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Abstract

The demand for next-generation dielectric materials with substantially improved
reliability is spurred by the development of global energy industry, where extremely
harsh operating environment for electrical and electronic materials and increasingly
complex insulation system are present. In order to solve the problem of local electric
field distortion and electrical damage of insulating materials in high-voltage electrical
equipment, the development of a dielectric material with simultaneous self-healing and
self-adaptive electrical properties is an enabling material to achieve this goal but has not
yet been realised. In this study, the structure-activity relationship between the
microphase-separated structure and the electrical properties of polyurethane elastomers
(PUs) is clarified by investigating the morphology, chemical, and electronic structure of
PUs with respect to their macroscopic insulating properties. Self-healing capability of
electrical damage in PUs with high dielectric strength was achieved using reversible
hydrogen bonding network and shape memory effect. By further grafting two-
dimensional graphene oxide (GO) nanosheets as the conductive backbone and regulating
the concentration of nanoparticles and their interfacial states, it was shown that the
GO/PU composites have excellent nonlinear response while retaining the self-healing
capability, which has an excellent potential to be developed into a new generation of

smart insulating materials.

Firstly, the structure-activity relationship of PU elastomers is investigated
comprehensively utilising quantum chemical simulation, chemical-physical structure
characterisation and molecular relaxation behaviour to instruct the preparation of the
desire PU materials. As a result of the inconsistency in the energy levels of the molecular
orbitals between the internal soft segments (SS) and hard segments (HS), the
microphase-separated PU possesses a deeper energy barrier between the SS and HS
interfaces, which significantly enhances the insulating performance of the material.
Subsequently, the reversible hydrogen bonding network and shape memory effect of the
screened PU with robust dielectric strength are verified by variable temperature infrared
spectrum and calculated conformation entropy, respectively, which are the main driving

forces to achieve the self-healing function. 2D optical micrographs, 3D computed micro-



X-ray tomography, and cross-sectional SEM images all confirmed that the micro
dendritic defects in the designed PU are completely healed under moderate thermal
stimulation, while restoring its insulating strength evaluated by the maximum discharge

amplitude (Om) of the partial discharge.

Additionally, isocyanate grafted GO nanosheets are introduced into the self-healing
PU matrix with the purpose of enabling the nanocomposite to acquire self-adaptive
capabilities. The nanocomposite with a 5% volume fraction of GO exhibits superior
nonlinear electrical behaviour with a switching field strength of 0.7 kV/mm, a nonlinear
coefficient of 4.7, which are much better than those of traditional GO blended composites
with a switching field strength of 8.5 kV/mm, a nonlinear coefficient of 2.3. The
significantly improved nonlinear characteristic including the switching field strength and
the nonlinear coefficient of the grafted nanocomposite is mainly attributed to the tailored
interface between GO and PU matrix with considerably lowered interfacial energy
barrier, as confirmed by quantum chemical calculations, nanoscale Kelvin probe force
microscopy (KPFM) and macroscopic thermally stimulated current. The application of
this grafted GO/PU nanocomposite exhibited excellent self-adaptive field grading
capability at typical triple junction with field distortion. The grafted GO/PU
nanocomposites reveal repeatable self-healing capabilities under the stimulation both of
light irradiation and heating, involving the recovery of its novel nonlinear electrical
properties and structural restoration. This versatile grafted GO/PU nanocomposite is

expected to be promising for next-generation electrical insulation.
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Chapter 1 Introduction

1.1 Preface

Electricity is undoubtedly the most important energy contributor to humanity in the
21st century, with £11.4 billion of investment in electricity in the UK alone in 2021,
increasing year on year [1]. With a solemn commitment to carbon neutrality, the UK has
legislated to achieve zero carbon emissions by 2050. In order to achieve this ambitious
target, it is inevitable that renewable energy, such as hydro, wind, and solar will
gradually replace traditional fossil power [2]. However, renewable energy resources are
distributed remote from the consumer side, and it is necessary to construct transmission
networks with higher voltage levels to enable the efficient deployment of energy over
long distances [3, 4, 5]. In addition, clean energy, mainly wind & solar, is highly
stochastic and volatile, requiring the introduction of large-scale power electronics to
maintain supply-demand balance and stability [6]. The critical dielectric insulation
materials involved in developing next generation transmission and distribution systems
with higher voltage levels, higher power conversion and miniaturization, longer service

life and light weight will certainly entail higher requirements and expectations([7, 8, 9].

Polymers and their composites have been widely used as solid insulating
components in various electrical and power electronic devices due to their ease of
processing, light weight, corrosion resistance and high performance [10]. Therefore, the
stability and durability of electrical devices largely depend on the insulating materials
[11]. The insulation problems become more and more complicated as the voltage level
rises and the size of components shrinks. Systems of more compact size require more
sophisticated insulating designs to prevent insulation failure caused by localized
electrical stress concentration [12]. This issue is widely prevalent in high-voltage cable
terminals [13, 14] capacitor sleeves [15], and packaging materials for power electronic
modules [16]. Additionally, damage or deterioration in solid dielectrics is inevitable. In
the process of manufacture, transportation, and operation, polymer materials are
subjected to long-term electrical, thermal, and mechanical stress, which may cause
microdefects in the materials [17]. In electrical fields, microdefects tend to induce

electrical field distortion, causing continuous partial discharges, which result in electron
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avalanches and dendritic microchannels growing progressively in the polymer [18].
Although traditional insulating materials are designed to be as robust as possible to
prevent equipment failure and prolong their service life [19, 20], the accumulation of
degradation operating continuously in harsh environment will ineluctably rise to a

catastrophic failure [21].

Fortunately, living organisms in an evolutionary process over millions of years have
found an appropriate pathway for solving similarly complex problems [22, 23], as shown
in Figure 1-1. An intriguing feature of organisms is their ability to adapt to external or
internal stimuli by appropriately altering their physicochemical properties. For example,
chameleons can change their skin colors by actively tuning a lattice of guanine
nanocrystals in the dermis to blend in local environments to camouflage themselves from
being detected by predators [24]. Sea cucumbers can switch between relaxed and
stiffened states in response to external alterations through their mutable collagenous
tissue [25]. Moreover, most living organisms can heal autonomously through cellular
regeneration after damage, leading to functional reconstruction and performance
recovery [26, 27]. Analogously, we look forward to developing a bioinspired dielectric
material with simultaneous self-healable and self-adapting electrical behaviours to cope
with increasingly complicated electric fields and reverse damage, for potential

application in the next generation of electrical insulation.
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Figure 1-1: Self-adaptive and self-healing behaviour of natural organisms. (a) Changes in the skin colour and
reflective spectrum of a chameleon [24]. (b) Sea cucumbers can switch between relaxed and stiffened states because of

their mutable collagenous tissue [25]. (c) Self-healing behaviours of various organisms [27].
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1.2 Research Motivation

Developing bioinspired smart dielectric materials for the next-generation electrical
insulation with self-adaptive and self-healing capabilities is a novel solution to internal

electric field grading and damage healing in power equipment [28].

Self-adaptive dielectric (SAD) of which the electrical parameters nonlinearly depend
on external field strength, exhibit an excellent ability to spatially grade uneven electric

fields and rapidly release intensive charges, avoiding insulation failure caused by locally

intensified field [29]. Normally, SADs possess nonlinear conductivity o(E) or

permittivity &(E) which increases rapidly with local electric field when it exceeds a

certain value [7, 13]. The SADs’ mechanism can be generalized as: when SADs are
stressed at moderated field strength, they behave just like common dielectrics with
relatively low conductivity (~10"'* S/m) and permittivity; and when local field strength
tends to exceed the critical range, SADs exhibit much larger conductivity or permittivity
as a response [30], as indicated in Figure 1-2. According to the law of current continuity
shown as equation (1.1), larger conductivity o or permittivity € means lower field
strength £ under a continuous current density J, which can effectively suppress E to a

safe value.

J(E)=0(E)xE+&(E)xdE/ dt (L.1)

Conductivity

Nonlinear coeffici
a

Electric field

Figure 1-2: Typical nonlinear conductivity characteristics of SADs and their function region [28].
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Semiconductor ceramics, such as ZnO and SiC, are widely doped into polymeric
matrices to endow them with nonlinear electrical behaviours [31, 32].But the method
desires a high doping concentration (usually greater than 30 vol. %) or complex synthesis
method [33] to construct a percolated structure of these particles within the matrix.
Heavy load of micro-sized fillers leads to poor mechanical property and large dielectric
loss of the composites, which greatly limits the application of SADs in high voltage (HV)
power apparatus which requires relatively high elasticity and low loss of the material.
Whilst some preparation methods of SADs by applying certain AC electric field to align
the functional filler to form a direct conduction pathway can reduce the concentration of
filler to less than 10 vol. %, its practical application is limited by the complex fabrication

techniques [34].

Self-healing dielectrics (SHD) can heal the damaged areas and recover the degraded
properties of materials [35]. The approaches to achieving healable polymers generally
fall into two types, intrinsic and extrinsic, differentiated by the mechanisms used to
establish the healing functionality. The extrinsic self-healing process relies on
microcapsules or pipes containing healing agents to achieve recovery [36, 37, 38, 39,
40]. Microcracks formed in the materials will result in the microcapsules rupturing, then
releasing the healing agents and crack healing will take place. It cannot be ignored that
extrinsic self-healing is not unlimited and depends on the continued availability of
healing agents [41]. In contrast, intrinsic self-healing materials that can heal multiple
times through inherent reversible bonds or supramolecular interactions should be more
suitable for systems that require long periods of continuous operation [42]. Moreover,
most of the current research focused on the healing of mechanical damage, in which
fracture load and other mechanical properties were used to evaluate the efficiency of
healing. With the emerging trend of designing intelligent insulating materials, the self-

healing of insulation polymers is attracting more attention.

The development of bioinspired dielectric materials with simultaneous self-healable
and self-adapting electrical behaviours is an enabling strategy towards the demand for
next generation electrical insulation [43]. At the stage of self-adapting, the electrical
parameters of the smart dielectrics vary with environmental factors to maintain

performance and avoid degradation. At the stage of self-healing, the damage is repaired,
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and the performance is recovered, and at the same time, the materials return to the self-
adaptive stage, as exhibited in Figure 1-3. The above cycle can be repeated until the
materials completely lost their autonomous functions. Compared with traditional
dielectrics, the utilization of smart dielectrics not only increases the stability and

prolongs the lifetime, but also reduces the costs of operation and maintenance.
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Figure 1-3: Life cycle control of bioinspired smart materials for next-generation electrical insulation.

However, no research has been carried out to organically integrate self-adaptive and
self-healing functions into the same insulation materials. The aim of this research is to
develop an intrinsic self-healing polymer matrix with robust dielectric properties. One
of the disadvantages of intrinsic SHD is that the introduction of a large number of polar
groups may lead to significant degradation of the electrical strength [44]. However, some
microphase separated self-healing dielectrics, such as polyurethanes (PU), can solve this
problem by maintaining high mobility in the soft phase to perform efficient self-healing
while relying on the hard phase to keep the robust insulating performance (more details
in section 2.5). The introduction of self-adapting function into the polymer matrix is the
second key point. Having both self-adaptive and self-healing capabilities appears to be
contradictory, as the high proportion of inorganic fillers inevitably restricts the
movement of the polymer chains, thus, reducing the self-healing efficiency. Nevertheless,
some two-dimension functional fillers might provide a mechanism to achieve a polymer

that possesses both self-healing and self-adaptive properties.
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1.3 Aims and Objectives

The aim of this research is to design and demonstrate a versatile smart dielectric with
simultaneous self-healable and self-adapting behaviours for next generation electrical
insulation. To achieve this goal, the fabrication of a self-healing polymer matrix with
robust dielectric strength is the first task, as presented in Figure 1-4. The performance
requirements of high voltage insulation applications and the high efficiency of self-
healing need to be balanced in the design of this self-healing polymer. Furthermore, the
charge transport mechanism of carefully designed percolation channels through the
introduction of functional fillers will be validated and exploited to achieve excellent non-
linear electrical properties in the composite. Finally, the self-healing and self-adaptive

capabilities of this composite material will be tested simultaneously.

Self-healing and self-adapting dielectric for next-generation electrical insulation

Polyurethane elastomers (PU) &

Objectives
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Figure 1-4: Schematic of the research route.

The objectives of this research are listed as follows:

1. Synthesizing a range of polyurethane elastomers with different molecular
structures.
2. Investigating the structure-activity relationships between microphase

separation of PUs and its electrical and dielectric behaviours.

3. Characterising the self-healing capabilities of electrical damage of designed
PU and revealing its healing mechanisms.

4. Designing and fabricating GO grafted PU nanocomposites based on quantum

chemical simulation results.
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Elucidating the mechanism of interfacial effects on charge transport in GO/PU
nanocomposites.
Achieving the organic integration of self-adaptive and self-healing functions

in grafted GO/PU nanocomposites.

1.4 Original contributions

The research works presented in this thesis provide several original contributions in

advanced dielectric materials’ area which include:

11.

1il.

An investigation of the structure-activity relationships between microphase
separation of PUs and its electrical and dielectric behaviour (Chapter 4). The
discontinuity in the energy levels of the molecular orbitals of the soft and hard
segments allows for the existence of interfacial polarisation with a deeper
energy level at the microphase interface of the phase-separated polyurethane,
which is not conducive to carrier transport. Urethane formed from longer
polyol chains have a narrower forbidden band width than that of urethane
formed from shorter polyol chains. As a result, the DC breakdown strength
and DC resistivity of PUs consisting of longer and more flexible polyol chains
is low. This result is helpful in guiding the development of polyurethanes with
desirable electrical properties.

The demonstration of a self-healing PU elastomer for electrical damage with
robust dielectric strength and reveal its self-healing mechanism (Chapter 5).
The reversible hydrogen bonding network of the designed PU and its shape
memory effect are the intrinsic mechanism for the efficient self-healing
function. The designed PU shows excellent self-healing capability of electrical
damage, including the recovery of insulating performance and the repair of
dendritic defects.

An investigation of the charge transport of GO/PU nanocomposites from
nanoscale to macroscale (Chapter 6). The macroscopic nonlinear conductivity
response of GO/PU nanocomposites is determined by the charge transport
properties of the percolation channels formed by GO nanosheets. Two

different GO-PU interfaces are constructed by solution blending and grafting
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methods. The significantly improved nonlinear characteristic of the grafted
nanocomposite is mainly attributed to the tailored interface between GO and
PU matrix with considerably lowered interfacial energy barrier, as confirmed
by quantum chemical calculations, nanoscale Kelvin probe force microscopy
(KPFM) and macroscopic thermally stimulated current.

iv. Achieve the organic integration of self-adaptive and self-healing function into
an insulating material by composing of a reversible hydrogen-bonding PU
network with PU grafted GO as the backbone (Chapter 6). The 5 vol. % grafted
GO/PU nanocomposites achieved good nonlinear electrical and dielectric
response to meet the requirements of self-adaptive electric field grading, while
the low doping concentration of GO did not limit the original self-healing
capability of PU, and the excellent photothermal response of GO introduced a

new light healing mechanism to the composites.

1.5 Thesis Outline

This thesis consists of 7 chapters. Chapter 1 includes the introduction, research

motivation, research aims and objectives of the thesis.

Chapter 2 reviews the significance and research progress of self-healing and self-
adapting dielectric materials in electrical insulation. The self-healing mechanisms
utilised by mainstream self-healing polymer materials are summarised, and the research
progress and challenges in insulating self-healing materials are highlighted, the potential
advantages of polyurethane systems for developing as novel insulating dielectrics are
suggested. Similarly, the current research on self-adapting dielectrics is presented.
Additionally, the advantages of using polyurethane elastomers and graphene oxide to

achieve these functions are discussed.

Chapter 3 introduces the methodology of this research including the materials’
preparation methods and the setup of characterisation experiments. Design ideas and
synthesis routes are described. The electrical, thermal, and mechanical properties and

corresponding microstructural of materials are included the characterisation experiments.
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Chapter 4 investigates the structure-activity relationships between microphase
separation of PUs and its electrical and dielectric behaviour. A series of PUs with
different phase separated structures are investigated the inter-relationship between the
macroscopic electrical and dielectric properties and their microscopic parameters,

suggesting important guidelines for next material design.

Chapter 5 shows the self-healing performance of PU against electrical damage.
Observations from three-dimensional computed micro-X-ray tomography and optical
microscope showed that the PU developed can fully heal the damaged area under
moderate thermal stimulation while restoring its electrical performance. The calculation
of conformational entropy and the verification of the reversibility of hydrogen bonds

further illustrated the reason for efficient self-healing capability of the designed PU.

Chapter 6 designs and demonstrates a self-healable and self-adapting nanocomposite
dielectric composed of a reversible hydrogen-bonding PU network with PU grafted GO
as the backbone. The grafted GO/PU nanocomposites exhibit outstanding nonlinear
conductivity and dielectric properties to meet the requirements of self-adaptive function
for resistive or capacitive field grading. Meanwhile, the grafted GO/PU nanocomposites
reveal repeatable self-healing capabilities both of thermal and light stimuli stemming
from the reversible hydrogen bonding network, involving the recovery of its nonlinear

electrical properties and structural restoration.

Chapter 7 contains the conclusion of the contributions in this research, together with

some relevant recommendations for future work.
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Chapter 2 Review of Self-Healing and Self-
Adapting Dielectric Materials

2.1 Introduction

In this chapter, a review of self-healing and self-adapting dielectrics in terms of their
significance, principles and their development in high voltage electrical insulation is
performed. Section 2.2 covers the problems here faced by traditional dielectrics with the
rapid development of high voltage electrical insulation and the necessity for the
introduction of smart dielectric materials. Section 2.3 reveals the basic synthesis
strategies and research status of self-healing polymer materials. Section 2.4 indicates the
specificity of self-healing materials for electrical damage, as well as the research
progress and shortcomings of self-healing insulating materials emerged recently. Section
2.5 introduces the potential advantages of polyurethane elastomers (PUs) for the
development as smart dielectric materials. Section 2.6 summarises the main approaches
to achieve self-adapting capability and their application scenario. Besides that, section
2.7 presents the potential advantages for integrating self-adaptive and self-healing

functions based on graphene oxide (GO) nanosheets as functional fillers.

2.2 Dielectric Materials in the Electrical Insulation

Electricity is one of the most important forms of energy in the 21st century. Insulation
systems play an important role in the safe and efficient utilisation of electricity. As the
key component in insulation systems, the development of insulating materials has always
been in the spotlight. Specially, the explosive growth of the power industry in recent
decades has also forced researchers to develop more advanced dielectric materials to
meet increasingly demanding operational requirements. As a prominent example, the
external insulation systems of solar panel in spacecrafts are not only exposed to higher
electrical and mechanical stresses, but also to the ever-present cosmic radiation and
thermal cycling, which place more complex demands on the design of dielectric

materials [45]. The construction of ultra-high and extra-high voltage power lines
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demands that insulating materials work under conditions of combined voltages, space

charge accumulation, and polarity reversal.

2.2.1 History of Electrical Insulating Materials

Initially, the insulation system could only use natural insulating materials, such as
fibres of cellulose, mica, quartz and natural resins derived from trees and plants including
pitch, rosin or linseed oil [46]. Predictably, voltage levels, operating temperatures, etc.
had to be kept low to accommodate the limitations of natural materials in the early stages

of the energy industry, severely limiting its development.

In 1908, electrical insulation products made from phenolic resin marked the beginning
of the synthetic insulation materials. In the following decades, a large number of
synthetic materials were introduced in the electrical engineering industry, including
alkyd resins, aniline-formaldehyde, polyvinyl chloride (PVC), urea-formaldehyde,
acrylic, polystyrene (PS) and nylon and melamine-formaldehyde, glass fibres, which
lead to an explosion of new applications in electrical insulation [47]. Furthermore,
polymers such as polyethylene (PE), polyurethane (PU), epoxy resins, polypropylene
(PP), and polycarbonate (PC) have been widely used in high voltage insulation due to
their improved electrical properties and low cost [48]. The key advantage of polymers is
that their properties could be adjusted by changing their chemical composition and
molecular structure in the process of synthesis. As progress was made in characterising
these properties, designing molecular structures, and studying polymers’ specialised
properties, research on polymer insulating materials was highly successful.
Manufacturers could produce insulators in various categories, meet high quality

standards, and tailor the materials to meet a wide range of specifications.

However, as the further increase of voltage levels and the diversification of application
scenarios, further development of pure polymer systems became limited. Pure polymers
are plagued by a variety of problems during long-term operation, including space charge
build-up, ageing, partial discharges, etc., which seriously threaten the reliable and safe
operation of related equipment. As a result, the concept of nanodielectrics was
introduced by Lewis in 1994 with the aim of improving the various performances of

composites [49]. Nanodielectrics are prepared by adding nanoscale fillers to a polymeric
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matrix. The interface zone, generated by two dissimilar materials (nanoparticles and
polymer matrix), will increase drastically as the size of filler particles fall into
nanometric scale. It has been demonstrated by large amounts of researchers that the
presence of the interface has a predominant effect on the macroscopic behaviours of
composites [50]. The introduction of nanofillers can significantly improve the electrical
strength, thermal properties, and space charge suppression properties of composites at

appropriate concentrations and interface status [51].

Zhang et al. incorporated poly(stearyl methacrylate)-grafted SiOz into crosslinked
polyethylene (XLPE), and the measurements show that the accumulation of space charge
was effectively suppressed, resulting in limited internal field distortion under 10.6% over
a wide range of external DC field from 30 to 100 kV/mm at room temperature [52]. The
deep trap introduced by nanofillers has been used to explain the space charge suppressing
behaviour in nanodielectrics. Additionally, polypropylene (PP)-based nanodielectrics
have been shown great potential used as recyclable HVDC cable insulation material, and

its space charge characteristic has been fully studied by Zhou et a/ [3].

Higher voltage levels and smaller component sizes have made the thermal effect of
electrical currents more pronounced. Thermal conductivity is an important criterion for
certain insulation materials. Most of inorganic particles (e.g. BN, MgO, Alz O3, SiO2,
SiC), and carbon materials (e.g. carbon nanotube, graphene) have been proven to

substantially increase the thermal conductivity of composites [53, 54].

Moreover, nanofiller doping is an important method of improving the PD resistance
of composites. There are two main ideas to achieve this goal. On the one hand, ceramic
nanoparticles are incorporated into the polymer matrix to enhance the bonding between
the filler and the matrix, meanwhile, blocking the transport path of the energetic charges
within the polymer [55]. A comprehensive experimental investigation of XLPE and its
nanocomposite with fumed silica (Si02) has been performed by Tanaka et a/ [56]. The

measurement shows that PD resistance is markedly improved after nanofiller addition.

On the other hand, some nanofillers with nonlinear electrical or dielectric properties
can be used to achieve field grading characteristics of the nanodielectrics, which means

they can homogenise the distribution of electric field, avoiding the stress concentration
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[30]. Nanodielectrics with nonlinear field grading properties will be further discussed in

section 2.6.

Despite the emergence of traditional nanodielectrics to improve the various properties
of insulating materials, the burgeoning power industry still faces more brand-new

challenges.

2.2.2 Smart Dielectric Materials for Next-Generation Electrical Insulation

The carbon-neutral vision has spawned an energy structural revolution based on
equipment innovation. Insulating materials, as the foundation of electrical power
equipment, faces a series of unprecedented challenges and opportunities. Electric power
equipment, which includes cables, transformers, capacitors, gas-insulated switches etc.,
is responsible for carrying, monitoring, and regulating power flow and serves as an
important part of the power grid. Being the core section of power equipment, the
performance of insulating material directly determines the safety of power equipment.
In the context of the construction of new power grid, the traditional power structure is
transformed from thermal power to renewables, and the change in operation mode will

bring severe challenges to insulating materials.

Wind power, for example, does not produce any carbon emissions and is one of the
forms of power generation with the most potential. Wind now represents over half of
installed renewable capacity in the UK [57]. However, as shown in Figure 2-1, large
capacity wind turbines are usually located far from electrical load centres. The offshore
wind power transmission calls for cross-sea large capacity electric power transmission.
For such kind of application, HVDC cable power transmission becomes the best choice
for long-distance offshore wind power, which is also the main direction advocated by
CIGRE [58]. Higher voltage levels and longer distances in transmission networks
directly affect the lifetime and safety of insulation components. The increase in the
number of cable joints also exacerbates the problem of regions of uneven electric field
distribution, making it difficult to design and manufacture safe and reliable insulation

systems.
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In contrast, on the urban electricity consumption side, compact and miniaturised
power equipment has been promoted in recent years, considering the environmental
impact and electromagnetic pollution. These power devices tend to be designed towards
high operating voltage, with their size getting smaller and smaller, where the insulation
endures complex coupled electrical, thermal, and mechanical stresses [59]. In the new
power system, other critical power equipment, such as high voltage motors, power
transformers, power capacitors, and power electronic devices, also suffer from more

complicated insulating problems [60].
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Figure 2-1: Map of UK wind capacity 2021 [57].

Improvements in insulation materials are required to the next generation high-voltage
power grid that is greener, more reliable, and longer lifespan. In the field of electrical
insulation, engineers look forward to designing and fabricating smart dielectric materials
with bioinspired and autonomous functions to avoid and repair electrical deterioration,
which is conducive to improving the robustness of the dielectric materials and
prolonging their service life. Smart dielectrics, defined as functional composite materials,
whose insulating properties can be automatically or semi-automatically adjusted with the

electric field and the state parameters of the material itself, include adaptive field grading
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materials (self-adaptive dielectrics) and self-healing dielectrics capable of repairing
electrical ageing damages [28]. The research and development of smart dielectric
materials plays a significant role in reducing the design and manufacturing difficulty as
well as lowering the cost and improving the operational reliability of high-voltage
equipment. However, most of the current research focuses only on the development of
single function insulating materials, which is not beneficial for the extension of these
laboratory materials to complex real-world operating conditions. The organic integration
of multiple functions into a single insulating material is still unresolved. A new approach

to this problem will be provided in our study.

More detailed information regarding to the principles and research status on self-
healing and self-adaptive dielectric materials are presented in the following sections of

this chapter.

2.3 Self-Healing Polymer Materials

In nature, biological systems can heal themselves autonomously and regenerate their
structures and original set of properties after suffering from external damage. Inspired
by the ability of biosystems to heal wounds autonomously, self-healing polymers have
been exquisitely designed to imitate these properties using ingenious physical and
chemical methods. Self-healing polymers refer to the polymers that possess the ability
to repair themselves and recover their functionalities after damage using the resources
inherently available to them [26, 27, 61]. As such, this approach is expected to extend
the lifetime, safety, and durability of polymeric materials. The healing strategies

generally fall into two categories: extrinsic and intrinsic, as indicated in Figure 2-2 [62].
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Figure 2-2: Schematic of the self-healing mechanisms in polymers, including (a) intrinsic and (b) extrinsic methods
[62].

2.3.1 Extrinsic Self-Healing Strategies

The history of research into self-healing materials originates in 2001, when S. R.
White et al. first proposed an extrinsic capsule-based self-healing composite [63].
Extrinsic self-healing strategies work by carrying reactive liquid healing agent in
microcapsules or micro vessels, which are pre-embedded in the polymer matrix. When
damage occurs, the healing agent is released, and flows into the damaged area through a
capillary effect. Once the healing agent comes in contact with the catalyst that is
preblended in the polymer matrix, polymerization reaction is triggered to heal the

damage.

There are three main types of microcapsule-based self-healing methods, depending on
the loading approaches, as shown in Figure 2-3 (a). In the first scheme (capsule-catalyst),
the healing agent is an encapsulated liquid, and the polymerizer is a dispersed catalyst
phase. The approach has been extensively investigated for its simple synthesis technique
and is widely used in a variety of common polymer, such as epoxy resins and
polydimethylsiloxane etc. [64, 65, 66, 67]. However, the performance of materials and
the activity of the catalyst would be affected by the direct addition of catalyst within
matrix. Hence, multi-capsule method (scheme 2) was developed by also encapsulating
the catalyst to form multiple capsules systems [68, 69, 70]. This multi-capsule technique
can be expanded to include as many distinct capsule types as necessary to sequester the

reactive components of the healing system. Additionally, some single component self-
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healing systems (scheme 3) was designed that the healing agent is encapsulated or
dispersed as particles, and the polymerizer is residual reactive functionality in the matrix
or an environmental stimulus, which minimises the adverse effects of the introduction of
microcapsules on the composites [71, 72]. The self-healing mechanism and design
process for a vascular system (Figure 2-3 (c)) is similar to that of microcapsule systems
(Figure 2-3 (b)). The healing agent is encapsulated in a pre-embedded microtubules in
polymer matrix. The vascular self-healing system enhances the transport capacity and
storage capacity of the healing agent compared to that of microcapsule systems,

increasing the number of repairs and the size of repairable regions [73, 74].
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Figure 2-3: Schematic of extrinsic self-healing methods. (a) Capsule-based self-healing includes 3 main loading ways.
(b) The design cycle for capsule-based self-healing materials. (c) The design cycle for vascular self-healing materials

[35].
2.3.2 Intrinsic Self-Healing Strategies

Intrinsic self-healing polymers allow for autonomous repair of damage through
reversible/dynamic interactions between molecules. As these interactions are reversible,
the intrinsic self-healing polymers is able to achieve multiple healing cycles in the same

location, contrary to extrinsic self-healing polymers which are dependent on the
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availability of healing agents [75]. Notably, although intrinsic self-healing materials do
not require any healing agents or catalysts, where the reversable reaction requires energy
from external sources to proceed, external stimuli such as temperature, pH, irradiation,

humidity etc are required. [76, 77].

As depicted in Figure 2-2 (a), the reversible dynamics of interactions utilised by
intrinsic self-healing systems typically consist of two types, covalent chemical bonding,
and supramolecular interactions. The reversible Diels-Alder (DA) reaction is one of the
dynamic covalent bonds used in the synthesis of various intrinsic materials [78, 79, 80],
in addition to disulphide bond [81], siloxane [82], diaryl-bisphenylfuranone group etc.

[83]. Supramolecular chemistries concentrate on the reversible noncovalent interactions,

including hydrogen bonding [84], metal-ligand coordination [85], m—mr interaction [86],
ionic interaction [87], and host—guest interactions [88]. Although these interactions are
not as strong as covalent bonds, they can form mechanically dynamic and robust systems
that are particularly attractive for designing self-healing polymers. Particularly, the
shape memory effect (SME), has been recognised as an important aid to achieving
efficient self-healing polymers in recent years [89, 90]. Shape memory materials are
featured by the ability to recover their original shape from a significant and seemingly
plastic deformation when a particular stimulus is applied [91]. During the self-healing
process, the shape memory effect acts to restore entropic energy when the force causing
the damage is released to fill the “open wound” in the material [92]. Due to the absence
of microcapsules, intrinsic self-healing polymers are specifically suited for the
incorporation of nanoparticles to tailor functionalised self-healing materials, thus,

broadening their application scenarios.

2.4 Self-Healing of Electrical Damage in Insulating Materials

Although a great deal of research has been carried out on self-healing polymers, the
introduction of self-healing techniques into high-voltage (HV) insulating materials still
faces new challenges. Not only is there a demand for robust dielectric strength in the
field of electrical insulation, but electrical damage has more complicated formation

process compared to usual mechanical damage.

37



2.4.1 Electrical Damage in Insulating Materials

With the harsh environment of high voltage operation, polymeric dielectrics inevitably
experience degradation and eventually suffer dielectric breakdown during long term
operation. Electrical treeing, a pre-breakage phenomenon occurring in solid insulating
polymers, is a major problem leading to failures in various HV equipment, such as HV
cables, cable accessories, and power electronic equipment insulation [93]. An electrical
tree can initiate from impurities, gas voids and mechanical defects, where the local
electric field is distorted in small areas of the insulation material [94]. The growth of an
electric tree can generally be described in three stages: initiation, propagation, and
runaway [95], as presented in Figure 2-4. The initiation of an electrical tree is associated
with the injection of electrical charges from high-voltage electrodes or (partial discharge)
PDs that provide energy to cause physical damage and create tubulars or channels. The
propagation phase of the electric tree is marked by the appearance of a current pulse due
to PD in the small gas filled tubes or channels. During the runway phase, relatively few
channels propagate towards the ground electrode, eventually forming a complete
conductive channel where the insulation is fully destroyed. During the growth of an
electrical tree most time is spent in the initiation and propagation stages, which provides
a window of time to inhibit or repair these electrical damages. Conventional methods of
electric tree inhibition include various types of organic or inorganic additives, the main
idea of which is to inhibit the rate of electric tree growth to prolong the life of the material
[96, 97, 98, 99]. These fillers can inhibit the process of electron avalanche by restricting
the movement of polymer molecular chains or by adding chemical traps to capture high-

energy electrons.
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Figure 2-4: Electrical treeing growing characteristics and microscopic image [95].

2.4.2 Self-Healing Dielectrics

Self-healing materials exhibit great potential for improving the reliability, durability,
and service life of insulating dielectrics. In contrast to various suppression methods for
electrical tree growth, self-healing dielectrics not only eliminate the dendritic defects that
have developed, but also restore the initial insulation properties and reverse the

degradation state of the material.

Research into self-healing insulating materials began in 2019, when Yang et al.
successfully healed electrical dendrite damage in thermoplastic polypropylene and
restored the insulating properties using the thermal effects of superparamagnetic
nanoparticles under an oscillating magnetic field (Figure 2-5 a) [36]. More extrinsic
microcapsule-based self-healing approaches were subsequently developed using
traditional polymeric dielectrics. Exploiting the specificity of electrical damage, Gao and
Xie et al. designed two polymerization reaction of healing agents triggered by UV light
and free radicals generated during the growth of the electrical tree (Figure 2-5 b, c),
respectively [38, 40]. However, it is undeniable that the industrial application of extrinsic
self-healing methods is difficult to achieve due to the exhaustion of the healing agents
and the complexity of preparation techniques of microencapsulation. The introduction
of microcapsules resulted in an extreme decrease in the breakdown strength of the

material to about 37 kV/mm.
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of microcapsule-based self-healing dielectrics [40].

In contrast, intrinsic self-healing dielectrics show reproducible self-healing
capabilities. Zhang et al. designed a thermoplastic methyl thioglycolate-modified
styrene-butadiene-styrene elastomer modified with butadiene blocks to confer self-
healing capabilities of mechanical and electrical damage [100]. Salvatierra et al. reported
on the healing behaviour of silicon gels under electrical stress facilitated by incorporated
liquid phase [101]. In parallel to these thermoplastic, ultra-soft gels or elastic materials,
self-healing thermosetting dielectrics with robust mechanical performance have also
been developed. Xie et al. designed a mechanical robust self-healing epoxy resin
utilizing a reversibly convertible molecular network [42], as indicated in Figure 2-6. The
introduced Diels—Alder bond endowed the material with a reversible structure between
the fully cross-linked state and the partially cross-linked state. The self-healing epoxy
resin can almost completely repair the electrical damage after exposure to a temperature

of 130 °C for 1 h.
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recovery and dendritic channels repair during the multiple aging-healing cycles [42].

However, both the introduction of microcapsules for extrinsic self-healing materials
and the various types of polar reversible bonds for intrinsic self-healing materials result
in a dramatic reduction in the electrical strength of the material. The DC breakdown
strength of currently reported self-healing electrical insulating materials is generally
below 50 kV/mm, which is much lower than that of typical dielectric polymers, e.g. 165
kV/mm for epoxy resins and 270 kV/mm for XLPE. The significant reduction in
dielectric strength makes it less desirable for HV applications.[102].

2.5 Self-Healing Polyurethane Elastomers

In 1937, the genius German chemist Prof. Otto Bayer first synthesised a polyurethane
(PU) through a normal polyaddition reaction between aliphatic diisocyanate and diamine.
The chemical linkage existing in the polymer is denoted as urethane (-NHCOO-). PUs
are usually synthesized by the addition of alcohols and isocyanates. Diols or polyols are
the alcoholic part and the diisocyanate are reacted with them. The typical synthesis route
of polyurethanes is shown in Figure 2-7, where a wide choice of raw materials is
available. The most commonly used isocyanates for the synthesis of polyurethane are
diphenylmethane diisocyanate (MDI) or toluene diisocyanate (TDI), hexamethylene
diisocyanate (HDI) or isophorone diisocyanate (IPDI). Polyols used for the synthesis of
PUs can be polyether polyols and polyester polyols. The polyether polyols are ethylene
glycol, propylene glycol, poly-ethylene propylene oxide and the polyester polyols are
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condensed products of adipic acid or phthalic acid with 1,4-butane diol, or 1,6-hexane
diol. Another feature of PUs is that the polyol components can come from natural sources
such as castor oil, soybean oil, and sunflower oil etc [103]. The synthesis of PU from
renewable resources is a method adopted by many researchers. Furthermore, it is the
variety of the base materials and the simplicity of the synthesis routes that make it
possible to obtain a wide range of polyurethane products in a variety of styles, ranging
from rigid and hard to flexible and soft. Therefore, PUs have been presented in many
forms in our lives, from mobile phone cases to clothes, from furniture to cables, from

cars through to the construction field.
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Figure 2-7: Typical synthesis route of polyurethanes.

There are two main types of PUs, PU foams and PU elastomers, based on the different
synthetic route and applications. It becomes PU foam when gas is introduced, either via
reaction of the isocyanate with water, or with blowing agents [104]. PU foams may be
low density flexible foams or low-density rigid foams for different application field.
Another important type is thermoplastic PU elastomers. PU elastomers are considered as
excellent substitutes for plastics and rubbers. They have high abrasion resistance,
resistance to solvents and chemicals, high impact strength, and low moisture uptake.
These superior properties make them suitable for a variety of applications in the
manufacturing field. Polyurethane elastomers are typically multiblock copolymers that
consist of alternating hard and soft segments. Very often the flexible and long soft
segments (SS) are made from long chains of polyester or polyether and the polar and
rigid hard segments (HS) consist of diisocyanate and chain extenders [105]. The
thermodynamic incompatibility of the HS and SS results in a unique microphase

separated structure of PU at mesoscopic length scales [106]. The HS form physical
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crosslinks arising from polar interactions, hydrogen bonding and potential crystallization
in the hard domain, while the SS form an elastic and flexible phase [107], where the
phase-separated structure is exhibited in Figure 2-8. Depending on the specific micro-
phase separation structure, PU elastomers offer a series of versatile and seemingly
contradictory properties, such as superior mechanical strength while retaining great
elasticity and even shape memory effects, which make PU interesting for various
applications, including bio-medical, automotive, and electronic industries [82, 108, 109].
Additionally, PU elastomers can be processed as typical recyclable thermoplastics due
to the reversible crosslinking network composed of hydrogen bonds [110, 111]. The
latter thermoplastic polyurethane elastomer is clearly more likely to be developed as a
high voltage insulating material due to the ease of processing and opportunities for self-
healing, so the subsequent PUs in this thesis refers to polyurethane elastomers. However,
the inter-relationship between the performance of PU under HV and its structure has not
been systematically elucidated, thus, hindering the introduction of PU as HV insulating
materials. Consequently, one of the objectives of this research is to investigate the

structure-property relationships of a series of PU formulations.
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Figure 2-8: Phase-separated structure of PU elastomers. hard segment in red, soft segment in blue.

Extensive research confirms that PUs are widely suitable as a polymeric matrices for
achieving self-healing capabilities, which benefits from the numerous synthetic raw
materials and good mobility of SS [112]. Extrinsic self-healing PUs based on
microcapsules are popular in anti-corrosive self-healing industrial coatings. Any cracks

or damage to be healed could be repaired by the leakage of the healing agent from the
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protective microcapsule at the site of damage. Natural vegetable oils are widely used as
core healing agents and are synthesised into microcapsules by means of interfacial
polymerisation to form shell materials [113]. Koh et al. developed a renewable PU
microcapsule containing isosorbide derivatives for self-healing anticorrosion coatings.
The efficiency of the PU microcapsules containing the self-healing corrosion inhibitor
was investigated in a painting system. The results indicated that the microcapsules
provided noteworthy corrosion resistance with a rusting degree in the range from 0 to
0.47% with inhibitor loading from 25 ppm to 200 ppm under accelerated corrosion
testing [114]. Besides that, novel single-layer PU-type microcapsules loaded with a PU
for corrosion resistance based healing agent was fabricated by Haghayegh et al. [115].
The healing agent was prepared through the reaction of an excess amount of IPDI with
2-ethyl-2-hydroxymethyl-1,3-propanediol. The healing agent was then encapsulated
with a PU shell via an oil-in-water emulsion polymerization technique. Interestingly, it
was observed that the microcapsules were very stable even after 10 months and lost less

than 7 wt % of their loaded isocyanate molecules.

PUs is also one of the most widely available polymeric matrixes for achieving intrinsic
self-healing capabilities. Zhang et al. designed a PU using TDI and BDO (butanediol) as
the HS and polyether polyols as the soft segment [116]. They showed that the self-
healing capability of the PU at room temperature decreased with increasing HS content
based on tensile test results and the healing ability was lost when it reached 50% HS
content. The self-healing capability of PU was ascribed to reversible hydrogen bonds
and mobility of the SS at room temperature. Similarly, Kim et al. synthesized PU
prepolymers from PTMEG (Poly-tetramethylene ether glycol) and IPDI [117]. These
prepolymers were end capped with propylamine to synthesize PU urea. The urea and
urethane groups undergo hydrogen-bonding formation to facilitate self-healing in these
polymers. In addition to these non-covalent interactions, different types of reversible
covalent bonds have been introduced into the synthesis of PUs to achieve self-healing
functionality. Du et al. synthesised a thermally stimulated DA based self-healing PU
via a Diels—Alder (DA) reaction between a polyurethane prepolymer end-capped with
furan groups (MPF) and bismaleimide (BMI) [118]. The self-healing efficiency of the
PU, determined by the recovery of breaking tensile strength, after being damaged and

healed at 120 °C can reach up to 80%. Fuet al. used acidified multi-walled carbon

44



nanotubes (MWCNT) as the conductor, to develop a new kind of thermally reversible
self-healing PU film that simultaneously had good processing properties, high thermal
stability and great electrostatic dissipation capacity. They conjugated a multi-furan ring
with liquid hyperbranched poly-siloxane terminated by multi-maleimide to form the self-
healing polymer [119], as shown in Figure 2-9 (a). Multi-maleimide groups in PU-DA-
CNTs provide higher proceeding possibility of the DA reaction between furan rings and
maleimide groups, thus leading to a high self-healing efficiency. Yuan et al. achieve a
self-healing PU elastomer (Figure 2-9 b) in which they synthesised an alkoxyamine-
based diol and reacted it with tri-HDI and polyethylene glycol (PEG) [82]. The thermally
dynamic reversible equilibrium between fission/recombination of C—ON bonds in
alkoxyamine moieties enabled repeated cross-linking and de-crosslinking of PU chains
at a certain temperature and hence facilitated crack healing. Zhang et al. developed a
series of self-healing linear PUs with the disulfide linkage as the grafting point [120], as
indicated in Figure 2-9 (c). The self-healing polyurethane can quickly restore its over 90%

of its mechanical properties after healing at 100 °C for 10 min.
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Figure 2-9: Intrinsic self-healing PUs based on reversible covalent bonds. (a) Self-healing in PU-DA-CNT films after
maintaining at 130 °C for S min [119]. (b) Healing mechanism of PU cross-linked by alkoxyamine [82]. (c) self-healing

mechanism of linear PU based on disulfide linages [120].
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All self-healing of structural damages requires at least two steps: close then heal,
similar to the biological healing of wounds in the skin. In this process, the structural scale
crack will be first sealed or closed by a certain mechanism before the potential self-
healing mechanisms can take effect. With traditional self-healing polymers, artificial
intervention is often necessary, such as holding the damaged area tightly in place for
subsequent damage repair. Shape recovery functionality of thermally activated shape
memory polymers can be utilised to achieve the self-closing purposes [121]. Shape
memory assisted self-healing” (SMASH) is a concept which has emerged as a path-
breaking strategy over the past decade wherein the crack closure is achieved by using
smart shape memory polymers without the need for any manual intervention [122]. PU
is known for the shape memory effect conferred by its block copolymer structure, which
allows it to be considered an excellent candidate for SMASH applications. Xu et al.
studied a smart PU composed of PTMEG, HDI, and 2-hydroxyethyl disulphide (Figure
2-10 a), which combines the self-healing properties of disulphide links with the shape
memory effect of PU [123]. Autonomous healing of cracks took just 5 min and a healing
process of 4 h led to almost full recovery of the mechanical properties upon heating
above 80 °C by activating the shape memory effect and disulphide exchange reaction
simultaneously. Van Herk et al. prepared a crosslinked SMASH PU thermoset network
having PCL and a thermos-reversible cross-linker based on Triazoline Dione chemistry
[124], as exhibited in Figure 2-10 (b). A single heating step at about 70 °C triggers both

shape-recovery and reversible TAD chemistry, which allows fast SMASH from large
scale damage up to 1 mm.
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Figure 2-10: (a) Disulphide exchange reactions for SMASH PU [123]. (b) SMASH in PU thermosets using reversible

Triazoline Dione chemistry [124].
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With the easy polycondensation process, tailorable characteristics, and mature
experience in designing mechanically self-healing polymers, PUs are well positioned to
develop into next-generation smart polymeric materials in a variety of industries.
However, current research on PUs is mainly focused on the mechanical field. The
relationship between its electrical properties and structure is still unclear. Besides that,
the balance between the electrical strength and self-healing properties of PUs is also a
tricky one. These issues will be investigated in this research for designing a self-healing

PU material with robust electrical strength.

2.6 Self-Adapting Dielectrics with Nonlinear Electrical and Dielectric

Behaviour

In chapter 1.2, we discussed the definition of SADs and some examples. In this section
the mechanism and applications of SADs are further elaborated, while some potential

methods for integrating self-healing and self-adaptive functions are also presented.

2.6.1 Self-Adaptive Dielectric Materials

In traditional approaches to achieve electric field control, material electrical property
and electrode structure directly determine the spatial electric field distribution in power
apparatus. Assuming the electric field (£) as the control target, this approach is an open-
loop control without any feed-back mechanism. The control performance is not
satisfying, and it is rather sensitive to parameter disturbance. Small discrepancies in the
geometry of the field grading structure with fixed design, temperature change, and
materials aging process can lead to a much different £ distribution from the expectation
[125]. On the contrary, field grading and stress control by SADs are typical closed-loop
control. On one hand, the material parameters affect the electric field distribution; on the
other hand, the electric field also feeds back to the material parameter which self-
adaptively changes with it. In this case, an effective and stable field grading effect can
be obtained by SADs regardless of the discrepancies in geometry, different temperatures,

or material aging [28].

For SADs, the most important parameters for their performances are the switching

field Eb and the nonlinear coefficient a. Eb is defined as the switching above which the
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material begins to show a rapidly changing conductivity or permittivity [126, 127]. It
should be adapted to specific applications as different power apparatus or electronic
devices with different voltage has different requirements on the electric field. Thereby,
Ev of SADs is expected to be flexibly tuned according to practical cases, which may
range from 0.1 to 5 kV/mm. In terms of the nonlinear coefficient a it is the slope of
current density as a function of electric field curve and reflects the degree by which the
electric field changes the material parameters. The greater the a is, the better the field

grading performance will be.

As polymer dielectrics do not possess desired field-dependent electrical properties,
doping of functional fillers is performed to endow them with nonlinear behaviours [15].
SADs are also called nonlinear composites. Semiconductive ceramic filler, such as SiC
and ZnO has been widely used to obtain nonlinear response in SADs. Ideally, the SADs
have double Schottky barrier whose barrier height is tuned by the localized states and
applied electric field [128]. Under a relatively low electric field, the conduction barrier
is relatively high, and the composite retains a good insulation property. As the field
strength increases, all the localized states are filled, and the barrier height falls
dramatically. The SADs have switched to the conduction state. Hence, the quality of the
nonlinear response relies on both the physical formation of the percolation pathways and
the alignment of barrier height. For instance, for SiC fillers (Figure 2-11 a), the potential
barrier is formed at the interface between the fillers [129], as opposed to ZnO filler
(Figure 2-11 b), where the Schottky barrier is located inside the grain boundaries of each
ZnO particle [130]. Obviously, the latter barrier height is highly aligned and the
nonlinear properties of the ZnO composites are more stable compared to those of the SiC
composites. Moreover, the through conduction paths of the functional filler, the
percolation pathways, are required to guarantee stable nonlinear conducting behaviour.
Percolation threshold usually depends on the geometry of the filler and is around 30%
for micron-sized particles [131] but can be reduced to around 5% utilizing some low
dimensional fillers with high aspect ratio, such as ZnO whisker (Figure 2-11 ¢) [132], or
2-D carbon fillers (Figure 2-11 d) [133]. Bespoke methods, like using an AC electric
field to precisely align the conductive pathways, can also reduce the filler concentration

to around 10 vol. % ( Figure 2-11 d) [34].
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Figure 2-11: Schematic diagram and J(E) characteristics of SAD composites. (a) SiC [129]. (b) ZnO micro varistor
[130]. (¢) ZnO microvaristor and ZnO whisker [132]. (d) Aligned ZnO whiskers [34]. (e) GO filler [134].

2.6.2 Application Based on Self-Adaptive Dielectric

SADs are mainly used in electrical and electronic equipment with triple junction
structures for the suppression of local field distortion [135, 136]. Yang et al. presented a
design in which a SADs layer was applied near the terminals of outdoor insulators to
achieve a homogenous electric distribution (Figure 2-12 a) [15]. After the optimization
simulation of geometry and parameters of the SADs layer, they prepared a 220 kV
prototype and electric field distribution measurements were performed by an optical
electric field sensor at 10 reference points. The simulated electric field distribution on
insulators with the SADs layer had a significant decrease at the end of the insulator string
than the traditional insulator. Li et al. analysed the charge transport and control strategy
of HVDC spacers of the GIS (gas insulated switchgear) system and put forward a novel
model based on SADs to release the surface charge accumulation [137, 138, 139]. The
charge adaptive spacer (CACS) was shaped like a bowl, which was composed of the
insulation region and the charge adaptive control region. This design allowed the CACS
to meet the requirements of the longitudinal mechanic force, and more crucially, the
normal component of the electric field may be centered on the spacer's sidewall near the
ground enclosure, as shown in Figure 6(a). CACS with different properties were
optimized by changing the ratio of AI203, SiC, and epoxy resin. To prove the effect of
nonlinear material on limiting surface charge, the regular spacer (RS), novel shaped
spacer (NSS), and charge adaptive spacer (CACS) was compared under AC and DC
surface flashover tests. The AC surface flashover voltage of NSS and CACS range from
200 to 225 kV, which were higher than RS with a breakdown value ranging from 160 to
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180 kV, as shown in Figure 2-12 b. The operation reliability of high voltage bushing is
a key problem in power transmission projects. With a cylindrical structure in the radial
direction and a “plug-in” structure in the axial direction, the concentration of electric
field may cause the discharge or even breakdown of the insulation. Zhao et al. designed
a three-layer adaptive bushing based on nonlinear materials (Figure 2-12 c) [140]. The
field grading layer used the conventional nonlinear composites material with a low
nonlinear coefficient and high threshold electric field for the field grading in the radial
distribution of electric field, while the electrode extended layer used ZnO particle loaded
micro-varistors with a high nonlinear coefficient and low threshold electric field for the
suppression discharge at the edge of the flange. Under the condition where the
temperature difference between inner conductive rod and the outermost layer of the
bushing changes in real time, the electric field inside the nonlinear bushing can always
be maintained with a uniform distribution, which helps to prevent both flashover at the
flange and partial discharge from the main insulating material. For application in
electronics, Wang et al. first proposed the idea of using composites with nonlinear
conductivity as novel packaging materials of power electronic module to achieve a
homogeneous distribution of electric field [141]. A ferro-electric filler barium titanite
was added into a silicon-based gel to form a composite gel with nonlinear conductivity.
Using this composite gel in a power electronic module through finite element simulation,
the electric field level neat the triple junction was significantly reduced. Besides that, the
application of non-linear materials in high-voltage rotating motors and cables accessories

has been investigated, both with excellent electric field grading results [142, 143].
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Figure 2-12: HV Application based on self-adaptive dielectrics. (a) application of SADs in polymeric outdoor
insulators [15]. (b) A novel HVDC spacer based on SADs [113]. (¢) Design of adaptive bushing based on SADs [140].

2.7 Graphene Oxide Nanosheets

In an effort to achieve an organic integration of self-healing and self-adaptive
functionality, two issues must first be addressed. The concentration of filler should be as
low as possible, provided that the percolation threshold is satisfied, in case robust fillers
restrict the migration of molecular chains, thus, reducing the self-healing efficiency of
the material. Then, the interface between filler and matrix should be tuneable to obtain
an excellent and stable nonlinear response. With this considerations, graphene oxide (GO)
emerges as a superior choice, due to its ultra-high aspect ratio and abundant surface

functional groups.

Since 2004, when Novoselove et al. published their research on mechanically
exfoliated monolayers of graphene (Figure 2-13 a), this single-layer, two-dimensional
material of single-layered carbon atoms arranged in a honeycomb pattern has sparked
great research both of scientific and engineering communities [144]. The carbon bonds
are sp’ hybridized, where the in-plane oc.c bond is one of the strongest bonds in
materials and the out-of-plane 7 bond, which contributes to a delocalized network of
electrons, is responsible for the electron conduction of graphene and provides the weak
interaction among graphene layers or between graphene and substrate. Graphene is

favoured by researchers for its ultra-high carrier mobility at room temperature (~10000
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cm?V-ls!, [144]), large theoretical specific surface area (2630 m? g ™!, [145]), ultra-high
Young's modulus (~1 TPa, [146]) and thermal conductivity (3000-5000 Wm ™' K,
[147]), is considered more promising than other nanostructured carbon allotropes, that
is, one-dimensional nanotubes and O-dimensional fullerenes, from the application
viewpoint. However, pristine graphene is a hydrophobic material, and has no appreciable
solubility in most solvents, which makes it extremely difficult to directly obtain
graphene/polymer composites. Therefore, in the actual processing of graphene-based
composites, graphene oxide (GO), a graphene derivative prepared from natural scaled
graphite by the Hummer method, is widely used [148, 149, 150]. On the one hand, the
large number of oxygen-containing functional groups on the bottom and edges of
graphene oxide, such as epoxy groups, hydroxyl groups, carboxyl groups and carbonyl
groups, as shown in Figure 2-13 (b), allows GO to be easily dispersed in polar solvents.
These oxygen-containing functional groups make GO well compatible with polymer
matrix, which can be used as reactive sites for the polymerization/grafting reaction with
polymer chains [151]. On the other hand, the oxygen-containing functional groups
disrupt the sp? hybridization orbitals of graphene and acts as an energy barrier for
electron transport in the olefin conjugate structure [134]. This makes GO have
remarkable semiconductor properties. These features allow the surface of GO to be
further modified by grafting, in situ polymerisation etc. for tailoring the interfacial

barriers and obtaining efficient nonlinear response [152, 153, 154].

Figure 2-13: Proposed schematic of graphene (a) [144] and graphene oxide structure (b) [151].

GO and reduced GO (rGO) are important filler materials for polymer composites,
because of their good conductivity, lower density, and excellent mechanical strength.
Similar to the conventional polymer nanocomposites processing, the methods applied
for the fabrication of GO/polymer composites are solution mixing, melt blending, and

in-situ polymerization [155], [156], [157]. In general, GO is expected to be well
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dispersed in the polymer and to have a good interfacial interaction with the matrix in
order to obtain the desired composite performance. An important application of GO/rGO
fillers is to largely enhance the electrical conductivity of composite. The large specific
surface area of GO allows it to form percolation structures within the polymer at a
relative low volume fraction of about 3% [54]. GO sheets in composite provide a
conductive path for the electron when the concentration of the conductive filler is above
the percolation threshold. The conductivity performance of GO polymer composites is
not only limited by the dispersion of nanosheets in matrix, but the attachment of the
foreign molecules may change the charge transport properties. Macosko et al. compared
the difference in electrical property of graphene/PU composites of carbon sheets
exfoliated from GO via two different processes: chemical modification (isocyanate
treated GO, 1GO) and thermal exfoliation (thermally reduced GO, TRG), and three
different methods of dispersion: solvent blending, in situ polymerization, and melt
compounding [158], as indicated in Figure 2-14. Solution blending and in-situ
polymerisation have better filler dispersion than melt blending and exhibit higher
conductivity for the same volume. Strong interfacial bonding with matrix polymers
enabled by surface functionalization is an advantage of iGO. However, inadequate
chemical reduction processes may limit the electrical conductivity of the composite.
Sometimes it is important to trade off the properties. Additionally, GO nanosheets are
also used to improve the mechanical strength, thermal conductivity and gas barrier
properties of composites [159, 160, 161]. GO and its composites with high doping
content are conductors, at which point it is not meaningful to discuss their breakdown
strength. For low doping content GO polymer composites the breakdown strength is
usually considered to be similar to that of the pure polymer matrix, and therefore there

are very little of the literature discussed the breakdown strength of these composites.

It is promising that autonomous capabilities including self-adaptive and self-healing
functions can be organically integrated into the same dielectric utilizing GO and self-

healing PU through appropriate material design and processing methods.
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Figure 2-14 : Schematics of TPU/graphene composite preparation routes: (a) GO (b) Rapid thermal reduce (TRG) or
(c¢) Organic modification with isocyanate in DMF (iGO); (d) Melt compounding; (e) Solvent blending; (f) In situ
Polymerization [158].

2.8 Summary and Conclusions

This chapter reviewed the importance of smart dielectrics, including self-healing and
self-adapting materials, for the next-generation electrical insulation and the relevant

research progress.

Section 2.2 started with a review of the development of electrical insulation materials.
From natural materials to single synthetic polymers up to the nanodielectrics, the
innovation in insulation materials is undoubtedly an essential foundation for the
evolution of electrical industry. In today's carbon-neutral vision, the construction of
novel advanced power transmission networks is imminent, raising more stringent
challenges to traditional dielectric materials. Bio-inspired smart materials such as self-
healing and self-adaptive materials are an important way to build greener, more reliable,

and longer-lasting electrical insulation systems. The basic synthesis strategies, extrinsic
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and intrinsic, for self-healing polymer materials were introduced in section 2.3. The new
challenges involved in introducing self-healing polymers into the field of electrical
insulation were described in section 2.4. The mechanisms of formation and
manifestations of electrical damage specific to HV insulating materials are presented, as
well as a summary of research progress in self-healing dielectrics. A potential solution
to the low dielectric strength of existing self-healing dielectrics may lie in the unique
phase separation structure of PU elastomers (section 2.5). Methods of achieving an
efficient and stable nonlinear electrical response, the construction of percolation
pathways and interfacial barrier alignment, are clarified in section 2.6 by reviewing the
mechanisms of self-healing dielectrics and their applications to HV insulation. At the
same time, 2D GO nanosheets are a potential option for the organic integration of self-
adaptive and self-healing functions due to their extremely low percolation threshold and
abundance of surface reactive groups. Through a comprehensive review of the progress
and shortcomings of existing research on self-healing and self-adapting dielectrics, PU
elastomers and GO nanosheets were selected to enable the smart dielectric with
simultaneous self-healing and self-adapting electrical and dielectric behaviours (section

2.7).
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Chapter 3 Materials Preparation and
Methodology

3.1 Introduction

Chapter 3 presents the general methodology used in this thesis. The design ideas,
synthesis routes and sample preparation methods for PU elastomers are described in
detail in Section 3.2. Multi-level, multi-perspective analytical approaches to the study of
solid dielectric materials is presented in Section 3.3. The principles and operating
procedures of a comprehensive research methodology are detailed, including quantum
chemical simulations, chemical and physical structural characterisation, electrical,

dielectric, mechanical and thermal properties.

3.2 Design and Preparation of PUs

The potential application of PU elastomers in high voltage insulation is attractive, but
too little research has been carried out. This research will start with the preparation of
materials and the design of a series of PU elastomers for investigating the relationship

between their properties and structure.

The category of polyurethane discussed here is thermoplastic polyurethane (TPU),
which has excellent elasticity and transparency. TPU is a phase separated polyurethane
with alternating hard (HS) and soft (SS) segments, where the length of SS and HS can
be controlled during the synthesis process for achieving a desirable property. As a result,
TPU can be available in different states from flexible to rigid [162]. Here, TPUs with
different phase separations obtained by adjusting the length and equivalent weight of the
polyol used in synthesis were designed. TPUs were synthesized using two bifunctional
polypropylene glycols (PPG) with different molecular weights, Arcol 1004 (MW=450,
obtained from Covestro) and Lupranol 1100 (MW=1100, obtained from BASF), and
4,4’-methylene diphenyl diisocyanate (MDI, obtained from Covestro), and 1,4-
butanediol (BDO, obtained from Sigma-Aldrich). The formulation of designed TPU is
indicated in Table 3-1. Eq. 2.1 defines the percentage of mass in the hard segment as the
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HS%, but it is worth noting that this is only a defined value and does not reflect the actual

phase separation of the TPU. Figure 3-1 shows the molecular structure of all raw

materials.

Table 3-1: Formulation of designed TPUs

Molar Ratio
Sample Molecular Chain wt% of Hard

Isocyanate (Isocyanate: PPG:

Code Weight of PPG Extender Segment
Chain Extender)

PU1 450 MDI - 2.1:2.1: 0 -
PU2 450 MDI BDO 2.1:2: 0.1 35%
PU3 450 MDI BDO 22:1:1.2 55%
PU4 1100 MDI BDO 22:1:1.2 35%

weighty,, +weight,

wt% of hard segment =

x100% (weighty,, #0) (3.1
weight g, +weight,, +weight, o (weightyy, #0) (3.1)

CNNCO \% )\1L NN
MDI

PPG (450/1100) BDO

Figure 3-1: Molecular structure of raw materials.

TPU’s basic reaction is the formation of the urethane group from the hydroxyl group
with the isocyanate group under inert gas at 70 °C, as shown in Figure 3-2 (a). The PPG
oligomers and BDO were dried and degassed under vacuum in a flask at 70 °C for 24
hours before use. All PUs were prepared by a typical two-step polymerization in a four-
necked round bottom flask equipped with an anchor type propeller stirrer, funnel, and
nitrogen inlet, as exhibited in Figure 3-2 (b). In the first step, pre-polymerization, an
NCO-terminated prepolymer was prepared by carefully adding MDI to the flask
containing the appropriate dried PPG at 70 °C, while keeping the rotational speed at 400
rpm for 2 hours. In the second step, the reaction was initiated by dripping BDO into the
flask for 2 hours. The reaction is carried out under a nitrogen atmosphere throughout.

The solution was then cast into a silicone mould and the solvent evaporated at 70 °C for
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24 hours to obtain block materials that can be used for further processing.
Dimethylformamide (DMF, anhydrous, obtained from Sigma-Aldrich) was used as the
solvent to aid with viscosity regulation in the two-step process. For all samples, the ratio
of'isocyanate groups to total hydroxyl groups, 7=[NCO]/[OH], was kept at unity to obtain
fully end-linked linear chains. Meanwhile, samples with different hard segment ratios

were obtained by controlling the amount of chain extenders.
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Figure 3-2: Synthesis method (a) and platform (b) of TPU.

Film PU samples with uniform thickness are essential to be suitable for the various
subsequent tests. After synthesising the block PU samples, the bubble-free portion of the
PU samples are cut off and further prepared by hot pressing method to form film samples
that can be used for various types of tests. Parts of block PU samples were hot pressed
through a plate vulcanizer (Yitong Test Technology) at 160 °C and 15 MPa for 10 min,
and then cooled with water at 10 MPa for 5 min to room temperature. Even if there is a
small amount of air bubbles in a selected block sample, the air bubbles can be removed
by applying pressure in the molten state of samples, resulting in a bubble-free, flat film
sample. The thickness of the film samples produced were 100 pm, 200 pm, 500 pm, 1

cm, and 2 cm, as shown in Figure 3-3, by using different moulds.
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Figure 3-3: TPU block sample (a) and film sample (b).

3.3 Characterization Methods

The following simulation and experimental methods were extensively used in this

study to provide a comprehensive understanding of polyurethane materials.

3.3.1 Quantum Chemical Calculations

The basic principle of quantum chemical calculations is quantum mechanics, which
takes the electron as the most basic unit and theoretically calculates the HOMO-LUMO
orbitals, orbital energy levels, electrostatic potentials, and other microscopic parameters
of the dielectric, to study the energy band structure and trap distribution and other related
parameters of the dielectric. The theoretical basis for quantum chemical calculations is
the Schrédinger equation, which can be solved to obtain the state of electronic motion
within the molecule. Quantum chemical calculation methods include Ab initio method,
semi-empirical method, and density functional theory. The concept of density functional
theory (DFT) originated from the Tomas-Fermi model and was developed on the basis
of the Hohenberg-Kohn theorem, which, like the ab initio method, is based on Hartree
Fock's principle and allows predictions to be made for microscopic systems. It describes
the system in terms of the electron density distribution function rather than the wave
function, which is a huge simplification for multi-electron systems, and because of the
time saving and efficiency, density functional theory is more widely used. Considering
the calculation speed and accuracy, the level of the basis set is given as 6-31g(d); the
exchange-correlation general function is set as b3lyp, which adopts Becke's three-
parameter hybridisation method and Lee, Yang and Parr correlation general functions.

After the optimisation, the HOMO-LUMO orbitals, orbital energy levels, and
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electrostatic potentials of the molecules can be analysed. An initial repeating unit of PU2
segments (Figure 3-4) was constructed in DFT model, where SS fragments composed of
PPG (MW=400) and MDI, and HS fragments composed of BDO and MDI assemble the
PU segment. The calculation is based on the quantum chemical software Gaussian 09

(Gaussian, Inc.) [163].

Soft segments Hard segments
§ 2 2 §
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0 =z =z = z H H 0
Carbamate_SS Carbamate_HS
PPG MDI BDO

Figure 3-4: Theoretical modelling molecular structure of PU’s repeating unit.

3.3.2 FTIR

Fourier-transform infrared spectrometer (FTIR, Thermo Fisher Nicolet iS10, USA)
was used to characterize the chemical composition of PUs between 800 and 4000 cm’!
with a resolution of 4 cm™. Additionally, a small-scale in situ FTIR between 1640 and
1780 cm™ was used to scan the state of hydrogen bonding network of PU samples at

different temperature points.

3.3.3 GPC

Gel permeation chromatography (GPC, Agilent 1260, USA) is a type of size exclusion
chromatography (SEC). It is mainly used to measure the molecular weight of polymer
compounds. The molecular weight distribution shows how much molecular weight
contains in a sample, and it is widely used for quality control to know the difference in
the properties of polymer compounds. THF was selected as the solvent for GPC mobile
phase. PU samples were dissolved in THF solvent. The polymer solution flowed through

a column containing different pore size with a mobile phase flow rate of 1.0 mL/min.

3.3.4 AFM

Atomic Force Microscopy (AFM) is a technique that scans a small area of a sample at
the micron level through a probe with a nanometre radius of curvature at the tip. Small
interactions between the sample and the probe cause the probe to bend, and further

progressive magnification, capturing and recording of such small changes allows the
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interaction of the probe with the sample to be calculated, thus helping to analyse the
properties of the sample [164, 165]. Microphase separation topography of PUs was
investigated with AFM (Bruker Dimension Icon) by peaking force tapping mode, where

the probe was ScanAsyst-Air with a radius of curvature of 5 nm.

There are two ways to fabricate ultra-thin film samples for AFM testing, spin coating
and drop coating. Spin coating involves applying drops of sample solution to a substrate
then rotating the substrate at high speed on a horizontal turntable, throwing off and
evaporating the excess solvent to form an ultra-thin film [166]. Drop coating is the
application of drops of the sample solution onto the substrate, followed by evaporation
of the solvent at high temperatures to obtain a thin film. The thickness of the film
obtained by spin coating is much smaller than that obtained by drip coating when the
same concentration of solution is applied. In this case, a PU/DMF solution with a
concentration of 30 mg/ml was obtained by dissolving the PU block sample prepared in
the previous section in DMF. To remove any residual contaminants and undissolved
polymer particles from the solution, the solution is completely filtered through a PTFE
injection filter (200 nm pore size) prior to use. The solution was heated to 70 °C, dropped
onto 60 °C preheated silicon wafers (Sibranch Microelectronics) and spin coated (Setcas
KWA4E) at 3000 rpm for 30 seconds to obtain approximately 100 nm PU films. Another
batch of samples was obtained by pipetting 50 uL. of PU/DMF solution onto silicon
wafers and evaporation of the solvent at 70 °C for 24 hours. Both batches were then
quenched to maintain the same thermal history as the hot-pressed samples by heating to

160 °C followed by rapid cooling to room temperature.

Figure 3-5 presents the image and AFM height image of (a) spin coating PU2 sample
and (b) drop coating PU2 sample. Apparently, the spin-coating samples have a more
homogeneous surface morphology with the mixed phase filling the surface, whereas in
the drop-coated samples a clear structure of separated phases is visible. The reason for
this phenomenon is that the phase separation of polyurethane is stem from the
thermodynamic incompatibility between its SS and HS. However, the high quenching
rate of the solution during spin coating prevented the phase separation from being
completed [167, 168]. Another reason is that because the spin-coated sample is much

thinner than the drop-coated sample, the forces between the film and the silicon substrate
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are much stronger, preventing the formation of the phase separation structure during the
quenching process. Therefore, drop coating PU samples were employed in subsequent

experiments to measure the surface topography.

(a) (b)
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Figure 3-5: Image and AFM height image of (a) spin coating sample, (b) drop coating sample.
3.3.5 DSC

The thermal properties of the PUs were determined by differential scanning
calorimetry (DSC, TA Instruments Q2000, USA). Samples for DSC tests were prepared
by cutting 5 mg of prepared PUs in hermetically sealed aluminium pans. All samples
were allowed to attain isothermal equilibrium at 30 °C for 10 min then heated to 150 °C
to erase the thermal history of prepared samples before collecting data. The response was
measured in nitrogen at a heating/cooling rate of 5 °C/min through cooling to -50 °C and

heating back to 200 °C.

3.3.6 DMA

A single dynamic mechanical analysis (DMA) experiment allows us to quantify the
shape memory effect in terms of stored and released energy densities and their

relationship with the shape memory efficiency [89]. The tests were performed for tensile
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tests (Q800 TA Instrument) of PU samples at a heating rate of 2 °C/min from -50 °C to
100 °C based on the strain sweep method.

3.3.7 DC Conductivity

DC volume conductivity was measured with a digital high-resolution electrometer
(Keithley 2635B, USA) equipped with standard three-electrode system according to
standard IEC 60093, where the diameter of the measuring electrode is 2 cm. The
measurement system is indicated in Figure 3-6. The measurements were performed on
the samples with a thickness of 500 pm and with 1-15 kV/mm DC electric field applied.
The steps of electric field for each set of measurements was 1 kV/mm. The measurement
time at each voltage level was 30 min to obtain the steady-state DC conduction current.
The charging current for 30 min at each voltage level is close to steady state, as shown
in figure 3-7. The sampling frequency of the electrometer was set to 1 data point per
second. Hence, each point on the I-E curve is obtained as the average of the data collected
during the final 10 min. Although we used the same sample to test the conduction current
at different applied voltage levels, we will release the residual charge by grounding the
sample after each charging tests for 30 min. Based on this operation, we can confirm that
the I-E curve was not affected by the residual charge in every individual charging test.
The testing temperature was controlled at 25 °C by a thermostatic oven. This procedure
was repeated for different samples to obtain consistent data. No significant difference

was found between the primary and repeated experiments.

(a) l Thermostatic oven . (b)

Measurement software

Figure 3-6: (a) DC conductivity measuring system. (b) Three-electrode system.
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Figure 3-7 Conduction current of PUs over time.

3.3.8 DC Breakdown

DC electric breakdown tests were performed using a dielectric strength tester (HT-50,
Guilin Electrical Equipment Scientific Research Institute, China) on film samples with
a thickness of around 500 pum at 23 °C, as shown in Figure 3-8. The samples were
sandwiched between two 10 mm ball electrodes and immersed in silicone oil to prevent
surface flashover. A ramp-voltage, increased at the rate of 1 kV/s was applied across
each of the samples until dielectric breakdown was achieved. For each sample, 10
different points were tested, and the test data were processed using two-parameter

Weibull statistical distribution according to IEEE Std 930-2004.
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Figure 3-8: DC electric breakdown testing system.

3.3.9 Dielectric Relaxation Spectroscopy (DRS)

Broadband dielectric spectroscopy (BDS), with its ability to apply an alternating
electric field to a sample over a wide frequency range and to study the corresponding
molecular relaxation processes, is the most commonly used method to study molecular
motion in the field of dielectrics [169]. A Novocontrol Alpha-A high-performance
frequency analyzer (GmbH, Germany) equipped with a Quatro-Cryosystem temperature
control system was utilized to measure the broad band dielectric relaxation spectroscopy
of PU samples. All the measurements were carried out in the frequency range 1! to 10°
Hz under a 1.0 V alternating-current voltage, while temperature ranging from -100 °C to
75 °C were applied at 25 °C intervals. A gold layer was evaporated onto both surfaces of
the sample to serve as electrodes. The thickness of the measured sample is 500 um and

the diameter of the measuring electrode is 2 cm.
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Figure 3-9: BDS measuring system.

3.3.10 TSDC

Thermally Stimulated Currents (TSC) measurements can use thermal stimulation to
determine the activation energies associated with the movement of charge carriers in a
dielectric, and the obtained thermal stimulation current peaks reflect the charge transport
behaviour of the dielectric [170]. Samples with a thickness of 500 um was polarized
under 1.5 kV/mm at 25 °C for 30 min, then cooled to -50 °C at a rate of 10 K/min, and
then heated to 60 °C at a rate of 5 K/min. During the heating process, the depolarization
current of the material was measured by electrometer (Keithley 6517b). The precise
control of the temperature is in line with the Quatro-Cryosystem temperature control

system.

During the heating measurement process, frozen charges in the material are excited to
form depolarization currents at different temperatures according to their different

activation energy [171]. Either the rotation of dipoles, the migration or recombination of
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ions, the trapping or separation of space charges can be covered as depolarization
processes. In order to obtain corresponding microscopic parameters of materials during
the depolarization process, TSDC current density can be described by the first order
kinetic equation [172]:

dn

n.. _E
J(f)——g—(n—o) sn, exp( kT) (3.2)

Where 7 is charge density (nC/cm?), s is escape frequency (Hz) that is defined as the
number of times per second that the electrons escaped from traps, no is initial charge
density, E: (eV) is activation energy level, k is Boltzmann’s constant, 7 (K) is absolute
temperature, ¢ is a number describing the kinetic order and can theoretically take values

between 0.5 to 3.

Furthermore, the equation is expanded to [172]:

E,

E s 7T —= .

(), = sny exp(-—=)exp(-—[ e ¥dT")
kT J/Rel

(3.3)

dn . n § T
J(@) o === () [+ (c=D]=[[ e 7 dT']<
(0 =4 = QD Ce=DIZLf, ]
B is the rate of heating and increases linearly with time.

Setting the derivative of function (dJ(?)/d¢) to zero will allow to obtain the extreme of

this function:
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Activation energy E:and charge density n for each relaxation peak can be calculated

based on taking three points on the TSDC curve, (77, J1), (12, J2), (T3, J3) [172]:
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3.3.11 Tensile Tests

The tensile tester (Instron 3343) was used to test the mechanical properties of PU
samples according to ASTM D882-18. The 1 mm thick specimen was cut into dumbbell
shaped strips with 12 mm long and 2 mm wide in the test area. The test temperature was
25 °C and the strips were stretched at a rate of 20 mm/min. Each type of material 5
samples were tested, and the average value was recorded. The equation of stress (o,

MPa) and strain (& , %) is:

F
O =

bxd

-1,

(3.6)
x100%

0

Where b is the wide (mm), d is the thickness (mm), / is the length when tensioning

(mm), and the /o is the initial length of sample (mm).

3.3.12 Electric Tree Observation Methods

An optical microscope (Nikon DS-Ri2) connected to a computer was used to display
real-time images of the growth or healing process of electric trees in transparent samples
for qualitative evaluation of the size and extent of dendritic channels. The 3D
topographic features of the electrical tree channel before and after healing were measured
using a 3D X-ray micro-CT (3D-CT, Xradia micro-XCT-500, Carl Zeiss XRM,
Germany) to complement those details missed by the 2D images as well as for a
quantitative analysis of channel healing efficiency. Samples were mounted on the holder
with an aluminium tube as the adapter and rotated horizontally, pausing at discrete angles
to collect 2D projection images, which were then combined to produce a 3D

reconstruction of the sample’s volume dataset. Scanning electron microscopy (SEM) can
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also be used to observe the state of repair of electrical tree channels. However, SEM is a
destructive testing method as it requires the sample to be embrittled under liquid nitrogen
to obtain a cross-section that can be used for observation. As a result, SEM is usually
only used as an auxiliary observation tool to determine if electrical tree channels have

been refilled.

3.3.13 Partial Discharge

Partial discharge (PD) testing is widely used to examine the reliability of insulated
equipment and to determine defects or air gaps within the equipment. PD in polymers is
thought to be a major origin of electrical damage, and the size of the dendritic damage is
positively correlated with the maximum apparent discharge magnitude (Om) [18]. A
multi-channel digital partial discharge (PD) analyzer (TWPD-2E, Baoding Tianwei,
China) was used to detect the maximum apparent discharge amplitude (Om) under an
applied voltage of 3 kV at different stages of tree formation and healing to characterize
the degree of electrical aging. The same sample will be used for PD testing at different
stages of ageing or healing, which is intended to provide a more intuitive comparison of
the electrical properties of the same sample before and after electrical damage repair. PD
tests were carried out at six different stages, initial state, ageing for 15 min, ageing for
30 min, stopping ageing, self-healing for 24 h, self-healing for 48 h. The same sample
was tested at each stage of the PD for 1 min and 10 data points of were measured. The
discharge amplitude was obtained by averaging the 10 data points measured. The PD test
utilises the same electrode structure as in the electrical tree initiation test to ensure that
each PD measurement point corresponds to the observed state of the visualised electrical
tree. At the same time, the PD test is performed at a voltage of only 3 kV/ 50 Hz and the
test time is short. It is therefore considered a non-destructive test and does not further

extend the electrical damage of the sample in every PD test.

3.4 Summary

The PU materials prepared, and the general methodology of this research were
presented in this chapter. In section 3.2, four PU materials with different degrees of phase
separation were developed by adjusting the molecular length and equivalent weight of

the polyol in the synthesis process. PU film samples with certain thickness were obtained
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by hot pressing, ready for further various tests. Multi-level, multi-perspective analytical
approaches have been employed in this research, including quantum chemical
calculations based on density functional theory, FTIR for chemical composition analysis,
GPC tests, AFM for characterisation of surface topography, conductivity and breakdown,
DRS and TSDC for description of electrical and dielectric behaviour, and DSC and
tensile testing for evaluation of thermal and mechanical properties of PUs. Notably, the
methods outlined in this chapter are the general methods used in this research, with some

more specific and unique methods detailed in the relevant chapters.
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Chapter 4 Structure-Activity Relationship of
Microphase-Separated PU Elastomer

4.1 Introduction

Chapter 4 investigates the comprehensive properties of PUs for its potential
application in HV insulation. FTIR spectrometer and AFM are firstly used to analyse the
chemical composition and microphase separating structure of PU samples indicated in
section 4.2 and 4.3, respectively. Section 4.4 then shows the macro electrical properties
of PUs with different phase separated structure. Two perspectives, TSDC and variable
temperature DRS, are used to reveal the relaxation behaviour of PUs, and the
corresponding microscopic parameters are calculated in section 4.5. Section 4.6
illustrates the structure-activity relationships between the microscopic phase-separated
structure of PUs and their macroscopic electrical properties by combining quantum
chemical simulations with experimental data. The thermal and mechanical performance
of the materials are supplemented in section 4.7. Understanding the interrelationship
between the structure and properties of polyurethane helps to instruct the design and

preparation of ideal polyurethane materials.

4.2 Chemical Composition

The chemical composition of PU samples is revealed in FTIR spectra, Figure 4-1.
After curing, the -NCO absorbance peak around 2280 cm™ disappears, which confirmed
that the synthesis reaction of PUs was completed. Hydrogen bonding between the
secondary amine group (-NH) and the carbonyl group (C=O0) is the intrinsic driving force
for the phase separation of PUs, which is important for the self-healing performance
[173]. The hydrogen bonding interaction makes the carbonyl bond length elongated and
results in the reduction of the stretching vibration frequency [174]. Hence, mathematical
deconvolution of the carbonyl stretch peak around 1740 cm™ can be used to divide the
free and hydrogen carbonyl, while the stretching peak at lower wavenumber belongs to
H-bonding carbonyl [168]. As shown in the partially enlarged drawing of Figure 4-1, a
hydrogen-bonded carbonyl stretching peak is found at 1705 cm™, which proved the
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structure of hydrogen bond crosslinking between different chain segments of PU samples.
The addition of chain extender will not significantly affect the content of H-bonding
carbonyl of PUs, when using the same formulation of PPG and MDI. Even if there are
no so-called HS in PU1, hydrogen bonds might still be formed between non-adjacent -
NH and C=0 groups in SS. The hydrogen bond crosslinking degree of PUs increases
with the raising of HS content, where the H-bonding C=0 content increased from 73.9%
of PU2 to 83.8% of PU3. Yet, a longer molecular chain of PPG will lead to a lower
degree of hydrogen bond crosslinking of PUs with the same HS content.
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Figure 4-1: FTIR spectra of PU samples and the deconvolution peaks of C=0 regions.

Number average molecular weight (Mn) and weight average molecular weight (Mw)
of designed PUs are shown in Figure 4-2 and Table 4-1, separately. Mn and Mw are two
common parameters to describe the molecular weight of polymers. Number average
molecular weight is averaged the molecular number in polymer. Weight average
molecular weight is averaged by the molecular weight. The abscissa is the molecular
weight, and the ordinate reflects the amount of substance. The Mn and Mw of the
synthesized PUs increases with the increase of the HS content. The results are in accord

with expectations, since the utilization of more chain extenders means that more
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repeating urethane units are incorporated into the PU backbone, while keeping the same

isocyanate index constant.
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Figure 4-2: Molecular weight distribution of different PU samples.
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Table 4-1: Number average molecular weight (Mn) and weight average molecular weight (Mw) of designed PUs.

Sample Mn (g/mol) Mw (g/mol)
PU1 18689 30292
PU2 27815 47498
PU3 55251 118700
PU4 39493 79109

4.3 Micro-topography

AFM has been widely used to investigate the nanoscale morphology of microphase
domain in PUs [164, 167]. The height images of PU1, PU2, PU3, and PU4 as obtained
by AFM are presented in Figure 4-3 (a), (b), (c), (d), separately. The bright speckles in
these images, the “bumps” of the surface, are generally considered as a key feature
formed by the orderly stacking and higher modulus of the HS regions [175]. The
corresponding modulus mapping of PU3 with the largest bright region in the height
image is also measured at the same position, as shown in Figure 4-3 (e). There is a very
high consistency between the bright speckles in the height image and the high modulus

area in the modulus mapping. Hence, the “bumps” in the height graph can be identified
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as aggregating domains of HS. Although the defined HS% (wt% of hard segments) is
shown in Table 3-1, only isocyanates that react with chain extenders can form so-called
HS. A revised HS% is given by multiplying the defined HS% by the percentage of the
number of moles of the chain extender to that of all polyols in the synthesis. Additionally,
the region with height above 1 nm in AFM image is allocated to HS domain and the
actual HS% is defined as the area percentage of HS, as presented in Figure 4-3 (f). The
actual HS% is very close to the revised HS%. The actual HS% of PU1 is 0, due to the
absence of chain extender. Comparing the AFM images of PU2 and PU3, the hard phase
transforms from the dotted distribution of PU2 to the large area of banded distribution
of PU3 in the continuous distributed soft phase, while the actual HS% also increased
from 2.9% to 25.8%. The actual HS% of PU4 is 20.7%, and its HS domain is

significantly increased, but the hard phase has not aggregated to form a banded

distribution.
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Figure 4-3: Height image of (a) PU1, (b) PU2, (¢) PU3, (d) PU4, and corresponding DMT modulus map of (e¢) PU3 as
obtained by AFM. (f) HS contents of PU samples as obtained by different calculating approaches.

4.4 Electrical Behaviours

DC conductivity properties and DC breakdown strength are two significant parameters for evaluating the electrical
property of dielectric polymers. For a more intuitive comparison, the electrical performance of a common

engineering dielectric elastomer (Silicone rubber, Si-R, Wacker R230) was also tested. In the DC conductivity test,

74



three samples of each sample’s type were tested (section 3.3.7). The statistical results of the conductivity including
average and standard deviation are presented in
Table 4-2. Comparing the conductivity results of PU1-PU3, as shown in Figure 4-4 (a), the HS% is the critical factor
limiting the conductivity of PUs, which decreases as the HS% increases, when the same PPG and MDI are used. It is
noticeable that the presence of longer SS significantly lifts the conductivity of PUs. The conductivity of PU4 is two
orders of magnitude higher than that of PU2, at the same defined HS%. Although the conductivity of Si-R is lower
than that of PUs, the opposite results appear in the DC breakdown tests, as shown in Figure 4-4 (b). The
characteristic breakdown strength is defined in terms of the alpha parameter of the Weibull distribution in the field
at which 63.2%. The shape parameters of the measured samples were all greater than 10, the data were considered

reliable (as shown in

Table 4-2). The characteristic breakdown strength of Si-R is 78.19 kV/mm, which is
higher than that of PU1 at 32.72 kV/mm. The absence of the HS constructed from
isocyanate and short-chain diols results in a much lower breakdown strength of PU1 than
other PUs. The dielectric strength of PUs with microphase separating structure is much
higher than that of Si-R, in which PU2 is 140.60 kV/mm, and PU3 is 311.64 kV/mm.
Dielectric breakdown is a complex process affected by the coupling of electronic
avalanches, thermal effects and mechanical effects [176]. It is believed that the reason
for lower breakdown field for PU4 is the energy barrier between the SS and HS of phase
separated PUs. PU elastomers composed of shorter polyol chains and a higher content
of HS achieve lower electrical conductivity and higher breakdown strength. The

underlying reasons for this phenomenon will be further investigated in the next section.
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Figure 4-4: (a) DC conductivity properties of designed PUs. (b) Weibull characteristic DC breakdown strength of
designed PUs.
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Table 4-2: Statistical results of DC conductivity and breakdown strength of designed PUs

Breakdown strength

Conductivity (S/m)
(kV/mm)
Sample code
Average Standard ~ Characteristic Shape
value deviation value parameter
PU1 4.86e-11 2.91e-12 37.72 17.75
PU2 1.75e-11 1.96e-12 140.60 14.54
PU3 4.30e-12 2.58e-13 311.64 12.83
PU4 1.21e-10 1.13e-11 79.21 15.73
Si-R 2.01e-13 2.67¢-14 78.19 23.87

4.5 Dielectric Behaviours

The dielectric relaxation behaviours of the PUs were revealed from the TSDC results
and the DRS at different temperatures, bridging the microstructure of PUs to their

macroscopic electrical properties.

4.5.1 DRS Results

Broad-band dielectric relaxation spectroscopy with temperature variation is not only
an effective method for characterising the dielectric properties of materials, but also a
powerful tool for the study of polymer chain dynamics [177, 178]. Figure 4-5 and Figure
4-6 show the temperature and frequency dependence on the relative permittivity and
dielectric loss tangent (tan 8) for designed PU samples, separately. For all PUs, the
spectra are complicated presenting processes of different natures, dipole, and conductive,
in some cases closely superimposed. At temperatures below glass transition temperature
(Tg, Figure 4-11), the dielectric constant exhibits values with about 3.5 that vary only
slightly with frequency. The contribution comes from the electronic polarization of small
groups induced by the electric field. As the PU main molecular chains unfreeze, the
permittivity rises rapidly to around 10, with different transition temperatures due to the
different T of the designed PUs. Finally, the strong increase in the dielectric constant
values for temperatures above 50°C is associated with the presence accumulation of

charges at the electrode-sample interface [179].
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There are two obvious relaxation processes, o transition and B transition, indicated in
the loss factor spectra, as shown around the arrow regions in Figure 4-6. The [} transition,
a secondary relaxation caused by localised vitrification motions, occurs in the low
temperature, high frequency region. In previous studies, this has typically been attributed
to side groups on the aliphatic backbone of the PU, such as free carbonyl groups [106,
180]. The plotted Arrhenius curve (Figure 4-7) confirms that the activation energy of 3
relaxation is consistent across the different PU samples, which is due to the fact that
these PUs are all composed of the same polypropylene hydrocarbon structure and that
differences in phase separation do not have an effect on this secondary relaxation. At
higher temperature, the increase of the dielectric loss is associated with the glass
transition, o relaxation, of the PUs. The increase in HS limits the a relaxation of PU3, as
opposed to the more flexible SS molecular chain of PU4, which has a lower activation
energy for a-relaxation. Interestingly, PU2 and PU1 exhibit the same a and f relaxation
behaviour, probably as a result of their same PPG and MDI formulation. In theory, the
only difference between PU2 and PU1 is the absence of the hard segments in PUI,
resulting from the reaction of the chain extender with the isocyanate, which means that
there is no phase separation structure. This difference is supposed to be reflected in the
interfacial relaxation that follows the glass transition due to charge separation at the
internal phase separation interface [169, 181]. However, in this dielectric spectrum, the
process is overshadowed by the conduction process in the high temperature and low
frequency region, so that the interfacial relaxation of the PUs cannot be effectively
analysed. The interfacial polarisation behaviour of the designed PUs will be further

investigated by the TSDC method in the next section.
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Figure 4-5: The relative permittivity versus the frequency and temperature of PU1 (a), PU2 (b), PU3 (c), and PU4 (d).
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Figure 4-7: Arrhenius plots for the a-relaxation and p-relaxation of the designed PUs.

4.5.2 TSDC Results

Thermal stimulation depolarization current (TSDC) method has been widely used to
evaluate various relaxation behaviours and reveal its micro parameters in solid dielectrics
[182], [183]. During the heating measurement process, the trapped charges in the
material are excited to form depolarization currents at different temperatures according
to their different activation energy [171]. However, since the measured TSDC curve is
often coupled with multiple current peaks, it is necessary to define and analyse different
relaxation behaviours by using reasonable peak fitting methods [170]. Based on the DSC
results, Peak 1 comes from the a relaxation process near the glass transition temperature
of PUs. Peak 2 is generally considered to be a Maxwell-Wagner-Sillars (MWS)
interfacial relaxation that exists in the interface between the SS and HS, in the
microphase separated PUs [106, 177]. To quantitatively study the peak shape parameters
for different relaxations, the peaks in each curve are fitted using two Gaussian functions.

The original TSDC curve and fitted peaks are presented in Figure 4-8.
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Figure 4-8: TSDC spectrum and peak fitting results of (a) PU1, (b) PU2, (¢) PU3, and (d) PU4.

Each discrete current peak can be described by the first order kinetic equation of
TSDC [184], in which case the corresponding activation energy and charge density can
be obtained from any three points on the peaks (Section 3.3.10, Eq. (3.5)). In the practical
analysis of TSDC results, the activation energy is positively correlated with the centre
temperature of each discrete peak and negatively correlated with its full width at half
maximum. The activation energy of higher and narrower peaks is higher than that of
lower and wider peaks at the same centre temperature. The charge density of each
relaxation is the area of each discrete peak, the integral of the current density over the
temperature. The ratio of the discrete peak area caused by different relaxations to the
whole TSDC peak area is defined as the ratio of the charge of that relaxation to the total
charge, which reflects the effect degree of that relaxation behaviour on the overall
relaxation behaviour of that material. The calculation results of quantity of charge and
activation energy corresponding to each relaxation type are listed in Table 4-3. The
TSDC curves of PU1 and PU2 are very similar due to their similar synthetic formulations.

The difference is that there are no HS regions formed by reaction of BDO and isocyanate
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in PU1, which leads to a very low proportion of charge associated with interface
relaxation, only 4.4%. In contrast, the microphase-separated structure of PU2 brings an
obvious interface polarization effect, while some traps with deeper energy levels are
introduced into PU2. The activation energies of a relaxation and interface relaxation in
PU2 are increased to 0.72 eV and 1.79 eV, respectively, with the proportion of interface
relaxation charge being 6.32%. With the further growth of the HS content, the HS in
PU3 is reversed into a continuous phase, and the degree of phase separation is further
increased. The a relaxation in PU3 is dominated by the HS and its activation energy
increases to 1.8 eV but the proportion of charge decreases to 8.8%. The soft/hard
interfacial state of PU3 is similar as that of PU2, so the activation energy of interface
relaxation in PU3 has not been significantly improved. However, the interfacial charge
proportion of PU3 has surged to 91.2%. Due to the use of longer PPG chain segments,
the glass transition temperature of PU4 is reduced, and the activation energies of o
relaxation and interface relaxation are decreased. However, it is worth noting that PU4
still has a significant interface polarization effect, with an interface charge proportion of
23.3%. Due to the interface polarization behaviour between soft and hard segments in
phase-separated PU, some traps with deeper energy levels will be introduced into PUs.
With the increase of phase separation degree, the charge density of the deeper traps is
also enhanced. Traps with deeper energy levels are usually considered unfavourable for
charge transport in polymer dielectrics [185]. The TSDC results explain well from the
perspective of dielectric relaxation behaviour why PU2 and PU3 have lower electrical
conductivity and robust dielectric strength. The increase in phase separation implies an
increase in the percentage of interfacial charge occupying the deeper energy levels, thus
hindering charge transport. Meanwhile the activation energies for o relaxation and
interfacial relaxation of PUs composed of longer, more flexible polyol chains are lower

than those of PUs composed of short-chain polyols.
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Table 4-3: Calculation results of charge and activation energy in different relaxation behaviours.

Ratio of total Activation
Sample code = Relaxation peak ~ Charge (nC)
charge (%) energy (eV)
o relaxation 55.14 95.6 0.71
PUI Interfacial
2.55 4.4 1.63
relaxation
o relaxation 39.96 86.3 0.72
PU2 Interfacial
6.32 13.7 1.79
relaxation
o relaxation 63.36 8.8 1.80
PU3 Interfacial
658.8 91.2 1.82
relaxation
o relaxation 38.63 76.7 0.63
PU4 Interfacial
11.76 23.3 1.39
relaxation

4.6 Electronic Energy Structures

To understand the electronic structure of PU molecules and their potential impact on
electrical properties, a repeating unit of PU2 segments (Figure 3-4) was constructed in
first principle DFT model, where SS fragments composed of PPG (MW=400) and MDI,
and HS fragments composed of BDO and MDI assemble the PU segment. The
electrostatic potential distribution and optimized conformation of the typical PU unit is
shown in Figure 4-9. The electrostatic potential at a point around a molecule is usually
defined as the work required to move a unit of positive charge from infinity to this point.
The electrostatic potential reflects the electron density, whose value is not directly
proportional to the electron density. The electrostatic potential is directly determined by
the system charge distribution, the uneven distribution of charge in the molecule will be
reflected in the electrostatic potential distribution on the surface of the molecule.
Therefore, it is meaningless to focus on the absolute value of the electrostatic potential
on the surface of the molecule, and the distribution of its positive and negative charges
is the key to characterise the intermolecular electrostatic interactions and polarity. There

are prominent regions of negative charge aggregation in the individual carbamate groups

83



of the PU molecular chain, which can become critical nodes in the charge transport
process of PUs. A quantitative result is reflected from the extracted total density of states
(TDOS) of the molecular orbitals and the partial DOS (PDOS) of different molecular
fragments, as exhibited in Figure 4-10. The energy level of highest occupied molecular
orbital (HOMO) of PU unit is -5.8382 eV. It can be seen that the main contribution to
HOMO comes from the carbamate generated by the reaction between PPG/MDI on SS
fragments. Carbamate group generated by BDO and MDI on the HS fragments is the
main contributor to the HOMO-1 orbital, whose orbital energy level is -6.0298 eV, and
the energy gap between this and HOMO is 0.1916 eV. In solid band theory, HOMO is
considered to be the energy level most likely to be excited by heat or electric field to
form conduction current across the bandgap barrier [186]. However, there is an energy
barrier of 0.1916 eV between the SS and the HS of phase-separated PUs, which formed
“walls” that hinders charge transportation along the PU chain, thereby, enhancing
insulation performance of the materials. The addition of the chain extender of the short
diol allows the urethane in the PU to exist in two non-aligned energy levels, where the
energy gap between them is an important contributor to the interfacial relaxation with
deeper energy level seen in the TSDC results. Furthermore, it can be concluded that the
orbital energy level of the urethane groups formed with MDI and the longer polyol
molecular chains are closer to those of the LUMO, and therefore the narrower bandgap
barrier led to a rapid decrease in their insulating properties. The results of the quantum
chemical simulations are in good correlation with previous experimental work together
explaining the mechanism by which the phase-separated structure affects the electrical

properties of PUs.
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Figure 4-9: The electrostatic potential mapping on the molecular surface of the repetitive PU unit. Red and blue

colours represent positive and negative potentials, respectively.
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4.7 Thermal and Mechanical Performance

The DSC test is a useful method to assist in analysing the various relaxation behaviour
of PUs and to obtain their thermal properties. Figure 4-11 presents the DSC traces of
designed PUs after erasing their thermal history. The glass transition temperature (7g) of
PUI is found to be 284.6 K, which is very close to be 286.1 K of PU2. With the increase
in the content of HS, Ty of PU3 was increased to 315.7 K due to the crosslinking via
hydrogen bonds between the SS and HS was strengthened. The 7T 256.7 K of PU4 with

more flexible SS is much lower than those of other PUs.
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Figure 4-11: DSC thermogram glass transition temperature (73) of designed PUs.

Table 4-4 reveals the mechanical properties of designed PUs in tensile tests. Similarly,
silicone rubber commonly used in engineering have been tested to provide a visual

comparison.

Table 4-4: Tensile strength and elongation at break of designed PUs.

. Elongation at break
Tensile Strength (MPa)

(%)
Sample code

Standard Standard

Average o Average o
deviation deviation

PU1 1.25 0.12 2854.3 127.3
PU2 3.71 0.14 1466.7 106.1
PU3 28.03 0.72 803.6 97.4
PU4 9.38 0.23 954.8 134.2
Si-R 5.31 0.17 764.8 101.5

All PUs with phase-separated structures, PU1, PU2 and PU3, displayed higher tensile

strength and elongation at break than Si-R. The tensile strength of PU2 with its phase-

separated structure is increased by 261% compared to PU1, although its corresponding

elongation at break is also reduced by 51%. It can be clearly seen that two-phase structure

with SS and HS greatly enhances the mechanical properties of the PUs, and with the
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increase in the proportion of HS, PU3 becomes harder, exhibiting a tensile strength of
28.03 MPa. The tensile strength and elongation at break of PU4 are 9.38 MPa and
764.8%, respectively.

4.8 Summary and Conclusions

In this chapter, the interrelationship between micro-structure and macro-performance

of PU elastomers was comprehensively investigated.

The chemical composition of designed PUs and their hydrogen bonding crosslinking
status were obtained by deconvoluted FTIR in section 4.2. The designed polyurethane
was orderly synthesised with no significant by-products. The hydrogen bonding structure
was measured in all designed PU, which is the intrinsic driver for achieving self-healing.
Subsequent section 4.3 indicated the microphase separating morphology of designed
PUs by AFM. Clear phase separation structures were observed in PU2, PU3 and PU4
due to the formation of the HS domain constructed by isocyanate and short diols. The
hard domain switched from a sporadic dotted distribution to a continuous banded
distribution with the rise of HS%. The actual HS% observed by AFM is close to the

revised HS%, which can be used to describe the degree of phase separation.

In section 4.4, PU2 and PU3 showed better insulation properties than conventional
dielectric elastomers (silicone rubber) by means of DC conductivity tests and DC
breakdown tests. The phase-separated structure greatly improves the insulating
properties of PUs, including electrical conductivity and breakdown strength, as well as
the higher the HS%, the more pronounced this improvement gets. In contrast, the
insulating properties of some PU consisting of longer and more flexible polyol chains

were significantly reduced.

The structure-property relationship of microphase separated PUs were characterized
from two aspects: dielectric relaxation behaviour and quantum chemical calculation, as
revealed in section 4.5 and section 4.6, respectively. There are three distinct relaxation
behaviours in phase-separated PUs, -relaxation, a-relaxation, and interfacial relaxation
between the microphase interfaces, analysed from DRS and TSDC, where p-relaxation

is independent of the phase-separating degree and a-relaxation is related to the glass
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transition of the continuous phase in the PUs. The interfacial polarisation originates from
the interface between the soft and hard domains within the phase-separated PU, which
has a deeper activation energy and is not conducive to charge transport. As the degree of
phase separation increases, the content of interfacial charges grows increasing the
proportion of more deep traps and the insulation properties of PU3. The deeper reason
for this phenomenon lies in the inconsistency of the energy levels of the molecular
orbitals between the urethane in the soft segment and the urethane in the hard segment.
There is an energy barrier of 0.1916 eV between the SS and the HS of phase-separated
PUs, which formed “walls” that hinders charge transportation along the PU chain,
thereby, enhancing insulation performance of the materials. In contrast, polyurethane
formed from longer polyol chains have a narrower forbidden band width. As a result, the
insulating properties of the material, such as PU4, are lower. The thermal and mechanical

properties of designed PUs are supplemented in Section 4.7.

The structure-activity relationships of phase-separated PUs were systematically
analysed, which play a significant role in instructing the preparation of high-performance
PU materials. Phase separated PUs with shorter polyols have better dielectric strength
are suitable for application on HV insulation. The insulating properties are improved
with the increase of phase separation degree. Furthermore, PU2 and PU3 with excellent
dielectric strength and mechanical properties are selected to verify their self-healing

performance under electrical damage.
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Chapter 5 Characterization and Evaluation of

Self-healing PU under Electrical Damage

5.1 Introduction

Chapter 5 characterizes the self-healing mechanisms of the designed PUs and
evaluates its self-healing performance under electrical damage. The self-healing
mechanism of PUs was investigated in terms of reversible hydrogen bonding network
and shape memory effect, as revealed in section 5.2 and section 5.3, separately. The self-
healing performance of screened PU samples for electrical damage was examined both
macroscopically and microscopically in section 5.4, with the recovery of electrical
properties investigated. The electrical damage was carried out using the general method
of electrical tree ageing, where samples containing needle plane electrode structures
were prepared for accelerated ageing experiments, allowing electrical tree branches to
grow in a relatively short period of time. The characterisation of the self-healing effect
consists of two aspects, the visual observation of internal defects in the material from
multiple scales and the measurement of the state of recovery of the insulating properties
of the material. Confirmation of the self-healing capability of the designed PU and the
elucidation of its repair principles is a key part of the development of smart materials for

the next generation electrical insulation.

5.2 Reversibility of Hydrogen Bonding Networks

The hydrogen-bonded structure of the designed PUs was confirmed by deconvolution
FTIR in section 4.2, while the reversibility of this hydrogen-bonded structure, the two
states of opening and reconfiguration at different temperatures, needs to be further
investigated in this section. /n situ FTIR spectroscopy is the usual methodology for
investigating the status of hydrogen bonding at various temperatures [187, 188]. Two
thermal cycles were conducted in PU2 and PU3, where FTIR is measured every 10 °C
in the heating process. Based on the previous study on PU’s FTIR spectroscopy, the
carbonyl region from 1780 to 1640 cm™! was mainly demonstrated, as shown in Figure

5-1. The maximum absorbances of each curve were normalized to 1. The content of
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hydrogen bonding carbonyl of PU2 decreases when the temperature was above 50 °C,
and the hydrogen bonding crosslinking for PU network is weakened. The content of
hydrogen bonding carbonyl of PU2 returns to the initial level when the temperature is
reduced to 30 °C. The hydrogen bonding crosslinking network of PU2 shows excellent
reversibility in two thermal cycles from 30-70 °C, while for PU3, the re-crosslinking of

hydrogen bonds can only occur above 100 °C.
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Figure 5-1: In situ FTIR results at 30-70 °C for PU2 (a), and 30-110 °C for PU3 (b), with a heating rate of 5 °C/min
and a hold time of 10 min per point. The trajectory in heating and cooling is indicated by the red and blue arrows,

respectively.

5.3 Shape Memory Effects Evaluated by Conformational Entropy

Shape recovery in shape memory PUs is driven by the recuperation of conformational
entropy following deformation, which can be fundamentally described in terms of
thermodynamics and statistical mechanics [90]. A single dynamic mechanical analysis
(DMA) experiment allows us to quantify the shape memory effect in terms of stored and
released energy densities and their relationship with the shape memory efficiency [89].
The test was performed for tensile tests (Q800 TA Instrument) of PU samples at a heating
rate of 2 °C/min from -50 °C to 100 °C. The DMA output of PU2 and PU3 is illustrated
in Figure 5-2. As the temperature increases from -60 to 110 °C, PU softens while it
transitions through the glassy, glass transition, and rubbery plateau regions of
viscoelasticity. The glass transition temperature (7g) of PU2 and PU3 is 15.4 °C and
42.2 °C, respectively. It is worth noting that the 7 obtained by DMA and DSC will differ
slightly due to the different test principles.
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Figure 5-2: DMA results of PU2 and PU3. (a and b) The storage modulus (E’) and loss factor (tan 6) of PU2 and PU3
plotted as a function of temperature. (c and d) The stress (¢) and strain (¢) of PU2 and PU3 plotted as a function of
temperature as obtained by DMA.

The strain (¢) increases at the onset of the glass transition and subsequently decreases
as temperature increases. The length increase is considered as a result of the molecular
architecture and viscoelastic changes of a polymer, while the length retraction is
attributed to conformational entropy and the shape memory effect. According to the
thermodynamics of molecular networks and the theory of rubber elasticity, the chain
order increases, resulting in a decrease of the conformational entropy expressed per
volume (AS , kJ/m?) as [189]:

2

As=—LR 2 23
2M . a

J

(5.1)

Where a is the extension ratio L/Lo, p is density, R is the gas constant, and M is the
molecular weight between crosslinks/entanglements. In stretching, the decrease in
entropy also generates an associated retraction force, and the resulting retraction stress

(o, ) can be expressed as:
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(24 ——2] (52)

Where T is temperature. As will be seen, equation (5.1) and (5.2) were utilized to

determine stored entropy (AS| ) and stress at the maximum strain (o, ) respectively

during a DMA experiment, ultimately leading to quantitative assessments of shape

memory effect.

The quantitative correlation between emax values and o, as a function of the
crosslink/entanglement density (Vj=p/ Mj) and tandmax was indicated in Figure 5-3 [190].
This relationship correlates the stored energy to strain at maximum and stress values.
Hence, linear relationships were obtained as:

£ = 5579120 Onas

max ll’l(p/Mj) (53)
O-gmax =0.005 16(tan o )(p / M./_)OA6613

max

AS | is expected to be proportional to the product of the maximum strain (€max), and

stress at maximum strain (o, ) and is expressed as:

AS. =52819x¢_ xo (5.4)

£max

In order for a polymer to exhibit high efficiency shape memory effect, the AS, must
be high, which means the émax and o,  should have the highest values. Stored entropic
energy density allows quantitative assessments of the shape-memory effect and can be
utilized in any material that exhibits a glass-transition temperature and a rubbery plateau.
In this research, the calculated stored entropic energy density of PU2 and PU3 is 41.13

and 14.18 kJ/m?, separately, thus indicating that PU2 has more efficient shape memory
capability in the rubbery plateau region.
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Figure 5-3: Quantitative correlation of the €max, Gzmax, ASs values with the crosslink/entanglement density v; and

tandmax of thermoplastic and thermosetting polymers [190].

5.4 Self-healing Performance of PUs under Electrical Damage

Insulation degradation, especially electrical dendrite damage, has always been the
biggest problem with polymeric insulation materials in applications. Inevitably, there are
weak points in the manufacture of polymeric dielectrics which become electrical stress
concentrations during long term operation and cause electrical treeing ageing. The
defects are often internal to the material and are difficult to detect. The ability of
equipment to maintain adequate overall insulation performance for a period despite the
presence of these local defects can conceal their presence before they lead to irreversible
failure and economic loss. There are several ways to detect defects in the material, such
as partial discharge testing and it is possible to detect defects in the material that occur
during the preparation process or during operation, including the detection of defects
such as electrical treeing. However, this method of testing can only determine whether
the material or equipment meets the factory requirements or is suitable for further use. If
it is confirmed that the equipment has serious latent defects and is no longer fit for use,

it can only be scrapped, resulting in a huge waste of resources and economic loss.

In the previous two sections, the reversible hydrogen bond network and excellent
shape memory capabilities of PU2 were confirmed, which are expected to provide the
ability to repair internal micro-defects in the material. In this section, the self-healing
performance of PU2 has been characterized, including the recovery of insulation
properties and the repair of damaged channels through the deliberate introduction of

electrical damage.
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5.4.1 Construction of Electrical Damage Initiation and In-situ Observation Platform

An in situ electrical ageing observation platform was established to monitor the ageing
and healing process in real time, as indicated in Figure 5-4 (a). The HV AC power supply
consists of a Trek power amplifier with a signal generator that can generate sine, square
and pulse waves up to 50 kV as requested, while an oscilloscope is used to monitor the
output waveform. An optical microscope (Nikon DS-Ri2) connected to a computer is
used to display of real time images showing the growth or repair process of the electric
tree. The sample platform contains two parts, a test electrode as shown in Figure 5-4 (b),
and a petri dish filled with silicone oil. The test electrodes are placed integrally in the
petri dish, which is made of plastic to provide support and electrical insulation for the
electrodes, while the silicone oil is effective in preventing partial discharges that may
occur at the high-voltage connection points. A needle-plane electrode system was used
to initiate electrical trees and the distance between electrodes was 3 mm. Self-healing
PU samples are treated using the cold nesting method, whereby the assembled electrodes
were encapsulated by an epoxy resin that generates only a small amount of heat during
the curing process. The reason for using this method is that silicone oil may penetrate
inside the sample through the pinholes in the sample and thus affect the healing process.
In addition, the epoxy resin housing is a good safeguard against the position of the needle
electrode being shifted, thus destroying the consistency of subsequent continuous
measurements. A flexible heating film is placed underneath the Petri dish to provide the

sample with a moderate thermal stimulus to trigger the self-healing process.

Microscope Signal generator
(@) ; . Oscilloscope (b)
Temperature Needle electrode 3 mm
controller Conductive SiR, S
HV introduc PU sample
Power amplifier \
_

Outer, High transparent
epoxy resin

Sample platform

Figure 5-4: (a) In-situ observation platform of electrical damage. (b) Testing electrode for initiating electrical tree.

An AC voltage of 15 kV/50 Hz was applied to the needle electrode and an area of
dendritic damage was formed within approximately 30 minutes. The voltage was then
withdrawn so that the defect no longer developed and self-repair of the electrical

dendritic damage in the PU began to be achieved. The healing temperature was set to
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50 °C for about two days, depending on the reconstitution temperature of the hydrogen
bonding network in the section 5.2. Throughout the ageing and repair process, the same
PU samples were removed at specific time points without further thermal treatment for
tests such as partial discharge and 3D-CT, which are described in detail in the

corresponding sections.

5.4.2 Repair of Dendritic Damage

Figure 5-5 shows the optical images of electrical tree development taken from the self-
healing PU2 samples at different aging or healing stages. After the voltage had been
applied for 30 minutes, the electrical damage developed into a dendritic defect with about
250 x 250 pm area. The hollow channels caused by continuous partial discharge is the
most common type of electrical damage, the continued development of which inevitably
leads to a complete breakdown of the insulation properties of the material. Fortunately,
the developed PU2 exhibited the expected capability to self-healing under electrical
damage. Within 30 min after voltage withdrawal, it can be obviously observed from the
2D image as obtained by optical microscope that the terminal dendritic channels of PU2
was closed at room temperature due to the shape memory effect. The shape memory
effect of PU stems from the ability of its soft segments to maintain deformation-induced
segment orientation by vitrification transition, i.e., to recover their original shape after
deformation [191, 192]. Therefore, for slight damage of PU2, such as the ends of
discharge channels or small branches of electric trees, it can be completely or mostly
healed within a short time (30 min) without any external thermal stimulation. Treatment
at elevated temperatures is required to promote re-formation of the reversible hydrogen
bond network for healing major dendritic channels. There are only a few main branches
in PU2 observed by optical microscope after 24 hours of heating healing at 50 °C. After
48 hours, the healing of PU2 has reached its limits. Most of the hollow channels of PU2
were healed. Some scattered black material is visible and is thought to be carbon deposits
from the discharge, dispersed in the polymer matrix after the discharge channels have
been repaired. In contrast, the PU3 does not demonstrate the self-healing function, as
shown in Figure 5-6. The critical factor in the difference in self-healing capability is that
there are different degrees of phase separation between PU2 and PU3. The DMA results
show that the softening temperatures (about 70 °C) of PU2 and PU3 are close, while the
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repair temperature must be lower than the softening temperature of the material. The
continuous phase of PU2 is soft domains and the hydrogen bonding between the hard
and soft segments undergoes re-crosslinking at a heat treatment of 50 °C, while the HS
do not undergo a phase change at this temperature, maintaining the overall shape and
strength of the material to some extent. In comparison, the continuous phase of PU3 is
hard domains which requires a temperature above 100 °C to reconfigure the molecular
network, at which point the phase change in the hard domain results in the overall
strength of the material not being maintained. Self-healing materials require that a part
of the frame structure within the material remains unchanged when a part of the
material's structure is reconfigured. Therefore, PU3 is not suitable as a self-healing

dielectric material.

Initial Aging 15 min Aging 30 min .

50 um

'Healing 48 h
at 50°C ’

Figure 5-5: 2D optical images were taken from the self-healing PU2 samples at different aging/healing stages.
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Figure 5-6: PU3 cannot achieve self-healing of electrical damage.

Besides the optical microscope being used to observe the development of electric trees,
The 3D topographic features of the electrical tree channel before and after healing were
measured using a 3D X-ray micro-CT (3D-CT, Xradia micro-XCT-500, Carl Zeiss XRM,
Germany) to complement those details missed by the 2D images as well as for a
quantitative analysis of channel healing efficiency. Samples were mounted on the holder
with an aluminium tube as the adapter and rotated horizontally, pausing at discrete angles
to collect 2D projection images, which were then combined to produce a 3D
reconstruction of the sample’s volume dataset. The 3D morphological feature of PU2
was characterized by 3D-CT with a voxel of 0.6 um. Figure 5-7 (a) and (b) are PU2
samples after aging for 30 min and healing for 48 hours, which is consistent with the
samples observed by optical microscope in Figure 5-5. The imaging principle of 3D-CT
is that X-rays have different transmittance for materials of different densities, so the
inspection method is very sensitive to hollow channels in the material and ignores carbon
deposits within the material. The 3D-CT results confirmed that the dendritic hollow
channels of PU2 were completely healed, with a good enough self-healing efficiency of
99 % in terms of the defect volume. The self-healing efficiency was defined as the ratio
of the volume of the repaired non-hollow region to the initial volume. Figure 5-8 is
supplemented with scanning electron microscope (SEM, Hitachi SU8010) images of
these channels before and after healing. There are two SEM images as obtained from
two different aged and healed samples since the sample preparation for cross-sectional
SEM is destructive. The SEM images of the cross-sections of the samples reflect that the

holes and channels around the damaged region in PU2 are refilled after heat-healing. The
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ability of PU2 to cure dendritic channels or defects created by the discharge was

confirmed by various microscopic images.

() 100 ym . g (b) 100 pm

Figure 5-7: The 3D reconstruction image of electrical damage in PU2 by 3D-CT at the aging (a) and healing stages
(b).

Figure 5-8: SEM images of before and after self-healing of PU2.

5.4.3 Restoration of Insulating Properties Evaluated by Partial Discharge

Although in the previous section it was demonstrated that PU2 is up to 99% efficient
in repairing its electrically damaged channels, it is important to verify that these newly
repaired areas have comparable insulating performance to the initial material. A
meaningful self-healing material cannot only include wound closure, it must also satisfy
performance recovery. However, some general methods for testing macroscopic
electrical properties, such as leakage currents, may not be suitable for detecting internal
micro-defects in the material. When the size of the defect is not large enough, the defect
does not cause a change in the macroscopic insulation characteristics within a short

period of time. Partial discharge (PD) testing is widely used to examine the reliability of
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insulated equipment and to determine defects or air gaps within the equipment. PD in
polymers is thought to be a major origin of electrical damage, and the size of the dendritic
damage is positively correlated with the maximum apparent discharge magnitude (Om)
[18]. Consequently, the insulation performance of PU samples at different stages of the
self-healing and ageing process is well suited to be assessed by measuring the magnitude
of the PD. A multi-channel digital PD analyser (TWPD-2E, Baoding Tianwei, China)
was used to detect the maximum apparent discharge amplitude (Om) under an applied
voltage of 3 kV at different stages of tree formation and healing to characterize the degree
of electrical aging. The error bars represent the maximum and minimum of these sample
Omvalues in each PD test. The following PD test is performed at a voltage of only 3 kV/
50 Hz and the test time is short. It is therefore considered a non-destructive test and does
not further extend the electrical damage of the sample in every PD test. Meanwhile, the
same needle-plate electrodes were retained in order to compare partial discharge data for
PU samples at different stages of the aging-healing process. PD tests were carried out at
six different stages, initial state, ageing for 15 min, ageing for 30 min, stopping ageing,
self-healing for 24 h, self-healing for 48 h. The time points of the sample measured were
chosen to coincide with the PU samples shown in Figure 5-5 and Figure 5-6, where
changes in performance were successfully matched to the morphology of the damaged
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Figure 5-9: Insulation properties recovery of self-healing PU. The maximum apparent discharge magnitude (QOm) of
the PU2 and PU3 that was electrically aged for 30 min and then heated to heal for 48 hours, where Om value and the

max-min error bars were measured in the PD tests.
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Figure 5-9 visually shows the self-healing capability of PU2 against electrical damage,
where the value of maximum apparent discharge magnitude (Om) of the PU2 and PU3 at
different stages is indicated in Table 5-1. With the increase of aging time, the Om of PU2
and PU3 also continue to rise, which corresponds to the expansion of the volume of
dendritic channels, while the Om (472.1 pC) of PU3 is lower than that of PU2 (974.34
pC) due to PU3’s more robust insulation properties. In the shape memory region, when
the applied voltage is removed, the insulation strength of PU2 increases and the Om of
PU2 decreases to the same level as that of PU3. After 24 hours of heat treatment, the
healing effect of PU2 became increasingly evident, with the Om dropping sharply to
around 20 pC, close to the level of the initial sample. On the contrary, the Om of PU3 has
remained high due to the presence of damage channels. After 48h of self-healing, the Om
of the PU2 was close to zero, which attests the complete recovery of the insulation
properties of PU2. The series of experiments confirmed the efficient self-healing
capability of PU2, including the repair of damaged structures and the recovery of
insulation performance. PU2 is considered as a successful self-healing insulating
material because it retains excellent self-healing capabilities for electrical damage while

providing robust dielectric strength.

Table 5-1: The maximum apparent discharge magnitude (Om) of the PU2 and PU3 at different stages

Maximum apparent discharge amplitude (Om) + error (pC)

Stage
PU2 PU3
Initial 0 0
Ageing 15 min 800.14+16.8 472.1+243
Ageing 30 min 974.37+42.04 739.63 +34.38
Shape memory 773.48+12.4 745.2+36
Healing 24 h 23.625+0.775 768.7+32
Healing 48 h 7.8275+0.95 730.5+32.6

5.5 Self-Healing Mechanism of PU
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So far, we have a clear and comprehensive understanding of the self-healing behaviour
of PUs to electrical damage. When the discharge channel is generated, the terminal
microcracks will actively close due to the shape memory effect driven by high
conformation entropy from the phase separation structure of PU2, preventing further
deterioration of electrical properties. Re-formation of hydrogen bonding networks occurs
under an external stimulus of 50 °C to achieve complete healing of electrical damaged
area, while restoring its electrical properties. Figure 5-10 exhibits the self-healing
mechanism in PUs. For PU3, the HS domain has become a continuous phase at 55% HS,
which severely restricts the flow of SS. A temperature of up to 100 °C for hydrogen bond
recombination is higher that the softening point temperature of PU3, which means that

the material is unable to maintain its structural strength at the healing temperature.

Hydrogen Bond Crosslinking Point
between Hard and Soft Segments

Soft Segments

Micro-damage

\

Figure 5-10: Schematic of self-healing mechanisms in PUs utilizing hydrogen bonding networks and shape memory

effect.

5.6 Conclusions

In this chapter, A self-healing PU elastomer with robust dielectric strength utilizing
hydrogen bonding crosslinking networks with shape memory effect was characterized

and implemented.
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Section 5.2 verified the reversibility of the hydrogen bonding crosslinking networks
of PU2 by variable temperature FTIR. The hydrogen bonding crosslinking networks of
PU2 are weakened when the temperature is above 50 °C, and the content of hydrogen
bonding carbonyl returns to the initial level when the temperature is reduced to 30 °C. In
contrast, the reconfiguration of the hydrogen bonding network of PU3 appears above
100 °C. The calculation results from DMA show that PU2 has higher conformational
entropy compared to that of PU3, as revealed in section 5.3. Stored entropic energy
density allows quantitative assessments of the shape-memory effect. PUs with higher
conformational entropy exhibits more efficient shape memory effects at plateaus above
the glass transition temperature, which can have a positive effect on self-healing. The
DMA results also demonstrate the softening point temperature of 77.6 °C and 79.5 °C
for PU2 and PU3 respectively, meaning that PU2 retains this ability to reconfigure the

hydrogen bonding network at 50 °C but maintains its overall strength.

The efficient self-healing capability under electrical damage of PU2, including the
repair of damaged structures and the recovery of insulation performance, was confirmed
in section 5.4. An in situ electrical ageing observation platform was established to
monitor the ageing and healing process in real time. Self-healing PU samples were
processed using the cold nesting method to prevent external disturbances during long-
term ageing and healing. Observations from optical microscope and 3D-CT show that
PU2 can fully heal the electrical damaged area at 50 °C while restoring its insulating
performance. A comprehensive characterisation of the effective healing, with a healing
efficiency of 99%, of dendritic discharge channels by PU2 under moderate thermal
stimulation was obtained from 2D optical micrographs, 3D computed micro-X-ray
tomography and cross-sectional SEM images. Additionally, the insulating performance
evaluated in terms of the maximum discharge amplitude (Om) of the partial discharge
within the material also confirms that the Om of PU2 can drop back to its initial level

after the damaged channels were healed.

Section 5.5 summarized the self-healing mechanism of PU2. The efficient self-healing
capability of PU2 is attributed to its shape memory effect driven by high conformational
entropy and the reversibility of hydrogen bonds.
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An efficient self-healing PU material with robust dielectric strength has been
successfully designed and validated. In the next chapter, self-adaptive function will be

organically integrated into this self-healing PU matrix.
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Chapter 6 GO/PU Nanocomposites with
Simultaneous Self-healable and Self-

Adapting Dielectric Behaviours

6.1 Introduction

In chapter 6, A grafted GO/PU nanocomposite with simultaneous self-healable and
self-adapting electrical and dielectric behaviour was designed and implemented. In
section 6.2, a “bottom-up” synthesis strategy is applied by grafting methylene diphenyl
diisocyanate (MDI) to the hydroxyl group on the sides of GO, followed by further
polymerization of the polyols and diols with the isocyanate on the graft chain to obtain
a reversible hydrogen-bonded polyurethane network with GO as the backbone. The
chemical composition and morphological features of the material during synthesis are
characterised accordingly. The nonlinear conductivity and dielectric properties of
prepared GO/PU nanocomposites are investigated in section 6.3. The grafted GO/PU
nanocomposites with 5 vol. % GO exhibit outstanding nonlinear conductivity and
dielectric properties to meet the requirements of self-adaptive function for resistive or
capacitive field grading. The interfacial interaction between the oxide layer on the GO
surface and the matrix is essential for the construction of efficient conductive pathways.
Hence, the interfacial transport behaviour from nanoscale to macroscale is studied in the
section 6.3 by the combined EFM (electrostatic force microscopy) and KPFM (Kelvin
probe force microscopy) techniques. Finally, the repeatable self-healing capabilities is
confirmed in section 6.5, involving the recovery of its novel nonlinear electrical
properties and structural restoration. due to the photothermal effect of GO, the repair
pathways of the composites are extended to include moderate thermal stimulation and
near-infrared (NIR) light stimulation. This is the first organic integration of electrical
and dielectric self-adaptive and self-healing functions into an electrically insulating

material.
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6.2 Design and Preparation of Grafted GO/PU Nanocomposites

In this section, the precise design and synthesis of the target material is carried out
from three aspects: theoretical analysis, preparation methods and characterisation of the

underlying physicochemical properties.

6.2.1 Design of PU Grafted GO based on First Principle

The surface of the monolayer GO sheets prepared by the Hummers method contains
a large number of oxygen-containing functional groups produced by the action of strong
oxidizing agents [149]. The interface between the oxidized state of the GO surface and
the polymer matrix constitutes an energy barrier preventing the effective transport of
electrons along the GO network, even though the loading concentration of GO is
sufficient to construct a percolation structure formed by physical connection [134]. To
understand the electronic structure of PU grafted GO molecules and their potential
impact on electrical properties, a repeating unit of PU grafted GO, including typical PU
chains composed of hard segment (HS) and soft segment (SS), and GO sheet connected
to PU via carbamate bond, was constructed in a density functional theory (DFT) model.
As shown in Figure 6-1 (b), the electrostatic potential distribution of PU grafted GO
demonstrates that the oxygen defect in the surface of GO has a predominant positive
electrostatic potential region which is prone to form a hole trap to attract negative charge
carriers [ 193], while the grafted urethane group on the GO surface is located in negative
electrostatic potential regions. A clearer result is reflected from the extracted total density
of states (TDOS) of all molecular orbitals and the partial DOS (PDOS) of different
molecular fragments, as presented in Figure 6-1 (b). The energy levels of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the entire unit are -3.72 eV and -3.54 eV from the contribution of graphene
molecules. The oxygen defect of GO has only one unoccupied orbital. The energy gap
between its orbital energy level and that of LUMO is 4.72 eV, while for the urethane
group grafted with GO the energy gap between its most adjacent orbital and that of
HOMO decreases to 2.22 eV. Its band gap is slightly higher than that of SS fragment and
lower than that of HS fragment. In solid band theory, HOMO and LUMO are considered

to be the energy levels most likely to be excited by heat or electric field to form
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conduction currents across the bandgap barrier [186]. The oxide layer on the untreated
GO surface has a high interfacial barrier, thus, hindering the formation of efficient
conductive pathways. After grafting, the interface barrier between GO and PU chains
chemically connected by carbamate groups decreases significantly. Hence, we can infer
that the grafting method can effectively regulate the interfacial state between GO and PU

to obtain an excellent nonlinear electrical and dielectric response.
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Figure 6-1: Quantum chemical calculations of grafted GO/PU nanocomposites. (a) The electrostatic potential
mapping on the molecular surface of the repetitive unit obtained by quantum chemical calculations with a typical PU
grafted GO fragment optimized in the minimum energy configuration. Red and blue colours represent positive and
negative potentials, respectively. (b) Electron density distribution of the optimized molecular structure of PU/GO

repeating units, including the total density of state (TDOS) and partial molecular fragments DOS.
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6.2.2 Preparation of PU/GO Nanocomposites

In the schematic shown in Figure 6-2, monolayer GO nanosheets terminated with
isocyanate groups are formed by the grafting reaction of hydroxyl groups with isocyanate
group of MDI, followed by further polymerization of polyol to obtain a PU crosslinked
molecular network with GO as the backbone. The first step requires the synthesis of
isocyanate-grafted GO nanosheets. Graphene oxide (GO, obtained from Ashine) powder
was firstly fed into dimethylformamide (DMF, anhydrous, obtained from Sigma-Aldrich)
solution. The mixture was then stirred (2 hours) and ultrasonically dispersed (1 hours) to
ensure that a well dispersed colloid was obtained, in which the GO nanosheets was
effectively dispersed and unfolded. The GO dispersion was injected into a four-necked
round-bottom flask (Figure 3-2 b) equipped with an anchor propeller stirrer, a funnel and
a nitrogen inlet in an oil bath heated to 70 °C, followed by a slow addition of 4,4’-
methylene diphenyl diisocyanate (MDI, obtained from Covestro) during the stirring
process. The isocyanate-grafted GO dispersions (IGO) were produced after stirring

under nitrogen atmosphere for 3 hours.

GO powder GO grafted MDI

GO/DMF
dispersion
O\

Hydrogen
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\
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Figure 6-2: Schematic illustration shows the grafting reaction between GO and diisocyanate, where the GO surface
reacts to produce MDI chain segments terminated with isocyanate groups, followed by further polymerization of

polyol to obtain a PU crosslinked molecular network with GO as the backbone.
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The previously designed PU2 is used as the self-healing polymeric matrix, referring
to the preparation as described in section 3.2. In parallel to the grafted GO/PU
nanocomposites to be synthesised, conventional blended GO/PU composites are also be
synthesised for control experiments. For the solution blended GO/PU nanocomposites,
the PU matrix was firstly dissolved by adding DMF solution. Then, A quantitative
amount of GO/DMF dispersion was added to the prepared DMF/PU solution and further
stirred for 1 hour and ultrasonically dispersed for 30 min to get a well-dispersed mixed
solution. With grafted GO/PU nanocomposites, the polymerization reaction commences
with the isocyanate-grafted GO nanosheets. The same equivalents of MDI as for the
blending were used for the GO grafting reaction, followed by the addition of the
corresponding equivalent of PPG to the flask and stirring at 400 rpm for 2 hours at 70 °C.
Immediately afterwards BDO was added dropwise to complete the chain extension
reaction. Finally, same evaporation conditions and the sample hot-pressing techniques,
as same as section 3.2, were applied to that grafted GO/PU solution and blended GO/PU
solution to obtain thin film samples. A series of GO/PU nanocomposites doped with
different volume fractions GO were prepared by solution blending and grafting,
respectively. The PU matrix for both grafted and blended composites used same
synthetic formulation of PU2 and the same amount of GO doping, where the GO doping
is expressed as a volume fraction. For example, GGO 5 and BGO 5 refer to GO/PU
nanocomposites doped by 5% volume fraction synthesized by grafting or solution
blending, respectively. In this chapter, a series of GO/PU nanocomposites with different
GO concentration and synthesis methods are prepared, such as GGO 0.25, GGO 1,
GGO_5,BGO _0.25,BGO 1, and BGO 5.

The ordered evolution of the chemical composition of the material during the synthesis

and the unfolding state of GO are determined in the next section.

6.2.3 Basic characterisation of PU/GO Nanocomposites

The first step in the synthesis of the desired composite is that it is necessary to
demonstrate that the grafting reaction has been successfully carried out. The urethane
generated by the reaction of the isocyanate with the hydroxyl group is a characteristic
group in the FTIR spectrum to identify that the grafting reaction has produce the required

product. However, as the final product GO/PU composites contain a large amount of
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carbamate, isocyanate-grafted GO (IGO) as an intermediate product becomes critical in
determining the success of the grafting reaction. As indicated in Figure 6-3, GO exhibits
a distinct hydroxyl vibrational region from 3650 cm to 2950 cm™. After the grafting
reaction of GO with MDI, the content of isocyanate at 2260 cm™ decreased, while the
sample newly generated carbamate group with two characteristic regions, -NH at 3300
cm! and -C=0 at 1700 cm’!, proving that the isocyanate was effectively grafted onto GO
nanosheets. There were not obvious difference of the blended/grafted GO/PU
nanocomposites and pure PU in the FTIR spectrum. All three had significant convolution
peaks of hydrogen-bonded carbonyl groups at 1705 cm™’. The chemical composition of
GO/PU nanocomposites is very similar to that of pure PU, both forming a distinct
hydrogen bonding network, which facilitates the efficient self-healing capability of PU2

to be maintained in the composite.
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Figure 6-3: FTIR spectra of GO/PU nanocomposites during synthesis.

Another essential point is that the unfolded state of the GO nanosheets needs to prove
identical in both grafted and hybrid GO/PU composites. In theory, GO is supposed to be
a two-dimensional material that is fully extended in the polymer for optimum
performance. However, in practice, GO easily forms collapses, folds, and other
morphological changes within polymers due to its softness, ultra-high specific surface

area, and the intermolecular forces. This multi-folded morphology is seen as a structural
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defect in GO [194]. Although the same dispersion method was used for the mixed and
grafted composites, it still needs to be verified experimentally whether the two
composites have the same unfolding state. The same drop coating and heat treatment
methods as in section 3.3.3 were employed to fabricate the ultra-thin film samples for
AFM observation. The unfolding states of GO nanosheets in grafted and blended
nanocomposites is shown in Figure 6-4. Due to the special characteristics of 2D materials,
the morphology of GO in 3D matrix cannot be directly observed by conventional
methods. Therefore, by using the same ultra-thin film preparation techniques, AFM can
reflect the unfolding state of GO in grafted and blended GO/PU to some extent. It can be
assumed that GO is well dispersed and unfolded under this preparation technique if no
obvious folding, wrinkling, and agglomeration of GO sheets are observed in the AFM
images. It is clear that the GOs of the grafted and blended materials possess similar areas
of unfolding in the AFM graph. This section confirms that the nanoparticle dispersion
methods used are effective and that the GO dispersion states of the blended and grafted
GO/PU nanocomposites are similar, the only difference being the interfacial state

between the GO sheets and the PU matrix.
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Figure 6-4: The unfolding states of GO nanosheets in grafted (a) and blended (b) composites obtained by AFM,

respectively.

6.3 Nonlinear Electrical and Dielectric Behaviour of GO/PU

Nanocomposites

Nonlinear electrical and dielectric behaviour is critical to achieve self-adaptive

function for resistive or capacitive field grading. This section examines detailed
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characteristics of grafted and blended samples and compares the differences between the

two.

6.3.1 Nonlinear Electrical Behaviour

Same conductivity testing system as described in section 3.3.6 was used for measuring
the nonlinear electrical conductivity of GO/PU nanocomposites. The measurements were
performed on the samples with a thickness of 200 um and with 0.5-15 kV/mm DC

electric field applied. The interval of electric field for each measurement was 0.5 kV/mm.

The measurement result of the nonlinear current characteristics of GGO_5 is shown
in Figure 6-5. When the field strength exceeds 2kV/mm, the current growth rate of
GGO_5 slows down significantly and gradually approaches the saturation current. When
the applied field strength is high enough to help the charge to overcome the interfacial
barrier between the GO nanosheets, the conduction current of GO/PU nanocomposites
reaches saturation. The field strength-current measurements of GGO_5 at 0-3 kV/mm
are sufficient to describe the nonlinear current characteristics of the material, so the

current response of the material at more than 3kV/mm will not be further measured.
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Figure 6-5: Nonlinear current properties of GGO_S.
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Figure 6-6 (a) shows the curves of the current density (J) of the composites as a
function of electrical field strength (£). When the concentration of GO is below the
percolation threshold [134], the composites do not exhibit nonlinear conductivity
characteristics and the conductivity is lower than that of pure PU, which may be related
to the “deep trap” effect introduced by GO. Both BGO 5 and GGO 5 display significant
nonlinear conductivity characteristics. E» and nonlinear coefficient o are the most
important parameters for GO/PU nanocomposites’ nonlinear performance. Eb is defined
as the switching above which the material begins to show a rapidly changing
conductivity or permittivity. In terms of the nonlinear coefficient a, it is the slope of J(E)
curve (in logarithmic coordinate) and reflects the degree of effect of electric field on
material parameters. Compared with the nonlinear electrical behaviour of BGO 5, the
saturation current of GGO 5 increased by 2000% from 3.1E-10 A/cm? to 6.3E-9 A/cm?,
the nonlinear coefficient (o) improved by 200% from 2.3 to 4.7, and the switch field
decreased from 8.5 kV/mm to 0.7 kV/mm. The nonlinear electrical properties of grafted
GO/PU nanocomposites are much better than those of blended nanocomposites.
Theoretically, the saturation current of composites is determined by the percolation
channels constructed by GO, but the nonlinear conductivity response depends on the
oxidation state of GO and its interfacial state with the matrix. The J(E) characteristics of
the composites at different temperatures are reflected in Figure 6-6 (b). Increasing
temperature can effectively increase the probability of the carriers to hop over a certain
height of the potential barrier. Since the current increase of pure PU under the same
thermal stimulation is not distinct, it can be confirmed that the on-state current measured
of BGO_5 45 °C is contributed by the percolation pathways established by GO.
Consequently, the interfacial state between GO and polymer matrix plays a critical role
in the nonlinear electrical performance of the composites under similar construction of

the percolation channels.
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Figure 6-6: (a) Nonlinear current density J (versus electrical field, £) characteristics of GO/PU nanocomposites with
different concentrations of GO prepared by solution blending or grafting. (b) J(E) characteristics of blending 5

vol. % GO/PU and pure PU with increasing temperature.

6.3.2 Nonlinear Dielectric Behaviour

A vertically biased electric field was incorporated into the Novocontrol DRS
measurement system described in Section 3.3.7 to investigate the non-linear dielectric
response of the composite material under electric field induction. The measurements
were carried out at three temperature points of 0, 25, and 50 °C with the frequency from
1 Hz to 10* Hz, while a bias voltage from 0 to 1 kV was applied at each measurement to
reflect the nonlinear response of the materials. The thickness of the measured sample is

200 pm and the diameter of the measuring electrode is 2 cm.

GGO 5 exhibits nonlinear dielectric response at various temperatures that can be
applied for capacitive field grading, as shown in Figure 6-7 (a) and (b). The dielectric
constant of pure PU is generally higher than that of the blended composites and lower
than that of the grafted composites. The interfacial interaction formed by the grafting
method is helpful in enhancing the polarization ability of the composites, while blending
GO will limit the polarization behaviour of the composites. Capacitive field grading is
also based on the nonlinear permittivity properties of the material. When the applied field
strength exceeds a certain threshold, the dielectric constant of the material undergoes a
surge. Thus, the field strength in that region of the material is suppressed. Figure 6-7
illustrate that both temperature and field strength are ways to bring a material to threshold.
At both low temperature, high field strength or high temperature, low field strength, the

material achieves a nonlinear surge in permittivity. GGO 5 provides a large increase in
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permittivity in the region of high field strength and low frequencies. The area of this
nonlinear permittivity region expands continuously with increasing temperature. In
contrast, there is no obvious nonlinear dielectric response of BGO 5 under low
temperature, especially in the temperature interval below the glass transition temperature
(Ty). In the high-temperature region, BGO 5 shows a high permittivity response in the
low-frequency and high-field region because the increased thermal energy increases the

probability of charge being successful in leaping over the interfacial barrier, which is

similar to its nonlinear electrical behaviours.
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6.4 Charge Transport at the GO/PU Interface

The previous section demonstrated that the different interfacial states of the GO and
PU matrices in the two materials are responsible for the large difference in electrical and
dielectric performance between the grafted and blended GO/PU nanocomposites. In this
section, the influence of the interfacial interaction of GO/PU on its charge transport
behaviour will be investigated in detail from the nanoscale to the macroscale. In order to
reveal the charge transport mechanism of GO/PU nanocomposites with nonlinear
electrical properties, 5% concentrations of blended and grafted GO/PU nanocomposites

were investigated in this section.
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6.4.1 Interfacial Charge Transport at the Nanoscale

The combined EFM (electrostatic force microscopy) and KPFM (Kelvin probe force
microscopy) techniques are widely used to construct nanoscale mapping of charge
transport properties on material surfaces by measuring electrostatic interactions between
AFM (atomic force microscopy) tip and the sample [195], [196]. Instead of the previous
conventional AFM tests, in this combined EFM-KPFM test the sample requires to be as
thin as possible to prevent the stacking of multiple layers of GO and then, the substrate
must be conductive in order to ground one side of the sample. A 5 mg/mL sample
solution was spin-coated onto a highly conductive gold-plated wafer on a spin-coater
(Setcas KWA4E) at 3000 rpm/s to obtain an ultra-thin film with a thickness of about 10
nm for EFM and KPFM measurements. The obtained GO/PU film is shown in Figure
6-8 (a). The bright speckles in a wide range of height images (Figure 6-8 b), the “bumps”
of the surface, are generally identified as GO nanosheets. The corresponding dark areas

are considered as the polymer matrix.
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Figure 6-8: (a) Spin coating GO/PU film on conductive gold-plated wafer. (b) AFM height image of GO/PU

nanocomposites at 5 X 5 pm size.

Two similar tested zones in BGO and GGO with adjacent GO sheets separated by
about 200 nm were positioned respectively and scanned in a 2 x 2 pm region for height
images, as indicated in Figure 6-9 (a-1,) (b-1). The initial surface potential distribution
of the samples under the grounded surface is not visibly affected by its irregular
morphology, as can be confirmed in Figure 6-9 (a-2) (b-2). Charge was injected into a
highly conductive region of 200 x 200 nm on the one of GO sheet by applying a DC
voltage of 10 V to AFM probe in contact mode. Subsequently, the voltage on the probe
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was withdraw and switched to the tapping mode of KPFM to scan a wider range of
surface potentials. The probe was scanned continuously at an average rate of 5 min for
one potential mapping until the charge distribution tends to stabilize. The effect of the
interface on charge transportation is investigated by observing the spontaneous migration
and diffusion of charge. Since the scan time of a potential image is 5 min, Figure 6-9 (a-
3) (b-3) are regarded as the initial surface charge distribution of the samples after charge
injection. After 60 min of charge migration and diffusion, there are utterly different
mapping of charge distribution for blended and grafted samples despite having the same
charge injection conditions, as exhibited in Figure 6-9 (a-4) (b-4). In the case of BGO 5,
the interface between the conductive graphene layer and the PU matrix appears to form
a “wall” that traps the injected charge on the individual GO sheet. Conversely, the
injected charge of GGO 5 crosses the interface between GO and matrix, while
transporting charge in the direction of the adjacent GO sheets. On the condition of same
test parameters, environment, and process, the interfacial charge transport behaviour of
the blended GO/PU and grafted GO/PU nanocomposite showed significant differences.
The charge transports from one GO sheet to another GO sheet in the GGO_5. However,
BGO 5 significantly hindered the charge transport between GO sheets. The
phenomenon is mainly attributed to the difference between interfacial barriers of the two
samples. The tailored interfacial barrier of the grafted GO/PU nanocomposites facilitate
charge transport between the adjacent GO sheets, the so-called percolation channels,

while the high energy barrier of the blend composites hinders the transporting process.
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Figure 6-9: Characterization of GO-PU interfacial effects at mesoscopic scales. Height image in 2 X 2 pm region of

GGO_5 (a-1) and BGO_S (b-1) obtained by AFM. Initial surface potential mapping without charge injection of
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GGO 5 (a-2) and BGO_5 (b-2) obtained by EFM-KPFM. (a-3,4) and (b-3,4) are the mapped charge distribution of

the composites at S min and 60 min after charge injection through the conductive probe.

6.4.2 Macroscopic Interfacial Effects

The mechanism of interface on charge transport is not only characterized at the
mesoscopic nanoscale, but also reflects the macroscopic interfacial effects in composites
through thermal stimulation depolarization current (TSDC) method. DSC measurements
were performed on the samples, and the results are shown in the Figure 6-10 to support

the TSDC analysis of the composites.
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Figure 6-10: DSC results and labelled glass transition temperatures (7g) of GO/PU nanocomposites.

The original TSDC curve and peaks fitted to two Gaussian functions are presented in
Figure 6-11 (a), (b), and (c). The relaxation peak located near the glass transition
temperature 7g is the a relaxation of the material. The second higher temperature peak is
generally considered to be a Maxwell-Wagner-Sillars (MWS) interfacial relaxation, with
the difference that the interfacial relaxation comes from the phase separation interface
for pure PU while it mainly originated from the interface between the GO and polymer
for composites. Each discrete current peak can again be described by the first order
kinetic equation of TSDC, in which case the corresponding activation energy and charge
density can be obtained from any three points on the peaks (equation 3.5). The
calculation results of the quantity of charge and activation energy corresponding to each
relaxation type are listed in each figure. There is not an obvious difference in the

activation energy of a relaxation in pure PU and its composites, which is related to the
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fact that the doping content of GO is only 5 vol. %. However, the doping of GO
introduced a large amount of interfacial charge to the composites, with ratio of charge as
high as 90%. At the same time, the energy level of interfacial relaxation is 1.08 eV for
the blended materials, while that of the grafted materials is only 0.87 eV, which is closer
to the energy level of a relaxation. Local states with deeper energy level are generally
considered to be detrimental to charge transport in dielectrics [185]. The TSDC results
are consistent with the macroscopic conductivity and KPFM results. By adjusting the
interfacial energy barriers, GGO_5 obtains a superior nonlinear electrical response than

that of BGO 5.

() (b) cocs ——— (€)oo=

0.0E+0

3.0E-10 | 20E9 |
-5.0E-11 - 3.08-10 E,=0.69 eV
Q,=123.24nC
1.0E-10 | -6.0E-10 |- -4.0E-9 -

E,=072eV— 7 14%
SO g,=38.52nC

-9.0E-10 |- GOES . -

TSDC (A)
TSDC (A)
TSDC (A)

Q nC

—GGO_5 98 0/0
— =arelaxation
— - lInterfacial relaxation (GO/PU)

2= nC
2.0E-10 | oeel o BoES L
— O BGO_S 90%
— =arelaxation — -arelaxation
28E10F . _ |nterfacial relaxation (SS/HS) 1589 L — - Interfacial relaxation (GO/PU) -1.0E-8 -
| . . ! \

. L L . L . L . L L . L . L L L
240 250 260 270 280 290 300 310 320 330 240 250 260 270 280 290 300 310 320 330 240 250 260 270 280 290 300 310 320 330
Temperature (K) Temperature (K) Temperature (K)

Figure 6-11: TSDC spectrum and peak fitting results of (a) pure PU, (b) BGO_S, and (¢) GGO_5, where the

calculated values of activation energy E and charge Q for each type of relaxation are listed.

The grafting method can autonomously pull down the energy level of the interfacial
barrier to make it closer to the energy level of the main chains. This interfacial
modulation approach has been shown to be an effective method for constructing efficient
percolation channels from three aspects: simulation, mesoscopic, and macroscopic,
thereby, achieving excellent nonlinear electrical and dielectric response of the grafted

GO/PU nanocomposites.

6.5 Organic Integration of Self-healing and Self-adaptive Functions

In this section, the grafted GO/PU nanocomposites will be applied to an electrode
structure with a typical distorted electric field for checking its self-adapting capability to
electric field. Also, the expected self-healing capability of the composites will be verified
under this structure, including the recovery of this novel electrical behaviours and the

repair of the structure.
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6.5.1 Self-Adapting Grafted GO/PU Nanocomposites Applied to Typical Distortion
Electric Field at Triple Junction

In order to intuitively characterize the reversible capability of the nonlinear electrical
behaviour of grafted GO/PU nanocomposites, meanwhile, simulating the potential
application scenarios as much as possible, an electrode structure is designed with triple
junction as shown in Figure 6-12. Triple junction, the interfacial junction between the
electrodes and two or more dielectrics, is considered to be the critical structure that
triggers the local field distortion, which is widely found in various electronics packaging
[135], or power transmission apparatus [ 136]. Two copper electrodes are pressed parallel
and tightly in the centre of the surface of a GGO_5 sample with a thickness of 1 mm,
with a spacing of 10 mm between the electrodes. The triple junction is located at the
junction of the electrodes, the air, and the sample, indicated in Figure 6-12. The external
loop of the electrodes corresponds to the conductivity measurement system described in
Figure 3-6. One electrode is connected to a high voltage power supply and the other
electrode is connected to an electrometer to record the output current. The entire
electrode system is placed in a thermostatic oven that is used to maintain the temperature
during current testing and to provide the thermal stimulation required for healing. As
shown on the right side of Figure 6-12, there are three stages in the self-healing test. In
the initial stage, the E-I properties of the system are measured under an applied voltage
of 0-4 kV. In the damage stage, the sample is cut by a knife to make a crack along the
middle of the electrodes. In the subsequent healed phase, the crack of the sample closes
after light or thermal stimulation, at which point the E-I properties of the sample are
measured again. The measurement results of this GGO_5 sample after multiple damage-

heal cycle are listed in the next section.
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(electrodes,
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Figure 6-12: Schematic diagram of the designed electrode structure with triple junction and the self-healing process,

in which two stimulation ways, thermal healing, and light irradiation, are carried out respectively.

A 3D axis-symmetric finite element model is set up to simulate the condition of the
designed electrode structure. The electric field distributions in different conditions are
discussed and the field grading effect of the nonlinear materials GGO_5 is illustrated.
This electrode model is set up in COMSOL Multiphysics. The two plane electrodes, with
a size of 10.0 mmx5 mmx0.055 mm (length, width and height), is put on the GO/PU
sample and the system is put on a PTFE platform. The distance between the two electrode
is 10 mm. The dimensions of the geometry constructed in the simulation model
correspond to the dimensions of the actual electrodes in Figure 6-12. The conductivity
of the plate electrodes and PTFE is set to 6.0x10” S/m and 2.8x1e’'? S/m, respectively.
In order to better compare the results of the calculations, the fineness of the meshing is

kept consistent.

The J-E curve of GGO 5 in Figure 6-6 (a) is the nonlinear conductivity data obtained
from experiments, which is set as the conductivity parameter of the nonlinear sample in
the simulation model. 1.75E-11 S/m is set as the conductivity parameter of the linear
sample, which is used for the comparison of electric field distributions under the

application of the model to the linear sample and the nonlinear material, respectively.
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The result of electric field distribution is shown in Figure 6-13 (a), when 3.0 DC kV
is applied to the left electrode and the electric potential of the other electrode is set as 0.
The triple junction produces significant electric field distortions with maximum field
strengths as high as 21.2 kV/mm in the case of applying the linear sample, as indicated
in Figure 6-13 (b). In contrast, the application of the nonlinear material successfully
reduces the maximum field strength at the triple junction to 4.4 kV/mm, with a
suppression rate of 79.2%. The nonlinear electrical properties of GGO_5 show
remarkable self-adaptive field grading capability, which effectively suppress the electric
field distortion at the triple junction. In addition, the ability of the nonlinear material to
suppress the electric field in space depends on whether the electric field strength in each
direction reaches the switching field strength (Eb) of the material. Ideally, the larger
electric field strength in a certain direction, the stronger the electric field suppression
ability of the nonlinear material. The tangential electric field strength is significantly
larger than the normal electric field in this simulation model. Hence, the tangential

electric field strength of the electrodes can be decreased by this nonlinear material.

(a) (b) E (kV/mm)

\

Figure 6-13: (a) Electric distribution of designed electrode structure. (b) Simulation results reflecting the self-
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adaptive ability of the nonlinear electrical behaviour of GGO_5 to a typical distorted electrical field.

6.5.2 Self-Healable Self-Adaptive Electrical Behaviours of GO/PU Nanocomposites
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Based on this designed electrode structure, the self-healing ability of the GO/PU

composite will be verified in this section.

Two different healing approaches, heating at 60 °C in a thermostatic oven for 60 min
and NIR (near-infrared) light irradiation (2000DL-AL, Tengxing Photoelectric
Technology) with 1 W/cm? at wavelength of 808 nm for 30 min, were used to repair a
sheared-out crack located in the middle of two electrodes. The right side of Figure 6-12
indicates the photographs of the nanocomposite at different stages of the self-healing
process. GO is known to possess excellent photothermal energy conversion capabilities,
where the thermal energy converted by the absorption of NIR light can be applied as
energy to drive the self-healing of the polymer matrix [197], [198], [199]. Figure 6-14
(a) demonstrates the conductivity characteristics of the grafted composites with different
GO concentrations before and after crack healing obtained by two different repair

methods. Here, the self-healing efficiencies can be defined as:

. . Stl" eng thafter healin,
Healing effciency (%) = ' £x100% (6.1)
Strength

initial

Where "strength" depends on the evaluation criteria, can be a non-linear coefficient,

saturation current, etc.

The new light healing mechanism for composites introduced by GO allows just 0.25
vol.% of GO to surge the light-stimulated healing efficiency to nearly 80%. The light
healing efficiency gradually increases with further growth of GO concentrations,
approaching the heating healing efficiency (95%). Predictably, faster, and more targeted
light healing can greatly broaden the application landscape of grafted GO/PU
nanocomposites. The exciting nonlinear electrical behaviour of GGO 5 was restored
well after healing. Additionally, a 5-time damage-healing cycle test was conducted to
examine the repeated self-healing capability of the composite (Figure 6-14 b). The self-
healing efficiency of GGO 5 evaluated by saturation current density remained higher
than 92% after 5 cycles, evidencing that the percolation pathways connected by GO were
well maintained after multiple healing cracks. The nonlinear coefficient of GGO 5
retains the healing efficiency of 86% after 5 thermal cycles, although this slight decline

may be due to thermal aging of the sample.
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The self-healing performance of the mechanical strength of the composites was also
investigated. Cracks were caused by a knife in the centre of barbell samples of grafted
GO/PU nanocomposites with different GO doping content. The healed samples were
obtained after heating and lighting treatment, respectively. The images and stress-strain
curves of different sample before and after self-healing are shown in Figure 6-15 (a) and
(b). The grafted GO/PU composites all show good self-healing efficiency in terms of
tensile strength, regardless of light irradiation or heating, of over 90%, similar to the
results of the electrical property tests. The introduction of GO also improves the tensile
strength of the composite to a certain extent, thereby extending the range of potential

application scenarios.

Taking advantage of the excellent self-healing capacity of the PU2 matrix, as
confirmed in section 5.5, the low concentration of 5 vol% of grafted GO nanosheets did
not negatively affect the healing efficiency. On the contrary, a new means of light healing
was also introduced in the GO/PU composites. So far, the smart dielectric with
simultaneous self-healing and self-adapting capabilities was successfully synthesised

and demonstrated.
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Figure 6-14: Self-healable nonlinear electrical response of GO/PU nanocomposites. (a) Current density curves with
different applied voltages of the grafted GO/PU nanocomposites before and after healing by heating or light
irradiation, separately, as well as the healing efficiency of different healing methods and different materials evaluated
in terms of saturated current are also labelled in the figure. (b) Multiple self-healing capability of the nonlinear

electrical properties of GGO_S5 evaluated in terms of saturated current and nonlinear coefficient.
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Figure 6-15: Structural self-healing of GO/PU composites characterized by tensile tests. (a) images of composites

before and after healing. (b) Strain-stress curve before and after healing by heating or light irradiation, respectively.

6.6 Summary and Conclusions

A grafted GO/PU nanocomposite with simultaneous self-healable and self-adapting
electrical and dielectric behaviours was successfully designed and implemented in this

chapter.

In the section 6.2, a series of grafted and blended GO/PU nanocomposites with
different concentrations were designed and prepared, while the correctness of the
synthesis process was correspondingly characterized. Firstly, the interfacial barrier
between the carbamate bonded GO and PU chains was significantly reduced after
grafting, according to quantum chemical simulations. A “bottom-up” synthetic strategy
was applied by grafting isocyanate to the hydroxyl group on the sides of GO, followed
by further polymerization of the polyols and diols with the isocyanate on the graft chain
to obtain a reversible hydrogen-bonded polyurethane network with GO as the backbone.
A batch of blended GO/PU composites are also be synthesised for control experiments.
The successful grafting reaction was verified by FTIR, whilst the similar unfolding state

of GO nanosheets in the grafted and blended composites was also confirmed by AFM.

The nonlinear electrical and dielectric behaviour of grafted and blended GO/PU
nanocomposites were investigated in the section 6.3, where the grafted composite with
5% volume fraction of GO exhibits superior nonlinear electrical behaviour with a

switching field strength of 0.7 kV/mm, a nonlinear coefficient of 4.7, and a saturation
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current of 6.3 nA/mm?, which are much better than those of the blended composite with
the same GO concentration and satisfy the demand for self-adaptive resistive field
grading materials for most engineering applications. The grafted composite also features
a nonlinear dielectric response that allows it to be utilized as a capacitive field grading

material.

Section 6.4 illustrated the mechanism by which the interfacial state affects the charge
transport behaviour of GO/PU nanocomposites. It is demonstrated by the combined EFM
and KPFM techniques that the interface between the GO and the matrix of the blended
composite forms a “wall” that blocks charge transport along the percolation channels
connected by GO sheets. Conversely, the injected charge in the grafted material
distinctly prefers to migrate between adjacent GO sheets. The interfacial barrier between
GO and the matrix is considerably lowered to a level comparable to that of the polymer
chains after grafting, thus reducing the energy dissipated by the charge flow through the
GO percolation channel, as confirmed by both quantum chemical calculations and
thermally stimulated current results. This improved nonlinear characteristic of the
grafted composite is mainly attributed to the tailored interface between GO and PU

matrix.

The self-healing and self-adaptive capabilities of organic integration in grafted GO/PU
composites were demonstrated in section 6.5. An electrode structure with a typical
distorted electric field was designed. Using finite element simulations, the maximum
distortion field of the system at an applied voltage of 3 kV was reduced by 79.2% after
the application of GGO 5 with good nonlinear electrical properties, thus achieving
excellent adaptive electric field capability. Meanwhile, the grafted GO/PU
nanocomposites reveal repeatable self-healing capabilities based on the reversible
hydrogen bonding network, involving the recovery of its novel nonlinear electrical
properties and structural restoration. A brand-new and more efficient light healing
method for the composite caused by the photothermal effect of GO compared to heating
healing broadens the application scenario of self-healing. This work is the first organic
integration of electrical and dielectric self-adaptive and self-healing functions, promising
to be designed and fabricated for next-generation electrical insulation. The functional

material is expected to increase the reliability of HV insulation through the self-adaptive
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function, reduce local electric field distortion, and extend the service life of equipment
by healing the damage under suitable light or thermal stimulation conditions even after

an obvious failure.
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Chapter 7 Conclusions and Recommendations

for Future Work

7.1 Summary and Conclusions

This thesis designed and demonstrated a bioinspired dielectric material with
simultaneously self-healing and self-adapting electrical and dielectric behaviours for
next-generation electrical insulation. A phase-separated polyurethane (PU) elastomer
with robust dielectric strength was initially developed as the self-healing polymer matrix.
The relationship between the microstructure and macro-properties of PUs was
investigated in detail utilising quantum chemical simulation, chemical-physical structure
characterisation and molecular relaxation behaviour to instruct the preparation of the
desired PU materials. The significant origins of the self-healing capability of the
designed PU were confirmed to be its reversible hydrogen bonding network and the
efficient shape memory effect evaluated by conformational entropy. At the same time,
the self-healing performance of the designed polyurethane under electrical damage was
evaluated from several perspectives, including the structural healing of damaged areas
in multiple dimensions and the recovery of its insulating properties. Subsequently,
isocyanate grafted graphene oxide (GO) was introduced into the self-healing PU matrix
with the purpose of enabling the nanocomposite to acquire self-adaptive capabilities. The
interfacial barrier between GO and the matrix was considerably reduced to a level
comparable to that of the polymer chains after grafting, resulting in superior nonlinear
electrical and dielectric behaviour of the composites, as confirmed by both quantum
chemical calculations, combined EFM and KPFM tests and TSDC. The application of
this grafted GO/PU nanocomposite exhibited excellent self-adaptive field grading
capability on the designed electrode structure with typical electric field distortion. The
repeatable self-healing function of the grafted GO/PU nanocomposites, including the
recovery of nonlinear electrical properties and structural restoration, was exhibited
together. For the first time, self-adapting and self-healing functions were integrated
organically into an insulating material, promising improved reliability, and lifetime for

next-generation HV equipment.
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Chapter 2 of this thesis reviewed self-healing and self-adapting dielectric materials in
terms of the significance, principles, and their development in high voltage electrical
insulation. Innovations in insulation materials are indispensable for manufacturing
advanced power equipment. Smart dielectric materials, represented by self-healing and
self-adaptive materials, contribute to the implementation of a next-generation power
insulation system with higher reliability and longer lifespan (section 2.2). Two different
approaches, extrinsic and intrinsic, were used to exquisitely design the self-healing
functions in polymeric materials (section 2.3). Although a great deal of research has been
carried out on self-healing polymers, the demand for robust dielectric strength and the
special form of electrical tree damage are both challenges to the introduction of self-
healing techniques into HV insulating materials (section 2.4). With the easy
polycondensation process, tailorable characteristics, and suitable self-healing matrix, PU
elastomers are well positioned to develop as self-healing dielectrics with robust electrical
strength (section 2.5). The implementation of adaptive dielectric materials and their
application in high voltage insulation is reviewed, where the key is the construction of
percolation channels using functional fillers with excellent non-linear electrical response
(section 2.6.1 & section 2.6.2). Two-dimension GO nanosheets are a potential option for
the organic integration of self-adaptive and self-healing functions into a dielectric due to
their extremely low percolation threshold and abundance of surface reactive groups
(section 2.7). To the best of our knowledge, there is no research into organic integration
of electrical and dielectric self-adaptive and self-healing functions into an electrically

insulating material.

Chapter 3 presented the design and synthesis route of a series of PU elastomers with
different phase-separated degree and the methodology widely used in this thesis. Four
PU elastomers with different degrees of phase separation were developed by adjusting
the molecular length and equivalent weight of the polyol in the synthesis process. PU
film samples with certain thickness were obtained by hot pressing, ready for further
various tests (section 3.2). The principles and operating procedures of the calculations
and experiments commonly used in this thesis are listed, including electronic structure
simulation of polymers based on quantum chemical calculations (section 3.3.1), FTIR to
describe chemical composition (section 3.3.2), AFM to probe material morphology

(section 3.3.3), comprehensive characterisation of electrical, thermal and mechanical
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properties (section 3.3.4, 3.3.5, 3.3.6, and 3.3.9), and DRS and TSDC to model the

dielectric relaxation behaviour of materials (section 3.3.7 & section 3.3.8).

Chapter 4 comprehensively investigated the structure-activity relationships of
microphase-separated PU elastomers and screened out PU samples with robust dielectric
strength for potential application in HV insulation. The chemical composition of PU
samples and their hydrogen bonding status were characterized by deconvoluted FTIR
spectroscopy (section 4.2). The order synthesis with no significant by-products of
designed PUs and the hydrogen bonding structure was confirmed in this section, where
the latter plays an important role in driving the self-healing behaviours of PUs. AFM
results clearly exhibited the microphase separated topography of designed PUs (section
4.3). The hard domain switched from a sporadic dotted distribution to a continuous
banded distribution with the increase of HS%. Microphase separated structure greatly
improved the insulating properties of PU elastomers, including DC conductivity and DC
breakdown strength, as well as the higher HS%, the more pronounced the improvement
obtains (section 4.4). PU2 and PU3 with phase separated structures and shorter polyol
chains shows better insulation performance than the common industrial silicone rubber.
The interrelationship between the microstructure of PUs and their electrical properties
were characterized in terms of the dielectric relaxation behaviours and quantum chemical
simulation. The interfacial relaxation originating from the phase interface between the
soft and hard domains of the PU features a deeper energy level and an elevated
proportion of interfacial charge as the HS% rises (section 4.5). Similar results also
indicated in the electronic structure simulation of typical PU repeating unit (section 4.6).
With an energy barrier of 0.1916 eV between the SS and HS of the phase-separated PU,
local states with deeper energy levels trap the free charge to the detrimental to charge
transfer, thus enhancing their insulating properties. Combining the results of the thermal
and mechanical properties, the phase separated PUs, PU2 and PU3, with shorter polyols,
are suitable for application on HV insulation (section 4.7). These two PU samples with
robust dielectric strength are selected to verify their self-healing performance under

electrical damage in the chapter 5.

Chapter 5 characterized and evaluated the self-healing performance of microphase

separated PU elastomers under electrical damage. The reversibility of the hydrogen
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bonding networks of PUs was confirmed by variable temperature FTIR (section 5.2).
The re-crosslinking temperature of PU2 and PU3 is 50 °C and 100 °C, respectively. The
shape memory effect was evaluated by conformational entropy obtained from DMA
results (section 5.3). PU2 with higher conformational entropy tends to show more
efficient shape memory effects at plateaus above the T,, which is beneficial to self-
healing. The DMA results also show that the softening temperatures (70 °C) of PU2 and
PU3 are close to each other, which means that PU2 is able to reconstruct its hydrogen
bonding cross-linked network at 50 °C and preserve the overall strength of the material,
whereas for PU3 the reconstitution temperature of 100°C is higher than its softening
temperature and cannot be used as a self-healing material. PU2 exhibited efficient self-
healing capability under electrical damage, containing the repair of dendritic channels
and the recovery of insulating properties (section 5.4). An experimental platform was set
up to induce electrical ageing, provide healing conditions and perform in situ
microscopic observations (section 5.4.1). After 48 hours of repair at 50 °C, 2D optical
micrographs, 3D computed micro-X-ray tomography, and cross-sectional SEM images
all confirmed that the micro dendritic defects in PU2 had completely healed (section
5.4.2). Moreover, the insulating performance of PU2 assessed by the maximum
discharge amplitude (Om) of the PD returned to normal with the damage area healed
(section 5.4.3). The self-healing mechanism of PU2 is attributed to its shape memory
effect driven by high conformational entropy and the reversibility of hydrogen bonds
(Figure 5-10). PU2, a self-healing polymer with excellent dielectric strength, is an ideal
smart matrix for further development through the introduction of a self-adapting function

in the chapter 6.

Chapter 6 designed and implemented grafted GO/PU nanocomposites with
simultaneous self-healable and self-adapting electrical and dielectric behaviours. In the
material design phase, electronic structure simulations were first performed based on the
established grafted GO/PU molecular model (section 6.2.1). The energy barrier of the
GO oxide layer is significantly reduced after grafting, which may be beneficial for the
construction of high-quality percolation channels. The preparation techniques of a series
of grafted and solution blended GO/PU nanocomposites were described (section 6.2.2),
while the reaction process and the unfolding state of GO are verified by FTIR and AFM
(section 6.3.3), separately. The grafted composite with 5% volume fraction of GO
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exhibits superior nonlinear dielectric and electrical behaviour with a switching field
strength of 0.7 kV/mm, a nonlinear coefficient of 4.7, and a saturation current of 6.3
nA/mm?, which are much better than those of the blended composite with the same GO
concentration and satisfy the demand for self-adaptive resistive and capacitive field
grading materials for most engineering applications (section 6.3). The improved
nonlinear electrical behaviours of the grafted composites are mainly attributed to the
tailored interfacial effects (section 6.4). The combination tests of EFM and KPFM
showed the interesting phenomenon that the interface between the GO and the PU matrix
of the blended composite forms a “wall” that blocks charge transport along the
percolation channels connected by GO sheets. In contrast, the injected charge in the
grafted material distinctly prefers to migrate between adjacent GO sheets (Figure 6-9).
The TSDC results also demonstrate that the interfacial barrier of GO/PU is substantially
narrowed after grafting, thereby reducing the energy dissipated by the charge flow
through the GO percolation channel. The self-healing and self-adapting capabilities of
grafted GO/PU nanocomposites were displayed in a designed electrode structure with
typical distortion electric field (section 6.5). The maximum distortion field of the system
at an applied voltage of 3 kV was reduced by 79.2% after the application of GGO_5 with
good nonlinear electrical properties based on the simulation results (section 6.5.1). The
grafted GO/PU nanocomposites reveal repeatable self-healing capabilities under the
stimulation both of light irradiation and heating, involving the recovery of its novel
nonlinear electrical properties and structural restoration (section 6.5.2). The brand-new
light healing method for the composite introduced by the photothermal effect of GO

achieved exceed 90% healing efficiency in five times of aging-healing cycles.

7.2 Recommendations for Future Work

With the bright vision of developing the next generation of advanced power and
electronic equipment, this thesis has undertaken a great deal of research in the field of
smart insulation materials. The self-adaptive and self-healing dielectrics developed in
this thesis may be a significant step towards realising this vision. However, there are

many addition aspects presented in this thesis that can be further explored and achieved:
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® For the investigation of the structure-activity relationships of PU elastomers
presented in chapter 4, more model PUs can be design and prepared to expand the
sample size. For example, the mechanisms by which different types of isocyanates,
polyols, or chain extenders affect the properties of model PUs are well worth
exploring. A well-developed structure-property database would be very useful for
designing versatile PUs for various applications.

® For the self-healing PU based on reversible hydrogen bonding networks described in
chapter 5, the introduction of some new self-repair mechanisms, such as Diels-Alder
reactions, disulfide bonding, siloxanes, etc., may help to construct PU with higher
healing efficiency. The combined use of multiple self-healing mechanisms may
result in better repair performance for more demanding application scenarios [200].
Additionally, the competing relationship between self-healing and ageing is a
potential research focus. Currently, healing and ageing are considered to be incapable
of occurring at the same time. However, the ideal practical application of self-healing
materials is to continuously heal their micro damage during operation. Some
materials that use thermal, optical, and free radicals generated during the aging
process for healing may be promising for this purpose.

® In the chapter 6, we have chosen two-dimensional GO as a functional filler to
integrate self-healing and self-adaptive functions. However, there are also some
promising two-dimensional semi-conducting fillers, such as MXene [201], black
phosphorus [202]. that are attractive. Compared to GO, these new low-dimensional
materials still have a lot of new phenomena and functions to be discovered due to
their more recent discovery. Look forward to developing brand-new nano-dielectrics
with them to achieve some unique functionality.

® In practical engineering applications of self-healing dielectrics, a localised self-
healing is undoubtedly more cost effective and less disruptive to the whole system if
the material can autonomously report the damaged area, for example through colour
changes or fluorescence to indicate the damage status. The organic integration of
such a self-reporting capability into a self-healing and self-adaptive dielectric is both
desirable and challenging. This self-reporting ability must be triggered by electrical
damage, i.e., a small defect, while maintaining reversibility consistent with self-

healing, i.e., no reporting after material healing. Conventional reversible
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photochromism and thermochromism are not sufficient to be driven by slight
electrical damage. Structural coloration, the vibrant colour of many biological
systems, is produced by periodically ordered nanostructures, giving the opportunity
to produce a colour response to small perturbations. The right-handed twisted CNC
(Cellulose nanocrystals) with negatively charged sulphate half-ester groups tend to
self-assemble into a nematic structure at a sufficient concentration, giving rise to an
iridescent structural colour [203], [204]. CNC may be an attempted path to achieve
this goal.
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