evaluation showed that the method can be used to measure a defini-
tive lower bound in the dielectric strength of fibre composites. However,
the method can not definitively determine the location of the discharge,
which is necessary to verify conclusions about the materials properties.
To progress the method, the dielectric strength of neat epoxy samples of
the same dimensions as the fibre composite samples should be investi-
gated. Increasing the tolerance of the measurement setup should also be
investigated as this could help by increasing the power of the discharge
leading to more severe damage in the material.
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1 Introduction

Many of todays power delivery systems utilise non-ceramic insulators, instead
of their traditional ceramic counterparts. These insulators are typically made
out of rubber weathersheds reinforced by a core made from glass-fibre rein-
forced plastic (GFRP) [1]. The implementation of GFRP has allowed for the
production of more lightweight insulating components while retaining good me-
chanical qualities. Their good insulating properties has made them popular in
high-voltage applications, where dielectric strength is a key parameter [2]. The
dielectric strength describes the highest electric field a dielectric material can
withstand without electric breakdown. When the dielectric strength is exceeded
the material experiences a severe loss of insulating properties and becomes con-
ductive. Such failure can be catastrophic in high voltage applications. As such,
having efficient methods of measuring the dielectric strength of materials is im-
portant.

Due to their anisotropy and non-homogeneity, the material properties of com-
posites such as GFRPs are generally complex to understand and predict. Failure
can depend on a number of factors like the individual properties of matrix and
fibre phases, interactions between phases, the presence of defects either in indi-
vidual phases or in the interface between phases, or the choice and implemen-
tation of production methods. Due to the high number of fibres present in the
materials, the failure of composites is generally statistical in nature [3]. While
the specifics of failure in the materials are of lesser interest when investigating
a materials volume-averaged properties for production purposes, they are of in-
terest for purposes such as material development when comparing constituent
candidates. In such cases, it is desirable to minimise the effects of external fac-
tors to have as direct of a comparison as possible between constituent candidates.

In the present day, the measurement of mechanical properties of fibre reinforced
composites using single fibre samples is well established. Besides accurate mea-
surement of mechanical properties, such methodology provides detailed insight
into the mechanisms of failure in fibre reinforced composites [4]. Since samples
require low quantities of materials, it is also a cost efficient way to evaluate
constituents for material development. Such methodology has not yet been
widely applied to analysing the electric breakdown of materials. If an equiv-
alent methodology could be applied for studying electric breakdown, similar
benefits might be achieved. Present industry practice is to measure dielectric
strength in GFRPs using macro-samples, e.g. bulk material sampled from bars
or rods. These samples require a large amount of materials to be fabricated,
and it is hard to know how well such measurements reflect the properties of the
constituent material.

The aim of this Master Thesis study is to explore the possibility to perform
dielectric strength testing on single fibres embedded in epoxy resin and fibre
bundles embedded in resin. The methodology is to be compared to the present
day standard tests on macroscopic GFRP samples, to evaluate if small scale
testing can be used as an alternate method for material screening and what
advantages it might bring. This was done by producing single fibre and fibre
bundle test samples of which the dielectric strength was measured by applying
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a continuously increasing voltage until discharge. The dimensions of the sam-
ples were motivated by finite element simulations of the measurement setup to
ensure a predictable electric field in the electric field. Simulations were also
performed to investigate the sensitivity of the electric field in the samples to
production defects such as misaligned fibres and uneven surfaces.
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2 Theory

2.1 Electrical breakdown in dielectric materials

Solid dielectric materials are integral to the production of structural parts for
high voltage systems. They provide mechanical supports for conducting parts,
while also insulating the conductors from one another and their surroundings
[5]. As such, it is important to have robust methods of screening and compar-
ing material candidates for the production of solid insulators. To enable this,
understanding of the failure mechanisms in solid dielectrics is needed.

While a number of more or less detailed theories have been put forward to
explain the mechanisms of electrical breakdown in solids, this area of research is
considered crude and inconclusive. Most theories considers the eventual trigger-
ing of an electron avalanche under high electric stress to be the cause of break-
down in solids. This is analogous to the mechanisms of breakdown in gases,
which are much more well established and understood. In gaseous dielectrics,
breakdown happens due to charged particles gaining sufficient energy to cause
ionisation upon collision with neutral molecules when subject to a strong elec-
tric field. The frequency of ionisation by electron impact depends on the energy
an electron can gain along the mean free path in the direction of the field. As
the strength of the field increases, electrons ejected from the cathode have an
increasing probability to be sufficiently energised to cause impact ionisation.
These impacts generate new electrons, which in turn have a probability of caus-
ing further impact ionisation. This electron multiplication is what gives rise to
the exponential increase in current that is associated with electric breakdown.
Solids are theorised to exhibit similar behaviour leading to electric breakdown.
The big difference between solid and gaseous dielectrics is that the former has a
significantly smaller mean free path, leaving the question of how electrons can
gain sufficient energy to initialise impact ionisation in solid dielectrics. There
is no unanimous answer to this question that holds for all cases of breakdown,
but a couple of different theories have been put forward. These theories are
typically categorised by the time-scale of the observed breakdown mechanism.
[5, 6]

2.1.1 Electrical breakdown in solids

In general, the mechanisms of failure and breakdown strength depends on the
time of voltage application. The main short term mechanisms are intrinsic
breakdown and electromechanical breakdown. These types of failure dominate
for voltages applied for up to about 100 s. The mechanisms for long term electric
failure mainly originate from electrical ageing such as erosion. Long term failure
mechanisms typically dominate when a potential is applied for long durations of
magnitudes 104 s and above, i.e. breakdown due to stresses applied over hours
or days. In addition to the mentioned processes, failure can also be caused by
thermal breakdown which can either be a fast or a slow process. [5]

2.1.2 Intrinsic breakdown

Intrinsic breakdown is the purest breakdown mechanism in solids. Intrinsic
breakdown occurs when electrons in the valence band of a dielectric is sufficiently

6



Johannes Fernberg (jofe0024@student.umu.se) June 13, 2022

energised by the electric field to cross the energy gap into the conduction band.
Breakdown is achieved in time-frames of magnitudes about 10�8 s, and is there-
fore believed to be purely electronic in nature, with electrical stresses well in
excess of 100 kV=mm required. Intrinsic breakdown is theorised as a mechanism
in pure and totally homogeneous dielectrics. For such idealised materials, the
energy gap is so large that electrons realistically cannot acquire enough energy
to make the transition across the entire band gap, meaning the conductivity of
perfect dielectrics should theoretically be zero. In practice, however, all crystals
contain some imperfections due to the presence of foreign atoms i.e. impurities.
These impurities may act as traps for free electrons in energy levels that lie just
below the conduction band. These traps will be filled with electrons, caught
there during cooling in the manufacturing of the material, which may become
thermally excited at room temperature, transitioning over the small gap be-
tween trapping levels and the conduction band. This results in even dielectric
materials having some free conduction electrons. If the applied electric field is
large enough, the electrons in the conduction band gain enough energy in be-
tween collisions to initiate impact ionisation, and eventually, electron avalanche
and breakdown of insulating properties. At the magnitudes of electric fields
required for electric breakdown in solids, electron injection will also contribute
with hot electrons by electron tunnelling through the high potential barrier at
the electrode surface. [5, 6]

As the concept of intrinsic breakdown is an idealised theory that considers
perfect dielectric materials, it is questioned if it even occurs in reality. Be-
ing purely electronic in nature, the intrinsic breakdown strength is conceptually
a property of the material and temperature alone. However, in reality, most
materials showcase a thickness dependence in their breakdown strength, as well
as pre-breakdown effects indicating partial discharges. [5, 6]

2.1.3 Electromechanical breakdown

When applying an electric field over a material sample using two oppositely
charged electrodes, a compression force will be applied to the material due to
electrostatic attraction. For fields of magnitudes 100 kV=mm, this compression
force results in a pressure which may reach magnitudes of kN=m2. Substances
which can deform appreciably without fracture may collapse when the compres-
sion forces on the specimen exceed its mechanical compressive strength. The
equilibrium between the electrically developed compressive stress and the me-
chanical compressive strength of the material will depend on the voltage, thick-
ness of the sample, and material properties like Young’s modulus. In theory, no
voltage can stably compress a specimen to less than 60% without breakdown.
If breakdown has not occurred by this point, a further increase in potential will
make the thickness unstable leading to collapse of the specimen. Stress concen-
trations at irregularities in the material can lead to an increased sensitivity to
electromechanical breakdown. [5]

2.1.4 Electrical ageing and erosion breakdown

When an insulating material is subjected continually to an electrical stress the
material undergoes electrical ageing, having its electrical properties degrade
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with time, ultimately leading to breakdown. The lifetime of stressed materials
depend on the magnitude and duration of the electric stress applied. [5]

In practice, all dielectric materials contain cavities or voids to some degree, ei-
ther in the bulk material, in internal interfaces, or interfaces between electrode
and material. These cavities are usually filled with a medium of lower break-
down strength and lower permittivity than the solid, e.g. bubbles of air. This
can lead to local field intensification inside of the cavity, which might be suffi-
cient to initiate a local breakdown in the medium in the cavity. Such localised
breakdown is known as a partial discharge. When gas in a cavity experiences
local breakdown electrons are launched across it, colliding with the edge of the
cavity. Some of these electrons might be sufficiently energised by the electric
field to break the chemical bonds of the edge surface of the cavity, degrading the
material. Cavities that house partial discharge will grow into discharge channels
under prolonged or repeated stress. The tips of these discharge channels gives
rise to very high concentrations of charge that disturb the local field, making
it highly non-uniform. Breakdown is not usually caused by the development
of a single channel, but rather the result of many breakdown channels forming
and extending through the material in a tree shaped pattern. Treeing during
breakdown is not unique to electrical ageing, but can also be observed in other
failure mechanisms where non-uniform field stresses dominate. However, it is
typical to see treeing after prolonged exposure to frequently alternating fields
or pulsating exposure to static fields. [5]

2.1.5 Thermal Breakdown

All electric breakdown mechanisms are ultimately due to thermal instability,
with electrons being energised in some way leading to material breakdown.
However, thermal breakdown specifically refers to the breakdown mechanism
caused by joule heating generated in the dielectric specimen due to conduction
and polarisation. If the joule heating generates heat faster than is extracted
through thermal conduction and convection, the material degrades, loosing its
insulating properties. [5]

There are two extreme cases to consider in thermal breakdown. The first is
when build-up of heat is rapid enough so that heat lost to the surroundings is
negligible, and all heat generated is used in raising the temperature of the solid.
This is known as the impulse thermal breakdown, and it occurs for a combi-
nation of critical field magnitude and critical time of application. The second
extreme case considers a thick dielectric slab contained to ambient temperature
at its surfaces by large electrodes. In this case, a temperature distribution es-
tablishes in the dielectric on voltage application, with the highest temperature
at the centre, while the surfaces remain at ambient temperature. Increasing the
voltage at this point will also raise the temperature at the centre of the slab.
If allowed to continue, this process will eventually result in a thermal runaway,
leading to breakdown in the material. Joule heating is more potent under al-
ternating fields, leading to thermal breakdown strength being in general lower
for alternating fields and decreasing with increasing frequency. [5]
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2.1.6 Breakdown due to low-density regions

There is also a theory proposing that breakdown in solids occur due to the
formation of low-density regions in the material. Regularly, a solid dielectric
will contain a high concentration of various traps, leading to a very small mean
free path of electrons and low probability for injected electrons to be excited
to a high mobility state. However, it is believed that the development of low-
density regions in a material could play a significant part in increasing the
mean free path of electrons, allowing for excitation of electrons and initialisation
of impact ionisation. The low-density regions are believed to start appearing
near the electrical contacts where carriers are injected into the material. Once
such regions start to develop, they extend through the material to form high
conducting channels, eventually leading to complete breakdown of the material.
Such behaviour would explain breakdown phenomena not explained by other
theories, like dependence of the breakdown strength on the ramp rate of the
voltage, as well as on specimen thickness. [6]

2.2 Measuring dielectric strength

Any application of electrical stress to an insulating material results in either
a discharge or a withstand. The randomness of the physical processes that
lead to breakdown means that the same stress applied several times in the
same conditions may not always cause disruptive discharge. The discharge,
when it occurs, may also occur at different times. Whats more, even if no
discharge occurs, the insulation characteristics of the material may still change
due to the applied stress. Due to these facts, the insulation characteristics
of materials are inherently statistical in nature, and so measurements must
be handled statistically in order to get a full understanding of the material
properties. [7]

2.2.1 Statistical handling of dielectric strength measurements

Test methods and procedures generally involve repeated application of dielectric
stress and appropriate evaluation of the results. Results are usually analysed
assuming either Gaussian or Weibull distribution. For testing purposes, time of
stress application is usually kept fixed during measurements, leaving potential
the only variable. One of the main parameters of interest when characterising
insulating properties is the critical flashover (CFO) defined as the potential
giving a 50% probability of discharge. Two other statistical quantities of interest
are the �3� confidence levels of the statistical distribution, with the lower limit
known as the statistical withstand voltage (SWV) and the upper limit known as
the statistical flashover voltage (SFV). The SWV gives the voltage at which the
result is a withstand with 99:7% probability, while the SFV gives the voltage
at which the result is a discharge with 99:7% probability. Statistical analysis is
usually employed when the purpose is to perform a scientific study. However, if
the purpose of the testing is only for quality control of an insulating material,
the breakdown strength is simply determined as the median of between five and
ten test results. [7]

9



Johannes Fernberg (jofe0024@student.umu.se) June 13, 2022

2.2.2 Test procedures

There are two standard ways of measuring dielectric strength in insulating ma-
terials. A specimen is placed between two electrodes, carrying electric current.
The first approach is a short-time test where voltage is continually increased at
a uniform rate until breakdown occurs. The second approach is a step-by-step
test where the initial voltage applied is around 50% of the estimated breakdown
strength. The voltage is applied for some amount of time, after which it is
increased by some amount. This process is repeated until breakdown occurs.
Breakdown is characterised by the passage of a sudden excessive amount of
current through the specimen. The location of breakdown can usually be iden-
tified from visible damage. This type of testing cannot generally detect partial
discharge phenomena in the material. [8]

2.3 Glass �bre composites

A composite material is one composed of two phases, a continuous matrix phase
and a dispersed phase. The properties of such materials depend on the con-
stituent phases, their relative amounts, and the geometry of the dispersed phase.
GFRPs are an example of fibre-reinforced composites, that is, a material where
fibres constitutes the dispersed phase. GFRPs have become a popular material
in modern industry applications due to their light weight and high strength.
The fibres in the composite are either continuous or discontinuous. Continuous
fibres means that fibres are long enough to provide effective transmission of load
to the fibres from the matrix phase. Discontinuous fibres on the other hand are
short fibres, too short to provide effective transmission of load. In this case, the
matrix deforms around the fibre, leading to the fibre providing little reinforce-
ment. Continuous fibres are usually aligned, meaning all fibres lay in the same
direction. The orientation, concentration, and distribution of fibres, all have
a significant impact on the material properties of fibre-reinforced composites.
Properties of fibre-reinforced composites are commonly anisotropic, that is di-
rection dependent. The anisotropy comes in varying degrees, depending on the
orientation and type of fibre. For example, the properties of a composite with
aligned fibres are highly anisotropic. To get the most out of fibre reinforced
composites, it is important to not view the material as a ”black box”, but be
aware of the internal structure of the material. The micromechanics of fibre re-
inforced composites under mechanical stress are well researched, and there are
established scientific methods to investigate mechanical failure modes on such
scales. This has lead to a detailed understanding of mechanical properties like
tensile strength and their anisotropy in fibre reinforced composites. [2, 9, 10]

2.3.1 Matrix phase - Epoxy

Epoxy resins are commonly employed as the matrix phase in GFRPs. Epoxy
resins develop a three-dimensional cross-linked network during curing, leading
to good material performance. Cured epoxy resins exhibits good adhesion to
substrates, good mechanical properties, and high thermal resistance. These
properties combined with an ease of processability makes them a material of
choice in fibre reinforced composites. Cured epoxy resins also have good insu-
lating properties with a low dielectric constant. [11]
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2.3.2 Dispersed phase - Glass �bre

Although not having quite as good mechanical properties as carbon fibre, glass
fibre reinforced composites is the fibre reinforced composites that is most com-
mon in industry applications. This is due to their comparatively low manu-
facturing cost, while still having adequate material properties to suit a large
number of applications. Glass fibre reinforcement enables tough but lightweight
composite materials with high mechanical strength. There are a number of
different process routes available in GFRP manufacture with the ability to pro-
duce a wide range of shapes, giving the material a high degree of freedom in
manufacture and application. Glass fibres are electrically insulating materials,
as opposed to their carbon counterparts which are conductive. As such, GFRPs
have become widely spread in electrical industries. [2]

Glass fibres are during manufacture treated with a thin coating layer called
a sizing or size. The sizing plays an important role in determining many of the
properties of GFRPs. The sizing also serves to produce a variety of attributes,
like protecting the fibres, improving the ease of processability, and improving
adhesion between fibre and matrix. In general on commercial glass fibres a sizing
layer corresponding to 0:2 � 2% by weight is applied during manufacture. The
layer is however rarely homogeneous, with thicknesses varying along the fibre
from less than 10 nm to more than 1µm. One approach to studying sizings is
to remove it using a refluxing solvent like acetone and inspect the extract using
spectroscopy. However, it is thought that the soluble components of the sizings
mainly function as handling and processing aids. The components responsible
for improving stress transfer and adhesion within a composite are thought to be
chemically bound, not removable using a solvent. [12]

2.3.3 Statistics of strength in composite materials

Composite materials usually exhibit a large variability in strength. This is
largely a result of variability in the constituents and how they interact at the mi-
crostructural level, leading to significant local fluctuations in material strength.
As such, the overall strength of a composite should be viewed statistically in
terms of a strength distribution, rather than deterministically. Failure is gen-
erally initiated from defects or other weak points in the material. As such,
material strengths are functions of extreme values rather than averages of local
strength distributions, and reduce with increasing volume under stress. The
volume dependence of strength is called a size effect. An understanding of size
effects is required to understand and correctly interpret results of tests per-
formed on specimens of varying scales. [3]

The principle of size effects in composite strengths can be likened to the strength
of a chain, which is dominated by its weakest link, and tends to decrease as the
number of links increases. The strength of a uniformly stressed material is de-
termined by the weakest part, which corresponds to the largest defect. Defects
in materials tend to be randomly distributed, and so larger volumes have a
higher probability of containing a larger defect, giving rise to a size effect. It is
well established that brittle fibres such as carbon and glass exhibit a size effect
due to flaws in the microstructure of the fibres. There are also flaws as a result
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of the microstructure of the composite material itself, independent of defects in
the individual constituents. These flaws can be heterogeneities in the packing
of the fibres which results in local weaknesses. Examples are, clusters of closely
packed fibres, resin-rich regions, fibres that have debonded from the matrix, and
broken or misaligned fibres. [13]

The strength of brittle materials is commonly represented assuming a Weibull
distribution. The cumulative distribution function for the two parameter Weibull
distribution

P (s) = 1 � exp
[
�(�=�)�

]
(1)

gives the probability of survival under a stress � where � is the scale parameter
and � is the shape parameter. The magnitude of the size effect between two
specimens can be expressed as

�1=�2 = (V1=V2)
�1=� (2)

where �1 and �2 are the constant stresses at failure and V1 and V2 are the
volumes of the two specimens. [13, 14]

2.4 Single Fibre Fragmentation Testing

The single fibre fragmentation test (SFFT) is a well established methodology
for investigating mechanical breakdown in fibre composites. The tests are per-
formed on specimens containing a single fibre encased in a polymer matrix,
where each end of the specimen is slowly pulled apart. Elongating the specimen
in such away will slowly apply an increasingly large stress on the specimen. As
it is stressed, the fibre will experience mechanical breakage, where it fractures
into increasingly small fragments at locations where the axial stress reaches the
fibres tensile strength. The fibre will fracture until the remaining fragments are
too short to transfer stress into the fibre and cause further breakage, at which
point the fibre is said to be saturated. [4]

Performing such tests provides not only a measure of a fibres ultimate ten-
sile strength, but visual inspection of the shape of the break and debonding
characteristics between fibre and matrix also gives insight into the adhesion in
the composite. If the bonding at the interface is strong, cracks will propagate
into the matrix, causing it to deform around the crack. If the bonding is weak,
debonding between fibre and matrix occurs, and the fibre slips out before be-
coming saturated. Fibres can also fragment due to the stress without neither the
matrix cracking nor the fibre slipping out. The method can also be utilised to
measure the interfacial shear strength of the material, a measure reflecting the
adhesion and load transfer efficiency between fibre and resin. Measurements us-
ing SFFT are usually combined with statistical analysis using the two-parameter
Weibull distribution to evaluate tensile strength of the specimen. [4]

Round robin tests have shown that the SFFT measurement method is setup
dependent, meaning different results are obtained between different laborato-
ries. While this means that such tests do not produce quantitative measures,
the tests are internally consistent, meaning they can be used to characterise
materials by relative comparison between different composite systems measured
in the same setup. [4]
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3 Literature study

In this section, earlier works concerning testing of dielectric strength in compos-
ites as well as single fibre testing in fibre reinforced composites will be reviewed.

3.1 Measuring dielectric strength in composite materials

Earlier works have been documented where the dielectric strength in composite
materials or material constituents has been investigated. However, seemingly all
of these works have studied the volume averaged dielectric strength of macro-
scopic samples of bulk materials, with no prior work having investigated the
dielectric strength and breakdown mechanisms in a single fibre or fibre roving.
A lot of these works have focused on improving the dielectric strength of compos-
ite materials by material modifications such as fillers or surface treatments. A
large number of the works are focused on investigating the matrix phase, with a
lot of research being dedicated to studying the breakdown strength of polymers.

J-J Park et al. studied the increase in dielectric strength when introducing
surface treated micro-silica and nano-silica to epoxy resin. The study was per-
formed by applying a continually increasing 60Hz voltage to specimens until
electrical breakdown occurred. The measurements were performed on cylindrical
specimens 2mm thick and 10mm in diameter, fixed between two spherical cop-
per electrodes of diameters 7:40mm, with a voltage ramp of 1 kV=s. Specimens
consisted solely of the treated epoxy and were produced by injection moulding.
Both specimen and electrodes were also submersed in insulating oil to prevent
flashovers. Five different combinations of micro-silica and nano-silica concen-
trations were tested, with 12 measurements for each combination. These mea-
surements were statistically evaluated using Weibull distribution analysis.[15]
Another study by J-J Park et al.investigated impact of particle size on break-
down strength in epoxy supplemented with spherical alumina using the same
approach. [16]

An investigation was carried out by S. Wang et al. into the electrical per-
formance of GFRPs at cryogenic temperatures. In this study, a comparison
in performance was made between two sets of samples made out of two differ-
ent epoxy resins. One of the sets was made using bisphenol-F and one using
triglycidyl-p-aminophenol, and measurements were made at both room temper-
ature and 78K. Measurements were made on 50mm�50mm�0:5mm samples
placed between a hemisphere electrode of 6mm diameter and a plate electrode
of 25mm diameter and 5mm thickness. The measurements were obtained by
applying a continually increasing DC voltage to the sample via the electrodes
with a ramp of 1 kV=s, and results were evaluated using Weibull distribution
analysis. Samples were produced via vacuum press infusion of glass fibre cloth.
[17]

S. Wang et al. investigated the dielectric strength in GFRPs doped with sur-
face modified nano-Al2O3. The purpose of the filler particles is twofold, to
increase the dielectric constant of the epoxy matrix, and to strengthen the in-
terface between epoxy and glass fibre. Increasing the dielectric constant of
epoxy subsequently lessens the mismatch in dielectric constant between matrix
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and fibre, which can otherwise cause local field concentrations leading to partial
discharges. Improving the interface bonding between matrix and fibre serves
to decrease defects such as air gaps between fibres, which weaken the dielectric
strength of the material. Samples consisted of either one or two layers of glass
fibre fabric immersed in the doped epoxy matrix. Dielectric strength measure-
ments were carried out using a sphere-sphere electrode system with electrodes
25mm in diameter immersed in silicone oil. A 50Hz AC voltage was applied
and increased at a rate of 1 kV=s. At least 10 samples per material was tested.
The results showed that the material with a filler content of 3% per weight had
a dielectric strength 10% higher than the material without any fillers. The data
was evaluated using Weibull distribution analysis. [18]

3.2 Single Fibre Fragmentation Test in literature

As the single fibre fragmentation test is similar in spirit to the measurement
method being investigated in this work, it is of interest to study how it is used
to investigate mechanical failure in composite materials.

A study into the application of novel natural fibre reinforced plastics was car-
ried out by A. Awal et al. where the mechanical behaviour of flax fibres and
ramie fibres were investigated using SFFT. Samples were produced by pressing
manually separated fibres between two polypropylene sheets using two heated
plates. Tensile load was applied to the samples at a constant rate using a tensile
tester until the breaking point of the fibre was reached. Fragment lengths and
any fibre breakage were visually identified from the samples, and the tensile
strength as well as the interfacial shear strength of the fibres was measured.
The tensile strength was determined from 5 samples, and results were analysed
using Weibull distribution. It was found that the ramie fibres have significantly
higher tensile strength and interfacial shear strength with less scatter compared
to the flax fibres. [19]

Zheng et al. studied the performance of graphene fibre reinforced composites
using SFFT. Samples were produced by casting graphene fibres in epoxy in a
mould. A tensile test device was used to measure the strain on the composite,
and a microscope was used to observe fibre diameter and fragmentation length.
Using this setup the tensile strength and interfacial shear strength of the mate-
rial could be evaluated. Results were analysed using Weibull distribution. The
performance of the graphene fibre was found to exceed most of the commercially
available carbon fibres. [20]

An investigation was performed by Samper et al. into the fibre-matrix adhesion
of bio-based epoxy composites reinforced with silane-treated basalt fibres. Sam-
ples were produced by casting fibres in epoxy in a PTFE mould. Tests were car-
ried out using a universal tensile tester and visual inspection of the breakdown
was performed using an optical microscope. From the measurements the tensile
strength and interfacial shear strength of untreated basalt fibre and basalt fibre
with four different silane treatments was evaluated. Between 19 and 22 samples
were prepared for each silane treatment and results were analysed using Weibull
distribution. The result showed better adhesion and mechanical properties for
the modified fibres than for the untreated fibre. [21]
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4 Method

4.1 Simulating electric �elds in samples between two elec-
trodes

Local field enhancements in an insulating material serve to weaken its effective
dielectric strength. As such, samples used to measure dielectric strength should
ideally produce continuous electric fields that are uniform where breakdown is
expected to occur under electrical stress. In the case of the single fibre and fibre
bundle composite samples breakdown is expected to occur along the fibres in the
fibre-matrix interface. Care should be taken that samples produced for dielec-
tric strength measurements have a geometry that results in such a field. To this
end, a numerical study of the electric field in the samples placed between two
electrodes were performed using the electrostatics module in COMSOL Multi-
physics. Both single fibre and fibre bundle samples were simulated for three
cases, an axial fibre, a transverse fibre, and a sample of neat epoxy entirely
without fibres. In addition to these, parameter studies were performed investi-
gating two production defects in the samples. The first studied how introducing
an angle to the fibre in the axial single fibre sample would impact the electric
field. The second studied how an uneven surface resulting from polishing sam-
ples would impact the electric field. A study was also performed to investigate
the significance in the choice of oil surrounding the measurement setup.

4.1.1 The measurement setup

The high voltage equipment to be used performs dielectric strength measure-
ments according to the IEC 60243-1 standard. The setup consists of two par-
allel plane electrodes sandwiching the material sample to be measured. The
electrodes are 25mm in diameter with a flat surface in contact with the sample
to be measured. The entire setup is submerged in oil to prevent flash-over in
the surrounding medium. Three different sample configurations were simulated,
a neat epoxy plate without any fibres, an epoxy plate with axial fibres, and a
plate with transverse fibres, seen in figure 1. In these figures the electrodes are
shown along with the corresponding sample type and the surrounding oil. The
samples were modelled as cylinders of diameter 50mm and thickness 10mm,
and the fibres as cylinders 24 µm in diameter. The dielectric constants used for
each material are shown in table 1.

Table 1: Dielectric constants used for each material in the electrostatics model.

Variable �oil �epoxy �fibre
Material Mineral oil Castor oil Epoxy Glass fibre

Dielectric constant 2.2 4.4 3.3 7.2

4.1.2 Simulating single �bre samples

For the single fibre samples, the setup configurations shown in figure 1 were
modelled in 3D, and the electric fields resulting from the voltage applied by the
electrodes were computed. In the model, a voltage of 100 kV was applied to
one of the electrodes, while the other was grounded. The equations of charge
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(a) The neat epoxy sample. (b) The axial fibre sample.

(c) The transverse fibre sample.

Figure 1: The three sample variations modelled. Each figure depicts the sample
sandwiched between two electrodes, with the whole setup emerged in insulating
oil. Which dielectric constant is attributed to which domain is indicated.

conservation according to Gauss’ law was applied on the entire domain, and a
zero charge condition was applied to the outer edges of the domain. Simulations
were performed for both types of oil. Two additional studies were performed to
investigate the sensitivity of the electric field in a sample with regards to two
production defects. The first defect investigated was misaligned fibres in the
axial samples. Simulations were performed where an angle � was introduced to
the axial fibre, as illustrated in figure 2a. The second defect investigated was
unevenly polished samples resulting in a bulging surface as illustrated in figure
2b.
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(a) An axial sample with a fibre misalign-
ment corresponding to an angle θ.

(b) An unevenly polished sample with
a bulging surface.

Figure 2: Two variations of sample defects modelled. Each figure depicts the
sample sandwiched between two electrodes.

4.1.3 Simulating �bre bundle samples

When simulating single fibre samples, it was possible to model the entire setup
along with the individual cast fibre in detail. This is more difficult to do in
the fibre bundle samples, as the amount of individual fibres in a bundle are
simply too numerous to efficiently model in detail. Instead, the fibre bundle
samples were simulated as 42 µm�42 µm�42 µm cubic micro-cells using periodic
boundary conditions. The micro-cells were considered as a block of epoxy with
one fibre in the centre and one fourth of a fibre in each corner, as seen in figure
3. On one of the faces a voltage of 420V was applied, while ground was applied
on the opposite face. The pair of faces selected to be voltage and ground decide
whether an axial or transverse sample is simulated. In either case, periodic
boundary conditions were applied to the faces not chosen as voltage or ground.
These periodic boundary conditions enforce an equal potential between two
opposite faces. The equations of charge conservation according to Gauss’ law
were applied to the entire domain, and the electric fields resulting from the
applied voltages were calculated throughout the micro-cell.

4.2 Materials

Three different fibres were used in the production of samples.

• REF – The reference fibre, a 2400 tex E-glass roving with 24µm filaments.
The tex number specifies a rovings weight by length in g/km. The fibre
is specified to have a density of 2620 kg=m3. The number of filaments in
a roving can be computed as the ratio of weights per length between a
roving and a filament, which in this case is 2025 filaments.

• PS2300 – An alternative fibre candidate. The fibre is a 2400 tex E-glass
roving with 17 µm filaments. The fibre features a different sizing to the
REF fibre.
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Figure 3: The micro-cell of a fibre bundle sample consisting of one fibre in
the centre and one fourth of a fibre in each corner surrounded by epoxy. The
dielectric constant of each segment is indicated.

• REF Acetone – The REF fibre treated with acetone to remove the sizing.
The fibre is treated by placing a REF fibre roving at the bottom of a metal
container and drenching it with acetone. The container is sealed with a
lid to prevent acetone from evaporating. The fibre is left for three hours,
with new acetone being applied once every hour.

All samples were produced using the same hotcuring epoxy resin mixture of
epoxy resin and preaccelerated anhydride hardener. Unless otherwise specified
the epoxy resin mixture was cured in a two-cycle schedule with a cycle of 80 �C
for 10 h with a ramp time of 4 h followed by a cycle of 145 �C for 10 h with a
1 h ramp time. The REF fibre is specified by the supplier to have a dielectric
strength of 10 kV=mm while the hotcuring epoxy resin is specified to have a
dielectric strength between 22 kV=mm and 32 kV=mm. The dye used in the
penetrant tests is 1% Astrozon red mixed in methanol.

4.3 Methods of producing samples

For the development of production method, production itself, and measure-
ments, focus was put on the axial samples. Two methods of producing single
fibre samples and one method of producing fibre bundle samples were inves-
tigated. In the first single fibre method, fibres are attached to a metal frame
which is then cast in a mould. In the second single fibre method, fibres are hung
down tubes which are filled with epoxy and cured. In the fibre bundle method,
fibre rovings are hung down tubes similarly to the second single fibre method,
which are subsequently filled and cured.

18



Johannes Fernberg (jofe0024@student.umu.se) June 13, 2022

(a) An illustration of the aluminium frame with fibres
stretched across. Fibres are attached using tape and
spacers are placed at the edges to centre the frame in
the mould.

(b) The aluminium frame with fibres stretched
across placed on one of the metal plates that com-
prises the mould, along with the metal strips that
gives the thickness of the mould and the silicone
tube that seals it.

Figure 4: The equipment setup used in the first method to cast separated fibres
in epoxy resin.

4.3.1 Single �bre samples: Method one

The first method takes inspiration from an existing method for producing spec-
imens for use in SFFT. Individual fibres are manually separated from a bundle
using tweezers and strung across an aluminium frame. The fibres are attached
to the frame using tape. The frame is placed in a mould, made up of two solid
metal plates with a plastic film treated with release agent attached on the inside
of each. The two plates are separated using metal strips, giving the mould its
thickness. The frame is centred in the mould by spacers in the form of thin
metal pieces, fixed between the face of the frame with the fibres and the mould.
The aluminium frame with fibres and spacers are illustrated in figure 4a. A
silicone tube is placed in the mould, surrounding the frame from all sides except
above. The purpose of the tube is to seal the mould and contain the epoxy,
while allowing it to be filled from the top. The frame placed on one of the metal
plates along with the metal strips and silicone tube can be seen in figure 4b.
Once assembled, the plates are tightened using nuts and bolts, filled with epoxy,
and cured.

This method was used produce a 2mm � 100mm � 100mm epoxy plate with
embedded glass fibre filaments along the plate. From this plate, pieces of epoxy
with embedded fibres were cut out in the form of 2mm�10mm�30mm blocks.
The surface area of the finished samples should be larger than that of the elec-
trode, to prevent flash-over and ensure breakdown occurs through the sample.
To this end, the samples were expanded by casting an additional volume of
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epoxy around the cut out pieces. This was done by spacing out the pieces at
the bottom of a metal lid, which was then filled with the epoxy resin mixture
and cured. This resulted in a circular plate of epoxy 200mm in diameter and
20mm thick, with embedded fibres going across. From this plate six circular
samples with a single fibre embedded through the centre were cut out, to be
used for evaluation and preliminary testing. The samples were cut and polished
to be 40mm in diameter and 10mm thick. For these early samples the REF fi-
bre was used. The curing cycle for the initial pieces was performed in two steps,
with the resin being cured at 80 �C for 4 h and then at 145 �C for 4 h. The
additional resin was cured using the standard curing schedule. Penetrant test-
ing was performed on three of the six samples to identify any through-thickness
defects (e.g. porosity or fibre-matrix debonds). In these tests, the surface of the
samples was exposed to dye in the form of methanol. The samples were then
checked for signs of dye creeping through the samples every five minutes for a
total of 30minutes.

4.3.2 Single �bre samples: Method two

In the second method, fibres are cast in 25mm tall plastic tubes with inner
diameter 45mm. The tubes are placed on a flat surface, in this case the bottom
of a metal lid. The surface of the lid enclosed by the tube is treated with release
agent, and the seam between tube and lid is externally sealed with sealing tape.
A thin copper rod is placed across the top of the tube. Individual fibres are
manually separated using tweezers and a weight is attached to one end of each
fibre. The other end is attached to the copper rod, and the fibre is allowed to
hang down the tube, stretched out by the weight. Such a tube with a weighted
fibre attached to a copper rod can be seen in figure 5. The tubes are filled with
epoxy and cured. The cured samples can be recovered by making a cut down the
tube and prying it off, and subsequently polished down to the desired thickness.

This method was used to produce four samples for preliminary testing using
the REF fibre. Two of the samples were made to be 10mm thick, one sample
5mm thick, and one sample 4mm thick.

4.3.3 Fibre bundle samples

Similarly to the second investigated single fibre sample production method, the
fibre bundle samples are cast in 45mm inner diameter plastic tubes. For the
bundle samples, however, the tubes are made to be 150mm tall, which is con-
siderably taller than in the single fibre production method. The reason for this
being that the fibre roving is much stiffer than the single fibre, resulting in a
slight curl in the rovings near the attachments. The stiffer roving also requires
a heavier, and thus larger, weight attached to the end in order to stretch out
satisfactorily. These two factors mean that a significant part on each side of the
produced sample will be unusable and go to waste. To counteract this, samples
are produced by casting fewer but taller cylindrical rods, from which samples
are cut out. The tubes are placed on the flat surface of a metal lid, and the
seams between tube and lid are sealed with sealing tape. The surface of the lid
enclosed by the tube and the walls of the tube is treated with release agent, and
a thin copper rod is placed across the top of the tube. Weights are attached
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Figure 5: The equipment setup used in the second method to cast separated
fibres in epoxy resin. Pictured is a plastic tube on a metal surface treated with
release agent. The seam between tube and surface is sealed with sealing tape.
A copper rod is placed across the top of the tube. One end of a fibre is attached
to the rod with masking tape, while the other end hangs down the tube with a
weight attached to it.
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to one end of the fibre roving, while the other is attached to the copper rod,
leaving the roving stretched down the centre of the tube. The tube is then filled
with epoxy and cured, after which the epoxy rod with the embedded roving can
be recovered by making a cut down the tube and prying it off. The epoxy rod
can then be cut into samples of suitable length, leaving out the bottom part
containing the weight and the top part if there is any curl in the roving. The
recovered samples can then be polished down to the desired thickness.

This method was used to produce one sample for evaluation using the REF
fibre. From the resulting rod a sample was cut out and polished to 10mm
thickness. Penetrant testing was performed for 30minutes on the sample, and
it was also inspected using optical microscopy.

4.4 Large scale production of samples

For the main dielectric strength measurements, axial single fibre samples were
produced according to the second method described in section 4.3.2 and axial
fibre bundle samples were produced according to the method described in section
4.3.3. Samples of all three different fibres were produced for both single fibre and
fibre bundle configurations. In total, 22 single fibre samples were produced using
the REF fibre, 20 using the PS2300 fibre, and 14 using the REF Acetone fibre.
Out of these samples, 10 samples for each fibre were chosen for dielectric strength
testing. These samples were produced in three separate batches, and in each
batch an equal amount of samples were produced of each kind of fibre. The fibres
were in the first batch attached to the copper rods using masking tape, in the
second batch using sealing tape, and in the third batch once again using masking
tape. In the first batch, the fibres were attached such that the weight would rest
just above the surface of the lid. In the second and third batch, the fibres were
attached with more space between the weight and the surface of the lid. 7 fibre
bundle samples were produced of each fibre type. For the REF and PS2300
fibres all 7 samples were used for dielectric strength measurements. For the
REF Acetone fibre penetrant testing was performed on one of the samples, while
the remaining 6 were used for dielectric strength measurement. The temperature
in the epoxy resin at the top of one of the tubes was measured during curing
of the bundle samples. Macroscopic material samples were also produced in
the form of cut out pieces from a filament wound tube. These samples were
only produced using material made out of the REF fibre, of which 8 samples
were produced and used for dielectric strength measurements. The single fibre
and fibre bundle samples were polished to 4mm thickness, while the macroscopic
material samples were polished to 7:8mm thickness. When polishing the circular
single fibre and fibre bundle samples, samples would be periodically rotated in
an attempt to get an even thickness throughout the entire sample. Before the
surface was made rough by the polishing, the embedded fibres were visually
inspected in the single fibre samples.

4.5 Dielectric strength measurements

Measurements were carried out in a setup as described in 4.1.1 using an Oil
tester BA 100 from B2 to apply a 50Hz AC voltage. The dielectric strength is
measured by applying a continuously increasing voltage until a surge in current
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is observed at which point the breakdown voltage is noted. The oil tester is ca-
pable of delivering voltages from 0 kV to 100 kV with a constant ramp rate from
0:5 kV=s to 10 kV=s. The samples and electrodes are submersed in Nytro 10 XN
mineral oil with dielectric constant 2:2 to prevent flashover. The measurement
setup can be seen in figure 6. Preliminary dielectric strength measurements
were carried out on the three single fibre samples that were produced using
first method for sample production described in 4.3.1 which were not used in
the penetrant testing, and the four single fibre samples produced in using the
second method described in 4.3.2. A ramp rate of 0:5 kV=s was used and the
samples were visually inspected after the measurements using a stereo micro-
scope. Dielectric strength measurements were also performed on the 30 single
fibre samples, 20 fibre bundle samples, and 8 macroscopic material samples. A
constant ramp rate of 3 kV=s was used and the samples were visually inspected
after the measurements using a stereo microscope. The Weibull distribution pa-
rameters were estimated for each measurement series using MATLABs wblfit

function. The function estimates the parameters using maximum likelihood
estimation.

Figure 6: The equipment used for the dielectric strength measurements. Pic-
tured is an Oil tester BA 100. The setup consists of a sample sandwiched
between two electrodes while submerged in Nytro 10 XN mineral oil.
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5 Results

5.1 Electric �eld simulations on single �bre samples

The computed electric fields for the single fibre samples and neat epoxy sample
are visualised using surface and arrow plots in figure 7, where the field in the
neat epoxy sample is shown in figure 7a, the field in the axial fibre sample in
figure 7b, and field in the transverse fibre sample in figure 7c. In all configu-
rations there are clear field enhancements at the edges of the electrodes, where
the electric field reaches a peak of 20 kV=mm. There is also a visible weakening
of the field across the fibre in the transverse sample. More detailed views of

(a) The electric field in the neat epoxy sample. (b) The electric field in the axial sample.

(c) The electric field in the transverse sample.

Figure 7: The computed electric fields for the three sample variations in the
measurement setup. For each variation a surface plot shows the norm of the
electric field and arrow plots shows the magnitude and direction of the field.

the electric fields in the sample configurations are shown in figure 8. Here the
electric field along two data lines in the samples are shown. Figure 8a shows
the first data line which passes axially through the centre of the sample, the
electric field along this line is shown for all three sample configurations in fig-
ure 8b. Figure 8c shows the second data line which passes transversely across
the centre of the sample, the electric field along this line is shown for all three
sample configurations in figure 8d. A discontinuous disruption in the electric
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field is clearly seen in the transverse fibre sample. As seen in figure 8b, the
field is weakened in the core of the transverse fibre itself, from 10 kv=mm in
the rest if the centre of the sample down to 6:3 kV=mm. What’s more is that
the field is intensified in the epoxy just outside either side of the fibre, where it
reaches a peak of 13:5 kV=mm, which corresponds to an intensification of 35%.
For the axial sample, the resulting electric field is found to be uniform along
the first data line through the centre of the sample, as shown in figure 8b. The
field is also found to be uniform near the centre of the sample along the second
data line, as shown in figure 8c. There are no appreciable differences in field
intensity found between the axial sample configuration and the neat epoxy one.

The electric field in the neat epoxy sample along the second data line as seen in
figure 8c is shown in figure 9a for both mineral oil with a dielectric constant of
2:2 and castor oil with a dielectric constant of 4:4. There is a small discrepancy
in electric field found near the edges of the sample. Near the centre of the sample
the electric field is found to be largely the same no matter the choice of oil. The
maximum field intensification found near an angled axial fibre is shown against
the degree of the angle in figure 9b. The blue stars show the discrete simulated
data points, while the dotted red line is a linear fit of the data points. The
maximum field is found to intensify with a rate of 0:38% per degree of angle. A
combined surface and arrow plot of the electric field computed throughout the
axial sample with an uneven bulging surface is shown in figure 9c. Detailed data
of the electric field for this case is shown in figure 10, where the data along an
axial data line as shown in figure 10a is shown in figure 10b, and the data along
a transverse data line as shown in figure 10c is shown in figure 10d. The uneven
surface was not found to have any significant impact on the electric field, which
is found to be continuous throughout the entire sample and uniform through
the centre of the sample.

5.2 Electric �eld simulations on �bre bundle samples

The computed electric field over a transverse bundle cross-section is visualised
in the combined surface and arrow plot shown in figure 11. In this case there is
a visible weakening of the electric field in the fibres, while the field is intensified
in the surrounding epoxy. Inside the fibres, the field reaches its weakest points
of 7 kV=mm. Outside the edges of the fibres in the epoxy, the field reaches its
highest points of 15:5 kV=mm. The electric field across two data lines is shown
for both axial and transverse fibre bundle in figure 12. Figure 12a shows the
data lines for the axial fibre bundle sample, the electric field along these lines
is shown in the plot in figure 12b. Figure 12c shows the data lines for the
transverse fibre bundle sample, along which the electric field is shown in the
plot in figure 12d. As seen in figure 12b, the electric field is found to be uniform
throughout the axial bundle sample. In figure 12d we get a more detailed view
of the field intensification in the transverse fibre bundle sample. From this
graph it is clear that the electric field experiences a discontinuous decrease and
subsequent increase at the interfaces between fibre and epoxy.
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(a) The axial data line.
(b) The electric field norm along the axial data line for the
three sample variations.

(c) The transverse data line.

(d) The electric field norm along the transverse data line
for the three sample variations.

Figure 8: The computed electric field norm along data lines in all three sample
variations. Figure 8a shows the line along which the data from figure 8b is
taken. Figure 8c shows the data line along which the data from figure 8d is
taken.
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(a) The electric field norm across the neat
epoxy sample is shown both when submerged
in mineral oil and castor oil.

(b) The maximum field intensification near
the fibre in a misaligned axial sample plot-
ted against angle. The blue stars show the
discrete computed data points while the dot-
ted red line is a linear fit of the data points.

(c) The computed electric field for an axial sample
with an unevenly polished surface. A surface plot
shows the norm of the electric field and an arrow
plot shows the magnitude and direction of the field.

Figure 9: The electric field in three special cases. Figure 9a showcases the
impact of the choice of oil on electric field norm in the neat epoxy sample.
Figure 9b shows the maximum field intensification in a misaligned axial sample
as a function of angle. Figure 9c shows the electric field in an unevenly polished
axial sample.

27



Johannes Fernberg (jofe0024@student.umu.se) June 13, 2022

(a) The axial data line.
(b) The electric field norm along the axial data line for the unevenly
polished axial sample.

(c) The transverse data line.

(d) The electric field norm along the transverse data line for the three
sample variations.

Figure 10: The computed electric field norm along data lines in the unevenly
polished axial sample. Figure 10a shows the line along which the data from
figure 10b is taken. Figure 10c shows the data line along which the data from
figure 10d is taken.
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Figure 11: The computed electric field for the transverse fibre bundle micro-cell.
A surface plot shows the norm of the electric field and an arrow plot shows the
magnitude and direction of the field.
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