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ABSTRACT

Self-healing materials have ability to repair damages repeatedly that occur before
complete failure of materials. The development of stimuli-responsive self-healing
materials have been in demand recently for composites structures since their failure is
relatively uncertain and can result in major expenses. Using such materials can enhance
the damage tolerance leading to greater asset reliability and limits the expenditures as
well as human interactions to a minimum. In this work, Fe3O4 magnetic polymer
nanocomposites that can be used to intrinsically heal composites through thermal stimuli
are investigated, followed by self-healing of glass fibre reinforced polymer (GFRP)
composites which are fabricated by embedding the healable polymer nanocomposite as

one of the sacrificial layered matrices.

Performance of nanocomposite, however, depends on various parameters including
nanoscale dispersion of nanoparticles. Specifically, a lack of hierarchical dispersion of
nanoparticles in three-dimensional polymer matrix prevents electron tunnelling and
deteriorates nanocomposites’ ability to conduct heat stimuli or otherwise lead to
pyrolysis. To address this issue two functionalisation techniques viz. silica (Stéber
method for lower silica loading and tri-phasic reverse emulsion method for higher silica
loading) and oleic acid (22%, 33%, 44%, and 55% w/w of nanoparticles) variations
were experimentally investigated as capable of changing hydrophobic characteristics for

facilitating uniform dispersion of the FesO4 magnetic nanoparticles (MNPs).

Highlighting focus of the presented work is to understand the role of functionalisation
routes in the particle-polymer interface in forming uniform dispersed and hierarchical
network of MNPs in polymer matrix. Emphasis was on understanding and optimising the
role of activator and initiator proportions in controlling the in-situ polymerisation of PA6,
capturing the MNPs dispersion state. The resulting dispersion state due to functionalised

Fe3z04 MNPs determined the properties of magnetic PA6 nanocomposites (PMC), to help



achieve a generic set of principles for designing desired material for stimuli-induced self-

healing of GFRP composites.

The method implemented to achieve so, was on two grounds of firstly doing anionic ring
opening in-situ polymerisation of PMC by experimental synthesis within the laboratory
with optimised EtMgBr (activator) and NACL (initiator) proportions for improved degree
of crystallinity and capturing the MNPs dispersion state attained by probe ultrasonication
of the melt monomer & MNPs solution mixture. Of which the 50% EtMgBr (activator) and
30% NACL (initiator) were assessed as the optimised proportions for giving the highest
possible crystallinity amongst all the prepared PMC variations. Secondly, as per the
functionalisation type of the MNPs the prepared PMC samples were tested based on
chemical, thermal, structural, and magnetic characterisations; to assess and present
self-healing capability by microwave stimuli. The physical characterisation results were
also used to train a simulation model to create the 3D dispersion state for better
studying the dispersion state and interaction region defined by interaction radius (IR) of
each MNP/agglomerate of the MNPs. Based on this overall comparison the most suitable
PMC of 22 w/w % OA loading was selected and formed into thin films. Sandwiched
tensile testing samples were then prepared using this PMC film as a sacrificial layer

between GFRP tapes.

Both bare and modified FesO4 MNPs PMC exhibited paramagnetic behaviour with average
particle sizes ranging from 30-60 nm. The saturation magnetisation (Ms) of the
unmodified MNPs PMC was around 65% and that of the selected PMC with 22 wt/wt %
OA loading was 47%. The self-healing concept was demonstrated with the prepared
composite samples microwave induction heating and the efficiencies based on strength
recovery were calculated as 84%, 58% and 34% after first, second and third healing,
respectively. This can essentially increase the life-cycle viability of composite structure
by over 175% with 60% certainty as that of an otherwise damaged structure, hence

promising cost saving by extending the structural life.



KEYWORDS: Polyamide 6, magnetic nanocomposite, oleic acid, Stdber, tri-phasic reverse

emulsion, functionalisation, GFRP, composites, self-healing, circular economy.
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1. INTRODUCTION

1.1 Outline

The emphasis on the self-healing materials research has recently increased in this
decade because all the structural composites are vulnerable to high probability of sudden
damage and degradation due to micro failures (at matrix phase, realised as crack
initiation and propagation; or at reinforcing phase, observed as fibre breakage/fracture;
or at interface, wherein fibre detaches from base matrix, ideally referred to as
debonding) or degradation over time by various (thermal, mechanical, UV radiation,
chemical, etc.) factors (1,2). The self-healing property is tempting particularly for
composites and polymer structures because such materials are frequently used in large-
scale applications and the ability to (remotely) repair damaged parts in situ would be
invaluable for increasing the structural life. For instance, if a wind turbine blade which is
made up of fibre reinforced polymer (FRP) composites is damaged, then heat-induced
healing process can be employed to heal the damage without any part removal if self-
healing material is used in its fabrication and this would successfully delay its
decommissioning. Such self-healing materials can as well be used in space where the
repair operations are adversely affected by environment. The service life and cost

effectiveness of parts can be essentially increased by integrating self-healing materials
(3).

The design of such self-healing composite materials involve selection of suitable
composite additives as nan0-inclusions. Magnetic nanoparticles (MNPs) are promising
material to use for such self-healing of composites structures because the versatility in
their surface modifications provides benefits for the development of effective and
thermally responsive polymer nanocomposites. They can be functionalised effortlessly
with different types of modifying agents, like polymer, organic acid, and silanes,
depending on their usage. Furthermore, the explicitly functionalized MNPs having
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combination of higher magnetic reaction level and magnetic inductive behaviour, can
perform encapsulations, sensing, delivery, entrapments and adsorption of various
materials such as heavy metal, drug, protein, DNA, enzymes, etc (4). The property of
such MNPs is tuneable, for example the control of their curie temperature can switch the
magnetic domain on and off, making them the right candidate for the development of
magnetic stimuli based responsive polymer nanocomposite materials. For such materials
the heating response can hence be modified as per the application requirement, since
the curie temperature response for the stimuli like electromagnetic induction are directly
dictated in presence of the MNPs in terms of their proportion and also their dispersion

state.

Such behaviour of MNPs included in polymer nanocomposites, make them magnetically
responsive and can be extended to polymeric composite structures as a means for
structural health monitoring and self-healing of micro-damages. These materials exhibit
property combinations with unique possibilities for design applications and are rapidly
perceived as the materials for the demanding engineering applications. Since the MNPs
are having substantial surface area, they influence the interfaces of nanoparticles
dictating the properties of the final nanocomposite. The polymerisation techniques of
such nanocomposites demand controlled mixing, achieving stabilised dispersion,
orienting the dispersed phase with the concept of blending polymers. Though a key
requirement for achieving the desired function, is the uniform dispersion of MNPs in the

polymer matrix, which still remains a major challenge.

1.2 Problem Statement

1.2.1 Overview

Effectively tackling the issues of agglomeration and uniform dispersion are the key
requirements for enhancing the mechanical, electrical, etc. properties of the designed
nanocomposite (5). Upon achieving such to an acceptable limit, there are various
possibilities of inducing self-healing characteristics by engineering the phase interfaces,
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to design application driven specific properties-based nanocomposite materials. One of
such high mechanically yielding and lightweight materials is sought to solve the major
challenge faced by the oil and gas industry in the areas of ultra-deep-water
environments for solving the fatigue life concerns of the flexible risers. These are current
areas of research by various flexible riser manufacturer. Flexible riser pipes design is one
of the important considerations, as they are prone to various harsh loadings, including
tensile, bending, blow, collapse, and torsion. Inducing stresses far greater than what
traditional material are capable to withstand. The harsh deep-sea environment present
engineering challenges where the self-weight of pipe, compression and bending loads are
too extensive for current designs and materials to address effectively (6). Therefore, it is
proposed to combine the traditional metallic layers with reinforcing layers made of
composite materials. The idea of utilising reinforcing layers of composite material would
address the concerning issue of self-weight. It has been proposed that by utilising this
technique 32% reduction in weight is possible (7). And, with the advanced possibilities of
self-healing with magnetic polymer nanocomposites; the newer avenues of detection and
limiting induced damages, due to the harsh environmental conditions, is rapidly

emerging.
1.2.2 Research Questions/Hypothesis

The research question that are addressed in this work are:

- Remotely operated self-healing capability for arresting of crack/delamination in

composite structures, by dispersing the damage energy and increasing tolerance.

- Silica and oleic acid method for functionalisation of MNPs for synthesis of magnetic
PA6 polymer nanocomposites, addressing the dispersion issue while bringing

marginal effect on their magnetic moment ratio response.

- Achieving 45% or maximum possible degree of crystallinity (facilitating the desired
thermo-mechanical properties) and uniform MNPs distribution with in-situ

polymerisation technique, by selecting optimised activator and initiator proportions.



- Validating self-healing capabilities and assess its efficiency, with selected magnetic

PMC for composite structural application.

The major research areas that are addressed by this work is shown in terms of the

methodology overview in Fig. 1.1.

1.3 Aim and Objectives

1.3.1 Aim

The aim of this thesis is to analyse the dispersion state effect of MNPs by applying probe
ultrasonication to monomer and MNPs solution, controlling the polymerisation rate hence
capturing the dispersed state of MNPs by varying the initiator (EtMgBr) and activator
(NACL) proportions for in-situ polymerisation of the PMC. Also, to test two varying
methods (silica and oleic acid) of MNPs functionalisation to improve the dispersion state
further for avoiding local response or pyrolysis. The overall aim is to develop an effective
magnetic polymer nanocomposite for achieving self-healing capabilities for various
applications, and in particular to test it in GFRP composite structures for offshore

applications. The entire research workflow is represented in Fig. 1.2.
1.3.2 Objectives

- Develop the research methodology based on self-healing capabilities and present
self-healing of composite sample by microwave stimuli using magnetic polymer

nanocomposite.

- Tuning the polymer nanocomposites degree of crystallinity during in-situ
polymerisation process and to capture the MNPs ultrasonicated dispersed state by

controlling initiator and activator proportions.

- Investigating role of functionalisation and chemical composition of functionalised
nanoparticles in determining the dispersion-state and in turn properties of

nanocomposite.



- Investigate the chemical, thermal, structural, and magnetic response of the

prepared PMC samples.

- Correlate hierarchical dispersion of nanoparticles in three-dimensional polymer
matrix with interaction radius and interrelate their magnetic response by using

simulated model.

- Validate self-healing abilities with magnetic PA-6 PMC in damage arresting of

composite structures.

Literature Review

Synthesis of Magnetic
PA6 Nanocomposites
by In-situ
Dispersion of polymerisation
nanoparticles [§
(MNPs)

Magnetic PMC for
Self-healing
possibilities

PMC as
Consolidation for
Structural
Ap Iictions

Functionalisation _
Composite sample

preparationand
testing

of MNPs

Variation of

Activatorand
Initiator

v

Self-healing
testing

Mechanical
| testing
v +
Material Characterisation: Morphology, Mechanical
and Thermal properties.

Known Gap
_— e »

v

Crystallinity study [

Figure 1.1. Thesis methodology overview showing knowledge gap and known knowledge
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followed and tensile testing with subsequent microwave stimuli-based healing.
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1.7 Thesis Structure

Chapter 1 - Introduction: Provides a brief overview of the thesis and the concept of self-
healing materials. Also outlines the aims and objectives of this thesis, with methodology

overview and the research workflow chart.

Chapter 2 - Literature Review: Investigates the current research on self-healing
materials using both extrinsic and intrinsic methods to provide healing capabilities for
CFRP test samples. Also develops the background theory and concepts of magnetism,
magnetic polymer nanocomposites, PA6 polymerisation and suitable characterisation

methods, which have been used within this thesis.

Chapter 3,4 & 5 - Discusses experimental method of Functionalisation of MNPs and In-
situ Polymerisation. Describing the processes which have been undertaken to achieve the
desired MNPs dispersion state and the degree of crystallinity. Various functionalisation
techniques and the effect of variation of activator and initiator is discussed.
Characterization results of both the functionalised MNPs and the synthesised PMC
samples is discussed in depth; MNPs dispersion state, degree of crystallinity and
magnetic response of the PMC samples study are essentially focussed. For selecting the

suitable candidate PMC for preparing the composite sample.

Chapter 6 — This chapter discusses the sample preparation of composite GFRP, for
structural application with the selected PMC, various mechanical characterisation and the
experimental results which have been generated from experiments. An extensive
discussion of the self-healing experimentation results is included, and suitability of the

method discussed with the achieved efficiency.

Chapter 7 - Highlights the conclusions from the work undertaken and highlights the

future scope and suggestions.



2. LITERATURE REVIEW

In this chapter various concepts of stimuli-based self-healing are discussed, and the
basis is laid out for incorporating PMC for composites structure application. Further
magnetic materials like MNPs and their nanocomposites are discussed herein which
have been developed and tested for multiple applications, and specifically Fe304
superparamagnetic nanocomposites are discussed. The surface modification, and their
specific application for synthesis of PMC leading to improved dispersion with in-situ
polymerisation technique is also discussed in detail. Lastly, to substantiate the
appropriate characteristics of the synthesised polymer nanocomposite samples for the
targeted application, various characterisation techniques that can be used are briefly
introduced. Towards the end the proposed method is included to address the key

objectives of this thesis based on the review.
2.1 Damage Tolerance by Self-healing

The features of lightweight, easy processability and efficacy in adverse environmental
scenarios have made polymers and fibre-reinforced polymers (FRPs) the most popular
choice for structural applications. But the lack of elastic deformation is the limiting
factor of polymer composites and hence under impact they are adversely influenced
by a drop in their stiffness and mechanical strength, as well as dimensional instability.
Such scenarios involve the dissipation of impact energy in the matrix, leading to
micro-cracks. These micro-cracks inevitably degrade the polymer and its progression
results in sudden failure. Hence, it becomes essential to identify and repair such
micro-failure sites before it reaches catastrophic damage. For thermoset plastics
various patch layup repair methods are employed and for thermoplastics fusion
bonding repair method is employed. However, these methods are very complicated

and time consuming, even very costly for some cases when demanding expert



operators. In such cases self-healing techniques can be the best possible solution to

detect the damage at an early stage and even to repair automatically well in time.
2.1.1 Self-healing Synthetic Materials

The ability of self-healing of synthetic materials autonomously is a rapidly evolving
field of smart materials (8). Inspired by various naturally occurring materials, their
research is driven by the need of developing multifunctional materials with the ability
to recover their basic properties such as conductivity, fracture toughness, mechanical
strength, corrosion resistance, etc., subsequent to any partial damage (9). Based on
the self-healing ability of these materials, there are two main categories of these
materials: (i) autonomic and (ii) non-autonomic self-healing materials (Fig. 2.1(a)-
(c)) (10). These materials are developed specially in terms of the technique or stimuli
that is to be followed for the self-healing method. Like those used for autonomic self-
healing, as the name suggests, automatically get activated for self-healing response
upon the damage propagation. And those used for non-autonomic self-healing, require
an external stimulus in terms of heat, light, etc. to bring about the self-healing effect.
And each one of them have a unique application for themselves. Though some of
these self-healing materials (for example ionomers) cannot be effectively used in
composite structure applications due to limitation of their physical properties, hence
the need for the synthesis of self-healing capable materials that possess the in-built
structural strength. Since these materials are used in various methods of self-healing,
based on the technique that is employed for bringing about the self-healing effect, so
there can be many ways of categorising them. The main methods of self-healing

employed based on nhumerous techniques are reviewed in the following 2.1.2 section.



Self-Healing Materials

Autonomic Systems Nonautonomic Systems

(a)

(b)

Cinnamoy! Cycloaddition
Thiol Chain-Transfer
Coumarin Dimerization

Condensation of
Boronic Esters
Formic Acid
Ligand Exchange

I Covalent Bonds I I Hydrogen Bonds I

(c)

Figure 2.1. Various self-healing systems employed till date: (a) Classification based on self-

healing ability, (b) Autonomic self-healing systems, and (c) Non-autonomic systems (10).
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2.1.2 Self-healing Techniques

The various self-healing techniques that are developed and tested are discussed in

this section as follows.
2.1.2.1 Microcapsules based

In the microencapsulation method of self-healing the healing is brought about by the
reactive constituents that are preloaded and dispersed in the form of microcapsules in
the polymer matrix. A healing agent is generally filled in microcapsules and reactive
catalyst is dispersed alongside the microcapsules. Whenever there is a propagation of
crack, the damage ruptures the microcapsule in path leading to the flow of the healing
agent that polymerises coming in contact with the catalyst present around. The

mechanism of microcapsule based self-healing is shown in the Fig. 2.2.

(‘alal\ st Ml(‘rocapsule
C rack ‘ ‘

Healmg agent

Polymerized healing agent

Figure 2.2. Microcapsule based self-healing demonstration [Top: Progression of crack, Middle:
Rupture of Microcapsule carrying healing agent, and Bottom: Crack filled by the polymerised
healing agent] (11).

The reaction mechanism can occur in various ways as cycloaddition (12),
cycloreversion (13), catalytic activation (14), crosslinking (15), or ring opening
metathesis polymerisation (ROMP) (11). The damage here acts as an impetus for the
healing to occur, which occurs by the gradual capillary flow of the healing agent to the

damaged site. The polymerising mixture of the healing agent covers the crack faces
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by the virtue of surface tension, hence making the choice of the healing material quite
critical and limited in number. The key features and limitations of this method are

summarised in Table 2.1.
2.1.2.2 Hollow fibres or Microvascular Network based

The concept of involving hollow fibres for the supply of higher volume of healing
agent, overcomes the limitations of the limited amount of healing agent that can be
carried by microcapsules. The hollow fibres can be of a prefilled standalone type or of
a continuous supply vascular type, and can be arranged either in 1D, 2D or even 3D.
The vascular type of arrangement of the fibres can supply healing agent continuously,
until the hollow fibre faces an issue of accidental blockage. The mechanism of healing
for the hollow fibres, compartmented fibres and microvascular network arrangement

is represented in Fig. 2.3.

(@) (b) (©)

° = Contained healing agent - = Healed damage D = Strengthening fibres @ = Catalyst

Figure 2.3. Self-healing with (a) hollow fibres, (b) compartmented fibres and (c) microvascular
network [In all Cases - Top: Progression of crack, Middle: Rupture of Microfibre carrying
healing agent, and Bottom: Crack filled by the polymerised healing agent] (16).

Similar to the microcapsule method, here also damage acts as the impetus for the
healing to occur. In some cases, if the base polymer is damaged in such a way that
none of the fibres are affected or ruptured, then healing cannot happen in such
scenarios. Which implies that there should be a dense network of hollow fibres
(carrying the healing agent) to ensure that any damage is effectively affecting the

hollow fibre in the vicinity, for bringing about the flow of healing agent. The key
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features and limitations of this method are further summarised in Table 2.1 for

comparison with other methods.
2.1.2.3 Reversible Covalent Bonding and Supramolecular Noncovalent Interactions

In this method the restructuring of molecular architecture happens by the interaction
of dynamic bonds due to an external stimulus. Here the covalent and non-covalent
interactions (reversible bonding chemistry) or supramolecular interactions are used to
synthesise structurally active polymer structures, that respond to any macroscopic
changes. Due to their make, they can heal under damage for an infinite number of
damage cycles. Though in most of the cases the healing can only occur when the

polymeric chains mobility is enhanced by certain external intervention.

. © o
Ballistic @ 6°° Local €3 .. ‘\,- Exit
3 ~ Loca 3 e
impact ° °° ° dcﬂ;rmalion O ‘ ° pl_o*l"u'l."
/ ©0e. . raised 3 ' 1
g ° : ° ‘ tcmpc;‘aturc ° ° q“
2 » ', 9 ° . °

Ordered state
Less ordered melt state

| S

IInd stage of healing
-Re-ordered of physical cross-
links

-Slowly and occurs within days

Ist stage of healing
-Re-crystallization by interdiffusion
and melting

-Quick process and occurs within
hours

Figure 2.4. Supramolecular ionomer based self-healing caused upon by a ballistic impact (17).

Since they involve certain mode of energy for the healing to begin , they are
categorised as passive self-healing technique. Though modes of energy can be
mechanical (e.g. static load), heat, light (e.g. UV irradiation), chemical, etc., but in all
cases macroscale healing is quite slow (sometimes even taking days) (17). Various
methods of supramolecular interactions are involved based on their chemistry and
they are listed in Table 2.1 along with the key features and limitations of this type of

self-healing.
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2.1.2.4 Photochemically Induced

The self-healing brought about by an incidence of light irradiation is specifically
categorised as photochemically induced self-healing. This can involve various
techniques like reversible cleavage (18), light-induced isomerisation (19), UV-
triggered polymerisation (20), photoinduced reaction (21), or even photoabsorbing
microcapsules (22). This technique has advantages that it doesn’t requires any
external healing material supply or catalyst. Though it specifically requires photo

stimuli to activate and undergo the self-healing process.
2.1.2.5 Self-healing using Polymer Nanocomposites

Computer simulations have shown that on addition of suitable nanoparticles to
polymer resulted in such nanocomposites wherein the particles aligned themselves in
proximity of any initiated nanoscale cracks. It concluded that various mechanical
properties could be restored up to 75-100%, as compared to that of pristine
nanocomposite material (10). Though modelling and computational design tools give
some insight, but their usage is still limited on understanding the self-healing

mechanism.

Another theoretical approach is also proposed for the synthesis of refined
nanocomposites, that exhibit “nacre-like” patterned structural arrangement of the
nanoparticles (23). Such arrangement results in suitability of self-healing ability. Also,
the analytical study based on self-consistent field (SCF) theory of “Self-assembly of
polymer-grafted nanoparticle/diblock copolymer” blends, presented that different
components can be made to assemble in hierarchical structures with nanosized

mineral bridges, which resulted in self-healing functionality.
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SN

microcrack

Figure 2.5. Self-healing functionality representation in nanocomposites (a) undamaged sample
and (b) nanoparticle migration towards a microcrack for arresting further damage (23).
Figure 2.5 schematically represents the self-healing mechanism of the
nanocomposites. The migration of the nanoparticles with defined quantity around the
microcrack surface is evident, and forms an interphase layer between the organic and
inorganic phases. Though the migration of the nanoparticles is much dictated by the
viscosity of the base polymer, which is usually quite high for having a such unified

response.

Various approaches for self-healing of structural composites have been developed and
tested till date, some of the prominent of which are discussed in Table 2.1 below. The
Table 2.1 summarises the method as well the associated key features and limitations

of each of them.
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Table 2.1: Various self-healing approaches developed and tested for structural composites with their associated key features and limitations.

If-heali
SeMet‘::):ing Strategies involved Key features Limitations References
] The healing efficiency can be as low as 20% (24). Distribution of
. Microcapsules microcapsules is very challenging and so is the fabrication of hollow (11,24-30)
Passive self- L . . . .
healine based Here the self-healing is created by fibre networks. The microvascular network face issue of getting
on exgtrinsic Hollow Fibres the inclusion of a foreign healing blocked. The consumption of catalyst after every heal cycle and the (31-37)
methods material in the core matrix. blockage of network imply that this system cannot give repetitive
Microvascular network healing effects. The efficiency of the healing depends on the (16,38-42)
activation of catalyst agents brought about by the progress of defect.
Reversible covalent
. . . . oo (43-45)
bonding . In most cases it requires external/human involvement for bringing
Here the reorganization of the ) . - . . .
. Supramolecular about the healing. Various modes of energies like UV irradiation, static
Active self- . . molecular arrangement based on ; .
. noncovalent interaction . . load, heat, etc. are necessary and crucial for the polymer chains
healing based | . . an applied stimulus happens by o o . .
N i. H-bonding ) . movability. Intrinsic methods are not suitable for healing larger
on intrinsic .. . the dynamic bonds, which undergo o . . .
ii. Metal-ligand . . . defects, due to the limited capacity of microcapsules or complexity of (46-53)
methods selective reversible bonding and . . . .
polymers de-bondin vascular networks involved. Suitable mostly for microscopic damages
iii. -1t interaction & only.
iv. lonomers
P.hoto c!s—tr.ans Here self-healing is induced by (12,19)
isomerisation L o , .
induced strong light irradiation. It's a rapid Systems like photo absorbing microcapsules cannot give sufficient
Photochemically UV=in _uce. and eco-friendly concept. It y P . 8 P . g. . (20)
. polymerisation | efficiency (22). This method cannot be used effectively in composites
induced self- doesn't demand any external ) . . - .
. . o thicker than 5 mm thickness and is mostly limited to surface visible
healing Photo reaction healing implants, catalyst, or L . (21)
. . defects, where light irradiation can reach.
- external temperature rise to bring
Photo absorbing (22)

microcapsules

about the damage healing.
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As summarised in this Table 2.1, it is noted that most of the existing methods of self-
healing are limited in the number of cycles of healing that can be successively
accomplished, or they can only work for a limited size of defects. These limitations
demand a renewed material development, that can work effectively for structural
applications and even can work seamlessly for situations of multiple repair cycles. It is
also worth highlighting that majority of the proposed and tested methods of self-
healing are applicable for thermoset polymer composites only. Hence, the usage of
PMC for stimuli based self-healing can address majority of the limitations of the
techniques listed in Table 2.1 and it can also be seamlessly used for thermoplastic FRP
composites self-healing. Specifically, magnetic polymer nanocomposites can address

these issues, proving to be a suitable choice as discussed in the following sections.

2.2 Magnetic Polymer Nanocomposites for Self-healing

2.2.1 Magnetic Materials and their Applications

Magnetic materials or specifically magnetic nanoparticles are widely used for many
applications such as drug delivery, biosensing, catalysis, bio-separation, data storage
and medical imaging (4). Iron (II, III) oxide (Fe304) or ferric/iron (III) oxide (Fe203)
MNPs impart magnetic and catalytic properties onto the traditional polymer materials,
resulting in efficient and recyclable new-gen nano-adsorbents nanocomposites (54).
This has initiated an entire new category of conductive and magnetically responsive

polymer nanocomposites to be formed (55,56).

A review of various possible and tested applications of magnetic nanoparticles and
their derived polymer magnetic nanocomposites in the listed four major areas are

summarised in Figure 2.6.
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Figure 2.6. Graphical review of the four major application areas of Magnetic Nanoparticles and the synthesised Polymer Magnetic Nanocomposites.
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2.2.2 Concept of Magnetism

Ideally, all materials exhibit magnetic response to an extent. This exhibition of
magnetism is an intrinsic physical phenomenon resulting from the atomic-level
movement of electrons. The grasp on magnetism can be perceived by understanding
the response of magnetic materials due to the applied magnetic field influence. Those
that are magnetically ordered in response to an externally applied magnetic field are
categorised as ferromagnetic, ferrimagnetic and antiferromagnetic based on how their
spins are oriented in response. And some types that depict very small positive or
negative response are termed as paramagnets and diamagnets, respectively. Table
2.2 summarises the basic concepts of different types of magnetism depicted by

materials (57).
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Table 2.2: Summary of different types of magnetism depicted by materials.

Magnetism Type

Schematic presentation

Characteristics

1]
o

L/

The spin orientation is aligned in a single direction

@_(.j.(_.){_p) depending on the crystal structure. They show
- /r\ /:\‘ = /::\ - . -
Ferromagnetism T’/T’/@T’/ spontaneous magnetisation desplte_ of presgn_ce or
W W W W absence of the external magnetic field. Exhibit
NN AN/ AL . " .
SR S AN permanent magnetic behaviours at the macroscopic
_\»/TP/-‘\_’/‘-‘\_,’/‘ scale.
- 7H=0 ~, -
Ferrimaanetism C ‘@‘ (_ ‘f‘-) The weaker magnetic dipoles are located antiparallel
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Further, the magnetic response of the variety of magnetic materials are examined by
analysing their response under a varying external magnetic field termed as hysteresis
loops or simply called as M-H plot. Fig. 2.7 shows the hysteresis response of an ideal
ferromagnet. The magnetic dipoles gradually align along the large, applied DC
magnetising field and reach a saturation level called as the saturation magnetisation
Ms. After the applied field is reduced to zero, the spins relax and do not follow the field
anymore, herein the residual magnetisation is only prominent which is termed as
remnant magnetisation M,. To reach absolute zero magnetisation a reverse magnetic
field is applied, the magnitude of which depends on various structural factors like
grain boundaries, shape, size, vacancies or impurities and intrinsic crystalline
anisotropy, etc. of the material. This required reverse field is termed as coercivity Hc

which is estimated from the M-H plot using the following relation:

(H" —H7)

H- =
¢ 2

where H*and H~ are the positive and negative coercivities measured from the M-H

plot.
M Saturation
magnetization, Mg
Remanent ™y
magnetization, Mr
Tk
Coercivity He
H-.
LN ) .
H- H*

Figure 2.7. Hysteresis (M-H) response of an ideal ferromagnet material.
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2.2.3 Concept of Superparamagnetic iron oxide nanoparticles (SPIONs)

Magnetite (Fe304) materials when reduced to nanoparticles, commonly called as
magnetic nanoparticles (MNPs), exhibit superparamagnetic behaviour. These
materials fall under a special category wherein each magnetite particle acts as a
single-domain crystal (58). At elevated temperature, the thermal fluctuation gradually
overcomes the energy barrier posed by the magnetic anisotropy, resulting in rapid
spin fluctuations and unstable magnetisation akin to paramagnetic model (57). Since
here a group of moments are induced in a single particle with comparably higher net
magnetic moment than a paramagnet’s atomic moment, it is termed as

superparamagnetic (59).

SD

MD

Sp

Unstable

Stable

ci

S \HITTTITHIRTTN

Particle diameter D

Figure 2.8. Variation of Magnetic coercivity with respect to particle (size) diameter (58). (Keys:
SD = Single-Domain; MD = Multiple-Domain; SP = Superparamagnetic). (Reproduced with
permission, copyright 2011 Wiley.)

Figure 2.8 illustrates the change of domain state and magnetism type with respect to

the particle size. Below a critical diameter (Ds) single magnetite behaves as single
domain site and a further reduction causes drop in the Hc which reaches zero value at
superparamagnetic diameter (Dp) limit, implying there is no M, on the M-H plot. The

critical diameter limit of MNPs for exhibiting superparamagnetic response is ca. 6-8
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nm for very hard magnets and about 40 nm for soft magnets (60). The
superparamagnetism exhibited by MNPs is temperature dependent with much lower
Curie temperature (T¢) than their bulk counterpart. Though this MNPs do not possess
any permanent magnetic moment, but quickly respond to an externally applied
magnetic field. Major advantage of using such MNPs is that they can display
superparamagnetic behaviour even at room temperature and are quite cheaper to
synthesise at a commercial scale. These properties of MNPs are vital to act as a
suitable receptor for the electromagnetic stimuli response demanded for targeted self-
healing applications, when sequentially embedded within a host polymer matrix.

Hence, the choice of using FesO4 MNPs in this study.
2.2.4 Concept of Polymer Magnetic Nanocomposites (PMC)

For preparing polymer magnetic nanocomposites, the MNPs like magnetite (Fes04 and
its oxidised form maghemite, Fe203), nickel, cobalt, etc. are blend mixed in the
polymer solution or melt, followed by drying, precipitation or solvent recovery
(61,62). Other routes involve dispersing the MNPs in melt monomer, pre-polymers, or
resins and then the mixture is subjected to polymerisation, crosslinking, or curing
(63). And there are variable choices of thermoplastic polymer for structural
applications, like polyamide-6 (PA6), polyamide-12 (PA12), polyethylene, etc. But the
laboratory synthesis of PA6 is much easier as compared to others and even the tuning
of initiator and activator proportions gives much control on the properties of the
resulting polymer. Though the major challenge faced in PA6 nanocomposite
preparation is that the MNPs can settle down due to self-weight or phase separation

can occur during the precipitation or polymerisation process itself (64).

To achieve efficient properties with nanocomposites, the uniform spatial distribution of
MNP clusters in polymer matrix is essential. Increasing MNP loading reduces the inter-
particle distances allowing formation of the agglomerates due to short range Van der

Waals or hydrogen bonds. As in at air-liquid interface in bubbles, the particles tend to
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agglomerate at interfaces such as solid-solid, solid-liquid or air-liquid (65,66).
Presence of MNP agglomerates in polymer matrix cause an uneven response to the
applied stimulus as the agglomerated particles region will absorb much of the stimulus
energy and will melt excessively or undergo pyrolysis (67). Hence, the concept of
using ultrasonication (68), adjusting curing temperature (69), and suitable MNP
surface modification (70), serves the purpose of effectively controlling the improved

dispersion of MNPs.

The level of interaction and bonding strength between phases are vital in determining
the dispersion of MNPs in a polymer matrix. Further, to achieve uniform dispersion
and to break agglomerates, the most widely applied techniques such as melt
compounding by twin-screw extrusion (71), high shear mixing (72) or three roll mills
(73), solution blending (74) are being used in research. However, these methods do
not promote a strong enough interaction between phases so that the agglomerates
break down to a required nanometre size, as for example the solution blending
method still faces a major shortcoming due to the need to find an appropriate
polymer/solvent pair for each nanofiller-polymer system (9). Modifying MNP surfaces
using ionic charge, polymer coating (brushes), small molecules, and core-shell
arrangement is more efficient way to promote dispersion in the hydrophobic polymer
through an electrostatic or steric mechanism. These techniques enhance the polymer-
nanocomposite interactions at nanoscale to avoid formation of agglomerates. Many
studies have analysed the effect of MNP functionalisation on its adhesion with the base
polymer matrix (75-78). The in-situ polymerisation method of dispersion is found
useful for polyamide (79) as it enhances covalent bonding between the base polymer
matrix and the MNP surfaces (73). However, a high viscosity and non-Newtonian
rheology of the melted polymer still poses a challenge in dispersing MNPs
homogenously. In the in-situ polymerisation (75) method, the MNPs can be added in a
low viscosity monomer melt to achieve dispersion. Additionally, an in-situ

polymerisation method presents many opportunities for attaining rapid and controlled
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cross-linking density and hence, it allows rendering new properties to the polymer
nanocomposite. The methods such as an interfacial polymerisation, free radical
polymerisation, anionic ring-opening polymerisation, frontal polymerisation, micellar
copolymerisation, and network polymerisation have already been used for in-situ
polymerisation (80). Though anionic ring-opening polymerisation is suitable to be
used, for it allows much control on the polymerisation process by varying either the
activator-initiator combination or their proportions itself (81). Hence it is also chosen
as one of the objectives of this study to investigate the resulting effect on the

resulting property of the synthesised PMC, specifically its degree of crystallinity.
2.3 Dispersion of Nanoparticles in PMC

Engineering polymer interfaces play a vital role in modifying their thermo-mechanical
properties. The polymer region surrounding the nanoparticles surface are called as
interface, which behave differently than the rest of polymer mass depending on the
volume fraction that is altered by the addition in the overall nanocomposite. This
specific behaviour can be tuned and utilised for bespoke response, for example the
magnetic nature of such PMC can be exploited as a melt response under induced
electromagnetic (EM) field or application with targeted EM or more specifically
microwaves. Such response of designed PMC can be usefully involved in limiting crack

propagation or even delaying damage in composite structures.

Though polymer nanocomposites have incredible market potential, but the biggest
challenge is how to develop the technologies for their processing—manufacturing in
lieu of commercialisation. For example, the dispersion of nanoparticles or its chemical
compatibility within the polymer matrix is a popular research topic. It is very difficult
to achieve hierarchical dispersion by incorporating existing/traditional polymerisation
techniques, due to the nature of the nanoparticles to agglomerate (82,83). The way
the nanoparticles are aligned in the polymer matrix is crucial to maximize the

unidirectional material properties (84). And namely two categories of issues related to
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the interfacial dynamics are faced: (i) Local Interfacial Properties: The effect of
interface size and how does enthalpic and entropic interactions affect nanoparticle
wettability, and (ii) Effectiveness to Macroscopic properties: The effect on the
nanoparticle dispersion in the polymer matrix and their concluding effect on the
magnetic and thermo-mechanical behaviour. Suitable advanced techniques for scaling
the production of such nanocomposites are sought and driven by manufacturing needs
for specialised applications (85). However, achieving hierarchical dispersion and
improved interfacial bonding between nanoparticles and polymer matrix has been
hard. Currently, not much supporting research is available to effectively conclude on
the best solution. Further, achieving suitable degree of crystallinity and the improved
MNPs dispersion is the main aim for having an optimised PMC that can be presented

for the commercial application of stimuli induced composite-structure self-healing.

For the synthesis of polymer nanocomposites with organic-inorganic nanoparticles,
the level of interaction or bonding strength across phases is also a vital concern.
Conventional mixing does not lead to a very strong phase interaction, i.e. only Van
der Waals forces and hydrogen bonding come into action. Hence, high affinity covalent
or ionic—covalent bond forming techniques across the phases or sol gel method, melt-
blend followed by in-situ polymerisation, etc are the distinctive techniques followed for
preparation of organic-inorganic nanocomposites (76). But to further improve the
dispersion of MNPs, in various studies the functionalisation of MNPs is vividly analysed
relating their effect on base polymer matrix, nanoparticle-matrix adhesion, etc (75-

77,86).
2.3.1 Functionalisation of Magnetic Nanoparticles (MNPs)

Significant research progress in the synthesis of MNPs with variable size, structure and
properties has been recently observed for addressing the agglomeration issue and
protecting them against erosion or oxidation by acidic or basic mediums. Hence to

improve the chemical stability of MNPs efficient strategies for coating the MNPs with
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protective layer and providing end functional groups for targeting ligands and small
molecules conjugation. The tested end groups have been of variable kinds and provide
a basis for suitably latching the MNPs to the polymer chains in the polymer matrix.
The tested functionalisation categories are of two kinds: (i) organic — consisting of
polymers and surfactants (87-90) and (ii) inorganic — covering silica (91-96) and
metals (89,97-100). The most common surfactants for the surface modifications of
MNPs are alkane sulphonic acid, oleic acid, alkane phosphonic acid, citric acid and
lauric acid (101-103). The hydrocarbon chains of these surfactants form a protective
shell around the MNPs rendering them hydrophobic nature, which are most suitable
for interlinking with the polymer chains, and are also hydrophobic in nature; hence a
major contender for resulting in improved dispersion. Though other functionalisation
techniques involving polymers, chitosan, liposomes, and silica are also been tested
considering their individual advantages (104-106); specifically, the silica based MNPs
have shown superior colloidal stability. The following Table 2.3 summarises various
functionalisation techniques tested for improving the stability, and hence important to

be considered for the dispersion behaviour of MNPs.

Table 2.3: Various functionalisation techniques tested in literatures for improving the stability of

MNPs.
SUliEEE Advantages Applications References
Functionalisation
- Strong fluorescence useful
Acridine orange ; L Intracellular
(ACO) in tracking intracellular trackin (107)
movement of MNPs. 9
Hemocompatible, MR Imaging
. bl d media, magnetic
Polylactic acid b!ocompatlb €and sell separation
biodegradable; ability to act . (108,109)
(PLA) . and cell labelling,
carry drug loadings for .
L hyperthermia,
targeted applications . .
and tissue repair
Improves stability, useful as
Polymethyl media for automating Amplification and
methacrylate improved throughput separation of (110,111)
(PMMA) identification of single DNA
nucleotide polymorphisms
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MNPs.
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Oleic Acid (OA) capabilities; tumour . : (122-125)
. imaging agents
targeting and controlled
] for MR
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Targeted heating by
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destroying heat sensitive Magnetic
Carboxydextran tumour tissues with no Hyperthermia (126)
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healthy cells.
Mercury removal
from industrial
High pore volume and even emission;
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area.
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bio-catalysis;
drug delivery;
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fluorescent
imaging

Separation,
isolation, and
purification of
DNA strands

Useful in vacuum filtrates from soil,
and column separators; ultrapure plasma
Amorphous silica Eliminates the requirement | DNA from (132-134)
of multiple centrifuge microbial
cycles. samples;
separation of
phenolic

complexes from
ecological water.

Other studies suggest that not just the functionalisation material but the coating
thickness, surface charge and the degree of hydrophobicity influences the properties
of MNPs in various ways (104,135,136). For instance, some researchers have reported
an increase in saturation magnetisation from 0.067 emu/cm?3 of water based MNPs to
0.335 emu/cm?3 for OA-kerosene based MNPs (137). On the other hand, decreased
saturation magnetisation for polymer coated MNPs (138) and similar reduction with
silica coated MNPs (127) have been reported. This suggests that the chosen
functionalisation category will have combinatorial effects on the final properties of the
synthesised magnetic PMC. Two main categories of functionalisation stand out from
the above discussion, viz. oleic acid: that has been proven for favouring hydrophobic
nature and silica: that has shown superior colloidal stability. Since both these
properties can help dictate superior dispersion in the synthesis of PA-6 PMC by in-situ
polymerisation techniques as discussed earlier, hence these were chosen for

investigation and further application for this research work.

2.3.2 Silica Functionalisation of MNPs

Being biocompatible, silica coating has been reported favourable for improving
chemical stability and protecting MNPs against agglomeration at considerable pH

ranges and oxidation (89). Also, since having silanol group at surface, silica coating
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promotes reaction with silane coupling agents and various chemicals, facilitating
conjugation with other biomolecules and ligands for specific targeting and delivery of
drugs (139). Furthermore, by nature silica is hydrophilic and silica coated core-shell

MNPs in aqueous/colloidal suspensions are reported to show superior dispersion (104).

The varying levels of silica functionalisation were tested by employing two most
frequently used and proven methods for preparation of silica functionalised MNPs,
viz.: (i) Stober method (140,141) and (ii) microemulsion method (93,142,143). The
former is widely implemented for water soluble MNPs synthesis and the latter for non-
polar solvent based MNPs (104). These two separate methods were followed for
testing the increasing levels of silica functionalisation, because employing Stéber
method with higher silica proportions leads to agglomeration of the MNPs during
functionalisation stage itself, with a complete thick glass coating being formed on
them. But the emulsion method, ensures that Stober coated MNPs are further
dispersed uniformly in @ non-polar solvent while having a further silica

functionalisation. Hence, the choice of two separate methods.
2.3.2.1 Stéber Method

The standard procedure involves the formation of silica shells on MNPs surface by
polycondensation and hydrolysis of silica content, like mixture of ethanol and
tetraethyl orthosilicate (TEOS) in the presence of ammonia water as catalyst
(140,144,145). Multiple methods as a modification of the original Stéber method have
been presented for improving the MNPs properties (146). Some researchers have
reported the effect of varying reaction parameters of alcohol type, alcohol to water
volume ratio and precursor & catalyst proportions on the MNPs structure formation;

with the synthesised MNPs showing superparamagnetic property (145).
2.3.2.2 Microemulsion Method

This is another popular method for uniform silica layer functionalisation of MNPs. It

involves interaction of three medias: oil, water, and an amphiphilic surfactant. Based

31



on the prominent affinity of the surfactant (hydrophilic or hydrophobic) used, micelles
or reverse micelles are formed surrounding the MNPs which dictates the thickness of
silica layer deposition. The confined nano-droplet shaped nano-reactors formed by the
reverse micelle yield extremely monodisperse MNPs. Furthermore, the thickness of the
silica shell deposited can be controlled by tuning the nano-droplet environment,
selecting an appropriate molar ratio of water to surfactant used. Hence, the tri-phasic
reverse emulsion (TPRE) method can possibly produce 1 nm ultra-thin silica shells
(147,148). Apart from the control over reactant concentration, aging time, and molar
ratio for dictating the resulting particle size and dispersity, TPRE is found to give low
yield (139,149). The low yield is due to the requirement for excessive centrifuge and
washing involved due to the multi-phase interaction. But the use of probe
ultrasonication method for breaking down the colloid with excessive power at micro-
scale can be a desirable technique for stabilising the multi-phase emulsion quickly and

hence upscaling the yield process.

2.3.3 Oleic Acid Functionalisation of MNPs

The hydrophobic coating layer can be achieved using oleic acid as the functionalising
material, as the MNP surface attract the polar end groups and develop a firmly
attached protective monolayer, this aide the uniform and hierarchical arrangement of
MNPs (150). By nature, OA has very small molecule which easily complements with
magnetite MNPs, making it very popular for in vivo applications. Such hydrophobic
OA-MNPs are proven to improve the efficiency of localised hyperthermia treatments
and targeted drug release upon subjected to a magnetic stimulus (151). In other
study the hydrophobic core was found to act as contrasting MRI agents and the
hydrophilic tail segment derivatised with other polymer ligand bestows them with
targeting motility (152,153). Variable coating thickness can be achieved by seed-
mediated growth, wherein MNPs act as the seed base; hence eliminating the

fractionation method for even size distribution and can be easily scaled up for bulk
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production. Mixing with bipolar surfactant can even transform the hydrophobic MNPs

into hydrophilic ones, allowing aqueous dispersion capabilities (154).

The molecular structuring of OA consists of carboxylic acid based polar head and
hydrocarbon based non-polar tail. The two oxygen atoms from the carboxylate anion
presumably interact with the iron atoms of the magnetite surface (122). This forms
the basis for the polar head group to latch over magnetite surface and the non-polar
tail free floats, rendering the MNPs hydrophobic in nature. This makes them a suitable

choice for applications into polymer media.
2.4 PA6 Polymerisation

Varieties of techniques are being employed for synthesis of polymer nanocomposites
as listed earlier. The role of chosen polymerisation technique on the properties of the
resulting polymer nanocomposite is discussed in the following section along with the

various parameters involved.
2.4.1 Hydrolytic Polymerisation

The name itself suggests that this polymerisation process is associated with presence
of water or more specifically water releasing materials. It is mostly suitable to for
large scale industrial production of PA6 as it requires sophisticated setup, and the
polymerisation of monomer CL happens between 215 - 260 °C. In this method the
majority of monomer gets converted into PA6 by polyaddition and the remaining small
proportion follows conversion by polycondensation method (155). Employing this

method for lab-based testing may involve uneconomical and elaborate setup expense.
2.4.2 Cationic Polymerisation

Polymerisation of monomer CL under the presence of anion-rich protonic acids, strong
acidic salts, or Lewis acids (156), and which is promoted under such anhydrous
mixtures is termed as cationic polymerisation. They also involve complicated

arrangements and demand robust setup with cautious handling due to the
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involvement of several active elements (acids), which define the monomer conversion
rate. Also, the conversion happens at elevated temperatures between 220 - 260 °C
(157). With this discussion it is suitable not to involve such complicated method for

lab-based experiments, hence it is not discussed in detail further.
2.4.3 Anionic Polymerisation

Anionic polymerisation as the name suggests, is a proton (anion) controlled reaction.
It is one of the polymerisation methods that provides versatile control on the PA6
synthesis with defined structures and uniform chain length & functionality. It also
enhances the polymer property by promoting stable chain growth and providing
control over their transfer reaction or termination. The control is easily administered
by selecting the appropriate activator-initiator combination. With such versatility and
ease of control, anionic polymerisation becomes the prominent choice for lab-based

experimentation and study.

In this process, if the polymer is formed below its melting point then simultaneous
crystallisation and polymerisation occurs (158). Herein, the anionic proportion
involved with the activation of monomer dictates the rate of conversion (159), and
due to presence of free protons the reaction is quite rapid. Again, the rate of reaction
can be modified by suitable choice of the activator that also matches with the initiator
involved. This rapid nature of polymerisation is very favourable for capturing the MNPs

in their uniform dispersed state in the melt CL.

The cycle of anionic monomer formation follows when the N-acetylated monomer
caprolactam growing chain contacts the activated monomer (160). The choice of
catalyst, unlike Grignard reagent EtMgBr or MgBr+ plays the critical role in capturing
the free proton (H+) from the activated monomer; this also supports in preserving the
basicity of the mixture (161). Often the Grignard reagent is utilised in situ with the

monomer caprolactam, forming the catalyst; this aids in setting the site for the
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activator. Activators, like N-acetyl caprolactam fits compatibly with the EtMgBr

initiator and aids the simultaneous growth of PA6 chains.

With the polymerisation of CL, the MNPs can be as well dispersed in the melt
monomer with ease and the whole mixture polymerised to form the PMC. The main
idea behind using MNPs is to test their effective response in the resulting PMC to
applied excitations, such as Magnetic induction or Electrical current. If they can
effectively absorb such excitations then by the virtue of their physical property there
will be rise in their temperature, leading to the melting of the polymer matrix in their
proximity. And such behaviour is desirable for having self-healing capability in
composite structures, as in the case of micro cracks they will get filled up easily by the

melt flow.

Hence, the highlighting focus of this thesis is to effectively utilise the anionic in-situ
polymerisation technique for the synthesis of PMC. Since it benefits in synthesising
polymer nanocomposites with be-spoke properties, utilising the ease of dispersion of
the functionalised MNPs in the melt monomer and also the ability of tuning the

thermo-mechanical properties by controlling the activator-initiator proportions.

4.5 Review of Relevant Methods of Characterisation

In this section the basics behind the suitable methods of MNP and PMC
characterisations are briefly discussed, setting the basic idea. The specific discussions
of the exact methods followed are included with the respective characterisation
sections where the characterisation results of MNPs and PMC samples respectively are

discussed.

2.5.1 Fourier transform infrared spectroscopy (FTIR)

The Fourier transform infrared spectroscopy (FTIR) is a well-known method for
polymer characterisation (162) and is very popular for polyamides. The sharp IR

peaks associated with hydrogen bonded N-H stretch is observed at 3300 cm?, that for
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amide I C=0 stretch bond at 1640 cm™ and associated C-N stretch plus CONH bend
with amide II at 1545 cm!. These characteristic peaks confirm the trans planar

amide group presence (163). The differences in intensity of (sharp) crystalline bands
from (broader) amorphous phase allow identifying the type of PA6 and even helps in

determining the sample crystallinity.

The highly prominent band in the spectra of PAG6 is usually the amide I band. This
occurs at 1640 cmtin the solid state and correspond with the C=0 double bond
stretching mode. It is susceptible to intermolecular interactions, like contributing to H-
bond formation and other differences like variation in crystal type or variation
between the amorphous and crystal forms. The amide II band includes participations
from in-plane N-H bending modes and central amide —N-CO- stretching modes. The
amide II band is relatively susceptible to the PA chain packing details and the amide
groups interactions due to different contribution sources and the coupling between
them. A pattern is observed when both the amide I and amide II bands are studied
collectively, wherein the amide I band moves upfield when the amide II moves
downfield (164). These moves are related to the degree of sample’s disorder; the

sample with higher disorder show lower amide II and higher amide I band (165).

IR spectroscopy can be utilised in different polymer analysis fields and areas (162)

like:

1. Recognition and determination of additives (166).

2. End group investigation (167).

3. Investigation of oxidation and degradation reactions (168), and molecular
interactions (166).

4. Identification of crystallinity (169).
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2.5.2 Differential scanning calorimetry (DSC) and Thermogravimetric

Analysis (TGA)

For the analysis of polymer samples, it is crucial to assess their degree of crystallinity,
because physical properties like density, melting point, permeability, and storage
modulus are affected by crystallinity (170). The method of differential scanning
calorimetry (DSC) is used to measure the exchange of heat from the sample in
relation with temperature or time. DSC can be utilised to measure the polymer

crystallinity by measuring the heat of fusion (related to melting) of the sample.

The DSC analysis can be done to investigate various thermodynamic properties of the
synthesised polymers; in particular, the glass transition temperature (Tg), melt onset
temperature, the melt peak temperature (Tm), and calculation of the degree of
crystallinity by the melting endothermic peak measurement. Most of the parameters
can be automatically processed and identified using the TA software that accompanies
the TA DSC instrument. And the degree of crystallinity can be calculated using the

following standard formula (170):

obs

% Crystallinity = —I_ x 100% Eqn 2.1

0
AHf

where, AH?I’S = Observed Heat of Fusion from the DSC plot
and AH? = Heat of Fusion of 100% crystalline polymer.

Thermogravimetric Analysis (TGA) is a method used to monitor variation in weight in
a sample with the change of temperature and provides a feasible substitute to oven
aging (171). In the TGA practice, different heating rates are given to material through
its decomposition area. From the resultant thermal graphs, the temperatures are
determined for a constant decomposition level. The kinetic activation energy is then
identified from the graph of heating rate logarithm as a function of reciprocal of the

temperature of constant decomposition level (171). This activation energy can be
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utilised to evaluate estimated lifetime at maximum working temperature or any given

temperature for a provided estimated lifetime.

To study the presence of unreacted monomer content in all the samples, the TGA can
be done to quickly pick the weight loss at lower temperatures pertaining to the
monomers melting. This also gives a quick insight on the crystallisation instances and
various phases present in the synthesised polymer, that melt at different

temperatures.

2.5.3 Transmission electron microscopy (TEM)

While the setup and proficiency are not as common as must be for essential scanning
probe methods, the transmission electron microscope (TEM) is conceivably the highest
quality imagery equipment for organic polymer composites currently (172). These
modern techniques permit 3-dimensional plot of blend morphologies at nanometre
scale with sharp material classification abilities. Though, appropriate and

representative electron transparent blend layer sample are mandatory.

The basic of all TEM-based methods is the same fundamental notion of high energy
electron beam (~100 keV) projection by an electron-transparent specimen (a fully
blend film, or a prefabricated film cross-section), and producing a micrograph by
transmitted electrons. The simplest method is bright-field TEM (BF-TEM), in which an
image is formed after the transmission from sample along the optical axis of the
electron beam (173). The brightest area of a BF-TEM image represents least scattered
beam by the sample and the darkest area represents highly scattered beam far from
its initial incident angle. In this way, when the nanocomposite blend film image is
formed, the transmitted electron beam is scattered by various blend components to
different levels and forms contrast in the resultant micrograph. This difference in
scattering strength is originated from the various polymer densities (174), though
these are often little because of predominantly carbon-based blend components
(175). Large, crystalline characteristics like polymer ‘fibrils” and nano-inclusions can

thus be often distinguished quite easily, though identifying these by amorphous areas
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or from mixed phase areas in polymer are very hard by BF-TEM image (176). Incident
beam defocusing can improve image contrast on definite length scales to form visible
BF-TEM image (177), nevertheless this can reduce resolutions, and any new feature
identified in a defocused image are certainly an outcome of morphological

characteristics (174).

Hence, the TEM micrographs of PMC samples can be taken to quantify the dispersion
state of the MNPs within the polymer matrix, with the aim of interrelating with the
other properties. Also, the details of the MNPs or agglomerates diameter range to be
used for generating the simulated model can be picked by processing the
micrographs. Since TEM micrographs can only help in estimating the information on
dispersion state of the MNPs for few micron regions effectively, but SAXS data can
give an advantage in evaluating dispersion state on a bulk scale (ca. hundreds of
micron). Hence, the dispersion state of the PMC can additionally be characterised

using the SAXS/WAXS techniques.

2.5.4 Small Angle X-Ray Scattering (SAXS)

The X-Ray scattering is a popular method for analysing the microstructural
arrangements and presence or size distribution of nano-inclusions within the polymer
matrix (178). This technique follows the interaction of a focused monochromatic X-ray
beam with the sample electrons, wherein the scattered X-ray beams are recorded with
a detector. The electron density distribution present within a crystal unit cell is
presented as a Fourier transform in the form of the detected diffraction pattern (179).

This scattering phenomenon can be easily described by Bragg'’s law:
nA = 2dsinf Eqgn 2.2

here n is a positive integer, A is the wavelength of the incident wave, d is the

repeating structure spacing, and 6 is the scattering angle.
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As per the Bragg’s law, the observed diffraction peaks are proportional with the
material’s repeating unit and the analysis of the scattering pattern can give the details

on the microstructural scale (179).

Generally, a wave vector ¢ is defined when analysing the scattering pattern, as:

—

G =ko— k4 Egn 2.3

where k, is the incident X-rays wave vector and k, is the scattered X-rays wave vector
due to the influence of the scattering angle 6. Since, in the case of elastic scattering
|ko| = |k:| = 2m/A for having the energy and wavelength similar for both the incident
and scattered wave. Hence, the resulting wave vector can be written as:

4m . 6

Gl =q = =sin= Egn 2.4

Interrelating Egn. 2.2 and 2.4, gives the relation between structure spacing and the

wave vector as:

d = Egn 2.5

With this relation it can be concluded that bigger structural aspects correlate to a
smaller g-value and hence a smaller scattering angle. Therefore, SAXS is widely used
for characterising relatively larger structural aspects, of the range within few to
hundreds of nhanometres (180). This feature is hence widely used for studying the
particle distribution in the polymer nanocomposites, using the derived methods of

Guinier plot.

The Guinier plot obtained from SAXS/WAXS data can be used to calculate the slope of
the chosen region that dictates the value of radius of gyration (Rg) of the polymer
chain, from which the diameter D for the MNP/agglomerate size can be calculated
qualitatively. The SAXS profile of the Guinier type plot shows two vivid regions, one
which is flat region due to the base polymer response and second, a very steep sloped

curve that is observed related to the response from the MNPs. Hence, the SAXS/WAXS
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data is a tool for qualitative analysis of the MNP/agglomerate regions present in the

samples.

The scattering intensity I(g), plotted as a function of the scattering vector g can be

represented with the foIIowing relation (181):
I(q) = G exp ——q2 i Egn. 2.6

herein, G is the Guinier prefactor and Rq the radius of gyration.

The Guinier plot represented as Ln I(q) vs g2, is further used to calculate the slope of
the chosen region that dictates the value of Rq, giving out the MNP/agglomerate size
qualitatively. The MNPs are assumed as perfect sphere and the diameter D is

calculated using the following equation (181):
D =2x(5/3)Y?R, Egn. 2.7

The slope of regions in the Guinier plot were calculated to give the Rq estimate (182),

this was used to calculate the diameters of the MNP/agglomerate using Egn. 2.4.

2.5.5 X-ray diffraction (XRD)

Wide-angle X-ray diffraction or simply called as X-ray deflection (XRD, 26 > 3°) is
utilised to determine the phase composition, crystallinity, orientation and crystallite
size and perfection. It is widely used for detecting features at sub-nanometre scale
(180). The intensity of diffracted beams is affected by the crystallite size and
perfection. The heating effects on a material are usually led to crystallites growth and
simultaneously relieve any strain in material. The peak intensity is increased by
heating and decrease the width at half maximum due to the significant growth of
crystallite that has occurred. X-ray diffraction is most commonly used method to

investigate crystalline structure.

The normal semicrystalline PA is typically considered as two-phase system consisted
of amorphous and crystalline areas. The fully amorphous PA has diffraction pattern of

broad diffuse radiance with maximum 22° 28 intensity. The fully crystalline PA will
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have diffraction pattern of a series of strong peaks, associated with diffraction from
different crystalline planes. The size of the crystals is inversely proportional to the
width of a crystalline peak. The presence of defects and distortions in crystal lattice
additionally broaden the crystalline reflections in polymers. The crystallite size and
perfection (L) measurement can be identified by the following Debye-Scherrer
equation (183):

kA
- B cos 6

Egn 2.8

This equation gives the relation between the peak width (B) and the crystallite size
(L). It states that peak width is inversely proportional to crystallite size. (Here K is the

machine constant, A the incident wavelength and 6 the angular position)

Crystallite size can be a most practical approach in many cases than crystallinity and
the higher crystallite size in a sample usually implies the brittle nature of material.

The higher crystallite size in many polymers is related to the greater crystal density.
For usual measurement, the variation in PA unit cell volume can be eagerly followed

by identifying position of the different crystalline reflections.

2.5.6 Superconducting Quantum Interference Device

Superconducting Quantum Interference Device (SQUID) is a receptive magnetometer
utilized to determine very small magnetic field. It is a flux voltage converter and
changes a little, hardly noticeable, flux difference into an assessable voltage change
(184). The output voltage is related periodically with the applied flux, with period @o
(the magnetic flux quantum) and the output signals are detected corresponded with
flux much smaller than @o. SQUIDs can, therefore, determine any physical quantity
which can be transferred into the flux, like magnetic field or its variant, displacement,
voltage, current, or magnetic susceptibility. SQUIDs unite two physical phenomena,

Josephson effect and flux quantization in a superconducting ring (185).

There are two kinds of SQUIDs: radio frequency (RF) SQUID which consists of only

one Josephson junction (Josephson junction consist of two superconductors, separated
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by a thin insulating layer, through which electrons can pass through), mounted on a
superconducting ring. In an external circuit, an oscillating current is applied, and its
voltage varies as a result of interactions between it and the ring. With this the
magnetic flux is determined. Another one is a direct current (DC) SQUID, which is
more sensitive and consists of two Josephson junctions utilized in parallel, to tunnel
the electrons through the junctions showing quantum interference, depending on the
magnetic field strength within the loops. DC SQUIDs show resistance in reaction of
every minute changes in a magnetic field, which is the characteristic used for enabling

the detection of these tiny variations.

Even though RF SQUIDs are more commonly used, DC SQUIDs are more sensitive.
These are capable to determine lower fields of almost 5 aT (5 x 10718 T), within a few
days of averaged detections with much sensitivity. They have noise levels of as low as
3 fTHz=Y2, A normal refrigerator magnet generates 0.01 Tesla (10-2 T), and for
comparison, a polymer nanocomposite sample can generate very tiny magnetic fields

between 1 fT and 1 uT.

The magnetic (SQUID) measurement technique at variable temperatures hence can

be used for comparing the effect of functionalisation and the resulting dispersion state
of the MNPs/agglomerates. The properties like coercivity, magnetic remanence,
magnetic saturation and most importantly the derived value of magnetic moment ratio
of the MNPs and the PMCs can be discussed to analyse the resulting effect. This study
gives a basis to compare the other characterisation results with the magnetic
response based on the resulting dispersion state of the MNPs/agglomerates in the

prepared samples.
2.6 Proposed Self-healing Technology Using PMC

Considering the feasible and the upcoming trend of combining the benefits of in-situ
polymerisation with alongside inculcating self-healing characteristics in the developed

PMC; the possibilities of attending smart materials is assured. Such material can fulfil
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much of the expected properties demanded by the rapidly advancing engineering
applications as that of electrical insulation of high-voltage DC cables (HVDC), flexible

risers (FR), umbilicals, etc.

Considering the current design restrictions of flexible risers, particularly the self-
weight constraint, there are innovative designs of flexible risers for ultra-deep sea
suitability (86). These quantifying measures are inspired by safe working needs, while
reaching to ultra-deep operations. A variety of proposed configurations for hybrid-FR
are presented till date, considering both composite and metal materials. One of the
optimally engineered (86) combination is shown in Fig. 2.9. This design provided a
baseline, which was considered to create a concept design and placed it under

analysis (75).
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Figure 2.9. Layout of risers used in deep-sea oil explorations. Conventional Riser(left) & GE
Hybrid Design(right) (86).
Even with the replacement of the metallic layer with composite carbon fibre layer, the
problem is not completely addressed. As there is another issue of bending and
delamination of even the reinforced composite layers, ultimately leading to crack
propagation. Fig. 2.10 (a) & (b) depicts the phenomenon of delamination and crack

propagation.
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(a)

Crack on reglon of
interest volume

Figure 2.10. (a) Crack on the region of interest. Inset image shows propagation of crack on the

bending layer and (b) Delaminated area highlighted in blue and cracks represented in red
(186).

Also, further it has been noted that progressive delamination caused the further crack
propagation with increased compression loads suffered on the layers. The relationship
obtained by 3-D X-Ray CT (186) as shown in Fig. 2.11, present an interesting
phenomenon that cracks are initiated in the elastic region of the hanocomposite
material itself; hence suggesting an idea that if it is predicted in time and responded
with self-healing while in the elastic region then the damage of crack propagation can
be limited from further progression and even assuring healing of the nanocomposite

layer back to its somewhat original state.
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Figure 2.11. Crack initiation with the increased compressive loading and the pattern of
subsequent failures observed in composite materials (186).
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So, the major challenge to be carried out, is to incorporate suitable polymer based
metallic nanocomposites for this application. This can be effectively addressed by
designing the interfaces in polymer nanocomposites to replicate self-healing
capability. Polymers like PA-6 or PVA are suitable to be used here as they can melt
easily and way earlier than the other reinforcing layers, hence serving the means of
filling the initiated cracks by the melt. Particularly PMC can be activated to melt the
polymer matrix, by absorbing induced energy (stimuli) which can be given in the
either form of wave propagation, ultra-sound, magnetic induction, or high voltage
electrical signals. This concept seems quite clear and straight forward, but its
implementation and specifically controlling the interfacial design for fulfilling specific

applications’ is the crucial research challenge ahead.
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Figure 2.12. Schematic of automated tape placement method for placing GFRP/CFRP tapes on
the structures like composite riser, using laser heat source (187).
The designed PMC material can be incorporated within the existing composite
manufacturing process of the automated tape placement (ATP) type, as shown in Fig.
2.12, wherein the layers are placed together using a heat source (either a heat gun or
laser source). The designed PMC can be placed as a consolidation or sacrificial layer

between the fibres placed by the ATP method.
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Figure 2.13. Proposed method of damage control by self-healing of PMC nanocomposites. Top-
Left: Shows original sample state, Top-Right: Exposed PMC surface due to the
microcrack/delamination, Bottom-Right: The MNPs absorb the microwave stimuli and fill the
microcrack.

The proposed method for this study is to test with an experimental sample, the
effectiveness of the designed PMC by subjecting it to purposeful failure and then
implement microwave stimuli for the sample’s recovery by self-healing. The efficiency
of this method for damage tolerance by self-healing is then estimated by repetitive
cycles of failure and subsequent healing. The overall proposal is graphically

summarised in the Fig. 2.13.

Chapter Conclusion: This chapter discussed the basic required concepts of self-
healing of composites, magnetism, magnetic nanoparticles, polymer nanocomposites,
magnetic polymer nanocomposites, polymerisation of PA6 polymer, functionalisation
of nanoparticles. The issues related with the dispersion state of nanoparticles was
critically analysed for the polymer nanocomposite synthesis and the possible solutions
to address those were cited from literatures. The following chapters addresses the

selected method for functionalisation of MNPs and the experimental procedure for
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optimising the magnetic polymer nanocomposite synthesis and its application in the

composite sample preparation for self-healing demonstration by microwave stimuli.
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3. FUNCTIONALISATION EFFECT ON MAGNETIC

PROPERTIES OF MNPS

In this chapter the silica (Stéber and TPRE) and oleic acid functionalisation methods of
the MNPs are discussed. The effect due to the functionalisation on MNPs is characterised

and the characterisation results are discussed herein.

3.1 Materials

Iron(1I, III) oxide MNPs (<50nm particle size) and OA (99% purity), (3-
Aminopropyl)triethoxysilane (APTES) (99% purity) and Span-85 were purchased from
Sigma-Aldrich Company Ltd. Dorset, UK; and used as received. The deionized water with

18 MO conductivity was used throughout the experiment.

3.2 Experimental Section

3.2.1 Silica Functionalisation

3.2.1.1 Stéber Method

The as-received MNPs weighing 2.0 g were added to 65 mL of aqueous citric acid (0.5
g/mL concentration), associated with rigorous stirring. For effective adsorption, the pH
value was adjusted to 5.2 by adding aqueous ammonia solution, which resulted in
dissociation of two carboxylic groups of each of the citric acid molecules. Further
adsorption was enhanced by heating to 80 °C and rigorous stirring continued for 90 min.
After that, the pH was increased to 10.1, wherein the third carboxylic group of the
adsorbed citric acid, was dissociated (188). The resulting nanoparticles’ have higher
surface charge aiding electrostatic inter-particle repulsion and preventing agglomeration.
The MNPs were separated and excess solvent was removed by centrifuging at 5000 rpm

for 5 min and the collected nanoparticles were dispersed in clean DI water.
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Figure 3.1. Experimental scheme that was followed for the Stéber method functionalisation of
MNPs and the subsequent characterisation methods followed.

The Stdber functionalisation method was used to nucleate a silica layer on the MNPs
surfaces by first hydrolysis and then polycondensation based deposition of TEOS. It's a
well-known fact that the hydrolysis reaction can be catalysed using acid or alkaline
solvent media, whereas it is very slow in neutral conditions (189); so aqueous NHs as an
alkaline catalyst was used herein. The amount of TEOS to be added was calculated
considering 2.4 mass ratio of MNP to TEOS. 0.85 g of TEOS dissolved in ethanol was
added to the prepared suspension of magnetite MNPs; considering that the average
diameter of coated MNPs are 30 nm and the used mass ratio resulted in a functionalised
layer of ca. 2 nm (based on the surface area estimation). The pH was then stabilised at
12.0 by adding aqueous NHs which triggered the Stdber functionalisation reaction. The
mixture was rigorously stirred for 3 hr at room temperature (RT) with probe-type 150-
Watt sonicator (Soniprep 150; MSE., UK), giving the MNPs a rough silica-functionalised
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coating. The MNPs were centrifuged at 5000 rpm for 5 min and then washed thoroughly
three times with DI water. Collected MNPs were dried in oven at 120 °C under vacuum

and further sieved. The summary of the processing technique is presented in Fig. 3.1.

3.2.1.2 Tri-Phasic Reverse Emulsion Method
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Figure 3.2. Experimental scheme that was followed for the TPRE functionalisation of MNPs and the
subsequent characterisation methods followed.

Diamagnetic silica spheres were synthesized following standard Stéber method (140).

Then, 150 mg of diamagnetic silica spheres was introduced into a mixture of 30ml

toluene and 5gm of span-85; the mixture was shaken to form a tri-phasic reverse

emulsion. APTES was added to a final concentration of 2% w/v and the mixture was left

to react in condenser at 50 °C in an oil bath for 5 hrs with constant stirring. The

nanoparticles were separated using decantation and washed with coupling solution of
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0.8% (v/v) glacial acetic acid in dry methanol, three times and was stored in the same

solution at RT. The summary of the processing technique is presented in Fig. 3.2.
3.2.2 Oleic Acid Functionalisation
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Figure 3.3. Experimental scheme that was followed for the Oleic Acid (OA) functionalisation of
MNPs and the subsequent characterisation methods followed.

The Fez04 MNPs were taken in four batches of 0.225 g each and dispersed in 10 ml of
methanol. Subsequently, the OA was added to individual batch to make up 22%, 33%,
44% and 55% w/w solution. Resulting solution was then mixed thoroughly using probe
type sonicator (150 Watts for 10 minutes). After an hour, the mixture was centrifuged at
3500 rpm for 8 minutes and the supernatant was decanted. In remaining MNPs, the
fresh methanol equivalent to discarded supernatant was added and cycle of
ultrasonication and centrifugation was repeated three times to remove excess OA from

the surface of iron oxide MNPs. Finally, the OA coated Fe304 MNPs were filtered using
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filter paper no.1 and washed with deionized water. Later, the collected functionalised
MNPs were dried overnight in oven at 50° C under vacuum. The summary of the

processing technique is presented in Fig. 3.3.

3.3 Functionalised MNP Characterisation Methods

The MNPs were analysed to differentiate the morphological effect with and without the
employed functionalisation method. Further, the effect on the magnetic response of the
MNPs due to the involvement of functionalisation method is to be also enunciated. The
description of various characterisation methods employed for the study of MNP samples

are discussed as follows:

3.3.1 Transmission electron microscopy (TEM)

TEM images were used to determine the morphology and mean diameter in the MNP
agglomerates, especially to measure the thickness of the functionalised layer formed on
the MNPs sample. TEM imaging was conducted at an accelerating voltage of 100 kV, with
a spot size of 10 nm. The exposure time was varied from 0 to 50 s. The images of all
samples were obtained using a Philips CM100 TEM at different direct magnifications,
ranging from x7900 to x245000. For MNPs imaging, the nanoparticles were first
dispersed in isopropyl alcohol and a droplet from this was placed on gilder grid of 400
mesh. Five set of TEM images for each sample was recorded for the functionalisation

thickness study.

3.3.2 Scanning Electron Microscopy/Energy-Dispersive X-Ray Analysis

(SEM/EDX)

The MNP samples, both uncoated and functionalised, were firstly dispersed in isopropyl
alcohol and a droplet from this was placed on the SEM stub already having carbon film
on it. Once all the alcohol evaporated the MNPs were sputter coated with gold film under
vacuum. The samples were then analysed with Zeiss EVO MA10 SEM & Oxford INCA X-
ray microanalysis setup, having magnification range of x20 - x50,000 and resolution of
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~ 20 nm. The EDX analysis was done with SEM images with focussed areas of ca. 500
um? with the processing option of all elements analysed with a total of 5 iterations, on
randomly selected regions. The spectrum plot was auto generated by the Oxford
processing software, that is pre-loaded with the setup. Such analysis gave the

quantitative results for the comparison of functionalisation employed (190,191).
3.3.3 Superconducting Quantum Interference Device (SQUID)

Magnetization loops of the functionalised MNP samples were measured at T = 100K and
400K on Quantum Design MPMS XL-7, integrated with Superconducting Quantum
Interference Device (SQUID) detection system and precision temperature control unit.
The instrument had temperature range of 1.8 to 400 K and applied maximum field
strength of £7 Tesla with field uniformity of 0.01% over 4 cm. Total 3 set of
measurements were done for each sample type. The magnetic flux results of all the
samples were plotted in terms of emu/g while analysing, hence the variations of sample

weight has been accordingly considered.

3.4 Results & Discussions

The processed MNPs were analysed for the functionalisation, firstly by comparing the
TEM micrographs of the bare uncoated MNPs with the processed one’s. Though TEM does
not gives an exact estimation, but the functional groups were exactly picked by the SEM-
EDX analysis to confirm the presence of the functionalising groups. Further, the SQUID
study was done to estimate the effect on the magnetic response suppression due to the

functionalisation approach.
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3.4.1 Quantitative Analysis of TEM Micrographs for Coating Thickness

3.4.1.1 Coating Thickness of Silica Functionalised MNPs

Figure 3.4. TEM micrographs of MNP samples with (@) uncoated MNPs and (b) & (c) MNPs with
varying proportions of silica coating (Stéber and TPRE respectively). (Scale bar shown is of 100
nm)

In order to measure the average diameter of nanoparticles using TEM images, the
obtained TEM images were first converted to 8-bit images and subsequently, the particle

analysis was performed to identify the approximated area of particles assuming them to

be circular. The diameters of the particles calculated using relation /4 X Area/ — were

compared with the measured ferret diameters and the average difference between two
values were found to be 7.52% with ferret diameters being always smaller. Results show

that the uncoated Iron oxide MNPs are highly agglomerated with region sizes in range of
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35-50 nm, whilst the Stdéber coated MNP had diameters in the range of 30-60 nm and
that for TPRE coated MNP was 30-50 nm with the coating thickness of silica layer on the
functionalised MNPs being ca. 2-3 nm and ca. 7-9 nm respectively. The thick silica layer
formed in the TPRE functionalisation is clearly visible in the Fig. 3.4(c), hinting the higher
silica loading. The original geometry of MNPs was retained even after the surface

modification.

3.4.1.2 Coating Thickness of Oleic Acid Functionalised MNPs

Figure 3.5. TEM micrographs of MNP samples with (a) 22 w/w% OA-Fe304 MNPs, (b) 33 w/w% OA-
Fe3z04 MNPs, (c) 44 w/w% OA-Fe3z04 MNPs and (d) 55 w/w% OA-Fe304 MNPs. (Scale bar shown is
of 100 nm)

The ferret diameters were calculated using the relation; ,/(minFeret x maxFeret). Results
show that the OA coated MNP diameters were found to be in range of 25-40 nm for 22
wt% OA and 30-60 nm for 55 wt% OA loading. The hydrophobic nature of the organic
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OA layer on the MNP surfaces restricted the interaction during sample preparation and
thus small mean diameter of the MNP agglomerates in the PMC matrix is also expected
(23). The thickness of the formed OA layer (Fig. 3.5) on the MNP surfaces was ca. 2-3.5
nm, 2.5-4 nm, 3.5-5 nm, and 4-6 nm for 22, 33, 44 and 55 wt% OA loading,
respectively. Here also the original geometry of MNPs was retained even after the
surface modification. The adsorption of OA on the MNPs surface are less transparent to

electron beam and therefore, the coating on MNP was observed as a thick opaque layer.
3.4.2 Surface Elemental Identification using SEM-EDX

3.4.2.1 Surface Elemental Identification of Silica Functionalised MNPs

1 2 3 4 s 6 7 8 9 10 1"
[Full Scale 3604 cts Cursor: 4.451 (152 cfs) ke!

1 2 3 4 5 6 7 8 9 10 "
[Full Scale 3604 cts Cursor: 4.451 (195 cts) ke! [Ful Scale 3504 cts Cursor: 4451 (141 cls) ke'

Figure 3.6. EDX spectra demonstrate the Fe peaks are observed in all samples, and the silica peak
is observed in the Stdéber and TPRE method functionalised samples.

EDX analysis (Fig. 6) was carried to confirm the presence of the functionalisation

components in the synthesised MNP samples, since while comparing the TEM images of

the uncoated Iron oxide MNPs and Stéber coated MNPs, both looked almost similar with

the latter showing very faint surface coating. Hence, to distinguish and confirm the

functionalisation difference between the two of them, the EDX results are purposeful
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(190,191). The analysis was done on the recovered functionalised nanoparticles, hence
ruling out the presence of excess silica content. The EDX spectra clearly mentions the
presence of silica in the Stdéber coated MNPs confirming the functionalisation, which is
not observed in the uncoated Iron oxide MNPs sample. Interestingly, the silica peak is
much magnified in the TPRE coated MNPs sample; wherein quantitative analysis (detailed
result table included in Appendix D) showed the silica peak was 1.2 and 5.82 wt% for the
Stéber-Fe304 MNPs and TPRE-Fez04 MNPs respectively which confirms the higher silica

loading on the TPRE-Fe30+4 MNPs as observed in the TEM images of Fig. 3.6 (c).

3.4.2.2 Surface Elemental Identification of Oleic Acid Functionalised MNPs
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Figure 3. 7. EDX spectra demonstrate the Fe peaks are observed in all oleic acid functionalised

samples, and the oleic acid’s (carbon and oxygen) group are overlapping with that of iron oxide.
The EDX spectra of the OA functionalised samples (Fig. 3.7) also confirmed the
functionalisation effect as compared with the uncoated Iron oxide MNPs. As expected,
increasing contents of the oleic acid compounds (C and O) are observed with the
sequence of 22, 33, 44 and 55 w/w % OA loading, respectively. The quantitative analysis
(detailed result table included in Appendix D) showed the increasing wt% content for the
C and O peaks with 48.93%, 51.15%, 54.43%, and 57.38% for the 22, 33, 44 and 55
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w/w % OA loaded MNPs respectively. This confirms the increasing coating thickness as

the observed pattern in the TEM images in Fig. 3.5.
3.4.3 Magnetic Moment Ratio using SQUID Measurement

3.4.3.1 Magnetic Moment Ratio of Silica Functionalised MNPs
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Figure 3.8. Magnetisation hysteresis loops for the MNPs functionalised by Stéber and TPRE method,
measured at (a) 100 K and (b) 400 K.

The effect on the magnetic response suppression due to the silica-functionalisation is
evaluated and discussed herein. The magnetic properties of the MNPs with and without
functionalisation were assessed by magnetization curves at 100 and 400 Kelvin
temperatures. The hysteresis loops were attained as standard, though the variation due
to the silica functionalisation of MNPs clearly distinguishable in Fig. 3.8 (a) and (b). On
application of homogeneous magnetic field of 50000 Oe (full scale plots included in
Appendix D), at 100K the MNPs showed magnetic moment ratio (M:/Ms) of remanence
magnetisation (M) to saturation magnetisation (Ms) of 27.73 % for Uncoated-Fe304
MNPs sample; and for Stéber-FeszO4 MNPs and TPRE-Fe30+4 MNPs it was 33.14 % and
27.03 % respectively. And at 400K the ratio was 12.13 % for Uncoated-Fes0O4 MNPs,
15.74 % and 13.42 % for Stéber-Fe304 MNPs and TPRE-Fe304 MNPs, respectively. The
key measured response at 100K and 400K are summarised in following Table 3.1 and

Table 3.2, respectively.
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Table 3.1: Summarised magnetic results at 100 K for Uncoated MNPs, and MNPs with varying

percentages of silica coatings (Stéber and TPRE).

. . Magnetic Magnetic Magnetic
Coercivity . .
Sample (He) Remanence Saturation Moment Ratio

P (o;) (M:) (Ms) (M:/Ms)
(emu/g) (emu/g) (%)
Uncoated-Fe3z0s4 MNPs 166 3682 x 104 13280 x 10* 27 £ 5
Stéber- Fes04 MNPs 209 2811 x 104 8482 x 104 33+ 3
TPRE- Fe30O4 MNPs 210 1370 x 10* 5069 x 104 27 £ 6

Table 3.2: Summarised magnetic results at 400 K for Uncoated MNPs, and MNPs with varying

percentages of silica coatings (Stéber and TPRE).

.. Magnetic Magnetic Magnetic
Coercivity . .
Sambple (He) Remanence Saturation Moment Ratio

P (o;) (M) (Ms) (M:/Ms)
(emu/g) (emu/g) (%)
Uncoated-Fe3sO4 MNPs 84 2013 x 104 6600 x 104 12 £ 4
Stober- Fes04 MNPs 81 1025 x 10 6512 x 10 15+ 3
TPRE- Fes04 MNPs 81 0509 x 10 3792 x 10 13+£5

The combination of higher coercivity with smaller magnetic moment ratio is suitable for
having higher superparamagnetic response, as discussed in the Fig. 2.7 in Chapter 2.
With this observation the Uncoated-Fes0+ MNPs and TPRE-Fe30+ MNPs are the suitable
candidates, though the TPRE-Fe304 MNPs has quite lower magnetic remanence than all
other samples. Here, the drop in the magnetic remanence is observed with the presence
and increased silica functionalisation on the MNPs, which are suppressing the magnetic
response due to the magnetically dead silica layer formation. The very thick silica layer in

the case of TPRE-Fe304 MNPs, drastically reduces their magnetic response.
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3.4.3.2 Magnetic Moment Ratio of Oleic Acid Functionalised MNPs
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Figure 3.9. Magnetisation hysteresis loops for the MNPs functionalised by oleic acid, measured at

(a) 100 K and (b) 400 K.

The effect with the varying OA functionalisation on the magnetic response of the MNPs is
noted herein. It is observed that the increasing functionalisation loading proportionally
reduces the magnetic response. Being organic content, the coating layer supresses the
magnetic response of the core MNPs. Here as well the magnetic response of the MNPs
with and without OA functionalisation were assessed by magnetization curves at 100 and
400 Kelvin temperatures. The hysteresis loops were attained as standard, and the
variation with the OA functionalisation is clearly distinguishable in Fig. 3.9 (a) and (b).
With the application of homogeneous magnetic field of 50000 Oe (full scale plots
included in Appendix D), at 100K the MNPs showed magnetic moment ratio (M:/Ms) of 28
% for Uncoated-Fe304 MNPs sample; and 38 %, 34 %, 36 %, and 33 % for increasing
percentages of OA loading on the MNPs, viz. 22 w/w%, 33 w/w%, 44 w/w%, and 55
w/w%, respectively. And at 400K the ratio was 12 % for Uncoated-Fe304+ MNPs and for
increasing percentages of OA loading it was 24 %, 25 %, 28 %, and 22 %, respectively.
The key measured response at 100K and 400K are summarised in following Table 3.3

and Table 3.4, respectively.
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Table 3.3: Summarised magnetic results at 100 K for Uncoated MNPs, and MNPs with varying
percentages of OA loading.

- Magnetic Magnetic Magnetic
Coercivity . .
Sample (He) Remanence Saturation Moment Ratio

(Oe) (Mr) (Ms) (M:/Ms)
(emu/g) (emu/g) (%)
Uncoated-Fes0O4 MNPs 166 3682 x 104 13280 x 10* 27 £5
22 w/w% OA-Fe304 MNPs 249 2998 x 10 7837 x 10 38 £3
33 w/w% OA-Fez04 MNPs 221 2285 x 10 6725 x 104 33+4
44 w/w% OA-Fez04 MNPs 244 1560 x 10 4286 x 104 36 £3
55 w/w% OA-Fe304 MNPs 329 775 x 10 2361 x 10+ 32+ 6

Table 3.4: Summarised magnetic results at 400 K for Uncoated MNPs, and MNPs with varying

percentages of OA loading.

.. Magnetic Magnetic Magnetic
Coercivity . .
Sample (He) Remanence Saturation Moment Ratio

(Oe) (Mr) (Ms) (M:/Ms)
(emu/g) (emu/g) (%)
Uncoated-Fe3z04 MNPs 84 2013 x 104 16600 x 10* 12 + 4
22 w/w% OA-Fe304 MNPs 109 1594 x 10* 6715 x 104 23 £ 2
33 w/w% OA-Fe304 MNPs 127 1644 x 10 6483 x 104 25 £ 4
44 w/w% OA-Fez04 MNPs 108 1080 x 10* 3854 x 10 285
55 w/w% OA-Fe304 MNPs 109 329 x 10 1500 x 10* 21 £ 4

As discussed earlier the combination of higher coercivity with smaller magnetic moment
ratio is desirable here, and the 22 w/w% OA-Fe304+ MNPs comes as the suitable
candidate. But in this case the 22 w/w% OA-Fe304+ MNPs have quite good magnetic
remanence as compared with all other samples. Again, the drop in the magnetic
remanence with increasing OA loading is observed because of the magnetically inactive
layer formed on the MNP surfaces. The higher the OA loading the lower is the magnetic

response, as is clear with the 55 w/w% OA-Fe304 MNPs response.
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Figure 3.10. Summarised comparison plot of the magnetic moment ratio (M,/Ms) both at 100K and
400K for uncoated and all the functionalised MNP samples.

The comparison of the uncoated and all the functionalised MNPs is summarised in Fig.
3.10, from where it can be concluded that the 22 w/w% OA-Fez04 MNPs stands out as
the best performing functionalised MNP sample, in terms of the magnetic moment ratio
(M+/Ms) both at 100K and 400K. Though the effectiveness of all the functionalised MNPs
is yet to be estimated based on their response when dispersed within the polymer matrix
and importantly the dispersion state which they will follow. This discussion will continue
in Chapter 5, wherein the PMC samples are characterised, and a suitable candidate will

be selected based on the overall criteria.

Chapter Conclusion: In this chapter the variable proportions of silica and oleic acid
functionalisation methods was discussed and implemented for analysing their effects on

the magnetic response of the MNPs. The comparison of the magnetic response was taken
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as main criteria for the selection of the most suitable technique. The functionalisation
effectiveness was also analysed using the EDX and TEM method for confirming and
comparing the functionalisation, wherein the EDX confirmed the elemental deposition on
the MNPs surfaces and the TEM micrographs confirmed the varying functionalised coating
thickness formed on the MNPs surface due to each method. The final comparison of the
magnetic moment ratio (Mr/Ms) both at 100K and 400K for uncoated and all the
functionalised MNP samples concluded that the 22 w/w% OA-Fe304 MNPs stands out as
the best performing functionalised MNP sample. Though the main decision of selecting
the best performing MNP is to be done based on their performance when dispersed in the
polymer matrix. This will be assessed in the Chapter-5, as the next Chapter-4 discusses

the optimisation of the polymerisation process.
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4. OPTIMISATION OF PA6 PMC SYNTHESIS

This chapter discusses the effect of the activator and initiator proportions on the
properties of the polymerised PA6 PMC containing 1 wt% of the uncoated MNPs. The
focus herein is to tune the degree of crystallinity of the prepared PA6 PMC for the
optimum response for stimuli based self-healing. The study is divided in three parts of
studying the (i) initiator variation, (ii) activator variation, and (iii) both initiator and
activator varied simultaneously. Based on the comparison of the results of these

variation study, an optimum initiator and activator proportion is elected.
4.1 Materials

The e-Caprolactam (CL) (99% purity), 3.0 M Ethyl Magnesium Bromide (EtMgBr) solution
in diethyl ether, N-Acetyl Caprolactam (NACL) (99% purity), Iron(1I, III) oxide MNPs
(<50 nm particle size), were purchased from Sigma-Aldrich Company Ltd. Dorset, UK;
and used as received. The deionized water with 18 MO conductivity was used throughout

the experiment.

4.2 Synthesis Method

4.2.1 Concentration & Calculation

Following are various terms that we need to be clear of before embarking on the

polymerisation calculations:

i. Molar concentration: It is the measure of the solute concentration in a solution for
a given volume. It is also referred to as substance concentration or amount
concentration or even molarity. And is denoted as “M".

ii. Molarity: Specifically defining it, as we are calculating the proportions in terms of
this. It denotes the total number of solute moles in a unit mass (kilogram) of
solvent. Ideally, its denoted as “mol/kg” or molar, or simply as ‘m’.

iii. Molar solution: Molar solution refers to a solution containing one mole solute in a

unit mass (kilogram) of solvent, also referred to as “one molar”.
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iv. Mole fraction or Molar fraction: It represents the number of solute moles out of
the total number of moles present in a solution. It is a dimensionless quantity.

v. Mole percentage or Molar percentage: It equals to the percentage representation
of mole fraction and is denoted as “mol %". It is often used in replacement for

mole fraction.

The calculations for 5 g of CL polymerisation, with 1:1 volume ratio of EtMgBr and NACL
and weight percentage of 2.5 % is shown as follows. This ratio and weight percentage

(81) is taken as the reference for the crystallinity study of the PMC herein.

Firstly, calculating the 2.5 % equivalent of the CL’s molar concentration as shown below

in Equation 4.1:
Molecular weight of CL (Mw-c.) = 113.16 g/mol

Polymerisation Mass of CL(m) =5 g

m
Molar concentration, M = Egn 4.1
MW—CL
My = = 0.0442
L= 316 O-0442mol

MCL = 0044‘2 mol

2.5% of CL = 0.025 X 0.0442 = 1.105 X 1073 mol

Now, the proportional weight of 2.5 % EtMgBr can be estimated in g first and then

converted into ml, as shown below in Equation 4.2:
Molecular weight of EtMgBr (Mw-gtmgsr) = 133.27 g/mol
Molar Equivalent Mass of EtMgBr = 1.105 x 103 x 133.27 = 0.1472 g

Density of EtMgBr (0g,s) = 1.02 kg/m3

Mass (m) Eqn 4.2

Votume (V) = 5 )

0.1472
VEtMgBr = 1—02

VEtMgBr = 0.143 mL
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Similarly, doing the calculations for NACL:
Molecular weight of NACL (Mw-nact) = 155.19 g/mol
Molar Equivalent Mass of NACL = 1.105 x 103 x 155.19 = 0.1715 ¢

Density of NACL (p,,-) = 1.094 kg/m?
0.1715
VNacL = 1.094

VNACL =0.16 mL

4.2.2 Polymerisation Process

The first step in the polymerisation process was to melt 30 g of CL at 60°C. MNPs were
introduced into the melted monomer to prepare a 1 wt.% iron oxide nanocomposite. The
mixture of MNPs and melt monomer was sonicated at 20 kHz for 30 min to ensure
effective dispersion of the MNPs. The temperature of the mixture was then raised to
150°C and EtMgBr as per the calculated proportion (at a concentration of calculated
mol.% mol~! CL) was introduced under an inert gas atmosphere. To complete the
polymerisation, calculated proportion of NACL was added at 160°C. The mixture was the
left for polymerisation and time was noted with stopwatch. Before characterisation, the
nanocomposite samples were thoroughly washed with deionized water (18 MQ cm) at
100°C to remove any unreacted monomer, activator, and initiator. Total three PMC

samples for each proportion type was prepared for the variation study.

4.3 Characterisation Methods for Polymerised Samples

4.3.1 Fourier transform infrared spectroscopy (FTIR)

The nanocomposite samples were characterized using Perkin-Elmer ATR-FTIR
(Attenuated Total Reflection- Fourier Transmission Infrared Spectroscope) Spectrum Gx

system containing DGS-KBr sensor to identify phases and structural changes after
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addition of the iron oxide MNPs. To scan each sample, the nanocomposite films of
approximately 0.1 mm thickness were prepared and total 30 scans in range of 525-4000
cm-1 wavelength were carried out at a resolution of 4 cm-1. The gain was set to 2

whereas the optical velocity was fixed to 0.4747 m/s.

4.3.2 Differential Scanning Calorimetry (DSC)

DSC was performed using a TA Instruments DSC Q100 at a heating rate of 10°C/min
under a nitrogen environment with a temperature range of 20 to 270°C using a sample
mass of 9 mg. The Heat/Cool/Heat standard cycle type analysis was selected for
accurately depicting the behaviour and Tg and Tm for the samples prepared. The running
segment consisted of a ramp heating at 10 °C/min to 250 °C, then ramp cooling at 5
°C/min to -90 °C and finally ramp heating at 10 °C/min to 250 °C. The glass transition
temperature (Tg) and melting temperature (Tm) were determined from the DSC traces
obtained, where the first small endothermic peak represents the glass transition
temperature, and the second larger endothermic peak represents the melting

temperature of the nanocomposite sample.
4.3.3 Thermogravimetric analysis (TGA)

TGA was performed using TA Instruments TGA Q500 using a sample mass of 7-12 mg.
The heating rate was 10 °C/min and the 100% weight reduction mode was selected for

the analysis.
4.4 Optimising Activator and Initiator Concentrations

The PA-6 finds various applications, being a semi-crystalline thermoplastic with rapid
crystallisation during the polymerisation process, it depicts very good formability and
mechanical properties (192). Since the inclusions of MNPs have been very popular for the
means of incorporating multi-functionality in the otherwise limited-applicability polymers.

Though the interface adhesion and the MNPs dispersion affect and control such attempts
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(192-195); but also, the degree of crystallinity and the crystalline structure within the

polymer, dictate the properties of the final synthesised PMC.

In this thesis various functionalisation techniques are studied and implemented, that
were pursued to improve the dispersion of MNPs. Hence, improving the local heating
effect and the physical properties of the PMC itself. One of the key findings that raised a
scientific question with the reference proportions used, was the stiff behaviour of the
synthesised samples. They were often very hard and stiff and could not be formed into a
flexible composite structure’s sacrificial layer, hence raising a challenge in its applicability
for such applications. This led to the further investigation of the properties of the
synthesised PMC, as to whether the properties of synthesised sample can be improved
for the suitability of the application. And the first most significant parameter of the study
is the crystallinity of the PMC, as that plays an important role in delivering the desired
output for the application at hand. This section of study focusses on what effects it would
have if the proportions of the initiator and the activator are varied in the in-situ
polymerisation; and as it is obvious that the MNPs inclusion would definitely alter the
PMC crystallinity under quiescent crystallisation and the resulting morphology due to
huge surface area introduced by the nano-inclusions (196), though the phase
transformations based on the wt% of MNPs inclusions and the resulting controlled
parameterisation for growing specific crystals/crystalline phases, haven’t been uncovered
by any study yet. The inclusions act as nucleating sites hence inducing the crystallisation
process. Also, the investigation will be whether the functionalisation plays any role in

dictating the crystallisation behaviour.

The purpose of this whole study is to investigate whether any parametric control is
achievable by controlling the proportions of activator & initiator, limiting wt% of MNPs
inclusion to 1 wt%. Though the effect due to the designed functionalisation of MNPs is
discussed separately in the following Chapter 5, along with other characterisation results

for overall comparison.
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Whilst investigating the effect of the above parameters on the semi crystalline
morphologies; more relevantly the interested part is in finding how would the spatial
distribution of MNPs be affected by crystallisation of these polymers, as that would

dictate the macroscopic properties of the PMC (197,198).

Since the in-situ polymerisation process depends upon a suitable combination of initiator
and activator to bring about the polymerisation of the monomer, it is obvious to
comment that the rate of polymerisation will affect the crystal growth and also the
variable phase transformation. In this study Ethyl Magnesium Bromide (EtMgBr) is used
as the initiator. Since it is an efficient anionic initiator i.e. it gives out a lot of free
protons for the reaction, hence considered as a quick-initiator. NACL was used as

activator for its suitable match with EtMgBr.

In this study, each one was varied at a time first, and both together at the end. This
gives an idea on the optimised usage of the proportions for getting a semi-crystalline
structure of flexible thermoplastic nature, that can aid in the effective dispersion of MNPs

and be easily mendable for composite structure applications.
4.4.1 Effect of Varying Proportion of Initiator (EtMgBr)

On varying the proportions of EtMgBr in this study, the initial proportion that was
calculated previously, was taken here to be as being the 50% amount. So, that the
proportion can be changed as higher and lower around this value. And hence the effect
of the variable proportion on the synthesised PMC characteristic’s is studied. The

following Table 4.1 lists the parameters set for each run.

Table 4.1: Variable proportions of initiator (EtMgBr)

Sample Proportion EtMgBr (ml) NACL (ml)
1 10% 0.03 0.16
2 30% 0.09 0.16
3 50% 0.14 0.16
4 70% 0.20 0.16
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5 100% 0.29 0.16

The observed time here is an approximate estimation, as some part of the monomers,
especially the ones which were on the top polymerised instantly. But the measured time
was for until the whole volume is polymerised or visibly solidified. The trend clearly
implies that the polymerisation happens very quick as the proportion of EtMgBr is
increased. This is because more protons are readily available at hand for the
polymerisation reaction. Though it was also visibly observed that in the case of higher
proportion of EtMgBr there were some volume of it remaining unreacted in the
polymerisation. Indicating that it was wasted and hence it is not desirable to have a
higher proportion of EtMgBr for polymerisation. Since that can also degrade the

mechanical properties of the prepared composite samples.

Further, the DSC analysis was done to investigate various thermodynamic properties of
the synthesised polymers; in particular, the glass transition temperature, melt onset
temperature, the melt peak temperature, and calculation of the degree of crystallinity
was investigated. The degree of crystallinity was calculated using the standard formula

as given by Eqgn. 2.1.

The DSC plots for all the samples of EtMgBr variations (for each % variation, there were
3 sample run with standard ramp heating at the rate of 10 °C/min (up to 250 °C) and 1
complete heat-cool-heat cycle run, wherein cooling rate was set as 5 °C/min). The

detailed experimental result plots are included in Appendix B and the summary plots are

presented as follows:
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Figure 4.1. DSC plot for variable proportions of initiator (EtMgBr) concentrations.

The heat of fusion was taken from the DSC plot using the TA software functionality; and

the area used is shown in Fig. 4.1.

The glass transition temperature (Tg) is reached when a polymer in its molten state is
cooled. At this point, with variations in chain mobility the mechanical properties
transition from elastic to brittle. The transition does not occur at a particular fixed
temperature, rather is acted over a range of temperatures. And the average temperature
during this transition is taken as the Tg. It is observed that the heat capacity of the
sample increases after the Tg, as per the norm. Beyond Tq there is high mobility of the
polymer chains and require sufficient energy for undergoing ordered patterning and
finally crystallisation. The endothermic melting process lets loose, if any, ordered
arrangements that were existing of the polymer chains. Hence, the heat energy absorbed

now, does not adds to the increase of the chain’s Kinetic energy, rather is fed to melting
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of the crystalline regions. This melt peak temperature; Tm is the peak temperature of the

melting curve.

These properties give the detailed characterisation on the formed crystalline phases and
their transitions in the synthesised PMC samples, and hence will be giving a concluding

idea on the suitability of the PMC that can suit the composite application.

Hence, the endothermic heat is calculated using this melting peak, and using the
standard reference value of heat of fusion for 100% crystalline PA6 as 230 J/g (199), the
calculated crystallinity values for all the samples of EtMgBr variations are summarised in

Table 4.2 below. (The detailed noted values for each case are included in Appendix B)

Table 4.2: Calculation of glass transition temperature, melting temperature, and degree of
crystallinity from DSC plot for EtMgBr variation samples.

Glass Crystallizing Melt Peak
EtMgBr Transition Temperature Temperature Enthalpy Crystallinity
Variation Temperature po po (3/9) (%)
° (°C) (°C)
(°C)
10% 57 £2 201 £ 2.5 216 £ 3 58 £ 1.5 30+ 1.5
30% 56 £ 3 197 £ 4.5 215+ 1 65 £ 2 34 £2
50% 56 £ 3 190 £ 5 213 £ 1.5 91 £ 1.5 48 £ 1.5
70% 55+ 2.5 174 £ 8 215+ 1 87 £2.5 45 + 2.5
100% 52+ 1 172 £ 10 212 £ 4 79 £ 3 41 + 3

The above observations suggest that the crystallinity is steadily increasing with the
increase in the EtMgBr proportions but drops after the 50% limit as is seen from the
crystallinity values from the Table 4.2. Alongside, with the DSC plots it can be said that
for higher % of EtMgBr, considerable melting and annealing occurred prior to final
melting. This can be due to the crystal reorganisation and maybe part occurrence of
crystallisation. Also, the presence of glass transition is observed with a steep peak
gradually rising as the % of EtMgBr is increased, as the trend seen in the progression

from the samples of 10% EtMgBr to 50% EtMgBr. Though there is a high possibility that
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the peak observed at around 50-60 °C was because of the melting out of the unreacted
monomer. Especially, the distinguishingly huge peak for 10% sample suggests that most
monomers were unreacted in this case, and the melting peak for this sample is barely
visible in Fig. 4.1. This also explains why the crystallinity first increased and the dropped,
because there was no uniform polymer composite formation at the higher proportions

level. Suggesting that 50% EtMgBr is the optimum usage for this case.

To justify this, a part of the 10% sample was taken and soaked in boiling water; and the
monomers which have melting point of around 55 °C dissolved in it and were discarded
with the boiling water. Further, single ramp heated DSC study was done of this treated

sample. The DSC plot is as follows in Fig. 4.2:

Heat Flow (W/g)

1st Run
2nd Run

T T
0 50 100 150 200 250
Exo Up Temperature (OC) Universal V4.5A TA Instruments

Figure 4.2. DSC plot for the initiator (EtMgBr) - 10% concentration - Boiled water sample (to
remove unreacted monomer).
From the above DSC plot for two samples, it is seen that the endothermic heat peak is
around 100 °C itself, which should obviously be corresponding to the water content loss
from the samples, which was there due to the boiling water treatment. The 1st run

gradually started forming the peak, as it had bit more water content since being the first
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one; whilst the second run showed exact peak around boiling point of water
temperature, also here the sample got much time to evaporate the moisture content by
the passage of time. Later, a comparably smaller endothermic peak at the regular
expected temperature of 215 °C is observed, which is obviously for the PMC. And the

smaller peak, can also hint towards the smaller content of polymer that is present in the

sample.

Also, to study the presence of such unreacted monomer content in all the samples, the
thermogravimetric analysis (TGA) was done to quickly pick the weight loss at lower
temperatures pertaining to the monomers melting. The maximum temperature was fixed
to 800 °C, and the standard heat cycle was run for the study. This gave a quick insight
of all the samples (Fig. 4.3), on the crystallisation instances and various phases present

in the synthesised polymer, that melt at different temperatures.
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Figure 4.3. TGA plot depicting weight loss for variable proportions of initiator (EtMgBr)
concentrations.
For most of the samples there was a total mass loss of 99% at the max temperature

since the residue of nanoparticles remained, with around 0.15% inert residue. Though
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references suggest the thermal degradation of nylon starts around 480 °C (200), but
amongst all the synthesised samples the degradation for the lower % EtMgBr samples
starts earlier possibly due to the agglomeration of MNPs, and then gradually rises. Since
PA-6 is prone to absorb moisture, hence the plot evolves from around 150-160 °C, but
this can be attributed to the most suspected monomer content and as well the absorbed
moisture. Though the variations are between 1.5 % - 35 %, so here the higher value

hints toward the only possibility of excess monomer presence.

The characterisation of the successful synthesis of PA6-PMC samples with varying EtMgBr
proportions are assessed by analysing their FTIR spectra as shown in Fig. 4.4. The strong
IR bands of commercial PA6 (163) at 3300 cm™, 1640 cm™, and 1545 cm™, conforming
the hydrogen inclusive N-H stretch, the characteristic trans-planar match for amide chain
of C=0 stretch with amide-I, and C-N stretch with CONH bend of amide-II
correspondingly are seen to be shifted slightly to 3293 cm™?, 1633 cm™!, and 1538 cm™
respectively. This is partly due to the unreacted monomer and otherwise due to the
inclusion of 1 wt% MNPs. Of the amide I and II and N-H stretch bands, the amide II
band is especially sensitive to crystalline structure and hence appears to be shifted with
the nano-inclusions (MNPs) and is observed around 1539 - 1537 cm™ (a-phase). The IR
bands for out-of-plane bends of the N-H (amide V) and C=0 (amide VI) groups ideally
appear as relatively sharp bands at 690 cm™ and 580 cm™ for the a-phase, but due to
the MNPs inclusions they have shifted to around 685 cm! and 575 cm™! respectively.
Samples with 10%, 30%, and 100% EtMgBr proportions are observed with far wider
bands close to the individual frequencies associated with the amide group, indicating that
the amorphous phase consists of a wider distribution of structures a-like and y-like. This
in turn suggests that they have higher amorphous content (unlike the monomer), which
is undesirable for the characteristic mechanical property built-up for the concerned

composites application in this study.

The strong IR bands for CH2 bands adjoining the NH bend and CO bend in the a-phase

were herein identified at 1461 cm™t and 1410 cm™! respectively; instead of their regular
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occurrence at 1475 cm™ and 1415 cm™, respectively. The amorphous and y-phases both
are represented by bands at 1460 cm™ (for some samples it appeared at 1461 cm™) and
1440 cm (for some samples it appeared around 1436-1435 cm™), respectively and the
former is generally observed as sharp peak in the y-phase. The two peaks between 1200
cm! (one of the samples has its appearance at 1205 cm™) and 1170 cm™! is specifically
indicative in all samples. The higher band (1200 cm™ to 1190 cm™) appears only in the
a-phase while the lower band (1189 cm™ to 1170 cm™) indicates amorphous
components. The wide band at 1120 cm™ (appearing at 1123 cm™* and 1118 cm™ in
most of the samples) is also helpful in examining the amorphous proportion; but the turn
to sharp peaks at this band in 50%, 70% and 100% EtMgBr proportion samples reveals
that they have more crystalline contents. The sharp bands observed in the synthesised
samples between 980 cm™! (appearing at 979, 978, 976 or 972 cm! for the prepared
samples) and 920 cm™ (appearing at 918 cm™ only for the 30%, 50% and 70% EtMgBr
proportion samples) can identify the a- and y- crystalline phases respectively (201).
Again, indicating that the 30%, 50% and 70% EtMgBr proportion samples have higher
crystalline contents. The peak near 686 cm~! corresponds to the Fe-O bond stretching of
iron oxide (202), confirming the presence of MNPs presence; and even relates to the

amide V (a and B) content of the pristine PA6.
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Figure 4.4. FTIR plot for variable proportions of initiator (EtMgBr) concentrations.

Generally, the IR spectrum of PA6 shows the amide I stretch as normally the intense
peak and its regular occurrence is observed around 1640 cm™!. This presence is
corresponding to the C=0 double bond stretching mode and was observed around 1638-
1631 cm™! for all the prepared EtMgBr proportion samples. The disorder is observed
herein with the varying proportions of EtMgBr in samples those had unreacted monomer
either due to insufficient EtMgBr (10% EtMgBr proportion sample) or the one’s with high
content of EtMgBr (70% and 100% EtMgBr proportion samples) that created very rapid
polymerisation of the monomer+EtMgBr solution that came in immediate contact with
activator (NACL). This is concluded based on the comparison of the amide I and the
amide II stretch extent, the higher amide I stretch representing more disorder (164) in

10%, 70% and 100% EtMgBr samples.
4.4.2 Effect of Varying Proportion of Activator (NACL)

Unlike that as mentioned for EtMgBr, the initial proportion of initiator that was calculated

in Section 4.2, was taken here to be as being the 50% proportion. So, that the activator
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proportion can be changed higher and lower around this value (Table 4.3) to study its

effect on the degree of crystallinity of the prepared samples.

Table 4.3: Variable proportions of activator (NACL)

Sample Proportion EtMgBr (ml) NACL (ml)
1 10% 0.14 0.03
2 30% 0.14 0.10
3 50% 0.14 0.16
4 70% 0.14 0.22
5 100% 0.14 0.32

The DSC plots for all the samples of NACL variations (for each % variation, there were 3
sample run at standard ramp heating (up to 250 °C) and 1 complete heat-cool-heat

cycle run) are included in the Fig. 4.5.
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Figure 4.5. DSC plot for variable proportions of activator (NACL)
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The endothermic heat is evaluated by the melting peak and standard reference value of
heat of fusion as 230 J/g is used for 100% crystalline PA6 (199), the calculated

crystallinity values for all the specimens of NACL variations are summarised in Table 4.4:

Table 4.4: Calculation of glass transition temperature, melting temperature, and degree of

crystallinity from DSC plot for NACL variation samples.

Glass .
NACL Transition Crystallizing Melt Peak Enthalpy Crystallinity
i Temperature Temperature
Variations Temperature ° ° (3/9) (%)
(°C) (°C) (°C)
10% 531 180 £ 4 217 £2 75 £8 390+£8
30% 54 £ 2 175 £ 0.5 216 £ 1 92 £ 1.5 48 £ 1.5
50% 52 £ 1.5 173 £ 6 215+ 1 91 £ 4 48 + 4
70% 53+ 1.5 186 £ 1.5 214 £ 0.5 78 £ 2 41 £ 2
100% 53+1 181 £ 8 212 £ 0.5 73+ 1 31+ 1

As per the observation documented in above Table 4.4, it presents that the crystallinity
steadily increases at first with the increase of NACL proportions, but gradually drops after
the proportion crosses the 30% limit. Here as well considerable melting and annealing
occurred prior to the final melting due to the crystal reorganisation and possible part
occurrence of crystallisation. Though the higher proportion of activator made the
polymerisation reaction faster, but the resulting settlement of crystals is not uniform.
Hence, the resulting lower degree of crystallinity at higher NACL proportions. As per the
results tabulated, it is suggested that either the proportion of 30% or 50% NACL be used
as optimum value, to give the highest level of degree of crystallinity. Also, at higher
proportions there was unreacted NACL remaining at the surface of the samples. Though
the polymerisation reaction was rapid, which is good for capturing the dispersed state of
the nanoparticles, but the polymerisation reaction was non-uniform and polymer chains
could not propagate and interlink together due to unreacted monomers. This is what

resulted in the lower degree of crystallinity.
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To study the presence of unreacted monomer content in all the samples, the
thermogravimetric analysis (TGA) was done to quickly pick the weight loss at lower
temperatures pertaining to the monomers melting. The maximum temperature was fixed

to 800 °C, and the standard heat cycle was run for the study.

100 I | N | L 1 L 1 " 1 M 1

B

75 A

=—=—10% NACL Conc.
~e—30% NACL Conc.
-+ 50% NACL Conc.
~—T70% NACL Conc.
~+—100% NACL Conc.

T
400 450

Weight (%)

25 1 —10% NACL Conc.
——30% NACL Conc.
——50% NACL Conc.
———70% NACL Conc.
———100% NACL Conc. = ean
0 - =

X T T T ’ T v T y T J T ’
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Temperature (°C)

Figure 4.6. TGA plot depicting weight loss for variable proportions of activator (NACL)
concentrations.
Here also at maximum temperature, the total mass loss was 99% with nanoparticles
residue and with inert residue of 0.15% for all samples. All the samples thermally degraded
(Fig. 4.6) as almost like the standard nylon sample and the degradation trend follows from
the lower to higher % NACL samples. The plot evolves from around 150-160 °C as in
previous case, but main variations were observed in the range of 350 to 500 °C. The
highest thermal resistance is illustrated by 30% NACL proportion sample as compared to

all other samples; overall, it performed better against thermal degradation.

FTIR spectra were used to analyse the successful synthesis of PA6-PMC samples with

different NACL proportion as depicted in Fig. 4.7. The strong IR bands of commercial PA6
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(163) were around 3300 cm™ for hydrogen bonded N-H stretch, 1640cm™ corresponding
to amide group’s trans-planar presence for the amide-I C=0 stretch, and 1545cm,
corresponding to amide-II C-N stretch with CONH bend were all observed to be partly
shifted to 3296 cm™®, 1634 cm™, and 1538 cm!, respectively. This is partly because of un-
reacted monomer and otherwise due to 1 wt% MNPs inclusion. The amide II band of the
amide I & IT and N-H stretch bands is particularly responsive to crystalline structures and
therefore appears to be shifted with the nano-inclusions (MNPs) and was observed around
1539 - 1537 cm! (a-phase). The IR bands at 690 cm! for off-the-plane stretch of N-H
(amide V) and at 580 cm™! for C=0 (amide VI) groups for the a-phase ideally appeared as
comparatively sharp bands, however, these have shifted to around 685 cm™ and 577 cm-
! respectively because of the MNPs inclusions. The samples with 10% and 100% EtMgBr
proportion were observed to have much wider bands close to every frequency related with
the amide group and showed that the amorphous phase is consisted of broader
distributions of a-like and y-like structures. This signifies that unlike monomers, they have

greater amorphous proportion which is undesirable for general mechanical properties.

The CH2 bends adjoining the NH and CO in the a-phase are herein detected as sharp IR
bands around 1461 cm! and 1415/1416 cm respectively, instead of their regular
occurrence at 1475 cm™ and 1415 cm™, respectively. The amorphous and y-phases both
are represented by peaks at 1461 cm™ (for 50% NACL proportion sample it appeared at
1460 cm™) and 1440 cm (for 30% NACL proportion sample it appeared at 1441 and for
50% and 70% NACL proportion samples it appeared at 1440 cm! itself), respectively
and the former is generally observed as sharp peak in the y-phase. The 10% and 100%
NACL proportion samples did not showed the 1440 cm™! peak, indicating their lower
crystalline content. The two peaks between 1200 cm™? (the samples have its appearance
around 1205-1199 cm™) and 1170 cm™ (some samples showed its presence at 1169 cm-
1) is exclusively present in all samples, though the 1170 peak is quite sharp in only 30%,
50% and 70% NACL proportion samples. Herein the higher band (1200 cm™ to 1190 cm~

1) appears only in the a-phase while the lower broad peak (1189 cm™ to 1170 cm?)
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indicates amorphous content. The wide band at 1120 cm™ (appearing around 1121 cm™?
and 1119 cm™ in most of the samples) is also helpful for examining the amorphous
proportions; but the turn to sharp peaks at this band in 30%, 50% and 70% NACL
proportion samples reveals that they have more crystalline contents. The sharp bands
observed in the synthesised samples between 980 cm™ (appearing around 979, 975, or
974 cm! for the prepared samples) and 920 cm™! (appearing at 925 cm™ and 924 cm!
only for the 30%, and 50% NACL proportion samples) can identify the a- and y-
crystalline phases respectively (201). Indicating that the 30%, and 50% EtMgBr
proportion samples have higher crystalline contents. Again, the peak near 686 cm~1!
corresponds to the Fe-O bond stretching of iron oxide (202), confirming the presence of

MNPs presence; and even relates to the amide V (a and B) content of the pristine PA6.
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Figure 4.7. FTIR plot for variable proportions of activator (NACL) concentrations.

As anticipated, the most intense band in the IR spectrum is the amide I band, and it

appeared at 1640 cm™ highlighting the polyamide backbone. The band is indicating the
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C=0 double bond stretching mode and appeared around 1635-1633 cm™ for all the
prepared NACL samples. Regarding the shifts associated with disordering level of the
samples; more disordered samples imply higher amide I and lower amide II bands (164).
In this case, disorder is seen with the variation in proportions of NACL in samples which
had unreacted monomer because of either insufficient NACL (10% NACL proportion
sample) or which had higher NACL content (100% NACL proportion sample) that formed
polymerisation of the monomer+EtMgBr solution rapidly by contacting with activator
(NACL). The sample with 100% NACL proportion, also had noteworthy concentration of
NACL remaining as unreacted, because of unbalanced mixtures resulting from rapid

polymerisation of the top surface monomer+EtMgBr solutions.

4.4.3 Effect of Varying Proportion of Initiator (EtMgBr) and Activator
(NACL) both

Like mentioned earlier, the initial proportion as calculated previously, was taken here to

be as being 50%. So, that the proportions of initiator (EtMgBr) and activator (NACL) both

can be changed higher and lower around the calculated value.

Table 4.5: Variable proportions of initiator (EtMgBr) and activator (NACL) both.

Sample Proportion EtMgBr (ml) NACL (ml)
1 10% 0.03 0.03
2 30% 0.09 0.10
3 50% 0.14 0.16
4 70% 0.20 0.22
5 100% 0.29 0.32

The DSC plots for all the sample variations (for each % variation sample there were
three standard ramp heating (up to 250 °C) sample run and 1 complete heat-cool-heat

cycle run and are included in the Appendix B) is included in the following Fig. 4.8.
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Figure 4.8. DSC plot for variable proportions of initiator (EtMgBr) and activator (NACL) both.

Like previous, the endothermic heat is calculated using this melting peak, and using the
standard reference value of heat of fusion for 100% crystalline PA6 as 230 J/g (199), the
calculated crystallinity values for all the sample variations are summarised in Table 4.6
below. (The detailed noted values for each case are included in Appendix B)

Table 4.6: Calculation of glass transition temperature, melting temperature, and degree of

crystallinity from DSC plot for samples with variation of initiator (EtMgBr) and activator (NACL)
both.

Glass .
EtMgBr & Transition Crystallizing Melt Peak Enthalpy Crystallinity
NACL Temperature Temperature Temperature (3/9) (%)
Variations I(J°C) (°C) (°C) g °
10% 53+ 1 109 £ 9 172 £ 12 389 20£9
30% 51+ 1.5 182 £ 4 211 £ 2 655 345
50% 52 £ 2 172 £ 8 214 £ 2.5 91 £ 1.5 48 £ 1.5
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70% 54 £+ 2 167 £ 4.5 208 = 2.5 81+ 1.5 42 £ 1.5

100% 54 + 3 171 £ 11 206 = 3 64 £ 3.5 34 £ 3.5

As per the observation documented in above Table 4.6, the degree of crystallinity
steadily increases till the proportions of 50% for both EtMgBr & NACL, but again
gradually drops after that limit. Again, considerable melting & annealing occurred prior to
the final melting due to the crystal reorganisation and possible part occurrence of
crystallisation. The lowest proportion, i.e. 10% of both initiator and activator made the
polymerisation reaction incapable, hence clearly confirming that both need to be at least
used at 50% proportion values for successful polymerisation. The lowest proportion
sample had most part as unreacted monomers, since the lack of protonating members
led to limited polymerising sites. On the other hand, the higher proportion values of
initiator and activator can rapidly capture the dispersed nanoparticle state, but the
resulting polymer nanocomposite sample lacks the degree of crystallinity due to non-
uniform polymerisation caused by the rapid reaction. Also, there are losses due to

unreacted activator remaining, in case of higher proportions samples.

The results of this variation study present that both activator and initiator, if used at the
50% proportion value, can give the highest degree of crystallinity. Otherwise, the
resulting samples lacks the required mechanical properties (degree of crystallinity) as
desirable for composite sample preparations. And excess of this proportion leads to non-

uniform polymerisation, wastage of activator and even lower degree of crystallinity.

Likewise, to study the volume of unreacted monomer content in all the samples, the
thermogravimetric analysis (TGA) was done to quickly pick the weight loss at lower
temperatures pertaining to the monomers melting. The maximum temperature was fixed

to 800 °C, and the standard heat cycle was run for the study.
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Figure 4.9. TGA plot depicting weight loss for variable proportions of initiator (EtMgBr) and
activator (NACL) both.

Here also the total mass loss was 99% at the max temperature with the residue of
nanoparticles and with around 0.15% inert residue for all the samples. The thermal
degradation of all the samples (Fig. 4.9) are almost like that of a standard nylon sample.
And the degradation trend follows from the lower to higher % NACL samples. Unlike the
previous case, here as well the plot evolves from around 150-160 °C and major changes
are observed in the 350 to 500 °C region, except for the 10% EtMgBr-NACL sample
which showed drastic degradation in sample weight. The TGA result confirms the higher
unreacted monomer content in this sample and its unsuitability for any mechanical
application. And the superior performance against thermal degradation is shown by the

50% EtMgBr-NACL proportion value polymer composite sample, amongst all the

samples.
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Figure 4.10. FTIR plot for variable proportions of initiator (EtMgBr) and activator (NACL) both.

The characterisation of the successful synthesis of PA6-PMC samples with varying EtMgBr
& NACL proportions are assessed by analysing their FTIR spectra as shown in Figure
4.10. The prominent IR bands of commercial PA6 (163) are seen to be shifted slightly to
3296-3294 cm?, 1646-1633 cm™, and 1541-1537 cm! respectively; partly due to the
unreacted monomer and otherwise due to the inclusion of 1 wt% MNPs. The amide II
band appears to be shifted with the nano-inclusions (MNPs) and is observed around 1541
- 1537 cm™! (a-phase). The out-of-plane bends of the N-H (amide V) and C=0 (amide
VI) groups ideally appear as relatively sharp bands at 690 cm™! and 580 cm! for the a-
phase, but due to the MNPs inclusions they have shifted to around 685 cm™ and 575 cm-
! respectively. Samples with 10%, 30%, and 100% EtMgBr & NACL proportions are
observed with much broader bands associated with the amide group, indicating that the
amorphous phase consists of a wider distribution of structures a-like and y-like,

suggesting that they have higher amorphous content (unlike the monomer).
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The CH2 bends adjoining the NH and CO in the a-phase for these samples are detected
as sharp IR bands around 1461 cm™, instead of its regular occurrence at 1475 cm™. The
amorphous and y-phases both are represented by the strech at 1461 cm™ and 1440 cm™
(for some samples it appeared around 1445-1441 cm™), respectively and the former is
generally observed as sharp peak in the y-phase. The peaks between 1200 cm
appeared for all samples (some of the samples has its appearance at 1199 cm™) but the
peak at 1170 cm* was seen only for the 10%, 30%, and 100% EtMgBr & NACL
proportion samples. The higher band (1200 cm™ to 1190 cm™) appears only in the a-
phase while the lower band (1189 cm™ to 1170 cm™) indicates amorphous components,
hence indicating that the 10%, 30%, and 100% EtMgBr & NACL proportion samples had
higher amorphous contents. The wide band at 1120 cm™! (also appearing as 1121 cm!
and 1119 cm™) appeared only for the 50%, 70%, and 100% EtMgBr & NACL proportion
samples and gives hint on their amorphous content. But the turn to sharp peaks at this
band in 10%, and 30% EtMgBr & NACL proportion samples reveals that they have more
crystalline contents; but since the 10% sample wasn’t properly formed, so this only
applies to the 30% EtMgBr & NACL proportion sample. The peak near 685-684 cm~1!
corresponds to the Fe-O bond stretching of iron oxide (202), confirming the presence of

MNPs presence; and even relates to the amide V (a and B) content of the pristine PA6.

The 1640 cm™ amide I band corresponding to the C=0 double bond stretching mode is
observed around 1646-1633 cm™! for the prepared samples. Observing the shifts in the
amide I and amide II bands the disorder is observed (164) herein with the varying
proportions of EtMgBr & NACL proportion in samples those had either unreacted
monomer due to insufficient EtMgBr & NACL (10% EtMgBr & NACL proportion sample) or
the one’s with high content of EtMgBr & NACL proportion (70% and 100% EtMgBr &
NACL proportion samples) that created very rapid polymerisation of the
monomer+EtMgBr solution after contacting the activator (NACL). In this case also
excess/unreacted NACL was left above the prepared samples, due to insufficient mixing

arising due to very quick polymerisation reaction.
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4.5 Selection of Optimum Proportion

Based on the FTIR study from the proportion variations of EtMgBr, NACL and
EtMgBr+NACL it is observed that most of the samples (except the 10% EtMgBr+NACL
proportion sample) were mostly following the PA6 backbone; though with varying
amorphous/crystalline contents. Hence confirming that most of them were synthesised
almost to the level of commercial PA6 nanocomposite. And the thermal degradation
study also showed fairly similar response from all the samples (except the complete
distinguishing and degraded performance by the 10% EtMgBr+NACL proportion sample).
So, the main criteria of comparison can be taken as that of the highest degree of
crystallinity level achieved by any individual sample, as studied by the DSC results. This
criterion would also ensure the best candidate is selected fulfilling the better mechanical
property of film formability, crucial for the composite film preparation to prepare the
composite samples. Following Fig. 4.11 compares the degree of crystallinity achieved by

the samples of varying proportions of EtMgBr, NACL and EtMgBr+NACL.
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Figure 4.11. Comparison of degree of crystallinity achieved by each sample with varying the
proportions of EtMgBr, NACL and EtMgBr+NACL.
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The comparison plot clarifies that the samples with 50% EtMgBr proportion or in other
words with 50% NACL proportion or also termed as 50% EtMgBr + 50% NACL had all
similar degree of crystallinity (%); which is obvious as they all were practically the same
samples, just prepared in slightly different manner. Though the highest degree of
crystallinity (%) was noted for the sample with 30% NACL proportion (with 50% EtMgBr
proportion) amongst all the samples. But it was almost comparable to what was
observed in the 50% samples mentioned before. So, as a matter of choice either one
could be selected as the optimum proportion for giving the highest degree of crystallinity
(%). However, to ensure the efficient utilization of resources the 30% NACL proportion
(with 50% EtMgBr proportion) should be selected as the optimum proportion; this would

ensure that no excess/unreacted NACL is left during the polymerisation process.

Furthermore, the inferences from this variation study are taken and applied on the
crucial part of the further study, i.e., to synthesise the final magnetic PA6 nhanocomposite
samples and elect the best one out of them to form into thin films for preparing the

sandwich composite GFRP samples.

Chapter Conclusion: 1In this chapter the PA6 polymerisation process is discussed with
the inclusion of MNPs. The variation of the initiator and activator is discussed in detail,
with their variation effects discussed on the resulting composite properties. The FTIR
spectra was used to analyse the resulting composite samples chemical backbone, DSC
analysis was utilised to study their resulting degree of crystallinity and TGA analysis was
used to assess their thermal degradation. The degree of crystallinity achieved by each
sample with varying the proportions of EtMgBr, NACL and EtMgBr+NACL was plotted for
comparison and the sample with 30% NACL proportion (with 50% EtMgBr proportion)
showed highest degree of crystallinity (%) amongst all the samples. This sample is hence

chosen for making the composite dogbone samples for further testing.
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5. PMC SYNTHESIS WITH FUNCTIONALISED MNPS

This chapter discusses the preparation of the PMCs with the optimised proportions of the
activator and initiator but involving the silica (Stéber and TPRE) and oleic acid
functionalised MNPs. The effect of the functionalised MNPs on the prepared PMCs
properties in terms of the interrelation of the MNPs/agglomerates dispersion state,
degree of crystallinity, crystallite size, and the magnetic moment ratio response is
discussed. The simulated model generation is also presented including the interaction
radius discussion. It concludes with an overall comparison of all the studied/observed
parameters and suggesting the selection of the most suitable PMC for the composite

sample preparation on this basis.
5.1 Experimental Method

Prior to the polymerisation process, all MNPs used were exposed to UV radiation (36
Watts, 368 nm (peak wavelength)) for 30 minutes to remove any moisture. Separately,
30 g of CL was weighed in a beaker and heated to 90°C on a hot plate. Once monomer
was fully melted in the beaker, the MNPs were added and resulting mixture was

sonicated at 20 kHz for 30 minutes to ensure uniform dispersion of the MNPs.

92



desiccator

Sieved MNPs 7\ Probe
stored in bﬁ P\Sonicator

Heating @

Heatin
10 °C/min 8@

Heating @ Left @ Room

5 °C/min 5 °C/min Temperature (&
e —— )
e-caprolactam MNPsadded to melted  gy\gpr introduced NACL added @ Final Polymerised
Melted e-caprolactamand @140 °C 150 °C Magnetic
stirred vigorously Nanocomposite

§ T T T

v
~ i — o

Functional Group Effect on dispersion of MNPs by Crystallinity and crystallite size Magnetic/SQUID
Characterisation TEM and SAXS Characterisation (DSC & XRD) Characterisation Characterisation

Figure 5.1. Experimental method followed for the polymer magnetic nanocomposite synthesis and
the subsequent list of characterisation methods followed.
The mixture was then transferred to two-necked flask and heated until 150°C. The flask
was continuously flushed with nitrogen to avoid moisture and its volatile reaction with
catalyst EtMgBr. Now, here the optimised contents of activator and initiator were used
for the polymerisation process. EtMgBr measuring 0.86 mL was extracted from the stock
bottle using syringe while stock bottle was nitrogen flushed. Subsequently, EtMgBr was
injected through rubber stopper fixed on two-necked flask. Next, 0.576 mL of NACL was
introduced as an initiator to the mixture kept at 150°C. As soon as NACL was introduced,
the mixture was instantly polymerized. Once the nanocomposite was cool, then boiling
water was used to wash recover nanocomposite from the glassware. Three PMC samples
of each type was prepared for the characterisation study. The nanocomposite samples
were prepared and thoroughly washed with alcohol for further characterisations. The

entire process is summarised in Fig. 5.1.
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5.2 PMC Characterisation Methods

The descriptions of various characterisation methods followed for the PMC sample study
are described in this section. Though, specific results and inferences from them on the

property of the samples are summarised in Chapter 5.
5.2.1 Fourier transform infrared spectroscopy (FTIR)

The nanocomposite samples were characterized using Perkin-Elmer ATR-FTIR
(Attenuated Total Reflection- Fourier Transmission Infrared Spectroscope) Spectrum Gx
system containing DGS-KBr sensor to identify phases and structural changes after
addition of the iron oxide MNPs. To scan each sample, the nanocomposite films of
approximately 0.1 mm thickness were prepared and total 30 scans in range of 525-4000
cm-1 wavelength were carried out at a resolution of 4 cm-1. The gain was set to 2

whereas the optical velocity was fixed to 0.4747 m/s.
5.2.2 X-Ray diffraction (XRD)

A PANalytical X'Pert Pro MPD, powered by a Philips PW3040/60 X-ray generator and
fitted with an X'Celerator detector was used. Diffraction data is acquired by exposing
samples to Cu-Ka X-ray radiation, which has a characteristic wavelength () of 1.5418 A.
X-rays were generated from a Cu anode supplied with 40 kV and a current of 40 mA. The
data were collected over a range of 0 to 80° (26) with a step size of 0.117° (26) and
nominal time per step of 1099.82, using the scanning X'Celerator detector. Fixed anti-
scatter and divergence slits of 0.38 mm were used together with a beam mask of 10mm
and all scans were carried out in a continuous’ mode. Phase identification was carried out
by means of the X'Pert-PRO accompanying software program PANalytical High Score Plus

in conjunction with the JCPDS card.
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5.2.3 Transmission electron microscopy (TEM)

TEM imaging was conducted at an accelerating voltage of 100 kV, with a spot size of 10
nm. The exposure time was varied from 0 to 50 s. The images of all samples were
obtained using a Philips CM100 TEM at different direct magnifications, ranging from
x7900 to x245000. An ultrathin section of hanocomposite obtained using microtome
were placed on gilder grid of 400 mesh to obtain all images. For MNPs imaging, the

particles were dispersed in isopropyl alcohol and droplet were placed on TEM grid.
5.2.4 Differential Scanning Calorimetry (DSC)

DSC was performed using a TA Instruments DSC Q100 at a heating rate of 10°C/min
under a nitrogen environment with a temperature range of 20 to 270°C using a sample
mass of 9 mg. The Heat/Cool/Heat standard cycle type analysis was selected for
accurately depicting the behaviour and Tg and Tm for the samples prepared. The running
segment consisted of a ramp heating at 10 °C/min to 250 °C, then ramp cooling at 5
°C/min to -90 °C and finally ramp heating at 10 °C/min to 250 °C. The glass transition
temperature (Tg) and melting temperature (Tm) were determined from the DSC traces
obtained, where the first small endothermic peak represents the glass transition
temperature, and the second larger endothermic peak represents the melting

temperature of the nanocomposite sample.

5.2.5 Small & Wide-angle X-ray scattering (SAXS/WAXS)

SAXS and WAXS scattering patterns were obtained on Xenocs Nano-inXider, equipped
with microfocus sealed tube: Cu, 30W point focus. With Dectris Pilatus 3 hybrid photon
counting (two fixed) detectors for continuous and simultaneous SAXS and WAXS
acquisition up to 26=60°. The beam path was windowless beam path, entirely under
vacuum from beam delivery system to detector sensor. The SAXS patterns were
obtained over a scattering vector length within the range of 0.008 A1 < q < 0.18 A-! and

WAXS patterns with the range of 0.18 A1 < q < 0.24 A-1. One-dimensional (1D) fitting of

95



the scattering curves was obtained by an azimuthal binning and averaging of
corresponding two-dimensional scattering patterns using the XSACT (X-Ray Scattering

Analysis and Calculation Tool) supplied with the instruments.
5.2.6 Superconducting Quantum Interference Device (SQUID)

Magnetization loops of the synthesised PMC samples were measured at T = 100K and
400K on Quantum Design MPMS XL-7, integrated with Superconducting Quantum
Interference Device (SQUID) detection system and precision temperature control unit.
The instrument had temperature range of 1.8 to 400 K and applied maximum field

strength of £7 Tesla with field uniformity of 0.01% over 4 cm.

5.3 Results and Discussion

5.3.1 Functional Group Study of synthesised samples

5.3.1.1 Silica-functionalised samples
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Figure 5.2. ATR-FTIR Spectra of pristine polymer (PA6), sample with uncoated MNPs and samples
with varying proportions of silica coatings (Stéber and TPRE) on the MNPs.
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The FTIR peaks confirm the synthesis unlike commercial polyamide 6 (PA6), matching
with standard template chemical groups (23). From Fig. 5.2, the N-H stretching
absorbance band and hydrogen bonding as observed in PA6 is seen around 3294-3298
cml. Major absorbance peaks relating to methylene (CH2) symmetric and asymmetric
stretching vibrations band related to PA6 are also observed around 2860-2866 cm™ and
2931-2936 cm! confirming the successful synthesis of PA6 (23,203). Additionally, these
absorbance bands also confirmed the presence of amide II band of primary amides,
which occurred due to the stretching vibration of C=0 double bond, that in turn
attributed to the functionality of the amide I band. Additional peaks relating to amide I
and II bands were also seen around 1531-1537 cm™!, of the primary nature but led to
the vibration due to stretching of the C-N bond, which further resulted in vibration due to

bending of the N-H bond and the CO-NH bend (204).

From the observed trend in Fig. 5.2 the level of crystallinity is seen increasing with the
involvement of silica functionalisation, which can be confirmed by the shift observed in
the peaks from 1531 cm™ (Uncoated-Fe304 PMC) to 1537 cm (Stéber-Fez04 PMC) and
1539 cm™ (TPRE-Fe304 PMC) (203). The degree of crystallinity is generally dictated by
the position and intensity of these crystalline bands, as well as the broader bands from
the amorphous phase (205). It is inferred that the degree of crystallinity is moderately
high in the polymer samples with the functionalised MNPs, as the amide II band,
sensitive to the crystalline structure, appeared around 1531 cm™ in the spectrum of
Uncoated-Fes304 PMC sample. The wavelength fingerprint for silica is typically around
1700 cm!, however, the closest corresponding absorbance band is observed as a sharp
peak at ca. 1740 cm™t and 1742 cm! for Stéber-Fe304 PMC and TPRE-Fe304 PMC sample,

respectively (206).

97



5.3.1.2 OA-functionalised samples
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Figure 5.3. ATR-FTIR Spectra of Pristine PA6, sample with uncoated MNPs and polymer samples
with varying proportions of OA coatings on the MNPs.

Here as well, the FTIR peaks confirmed successful synthesis of polyamide 6 (PA6),
matching with template standard chemical groups associated with commercial grade PA6
(23). As observed in Fig. 5.3, the absorbance band corresponding to N-H stretching and
hydrogen bonding as found in the PA6 was observed at 3296 cm™t. Prominent peaks
related to methylene (CH2) asymmetric and symmetric stretching vibrations absorbance
band related to PA6 were also observed at 2935 cm™! and 2861 cm™! confirming
formation of PA6 (23,203). In addition, this absorbance band also confirmed the
presence of the amide II band of primary amides, which occurred due to stretching
vibration of the C=0 double bond, which further attributed to the functionality of the
amide I band. Peaks were also seen around 1540 cm™, which were additional peaks

relating to the previously mentioned amide I and II bands of the primary type but also
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the vibration due to stretching of the C-N bond, which then resulted in a vibration due to

bending of the N-H bond and the CO-NH bend (204).

As observed in Fig. 5.3, the levels of crystallinity was seen decreasing with increase in
OA concentration in coating, which was confirmed by observation of shift in the peaks
from 1538 cm! to 1539 cm™, 1537 cm™, 1537 cm™, to 1531 cm! for increasing
proportion of OA coating (203). The degree of crystallinity is generally dictated by the
position and intensity of these crystalline bands, as well as the broader bands from the
amorphous phase (205). It is inferred that the degree of crystallinity is moderately high
in the polymer samples with low concentration of OA, as the amide II band, sensitive to
the crystalline structure, appeared around 1540 cm™ in spectrum of uncoated PA6. The
carboxylic end group present at the end of OA fatty acid chain coating that interacted
with NH2 of the polyamide chain and reduced polymer chain mobility and therefore, slow
formation of crystals and crystallinity (207). The wavelength fingerprint for OA is
typically around 1700 cm, however the closest absorbance band of OA was observed at
a small broad peak near the end of the 1633 cm peak and are noted around 1716-1718

cm. (208).

Level of crystallinity in PMC affects the melting temperature. For self-healing
functionality, the PMC film was required to melt in response to microwave stimuli. It is,
therefore, necessary to select PMC with lowest melting temperature. Secondly, PMC film
should not contain agglomeration to avoid pyrolysis during heating. Therefore, FTIR
results suggest that PMC with lowest proportion of OA, i.e. 22% OA concentration is best

selection for the self-healing purpose.
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5.3.2 Functionalisation effect on dispersion of MNPs

5.3.2.1 Silica-functionalised samples

e

Figure 5.4. TEM micrographs showing dispersion of nanoparticles in microtome section of the

prepared PMC samples with (a) uncoated MNPs and (b) & (c) MNPs with varying proportions of
silica coatings (Stober and TPRE respectively). (Scale bar shown is of 100 nm)

Uniform dispersion of MNPs is very important to achieve desired properties of the PMC.
Further, a uniform dispersion state with small agglomerates in PMC, will ensure high
polymer crystallinity with small crystallite size and uniform magnetic saturation. Hence,
to achieve uniform dispersion of the MNPs, involving the silica functionalisation was the
main aim. To quantify the dispersion state of the MNPs with the aim of interrelating with
the other properties, TEM micrographs were taken. The TEM micrographs of microtome
PMC samples show that the dispersion state of MNPs (or agglomerates) improves with
the silica functionalisation. As observed in Fig. 5.4, the Uncoated MNPs sample, and to
some extent the Stéber-Fes04 PMC sample formed agglomerated MNPs state in the

composites due to high dipole-dipole interparticle attraction. And uniform dispersion
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state of MNPs was observed in TPRE-Fe304 PMC sample, which is due to the limited
interparticle interactions prevailing due to the thick silica coating been formed. This
uniform dispersion is leading to the higher degree of crystallinity phase of the composite,
which was slightly observed in the FTIR results and is confirmed by the DSC and XRD

results that follow this section.

[ TPRE-Fe,0, PMC
Stéber-Fe,0, PMC

B Uncoated NPs |

B Pristine PAG

Figure 5.5. Background corrected SAXS (0.005-0.3 A-1) and WAXS (0.3-4.17 A1) intensities 1(q) as
a function of the scattering vector ‘q’ for the pristine polymer (PA6), sample with uncoated MNPs
and samples with varying proportions of silica coatings (Stéber and TPRE) on the MNPs.

TEM micrographs can only help in estimating the information on dispersion state of the
MNPs for 2-3 micron regions effectively, however, SAXS data have an advantage in
evaluating dispersion state on a bulk scale (ca. area of 2-10 mm?2). Hence, the dispersion
state of the PMC was characterised using the SAXS/WAXS techniques. The MNP filler
structure and polymer chain structures inside a PMC have been previously studied with
scattering techniques such as XRD, SAXS/WAXS, etc (209). Statistical mechanical
theories have related the dispersion state (dictating the space configuration of the nano-
inclusions, such as the MNPs in PMCs) to stress within the composite (210), and this

gives an better insight into how the orientations at the nanoscale, dictate the overall
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mechanical properties at macro scale. Herein, it also helps in identifying the MNP sizes,

including for complex agglomerates of the MNPs (211).

Figure 5.5 represents the scattering intensity I(q), plotted as a function of the scattering
vector g. All obtained spectra were corrected for background scattering before any
further analysis with the Eqn. 2.6. And the Guinier plot represented in Fig. 5.6, of Ln I(q)
vs g2, is used to calculate the slope of the chosen region that dictates the value of Rg,

giving out the MNP/agglomerate size qualitatively using Eqn. 2.7.

The SAXS profile of the Guinier type plot in Fig. 5.6, shows two vivid regions. One which
is flat region, which is due to the base polymer response (as is clear from the Pristine
PA6 data plot); second, a very steep sloped curve is observed that is related to the

response from the MNPs in the prepared samples.
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Figure 5.6. (a) Guinier plot for the pristine polymer (PA6), sample with uncoated MNPs and
samples with varying proportions of silica coatings (Stober and TPRE) on the MNPs and (b) with
the region fitting highlighted.

The cumulatively slope-dropping region in Fig. 5.6 is a characteristic of the Porod
scattering response from the MNPs (212). Here, the Guinier region precedes the Porod

region, wherein the scattering of the former reflects the radius of gyration of the MNPs

present in the observed PMC sample as per Guinier’s law. By calculating the radius of
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gyration, the average diameter of MNPs in a volume of PMC, were calculated and are

summarised in Table 5.1.

The average diameter of the MNPs calculated from the SAXS data as listed in Table 5.1
are in broad agreement with the values obtained from the TEM micrographs, as
discussed earlier in this Section 5.2.2.1. The measured values from TEM and
SAXS/WAXS study confirms that the TPRE-Fe304 PMC Sample has the lowest average
diameter of MNP/agglomerates. Furthermore, the WAXS curves suggests that some of
the peaks associated with the crystalline lattices of PA6, become sharper for Stéber-
Fez04 PMC and TPRE-Fe304 PMC Samples, which conforms that the degree of crystallinity
changed due to functionalisation. Also, peak height decreases for Uncoated-Fe304 PMC
Sample in comparison to the pristine PA6, highlighting the drop in crystallinity due to

MNPs nano-inclusion.

Table 5.1: Size calculation of the MNPs for each sample types from Guinier plot.

Uncoated-FesO4 Stober- FesOu TPRE- Fe304

PMC PMC PMC
; I(q) Range 0.009-0.012 0.009-0.014 0.009-0.013
15t Region
Fitting Ry 196 162 186
D(nm) 50 40 46
ond I(q) Range 0.012-0.018 0.014-0.021 0.013-0.021
Region
Fitting Ry 143 96 146
D(nm) 37 24 38
31 Region I(g) Range 0.018-0.022 - -
Fitting R 7 . .
D(nm) 25 - -
Observed D(nm) 38+ 13 32+8 2+4
Range

5.3.2.2 OA-functionalised samples

Dispersion of MNPs is important to achieve desired properties of the PMC. A good
dispersion with small agglomeration diameter in PMC ensures high degree of crystallinity,

small crystallite size and uniform magnetic saturation. To achieve better dispersion of the
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MNPs, OA concentration in coating was varied. TEM images were obtained to quantify the
dispersion state of the MNPs. The TEM images of microtome nanocomposite slices show
that the dispersion of particles improves with coating. Although samples with OA
concentration greater than 33 w/w % were seen promoting agglomeration due to
excessive amount of OA. At lower concertation, OA coating promotes the dispersion of
MNPs in the polymer matrix of PA6 as it imparts hydrophobic properties to MNPs (122).
When hydrophobic properties of polymer and MNPs are similar, a homogenous dispersion

can be achieved.

i =’
Figure 5.7. TEM image shows dispersion of nanoparticles with (a) 22 w/w%, (b) 33 w/w%, (c) 44

w/w% and (d) 55 w/w% OA in microtome section of the prepared PMC. (Scale bar shown is of
50 nm)
As observed in Fig. 5.7, the increased concentration of OA in the MNP coating formed the
agglomeration due high OA adsorption. Homogenous dispersion is responsible for
smallest crystallite size and degree of crystallinity in 22 w/w% OA-Fe304 PMC sample,

which is also confirmed by the XRD results later.

TEM only provides the information on dispersion state of MNPs at point scale. However,

SAXS can determine dispersion state on broader scale (large-area wise distribution) than
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TEM. To determine the dispersion, the PMC samples were characterized using

SAXS/WAXS technique.

The filler structure and their dispersivity amongst the confirmations of polymer chains
inside a PMC is widely studied with scattering techniques. Measurement of hard particle
dispersivity in the soft polymer using a small angle scattering is based on the variation of
the X-ray scattering length density across the sample. The scattering density depicted by
the scattering intensity I(q) is sensitive to density variation and hence, allows
determination of statistics of hard particle dispersion. The small angle ensures absence of
scattering due to sample surface roughness (210). This helps in identifying numerical

values of the MNPs radius of gyration and complex agglomerates (211).

B 55 wiw% OA-Fe,0, PMC|
[ 44 wiw% OAFe,0, PMC
[ 32 wiw% OA-Fe,0, PMC| |
B 22 wiw% OA-Fe,0, PMC| |
I Uncoated NPs |
Il Pristine PA6

Figure 5. 8. Background corrected SAXS (0.005-0.3 A-1) and WAXS (0.3-4.17 A1) intensities 1(q)
as a function of the scattering vector ‘q’ for Pristine PA6, sample with uncoated MNPs and polymer
samples with varying proportions of OA coatings on the MNPs.

Figure 5.8 represents the scattering intensity I(q), plotted as a function of the scattering

vector “q” for all the samples studied herein. The Guinier profile here also shows two
regions, the one which is flat, that is due to the polymer response, as is very clear from

the Pristine PA6 data plot alone; second is the very high slope curve pertaining to the
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response of the nanoparticles in the samples. Absence of diffraction peaks at lower OA

concentration confirms good dispersion and low interaction between MNPs.

(a)
| 1 1 1
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—— 22 wiw% OA-Fe,0, PMC
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e
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Figure 5.9. (@) Guinier plot for Pristine PA6, sample with uncoated MNPs and polymer samples with
varying proportions of OA coatings on the MNPs and (b) with the region fitting highlighted.

In the Fig. 5.9 the cumulatively slope-dropping region is a characteristic of Porod
scattering response from the MNPs (212). And the Guinier region precedes the Porod
region, wherein the scattering of this region reflects the radius of gyration of the MNPs as

per the Guinier’'s law. By calculating the radius of gyration, the average diameter of
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MNPs in a volume of PMC were calculated using Eqn. 2.3 and 2.4, which are summarised

in the Table 5.2 below.

Table 5.2: Size calculation of the MNPs for each sample types from Guinier plot.

Uncoated- 22 w/w% @ 33 w/w% @ 44 w/w% @ 55 w/w%
Fes04 OA-Fe304 @ OA-Fes04 OA-Fes0s4  OA-Fes04
PMC PMC PMC PMC PMC
1% Region I(g) Range = 0.009-0.012  0.009-0.014  0.009-0.013 = 0.009-0.012 = 0.009-0.012
Fitting Ry 196 151 166 196 185
D(nm) 50 39 42 58 47
2 Region I(g) Range = 0.012-0.018 = 0.014-0.021 = 0.013-0.021 = 0.012-0.021 = 0.012-0.019
Fitting Ryg 143 94 116 145 121
D(nm) 37 24 29 36 31
37 Region I(g) Range = 0.018-0.022 - - - -
Fitting Rg 7 . . . .
D(nm) 25 - - - -
Og;enrg:d D(nm) 38 +13 31+8 36+6 48+11 39+9

The average diameter of MNPs calculated with the SAXS data are listed in Table 5.2 and

lie in proximity of that obtained with TEM above. This confirms that the 22 w/w% OA-

Fe304 PMC sample has the lowest average diameter of MNPs and even has the least

agglomerates. Further, the WAXS curves for nanocomposites shows that some of the

peaks associated to the crystalline lattices of PA6 become sharper for PMC sample

containing 22 w/w% OA-Fes04 and peak height decreases for samples with OA

concentration more than 22 w/w% in comparison to the pristine PA6. The increase of

intensity of peaks corresponding to PA6 reflection planes of (010) and (012) for these

nanocomposites was observed. Based on these results, it can be concluded that the large
crystals in PMC can be formed with a presence of thick lamellae produced by excessive
OA concentration in coating (122), as seen with higher OA loading samples. Again, 22
w/w% OA-Fe304 PMC sample emerges as a favourable choice for self-healing application
as aggregates of MNPs can induce local heating and subsequently, pyrolysis when they

interact with electromagnetic wave such as microwave.
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5.3.3 Degree of crystallinity and crystallite size

5.3.3.1 Silica-functionalised samples
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Figure 5.10. DSC curves of the Pristine PA6 sample, sample with uncoated MNPs and samples with
varying proportions of silica coatings (Stéber and TPRE) on the MNPs.
The DSC results (Fig. 5.10) exhibit a noticeable melting endothermic peaks and
highlights the glass transition temperature of all the PMC samples. The results of the
thermal analysis represent the glass transition temperature (Tg) occurrence of the
pristine polymer at ca. 46 °C, which is in alignment with the previously reported values
(213). Though the melting temperature (Tm) observed was slightly lower than the
published values of PA6, at ca. 220 °C (213). Additionally, from the summarised values
in Table 5.3, the Tm of the PMC samples was observed to increase in the functionalised
MNP samples. Also, the Tq showed linear increase in the functionalised samples; herein
the increased wetting of the surface modified MNPs by polymer is also known to decrease

crystallinity of the nanocomposite and hence, it increases Tq and Tm amongst the
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functionalised samples, but decreases the Tm as compared to the Pristine PA6 sample

due to the presence of MNPs itself.
Table 5.3: A list of degree of crystallinity, Glass transition (Tg) and Melting temperature (Tm) from

DSC results for Pristine PA6 sample, sample with uncoated MNPs and samples with varying

proportions of silica coatings (Stéber and TPRE) on the MNPs.

Enthal Degree of
Sample To (°C)  Tm (°C) (J/g;’y Crysta?linity (%)
Pristine PA6 46 £ 1 214 £ 2 89 £ 2 47 £ 2
Uncoated-Fez04 PMC 46 + 4 213+ 4 89 %5 47 £ 5
Stéber- Fe304 PMC 45 + 2 212 £ 2 84 +4 44 + 4
TPRE- Fe3z04 PMC 46 £ 1 210 £ 2 87 £ 3 46 £ 3

In the DSC results when comparing with the Uncoated-Fe304 sample, it was confirmed
that the wetting of MNPs by the polymer melt was increased in the functionalised
samples as a result of the silica functionalisation; by the eventual increase in Tg and Tm.
With no coating on surface of MNPs, this promoted strong attraction between the MNPs
themselves and in turn with surrounding polymer chains, which led to reductions in

cooperative segmental mobility in the polymer and an increase in Tg (214-216).

Further study on the crystallinity of synthesised PMCs was done by XRD analysis. As seen
in Fig. 5.11, the main characteristic XRD peaks for the PMCs gave a good match to those
in the reference pattern JCPDS file number 82-1533; peaks were observed for (hkl)
values of (220), (311), (400), (511) and (440) at 2 theta values of 30.3°, 35.4°, 43.1°,

57.3° and 62.7° respectively, as observed in the reference (122).
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Figure 5.11. XRD patterns of the Pristine PA6 sample, sample with uncoated MNPs and samples

with varying proportions of silica coatings (Stéber and TPRE) on the MNPs.
The crystallite sizes of MNPs were calculated from FWHM of the most intense peaks using
the Debye-Scherer formula as listed in Egn. 2.8. The matrix crystallization behaviour
significantly influences the mechanical and physical properties of the designed
nanocomposites. The pristine PA6 shows a sharp crystallization peak as compared with
that of the nanocomposite samples. The broader peaks resulting due to the MNP
inclusions, as shown by the nanocomposite samples are hinting towards non-uniform
crystal phases. The crystallite sizes of MNPs were calculated from FWHM of the most

intense peaks using the Debye-Scherrer formula (183) as shown in Egn. 2.8.

The two broad crystalline peaks associated with crystalline to amorphous ratio,
decreased for Stéber-Fe304 PMC and TPRE-Fes304 PMC Samples, showing decrease in
crystallinity as compared to the Pristine PA6 and Uncoated-Fe3z0+4 PMC samples. Also, as
observed in Fig. 5.11 the silica-functionalisation somewhat suppressed the MNP peaks in
TPRE-Fe304 PMC Sample, as were observed in Uncoated-Fez0+4 PMC and Stéber-Fe304
PMC Samples, showing maximum broadening with minimum intensity. The XRD peak

broadening hints that the MNP agglomerate sizes were reduced in the sequence of
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Uncoated-Fes04 PMC, Stéber-FesO4 PMC and TPRE-Fes304 PMC Samples. This again
confirms that uncoated MNPs tend to agglomerate, due to strong magnetic dipole-dipole
interaction and therefore they may appear as larger agglomerates. In the functionalised
MNPs samples, the non-magnetic silica layer formed on the surface of MNPs partially
limits the strong MNP-MNP interactions and hence, the mean crystallite size or
agglomerates reduced. The summarised observations for all these samples are listed in
Table 5.4. The calculated values confirm that TPRE-Fe304 PMC sample has the lowest

crystallite/agglomerate size.

Table 5.4: Crystallite sizes of MNPs calculated from FWHM of intense peaks observed in XRD
patterns for sample with uncoated MNPs and samples with varying proportions of silica coatings
(Stéber and TPRE) on the MNPs.

Absolute
Sample Type Crystallite Size
Size(A) Size(nm)
Uncoated-Fesz04 PMC 418 £ 3 42 + 3
Stober- Fe304 PMC 3655 37 £ 5
TPRE- Fes04 PMC 331 £ 4 33+ 4
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5.3.3.2 OA-functionalised samples
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Figure 5.12. DSC curves of the Pristine PA6 sample, sample with uncoated MNPs and samples with

varying percentages of OA loading on the MNPs.
The DSC results for all the samples, as seen in Fig. 5.12, exhibit the noticeable melting
endothermic peaks and clearly depicting the glass transition temperature of all polymer
samples. The results of the thermal analysis represent the glass transition temperature
(Tg) occurrence of the pristine polymer at around 46°C that matches roughly the
previously reported values (213). The melting temperature (Tm) observed in DSC results
were found to be slightly lower than the published values, at around 220°C (213). The
MNPs act as impurities which affect the crystal growth during the polymerisation process,
this is observed to reduce the Tm and even responsible for the corresponding reduction in

degree of crystallinity as compared to the pristine PA6 sample.

The enthalpy of all the samples were calculated using the Universal Analysis software
that comes along with the DSC instrument control package. By quantifying the heat

associated with the melting endotherm. This heat was then reported in terms of percent
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crystallinity by normalizing the observed heat of fusion with that of the 100% crystalline
PA6 polymer. The area used for the enthalpy (crystallinity) calculation as identified using
the “Integrate Peak” functionality of the TA Universal Analysis 2000 software (170),
which is recreated in the plots in Fig. 5.12. The same analysis also helped identify the
“Melt Peak Temperature” of the endotherm peak, which was the melting point Tm of the
samples and listed in the Table below. Adding to the discussion, the Glass transition
temperature Ty was also identified using the “Glass/Step transition” functionality

available in the same software.

The degree of crystallinity for all the samples was calculated from the Egn. 2.1, using the

standard reference value of PA6.
Table 5.5: A list of degree of crystallinity, Glass transition (Tg) and Melting temperature (Tm) from

DSC results for Pristine PA6 sample, sample with uncoated MNPs and samples with varying

percentages of OA loading on the MNPs.

Enthalpy Degree of
Sample To (°C)  Tm (°C) (3/g)  Crystallinity (%)

Pristine PA6 46 + 1 214 £ 2 89 £ 2 47 + 2
Uncoated-Fes04 PMC 46 £ 4 213+ 4 885 46 £ 5
22 w/w% OA-Fe304 PMC 42 £ 2 200 £ 3 107 £ 4 56 £ 4
33 w/w% OA-Fez04 PMC 43 £ 2 206 = 3 94 £ 6 49 £ 6
44 w/w% OA-Fe304 PMC 44 + 1 207 £ 2 92 +£ 3 48 = 3
55 w/w% OA-Fe304 PMC 44 + 1 208 £ 2 80 £ 2 42 £ 2

Additionally, as seen in Table 5.5, the melting temperature of the PMCs was found to be
increasing with the increase in OA concentration of the coating. However, the T4 also
showed linear relation with OA concentration, which is result of decrease in degree of
crystallinity. Decrease in degree of crystallinity in high OA concentrations PMC was

responsible for increases in the melting temperature.

The DSC results also show that the wetting of the MNPs by the polymer melt was
increased because of the OA coating on MNPs, by comparing them with the Uncoated-
Fe304 PMC sample. The fatty acid chain in OA coating rendered hydrophobicity to the
surface of MNPs and promoted wetting by the hydrophobic polymer at interface. With

114



increased OA concentration, the denser fatty acid chain on surface of MNPs promoted
strong attractive interaction with surrounding polymer chain, leading to reductions in

cooperative segmental mobility in the polymer and an increase in Tg (214-216).

Though the decrease in the degree of crystallinity observed with the increased OA
concentration can be attributed to the MNPs inclusion which restricts the movement and
limit the growth of PA6 crystals, but the excessive OA assisted formation of
agglomeration in the 55 w/w% OA-Fe30+4 PMC sample showed lowest degree of
crystallinity, even lower than the sample containing uncoated MNPs. Such decrease in
degree of crystallinity due to agglomerates was also observed in previously reported
works when increase in the wt% of nano-inclusions was responsible for formation of

agglomerates (217).
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Figure 5.13. XRD patterns of the Pristine PA6 sample, sample with uncoated MNPs and samples
with varying percentages of OA loading on the MNPs.
Furthermore, the results on degree of crystallinity of PMC were confirmed by the XRD
results. As seen in Fig. 5.13, the main characteristic peaks were obtained by the XRD
matches with the (hkl) values of (220), (311), (400), (511) and (440) when compared
with the reference (122). These were then matched with the JCPDS file number 82-1533,

which corresponded to Fes04 phase.
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Table 5.6: Crystallite sizes of MNPs calculated from FWHM of intense peaks observed in XRD for
sample with uncoated MNPs and samples with varying percentages of OA loading on the MNPs.

Absolute
Sample Type Crystallite Size
Size(A) Size(nm)
Uncoated-FesO4 PMC 418 £ 3 42 £ 3

22 w/w% OA-Fe304 PMC 300 £ 3 30 £3
33 w/w% OA-Fes304 PMC 365 £ 4 37 £ 4
44 w/w% OA-Fes04PMC 476 £ 11 48 £11
55 w/w% OA-Fes04PMC 424 =13 42 =13

Ideally, PA6 contains two dominant monoclinic crystalline phases that are usually
referred to as the a-phase and y-phase. In the a-phase, which is known to be the most
stable phase in terms of thermodynamics, the hydrogen bonds appear in between
adjacent antiparallel chains, with the entirety of the phase attaining a trans-chain
conformity (218). This, however, is not the case in the y-phase, as chains are seen to
appear twisted to enable the formation of hydrogen bonds between parallel chains (218).
Two broad peaks were seen to appear around 4.2 A° (21° 26) and 3.7 A° (24° 26)
corresponds to a-crystalline phase form in PA6. The a crystalline phase dominated the
crystalline structure of prepared PA6. The line at 4.2 A° referred to al and originated
from (200) plane whereas 3.7 A° originated from (002) plane (122). The peaks observed
at 11°, 22° and 23° can be identified as the y-phase of the of PA6 with the

corresponding indexes of (020), (001) and (200)/(201) (81).

The number of unit cells (V) along their respective directions, define the broadening of
the diffraction peaks. Though independent of the N, the peak area remains constant.
Therefore, the peak broadening in XRD results was accompanied by decrease in the
maximum peak height. However, as seen in Fig. 5.13 the peaks were broadened, and
intensity was decreased when OA content in MNP coating was set to 22% (22 w/w% OA-
Fe304 PMC sample). After increasing OA loading on the MNPs, the crystallite size has

started increasing up to 55 w/w% OA-Fe304 PMC sample.
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There were many factors contributing to the observed peak profile. In essence, the peak
profile shown in Fig. 5.13 was a deconvolution of the peak from other contributions such
as instrumental peak profile, crystallite size, microstrain, solid solution inhomogeneity,

and temperature factors.

The two broad crystalline peaks associated with crystalline to amorphous ratio,
decreased for 22 w/w% OA-Fe304 PMC sample showing increase in crystallinity as
compared to pristine and uncoated sample and further with increase in OA loading there
is gradual amorphous sites development. Also, as observed in Fig. 5.13 the increased OA
loading suppressed the intense Fesz04 peaks in 55 w/w% OA-Fes04 PMC sample, showing

maximum broadening and minimum intensity.

Moreover, the reduction in crystal size justifies the enhanced mechanical response as
observed in similar study (219). These can help conclude, bare MNPs tend to
agglomerate upon drying due to strong magnetic dipole-dipole interaction and therefore,
they appear as agglomerates. Once coating was applied, the non-magnetic hydrophobic
oleic acid layer formed on the surface of each particles that prevented or partially
hindered magnetic interaction and hence, the mean crystallite size or agglomerates
reduced as highlighted in Table 5.6; especially the 22 w/w% OA-Fe304 PMC sample

showed the least crystallite/agglomerate size.
5.3.4 Determination of Interaction Radius using Simulation

The TEM micrographs were used as an input for building the simulated 3D model using
MATLAB® platform. The micrographs were processed in Photoshop® software; wherein
they were cropped, rotated, and enlarged, for removing their edges and any distorted
background. Further, they were digitally enhanced using filters for several purposes,
such as removing the background noise and their artefacts or improving upon the
definition and sharpness of the image. All grayscale images were corrected for the
brightness and contrast to achieve correct black and white tonalities, which helped

distinguishing the polymer matrix represented by the grayscale region and the pure

117



black entities representing the nanoparticles. Then the final toned images were saved as
high quality 8-bit TIFF format and loaded in Imagel] image processing software for
estimating the MNP/agglomerate sizes of all the sample variations. This size data was
then added as input to the designed MATLAB® code, to be used as a basis for generating
the random MNPs/agglomerates in the simulated 3D model of the nanocomposite. The
code was able to generate the model with the required concentration of 1 wt% of MNPs
and sizes within the input diameter range. Image tone colours allocated in the simulated
model was, black colour spheres represented FesO4 MNPs/agglomerates, and faint region

around them represented their interaction radius/region (IR).

The code followed the logic as described by the following flowchart and the main code

blocks are included in Appendix A.

The flowchart highlights the algorithm followed by the developed MATLAB Code for
generating the simulated 3D model of the PMC samples with 1% weight of MNPs as

compared to the PMC weight for the volume of 1-micron cube.
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Figure 5.14. Flowchart for the developed MATLAB code for the simulated PMC model generation.

The dispersion state and IR are two main parameters that dictate the transfer of charged
electrons (220) or in other words the electromagnetic properties of the synthesised
sample; hence, the dispersion state of the MNPs in the nanocomposite was simulated.
The purpose of the simulated modelling is to visualise and interpret the dispersion state
of the synthesised samples with the uncoated and various functionalised MNPs, which is

quite challenging to attain with the physical methods of sample characterisation. Using
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the distance between the nearest neighbours (spheres) in a simulated volume of the

PMC, the interaction radius (IR) of each MNP/agglomerate region were calculated.

The TEM micrographs of all the samples were analysed using Image] image processing
software and the ferret diameter measurement tool, which approximates each selected

region of MNP/agglomerate as an ellipsoidal entity, was used to calculate the

agglomerate diameter based on relation ,/(minFeret x maxFeret). Final estimated
diameter data from this calculation, SAXS (Guinier plot) calculation and from XRD peak
calculations for each synthesised sample are summarised in Table 5.7. The values in
Table 5.7 were then used as an input diameter range for the developed MATLAB® code to
generate the spherical nanoparticles in the simulated 3D model. The diameter ranges
from SAXS and XRD analysis are almost matching, as expected. Though the TEM values
are quite varying, especially the upper range, since it is considered over a broader area

in perspective.

Table 5.7: Estimated ferret diameters of MNP or their agglomerate regions identified from TEM
micrographs, SAXS (Guinier plot) analysis and XRD peak study.

TEM estimation of SAXS XRD
MNP/ agglomerate calculation calculation
Sample size range (nm) for MNP/ For MNP/
Smallest Largest agglomerate agglomerate
size range (nm) size range (nm)
Uncoated-Fes04 PMC 25+5 195 +£ 10 38+ 13 42 £ 3
Stéber-Fes04 PMC 305 80 £ 15 327 375
TPRE-Fe304 PMC 305 60 £ 10 36 £ 6 33+ 4
22 w/w% OA-Fes04PMC 25 %5 70 £ 10 31 £8 303
33 w/w% OA-Fes04PMC 255 90 £ 10 36 £ 6 37 £ 4
44 w/w% OA-Fes04PMC 30 x5 110 £ 20 48 + 11 48 + 11
55 w/w% OA-Fes04PMC 25+ 5 100 +£ 10 399 42 £ 13

To keep the complexity of the simulated model to a minimum, all the entities are
generated as spherical MNP/agglomerate regions. The simulated models for all the PMC

samples are generated with 1 wt% of MNPs and is shown in Appendix C. Wherein

120



smallest spheres represent the individual MNPs or agglomerates and the large spheres

particularly correspond to agglomerates itself.

Since, having the largest sized agglomerates (as summarised in Table 5.7 above), the
Uncoated-Fes04 PMC sample also showed the highest IR value. This is due to one of the
reasons of bigger agglomerates present, as discussed previously. Hence, the presence of
little higher sized agglomerates present in this sample, is in fact occasionally aiding the
magnetic performance of this sample in certain measurements and viz. confirmed by the

SQUID measurements that are discussed in the following Section 5.2.5.
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Figure 5.15. Simulated model representation of the PMC samples with 1 wt% MNPs and included with the interaction radius (IR) of the individual

nanoparticle/agglomerate regions (1 cubic micron size) for (a) Uncoated-Fe;04 PMC; samples with varying proportions of silica coatings i.e. (b) Stoéber-
Fes04 PMC & (c) TPRE-Fe304 PMC; and samples with varying percentages of OA loading on the MNPs viz. (d) 22 w/w% OA-Fe304 PMC, (e) 33 w/w% OA-
Fez04 PMC, (f) 44 w/w% OA-Fe304 PMC, and (g) 55 w/w% OA-Fe304 PMC. (Herein, solid Black spheres represent FesO4s MNPs or agglomerates and the
faint black region/sphere around it represents their interaction region/range.)
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The simulated models (Figure in Appendix C and Fig. 5.15 above both) give a clear
perception on the dispersion of the MNPs or agglomerates in the synthesised samples
and having matching details with the previous characterisation results of showing
improved dispersions in the TPRE-Fe3z04 PMC and 22 w/w% OA-Fe304PMC samples. The
IR values for each region containing the individual sphere of variable sizes (Figure in
Appendix C) helped determine the influencing region or the interaction region of each
MNP or agglomerates in the simulated model. The values of the IR generated by the
designed MATLAB® code is summarised in Table included in Appendix C, and this data
was used for graphically representing the interaction region as shown in Fig. 5.15
(interaction region is shown as faint spheres around each solid sphere of
MNP/agglomerate). According to the definition, the variable IR values are dependent on
the size of the MNP/agglomerate and its nearest neighbours. The IR values are found to
be varying between ca. 55 nm to 475 nm considering all the PMC samples simulated. The
associated error with the generated IR values is also calculated as the standard deviation
error and is summarised in the same table with the IR values (Appendix C). Finally, this
data is correlated with the measured magnetic response of all PMC samples in the

following Section 5.3.5.
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5.3.5 SQUID Characterisation

5.3.5.1 Silica-functionalised samples
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Figure 5.16. Magnetisation hysteresis loops for the Pristine PA6 sample, sample with uncoated
MNPs and samples with varying percentages of silica coatings (Stéber and TPRE) on the MNPs at
(a) 100 K and (b) 400 K

The magnetic (SQUID) measurements at 100K (Fig. 5.16 (a)) showed a magnetic
moment ratio of 0% for Pristine PA6 Sample and 46%, 38%, and 31% for Uncoated-
Fe304 PMC, Stober-Fe3z04 PMC and TPRE-Fe304 PMC Samples, respectively. Further,
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measurements taken after increasing temperature to 400 K (Fig. 5.16 (b)), showed the
expected reduction in the values for M//Ms ratio. And here the values of magnetic
moment ratio are 30%, 28%, and 23% for Uncoated-Fe30+ PMC, Stéber-Fe3z0+4 PMC and
TPRE-Fes04 PMC Samples, respectively. The observance of the wide hysteresis loop at
lower temperature (100 K) as compared to that at higher temperature (400 K) hints
towards the superparamagnetic behaviour induced in the designed PMC (210). The
coercivity of all PMC samples had a value between 220-360 Oe and 110-170 Oe at
temperatures of 100 K and 400 K, respectively. The noted results are summarised in

Table 5.8 & 5.9 below.

Table 5.8: Summarised magnetic results at 100 K for Pristine PA6 sample, sample with uncoated

MNPs and samples with varying percentages of silica coatings (Stéber and TPRE) on the MNPs.

.. Magnetic Magnetic Magnetic
Coercivity . .
Sample (He) Remanence Saturation Moment Ratio

(Oe) (Mr) (Ms) (M:/Ms)

(emu/g) (emu/g) (%)
Pristine PA6 0 0 0 0

Uncoated-Fesz04 PMC 360 117 x 104 253 x 10* 46 = 7
Stober- Fez04 PMC 268 126 x 104 336 x 10 37 £ 3
TPRE- Fe304 PMC 220 42 x 10 135 x 10 315

Table 5.9: Summarised magnetic results at 400 K for Pristine PA6 sample, sample with uncoated

MNPs and samples with varying percentages of silica coatings (Stéber and TPRE) on the MNPs.

.. Magnetic Magnetic Magnetic
Coercivity R .
Sample (Ho) Remanence Saturation Moment Ratio

(Oe) (Mr) (Ms) (M:/Ms)

(emu/g) (emu/g) (%)
Pristine PA6 0 0 0 0

Uncoated-Fe3z04 PMC 169 82 x 10+% 211 x 10* 29 £ 6
Stober- Fez04 PMC 114 66 x 10# 233 x 10* 28 £ 3
TPRE- Fe304 PMC 109 23 x 10*% 99 x 10*# 23+ 4

Though, TPRE-Fe304 PMC Sample was proving better than other samples in the
characterisations until now, but herein the major setback in terms of its lowest magnetic
moment ratio has been observed. This is obviously due to the thick silica layer formed on
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the MNPs surfaces, which suppresses their magnetisation by manifold as compared to

the Stéber-Fe304 MNPs.

5.3.5.2 OA-functionalised samples
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Figure 5.17. Magnetisation hysteresis loops for the Pristine PA6 sample, sample with uncoated
MNPs and samples with varying percentages of OA loading on the MNPs at (a) 100 K and (b) 400
K.
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The magnetic properties of the synthesised samples were assessed by magnetization
curves at 100 K and 400 K temperatures. The hysteresis loops of all PMC samples were
found to be similar as paramagnetic material. However, the variation in the magnetic
properties due to dispersion state of MNPs resulting from the variation in OA loading is
clearly distinguishable in Fig. 5.17 (a) and (b). On application of homogeneous magnetic
field of 50000 Oe, (full scale plots included in Appendix D) the PMC shows a magnetic
moment ratio (Mr/Ms) of remanence magnetisation (M) to saturation (Ms) of 0% and
46% for Pristine PA6 and Uncoated-FesO+ PMC sample, respectively. The ratio values
were found to be 32%, 33%, 40% and 57% for 22-55 w/w % OA-Fe304 PMC Samples
respectively at 100 K. After increasing temperature to 400 K, the values for M:/Ms ratio
were seen to be reduced (except for pristine sample) to 30% for uncoated MNPs sample,
and 24%, 24%, 28% and 31% for 22-55 w/w % OA-Fe304 PMC Samples, respectively.
Though the highest value observed for 44 w/w % OA-Fez04 PMC Sample (even higher
than Uncoated-Fe304 PMC sample) is clearly distinctive indication of the uneven
dispersion and agglomeration observed at higher OA loading, as observed in TEM and
SAXS results. The M/Ms ratio for the 55 w/w % OA-Fe304 PMC Sample coating was found
to be lowest amongst all PMC Samples which could be attributed to thicker coating owing
to higher OA loading, as seen in similar studies (127,138). Despite of agglomeration was
found in 55 w/w % OA-Fes0+4 PMC Sample, the organic material (OA) created a thick
enough interphase between polymer matrix and MNP agglomerates to cause a reduction
in overall magnetic properties. The observance of the larger coercive force in the
hysteresis loop at lower temperature (100 K) as compared to that at higher temperature
(400 K) confirms the paramagnetic behaviour of the designed PMCs (221). The
hysteresis loops of all the synthesised PMCs revealed symmetric behaviour similar to that
of ferromagnetic materials (222), confirming suitability of the synthesised PMCs for
magnetic applications (67), especially for stimuli-based self-healing. Independent of the
MNPs weight percentage in PMCs, the coercivity of all PMC samples (except pristine

sample that showed zero magnetisation) took a value between 270-310 Oe and 110-120
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Oe at temperatures of 100 K and 400 K, respectively. The noted results are summarised

in Table 5.10 & 5.11 below.

Table 5.10: Summarised magnetic results at 100 K for Pristine PA6 sample, PMC sample with

uncoated MNPs and PMC samples with varying percentages of OA loading on the MNPs.

.. Magnetic Magnetic Magnetic
Coercivity . .
Sample (He) Remanence Saturation Moment Ratio
(Oe) (Mr) (Ms) (M:/Ms)
(emu/g) (emu/g) (%)
Pristine PA6 0 0 0 0

Uncoated-Fe304 PMC 360 117 x 104 253 x 10 46 = 7
22 w/w% OA-Fe304 PMC 244 63 x 10 200 x 10 31+ 4
33 w/w% OA-Fe304 PMC 258 42 x 104 128 x 104 323
44 w/w% OA-Fe3z04 PMC 252 105 x 104 266 x 10 39+£5
55 w/w% OA-Fe304 PMC 362 27 x 104 47 x 10 57 £ 12

Table 5.11: Summarised magnetic results at 400 K for Pristine PA6 sample, PMC sample with
uncoated MNPs and PMC samples with varying percentages of OA loading on the MNPs.

.. Magnetic Magnetic Magnetic
Coercivity . .
Sample (He) Remanence Saturation Moment Ratio

(Oe) (Mr) (Ms) (M:/Ms)

(emu/g) (emu/g) (%)
Pristine PA6 0 0 0 0

Uncoated-Fe304 PMC 169 82 x 10* 211 x 10 29 £ 6
22 w/w% OA-Fe304 PMC 116 29 x 104 120 x 104 24 £ 3
33 w/w% OA-Fe304 PMC 110 24 x 10# 100 x 104 24 £ 3
44 w/w% OA-Fe3z04 PMC 101 51 x 10* 183 x 104 27 £ 5
55 w/w% OA-Fe304 PMC 102 3x10* 9x 10 30£9

In Fig. 5.17 (a) and (b), the hysteresis loop shows small coercive force with increase in
OA loadings on MNPs suggesting transition from hard to soft magnetic behaviour of the
PMCs. In summary, the values of saturation and remanence magnetisation of the
magnetic moment ratio of PMCs as seen in Fig. 5.17 (a) and (b) were found to be
increasing gradually with the amount of OA loading on the MNP coating, except for 55

w/w% OA-Fe304 PMC Sample which showed very high increment in 100K measurement.
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Figure 5. 18. Summarised comparison plot of the magnetic moment ratio (Mr/Ms) both at 100K
and 400K for PMC samples with uncoated MNPs and samples with varying percentages of silica and
OA loading on the MNPs.

Even though 55 w/w% OA-Fe304 PMC Sample showed highest M:/Ms ratio but 22 w/w%
OA-Fe304 PMC Sample showed improved dispersion of MNPs, which will prevent localized
pyrolysis of the PMC during stimuli-based self-healing. The overall comparison of the
characterisation results for all the prepared samples are done in the following section
5.4, and a suitable candidate material is selected for making the composite sandwich

samples and to test the self-healing capability in GFRP composites.

5.4 Corelation of Dispersion State with Other Key
Findings

The onset of crystallization temperature steadily increases with the increase in OA
content, indicating that the MNPs are acting as heterogenous nucleation agents in PA6
matrix and hence the higher crystallization rate than the pristine PA6. Moreover, the

decreased melting peak can attribute to the decreased crystal size observed in XRD
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(223,224). The DSC and XRD results confirmed that 22 w/w % OA-Fe30+4 PMC Sample
showed highest degree of crystallinity and smallest crystallite size, respectively. As
discussed in Section 5.2.3, the DSC and XRD results imply that 22 w/w% OA-Fe304 PMC
Sample will have highest tensile strength and lowest melting temperature. The key
results considered for selecting the appropriate PMC for the composite sample

preparation, to be tested for self-healing application is summarised in Table 5.12 below.
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Table 5.12: Summary of key findings from all the characterisation results.

Magnetic Interaction
Melting Degree of Crystallite Momfent Radlg:efrom
Sample Temperature crystallinity size (I:a/t:::) Simulated Key Findings
Tm (°C) (%) (nm) v Model
@ 100K (%) (IR) (nm)
High crystallite size &
melting temperature, very
Uncoated-Fes04 PMC 213 £ 2 47 £ 2 42 + 4 46 = 7 265 = 87 low degree of crystallinity
and possibility of
pyrolysis.

Low crystallite size and
high melting temperature
Stober-FesO4 PMC 212 £ 2 44 + 4 36 £ 4 37+ 3 166 = 58 but lowest degree of
crystallinity; lower
magnetic response.

Low crystallite size but
high melting temperature
TPRE-Fe3z04 PMC 210 £ 2 46 = 3 332 31 £5 129 £ 50 and lower degree of
crystallinity; least
magnetic response.

Lowest crystallite size &

22 w/w% OA-Fes0 melting temperature, with

crystallinity. Least
possibility of pyrolysis and
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maximum magnetic
response.

Moderate crystallite size,
melting temperature and
33 w/w% OA-Fez04 degree of crystallinity.
+ + + + +
PMC AU = S EESE 9 =3 4 2 =5 e B3 e Slight possibility of
pyrolysis and low
magnetic response.

Highest crystallite size,
melting temperature and
44 w/w% OA-FesOs 207 + 2 49 + 3 48 + 11 39£5 188 + 104  |ower degree of
PMC crystallinity. Highest
pyrolysis and magnetic
response.

Low crystallite size &
degree of crystallinity and
208 £ 2 42 + 2 32 £ 13 67 £ 12 173 £ 67 high melting temperature.
Possibility of pyrolysis and
least magnetic response.

55 w/w% OA-Fes04
PMC
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Additionally, the magnetic properties of 22 w/w % OA-Fe304 PMC Sample is relatively
higher than all other PMC samples. As seen in Table 5.12, the 22 w/w% OA-Fes04 PMC
Sample was chosen for self-healing application as it will interact strongly with external
electromagnetic field, melt at lower temperature, and provide highest tensile strength.
44 w/w% OA-Fez04 PMC Sample was not chosen despite of its higher magnetic
properties than 22 w/w% OA-Fe304 PMC Sample to avoid localized pyrolysis due to the
uneven dispersion and agglomeration concerns. Though Stéber-Fe304 PMC Sample
showed almost similar IR values as that of the 22 w/w% OA-Fe304 PMC Sample but since
it did not perform much better in other characterisation results, hence it was not the
suitable choice. During cooling-heating cycle through multiple self-healing, the
interactions between molecules impart the capability of adhesion using directional
interactions that dictate the mechanical properties of a material (225), hence the degree
of crystallinity, crystallite size and the thermal response of 22 w/w% OA-Fez04 PMC
Sample is more favourable for the application then other samples. Also, the longer
aliphatic coating of OA reduces the cluster stability and hence can result in increased

self-healing efficiency (225,226).

Chapter Conclusion: This chapter discusses the characterisation results of the
synthesised polymer nanocomposite samples with the functionalised MNPs. Herein, the
FTIR and DSC characterisation gave the insights upon the chemical and thermal stability
(degree of crystallinity). Further, the TEM, SAXS and XRD characterisations were utilised
to assess the dispersion state of the MNPs, and the resulting data was fed to the
developed MATLAB code for generating a simulated model. The simulated model gave
the 3D representation of the MNPs dispersion state and their interaction radius. The
SQUID measurements gave the magnetic moment ratio (Mr/Ms) at 100K and 400K
comparison plot of the PMC samples with uncoated MNPs and samples with varying
percentages of silica and OA loading on the MNPs. The overall characterisation results
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comparison showed that the degree of crystallinity, crystallite size, interaction radius,
and the magnetic & thermal response of 22 w/w% OA-Fe304 PMC Sample is more
favourable for the composite stimuli based self-healing application then all other

samples.
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6. COMPOSITE STRUCTURE APPLICATION

In this chapter the composite dog bone sample preparation using the selected PMC is
discussed. The standard GFRP dog bone composite samples are developed by
sandwiching two PMC films between three layers of GFRP tapes. Further, the dog bone
samples with and without damage, are tensile tested to determine the strength recovery
after self-healing. The self-healing efficiency is calculated and presented based on the

repetitive cycle of testing.
6.1 Materials

Glass fibre tape (PA6) with 0.18 mm thickness was purchased from Vitcas, and the

synthesized polymer nanocomposite was used for composite sample preparation.
6.2 Standard Dog bone Sample Preparation

The composite dog bone samples were prepared using a fabricated metal die (details in
Appendix E), prepared based on the composite sample testing specimen guidelines

(227), dimensions of which are mentioned in Fig. 6.1.
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Figure 6.1. Tensile testing specimen dimensions, with grip length 30 mm and the specimen width

25 mm.
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Figure 6.2. Standard dog bone samples prepared, showing different layers of the composite sample
in CAD representation. (Arrangement of the layers are shown more clearly in the inset image;
wherein the grey layer represents the Glass Fibre Tape, and the dark layer is the nanocomposite
film.)

The virgin samples were prepared using three glass fibre tapes placed together with PMC
film in between as represented in Fig. 6.2, and similarly the cracked-virgin sample was
made but with an induced crack. The crack was induced as a thorough damage of the
two outermost glass fibre tapes as a central snip of 2mm width, using a Stanley knife.
The glass fibre tape was cleaned using mild acidic solution and ultrasound radiation to

make its surface contaminant free allowing its enhanced bonding to PMC. The tape
placement was done using hot gun (rating 50 KW) as a means of melting the PMC and
setting it between the clean glass fibre tapes. All the samples were made to the size of
standard ‘dog-bone’ specimen for composite testing. An example of the prepared

samples without and with the induced crack are shown in Fig. 6.3.
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Figure 6.3. An example of the prepared samples (a) without and (b) with the induced crack.

6.3 Tensile testing and Self-Healing

6.3.1 Tensile Test Characterisation Method

Tensile testing with five test specimens was carried out using Instron 1195 universal
tensile testing machine (UTM) according to ASTM D638, with a full-scale load cell range
set to 50 kN. The crack on the specimen was created such that the applied tensile load
direction was perpendicular to crack. It represented most onerous scenario. The
standard ‘dog-bone’ specimen was used for measuring the desired stress-strain
response. The crosshead displacement rate was set to vary at a rate of 0.5 mm/min.
The stopping criteria for the test was fixed at 50% change in the maximum load

capacity, and allowable length extension of 20 mm and change of width up to 3mm.

The composite GFRP tapes were self-healed after successive crack propagation, as the
method followed in references (49,228), by microwave induction stimuli at 2.45 GHz for
30 seconds at 900W using a commercial microwave oven. After 30 s, the PMC film

between GFRP tapes is melted at the crack location and the liquid PMC fills the crack.
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After cooling at room temperature, the healed samples are tensile tested. The sample

was not mechanically compressed after healing.

6.3.2 Results and Discussion
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Figure 6.4. Load-displacement curves measured during tensile testing of virgin sample without and
with crack, and the subsequent healings.
The tensile tests were conducted to determine the tensile strength of the multi-layered
GFRP- PMC composite sample (Fig. 6.3). Tensile load was applied to multi-layered GFRP-
PMC composite dog bone, here referred as “virgin sample”, to obtain relation of applied
load to elongation (Fig. 6.4). Obtained results show an initial linear deformation region,
followed by a small non-linear plastic deformation and final failure. As observed in Fig.
6.4, the maximum load sustained by the virgin sample before final break-up was 150 N.
At maximum load, the crack on the sample started developing and brought about a loss
of the storage modulus as a sudden drop in the load was witnessed (inset image shows
the initial breakage, leading to the initiation of crack propagation and failure at the peak
load). Adding extra layers did not increase the tensile strength of the virgin sample, and

the maximum tensile stress was found to be comparable with that of the commercially
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available Vitcas (in as bought condition) glass fibres composite tape (229). The early-
stage crack initiation followed by the fibre failure was observed (Fig. 6.5 black curve);

this is the usual phenomenon observed in the failure of the glass fibre composites (230).
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Figure 6.5. Stress-Strain curves measured during tensile testing of virgin sample without and with
crack, and the subsequent healings.
In comparison to virgin sample, the cracked virgin sample showed reduction of 24% in
its elongation and 21% in its tensile strength, which is evident in Fig. 6.5 (red dashed
curve as compared to the black curve). Corresponding maximum tensile load of cracked
virgin sample was found to be 114.04 N, dropped from the 150 N of virgin sample. After
self-healing, the maximum tensile load of the sample was recovered but it was not as
high as the virgin sample. Secondly, the failure of the healed sample was different than
the one observed in virgin samples. Unlike virgin sample, the healed sampled failure was
gradual and stepwise and the drop in tensile strength was prominent after each drop as

it is manifested in blue curve of Fig. 6.5.
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6.4 Determination of Self-Healing Efficiency

The self-healing is effective in regaining the strength of the composite sample. The
maximum tensile stress of the sample improved by approximately 10% after 1st healing
compared to tensile strength of the cracked virgin-sample. To compare the healing
efficiency, the healing efficiency was defined as the ratio of the tensile strength of the
healed sample to the original sample. The healing efficiency was calculated using the
tensile test results for the subsequent healing following the reference equation (47). The
response after each healing was compared with that of the virgin sample to make a clear
distinction and test the viability of such composite materials in rendering the best
outcome. The efficiencies based on strength recovery were calculated as 84+6 %, 58+12
% and 34+15 % after first, second and third healing, respectively. Though the
subsequent efficiencies are less after the first healing attempt, it’s not only because of
the lack of healing capability but because the sample itself is damaged in a way that
can’t be completely recovered, as is seen in the inset images in Fig. 6.5. This enunciates
that this method of self-healing has a capability of improving the overall life of the
structure by =175%, based on recovery efficiency. These efficiencies were observed for
three out of five samples that were tested, hence giving a certainty of 60%. Until now
there have been many concepts of self-healing for structural application, few of the
relevant reported results with the lowest to highest efficiencies are summarised in Table

6.1.

Table 6.1: Some concepts of self-healing composites proposed for structural applications.

Techniques Matrix/Filler Reported References Limitations
Combination Efficiency
1. Micro- Epon 828 with 38% & (28) Requires a
encapsulation Carbon Fibre 66% definite
volume of
Epon 862 with glass 68% & (29) catalyst
fabric 78% loading; acts
only on
Epon 862 with E- 100% (30) successful
glass
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2. Hollow Glass
fibres (HGF)

3. Vascular

4. Reversible
Covalent bond

5. Supramolecular
interactions

6. Polymer blends

Epoxy with HGF
Epoxy with H-glass

Epon 828 with E-
glass

Epoxy with hexcel
Epoxy with HGF

Epoxy with E-glass
Epoxy with E-glass

Epoxy with hexcel

Mendomer with
carbon fibre

Reverlink with E-
glass

Epon 828 with E-
glass

Epon 828 with E-
glass

Epoxy with carbon
fibre
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5%

19.3%

62%

83.2%

129%

40%

67-74%

96-99%

92-94%

100%

30%

94.9%

156%

(33)
(34)

(35)

(36)
(37)
(40)
(41)

(42)

(45)

(46,47)

(48,49)

(50,51)

(52,53)

rupture of the
microcapsule.

An alternative
to
microcapsules,
but with
similar
limitations

Similar to
hollow fibres,
only that it
has a continue
external
supply
network of
healing agent,

Reversible
crosslinks are
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of two is a
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induced with
gas pockets

Though these methods have shown satisfying results, but they lack in the case of
homogeneous response; like if the crack is not activating the flow of healing agent, as it
may happen if the crack is induced in the midst of microcapsule or hollow fibre or
vascular network. Similarly, the methods have certain limitations as listed in Table 4; but
the method proposed herein effectively deals with these issues and is not at all complex
in fabrication. Since the MNPs are uniformly dispersed hence the GFRP composites can
respond to stimuli anywhere, and repetitively without any conflict. And the efficiency of
1st self-healing (84%) is well comparable to other concepts proposed until now; and not
only that, as mentioned earlier structural-monitoring capabilities if combined with self-
healing can prove economically phenomenal. Though, the recovery of the tensile
modulus/strength decreases drastically on the third healing, but theoretically the overall

recovery (=2175%) is still quite a useful improvement.

The proposed methods showed ability to heal the crack irrespective of its location on the
surface area of the component. As PMC film is beneath every millimetre of the composite
tape, the defect on the surface of the composite can be repaired repetitively by
activating the flow of healing agent (designed magnetic PMC), which may not be the case

in other methods.

Chapter Conclusion: This chapter discusses the results of the composite dogbone
sample testing, prepared with the elected 22 w/w% OA-Fe30+4 PMC Sample. The sample
was subjected to tensile testing after subsequent stimuli-based healing. The healing
efficiency attained is ®175%, over three cycles of subsequent healing. The method of
microwave stimuli-based healing was presented with a representative sample in lab-

based setup representing structural use case.
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7. CONCLUSION AND FUTURE SCOPE

7.1 Conclusion

Fibre-reinforced polymer (FRP) composites are finding extensive use in the offshore
industry. The products such as composite modules, spoolable pipes and pressure vessels
are now manufactured using FRP for light-weighting and better management of the
stress and strains resulting from the environmental loads. The challenge of accessing
deep-water fields and other places has led to development of hybrid flexible riser
consisting of metallic and thermoplastic composite layers (Figure 2.9 in Chapter-2). The
composite section of the flexible or spoolable pipe also uses either carbon or glass fibre
thermoplastic tapes, as they provide high damage and impact tolerance as well as
chemical and solvent resistance combined with unlimited shelf life, low storage costs,
weldability and recyclability. However, the major benefit of using thermoplastic is that it
does not require an autoclave for manufacturing a large component. Majority of
components used in offshore industry are very large and it is difficult to process them in
an autoclave. With the methods such as automated tape placement, the kilometre-long
quality composite pipes with well-consolidated layers are manufactured. Moreover, the

cost and processing time is also very less.

Enhancing the access of offshore industries including renewables to the high technology
composites requires reduction in cost through increase in reliability, dependable life and
material performance. A small increase in reliability of the composite materials results
into higher productivity of many offshore operations such as a typical subsea tie-back
projects. Often these GRFP products are susceptible to scratches, cracks, and punctures,
which can result in dangerous spillages, safety hazards, or simply loss of productivity.
Although the strength and stiffness of anisotropic composite materials can be attuned
accurately to withstand the expected loads, this may result in a structure less tolerant to

damage in certain areas. As seen in computed tomography images in Figure 2.10 (a) and
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(b) in Chapter 2, the layered thermoplastic composite structure can develop safety
critical defects at considerably lower load. Furthermore, this early onset of the defects
initiates the development of large transverse cracks until the entire component fails.
Many other failure modes for composites in safety critical applications exist and can

cause sudden failures, however, it all starts with micro-cracking of the composite matrix.

As discussed in Chapter-3, microscale failure such as cracks occurs at an early stage of
operation it is crucial to identify and repair critical micrometre scale defects early on.
However, it is difficult to detect micron size delamination and therefore, if autonomous
material healing is carried out at regular interval, the damage tolerance and productivity
of the material can be improved significantly, and it will result in increased reliability by

avoiding sudden catastrophic structural failures.

In Chapter-2, literature on the multiple methods of self-healing of composites and in
particular through application of stimuli or on susceptible damage have been cited and
discussed. Most methods are related to healing the epoxy based composite materials
where liquid healing agents are incorporated into the structure using various methods.
For example, a hollow fibre containing liquid healing agent can be 3D weaved into
composite prepeg for mimicking veins in human body. Hollow fibre composite with 1 to
3% v/v fraction showed capability to arrest the crack propagation. In other self-healing
strategy, the thermoplastic resin is combined with epoxy to heal the cracks in thermoset
matrix composite through repetitive melting of thermoplastic. When hybrid polymer
matrix in composites is heated, the thermoplastic filled the crack in epoxy. Some
methods even use reversible bond in polymer and magnetic stimuli to recover the
bonding strength of the polymer. Initial strength of such material is still limited for the

structural application.

This work demonstrated a self-healing system for structural applications which can be
operated remotely and integrated with sensing. As a part of this work, the basic
component of such system, the self-healing multilayer tape consisting of a low melting
temperature nanocomposite film sandwiched between high melting point thermoplastic
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unidirectional fibre-reinforced prepreg or tape was prepared. The component made using
these tapes can be exposed regularly to external stimuli to melt the PMC film and
encourage liquid composite polymer to fill the microcracks through capillary action. The
infiltration of viscous polymer in to the microcrack arrests the stress intensity at the tip
which enhances fracture toughness by forming wedge shape film, capable of holding
crack opening under maximum loading cycle condition. This process can hold back the
crack propagation for significant time. Choice of stimuli can be magnetic field or
microwave that can be applied remotely to FRP component. Together with crack-gap
closing mechanism, the microwave source can be interfaced with electronic triggering
mechanism to affect the self-healing in remotely located FRP components. Moreover, the
healing can also be performed multiple times by applying micro-wave or magnetic

stimuli.

In order to achieve efficient microwave induced melting of the polymer matrix in PMC,
the uniform dispersion of MNP in polymer matrix is essential for such application.
Increasing MNP loading reduces the inter-particle distances allowing formation of the
agglomerates due to short range Van der Waals or hydrogen bonds. As in at air-liquid
interface in bubbles, the particles tend to agglomerate at phase interfaces such as solid-
solid, solid-liquid or air-liquid. Presence of MNP agglomerates in polymer matrix cause an
uneven response to the applied stimulus; as the agglomerated particles region will
absorb more stimulus energy and will melt the polymer excessively or undergo pyrolysis.
Additionally, the dispersion also affects the size of crystal and degree of crystallinity of
the polymer matrix in PMC. Low degree of crystallinity increases the melting temperature
of PMC and the crystallite size affects the mechanical properties of the PMC. The
dispersion also affects the magnetic properties of the PMC. In order to maintain lower
melting temperature and better mechanical properties as well as to avoid pyrolysis, the
PMC preparation was optimised to control the MNP dispersion. In Chapter-3, the variable
silica (Stéber and TPRE) and hydrophobic oleic acid (22%, 33%, 44% and 55% w/w)

coating was functionalised on the MNPs for assessing their effect on the magnetic
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response and their resulting dispersion in the polymer matrix (Chapter-5) and therefore,
optimizing all the properties including magnetic property of PMC. The silica and OA
loading (w/w %) on the iron oxide MNPs was varied to determine the most suitable
weight fraction for better dispersion of MNPs in PMC. The results related to dispersion,
magnetic properties, degree of crystallinity and crystallite size, as are included to show

the optimization of PMC in Chapter-5.

The concept of self-healing and its current state was discussed with a novel intent of
applying it to thermoplastic structures using specially designed magnetically responsive
PA-6 nanocomposite. To address the major issue of uniform dispersion arising with the
synthesis of magnetic nhanocomposites, two key steps were studied and implemented viz,
functionalisation of the MNPs (Chapter-3) and in-situ polymerisation of the
nanocomposite samples (Chapter-4). In surface modification of MNPs two approaches
were implemented and characterised: silica functionalisation involving Stéber &
microemulsion technique, and oleic acid functionalisation. The magnetic PA6 polymer
nanocomposite samples were successfully synthesized using an anionic ring opening in-
situ polymerisation approach, with optimised activator and initiator proportions for giving
control over dispersion state of the functionalised MNPs and at the same time
maintaining the required degree of crystallinity for ensuring the mechanical properties of
a thermoplastic. These methods ensured improvements in the MNPs dispersion state in
the base polymer matrix, which was characterised and compared for electing the best
suitable PA-6 PMC for the composite sample preparation and subsequent self-healing

study for damage tolerance.

This work reports the stimuli induced healing potential of the layered thermoplastic
composite containing magnetic PMC film as healing agent (Figure 6.2 in Chapter-6).
Firstly, the magnetic PA-6 polymer nanocomposite was synthesised by uniformly
dispersing iron (III) oxide MNPs in polymer matrix. The in-situ ring opening
polymerisation method was used for uniform dispersion of MNPs in PA-6 matrix.

Subsequently, the PNC film of 0.2 mm was prepared for incorporation into layers of GFRP
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composite, as seen in Figure 6.3 in Chapter-6. The standard GFRP dog bone composite
samples were developed by sandwiching two PNC films between three layers of GFRP
tapes. Secondly, the dog bone samples with and without damage, were tested to

determine tensile strength before and after healing.

Notably, this is a first report on method capable of self-healing large structures made
using fibre reinforced thermoplastic tape placement. Though many self-healing concepts
for FRP composites have been proposed until now, but still their commercial application
has not been tested yet (47). In this study, the concept of self-healing to enhance the
life cycle through damage control of thermoplastic fibre reinforced tape layered
composites for onshore and offshore structures is presented. The designed PMC was
optimised for effective dispersion and physical properties and the 22 w/w% OA sample
suits best for the structural bonding of the GFRP composites, acting as a consolidation.
Consequently, the characterisation results supported the proposition well. The concept is
tested using a multilayer dog bone sample and is shown to recover 84% of original
strength in the first healing cycle. The concept of self-healing and its seamless
integration method was presented in detail. Which resulted in renewed efficacy of the
composite structure with the healing efficiencies of 84%, 58%, and 34% for subsequent
healings as compared to that of a cracked virgin-sample. Furthermore, the overall
strength of the structure can be improved at least by ®175% with 60% certainty using

this scheme, and it is conveniently applicable to upgrade the existing practices.
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7.2 Future Scope

There are variable scopes or opportunities wherein the current work can be implemented
with slight modifications or further developments. Some of the scopes are discussed as

follows:
7.2.1 Underwater Self-Healing Capability

The presented work could only demonstrate the use of microwave stimuli for self-
healing, because the actual intended electromagnetic stimulus couldn’t be utilised due to
the working coil capacity limitation. The original idea of involving EM waves would be
most suitable to have as this can widely address the issue of implementing the healing
and even sensing technique under water, which is a critical issue for microwaves,
because microwave’s do not work in aqueous media. The development of a high-capacity
electromagnetic induction coil can be considered; that can effectively address the stimuli
generation for a significant amount of time which can bring about the melt-response of

the PMC.
7.2.2 Remote Structural Health Monitoring

To extend this work further, the same setup of the prepared composite sample with the
electromagnetic stimuli capability can be used for damage detection or automated
structural health monitoring. Since the PMC absorbs the incident stimuli, it can be used
to capture the thermal gradient upon incident thermal stimulus. The thermographic
gradient can be used to compare a healthy and damaged component for defect or
damage identification. Considering the fact, that any damage will expose the PMC layer,
thereby allowing differential stimulus absorption in that region. Since, this method can
operate as a standalone setup with infrared or thermographic cameras mounted, or even
with the involvement of robotic drones the stimulus application and thermographic image
capturing can be done for difficult to access regions. This can be a potential

achievement, considering the need for offshore structural health monitoring. The current
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setup can be modified easily, if the required thermography mounting can be coupled with

the stimuli generating source.
7.2.3 Self-healing Insulation Materials for HVDC Cables

The capacity of offshore wind parks and subsea oil/gas processing facilities are
expanding in size and require improved solutions for reliably transmitting large amounts
of electric power using a smart energy system. The core of the upcoming smart energy
system demands accelerated improvements in the transmission and distribution
capacities of direct current based high voltage (HVDC) cables. With currently available
offshore HVDC technology, the cost overruns and maintenance issues are frequent and
many reports suggest that 80% of wind farm insurance claims in European continent
have been cable-related. Development of the material for the long-distance transmission
cables is no longer in focus, conversely, the development of materials for MVDC cables

has come under intense focus.

The new insulating material should not allow the formation of electrical treeing and space
charge concentration, which is a major cause of the complete breakdown and
subsequently, damage to the polymer matrix. Space charges are accumulated
electrons/holes and charges (cation or anion) on the surface of the material causing the
inhomogeneous distribution of the electric field. Excessive charge accumulation can lead
to electric treeing and damage the material. Controlling the space charge formation is
key to the development of the new materials. Prepared PMC nanocomposite by addition
of the metal oxide nanoparticles to the polymer matrix can enhance the insulating
property by trapping the electrons at the interface of the nanoparticles. And in this case
Fes04 MNPs can be the easily sourced and cheaper alternative for preparing the
insulating nanocomposite layer. And with the PMC'’s self-healing capability, even if any
damages are caused by the electric treeing, those can be easily reversed. This can

present the feasibility of long-term deployment of HVDC cables as a viable solution.
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7.2.4 PMC for Microscale Magnetic Components

Micro and nanoelectronics are getting very much in demand, namely micro inductors and
micro transformer components are especially getting extensively utilised. The developed
PMC materials of this thesis work, having varied dielectric, electric and magnetic
response can be directly utilised for such effective component developments. The major
future study can be then focussed on the optimal design process for varying geometries
of devices e.g., V groove, planar, 2D spiral and 3D solenoid for the developed
components. With the main challenge of being able to optimise their power density for
DC-to-DC converters. And the ideal parameters of study being resistivity, relative
permittivity, hysteresis, etc. The optimisation of design of such materials would be very
useful for this application area; with research outputs directed towards the design,
fabrication, and characterisation in terms of thin film & thick film deposition of magnetic

materials with the variable geometries.
7.2.5 Hydrogen Generation with Functionalised MNPs

The potential of using nanoparticles for hydrogen production has been proven to give
better efficiency for green hydrogen production. Green hydrogen, which is mainly
produced by water electrolysis using renewable electricity, is one of the levers that will
speed up the transition to a carbon neutral future. Specifically, the involvement of
magnetic nanoparticles has shown higher efficacy for hydrogen production. These
magnetic nanoparticles can be functionalised by selective photocatalytic moieties for
photocatalytic hydrogen generation and even the photocatalysts can be recycled by
magnetic force for repeated hydrogen generation. The functionalisation of the
nanoparticles can also act as a reactive interface/medium for innovative methodology of
hydrogen production through water splitting over Fes0O4 pellet at low temperature (T =
300 °C, possible with solar power alone). The generation capacity at low temperature
can be tuned by employing the effect of magnetic field and electric power. Since the

interface created by the functionalisation involved on the nanoparticles surface dictates
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their magnetic and electrical response, creating engineered interface can further improve
the hydrogen generation performance and even their recyclability for repeated
generation. The effect of variable interfaces in terms of the selective chemical moiety
and the variable surface structures are still an uncovered area, demanding immediate
attention for improved green hydrogen generation and to make such technologies
commercially scalable. Optimising the interface for renowned green hydrogen generation

is the major research question within the existing innovative technologies.
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APPENDIX A: MATLAB CODE

The important code blocks that were implemented for the simulated 3D magnetic

polymer nanocomposite model generation are listed and briefly discussed herein.

A.1 Main code for taking the radius range and weight percent of the MNPs loading in the

polymer matrix.

clc, clear

close all

Rmin=0.015; tMinumum Radius

Rmax=0.12; tMaximum Radius

R=[Bmin,Rmax]; %Radius Range

W _Per=1; %Sphere to Cube Weight Percentage

generate np 2 Particles with IR Single(R,W Per)

A.2 Function for generating the random sized MNPs within the passed value of radius

range, for randomly orienting the generated MNPs and calculating the interaction radius.
function IR = generate np 2 Particles with IR Single(ptRrange, ptWp)
ptRrange low=ptRrange (l); ptRrange high=ptRrange (2);

L

[0;1;1;0;01;

B [0;0;1;1;01;

H [0;0;0;0;01;
HZ=H+1;

figure;

hold on;
plot3(L,B,H, "k');
plot3(L,B,H2, 'k');

for k=1:length(L)-1
plot3 ([L{k);L(k)]1,[B(k);B(k)1,[0;1],"k");
end

rhoC=520;
rho5=6080;
Ve=L(2)*B(3) *H2 (1) ;
We=Vc*rhoC;
Ws=((ptWp/2) /100) *Wc;
Vs=Ws/rhos;

Density of the Polymer Matrix (Cube)
Density of the MNPs

ae ae
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ptRads (1) =ptRrange low + (ptRrange high-ptRrange low).*rand(1l,1);
ptsIn(l,1)=(L(1)+ptRads (1)) + ((L(2)-ptRads(l))-(L(1l)+ptRads(l)))...

.*rand(1,1);

ptsIn(l,2)=(B(1l)+ptRads (1)) + ((B(3)-ptRads(l))-(B(1l)+ptRads(1l)))...
*rand(1,1);

ptsIn(l,3)=(H(1l)+ptRads (1)) + ((H2(l)-ptRads(l))-(H(l)+ptRads(1l)))...
.*rand(1,1);

Vst=(4*pi* (ptRads (1) ~3)/3):

i=2;
errl=0; err2=0;
while errl==0
while err2==0
PtRads (i) =ptRrange low + (ptRrange high-ptRrange low).*rand(1,1);:
ptsIn(i,l)=(L(1l)+ptRads(i)) + ((L(2)-ptRads(i))-...
(L(1)+ptRads(i))) .*rand(1,1);
ptsIn(i,2)=(B(1l)+ptRads(i)) + ((B(3)-ptRads(i))-...
(B(1)+ptRads(i))) .*rand(1,1);
ptsIn(i,3)=(H(1l)+ptRads(i)) + ((H2(1l)-ptRads(i))-...
(H(1l)+ptRads(i))) .*rand(l,1);
for j=1:1i-1
D=sqgrt (((ptsIn(i,1)-ptsIn(J,1))~2)+((ptsIn(i,2)...
—-ptsIn(j,2))"2)+((ptsIn(i,3)-ptsin(i,3))"2));
Rt=ptRads (i) +ptRads (J) ;
if D<Rt
err2=0;
hreak
else
err2=1;
end
end
end
err2=0;
Vst=Vst+ (4*pi* (ptRads (1) ~3)/3);
if Vst<vs
errl=0;
else
errl=1;
end
i=i+1;
end

A.3 Finally, the code plots the MNPs with the generated radius and their estimated

centre coordinates.
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[nPts, nDims] = size(ptsIn)
% Make a distance map from each point to all others, making sure
%pt A to B is infinite
distMap = sart(cell2mat (arrayfun (@ (i)sum(bsxfun (minus,ptsIn(i,:)...
, ptsIn).~2,2),1:nPts, 'Uniformoutput’', false))) s
distMap (logical (eye(size(distMap)))) = inf;

% Measure the initial nearest neighbours, setting point radii
%to half that distance

[nnDists, nn] = min(distMap,[1,1):

IR = nnDists;

% mny pairs of points that are nearest neighbour are "finalised"
%2and cannot expand
finalisedMask = arrayfun(@(i)nn(nn(i))==1i, 1l:nPts);

% Other "open" points can expand one by one
while ~all(finalisedMask)
openPtIds = find(~finalisedMask):

% Find the distance from these points' circles to all other
%circles, and get that smallest gap

openDistMap = bsxfun (@minus, bsxfun(@minus, distMap(:, openPtIds)...

, DptRads (openPtIds)), ptRads'):
openPtMinGap = min (openDistMap, [1,1):
% Take the smallest gap, expand that point's circle to close that
%gap, finalise that point.

[~,1idx] = min(openPtMinGap)

%ptRads (openPtIds (idx)) = ptRads (openPtIds (idx)) + openPtMinGap (idx);

finalisedMask (openPtIds (idx)) = true;
end
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APPENDIX B: INITIATOR & ACTIVATOR

VARIATION DATA

B.1 Varying proportion of initiator (EtMgBr)

Table B.1.1. Thermal properties of the Polymer from DSC - EtMgBr-10%

. Crystallizing
Glass Transition Melt Peak Enthalpy .
R Temperature R Crystallinity (%)
Temperature (°C) °) Temperature (°C) (J/g)
1°*' Run 56.68 197.25 221.04 58.26 30.66315789
2" Run 58.32 202.71 217.22 56.35 29.65789474
3" Run 54.71 202.61 215.54 60.5 31.84210526
Cycle Run 59.76 201.71 212.76 57.06 30.03157895
Average 57.3675 201.07 216.64 58.0425 30.54868421

Table B.1.2. Thermal properties of the Polymer from DSC - EtMgBr-30%

. Crystallizing
Glass Transition Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)

1°*Run 59.78 192.79 215.03 63.04 33.17894737
2" Run 54.68 201.38 216.96 70.58 37.14736842
3 Run 57.89 202.59 216.31 64.81 34.11052632
Cycle Run 51.68 192.7 215.34 62.82 33.06315789
Average 56.0075 197.365 215.91 65.3125 34.375

Table B.1.3. Thermal properties of the Polymer from DSC - EtMgBr-50%

. Crystallizing
Glass Transition Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°*Run 59.87 189.9 214.66 89.91 47.32105263
2" Run 53.54 198.56 213.8 92.92 48.90526316
3" Run 58.97 188.48 210.43 93.61 49.26842105
Cycle Run 52.68 184.33 213.92 91.25 48.02631579
Average 56.265 190.3175 213.2025 91.9225 48.38026316
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Table B.1.4. Thermal properties of the Polymer from DSC - EtMgBr-70%

Crystallizin
Glass Transition v zIng Melt Peak Enthalpy L.
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°'Run 54.23 163.89 215.89 90.76 47.76842105
2" Run 58.75 170.86 216.74 83.48 43.93684211
3 Run 52.56 175.45 215.25 89.02 46.85263158
Cycle Run 57.98 187.89 213.76 86.17 45.35263158
Average 55.88 174.5225 215.41 87.3575 45.97763158

Table B.1.5. Thermal properties of the Polymer from DSC - EtMgBr-100%

Crystallizin
Glass Transition v ZIng Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°* Run 51.76 175.68 211.9 82.41 43.37368421
2" Run 54.82 187.89 216.96 80.93 42.59473684
3 Run 53.45 165.83 213.53 78.52 41.32631579
Cycle Run 51.82 160.58 206.12 74.84 39.38947368
Average 52.9625 172.495 212.1275 79.175 41.67105263

B.2 Varying proportion of activator (NACL)

Table B.2.1. Thermal properties of the Polymer from DSC - NACL-10%

Crystallizin
Glass Transistion v 12ing Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°* Run 51.67 185.62 220.06 74.83 39.38421053
2" Run 53.68 175.34 215.52 59.63 31.38421053
3 Run 52.89 176.64 218.92 83.33 43.85789474
Cycle Run 54.58 182.42 216.84 82.58 43.46315789
Average 53.205 180.005 217.835 75.0925 39.52236842
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Table B.2.2. Thermal properties of the Polymer from DSC - NACL-30%

Crystallizin
Glass Transistion i g Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) ) Temperature (°C) (/g)
1*'Run 51.45 175.68 217.37 93.01 48.95263158
2" Run 53.21 175.89 216.18 92.49 48.67894737
3" Run 56.73 174.68 216.38 90.68 47.72631579
Cycle Run 55.47 175.68 215.51 94.38 49.67368421
Average 54.215 175.4825 216.36 92.64 48.75789474

Table B.2.3. Thermal properties of the Polymer from DSC - NACL-50%

Crystallizin
Glass Transistion v 'zIng Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°*Run 49.65 174.56 216.52 88.74 46.70526316
2" Run 52.64 162.68 214.06 96.06 50.55789474
3 Run 53.79 179.89 215.42 94.56 49.76842105
Cycle Run 52.58 175.48 214.21 86.78 45.67368421
Average 52.165 173.1525 215.0525 91.535 48.17631579

Table B.2.4. Thermal properties of the Polymer from DSC - NACL 70%.

Crystallizing

Glass Transistion Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°*Run 55.67 184.42 214.17 80.67 42.45789474
2" Run 51.49 186.57 215.15 75.58 39.77894737
3 Run 53.38 187.89 214.58 79.15 41.65789474
Cycle Run 52.87 186.78 213.66 79.63 41.91052632
Average 53.3525 186.415 214.39 78.7575 41.45131579

Table B.2.5. Thermal properties of the Polymer from DSC - NACL 100%.
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Crystallizing

Glass Transistion Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) C) Temperature (°C) (J/g)
1°*Run 51.68 163.89 212.38 72.17 31.37826087
2" Run 53.18 187.24 213.29 72.76 31.63478261
3 Run 54.92 188.39 213.2 74.66 32.46086957
Cycle Run 52.68 186.78 212.46 73.98 32.16521739
Average 53.115 181.575 212.8325 73.3925 31.90978261

B.3 Varying proportion of initiator (EtMgBr) and

activator (NACL) both

Table B.3.1. Thermal properties of the Polymer from DSC - initiator (EtMgBr) and

activator (NACL) both 10%.

Crystallizin
Glass Transistion rystallizing Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°'Run 53.64 91.34 172.08 48.26 25.4
2" Run 52.42 109.45 148.15 24.36 12.82105263
3 Run 53.97 112.1 175.85 47.95 25.23684211
Cycle Run 54.21 125.67 192.66 32.96 17.34736842
Average 53.56 109.64 172.185 38.3825 20.20131579

Table B.3.2. Thermal properties of the Polymer from DSC - initiator (EtMgBr) and

activator (NACL) both 30%.

Crystallizin
Glass Transistion rystallizing Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°' Run 49.68 178.98 210.69 71.22 37.48421053
2" Run 53.21 182.16 211.96 63.02 33.16842105
3" Run 51.34 180.61 210.01 68.3 35.94736842
Cycle Run 53.55 189.98 214.79 58.59 30.83684211
Average 51.945 182.9325 211.8625 65.2825 34.35921053

Table B.3.3. Thermal properties of the Polymer from DSC - initiator (EtMgBr) and

activator (NACL) both 50%.
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Crystallizing

Glass Transistion Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) C) Temperature (°C) (J/g)
1°*Run 55.61 177.38 214.77 88.73 46.7
2" Run 51.34 181.68 214.2 91.24 48.02105263
3rd Run 53.27 178.92 217.15 93.16 49.03157895
Cycle Run 51.64 150.67 209.95 91.73 48.27894737
Average 52.965 172.1625 214.0175 91.215 48.00789474

Table B.3.4. Thermal properties of the Polymer from DSC - initiator (EtMgBr) and

activator (NACL) both 70%.

Crystallizin
Glass Transistion v 12ing Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°*Run 54.52 173.88 211.7 79.34 41.75789474
2" Run 53.21 168.55 209.03 81.79 43.04736842
3 Run 57.66 163.42 205.73 83.32 43.85263158
Cycle Run 52.45 162.48 206.06 81.94 43.12631579
Average 54.46 167.0825 208.13 81.5975 42.94605263

Table B.3.5. Thermal properties of the Polymer from DSC - initiator (EtMgBr) and

activator (NACL) both 100%.

Crystallizin
Glass Transistion v 12ing Melt Peak Enthalpy .
. Temperature . Crystallinity (%)
Temperature (°C) °C) Temperature (°C) (J/g)
1°* Run 59.13 188.89 212.23 66.74 35.12631579
2" Run 52.46 165.68 205.53 64 33.68421053
3 Run 53.46 173.68 203.79 59.12 31.11578947
Cycle Run 51.67 156.89 205.54 68.61 36.11052632
Average 54.18 171.285 206.7725 64.6175 34.00921053
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APPENDIX C: SIMULATED MODELS GENERATED

Figure C.1. Simulated model representation of the synthesised PMC samples (1 cubic micron size) for (a) Uncoated-Fes04 PMC; samples
with varying proportions of silica coatings i.e. (b) Stober-FesO4 PMC & (c) TPRE-Fes04 PMC; and samples with varying percentages of OA
loading on the MNPs viz. (d) 22 w/w% OA-Fe304PMC, (e) 33 w/w% OA-Fe304 PMC, (f) 44 w/w% OA-Fe304 PMC, and (g) 55 w/w% OA-
Fes04 PMC. (Herein, solid Black spheres represent FesO4 MNPs or agglomerates.)
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The values of the interaction radius (IR) generated by the designed MATLAB® code

Table C.1. Interaction radius values as calculated by the MATLAB® code for the
simulated model of each sample type.

Minimum Maximum Average Standard
Sample Interaction | Interaction | Interaction | Deviation
P Radius Radius Radius (nm)
(nm) (nm) (nm)

Uncoated-Fes04 PMC 190 475 265 87
Stéber-Fes04 PMC 80 346 166 58
TPRE-Fe304 PMC 54 267 129 50

22 w/W% OA-Fe304 PMC 77 345 142 52
33 w/w% OA-Fe304 PMC 65 413 189 82
44 w/w% OA-Fe304 PMC 63 498 188 104
55 w/W% OA-Fe304 PMC 82 307 173 67
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APPENDIX D: EDX & MAGNETIC MEASUREMENTS

Table : Elemental quantitative analysis results for all the functionalised MNP samples.

Element (Weight %)
Samples
C o Si S Fe
Uncoated-Fes04 MNPs 26.81 20.42 - 0.19 28.15
Stoéber-Fes04 MNPs 24.84 18.77 1.20 - 27.27
TPRE-Fe304 MNPs 22.43 20.70 5.82 0.17 26.94
22 w/w% OA-Fe304 MNPs 27.73 21.50 - - 26.58
33 w/w% OA-Fe304 MNPs 28.66 22.49 - - 27.58
44 w/w% OA-Fe3z04 MNPs 29.84 24.59 - - 26.21
55 w/w% OA-Fe304 MNPs 30.57 26.81 - - 25.15

Though the quantitative analysis was run for the elemental study in terms of weight%
(W%) and also the atomic% (A%), the weight% data was more relevant to compare with

the functionalisation loading of each type.

Full scale plots of induced magnetisation i.e. magnetic moment as a function of applied
magnetic field, showing the associated hysteresis loops in inset figures at (a) 100 K and

(b) 400 K temperatures.
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Figure D.1. Full scale plots of induced m

agnetisation (Magnetic moment as a

function of applied magnetic field) and the associated hysteresis loops shown in
inset figures for the uncoated MNPs and MNPs functionalised by Stéber and TPRE
method, measured at (a) 100 K and (b) 400 K temperatures.
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Figure D.2. Full scale plots of induced magnetisation (Magnetic moment as a
function of applied magnetic field) and the associated hysteresis loops shown in
inset figures for the uncoated MNPs and MNPs functionalised by oleic acid
variations, measured at (a) 100 K and (b) 400 K temperatures.
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Figure D.3. Full scale plots of induced magnetisation (Magnetic moment as a
function of applied magnetic field) and the associated hysteresis loops shown in
inset figures for the various PMC samples (pristine, uncoated, Stéber and TPRE

functionalised MNPs samples) measured at (a) 100 K and (b) 400 K
temperatures.
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Figure D.4. Full scale plots of induced magnetisation (Magnetic moment as a
function of applied magnetic field) and the associated hysteresis loops shown in
inset figures for the various PMC samples (pristine, uncoated and oleic acid
variations functionalised MNPs samples) measured at (a) 100 K and (b) 400 K
temperatures.
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APPENDIX E: COMPOSITE SAMPLE PREPARATION

For the composite dog bone sample preparations, required for the tensile testing and
self-healing capability evaluation, there was a need to fabricate a metal-die so that all
the samples can be prepared in exact similar manner. This practice will avoid any error
inclusion due to the manufacturing aspect of the composite samples. Firstly, the CAD
model was prepared in Solidworks® CAD package, it is shown in Fig. E.1 below. This
ensured that the tolerances of all the mating parts were appropriately allocated and
matched with each other by motion simulation of the die assembly. It also was used to

create all the production drawings needed for the CNC fabrication process.

Top/Punch \

Representative

Specimen \

Die

A

(a)

(o)

Figure E.1. CAD model of the die setup: (a) & (b) Exploded view of the entire setup and

(c) assembled view.
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Various production sheets generated using the CAD model are attached as follows for

any reference:
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Figure E.2. Production sheet of top/punch part.
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Figure E.3. Production sheet of die part.
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Figure E.4. Production sheet of bottom rest part.
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The final finished metal die fabricated for the composite dog bone sample preparations is

as follow:

s

Figure E.5. Upper and middle portions of the metal die fabricated for composite dog
bone sample preparations.
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