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Molecular Dynamics in Core-Shell Filled Epoxy Nanocomposites

by Sunny Chaudhary

In this study, core-shell and hollow nanoparticle architecture types were synthesis and were
utilised as epoxy fillers with the main objective of understanding the molecular dynamics of
these nanocomposite. Secondly to understand the effect of different characteristics of these
nanoparticles such as the structure, crystallinity, core and shell particle nature on the
dielectric properties of the bulk system by comparing them with commercially obtained
conventional core-type nanoparticles and amongst themselves. The first step of the study
was to select suitable combinations of core and shell and establish a reproducible method
for the synthesis of the core-shell and hollow nanoparticle. For this, initially, to understand
the effect of the shell crystallinity, commercially available silica (SiO;), silica-silica
(§i0,-Si03) and hollow-silica (h-SiO,) were selected. Commercially obtained SiO» was
calcined at 800 °C and crystalline. Alternatively, both SiO»-SiO, and h-SiO, were vacuum
dried at 60 °C and the resulting shell was amorphous. For the synthesis of Si0,-SiO»,
commercially obtained SiO, was used as the core where as for synthesis of h-SiO,, poly
(acrylic acid-sodium salt) (PAA-Na) was used as template and the shell was deposited via
sol-gel method; subsequently, the PAA-Na template was removed to obtain hollow
architecture via heat treatment. These nano-powders were characterised by transmission
electron microscopy (TEM), Fourier transform infra-red spectroscopy (FTIR), differential
scanning calorimetry (DSC) and broadband dielectric spectroscopy (BDS). TEM graphs
showed successful synthesis of the nanoparticle where a shell formation was observed in
case of Si0,-SiO, nanoparticles and hollow centre in case of h-SiO,. FTIR measurement
revealed a characteristic Si - O - Si absorbance band along with a overlapping absorbance
band at higher wavelengths which were attributed to v s-transverse optic (TO) of crystalline
and vgs-longitudinally optic (LO) of amorphous structures in the nanoparticles. v4s-LO
absorbance intensity was the least in SiO, followed by SiO,-SiO, and h-SiO, implying the
increase in structural disorder following the same trend.
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Afterwards, epoxy nanocomposite were prepared whilst maintaining the stiochiometric
ratio between the resin and hardener. To obtain optimal dispersion the nanocomposites
were prepared by there different methods, namely, bath sonication, probe sonication and
solvent mixing. TEM graphs were obtained to evaluate the dispersion and solvent mixing
which demonstrated better dispersion was selected to prepare the nanocomposites. Since
we are interested in the surface characteristics it is important to maintain comparability
across all samples. Therefore, the fillers were loaded based on their total surface area; three
different surface areas were selected. No significant changes in the unreacted epoxide
groups were observed. Secondly, with increased disorder of the shell an increasing
concentration of hydroxyl groups originating from the surface silanols was observed. DSC
measurements showed no significant changes in the glass transition temperature (T).
Correspondingly, from BDS measurements no significant changes in the alpha (a) and
gamma (y) relaxation were observed. Alongside beta () relaxation an additional relaxation
was observed in Si0»-SiO, and h-SiO, nanocomposite, termed omega (w) relaxation. The
behaviour of f and w relaxation were similar which implied involvement of similar chemical
groups i.e. hydroxyl (-OH). As the concentration of surface silanols increased the w
relaxation became more pro-eminent. SiO,-SiO, nanocomposite has an overlapping § and
w relaxation where it is segregated towards higher frequencies in h-SiO, nanocomposite.
The activation energy of the  and w was similar. Thus, the w relaxation was attributed to
the hydrogen bond interaction between the hydroxy ether group of the polymer main chain
and the surface silanol groups. Additionally, towards lower frequencies interfacial
polarization phenomena was observed. SiO, and h-SiO, had a single interfacial peak
whereas SiO»-SiO, had two interfaical peaks. The second peak was relatively weak and was
hypothesised to be originating from the core-shell interface within the nanoparticle.

Furthermore, To confirm the hydrogen bond interactions, dynamic mechanical analysis
(DMA) measurements were performed. For this, additionally, four more epoxy
nanocomposites filled with Al,O3 - SiO,, TiO, - SiO,, Al,O3 and TiO, were prepared.
Alumina-silica (Al,O3 - SiO,) and titania-silica (TiO, - SiO,) were selected due to the
significant contrast between their relative permittivity and to study the effects of the core
particle. Both were synthesised following the sol-gel method. Analysis of tan é for @ and $
relaxation revealed the presence of hydrogen bonds in core-shell nanoparticles. The
absorbance band of the symmetric and asymmetric vibration of the CH, and CHj3 group
were also affected by the core-shell structures via OH - 7 interactions. OH - 7 primarily
depended upon the structure of the surface of the nanoparticles. Finally, the hypothesis
realted to core-shell interface was tested. BDS analysis of metal oxide nanocomposites at
interfacial polarization frequencies via Havriliak - Negami (HN) and Cole - Cole formulation
revealed two pro-eminent interfacial relaxations. Low frequency relaxation was attribute to
the core-shell interface and higher frequency relaxation was attributed to the conventional
particle-polymer interface. Additionally, to maintain consistency between a and f
parameters at varying temperatures whilst performing HN analysis a MATLAB plugin
software was developed.
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Chapter 1

Introduction

1.1 Background

In medieval times, a special type of sword "Damascus Blades" gained mythical reputation
around the world. These were extraordinarily strong yet flexible enough to bend from hilt to
tip. These swords made from small cakes of steel from India called 'wootz. The secret
behind their exceptional characteristics was uncovered to be - carbon nanotubes. This is
one of the earliest mentioned usage of nanoparticles to enhance the properties of the base
material, although unknowingly. Two centuries later, the idea of "Nanometric dielectrics"
was first introduced in 1994 (1) by T. J. Lewis, in which the consequences of reducing the
phase size in a two-phase dielectric system was considered. Later in 2001, M. E Fréchette (2)
combined the terms "Nanotechnology" and '"Dielectrics" to give the term
"Nanodielectrics"; an emerging class of improved materials. However, it was not until
experimental study performed by J. K. Nelson (3) and reported in "Overview of
Nanodielectrics: Insulating Materials of the Future" the field gained the interest of
researchers. The observation and data reported provided indication that the performance of
nanodielectrics could exceed the limited capabilities of micron-scaled composites for every
property whether thermal, mechanical or electrical.

According to the European Commission (4), by 2011, the definition of a nanomaterial is: "A
natural, incidental or manufactured material containing particles, in an unbound state or as
an aggregate or as an agglomerate and where, for 50% or more of the particles in the number
size distribution state, one or more of the external dimensions is in the size range 1 to
100 nm." In 2010 (5), the term "Nanodielectric" was defined as: "A multicomponent
dielectric possessing nanostructures, the presence of which leads to changes in one of
several of its dielectric properties", in the International Conference on Solid Dielectrics. It
refers to a composite material consisting of a polymeric matrix and a filler with at least one
of its dimensions in the nanometric scale (<100 nm) or else, a polymer nanocomposite
specifically used for high voltage applications.
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Nowadays "nanodielectrics", is a popular term and has been extensively researched over the
years (6). This subsequent research and experimentation on the use of nano-composites in
electrical insulation has provided overwhelming indication of their position impact. For
example, nanocomposites have been found to show lower permittivity and loss tangent
when compared with equivalent microcomposites; thereby suggesting reduced interfacial
polarization effects within nanocomposites (7). Although, the mechanism behind these
phenomena have been explained and studied extensively a generalised understanding is
still lacking. Phenomena like agglomeration, effect of water absorption, understanding of
the molecular dynamics and interfacial effects are some of the challenges in the field which
need further investigation. Understanding these parameters will provide profound control
over the fabrication of polymer nanocomposites with desired and tailored characteristics.

1.1.1 Core-shell nanoparticles

Researchers have found that heterogeneous, composite or sandwich semiconductors
particles show better efficiency then then just corresponding single particle. These particles
can potentially even develop new properties. In the 1990’s researchers synthesised
concentric multilayer semiconductor nanoparticles in view to enhance their properties
(8; 9; 10). Nanoparticles which develop a concentric multilayer of semiconductor
nanoparticles of different nature are called Core/Shell nanoparticles. Core/Shell
nanoparticles are attracting immense attention due to their application in variety of
different field like electronics, biomedical, optics and catalysis. There are highly functional
materials with modified properties (11). These properties can be changed by changing their
core material or the ratio between the core and the shell. The properties such as reactivity
decrease, thermal stability and dispersibility of the core can be enhanced with the help of
the shell. Fig. 1.1 illustrates different possible structures for core-shell nanoparticles.
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FIGURE 1.1: Schematic illustration of some different architecture types of core-shell
nanoparticles (12).
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1.2 Research motivation

Numerous models have been suggested to describe the main characteristics of the
interfacial interactions, interphase formation, such as the intensity, the double layer, the
interphase volume, and the multicore model. However, they only access specific properties.
No single model explains all the attributes of nanocomposite systems. Also unlike the
interfacial region, interphase has been comparatively given less importance and been
sparsely investigated. In the limited research done on the interphase it mostly focuses on
the polymer interphase which lies outside the nanoparticle. This research sets out to
investigate the role of the particle characteristics such its architecture, surface structure and
crystallinity in determining the properties of the particle-polymer interphase and on the
dielectric properties of nanocomposite by means of different combinations of core-shell
and hollow nanoparticles. The hypothesis in (13) is, that the interaction zone between the
particle and the host can be treated as two separate zone i.e. the particle interphase and the
polymer interphase. According to Lewis, the interaction zone has properties different than
any of the bulk phase i.e. particle or polymer (1). The change in properties is claimed to be
instantaneous rather than gradual whilst moving from particle interface to the polymer
interface. The exact location of this change is unknown. However, it is claimed to be present
with in the interaction zone between the two bulk phases. This interaction zone is referred
to as the polymer interphase. Tanaka’s multi-core model assumes the presence of an electric
double layer where the nanoparticles itself can be negatively or positively charge which
gives rise to a diffuse layer in the polymer interphase. The location of these charges is in a
region closer to the nanoparticle which is considered the particle interphase. By changing
the characteristic or structure of the particle surface in a controlled manner, it is plausible to
quantify the effects and gain understanding of the physical or chemical reasons for the
observed behaviour and try to correlate the two.

A T ‘ — Polymer Interface
Particle Interphase

Particle Interface
Shell

=]
? ———» Polymer Interphase
Charge trap
Polymer matrix (epoxy)

3 Electric field =

FIGURE 1.2: Possible ways of particle interface interaction with the charge movement.
A: Dielectric - energy barrier constraining charge movement.
B: Conductive - facilitating charge movement (13)
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Furthermore, molecular dynamics of a polymeric system are very complex. The origin of
various relaxation and changes observed due to addition of nanoparticles has been widely
studied (14). However, the explanations along with the supporting data are controversial
and various from author to author for the same observed phenomena. This gap has been
highlighted and discussed extensively in the literature review. Further, the effect of
core-shell nanoparticles on the bulk system have been studied in terms of mechanical,
thermal and electrical properties (15). However, in most studies they have been treated as
conventional nanoparticles, considering only the polymer-shell interphase. These particles
introduce an additional interphase between the core and shell the effect of which on the
molecular dynamics of the system or on the surface characteristics of the nanoparticle has
not been studied and focused upon. Little research has been done on the effects of the core
nanoparticle on the bulk properties. In comparison to their mechanical, thermal and
optical properties the electrical properties of core-shell nanocomposites has not been
extensively studied. Core-shell nanoparticles also offer the control over various parameters
such as the polymer-shell interphase and surface characteristics of the nanoparticles. These
parameters can be studied step by step whilst maintaining comparability across different
nanocomposites to potentially isolate and study the origin of the effects on the bulk by
varying a singular parameter. This will help gain better understanding of the molecular
dynamics and different relaxation mechanisms to help develop nanocomposites with
tailored properties.

1.3 Research aims and objective

The main aim of this PhD project was to study the molecular dynamics of epoxy
nanocomposites filled with differently architecture nanoparticles i.e. core-shell and hollow
core. More specifically to:

* Understand the effect of crystallinity and corresponding surface structure of the shell
on the conventionally know relaxations

* Investigate the role of the core nanoparticle in determining the dielectric properties of

the nanocomposite.
* Discern the impact of the core-shell interface on the particle-polymer interactions.
 Study any non-conventional relaxation behaviour and discern its origin.
This was sought to be accomplished with the usage of nanometric particles that are

specifically selected to introduce controlled variations. For example, increasingly disordered

surface structure of the nanoparticle.

1.3. Research aims and objective 4
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1.4 Research questions and novelty

Upon discussion in the literature it will become apparent that most studies treat differently
architectured nanoparticles as conventional core only type nanoparticles and unless surface
modified majority of the discussion is based on the shape, size, relative permittivity and
concentration of the nanoparticles. The effect of the additional internal interface is rarely
addressed. Further, the extent of the effect of the particle on the interphasial properties in
not yet fully understood. Furthermore, molecular dynamic in nanocomposites are complex
and there exist multiple explanation for an observed behaviour where some even present
contrary views.

Therefore, following set of question will be investigated:

1. Does the structure (tetrahedral or octahedral) or degree of disorder in the structure of
nanoparticle surface affect the relaxation behaviour?

2. How does the absence of a core particle affect the dielectric behaviour of
particle-polymer interphase?

3. What are the characteristics and origins of the interactions between the polymer and
nanoparticles?

4. Which out of core or the shell have dominant effect on the dielectric properties on the
nanocomposite?

5. Could the interphase within the nanoparticle have significant contribution towards
particle-polymer interphase?

As such, Chapter 4 will be dedicated to give answers to questions 1 and 2 where as Chapter
5 will address questions 3 and 4. Where as both Chapter 4 and 5 will from both address
question number 5.

1.5 Report structure

An introduction regarding epoxy nanocomposites and core-shell nanoparticles is presented
in Chapter 1. Followed by the general purpose and main research objectives of this study.
Furthermore, questions related to the gap in the literature were raised, which will establish
the guidelines for the following experimental Chapters.

Chapter 2 is divided into seven section. The first and second section (2.1 and 2.2) introduces
the epoxy resin, their chemical structure and the curing process when cured in presence of
an amine hardener. Section 2.3 highlights the electrical and thermal properties of the epoxy
nanocomposites, comments on the explanations of the mechanisms for the observed

1.4. Research questions and novelty 5
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electrical and thermal behaviour. Finally, shows the contradictions that exist in literature
realted a common observation but has varying explanations. Section 2.4 highlights the
characteristics of conventionally known molecular dynamics in epoxy nanocomposites
whilst critically analysis them. 2.5 and 2.6 highlights the role of interfaces in
nanocomposites and different generally accepted models developed to explain the different
observations, respectively. Finally, section 2.7 presents the various categories of core-shell
nanoparticles, synthesis routes, the advantages and disadvantages of these routes based on
which the method used in the current study was selected.

Chapter 3 presents the materials utilised, the sample preparation method, nanoparticle
synthesis method and the method to determine the size of the nanoparticles.

The results of material characterization are presented in Chapters 4 and 5. Where the main
topic of Chapter 4 is accessing the role of the shell in determining the properties of the
particle-polymer interphase. Simultaneously, also determine the effect of shell surface
disorder and crystallinity on the particle-polymer interaction and consequently its effect on
the bulk dielectric properties. Chapter 5 comments initially presents the DMA analysis
which is used to further confirm the observation in Chapter 4. Secondly, highlights the
importance of the core particle, its impact on the interfacial polarization and comments on
the potential type of interactions occurring in the interphase.

1.5. Report structure 6
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Literature Review

2.1 Epoxy Resin and Epoxies

Epoxies were discovered in the 1930’s by two scientists, Dr Pierrer Castan and Dr Sylvan
Greenlee. They were initially used for dental fixtures. Now after nine decades more than 50
different substances known as epoxy resin are available. Epoxy also known as polyepoxides
are a class of reactive prepolymers and polymers which contain epoxide groups. When
epoxy resin is processed with other chemical to produce epoxy plastics they are more
commonly known as epoxies. They generally produced with the help of epichlorohydrin
and Bisphenol A.

Epoxy resin may react (cross-link) with themselves by catalytic homopolymerisation or with
another chemical called 'hardener’ or ’curatives. Most commonly used hardeners are
polyamines, amino amides, or phenolic compounds. The reaction they undergo to react
and produce epoxies is called curing process which creates a thermoset polymer with strong
mechanical properties. Cured epoxy resins can have varying molecular chain lengths
depending upon their molecular weight which further determines their possible use. Their
extensive application is found in construction sector due to their hardness, stability and
durability, sued for flooring, coating, piping etc. They are also used in automotive and
aerospace industries to avoid corrosion. Further, they have good insulating properties
which makes them good insulator to be used in common electronics (16). Epoxy has been
used as an insulator for many decades, highly researched in the 1970’s (17). Their low cost
and low weight with high adaptability, good mechanical properties and resistance to
chemicals make them very suitable candidate for insulation (18). Then the concept of
"nanodielectrics" was first introduced by Lewis in 1994 (1). Over the last decade, research on
epoxy based nanocomposite has gained more interest. Many investigations have been
reported with improved mechanical properties and electrical properties (19; 20; 21; 22).

Use of nanofiller in epoxy to produce epoxy nanocomposite have shown enhanced dielectric
properties. In an investigating by Singha (19) using different loading ratio of TiO2 and ZnO,
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it was reported that the permittivity of epoxy nanocomposite at lower loading ratios of 0.1%
reduced and showed advantageous behaviour. Permittivity was compared with micro size
fillers as well where nanofiller showed comparatively better performance and lower tan &
values. In another investigation by Iyer (23) polymer nanocomposites with micro, nano and
micro plus nano fillers were evaluated. The dielectric response showed lower permittivity
then the unfilled epoxy system. However, not only the presence of nanofiller entirely effect
the performance of the system. Good mixing methods as studied by Reading (24) along the
effect of water in the nanocomposite (25), amount of silane coupling agent investigated in
(26) and degree of agglomeration at high loading ratio (27) also have significant contribution
towards the degradation or enhancement of the nanocomposite system.

2.2 The Curing Process

Fig. 2.1 illustrates the chemical structure of bisphenol A diglycidyl ether (DGEBA). It is an
organic compound which is colourless and highly viscous. The chemical structure of
DGEBA consists of two terminal epoxide groups. These epoxide groups play the most
important role in the curing reaction. They react with the amine group of a hardener
molecule for the crosslinking reaction. Jeffamine D230, an amine hardener, is a curing agent
which reacts with carboxylic acids, isocyanates and forms slat readily with surfactants. It has
a low viscosity and is colourless to pale yellow liquid. Fig. 2.2 represents the chemical
structure of the amine hardener where the value of x typically is 2.5.

oS g

O O

FIGURE 2.1: Chemical structure of DGEBA epoxy resin.

HoN NH;

CHs; CHs;

FIGURE 2.2: Chemical structure of Jeffamine D230 polyetheramine hardener.

The active hydrogen atom of the amine hardener (NH>) reacts with the oxygen of the epoxy
ring which opens the ring and an intermediate product with hydroxyl group is produced.
These hydroxyl groups could react with another epoxy ring which could result in a highly
cross-linked system.

2.2. The Curing Process 8
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The amine nucleophile has high electron density due to the presence of lone electron pair
on the nitrogen. However, the carbon on the epoxy ring has low electron density. Since, the
oxygen has two electron pairs it withdraws the electron from carbon making it electrophilic.
The diamine’s electrons are attracted to this electrophilic carbon next to the epoxide oxygen
and reacts with it, resulting in a negative charge on the oxygen and a positive charge on the
nitrogen as shown in Fig. 2.3 (a).

The extra pair of electrons on the oxygen attracts a hydrogen from the nitrogen which forms
an alcohol and an amine group.This amine group is also a nucleophile again and can further
react with another epoxy group (Fig. 2.3 b, ¢). Finally, when the amine group has reacted
completely due to the lack of an active hydrogen it is no longer reactive and forms a tertiary
amine (Fig. 2.3 d). Similar reaction occurs with the other amine on the other end of the
diamine.

Due to the nature of reaction every epoxy-amine system produces hydroxyl groups. At
higher temperatures during the process of curing and post-curing these hydroxyl groups
may react with another epoxy group to produce ether [1]. This reaction is know as
etherification reaction, illustrated in Fig. 2.3 (e). Combination of the these two types of
reactions results in formation of a highly crosslinked network (Fig. 2.3 f).

2.2. The Curing Process 9
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2.3 Epoxy Nanocomposites

According to ASTM E2456 - 06 (28), nanoparticles are defined as a sub classification of
ultrafine particle with lengths in two or three dimensions greater than 0.001 micrometre (1
nm) and smaller than about 0.1 micrometer (100 nm) which may or may not exhibit a
size-related intensive property. They could have several varied size, forms and shape.
Physical forms include cubes, spheres, flakes, plates and fibres. The idea of incorporating
nanofillers inside epoxy has gained immense interest over the last decade as a result of
enhanced electrical, chemical, mechanical and thermal properties offered by these
nanocomposites. Novel multifunctional epoxy nanocomposites having a combination of
better structural performance and even smart features such as strain monitoring, sensing
and actuation capabilities have also been developed. Core-shell nanopartciles have been
filled in epoxy matrix and used in variety of different applications such as improving the
fracture toughness, enzyme immobilization (29), enhancing the dielectric properties,
improving thermal conductivity and also in degradation resistance of the polymer

composite.

In a study by S. Liu et al. (30) the mechanical properties of epoxy filled with
nanosilica-rubber core-shell nanoparticles were investigated. The author reported an
overall improvement in the Young’s modulus, tensile strength, impact strength and fracture
toughness of the nanocomposite. However, as a trade off small decrease in the T was also
reported. These improvements were explained as a result of crazing, micro cracking and
particle de-bonding from the matrix. The reduction in T was attributed to the low Ty of the
shell, which is formed due to the grafted chains of P(CL-mLA)-COOH where CL refers to
caprolactone and mLA to mesi - lactide groups in the chain. It is to be noted that
introduction of core-shell structures can lead to micro cracking and particle de-bonding.
Although in this study it is useful and leads to improvement of different mechanical
properties. However, from high voltage perspective it would lead to degraded electrical
properties as micro cracks or holes in the system could lead to partial discharge eventually
decreasing the breakdown strength of the system. The reason for particle de-bonding
leading to these deformation is assumed to be a result of phase separation between the
nanoparticle and the epoxy matrix, which is based on separate studies done by other
researchers. Similar results were reported along with same explanation of the underlying
principles in a separate study by Giannakopoulos (31).

Core-shell nanoparticle filled polymer nanocomposite with high dielectric constant are
newly developed and promising candidates as dielectrics in embedded passive-component
technology. As an example, owing to these polymer nanocomposites capacitors can be
embedded into the printed circuit board without having to occupy any surface area on the
board itself. Many different strategies have been developed to achieve this such as to
disperse ceramic powder with high dielectric constant in the polymer matrix. However, this
also makes the polymer lose its flexibility and deteriorates their adaptability. To overcome
this and form a continuous conductive path, percolative capacitors by using conductive

2.3. Epoxy Nanocomposites 12
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fillers have been fabricates. Nevertheless, it was observed that this leads to an increase in
the dielectric losses. Further, core-shell nanoparticles were fabricated with a conductive
core and dielectric shell. These nanofillers have been since reported as the ideal candidates
since they not only provide barrier between conductive fillers but also the ability to tune the
dielectric properties.

In a study by Shen et al. (32) dielectric properties of polymer nanocomposite filled with Ag/C
(Silver/Carbonaceous) core-shell with different shell thickness was investigated. The unfilled
epoxy matrix having a real permittivity of 3.7 was used for the study. It has been reported
that due to the difference in the thickness of the shell, the electric constant enhancement is
different. Near the percolation threshold the nanoparticles form a connected path between
both the electrodes, each junction between nanoparticle acting as a capacitor; thus, forming
a series connection. Using this hypothesis, it was then concluded (using Eq. 2.1) that the
diameter of the core, thickness of the shell and permittivity of the shell are these parameters
which can be tune to obtain desirable outcomes. It was also reported that cores with higher
conductivity can deteriorate the dielectric properties of the nanocomposites.

d
e=es(l+-) 2.1)

Similarly, in a separate study by Wang et al. (33) dielectric properties and thermal
conductivity of epoxy composites using quantum sized decorated core-shell structured
alumina polydopamine was investigated. It was stated by the author that the improvement
in the thermal and dielectric properties of the system comes with a dilemma where
employing high dielectric constant core-shell nanoparticles improves the thermal
conductivity but at the cost of degrading the dielectric breakdown strength. this is one of the
reason due to which the application in field of high voltage is limited. To overcome this,
having a system with high thermal conductivity, good dielectric properties and acceptable
breakdown strength the authors synthesised quantum size silver decorated alumina
polydopamine core-shell structures where the presence of silver(Ag)nanoparticles at the
chain ends of polydopamine forming a shell increased the breakdown strength along with
thermal conductivity. It was explained that due to better compatibility between the filler
and polymer matrix as a result of PDA (polydoapmine) layers resulted in decreased voids
and other defects. The dielectric permittivity also improved as a result of interface
compatibility and the Coulomb-blockade effect of the quantum sized Ag. Meanwhile,the
incorporation of the strawberry-like core-shell particles shows enhanced
thermo-mechanical such as Tg, thermostability and storage modulus. However, this is in
slight contrast to the results mentioned in the improvement of toughness in (30) where the
phase separation between the nanoparticle and the polymer matrix led to micro cracks in
the system leading to higher storage modulus.

As seen in the results above core-shell nanoaprticles have been studied for different
applications and in most case explanation of the underlying phenomena for the reported
observations has been discussed. However, in a core-shell structure along with the interface
between the polymer and nanoparticle shell (s-p interface) there is another interface which

2.3. Epoxy Nanocomposites 13
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present between the core and shell (c-s interface). This interface is not taken into account
whilst discussing dielectric properties. It has been reported widely that any interface within
a system should have some impact on the bulk properties. Even in the various hypothesised
models interfaces and inter-phases are given utmost importance. The impact of the core is
also an important parameter in most of the cases only one type of core with different shell
structures is studied. However, since it has been highlighted that the diameter of the core is
an important parameter. The type of core, chemical structure and the bonding structure
with the shell could also be important parameters. The electric double layer model is one of
the models widely accepted, in accordance to the model the charge on the surface of the
nanoparticle leading to the formation of the electric double layer could be effected by the
chemical structure of the nanoparticle itself. Another important parameter is whether the
entire volume of the nanoparticle leads to the observed effects or is it only the surface
characteristics, surface modification and compatibility of the nanoparticle surface with the
polymer matrix. It is also important to study how the morphology of the system changes
with different nanoaprticles. Changing the core and hence the internal bonding structure of
the nanoparticle could potentially lead to morphological changes in the bulk system. These
are some of the gaps in the literature and have not been widely investigated. They need to
be studied and understood in order to design polymer nanocomposites with desired and
applicable tailored properties.

2.3.1 Electrical Properties

2.3.1.1 Breakdown Properties

The effect of addition of nano and micro sized fillers on the breakdown strength of epoxy
nanocomposites has been widely investigated. Although the findings are promising;
however, not all fillers improve the breakdown strength. @ Most importantly, the
understanding of the underlying principles and mechanisms is not as deeply understood. In
an investigation by Tsekmes et al. (34) to understand the effect of nanofillers on the AC
breakdown strength for a varied weight percentage of boron nitride filled epoxy system
showed reduced breakdown strength. The reported results were claimed to be reproducible;
however, no explanation has been provided for the phenomenon related to reduced
breakdown strength. In a separate study by Donnay et al. (35) investigating the AC
breakdown strength of boron nitride (BN) filled epoxy system contrary results were
reported. The main conclusion drawn by the authors was that the addition of BN in epoxy
matrix increases the breakdown strength approximately by 10%, regardless of the filler
content with in the examined filling range i.e. 10%, 15% and 20%. In both the cases the
epoxy was anhydride cured. However, the mixing method used was not the same.

Reading et al. (24) in an interesting approach reported that the mixing method affects not
only the dispersion of the nanofillers in the nanocomposite but also the properties of neat
epoxy. The author emphasised that different mixing methods result in different properties,
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indicating that a good mixing methods results in enhanced performance regardless of the

presence of nanofillers.

The authors in (36), investigated the effect 5 wt.% micro and nano Al,Os fillers on the epoxy
nanocomposite. It was reported that micro sized nanofillers reduced the breakdown
strength by 56% whereas an increase of 5% was reported in case of nanofiller filled system.
The reason for this observation stated that micro size fillers introduce defects into the
polymeric network and claimed that this surface phenomenon is avoided in case of
nanofillers as they do not have defects. However, the statement is not accurate. As the size of
the particle reduces the surface area ratio of the filler increases, this increases the possibility
of introduction of defects in the system. Various published work has also reported the
presence and role of nanoparticle surface defects on various properties of the
nanocomposite (37; 38). Further, in the work only the effect of size of the nanoparticle has
been considered during the analysis. Since, both the particle types were treated differently
where only the nanoparticles were modified to have better dispersion. The effect of different
interfaces, arising as a result of different preparation method, which plays an important role
as has also been reported and emphasised in different hypothesised models has not been
considered.

2.3.1.2 Dielectric Properties

Permittivity is an important characteristic in case of dielectric materials. Hence, a vast
amount of literature has been published on epoxy nanocomposites and their dielectric
response in order to understand the underlying mechanisms for different relaxation process

and molecular dynamics.

In a study by Singha et al. (19) the dielectric properties of epoxy resin filled with TiO, ZnO
and Al,O3 with both micro and nano filler were investigated. It was reported that the real
part of complex permittivity of TiO, is significantly higher than ZnO, even higher than
unfilled epoxy for frequency range below 103 Hz at 10 wt.% filler ratio. This increase was
explained as a result of the high permittivity of TiO, nanopartciles becoming dominant as
the filler concentration increased. Further, in a separate study by Fothergill et al. (39) a
similar system of epoxy nano and micro-composite filled with TiO, for 10 wt.% results were
contradictory. Although, the real part of complex permittivity for microcomposite was
higher than unfilled epoxy. However, in contrast to the results by Singha, the real part of
permittivity was lower than the unfilled epoxy for epoxy nanocomposite system. This
phenomena was explained to be as a result of nanoparticles restricting end-chain or
side-chain movement. It is also reported to be consistent with the change in epoxy
morphology as a result of change in composition associated with an increased proportion of
hardener closer to the surface of the nanoparticle. The increase in real permittivity for
microcomposite is argued to be a result of Maxwell-Wagner interfacial polarization. For
nanocomposite system at lower frequency, a quasi-DC (QDC) behaviour is reported which is
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also correlated with the intensity model and the formation of the Gouy-Chapman-Stern
layer.

Different published literature emphasis and provides explanation of the sometimes similar
observations based on different factors such as filler size and shape; chemical structure and
synthesis method; interfacial effects; concentration and surface modification (40; 41; 42; 39;
19). Whilst all these explanations agree with different models and provide logical insight on
the observed data; however, are contradictory at times. These results also emphasis that the
dielectric behaviour of epoxy nanocomposites could very well be a result of combination of
these factors. Hence, a step by step analysis of different parameters individually and then in
combinations is required to have better understanding of their role and correlations between
them.

2.3.2 Thermal Properties

Generally, in the literature increase or decrease in T of a filled epoxy network is explained
based on two mechanisms namely, free volume and interfacial constrains. Other
mechanisms such as absorption of the resin on to the nanoparticle surface due to its large
surface area and lack of uniform dispersion are also hypothesised but no hard proof has
been reported (43). The free volume effect is based on the introduction of free volume into
the nanocomposite system as a result of nanoparticle addition, which increases as the
loading ratio increases. This results in the molecular chains of the polymer having less
constrained environment; thus, lowering the T, as the chains are comparatively free to
move unlike in unfilled nanocomposite system. Whereas, the interfacial constrain is a
complex phenomena that occurs at the surface of the nanoparticle. It constrains the chain
entropy which moves the T to higher values.

In a study by Kosmidou et al. (44), it was observed that at lower loading ratio in case of a
TiO; filled epoxy nanocomposite the Tg value moved to higher temperature. This was
explained as a result of interfacial interaction. Since, at lower concentration the
nanoparticles are argued to be well dispersed and are considered to be have better
interaction with the polymer chains. However, at higher concentration the authors
hypothesised that the free volume dominates over the interfacial effect due to agglomerate
formation; thereby reducing the amount of interaction of the polymeric chains with the
nanoparticle surface.

In another work by Sun et al. (45), epoxy resin system filled with nano and micro SiO,, Ag
and Al,O3 were investigated. It was reported that nanofilled epoxy composite system
showed lower T values than the epoxy microcomposite system. This was then explained as
a combination of the both the two dominant effects occurring simultaneously i.e.
introduction of free volume as well as the significant increase in surface area altering the
surface kinetics. This is in contradiction to explanation by reported by Kosmidou, where the
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interaction zone starts to overlap causing a reduction in the interaction with the polymer

chains.

It has also been reported (46) that the curing and the post curing conditions i.e. the sample
fabrication conditions also play a vital role in determining the amount of cross-linking in the
polymeric system which in turn is related to the T,. Higher degree of cross-linking shifts the

T, to higher temperature values.

Tg can be used to study the dielectric a-relaxation, monitor the viscosity and reactions of
the material during curing process, which is one of the main factors that explains the
behaviour of the final material. However, several combined factors affect the behaviour of
Tg in filled epoxy system. Although, the evidence and explanations of the mechanisms
might be valid certain contradiction exists. Since, determining the impact of these factors
individually may not be possible but by controlling different parameters methodically and
studying for correlation between different parameters could help better understand the
underlying mechanisms altering the molecular dynamics.

2.4 Molecular Dynamics in Polymeric Model System

Polymeric systems are rather very complex'. One important factor causing this complexity
is the chain conformation. An isolated macromolecule can have a large number of atoms
covalently bonded leading to larger number conformations in space and time. Many other
factors such as chain flexibility, the mean-square end-to-end vector of the chain and the
mean-square dipole moment which affect the bulk properties of the polymer system are a
direct result of these large number of conformations. Further more, these conformations
have temperature dependence. For an amorphous system like epoxy at lower temperature
the system behaves as a glassy solid where as at the glass transition temperature the system
has visco-elastic properties. At still higher temperature the chains have increased mobility
and the system becomes more rubbery or in some case flows like liquid where the shear
modulus drops down to zero. However, some properties become independent of the
molecular weight when the value is sufficiently high. For example, effects related to chain
ends such as entanglements are different for short and long chains become less important
in case of longer chains. Due to molecular fluctuations the mean quadratic value of the
end-to-end vector also fluctuates over time. The dielectric properties of a polymeric chain
depends on the polarization P which is the dipole density in a unit volume V.

1
P=2 ) > i 2.2)

chain monomerunit

where p is the dipole of the repeating unit. For different length of chains there are different
possibilities of orientation. It could be either the molecular dipoles fixed parallel to the
backbone or attached perpendicular to the backbone or a more flexible side chain where the

1As scope of this study in most cases only molecular dynamics of amorphous systems are studied.
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side group has the possibility of rotation. Although, there is no correlation between the
dipole moment and the chain contour, the fluctuation of the dipole moment are mostly due
to conformation transitions related to segmental mobility of the chains (47).

The current understanding of segmental motion is based on an idea by Helfand et al. (48),
Skolnik and Yaris (49). It states when a conformational change occurs is disturbs the bonds
and their angles. Hence, the possibility of the neighbouring chain to under go conformation
is enhanced. This leads to conformational changes to diffuse along the chains. However,
only the possibility of other surrounding chains to undergo changes is enhanced but not
every transition will lead to a transition in the neighbouring chain. Hence, the change or the
transition over time gets damped.

It is widely known due to extensive research that amorphous polymers exhibit a secondary
-f and principle -« relaxation. [ relaxation is located at higher frequency and lower
temperature than a relaxation. In case of some polymers a further relaxation can also be
observed namely the a’ or normal mode relaxation. It is usually observed at lower
frequencies than a relaxation. a relaxation is usually observed at higher temperature which
is also related to the glass transition temperature. Figure 2.4 shows the plot of dielectric loss
vs logarithmic frequency at varying temperature for poly(propylene glycol) showing two
peaks. The peak at lower frequency represents the a’ and one at higher frequency represents
the a.
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FIGURE 2.4: Dielectric loss £” for poly(propylene glycol) (M = 2000 g mol™!) vs
logarithm of frequency [Hz] at varying temperature [B1].
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2.4.1 Alpha - (a) relaxation

Most of the published work agrees that for polymers the glass transition temperature Tg
corresponds to segmental motion. Conformational changes such as gauche-trans
transitions lead to rotational fluctuations of the dipole around the backbone chain in the
side chain which is perpendicularly attached to the back bone. a relaxation is generally
discussed in terms of its relaxation rate, dielectric strength and the shape of the relaxation
function in accordance to different models hypothesised for this phenomena.

a) Relaxation rate: The relaxation rate is know to be temperature dependent. Usually this
dependence can be described by using the Vogel/Fulcher/Tammann/Hesse (VFT) equation,

A
T—T,

logvpa =108V — (2.3)
where log v and A are constants and Tj is the ideal glass transition temperature or Vogel
temperature, usually found to be 30 - 70 K below the Tg.

The activation energy can also be calculated from Eq. 2.4. However, the activation energy
near the glass transition temperature is much greater than the binding energy of C - C o-
bond. In a separate study by Yonggang et al. (50) and Williams et. al (51) a similar relation
between the relaxation rate and temperature is discussed, given by,

Upa(T) _ CI(T_Tref)
Upa(Tref) Co+T—Trer

(2.4)

where T,.r is the reference temperature and Vo (T;f) is the relaxation rate at the given
temperature. Cy and C; = Ty.r — To are WLF-parameters. With the help of these both laws
the Tg of a polymer system can be approximated and in most cases shows good agreement
(52).

b) Dielectric strength and shape of the relaxation function: The dielectric strength of the a
relaxation Ag, decreases with increase in temperature. However, close to Tg the increase of
Agq with decreasing temperature is also a know effect (53). This temperature dependence is
further emphasised when TAg, is plotted vs T for several polymers, where it decreases with
increasing temperature.

Many different models such as Debye, Cole/Cole, Cole/Davidson, Havriliak/Negami and
Dissado/Hill have been proposed and hypothesised to understand the relaxation function.
It is considered that the broad asymmetric a relaxation peak is an intrinsic feature of
glass-forming systems. The width of the peak depends upon different factors namely,
temperature, structure of chain and cross-linking density. The peak becomes narrower as
the temperature increases and broadens significantly with cross-linking. The a relaxation
usually leads to a dominant loss peak at v, = v; = 1/(27(14)), where (74) is the average
relaxation time. Fig. 2.5 show different relaxation peaks highlighting the dominance
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(amplitude) of the a relaxation over other relaxation processes. With increasing temperature
this peak shifts to higher frequencies.

When mobile charge carriers are present in the system, conductivity contribution can lead
"

to divergence of ¢”(v) at low frequencies since, ¢’ = ¢’/v. Although the amplitude of
conductivity contribution can completely dominate and suppress other features of the
spectra. This is also seen in nanocomposite polymer system due to the interfacial effects
where sometimes « relaxation peak is partially suppressed by conductivity contribution, as

can be seen in Fig. 2.6.

In a study by Hassan et al. (54) the polymer chain dynamics of epoxy based composites were
investigated. The linear segment observed at lower frequency is reported to be accounted in
terms of dc conduction. In this experiment dc conduction is assumed to be a result of charge
hopping and is argued that charge hopping pathways become longer at lower frequencies.
As the half period of oscillation (2 f) ! increases, the charge carriers can perform more hops
before the field is reversed. All the linear segments at temperatures above T have slopes =
-1.0, which is usually a characteristic of dc conduction. The vertical elevation of these slopes
with increasing temperature represents the increase in dc conductivity according to Eq. 2.5.

Oac=2megfe” (2.5)

This behaviour is argued to be caused by chain segmental mobility due to its rubbery state
combined with charge motions. At lower frequencies the ions have enough time to
accumulate at the electrode interface. Based on this it is reported that these ions can
accumulate on both the electrodes and can give rise to greater charge per unit area than
those produced from simple dipole orientation mechanisms. Hence, the real permittivity &’
can be much higher than the actual bulk permittivity.

In a study by Andrews and Hammack (56) to account for the "local viscosity" effect a
explanation for the «a transition and associated peak was provided in terms of
intermolecular cohesive bonding. The authors stated that if the mechanism of energy loss
and dissipation into heat was to be explained it was first important to explain the storage of
energy elastically and subsequently transformed into a thermal form. It was argued that
below the T the bonding holds certain form of elastic energy, as the temperature increases
the rigid structure distorts elastically and once the transition temperature is reached the
bonds could no longer hold the elastic energy. It molecular terms the loss peak is explained
as an combined effect of increase in population of mobile carriers and progressive decrease
in local viscosity with increase in temperature. It was also stated that the polymer can have
multiple form of cohesive bonding which could result in multiple loss peaks as observed in
some cases.

In another study by Shito and Sato (57), the authors reported that the higher values of the
glass transition temperature of the resin series can also be attributed to the existence of
double bonds or ring structures in their chain backbones.
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FIGURE 2.6: The imaginary part of dielectric constant at 463 K with the fit curve for
a—Fe203 (55).

2.4.2 Beta - (p) relaxation

Heijboer et al. (53) in 1976 first studied the molecular origin of relaxation in polymers. The
author developed a model to highlight the molecular mechanisms which could be
responsible for these relaxation processes. Since then, authors agree that the dielectric
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FIGURE 2.7: €” vs. f at different temperatures for epoxy networks formed using 33 BisA
crosslinker showing the glass transition (a process) peak (54).

relaxation in amorphous polymers arises from localised rotational fluctuations of the side
groups on the main chain. A reduction of the T¢ because of the increase in the length of the
side chain is also observed (58). In another idea outlined by Goldstein and Johari (59), the
authors argued that § relaxation is a characteristic feature of amorphous state materials.

a) Relaxation rate: The temperature dependence of the  relaxation can be general explained

by the Arrhenius law,
—F A

kyT

where vn.p is the pre-exponential factor. The activation energy E4 depends on the internal

Upp = Voofp €XP (2.6)

rotational barriers and environment of the fluctuating unit. Usually the values of E4 lies
between the range 20 to 50 k] mol~!.

b)Dielectric strength and shape of the relaxation function: The dielectric strength of the f
relaxation in comparison to « relaxation depends on the bond between the side chain and
the main chain. Usually when the side chain is rigidly attached to the main chain
Agg << Agq. In case of polymers containing flexible side chain or group Aeg < Agy. The
reason for this behaviour is unknown. However, NMR measurements provide little evidence
that the behaviour could be a result of coupled main chain and side chain motion (60). The
Onsager/Kirkwood/Fréhlich theory predicts that the relaxation could be understood using
Eq. 2.7,

Ae = Fonsager § N_z & (2.7)

kpT V

given either number of dipoles N, or the angular extension of the fluctuations increase with
temperature. In the equation p is the dipole moment, kj, is the Boltzmann constant, V is the
volume of the system and g is the correction factor which changes with temperature.
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However, it is considered that changes in g would not be significant below Ty since
reorientation of the larger molecular dipoles below T does not seem possible.

The relaxation curve is usually symmetric and the relaxation function is measured based on
the half height width of the loss peak which is usually broad. The width of the peak reduces
with increasing temperature. The shape of the peak is considered to be a function of both
the activation energy and the pre-exponential factor which is related to the molecular
environment of the fluctuating dipole. A a general conclusion f relaxation could be either

intra- and/or inter- molecular in nature.

Several studies have been done by many authors to understand the origin and mechanism
leading to B relaxation. These different conclusions and explanations are covered here
onwards.

* Andrews and Hammack (56): The authors cited an example where the f relaxation in
a polymer was assumed to be resulting from the rotational motion of the ester side
groups. Which is then correlated with the fact that this motion occurs in a constrained
environment having local friction leading to the observed energy loss (8 peak).
However, in accordance to their cohesive bonding theory, the authors argued that the
loss peak was a consequence of the loosening of the dipole-dipole association
bonding between the ester side groups of the polymer, rather than activation of
certain type of motion as a given temperature.

* Dammont and Kwei (61): The authors compared two analogous system to analyse the
segmental motions of the highly cross-linked network as a result of diepoxide
polymerization. For this purpose two systems of two structurally similar monomers,
ie., 2,2,3,3,4,4-hexofluoropentane diglycidyl ether-1,5 (6FP) and 1,4-butane digycidyl
ether (Bu), and 2,2-bis(4-glycidyl phenyl ether)hexafluoropropane (GFBPA) and
2,2-bis(4-glycidyl phenyl ether)propane (BPA), were polymerized with the aid of two
diamine curing agents, namely, ethylenediamine, H;N-CH,-CH,-NH, and
m-xylylenediamine, m-H,N-CH,- CBH4-CH,-NHjy, (mXD) for each monomer. Two
main transitions were observed one related to the Ty and other relaxation which all
the polymer sample system had in common. This relaxation was attribute as the f
relaxation and hypothesised due to the commonly present hydroxy ether group. From
this they also concluded that as the cross-linking increases with temperature the f
relaxation becomes more prominent; since, the concentration of hydroxy ether group
would also increase with curing.

* Ding et al. (62): The authors studied the dynamics of epoxy composite containing
polycyclic aromatic hydrocarbon. The aromatic hydrocarbon used as filler was
anthracene. It was reported that at low temperatures a relaxation process was
identified as the ff relaxation. It was recognised as comprehensive motions of hydroxyl
ether and cross-links. No significant effect of additives on the activation energy of the
P relaxation was observed, indicating that the local motions of hydroxyl groups as the
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FIGURE 2.8: Hydroxy ether group

origin of the relaxation process. It is also stated that these processes were not affected
by the molecular changes i.e. the attachment of anthracene and attractive n-7
interactions between the anthracene and the bisphenol group of the epoxy.

* Edward Cuddihy and Jovan Moacanin (63): The authors studied five different type of
polymer system with a common epoxy matrix namely Epon 828 with five different
curatives namely, diethyemetriamine (DETA), DMP-30, metaphenylenediamine
(MPDA), hexahydrophthalic anhydride and pyromellitic dianhydride. Two different
cross-linked structure were formed. The structure A (Fig. 2.9) with primary and
secondary amines like DETA and MPDA. Structure B with tertiary amines such as
DMP-30 with diether and carbonyl groups. These structures were then evaluated
based on different possibilities for rotational fluctuations. Upon examination is was
reported that even though highly restricted the ether linkage of bis-phenol A can
rotate. Further, it was stated that to have free mobility the diether linkage in the
backbone chain must be stretched or should be in extended configuration. Any
coiling could present enough steric interference to prevent movement.

OH
X

X

FIGURE 2.9: The structure of crosslinked strucutre "A" in investigation by Edward Cuddihy and
Jovan Moacanin (63)

Rotation modes A, C and D (Fig. 2.10) are associated with segments which can occur
in the backbone of the cured epoxy resin. Whilst the p-dioxane ring in rotation mode
B can only be introduced into the backbone by epoxy-epoxy reactions catalysed by
tertiary amines. DETA cured epoxy resin showed the highest amplitude of § relaxation
due to three possible modes of rotation namely, the common mode A present in all
system, mode C where the central secondary amine can rotate and finally the diether
bridges which could be formed due to the presence of tertiary amines. It was reported
that the amplitude of the relaxation mainly depends on the contribution and
combination of these different rotational modes. However, the highest contribution
comes from rotation mode A which was shown to be present in all the systems.Finally,
it was concluded that the magnitude of the -transition is a measure of total impact
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FIGURE 2.10: Different rotation modes a) Dimethylene ether linkage of bisphenol-A
b) Epoxy-Epoxy reaction in presence of tertiary amine c) Rotation allowed in centrally positioned
secondary amine in DETA d) Diether bridges from anhydride curatives.

potential while the actual impact value may be influenced by factors each such as
thermal treatment, amorphous phase changes, stretching, cross-linking, or
crystallinity.

* Heux at al. (64): The authors used three different system with same epoxy but cured
with three different amine curatives namely, hexamethylene diamine (HMDA),
hexylamine (HA) and dimethyl hexamethylene diamine (DMHMDA). The main
objective was to understand the role of un-reacted epoxy and amine groups. Further,
also to understand the respective roles of aromatic and aliphatic units in § relaxation
process. The HMDA primary diamine cured system was reported to be the most
densely cross-linked out of all the samples. It was reported that the height of the
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maximum of f§ transition increases as the test frequency increases. It was concluded
that this could not be a result of a single process and indicates the existence of several
different processes. In case of a high frequency test, the low activation energy tends to
overlap with the high activation energy processes and is regarded as the apparent
activation energy. It is a combination of energies from all the different processes
occurring simultaneously; thus, the f peak also becomes narrower and its maxima
increases with frequency. Low values of activation energy is interpreted in terms of
localised motion, whereas higher values corresponds to cooperative motions.
Therefore, the low energy at the onset of the [ relaxation indicates that
low-temperature motions are localised. As the temperature increases along with
localised motions cooperative motions also occurs and becomes significantly higher
as the cross-linking increases. Thus, it was argued that the width and height of the §
transition are decreasing functions of cross-link density. It was also reported that the
cooperative process itself is a combination of several different processes. This
conclusions was based on the observation that in the epoxy system cured with
DMHMDA compared to others showed high mechanical losses. The DMHMDA acts
as mesh extender where as the HA (primary amine) reacts as a side chain. The
presence of DMHMDA between two epoxy groups allows spatial motions and
increases cooperativity along the chain. It differs from the cross-linking cooperativity
as the chain constraints are much weaker. The author states that the involvement of
CHOH-CH;-0O (glyceryl unit) in § relaxation is well studied [VH] and the results
presented are consistent. Based on this and the NMR study which revels the parallel
behaviour of CHOH-CH»-O and CH;-N groups; it was concluded that cross-linking
points are also involved in the f§ relaxation process. Measurements comparing the
hydroxypropylether and phenyl rings of bisphenol A were also studied. It was
reported that the steric hindrance for these rings to be able to flip is high and a direct
coupling with the mechanical losses can not be established. However, a correlation
between the oxygen next to the phenyl rings which is part of hydroxypropylether
group was observed where a slight increase, possible due to the motion of the oxygen
atom, in the bond angle between the two phenyl rings could reduce the steric
hinderance causing the rings to flip. Thus, indicating an indirect coupling with the
mechanical losses. In a similar study by Van Hoorn (65) the f relaxation was
attributed to the phneyl ring rotations.

* Soulintzis et al. (66), Shito and Sato (57), Jilani (67) : The authors while studying the
dielectric relaxation process in various types of epoxy resin composites reported that
the f relaxation is a result of wriggling of the hydroxyl and/or carbonyl side groups and
the orientation or reorientation of other polar side groups.

These variety of arguments and links to different specific processes over the molecular
origin of the -relaxation indicates the complication in the explanation of the phenomena.
pB-relaxation may involves two sets of mechanisms: the hydroxyl moieties in addition to
their motion mode, which may be influenced by the chemical structure around them. The
range of motion is depicted in Table 2.1.
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Type of Motion Reference ‘

Crankshaft motion of six carbon atoms Ochi et al. (68)

Crankshaft motion of hydroxyether Dammont and Kwei
Ring rotation Van Hoorn
Oscillation or wagging of phenyl groups Sinnotto
Wriggling of hydroxyl and/or carbonyl side groups Soulintiz et al.
Intermolecular bond loosening Andrews and Hammack

Concentration of hydroxly groups \ Ochi et al. (69; 70; 71) ‘

TABLE 2.1: Different possible origins for § relaxation

2.4.3 Gamma - (y) relaxation

To provide physical interpretation of relaxation processes in polymers usually a peak is
assigned at a particular motion of the main chain, side chain or a group of the side chain or
assign a understood mechanism to the process. However, understanding the mechanisms
are far more complex. A mechanism or motion of the chains which might be true for one
polymer might not be true for others. For example, secondary relaxation process such as f
and y are observed not only in amorphous regions but also in polymers which have no
internal degree of freedom, owing to a special mode of segmental motion. These observed
relaxations generally indicate dipolar motions in regions of dissimilar cross-linking density
where the polymer chain, epoxy group or hydroxy-ether and unreacted molecular segment
are loosely packed. Hence, these relaxations can be interpreted in terms of both a) the
changing number and nature of the existing dipolar segments as the reaction progress and
the changing internal arrangement and topology of the chains as the average chain length
increase and the network densifies.

Various studies have been done to identify the nature and origin of the y relaxation. In a
study by Mangion and Johari (72), the authors argued that the y peak is partly due to local
motion of dipoles which remain unreacted including the unreacted epoxy groups, free
amino-diphenyl or primary amine groups. It was also stated that the § and y relaxations are
connected. As the reaction proceeded the number of unreacted groups reduced and the
cross-linking increased. Thus, as the polymer cures the y peak reduces and the f peak starts
to become more prominent.

Charlesworth (73) studied the effect of methylene sequence length on the secondary
relaxation using samples cured with diamine containing 2 to 12 methylene units and
samples cured with 2 to 4 methylene units in the central portion of the diepoxide monomer.
The author reported that at least four methylene units are needed in the diamine
component before the y relaxation process is observable, whereas only two consecutive
methylene units in the center of the diepoxide molecule produce the relaxation. Further, it
was also stated that y relaxation show behaviour consistent with crankshaft type rotation
mechanism of the methylene groups.
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Hassan et al. (54) reported that dielectric and nuclear magnetic resonance (NMR) studies of
a diglycidyl ether of bisphenol A (DGEBA) based system revealed well resolved y relaxation
peaks. In accordance to NMR measurements it was reported that this transition was a result
of phenyl rings flipping in the DGEBA main chain which implies adjacent flexible ether
linkage. The author also cited another study according to which cahin sections between the
cross-links are the only flexible group in a glass polymer and the conformation of the chains
in a epoxy-aliphatic amine network depends upon rotation of five skeletal bonds.

In a study by Ochi et al. (68; 69; 70) two different systems were considered one with curing
procedure involving only primary and secondary amines; and the other containing tertiary
amines. Epoxide resins cured with aliphatic diamines in the absence of a catalyst contain
significant amount of ether groups. Both the systems were denoted as amine cured and
ether linked respectively. In the amine cured system hydroxyether group is generated as a
result of reaction between epoxide and amino group. However, in ether linked system the
curing reaction involves self polymerization of the resin, no hydroxyether groups are
formed. y relaxation was observed in resin cured with aliphatic diamines having four or
more methylene units and no relaxation was observed in case of diamine having two carbon
atoms or cured with tertiary amines. Hence, the authors concluded that the y relaxation was
caused by the motion of poly-methylene sequences of at least four carbon atoms.

Pognay in a publised work (74) specifically studied y relaxation. He reported the
observations and provided explanation for the effect of water , curing condition and
chemical structure on the relaxation. A continuous increase in the area under the peak
mainly due to its broadening at high temperature is reported until the curing temperature is
reached after which the peak remains constant. Further, as the amount of curing agent
increase the area under the peak increase but only until reaching the stoichiometric
amount. Similarly, the temperature of the relaxation also increase upon increasing the
concentration of curing agent but again only till the stoichiometric ratio is reached. Hence,
concluding the area under the y peak is proportional to the degree of cure. No effect of
water was observed on the peak. Finally, given these observation the author stated that the
most obvious origin of the y relaxation is a result of reaction between the epoxy and the
amine molecules. Therefore, coclusively reporting that the crank shaft motion of the
-CH,-CH(OH)-CH,-0O- group is responsible for y relaxation. Further, also reporting that for
polymers containing benzene ring in their main chain since the crankshaft motion is not
possible the y relaxation could be a result of wriggling motion of the groups containing the
benzene rings.

2.5 The Role of Interfaces

It has been reported and hypothesised that the introduction of nanoparticles leads to
formation of a layer consisting of immobilized polymer around each particle (76). As a
result, the local chain conformation and chain kinetics are change (3). The depth and the
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Type of Motion ‘ Reference ‘

Unreacted epoxide Hirai and Kline (75)

Local motion of unreacted components Johari and Mangion
Crankshaft motion of glyceryl units Pogany

Rotation of methylene sequence Soulintiz et al. (66)

Rotation of methylene sequence with atleast four carbon atoms Ochi
Rearrangement of small parts of the polymer chain Panglre et al.

Flipping of phenyl rings Hassan

TABLE 2.2: Different possible origins for y relaxation

density of trap sites is affected leading to either reduction or increase of carrier mobility and
energy (77). This incorporation of nanoparticles in a polymer matrix has been shown to
enhance the mechanical, thermal and electrical performance (19; 78). These improvements
are attributed to the behaviour and characteristics of the interfacial interaction zone (79).
According to Tanaka (80), an interface which is one tenth in thickness to the diameter of the
nanoparticle its volume fraction contribution could be up to = 50%. For a system consisting
of spherical nanoparticles of diameter d, interfacial thickness t, the interfacial volume
fraction f (assuming 2 t/d < 1) can be expressed as (80):
f:3§[1_§+1(§2)] (2.8)
d d 3 d
Having significantly high volume percentage demonstrates the important role of interfaces.
Due to the small size of nanoparticles they have enormous surface area which gives the

interaction zone two main characteristics:

a)The mobility, it depends on the chemical bonds formed between the
nanoparticle and the host. Presence of nanoparticles and compounding conditions affect
the movement of the polymer chain.

b) Formation of the double layer at the interface which may affect the local

conductivity (81).

The mobility of the polymer chain is affected by different factors such as the length of the
polymer chain (76), the surface morphology [26], nature of polymer - particle interaction
(attractive or repulsive) (82) and the bond formation between the particle and polymer (83).
A study conducted by Tsagaropoulos (76) investigates the effect of filling silica nanoparticle
on the mobility of polymer chain. It is reported that for a 10 wt.% the chain movement is
severely constrained and immobilized above 20 wt.% particle concentration. It has been
investigated that high filler loading ratio alter the free volume of the system. As a
consequence the possibility of the overlapping of interaction zone is higher. These overlaps
may contribute to charge dissipation which could enhance the dielectric breakdown
strength and voltage endurance characteristics (84). It is also emphasized that the
interaction zone is "quasi-conductive" which overlaps partially (85). Scattering mechanisms

2.5. The Role of Interfaces 29



Chapter 2. Literature Review

can also influence the space charge distribution upon introduction of second phase in a
polymer system which causes the charge carriers to have an increased path length leading
to higher breakdown strengths (86). For inhomogeneous materials, Maxwell Wagner
polarization could also potentially arise due to charge carriers getting blocked at the
interfacial layers (87). As the filler size approaches the chain conformation length the
compatibility with the host increases which could suppress Maxwell Wagner polarization
(39).

Further, the interfacial characteristics are significantly affect by aggregation. Homogeneous
dispersion of nanoparticle is hard to achieve, the particles often tend to aggregate. Degree of
aggregation is affected by different factors such as experimental conditions, particle shape,
size and surface free energy of the particles (88). As the size decreases or the loading ratio
increases the possibility of aggregation increases rapidly (88; 89). These aggregations have
undesirable effect, they enhance the local electric field increasing the conductivity in a
particular region leading to lowered breakdown strength (90), they act as stress points and
due to their rough surface they induce voids through which destructive process can start
leading to loss of mechanical stability (89). Aggregation can be prevented by surface
treatment of nanoparticle to enhance the compatibility between the polymer host and the
particles. It not only provides better dispersion but also increases the specific surface area of
nanoparticles, improves mechanical stability as well as electrical properties (90). However,
certain degree of aggregation is favourable in case of thermal conductivity as the
overlapping of interfaces of the nanoparticles provide conduction path for the heat to be
initially dissipated to surface of the nanocomposite and finally into the environment (91).
The role of interfaces is widely based on explanations which are prominently based on
interfacial characteristics. In a study conducted by Raetzke (92) shows that higher
nanocomposite interphase content has higher resistance to tracking and erosion. Silane
coupling agents used for stronger interfacial bonding between silica nanoparticles and
epoxy resin showed a reduction in the mobility of charge carriers enhancing the resistance
to partial discharge. It is also suggested that this enhancement could be a result of
nanoparticles filling the space (free volume) thus decreasing the volume of epoxy resin (93).
In a separate study it is pointed out that nanoparticle provide low trapping efficiency as the
compatibility of particle-polymer interface increases (94). Most of the investigations
conducted involve varying the filler concentration. However, in (95) an optimum value of
filler concentration is reported with a conclusion that electrical behaviour is not only
determined by the percentage of filler.

Based on the described mechanisms and observed experimental data it is widely agreed that
interface/interphase plays an important role. Hence, numerous model has been
hypothesised and theorised describing the physical, chemical and electrical characteristics
in accordance to the interfacial interaction zone. Different models also refer to the

interaction zone as either interface (surface area) or interphase (region with finite volume).
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2.6 The Models

2.6.1 Tsagraopoulos’s Nanocomposite Model

The Tsagraopoulos model assumes a structure with two layers around the nanoparticle, an
inner tightly bound layer with extremely restricted polymer motion and an intermediate
layer loosely bound examining a non-ionic polymer system. The inner layer is within the
distance range of 1-20 A from the nanoparticle and is considered to be physically adsorbed
on the particle. As a consequence of the confinement the chain kinematics are slowed
down. At distance above 20 A the layer is considered to me moderately bound (76). The
model specifically accesses the morphology of the polymer-particle system based on these
layers. A third layer is also considered after 90 A which is defined as the unrestricted bulk
polymer.  Physical interpretation can be assumed as increased concentration of
nanoparticle leading to a decrease in the interparticle distance. Since the model assumes
two regions with different mobility of the polymer chains around the particle, in principle it
deals with nanocomposite systems showing two glass transition temperatures. Where the
second glass transition temperature is explained as a result of loosely bound layer.

Investigation for the effect of increased filler percentage was performed using silica
nanoparticles of 7 nm diameter. A critical amount of silica nanoparticles were filled into the
polymer matrix, 10 wt.% was evaluated to be the critical weight percentage since at or above
10 wt.% two tan 6 peaks were observed. The first peak observed was found at the Ty of the
unfilled polymer, the position remains unchanged with varying weight percentage of the
nanoparticle whereas the size reduced as the filler concentration was increased. The second
peak observed was attributed to the glass transition of the polymer chains with mobility
restrictions. To further provide evidence to the observed peaks, the filler concentration was
further increased gradually and changes were observed until 50 wt.%. As the filler
percentage increased the inter-particle distance decreased, eventually transforming the
loosely bound layer to a tightly bound layer where the polymer chains were completely
immobilised. Since the volume fraction of the loosely bound layer decreased it resulted in
decrease of area of the second tan 6 peak. At lower concentration the interaction between
the particle and the loosely bound layer was reported to be stronger, as the concentration
increases these interactions become weaker. Consequently as the immobilised layer does
not restrict chain movement as effectively as the nanoparticle the T decreases. Reported
data supported the claim, 10 wt.% having a T of 160 °C as compared to 110 °C for 20 wt.%.
The reduction of the loosely bound layer causes the nanoparticles to act as barrier to flow of
current between the electrodes.

The Nuclear Magnetic Resonance (NMR) data reported as part of the study conducted by
Arrighi (96) provides justification to the model. In a separate study the data showed the
detection of a Polydimethylsiloxane (PDMS) layer with different mobility above the glass
transition temperature for a system filled with hydrophobic Aerosil (97) .  Whilst
investigating polymer blends of polypropylene (PP) and ethylene propylene rubber (EPR) a
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second relaxation peak was observed explanation of which was provided based on the
Tsagraopoulos’ model (98). It is pointed out in a study conducted by Starr and Schroeder
(99) that shifts in Ty is observed upon changing the interaction between the polymer and
nanoparticles. The magnitude of shift is dependent upon the polymer to nanoparticle ratio.
The results reported as part of the study investigating the epoxy nanocomposite for different
filler concentration conducted by Wang (20) for dielectric response the results are explained
basis on the Tsagraopoulos’ model. The permittivity of the nanocomposite reduced as the
concentration of nanoparticles increased due to the restriction on the mobility of the
polymer chains. The observation regarding the two peaks in the tan ¢ plot initially reported
as evidence for support to the model were also observed by others confirming the
reproducibility of the data. A second thermal peak above the glass transition temperature
for samples with 20 wt.% fumed silica were noted by Pitsa (100). Further, support to the
model can be found in (101), where the author reported broadening of the tan § peak to
higher temperature as well as decrease in the magnitude of the peak, attributing to changes
in the interaction between polyacrylnitrile (PAN) and antimony-doped tin oxide (ATO).
Suggesting that the motion of the PAN closer to the ATO nanoparticle would be constrained
from those further away.

Although the model is somewhat widely accepted it nevertheless has its weaknesses. In a
publication by Bansal (102), the author emphasis that regions alone with different mobility
cannot explain the glass transition temperature results reported. As claimed, such
interaction effects are also observable in case of fictionalised nanoparticles, where for
restricted geometries smallest inter-particle spacing would have dominant effect and glass
transition would require interaction of surface regions resulting in altered mobility.

In conclusion regardless of certain weaknesses the Tsagraopoulos’s model can be accepted
as a nanocomposite model to specifically explaining and access the glass transition
temperature. In summary suggesting that the two tan 6 peaks observed in certain
nanocomposite materials can be attributed to two layers, one which is tightly bound
(restricted mobility) with a peak position at higher temperatures and the other peak (glass
transition) due to the bulk polymer region as the loosely bound layer.

2.6.2 Tanaka’s Multi-Core Nanocomposite Model

Tanaka’s model (Fig. 2.11) consists of more than two layers therefore termed as 'multi-core’
model. It has bonded layer around the nanoparticle which is the innermost layer which
corresponds to a transition layer tightly bounded to both the inorganic and organic
components by coupling agents such as silane. It has a thickness of =1nm. The second layer
is the bound layer, it is the interphase region consisting of polymer chains bound to the first
layer and surface of the inorganic nanoparticle with an approximate thickness of 2 to 9 nm.
Third layer is the loosely bounded which has weak coupling and interaction with the second
layer. Finally, an electric double layer superimposed on all the other three layers mentioned.
The bounded layer is bonded via ionic, covalent, hydrogen and van der Waals force. The
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thickness of the second layers depend on the strength of the polymer-particle interaction,
stronger the interaction the larger the polymer fraction. The glass transition temperature is
directly correlated or explained based on the mobility of polymer chains and crystallinity of
the second layer. The loose layer has completely different chain mobility, crystallinity, free
volume and polymer chain conformation and is tens of nm thick. The final electric double
layer is considered to form long distance dipole which is used to explain the conduction and
dipole properties of the polymer nanocomposites (80).

Tanaka’s model assumes that the nanoparticles are either positively or negatively charge.
The charge is present on the nanoparticle due to the presence of mobile charge carriers. It is
considered that such charge carriers are distributed through the interfacial region. Due to
this charges of the opposite polarity are diffused outward from the surface to the Debye
shielding length in accordance to the Gouy-Chapman diffuse layer and the charge decays
exponentially based on the Born approximation. The model is used to explain the partial
discharge and discharge treeing paths in polymeric nanocomposite materials. It is assumed
that the introduction of positively or negatively charge nanoparticles tend to make the
entire system negative or positively charged.

Most of the support to the model is based on the simulation results. In various studies it has
been indicated that the treeing path propagates through the polymer and not through the
nanoparticle (100; 103). In a study by Pista (100), is it shown via simulation that the presence
of nanoparticles act as barrier to the propagation of the treeing. In accordance to the model
it shows that the presence of charge with same polarity stops tree growth. Enhancement of
the dielectric properties is explained on the basis of scattering mechanism due to the
nanoparticles and the presence of homo-charge (104). Many authors have observed that the
presence of nano-filler shows enhanced resistance to partial discharge and electrical treeing
based on the data obtained from epoxy-alumina and epoxy-silica nanocomposite (105).
Authors have also shown with photographic evidence that tree channels extend between
nanoparticles expanding perpendicularly when they come in contact with the nanoparticle.
It implies that as the tree grows thicker it starts interacting with the nanoparticle, which
further suggest that trees are modified by the applied field, in turn modifying the
nanocomposite morphology (106). It has been discussed extensively that the third layer of
the model has dominant effect over the other two layers whilst considering the overall
electrical properties of the nanocomposite (107). The model has also been used to explain
charge percolation and presence of water shell around the nanoparticle. It is hypothesised
that there are two layers of water. The inner layer is bound to the nanoparticle and the
second layer is concentrated to be conductive. When these layers overlap with other layers it
provides a channel for the charge carriers to move through the interaction zone
(25; 108; 109).

However, the model fails to explain the crossover phenomena, where the tree propagation
was observed to be different between the unfilled epoxy and epoxy nanocomposite material
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under different voltages (110; 111; 112). It can also be argued that in Tanaka’s model homo-
charge are not assumed to be charge of same polarity, instead it assumes electric double layer
for each nanoparticle reasoning that it is a result of triboelectricity (113).

Important terminology used and their definition:

a) Debye Shielding Length: Named after Peter Debye is used to measure the net electrostatic
effect of the charge carrier and the distance till which the effect endure. The length in case of
polymer nanocomposite is given by,

x1=2 M (2.9)
2x 103N €21

Where [ is the ionic strength, € is the dielectric constant, & is the permittivity of free space,
kp is the Boltzmann constant, N, is the Avogadro number and e is the elementary charge
(114).

b) Gouy-Chapman Diffuse Layer: According to Gouy the interfacial potential at the charged
surface can attributed to the number of ions attached to the surface. These ions are not held
at the surface they rather tend to diffuse into the phase with lesser density until a counter
potential is set-up. It is assumed to follow the Boltzmann distribution and the thickness of
the diffuse layer is given by,

e kgT
rme’y n;z:

2

Adouble = (2.10)

Where ¢, is the dielectric constant, kp is the Boltzmann constant, T is temperature, and e is
the elementary charge, n; is the concentration of ions in the given volume and z is the charge
on the ion.

c) Born Approximation: Named after Max Born, the approximation consists of taking
incident field at a particular location as the effective field instead of the total field in a well
dispersed nanocomposite system. Originally taken and modified from scattering theory.
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FIGURE 2.11: Tanaka’s Multi-Core Model for nanoparticle - polymer interfaces (80).
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2.6.3 Andritsch’s Polymer Chain Alignment Model

The model is based on the data obtained from experiments with epoxy resin filled with
nanoparticles (SiO, and Al,O3) which were modified with silane coupling agent (115). It
assumes that the properties exhibited by the nanocomposite strongly depend on the
processes prior to and during the polymerization process. It is reasoned that during the
process of polymerization for an ideal case the polymer chain would align perpendicularly
to the surface of the particle as a result of the inter-molecular forces between the chains.
This leads to formation of an inter-penetrating layer whose properties are unlike the bulk
phase i.e. neither the host nor the particle. It is further predicted that due to the alignment
of these chains the region around them would also be affected. To explain the changes in
the morphological structure a design analogous to crystallography is presented using a unit
cell. The unit cell is considered to be of nano metric dimensions. A body centred cubic unit
cell based on investigation via transmission electron microscopy (TEM) is selected to fit the
distribution of nanoparticles. The dimensions of the cubic cell are dependent on the filler
grade per volume and size of the filler. Based on these assumption the distance to the
nearest neighbour is shown to be calculated as follows,

2

Dnearest_neighbour = 7(“ -d) (2.11)

Where Dyearest_neighbour 18 the distance to the nearest neighbour, a is the length of the cell
which depends on the fill-grade per volume and d which is the diameter of the nanoparticle.

Experimentally with measurements from TEM, the best agreement was found with SiO»
nanofiller. To compensate for the fact that TEM graphs are two dimensional, a correction
factor of 30% was calculated for three dimensional analysis using approximation. In case of
Al,O3 due to wider particle size and agglomerations the difference between ideal calculation
and calculation from observed data was more than 40%. An excess of silane coupling agent
was used to increase the probability of reaction with the surface of the nanoparticle. Which
leads to a silane coupled layer to be of thickness in range of A to some nanometre. Due to
the intermolecular forces the chains align parallel to the surface of the nanoparticle which
leads to formation of a rigid structure. As the distance between the nanoparticles increase
the rigidity reduces and the system becomes more amorphous. The model considers two
layers, an inner layer where the chains are perpendicularly aligned and the outer layer
which is the bulk polymer matrix which. Outer layer includes the extend chains from the
inner layer (not necessarily perpendicularly aligned outside of the inner layer). As the
loading ratio increases the distance between the nanoparticle reduces and the outer layers
will start overlapping. Further, at very high particle density the inner layer will start
overlapping as well.

As effects of the chain alignment it is demonstrated that at lower loading ratio the
nanoparticles change the material morphology. However, the effects do not scale as the
loading ratio increases. Conduction mechanism is explained based on the attraction of
charge carriers on the surface of the nanoparticle. According to this phenomena the
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electrons can travel between the chains to approach the particle which makes the particle
negatively charged attracting holes to the surface travelling along the polymer chain result
in a recombination. In relation to the influence on the materials it is argued that the particle
size and the amount of hydroxyl groups on the surface of the nanoparticle determine the
reaction of the polymer chains. Near to the particle the intermolecular forces are stronger
leading to alignment. However, at distance greater than one molecule the forces decrease.
Along with the effect on crosslinking, the rigidity of the system also decreases.

Effects on the electrical properties reported show that the breakdown strength reduces
significantly as the loading ratio increases. The reduction is attributed to the presence of
agglomeration where the overlapping of the silane and polymer layer act as weak spot
enhancing the local field which adds up to the applied field strength resulting in an earlier
breakdown. It is also argued that the addition of nanoparticle in the polymeric host leads to
enhanced resistance to electrical treeing and partial discharges. Due to the presence of the
aligned chains with covalent bonding, higher energy is required to break the bonds along
with the energy consumed in deflection of the tree by a nanoparticle. The author argues that
due to the high interface volume and due to the alignment of the chains the permittivity of
the system reduces. However, as the loading ratio increase the bulk permittivity increases as
the high permittivity of the nanoparticle dominates over the effect of the aligned chains. In
accordance to the space charge measurements the model suggests that although
nanoparticles act as recombination centres, the agglomerations act as charge traps which
leads to large interfacial polarization resulting in charge accumulation.

2.6.4 Lewis Intensity Model

In 1994, Lewis highlighted the importance of interfaces, considering them as areas of altered
electro-chemical-mechanical behaviour, in nanocomposites (1). The proposed model (Fig.
2.12) considers an interface between two uniform material phases A and B. Each atom and
molecule of the system interacts with its surrounding via a combination of short and long
range forces. Each phase has its own mean bulk properties. As the boundary of the other
phase is approached these forces will become increasingly modified and upon crossing the
boundary will become characteristics of that phase. The regions where these properties are
completely different from the bulk phase is defined as the interface ab. In general these can
be any property (a) physical, chemical, electrochemical potential, electric field or the
dielectric permittivity. The thickness of this interface (d) is ill-defined since the local
intensity of these properties approach the bulk phase mean property values asymptotically.
The interface is considered to be of one dimension implying that conditions in other
dimensions are uniform. The thickness d depends on the range of forces existing, short
range forces can lead to an effective thickness of less than 1 nm but to a maximum of 10 nm.
The model is proposed based on a well-accepted thesis that, "interfaces" play a major role
in controlling the electron and ion transport through macroscopic "dielectric systems".
Secondly, on the fact that concepts in electro-chemistry are constructed based on the
selective electron transfer across interfaces of nanometric thickness (116; 117; 118).
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Interfacial areas or "patches" are considered to be heterogeneous with particular ab
properties. As the size of the particle reduces the effect of interfacial properties ab will
become dominant (119). It is argued that if the interface is determined by short-range
forces, then the interface volume exceeds 50% of the particle volume for particle small than
5 nm, at such small size the interfacial properties will start to change as the bulk phase
properties of the particle. It is highly asserted that interfacial properties should be a major
design condition.

2.6.4.1 The Model and Interfacial Forces

Based on the intensity (I) of property @« which depends upon the localised atomic and
molecular forces, the interfacial forces are defined and categorised. Repulsive short-range
forces exist in the adjacent surrounding of the atom which are result of quantum
mechanical interactions and are responsible for bonding, charge transfer and steric
interactions. Another highly directional short-range force is the hydrogen bond. Long range
forces are all electrostatic in nature giving rise to ionic (columbic forces) and dipole
(permanent and induced) interactions. Other moderately ranged dipole related polarization
are usually attractive in nature and are knows as van der Waals forces.

Unipolar charges and their distribution plays an important role in the dielectric
phenomenon. The distribution of charge is affected by the geometry of its surface.
Considering A (nanoparticle) to be spherical an approximation was initially develop which
was further extended into electrical layers of ab interface. The repose of a nanoparticle
sphere of radius a with a ionic charge ze where e is the electronic charge and z is the valency
was found using the Born approximation (120). The energy associated with electrostatic
polarization was calculated using,

z2e? 1 1

-—) (2.12)
8mepa eop €

Where ¢ is the free space permittivity, €,p is the optical permittivity and &; is the static
permittivity.

The model was the then further developed considering a quasi-planar interface ab. The
interface ab is described in terms of charged layers which determine the dielectric
characteristics. A formation of three layers was assumed. On the nanoparticle side (A) of the
interface a double layer associated with surface states associated to the charged impurities,
trapped carriers and mobile charge carriers is formed. Next layer considered is the
Stern-layer or the Outer Helmholtz Plane (OHP), which may have high charge density. The
side A of this layer consists of ions and dipoles and side B (polymer side) is the induced or
attracted charge due to the excess charge on the side A. The third layer extends into the
phase B (bulk polymer) which is the Gouy-Chapman layer. It forms a diffused charge layer
as a consequence of the field resulting from the charge on B side of the Stern-layer. The
thickness of the diffused layer is inversely proportional to the conductivity of the bulk phase
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B (polymer). Diffused layer plays and important role in determining the dispersion of
nanoparticle (A). Further, it also helps in determining the dielectric and conductive

properties of the system.

The potential distribution function following continuum mean field approximation for the
diffused layer is given by,

—zjy(r)

V2 (r) = —ee 'Y zini(oo)e FT (2.13)
i

Where v (r) is the potential which is a function of distance r from the Stern-layer, ¢ is the
effective permittivity, z; is the ion valency, n; is the ion concentration in phase B (polymer),
k is the Boltzmann constant and T is the temperature.

The charge density of the diffused layer is given by,

—ziy(n)

pi(r) =pilco)e (2.14)

Where p; is the charge density as a function of distance from the Stern-layer.

Finally, the charge density can be related to the surface density by,

2
(2.15)

+0
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Where +0 is the net positive surface charge density at the Stern-layer.
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FIGURE 2.12: Distribution of electrical potential ¥ (r) in Stern and Gouy-Chapman layers
with plot of Ion concentration p;(r) in the diffused layer (121).
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Since the diffused layer consists of mobile charge carriers and ions it has lateral properties.
Depending upon the potential distribution it will drive lateral current across the interface.
The interfacial conditions assumed to develop the model are based on long range columbic
interactions between the charge nanoparticles (A). The model also assumes that
electron-hole recombination occurs at the particle surface. This property is used to explain
the behaviour of the polymer-nanoparticle system under electrical stress. The
recombination terminates the movement of the electrons between the electrodes which
reduces the space charge (122). It is also assumed as the loading ratio increases the diffused
layer from different particle will overlap providing a conduction path (116; 117; 118). Hence,
the bulk charge accumulation is reduce which improves the breakdown strength of the
system (81; 123).

2.6.5 Raetzke’s Volume Interphase Model

Most of the hypothesized model explain the enhancement of the electrical, thermal and
mechanical properties of nanocomposite systems as the effect of the interfaces. Unlike
these models, the Raetzke’s model (124) argues that the area formed around each
nanoparticle due to their interaction with the polymer matrix should be considered as an
interphase with certain thickness. In this region the polymer chains are chemically or
physically bonded to the particle surface leading to a morphological different structure
compared to the remaining bulk amorphous matrix. The interphase fraction is estimated
based on simplified dimensions, d the diameter of the nanoparticle, I thickness of the
interphase and V), the filler concentration. For these estimation the model makes following
assumptions,

a) Particles are spherical and have constant interphase thickness.
b) All particles have same diameter and

¢) Homogeneous dispersion of particles.

The calculation of parameters is based on body centred cubic geometrical structure, having
distance a between any two adjacent neighbouring nanoparticle on the vertices of the cube.
Different parameters such as the particle shape, size, concentration, thickness of interphase
and dispersion can affect the overall behaviour of the system. According to the calculations
performed it is estimated that with a particle diameter of 10 nm and filler fraction of 10 vol.%
the interphase fraction can contribute up to 70% volume. With such high volume fraction

the interphase can have dominant effect on the nanocomposite properties.

The author argues that the interaction zone should be considered as a region with a certain
thickness (1-10 nm) depending upon the bonding with the particle surface rather than only
two dimensional region. The chemical bonds formed between the surface of the

nanoparticle and the polymer depend upon the presence of surface groups and polymer
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side chains. Therefore, surface treatment of the nanoparticle surface can have remarkable
effect on the interphase. The author also argues that the non-polar groups can become
polar due to such treatment. The model assumes three layers similar to Tanaka's multi-core
model but does not take into account the electric double layer superimposing the other
three layer. The three layers are namely, transition layer, bound layer and loosely bound
layer (80).

The model derives the thickness of the interphase based on Tanaka’s multi-core model using
bond distance and atomic diameters of range 0.1-0.3 nm (80). The tightly bound layer is
estimated to be within the thickness range of 1-1.5 nm. It is assumed as the sum of the
topmost layer of the particle including the bonded atom layer of 0.4 nm thickness. The
second layer thickness depends on the conformation thickness of the polymer chains,
hydrogen bond and dipole-dipole bonds. The stronger the bonds thicker the second layer is
considered. The approximated thickness has a range of 1.5-8 nm which assumes the
polymer chains having a diameter of 0.3-1 nm and bond distance of 0.5-0.8 nm. The third
layer which consists of the loosely bound polymer chains is assumed to have a thickness in
the range of 1-3 nm. Based on all the above assumptions the entire thickness of the
interphase is approximated within 3-12 nm.

Based on the approximated thickness of the interphase the model then validates it based on
different range of inequalities,

Zi\/g(d+2i)sa (2.16)
(d+2i)=as Zi\/g(d+2i) (2.17)
%(d+2i)<a<(d+2i) (2.18)

a< 2\;\/;(61 +2i) (2.19)

Effect on interphase fraction for different range of validity,

* The interphase fraction increases linearly with the filler concentration.

* Theinterphase fraction still increase linearly with filler concentration but the steepness
of rise is decreasing.

* The interphase fraction is decreasing as the filler concentration increases.

* If the entire polymer consists of interphase, the interphase fraction is decreasing with

increasing concentration.

The result were then confirmed experimentally. High voltage arcing resistance was measured
as function of increased filler concentration. The investigated materials were silicon rubber
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filled with nano fumed silica, and micro fumed silica with particle diameter of 30 nm and
250 nm respectively. As the filler concentration increased the resistance also increased. The
effect of improved resistance however was less pronounced in case of micro filler. Since the
interphase fraction for nano fumed silica is much larger then micro fumed silica the model
shows good experimental validation.

2.6.6 Other Models

A three dimensional electrostatic model was proposed to describe the field distribution of a
spherical nanoparticle whilst considering homogeneous dispersion based on the multi-core
mode. The impact of thickness of the layers, concentration and permittivity of the
nanoparticles was also explained based on this model (125).

Another model describing the multi region based on the treated and untreated
nanocomposite was also proposed. The assumed two region were the transitional region
and the bonded region. The bonded region composed of the polymer chains bounded to the
nanoparticle due to the presence of ionic, covalent, hydrogen and van der Waals bounding.
The changes in this region were explain as a result of the changes in the Fermi levels of the
nanoparticle due to different kinds of bonding and formation of a Stern-layer. The
transitional region consisted of the polymer chains bound to the bounded region
chemically. This region was considered to be crystalline in nature. The cohesive energy
density of the polymer which determines the intermolecular forces and flexibility of the
polymer chains were defined to be the characteristics of this region. Thickness of the
transitional region is assumed to be greater than the bounded region. The thickness also
influence the breakdown strength of the system. Where increase in the thickness was
directly proportional to the increase in the breakdown strength. It is further explained that
as the concentration of nanoparticles increased these region start to overlap which makes
the influence of the nanoparticle dominant on the entire nanocomposite system (126).

A water-shell model to explain the effect of water absorption on epoxy nanocomposite in a
humid environment has also proposed (25). The model is based on Lewis’s and Tanaka’s
model, it assumes the formation of a water shell around the nanoparticle. The first layer is
tightly bounded to the nanoparticle and the second layer which is highly conductive in
nature consists of water which is loosely bound to the first layer by van der Waals forces. The
concentration of the water present in the bulk polymer system is examined to be lower than
around the nanoparticle. It is predicted in accordance to the model that epoxy
nanocomposite are more prone to degradation in humid environment due to absorption of
water (127). The accumulation the water as a shell degrades the interfaces and upon
percolation provide a path for conduction which leads to electrical breakdown. To explain
the percolation of water shell another model was developed. According to this model the
probability of percolation was considered to be a function of water content and
nanoparticle geometry (128).
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Another dual layer model based on Tsagaropoulos’s model to explain the glass transition
temperature and enhancement of degradation resistance related to partial discharge was
proposed. According to the model, between the loading ratios of 0.1-0.5 wt.% the mobility of
polymer chains in the bound layer increased which decreased the glass transition
temperature. As the loading ratio increases the volume of the tightly bound layer increases
which increases the glass transition temperature. It is assumed that mobile polymer regions
are comparatively more resistant to electrical degradation (19; 129).

Note: All the discussed models are illustrated together in Fig. 2.13 for comparison.

| Superimposed Electric Double Layer

- -| Gouwy - Chapman Diffuse Layer

il All layars are traated as mlerface

——— Loos

-{ Bound Layer

Polymer Intarface |- E:}.ll‘ﬁTa'_-Qq

Panicie Inertace b——

= Bounded Layer

| Surface Modification

F Boundad Layer |~
B|
MNanoparticle F —
) r/ — Loosely Bound Layer
/' - + Bounded Layer
iy e,
Water Shol ——
- *
Nanopartice | -
| Aigned Layer |
| Loosely Bound Layer
[I—a-.l":id}'ell’ —\——' \T]. -
i : Y " Affected Layer
| Bounded Layer \-—- e H""\)f [ W t
i o RN Y
All layers are freated as inlerphase A ::,,\\)7 = “\
., i 7_ -
g i = ~.
e = h" AW e il
E T \ N c

i g
nteraction Zons|

‘ o Biue ana Zore are same

&oerepsnce) 11 Dousie Layer in Nancapriicie

1 I ] e Y L 4
e Layer——\ [ J [ Surtace States of Nanoparticie
e—— , S —
[ Duter Hemhaltz Plane | T =~ absorbed lons and Dipoles
[ Gouy-Chapman Deftuse Layer }-
B (pobymer)
D

FIGURE 2.13: a) Tanaka’s multi - core model b) Tsagraopoulos’s dual layer model
¢) Andritsch’s polymer chain alingment model d) Lewis’s intensity model e) Raetzke’s volume
interphase model f) Water - shell model

2.6. The Models 43



Chapter 2. Literature Review

2.7 Core - Shell Nanoparticles

2.7.1 Classification

Conventionally nanoparticles are made up of only one material where as in case of core - shell
nanoparticles as the name suggests they are made up of two or more types materials. They
can be classified based on their core (inner material) and the shell (outer material). They can
consist of wide range of combinations such as:

* Inorganic/Inorganic

¢ Organic/Inorganic

* Inorganic/Organic and
* Organic/Organic

e Core/Multi-Shell

¢ Moveable Core or Hollow Shell

The choice of both the material is strongly dependent on the application. They can vary in
their shape as well, however, the most commonly seen shape is concentric or spherical (11).

Inorganic/Inorganic and Inorganic/Organic type can be further divided into different types
depending upon application as follows,

* Inorganic/Inorganic Core - Shell Nanoparticle

— Based on presence or absence of silica
+ Including Silica (Au/SiO5)
* Excluding Silica (Ni/Au)
— Semiconductor Core - Shell Nanoparticle
x Semiconductor/Non-Semiconductor (Fe;03/TiOy)
* Non-Semiconductor/Semiconductor
* Semiconductor/Semiconductor
- Shell material with high band gap (Type I) (CdSe/CdS)
- Shell material with lower band gap (Reverse Type I) (ZnS/CdSe)
- Core, Shell band gap staggered (Type II) (PbTe/CdTe)
x Core/Multi-Shell Semiconductor (InAs;_,/InP/ZnSe)

- Lanthanide Nanoparticle (Lanthanide Group - Rare Earth Ions) (LaF3/TiO5)

* Inorganic/Organic Core - Shell Nanoparticle
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— Magnetic/Organic (a - Fe,O3/Dextran (polymeric shell))
— Nonmagnetic/Organic

* Metal/Organic (Au/PANI (polyaniline))
* Metal Oxide/Organic (SiO2/PMMA (poly(methyl methacrylate)))
* Metal Salt/Organic (CaCOs/PANI)

2.7.2 Synthesis

Core - shell nanoparticle synthesis can mainly be divided into two approaches: a) Top-down
and b) Bottom-up. The former uses microfabrication techniques to cut and shape where
externally controlled tools are employed. Most commonly used techniques are lithographic
such as electron or ion beam, optical near field etc. The bottom-up approach utilizes the
chemical properties of the molecules. There are many bottom-up approaches namely
chemical synthesis, chemical vapour deposition, laser induced assembly, colloidal
aggregation, film deposition and growth (130; 131; 132). Bottom-up approach is
advantageous when synthesising smaller sized particles. It also provided much more
control over the size of the particle. However, to maintain a precise constant thickness of
shell around the core nanoparticle top-down approach is preferred. None of the method is
considered superior, each has their own advantageous and disadvantageous.

2.7.2.1 Inorganic Nanoparticle Synthesis
1. Metallic Nanoparticle

la. Reduction by Sodium Borohydride and Hydrazine

Sodium borohydride was discovered by Schlesinger in 1942 (133). Due to its low equivalent
weight of 4.73 g mol~! where each mol provides eight electrons to the reaction and high
reducing power of -1.24 V can reduce metallic salts in any medium at any pH. Under a pH
condition of < 9.42, in the chemical reaction the metallic salt is reduced to metallic ion and
hydrogen gas. The overall reaction involves reduction and hydrolysis of borohydride (134).

BH; +xM?** +3H,O= H3BO3+xM+ (4—x)Hy + 2x—1)H" (2.20)

Similarly hydrazine is a comparatively weaker reducing agent but is often used having a
reducing power of -1.23 in basic medium. Reaction involving Nickel salt by hydrazine at pH
> 11 can be written as (135),

2Ni?* + Ny Hp + 50H™ = 2Ni+ Ny + 4H>0 2.21)

1b. Transmetalation
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Metallic nanoparticle can also be synthesised by redox - Transmetalation reaction. Initially,
the core is prepared by a reduction process. In absence of any reducing agent another metal
salt is added. When the reduced core and metal salt come in contact with each other the salt
gets deposited on the surface due to which some portions of the reduced core gets oxidised
and a diffused shell is formed around the core nanoparticle. No reducing agent is require,
immediate shell formation, self-nucleation and homogeneous growth are namely the
advantageous of this method (136).

Core Reduction:Ni%* +2e¢~ = Ni (2.22)

Shell Formation:3Ni +2AuCI; =3Ni** +2Au+8CIl~ (2.23)

1c. Thermal Decomposition

Organometallic compounds can be thermally decomposed to metals at high temperature in
presence of a surfactant. Surfactant molecules acts stabilizing agents. After the metal has
been reduced the surfactant can be removed by washing cycles. To reduce the temperature
required for the process precursors such as in case of decomposition of Co,(CO),
[bis (salicylidene) cobalt (II)] - oleylamine is used (137). The reduced metal is highly reactive
with oxygen and forms a metal oxide shell also instantaneously no additional step is
required besides exposure to oxygen.

2. Metal Oxide Nanoparticles

2a. Sol - Gel Method (Stober Method)

Sol - Gel method can be tracked back to 1880’s, it was later modified by Werner Stober in 1968
(138). The method mainly involves three different approaches,

¢ Gelation of colloidal powder

* Hydrolysis of metal slats precursors followed by hypercritical drying and

* Hydrolysis of metal salt followed by ageing and drying under ambient temperature.

These approaches can be further divided into six steps (139):
1. Mechanical mixing of the colloidal nanoparticle powder under suitable pH conditions
or hydrolysis for metal salts and subsequently condensation.
2. Casting into mould.

3. Gelation, to allow condensed species to get absorbed on the surface of the
nanoparticle.

4. Drying the liquid in vacuum.
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5. Dehydration and chemical stabilization, during this process metal hydroxide bonds are
removed and an ultra-porous solid remains.

6. Densification by heating at high temperatures to increase the density by reducing the
internal porosity.

From step four onwards shrinkage and densification occurs due to a) Capillary contraction
b) Condensation c) Structural relaxation and d) Stirring. For synthesis of silica shell tetraethyl
orthosilicate (TEOS) is used.

a) H OR H H OR y H o
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H/ OR"‘ / H / :\\\ \ \ /,"OR
OR H or ©or R R
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b) OR ’ y y .
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(6] oy / ;\\\ /,'OR
OR OR OR R

FIGURE 2.14: Hydrolysis of TEOS a) Acidic media and b) Basic media

2b. Coprecipitation Method

In this method two or more water-soluble metal salts react with each other to form one
insoluble metal salt with precipitates at the bottom of the solution. The solubility of salts is
an important parameter in such reactions, when the concentration of the products cross the
solubility value of the compound the salt begins to precipitate. It follows three step process
(140),

¢ Nucleation
e Growth and

* Agglomeration

The reaction can also be of two types namely a) Redox and b) Acid-Base precipitation. The
rate of reaction is faster with lower activation energy. This related to the nucleation process
where small particle are formed. When they cross the critical radius they start to grow and
a new solid - liquid interface is generated. If the solubility is low the nucleation reaction
is faster and growth can be controlled by controlling the rate of reaction or controlling the
diffusion rate of molecules (141). Finally, due to Oswald ripening due to reduction in surface
area as the particles agglomerate the particle proceed towards the desired size.

Fe(HO)2+Fe(OH)3:Fe304+4H20 (2.24)
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2.7.2.2 Organic Nanoparticle Synthesis

Generally organic polymer cores are synthesised using emulsion polymerization followed by
in - situ coating of the shell. To enhance the coating surfactants are used to modify the surface
(142). The polymerization depends on the phase behaviour, it can be divided to four different
groups,

* Bulk Polymerization
* Solution Polymerization
* Suspension Polymerization and

* Emulsion Polymerization

Each technique has its own disadvantages and advantages for example in case of bulk
polymerization the molecular weight and viscosity keeps increasing as the reaction
proceeds and the problem of removing solvent in case of solution polymerization (143). The
industrially most commonly used process is emulsion polymerization where monomers are
dispersed in water containing surfactants forming and emulsion. It forms a very stable
suspension unlike other methods and the rate of heat transfer is very high. The only
disadvantage is the presence of surfactant, removal of which completely is a difficult
process. All these process might follow either one of the following polymerization
mechanism,

* Addition Polymerization

This kind of mechanism keeps the features of the chain. Polymerization occurs
through addition of large number of monomer molecules in a chain reaction in a very
short time (144). Initially, the reaction begins with the presence of an initiator which
can be a cation or an anion. After which the chain reaction follows. Depending upon
the initiator it can be divided into three further parts,

- Free Radical Polymerization

- Anion Polymerization and

- Cation Polymerization

» Step Polymerization

In this method polymerization occurs in steps. Therefore, it is a much slower process
but provides more control over the growth of the polymer chains (143). Initially, the
reaction starts with the reaction of functional groups of the monomer. Out of the
many condensation, addition, ring opening, amidation and ester interchange reaction
any can be used for step polymerization. However, most commonly used is the
condensation reaction, it involves removal of water as by-product of the reaction.
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xHO-R-0OH+xHOCO-R -COOH=HO[-R-0CO-R' -COO-],H+(2x-1)H,0
(2.25)

2.7.3 Effect of Different Factors on Synthesis

2.7.3.1 Effect of Temperature

Temperature effects the kinetics of the different reaction taking place during the process of
nanoparticle synthesis. Temperature is not an important parameter in case of sol-gel or
reduction reactions. However, a low temperature is generally preferred, this is mainly to
maintain the unsaturated shell formation. High temperature are commonly only used in
case of thermal decomposition reactions and for the purpose of calcination to increase the
density of the nanoparticles. Temperature although plays an important role during
nucleation depending upon the type of reaction endo-thermic or exo-thermic. A high
temperature along with endo-thermic reaction increases the rate of reaction. In an
endo-thermic reaction the diffusion rate of molecules becomes faster as the temperature
increase and opposite is true for exo-thermic reactions. According to Lifshitz - Slyozov -
Wagner model (145) the critical volume grows linearly with time and particles decrease in
number over time (146; 147). The kinematics can be shown by combination of three
different equations a) Arrhenius equation for activation energy b) Growth Rate Constant
and c) Stokes-Einstein equation for diffusivity.

—Eq

k.= Ae®l (2.26)
8yDVZC
Sl Vi 2.27)
9RT
kgT
D= (2.28)
6rna

Where A is constant, k. is the growth rate, E, is the activation energy, R is the universal gas
constant, T is the temperature (K), y is the surface energy of the particles (J m~2, V,, is the
volume of particles, C is the concentration of particle in the bulk, n is the viscosity of the

media (kg m~1s™!) and ais the hydrodynamic radius (nm).

2.7.3.2 Effect of Surface Modifier Concentration

Surface modifiers play and important role in determining the size and morphology of the
shell. Ionic surface modifiers can help form a uniform charge on the particle surface which
then can reduce the degree of agglomeration (148; 149). The absorption density depends
on the concentration of the modifier. The density increases with increase in concentration.
Surface modification enhances the possibility of shell formation around the core. Hence,
they are important for particle distribution (ionic modifier) and generally for size control.
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2.7.3.3 Effect of pH

Effect of pH depends on the type of reaction and mechanisms involved. Reduction and
precipitation reaction are the ones which are heavily affected by the pH of the media. For
example, in case of redox reaction material with higher reducing power is used to oxidise the
compound with lower reducing potential or power. pH is important in controlling the pace
of the reaction. Although surface modifiers are the cause of charged surface of nanoparticle
but in case of hydrophilic nanoparticles the surface charge is a result of the pH of the media
[105]. In case of sol - gel synthesis, for acidic medium alkoxide group is initially protonated
and then a lone pair of oxygen becomes attached to the metal. Whereas in case of a basic
medium, hydroxyl group attaches to the metal first and one alkoxide group is released by
substitution reaction. Hydrolysis is important for sol - gel method where TEOS is used. The
rate of hydrolysis is determined by the pH. A neutral pH has the least rate of hydrolysis.

2.7.3.4 Effect of Solvent and Water

Metal alkoxides are soluble in alcohol but not in water. Hence, generally a combination ratio
of water and alcohol is used during the synthesis. Generally the solvent is chosen based on
the polymer and alkoxide ligand. In case of epoxy acetone is an ideal choice. For the process
of hydrolysis water plays an important role. Since for a complete reaction for one mole of
alkoxide four moles of water is required. To maintain an optimum reaction rate a proper
ratio between alkoxide and water is required. Generally hydrolysis, condensation and
aggregation occurs simultaneously and it is difficult to control them individually. Therefore,
having optimum stoichiometric ratio between solvent, water, metal alkoxide from the
beginning is important.
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Chapter 3

Materials and Processing

3.1 Materials

Diglycidyl ether of bisphenol A epoxy resin DER 332 was obtained from Sigma Aldrich
(epoxide equivalent molar mass 172-176 g mol™!) and the amine hardener, Jeffamine D-230
was obtained from Huntsman (Hydrogen equivalent mass of 60 g mol™!). A theoretically
ideal stoichiometry was maintained throughout the process, namely 1000:344 parts (resin:
hardener), to maintain complete reaction between the epoxide group and the amine group
of the hardener. Silica (SiO,) nanoparticles with a specific surface area of 590-690 m? g~!
equating to a of size 5-20 nm along with alumina (Al,O3) nanoparticles of size less than 50
nm and specific surface area greater than 40 m? g~! were also obtained from Sigma Aldrich.
Titanium oxide (TiO») rutile nanoparticles of size 10-30 nm were obtained from SkySpring
Nanomaterial, Inc. Quoted data is taken from the datasheets provided by the relevant
suppliers. The chemicals used to produce SiO, shells upon the above Al,0O3 and TiO,
nanoparticle cores and hollow silica (h-SiO;), namely tetraethyl orthosilicate (= 90%)
(TEOS), aluminium isopropoxide (99.99%) poly (vinyl-pyrrolidone),
hexadecyltrimethyl-ammonium bromide (CTAB), ammonium oxide and poly (acrylic acid
sodium salt) (PAA) M.W. = 5100), were obtained from Sigma Aldrich.

3.2 Sample Preparation

3.2.1 Nanoparticle Synthesis
3.2.1.1 Core-Shell Nanoparticle Synthesis

Core/shell nanoparticles (i.e. TiO»/SiO,, Al,03/SiO, and SiO,SiO,) were synthesised using
the Stober method (138). Initially, 3 g of hexadecyltrimethylammonium bromide (CTAB)
was dissolved in 300 ml of deionised water and stirred to form a homogeneous solution.
Separately, 2.5 g of TiO, was dispersed in 200 ml of deionised water and continuously stirred




Chapter 3. Materials and Processing

for 6 h via. a magnetic stirrer. The resulting TiO» dispersion was probe sonicated (UP 200S)
for 1 h to break up agglomerates. These two components were then mixed together and
stirred for 24 h at 20 °C to ensure complete CTAB film formation on the surface of the
nanoparticles. Heraeus ™ Megafuse ™ 8 was then used to remove unabsorbed CTAB by
three centrifugation washing cycles with deionised water at 8000 rpm for 10 min. The
resulting surface modified TiO, nanoparticle were then dispersed in a mixture of 100 ml
deionised water and 400 ml ethanol. Further, 5 ml of aqueous ammonia was added and
stirred for 2 min, after which, 5 ml of TEOS was added to the solution. This mixture was
stirred for 16 h at 20 °C, followed by one centrifugation washing cycle with ethanol and two
with deionised water. Finally, the product was vacuum dried at 60 °C for 12 h to obtain
core/shell TiO,/SiO, nanoparticles (150). Overall the same process was followed for
Al;03/Si02 nanoparticle, but polyvinylpyrrolidone (PVP) was used as the surface active
agent instead of CTAB.

Mechanism: The Stober process is a well known example of polymerization of an alkoxide
(138). The process involves hydrolysis of tetraethyl orthosilicate (TEOS), as shown in the
chemical reaction in Eq 4.1 where R represents the ethyl group.

Si(OR)4+ H,O— HO-Si(OR)3+R-0OH (3.1)

Further, complete hydrolysis results in the formation of silica (SiOy), Eq 4.2.

Si(OR)4+2H,0— SiO2+4R—-0OH (3.2)

However, the process is chemically is not very straightforward and involves various
intermediate polymerization steps. These steps are illustrated in Fig. 2.14. Initially, the
hydrolysis of TEOS results in attaching a hydroxyl group to the TEOS monomer followed by
condensation. This intermediate reaction results in formation of two partially hydrolysed
monomers linked with a siloxane [Si-O-Si] bond. Intermediate species such as
[(OR)2-Si-(OH)2] or [(OR)3-Si-(OH)] are formed during partial hydrolysis. Eq 4.3 and 4.4
show the chemical reaction leading to formation of these species.

(OR)3— Si—OH+ HO-Si— (OR)3 — [(OR)3Si —O—Si(OR)31+ H-O—H  (3.3)

(OR)3—-Si—OR+ HO-Si—-(OR)3 — [(OR)3Si — O-Si(OR)3]+R-OH (3.4)

As the process of polymerization continues forming a larger macromolecule. When the
hydrolysis is completed it results in formation of fully hydrolysed monomer Si(OH)4 which
is tetrafunctional. This upon condensation and removal of a water molecule it results in
formation of SiO,. In presence of another externally added metal oxide such as TiO2, Al,O3
and SiO, nanoparticles along with a nucleating agent such as ammonia or ammonium
hydroxide instead of precipitating at the bottom of the container, start depositing on the
surface of these externally added metal oxides forming a shell. However, during this process
it is likely that the hydrolysed monomer Si(OH)4, also knows as silicic acid, gets deposited
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on the metal oxide surface before condensing and forming SiO,. Silicic acid due to high
negative charge density on oxygen atom is usually very weak and can only exist in aqueous
environment via a constant process of hydrolysis and condensation, maintaining a stable
equilibrium. After washing the sample and letting it dry at room temperature the water
content reduces and the equilibrium can no longer be maintained leading to self
condensation. However, it is important to treat the sample under high heat for complete
condensation and to remove an residual surfactant. This also increases the density of the
shell and avoids pore formation in the SiO» network due to residual unbounded silicic acid.

3.2.1.2 Hollow Silica Nanoparticle Synthesis

The hollow silica (h-SiO2) nanoparticles were synthesized according to the literature
(151; 152). Specifically, 0.09 g of PAA-Na powder (molecular weight ~ 5100 g mol~!) and 25%
ammonia solution were mixed using a magnetic stirrer until completely dissolved. 30 ml of
ethanol was then added to the solution and stirred for 2 h. Further, 0.15 ml of TEOS was
added followed by stirring for a total reaction time of 16 h. The suspensions were then
washed with ethanol and deionized water, centrifuged and dried at 60 °C for 12 h to obtain
h-SiO, nanoparticles.

3.2.2 Size of Nanoparticles

The size of nanoparticles was calculated by using Image]J. Image] is a Java based image
processing program developed at National Institutes of Health and the Laboratory for
Optical and Computational Instrumentation (LOIC) at University of Wisconsin. It has
built-in image acquisition, processing and analysis tools along with additional supporting
plugins. TEM images can be extensively processed for variety of different parameters such
as particle size, shape, depth, degree of dispersion etc.

The procedure to analyse particle size was as follows, illustrated with an example of Al,O3
nanoparticles:

1. The images were initially imported into the software and converted to 8-bit images for
processing from 32-bit.
2. Excessive space was removed and a global scale for all the images was set (Fig 3.1).

3. Band pass filter was used to filter the images to get well defined boundaries of the
nanoparticle.

4. The images were further sharpened to get more accurate boundaries.

5. The level of brightness and contrast was then adjusted. Noise level was reduced and
any shadow formation was removed (Fig 3.2).
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6. The threshold of the nanoparticles was then set by defining the overlapping and
contact boundary conditions (Fig 3.3).

7. Finally, after clearly recognisable particle boundaries were set, particle analysis is
performed which generates a summary of requested parameters (Fig 3.4).

Ten different images were used to obtain the particle size information for each nanoparticle
type and their respective histograms were plotted. Following this, a Gaussian fit function was
used alongside the histogram to calculate the average and the range of particle size.

S0 nm

FIGURE 3.1: TEM image of Al,O3 nanoparticles after converting to 8-bit and removing
excessive space.

FIGURE 3.2: TEM image of Al,O3 nanoparticles after noise reduction and filtering through
band pass filter.
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FIGURE 3.3: Levels of setting the threshold for the best boundary conditions of the nanoparticles.
A: Defining initial boundary of the nanoparticles. B: Adjusting the conditions to highlight area of
nanoparticles. C: Improving the boundary conditions to define the overlapping boundary.

D: Clearly shown area with overlapping boundaries. E: Defining the non-overlapping area and
F: Using above and under threshold to define the overlapped area (Blue-Green boundary:
Non-overlapping area and Green boundary: Overlapping area).

FIGURE 3.4: Final well defined boundaries of the nanoparticles.

3.2.3 Sample Fabrication

One of the primary focus of the study is to investigate the surface characteristics of the
nanoparticle, understand their influence on molecular dynamics of the polymer matrix and
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investigate the role of particle interphase. The entire volume of the nanoparticle does not
interact with the polymer matrix. Filling by maintaining similar volume percentages allows
for a conventional well understood method to be utilised. Nevertheless, does not present a
effective way of comparing different nanoparticles. Therefore, it is crucial to maintain same
surface area for all the different type of nanoparticles for a given percentage to enable
effective comparison. The surface area in case of core-shell nanoparticles refers to the
surface area of the outer shell (SiO,). The specific surface area of all the nanoparticles was
calculated using ImageJ based on transmission electron microscopy (TEM) graphs and
dynamic light scattering measurements for size distribution. Initially, the three weight
percentages for TiO,/SiO, nanoparticle were selected i.e. 1%, 5% and 10%. Based on the
weight required for these percentages, the surface areas were calculated. Finally, knowing
the surface area of different types of nanoparticle i.e. TiO,, SiOz, Al,Os, Al,O3/SiO,
Si0,/Si0O, and h-SiO, from their size and density measurements, to obtain the filler loading
ratio for all the other nanoparticle types the weight was calculated based on these surface

areas relative to TiO,/SiO».

The above mentioned approach for loading epoxy nanocomposites was used rather then the
more conventional weight or volume percentage loading to avoid large discrepancies in the
surface area. However, it does not take agglomerate formation into account and surface area
based weight calculations are purely theoretical. Depending upon the shape, size and zeta
potential characteristics of the different nanoparticle the degree of agglomeration will also
vary. Nevertheless, since the shape of all the nanoparticle type is spherical and having the
same shell material i.e. SiO; for all nanoparticle type could potentially suppress any extreme
variation in the degree of agglomeration.

Table 3.1 presents the amount of nanoparticle required for each nanoparticle type based on
their density and size to maintain comparable surface area for each percentage relative to
TiO,/Si0,. It can also be observed that the respective volume percentage do not correlate to
the surface area or follow a specific pattern. Therefore, instead of surface area if the volume
percentage was maintained constant across different samples the interfacial area between
the nanoparticle and polymer would be significantly different. Table 3.2 presents the density
and size of each nanoparticle type.

Prior to the sample making process, the resin was heated at 50 °C for at least 1 h to reduce
its viscosity and to ensure that the epoxy resin was not solidified thus, appearing completely
transparent. Two different preparation method were used: a solvent method and a shear

force mixer method.

For the solvent method, the organic solvent used was acetone. 5.2 g of epoxy was dispersed
in 100 ml of acetone using a magnetic stirrer for 1 h. Separately, the nanoparticles were
dispersed in acetone with the ratio of 5 mg per ml followed by stirring for 2 h. The
nanoparticle suspension was then probe sonicated with at amplitude of 0.8 x S5, (125
watts) and 0.5 cycle sec”! for 60 min. The two solutions were then mixed and stirred for 2 h,
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Nano-Powder | wt. (%) | wt (mg) | vol. (%) | Surface Area (m?) | Density (gcm™) |

TiO, - 1 0.23 16.00 0.07 1.16 1.10
TiO, - 5 1.15 80 0.36 5.82 1.10
TiO, - 10 230 | 160.00 0.71 11.60 1.11
TiO,/SiO; - 1 1 70 0.26 1.16 1.10
TiO,/SiO, - 5 5 350 1.29 5.82 1.13
TiO,/SiO, - 10 10 700 2.54 11.6 1.17
Si0, - 1 0.03 2.98 0.02 1.16 1.09
Si0, -5 0.15 14.9 0.12 5.82 1.10
Si0, - 10 0.30 29.8 0.24 11.6 1.10
Si0,/Si0; - 1 0.20 14.21 0.11 1.16 1.10
Si0,/Si0 - 5 1 71.05 0.53 5.82 1.10
Si0,/Si0; - 10 10 142.1 1.05 11.6 1.10
AlL,Os - 1 0.55 38.5 0.15 1.16 1.10
AlL,Os -5 2.75 195.5 0.76 5.82 1.12
AlL,Os - 10 5.5 391 1.50 11.6 1.14
Al,03/Si0,-1 | 0.81 57 0.22 1.16 1.10
Al,03/Si02-5 | 4.00 280 1.05 5.82 1.13
Al,03/Si0, - 10 | 8.10 570 2.11 11.6 1.16
h-Si0, - 1 0.21 15.31 0.18 1.16 1.09
h-Si0, - 5 1.05 76.5 0.90 5.82 1.10
h-SiO, - 10 2.1 153.1 1.78 11.6 1.10

TABLE 3.1: Amount of nanoparticles filled per sample to maintain same surface area for
different percentages

Nano-Powder ‘ Density (g/cms) ‘ Average Size (nm) ‘

TiO, 3.5 25
Ti0,/SiO, 4.2 85
Si0, 1.92 15
Si0,/Si0;, 2.1 35
Al O3 4 50
Al,03/Si0, 4.13 75
h-SiO, 1.32 60

TABLE 3.2: Density and size of different nanoparticles

before the solvent was removed using a rotary evaporator. The resulting system was then
placed in a vacuum oven for 12 h at 20 °C. The polymer nanocomposite was weighed, based
on the traces of solvent after evaporation in vacuum the nanocomposite were stirred at 50
°C and weight reduction was monitored to ensure complete evaporation of solvent, followed
by probe sonication for 10 min. Further, 1.8 g of hardener was then added to the
epoxy-nanoparticle mixture and stirred for 20 min. The procedure continued with
degassing under vacuum for 20 min. Finally, the mixture was casted into appropriately
prepared moulds.
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For the shear force mixer method, the nanoparticles filled epoxy resin samples were prepared
by first weighing the nanoparticle, resin and hardener. Nanoparticles were then dispersed in
10 ml of acetone and probe sonicated for 30 min with similar settings as in case of solvent
method. To this dispersion 5.2 g of resin was added and stirred for 20 min via. a magnetic
stirrer. The acetone was removed from the mixture with the help of a hot plate magnetic
stirrer operating at 50 °C, weight reduction was monitored to ensure complete evaporation
of the solvent. When no further weight reduction was observed, 1.8 g of hardener was added
to the system and mixed, using a Speedmixer™ DAC 150.1 FV, at 3,500 rpm for 5 min. The
mixture was then degassed for 20 min and cast into moulds.

During the preparation of unfilled epoxy reference sample, the same method was used
regardless of absence of filler nanoparticles. This was done to check for any contribution to
weight reduction potentially due to evaporation of polymer which could offset the
stoichiometric ratio. However, no reduction in the mass was observed. Hence, it was evident
that the resin does not evaporate at 50 °C and the weight reduction is only observed due to
the evaporation (removal) of the solvent. Also, no significant visible differences or
differences in the measured data were observed between the similar samples prepared with
these two different methods.

The moulds are made up of steel metallic plates with a Melinex™ spacer of thickness =
200 um sandwiched between the two plates to determine the thickness of the sample. Prior
to assembling the moulds a release agent, Easy-Lease™, was applied to the moulds. In both
the methods after casting, the samples were cured at 80 °C for 2 h and then post-cured at
125 °C for 3 h and subsequently left in the oven to cool down in order to have minimalistic
thermal history following the manufactures recommendation and in accordance to a study
done by Istebreq et al. on effect of curing conditions on epoxy-amine composites (46). The
produced samples had a thickness of 200 yum + 2 pm. The samples were then stored under
vacuum inside a desiccator until further use.
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Chapter 4

Molecular Dynamics of Epoxy
Nanocomposites filled with Core -

Shell and Hollow Nano-Silica
Architectures

In this chapter the molecular dynamics of epoxy nanocomposites filled with three different
types of silica-based nanoparticles with different architectures, namely, solid core,
core-shell and hollow and with varying degree of crystallinity were investigated. The
samples are characterized by Fourier transform infra-red (FTIR) spectroscopy, differential
scanning calorimetry (DSC), broad band dielectric spectroscopy and dynamic mechanical
analysis (DMA).

As such, this chapter will aim to answer the following questions:
* Does the structure (tetrahedral or octahedral) or degree of disorder in the structure of

shell surface affect the dielectric relaxation behaviour of the nanocomposite?

e How does the absence of a core particle affect the dielectric behaviour of
particle-polymer interphase?

* Does the core-shell interface play a role in determining the dielectric properties of the
shell-polymer?
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4.1 Nanoparticle Characterization

4.1.1 Transmission Electron Microscopy (TEM):

Figure 4.1 shows TEM images obtained for the three different types of nanoparticles, i.e.
SiO, (Figure 4.1a) and SiO,-SiO; core-shell nanoparticles (Figure 4.1b) and h-SiO, hollow
nanoparticles (Figure 4.1c¢). In the case of the SiO,-SiO, core-shell nanoparticles, no clear
contrast is evident between the core and the shell, since material is equivalent in both
regions. Conversely, in Figure 4.1c, a distinct contrast between the core and the shell can be
observed, due to the hollow core, leading to structures composed of a darker circular region
surrounding a lighter central core (example arrowed). An example of such a structure but
where the formation of the SiO, shell appears incomplete, as shown in Figure 4.2. This may
be a result of shell collapse due to mechanical weakness (153) or inadequate deposition of
SiO, on the PAA-Na template. Nevertheless, in this image, three different grey levels are
evident corresponding to: the carbon support film (lightest region); the h-SiO, shell
(darkest, approximately annular region); intermediate grey level, corresponding to
transmission via the hollow nanoparticle core and periphery. While the precise details of the
contrast will depend the nanoparticle geometry, the general appearance evident in Figures
4.1c and 4.2 is consistent with thickness contrast arising from a hollow structure deposited
on a support film.

FIGURE 4.1: TEM images of different nanoparticle architecture types a) SiO2 b) SiO»-SiO,
(core-shell) ¢) h-SiO, (hollow)

The median nanoparticle size and their size distribution are presented in Figure 4.3. For
Si0,-Si0,, the average nanoparticle size is ~35 nm, but with a sizeable fraction of the
distribution falling within broader size range of ~25-45 nm, as illustrated in Figure 4.3a. This
size variation has been accounted for when calculating the nanoparticle loading level
required to maintain a comparable similar interfacial area in all the systems studied. The
size of the SiO, nanoparticles quoted by the manufacturer is ~5-20 nm, with an average size
of ~10 nm, implying that the chemical treatment used to produce the SiO»-SiO» resulted in
a shell 20-25 nm in thickness. For h-SiO,, the average nanoparticle size is ~60 nm, the
average pore size is ~30 nm, leading to the conclusion that, in this case, the shell is ~15 nm
thick.
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50 nm

FIGURE 4.2: TEM micrograph showing an isolated h-SiO, nanoparticle with an incomplete
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FIGURE 4.3: Illustration of the nanoparticle size distribution number count percentage,

distribution curve and the average nanoparticle size, obtained after image analysis of TEM

graphs of the two synthesised nanoparticle architecture types i.e. a) Si02-SiO; (core-shell)
b) h-SiO, (hollow). Length here represents the diameter of the nanoparticles.

4.1.2 Fourier Transform Infra-red Spectroscopy (FTIR):

In their idealised crystalline form, silica (SiO,) nanoparticles contain, in terms of mass
percentage, 46.63% silicon and 53.33% oxygen (154), arranged with tetrahedral coordination
(155). Deviations from this coordination increase the ionic character of the constituent Si-O
bonds and lead to micro-structural differences and an amorphous structure (156). Since
there are no peaks which can be used as reference; where the concentration of the involved
groups is constant across all systems, normalising the FTIR data of the nanoparticles would
be complex and inaccurate. Therefore, the data was only baseline corrected. However,
acknowledging this, to achieve certain level of comparability between these samples, the
amount of nanoparticle by weight homogeneously spread onto the crystal was kept the
same at 4 mg. Measured FTIR spectra of the three nanoparticle types measured in their
powder form are presented in Figure 4.4; consider, first, the four absorption peaks at 1170
cm™!, 1100-1068 cm™!, 950 cm™! and 800 cm™, all of which are related to the vibrations of
Si-O-Si. The dominant peak spanning 1100 — 1068 cm™! is attributed to the asymmetric
stretching (v4;) of the Si-O-Si bonds in the SiO4 tetrahedron structure in transversal optical
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FIGURE 4.4: FTIR spectra of the nanoparticle powders presented for the three different

nanoparticle types, namely SiO, (core), SiO»-SiO, (core-shell) and h-SiO, (hollow) in the
1300 — 600 cm~! wavenumber range

(Vas - TO) mode, while the shoulder at 1170 cm™! arises from asymmetric Si-O-Si bond
stretching (Si-O-Si v45 — LO) in the longitudinal optic mode (157). For the same weight of
these nanoparticles significant variation in the concentration of the Si - O - Si bonds is
observed. From Figure 4.4, it is evident that the position of the TO absorbance peak varies
from system-to-system, being located at 1100 cm™! in the core SiO, nanoparticles, at 1084
cm™! in the Si0,-SiO, core/shell system and at 1068 cm™! in the h-SiO, nanoparticles. Such
variations in the position of this spectral peak are a consequence of changes in local
ordering and variations in bonding character (158) (159) (160) (161) (162) (163) (164).
Specifically, the data presented in Figure 4.4 indicate increased degrees of disorder in the
core-shell and hollow nanoparticles compared with core SiO, system.

Consider, now, the absorbance around 950 cm™!, which stem from the silanol (Si-OH)
groups present in each nanoparticle system (165). From Figure 4.4a, it is observed that
absorbance in this spectral region is lowest for SiO, and highest for h-SiO,. However, the
concentration of - OH group for SiO» - SiO; is inconclusive due to the inverted absorbance
peak. This inverted peak is still visible after several reruns and is assumed to be the
consequence of an equipment error. However, other peaks’ reported trends or behaviours
are not significantly influenced when similar percentages of error are taken into account.
Nevertheless, certain inferences can be drawn by analysing the knows simultaneously to
establish a trend. Firstly, SiO;, has the highest density followed by SiO, - SiO, and h-SiO».
Therefore, SiO, should ideal have the highest concentration of ordered Si - O - Si bonds.
This is further evidenced by the fact that SiO, is calcined at 800 °C (as received from the
manufacturer) whereas the synthesised nanoparticles were only vacuum dried at 60 °C.
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FIGURE 4.5: Illustration of different silanol groups that could be present on the nanoparticle
surface i.e. a) Isolated b) Geminal and c) Hydrogen bonded. Due to condensation during
calcination these groups form siloxane bridges on the surface of the nanoparticle. Internally,
the nanoparticle could be either a) amorphous b) crystalline or ¢) a combination of both
amorphous and crystalline depending upon the heat treatment. Without condensation at
high enough temperature not all silicic acid molecules dehydrate and form the networked
crystalline structure which introduces defects in form of silanol nests. The diagram
of nanoparticle architecture in the top right hand corner approximately represent the
concentration and combination of defects along with the varying level of crystallinity of the
nanoparticles

Higher temperature treatment leads to further condensation and formation of silanol
bridges. Secondly, even though the surface area of the nanoparticles is theoretically the
same, the volume is significantly different. Volume of SiO, shell in SiO,-SiO; is ~30 mm?3
and for h-SiO, is ~49 mm3. The temperature treatment in both the case is the same. A
similar condensation rate would lead to higher concentration of Si — OH bonds remaining in
h-SiO, as compared to SiO-SiO, due to this difference in shell volume. It is expected that
some of these Si - OH would be present on the internal surface of the h-SiO,; however, due
to a small pore size (30 nm) leading to steric hindrance majority are likely to be either in the
volume or on the external surface. Therefore, as compared to SiO,-SiO; is likely that the
concentration of Si - OH on the surface of h-SiO; is higher. That is, the concentration of
silanol groups increases with increasing structural disorder. This suggests that silanol
groups are not only present at surfaces, but also within the bulk of the nanoparticles and are
related to structural defects, albeit that in the case of the hollow nanoparticles, the
additional internal surface are is a further contributory factor. For example, if one Si atom in
a tetrahedral SiO4 unit were missing, then four silanol groups would be required to maintain
the stoichiometry, being hydrogen-bonded to form a so-called silanol nest (166).
Furthermore, disordered SiO, networks may also contain SiO-Si-(OH), groups, where the
sum of x and y is equal to 4 and x = 1. Such defects have been ascribed to improper
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dehydration or the lack of an available adjacent Si bonding site (167),(166). Nevertheless,
the previous assertion of increased disorder in the core/shell and hollow nanoparticles is
supported by the increased silanol absorption seen in these systems.

The absorbance band intensity is directly proportional to the respective functional group
concentration (168). However, h-SiO, nanoparticles with the lowest density and the least
concentration of Si-O-Si bonds have the strongest absorbance peak; this is attributed to the
presence of the mentioned hydrogen bonds. The higher the concentration of these hydroxyl
groups (Si-OH), the greater the possibility of forming hydrogen-bonded bridges, leading to
noticeable shifts and an increase in the intensity of Si-O-Si absorbance bands. SiO;-SiO»
and h-SiO, underwent a similar drying procedure, yet h-SiO, has a higher hydroxyl group
concentration; this is likely due to either lack of higher drying temperature or the additional
internal surface area where the surface Si-OH could exist. Hence, h-SiO, with the lowest
density, highest OH and Si-O-Si (v,s - LO) peak intensities, lowest wave-number peak
location for Si-O-Si (v, - TO) represents a highly amorphous structure and the strongest
influence of hydrogen bonding followed by SiO,-SiO,. Finally, the absorbance band at
800 cm™! is attributed to the symmetric stretching vibration (v;) of Si-O bonds (169). Figure
4.5 gives an approximate visual perception of the different architecture of the nanoparticles,
concentration of the silanol nests and the varying crystallinity of the nanoparticles.

4.2 Nanocomposite Characterization

4.2.1 Fourier Transform Infra-red Spectroscopy (FTIR):

FTIR data obtained from the reference unfilled epoxy and related nanocomposites filled
with 10 rel. wt.% (11.6 m?) are presented in Figure 4.6. In these spectra, the absorbance
band at 1509 cm™! is attributed to the stretching vibration of aromatic carbons, the
concentration of which is known in all samples. As such, this absorbance band was used as
an internal calibrant to scale the spectra, as described elsewhere (170),(171). These spectra
are consistent with published data obtained from comparable materials whereby the
absorbance bands at 3408 cm™! and 1033 cm™! can be attributed to hydroxyl and ether
groups (172),(173).

The differences in the intensity of the absorbance band for ether groups are due to the
contribution from the Si-O-Si (v45 — TO). Unlike the h-SiO,-filled epoxy, the Si-O-Si (vg4s —
TO) does not contribute to the ether absorbance band in the unfilled epoxy sample. Given
the constant optimal stoichiometric ratio maintained across all samples, the minimum
concentration of ether groups in h-SiO, filled sample should be similar to unfilled epoxy,
which is not observed. Therefore, the noticeable difference in the intensity could also be
due to a difference in ether concentration from changes in curing kinetics (which is not the
case with referring to the DSC data below).
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FIGURE 4.6: FTIR spectra of reference unfilled epoxy system along with the epoxy

nanocomposite systems, filled with SiO, SiO,-SiO, and h-SiO, nanoparticles. Illustrating

the absorbance peaks in five different regions, i.e. 3500 — 3200 cm™! (hydroxyl), 3000 — 2800

cm™! (hydrocarbon stretching), 1550 — 1450 cm ™! (aromatic - calibration peak), 1050 — 1000

cm™! (diethylene ether) and 1000 — 900 cm™! (epoxide ring vibration) starting from high
wave-number towards lower.

Noticeably higher intensity of hydroxy ether absorbance band ( 3408 cm™!) is observed
compared to other samples for h-SiO, filled sample. Ideally, these hydroxyl groups are
produced during the curing reaction (Epg). However, the increase in intensity could also be
due to an overlapping band which is attributed to the stretching vibration contributions
from the hydroxyl groups (Si-OH) of the silanols (vSi-OH - isolated, terminal and geminal)
and their interfacial interactions with the hydroxyl groups of other functional groups
(169),(174). vSi-OH was not observed in the spectra of any nano powder. Hence, the
absorbance band is most likely originating from the interfacial interaction of Si-OH and
Eon. The two absorbance peaks of the hydroxyl groups: one from curing and the other from
silanols, cannot be easily de-convoluted without knowing their specific concentration.
Therefore, a hard conclusion cannot be drawn. This notion will be further analyzed in the
following section in terms of glass transition temperature (7).

Even in stoichiometrically balanced systems, about 1 — 2% of epoxides remain unreacted
due to steric hindrance (175). The 930 - 915 cm™! absorbance region is attributed to their
ring vibrations (176), where no significant changes are observed, which complies with the
balanced stoichiometry of those samples.

Significant changes in the intensity of absorbance bands related to the stretching vibrations
of CH3 groups (2964 — v, and 2869 — v;) can also be observed in case of SiO» and SiO»- SiO».
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Residual TEOS or CTAB as micelles formation could affect their concentration. However, no
such peaks were observed in the nano powder spectra neither for CH, nor CHs (2800 — 3000
cm™!, confirming the complete removal of unreacted TEOS and adsorbed CTAB. Therefore,
observed variations are potentially due to the change in the dipole moment of CHs of the
epoxy resin due to the addition of nanofillers, this requires further investigation in the
framework of a separate study.

4.2.2 Differential Scanning Calorimetry (DSC):
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FIGURE 4.7: Glass transition temperature (Tg) of unfilled epoxy along with three different
total surface area loading ratio for a) Silica (SiO») b) Silica-Silica (SiO»-SiO,) and c¢) Hollow-
Silica (h-SiO2) epoxy nanocomposites

The glass transition is related to long-chain motions of the polymer, a transition from a rigid
glassy state to a rubbery state and is commonly related to the dielectric alpha («) relaxation
(177). Figure 4.7 presents DSC T values for the unfilled epoxy and epoxy nanocomposite
samples filled with three different total surface area-based loading levels, i.e. 1.16 m?,
5.80 m? and 11.6 m?. The mean T, of the reference unfilled epoxy is 84 °C, in line with
published literature (178). The mean T, for all the epoxy nanocomposite samples,
irrespective of the loading level, lies in the range of 81 — 86 °C. These variations are minor
and are commensurate the experimental uncertainties (+2 °C), with the implication that
within the composition range considered here, neither the loading level nor the
nanoparticle architecture significantly affects the measured Tg. The Ty is a function of
many parameters; the degree of cross-linking is one of the parameters which correlates well,
in direct proportion (179),(180). As the Ty does not vary between samples, it could be
assumed that their degree of cross-linking is also similar. Referring to the FTIR spectra, the
increase in hydroxy ether band intensity is therefore justifiably due to the overlapping band
and not cause of increased cross-linking.
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4.2.3 Broadband Dielectric Spectroscopy (BDS):

Dielectric spectroscopy is a widely used method to study polarization behaviour, molecular
dynamics and the effect of the electric stimulus on/off the nanocomposite system. Complex
dielectric permittivity can be written as follows: ¢* = £’ —ie", where ¢’ is the real part and "
represents the imaginary part of the complex permittivity (46). The dielectric spectra
generally are a superposition of different relaxation and dispersion phenomena. Under an
applied AC field, changes in the polarization behaviour of the system and the composing
polar groups alter the €’ and €" spectra. These alterations could be associated with different
relaxations such as the alpha (a), beta (), gamma (y) and interfacial polarization
phenomena.

To quantify the relaxation characteristics and study the effect of nanoparticle architecture
and concentration on the molecular dynamics of epoxy nanocomposite systems, an
empirical Havriliak-Negami (HN) formalism is applied to describe the relaxation processes
in the frequency domain; where the complex permittivity is defined as follows (181):
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Havriliak-Negami fitting was selected over other empirical fitting techniques such as Debye,
Cole-Cole, and Cole-Davidson as it is considered to be more accurate since it takes into
account the fact that the dielectric response of a material is not always a simple power law.
Additionally, Havriliak-Negami model can account for the broadening and asymmetry of
the dielectric loss spectrum, which is particularly useful for characterizing the properties of
materials with a wide range of relaxation times or multiple relaxations which could be either
overlapping or segregated. Furthermore, Havriliak-Negami fitting combines the other three
methods into one equation (Eq 4.1) for § =1 it reduces to the Cole-Cole equation similarly
for @ = 1 reduces to the Cole-Davidson equation; therefore, if an observed relaxation follows
specifically any of the three relaxations besides Havriliak-Negami they can still be fitted the
same since the  or a parameter would automatically/accordingly be adjusted to 1.

Figure 4.8 shows the variation of €’ and &” with respect to temperature at 1 Hz and 10 Hz.
These frequencies show all the observed phenomena and relaxations for the reference
unfilled epoxy and all the filled samples. These plots give an overview of the following
sections where all the phenomena are discussed in detail. As expected, with an increase in
the frequency the respective relaxations shift towards higher temperature. The alpha (a),
beta () and gamma (y) are common across all the plots in both ¢ and ¢”, visible distinctly.
Similarly, the normal mode (n-mode) relaxation and interfacial polarization phenomena are
also observed in all the plots; except in Figure 4.8d where the interfacial polarization peaks
has moved out of the measured frequency range (towards higher frequency). The gamma (y)
relaxation can be observed in the €” plots towards the lower temperatures (-160 to -130 °C).
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FIGURE 4.8: a) ¢ for all epoxy nanocomposite samples at 1 Hz b) &” for all epoxy

nanocomposite samples at 1 Hz c) € for all epoxy nanocomposite samples at 10 Hz and

d) €” for all epoxy nanocomposite samples at 10 Hz. The shift of the relaxation peaks to
higher temperature can be observed with the increase in frequency

4.2.3.1 Normal mode (n-mode), Interfacial, Alpha (o) and Gamma (y) Relaxations:

Figure 4.9a illustrates the measured frequency (x-axis) dependence of €” (y-axis) at 100 °C
for the unfilled epoxy system. The measured €” appears to have considerable contributions
from charge transport, where the slope on logarithmic axes is -1 (182). Similar behaviour can
be observed for all other systems; the plots are skipped for brevity. In order to separate the
dielectric phenomena from the ionic conduction or low-frequency dispersion, a first-order
approximation of the Kramers-Kronig relation was used, described as follows (182):

/
" 7 0¢'(w) N/

Ederived = _E Ologw ~ 4.2)

This formula approximately converts the real part of the permittivity £” into the imaginary

part €”, eliminating the direct current conduction contributions. Figures 4.9a and 4.9b
: 1 o o .

depict the ¢, . for all the epoxy systems at 100 °C and 160 °C, respectively. These

dielectric spectra reveal three relaxation processes: a, n-mode relaxations and interfacial

polarization. All these relaxation processes move towards higher frequencies with an

increase in temperature.

The «a relaxation is associated with the cooperative motions of the polymer backbone (183)
and is distinctly observed at 100 °C in all the samples at similar frequencies. As expected, no
significant changes are observed in terms of @; as mentioned earlier, no T variations were
observed.
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FIGURE 4.9: £” (measured — unfilled epoxy) and €” (derived) dielectric spectra for all the
epoxy nanocomposite systems at a) 100 °C presenting the a relaxation and b) 160 °C
presenting the n- mode relaxation and interfacial polarization phenomena

An additional low-frequency process is observed at lower frequencies (unfilled epoxy and
Si0,); this process is associated with the normal mode relaxation process and is attributed
to the long-range end-to-end dipole vector along the polymer chain (182) 1982. The n-mode
is observed in all samples at 160 °C. Finally, another low-frequency relaxation process enters
the observed window at 160 °C and is likely attributed to interfacial polarization
phenomena [12,52]. A distinct additional interfacial relaxation peak is observed in the SiO»
filled system which is not observed in the sample filled with h-SiO,. Two additional
interfacial polarization peaks are observed in the case of SiO,-SiO, filled systems,
potentially originating from the polymer-shell interface at higher frequency and core
(crystalline) - shell (amorphous) interface at low-frequency. At temperatures above 120 °C
additional features are observed, which may be due to the electrode polarization (182).

The HN deconvolution of the n-mode and interfacial peaks could not be accurately
performed to attain any meaningful data as the permittivity of the fillers (3.8 — 4.2) and that
of the host (3.8 — 4.0) are similar, resulting in closely overlapping peaks. In order to
investigate these features, different nano-fillers with significant permittivity difference with
respect to unfilled epoxy will be studied.

Figure 4.10a shows the &” data acquired at -130 °C, presenting the y relaxation (54).
Deconvolution of the spectra at -150 °C reveals two y peaks in all samples, namely y; at
lower frequencies and y, at higher frequencies, illustrated only for h-SiO; in Figure 4.10b for
brevity. In a recent study by Orestis et al. , these two y peaks are extensively characterised for
epoxy resin composites prepared with different stoichiometric ratios of octa-glycidyl POSS
co-monomer. Y is attributed to the terminal methylene sequences (184) and > is assigned
to the unreacted terminal epoxide groups (73),(185). Under optimal stoichiometry, the study
reported similar behaviour as in the present study for the unfilled epoxy sample.

The dielectric strength (A¢) of the unreacted epoxides in all the filled epoxy nanocomposite
systems is approximately the same as examined from the dielectric spectra (0.006+0.002)
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with the least in unfilled epoxy (0.0004+0.0001) indicating the highest degree of cross-linking.
Therefore, along with the T and FTIR results, it is conclusive that the degree of cross-linking
in all the nanocomposite systems is the same.
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FIGURE 4.10: a) &£” dielectric spectra presenting the y relaxation for unfilled epoxy, SiO;

epoxy nanocomposite, SiO,-SiO, epoxy nanocomposite and h-SiO, epoxy nanocomposite

at a temperature of -130 °C b) De-convoluted HN gamma peaks for h-SiO, at -150 °C: y; (at
lower frequency) and y» (at higher frequency)

4.2.3.2 Beta () and Omega (w) Relaxations:

Figure 4.11 shows ¢” data obtained for all samples between -70 to -30 °C, where £ relaxation
peak can be observed along with the respective HN fitting. The peak progressively moves to
high frequencies with increasing temperature. The § relaxation has been extensively studied
after being first reported in 1965 by D. H. Kaelble (186), initially proposed to be originating
from transitions of diglycidyl segments (187). Depending upon the structure of theystes, it
has also been characterized by features claimed to be attributed to: the rotation of phenyl
rings (188); diphenyl propane segments (189); absorbed moisture (190); phase transition of
fillers (191),(151); secondary or tertiary amines or increasing molecular lengths (192). Such
features are not universally observed owing to the different possible structural
configurations. The widely accepted interpretation of its physical mechanism comes from a
study by Dammont et al. in 1967 (193), attributing the relaxation to the motion of flexible
hydroxyl-ether segments formed during the curing. Since then, this relaxation is commonly
associated with the degree of cross-linking. In our previous study we showed that, in
anhydride-cured systems, both hydroxyl-ether and ester groups contribute to this relaxation
(181).

Figure 4.12 shows the £” data obtained at 30 °C, where the deconvolution reveals three
relaxations, namely 8, ' and w relaxation. In the unfilled epoxy sample, two overlapping
relaxation processes are observed, i.e. the onset of § and the f’. Pangrle et al. attributed the
B’ relaxation to the cross-link junctions (72), such as the diethylene ether polar groups in
nodular domains with higher cross-link density. The diethylene ether groups are produced
during the curing reaction as part of the etherification reaction (61). Alternatively, a recent
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FIGURE 4.11: ¢” dielectric spectra presenting the beta (f) relaxation for a) unfilled epoxy

b) SiO, epoxy nanocomposite c) SiO,-SiO, epoxy nanocomposite and d) h-SiO, epoxy

nanocomposite for a temperature range of -70 °C to -30 °C along with their corresponding
Havriliak-Negami fitting curves

interpretation related such effects to structural alterations caused by the dehydration
reaction (during post-curing at elevated temperatures) leading to the formation of C=C
backbone bonds (194). Figure 4.13a presents the temperature variation of Ae for the three
relaxations and Figure 4.13b illustrates their corresponding Arrhenius plot and activation
energy. The latter could be calculated from the Arrhenius equation as follows:

Ea

Sfmax :fOekaT 4.3)

where f,4x is the peak location, fy is the pre-exponential factor, kp is the Boltzmann
constant and E, is the activation energy of the relaxation.

A similar §’ relaxation is observed in SiO, filled sample. However, the peak is broader and
stronger in Ae. The Ae describes the temperature-dependent intensity of the relaxation and

can be determined by:

k 1 2
us N

Ag = —8—— 4.4
Lo b TV @4
where ¢ is the permittivity in the vacuum, T is the temperature, p is the dipole moment,
N/V is the number density of the dipoles involved and g is the Kirkwood-Fréhlich factor.
The summation is used to determine the total dielectric strength if a number of different

types of dipoles contribute to a relaxation process (195). In the SiO,-SiO» filled sample, an
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FIGURE 4.12: ¢” dielectric spectra presenting the de-convoluted beta (), beta prime
(f"), omega (w) and alpha (a - if present) relaxation for a) unfilled epoxy b) SiO, epoxy
nanocomposite c) SiO,-Si0, epoxy nanocomposite and d) h-SiO, epoxy nanocomposite for
a temperature range of 30 °C along with their corresponding Havriliak-Negami fitting curves

additional peak () is observed at ~10? Hz. The strength of the 8’ relaxation in this system is
significantly stronger than SiO, filled system. Keenan et al. in 1979 reported a transition
dominantly affected by moisture, called w relaxation (190). Pangrle et al. (72) attributed the
origins of a process named $” similar to w. In contrast to f§ relaxation, w relaxation involves
the distribution of molecular chain segments and preferential absorption of moisture in
low-density cross-link regions as its underlying mechanism. The w relaxation in the study by
Keenan was observed as a relaxation in DMA results, illustrating a bound nature of water
molecules with the host polymer. However, such is not the case in our nanocomposite
systems and is observed as a polarization phenomenon. This is highlighted by the fact that
the w relaxation peak is observed only in dielectric spectra and not in the DMA results
(Figure 4.14b).

In h-SiO,, filled system, the strength of w is the strongest, whereas 8’ is not observed. Here w is
observed to be overlapping with a instead of 8’ at 10! Hz. 8’ shows no correlation with any
particular group in this study and appears to be an arbitrary relaxation which might arising
as consequence of post curing, as mentioned earlier.

The w relaxation in this study is observed due to interactions between the nano-fillers and
the polymer host in the form of hydrogen bonding between Sip - Eop, which well with the
FTIR results. The degree of cross-linking is the same in all the samples; therefore, the
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FIGURE 4.13: Dielectric data pertaining to the 8, ' and w relaxations for all the systems:
a) temperature variation of Ae and b) loss peak position as a function of frequency and
temperature (Arrhenius plot)
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FIGURE 4.14: a) De-convoluted f and w relaxation peaks illustrating that the strength of the
B relaxation is heavily affected by the w peak in h-SiO, and b) Plot for temperature variation
of ¢” at 10 Hz for h-SiO, and SiO,-SiO; illustrating the overlapping and segregated nature
of w relaxation in case of SiO»-SiO, and h-SiO» respectively along with a plot of variation of
loss modulus with respect to temperature from DMA for h-SiO; filled epoxy nanocomposite

concentration of Epy is also the same. Now the Ae of w increases with increasing
concentration of Sigy. SiO, with the lowest concentration has the weakest w relaxation,
which overlaps with g’ relaxation. As Sipy concentration increases in the SiO2-SiO, sample,
the Ae of w relaxation increases and a related peak can be observed distinctly after
deconvolution. h-SiO, nanoparticles with a completely amorphous structure and the
highest concentration of Sipy have the strongest w relaxation peak. The offset of @ and an
intense w relaxation dominate over the substantially weaker §’ relaxation in the h-SiO»
sample. The w relaxation is segregated from the § relaxation, unlike in the case of SiO,-SiO,
where the 8, ’ and w are overlapping, presented in Figure 4.12b.

The observed overlapping significantly affects the dielectric strength of the f relaxation.
Separation of the w peak from f in h-SiO, also does not necessarily imply that the strength
of the B peak is unaffected by it at lower temperatures. Figure 4.14a shows the
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deconvolution of the dielectric spectra into § and w relaxation; this deconvolution is carried
out by estimating the HN parameters of w at -30 °C from the parameters obtained at
10 °C - 50 °C. Such analysis could only be performed at -30 °C, where the 8 peak is evident
and a substantial part of w onset is observed in the measured frequency range. The true 8
that emerges is noticeably weaker and has shifted towards higher frequencies. Therefore,
the Ae presented in Figure 4.13a includes the effect of the w relaxation on 8 (-90 °C to
-30 °C). A shift in the peak position also leads to a significant change in the activation
energy, as observed for SiO,- SiO, sample. The w relaxation in h-SiO, is segregated;
therefore, its effect on  has reduced. Moreover, the Arrhenius behaviour of § relaxation in
the h-SiO, sample is parallel to its w relaxation, which suggests these mechanisms involve a
similar dipole type (hydroxyl group).

4.3 Summary

Three types of nanocomposites with different silica architectures, i.e. nano-scale SiOy,
§i0,-Si02 (core shell-structures) and h-SiO, (hollow structure) were investigated in this
study. Significant changes are observed in the temperature range of -90 °C to 50 °C, where
the deconvolution reveals three relaxations §, ' and w. The § relaxation is attributed to the
hydroxy ether groups formed during curing, 8’ is assigned to the structural alterations
caused by the dehydration reaction at elevated temperatures leading to the formation of
C=C bonds and w is attributed to the hydrogen bond interaction between the Si-OH groups
of the nanoparticles and the hydroxy ether groups of the polymeric chain. The overlapping
of the w with  and f’ increases their Ae and activation energy (-70 to -30 °C), as observed
in the SiO,-SiO, sample where the activation energy of f relaxation increases to ~0.68 eV
from ~0.58 eV. In the physical sense, the formation of hydrogen bonds increases the amount
of energy required to overcome the motion energy barrier. The strength of w relaxation
increases with an increase in Si-OH concentration and also gradually segregates from . The
h-SiO, sample with the highest concentration has completely segregated f and w peaks. As
the Si-OH concentration increases with increasing amorphous content, the FTIR
absorbance band intensity of Si-O-Si also increases; this is due to the formation of hydrogen
bonds resulting in a dipole change. The w relaxation is not observed in DMA results and
only appears in the dielectric spectra, confirming it as a polarization phenomenon. Two
interfacial polarization peaks are reported for SiO,-SiO, attributed to be originating from
the two interfaces, core-shell and shell polymer.
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Chapter 5

Interphasial Dynamics in Epoxy
Nanocomposites Filled With Metalloid
Oxide and Metal Oxide Based
Core-Shell and Hollow Nano-fillers

In this chapter the interphasial dynamics of epoxy nanocomposites filled with metalliod
oxide and metal oxide based conventional core-type, core-shell and hollow nano-fillers is
investigated. = The samples are characterized by Fourier transform infra-red (FTIR)
spectroscopy, differential scanning calorimetry (DSC), broad band dielectric spectroscopy
and dynamic mechanical analysis (DMA). As such, this chapter will aim to answer the
following questions:

* What are the characteristics and origins of the interactions between the polymer and
nanoparticles?

e Which out of the core or the shell or both has a significant effect on the dielectric
behaviour of the nanocomposite?

* Could the interphase within the nanoparticle have significant contribution towards
shell-polymer interphase?
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5.1 Fourier Transform Infra Red Spectroscopy

5.1.1 Nanoparticle Powder

Figure 5.1 presents the FTIR spectra for Al,O3, Al,O3 — SiO3, TiO2 and TiO, — SiO,. Since
there are no peaks which can be used as reference; where the concentration of the involved
groups is constant across all systems, normalising the FTIR data of the nanoparticles would
be complex and inaccurate. Therefore, the data was only baseline corrected and the analysis
is only used to confirm the successful synthesis of core-shell nanoparticles alongside the
TEM analysis.
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FIGURE 5.1: Fourier Transform Infra-Red Spectroscopy plots of the nanoparticle powder for
a) ~A1203 b) A1203 - Si02 C) TiOg and d) TiOz - Si02

Al,03 and Al, O3 - SiO»: One of the key differences between the core type and core-shell
type nanoparticles is the absorbance band at ~1170 cm™! which is visible only in case of
Al,O3 - SiO; but is absent for Al;O3. The dominant peak spanning 1100 — 1068 cm~! is
attributed to the asymmetric stretching (v,) of the Si—-O-Si bonds in the SiO,4 tetrahedron
structure in transversal optical (v,s - TO) mode, while the shoulder at ~1170 cm™! arises
from asymmetric Si-O-Si bond stretching (Si-O-Si v,5 — LO) in the longitudinal optic mode
(160). The peak at ~1170 cm~! emphasises the presence of ortho-silicate anions in the SiO,
shell as a result of synthesis process. A broad characteristic absorbance band of y-alumina
at ~550 - 960 cm ™! is observed in both cases. It consists of both tetrahedral and octahedral
coordination (196). Peaks in region of ~550 - 750 cm™! are assigned to y-AlOg whereas those
in ~750 - 960 cm™! region are assigned to y-AlO4 consisting of both stretching and bending
vibration modes. These regions comprise of various overlapping peaks, the peaks at ~ 664
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and 900 cm™! correspond to bending vibration of Al-O-Al and Al-O bonds, respectively. The
strong peak at ~ 550 cm™! is attributed to bending vibration of O-Al-O bonds. The
absorbance band at ~ 750 cm™! is attributed to the Al-O bonds in a single octahedral layer
of y-Al,03. These layers have considerably higher intercalated hydroxyl groups between
them, the absorbance band for these Al-OH bonds is visible at ~ 830 cm~! which appears as
a result of 8 bending vibration of the -OH bond. The absorbance band at ~ 1059 cm™! is
attributed to Si-O-Si and Si-O-Al bonds in the y-Al,O3 - SiO, nanoparticles.

TiO, and TiO, - Si0,: TiO, shows a characteristic broad absorbance band between ~
450 - 960~cm™! with a sharp peak usually occurring between ~ 470 - 450 cm™! which is
assigned to the bending vibration of Ti — O bonds (197). Due to the absence of SiO, no
asymmetric stretching absorbance peak of Si-O-Si and Ti-O-Si bonds between the frequency
range of ~ 1200 cm~! and ~ 1000 cm™! is observed in case of TiO,. Like Y-Al,O3 - SiO»,
similar arguments be provided for TiO, — SiO, and the observed absorbance peak at
~1170 cm™! and ~1059 cm ™.

In both the core-shell nanoparticle types the absorbance peaks for Al - O — Si or Ti — O - Si
bonds are observed. Simultaneously, the absorbance peak corresponding to the respective
core and shell are also observed. Thus, the formation of core-shell interphase and synthesis
of core-shell nanoparticles is evident.

5.1.2 Unfilled and Filled Epoxy Nanocomposites:

Figure 5.2 presents the baseline corrected and normalized FTIR spectra of metal oxide based
core-shell nanoparticles filled epoxy nanocomposites, namely, Al,O3, Al,O3 — SiO», TiO, and
TiO, — SiO, in three different regions i.e. 3600 — 3100 cm™!: hydroxyl groups, 960 — 900 cm ™'
unreacted epoxides and 3000 — 2800 cm™': symmetric and asymmetric stretching vibrations
of hydrocarbon groups, v; and v,s of both CH, and CHs. Considering first the
3600 — 3100 cm™! for hydroxyl group region with peak maxima at ~ 3400 cm™!, it can be
observed that there is visibly no significant difference in the peak intensity and therefore,
the concentration of the hydroxyl groups for unfilled epoxy, Al,O3, Al,O3 — SiO, and TiOj.
The area under the curve (AUC) for all the respective curves was calculated, the values are
presented in Table 5.1 Accordingly, the AUC for core-shell samples is noticeably higher as
compared to core type or unfilled epoxy sample, implying a higher concentration of — OH
groups. In case of TiO,, the peak appears broader and less intense comparatively. The area
under the curve is similar to Al,O3 - SiO».filled epoxy nanocomposite sample. It is plausible
that the concentration of the hydroxyl groups increases for core-shell nanoparticles filled
samples due to the additional contribution from the silanols on the surface of the SiO» shell.
Secondly, in case of TiO, — SiO, filled sample the surface interaction between the
nanoparticles and the polymer has potentially changed significantly leading to a wider
range of constrains for the hydroxy-ether and hydroxyl groups. Therefore, the groups
activate in a wider range of temperature leading to an increase in the width of the peak.
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Sample Name | Area Under Curve (AUC ~A.U.) \

Unfilled Epoxy 186
Al O3 186
Al 03 - SiO2 196
TiO, 182
TiO; - SiO, 193

TABLE 5.1: Calculated values for the area under the curve in the region of 3600 — 3100 cm™!
related to the stretching vibration of the hydroxyl groups for all the samples

(b)
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FIGURE 5.2: Fourier Transform Infra-Red Spectroscopy plots of Al,O3, Al,O3 - SiO», TiO,

and TiO; - SiO;, filled epoxy nanocomposite along with reference unfilled epoxy illustrating

absorbance bands for a) hydroxyl groups b) unreacted epoxides and c) hydrocarbon
fingerprint region

In the 960 — 900 cm™!, the absorbance peak observed at 932 cm™! is attributed to residual
epoxide groups after curing and post curing. There is no significant change observed in the
concentration of the unreacted epoxide groups across all samples. The maximum variation
is between TiO, - SiO, and unfilled epoxy which is ~ 2%; the variation is similar to the
amount of epoxides which remain unreacted under ideal curing conditions. Finally,
considering the 3000 — 2800 cm™! region, unfilled epoxy, Al,O3, and TiO, do not show a
significant change in the intensity of the absorbance band. However, the core-shell
structures show a noticeably higher absorbance intensity. No hydrocarbon absorbance peak
is observed in case of nanoparticle powder spectra and the stoichiometry is maintained
between the resin and hardener across all samples. Therefore, instead of the concentration
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of CH, and CHj affecting the absorbance intensity of the hydrocarbon peaks, the
interaction between the shell surface and polymer chains which could lead to a change in
charge distribution might potentially be the primary reason for such behaviour.

The SiO; shell has Silanols on its surface; similarly, in Figure 5.1 the absorbance band at
830 cm~! demonstrate the presence of Al - OH bonds on the surface of Al,O3 nanoparticles.
The hydroxyl group of the epoxy resin model as a result of the charge distribution acts as a
hydrogen bond donor - acceptor and could potentially interact with the surface silanol
groups. In a study by Nakamura et. al. (198) the surface characteristics for SiO, and Al,O3
filled epoxy nanocomposites were simulated and studied. Between both, Si - OH showed
stronger interaction with the epoxy hydroxyl group as compared to Al - OH. Additionally,
OH - & interaction between the benzene ring and the surface X - OH (X: Al or Si) were also
observed where Si— OH — 7 interaction were stronger. The benzene rings of the epoxy on the
alumina surface appeared to be unable to interact effectively with the protons of the
hydroxyl groups on the surface. This was reported to be partly because of the lack of
recessed areas of the surface, which are necessary for the benzene rings to take a
conformation essential for the OH - x interaction. The absence of dangling protons on the
alumina surface was also considered a major factor, where the dangling proton mean a
proton that can move flexibly in response to changes in the electrostatic potential and the
structure of hydrogen bonds on the surface. Due the octahedral architecture of Al,O3
nanoparticles, the surface after cleavage leads to a higher concentration of unsaturated sites
resulting in higher concentration of Al - OH bonds. Hence, the distance between the convex
oxygen atoms on the surface is majorly either similar to or shorter than typical hydrogen
bond distance. Therefore, many of the hydroxyl groups prefer to form hydrogen bonds with
the nearby convex oxygen atoms rather than the hydroxy ether group of the epoxy. Unlike
Al, O3, the tetrahedral geometry of SiO, leads both concave and convex silicon sites on silica
surface; where the former are hydroxylated and the latter are not. This leads to a reduced
concentration of Si — OH. Thus, a higher recessed area is obtained resulting in stronger
Si —OH - 7 and Si — OH - OH interactions. Conclusively, it was reported that the epoxy
adheres to the hydrophilic surfaces through the hydrogen bonding interaction due to the
hydroxyl group and the dispersion interaction due to the benzene rings. Therefore, in the
present study, stronger hydrogen bonding interaction and OH - 7 interactions of epoxy
benzene ring with the silanol groups which results in stabilization of the ring could lead to
charge redistribution; in turn affecting the absorbance band intensity of hydrocarbons in
the core-shell nanocomposites. Since these interactions are much weaker in core type
nanoparticles, no significant changes are observed.
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FIGURE 5.3: TEM images of the commercially obtained and laboratory synthesised

nanoparticles, segregated based on their architecture and material type a) SiO b) SiO»-SiO,

(Core - Shell) ¢) h-SiO, (Hollow Core) d) Al 03 e) Al,O3 — SiO, (Core — Shell) f) TiO, at a scale
of 150 nm and g) TiO,-SiO, (Core-Shell) h) TiO,-SiO, — Zoomed at 50 nm.

5.2 Result and Discussion

5.2.1 Transmission Electron Microscopy

The TEM images obtained for the seven different types of nanoparticles, namely SiO,
Si0;-Si0y, h-Si0y, Al, 03, Al,03-Si0,, TiO, and TiO»-SiO, and are shown in Figure 5.3 These
illustrations do not represent the median size of the nanoparticles and are simply
demonstrative of their successful synthesis. When an electron beam is focused on a sample,
areas with higher crystallinity/density look darker in TEM. The concentration of electrons
absorbed is directly related to the density of the sample. As a result, as the density increases,
fewer and fewer electrons pass through, resulting in a darker shadow.

In the case of SiO,-SiO,, the core and shell are made of the same material. The SiO, for the
core is acquired from a commercial manufacturer whereas the shell is synthesised in the
laboratory. Therefore, the differences in their density are not significant. However,
noticeable changes in the grey scale around darker regions (white arrow) representing
comparatively higher density areas can be observed on closer inspection where the lower
density areas (black arrow) represent the amorphous shell formation. Similar features can
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be seen in the case of Al,03-SiO, and TiO,-SiO, distinctively, demonstrating successful
core-shell nanoparticle synthesis. Zoomed in TiO»-SiO, is presented in Figure 5.3h, where a
higher density core with darker characteristics and a SiO» shell with lighter characteristics is
observed and demonstrates successful synthesis of core shell nanoparticles. Since the core
in h-SiO, is absent, the grey scale of the pore is comparable to that of the grid and is only
slightly darker due to the contribution from the shell as it is a 2D depiction of a 3D
architecture. The shell, on the other hand, is substantially denser than the carbon-coated
grid, and hence appears as a dark band around the central pore.

5.2.2 Dynamic Mechanical Analysis and Differential Scanning Calorimetry

Figure 5.4a presents the DMA - tan § and E" spectra and BDS - €” spectra for reference -
unfilled epoxy and SiO,, Si0,-SiO,, h-SiO, filled epoxy nanocomposites between the
temperature range of -100 °C - 160 °C and -160 °C - 160 °C, respectively at a frequency of 10
Hz. The frequency of 10 Hz was chosen from the five tested frequencies of 1072, 107!, 10°,
10! and 10? Hz because it shows all the relaxation processes with the least amount of error
from equipment. Two distinct relaxation processes are discernible for all the samples in
DMA, one being the primary relaxation phenomenon, denoted as a, and the other being the
sub-glassy relaxation process, known as f relaxation. Additionally, another weak relaxation
process is observed near the rubbery plateau region which is being attributed to the normal
mode relaxation process. Furthermore, besides these relaxations, two additional relaxations
are observed in the BDS spectra, namely vy in all the samples and the so-called w relaxation.
Similarly, Figure 5.4b and 5.4c presents the DMA — tan § and E" spectra and BDS - €” spectra
for reference - unfilled epoxy and Al,O3, Al,O3 - SiO,, TiO,, TiO2-SiO, filled epoxy
nanocomposites. Only conventionally known relaxation are observed.

The origins of the w relaxation have been linked to the distribution of molecular chain
segments and the preferential absorption of moisture in low-density cross-link locations in
earlier studies that explored the phenomenon, such as those by Pangrle et al. (194) and
Keenan et al. (192). These research noticed the relaxation in DMA thermographs and
attributed it to the fact that the water molecules were connected to the host polymer via
hydrogen bonds. Furthermore, in our prior study, the dielectric behaviour of relaxation was
thoroughly explored and w relaxation was attributed to hydrogen bonding interactions
between the nano-fillers and the polymer host, as opposed to hydrogen bonding with water
molecules, which aligns well with our results and measurements from different techniques.
However, a similar relaxation peak is not observed in DMA thermographs. Therefore, further
analysis was performed to characterize the observed peaks. A Gaussian fit function was
used to obtained four different parameters for the two observed relaxations i.e. a and S,
namely, glass transition temperature (Tg), peak intensity, peak width (full width at half
maxima - FWHM) and the storage modulus (E’) at 30 K above Tg.
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5.2.3 «a relaxation

The « relaxation originates from the macromolecular chain motions, which are frequently
linked to the Tg. Except Al,03-SiO; filled sample, all other samples have single well-defined
a relaxation peak indicating that their respective cross-linked networks have no phase
separation. The results obtained for the different features of the peak are presented in Table
5.2 It can be observed from Table 5.2 that besides TiO, filled nanocomposite all the other
epoxy nanocomposite samples have lower T, than the reference unfilled epoxy sample. Two
key observations from Table 5.2 are:

1. There are no significant changes between the reference unfilled epoxy sample and the
core type nanoparticle in terms of the tan 6 intensity and width.

2. All the four parameters for SiO,-SiO», Al,03-SiO, (II) and TiO2-SiO, nanocomposite
samples are noticeably the same.

Sample ID Peak Number H T, ‘ Intensity H Width(K) ‘ Storage Modulus (E’) ‘

Unfilled Epoxy I 93.88 0.80 21.16 15.57
Si0, I 92.70 0.79 21.64 15.57

SiO, - Si0, I 91.14 | 0.73 22.52 15.68
h - SiO, I 90.33 1.02 14.67 18.67

Al O3 I 86.17 0.76 21.74 15.44
Al,Oj - SiO5 I 71.48 0.16 15.07 15.47
Al,Oj - SiO5 I 91.32 0.71 22.36 15.47
TiO, I 9534 | 0.80 21.31 17.27
TiO, - SiO; I 91.10 0.72 22.24 15.67

TABLE 5.2: Values of different parameters for a relaxation obtained from DMA - tan 6 vs.

temperature and E’ vs. temperature plots. Tg: tan § peak position, Intensity: tan § peak

maxima, Width: full width at half maxima (FWHM) of tan §, storage modulus and crosslink
density from value of E’ at Tg + 30 °C.

There are several factors such as molecular weight, cross-linking density and tactility whose
alteration could lead to changes in the Tg. However, the processing method used here to
prepare the epoxy nanocomposites filled with different fillers is the same. Hence, it is
plausible that the observed changes in the Ty originate from the interaction between the
filler and the epoxy matrix. It has been reported that the interfacial layer created between
the nano-filler and the polymer due to their interaction plays an important role in
determining the T of the nanocomposite (199). Depending upon the nature of these
interactions the Ty is either reduced, increased, or remains constant resulting from either an
attractive, repulsive, or neutral behaviour, respectively. The extend of this behaviour further
depends on the type of filler. Here, SiO, shows a neutral behaviour, TiO, demonstrates an
attractive behaviour whereas Al,O3 along with all the other nanoparticles shows a repulsive
behaviour. The SiO; shell deposited on the SiO,, Al,O3 and TiO, core nanoparticle template
was done using exactly the same sol-gel process and has similar thickness. When a SiO»
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shell is deposited on Al,O3 compared to Al,O3 the T of the nanocomposite increases by ~ 4
K. Similarly, when a SiO, shell is deposited on TiO, compared to TiO, the Tg of the
nanocomposite reduces by ~ 4 K Furthermore, both the SiO,-SiO,, Al,03-SiO, and
TiO»-SiO, filled systems have approximately the same Ty; this potentially implies that the
interactions between the SiO- shell and the polymer might be similar.

Covalent bonds between the filler and the polymer matrix have been reported to noticeably
increase the Ty of the sample (200). However, weak attractive bonds such as the hydrogen
bond do not significantly affect the Tg of the sample but do add constrains to motion of
polymer chains. In a study by Lin et al. (201) two types of SiO, nanoparticles i.e.
hydrophobic and hydrophilic filled in poly (vinyl acetate) were investigated. In case of
hydrophilic-SiO,, with Si - OH bonds on its surface, hydrogen bond interactions with the
carbonyl group of the matrix were observed. Nevertheless, even at a loading ratio of 30 wt%,
the T remained more or less constant, with a maximum variation of ~ 1 K. Furthermore,
Czogala et al. (202) highlighted the significance and role of hydrogen bond formation in
plasticizer based polymer composites. These hydrogen bond interactions lead to a change
the three-dimensional molecular architecture of polymers with less polymer chain
entanglements; thus, improving their mobility as a consequence of reduced initial
dipole-induced dipole attractions. Additionally, in accordance to the free volume theory,
ability to form hydrogen bonds also translates to good plasticizing efficiency by increasing
the free volume of the system providing more space for polymer chains to move. Therefore,
the hydrogen bonds themselves do not influence the Ty significantly but the plasticizing
effect introduced due to them leads to a reduction in the Tyg.

SiO; is calcined at 800 °C ideally there are no silanol groups on its surface. As such, there are
no hydrogen bond interactions between the polymer and the nanoparticles illustrating no
noticeable changes in the measurements when compared to unfilled epoxy. However, SiO,-
SiO,, Al,03-Si0O, h-SiO, and TiO,-SiO, are vacuum dried at 60 °C; therefore, their respective
shells are amorphous. Besides h-SiO,, regardless of the size of the particles and volume of the
shell, the tan § characteristics are the same for these nanoparticles; where the total surface
area, the thickness of the shell and the shell material is the same.

A second peak in tan ¢ is observed in dynamic mechanical measurements of a wide variety
of polymers, including poly (dimethyl siloxane), filled with silica nanoparticles, 50-100 °C
above the glass transition, which is attributed to the glass transition of an interfacial
polymer layer with restricted mobility by Tsagaropoulos and Eisenberg (203). The findings
are explained in terms of a model with three different types of polymer: a bulk polymer
unaffected by the particle; a second, loosely bound interfacial layer; and a strongly bound,
immobile layer immediately surrounding the particle. The second interfacial layer is
reported to be responsible for the second glass transition. The observed decrease in second
glass transition intensity with increased silica concentration was reported and explained by
this hypothesis. However, in the present study, whilst comparing Al,03-SiO, and SiO;-SiO»
their concentration has changed but the Ty peak (91.00 °C) intensity remains noticeably the
same. Secondly, the tan 6 intensity is in comparable ranges to other nanoparticles. Once a
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group is activated it ideally would not contribute to the intensity of a relaxation at higher
temperatures. Considering these and in accordance to the measurements, the overlapping
peak at ~ 71.00 °C could not originate from the mobilization of certain groups on the main
chain.

As the size of the nanoparticle increases, the likelihood of two adjacent silanol groups
present on the surface increases. With an increase in the size of nanoparticle the recessed
area also increases which leads to reduced steric hindrance from the benzene rings for the
epoxy hydroxy ether groups to interact with the surface silanols (198). Therefore, Al,03-SiO»
would have the highest concentration of adjacent double hydrogen bond interactions as
illustrated in Figure 5.5 (II) due to its biggest size amongst all nanoparticle types. This could
potentially lead to the formation of small regions around the nanoparticle with highly
restricted mobility resulting in micro-phase separation (204). As the temperature increases
these hydrogen bonds disassociate; hereafter, there is no phase separation within the
polymer and the nanocomposite has a single Tg. This behaviour can be observed in case of
Al,03-Si03, initially, as the temperature increases to ~ 70 °C hydrogen bonds between the
polymer chains and the nanoparticles break. A corresponding micro-phase separation peak
overlapping with the Ty peak is observed where the disassociation of the hydrogen bonds
leads to a higher degree of freedom for the C — H groups; only a tiny proportion of these
main chain groups are involved thus resulting in a small peak intensity. The width of this
peak is narrow, implying the groups involved are similar, are activated at similar
temperatures and therefore, also potentially exist in similar local constrains. Upon further
increase in temperature, Ty is reached.

The intensity of the tan § peak represents the internal friction of the system; it depends on
the freedom of movement of the involved groups. With increased crosslinking the intensity
of the peak reduces due to the reduction in the avaliable rotational and translational modes
of molecular motion (205). It has been experimentally evidenced that the T increases with
an increase in the crosslink density (J) and the tan 6 peak shifts towards higher
temperatures. Implying, T increases as the intensity of the tan 6 peak reduces. The
intensity for core-shell type nanoparticle is approximately the same. However, compared to
unfilled epoxy sample the intensity has reduced. As expected, FT-IR shows no significant
changes in the amount of residual epoxides groups after post curing due to stoichiometric
addition of resin and hardener. Therefore, the additional constrains on the molecular
motion of the polymer chains should potentially be originating from the
polymer-nanoparticle interfacial interaction.

The formation of hydrogen bonds would affect the internal friction of the nanocomposite
but only until a certain temperature. At temperatures closer to the Ty majority of the
hydrogen bonds between the polymer chains and the nanoparticles would disassociate.
However, the silanol groups present on the surface of nanoparticles would still present steric
hindrance to the polymer chains in the immediate vicinity of these particles. Thus, the
additional steric hindrance could potentially reduce the internal friction leading to a
reduced intensity of tan 6. Furthermore, multiple models have been developed and
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FIGURE 5.4: DMA - tan § and loss modulus (E") spectra for a temperature range of -
100 °C - 160 °C along with derived imaginary permittivity (") spectra from BDS for a
temperature range of -160 °C - 160 °C at a frequency of 10 Hz illustrating different relaxation
phenomena and the Ty values from DSC for (a) reference - unfilled epoxy sample and
epoxy nanocomposite samples filled with SiO,, SiO,-SiO, and h-SiO» (b) reference - unfilled
epoxy sample and epoxy nanocomposite samples filled with Al,O3 and Al,03-SiO, and
(c) reference - unfilled epoxy sample and epoxy nanocomposite samples filled with TiO»
and TiO, — SiO,. The dot-dash-dot line at 84 °C in all plots represents the T, for unfilled
epoxy sample from DSC measurements.
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hypothesised based on the interphase volume calculations or the interphase volume
fraction in the bulk nanocomposite; out of these, most widely accepted hypothesises are
from the studies by Tsagaropoulos (203) and Tanaka (80). Both these model assume
multiple layers of polymer chain with varying mobility due to their interaction with the
nanoparticles and their cumulative thickness to be ~ 90 A. As such, for a simplistic
approach in the present study the interphase volume has been calculated based on this
value. The volume of the interphase is in similar ranges i.e. 2.60 + 0.08, except for TiO,-SiO,
where it is approximately one and half times higher. As expected, besides TiO,-SiO», similar
interaction characteristics of core-shell nanoparticles correlate with similar volume of the
interphase. Similar arguments could be presented for the variation in the width of the tan 6
peak; where similar interaction leads to similar width.

All the core type nanoparticles are calcinated resulting in an ordered structure; hence, the
concentration of hydroxyl group on their surface would be significantly less. As a result,
interaction between the hydroxyl group and hydroxy ether segment of the epoxy would be
less likely. Therefore, the intensity and the width of the tan ¢ for core type nanoparticle filled
nanocomposites shows no significant changes when compared to unfilled epoxy. In
comparison to core type filled epoxy nanocomposites core-shell nanoparticle filled samples
show a noticeable increase in the width of the tan § and a reduction in its intensity. This
highlights that the constrains on motion of polymer chains are higher in core-shell

nanoparticle filled samples.

The concentration of the filler significantly influences the storage modulus (E’) of the
nanocomposite samples. Polymer chains in samples filled with higher concentration of
fillers experience higher steric hindrance. Consequently, it has been reported in the
literature that the E’ of filled polymer samples in the rubbery region is usually higher than
unfilled samples (199). However, the presented values of E’ illustrate contrary results. As the
concentration of the nanoparticles decreases, the value of E’ remains approximately the
same (15.60 + 0.10), except for h-SiO, and TiO filled nanocomposites. At Tg + 30 °C, all the
polymer chains are activated and mobile; therefore, with reduced concentration, for the E’
to remain constant there should be additional constrains on the movement of the polymer
main chains. It is plausible that the increase in stiffness originate from the steric hindrance
in the interphase.
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FIGURE 5.5: Illustration depicting the formation of single (I) and double hydrogen (II) bonds

with the change in size of the nanoparticle. The arrows indicate the freedom of movement

for the C — H group of the main chain; where red arrow shows a constrained motion and
green arrow shows a motion with higher degree of freedom.

5.2. Result and Discussion 86



Chapter 5. Interphasial Dynamics in Epoxy Nanocomposites Filled With Metalloid Oxide
and Metal Oxide Based Core-Shell and Hollow Nano-fillers

(@ (b)

FIGURE 5.6: Illustration depicting the recesses on surface of (a) TiO; (Tetrahedral) — 55 nm
(b) Al,O3 (Octahedral) — 50 nm and (c) SiO, (Tetrahedral) — 15 nm due to the different
structure of the nanoparticles. For the interaction of the benzene ring with a hydroxyl proton
on the surface, the plane of the benzene ring needs to be slightly perpendicular to the OH
direction of the hydroxyl group on the surface. Due to the bigger size of the nanoparticle
OH - 7 (blue dotted line) interactions are possible as benzene rings experience less steric
hindrance and can conform to the required angle. However, this might not be possible in
case of (c) SiO» (red dotted and red curly line). (b) also illustrates the formation of hydrogen
bonds between Al - OH groups due to the convex geometry.

The coordination structure of the cationic element in the bulk could have a significant effect
on interphasial interactions (198). Orthogonal structure of Al,O3 leads to only convex
recesses on its surface. SiO» and TiO» due to their tetrahedral structure have both convex
and concave recesses on their surfaces; where only the former are hydroxylated. The bond
length of Al - OH and Ti - OH are similar, approximately 1.94 A. However, due to the
difference in the surface structure, X — OH (X: Si or Ti) comparatively interacts less with other
X — OH groups on the particle surface as a result of large gap between the oxygen atoms,
illustrated in Figure 5.6. Therefore, due to the availability of X— OH, OH - 7 interactions will
be more prominent in XO,. OH - 7 is a weak diffused interaction; thus, it does not affect the
internal friction significantly but does improve the compatibility between the particle and
polymer. Due to the significant difference in the size of the nanoparticles between TiO» and
SiO, the respective size of the recesses would also vary significantly. Thus, the epoxy
benzene rings would experience less steric hindrance accessing the hydroxylated concave
recesses in case of TiO, as compared to SiO,. Hence, OH - 7 interactions are more likely in
case of TiO, filled system, resulting in a higher compatibility and an increased E’.

h-SiO, has significantly different behaviour than both core-shell and core-type
nanoparticles. It has the lowest Tg, highest intensity and the smallest width, implying a
highly plasticised system. This behaviour could potentially be a result of significant increase
in the concentration of silanols on the surface of the shell leading to formation of hydrogen
bonds which act as plasticizers. Firstly, increase in silanol concentration on the shell surface
is unlikely since all SiO, shells were synthesised in the same way and none of the other
sample shows such behaviour. However, if the epoxy chains penetrate the inner surface of
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the h-SiO; which also has silanols, it is possible that this leads to a higher plasticizing effect.
Secondly, it is possible that even after similar preparation procedure the synthesised shell is
highly disordered resulting in a higher concentration of silanols on the surface.

Finally, it is important to consider the volumetric effect of the shell on the interphasial
properties as well; therefore, the volume of shell for all the nanoparticles was calculated and
is presented in Table 5.3 The condensation of silicic acid takes place at a constant rate per
mole. The during of vacuum drying was the same for all the core-shell and hollow
nanoparticles. The volume of the shell increases as the size of the nanoparticle increases
even though the shell thickness is approximately the same across all the samples 25 — 30 nm.
Hence, at constant rate of heat, less amount silicic acid would condense as the volume
increases, introducing higher degree of disorder. This was reported in the Chapter 4, where
h-SiO; with a higher shell volume as compared to SiO,-SiO, had a higher degree of disorder.
The degree of disorder directly corresponds to the concentration of the silanols on the
surface. Across all the core-shell nanoparticles the intensity of the v,,-LO band which is
observed at 1170 cm™! is highest in SiO,-SiO, followed by Al,03-TiO; and TiO,-SiO,, which
implies the degree of disorder across these samples is also in same order; although it only
varies noticeably. Even though the shell-volume of Al,03-SiO, is similar to h-SiO, the
degree of disorder in Al,03-SiO; is significantly less. Furthermore, considering TiO2-SiO»
where the volume of the shell is significantly higher than h-SiO,, it still has a low intensity
v4s-LO absorbance band. It is plausible that the core nanoparticle acts as a template which
reduces the degree of disorder in the silica shell when X - O — Si bonds are formed, where X
is either Si, Al or Ti. Therefore, since the degree of disorder is not significantly different in
the core-shell nanoparticles they have similar interaction characteristics whereas h-SiO»
which comparatively has higher degree of disorder results in an increased concentration of
silanols on the surface. This leads to higher hydrogen bond interaction resulting in a highly
plasticized system. Furthermore, this chemical variation in the structure of the nanoparticle
would also ideally change the net charge distribution within the system which would affect
the dipoles; this could potentially be the reason for the w relaxation not being observed in
the any metal oxide filled nanocomposite. Highly disordered system should result in a
system with multiple Si — OH dipoles. Hence, the strongest w relaxation peak is observed in
h-SiOs.

Sample ID | Shell Volume (mm?®) ‘

Si02-SiO 30.40
h-SiO, 48.70
Al»,03-Si0, 47.60
Ti0;-Si02 75.20

TABLE 5.3: Calculated value of SiO, shell volume for all the core-shell nanoparticles.
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5.2.4 frelaxation and n-mode

The B relaxation is often attributed to the crankshaft motion of the glyceryl segments in
epoxy-amine networks. The relaxation features obtained from the E’ vs. temperature profile
such as the height, width and the intensity are presented in Table 5.4.

Considering the f maxima, it can be observed that besides h — SiO; it is approximately the
same for all the samples ( -45.20 = 0.50 °C). In comparison, h — SiO, has a f maxima at
-38.35 °C, implying faster segmental dynamics of the side chains. Furthermore, the intensity
of  relaxation for core-type filled nanocomposites also corresponds to the trend of T. TiO-
nanocomposite with the highest T also has the least internal friction, followed by unfilled
epoxy, SiO; filled nanocomposite and finally, Al,Os filled nanocomposite with the lowest Tg
also has the highest § relaxation intensity. The constrains on the hydroxyl group further
emphasis the impact of OH - 7 interactions. Although similar constrains were not observed
on the main chain. This potentially suggests that the nature of constrains on the side chain
groups also impact the Tg of the bulk system. All the core-shell nanoparticle filled epoxy
nanocomposites also show similar intensity, it is higher than unfilled epoxy indicating a
lower Tg. This again corresponds well with their respective Tg which are all lower than
unfilled epoxy and are also approximately the same. Finally, as the constrains on the side
chain increases the width of the tan 6 would also increase since due to the additional
constrains the range of activation temperature for the groups would increase. The values for
the width correlate with the intensity values. Table 5.5 presents the T values obtained from
DSC measurements. No significant changes are observed, the noticeable variations are
within the experimental error limit of +2 °C. Between DMA and DSC, DMA comparably
provides much accurate and insightful values of T and other parameters, the experimental
error in DMA values is only 1% or ~ ° 0.90 °C.

SampleID | fMaxima(K) | Intensity (Tg) | Width (K) |

Unfilled Epoxy -46.25 128.69 (93.88) 63.26
SiO; -44.68 131.10 (92.70) 61.38

Si0; -Si0y -45.63 136.90 (91.14) 58.60
h-SiO, -38.35 144.90 (90.33) 59.80
Al,O3 -44.32 148.14 (86.17) 54.71
Al, O3 -SiO» -45.64 134.72 (91.32) 56.73
TiO, -44.35 121.56 (95.34) 63.10
TiO;3 - SiOy -45.60 138.42 (91.10) 58.80

TABLE 5.4: Values of different parameters for frelaxation obtained from DMA — E” vs.
temperature plots. f maxima: position of E” maxima, Intensity: E” peak maxima and Width:
FWHM of E”

Finally, at higher temperature above 140 °C, large scale cooperative macromolecular motion
in the elastic and rubbery region could give rise to additional friction losses, increasing the
value of the loss modulus. These relaxation peaks are analogous to the normal mode
relaxation in the BDS. Normal mode relaxation in BDS is attributed to the long range
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SampleID | Tg |

Unfilled Epoxy | 84.00
SiO; 82.00

SiO, -SiO, 85.00
h-SiO, 83.00
Al,O3 86.00
Al>03 -Si0O2 82.00
TiO» 87.00
TiO, -SiO, 82.00

TABLE 5.5: Ty values obtained from DSC.

end-to-end dipole vector along the polymer chain and is related to the changes in the
conformation of the polymer chains and their molecular weight (155). For example, unlike
BDS, in DMA normal mode relaxation is clearly observed in case of SiO,-SiO; filled sample.
The presence of normal mode relaxation in DMA implies its presence in BDS. It is likely that
both the interfacial polarization peak and the normal mode relaxation are overlapping each
other. Therefore, the BDS spectra at lower frequencies can be treated accordingly by
deconvolution of these peaks, leading to a better understating of the molecular dynamics.

5.3 Broadband Dielectric Spectroscopy

5.3.1 prelaxation

Figure 5.7 presents the broadband dielectric spectroscopy data for Al,O3, Al,03-SiO>, TiO»
and TiO,-SiO, nanoparticle filled epoxy nanocomposites at temperatures of -70, -60 and
-50 °C in the frequency range of 10! — 10® Hz along with their respective Havriliak - Negami
fitting curves. As expected, the § relaxation peak is observed whose frequency of peak
maxima (f;4x) shifts towards higher frequency with an increase in temperature. To
maintain consistency between the fitting curves the a and f parameters of Havriliak —
Negami fitting were maintained in similar ranges. Visually, no significant changes are
observed. To analysis the characteristics of the relaxation and changes in behaviour the
relaxation, peak different samples were compared at -50 °C, presented in Figure 5.8. Table
5.6 complies the location of the f;,,, and dielectric strength (A¢) of the respective peaks.
Considering first f;, 4, both the core type nanoparticle have a similar frequency at which the
peak maxima occurs. This suggests that the environmental constrains of the hydroxyl
groups and side chain groups are similar in both the nanocomposites. In this frequency
range, majority of the contribution to the relaxation behaviour originates from change in
the orientation of the dipoles. A reduction in the frequency generally implies slower
segmental dynamics of the dipoles or the crankshaft motion of the hydroxyl groups. Thus,
the addition of nanoparticles has led to constrained motion of the dipoles when an electric
field is applied. TiO, demonstrates the highest constrain amongst unfilled epoxy and
core-type nanoparticles. Secondly, the Ae describes the temperature-dependent intensity of
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the relaxation; dependent also upon the dipole moment of the groups involved and number
density of dipoles. Since the measurement temperature and preparation method is same for
these nanoparticles where stoichiometry was maintained the increase in Ae could only
possibly result from the change in the dipole moment of the hydroxy ether groups. In
accordance to the discussion earlier, OH — 7 interaction which lead to stabilization of the
benzene ring of the main chain could result in a charge distribution resulting in stronger
hydroxyl dipoles. The dielectric strength is approximately the same between the two
core-type nanoparticles, which implies that both nanoparticle interaction with the polymer
are the same. However, this is not in line with the DMA analysis where TiO, showed stronger
OH - & interactions. It is plausible that there are other forms of weaker interactions which
affect the dipole moment but do not lead to steric hindrance.

For core-shell filled nanocomposites, the f;;,;x reduces even further which implies even
more constrained environment for the hydroxyl groups. However, the Ae does not vary
significantly. These additional constrains could either come from physically from steric
hindrance or chemically from additional bonding. However, formation of bonds would lead
to a change in the dipole moment of the hydroxy ether groups which in turn will change the
Ae. Therefore, the constrains are possibly more physical in nature than chemical.

SampleID | f.. || Ac |
Unfilled Epoxy | 34.35 || 0.80

Al,O3 28.66 || 1.03
Al;03-Si0; 18.96 || 0.83
TiO, 27.03 || 1.10

Ti0,-SiO;, 11.40 || 0.78

TABLE 5.6: Dielectric strength (A¢) and f,,,4x of the f relaxation for all the nanocomposite
and unfilled epoxy sample obtained from Havriliak — Negami fitting at -50 °C.

Figure 5.9 illustrates the Arrehinus plots of the observed f relaxation from which the
respective activation energy of the relaxation for each sample was calculated. Firstly, as
expected, all the plots are parallel to each other indicating the type of groups involved in the
similar in nature. Secondly, the activation energy does not vary significantly across the
samples. Nevertheless, between core-type and core-shell filled nanocomposites the
activation energy for former is slightly higher. Although inconclusive, this could potentially
imply that constrains as a result of dipole interactions are slightly higher as compared to
those due to physical steric hindrance.
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5.3.2 arelaxation

Figure 5.10 presents the measured broadband dielectric spectroscopy data for Al,O3, Al,O3 -
Si0y, TiO, and TiO, - SiO, nanoparticle filled epoxy nanocomposites illustration the «
relaxation at temperatures of 100 and 140 °C in the frequency range of 107! - 10° Hz.
However, additionally conductivity features are clearly observed in the spectra. To remove
these features in order to analyse the a relaxation Kramer-Kronig formulation were used to
obtained derived spectra. Figure 5.11 presents these derived spectra at a temperature of 90,
100, 110 and 120 °C and in the frequency range of 10~ — 10* Hz along with their respective
Havriliak — Negami fitting (HN-fitting). The temperature in these plots are chosen such that
either a significant part of a relaxation or the f,,. of the respective temperature curve is
visible in the selected frequency window; HN-fitting was not possible at all temperatures.
Therefore, not all plots present the curves between the 90 — 120 °C temperature range. Table
5.7 complies the location of the f;,,x and dielectric strength (A¢) of the respective peaks at
100 °C which is a common temperature across all samples where a relaxation is distinctly

visible.
’ Sample ID fiax H Ae ‘
Unfilled Epoxy | 23.64 2.54
Al,O5 43.12 || 2.73
Al,03-Si0, | 3149.87 || 3.06
TiO, 19.20 3.19
TiO,-SiO, 176.22 3.91

TABLE 5.7: Dielectric strength (A¢) and f,;,,, of the a relaxation for all the nanocomposite
and unfilled epoxy sample obtained from Havriliak — Negami fitting at 100 °C.
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FIGURE 5.10: Measured broadband dielectric spectroscopy plots of a relaxation in Alumina:

Al;03, Alumina - Silica: Al,O3 - SiO», Titania: TiO, and Titania - Silica: TiO, — SiO,epoxy

nanocomposites and unfilled epoxy in the frequency range of 10~ — 10° Hz at a) 100 °C and
b) 140 °C. A slope of -1 is observed demonstrating the effect of conductivity in the spectra.

As expected, it can be observed from the dielectric spectra that as the temperature increase
the Ae reduces. In epoxy, the Ae reduces from 2.54 to 2.50 with an increase from 100 to
110 °C. Similar to the f relaxation, the a relaxation segmental dynamics of TiO»
nanocomposite are slower as compared to unfilled epoxy; this is also in line with the DMA
analysis where the Tg of the TiO, nanocomposite is the highest. Similarly, for Al,O3 filled
composites they are faster in comparison to unfilled epoxy which is again in line with DMA
analysis. The core-shell nanocomposites on the other hand have significantly faster
segmental dynamics; further, amongst the two segmental dynamics of Al,O3-SiO, are
significantly faster than TiO,-SiO,. Considering now the Ag, in core-shell nanoparticles the
dielectric strength is significantly higher than unfilled epoxy and noticeably higher than
core type filled nanocomposites.Ae of a relaxation is affected by the number density of
dipoles, dipole moment and the different types of groups participating in the relaxation.
The number density of dipoles is constant across all samples as the stoichiometry is
maintained across all samples. Therefore, the difference in the Ae is potentially due to a
combination of changes in the dipole moment and due to the different types of groups of
the main chain participating in the relaxation process. Finally, after the removal of
conductivity effects an additional relaxation is observed.

5.3.3 Interfacial Polarization and Normal Mode

Figure 5.12 presents the derived and measured broadband dielectric spectra for all the
samples in the frequency range of 10~! — 10° Hz at 130 °C where along with a relaxation
multiple other peaks below the frequency of 10% Hz are observed. These peaks could not be
deconvoluted consistently where the a and  parameters of the HN-fitting were in similar
ranges over a span of different temperatures. Therefore, to analyse these peaks further and
gain insight into the interfacial dynamics their respective Cole - Cole plots were made with
the effect of conductivity removed; presented in Figure 5.13.
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FIGURE 5.11: Derived broadband dielectric spectroscopy plots of a relaxation in (a)

Alumina: Al,Og3, (b) Alumina - Silica: Al,O3 — SiO», (c¢) Titania: TiO, and (d) Titania — Silica:

TiO, - SiO, epoxy nanocomposites and unfilled epoxy in the frequency range of 107! —
10* Hz at 90, 100, 110 and 120 °C with their respective Havriliak - Negami fitting

Considering first the normal mode, unfilled epoxy as a reference sample does not have any
filler content and there is no phase separation it in since it has a single well-defined «
relaxation peak. At 130 °C, in accordance to the DMA measurements, the epoxy is in a
rubbery state where the polymer chains are free to move and the only restriction originates
from chain entanglements and crosslinking. Therefore, the peak observed in case of unfilled
epoxy is the normal mode relaxation peak which depends on the end to end dipole moment
of the entire polymer chain. Similar, the normal mode is observed in all other samples.
However, it is moving towards lower frequency which implies that due to the addition of
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FIGURE 5.12: Derived and experimentally measured broadband dielectric spectroscopy plot

a relaxation in Alumina: Al,O3, Alumina - Silica: Al,O3 — SiO,, Titania: TiO, and Titania

— Silica: TiO, - SiO, epoxy nanocomposites and unfilled epoxy in the frequency range of
107! - 10° Hz at 130 °C.

nanoparticles besides the conventional restrictions there additional constrains in the free
movement of the polymer chains. TiO, nanocomposite has the slowest normal mode
relaxation which in line with its Tg which is the highest amongst all nanoparticles. The
core-shell nanocomposites are next and do not vary significantly. Although Al,O3 has the
lowest Tg, unfilled epoxy has the fastest normal mode segmental dynamics since it only has

entanglement restrictions and no additional constrains from the nanoparticles.

In case of core-type nanocomposites an additional peak apart from normal node relaxation
is also observed, present in the inset of Figure 5.13. This peak appears after the normal
mode relaxation towards even lower frequencies and is attributed to the interfacial
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polarization as a result of the particle-polymer interface. Further, in case of core-shell
nanoparticles, two interfacial polarization peaks are observed instead of one. This is
potentially due to the presence of an additional interface within the particles i.e. the
core-shell interface. In case of Al,03-SiO, the first peak between 10 — 15 €’ is wide and has
high Ae whereas the second peak observed at even lower frequencies is similar in its width
but has reduced Ae. The dipoles at the shell-polymer interface would be relatively less
constrained as compared to core-shell interface. Therefore, it would be at a comparatively
higher frequency. Hence, the peak between observed between ¢’: 10 - 15 is ideally due to the
polymer-shell interface and the second at lower frequencies is potentially due to the
core-shell interface. Similarly, in case of TiO-SiO, both the peaks are observed in similar &’
ranges. However, the second peak is higher in intensity or Ae as compared to Al,03-SiO5.
The difference in the real permittivity of TiO, and SiO; is higher than between Al,O3 and
SiO,. Therefore, it is expected that the peak related to the core-shell interface of TiO,-SiO,

will have higher Ae.
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FIGURE 5.13: Cole-Cole plots of Alumina: Al,O3, Alumina - Silica: Al,O3 - SiO», Titania:
TiO; and Titania - Silica: TiO» — SiO, epoxy nanocomposites and unfilled epoxy at 130 °C.

Figure 5.14 illustrates the derived broadband dielectric spectra for all the nanocomposites
and unfilled epoxy in the frequency range of 10~! — 10° Hz at 140 °C. Similar to the Cole-Cole
plots, besides the a relaxation one additional relaxation is observed in core-type
nanocomposites i.e. normal mode and two in case of core-shell nanocomposites i.e. normal
mode and interfacial polarization. The real permittivity difference between the core-type
nanoparticles and epoxy is significantly high still an interfacial peak is not observed at this
temperature. However, in case of core-shell nanocomposites even though the real
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permittivity of SiO, is similar to that of epoxy a distinct interfacial polarization peak is
observed. This suggests that the core nanoparticle does play an important role in
determining the interfacial polarization characteristics. Furthermore, the normal mode and
interfacial polarization both overlap in case of TiO,-SiO, filled nanocomposite due to the
increase in the width of the interfacial polarization. It is plausible that as the permittivity
difference between the core and the shell increases the core-shell interface polarization
increases and increases the width of the interfacial polarization peak leading it to overlap
with the normal mode relaxation.
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FIGURE 5.14: Derived broadband dielectric spectroscopy plots of Alumina: Al,O3, Alumina
—Silica: Al,O3 - SiO», Titania: TiO, and Titania — Silica: TiO, — SiO, epoxy nanocomposites
and unfilled epoxy in the frequency range of 10! — 10° Hz at 140 °C. The red dotted box
represents the a relaxation, green box the normal mode relaxation, blue box and overlap
of normal mode and interfacial polarization in Al,O3 — SiO,, purple box the interfacial
polarization and the black box the indiscernible peaks or features.

5.4 Summary

Eight different type of nanocomposites, namely, unfilled epoxy (reference), SiO,, Al,O3,
TiOy, Al,03-Si07, TiO,-Si0, and h-SiO» were investigated via DMA at a frequency of 10 Hz
and in a temperature range of -100 — 160 °C. Secondly, Al,O3, TiO3, Al,03-SiO2, TiO2-SiO»
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nanocomposites were further analysed via FTIR and BDS. To confirm the successful
synthesis of the nanoparticle in conjunction to the FTIR, TEM graphs were also investigated.
The nanocomposites were prepared by maintaining similar total surface area of
nanoparticle based on their density and size. The stoichiometric ratio between the resin and
hardener were marinated across all samples. FTIR analysis was done on three different
regions on the nanocomposites, namely, hydroxyl group (3600 — 3100 cm™'), hydrocarbon
fingerprint region (3000 — 2800 cm™!) and unreacted epoxide absorbance band (960 — 900
cm™!). Core-shell nanoparticle showed a noticeable increase in the concentration of the
hydroxyl group attributed to be originating from the silanols on the surface of the shell. A
noticeable increase in the absorbance of the symmetric and asymmetric vibration of the
CH, and CHj3 group was also observed. This behaviour was attributed to the OH - n
interaction of the silanols with the polymer main chain benzene ring where due to the
stabilization of the ring a charge redistribution would lead to change in the dipole moment
of the associated hydrocarbon groups. No significant changes were observed in the
unreacted epoxide concentration. FTIR of the nanoparticle powder further revealed the
presence of — OH groups. Additionally, formation of Ti — O — Si and Al - O — Si bonds was also
observed, implying the formation of core-shell structure. Further, the TEM graphs
confirmed their formation. a relaxation analysis via DMA revealed a singular well defined
relaxation peak for all samples but Al,03-SiO, where two overlapping relaxations were
observed in the tan § thermograph at a temperature lower than then the Ty of the sample.
This peak was attributed to the micro-phase separation in the polymer chain in the
immediate vicinity of the nanoparticle. In terms of core-type nanoparticle, SiO, showed
neutral behaviour in the polymer showing no major changes in the intensity, width and the
storage modulus of the system when compared with the reference sample. Al,O3 showed a
repulsive behaviour leading to a reduction in the T, whereas TiO, showed an attractive
behaviour resulting in an increase in the T;. However, their intensity and the width of the
tan 4 was similar. Additionally, the storage modulus was the same in the unfilled epoxy and
SiO, where as it decreased in Al,O3 nanocomposite and increased in TiO, nanocomposite.
These behaviours were explained on the basis of the structure of the surface of the
nanoparticle. Where due to structural difference Al,O3 and SiO, do not majorly interact
with the polymer whereas TiO, does in form of Ti - OH — 7 interactions. All core-shell
nanoparticles showed similar behaviour where the intensity, width and storage modulus
showed no significant changes irrespective of the size of the particle. The T, reduced which
was attributed to the plasticizing effect of the hydrogen bonds formed between the surface
silanols and the hydroxy ether group of the epoxy main chain. Even the Tg reduced a
simultaneous reduction in the intensity of tan 6 was also observed, this was attributed to the
reduction of the internal friction of the system due to the steric hindrance in the interphase
due to the surface silanols. Similarly, the storage modulus increased which was attributed to
similar reasons. This behaviour was explained based on the similar surface area of the
nanoparticle and the same SiO» shell which forms an interphase with the polymer. h-SiO»
showed a significantly different behaviour as compared to both core and core-shell type
filled nanocomposites. This was primarily due to a volumetric effect where due to the
increase in the volume of the shell the disorder in the structure increased resulting in a
higher concentration of silanols on the surface which lead to a highly plasticized system. 8
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relaxation analysis showed comparable behaviour as a relaxation. DMA analysis
conclusively demonstrated that both the core, shell and the structure of the nanoparticle
plays an important role in determining the properties of the bulk nanocomposite. Finally, a
relaxation behaviour at higher temperature analogous to normal mode relaxation was
observed in unfilled epoxy, SiO;, Al,Os3, Al»03-SiO, and h-SiO, samples. DSC
measurements showed no significant difference in the Tg of the samples. The dielectric
analysis was performed at various temperature depending upon the relaxation. The g
relaxation showed similar behaviour as was observed in the DMA. Addition of nanoparticles
lead to slower segmental dynamics potentially attributed to the steric hindrance. However,
the segmental dynamics in core-shell nanoparticles were significantly slower. This was
attributed to the formation of hydrogen bonds resulting in increased constrains on the
hydroxyl groups and side chains. The f activation energy across all system was
approximately the same. The a relaxation for unfilled epoxy and core type nanocomposites
showed similar behaviour as DMA. However, the core-shell structure showed faster
segmental dynamics. This was attributed to the overall plasticizing effect of these
nanoparticles due to hydrogen bonds. Finally, the interfacial characteristics were analysed
by utilising Havriliak Negami and Cole-Cole formulations. A normal mode relaxation was
observed in all the investigated samples. The normal mode relaxation corresponds well with
the trend of T, for these samples. In case of Al;O3 nanocomposite even though its Ty is
lower than the unfilled epoxy the normal mode segmental dynamics were slower. This was
attributed to the additional steric hindrance from the nanoparticles as compared to unfilled
epoxy where only chain entanglements are the major restrictions. Single interfacial
polarization peaks were observed in case of core-type nanoparticles whereas for core-shell
nanoparticles two peaks are observed. The peak at higher frequencies was attributed to the
interfacial polarization between the shell and polymer. The second peak at lower
frequencies was attributed to the core-shell interface. The difference in the real permittivity
of the core and the shell noticeably influences the dielectric strength of these peaks.
Therefore, conclusively the additional interface with in the particle also affects the
interfacial properties of the bulk system.
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Chapter 6

Concluding Remarks

This Chapter summarizes the main findings of the study and suggests further investigations
as future work.

6.1 Conclusions

In the study presented above, seven different nanoparticles, namely, SiO;, SiO2-SiO2,
h-SiO,, Al,O3, Al,O3 - SiO,, TiO, and TiO, - SiO, based epoxy nanocomposites were
investigated along with an unfilled reference sample. All the core-shell and hollow
nanoparticles were synthesised in the laboratory via sol-gel method and the core-type were
commercially obtained. These samples were investigated via. FTIR, DSC, BDS in the
frequency range of 107! - 10° Hz and in the temperature range of -160 to 160 °C, DMA in the
temperature range of -100 to 160 °C and at a frequency of 10 Hz and TEM. The successful
synthesis of the nanoparticle was confirmed with the help FTIR and TEM; where from FTIR
the formation of shell was evident in core-shell nanoparticles due to the observed X - O - Si
(X: Si, Al or Ti) bond formation and from TEM by visual confirmation along with gray scale
analysis.

The epoxy nanocomposites were prepared using the solution blending method which gave
the best dispersion in comparison to other method utilised. The epoxy nanocomposites
were filled based on the total surface area of the nanoparticles rather than the conventional
weight or volume percentage method since the study was focused on understating the
interphasial properties and molecular dynamics due to the varying architecture of the
nanoparticles. Epoxy nanocomposites were filled at three different loading levels relative to
the surface area of TiO; - SiO; at 1, 5 and 10 wt.%. Only the samples with rel.5% surface area
were investigated as out of the three these showed the best dispersion.

FTIR analysis of the SiO,, Si0,-Si0; and h-SiO, revealed an increasing trend for the v45-LO
absorbance band which is attributed to the asymmetric stretching vibration of the Si - O - Si
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bond in the amorphous region in the following trend: SiO, followed by SiO,-SiO, and
h-SiO,. Thus, a controlled variation of the disorderliness of the surface shell structure was
established. Further, an increase in the hydroxyl concentration was also observed with
increasing disorderliness. In the BDS spectra as besides the conventional relaxations an
additional relaxation phenomena was observed which was termed the w relaxation. As the
disorderliness of the surface shell structure increased the w relaxation relaxation became
pro-eminent. SiO, nanocomposite with an ordered structure did not shows any w
relaxation. SiO,-SiO2 nanocomposite showed an overlapping w and S relaxation whereas in
case of h-SiO, completely segregated and shifted towards higher frequencies. The behaviour
and the activation energy of the w relaxation is similar to the f relaxation. The w relaxation
was attributed to the hydrogen bond formation between the surface silanols which exist due
to the an amorphous structure and the hydroxy ether group of the epoxy main chain.
Therefore, a change in the structure or crystallinity of the nanoparticle evidently affects the

molecular dynamic of the host polymer.

DMA analysis of the tan 6 a relaxation of all the nanocomposite reveled that all the
core-shell nanoparticles have approximately the same internal friction, width and storage
modulus in the rubbery plateau. Similarly, all the core-type nanoparticle also had similar
internal friction and width but varying storage modulus. h-SiO, has the highest storage
modulus. This behaviour was attributed to two types of interactions hydrogen bonds and
OH - 7 interactions. OH - 7 interaction were observed between the surface silanols and the
benzene rings of the epoxy main chain. Based on the surface structure of the nanoparticles
it was observed that only tetrahedral structure of above a critical size were able to have OH -
7. Hence, it was only possible in case of TiO,. Even though SiO, also has a similar structure
but due to its smaller size benzene rings were unable to access the surface silanols which
only exist in the concave recesses.

It was also observed that the presence of a core particle provides a template for the shell to
grow and the disorderliness is reduced as compared when it is absent. Thus, core
nanoparticle in someways plays an important role influencing the interphasial interactions.
The nature of the core particle in terms of it permittivity plays a significant role when lower
frequencies are considered. In case of core shell nanoparticles two interfacial polarization
peaks were observed where the one at lower frequency was attributed to be originating from
core-sell interphase. As the permittivity difference between the core and the shell increase
the dielectric intensity of this peak also increased. In case of TiO,-SiO, nanoparticles at a
temperature of 150 °C the peak width significantly increase and overlapped with the normal
mode relaxation. At similar temperatures SiO,-SiO, showed no such behaviour.

In conclusion, the shell plays an more dominate role on the interphasial and dielectric
properties of the nanocomposite when medium and higher frequencies are considered.
However, when lower frequencies are considered the core-shell interphase along with the
core particle plays a more dominant role.
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6.2 Future Direction - Outlook

6.2.1 Effect of shell thickness
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FIGURE 6.1: Broadband dielectric spectra of TiO, - SiO, core-shell nanoparticle with varying
thickness of 10 nm and 30 nm filled epoxy nanocomposites a) Real permittivity b) Imaginary
Permittivity

As part of a study, two different samples namely, TiO,/SiO, - 10 nm filled epoxy
nanocomposite and TiO,/SiO; - 30 nm filled epoxy nanocomposite were evaluated based
on dielectric measurements as a function of frequency (10! - 10° Hz). Both the core - shell
type structures were successfully synthesised with different shell thickness which was
confirmed by the TEM images presented. The samples were filled with an idea to keep their
total surface area same across both the samples. In accordance to the dielectric
measurements, the real permittivity of both the nanocomposite samples is higher than the
unfilled epoxy sample. Where, TiO»/SiO> - 30 nm filled sample has higher real permittivity
between the two. The higher permittivity as compared to unfilled epoxy was explained as a
result of addition of high permittivity nanoparticles into the system which dominates as the
number of particles in the system increases. Hence, TiO2/SiO» - 30 nm being bigger in size
requires more number of particles to have the same surface area as TiO2/SiO, - 10 nm. In
the imaginary part, typical 8 relaxation is observed between the frequency of 10* - 10° Hz.
As the number of particles increases due to the increase in the size of nanoparticles the
intensity of hydroxyl groups reduces (f relaxation). Finally, towards the lower frequencies
(10! - 10° Hz) interfacial polarization effect was observed in form of increased losses.
However, between both the samples no significant difference was observed. This was
explained potentially due to the surface area between the shell and core as well as between
the shell and polymer being approximately equivalent for both the samples. Apart from this
study, the shell thickness in the present research was maintained between 25 - 30 nm, with
further insights from Chapter 5 and 6 possible future work could be to study the effect of
shell thickness on the bulk dielectric properties of the nanocomposites.
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6.2.2 Effect of inversion of the core and the shell
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FIGURE 6.2: Imaginary broadband dielectric spectra of SiO, - TiO, core-shell nanoparticle
filled epoxy nanocomposites calcined at 250 and 450 °C with reference vacuum dried (60 °C)
Si0; - TiO;, filled epoxy nanocomposite measured at 32 °C

Epoxy nanocomposites filled with nanoparticles where the core and the shell material are
changed with each other as a continuation of the research could possibly help better
understand the interphasial properties and the behaiour of some samples in the present
research. Figure 6.2 shows the imaginary plot for epoxy nanocomposites filled with SiO» -
TiO, core-shell nanoparticles which are treated in differently i.e. vacuum dired 60 °C,
calcined at 250 °C and 450 °C leading to a different surface structure. A comparison between
the temperature dependent broadband dielectric spectroscopy of SiO, - TiO, and
TiO, - SiO; filled epoxy nanocomposite could further help determine the role of the core
and the shell particles. Essentially, the core-shell bonds between both the nanoparticles are
the same Ti - O - Si and Si - O - Ti. However, unlike TiO, - SiO; filled sample, here an
additional peak is observed apart from f relaxation which initially shifts towards lower
frequencies as the treatment temperature of the nanoparticle increases but as the
temperature increases further moves slightly towards higher frequencies.

6.2.3 Effect of structure of the nanoparticle

In Chapter 5, the importance of the structure of the shell was highlighted where the shape
and size of the recesses determined the possibility of OH - 7 interactions between the
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FIGURE 6.3: Structure of TiO, in SiO; - TiO, nanoparticle calcined at 250 °C obtained from
XRD measurement and rietveld refinement

nanoparticle surface silanols and the benzene epoxy ring. Therefore, possible future work
could look into the effect of the nanoparticle structure on the dielectric properties of the
nanocomposite. Figure 6.3 shows the structure of TiO; in SiO» - TiO, nanoparticle calcined
at 250 °C. The bond length and bond angle are noticeably different when compared with

convectional TiO, nanoparticle.
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Appendix A

Experimental Methods

To characterize the electrical, thermal and chemical properties of the samples three
different techniques were employed, namely: broadband dielectric spectroscopy (BDS),
differential scanning calorimetry (DSC) and Fourier transform infra-red spectroscopy
(FT-IR) respectively. Transmission electron microscope (TEM) graphs was used to analyse
the dispersion of nanoparticles and to determine their size via. image processing and
analysis software i.e. Image]. Since, no measuring device is completely accurate and always
has errors as a result of human manufacturing and surrounding environment. Table A.1
provides the error margin of different equipment used for characterisation.

Equipment Name ‘ Error ‘ Condition
SI 1260 Impedance/Phase gain analyser (V) <2% 25°C
SI 1260 Impedance/Phase gain analyser (A) <2% 25°C
1296 Dielectric Interface +[5% + 1% MHz + 5mV] 25°C
Omicron <2% 25°C
Lake Shore 332 (V) +2.5mV -
Lake Shore 332! (Electronic Accuracy) + 0.001 Q + 0.04 % of rdg2 <75Q
Lake Shore 332 (Temperature) max. + 20mK Depends on Q
STVP-200-XG Cryostat (TA® Stability) <50mK -
DSC7 +2°C -
ATR-FTIR iD7 Nicolet iS5 (A1) +0.01 cm™! at 5300 cm™!
ATR-FTIR iD7 Nicolet iS5 (SNR) 10 puabS RMS <1 min

TABLE A.1: Error for different equipment used for characterization

ICurrent source error has negligible effect on measurement accuracy.
2Reading digit(s): Fixed error independent of the input.
3Temperature
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A.1 Broadband Dielectric Spectroscopy

The dielectric response is a function of frequency and also temperature dependent. It is a
measure of the interaction between the applied electric field and the dipole moment of the
measured sample, expressed in form of complex permittivity. Permittivity represents the
ability of a material to store energy. It consists of two parts the real permittivity (¢’) and the
imaginary permittivity (¢”). The real part which represents the energy storage is also usually
referred to as the relative permittivity. The imaginary part which lags the electric field by
90°represents the losses occurring mainly as a result of dipole alignment with respect to the
electric field. Further, the ratio between the imaginary part to the real part can be calculated
which is called loss tan é and is usually known as dissipation factor, providing an important
relationship between the two parts of complex permittivity. Generally upon observing a
dielectric spectroscopy graph peaks are observed. These peaks are related to different
relaxation mechanisms which occur due to the alignment of the dipoles with the electric
field at a given frequency. Alpha (a) — relaxation is the first one observed when moving from
low frequency to high frequency and is attribute to the alignment of large dipoles such as
the main polymer chain. Followed by beta (f) relaxation, which is related to the movement
of smaller dipole movements such as hydroxyl groups. Finally, gamma (y) relaxation related
to the orientation of the individual smaller end chain terminal groups at high er frequencies.
The permittivity is superimposition of these different types of polarization mechanisms
such as ionic polarization, electronic polarization and orientation polarization. Although,
for the measure frequency range 10! to 10%, orientation polarization is dominant.

The dielectric response of the samples was measured via broadband dielectric spectroscopy
(BDS) with the help of a Solartron 1296 dielectric interface along with a Schlumberger SI
1260 impedance/phase gain analyser and a Lake Shore 332 temperature controller. Some
measurements were also separately done with the OMICRON Spectano 100 dielectric
analyser. The samples were gold coated with a diameter of 20 mm and a thickness of 10um.
The measurements were done under two different temperature conditions. Initially, the
measurements were performed under ambient temperature and Solartron 12962A room
temperature sample holder was used. The electrodes used are made up of brass. The
measuring electrode used had a diameter of 20 mm with a guard ring having an air gap of
1 mm. Square samples of size 4 cm x 4 cm were used for this setup. This same sample
holder along with same sample specification was also used with the OMICRON Spectano
100 dielectric analyser. For the second setup, the sample was mounted on a Janis Research
STVP 200 XG system cryostat. The cryostat can perform measurement in the temperature
range of = 5 K upto 600 K. This setup includes an integrated variable temperature sample
chamber, a vacuum insulated cryostat body, a sample positioning assembly with a sample
holder, connected with the temperature controller. Sample size used for this setup was
3 cm x 3 cm due to the restriction of narrow space available to access the electrodes. All the
equipments are connected to each other with triaxial cables having Bayonet
Neill-Concelman (BNC) connectors (Fig A.1).
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Measurements performed on the Solartron 1296 used Solartron Materials Research and Test
Software package (SMaRT). An AC voltage of 3 V was used for a frequency sweep from
107! to 10° Hz and 10 points per decade. An integration time of 10 s was used for higher
frequency range i.e. 1 Mhz to 1 Hz, while for low frequency measurements i.e. 1 to 0.1 Hz an
average vaule of 10 cycles was used as final measurements. Temperature dependent cryostat
measurements were performed for a temperature range of -160 °C to 160 °C. Ligiud nitrogen
was used for the cooling process. Before the cooling process the sample chamber was
vacuumed and purged with helium gas.

OMICRON Analyser Suit was used for measurements performed with OMICRON
Spectano 100. An AC voltage of 12 V was used for a frequency sweep from 10~ to 5 x 103 Hz
and 8 points per decade with an integration time of 10 s. The equipment uses a combination
of two different methods for dielectric measurements which depend upon specified
frequency range. For frequencies = 100 mHz, frequency domain analysis (FDS ) method is
used whereas for frequencies <100 mHz polarising-depolarising current (PDC) method is
used. These two methods were also tested independently for the entire frequency range of
10~ to 5 x 10® Hz to check for any differences. However, no significant differences in the
data were observed.

The working principle of the dielectric spectroscopy equipment depends upon the
calculation of the complex impedance. The complex impedance is calculate with the help of
two know voltage measurements which are measured across the sample and an internal
reference resistance connected in series with the sample and with second voltage
measurement taken across only the internal reference resistance. Hence, the voltage across
the sample can be calculate by voltage division rule (Fig. A.2). Further, an ammeter
measures the current flowing through the circuit. From these measurements of current and
voltages in accordance to ohms law resistance can be calculated. Since the voltage is
frequency dependent there exists a phase angle, therefore complex impedance is now
calculate from the now known resistance. Finally, by using equation A.1 the complex
permittivity can then be calculate as follows,

VY _R Vilw) - Vo(w)

I Va(w) (A-1)

£ —1

&= — (A.2)
wZ*(w)Cy

where w =2n f, Z* is the complex impedance, R is the resistance and V is the voltage.
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FIGURE A.1: Schematic diagram for dielectric spectroscopy measurement equipment
connections.
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FIGURE A.2: Circuit diagram for Solartron 1296
A.2 Differential Scanning Calorimetry

Differential scanning calorimetry is used to characterise the thermal properties of the
sample. It can be used to calculate the heat capacity and the glass transition temperature of
the sample. A Perkin Elmer DSC7 differential scanning calorimetry (DSC) was used to
evaluate the glass transition of the studied samples. The software package used for the
control and calibration was Pyris. The working principle of the equipment is based on the
idea where two material are subjected to same heating procedure and then the difference
between the heat flows is calculated to find the heat capacity change (Fig. A.3). One of the
sample which is the reference has already know thermal properties, in this case empty
reference pan is used. The equipment is initially calibrated using a separate material with
known thermal properties to avoid any form of deviation during the actual measurement.
For calibration a 6.85 mg of high purity indium with known melting temperature of 156.6 °C
was used alongside an empty reference. A mass of 12 mg - 15 mg enclosed in aluminium
cans of mass = 23.5 + 0.2 mg was used for the measurement of the samples. The heating
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cycle used is as follows,
1. Hold for 5 min at 25 °C.
2. Heat from 25 °C to 170 °C at 10 °C min .
3. Hold at 170 °C for 2 min.
4. Cool from 170 °C to 25 °C at 10 °C min .
5. Hold at 25 °C for 5 min.
6. Heat from 25 °C to 170 °C at 10 °C min .

Two step heating cycle was used where the first cycle was used to clear any thermal history
of the sample. The samples are held at certain temperature to allow them to reach thermal
equilibrium or steady state. The heating and cooling rate was maintained the same
throughout the process to avoid any deviated segmental motions due to its difference.
Inflection point method was used to evaluate the Tg from the heating curve.
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FIGURE A.3: Schematic diagram representing the cross section a DSC test cell.

A.3 Fourier Transform Infra-Red Spectroscopy

ATR-FTIR iD7 Nicolet iS5 spectrometer from ThermoFisher Scientific was used to perform
the FTIR-ATR measurements. The angle of indecent of the equipment is 45°. The crystal
type used was uncoated diamond having a sampling area of 1.8 mm and single bounce
internal reflection. ASTM E1412 standard was followed to measure the data with the help of
deuterated triglycine sulfate (DTGS) detector type. The infra-red beam was produced using
a temperature controlled solid state diode laser. The data was measured for a wavelength
range of 4000 cm™! to 500 cm™!. The measurements were performed both directly on the
different type of nanoparticles and filled epoxy nanocomposites. For each sample the
measurement was performed three times, on three different location in-case of epoxy
nanocomposites. The sample holder was cleaned with ethanol and single beam background
spectrum was recorded before every measurement. Since, a diamond crystal type was used
the signal to noise ratio between 2600 cm™! and 1700 cm™! is reduced due to the presence of
diamond phonon bands.

The working principle of FTIR relies on the interference of various frequencies of light to
collect a spectrum. The spectrometer consists of a source, beamsplitter, two mirrors, a laser
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and a detector; the beamsplitter and mirrors are collectively called the interferometer (Fig.
A.4). The IR light from the source strikes the beamsplitter, which produces two beams of
same intensity. One beam strikes a fixed mirror and returns. The second strikes a moving
mirror. The moving mirror oscillates at a constant velocity which timed as a fucntion of the
laser frequency. The two beams are reflected from the mirrors and are recombined at the
beamsplitter. If the distance the two beams travel is the same, then they will recombine
constructively. However, if the beam from the moving mirror has travelled a different
distance than the beam from the fixed mirror the recombination will result in destructive
interference. The beam then passes through the sample where some of the energy is
absorbed and the rest is transmitted.

The detector then records the response. Since, this interferogram represents the
interference pattern as a function of the source, beamsplitter, mirrors and sample, the
background spectrum recorded earlier is used in a Fourier transform algorithm that
removes the effect of all the different components of the equipment and a transmittance
spectrum of the sample is presented. However, the data is presented in absorbance mode.
Absorbance (A) is the logarithm to the base 10 of the reciprocal of the transmittance (T) (Eq.
A3)
1 1
Azloglo—Z—IOgloTZ—loglo— (A.3)
T Iy

where I is the radiant power transmitted by the sample and Iy is the power indecent on it.
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FIGURE A.4: Schematic diagram of a FTIR spectrometer
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A.4 Transmission Electron Microscopy

The morphology characterization of the nanocomposite samples was done with
transmission electron microscopy (TEM). The system used was Hitachi H 7000 transmission
electron microscope under high resolution mode as well as high contrast mode. Fig. A.5
shows the schematic diagram of TEM and Fig A.6 shows the different components inside a
TEM. The microscope operated at an applied voltage of 100 kV under -5kPa vacuum
pressure. The TEM usually operates under vacuum to increases the mean free path length of
the electrons by reducing the frequency of collision and to allow the voltage difference
between the ground and high voltage electron without arcing. A lanthanum hexaboride
crystal was used as source of electron. The samples were cut into thin slices of = 90 nm
using an Reichert Om-U3 ultramicrotome with the help of a glass knife 45°. These thin
sample slices were mounted onto a square meshed grid. The diameter of the grid was 3.05
mm with a thickness of 20 ym having 200 mesh. The grid was made up of copper and coated
with palladium on one side for better grid strength, to avoid tarnishing and to visually
differentiate between both sides. Prior to mounting the sample, the grids were coated with a
carbon film of 5 - 6 nm thickness to have better electrical and heat conduction in the
electron beam.

Thermocouple

gauge —_— =

Cold cathode
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=] Specimen port

Column roughing
valve

Dessiccator
inlet

Diffusion pump

FIGURE A.5: Schematic diagram of transmission electron microscope (TEM)

A.5 Dynamic Mechanical Analysis

For DMA, a Mettler Toledo DMA/SDTA861 was employed. This equipment was used in
tension mode with a maximum force of 10 N or 3 ym maximum level and a 150% auto
offset. Measurements were taken in isothermal steps of 10 °C, for a temperature range of
-100 °C to 160 °C and a frequency sweep of 10~3 Hz to 10? Hz.
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FIGURE A.6: Different components inside the transmission electron microscope (TEM)

A.5. Dynamic Mechanical Analysis
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MATLAB: Havriliak - Negami Analysis

Plugin
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FIGURE B.1: GUI of the Havriliak - Negami analysis plugin

In order to maintain consistency between the ¢ and § parameters of the HN fitting with

varying temperature a MATLAB plugin was developed. The code uses an iterative approach
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to calculate the HN - parameters. Once a curve is measured by the user and is confirmed to
have the appropriate and desired fit, the fitting at all other temperature will keep track of all
the previous fit to maintain the consistency across the parameters and provide the best
possible fit under these conditions. Simultaneously, only there relaxation peaks can be
deconvoluted at the moment. However, it can be developed further.
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