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Abstract

Increased use of solid polymeric materials in the insulating structures of high voltage equip-
ment for electric power systems over the past years has occurred despite a lack of under-
standing about how these materials age while in service. Therefore, studies of ageing are
crucial for power system reliability and are important for both key participants of the elec-
tric power industry: utilities and consumers. The development of an accelerated ageing
procedure that mimics the presence of the thermal gradient across the insulating structure
is reported. A test module that applies a constant thermal gradient across a sample of in-
sulation material has been designed, built, and tested. An additional study was conducted
into evaluation protocols for ageing of polymeric materials used for outdoor applications
based on the dielectric spectroscopy measurements |1]: certain refinements to this method
are proposed. A comprehensive sensitivity analysis has been developed to estimate uncer-

tainties of the measured dielectric parameters.
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Chapter 1

Introduction

1.1 Problem Description

Playing a key role in the reliability of high voltage (HV) equipment for power systems,
conventional insulating materials such as ceramics and glass used for the manufacture of
the overhead power line insulators or paper/oil used as an insulating layer in power cables
are being gradually replaced by solid polymeric materials. The reason for this is unique
physical and chemical properties of polymers. However, the physical properties and, by
extension, the insulating and dielectric character of solid polymeric materials are more
susceptible to ageing due to electrical, thermal, mechanical, and environmental stresses
during their operational lifetime [2]. This irreversible process leads to the deterioration
of dielectric/insulating properties and results in degraded performance, and even a fatal
electrical breakdown driven by the thermal or partial discharge mechanisms. Therefore,
the studies of ageing are equally important for power utilities and consumers since this
knowledge will allow to prevent the power outage and a damage of expensive power system
equipment by replacing critically aged components in a timely manner.

The operational integrity of the power system component will be lost if a sample is




1.1 Problem Description

directly extracted from its insulating structure [3]. Thus, the development of new testing
methodologies to predict long-term performance [4,5] based on the results of accelerated
ageing of samples [6,|7] or samples obtained from the insulating structures that have been
withdrawn from service [8] have attracted increasing interest. One technique to monitor
the degradation within the insulation is based on the frequency response of the complex
dielectric permittivity (e = ¢’—je”) |9410]. Dielectric spectroscopy, the frequency response of
g, serves to bind measured electrical response and associated polarization processes with the
structure and the morphology of the material under investigation [11/12]. Hence, differences
between the dielectric spectra of unaged and aged materials may indicate the commencement
and subsequent development of degradation [13,/14].

Until now an accepted procedure/standard to assess physical properties and the op-
erational lifetime of insulating polymeric materials based on the dielectric spectroscopy
measurements did not exist. The development of such routine protocol has commenced re-
cently under the auspices of CIGRE [15|. The outcome of this work will be the creation of
the standardized protocol that will be used to facilitate the development of new materials or
to evaluate ageing characteristics of existing polymeric materials for outdoor applications.
The present work is a part of the international collaboration to develop a testing method
for the dielectric response characterization of polymeric insulating materials for outdoor
applications. Together with other participants in the CIGRE Working Group D1.59, we
have contributed to the development and performed evaluation of the testing protocol by
the completion two cycles of round-robin tests on samples of polymer materials (unaged and
after the complex water immersion procedure) and the conduction of sensitivity analysis.

Another important problem associated with the ageing of polymeric insulating materials
is the development of an accelerated ageing procedure that mimics mechanisms that occur
naturally when the insulating structure is aged in service rather than employing additional

stress factors such as elevated temperatures or voltages. The latter can result in degradation
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processes that are not expected during normal operating conditions |[16]. Thermal acceler-
ated ageing protocols are traditionally used to assess a long-term performance of polymeric
insulating materials that face the thermal stresses in their service [6]. This standard defines
the duration of an accelerated ageing and corresponding elevated temperature depending
on the class of the polymeric material. The ageing takes place in an oven at the selected
constant temperature. Thus, a uniform temperature distribution is generated across the
sample. At the same time, many HV insulating structures experience the the presence of
thermal gradients that exist, for example, across a transformer bushing surrounding by cold
ambient temperatures or radially across the insulation of underground cables buried in the
vicinity of the frost line. Therefore, the thermal ageing in the presence of thermal gradient
requires the careful consideration and there is a need for the development of the testing

procedure that takes into account this specific and identifiable factor.

1.2 Objectives

There are two main objectives in this thesis. First, it is to facilitate the development of
the testing methodology to evaluate physical and long-term properties of solid polymeric
materials utilizing the dielectric spectroscopy measurements and to solve arising problems.
This will include the design of the test set-up at the University of Manitoba, the conduction
of the required experiments, data analysis based on the dielectric spectroscopy theory and
an evaluation of a test methodology proposed by [15]. A comprehensive sensitivity analysis
has been developed to accurately calculate uncertainties of measured parameters.

The second direction of this thesis is to design, build, and test a module that generates a
constant thermal gradient across a sample of insulation material. The comparison of ageing
in this environment with the ageing of the same type of material in a uniform temperature

environment will be performed and analyzed.




1.3 Contributions

1.3 Contributions

The contributions of this thesis are presented as follows:

e Design of the experimental set-up to conduct measurements of the complex dielectric

permittivity.

e Dielectric spectroscopy characterization (with the analysis) of six types of HV insu-

lating polymeric materials.

e Development of a methodology to precisely compensate the edge effect on the mea-

sured capacitance utilizing finite element method.

e Completion of a sensitivity analysis to examine uncertainties associated with the mea-

sured complex dielectric permittivity.

e Design and implementation of the thermal gradient ageing module to study thermal

ageing in the presence of temperature gradient within the insulating material.

1.4 Thesis Outline

This thesis is divided into six chapters as described below:

Chapter 1: Introduction of the thesis, giving the problem description, objectives, and
contributions.

Chapter 2: Discussion on types of solid polymeric materials, natural and accelerating
ageing, dielectric spectroscopy to analyse ageing, followed by a background on the complex
dielectric permittivity and a literature review on the measuring apparatuses.

Chapter 3: The theory of contact-free method to measure the complex dielectric per-
mittivity, two realizations of the electrical measurements and problems encountered during
testing are presented. The method and its realization to compensate for the edge effect is

discussed at the end of the chapter.




1.4 Thesis Outline

Chapter 4: Discussion on the material under the investigation. Details on all experi-
mental protocols are provided.

Chapter 5: Discussion on results of various case studies implemented in this thesis.
Chapter five is subdivided into: the influence of the sample arrangement within the testing
cell, water immersion ageing, thermal gradient ageing, and sensitivity analysis.

Chapter 6: Conclusion of this thesis, with a discussion on future work.




Chapter 2

Background theory

2.1 HYV Insulation Materials

The development of electric power systems was accompanied by the evolution of their most
essential component, electrical insulation. Till the beginning of the twentieth century, in-
sulation materials such as asphalt, rubber, mica, porcelain, glass, and cotton thread/fabric
were made from natural materials [17]. Demand for higher resistivity and better electric
withstand capability materials stimulated the search for new materials that resulted in the
development of synthetic insulating materials [18]. Nowadays, most natural substances
have been replaced by a vast number of their synthetic equivalents for use in high voltage
insulation applications.

A variety of electrical insulating materials are used in the electrical power engineering.
According to their area of application, materials for HV insulation may be divided in four
broad groups (Table : moulding, jacketing, filling, and providing insulating mechanical
support. Possessing high mechanical strength, moulding materials form mechanically rigid
frame of insulation. They are usually used in combination with jacketing (housing) materials

which protect them from the environmental stress. Among the insulating materials with a




2.1 HV Insulation Materials

Table 2.1. Areas of application for solid HV insulating material [19].

Type 0 £ Application Examples of HV Material
material apparatus
. .. Ceramics, glass,
Moulding X:g;a:fl‘(izzlsﬁ;ig;g Insulators, bushings fiberglass, reinforced
plastics, and epoxy resins
Provide extruded Power cables, Polyethylene,
Jacketin insulating jackets to capacitors, transformers, | polyvinylchloride, natural
& conductors and electrical and synthetic rubber,
insulators machines paper
. Power cables,
Filling Impregnate paper transformers, capacitors Wax
Insulatl'ng Provide insulating Ebonite, bakelite, acrylic
mechanical Transformers .
supports resin plates
support

natural origin, paper is still widely used in the manufacture of power cables, transformers,
and capacitors. It is generally impregnated with filling materials such as oil or wax to
improve its dielectric character. Materials which provide both insulation and mechanical
support are required in transformers and switchgears.

Solid insulating materials are classified based on their chemical composition into four
main categories: inorganic, organic and hybrid polymers, and composites (Table .

Ceramics, porcelain and glassy materials are inorganic materials that have, historically,
been widely used as insulators [19]. However, they have recently fallen from favour due
to their relatively poor resistance to surface pollution and high density (i.e. larger mass)
compared to other materials such as composite polymer materials [5].

Solid polymers are long, chain structured molecules where repeated segments are linked
by covalent bonds |19]. The process to produce polymeric material from small molecules
(monomers) is called polymerization and can be carried out in a variety of ways [20]. The
longest chain, backbone, of organic polymers consists of carbon atoms sometimes substituted

by oxygen or nitrogen. Polymeric materials can be categorized by their response to heat




2.1 HV Insulation Materials

Table 2.2. Classification of solid HV insulating material based on their composition

[19).
Type Advantages Disadvantages Material
1. Ability to 1. Difficult to machine or Ceramics,
withstand high process. glass, mica,
temperatures 2. High density asbestos
Inoreanic 2. Highly chemical 3. Brittleness
& resistant 4. Under polluted conditions,
3. High mechanical | the hydrophilic surface of
strength porcelain does not perform
well.
1. Low density 1. Some polymeric materials Paper, wood,
2. Hydrophobic do not have long-term proven wax, leather,
Polymeric 3. Compactness service-life. natural and
organic/inorganic 2.Under the certain condition, synthetic resins
aging can be a serious
problem.
Combined enhanced | Long-term service life is Quartz, fiber
. physical properties unproven. and mica with
Composite of a filler and a synthetic resins,
matrix. impregnated
paper

(thermoplastic or thermoset) or to external deformation (elastomer). For example, rubber
is an elastomer type polymer that has the ability to revert to its original shape after being
deformed. Polymeric materials have low densities, the typical weight of an insulator made
from a polymeric material is about 10% of the equivalent insulator made from porcelain or
glass [5]. Hence, the use of polymers in HV engineering apparatuses reduces transportation
and installation costs, and expenditures on supporting structures (e.g. towers). The higher
dielectric withstand capability of polymeric materials permits more compact designs of
power system equipment. The hydrophobic (water-repellent) properties of polymers prevent
the development of continuous conductive contamination. However, the huge drawback of

polymeric materials is the absence of the proven long-term service life associated with glass




2.2 Natural and Accelerated Ageing

and porcelain.

The application of interfaces at the micro/nanoscale in the polymer matrix is used to
design new insulating materials with enhanced thermal, mechanical and electrical properties
[21]. Typical composites of organic (polymer matrix) and inorganic materials (filler) are
fiberglass reinforced plastics and quartz with epoxy resins. A long-term performance of
composite materials is affected by the presence of interfaces and not fully quantified [16] as

in the case of pure polymeric materials.

2.2 Natural and Accelerated Ageing

Leading to a gradual deterioration of dielectric properties, destructive processes inside the
solid polymeric insulation or on its surface are caused by by electrical, thermal, mechanical
stresses and environmental impact. The process of degradation is called ageing of the
insulation [2]. These changes are usually irreversible and end with breakdown and failure
of the insulating structure.

The operational life of any insulating structure can be described using the idealized
timeline (Figure and is divided into three major stages: ageing, degradation, and
breakdown [4]. There is no clear demarcation between these stages and they overlap each
other. Nonetheless, certain transformations associated with each stage may be identified.
Breakdown, for instance, is an instant and catastrophic event leading to the loss of the
main duty of insulation to withstand a certain level of voltage. A sample of solid insulating
material cannot recover after a breakdown, this is the end of its operating life. The foot-
print of breakdown that bridges a HV electrode to the grounding electrode is comparable
with the dimensions of the insulating structure and can be easily detected by an unaided
eye. Degradation, on the other hand, is a longer process that facilitates the development of
the conditions for the electrical breakdown by means of partial discharges, electrical trees,

and water trees. These phenomena manifest in the “weak” parts of insulation and usually

-9-
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10"
Electticaf™ Fiactro-
108 | mechanical [Farar aoer |
_ T — artial discharges
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Time to failure [s]

Figure 2.1. Indicative times and electric fields over which various electrical breakdown
and degradation mechanisms are active [4).

form large fractal structures (electrical and water trees) which can be tracked by a micro-
scopic technique. The trigger for degradation mechanism is an ageing that accompanies a
polymeric insulating material during all its service life and occurs at molecular scale.
Mechanisms of ageing in polymeric insulating media can be divided into physical ageing,
chemical ageing, electrical ageing, and combined mechanical and electrical degradation [2].
Physical ageing does not imply a change in chemical structure [22] and is linked with
the concept of slow and gradual transformations to the equilibrium (structural relaxation)
since the amorphous materials (all polymeric materials) are not in the thermodynamic
equilibrium at temperatures below their glass transition [23]. Chemical ageing involves a

change in the chemical structure of the polymer, generally via the formation of polymer free

- 10 -



2.2 Natural and Accelerated Ageing

radicals triggered by an initiating disturbance [2]. Free radicals are very reactive and lead
to depolymerization or cross-linking network formations. The initiating disturbance for the
chemical ageing is , for example, a thermal stress in the power cables [2] or the environmental
factors such as moisture, ultraviolet light, acid rains, and ozone from the corona discharge
in case of a polymeric cover of an insulator [24]. Caused by applied electric field, electrical
ageing of an insulation is an intrinsic phenomenon of all power system components in service.
It is considered that physical and chemical ageing processes are intensified by the electrical
ageing |4]. Electrical ageing is revealed by the appearance of the partial discharges that take
place in the gaseous media of nanoscopic/microscopic voids after the electric field reaches a
threshold value. Combined mechanical and electrical degradation arises when an insulating
structure under service conditions experiences the deformations leading to the formation of
nanocracks, e.g. due to the force between two current carrying conductors. To generalize
all ageing mechanisms occurring within the considered insulation under the operational
conditions, the term ‘natural ageing’ is applied. An assessment of natural ageing based on
the long-term observations are rarely performed since this method is hardly employed on a
timescale that is compatible with economical and technological requirements.

An accelerated ageing is performed in such conditions in order to make the change
of the properties faster than in natural ageing so that the long-term performance can be
obtained within acceptable timescale. The purpose of accelerated ageing test is to establish
the life cycle of an insulating structure exposed to high stress and then to extrapolate the
results to typical operating conditions. Here, an accelerating ageing is a simplified model of
natural ageing which imitates its main features and is capable of predicting behavior in real
operating conditions. When designing an accelerating ageing test, a compromise between
being the real representation of natural conditions and the duration of the test, must be
carefully reached.

In this work, two mechanisms of accelerated ageing are studied: one associated with the

- 11 -



2.3 Monitoring of Ageing

uptake of water via a range of diffusion mechanisms attributed to the outdoor HV insulators
and the second focused on the ageing of a power cable insulation in the presence of thermal

gradient.

2.3 DMonitoring of Ageing

A wide variety of diagnostic techniques have been developed to detect various footprints
of ageing in HV components. All the methods can be categorized into two major groups:
destructive and non-destructive [25]. In a destructive technique, the sample or insulating
structure will lose its main function to separate electrical conductors as a result of a test.
For instance, AC and impulse breakdown tests are destructive methods which are used
to quantify ability of a sample or insulating structure to operate without failures during
rated electrical conditions (withstand tests) [26,27]. In contrast, non-destructive diagnostic
testing should not introduce additional degradation of the insulation and, after the test,
the sample can be returned to operational use. These tests are desirable for monitoring and
assessing the remaining working life of the material. Among non-destructive techniques,
measurement of the partial discharge characteristics is widely applied [28]: high partial
discharge activity is associated with the presence of microvoids and cracks in the insulating
structure. Some methods have non-destructive nature but they require a sample to be
extracted from the insulation structure diminishing its operational integrity. An example
of this is the study of water and electrical treeing employing optical microscopy, which has
been used to correlate the length of water trees and the voltage level of breakdown [29].
Ageing is also associated with formation of trap sites inside of insulating material which can
be diagnosed by space charge measurement technique [30]. Environmental ageing mostly
occurs on the surface of the insulating component, resulting in a loss of the hydrophobicity
at the insulating surface. This is due to the structural and chemical modification of the

surface indicated by the appearance of cracking and erosion sites. The degree of surface
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degradation is usually examined by means of scanning electron microscopy [31].

Changes to the dielectric properties of the insulation (dielectric response) can be de-
scribed using dielectric permittivity/loss tangent measurements. Historically, these were
only carried out at the power frequency for which the HV system is designed. In his review
of dielectric spectroscopy, Zaengl [11] highlighted that ageing effects manifest in quite differ-
ent and specific frequency ranges and one-frequency measurements are sometimes ineffective
to track even strong changes in the dielectric properties of complex system. In contrast,
the measurement of dielectric response performed over a large frequency range enables the
extraction of various ageing markers. In particular, this technique finds wide application
in the monitoring of insulation of power cables. Liu et al. [13] obtained the difference in
the dielectric response of a new and aged cable insulation as a function of temperature
before and after ageing that provided insight into the commencement and development of

degradation.

2.4 Electric Field and Material Interaction

Any kind of matter consists, on the atomic level, of positive and negative charges balancing
each other microscopically or macroscopically. When the real HV insulating materials (as
a particular example of dielectric) are exposed to an electric field E, three main processes
are observed: polarization, electrical conductivity, and dielectric losses. Polarization is a
distinctive feature of dielectrics and is associated with the slight shift of the unlike charges
(induced electric dipole) or with the rotation of polar molecules (permanent electric dipole)
in the presence of external electric field [32]. On the other hand, a small number of charged
particles in real dielectrics can move the long distances in the electric field and discharge
upon reaching the electrodes. This phenomenon is known as a direct current (DC) electrical
conductivity. Dielectric losses represent the energy spent in the dielectric either on the

charge separation or on the alignment of dipole with the electric field.
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Figure 2.2. Electric field in a parallel plate capacitor with the vacuum between the
plates (a) or the dielectric between the plates (b).

Polarization is usually studied at a macroscopic level. Here, individual dipoles are con-
sidered as a group. The macroscopic polarization P is defined as the number of polarized
species per unit volume of the material. Being the response of a dielectric medium to the
applied electric field, P does not have the universal relation with E for all materials. How-
ever, the polarization P of most dielectric materials (at least those used in HV engineering)

is a linear function of the electric field in dielectric:

P = EQXE, (21)

where gy is the permittivity of free space and has a value 8.85 - 107'2 F/m and Y is the
electric susceptibility of the dielectric material. The latter is a dimensionless quantity that
defines the degree of polarization of a dielectric in response to an applied electric field.

To study the effect of an applied electric field on a dielectric material, consider an ideal
air-filled parallel plate capacitor carries a fixed amount of equal but opposite charge (free

charge) on its plates (Figure a). The surface charge density on the plates is A. According
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to Gauss’ law, an electric field between plates is uniform and equal to Eg = (\/eg)ex. When
a dielectric slab is placed inside the capacitor (Figure b), the bound charge with surface
density A is induced on the surface of dielectric generating electric field E' = (X /gg)ex.

This field has an opposite direction compared to the electric field Eg and is defined by:

E=Eo-E =Eo- e (2.2)

Using definition of the polarization P, it can be shown that P = Ney. Thus, we can
modify (2.2)) and derive the expression for the resultant electric field inside of the dielectric

employing the substitution from ([2.1)):

E= =0 (2.3)

where ¢ = 1 + x is the dielectric permittivity of dielectric material. This quantity char-
acterizes the ability of dielectric to polarize in an electric field and indicates how much it
attenuates in dielectric. While the dielectric permittivity € can be a tensor or a function
of the position within the dielectric, usually it is assumed to take a constant value and be
independent from the position in a HV insulation material. To avoid the need in bound
charges in the description of the electric field in a dielectric, the electric displacement field

D is used to define electric field in a dielectric in terms of free charges only and defined as

D =¢cpcE=c)E+ P =¢¢(1 + x)E. (2.4)
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2.5 Theory of Dielectric Spectroscopy in Time and Frequency

Domains

Polarization processes cannot occur instantly in a dielectric material (y > 0). The linear
dependence of P and E does not illustrate the delayed response of P to changes in E.
Thus, dielectric properties are dynamic quantities that can be studied in the time as well
as in the frequency domain [11]. This dynamic responses of dielectric media are illustrated
by introducing a time-varying electric field E(t) (produced by V' (¢) applied to the plates in
Figure a. Here, the electric displacement field D(t) = oE(t) will follow E(¢) without
delay.

Replacing the vacuum with an isotropic dielectric, the electric displacement field in-
creases , but it lags the applied electrical field E(t) as further polarization mechanisms
are characterized by their response rate to the appearance of E. The delay may be taken
into account by the presence of a time dependence in the electric susceptibility x = x(t)
in (2.1). For simplicity, the exciting electric field E(t) is described using a step function
H(t) that is E(t) = EoH(t — t9). The polarization, together with the time-varying electric
susceptibility and applied electric field, are depicted in Figure 2.3] The susceptibility and
polarization, x(t) and P(t), are interpreted as the step response functions of the dielectric
medium. The initial part of x(¢t) and P(t) close to ¢y is shown as an ideal step to intro-
duce an instantaneous polarization Po, = P(t = tp). If sufficient time is allowed, then the
observed polarization will reach a finite value and become static, Py = P(t — o00). If we
introduce some monotonically increasing from 0 to 1 function g(t), then the polarization at

given time, ¢, is defined by

P(t) = Poo + (P, — Poo)g(t — to). (2.5)

The macroscopic polarization P(t) (2.5) can also be related to the applied electric field
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Figure 2.3. Polarization of the dielectric medium excited by a step-like electric field.

using the dielectric susceptibility:

P(t) = EO[XOO + (Xs - Xoo)g(t - tO)]EO- (2'6)

The substitution of dielectric permittivity ¢ = 1 4 y into (2.6)) yields

P(t) = epleco — 1 + (65 — €c0)g(t — to)]Ep. (2.7)

In such formulation, g(¢) may be treated as a step response function in such formulation.
Thus, for any arbitrary external electric field FE(t), the time-dependent polarization can be

calculated using a convolution in the time domain:

P(t) = coxaoB (1) + 20 /_ "t B, (2.8)

where f(t) is dielectric response function given by:
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0 = (s = xoe) A0 = (e, - ey 240 29)

The dielectric response function may be used to characterize the response of a dielectric
sample to a given electric excitation. Unfortunately, it cannot be measured directly. From
Maxwell’s equations, total current through the real dielectric exposed to a time-depended
electric field E(t) consists of the conductivity current (op is the pure DC conductivity of

the material) and two types of the displacement current (polarization and vacuum):

3(t) = 0oE(t) + 8139
= aoE(l) + aoagf) + agit)
:gOE(t)+ao(1+xoo)agit)+5oi/; Ft — P)E(r)dr (2.10)
= ooE(t) + (1 + xoo)a];f) + 0 f (0)E(t) + & /; df(tdt_T)E(T)dT.

The basic concept of dielectric characterization in the time domain (2.10) is an attribute
of the polarization P(t), and a dielectric response function may be obtained by measuring
the polarization or depolarization (the time-domain measuring technique). Dynamic events
may be also studied in frequency domain. The polymeric insulating materials investigated
in this study are analyzed in the frequency domain. The concept of dielectric response in
the frequency domain is directly derived from the corresponding equations of the the time
domain where the description of a dielectric response is more evident.

The mathematical apparatus to determine a dielectric response in the frequency domain
uses the Fourier Transformation of [33]. Assuming a harmonic form of the applied
electric field (E(t) = Re(Ee(~7“Y)) and the absence of contributions from “high frequencies”

(Xoo = 0 and f(0) = 0), the current density in the frequency domain is determined by:
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J = Efog + jweo(1 + F))] (2.11)

where J, E, and F are the Fourier transforms of the time-dependent current density through

the dielectric sample, driving electric field and a dielectric response function. Comparing

(2.4) and (2.11]) the frequency-dependent susceptibility is

X(jw) = F(jw) = x'(w) = jx"(w) = /Ooo f()et = dr. (2.12)

Substituting (2.12) into (2.11]), we obtain:

J = Efog + eowx” (w) + jweo(1 + X' (w)] (2.13)

The sense of the real and imaginary parts of the complex electric susceptibility is in-
terpreted using . The real part of the complex susceptibility contributes to the com-
ponent of the total current which is in quadrature with the applied alternating electric
field: no electrical power is consumed. On the other hand, the imaginary part gives an
increase of the component of the total current which is in phase with the applied field: the
contribution to the power loss. Moreover, points out the experimental procedure to
determine complex electric susceptibility by means of the measuring Jand E, i.e. measuring
a current-voltage response as utilized in this work.

Similarly, the complex dielectric permittivitylﬂ may be defined by the Fourier Transform

of the time-dependent electric displacement field as

e(jw) = €'(w) — je"(w) = 1+ X' (w) = jx" (w). (2.14)

'In this work the complex dielectric permittivity corresponds to the ratio of the absolute permittivity of
the medium and the permittivity of free space. The term relative in the complex dielectric permittivity is
omitted for brevity.
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The frequency domain response of dielectric media may be characterized using the
dielectric dissipation factor (loss tangent):
8//
tand = o (2.15)
Usually, it is impossible to distinguish the contribution to the power loss from the

dielectric losses and the pure DC conductivity. For this purpose, another definition of the

loss tangent is sometimes employed [11]:

_|_
tand = ——=2. (2.16)

The quantities, e(w), tand, and x(w), will be used to examine changes resulting from
accelerated ageing. The dispersion behavior of these quantities depends on the mechanism

of polarization on the microscopic or macroscopic levels.

2.6 Mechanisms of Polarization

Dielectric polarization may be divided into elastic (resonance) and relaxation (thermal)
polarizations. This division is based on the type of the interaction between charged particles
contributing to the polarization: elastically (strongly) bound and weakly-bound. Each
polarization mechanism is associated with its characteristic frequency or characteristic time
of the process in the frequency and time domain.

Elastically bound particles thermally oscillate about an equilibrium position. When
exposed to an electric field, these particles are slightly shifted from this position. There are

three main types of elastic polarization processes [32]:

e “Electronic polarization” is inherent to all dielectric matter. The applied electric field

displaces the cloud of electrons around the atomic nuclei in opposition to the electric
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field direction. This is a fast response and it is associated with the formation of

polarization at optical frequencies (~ 1014-10' Hz).

e “Atomic polarization” occurs in molecules when component atoms shift in response to
the driving field. Chemical bonds between atoms in molecules of non-metallic solids
maybe covalent and ionic that correspond to partial and complete charge transfer
between atoms respectively. In both cases, some atoms in a molecule appear to be
more positively charged whilst others are more negatively charged relatively to their
states as an isolated atom. When this molecule is placed in an electric field its atoms
will move from each other inducing an electric dipole moment. In contrast with light
electrons, heavy nucleus can contribute to the polarization to infra-red (~ 10'*-1014

Hz).

e “lonic polarization” is a particular case of atomic polarization. It refers to the reloca-
tion of the positive and negative ions (ionic bonds) from the equilibrium state in the
molecule in the presence of a driving electric field. It typically persists at frequencies

till ~ 10°-10'3 Hz

In contrast, weakly-bound particles in the absence of an electric field have several
equilibrium positions which they can occupy with a certain probability. A transition from
one equilibrium position to another is thermally assisted. Relaxation polarization is linked
with the appearance of new equilibrium positions in the presence of an electric field. Similar

to the elastic polarization, relaxation polarization divides into several groups:

e “Dipolar (orientational) polarization” pertains to dielectrics where relaxing particles
are polar molecules. Having permanent electric dipole, they are partially aligned
under the influence of external electric field. Dipolar polarization is effective up to

MHz and GHz ranges.
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e “Interfacial (Maxwell-Wagner) polarization” is related to the formation of dipoles
due to the appearance of negative and positive charges at an interface between two
materials (macro-interface) or between two regions (micro-interface) within a material.

Interfacial polarization is manifested at frequencies below 10 Hz.

e “Space charge polarization” refers to the accumulation of charges within the dielectric.
Moving/hopping in the presence of an electric field mobile charge carriers can be
trapped by the localized site of defects (nanoscopic/microscopic voids and impurities).
In this case, positive space charge settles down near the cathode region whilst negative
space charge is distributed in the vicinity of the anode. Macroscopically shifted charges
form polarization that has large characteristic time. This phenomenon is active below

10 Hz.

In general, the response of a particular dielectric sample will include several polariza-
tion mechanisms coexisting and not significantly interacting between themselves, thus, the
permittivity can be expressed as the sum of the contributions of the individual mecha-

nisms [34]:

(W) = &) = j"(@) = 1+ 2 xilew) =3 3N w), (217)

where the pair, x} and x/, corresponds to the separate polarization mechanism.

Figure [2.4] shows both the real and imaginary parts of a complex permittivity spectrum
of dielectric containing different polarization mechanism. The low-frequency part of the
spectrum corresponds to the static dielectric permittivity. At higher frequencies (X-ray)
there is no polarizing effect in the material and dielectric permittivity is the same as in

vacuuml.
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Figure 2.4. A schematic of the real and imaginary part of complex dielectric per-
mittivity as a function of the driving field’s frequency for a material having different
mechanisms of polarization .

2.7 Dielectric Response in the Low-Frequency Range

An insight into the development of material’s ageing may be obtained by the analysis of
low-frequency dielectric spectra. Ageing leads to structural changes in the material such as
the formation of cracks and voids. The appearance of any discontinuities in the uniform
dielectric is associated with the interfacial or space charge polarizations. In this Section,
the main patterns of dielectric relaxation are studied.

The dielectric relaxation considers the dielectric relaxation response of an ideal, nonin-
teracting population of dipoles exposed to the alternating external electric field is generally
named after Debye . Neglecting interactions between individual dipoles permits the use
of superposition to estimate the total response of the material. Debye’s model proposes that
an equilibrium is reached exponentially through an analogue of the mechanical relaxation:

a motion of charged particle in the viscous media under the influence of an electric field. If

- 923 -
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the frictional force is proportional to the velocity of the particle, then exponential term will
contribute to the steady (equilibrium) velocity. The orientational polarization of dielectric
consisted of polar molecules exposed to the step-like electric field follows almost the same
behaviour as theoretically derived by Debye. The Debye dispersion equation defines the re-
lation between complex dielectric permittivity of dielectric media and the field’s frequency
w:

€s — €0

e(jw) = €00 + (2.18)

1+ jwr’
where €4, is the permittivity at the high frequency edge of the spectra (at a frequency higher
than the dipole relaxation frequency but lower than the atomic resonance frequency), €5 is
a static permittivity (at a frequency lower than the dipole relaxation frequency) and, 7 is
a dielectric relaxation time.

Equation may be split into two equations of the real and imaginary components

of complex dielectric permittivity to represent the dielectric character of material:

£ (w) = €00 + 7188 - 8002,
+(wr) (2.19)
2,_://(w) _ (53 — EOO)WT
1+ (wT)2

The curves of ¢/ and &’ as functions of frequency are depicted in Figure (only
dispersion region of the spectra).

The Debye theory does not consider the contribution to the measured e(w) due to the
DC conductivity. Conducting dielectric materials are treated as a non-conducting dielectric
connected in parallel with a resistance. Thus, the complex permittivity of a conducting,

polar material in Debye formulation can be presented as [35]:
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Figure 2.5. The ideal Debye relaxation response curves of a dielectric media built
from polar molecules.
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The influence of the last term in can be seen in Figure where the log-log rep-
resentation of ”(w) in case of various values of the DC conductivity is plotted . Larger
conductivities lead to the significant variations from the ideal Debye curve. The presence
of the DC conductivity in the dielectric response measurements hides a true dielectric re-
sponse whose physical interpretation is crucial for the analysis of ageing. Specific measuring
techniques will be utilized in this work to avoid masking of the dielectric response caused by
the DC conductivity. If the DC conductivity plays the dominant role in the low-frequency
range then ¢ ~ 1/w and ¢ — const as w — 0. This directly follows from the asymptotic
analysis of .
Being part of the relaxation polarization, the interfacial polarization appears when

the dielectric material contains interfaces. A widely-used theory of interfacial polarization
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Figure 2.6. The influence of the DC' conductivity, o, on Debye’s model of relaxation
polarization (01 < 09 < 03 < 04).

was developed by Maxwell and refined by Wagner . Maxwell considered double-layer
capacitor where each layer is modelled by the conductivity, o; and o2, and the dielectric
permittivity, €1 and 9, respectively. The complex permittivity of this connected dielectric
structure mimics the Debye model including conductivity and the time constant of

the interfacial polarization process is expressed as

diea + doey

_ 2.21
diog + dao (221)

TMW = €0

where dy and do are the thicknesses of the layers.

Dipolar polarization whose behaviour is precisely described by Debye’s model is a fast
phenomenon and effective up to MHz and GHz ranges. In contrast, interfacial polarization,
that also obeys the Debye relaxation theory, arises in the low-frequency range (< 10 Hz).
This can be verified using . Assume that d; = do and the layers have following

properties: one of the layers is a vacuum (o7 = 0 and €; = 1) and the other is a typical
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polymeric material with oo = 107" and €5 = 3. Under these assumptions 7p/y and its
reciprocal value, characteristic frequency of this relaxation process, is ~ 107> Hz.

Maxwell-Wagner polarization can be diagnosed in the dielectric response of the material
if in the log-log representation of & and &” versus frequency the slopes of lg(¢’ — e4) and
lge” are -2 and -1 respectively. These approximations reflect the condition of wr > 1 in
the Debye relation .

Another example of the dielectric response presented at the low-frequency range that
occurs due to the hopping /trapping charged particles is a space-charge polarization. A
simplified theory of this phenomenon can be derived from the transformation of a given
distribution of charged particles inside the dielectric to another one after the change in the
direction of the driven electric field. Assuming that the process is diffusive, it can be shown
that the dielectric response matches the Debye relation [35].

However, measured dielectric response in the low-frequency range (< 10 Hz) of the ma-
jority of polymeric materials does not follow the Debye relation [34]. The main distinctions
are the absence of a loss peak in the imaginary part and the strong rise of the real part of the
complex dielectric permittivity (Figure . This is an attribute of what Jonsher [36] refers
to as a “low-frequency dispersion” (LFD) and Dissado and Hill refer to as “quasi-DC” [37].
The Dissado-Hill theory of LFD considers the interaction/correlation effect between the
relaxing species (charges or dipoles) on the net dielectric response in contrast to the Debye
theory of the noninteracting population of dipoles. The dielectric medium is split into the
clusters where each cluster contains dynamically connected relaxing species, and the total
dielectric response is constructed as the combination of contributions from the individual
clusters (intra-cluster motion) and from the cluster/cluster interactions. The output of this
theory is an asymptotic frequency dependency of dielectric spectra in the low-frequency

range of solid dielectrics:

- 97 -



2.7 Dielectric Response in the Low-Frequency Range

10 i sl ' vl vl
10 10

100 10
o [rad/s]

Figure 2.7. The dielectric behaviour of a material that does not follow the the Debye
relation.

£"(w) ~ (€' — £00) ~ w1 where  w > w,
(2.22)

g'(w) ~ (' — €x0) ~w P, where w < w,

where 0 < n < 1 is linked with the structural regularities of the dielectric material and large
values of index n are associated with a highly ordered cluster, 0 < p < 1 is the measure
of the coherence of the hopping charge events and inter-cluster transfer events, w. is the
characteristic frequency which divides low-frequency range into two regions: one where the
motion of charged species is limited to the cluster and another one where hopping mecha-
nism takes place. The LFD may be distinguished from the DC conductivity contribution
to the dielectric response by the presence of the dispersion in the real part of dielectric
permittivity. Although LFD bears a close resemblance to the Maxwell-Wagner model for
the polarization, the difference between is the ratio of ”(w)/(e'(w) — £x) that should be a

frequency independent constant in case of LFD.
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Polarization mechanisms operated at the low-frequency range and methods to distin-
guish them are summarized in Table Here ¢/ — e and €” are replaced correspondingly
by their equivalent x’ and x” for the consistency. These markers will be used to analyze

the dielectric response of the material under investigation.

Table 2.3. Polarization mechanisms of the low-frequency range and their markers.

Mechanism Slope of Ig X’ Slope of Ig X’
DC conductivity 0 -1
Maxwell-Wagner D) 1
polarization
LFD Slope of Ig x'= Slope of Ig '’

2.8 Apparatus for the Frequency Domain Measurements

The choice of the apparatus to measure the complex dielectric permittivity depends on
the nature of the sample and the frequency range under the investigation. In general,
when employing dielectric spectroscopy, the material under test is investigated within one
of two vast configurations: distributed-circuit and lumped-circuit methods [20]. In case of
high-frequency studies (> 1 MHz), distributed-circuit methods are preferred. These include
housing the material within a transmission line structure [38,39], near an open-ended coaxial
probe [40] or within a resonant cavity [41].

At lower frequency ranges the sample holder (testing cell) may take the form of a parallel
plate [8,42] or a cylindrical [43] capacitor. In both cases, the space between electrodes
includes the material under test that forms part or all of the dielectric between the plates
of the capacitor.

When a testing cell is constructed, its equivalent capacitance can be determined using

various measurement techniques. The bridge and resonance methods [20] are the most
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Figure 2.8. Simplified electrical circuit of the frequency response analyzer [45].

traditional in the frequency range from 10 Hz to 100 MHz. Among various alternative
current bridges, the Schering bridge finds wide application because of the independence of
its balance equation from a particular frequency. It consists of four arms (one arm is the
unknown capacitor, the other three known, calibrated resistors and capacitors), an AC
source, and a balance (null) detector. The capacitance measurement can also be performed
using a resonant circuit where the whole or the part of the capacitance is the testing cell [44].

The principal drawback of these measurement techniques is the necessity to combine
several separate instruments to carry out measurements. Current instrumentation, e.g. a
frequency response analyzer (dielectric spectrometer), includes a “plug and play” feature
and can cover many decades in frequency while obtaining the impedance frequency response.
The basic concept of this apparatus is shown in Figure [2.8] A generator is used to provide
the applied AC voltage Us; = Uy of frequency w. The resistor R is used to quantify the
sample current I, in terms of measured voltage Us. The complex sample impedance Z;(w)

can be calculated from the recorded data using

Zy(w) = R(Z+ — 1). (2.23)

The complex dielectric permittivity can be then evaluated from Z(w) knowing the
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geometry of a testing cell.

2.9 Sample Arrangement

The sample placed in a testing cell introduces the disturbance to the measurement process.
For example, a void, that will contribute strongly to the measurement, may be formed due
to any imperfection in the contact between a capacitor plate and the sample when a sample
occupies the whole space between the electrodes (“close-contact parallel plate method”).
Creating complete contact with non-rigid samples such as polymeric insulators can result
in the deformation of the sample and, at minimum, inaccurate determination of the plate
separation. Moreover, as we have seen in Figure the DC conductivity is not a desired
”participant” in the dielectric response since it masks the dielectric character of a material.

One proposed solution to this challenge is referred to as “the contact-free parallel plate
method” [1,/46], where the sample of material under the investigation is placed on the
lower of two parallel plates, leaving an air gap between the sample and the second plate
(Figure [2.8). An additional measurement of the capacitance with only air as the dielectric
(no sample present) is used to enhance the measurement reliability. The presence of the
sample is treated as a perturbation to the reference data. The test setup (Figure
includes parasitic capacitive contributions between each plate and the grounded chamber
that contains the apparatus. More details on this will be given in the next Chapter where

the apparatus is discussed.
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Figure 2.9. Parallel plate measurement apparatus incorporating the principal lumped-
element capacitance (Cg) and parasitic contributions (Csa, Csp). The two measured
distances are di (between the plates of the capacitor), and the thickness of a sample

placed in contact with the lower plate (d3). The setup is housed within a grounded
chamber.
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Chapter 3

Apparatus

In this chapter, the theory of the contact-free parallel plate method reported in Section
2.9 to determine the complex dielectric permittivity used for the evaluation of ageing of
the HV polymeric insulating materials (Chapter 2) is presented. Two realizations of the

experimental setup to implement this method are discussed.

3.1 Theory of Contact-Free Parallel Plate Method

For measurements obtained via the contact-free parallel plate method, the complex dielec-
tric permittivity is extracted directly from the capacitance formula of the lumped-element
capacitor (C¢q) |1,46] that is determined from the electrical measurements utilizing appa-
ratus associated with Figure 2.9 Employing Kirchoff’s current law at node B and taking
into the consideration the parasitic capacitances between each electrode and the grounded
enclosure (Cs4 and Cgp), the voltage and the current through the test cell can be related

by:

VB
Zsh

jwCq (V4 — V) — jwCspVp — =0. (3.1)
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3.2 Electrical Measurements: Direct Method

The current-voltage response is measured twice under the same frequency and test
conditions. The “air reference” measurement is performed in the absence of a sample and
is represented with the parameters: Vy = Vi, Vg = Vi, = Vi and C; = Cq. With the
sample in place (Figure the current-voltage response is measured a second time and
the parameters: V4 = Vg, Vg = Vg, = Vo and Cy = Cg are recorded. Two expressions

associated with each of the measurements can be obtained

jwCr (Vo = Vi) = Vi (jwCsp + )

. (3.2)
jwCs (Vo = Va) = Va (jwCsp + 7 )

/

The sample dielectric permittivity, €/, and the dielectric loss factor, tand = £”/¢', are

computed from (3.1)) and the geometric parameters of the test cell (Figure as:

o Eair (dyRe {V}}Q—i— 1—d,) i (3.3)
(drRe {Vr} +1- dr) + (drIm {Vr})
tand = dTm {V; } (3.4)

d,Re{V,} +1—d,
where V, = [Vi (Vo — V2)] / [Va (Vo — V1)] and d, = d;/da.
Thus, to determine the complex dielectric permittivity of a sample, corresponding elec-

trical and spatial measurements should be conducted.

3.2 Electrical Measurements: Direct Method

The experimental setup for measuring the dielectric permittivity of high voltage insulat-
ing materials is depicted in Figure A function generator (Agilent 33120A), that was
connected to the upper (non-contacting) plate, provided a testing cell with the applied AC
voltage (Vp). A shunt (formed from a 33-pF capacitor), that matched the capacitance of the

sample holder, was employed to convert the combined current response of the test object
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3.3 Electrical Measurements: Solartron Dielectric Spectrometer

into the measured voltage Vy,. A digital oscilloscope (Agilent DSOX2014A) was used to
acquire Vp and V. The frequency of Vg was swept from 10 Hz to 10 kHz. The magnitude
and phase of Vy and Vg, required for and were extracted using a Fast Fourier
Transform (FFT). Automated code controlled the function generator, read the data from
the oscilloscope, and performed the data processing was implemented in Matlab.

This experimental implementation did not provide access to the full range of frequencies
of interest (i.e. < 10 Hz), however, this set of experiments was undertaken to confirm
consistency between results obtained in our lab and those of others in the round-robin

collaboration.

3.3 Electrical Measurements: the Solartron Dielectric Spec-

trometer

In order to gain insight into the low frequency range (i.e. < 10 Hz), the function generator,
the oscilloscope and the shunt of the experimental setup (Figure was replaced by a So-
lartron dielectric spectrometer (Solartron Analytical Modulab XM Materials Test System).
The testing cell was connected to the dielectric spectrometer at points A and B (Figure
2.9). Solartron dielectric spectrometer can measure the dielectric properties of materials
over a broad frequency range, from 10 zHz to 1 MHz.

The basic principle of the unit’s operation is described in Section In order to
match the large impedance range required for dielectric measurements resistor R of the
simplified electrical circuit (Figure is replaced by a broadband electrometer amplifier
with variable gain [47]. The measuring current range is divided into 12 stages and the lowest
one is capable of measuring currents with the resolution of 0.15 fA. Moreover, embedded
HV module (up to 100 V) facilitates ultra-high impedance measurements. The Solartron

software controls the dielectric spectrometer and can convert measured impedance into the
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3.4 Testing Cells

complex capacitance or, knowing the geometry of sample/electrode arrangement, into the
complex dielectric permittivity.
When the dielectric spectrometer is employed, the magnitude and phase of V,. required

in (3.3) and (3.4) is expressed in terms of measured impedance:

V, =75/ 7 (3.5)

where Z; is the impedance of an empty testing cell and Z, is the combined impedance of

testing cell and a sample.

3.4 Testing Cells

Two sample holders were employed for dielectric spectroscopy: a commercially manufac-
tured sample holder (Solartron 12962A Sample Holder) and the holder constructed accord-
ing to the recommendations from collaborating CI GRE Working Group D1.59.

The Solartron holder (Figure[3.1)) consists of the fixed (“ground” electrode) and movable
(“HV” electrode) electrodes. A digital micrometer is adjoined to the movable electrode to
control the electrode separation, di. The guard ring electrode is built in the fixed electrode
in order to diminish the impact of fringing electric field. Here, the guard ring electrode is
grounded through the frame of the sample holder that is connected to the common ground
of the Modulab XM system. Whereas the measuring electrode with a diameter of 40 mm has
virtually the same ground potential since the core and femto ammeter units of the Modulab
XM system are “virtual earth” devices. Therefore, the potential difference between the
guard ring electrode and the measuring electrode is negligible. As a result, the electric
field lines at the periphery of the measuring electrode remain parallel to the lines near the
central location. Moreover, the guard ring electrode also eliminates the contribution from

the surface currents that do not have the polarization or volume DC conductivity nature
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Figure 3.1. (a) A schematic of the electrode system used in the Solartron holder. (b)
A photograph of the Solartron holder placed in the grounded boz.

and are out of scope of this work.

The CIGRE sample holder is composed of two aluminium plates (diameter D = 100
mm) that are mounted in the frame by means of brass (upper plate) and plexiglass (lower
plate) rods (Figure 3.2). The voltage is applied to the upper electrode. The frame is made
up of plywood and plexiglass plates supported by two bakelite rods. The plexiglass plate
is covered by aluminium foil that has a solid connection with the ground. This is done to
avoid deposition of the surface charge on the plexiglass. The movable electrode is fixed on
the frame using brass sleeve and a pair of screws. The separation, di, of the moveable top
electrode relative to the fixed lower electrode was precisely measured using a set of the steel
standard gauge blocks (minimum step = 0.051 mm) (Figure [3.3).

Both test cells were placed in a grounded metal box in order to minimize external
interference.

A sample holder is not a perfect “participant” of measuring process due to the leakage

currents that originate from the supporting materials in the frame or from the connecting
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Bakelite
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100 mm Plywood
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Figure 3.2. A photograph of the CIGRE holder placed in the grounded bozx.

Figure 3.3. A set of the steel standard gauge blocks to determine the electrode
separation of the CIGRE holder.

cables. The dielectric spectrometer also contributes to unwanted measuring losses because of
current losses through the amplifier. In order to quantify the measurement limit (noise floor)
of the dielectric spectrometer in combination with corresponding testing cell, loss tangent
(calculated by the Solartron software) studies were performed on the test cells without

sample present. Figure [3.4] shows the noise floor associated with the Solartron holder, the
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Figure 3.4. The loss tangent measurements using the Solartron dielectric spectrome-
ter and various sample holders demonstrate the measurement limit of the experimental
setup.

CIGRE holder (final design), and two prototypes of the CI GRE holder (different materials
were used in the frame). It can be seen that the Solartron holder produces the least noise
of the four designs. The degree of interference generated by the CI GRE holder exceeds
the values of the Solartron holder and increases towards the lower frequencies. The final
version of the the CIGRE holder was obtained by installing the plexiglass rod holding the
lower plate instead of the brass one and replacing the top plywood plate of the frame with
the one made of plexiglass. These modifications led to the decrease of the leakage currents
contributed to the measured loss tangent of the empty test cell.

This noise floor is an inherent property of the experimental setup and is of the internal
nature. Thus, the impedance of the empty testing cell Z; was obtained from its measured
value reduced by the losses introduced by the sample holder (i.e.: only the imaginary part

of measured Z; was used for corresponding calculations.
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3.5 Sample Measurements

Figure 3.5. The method used to measure the sample thickness.

3.5 Sample Measurements

The sample thickness, d2, was measured using a digital caliper and averaged over 10 readings
at different locations on the sample. In order to eliminate the deformation of the sample
due to the contact with the digital caliper’s external jaws, the sample was housed between

two sheets of acrylic to carry out the measurements of dy (Figure [3.5)).

3.6 Geometric Correction Factor: Compensation for Fring-

ing Effects

Distortions of the electric field lines associated with the periphery of the electrodes (fringing
effect) introduce error in permittivity measurements obtained from the contact-free parallel
plates . Compensation of this effect could be accomplished experimentally by employing
a guard electrode or by using an appropriate modelling environment to calculate the
edge capacitance . In the present work, a finite element simulation was used to obtain

a geometric correction factor (k) from the electrostatic analysis of Figure representing
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3.6 Compensation for Fringing Effects

a reasonable alternative to estimating the actual edge capacitance.

A simplified finite-element model (FEM) of the sample holder (Figure was built
in Comsol Multiphysics 5.2. The frame was not included and the size of the grounded
enclosure was decreased since the former does not modify an electric field within the area
of interest and the latter does not change computed capacitance Cg. This allowed us to
use a 2D axisymmetric representation. In order to calculate the capacitance of particular
electrode arrangement with or without sample between electrodes, electrostatic analysis was
performed. Calculation of the capacitance was based on the energy stored, for a capacitor
C charged to voltage U, the energy stored can be calculated using

CcuU?

We == (3.6)

On the other hand, the same energy can be computed by integrating the electric energy

density over the computational domain of the model employing

W, = / wedV (3.7)
1%

Substituting (3.5)) into (3.6)) yields the expression used to compute capacitance C' in
FEM:

2We

C= 72

(3.8)

Three participating capacitances can be identified in Figure Csa, Cgp, and Cq.
Therefore, the integral of the electric energy density is the net energy consisting of the
energies stored on each participating capacitance. In order to find the required capacitance,

Cg, three different formulation of boundary conditions were used:

e Grounded enclosure, V4 =1V, and Vg =0,
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3.6 Compensation for Fringing Effects
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Figure 3.6. The surface plot displaying electric potential and the electric field lines
in a particular electrode/sample arrangement when the upper plate is set to 1 V.

e Grounded enclosure, V4 =0, and Vg =1V,

e Grounded enclosure, Vy =1V, and Vg =1 V.

As an example, Figure displays the electric potential distribution when V4 = 1
V, and Vp = 0 in case of one particular electrodes/sample arrangement that was under
investigation in this work. Have been computed two more scenarios, finally, the system

composed of three equations were constructed to determine Cg4, Cgp, and Cgq:

Cgvj + Cssz W .
2 - e

2
CgVZ  CsgV3
OB 4 ZSBIB =W, - (3.9)

CsaV2 | CspV32
gt = Wes

In order to obtain accurate result of a computer simulation, the mesh was refined until
the change in the calculated Cg became less than 1 %.

The model was verified using analytical expression derived by Kirchhoff for the equal

disk electrodes surrounded by an air [48]:
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3.6 Compensation for Fringing Effects
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Figure 3.7. Comparison between the Kirchhoff formula and computer simulation

used for the calculation of the capacitance associated with the CIGRE holder without a
sample.

607TD2 807TD
Ck = |
K=" t— I

8rD(t+dy)  t . di+t
4+ —1In
d12 dl

_3) (3.10)

where ¢ = 10.1 mm is the thickness of electrodes. The results of computer simulation and
the Kirchhoff formula are compared in Figure The difference between two models did
not exceed 0.5%.

When the method to compute capacitance using FEM was established and verified,
the two capacitances, C; and Cs, defined above were calculated via simulation and their
ratio was used to obtain a calculated permittivity €. for the sample by means of . A

geometric correction factor was defined as k = £’)/e.. Incorporating the correction factor

(k), (3.3) and (3.4) are rewritten as

o Eaick (d,Re {V;} +1 —d,) (3.11)
(d,Re {V,;} +1—d,)* + (d,Im {V,})? '
B d Im{V,}
tand = F@Re (VI +1-d1) (3.12)
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3.6 Compensation for Fringing Effects
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Figure 3.8. An example of the computed geometric correction factor as a function of
measured €' for the selected electrodes/sample arrangement used in this work.

The geometric correction factor strongly depends on the dielectric permittivity of the
material, the parallel plate separation (d;), and the sample thickness (d2). Each electrode
pair/sample arrangement investigated in this work was analyzed separately for the wide
range of €. The set of k as a function of measured ¢ was approximated by the fourth-
degree polynomial using the method of least squares utilized in Matlab (Figure |3.8). Then

this function was used to make correction in £’ and tan 4.

- 44 -



Chapter 4

Method

In this chapter, the tested polymer samples, experimental methodology, and proposed ageing
procedures are discussed. The knowledge of sample composition and morphology is an
important component in the analysis of dielectric response of new and aged material. Two
mechanisms of ageing were studied: one associated with the uptake of water via a range
of diffusion mechanisms and a second that focused on accelerated ageing as a consequence
of uniform and gradient temperature environments. Finally, to quantify the accuracy of
the contact-free parallel plate method to determine the complex dielectric permittivity, an

original sensitivity analysis is undertaken.

4.1 Materials under Test

Test samples of liquid silicone rubber (LSR), high temperature vulcanized (HTV) silicone
rubber, ethylene propylene diene monomer (EPDM) rubber, two types of epoxy cast (struc-
tural) material (W12 and W12 EST), and a fiber reinforced epoxy plastic (FRP) were
studied. All the samples had a commercial origin (Lapp Insulators GmbH) and were exam-
ined in conjunction with an international collaboration coordinated by the CI GRE working

group D1.59. In this section, a review of processing, physical and chemical properties and
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4.1 Materials under Test

application is introduced in order to juxtapose them with the measured dielectric response.

LSR and HTV are silicone rubbers that are widely used as a housing material for com-
posite insulators that separate bare conductors of the power line from the tower structure.
This choice is accounted for high resistance to the environmental influence and outstand-
ing hydrophobic properties of the surface [5]. The term silicone rubber usually refers to a
group of polymeric materials that have a silicon/oxygen chain as the backbone of the basic
polymer [19]. In general, silicone rubber for HV outdoor insulation purposes consists of a
basic polymer and various fillers, catalysts and other additives. The raw rubber used in the
formulation of LSR and HTV is polydimethylsiloxane (PDMS) whose molecular structure is
composed of an alternating combination of silicon and oxygen atoms as the main chain and
a symmetrical arrangement of methyl groups attached to the silicon atoms as the side chains
correspondingly [50]. High pressure injection moulding (up to 250 bar) with high curing
temperatures (130-180 °C) is applied to obtain HTV silicone rubber insulating structures
from the mixture of PDMS and aluminum trihydrate (ATH). LSR insulation is produced
from pure PDMS by means of low pressure moulding (up to 10 bar) with relatively low
curing temperatures (50-80 °C) [51]. The benefits of adding ATH to the silicone rubber
formulation are better mechanical and thermal properties, and enhanced resistance to the
tracking/erosion [52].

EPDM is a type of synthetic rubber that has a wide range of HV applications. Nowa-
days, the prime and most important use of EPDM as an insulating material is in the power
cables and in their accessories, such as cable terminations and joints [53]. Despite of low
hydrophobic recovery rate [54] in comparison with silicone rubber, EPDM is still a preferred
choice for housing of composite insulators because of its cost effectiveness [55]. The popu-
larity of EPDM is accounted for the good surface and volume resistance, good performance
in the contaminated environment and high breakdown voltage [56]. From the chemical

point of view EPDM originates from the copolymerization of ethylene and propylene in the
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4.1 Materials under Test

presence of certain chemical compounds. Additives such as antioxidants and antiozonants
are used to achieve higher resistance to the influence of atmospheric conditions.

W12, W12 EST, and FRP are composite insulating materials containing epoxy resin as
the polymeric matrix and quartz powder (W12 and W12 EST) and glass fibers (FRP) as
mineral fillings. Mineral filled epoxy resins find increased application in a wide range of HV
equipment where high mechanical and high electrical strength in addition to the resistance to
the various atmospheric conditions is in demand, for instance, support insulation for outdoor
substations, post and suspension insulators for outdoor transmission lines, medium voltage
switchgears and transformer bushings [16]. The chemical cross-linking of epoxy resins in
presence of filler material and different additives (e.g. hardening and accelerating agents)
is performed via a catalytic mechanism or via the bridging across epoxy molecules through
the epoxy or hydroxyl groups [19]. Quartz powder with special surface treatment (epoxy
silanization) is used to improve long-term performance of outdoor insulating structures
(W12 EST).

The dielectric response at the low frequency range is linked with the morphology of a
material that is partially defined by interfaces [21,57]. In general, interfaces can be divided
into four categories [16]: microscopic, macroscopic, internal, and external. Microscopic
interfaces (interphases) are formed when polymeric matrix is combined with reinforcing
mineral fillers such as powder, fibres, and whiskers. Modern composite polymeric insulators
consisting of a FRP rod with metal end fittings and a weather protected cover made of
silicone or ethylene propylene rubber represent examples of an insulating structures with
macroscopic interfaces. Internal interfaces are inherent to all real dielectric materials since
it is impossible to produce an air-void-free polymeric material. External interfaces arise
when solid surface encounters with a liquid or gaseous phase (e.g. in contact-free parallel

plate method it is the interface between a sample and remaining air gap).
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4.2 Measurement Technique

4.2 Measurement Technique

The dielectric response over a frequency range from 0.1 mHz to 10 kHz of aged and new
samples was measured using a Solartron dielectric spectrometer (Solartron Analytical Mod-
ulab XM MTS) in combination with either the Solartron holder (12962A Sample Holder)
or the CIGRE holder. The magnitude of the applied AC voltage was chosen to be 100 V
to obtain higher signal-to-noise ratio. At each frequency, the data were recorded over three
cycles to carry out averaging and filtering performed by Solartron software. All dielectric

response tests were carried out at room temperature.

4.3 Sample Arrangement Tests

When the testing cell is represented by a lumped parallel plate capacitor, two sample
arrangements are possible: one where the sample configures all space between plates (close-
contact method) and a second that leaves the air gap between a sample and one of the
plates (contact-free method). The contact-free sample/electrodes arrangement has several
advantages (Section . In order to make a comparison between these two methods the
dielectric spectroscopy measurements were carried out on HTV, LSR and EPDM samples.

The Solartron holder was chosen to perform contact-free and close-contact measure-
ments since it is equipped with the micrometer to define electrode separation (the principal
source of measurement uncertainty discussed in Section . The application of the CI GRE
holder for the close-contact measurements was obstructed by the inability to match the elec-
trode separation with a corresponding sample thickness using the available set of the steel

standard gauge blocks. The complex dielectric permittivity was evaluated from the cor-

responding close-contact measurements by incorporating them into (3.11) and (3.12) and

supposing that the electrode separation is equal to the thickness of a sample (d, = 1).

Samples (three of each type of material) were cut in the form of square slabs with a
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4.4 Water Immersion Ageing

Table 4.1. Variation of the sample thickness [mm] measured using a digital caliper
and averaged over 10 readings at different locations on the sample.

Material # Mean Stand. Dev. Max Min
1 2.30 0.02 2.32 2.26

EPDM 2 2.50 0.02 2.53 2.47
3 2.53 0.02 2.56 2.51

1 1.76 0.02 1.81 1.73

LSR 2 1.74 0.03 1.78 1.7
3 1.76 0.02 1.79 1.72

1 2.07 0.03 2.12 2.02

HTV 2 2.03 0.06 2.12 1.96
3 2.02 0.06 2.12 1.92

side size of 60 mm to suit the Solartron sample holder. The sample thickness required for
the calculation of complex dielectric permittivity and its variability (source of uncertainty
in measurements as it will be discussed in Section) is outlined in Table Prior to mea-

surements all samples were cleaned with isopropyl alcohol using low-lint wipes (Kimwipes).

4.4 Water Immersion Ageing

The materials under consideration are composite polymeric insulating materials that involve
more than one dielectric component. These composites have interfaces which, as discussed
above, are presumed to have a key role in most/all ageing mechanisms [16]. In the case
of composite insulating materials for outdoor HV application, that face a moisture attack
(high relative humidity, rain, and spray), ageing may be associated with an absorption of
water molecules from the air into the interfaces. Here, water modifies the physical and
chemical interaction between components of a composite dielectric due to the initiation of
the different hydrolysis reactions and the breaking of filler/resin bonding. This process
leads to the drastic deterioration of the initial dielectric character.

The water immersion ageing procedure agreed by the participants of CI GRE working
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4.4 Water Immersion Ageing

group D1.59 was a variation of an established protocol . The samples were housed in
a glass container and covered with deionised water for 50 days at room temperature. To
examine possible reversibility of the water absorption the drying at 100 °C for 96 hours
was implemented. After each possible mass changing step, the sample was weighed with a
digital balance (Mettler Toledo PB303-S/Fact), which has a resolution of 0.01 g. The first
steady reading was treated as an actual weight of the sample. Table lists all steps in

the water immersion ageing protocol.
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4.4 Water Immersion Ageing

Table 4.2. Steps in the water immersion ageing procedure that has been undertaken.
Upon the completion of certain steps of ageing procedure, the dielectric charter was
assessed. The contact-free parallel plate method with the CIGRE holder was chosen to
perform the dielectric spectroscopy measurements.

# Step Reason
1 Cleaning with isopropyl alcohol To remove any deposned‘ surface charge
and any contaminants
5 Weighing To monitor the process of water
absorption
3 Dielectric spectroscopy Material characterization
. To remove moisture from specimen
o
4 Drying at 100°C for 6 hours before the test
5 Cooling for 30 min at room All dielectric response tests were carried
temperature out at room temperature
6 Cleaning with isopropyl alcohol To remove any dep0s1ted' surface charge
and any contaminants
7 Dielectric spectroscopy Material characterization
8 Water immersion for 50 days Ageing procedure
9 Wiping with low-lint wipes To prepare for the weighting
10 Weighing To monitor the process of water
absorption
Cleaning in an ultrasonic bath with TO. remove possible appearance of
11 . . aquatic plants, such as algae and fungus,
isopropyl alcohol for 5 minutes ,
on the sample’s surface
12 Drying in air at room temperature for To prepare for the material
5 minutes characterization
13 Cleaning with isopropyl alcohol To remove any deposned‘ surface charge
and any contaminants
14 Dielectric spectroscopy Material characterization
15 Drying at 100°C for 96 hours To check the revers.lblhty of water
absorption
16 Cooling for 30 min at room All dielectric response tests were carried
temperature out at room temperature
17 Weighing To monitor the process of drying
13 Cleaning with isopropyl alcohol To remove any deposned. surface charge
and any contaminants
19 Dielectric spectroscopy Material characterization

One sample of each material discussed above was tested. Samples were cut in either

rectangular or circular slabs that exceeded the size of the electrodes employed in CIGRE
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4.5 Thermal Gradient and Uniform Temperature Ageing

Table 4.3. Variation of the sample thickness measured using a digital caliper and
averaged over 10 readings at different locations on the sample.

Material Mean Stand. Dev. Max Min
EPDM 2.40 0.03 2.44 2.35
LSR 1.74 0.03 1.78 1.71
HTV 2.08 0.04 2.13 2.02
W12 4.07 0.04 4.12 4.01
W12 EST 4.07 0.03 4.12 4.03
FRP 4.14 0.03 4.19 4.09

holder (D = 100 mm). The contact-free electrode arrangement was employed (Figure .
The thickness of the samples that is critical in the determination of the complex dielectric

permittivity is summarized in Table [4.3]

4.5 Thermal Gradient and Uniform Temperature Ageing

An accelerated ageing test should mimic real service conditions but this does not always
occur. For example, thermal ageing at higher uniform temperatures [6] is a widely used
technique in the assessment of thermal endurance characteristics of the polymeric materials
that serve as an insulation in manufacturing of power cables. However, at least from the
chemical standpoint, chemical reactions occurred at higher temperatures are not equivalent
to those at lower temperatures [22]. Additionally, a radially varying temperature distribu-
tion arises in the bulk of insulation of a power cable in operating conditions because of the
Joule heating of the conductor on the internal side and the ambient temperature on the
external side. Whilst the presence of thermal gradient is examined with the focus on the
formation of a permittivity/conductivity gradient that initiates space charge accumulation
in the polymeric insulation exposed to DC electric fields [59], it does not attract attention
of the existing ageing protocols.

To examine the influence of thermal gradient on ageing process, we have designed and
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Figure 4.1. The test unit that applies a constant thermal gradient to a sample of
insulation material.

constructed a testing module that generates a constant thermal gradient across a sample of
insulation material. Figure[£.1]shows the sketch of the thermal gradient module designed in
this work. In principle, the design is rather simple, it consisted of two parallel square blocks
with the sample under investigation placed between them. Both blocks have a dimension of
76.2 mm by 76.2 mm but slightly different thicknesses (25.5 mm - the upper (heating) block
and 21.5 mm - the lower (cooling) block). This arrangement of heating and cooling blocks
was selected to mitigate the influence of convection. The blocks and a sample between them
were fastened by 7 nylon 6/6 screws equidistantly located at the edge of the blocks.

The upper block machined from a sheet of aluminum represented the high temperature
edge of the thermal gradient. A 20V, 100 W heater (Omega Engineering) fitted inside of
this block was used to raise its temperature. In order to adjust the temperature of the

heating block a variable autotransformer was used as a voltage source for the heater. Two
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4.5 Thermal Gradient and Uniform Temperature Ageing

K-type thermocouples were installed at different locations on the top of the heating block
to control the temperature, T; and Tpo. A Fluke 116 multimeter was used to read the
temperature. The heater was about 25 mm long and was placed asymmetrically in the
heating block. Thus, we have defined the temperature of the heating block as an average
of Ty and Tps.

The (lower) cooling block was a commercial liquid heat exchanger (Custom Thermoelec-
tric) that was connected to the recirculated chiller (Neslab Thermo Scientific M33 Merlin)
with a coolant made of 50/50 mixture of distilled water and ethylene glycol to reduce the
freezing point. Two K-type thermocouple was mounted on the side of the cooling block to
monitor the temperature (7.1 and T,2) of the cold edge of a temperature drop during oper-
ation. The temperature of the cooling block was chosen to be an average of T.; and T,o to
take into account the variation of temperature within the block (7 thermocouple is located
close to the input/output connections of the liquid heat exchanger and T2 thermocouple is
placed on the opposite side).

The coolant temperature at the output of the recirculating chiller (7,;) and a room
temperature (7)) were also monitored to control the influence of the environment on the
experiment. The entire test module was covered with stone wool material and placed inside
a thermal insulating enclosure to stabilize the temperature by minimizing thermal interfer-
ences from the surrounding environment. A thermal conductive grease (Omegatherm 201)
was used to improve thermal contact between arising interfaces: the heater, thermocouples,
and aluminum blocks.

Some alternatives to our design exist: the application of two Peltier modules [60] could
create the temperature gradient. The drawback of this structure is low cooling capability.
In [59], two liquid heat exchangers were used to generate a thermal gradient. This design
requires two separate pumps that makes it more complex. Authors of [61] employed a

similar concept that we have used but their design is only applicable to thin film samples
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placed on a glass substrate with the thickness of 0.5 mm. In contrast, our module can apply
the thermal gradient to samples of macroscopic thickness, such as HV insulating samples,
without any support.

The impact of ageing in thermal gradient environment is compared to ageing in a
uniform temperature environment using EPDM rubber material that finds application in the
insulation of power cables and their accessories. The EPDM rubber samples were cut into
plate shaped pieces of dimension 60 mmx60 mm (to fit the Solartron holder). The samples
were cleaned with isopropyl alcohol to remove any contaminants. The uniform temperature
ageing was conducted using a laboratory oven. Both accelerated ageing procedures lasted
for 600 hours.

The common reference point to perform a comparison was selected: a temperature of
uniform ageing (73,) had to be equal to the temperature of the high temperature edge of
the thermal gradient. In our procedure this temperature was 100 °C as it was used in the
protocol of the uniform temperature ageing of EPDM samples during 600 hours suggested
by Ehsani et al. [62]. The assessment of ageing was carried out using dielectric spectroscopy
measurements over the frequency range 0.1 mHz - 10 kHz utilizing the close-contact parallel
plate method and the Solartron holder. The choice of close-contact arrangement is a forced
step since a material has changed its shape after the ageing procedure and was no longer
suitable for a contact-free arrangement. The mass and thickness of the samples were also

monitored to evaluate the effect of ageing.

4.6 Sensitivity Analysis

Whilst “contact-free parallel plate measurement technique” to measure the complex di-
electric permittivity of a sample has generated considerable interest [1,8], few researches
have addressed the question of the sensitivity of the measurement method. In this section,

a comprehensive sensitivity analysis will be performed for the “contact-free parallel plate
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measurement technique” implemented in Figure 2.9

The total uncertainty associated with the determination of ¢’ and tan § can be derived by
analyzing the uncertainties introducing by corresponding terms within and [63].
In order to quantify these, the partial derivative of the function ¢’ (or tan §) with respect to
each of the direct measurement terms (d,, V;.) and each of the calculated parameters (&,i

and k) was examined. The resulting uncertainty in &’ is expressed as

8 / 2 8 ! 2 8 / 2 8 / 2
A = \/<62MT> + <m€/AV;> + (8;A5air> + <(,;€Ak> (4.1)
T T alr

, 2
where (%Adr) reflects the contribution from uncertainties in the spatial measurement

variables (d; and da); <g—f,;AVr>2 represents uncertainty in the electrical measurements
due to electrical noise; (%Asair> represents error introduced by setting e, = 1; and
(%Ak)Q is the uncertainty in the estimated geometric correction factor. For tand, the
only contributing terms are those associated with the spatial measurement, the electrical

noise, and the estimated geometric correction factor:

dtand 2 /Otané 2 /9tans 2

Each uncertainty contribution in (4.1)) and (4.2 requires a separate consideration.

The uncertainty in spatial measurement (d,) rests on two uncertainty terms: one as-
sociated with the electrode separation (Ad;) and a second linked with the thickness of the
sample (Adsy). The partial derivatives of ¢’ and tand with respect to dy are employed to
derive the expression for the respective contributions to the relative uncertainty in & and

tan d:
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A"l |€ (tan? 6 — 1) (cair — €' (tan? 6+ 1)) 2tan?s | Ady

ro . - 2

€ Eair tan“d + 1| dp ’ (4.3)
~ |- Ady
dy

|Atan d],, _ | Eair — e’ (5air —¢ (tan2 J+ 1)) (tan2 0+ 1) Ady

tan § air dq ’ (4.4)

Ad
~ e -+ 1‘ —dll

Similarly, the relative uncertainty in &’ and tan ¢ due to the uncertainty in the measuring

of dy is defined as

|Ae'|y, € (tan? — 1) (eair — €' (tan® 0 + 1)) 2tan2§ | Adsy

r . o 2

€ €air tan“d + 1| do , (4.5)
~le? - Ady
do

|Atandl,, _ | €air — o (sair —¢ (tan2 d+ 1)) (tan2 0+ 1) Ads

tano Sair dz (4.6)

Ad
~ | ¢ + 1‘ d—;

The approximation expressions in (4.3)),(4.4),(4.5)), and (4.6) are derived assuming that

tan?d — 0 for typical HV polymeric materials (tand < 1) and e, = 1. The relative
uncertainty in & and tand are monotonically increasing functions of ¢ and decreasing
functions of d; and ds.

The uncertainty of the electrode separation (Ad;) was chosen as a difference between

two separate techniques to determine dy, one where d; was measured using the set of the
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standard gauge blocks and a second associated with current-voltage response measurements
with the sample inserted between the electrodes as discussed in Section [3.1] To determine
the electrode separation from the current-voltage response, two measurements were con-
ducted while the movable top electrode was fixed. First, the current-voltage response of the
capacitance formed by the given air gap (d;) was measured. Next, a metal shim (with thick-
ness g and the same diameter as the electrodes) was placed on the bottom electrode and the
current-voltage response of the capacitance generated by a decreased air gap (d; — g) was
measured. The current-voltage response obtained from the first scenario could be treated
as the “reference” measurement, while the second scenario imitated the “sample” measure-
ment. The initial electrode separation (d}) was evaluated using a ratio of the aforementioned
measurements, corresponding geometric correction factors and a thickness of inserted metal

shim. Finally, the accuracy of measured electrode separation (Ad;) was computed as:

g
_ ky
k‘oRe{Vr}

Adl = ‘dll - dl‘ = ‘ - dl ) (4'7)

where kg and kq are geometric correction factors for di and dy — g, respectively. An average
value for Ady= 0.07 mm (standard deviation 0.05 and maximum 0.2 mm) was obtained
from 15 independent measurements using this approach with the CI GRE holder. The level
of uncertainty in Re {V,} does not modify significantly Ad; as it will be shown further.

The uncertainty in dy (Adz) depends on the variability of the thickness of the material
under the consideration. The maxima of Ad; and Ads were chosen to represent the upper
bound of uncertainty due to the spatial measurements.

Analogously, the of sensitivity of ¢ and tand to the uncertainty in V, is calculated
through the corresponding derivatives with respect to Re {V;} and Im {V,} because both

magnitude and angle of V and V, are affected by the electrical noise:

- 58 -



4.6 Sensitivity Analysis

A / /
| 5/’% - dTi\/[(tanZ § — 1) ARe {V;}]* + (2 tan 6Tm {V; })
€ Eair s (48)

~ d.e' ARe{V,}

Atand !
& tandly, =d, (tan®J + 1) c \/(ARe {(Vi})? + (AIm {V,} / tan §)?
tan €air (49)
Al {V;)
~dpe ———.
tand

The approximations in (4.8) and (4.9) were attained supposing that tan?§ — 0 for
typical insulating material (tand < 1) and e,; = 1. It can be noticed that the relative
uncertainty in both & and tand increases linearly with ¢’ and can be reduced choosing

dy — 1 (in general, d, > 0 by the definition). The factors ARe {V;} and Alm {V,} mostly

|AE/[‘VT and |Atandly,

define the uncertainty in — —

respectively. The parameters of uncertainty,
ARe{V;} and AIm {V, }, can be found by using a current-voltage response procedure with
and without sample on the the unchanged electrode separation. The first measurement
served as the “reference” measurement, while the second, replicate, measurement is used in
stead of the “sample” measurement. Assuming the physical parameters of the apparatus
remained the same during two tests, the deviation of measured Re {V,} from 1 and Im {V;}
from 0 gave an estimation of ARe{V,} and Alm {V,.} for the whole range of frequencies (1
Hz to 10 kHz was considered for this study). For the experimental setup shown in Figure
with the Solartron Analytical Modulab XM MTS (Materials Test System) connected
at the points A and B the measured results of ARe{V,} and AIm{V,} for 5 replicate
measurements are shown in Table 4.4

The maxima of ARe{V,} and Alm {V,} were chosen to represent the upper bound of
uncertainty due to electrical noise.

Another component of uncertainty in varepsilon/ arises from the assumption e, = 1

that was estimated using [64]:
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Table 4.4. Measured results of ARe{V,} and AIm{V,.} obtained using the Solartron
nstrument.

Number of replicate measurements  Average Standard deviation Maximum

ARe {V,} 5 L.1x10~% 9.3x107° 6x10~*
Alm {V,} 5 1.8x107° 1.8x107° 0.9x10~*
P, P, P, _
Ay = eair — 1 = (1.58% + 13455 4 7600 ) 10 6, (4.10)

where P is the local pressure of dry air, P, is the ambient partial pressure of water vapour,
and T is the temperature (in K). The partial derivative of &’ with respect to £,i; expresses
required uncertainty evaluating at a5, = 1 :

o¢’

e/
——Aeayr = — Ay 4.11
85air ca 1 ca ( )

in which the relative humidity (P./P;) has the strongest impact on Ae,i. Relative humidity
values within 0-100% yield to a range of Ae,; values from 5.5 x 1073 to 8 x 1074, Thus,
the largest uncertainty due to the assumption of €, = 1 in the air reference calculations
can be estimated as 1073¢’.

Finally, the calculation of the geometric correction factor (k) was performed assuming
that electrodes are parallel. If electrodes are not perfectly parallel then the uncertainty in
k arises. In order to quantify the lack of parallelism in the electrodes an angle (a) was
introduced: the angle between the inner surface of the top electrode and a true parallel of
the fixed lower electrode (Figure [2.8).

The variation of the geometric correction factor, Ak, due to the appearance of a tilt

|Ae'],, |Atan 6],
Ea d tan d

angle of o was numerically obtained using finite element method. Both
are equal to Ak/k.
The contributions from the the four key sources of uncertainty in the measured quan-

tities ¢/ and tan § was implemented for the results of the experiments discussed in the next
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pe— g

gl#l ] ?

Figure 4.2. Sketch of the electrode arrangement that defines the electrode tilt angle
a (g1 and go are thicknesses of the standard gauge blocks used).

Chapter.

4.7 Assessment of the Dielectric Spectra

To implement the analysis of the dielectric spectra reported in Section the complex

dielectric permittivity is converted to the complex electric susceptibility employing

x=xX —Jjx"'=¢—éex, (4.12)

where €4, is associated with the high-frequency contribution to the polarization but is
beyond the range of frequencies under consideration. For most samples, the real part of the
electric susceptibility was not considered at frequencies above 100 Hz since the subtraction
of e5 from € leads to the relatively small values of x’. Thus, a comparison between the real
and imaginary parts of the complex electric susceptibility in this part of spectra will not
be conducted and certain information regarding the polarization mechanisms at this part
of spectra will be lost.

In the figures of electric susceptibility illustrated in this work, the markers correspond
to the average values and the lines of best fit are shown for each segment as solid lines. The
lines of best fit represent the power-law behavior (~ w™) of the dielectric response. The
slopes of the fitting lines (Ig x'/lgw or 1g X"’/ lgw) and the frequency of a transition between
two distinguishable slopes (f.) are identified.

A linear regression model (the method of the least squares as implemented in Matlab)

- 61 -



4.7 Assessment of the Dielectric Spectra

was employed to determine the slopes and corresponding transition frequencies. The co-
efficient of determination, R?, was used to assess the linear regression and to detect the
transition frequency (f.). Figure gives an example of the application of such approach
for . Here red and blue crosses represent R? of the linear approximations from this marker
to 10* Hz (red cross) and from 10~% Hz to this marker (blue cross). To quantify the transi-
tion, R? = 0.98 was chosen to distinguish the regions with different slopes, the frequency of
a transition between two distinguishable slopes (f.) corresponds to the frequency (from the
data points) located between the transition points. In this example the transition frequency
is 4 mHz. It is assumed that two slopes are not distinguishable if the absolute difference
is less than 0.1 that is a mathematical choice in this work. When several segments are
determined; the subscript is used to denote different slopes. The absence of the subscript
means that only one slope was detected.

The method to analyze the dielectric response employed in this work is a simplified
mathematical apparatus that is able to extract/define the dominant polarization mecha-
nisms (if it exists). More sophisticated approach considers the individual mathematical
models for each polarization mechanism and applies the nonlinear least-square fitting pro-
cedure to approximate the dielectric response [8]. Then the results of the fitting are used

to evaluate the material degradation.

- 62 -



4.7 Assessment of the Dielectric Spectra
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Figure 4.3. Application of the linear regression model to determine the slopes and
transition frequency.
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Chapter 5

Results and Discussion

In this chapter results from three case studies will be presented and discussed. The chapter
begins by examining the sensitivity of the contact-free parallel plate method and establishes
corresponding uncertainties in the measured values. Throughout this chapter each exper-
imental set will contain the summary subsection that generalizes the trends attributed to
the polymeric material under consideration in the particular experimental conditions. For
the reason of space and the readability of the work,not all data/analysis are presented in
the Chapter. The reader may find the results of certain measurements and post-processing

in the Appendices B, C and D.

5.1 Application of Sensitivity Analysis

In this Section the sensitivity analysis of the measured & and tan § is performed according to
the protocol developed in Section The contributions from uncertainty in the electrical
measurements, from uncertainty as result of setting e,;; = 1, from uncertainty associated
with geometric correction factor are common for all measured samples. Within the measured
g’ (2-5) and tand (1073-1071) corresponding calculated uncertainties are summarized in

Table (5.11
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Table 5.1. Comparison of calculated relative uncertainties in & and tand.

ALy, 1AL AL,

{3 {3 {3
{€} =25 0.004 0.001 0.1-0.3
{tand} =1073-10"!  0.2-0.6 - 0.1-0.3

Table 5.2. Comparison of calculated relative uncertainties in €’ and tand due to the
spatial measurements.

d Ady |A<5€/‘d1 ‘Ail|d2 |A:ZE§|,11 ‘Azzzi‘@

EPDM 29 02 0.14-14 0.07-0.75 0.2-1.47  0.11-0.8
LSR 213 0.2 0.19-1.88 0.04-0.36  0.3-2.0  0.06-0.48
HTV 213 0.2 0.15-1.57 0.05-0.47 0.23-1.68 0.067-0.5
W12/W12 EST 4.5 0.2 0.08-0.91 0.02-0.24 0.13-0.95 0.04-0.26
FRP 46 0.2 0.09-0.87 0.02-0.24 0.13-0.93 0.04-0.26

An uncertainty in the spatial measurements depends on the the thickness variation of
a particular sample (Table and the uncertainty of the measured electrode separation.
Table presents calculated contributions to uncertainty due to the spatial measurements
for the unaged samples used for water immersion ageing procedure. The comparison of
Table [5.1|and Table [5.2)identifies that that the measurement accuracies of d; and da are the
critical parameters defining the accuracy of ¢’ and tan d. The accuracy of the electrical mea-
surements employed Solartron Analytical Modulab XM MTS is assumed to be acceptable

(Table |5.1)) otherwise a similar scrutiny is required.

5.2 Close-Contact and Contact-Free Arrangements

This section presents the experimental results of dielectric spectroscopy measurements by
means of close-contact (both electrodes in full contact with the sample) and contact-free
(lower electrode in contact with the sample, an air gap of known thickness between the

sample and the upper electrode) parallel plate techniques (Figure . The Solartron
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holder was used as the testing cell. Three specimens of each polymeric insulating material
(EPDM, LSR, and HTV) were tested. The frequency-dependence of the complex dielectric
permittivity, e = & — je’, the complex electric susceptibility, x = x’ — jx”, and the loss
tangent, tan d, were chosen to illustrate the dielectric response. For these log-log plots of the
complex dielectric permittivity, a solid line represents average value of three measurements

and the uncertainty bars correspond to the minimum and maximum values.

5.2.1 EPDM

The real and imaginary parts of complex dielectric permittivity and loss tangent of EPDM
rubber over the measured frequency range using close-contact and contact-free parallel plate
techniques are given in log-log representation in Figure Dielectric responses obtained
via the contact-free and close-contact techniques behave similarly: both are characterized
by a substantial dispersion of either real or imaginary components of complex dielectric
permittivity. However, the absolute values are slightly different: the highest observed values
are for the close-contact technique. The values of & at higher frequencies, 4, obtained
using close-contact and contact-free parallel plate techniques are 3.3 and 3.5 respectively.
It is assumed that all low-frequency polarization mechanisms (Section 2.7) are ceased at
10* Hz. Therefore, the slight difference is accounted for the inaccuracy of the measuring
method (Section [4.6)).

Converting the complex dielectric permittivity to the electric susceptibility indicates
that the dielectric responses in Figurel|5.2|are characterized by two clearly separate processes.
the principal feature of the LFD (low frequency dispersion, Section 2.7) process is suggested
by the parallelism of the curves representing ¥ = x’ and x”. In contrast, in frequency range
from 10~ Hz to 1072 Hz corresponding slopes of ¥ = X’ and x” are not parallel and
only the slopes of X’ coincides for both measuring techniques. The close-contact technique

introduces DC conductivity to the losses. Thus, the slopes of x” in the given frequency
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Figure 5.1. Log-log plot of the real and imaginary parts of the complex dielectric
permittivity and the loss tangent of EPDM measured by means of close-contact and
contact-free parallel plate technique employing the Solartron holder.

range obtained using the contact-free and close-contact techniques are different. The DC
conduction mechanism is not the only dominant loss mechanism here since the slope is not
proportional to -1 (Section 2.7). The reason of the change in the slope at 1072 Hz in case of
the contact-free technique is unclear but may be associated with presence of the additives
in the formulation of EPDM that modify the dielectric response.

The parallelism of lines approximating x’ (Figure measured using close-contact and

contact-free techniques indicates the similar polarization mechanisms and, thus, the contri-
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Figure 5.2. The electric susceptibility of EPDM rubber measured by means of the
close-contact and contact-free parallel plate technique employing the Solartron holder
(the red colour corresponds to the real part of the electric susceptibility and the blue
colour corresponds to the imaginary part of the electric susceptibility).

bution of a macroscopic Maxwell-Wagner polarization, that occurs at the interface between

the sample and remaining air in case of contact-free technique, to the total polarization is

negligible.

The presence of LFD processes suggests that unaged EPDM is not an ideally homoge-

neous media. It contains some “defects” that attract low-mobility charge carriers, whether

electronic or ionic, contributing to the total polarization.

5.2.2 LSR and HTV

The dielectric responses of LSR and HTV rubbers obtained using the close-contact and

the contact-free parallel plate techniques are similar to the EPDM rubber. Corresponding
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figures can be found in the Appendix B.

5.2.3 Summary and Comparison

The results show negligible with experimental accuracy difference between the close-contact
and the contact-free measurements of the complex dielectric permittivity except the low-
frequency range where arising DC conductivity contributes to ¢” in case of close-contact
technique. The real and imaginary parts of the complex dielectric permittivity and loss
tangent of these polymeric materials increase at lower frequencies since space charge polar-
ization and interfacial polarization mechanisms are activated at lower frequencies (Section
2.6). The variation observed is consistent with the results of other collaborators in the
CIGRE working group D1.59 |65).

Having the dielectric response in the form of the real and imaginary parts of the electric
susceptibility of the materials under test enables us to study not the particular value but
the dynamic of the dispersion examining corresponding slopes of x’ and x”. The analysis
did not identify any significant difference between ¥’ and x” obtained using two measuring
technique except the low frequency range where DC conductivity contributes to x” mea-
sured employing close-contact method. We may conclude that the contribution from the
air/sample interface (contact-free method) to the net polarization is negligible. It also ap-
pears that pure Debye behaviour (Section 2.7) does not provide a complete description for
the spectra obtained from these polymeric samples. However, a fractional power law with
certain contributions from LFD (Section 2.7) appears to provide a complete description of

the spectra.

5.3 Water Immersion Ageing

Absorption of water in the polymeric insulating material in combination with the electrical

stress under the operation can lead to the deterioration of dielectric character. Therefore,
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Table 5.3. The key steps in the water immersion ageing procedure.

" Ste Name of the dielectric spectroscopy test
P performed after this step

1 Unaged sample S1

4 Drying at 100°C for 6 hours S2

8 Water immersion for 50 days S3

15 Drying at 100°C for 96 hours S4

the study of the penetration of water in the dielectric structure deserves special considera-
tion. This section deals with the results of water immersion tests performed according to
the testing scheme reported in Section The whole water immersion ageing procedure
may be divided into two significant stages: ageing due to the immersion in distilled water
and following recovery in air at 100 °C. The key steps of this procedure are reflected in
Table and they will be used for further discussion. To examine the variation of the
dielectric spectra of the aged samples, the replicate measurements were carried out after
three weeks storing at ambient conditions. This test will be denoted as “S4 (3 weeks)”.

The dielectric spectroscopy measurements for this analysis were carried out by means of
the contact-free parallel plate technique. The CI GRE holder was used as a testing cell. One
specimen of each polymeric insulating material: EPDM, LSR, HTV, W12, W12 WST, FRP
was tested. The graphs of the complex dielectric permittivity, ¢ = & — j&”, the complex
electric susceptibility, x = x' — 7x”, and loss tangent, tan ¢, versus frequency were chosen
to show the dielectric response.

The variation of the sample mass during the test was defined as

ms — 1Mo
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Table 5.4. The steps in the heat treatment protocol.

" Ste Name of the dielectric spectroscopy test
P performed after this step

1 Unaged sample Dl

2 Drying at 100°C for 6 hours D2

3 Drying at 100°C for 96 hours D3

where mg denotes the absolute mass of the sample after certain step of the water immersion
ageing procedure and myg is the initial weight of the sample before the commencement of
the ageing/immersion protocol. The value of Am taken in conjunction with a particular
susceptibility response measurement can be found in the right top corner of the susceptibility
plot. The raw weight measurements can be located in Appendix C.

To asses the influence of only drying on the dielectric properties of the polymeric materi-
als, independent spectroscopic measurements of samples exposed only to the heat treatment
steps of the water immersion ageing procedure(Table . Table summarizes and de-
notes the steps when the dielectric response was measured.

Measurements of W12, W12 WST, and FRP samples were performed before the upgrade
of the Solartron firmware (Appendix A) and, as a result, are not accurate in the frequency

range from 10~ to 1073 Hz.

5.3.1 EPDM

Figure shows the change in the dielectric response of EPDM material in terms of &', ”,
and tand from the “unaged” state to the “aged” state caused by the water uptake ageing
procedure and subsequent drying. A comparison between the plots of the “Unaged” and
“After water immersion for 50 days” indicates a slight increase in all parameters of dielectric

response compared to the range of estimated uncertainty in &/, 0.21-2.15, and tan ¢, 0.3-2.27,
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for unaged EPDM sample (Table . In contrast, a drying after the water immersion led

to a major decrease in all dielectric quantities.
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Figure 5.3. The log-log plot of the real and imaginary parts of the complex dielectric
permittivity and loss tangent of EPDM measured by means of the contact-free parallel
plate technique employing the CI GRE holder during the water immersion ageing proce-
dure (Table . The mass change associated with the step of the protocol is provided.

The graph of the electric susceptibility (Figure illustrates that the single slope of
X' appears unchanged during the ageing procedure. This means that the water uptake has
shifted the profile of x’ of unaged sample towards the higher frequency. The number of
distinguishable slopes of x” remained the same during the ageing procedure but the slopes

and the transition frequency, at which the change from one slope to another occurs, has
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Figure 5.4. The log-log plot of the electric susceptibility (red - x' and blue - x")
of EPDM measured by means of the contact-free parallel plate technique employing
the CIGRE holder during the water immersion ageing (Table . The mass change
associated with the step of the protocol is provided.

changed after the water immersion and returned to original values after drying.

The weight of the EPDM sample initially decreased by 0.38 % after drying for 6 hours,
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Figure 5.5. Log-log plot of the real and imaginary parts of the complex dielectric
permittivity and the loss tangent of the EPDM samples (after the whole water immer-
ston ageing procedure, Table and after just its drying part, Table measured by
means of the contact-free parallel plate technique employing the CIGRE holder

then it almost recovered to the original value (in fact, 0.06 % less than original mass) after
50 days in distilled water. Furthermore, after 96 hours of drying in air at 100°C the sample
lost 2.35 % of its original mass. It can be reasonably assumed that the weight loss following
the 96 hours of drying at 100 °C was due to evaporation of water that had been taken up
by the EPDM sample during immersion. To examine this hypothesis, a new EPDM sample
tested according to the protocol described in Table The comparison of the dielectric
responses after the whole water immersion ageing procedure (step S/ in Table , after
only heat treatment (steps DI1-D3 in Table and after the storing of the water immersion

aged sample in the ambient conditions for three weeks (step S4 (3 weeks)) is performed in
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Figure The heat treatment protocol (Table and the whole water immersion ageing
protocol (Table led to the same (compared to the degree of uncertainty in the contact-
free parallel plate method, Table dielectric response of EPDM. After the both protocols
the sample lost the same portion of its mass: 2.35 % in case of the water immersion ageing
procedure and 2.51 % in case of the heat treatment protocol respectively. Therefore, the
post-immersion drying resulted in the loss of the mass not associated with the evaporation
of the absorbed water. The replicate measurement of the aged sample revealed that the
dielectric response have not been stabilized and 96 hours drying step in the protocol (step

S4 in Table did not remove the moisture accumulated in the sample.

5.3.2 LSR

The frequency responses of the LSR sample during the water immersion ageing procedure
are shown in Figure [5.6| and in Appendix D. All parameters of the dielectric response
increased after the water immersion but the post-immersion drying returned the dielectric
response to its original values except for the frequency range from 1074 to 107 Hz. The
increase of the dielectric response after the water uptake is considered to be significant
based on the comparison with the range of estimated uncertainty in £, 0.23-2.24, and tan ¢,
0.36-2.48, for unaged LSR sample (Table . On the other hand, the dielectric parameters
after the post-immersion drying need to be interpreted with caution since the changes are
within the experimental uncertainty.

First, after the pre-immersion drying the mass of the sample reduced by 0.14 %, then it
decreased by extra 0.11 % after immersion. Finally, the post-immersion drying in air at 100
°C led to the mass less than the original value by 1.24 %. The origin of this transformation
was checked using only the result of only heat treatment protocol (Table The dielectric
response (Figure did not exhibit the difference (less significant than the experimental

error, Table between the samples aged in different environments. Although the weight
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Figure 5.6. The log-log plot of the real and imaginary parts of the complex dielec-
tric permittivity and the loss tangent of LSR measured by means of the contact-free
parallel plate technique employing the CIGRE holder during the water immersion age-
ing procedure (Table . The mass change associated with the step of the protocol is
provided.

of the sample exposed to the heat treatment protocol (Table was reduced by 0.58 %
that was less than in case the immersion protocol ( Table . Hence, the post-immersion
drying indeed led to the evaporation of water from the sample. It is important to note that
a replicate measurement (three weeks after) of the aged sample (Table showed slightly
different dielectric response compared to one conducted earlier. However, the difference is

within the experimental error.
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Figure 5.7. Log-log plot of the real and imaginary parts of the complex dielectric
permittivity and the loss tangent of the LSR samples (after the whole water immersion
ageing procedure, Table and after just its drying part, Table measured by means
of the contact-free parallel plate technique employing the CIGRE holder

5.3.3 HTV

The frequency response characteristics of the HT'V rubber sample obtained during the
combined water immersion ageing procedure are given in Figure (the plot of the electric
susceptibility can be find in the Appendix D). The dielectric parameters of HT'V rubber
were affected by the absorbed water: there is a rise of all dielectric parapeters over the
measured frequency range. While the post-immersion drying facilitated the restoration of
the dielectric spectra to the unaged state over the frequency range from 1 Hz to 10* Hz,

the dielectric response over the frequency range from 10~* Hz to 1 Hz did not coincide with
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Figure 5.8. The log-log plot of the real and imaginary parts of the complex dielec-
tric permittivity and the loss tangent of HTV measured by means of the contact-free
parallel plate technique employing the CIGRE holder during the water immersion age-
ing procedure (Table . The mass change associated with the step of the protocol is

provided.

one before the ageing.

The mass of the HTV sample initially reduced by 0.08 % after the pre-immersion
drying, then it increased by 0.18 % after immersion and decreased again by 0.36 % after
the post-immersion drying. As in the earlier discussion, the origin of the mass change after
immersion is uncertain. It may be associated either with the evaporation of the absorbed

moisture or solely with the drying effect on the HT'V material. The HT'V sample after the

10*
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Figure 5.9. Log-log plot of the real and imaginary parts of the complex dielectric
permittivity and loss tangent of the HTV samples (after the whole water immersion
ageing procedure, Table and after just its drying part, Table measured by
means of the contact-free parallel plate technique employing the CIGRE holder

only heat treatment (Table |5.4) did not display the transformation of the spectra and the
weight remained the same (Figure |5.9). In contrast, the water uptake by the HTV sample
has changed its dielectric spectra that did not return to the original view even after drying

and kept changing after storing at the ambient conditions.

5.3.4 W12

The dielectric response and corresponding mass transformation of the W12 sample during
the immersion are summarized in Figure (the plot of the electric susceptibility can be

find in the Appendix D). The water uptake led to the increase of dielectric parameters and
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Figure 5.10. The log-log plot of the real and imaginary parts of the complex dielec-
tric permittivity and the loss tangent of W12 measured by means of the contact-free
parallel plate technique employing the CIGRE holder during the water immersion age-
ing procedure (Table . The mass change associated with the step of the protocol is
provided.

the weigh gain by 0.27 %. A drying performed afterwards facilitated the recovery of the

original spectra and returned the weight of the sample to its initial value.

5.3.5 W12 EST

The dielectric parameters of the W12 EST sample during the water immersion ageing

procedure are shown in Figure (the plot of the electric susceptibility can be find in

- 80 -



5.3 Water Immersion Ageing

S1 ' T

S2

10"k S3: Am=0.33%
+ S4; Am=-0.09%

388888888883sseccccoon0t

® X @

8 rr
3 3
A Y
+ xeoe0
N
*. 3
0 o
+ax
Jxo E
40
4o
4o .
+ax
¢
+&o E
+xo

; 3 ; ® o4 2
| +1+1¥¥¥3338
107 f : } f : e e
|
10° ¢ :
© e
c 107, ¢ % 3
© s *’Q“ﬁ!!!!!io B
10 *5¥¥iillzT
10;0“‘ 10° 10° 100 10° 16‘ 100 10° 10*
Frequency [Hz]

Figure 5.11. The log-log plot of the real and imaginary parts of the complex dielectric
permittivity and the loss tangent of W12 EST measured by means of the contact-free
parallel plate technique employing the CIGRE holder during the water immersion ageing
procedure (Table . The mass change associated with the step of the protocol is
provided.

the Appendix D). The dielectric spectra remained unchanged and the weight of the sample
rose by 0.33 % after the water uptake. The post-immersion drying led to the decrease of

the weight and it appeared to be 0.09 % less the original value.
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Figure 5.12. The log-log plot of the real and imaginary parts of the complex dielec-
tric permittivity and the loss tangent of FRP measured by means of the contact-free
parallel plate technique employing the CIGRE holder during the water immersion age-
ing procedure (Table . The mass change associated with the step of the protocol is
provided.

5.3.6 FRP

The dielectric response of the FRP sample during the immersion is illustrated in Figure
(the plot of the electric susceptibility can be find in the Appendix D). The water
uptake led to the increase of dielectric parameters and the weight gain (by 0.17 %). The
post-immersion drying led to the recovery of the initial spectra.

After the initial drying for 6 hours at 100 °C the surface of FRP appeared to be covered
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Figure 5.13. The FRP sample after 6 hours drying at 100 °C.

with spots (Figure [5.13]). The change of colour is not a unique feature of the FRP sample
and is a well-known marker indicating that chemical reactions have taken place inside the

polymeric material leading to the degraded performance.

5.3.7 Summary of the Water Immersion Ageing Procedure

The dielectric response of polymeric materials of different compositions reveals that all ma-
terials exhibit common elements and features after the water immersion ageing procedure.
First, the dielectric spectra, both ¢ and &”, is affected by the absorbed moisture or by
diffusion of the material into the water . The influence can be strong (the changes are
more than the level of uncertainty of the contact-free parallel plate method estimated in
Table like in case of LSR, HTV, W12, and FRP or weak (the changes are less than
the level of uncertainty of the contact-free parallel plate method illustrated in Table
like in case of EPDM and W12 EST. Second, ¢ at the high frequency edge of the con-

sidered frequency window (10* Hz) did not change (within the experimental uncertainty)
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for all polymeric materials under investigation after any stage of water immersion ageing
procedure, either actual immersion or following drying. This finding also supports the idea
of the measurement at one particular frequency |[11]. In contrast, ” at 10* Hz for certain
polymeric materials increased (compared to the uncertainty range) after the water uptake
since the increase in conductivity can be attributed to the absorption of humidity [66].

Possessing an extremely hydrophobic surface [16], the dielectric spectra of the LSR
material has changed significantly (compared to the uncertainty range) after the water
uptake (Figure [5.6). The possible explanation of such transformations is the interaction of
water with the low molecular weight (LMW) fluid that is part of silicone rubber. LMW is
built of PDMS having different chain lengths and structures. LSR material usually contains
about 5% LMW [16]. Permanent hydrophobicity of LSR is provided by constant transfer
of LMW out of the bulk of silicone to its surface. However, the transfer will be interrupted
if the surface has a continuously wet pollution layer |[16]. At the same time water may
penetrate in the sample and initiate the dissolution of the low molecular weight fluid from
the rubber bulk to the surrounding water [67]. This can be seen from the results of ageing:
the sample past the immersion test (Table has lost twice more of its weight compared
to the sample past only heat treatment (Table . Considering the fact that after the
immersion the sample also lost its weight, the LMW /water substitution may be accepted
as the consistent hypothesis.

The effect of the moisture uptake on the EPDM rubber is less intensive (within the
experimental error) compared to the LSR material (Figure . The reason for this is
the absence of fillers and negligible amount of LMW [16]. The weight loss after the heat
treatment was not attributed to the water absorption since almost the same weight loss was
measured only after drying of a new EPDM sample. The loss of mass after the uniform
temperature ageing may be linked with the evaporation of oil used as a plasticizer in the

formulation of EPDM [68]. This suggestion also correlates with the finding that a dielectric
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spectra of the sample after the whole water immersion ageing procedure and one of the
sample exposed only to drying (Figure are almost identical. Although the consequence
of water absorption was not pronounced, the effect of humidity on EPDM resin is very
significant. Figure shows some results for various hydrations. It can be seen that there
is a clear trend of increasing ” with humidity albeit the actual hydration levels were not
identified.

Being composite insulating materials, W12, W12 EST and FRP, are susceptible to
ageing due to the water absorption [16]. The ageing occurs in the region between glass
particles (fibres) and the polymer host matrix (epoxy resin in case of W12, W12 EST
and FRP). It is also believed that the influence of the water uptake on the neat epoxy
resin (diffusible hydrophobic low molecular weight almost does not exist) is negligible in
comparison with its influence on the interphase region. The growth of &” (Figure and
Figure [5.12] is associated with the increase of free charge carriers due to the ion exchange
between water and the impurities in industrial quartz powder or fibre glass [69] that takes
place at the interface. Moreover, the penetration of water into the glass material is also
possible [69]. This process leads to the formation of the gel phase, the early stage of the
hydrolysis or silica corrosion process, and results in the development of the nanocracks
and the loss of internal adhesion [70]. The latter intensifies the space-charge polarization
formed at the defects that manifests as the increase of ¢’ (Figure and Figure . In
contrast, W12 EST epoxy composite showed the resistance to water attack: the dielectric
spectra almost remained unchanged after 50-days water immersion as can be seen from
Figure [5.11] This significant improvement is possible because of the special filler surface
treatments that enhance the chemical and physical bonding strength in the interphase |71].
Apart from transformation of the dielectric response, the water uptake is also confirmed by
the weight gain. The subsequent heat treatment of the epoxy composite samples facilitated

the recovery of the dielectric spectra to the original shape.
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HTYV rubber is another example of the composite material that is sensitive to the water
uptake (Figure . Its filler, ATH, is a non-reinforcing filler that is poorly attached to the
resin [14]. As a result, in the presence of water a strong hydrolysis results in the generation
of free charge carriers and the degradation of the interface. The former increases €’ and
the latter amplifies ¢’ by means of Maxwell-Wagner interfacial polarization (Section 2.7).
Additionally, observed variation in the mass is completely associated with the water uptake
and its influence on polymer.

The analysis of slopes revealed that pure Debye relaxation was hardly identified even
after the water uptake. In contrast, the low-frequency dispersion polarization mechanism
manifested in EPDM, LSR, W12 and FRP after the water immersion ageing. This process
can be considered to be mainly caused by the ions formed in the bulk of dielectric due to
the interaction with water.

The observed results bring into the question the protocol established by the CI GRE
Working Group D1.59. First, prior to the water immersion the samples were dried in a
oven only for 6 hours. According to our results, it is not enough to completely remove the
moisture from the sample. It is reasonable to introduce additional condition to stop the
initial drying: the absence of significant weight change. Second, the appearance of spots
on the FRP material after 6 hours of drying raises concerns regarding the choice of heat
treatment temperature. It should also depend on the type of the material. Finally, we
should define our requirements to the heat treatment after the water uptake and the to the
protocol for the comparison of the recovered spectra with the unaged one since we have
observed that the dielectric spectra of aged samples still changes even three weeks after the

completion of testing.
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Table 5.5. Relative change in the weight and thickness of aged under two different
thermal environments samples relatively to its unaged values.

T Room Coolant Thi Th2 Te T AT

emperature | temperature

Mean 234 -11.5 100.4 94.4 -10.1 -7.1 105.8

St. dev. 0.6 0.5 3.3 3.2 0.6 0.8 3.22
Max 24.6 -10 105 100 -8.1 -4.9 | 110.9
Min 22.2 -13 92 85 -11.7 -8.6 96

5.4 Thermal Gradient Ageing

The comparison between the uniform temperature aged sample, thermal gradient aged
sample and unaged sample is presented in this section.

The uniform temperature ageing was organized using a laboratory oven. The average
temperature inside the oven, obtained from readings performed once a day during 25 days
(600 hours), was about 99.4 °C with the standard deviation of 2.7 °C.

The ageing in the thermal gradient environment was performed by means of the thermal
gradient ageing module. The average temperatures at the heating and cooling blocks,
obtained monitoring temperature sensors twice a day during 25 days (600 hours) ageing
procedure, are summarized in Table The average value for the temperature drop across
the 2.3 mm thick sample, which was defined as AT = 0.5(Tp1 + Tha) — 0.5(T¢1 + Te2), was
about 106 °C.

After thermal gradient ageing, the sample demonstrated a visible change of shape (Fig-
ure . The convex face of the sample corresponds to the hot side of the thermal gradient
module. In contrast, the sample aged at the uniform temperature did not deform (shape
remained the same).

The real and imaginary parts of the complex dielectric permittivity and the loss tan-

gent of aged under two different thermal environments and new EPDM samples over the

frequency range from 10~* to 10* Hz are depicted using log-log representation in Figure
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Hot side

Cold side

Figure 5.14. Deformation of EPDM sample after 25 days thermal gradient ageing.

5.15. After ageing in both environments, €/, €”, and tand decreased: this can be treated
as a temporary improvement. The reason for this reduction is a moisture loss and possible
activation of a cross-linking [72].

The analysis of corresponding slopes of x’ and x” did not identify any significant dif-
ferences between aged in thermal gradient environment and unaged samples (Figure .
In contrast, x” of the uniform temperature aged sample is described by three power laws.
The transition to the prevalence of the DC conductivity (the slope is equal to -1) shifted
from 1072 Hz to 1073, The uniform temperature ageing also resulted in the appearance of
the parallelism between the slopes of x’ and x” over the frequency range from 1073 Hz to
102 Hz. This process is associated with a polarization arising from the migration via the
hopping process (LFD polarization process) between trapping spots . Therefore, the
uniform ageing has resulted in the formation of additional trapping spots since after ageing
the LFD polarization process became dominant over the frequency range from 1073 to 102
Hz. These trapping spots are the evidence of cirtain changes in the material.

To attribute the decrease in €, €”, and tan d after either uniform temperature or ther-
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Figure 5.15. The log-log plot of the complex dielectric permittivity and the loss
tangent of aged under two different thermal environments and new EPDM samples.

mal gradient temperature ageing to the evaporation of moisture, the replicate dielectric
spectroscopy measurements of aged samples were performed after 2 months storing in the
ambient conditions (Figure . The real and imaginary part of the complex dielectric
permittivity and the loss tangent of the stored in ambient conditions samples increased
and returned to the unaged values. However, the difference, that may be associated with
the experimental error, is still pronounced over the frequency range from 10~% Hz to 1072
Hz and could be associated with the thermal ageing. The replicate weighting of the aged

samples revealed 0.1 % mass increase of the uniform temperature aged sample (relatively to
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Figure 5.16. The log-log plot of the complex electric susceptibility of aged under two
different thermal environments and new EPDM samples.

immediately after the ageing) and 0.3 % mass decrease of the thermal gradient aged sample
(relatively to immediately after the ageing). Therefore, both ageing environments at tested
temperatures and exposure times influence the moisture content in EPDM sample.

The mass and thickness of the samples were also recorded before and after the ageing.
Table shows the relative changes in mass and thickness of the aged samples relatively
to its unaged values. After thermal gradient ageing the mass and the thickness have been

slightly changed. However, the increment of the thickness was less than the relative variation
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Figure 5.17. The log-log plot of the complex dielectric permittivity and loss tangent of
aged under two different thermal environments and new EPDM samples after 2 months
storing under ambient conditions.

of the thickness measured at different points of the unaged sample. Thus, it is likely that
the thickness of the thermal gradient aged sample remained the same during testing. In
contrast, the uniform aged sample lost 4 % of its mass and shrank across the thickness
(longitudinal dimension). We were unable to investigate the correlation between the change
in the longitudinal and transverse dimensions of the sample since transverse dimensions
were not measured with required accuracy. The pronounced loss of mass after the uniform

temperature ageing may be accounted for the evaporation of oil used as a plasticizer in the
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Table 5.6.

ageing in two different thermal environments.

Variation of the thickness and the mass of the EPDM sample after the

Relative change in Relative change in Relative variation of
the weight the thickness the thickness
Thermal gradient 0.8 11 15
aged sample
Uniform temperature a5 a1 141
aged sample

formulation of EPDM [68].

Our investigation so far revealed that both ageing environments impact the moisture

content in the sample, that can restore (according to the measured dielectric spectra) after

certain time keeping the aged sample at ambient conditions. Both ageing environments

cause physical ageing of the material: deformation of the shape in case of thermal gradient

ageing and weight loss and shrinkage in case of uniform ageing. Nonetheless, dielectric spec-

troscopy measurements did not reveal strong evidence of ageing after both thermal ageing

techniques. Thus, at least at this point the comparison between two ageing environments is

obstructed. Further data collection/investigation is required to determine exactly how two

ageing environments are different.

-92.-




Chapter 6

Conclusion

6.1 Dielectric spectroscopy characterization

The evolution of the standardized protocol, proposed by the CI GRE Working Group D1.59,
for the dielectric spectroscopy characterization of HV insulating polymeric materials has
been completed in this thesis. To assess the testing protocol, six types of polymeric in-
sulating materials have been tested before and after water immersion ageing. We have
proposed certain refinements to the this methodology and address some of its drawbacks.
The analysis of the ageing due to the water uptake was also performed.

The dielectric spectroscopy routine tests favours the contact-free sample/electrode ar-
rangement over the close-contact arrangement since, as discussed earlier, this arrangement
avoids the issues of the sample deformation, vanishes the contribution from the DC con-
ductivity and minimizes the impact of the contact resistance. The comparison of these
two techniques were performed in this work by measuring LSR, HTV and EPDM rubber
materials. The dielectric spectra, both & and £”, was slightly larger when the close-contact
arrangement was employed. If the increase in ¢’ may be accounted for the DC conductivity,

the reason of the increase in €’ is unclear. The analysis of slopes of X’ did not reveal the
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difference. Another disadvantage of the contact-free method that we have tracked is the
requirement of the flatness of the sample that sometimes is not the case after the ageing
(Figure . Moreover, it is common practice to examine the complex dielectric per-
mittivity as a function of temperature; at this conditions the remaining gap between the
sample and the top electrode will be altered due to the thermal expansion (e.g, the EPDM
sample will increase in thickness by ~ 0.03 mm at 70°C). This will lead to the error in the
contact-free calculation as all spatial measurements are determined at room temperature.

A sensitivity analysis of the “contact-free method” considered the four key sources of
uncertainty in the measurement of ¢’ and tan §. The proposed methodology of the sensitivity
estimation was tested using using an experimental set-up described in Figure 2.8 and the
samples under the test. The measurement accuracies of the electrode separation and sample
thickness mainly dominate the experimental uncertainties for the whole testing system. For
the measurements performed in this work, these uncertainties reached the orders of the
measured values of ¢ and tand. These observations are confirmed by our collaborators
within the round robin measurements [73].

The water uptake by polymeric insulating materials as an accelerating ageing technique
was examined to assess the protocol for the dielectric spectroscopy characterization. The
study showed that the water immersion ageing modifies the dielectric properties of the poly-
mers under investigation. The scope for inference is limited by the lack of facile approach
for corroborating/independently testing the phenomena involved (hydrolysis, delamination
of the interfaces, diffusion of the material). Materials that did not contain fillers showed
less significant increase in the dielectric parameters after the water uptake. Silicone rubbers
are more susceptible to ageing due to the water uptake since their dielectric spectra has
not recovered after the subsequent drying. The dielectric response revealed that a surface
treatment of the filler enhances the resistance to the water immersion ageing. Moreover,

the proposed ageing protocol is not ideal since it did not properly asses the impact of the
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6.2 Thermal gradient ageing

pre-immersion and post-immersion heat treatments. All these aspects should be taken into

account in the further refinements of the dielectric spectroscopy assessment protocol.

6.2 Thermal gradient ageing

An apparatus for undertaking thermal gradient ageing studies of the polymeric materials has
been designed and tested. The module applied a 105 °C temperature drop across the EPDM
sample (with 2.3 mm thickness) that was stable during 25 days testing period. It allowed
to pump the heat through the sample while keeping the temperature of the cold side of the
thermal gradient at about -8°C and the temperature of the hot side of the thermal gradient
at about 98°C respectively. However, the comparison based on the dielectric spectroscopy
measurements between the sample aged in the uniform temperature environment and one

aged in the presence of thermal gradient for 25 days did not indicate significant difference.

6.3 Future work

With the thermal gradient ageing module settled, future work should be concentrated on
the analysis of the thermal gradient ageing. It is recommended that further research should

be undertaken in the following directions:

e The development of the operational modes of the thermal gradient ageing module
that will lead to the appearance of the ageing that can be detected by the dielectric
spectroscopy measurements. This can be realized employing either larger temperature

gradient across the sample or longer durations of the test.

e The investigation of other polymeric materials used in the insulation of HV elements,
e.g. XLPE, that also experiences thermal gradient in the service and possesses enough

accumulated experimental data on its performance after the uniform temperature
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ageing to facilitate possible comparison. Besides, the current scrutiny of the XLPE
material in the context of nanodielectrics [21] should address the presence of thermal
gradient since the behavior of nanoparticles at this conditions may impact the physical

and chemical properties of the whole material.

e The dielectric spectroscopy is a macroscopic electrical probing that does not locate and
distinguish the ageing markers across the sample. It is expected that in the presence
of the thermal gradient the distribution of the ageing artifacts will vary throughout
the sample.To obtain a complete overview and to correlate degradation processes with
the changes of physical/chemical properties across the the sample, it is desirable to use
other ageing diagnostic techniques. The application of the space charge measurements
[30] will allow to examine these transformations across the sample. Space charge
dynamics properties in the bulk of the sample may reveal the differences between the

samples aged in the thermal gradient and uniform temperature environments.
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Appendix A

Appendix A

Comments on the Solartron
Dielectric Spectrometer

Appendix A contains the observations obtained during the measurements using the So-
lartron Dielectric Spectrometer. At one stage of our studies we faced a measuring problem:
the jump-wise behavior of the measured capacitance. It correlated with the moment of
switching to more sensitive current range (Figure .
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Figure A.1. The combined capacitance of the CIGRE holder and a polymeric sample
measured with the auto current range and with the limited current range.

After a rigorous analysis, two possible sources were detected: one associated with an
abnormal noise in the half-period of the sinusoid in the measured current (Figure a)
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and a second linked with the oscillations after the switching to more sensitive current range
(Figure b). An abnormal noise was inherent to both sample holders and, therefore,
was considered as an internal malfunction of the Solartron dielectric spectrometer. Whilst
oscillations after the switching to more sensitive current range mostly appeared when the
CIGRE holder was used. We believe that the reason for these oscillation is the reaction
of femto electrometer amplifier to “high” currents and stronger interference generated by
the CIGRE holder in combination with a sample. The temporary solution was to limit
the diapason of current change from 1 (100 mA -range) to 9 (3 nA-range with maximum
resolution of 0.15 pA ). Such action improved the stability of the measurements (Figure 77?)
but it rose the concern regarding the data in the frequency range from 10~* Hz to 1072 Hz
when a less accurate current range was employed.

x10™° A

12

— Current
—Range

11

Current [A]
o
(@] (o)}

Current [A]

o
o

1000 1100 1200 1300 1400 2500 3000 3580
Time [s] Time [s]

Figure A.2. The current response of the CIGRE holder and a polymeric sample
demonstrating two artefacts that impacts the measurements:(a) - an abnormal noise
in the half-period of the sinusoid;(b)- oscillations after the switching to more sensitive
current range.

The problem associated with an abnormal noise in the half-period of the sinusoid was
solved by installing a new firmware that was developed by the Solartron production team
after our request. The upgraded system was tested using 10 nF capacitor from the installa-
tion kit of Solartron Materials Test System. The results of 10 nF capacitor measurements
before and after the upgrade of the firmware are compared in Figure |A.3)).
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Figure A.3. Measurements with 10 nF capacitor from the installation kit of the
Solartron Materials Test System before and after the upgrade of the firmware.
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Appendix B

Sample/Electrode Arrangements

Appendix B contains figures displaying the dielectric response of the LSR and HTV samples
measured by means of the close-contact and contact-free parallel plate techniques using the
Solartron holder.
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The Log-log plot of the real and imaginary parts of the complex dielectric
permittivity and the loss tangent of LSR measured by means of the close-contact and
contact-free parallel plate techniques employing the Solartron holder.

- 107 -



Appendix C

Contact-free technique
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Figure B.2. The electric susceptibility of LSR rubber measured by means of the

close-contact and contact-free parallel plate technique employing the Solartron holder
(the red colour corresponds to the real part of the electric susceptibility and the blue
colour corresponds to the imaginary part of the electric susceptibility).
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Figure B.3. The log-log plot of real and imaginary parts of the complex dielectric
permittivity and the loss tangent of HT'V measured by means of the close-contact and
contact-free parallel plate techniques employing the Solartron holder.
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Figure B.j. The electric susceptibility of HTV measured by means of the close-
contact and contact-free parallel plate technique employing the Solartron holder (the
red colour corresponds to the real part of the electric susceptibility and the blue colour
corresponds to the imaginary part of the electric susceptibility).
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Appendix C

Weight Measurements

Appendix C contains the mass measurements of the polymeric samples during the water
immersion ageing procedure (Table |C.1)) and the heat treatment (Table |C.2)).

Table C.1. The evolution of the sample weight during the water immersion ageing
procedure (Table in [g].
Material S1 S2 S3 S4
EPDM 52.537 52.335 52.507 51.302
LSR 34.925 34.876 34.836 34.808
HTV 59.658 59.621 59.763 59.368
W12 168.715 - 169.174 168.618
W12 EST 170.434 - 171 170.274
FRP 121.027 - 121.239 121.139
Table C.2. The evolution of the sample weight during the heat treatment procedure
(Table in [g].
Material D1 D2 D3
EPDM 51.864 51.66 50.556
LSR 34.994 34.873 34,758
HTV 60.24 60.227 60.28
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Appendix D

Water Immersion Ageing

Appendix D contains figures displaying the electric susceptibility of LSR, HTV, W12 W12
EST, and FRP measured by means of the contact-free parallel plate technique using the
CIGRE holder during the water immersion ageing.
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Figure D.1. The log-log plot of the electric susceptibility (red - X' and blue - x")

of LSR measured by means of the contact-free parallel plate technique employing the

CIGRE holder during the water immersion ageing (Table . The mass change asso-
ciated with the step of the protocol is provided.
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Figure D.2.

The log-log plot of the electric susceptibility (red - X' and blue - x")
of HTV measured by means of the contact-free parallel plate technique employing the

CIGRE holder during the water immersion ageing (Table . The mass change asso-
ciated with the step of the protocol is provided.
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Figure D.3. The log-log plot of the electric susceptibility (red - X' and blue - x")

of W12 measured by means of the contact-free parallel plate technique employing the
CIGRE holder during the water immersion ageing (Table . The mass change asso-
ciated with the step of the protocol is provided.
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Figure D.j. The log-log plot of the electric susceptibility (red - X' and blue - x")
of W12 EST measured by means of the contact-free parallel plate technique employing
the CIGRE holder during the water immersion ageing (Table . The mass change
associated with the step of the protocol is provided.
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Figure D.5.

The log-log plot of the electric susceptibility (red - X' and blue - x")
of FRP measured by means of the contact-free parallel plate technique employing the

CIGRE holder during the water immersion ageing (Table . The mass change asso-
ciated with the step of the protocol is provided.
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