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Abstract

Polymer/clay nanocomposites are a new class of materials with unique properties
that are not shared by the pristine polymers or the conventional composites. These
materials may present enhanced mechanical, thermal, barrier and flammability properties
which make them ideal for applications in the aeronautic, automotive, constructions and
healthcare fields. Typically, polymer/clay nanocomposites may be synthesized by: in situ
polymerisation, solvent method and melt compounding. Following either one of these
methods conventional composites and intercalated and/or exfoliated nanocomposites may
be obtained. The overall aim of this thesis was to further understand the impact of clay
addition on polymer foams, polymers and polymer blends, which are often found in the
recycled stock, and to investigate the mechanical and thermal properties with respect to the

structure of clay.

Thermosetting polymer/clay nanocomposite foams with intercalated nanostructures
were developed via in situ polymerisation. The relative modulus-relative density
relationship for low-density polymer/clay nanocomposite foams was described by Gibson-
Ashby normalised model and by using other established theories. Thermoplastic
polymer/clay nanocomposites were produced by solvent method, using a novel clay which
was pre-treated with a blowing agent. The sequential degradation of the blowing agent
inside the gallery of clay produced porous highly exfoliated polymer/clay nanocomposites.
The structure-property relationship for porous polymer/clay nanocomposites was found to

be best described by the Mills-Zhu model.

Polymer/clay micro and nanocomposites were developed by melt mixing
compatibilised and noncompatibilised high density polyethylene with organoclay or
natural clay. It was observed that in a non-polar polymer matrix, nanocomposites formed
only when organoclay was dispersed in the presence of a compatibiliser. Different clays
were melt compounded with polystyrene, it was observed that in order to obtain
polymer/clay nanocomposites the clay had to be either treated with a cationic surfactant or

directly mixed with a non-ionic surfactant.

In order to assess if polymer/clay nanocomposites with enhanced exfoliation could
be manufactured via melt compounding with blowing agent-treated organoclays two
polymer matrices were chosen, polystyrene and polypropylene/maleated polypropylene.
The study showed that the dispersion of blowing agent-treated organoclays led to the

enhancement of the exfoliation degree in intercalated/exfoliated nanocomposites.
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Since the mechanical properties of polymer/clay nanocomposites depend on a
number of factors, among which crystallinity and clay exfoliation degree. Nylon 6 was
melt compounded with different clays, which yielded different exfoliation degrees. The
effect of the clay was assessed by examining the crystallinity and structure of the
polymer/clay nanocomposites before and after they were subjected to uniaxial
deformation. It was established that the clay obstructed the polymer from reaching a more

thermodynamically stable state.

The addition of clay was investigated in compatibilised and noncompatibilised
polymer blends. It was observed that the clay located in the low polarity polymer in the
noncompatibilised blend and in both polymers and at the interface when the
compatibilising agent was added, thus, the clay acted as a reinforcing agent and as a
compatibiliser.  The  structure-property  relationship  for  compatibilised and

noncompatibilised polymer blends was developed.

Recycled polystyrene was melt compounded with organoclay or blowing agent
treated clay. Similarly, recycled polyethylene was melt mixed, with or without the addition
of a compatibiliser, with the previously mentioned clays. The studies showed that in a
polystyrene matrix the clay intercalated, whereas the different grades of polyethylene led
to conventional composites. Still, the addition of clay enhanced the mechanical properties

and facilitated the degradation process which enabled the reuse of recycled material.

In conclusion, the addition of clay to polymer, polymer cellular solids and polymer
blends can be beneficial because the clay, upon appropriate treatments, has the ability to
improve the mechanical and thermal properties, whilst the degree of exfoliation in a
polymer/clay nanocomposite can be improved with the pre-treatment of the organoclay
with blowing agents. By performing different mechanical tests it was observed that a ratio
of the mass fraction of intercalated nanostructures to that of exfoliated nanostructures equal
to unity would result in superior mechanical properties compared to the fully intercalated
or fully exfoliated polymer/clay nanocomposites. This work adds a new level of
knowledge to polymer/clay nanocomposites by examining the changes in the crystallinity
of the polymer matrix and by developing a clay treatment method that has the potential to
lead to controlled exfoliation; it also offers a detailed analysis on the toughness of
polymer/clay nanocomposites and its effects on the fracture surface. Since it is imperative
to know the structure-property relationship in order to attain the desired materials, this
work has evaluated this relationship for low and high density polymer/clay nanocomposite
foams, for polymer/clay nanocomposites and for polymer blend/clay nanocomposites.
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Nomenclature

DSC - Differential Scanning Calorimetry

DTG — Differential Thermogravimetric Analysis
FT-IR — Fourier Transformed Infrared Spectroscopy
MicroCT — X-Ray Micro-Computed Tomography
PLM — Polarised Light Microscopy

SEM — Scanning Electron Microscopy

TEM — Transmission Electron Microscopy

TGA — Thermal Gravimetric Analysis

XRD — X-ray Diffractometer

ABS — acrylonitrile butadiene styrene

ADC — azodicarboxamide

ADC-Clay — azodicarboxamide treated organoclay Nanomer® [44.P
C30B - Cloisite 30B

Clay — organomodified clay Nanomer® 144.P

Clay(SB) — sodium bicarbonate treated organoclay Cloisite 30B
Clay(ADC) — azodicarboxamide treated organoclay Cloisite 30B
DHTDMAC - bis(hydrogenated tallow alkyl)dimethyl chloride
EtOH — ethanol

ETFE — ethylene tetrafluoroethylene

FEP — fluorinated ethylene propylene

HDPE — high density polyethylene

LDPE — low density polyethylene

LPC — liquid polymer crystal
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MDI — methylene diphenyl diisocyanate

MF — melamines

MMT — natural montmorillonite

MMT-AQ — DHTDMAC treated montmorillonite
MMT-P — MMT treated with anionic surfactant
MMT-E — MMT treated with non-ionic surfactant
MMT-gel — MMT suspension in water

NCH - nylon 6/clay hybrid

ODA — octadecylamine

PA — polyamide

PBI — polybenzimidazole

PBT — poly(butylene terephthalate)

PC — polycarbonate

PCL — poly(e-carpolactone)

PCy — polycyanates

PE — polyethylene

PEEK — polyether ether ketone

PEI — polyethyleneimine

PEgMA — polyethylene grafted maleic anhydride
PET — poly(ethylene terephthalate)

PFA — perfluoroalkoxy

PI — polyimides

PLLA — poly(L-lactide)

PLS — polymer layered silicates

PMMA - poly(methyl methacrylate)

POM - polyoxymethylene

POSS — polyhedral oligomeric sislesquioxanes
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PP — polypropylene

PPE — poly(phenylene ethynylene)

PPgMA — polypropylene grafted maleic anhydride
PPS — polyphenylene sulphide

PR — phenolic resins

PS — polystyrene

PSU — polysulfone

PTFE — polytetrafluoroethylene

PU — polyurethane

PVC — poly(vinyl) chloride

R-PE —recycled polyethylene

R-PS —recycled polystyrene

SAN - styrene acrylonitrile

SB — sodium bicarbonate

SB-Clay — sodium bicarbonate treated organoclay Nanomer® [44.P
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Chapter 1. Introduction

Polymers are macromolecules characterised by the repeat of structural units and high
molar mass. They can be linear or branched, i.e., thermoplastic polymers or tridimensional
or cross-linked, i.e., thermosetting polymers. Thermoplastic polymers can be amorphous or
semicrystalline, thus brittle or ductile materials. Polymers present a myriad of applications
(i.e., packaging, construction, automotive, etc.). It has been shown that the addition of a
filler (e.g. calcium carbonate, talc and glass fiber) can lead to conventional composites
which may show improved properties compared to the pristine polymers. Traditionally
polymers were reinforced with micro-sized fillers. In the recent years the incorporation of
low concentrations of nanometre-sized fillers has become a crucial strategy to improve and
diversify polymer materials. Polymer nanocomposites are a new class of materials that
consist of a polymeric matrix containing well-dispersed particles or fillers with at least one
of its dimensions at the nanometre scale. A well accepted definition of polymer
nanocomposites is that they are composites in which small amounts of nanometre sized
fillers are homogenously dispersed in a polymer matrix. They can also be defined as a two
phase-system, where at least one dimension of the reinforced filler is on the nanometre
scale. As defined, the fillers added to the matrix are very small in quantity, normally less
than 10 wt.%, unlike conventional composites where the amount of microfillers can reach

up to 50 wt.% of the total materials weight.'”

Clay minerals have been used for a long time as catalysis, absorbents and rheological
modifiers in the chemical and coatings industries.”® The use of clays as polymer additive
fillers also has an eloquent history with polymer intercalation of montmorillonite being

first investigated more than 70 years ago.’

In 1987, the researchers at Toyota Laboratories, with their pioneering work, have
discovered that clay particles can delaminate and act as more than just an absorbing agent
that was well established since 1950,% > and layered silicates have gained importance as
modifiers in improving polymer performance. Using nylon 6 as the polymer matrix and a
small quantity of clay (less than 10 wt.%)” as the reinforcing agent, it was discovered that
this hybrid polymer material possessed unique and significantly improved mechanical and
thermal properties compared to the pristine polymer.® This led to the first use of this
material in the early 1990s as the timing belt cover in automotive cars.” ° Prior to this,

articles written on organoclays and polymer/clay composites were almost inexistent;
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however, with the new improved material properties came new applications which resulted
in an exponential increase in the number of studies on polymer/clay nanocomposites.
Today, polymer/clay nanocomposites represent an area with tremendous potential that

receives substantial interest from both academia and industry.

Unlike other reinforcing agents (e.g. carbon fibers and carbon nanotubes) that take
time to generate, clay is ubiquitous in nature and environmentally friendly. The ability of
clay to adsorb different chemicals® ® recommended this material to be used as a reinforcing
agent for polymer materials. The most exploited type of clay is montmorillonite, an
aluminosilicate mineral with a hydrophilic character. Montmorillonite clays exhibit rich
intercalation chemistry mostly due to their excellent capability to absorb hydrophilic
(polar) substances. This characteristic makes them prone towards being chemically
modified in order to transform them into materials that are compatible with polymers with
low-polarity. The typical chemical treatment involves a cation exchange reaction in which
the metallic ions that inhabit the clay gallery are exchanged by surfactant molecules,
rendering the clay hydrophobic. This process facilitates the dispersion of clay in less

hydrophilic polymer matrices.'* "'

Polymer/clay nanocomposites can be described as the union of two different
components represented by an inorganic nanofiller that is imbedded into an organic matrix
at nanoscale level.'> These new hybrid materials are usually manufactured by: in situ
polymerisation, solution method or melt compounding. Using any of these methods to mix
the monomer/polymer with the clay, conventional composites and intercalated and/or
exfoliated nanocomposites can be manufactured (Figure 1.1). In conventional composites
the clay is dispersed in the polymer matrix; however, the noncompatibility of the two
components prevents the clay from delaminating; thus, the polymer is reinforced by clay
particles. In an intercalated nanostructure the polymer penetrates inside the gallery.
Although the polymer chains increase the distance between silicate layers, the amount of
intercalated polymer is not enough to delaminate the clay platelets; in which case, the
reinforcement is made up by clay tactoids, i.e., stacked clay platelets. When the polymer
content inside the clay gallery increases ordered exfoliation occurs and past that threshold
exfoliated clay platelets can be observed in the polymer matrix. Regardless of the type of
exfoliation in the polymer/clay nanocomposite, the reinforcement is represented by single

clay platelets.

The constantly evolving interest in this new class of polymer materials springs from
the ability of polymer/clay nanocomposites to display superior and even unique properties
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compared to the pristine polymers or their conventional polymer counterparts.® Typically,
in conventional composites, the same degree of property improvement would be attained
with the addition of a large quantity of the filler.” However, due to the unique ability of
clay to disperse as clay tactoids or individual clay platelets and create an unusual high
contact surface with the polymer matrix, only very small quantities of clay, typically less
than 5 wt.% are necessary."” This is because of the superior properties of a clay platelet
over a clay particle. Thus, a montmorillonite clay particle is characterised by a Young’s
modulus of 14 GPa,'* an aspect ratio of about 10,"* a density of 2600 kg-m™ and a surface
area of 38 m*-g",'® whereas a clay platelet presents a Young’s modulus of 230 GPa,'® an
aspect ratio of about 50-1500,"” a density of 3100 kg-m™ and a surface area of 760 m*.g".*
' By intercalating/exfoliating the clay platelets, the surface area of the clay platelet
becomes more exposed and allows for the stress to which the polymer matrix is subjected

to transfer to the clay nanostructure.

L
s _M_,} .;_ 1 nm

One clay platelet

Cationic
surfactant

Clay layer

Conventional
composite

Intercalated
nanocomposites Exfolated
nanocomposites

Figure 1.1. The clay mineral may delaminate in single clay platelets. By treating the clay
with a cationic surfactant via a cation exchange process and sequentially dispersing the
organoclay in a polymer matrix: conventional composites and intercalated and exfoliated

nanocomposites may be obtained (Modified from reference'®).



The hydrophilic character of clay determines it to be prone towards polar substances
such as epoxy, polyurethane or polyethylene oxide, in which clay may produce intercalated
and/or exfoliated structures. However, most of the world’s plastic production is
represented by thermoplastic polymers (e.g. polyethylene, polypropylene, polystyrene) that
are non-polar or characterised by a low polarity. In these polymers, natural clay tends to
form large aggregates leading to conventional composites. The typical solution, to using
clays in non-polar and low polar polymers, is to add a compatibilising agent and/or to
organically modify the clay, making it more compatible to the polymer matrix and able to
be dispersed in the material. Over the years a series of approaches have been investigated
in the search of achieving enhanced exfoliation. In most of the cases the clay treatment

process has proven tedious, economically unviable and environmentally harmful.

So far, the research on polymer/clay nanocomposites has established that the
mechanical properties depend on a series of factors, such as the degree of delamination,
dispersion and orientation of the clay platelets, the testing temperature in relation to the
glass transition temperature, the crystallinity degree and crystalline phase, the interactions
between the polymer matrix and the filler, etc. One of the greatest questions in regard to
polymer/clay nanocomposites is whether an intercalated nanocomposite is superior to an
exfoliated nanocomposite. To the day, there are a number of contradictory theories on this

aspect, especially in regard to the toughness of polymer/clay nanocomposites.

Still, the superior properties that have been achieved in some cases with the
dispersion of clay platelets in pristine polymers have advised the addition of clay platelets

in polymer foams and in polymer blends.

Foams are light materials with a myriad of applications varying from weight-bearing
structures to isolations and tissue engineering scaffolds for cell attachment and growth."”
The dispersion of clay in polymer foams has resulted in changes in the morphology and
thermal and mechanical properties. However, so far, the role of the clay in polymer foam is

uncertain, and its impact on the mechanical properties has yet not been quantified.

In the past, it has been envisioned that the addition of a third component to an
immiscible polymer blend may prove beneficial in reducing the surface tension between
the other components. Due to the high surface of the clay platelets, this material seemed
the perfect choice; however, its hydrophilic character launched a series of questions in

regard to the location and the role of clay in an immiscible polymer blend.



Although the addition of clay has been shown to improve the structure, thermal and
mechanical properties of the polymer matrix, there are still a number of questions that need
to be answered in regard to the role of the clay and its dispersion, morphology and mobility
in the polymer matrix, and the changes that undergo in the polymer matrix. By
uriderstanding these factors and the role of the clay in the polymer matrix, products with
specific properties can be designed, thus increasing the life-span of plastic materials. Also,
the small amount of filler used in polymer/clay nanocomposites makes these materials

easier to recycle and reintroduce back on the market.

1.1. Project aim and objectives

This project aims to investigate the effects of clay on the structure, thermal and
mechanical properties of polymer/clay nanocomposites and study the fundamental science
underpinning the development of this relatively new class of materials. It involves the use
of pristine polymers that are often found in the plastic recycled stock and employs the use
of natural clay and organomodified clays as nanofillers in order to develop new materials
for various applications including plastic recycling. The principal objectives of this project

are as follows:

1. Study low-density thermosetting polymer and polymer/clay nanocomposite
foams and establish the best mixing sequence to obtain an optimal foam
structure characterised by superior mechanical properties. The main goal of
this work was to determine a structure-property relationship for low-density
polymer/clay nanocomposite foams by using the established theories for

conventional cellular materials.

2. Investigate thermoplastic polymer and polymer/clay nanocomposite porous
solids manufactured via a novel procedure. Typically porous polymer/clay
nanocomposites are manufactured by dispersing the clay in the polymer
matrix, followed by the addition of the blowing agent. The main purpose of
this study was to determine whether this type of clay treatment can lead to

exfoliated polymer/clay nanocomposites.

3. Assess whether a natural clay or an organoclay would be more suitable for
manufacturing polymer/clay nanocomposites via melt compounding. The

main objective of this work was to establish the necessity of the
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compatibilising agent and to determine the appropriate clay load for optimal

mechanical properties.

Study the thermal and the mechanical properties of low-polarity amorphous
polymer/clay composites and nanocomposites. The main goal of this work
was to treat the natural clay with cationic, anionic and non-ionic surfactants
and to assess which type of treatment presented the most promising outcome.
For comparison the polymer was also mixed with the natural clay and a gel

based on the same natural clay.

Develop a versatile route to prepare highly exfoliated nanostructures via melt
processing. The main goal of this work was to develop novel organoclays by
pretreating as-received organoclay with blowing agents and study the
structure, thermal and mechanical properties of polymer/clay nanocomposites

manufactured by dispersing the novel clays into different polymer matrices.

Study intercalated/exfoliated polymer/clay nanocomposites with different
degrees of exfoliation. The main aim of this project was to assess the changes
that undergo in the crystallinity and crystalline structure of the polymer and
polymer/clay nanocomposites with exposing the material to unaixial

deformation.

Investigate the toughness of polymer and polymer/clay nanocomposites using
tensile low and high speed test as well as fracture mechanics. The main
objective of this work was to assess whether intercalated or exfoliated
polymer/clay nanocomposites would present superior toughness as opposed

to the other.

Study immiscible polymer blend/clay nanocomposites and investigate the
effects of clay on structure, thermal and mechanical properties. The main goal
of this study was to investigate the role of the clay and to quantify the
relationships between the mechanical properties and the amount of

reinforcement added.

Investigate the structure, thermal and mechanical properties of recycled
polymer/clay composites and nanocomposites. The main aim of this work

was to study the impact that clay addition had on the recycled polymers and
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to establish the potential of using clays to reintroduce the plastic materials

back into consumption.

Ultimately, it is hoped that this work would improve the understanding of adding
clay platelets to a polymer matrix. It is hoped that this work will establish the most
appropriate clay morphology to obtain optimal thermal and mechanical properties. By
knowing the factors that control the structure and properties of a polymer/clay
nanocomposite better materials with optimal properties can be designed, which will
increase the life of polymer based materials and reduce the plastic consumption. It is hoped
that the dispersion of clay would help reintroduce recycled materials back on the market
and aid the future recycling process, thus increasing the life span of a polymer and

reducing the need of pristine polymer manufacturing.
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Chapter 2. Literature Review

2.1. Introduction

A composite material is a solid structure with multiple phases, representing a
combination of two or more materials with different physical and chemical properties and
exhibiting the best qualities of two or more, natural or synthetic, materials in order to
create a new material. The evolution of composite materials is presented in Figure 2.1.%°
Contemporary, composite materials are the result of research and innovation of artificial
engineering. These novel materials present specific properties and characteristics that
sometimes can be different from the properties of the individual constituents.® These
properties depend on the components, and mainly on the interfacial forces that exist
between the components. Composite materials can be used in a wide range of applications

which include the fields of construction, marine, aerospace, infrastructure, military,

healthcare, etc.
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Figure 2.1. Schematic diagram of the evolution of materials from mechanical and civil
engineering. The relative importance of four classes of materials (polymers, ceramics,

metals and composites) as a function of time (Reproduced from reference™).

Polymer composites can be defined as materials that are formed from a

macromolecular compound and a reinforcing agent or a filler which once dispersed in the

11



soft component does not dissolve in it.*' The macromolecular compound can be a
thermosetting or a thermoplastic polymer also known as the polymer matrix. The
reinforcing agent can be a filler or a nanofiller of inorganic or organic nature. The polymer
matrix offers the bulk properties of the composite materials, while the reinforcement
component contributes with additional qualities. In many cases, a composite material is
distinguished by the presence of a strong and stiff component embedded in a softer
constituent forming the matrix.”’ The most common method to classify the composite
materials is based on material matrix or based on reinforcing material structure. This
classification denotes the existence of macrocomposites (e.g. steel concrete and glass
reinforced polymers), microcomposites (e.g. epoxy resins reinforced with inorganic fillers)
and nanocomposites.”> Nanocomposites can be defined as reinforced polymers for which at
least one of the dimensions of the dispersed filler is in the nanometre range.”> ** These
materials can be hybrid materials of inorganic-organic nature or even organic-organic
nature that allow the study of a molecular dimension system.”> In contrast to the
conventional polymer composites, polymer nanocomposites present radical improvements

of the mechanical, thermal, conductive, and flammability properties.z‘ e

2.2. Nanocomposites

Nanocomposites have been regarded as part of the nanomaterials family.*” This new
member represents a class of multiphase materials characterised by the dispersion of
nanoparticles,”’ nanofibers (for example single or multiwall carbon nanotubes),”* or
intercalation/exfoliation of layered silicates within a polymer matrix.® Depending on the
type of filler used, the nanodomains can constrain the polymer chains or enhance the
toughening efficiency of the polymer nanocomposites.*> Because of their nanometre sizes,
filler dispersion nanocomposites can exhibit remarkably improved properties when

compared to the pure polymers or their traditional composites.® %> ** %

The changes observed in the properties of polymer-inorganic nanocomposites are
due to the mixing and binding of two different phases: the inorganic phase provides the
high-performance thermal and mechanical properties, while the organic phase contributes
to the processing and adhesive properties.”® From a mechanical point of view, the most
interesting nanofillers are those with a high aspect ratio (average length/diameter or
thickness ratio), including layers (nanoclays and layered double hydroxyls) and fibrous

materials (cellulosic nanofibers, carbon nanotubes and metal oxide nanotubes etc.).”?
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Among these nanofillers, nanoclays have attracted a great share of the attention because of
their low cost, ready availability, eco-friendly nature, good swelling properties, and
nonisometric structure derived from a high aspect ratio, which can maximise the
reinforcing effect in terms of mechanical, thermal, and barrier properties.23 The properties
of polymer/clay nanocomposites largely depend on their nanoscale structure, which
includes the dispersion of the silicate layers, the interaction between the polymer
molecules and the silicate surface, the influence of inorganic layers on the polymer
conformation and morphology, the compatibility between the organic and inorganic

components and the way in which they are prepared.g’ SApsh 3

2.3. Polymer matrix

Polymers molecules have high molar masses and are composed of a large number of
repeating units. There are both naturally occurring and synthetic polymers. Typically,
polymers may exhibit a linear, branched or cross-linked topology. The linear and branched
polymers, also known as thermoplastic polymers, may be reprocessed by heating or
dissolution in a suitable solvent. The cross-linked polymers involve a tri-dimensional
network and are also known as thermosetting polymers which cannot be reshaped without

permanent degradation of the chemical bonds.

2.3.1. Thermosetting polymers

The thermosetting polymers are the result of curing or cross-linking a resin with a
solid, semi-solid or liquid organic reactive intermediate material, also known as the curing
agent. This process can take place at room temperature or at elevated temperature and
leads, via an irreversible chemical reaction known as polymerisation or cure, to the

formation a high molecular weight, tri-dimensional product.”

The thermosetting polymers can be arranged in an arbitrary order according to their

performances and consumption level in the following classification (Figure 2.2):*

- old materials of modest properties: urea-formaldehydes (UF);

- thermosetting polymers with good thermal behaviour: phenolic resins (PR) and
melamines (MF);

- thermosetting polymers with the most uses for their general qualities:

unsaturated polyesters and polyurethanes (PU);
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thermosetting polymers with a broad range of properties (used for high tech
composites): epoxy;

flexibility and heat resistance, physiologically harmless thermosetting
silicones;

thermosetting polymers with high-tech uses, limited distribution: polyimides
(PI);

thermosetting polymers with highly targeted uses and very limited distribution:

polycyanates (PCy).

PCy

Urea-Formaldehydes

Figure 2.2. Arbitrary classification of commonly used thermosetting polymers (Modified

from reference

40)‘

2.3.2. Thermoplastic polymers

Thermoplastic polymers possess good resistance to chemical substances™ and their

mechanical properties are strongly dependent on the temperature and applied strain rate.”

An arbitrary order of the main families of thermoplastics according to their performances

and consumption level is the following classification (Figure 2.3):*

commodity thermoplastics: polyethylene (PE), polypropylene (PP), poly(vinyl
chloride) (PVC), polystyrene (PS) and polyphenylene ether (PPE);
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- copolymers with more specific applications: acrylonitrile butadiene styrene
(ABS) and styrene acrylonitrile (SAN);

- engineering thermoplastics: polyamide (PA), polycarbonate (PC), poly(methyl
methacrylate) (PMMA), polyoxymethylene (POM), poly(phenylene
ethynylene) (PPE), poly(ethylene terephthalate) (PET) and poly(butylene
terephthalate) (PBT), etc.;

- engineering thermoplastics with more specific performances: polysulfone
(PSU), polyethyleneimine (PEI) and polyphenylene sulphide (PPS), etc.;

- thermoplastic polymers with high-tech uses, limited consumption: ethylene
tetrafluoroethylene (ETFE) and polyether ether ketone (PEEK);

- thermoplastic polymers with high-tech uses, more limited consumption: liquid
polymer crystal (LPC), polytetrafluoroethylene (PTFE), perfluoroalkoxy
(PFA), fluorinated ethylene propylene (FEP) and polyimide (PI);

- thermoplastic polymers with highly targeted uses and very restricted

consumption: polybenzimidazole (PBI).

Extreme Temperature
Plastics

PPSU | LCP
High Temperature : PEI | 1l
Plastics PESU | PPA

PSU g PA12 PPS

; PBT
Engineering ‘ PAG/66
Plastics PPO : POM
Commodity Ps ABS PVC
Plastics PMMA SAN

AMORPHOUS SEMI-CYRSTALLINE

Figure 2.3. Arbitrary classification of amorphous and semicrystalline thermoplastic

polymers (Reproduced from reference®').
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2.4. Reinforcing agents

Reinforcing materials play a multitude of roles when it comes to them being used as
part of composite materials; the most important ones are those of reducing the costs of the
composites and modifying the physical and mechanical properties of the final product.’o‘ -
% Some of the properties that can be modified by adding reinforcing agents are:
stiffness, tensile strength, hardness, abrasion resistance, dimensional stability, heat
resistance, fire resistance, optical properties or, if the polymers’ insulating properties are

not desired, electrical conductivity.”'

2.4.1. Fillers

Inorganic fillers, with micrometer range dimensions (e.g. calcium carbonate, glass
fibers and talc) have been used to improve the mechanical properties of the polymers.” ***
Usually the content of fillers in a conventional composite material is between 20 and 40
wt.%, and, in some polymers, can exceed 50 wt.%; however, the interaction between the

polymer matrix and the filler is limited.’

2.4.2. Nanofillers

In the case of nanofillers, the content of filler in a polymer composite material is
typically lower than 10 wt.% due to their high aspect ratio® displayed by the nano-
reinforcing agent. It was also found that the nanocomposites exhibited the best properties
at a nanofiller load of about 5 wt.% " and in the case of PMMA with a 0.5 wt.%
organoclay (i.e., Cloisite® 20A) content, the mechanical properties were found to increase
significantly.*® Typically, the density of the filler is higher than the density of the polymer
matrix, thus, conventional composites present higher density than their polymer
counterparts. However, the use of small filler contents in polymer/clay nanocomposites
renders lighter materials that can be easily recycled, making this new class of materials a

necessity in a world with limited resources.

There are a number of factors that affect the interaction between nanofillers and
polymer matrix; among which filler volume (weight) fraction, degree of dispersion, the
filler geometry and orientation, etc. Nanofillers are classified by their geometry in three

categories (Figure 2.4):
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- particles (carbon black, silica nanoparticle, polyhedral oligomeric
sislesquioxanes) with a tri-dimensional nanosize distribution;** *’

- fibrous materials (carbon nanotubes or whiskers) with a two-dimensional
distribution;32’ -

- layered (organo-silicates or graphene) represented by single layers with one
dimensional nanosize, having a nanometre thickness and a high aspect ratio
with a platelet like structure.*® *’

The most common nanofillers are carbon nanotubes, layered silicates or graphene
due to their very high aspect ratio,”” which can be over 1000 sometimes.” Clay minerals are
potential nanoscale additives because they are comprised of silicate layers in which the
fundamental unit is a 1 nm thick planar structure and they have the ability to undergo

051 and intercalate with various organic molecules, which

cation-exchange reactions
results in increased distance between the silicate layers'> and possible complete

intercalation and/or exfoliation in a polymer matrix.

One-dimensional nanofiller T'wo-dimensional nanofiller Three-dimensional nanofiller

=

S _—

Nanoplate Nanofibre Nanoparticle
Thickness < 100 nm Diameter < 100 nm All dimensions < 100 nm

Figure 2.4. Nano-objects used for nanocomposites, as defined in ISO/TS27687 (2009).

2.4.2.1. Clays (layered silicates)

Clays are usually classified by their structure in: allophone, kaolinite, halloysite,
smectite, illite, chlorite, vermiculite, attapulgite—palygorskite—sepiolite and mixed layered
minerals.’® These layered silicate clay minerals are characterised by the presence of certain
groups of hydrous aluminium, magnesium, iron silicates and may contain sodium, calcium,
potassium, and other ions.” The atomic structure of clay minerals, illustrated for smectites
(i.e., montmorillonite) in Figure 2.5, consists of two basic units, an octahedral layer and a
tetrahedral layer. The octahedral layer is comprised of closely packed oxygens and
hydroxyls in which aluminium, iron and magnesium atoms are arranged in octahedral

coordination.”® In the tetrahedral layer the silicon atom is positioned at equal distances
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from the four oxygen atoms; this forms the SiO4 group that once linked with other similar
groups leads to a hexagonal network of repeating units of Si;O;0.”> The space between the

2:1 and 1:1 layers is occupied by water molecules and cations.
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Figure 2.5. Unit structure of a layered silicate (Reproduced from reference”).

The natural clays can be divided into two main classes: expanding (e.g. smectites and
vermiculite) and non-expanding (e.g. kaolinites).”® The class of smectites and the class of
vermiculites are also known as the class of 2:1 silicates’® because the clays are formed of
two tetrahedral sheets bonded with an octahedral sheet. Whereas, the class of the kaolinites
is the class 1:1 silicates characterised by the presence of an octahedral sheet and a
tetrahedral sheet (Table 2.1). In the class of smectites one can find in nature, according to

Murry,*

the following silicates: sodium montmorillonite, calcium montmorillonite,
nontronite (iron montmorillonite), saponite (magnesium montmorillonite), beidelite

(aluminium montmorillonite) and hectorite (lithium montmorillonite).
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Table 2.1. General chemical formulas of different clay groups.’’

Clay Group Chemical formula

Kaolines (Kaolinite) [Si4]A140,0(OH)g'nH,O, n =0 or 4
Smectite (e.g. MMT) M, [Sig]Als 2Feq2Mgo 6020(OH)4
Vermiculite M,[Si7Al]Als 2Fep sMgo sO20(OH)4

[lite (hydrous micas) My [Sig3Al; 2]AlsFeg25Mgo.75020(OH)4
Chlorite (AI(OH);.55)4[Sis.8Al1 2]Al3 4Mg0.6020(OH)4

Some of the clays, i.e., montmorillonite (MMT-used as a generic term for the
montmorillonites), saponite and hectorite, from the smectites class present excellent
intercalation abilities,'” whilst the class of vermiculites is characterised by the ability to
expand at elevated temperatures.” Compared to other nanofillers, layered silicates are the
materials of choice for creating polymer nanocomposites because they are ubiquitous in
nature,” can be obtained in a mineralogical pure form at low costs, can intercalate polymer
into their galley and can delaminate into single clay platelets. The quality of clay is mostly
evaluated by the cation exchange capacity (CEC), which refers to the reaction properties of
the MMTs, representing the number of exchangeable cations that a mineral can adsorb, and
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being characterised by values between 66 and 123 meq.-(100 g)".”" The characteristics of

some of the most used clays are presented in Table 2.2.

The chemistry of the smectites class is governed by: a substantial cation exchange
capacity (~100 meq-(100 g)™" for hectorite), reactive edges on individual clay platelets, an
ability to interact with a wide range of natural and synthetic organic compounds, a large
effective surface area for absorption of organic compounds and strong, local electric fields
in the interlayer region between platelets.'? One of the most important characteristics of the
layered silicates used as fillers for polymer/clay nanocomposites is their structure,
characterised by the basal plane spacing, comprised of the silicate layer and the interlayer
(Figure 2.3).” The intralayer in the case of the smectite clays has the following theoretical
formula (OH);SigAl;O20'nH,0; however, there is considerable substitution in the

octahedral sheet and some in the tetrahedral sheet.”
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Table 2.2. Characteristics of clay groups.’’

Layer Charge Basal CEC/
Layer Structure Clay Group Spacing / |
x-1.0/¢ meq.(100 g)
nm

ksl Kaolines (Kaolinite) <0.01 0.714 1-10
Smectite (e.g. MMT) 0.5-1.2 1.24-1.7 80-120
221 Vermiculite 1.2-1.8 0.93-14 120-150

[lite (hydrous micas) 1.4-2.0 1.0 ~30

2:1 with
Chlorite Variable 1.4 10-40
hydroxide

Okada and Usuki® ranked the effect of different clays based on the mechanical
properties of a nylon 6/clay nanocomposites with 5 wt.% reinforcing agent, as follows:
montmorillonite>mica>sapronite>hectorite. Montmorillonites also exhibit a very rich
intercalation chemistry, which has the advantage of allowing them to be chemically
modified and of transforming them into materials that are compatible with organic

polymers in order to disperse them on a nanometre level.'" "

Montmorillonite is the clay mineral of choice for polymer/clay nanocomposites due
to its favourable enthalpy of mixing® and its high cation exchange capacity which leads to
a small amount of ionic interactions holding the layers together®' making it easy for the
surfactants, monomers and polymers to intercalate themselves between the layers. The
industrial applications of this smectite depend mainly on the treatment technology,
chemical composition and crystal structure.’® Sodium montmorillonite was characterised
by Vanorio et al.' as having a bulk density of 2 g-cm™, a grain density of 2.3 g-cm™ and a
Young’s modulus of 14 GPa. The value for Young’s modulus is smaller compared the
values obtained for analogous minerals like pyrophyllite and muscovite mica which have

values in the range of 49-81 GPa that have been attributed to bigger interlayer distances.'®

On a molecular level, montmorillonite can be described as a hydrous aluminosilicate
clay mineral, being depicted as an aluminium octahedron sandwiched between two layers
of silicon tetrahedron. The structure is held together with the help of weak dipolar or van
der Waals forces and electrostatic forces. This facilitates the intercalation of water or

organic molecules in the basal spacing and leads to the expansion of the crystal lattice.*® In
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the pristine form the excess in negative charges that montmorillonite possesses is balanced
by cations (Li+, Na', Ca2+), as can be observed in Figure 2.5, making it miscible with
hydrophilic polymers.®” Each layered silicate sheet had a theoretical stiffness of 230 GPa,'®
is approximately 1 nm thick,”> possesses a lateral dimension that varies from 30 nm to
several microns or longer, an aspect ratio of about 50-1500,"" and a surface area of 760
m*.g"'** Compared to clay particles (stacks or clusters of layers) that have an aggregate
specific gravity of 2.6,% the silicate layers have a specific gravity of 3.1.°° This indicates

their ability to expand their volume once they are dispersed in a hydrophilic solvent.

Typically, montmorillonite occurs in two main varieties: sodium montmorillonite
characterised by a high swelling capacity in water and calcium montmorillonite with a low
swelling capacity.®® The calcium montmorillonite has a basal space of 1.42 nm and the
layer charge deficiency is balanced by the interlayer calcium cation and two water layers
(0.42-0.45 nm), while sodium montmorillonite has a basal space of 1.22 nm and the charge
deficiency is balanced by sodium ions and one water layer (0.25 nm).>* The most important
property of montmorillonite is adsorption which is emphasized by the cation exchange in

the interlayer space.®*

2.4.3. Clay treatments

Polymer/clay nanocomposites can be synthesised in a number of ways, but typically
an organic treatment (e.g. cation exchange) is needed to ensure compatibility between a
hydrophobic polymer and the hydrophilic clay.’’ The clay compatibilisation is based on
organoclay technology that was first developed by Jordan® > ® in the 1950s and in which
the clay is treated so that it becomes compatible with hydrophobic materials,’® such as
polyolefins and waxes. The necessity of the treatment springs from the highly polar ionic
surface of the clay minerals that make the clay incompatible with most of the polymers
(1.e., poly(methyl methacrylate) and polystyrene) and the presence of the forces that hold
the structure together, which need to be overcome in order to achieve the dispersion of
single silicate layers.'> ®” However, the compatibility and the dispensability of the clay also
depend on the polymer and its properties, especially the nature of the molecule, the chain
length and the packing density.” Typically, the hydrophilic character of the natural clay can

be altered via cation exchange, covalent bonding or adsorption of molecules.”®

The most commonly used organic treatment is ion exchange with alkyl ammonium

salts”' which are attracted by electrostatic forces between the negative smectite layers and

21



the ions inside the gallery.”” As a result the clay becomes organophilic and its miscibility
and dispersion in organic solvents are improved.”” The nature of the alkylammonium salt
(cationic surfactant) used to form organoclay depends on the nature of the polymer matrix
in which the clay will be dispersed.”’ For example, for polar polymers alkyl benzyl
dimethylammonim or alkyl hydroxyethylammonium halides may be used according to de
Pavia et al.”* The role of the alkylammonium cations is to lower the surface energy of the
inorganic nanofiller, to improve the wetting abilities of the polymer matrix and to increase
the basal spacing.”” The ion exchange reaction (showed schematically in Figure 2.6) has
two major consequences: the gap between the clay sheets is widened which makes it easier
for the polymer chains to enter the basal space and the surface properties of each single

sheet are changed from hydrophilic to hydrophobic as mentioned above.”*

Figure 2.6. Schematic picture of an ion-exchange reaction. The inorganic, relatively small
(sodium) ions are exchanged against more voluminous organic onium cations (Reproduced

from reference’).

The basal space of the clay is increased by the addition of surfactants that are
characterised by the presence of a cationic polar group (that is hydrophilic) and a large
organic group (of at least C,,), that will provide a better interaction between the clay and
the polymer.”” At low interlayer packing densities, the chains and the surfactant are
characterised by a disordered monolayer arrangement; however, the chains have the

tendency of adopting more extended conformations as the packing density increases.’

The expandable nature of montmorillonite,”® makes this clay an ideal nanofiller for

polymer/clay nanocomposites. The ion exchange helps push the layers apart, so that the
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polymer can enter the gallery and create intercalated and/or exfoliated clay structures. The
intercalated nanocomposites are characterised by an increased basal plane spacing '’ and a
well maintained order of the layered silicates.”® However, when the clay layers are
completely pushed apart to create a disordered array, the composite is considered to be
‘exfoliated’.® The cation exchange process involves the reaction between a layered MMT

and a quaternary ammonia salt (Figure 2.7).*

RN'H;-X + Na-MMT — R-N'H;-X + Na*

MMT
Organo-montmorillonite

Figure 2.7. Cation exchange dispersion reactions (In the formula, R=HOOCAr (Ar= 1,4 —
phenylene), HOCHQ_CHz, CH3(CH2)|5N(CH3)2 or CHg(CHz)]l and X = Cl—, H2P04> or

H2PO*, Reproduced from reference™®).

Unlike cation exchange, chemical bonding is based on the grafting of functional
polymers on the surface of clay minerals. With the formation of covalent bonds between
the reactive surface groups and the organic species the clay becomes hydrophobic. This
process can be applied only on 2:1 clay minerals that possesses the silanol and alumino
groups on the edge of the surface and have the ability to react with the organic agent by
grafting reactions.”” According to Liu*® the chemical bonding can be accomplished by one-

step and two-step grafting methods.

X+ YRS —— 72

Figure 2.8. General mechanism for one-step grafting reactions, characterised by
condensation of functional polymers, where X — surface group; Y — organic species and Z

— organo-modified part of the clay (Reproduced from reference™).

The one step grafting method is characterised by condensation of the functionalised

polymers with reactive groups on a solid substrate, as shown in Figure 2.8. Some of the
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approaches considered so far are the use of polycations®' that will be absorbed on the clay

surface or the use of cationic polymers, like polyethyleneimine.

Two-step grafting (Figure 2.9) is depicted by the covalent attachment of a
macromonomer or a macroinitiator on a solid surface, followed by chain growth. The pre-
treatment 1s necessary to increase the number of silanol groups and it is usually achieved
by treating the clay with acid® which removes the octahedral cations leaving behind two

Si-OH groups.

4)( + Y-l-l*’--»%-z-l-l" — 42-1\95 F NS,

Figure 2.9. General mechanism for two-step grafting reactions, represented by the covalent
attachment of a macronitiator, followed by chain growth, where X — surface group; Y — I -
[* - macroinitiator; Z — I - I* - organo-modified part of the clay containing an initiator
group and Z — I - organo-modified part of the clay containing a polymer (Reproduced

0
from reference™).

Clays have always been used as adsorbents to control chemical spills and to protect
the environment, due to their expandable nature and adsorption/absorption capabilities.
The gallery expansion may be described as follows: when water molecules come in contact
with the montmorillonite unit they enter into the interlayer gallery and cluster around the
interlayer cations like sodium, magnesium, iron, etc, and at the same time partially charged
oxygen atoms covalently bond with the surface oxygen that exists in the clay gallery,
leading to the expansion of the interlayer.”” Appling the same mechanisms it has been
observed that basal space of clay increases’ when organic substances are absorbed
between the silicate layers. The surface modification of clay minerals with polymers by
physical absorption is controlled by chemical interactions such as hydrogen bonding, ion-
dipole interactions,* co-ordination bonds, acid base reactions, charge transfer and van der

Waals forces.”?

In some clays (e.g. montmorillonites) the number of hydroxyl groups is limited to the
edges of the particle. Since a small number of organic molecules can be covalently
linked,* an increase in the amount of organic molecules presented into the gallery is

attributed to the absorption forces.
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To the day, the most used clay treatment is cation-exchange; a large number of
montmorillonite clays treated with different surfactants are currently commercially

available.

2.5. Polymer/clay nanocomposites

In 1987 the first polymer/clay nanocomposites were created at Toyota Central R&D
Labs.> * This new concept generated a ripple effect that expanded the field of polymer
composite science including preparation, structures and interfaces. These relatively new
materials opened the doors to a series of new applications in a multitude of fields such as

construction, automotive, marine, aerospace, healthcare, and electric and food industries.

The first nanocomposite was based on in-reactor processing of e-caprolactam and
montmorillonite that was previously treated by ion exchange with the hydrochloride salt of
aminolauric acid (12-aminodecanoic acid).” The nylon 6/montmorillonite composites
developed by the Toyota Group had a very small amount of layered silicate, less than 10
wt.%,*® and were characterised by enhanced thermal and mechanical properties.®’
However, the in-reactor process proved tedious and the only use was the timing belt cover

2% The interest in polymer/clay nanocomposites reached a new level

in Toyota Camry.
when Giannelis et al.®” found that these materials can be obtained by melt mixing, making

this approach environmentally safe and easy to use.

Typically, the manufacturing process of polymer/clay nanocomposites involves two
stages: transformation of the clay into an organoclay and blending the modified clay into
the monomer or polymer matrix.* The properties of the nanoclay filled polymeric systems
are found to be superior’ compared to the properties of the pristine polymers and even to
the properties of the systems reinforced with microsized particles, such as talc, glass fibers
and glass beads. The improvements observed in the case of nanocomposites depend mainly

on the degree of dispersion of the clay particles in the polymeric matrix.”’

2.5.1. Synthesis

There are a multitude of methods that can be used to obtain polymer/clay
nanocomposites; among these the following can be enumerated: in sifu polymerisation,
solution intercalation, melt processing, co-vulcanization, solid-state intercalation, emulsion

and supercritical CO, methods.® The most important methods are: in situ polymerisation,
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solution casting and melt intercalation which typically result in intercalated and
intercalated/exfoliated nanocomposites.* ** ** The manufacturing of nanocomposites
involves either the intercalation of a suitable monomer followed by the expansion of the
interlayer via subsequent polymerisation,” the intercalation of a polymer from solution or
the intercalation of a polymer melt. Although the nanocomposites obtained through in situ
polymerisation are more likely to result in exfoliation, the most viable method for
producing nanocomposites at an industrial level is the melt intercalation method, which is

environmentally friendly and presents commercial feasibility.’®*>

Regardless of the method used, the main requirement is the compatibility between
the polymers and the clays which can be achieved by the use of organoclays and
compatibilisers.’” The clays are modified with surfactants that create an interface between
the clay and the polymer. In order to achieve the intercalation of the polymer into the
galleries of clay the selection of the appropriate organoclay is required; nevertheless, in
many cases the use of compatibilisers (maleic-anhydride and hydroxyl functional groups)
1s also necessary to intercalate the non-polar polymers. The compatibilisation agent of two
intrinsically noncompatible components should have parts which react thermodynamically
stable and easy with both components. Surfactants fulfil only partially these requirements,
because although their ionic part interacts in a favourable way with the surface of clay, the
long alkyl tail can exhibit limited compatibility with the polymer chain. This issue may be
solved with the use of ‘macro-surfactants’, like block or grafted copolymers’® and assuring

the compatibility between the maleated oligomer and the polymer matrix.”

The use of compatibilisers plays a much bigger part in creating nanocomposites, for
example, the use of maleic anhydride grafted polyethylene does not only have the ability to
promote the exfoliation of clay and to create good interfaces’” ** between clay and
polyethylene, but it also toughens the polymer matrix, according to Moraweic et al.” The
nature of the polyolefin grafting the polymer is very important as Garcia-Lopez et al.'”
demonstrated by investigating the differences between using a maleic anhydride grafted

polypropylene (PPgMA) and diethyl maleated grafted polypropylene.

2.5.1.1. In situ polymerisation

The in situ polymerisation technique for obtaining polymer/clay nanocomposites is
based on the polymerisation method typically used to synthesise any polymer. This

technique is based on the addition of a clay suspension in a liquid monomer or a monomer
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solution followed by dispersive mixing, in the presence of an initiator and at high
temperatures where appropriate.® Step by step in situ polymerisation (Figure 2.10) can be
described as follows: the clay is modified, usually by ion exchange, so it becomes
hydrophobic; the functionalised clay is then dispersed in the monomer solution,*® the
monomer is absorbed into the galleries of the layered silicate, creating a larger basal space
and allowing the polymerisation to take place within the intercalated sheets. The
polymerisation process is initiated either by heat or radiation, by diffusion of a suitable
initiator, or by a catalyst fixed through cationic exchange inside the gallery before the clay

is swelled by the monomer.” ** '

Polymer/clay nanocomposites have also been
synthesised by an array of in sifu polymerisation methods, such as: ring opening
polymerisation, conventional free radical polymerisation, cationic polymerisation and
living anionic polymerisation; however, by using this method limited structural and

molecular weight control is achieved.'’*

In situ
polvmerisation \#

B Intercalated
== Lavered silicate nanocomposites

*  Monomer

Exfoliated
nanocomposites

Figure 2.10. Schematic representation of polymer layered silicate obtained by in situ

polymerisation.

One of the advantages of using in situ polymerisation is the tethering effect, which
appears due to the modification of the surface of clay, making it easier for the polymeric
chains to link to the layered silicate surface; this aspect was observed for nylon 6 when the
surface of clay was modified with 12-aminododecanoic acid (ADA).” The most applied

process, according to Akat et al.'”” is in situ conventional free radical polymerisation
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because of its simplicity (it does not require any additional catalyst, such as inorganic
salts), applicability to a wide range of monomers without any specific structural selectivity
and the advantage of having the chain growth take place between the silicate layers, which

leads to the exfoliation of clay and to the formation of nanocomposites.

The in situ intercalative polymerisation has been applied for polymerisation in
suspension, in solution, in bulk, in emulsion or in microemulsion, making it possible to
obtain almost any type of polymer/clay nanocomposites. This method has been
successfully applied for polymer/clay nanocomposites with montmorillonite and different
polymer matrices, such as: nylon 6,]03 nylon 12,50 PMMA,'Ol PP 105 and PET,lO6 etc.
Although it is a widely applied technique, in situ polymerisation is defined as a time and
cost consuming preparation route in which exfoliation is not always thermodynamically
possible because the clay platelets may re-aggregate during subsequent processing steps
and it can only be used by the resin manufacturer that can dedicate an entire line of

production to realise this process.’

2.5.1.2. Solution intercalation

The preparation of nanocomposites via solution-blending methods is not considered
to be the most practical method because it involves the use of environmentally unfriendly

107
solvents.

Nevertheless, by using a solvent, individual clay platelets may become more
mobile as the solvent offers an environment for the rearrangement of reactive sites into a

variety of patterns.'?

The solution intercalation process is based on a solvent system in which the polymer
or monomer is soluble and the silicate layers are swellable.®” This process (Figure 2.11)
can be described by the following steps: the organoclay is swollen in a solvent (such as:
water, chloroform or toluene) while the polymer is also dissolved in the same solvent or
two solvents that dissolve one into the other; the two solutions are then mixed together and
if necessary heated at an appropriate temperature so that the polymer, with the help of the
solvent, intercalates between the silicate layers.” * ** '® When the process is considered to
be complete the solvent is removed by evaporation or by precipitation in a non-solvent.'"’
Although this method is acknowledged to be very unfriendly towards the environment, it
has a major advantage, that of synthesising nanocomposites based on polymers with low,

such as poly(methyl methacrylate), or even zero polarity.*®

28



Thermodynamically the driving force for solution intercalation is the entropy gained
by desorption of solvent molecules,®” which allows the polymer chains to diffuse between
the layers of the filler'” and is partially compensated by the decrease entropy that the
confined, intercalated polymer chains possess.''” In this procedure it is expected for the
entropy driven intercalation to occur even in the absence of the enthalpy gain due to

favourable interactions between the macromolecules and the surface of the clay layers.'"’

= e
==— Lavered silicate
mes  Polvimer

. Solvent

Figure 2.11. Schematic representation of polymer layered silicate obtained by intercalation

from solution.

One of the most important factors of the solution intercalation method is the nature

" Wwho intercalated

of the solvent, as it was proven by Aranda and Ruiz-Hitzky
poly(ethylene oxide) into montmorillonite in the presence of different solvents, showing
that the polarity of the solvent represents a crucial factor in the intercalation of the polymer
into the galleries of clay. This method has been applied mainly for water-soluble
polymers,”” such as: poly(ethylene oxide), poly(vinyl alcohol), poly(acrylic acid), poly(N-
vinyl pyrrolidone), poly(ethylene vinyl alcohol). However, it has also been applied for
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water insoluble polymers, such as: poly(e-caprolactone)(PCL)/clay "~ in chloroform as a

co-solvent of water, and high-density polyethylene (HDPE) with xylene and

v iz 113
benzonitrile.
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2.5.1.3. Melt intercalation

This method is convenient and useful from an industrial point of view because it
does not employ the use of organic solvents and it can be easily combined with

114
70, 114 Another

conventional polymer processes, such as extrusion and injection moulding.
advantage is that the structure of the nanocomposite can be altered by changing the melt
blending conditions.'"> The disadvantages''® presented by this method are related to the
processing difficulties and product quality; the high temperatures and prolonged exposure
can lead to molecular degradation, while the insufficient wetting between the high viscous

polymers and fillers may result in inhomogeneous dispersion of the latter.

The layered silicate is mixed with the polymer in the molten state as observed in
Figure 2.12. If the layered surfaces are compatible enough with the chosen polymer, the
clay aggregates will be dispersed in the polymer matrix. During the melt mixing process,
shear forces are produced which may delaminate the silicate stack and even peel the clay
platelets from the stack one at a time while allowing the macromolecules to diffuse

between the silicate layers.'’

The properties of the materials obtained through melt
intercalation are highly dependent on the mixing speed of the extruder. A lower speed is
recommended for the improvement of the mechanical properties’' due to the low
throughput, low rotation time and an increase in the residence time inside the extruder

which allows more time for the polymer to intercalate between the clay layers.

Heat

== Layered silicate

mm  Polvmer

Figure 2.12. Schematic representation of polymer layered silicate obtained by direct

polymer melt intercalation.

30



This process has been analysed and it has been observed that from a thermodynamic
point of view intercalation is favourable for higher molecular weight molecules, while
from a kinetic point of view, high molecular weight chains will take longer to
intercalate.''"’ A very important factor of the mixing process is enthalpy,*® which can be
classified into two components: non-polar interactions that are generally unfavourable and
arise from interactions between the polymer chains and the surfactant aliphatic (non-polar)
chains and polar interactions which originate from the Lewis acid/Lewis base character of
the layered polar silicates interacting with polymeric chains. The thermodynamics of this
process has been studied by Vaia and Giannelis''® by using a lattice-based mean field
theory, which showed that the outcome of polymer intercalation is determined by interplay
of entropic and enthalpic factors. They showed that kinetically the process is influenced by
the temperature used for melt intercalation and by the increase in the interaction between
the polymer and the organo-layered silicate, which led to a reduction in the diffusivity
level and an improvement in the monomeric friction coefficient that the polymer exhibits
in the interlayer space. By confining the polymer chains inside the basal space of the
silicate layers, a decrease of the overall entropy of the macromolecular chains is
observed.''® This entropic deficiency can be compensated by an increase in conformational
freedom of the tethered alkyl surfactant chains as the inorganic layers separate.''’ Because
it is less likely that a small increase in the gallery spacing of the layer silicates will lead to
a strong influence of the total entropy charge, it has been concluded™ that intercalation
may be partially driven by the changes in total enthalpy.”” It can also be stated that the
equilibrium nature of polymer/organoclay nanocomposites is strongly related to the nature
of the polymer (polar or non-polar), the charge density of the layered silicate, the chain

length and structure of the surfactant molecules.*

2.5.2. Morphology

The dispersion of layer silicates into a polymer matrix results in the formation of
three major types of morphologies: conventional composites and nanocomposites which
can be intercalated and/or exfoliated (Figure 2.13)."> "7 The conventional composites can
be described as a phase-separated composite in which the polymer matrix and the
inorganic filler are immiscible’® and the clay tactoids are dispersed simply as a segregated

phase resulting in poor mechanical properties.'” The intercalated and exfoliated
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morphologies correspond to the dispersion on a nanometre scale of the layered silicates
within a continuous polymer matrix.'*' The type of composite that forms when a layered
silicate is dispersed in polymer matrix depends on the nature of the components used,’
which include the polymer matrix, layered silicate and surfactant; and it also depends on
the behaviour of the polymers in the gallery and on the macroscopic behaviour of the clay

particles in the mixture.”” '*

Intercalated nanocomposites are characterised by well-ordered multilayer structures'”
in which the d-spacing increases as polymer chains or monomer molecules diffuse into the
clay galleries.gl To facilitate the intercalation process, the clay particles are treated with
organic modifiers that increase the space between the silicate layers to 2-3 nm 2 50 that the
polymer chain can ease into the gallery. In an intercalated state, the clay layers remain
parallel to each other, and a new intensity peak in wide-angle X-ray diffraction (WAXD)

patterns characterises the increased d-spacing.”’

Immiscible Intercalated Exfoliated

200 nm

pure
# % omanoclay

Intensity

Figure 2.13. Illustration of different states of dispersion of organoclays in polymers with

corresponding XRD and TEM results (Reproduced from reference''’).



Exfoliated nanocomposites are also referred to as delaminated composites due to the
complete separation of the crystal structure of clay in individual clay layers in the polymer
matrix.”’ The delaminated nanocomposite structures result when the individual layers are
no longer close enough to interact with the gallery cations of the adjacent layers, a case in
which the interlayer spacing can be equal to the order of gyration of the polymer; therefore,
the silicate layers may be considered well dispersed in the polymer.'> Some of the

123

authors™ consider that there are two types of exfoliation that appear in a
nanocomposite: ordered and disordered. These considerations are based on the distance
between the silicate layers, which can be assessed via X-ray diffraction (XRD) and
transmission electron microscopy (TEM), as observed in Figure 2.13.% 717 An exfoliated
nanocomposite is considered to be ordered when one can still observe the silicate layers as
being stacked one in top of the other, and is considered to be disordered when the entropy
value is high and the silicate layers are no longer stacked, but individually dispersed in the

12, 91

polymeric matrix. In layered silicate nanocomposite systems, a fully exfoliated system

is characterised by the absence of intensity peaks in WAXD pattern which is equivalent to

5915 124

the absence of the basal plane spacing, i.e., d(()()/).g This type of structure is thought to

have the ability to tolerate higher stresses on all sides of the material.'*

For a thermosetting polymer matrix, i.e., epoxy, it has been stated by Daniel et al.”®
that the degree of exfoliation depends on the rate of curing and on the sequence of gelation
between the layers (intragallery) and outside the clay particles (extragallery). Thus, if the
resin between the layers cures faster than the outside resin, and reaches full cure before
gelation of the outside resin, the clay will be exfoliated. On the other hand, for
thermoplastic polymers, Swain and Isayev'*® have stated that “an intercalated structure is
obtained when the polymer matrix and the clay do not have sufficient attractive
interactions, while an exfoliated structure is observed when they have strong attractive
interactions.” Thus, polar polymers are characterised by a high degree of exfoliation
because the polar group allows the clay to easily disperse in the polar matrix whereas non-
polar polymers, i.e., polyolefin, present a smaller degree of exfoliation in the polymer
matrix.”> *" As a result in order for non-polar polymers to present a higher degree of
exfoliation they have to be modified'”” with maleic anhydride, for example, in the case of
PP and PE, so they would be more compatible with the organoclays. Therefore, the affinity

between the polymer matrix and the clay represents a key factor in attaining intercalated

and/or exfoliated polymer/clay nanocomposites.
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2.5.3. Properties

Nanocomposites, like any other materials, can be characterised by mechanical,
electrical and gas barrier properties, flame resistance and thermal stability, etc.'”’ Due to
the fact that composite materials are heterogeneous systems,*” they are also characterised
by the properties of the components, their composition and structure, interfacial
interactions between the matrix and the filler'?' and processing methods.** However, there
are a number of factors that influence the above mentioned properties, such as: the aspect
ratio of the filler,'”® volume fraction of the reinforcement,” the effects of polymer
immobilisation by adsorption on clay surfaces, the polymer/clay interaction,'*’ changes in

the crystallinity of the polymer'*” and mobility of the clay platelets,” etc.

The vast majority of conventional composites (immiscible systems) are characterised
by weak interactions between the two phases, polymer matrix and filler, leading to no
significant improvements in the mechanical and thermal properties.” It is believed that the
size of the clay particles is similar to the size of the polymer molecules enabling an
intimate mixing between the two species and that the conformation of the polymer chain

31 As a result, the addition of

changes due to the confinement between the silicate layers.
clay is characterised by a larger surface (interface) area per volume® than the polymer
matrix. This leads to the formation of nanocomposite materials that may be endowed with
new and unexpected properties.® That being said, polymer nanomaterials are characterised
by improvements in more than one area. Nevertheless, the reasons for the enhanced

properties are multiple and far from being fully understood.

2.5.3.1. Mechanical properties

The mechanical properties are dictated by the structure of the nanocomposites® '**

which is directly dependent on the dispersion and the degree of intercalation and/or
exfoliation of the clay platelets in the polymer matrix, and indirectly dependent on the
thermal diffusion of the polymer molecules in the galleries of clay and on the mechanical
shearing action.’” The quantity of filler is also a very important factor,”” unlike in the case
of composite materials when substantial amounts of modifier are required to improve the
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mechanical properties, ” in the case nanocomposites small low filler concentrations are

necessary in order to achieve similar or superior properties compared to the neat polymer

or composite counterpart (Figure 2.14).> '*
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Figure 2.14. Comparison of the reinforcement of nylon 6 by organically modified
montmorillonite (nanocomposites) and glass fibers. Nanocomposite filler concentration is
based on the wt.% inorganic montmorillonite, since the aluminosilicate is the reinforcing

component (Reproduced from reference’).

2.5.3.1.1. Fracture mechanics (theory)

Fracture mechanics allows for the study of crack propagation within solid materials.
In pristine polymers the fracture mechanism can be influenced by molecular orientation
and manufacturing methods, whilst in composite materials the nature of the reinforcing
material presents another influential factor."** '*° In nanocomposites, the toughness is
considered to be influenced by four main factors: (1) the temperature at which the
mechanical tests are being performed as opposed to the glass transition temperature of the
polymer matrix, (2) the degree of dispersion of the nanofiller particles inside the polymer
matrix, (3) the mobility of the filler, which includes the delamination and the re-orientation
of the filler, and (4) the potential changes in morphology and intrinsic properties of the
polymer matrix which occur with the addition of clay.® *°'*® Still, it is hard to assess the
type of nanostructure that would be most suitable in order to attain superior toughness in a
polymer/clay nanocomposite compared to its neat polymer counterpart. There are a number
of cases in which an intercalated polymer/clay nanocomposite is characterised by a higher

toughness than an exfoliated polymer/clay nanocomposite.l3 > 1% However, there are also
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cases in which an exfoliated polymer/clay nanocomposite was found to present superior

toughness compared to the intercalated nanocomposite.'*®

In an attempt to explain the changes that undergo in an intercalated polymer/clay
nanocomposite, manufactured via injection moulding, Kim et al.'” uniaxially deformed
nylon 6/clay nanocomposites. They have established that the triumph of an intercalated
nanostructure over an exfoliated nanostructure, in this case, was due to the orientation of
the clay tactoids in the flow direction, thus in the testing direction. They have also
demonstrated that there are three possibilities of tactoid orientation (Figure 2.15) which
lead to different responses: (1) the perpendicular orientation of the layers that leads to
splitting of the layers in the middle region (a); (2) the angled orientation that leads to an
opening phenomenon in which open bundles of intercalated tactoids are formed (b); (3) the

parallel orientation that leads to slipping a phenomenon (c).

P

=

-~

Figure 2.15. Schematic deformation processes in the intercal?ated nanomorphology system:

(a) splitting, (b) open bundles and (c) slipping (Reproduced from reference'’).
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On the other hand, the changes that undergo in a fully exfoliated polymer/clay
nanocomposite are far from understood. Cotterell et al.'** have hypothesised that the well
exfoliated clay platelets may delaminate from the polymer matrix (i.e., PP), under
constrained yield stress, when the delamination or the splitting energy is lower than 1 J-m
?. However, Lim et al.'"*! have suggested that the presence of single clay platelets may
induce a constrain effect on the surrounding polymer chains (i.e., nylon 6) thus lowering
the toughness of the polymer/clay nanocomposite compared to its pristine polymer

counterpart.

Toughness, a key property of polymer systems,'** has been defined as the energy
absorbed during fracturing, which can be ductile or brittle, depending on the amount of
deformation that precedes it.'* The toughness of a material may be measured via low
speed mechanical tests, e.g. tensile testing, or via high speed mechanical tests, i.e., impact
tests. In a tension test the energy per volume to cause the failure is the area under the
strain—stress curve, representing the toughness in a tensile test and being known as tensile
energy at break or strain energy.'*® Charpy and Izod impact tests are high speed impact
tests, in which the toughness is expressed as the absorbed energy during fracture per area.
Although, these tests are commonly used, especially in industry; on the scientifically
research level, they do not provide force-displacement signals, associated with data

collection, and may be misleading when used for low toughness systems.'** 1% 140

In the case of composite and nanocomposite materials, the high speed of the test may
prevent the filler from acting to its full potential, a low speed test being more indicative of
the performance of the material.'””> The toughness of polymer and polymer/clay
nanocomposites can be characterised using fracture mechanics principles. Depending on
the ductility of the material, the toughness of a material can be quantified using the J-
integral approach (for not too ductile fractures) or the essential work of fracture principles

(for a very ductile fracture growth)."**

The toughness of polymeric materials is often characterised by the J-integral concept
established by Rice,'* '*® which states that the difference between the external work and
the change of the internal potential energy within the area surrounded by an integration line
(Figure 2.16) can be expressed by a mathematical expression'*” (Equation 2.1) of a line or
a path that encloses the crack front from one crack surface to the other and represents the

energy release rate for a non—linear elastic solid."**
. - an
]=fra)dx2—fer—x1dq (2.1)
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where o represents the energy density, T is the stress, » is displacement, g represents the

arc length, x; and x; are the coordinates and dg is an element of arc length along the curve

145, 146

surrounding the tip of the notch, T".

Figure 2.16. Model for crack growth under J controlled conditions (Reproduced from

4
reference' ).

Usually J—-integral is used to characterise the local strain—stress field around the crack
front by creating a J-R curve (plotting J versus the crack extension in the region of J—

149

controlled growth). ™ Unlike other crack evaluation methods, the J-integral method is path

146
In

independent, the crack having the same value regardless of its direction.'*
calculating the potential energy an initial crack is introduced, which is in accordance with
the general theorem stated by Griffin'™ in 1921, as follows: “In an elastic solid body
deformed by specified forces applied at its surface, the sum of the potential energy of the
applied forces and the strain energy of the body is diminished or unaltered by the
introduction of a crack whose surfaces are traction-free.” Thus, the crack extension is the

sum of the changes in strain energy, kinetic energy and inelastic energy and surface

14
energy.'®

The J-integral is calculated using Equation 2.2:'*

J=n—r— (22)

B(W—ao)
where U represents the area under the load displacement curve, ay is the length of the
precrack and W and B are the width and thickness of the sample. The calibration factor (n)
represents a direct correlation between the toughness of the material and the geometry of
the specimen used. n is equal to 2 for the single edge notched beam specimen (SENB),

while for compact tension specimens (CT)
38



n=2+05222 2.3)

where by represents the original un-cracked ligament, i.e., the distance from the original
crack front to the back edge of the specimen. Since the value for the J-integral is calculated

as a function of the area under the load-extension curve, for an elastic-plastic body, J is the

sum of both elastic (J;) and plastic (J,;) contributions (Equation 2.4y

J=Ja+ ]pl (2.4)

In order to assess the impact that the presence of clay has on the relative
contributions, i.e., the plastic work converted to heat and the rate of internal heat

generation, which can be measured by assuming that the only source of heating comes

152, 153

from plastic deformation, the J integral may be calculated according to Equation

152, 153

2.5.°* However, not all the plastic work is converted to heat. Previous studies have

shown that in a metal approximately 0.9 of the plastic work is converted to heat whereas
the remaining energy is converted to latent heat and directly influences the properties of

11> 5% Similarly, during the deformation of polymers (i.e., bisphenol A

the materia
polycarbonate) at low strain rates (i.e., 0.18-1.8 min"') 0.5 to 0.8 of the mechanical work

converted to heat and dissipated, whereas the rest was stored as internal energy.'”’

_ K2(1-v}) nuP!

J=Jat Jp = i (2.5)

E B(W-ay)

For small scale yielding and assuming that we are dealing with a sharp notch in an
isotropic material and omitting the stress that occurs at the crack tip, the stress intensity
factor (K;) may be determine using linear-elastic fracture mechanics'*® according to ISO

7448-3:2005. Thus,

F 3(%)0'5(1.99—(%)(1—%")(2.15—3.93%%.7(9“%)2)
KI = Qg ap (26)
2(1+2W)(1“W)3/2

for the SENB specimens and

K, = F (2+5M%)(0.886+4.64(%VQ)—13.?12(%)2+14.72(%,9)3—5.6(“—‘4‘})4) @.7)
BWO.5 (1_W0)3/2

for the CT specimens. Here F is the applied force. The J-integral concept yields a J-Aa

curve that represents the strain-stress field around the crack front.'*
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The toughness of polymer materials can be determined via the multiple specimen
technique (i.e., loading several specimens to different displacements) or the single
specimen technique (i.e., monitoring the crack growth during loading-unloading cycles

'*7 Unlike the multiple specimen technique that requires

performed on a single specimen).
for several identical specimens to be loaded to obtain different amounts of crack growth,
the single specimen technique uses a single specimen, is time efficient and eliminates the
questions about the time effects of polymer processing and the stable crack growth.'>®
Also, while the multi-specimen test technique allows for the crack to be measured at the
end of the test, the single specimen technique requires a crack monitoring system. The
single-specimen test method may be performed either by using the elastic unloading
compliance method or the electrical resistance method.'” The former is characterised by
the use of a gauge in order to monitor the displacement, enlists periodic unloadings during
the test and calculates the Aa as a function of the slope of the unload line. The latter is
characterised by the use of an electrical potential crack monitoring system and measures
the potential drop in the uncracked ligament, thus the electrical sensitivity of the specimen
is measured and correlated with the crack length during the test. A relatively new method
involves the use of video equipment to measure the crack growth.*” **'°! Unlike the
previously mentioned methods, the single specimen technique with a video monitoring
system does not involve the unloading of the specimen or the in situ measurement of the
crack growth.””” In the case of polymers, loading-unloading methods are avoided due to

the viscoelastic nature of the material.'>*

Improving the toughness of semicrystalline polymers has represented a challenge and
over the years a number of approaches have been tested. To the day, the methods that were
found to be most successful in improving the toughness of polymers are the addition of

14 164, 165
o, carbon

soft fillers, e.g. rubber,'> ' hard fillers, e.g. calcium carbonate,
nanotubes’’ or clay platelets,'®® or a mixture of the two."** '” ' Studies on the fracture
toughness of polymeric materials have shown that composites often present a decrease in
toughness with the addition of inorganic filler.'* Since in a polymer/clay nanocomposite
the material that deforms is the polymer matrix, the changes in the toughness of the
material may be a consequence of: the manufacturing process used to obtain the new
materials (i.e., exposing the materials to high temperatures followed by cooling to room

' or to the incompatibility between the polymer matrix and the inorganic

temperature)
filler (i.e., diminished bond strength due to the hydrophilic nature of the inorganic filler).'”

In order for a filler to improve the toughness of a polymer, it has to fulfil three main
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requirements: 1) the critical interparticle distance, which is expected to lower the local

162, 163,165 9y regular filler

138, 165

plastic resistance thus increasing the macroscopic ductility;
dispersion in order to avoid the occurrence of crack-initiating large agglomerates;
and 3) the occurrence of matrix-plastic debonding in order to allow unhindered

deformation around the particles.'® "2

2.5.3.1.2. Elastic modulus — volume fraction relationships

In classical composite theory the structure-property relationship can be assessed by
considering the volume fraction of the filler, since the volume fraction is directly correlated
to the weight fraction (Equation 2.8). As opposed to conventional composites,
nanocomposites are characterised by an increase in the volume of the clay reinforcement
due to intercalation or exfoliation processes that is responsible for the substantial

enhancement of the properties.'

The volume fraction of clay dispersed in a polymer matrix depends on the type of
structure that the clay platelets present inside the polymer, i.e., conventional, intercalate or
exfoliated or a combination of the two. To better assess the variation in the elastic modulus
and the clay content, for conventional composites, the volume of clay needs to be taken

into consideration.

! = 1+1_HC&
¢conv He  Pp

(2.8)

where: L is the mass fraction of clay; p represents the density for which the subscripts ¢

and p stand for the clay platelets and polymer.
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Figure 2.17. Schematic diagram of intercalation for the reinforcement (Reproduce from

122
reference ™).

In intercalated polymer/clay nanocomposites, the intercalated tactoids act as a
reinforcing agents'® which as can be observed in Figure 2.17 and are characterised by a
sandwich type of structure with the polymer being confined between the silicate layers. For
the intercalated nanostructures presented in the polymer/clay nanocomposite the elastic
modulus of the reinforcement may be calculated by considering a sandwich-type

122174 Dye to the small

composite in which the polymer chains exhibit a porous structure.
amount of surfactant (approximately 10% of the volume) existing inside the clay gallery of
an organoclay and the close value of the density of the surfactant and polymer, the density
and the modulus of the surfactant are considered to be equivalent to the density and
modulus of the intercalated polymer.'** In order to estimate the elastic modulus of the

175

interlayer porous material the Gibson-Ashby model for open cells (Equation 2.9) ™~ is used.

P
B = Lol (;)f)2 (2.9)

where E represents the modulus for which the subscripts p and f refer to the fully dense
solid and foam and p, represents the density of the foam, calculated according to Equation

2.10. C; 1s a geometrical constant that approximates to the value of unity.'”

= (1_#g+s)#c

Pr=se (2.10)
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where L.’ is the mass fraction of clay platelets in the organoclay; s is the ratio of

intercalated polymer to clay (i.e., 0.18 );'** d, is the basal spacing for the intercalated clay

122

tactoids; / is the thickness of a clay platelet (i.e., 0.98 nm) “~ and A is the specific gallery

area (i.e., 310 m*g").'*

The volume fraction of clay platelets (¢2) in the intercalated clay tactoids is

calculated with Equation 2.11 for untreated clay and with Equation 2.12 for organoclay.

0 _ hN
b =sriin (2.11)
0 _ di(N-1)+h
¢ = dy(N-1)+h alz)

where N represents the average number of clay platelets per stack, d; is the basal spacing

of the untreated clay and d; " is the basal spacing of the organoclay.

Thus, the volume fraction of polymer in the tactoids is calculated according to the
formula ¢,= 1I- 2. Using these parameters, the elastic modulus of the clay tactoids is
determinate, according to the Christensen’s model (Equation 2.13)"?* ' for a sandwich

structure in which platelet and polymer layers alternate.'”

2
¢g¢pECpEf(vc_Up)

_ 0
Er = Pcep + bokr ¥ g (1202 +opE 1=

(2.13)

where E,, 1s the elastic modulus of clay platelets (i.e., 230 GPa),'® v, is the Poisson’s ratio
of the clay platelets (i.e., 0.28)'** and v, 1s the Poisson’s ratio of the polymer. Often, the
third term of Equation 2.13 is very low compared to the previous two terms, thus its impact
1s limited. The volume fraction of reinforcement in intercalated polymer/clay
nanocomposites is calculated according to the type of clay.'** For natural clay the volume

fraction of reinforcement is calculated according to Equation 2.14.

1 _ g 4 lose(49)

dc ppdaiicA (214)

For organoclay, the volume fraction of reinforcement is determined via Equation

2:18.

1 pe(1=pc—pcpds)[di(N=1)+h]
o7 =1 2.1
¢bc + Heppldz(N=1)+h] ( 5)
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Unlike for intercalated nanostructures, in exfoliated polymer/clay nanocomposites
the reinforcement is represented by single clay platelets on which polymer chains are
adsorbed. The volume fraction of exfoliated clay platelets is calculated according to

Equation 2.16.
0
b = i-‘;ﬁ—" (1+ kR,Arp?) (2.16)

where £ is the fraction of absorbed polymer on the clay layer that behaves like clay (i.e.,

0.2);'* Ar is the total specific surface area of the clay platelets (i.e., 658 m”g )" pl

122

represents the density of the clay platelets (i.e., 3100 kgm™)'* and R, is the radius of

gyration of the polymer.

The most commonly used theoretical models are the Mori-Tanaka model,'”® """ the
Halpin-Tsai model,'> '”® the lower bounds of the Hashin—Shtrikman model'” and the
Christensen model.'?* 798!

The theoretical elastic modulus (E) determined from the Mori-Tanaka model,'’® "’

may be calculated according to Equation 2.17:

E 1
— = (247
Ey " br[—2vpA5 + (1 —up)As + (1 + v,)AsA]

24,

where E, is the modulus of the pristine polymer matrix, v, is the Poisson’s ratio of the

polymer matrix, is ¢,the volume fraction of reinforcement clay tactoids or clay platelets

and Ay, As, A4 and As are Mori-Tanaka coefficients calculated according to Appendix R

15; 17
1, 8

When using the Haplin-Tsai mode to predict the modulus of the composite, the

following equations are used:

E _1+ng, e
Ep 1-n¢,
where ( is the shape factor and
-1
n= E” (2.19)
2
E,1¢

where E, represents the elastic modulus of the reinforcement.
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According to the Haplin-Tsai model the shape factor should be 2w/t, where w/t
represents the aspect ratio of the filler; however, van Es has made a correction to the
original model recommending that a shape factor of 2w/3t should be used, 2w/t being too
high for most fillers."*' This recommendation is based on the fact that at a shape factor of

2w/3t, the stiffness of an unidirectional platelet reinforced composite determined from the

15, 178
]2

Halpin-Tsai mode coincides with the theoretical modulus predicted via the Mori-

Tanaka model.'”® "’
Due to the small amount of reinforcement used, the structure-property relationships

179
1.

can be described by the lower bounds of the Hashin—Shtrikman mode The equations

used are:

K=K (Kr = Kp)d)r

=K, + 3 (2.20)
1+ (Ke = Kp)(1 = 1)/ (Kp + 3 Gp)

G=G,+ (G = Gp)r 2.21)

(9K, + 8G,)

L+ (G =G =0/ (Go + Go e =50 3
p p

where K and G represent the bulk and the shear moduli for which the subscripts p and r
refer to the polymer matrix and the reinforcement. For polymer the bulk and shear moduli

are determined according to the following equations:

E
K, = ——0 (2.22)
3(1 - 2vp)
E
Gy, =——"— (2.23)
2(1+vp)

Similarly, the bulk and shear moduli for the reinforcement may be calculated.

Young’s modulus for the composite material was calculated using the following

formula:

9KG

E=Grk+o

(2.24)
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2.5.3.1.3. Mechanical properties of nanocomposites (overview)

The mechanical properties of polymer nanocomposite have shown that the addition
of a small amount of nanofiller can improve the mechanical properties of the polymer
matrix.® 2 4 63 136 182 Thee improvements are due to the superior mechanical properties
that the nanofillers display as opposed to their polymer counterpart.

The flexural and tensile strength were found to decrease by approximately 10% when
30% CaCOj are added to a HDPE matrix while the impact strength increased by 25%.'3
Polyethylene is a non-polar polymer'®* making it very difficult to obtain polymer/clay
nanocomposites due to the difference in the polar character of the pristine clay and
polymer matrix. When a Brazilian montmorillonite was used to reinforced high density
polyethylene by Araujo et al.”” Young’s modulus, yield strength and elongation at break
were found to slightly increase for organomodified clays, while the impact strength
reduced with the addition of clays. The use of pristine nanosilica as a reinforcing agent for
HDPE, by Barus et al.'*' led to improved stiffness, yield strength and fracture toughness.
These enhancements were not obtained when modified silica was used. For 4 wt.%
organoclay (i.e., Cloisite® 15A) added to HDPE'® Young’s modulus was found to
increase from 1.2 GPa to 1.4 GPa, while the elongation at break and impact strength
decreased by 75% and 15%, respectively. The addition of a 4 wt.% dimethyl dialkyl
ammonium modified clay'*® resulted in a 21% increase elastic modulus, while the yield
stress remained constant due to weak interactions between the clay and the polymer matrix,
which were confirmed by the 55% decrease in elongation at break.

13" reported that the dispersion of 4 wt.% organoclay (i.e., Nanomer®

Yuan et a
[44.P) in a polypropylene matrix led to enhanced Young’s moduli, yield strength and
toughness by 54%, 15% and 25%, measured at room temperature. They also showed that
although the yield strength was enhanced by the addition of 4 wt.% organoclay into a
thermoplastic polyolefin matrix, the impact strength maintained at approximately 10 kJ ‘m?
in the 20-40 °C temperature range.””' Sharma et al.”' reported that the mechanical
properties of polypropylene were improved with the addition of 3 wt.% nanoclay (i.e.,
octadecylamide treated natural clay); the tensile modulus increased compared to pristine
polymer by 36.5% when clay treated with p-aminobenzoic acid was added and only by
22.8% when untreated clay was used. For the same clay and quantity a 21.9% increase in

the tensile strength was also observed. The addition of a compatibilising agent (i.e.,

PPgMA) further increased the tensile strength to 48.8%. With the addition of a
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compatibilising agent the stress from the polymer matrix was transferred more effectively

to the silicate layers, leading to even higher values of Young’s modulus.*’

The use of a compatibilising agent has to be kept to 5-10 wt.% for PPgMA in
PP/PPgMA/L.30T materials, according to Garcia-Lopez et al.'" An increase in the
maleated content added to the materials resulted in decrease shear force during processing.

1.,"* whom suggested

A similar observation was made for PE nanocomposites by Yuan et a
that the PEgMA quantity should be kept close to the quantity of filler used (i.e., CaCOs).
Recently, Kim et al.'"® showed that the addition of equal quantities of PPgMA and
organoclay (i.e., dimethyl, dehydrogenated tallow-MMT) into a PP matrix gave rise to
optimum mechanical and thermal properties. By having equal quantities of compatibilising
agent and nanocalcium carbonate (5 wt.%), Yuan et al.,'®® observed that Young’s modulus
increased by 25% and the elongation at break decreased by 30%, while by doubling the
compatibilising agent content the elastic modulus was marginally improved by and the
elongation at break decreased by another 85%. The increase in compatibilising agent
reduced the toughness of the material by decreasing the energy absorbed. In most of the
cases the impact strength decreases with the addition of clay; however, when the clay was
modified with dioctadecyl-dimethylammonium chloride by Zhao et al.'*® a 10% increase
was observed when 0.05 wt.% organoclay added. When testing the impact strength in the

129, 131, 186 -
T 1t was

temperature range of -40 °C and 70 °C for a 4 wt.% organoclay content,
discovered that for the same clay the toughness response varied with the polarity of the

polymer used.

For a HDPE matrix'* the toughness had values of approximately 10 kJ-m™ even at -
40 OC, while a polypropylene matrix led to improvements in toughness at positive

' as depicted in Figure 2.18. The

temperatures and kept it constant at negative values,"
improvements observed were attributed to the increase in the inter-gallery space, better
dispersion and the strong interaction between the clay and polymer matrixes.'* Morawiec
et al.” discovered that the use of an organomodified clay to reinforce LDPE resulted in the
decrease of the elongation at break, regardless of the use of a compatibilising agent;
however, the elastic modulus was found to increase with the addition of organoclay and to

decrease by over 6% when LDPE/PEgMA=87:13 (w/w) were mixed.
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Figure 2.18. Izod impact strength for A. neat PE and 4 wt.% clay-reinforced PE
nanocomposite and B. neat PP and 4 wt.% clay-reinforced PP nanocomposite as a function

of temperature (Reproduced from reference'”").

Dispersing 4.2 wt.% Cloisite® 30B, via melt compounding, in nylon 6, Fornes et
al."? obtained a 60% increase in Young’s modulus and a 29% improvement in yield
strength; however, the elongation at break was found to decrease by up to 88%. By using
3.2 wt.% Cloisite® 30B, the modulus and yield strength of nylon 6 were found to improve
by 52% and 25%, whilst for a 6.5 wt.% clay content the modulus and yield strength
improved by 89% and 35%."** Regardless of the clay content, the elongation at break and
impact strength decreased, compared to pristine nylon 6, by 68-91% and 22-29%."8
Similar variations have been observed when 4.5 wt.% montmorillonite was treated with

192 the modulus and

dimethyl bis(hydrogenated-tallow) ammonium (i.e., Cloisite® 20A);
strength increasing by 57% and 26%, whilst the elongation at break diminished by 78%

compared to pristine nylon 6.

Ray et al."”* discovered that the flexural modulus increased by 26% when polylactide
(PLLA) was reinforced with 4 wt.% organically modified synthetic fluorine mica.
Compared to the flexural properties of PLLA/clay nanocomposites at 4 wt.% clay load, the
flexural modulus and the flexural strength the nadir and the zenith at a clay load of 7
wt.%."”* Chen and Evans'® observed that a content of 42 wt% organoclay
(Bentone®105) platelets increased the tensile strength, Young’s modulus and elongation at
break of PCL by 88%, 23% and 216%, respectively, the addition of clay resulting in
polymeric materials with superior mechanical properties. Luduena et al.'” found that the
stiffness of a cast poly(e-caprolactone) (PCL) film, with intercalated and exfoliated

structures, was enhanced by 47% compared to the pristine polymer film. By subsequently
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incorporating a chemical blowing agent into PCL with 5 wt.% organoclay (i.e., Nanolin®
DKZ2), the porous solid presented a 60% increase in compressive modulus compared to the
pristine porous polymer. The dispersion of 1 wt.% clay (i.e., MMT) in a PU foam reduced

the cell diameter by 20%, whilst enhancing the compressive modulus by 20%."”

The mechanical properties of thermosetting materials reinforced with clay have been
found to improve with the addition of montmorillonite. The dispersion of 5 wt.% clay in
the case of epoxy-clay nanocomposites'”’ led to a 25% increase in the storage modulus,
whilst the addition of 21.5 wt.% organoclay into polyurethane enhanced the storage
modulus by 350%."” When 5 wt.% tallow modified clay (Cloisite® 30B) was added to
polyurethane the compressive strength and the compressive modulus were increased by
650% and 780%, respectively.198 The reinforcing of polyurethane foam with 1 wt.% MMT
led to improvements in tensile, flexural and compressive responses.”’ The tensile modulus
was increased by 69.3%, while the compressive and flexural moduli were enhanced by
20.4% and 29.7%, respectively. Saha et al.”’ also observed that tensile, flexural and
compressive strength increased by 20%, 31.3% and, respectively, 37.8%, while the yield
strength increased from 2.7 MPa for the pristine polyurethane foam to 3.9 MPa for the

natural clay reinforced foam.

2.5.3.1.4. Toughness (contradictory theories)

So far, it has not been established if complete exfoliation or complete intercalation
may improve the toughness of a polymer/clay nanocomposite. There are a number of cases
in which an intercalated nanocomposite is characterised by a higher toughness than an

135, 139 y ; .
However, there are also cases in which an exfoliated

exfoliated nanocomposite.
polymer/clay nanocomposite was found to present superior toughness compared to the

intercalated nanocomposite.' &

Depending on the polymer matrix and type of clay, complete exfoliation has been
found to give contradictory results. Zilg et al.'”” reported a low toughness/stiffness balance
in fully exfoliated hectorite in an epoxy matrix compared to intercalated mica or bentonite

200

in the same polymer matrix. Yu et al.”" observed an insignificant decrease in the

toughness of well exfoliated nylon 66/MMT with the augmentation of the clay load.

1.2°" reported that well exfoliated clay platelets in nylon 66 led to a

However, Dasari et a
62% reduction in impact strength of the nanocomposite material compared to its pristine

polymer counterpart. Analysing the difference between the intercalated and exfoliated
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1.13% observed that the

polymer/clay nanocomposites with a nylon 6 matrix, Dasari et a
intercalated nanocomposites (with 10 wt.% organoclay, Cloisite® 15A) presented an
impact strength 30% higher than the exfoliated nanocomposites (with 10 wt.% organoclay,
Cloisite® 93A). Chen and Evans'* found that in an intercalated PS/clay nanocomposite
with 4 wt.% clay platelets (i.e., Bentone® 111), the impact strength marginally decreased
compared to the pristine polystyrene, whilst the tensile strain energy was found to increase
by up to 120%. They have also noted that the dispersion of the same amount of organoclay

in ABS resulted in highly exfoliated polymer/clay nanocomposites characterised by a 90%

decrease in the impact strength and a 61% reduction on the tensile energy at break.

Since in most of the cases the nanocomposite material presents intercalated and
exfoliated nanostructures, it is expected for the toughness of polymer/clay nanocomposites
to be influenced by the degree of intercalation. Due to the contradictory results obtained
using intercalated and exfoliated nanostructures it has been suggested that a partial
exfoliated nanocomposite may be better than a fully exfoliated nanocomposite.'*" *** This
suggestion has been made based on data from polymer/elastomer/clay nanocomposites
(i.e., nylon 6/maleic anhydride grafted polyethylene-octane elastomer/organoclay and

nylon 6/maleic anhydride grafted styrene—ethylene—butylene—styrene /organoclay).'*' 2%

2.5.3.2. Barrier properties

Barrier properties appear as a response to the movement of the silicate layers,*”
which gives rise to new applications that can be divided into two categories: engineering
(barrier properties) and biodegradability.® Sinha Ray et al.'”> *** discovered that the
dispersion of different amounts of organoclay in PLLA led to polymer/clay
nanocomposites with better biodegradability than the pristine polymer. The quality of
nanocomposites, from the barrier properties point of view, relies on the degree of

"9 created by the

exfoliation. Exfoliated nanocomposites present a “tortuous pathway
delamination of the clay layers and that has the ability to retard the transport of diffusing
species like different gases” and water vapours.’® By using a small quantity of nanoclay’”’
the permeability of a film may be reduced by 50-500 times.”” The incorporation of
impermeable nanoparticles into a polymer forces the permeating molecules to move

around them in a random walk,” making the material impermeable for liquids and gases

(Figure 2.19).2%
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Unfilled

Figure 2.19. Proposed mode!l for the “torturous path” in an exfoliated polymer/clay

- 9
nanocomposite (Reproduced from reference”).

The factors that determine the gas permeability of a material are: the degree of
crystallinity, the compactness of the structure, the polarity of the polymer matrix, the
interface created between the polymer matrix and the filler and the clay content.” 2902
The degree of crystallinity was found to increase when nylon 6 was reinforced with
montmorillonite, which resulted in decrease in crystalline permeation, enhancing the
barrier properties.””” The polarity of the polymer and the interface that forms between the
polymer and the clay play a key role in the barrier properties. If the polymer is polar, like
poly(e-caprolactone),””’ by reinforcing it with montmorillonite a compact structure forms
on the surface of the silicate layers narrowing the permeation pathways. A poor interface
between the clay and polymer matrix can lead to a decrease in the barrier properties.
Another factor that has to be taken into account when creating polymer/clay
nanocomposites is the clay loading. For a clay loading of 5 wt.% organoclay (i.e.,

Cloisite® 20A), the oxygen permeability of ethylene vinyl acetate (EVA) is reduced by
50% while for a higher clay loading the barrier properties levelled off.”®

By adding unmodified clay (i.e., sodium montmorillonite) to an epoxy matrix Osman
et al.'"** discovered that the oxygen permeability improved by 20%; however, when
modified clay was used it led to the formation of a poor interface between the clay layers

and the polymer matrix that resulted into a higher transmission rate.
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Although polyolefin present high gas permeability, making them ideal to be used for
bottles and containers, their limited oxygen barrier”” render them inappropriate to be used
for packaging products that require a long shelf life. The simple addition of clay into non-
polar polymers may not generate significant improvements due to the small interactions
that occur between the two species. Even when the clay is modified and some
compatibilisers are used, the barrier properties of polyolefins present a series of challenges,
such as the inability of an isotropic polymer phase to wet and bond with an anisotropic
organoclay surface.®® However, some increases in the saturation uptake level have been
observed and attributed to the clustering and transport phenomena.” Analysing different
types of polyethylene, Zhong et al.”® discovered that HDPE has the highest gas
permeability and that with the addition of maleic anhydride grafted polyethylene the
permeability of the gas increased. This enhancement was attributed to changes in the
polarity of the polyethylene. By improving the polarity the interactions between
polyethylene and non polar oxygen were weaken. For LDPE the gas permeability was
increased by 24% when 7 wt.% MMT content was added to the pristine polymer.”
However, if the use of a compatibilising agent was employed the oxygen barriers were
found to decrease by 25% for LDPE with 5 wt.% low density PEgMA, while for HDPE
with an equal content of PEgMA the oxygen permeability was three times higher than the
one of pristine HDPE.” The barrier properties of HDPE can be improved by creating a
blend that will take into consideration the permeability toward water vapour that HDPE
has and the oxygen permeability that nylon 66 has, creating a new material with excellent
barrier properties.”'’ In the case of polypropylene the dispersion of 4 wt.% montmorillonite
generated a 50% reduction in permeability to liquids and gases.”” When 2 wt.%
montmorillonite treated with polyethylene glycol was added to a polypropylene matrix the

oxygen permeability was reduced compared to the neat polymer.*”

2.5.3.3. Thermal Stability

Thermal degradation of polymers represents a limitation to their applicability
resulting in significant changes in the initially specified properties. The parameters that
control the thermal stability of polymer/clay nanocomposites are the intrinsic thermal
resistance of the polymer matrix, the nature and content of the compatibilising agent used
(if appropriate), the nanofiller content, the chemical properties of the surfactant and the
interaction between the polymer matrix-surfactant-clay layers, polymer confinement
127, 211, 212

There are two stages of degradation for pristine

32

between the silicate layers, etc.



montmorillonite (dehydration, between 100 and 400 °C, and dehydroxylation, between 500
and 1000 °C) and four stages for organomodified montmorillonite (decomposition of
absorbed water and gases, below 180 °C; decomposition of organic substances, from 200
to 500 °C; dehydroxylation of aluminosilicates, from 500 to 700 °C; and oxidation of
carbonaceous residue, between 700 and 1000 °C).*"* The general outcomes of exposing a
polymer to high temperatures are: changes in molecular weight (and molecular weight
distribution) which result in property changes (i.e., reduced ductility, colour changes,
cracking and reduction in all other desirable physical properties).90 The changes in
molecular weight imply a polymer degradation phenomenon which can occur via chain
scission.”'* Chain scission can lead to the formation of primary or secondary radicals that

facilitate the depolymerisation process.”'>*'®

As discussed before, the clay layers are characterised by a good barrier action which
improves the thermal stability of the polymer/clay nanocomposites; however, if the clay

°C 184,217

used is organomodified with alkylammonium than this can decompose at 240 and

218,219 ¢ the polymer matrix. The thermal stability of a

the products can act as catalysers
nanocomposite reinforced with an organomodified clay was characterised by taking into
consideration the impact of the organoclay as having two opposing functions: the barrier
effect (which improves the thermal stability) and catalysis effect towards the degradation

0 The former implies the

of the polymer (which would decrease the thermal stability).
existence of a chemical bond between the clay and the polymer,”* and although it has been
implied that this effect only manifests on the surface of the material, recent studies show
that this effect is important throughout the polymer matrix.””' The latter implies the
degradation of the surfactant and the degradation of the polymer chains which result in

products that facilitate further degradation of the polymer matrix.**

In the case of unmodified clay the improvement in thermal degradation can be lower
than 10 °C, while with the addition of the same amount of modified clay (3 wt.%), the
degradation temperature may increase by 35-50 °C.”' In some cases the dispersion of 5
wt.% untreated clay (i.e., Cloisite® Na) marginally increased the peak degradation
temperature of nylon 6, whilst by melt compounding the nylon 6 with 5 wt.% quaternary
ammonium cation exchanged clay (i.e., SCPX® 2004) the peak degradation temperature

= Tang et al.,2”

decreased by close to 10 °C, due to the presence of the organomodifier.
discovered that polymer/clay nanocomposites presented, in most of the cases, higher peak
degradation temperatures, compared to the microcomposites; this was attributed to the

ablative reassembling ability of the clay platelets to create a protective surface.
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2.5.3.4. Flame retardancy

Flame retardation is a technique that normally involves the addition of certain
chemicals into the polymeric structure that will result in a decrease of the flammability of
the polymer. Flame retardants commonly used include: melamine, phosphorous
compounds, graphite and intumescent and non-intumescent solutions.”** *** The most used
flame retardants are intumescent solutions that have the ability to swell the material in
which they are incorporated when exposed to heat, increasing its volume while decreasing
its density and creating a light char on the surface of the material, char which is a poor
conductor of heat and which will protect the material.**> *** An intumescent flame
retardant is an environmental, halogen free additive, made of three basic components: an
acid source (e.g. ammonium polyphosphate), a carbonization compound (e.g. polyol) and a

226 Although these products are environmentally safe,

blowing agent (melamine phosphate).
they present a series of disadvantages, such as decrease in the physical and mechanical
properties' of the material in which they were inserted.

Nanofilled polymer composites are characterised by increased heat resistance and

>l The low flammability can be described as an ablative

decreased flammability.”
behaviour, ' upon being exposed to heat the polymer degrades and forms a protective
surface layer, characterised by the presence of the filler, which has isolating properties,

: . 227
creating a mass transport barrier.

The thermostability of polymer/clay nanocomposites
increased with the addition of a small quantity of clay. Although the addition of clay led to
increases in flame retardancy, for nanocomposites to comply with the current standards of

fire reduction they have to be combined with conventional flame retardants.**®

The addition of PEgMA to a HDPE/organoclay (i.e., Cloisite® 20A) system creates
an interface and reduces the burning rate by 10-15% compared to the neat polymer, at clay

4
% An even

loadings lower than 1 wt.%, this indicated an increase in flame retardancy.
higher increase was observed in the case polypropylene with PPgMA and 4 wt.%
organomodified clay, the flame retardancy was improved by up to 75% compared to the
pristine polymer matrix.®” The improvements observed in the flame retardancy were
attributed to the formation of a physical barrier, visible in the char that forms when
polymer/clay nanocomposites are burned and that acts as a barrier to mass and heat

transfer.?*’

54



2.6. Polymer blend/clay nanocomposites

The interest in polymer blends is constantly increasing because they confer the
manufacturer the ability to tailor the final properties of the material by combining two or
more polymers that have different properties resulting in multiphase systems with
enhanced performances.””’ However, the simple mixing of two polymers will most likely
not result in a useful material, because most of the polymer blends are classified as

immiscible.

The process of compatibilising two polymers can be achieved by the addition of a
third component or by an in situ chemical reaction between the two components.23 ° In
some of the cases the compatibilising agent can be maleated polypropylene or block
copolymers. The thermodynamics of adding a third component into a polymer blend can be
summarised by considering the Gibbs free energy of the third component (S) and the two

polymers (A and B):»" %2

AGm - AGAS = AGBS = AGAB (225)

In Equation 2.25 the interacting pairs are identified in the subscripts of the free
energy. The system is considered thermodynamically stable when AG,,<0, thus for a
miscible system (|AGys + AGgs| > |AG4g]), whilst for an immiscible system AGug > 0
and AGys, AGgs < 0. AGys, AGgs represent free energies of interaction of the components
with the surface, AG,p is the free energy of mixing and AG,, represents the free energy of

the entire system.>?

The addition of a third component is the easiest method that can be applied to obtain
a compatibilised polymeric blend. The role of the compatibiliser is to: optimize the
interfacial tension of the two components, to stabilise the morphology of the blend and to
improve the performance of the material by increasing the adhesion between the phases in
solid state.”*® Polymer blends are characterised by a high degree of immiscibility and when
the clay is added; it has the tendency to migrate towards the component that has the highest
polarity.

The insertion of organoclay in polymer blends significantly changes the structure,

234

typically decreasing the size of the dispersed phase.”" The reduction in particle size with

1. to the increase in the

the addition of clay has been attributed by Sinha Ray et a
viscosity of the blend and to the possibility of dispersing the clay in the interfacial region,

transforming the clay into a compatibiliser. They have concluded that there are three
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possible mechanisms of organoclay compatibilisation: the addition of an organic modifier
that is miscible in both components, via solid-melt adsorption which leads to free energy

gains and change in the interfacial tension of the two phases and the shift of the interphase.

Hua et al.”” observed that montmorillonite modified with octadecyl ammonium
acted as a compatibilising agent in blends of nylon 6 with 10 wt.% PP, improving the
tensile modulus and strength. Replacing the PP with HDPE, in a HDPE/nylon 6 (75/25)
blend, the tensile properties were found to decrease compared to the ones presented by the
neat polymers due to poor stress transfer across the interface and the non-homogeneity of
the sample on a microscopic level; however, the addition of 4.8 wt.% Cloisite® 15A
located the clay in the more polar nylon 6 phase improving the modulus and the tensile

strength by over 50% compared to the neat polymer blend.**’

Polystyrene and polypropylene are two of the most used polymers, and by mixing
them together an immiscible polymeric blend is formed, which is characterised by a
semicrystalline phase (PP) and an amorphous one (PS).>° For a PS/PP (20/80) blend, the
particle size decreases from 8 pm to 1 pum with the addition of 5 wt.% organoclay
(Cloisite® 20A),”" whilst the TEM revealed that the clay tactoids were located at the
interface of the two components increasing the Young’s modulus by 14% and the
elongation at break from 1.5 mm to 4.4 mm. By substituting the PP with PPgMA, Ray et
al.>! observed that in the PS/PPgMA (20:80) blend with 5 wt.% organoclay (i.e., Cloisite®
20A), the clay had exfoliated in the PPgMA matrix and due to the high amount of
compatibilising present in the system, the exfoliated clay layers surrounded the PS
domains; this material presented a significant increase in Young’s modulus and a
substantial decrease in the elongation at break, compared to the neat polymer blend. This
suggested that in this case, the clay does not act as a compatibilising agent. In a separate
study, the addition of 4 wt.% organoclay (octadecyl trimetyl ammonium modified
MMT)*” to PS/PP blend (20:80), resulted in PS chains intercalated inside the clay
galleries. The addition of a compatibilising agent, i.e., PPgMA, located the clay only in the

modified PP phase in which it was homogeneously dispersed.

Whether the clay acts as a compatibiliser is still uncertain. The addition of
organoclay to a polystyrene/poly(ethyl methacrylate) reduced the domain size resulting in
a good dispersion; however, this outcome may be a result of the high surfactant content
used to modify the clay or of the increased viscosity of the polymer blend/clay
nanocomposites.”® The polymer system used to disperse the clay, the presence of an
additional compatibiliser and last but not least the location of the clay and the degree of
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exfoliation are all factors that may influence the role of the clay in an immiscible polymer

blend.

2.7. Polymer/clay nanocomposite foams

Foams can be described as the dispersion of a gas in a liquid which once solidified
consist of individual cells (pores) and walls that form a skeletal structure.”” These
materials present an array of applications varying from weight-bearing structures to
isolations and tissue engineering scaffolds for cell attachment and growth.'” Foams can be
classified according to density, pore size, nature of cells and rigidity of the material formed
upon solidification. Since the mechanical and thermal properties of foams depend mainly
on the relative density (the density of the foam divided by the density of the solid, p¢/ps),
which also dictates the porosity of foams,**’ foams can be divided into low-density foams
(p/ps<0.1)**" and structural foams (0.4<p/p,<0.8)*** or porous solids (0.3<p/p;).**
According to the cell size, polymer foams can be classified into the following categories:
macrocellular (>100 pm), microcellular (1-100 pm), ultramicrocellular (0.1-1 pm) and
nanocellular (0.1-100 nm)."” Looking at the nature of the cells formed, the foams can be
divided into open and closed cell foams, whilst according to the rigidity of the skeletal
structure, the foams can be considered to be rigid or flexible.

245

A number of conventional polymers, such as low density polyethylene,***

6

polypropylene,”*®  polystyrene (PS),”’ poly(vinyl chloride)**® and poly(ethylene

terephthalate),*’ and biodegradable polymers such as PCL*" **! and PLLA,** have been

253-255

: . . s 245.247. 2 . .
foamed using different chemical or physical*** #** 27 0 plowing agents for various

246. 26 gince the addition of clay has proven to improve the thermal and

applications.
mechanical properties of non-cellular polymers, a wide range of polymer/clay
nanocomposite foams have been developed and investigated, including for example:
PP/clay,**® PE-clay,”” PMMA/clay,’® PS/clay,”® PC/clay,”® PU/clay,'®® 2°6 260263
PLLA/clay*** and PCL/clay*® nanocomposite foams. It was found that the presence of
clay in a foam or a porous solid often reduced the cell size and increased the cell density
due to the ability of clay to act as a nucleation agent.”*" *** **” In some cases the presence

of clay produced lighter materials with superior mechanical properties. '’ #>" 26- 262

The characterisation of linear elastic properties®® of foams as a function of relative

density can be depicted by the general empirical formula (Equation 2.26):*®
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% = C(Z—;)" (2.26)
where C is property of the polymer matrix which includes all the geometric constants of
proportionality,240 n represents the deformation mode of the struts that make up the
foam,”® e.g. tensile or compressive,”®® and is characterised by values between 1 and 4 270
and p is the density, for which the subscripts s and f refer to the solid and the foam
structures, respectively. C and » present a complex dependence on the microstructure of
the foam including the cell type (e.g. open or closed), geometrical arrangement of cells,”®
cell size””" and angle of intersection. Substituting the property and # in Equation 2.26 with
Young’s modulus and 2 lead to:

Ef _  Pfya
e C, (pp) (2.27)

where Ef and Es are the Young’s moduli of the foam and the fully dense solid that makes

up the strut respectively, and C; is a function of strut porosity.240

For closed-cell foams the variation in the relative modulus with the relative density is
described by the sum of three contributions (Equation 2.28): cell-edge bending,

compression of the cell fluid and membrane stretching,**

E p p 1-
L= C2ED? + (1 — ¢) 2L 4 2 (2.28)
Es Pp P B

where py 1s the atmospheric pressure, 7 is Poisson’s ratio, ¢ is the volume fraction of solid
contained in the cell edges and C; and C, are geometric constants for the cell edges and the

cell faces, respectively.

2.8. Recycled polymeric materials

Advanced technology in petrochemical-based polymers has brought many benefits to
mankind. However, it becomes more evident that the ecosystem is considerably disturbed
and damaged as a result of the non-degradable plastic materials being used especially for
disposable items. The environmental impact of persistent plastic waste is causing global
concerns, and alternative disposal methods are limited. Incineration of the plastic waste
always produces a large amount of carbon dioxide and toxic gases contributing to global

warming and pollution. Furthermore, satisfactory landfill sites are limited, and the
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petroleum resources are finite and becoming scarce. For these reasons there is an urgent
need to develop renewable source-based, environmentally friendly plastic materials,
especially in short-term packaging and disposable applications, that would not involve the
use of toxic components in their manufacture and could allow for the materials to be

composted into naturally occurring degradation products.'*

Rest of Asia France
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16.5% 3.0%
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China 4.5%
T Other EU 27+, CH
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Japan
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Latin America NAFTA Middle East, Africa
4.0% 23.0% 8.0%

Figure 2.20. World plastic production 2008 by country and region (Reproduced from

272
reference” ).

In 2008 the world plastic production was of 245 Mt, from which Europe accounted
for 25% with 60 Mt produced (Figure 2.20).? Over 170 million tonnes of plastics which
are made from valuable resources and are not fully recyclable,”” are used globally each
year. However, because of the import/export of products, today’s issues are caused not
only how much plastic is produced, but how much plastic is demanded. In 2008 the

272
t,

demand of plastics in Europe was of 48.5 M with 38 Mt being represented by
thermoplastics alone.””> Most of the thermoplastic demand (Figure 2.21) is represented by
high-volume plastics (i.e., PE, PP, PVC, PS and PET) which account for 75% of Europe’s
plastic demand with the packaging industry using 38%,°’* a demand that increases daily.
The exponential increase in the plastic production, the demand and the limited resources
and disposal sites have prompted the search for new low cost, eco-friendly recycling
206

methods with higher barrier properties.
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Recycling represents the optimal solution for reusing the plastic materials. In Europe
21.3% of the plastics are recycled.”’* This includes mechanical recycling characterised by
the use of physical means to produce plastic pellets from waste and feedstock recycling

characterised by the use of chemical means to crack and depolymerise plastic waste.”’*

PE Engineering
o T thermoplastics
R 8%

LL/LDPE
2%

PVC
15%

PP
22%

HDPE
15%

Figure 2.21. The thermoplastic demand in Europe (2008) categorised by thermoplastic

polymer type (Modified from reference®”)

The plastic recycled stock is represented by commodity polymers (PE, PP, PVC, PS)
and engineering plastics (PC, PET, polyamides). Some of the plastic wastes are collected
together making the separation process a tedious work. Thus, management, dismantling,
identification and separation of the mixed plastics are mandatory steps.”* Other problems
include the presence of contaminants and hazardous substances and the thermo- and/or

photo-oxidative degradation that the polymers may suffer.”’®

Mechanical recycling has been identified by Karlsson and Vilaplana®”* as the most
suitable method to recover the polymeric material from the recycled plastic stock. This
process involves the following steps: separation, washing, grinding, remelting and

processing polymer waste. The resulting plastic is characterised by inferior mechanical
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properties due to the changes that the polymer suffers during previous processing steps,
such as molecular damage caused by chain scission, crosslinking or formation of double

bonds, natural aging, heat and/or light deteriorations.”’®

The recycled material may be used along pristine polymers in order to reduce costs”’’
or by employing the use of additives in order to restore some of the original properties of
the polymeric material. Some of the additives considered are stabilisers and clays.
Stabilisers have been used to improve the mechanical and thermal stability of the recycled

27 Wwas also found to enhance the mechanical and

stock.?”® The addition of clay*’® or talc
thermal properties of the recycled materials. The use of clay increases the ability to recycle
these materials. The recycling character for nylon 6/clay nanocomposites, for example, is
similar to the one of pristine nylon 6. This allowed the reuse of the materials for at least 6

times without the occurrence of any deterioration in the properties.”

The limited resources and the constant demand of plastic materials make the reuse of
recycled plastics a fundamental issue. By adding different stabilisers during the mechanical
recycling process the structure and the properties of the polymers may be damaged. The
simple addition of clay prevents this aspect and also allows for the clay to create an
interface between different grades of plastics that are mixed and mechanically recycled at
once. This simple method eliminates the need to break the recycled stock into very specific
types and grades of polymers; it eliminates the necessity of using only clean plastics and

expands the versatility of the recycled materials.

2.9. Summary

The papers reviewed depict different methods to obtain property enhancements in
polymer/clay nanocomposites with intercalated and/or exfoliated nanostructures. They
point out that the structure and thermal and mechanical properties of the polymer/clay
nanocomposites are closely related to the degree of exfoliation, degree of dispersion,
degree of crystallinity and the compatibility between the polymer matrix and the natural or
organomodified clay. Although, so far the effect of clay on the crystallinity degree of a
semicrystalline polymer had been investigated, the effect of clay on the crystallinity degree

once the polymer has been uniaxially deformed have not been fully taken into account.

Compared to pristine solid polymers, the mechanical properties of foamed and
porous polymers are typically found to decrease. Over the years the addition of clay into

polymers has led to nanocomposite materials with superior mechanical and thermal
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properties. Thus, clay has been inserted into foamed polymers in an attempted to improve
their properties. However, so far, the porosity of cellular solids has not been successfully
controlled, nor has the structure-property relationship in foamed polymer/clay

nanocomposites been investigated.

One of the greatest challenges in properly describing the mechanical properties of
polymer and polymer/clay nanocomposites is fracture toughness. Typically, the toughness
of a material is investigated via impact testing, and rarely as the energy absorbed by a
material before failure. To the day, the investigations in the toughness of polymer/clay
nanocomposites at low testing speeds are limited and the orientation of the polymer chains
and, where applicable, the orientation of the reinforcing agent has not been properly
investigated. The contradictory theories regarding the toughness of intercalated or
exfoliated polymer/clay nanocomposites have prompted the question if an
intercalated/exfoliated nanocomposite would be superior to the two limiting cases.

However, so far, this has been has not been studied.

The impact of clay addition to immiscible polymer blends has been previously
considered; however, the location of clay represents one of the major questions of polymer
blend/clay nanocomposites. Although intensive research has been performed on
immiscible polymer blends, the structure-property relationship has not yet been considered.
This aspect represents a key factor in facilitating the reuse of recycled polymers, which due
to the presence of different polymer grades in the recycled stock may act as an immiscible

polymer blend.

The worldwide increasing polymer demand, the limited resources and disposable
landfills make the use of recycled polymers a necessity. Typically the recycled materials

present decreased mechanical properties; thus, the insertion of a filler is of critical interest.
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Chapter 3. Relative modulus-relative density
relationships in low density polymer-clay
nanocomposite foams

3.1. Introduction

Since they were first reported in 1987,> polymer/clay nanocomposites have presented
an unusual interest due to their unique properties.® These new materials are the result of
dispersing inorganic clay fillers with dimensions in the nanometre range into a polymer
matrix.**” Polymer/clay nanocomposites often exhibit superior or distinct properties from
the ones possessed by the pristine polymers or the conventional composites, which can be
mainly attributed to the large interfacial surface area between the organic and inorganic

8. 136. 281 Eor best property

phases and the intrinsic properties of clay platelets and tactoids.
enhancements, the content of clay fillers is typically kept under 10 wt.% ** due to its high
aspect ratio and small size,”™ in comparison with up to 50 wt.% for a conventional
reinforcing agent such as carbon black or calcium carbonate, in a thermosetting polymer

)
matrix.

Foams present an array of applications varying from weight-bearing structures to
isolations and tissue engineering scaffolds for cell attachment and growth."” The
mechanical and thermal properties of foams depend mainly on the relative density (the
density of the foam divided by the density of the solid), which also dictates the porosity of
foams.”*” A number of polymers, such as polyurethane, polystyrene, polycarbonate and
polyethylene, have been foamed using different chemical compositions and different
processing conditions™ in order to obtain foams for sound, vibration and heat insulation,

impact resistance and light weight applications.**% **®

The linear elastic properties®® of foams can be described as a function of relative
density by the general empirical formula (Equation 2.26). One of the most important
properties of foams is Young’s modulus for which an array of models considering different
cell geometries,”™ cell regularities,™® relative densities and material deformation
mechanisms have been developed and selected models based on Equation 2.26 are

presented in Table 3.1.24% 270 286296
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Table 3.1.Summary of selected models from the literature for open and closed cells

Geometrical Density
Cell type Reference
constant (C) exponent (»)

Open 1 2 Gibson and Ashby™"

Open 0.376 1.29 Roberts and Garboczi®”

Open 0.535 1.81 Roberts and Garboczi®”

Open 4.2 3.15 Roberts and Garboczi®”’

Open 0.3 2 Hagiwara and Green®’" >

Open 90 2 McCullough et al.**’

Open 68 1 McCullough et al.**’

Open 1.05 2.54 Liu et al.””!

Open 0.167 1 Thomas and Gent**"*?

Open 0.88 . Choi and Lakes*”*

Open 0.7 2 Dement’ev and Tarakonov>**
Closed 0.33 1 Renz and Ehrenstein®*® ***
Closed 0.0598 1.066 Mills and Zhu**’

Closed 0.0807 1.155 Mills and Zhu**
Closed 0.977 1.627 Mills and Zhu**’
Closed 0.64 1.4 Roberts and Garboczi*”
Closed 0.76 1.7 Roberts and Garboczi*”

The deformation suffered by the pristine foam is strongly dependent on the cell type;

in most of the cases, the values for density exponent lie between 1 and 2 for closed

286, 288, 289, 292 4 240, 270, 287, 290, 291, 293-

cells, while for open cells the values lie between 1 and

2% The different values of » reflect the change in the dominant deformation mechanism.”’

240

According to Gibson and Ashby,” the variation of the relative Young’s modulus with the

relative density for open cells is best described by a deformation value of 2 (Equation 2.9),

285

value which accounts for the bending and the stretching of the cells™ and relates the

relative density of the cells with the thickness and the length of the cells.”* For closed-cell
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cellular solids the variation in the relative modulus with the relative density is the result of
three contributions: cell-edge bending, compression of the cell fluid and membrane

stretching,**’ represented in Equation 2.28.

The addition of clay improves the specific compressive modulus (the ratio of
modulus to density) of a polymer foam and in some cases the compressive modulus

260. 262 This enhancements are due to the nucleating effect

without considering the density.
of the clay that reduces the density of the polymer foam, decreases the cell size and
increases the cell density.”*" **® Saha et al."”® discovered that the cell diameter of a PU
foam decreased by 20% with the addition of 1 wt.% clay, whilst the compressive modulus

262
1.

increased by 20%. Thirumal et a reported a 30% decrease in the density of a PU foam

1.7 showed that at low clay loads, clay

with the addition of 4.3 wt.% organoclay. Liu et a
may provide nucleation sites for PCL foams that led to smaller cells and thinner cell walls;
however, a clay content of over 10 wt.% caused an increase in the cell thickness and cell

: 267
S1Z¢€.

Despite the significant development in polymer/clay nanocomposite foams, the
structure-property correlations of this new class of foams are yet to be well understood and
their relative modulus-relative density relationships were not adequately addressed in the
literature. The main goal of this work was to determine the relationship between relative
modulus and relative density for low-density polymer/clay nanocomposite foams by using

the established theories for conventional cellular materials as reviewed above. PU was

19, 260, 261 260, 298

selected for this study because of its wide applications, easy processing and

299, 300
» 390 and to

high polarity which allows it to form nanocomposites with natural clays
provide idealised polymer-clay systems without involvement of an organic surfactant. A
typical commercial formula for the preparation of rigid PU foams, described as the mixing
of a polyol with a diisocyanate, was adopted. PU-natural clay nanocomposite foams
containing different clay amounts were prepared by varying the mixing sequence of the
polyol, diisocyanate and natural clay. The structures of the foams were investigated by
using X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), X-Ray Micro-

Computed Tomography (Micro-CT) and the modulus was obtained from compression

testing.
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3.2. Experimental

3.2.1. Materials

A liquid-polyol blend with a density of 1090 kg'm™ and a viscosity of 735 mPa-s
(Bayer VP.PU 29HB74, denoted as polyol) and a liquid mixture of diphenylmethane-4,4’-
diisocianate with an N=C=0 content of 30.5-32.5 wt.%, a density of 1230 kg'm™ and a
viscosity of 160-240 mPa-s (Desmodur 44V20L, denoted as MDI) were kindly supplied by
Bayer Materials Science (Germany). Natural sodium montmorillonite clay (325 mesh) was
generously supplied by Bentonite Performance Materials LLC (Wyoming Plant, South
Dakota, USA). The inorganic content of the clay was determined as 88.6% by Loss on
Ignition by heating the clay from room temperature to 600 °C at a rate of 10 °C-min”' with
a dwell of 600 s at 600 °C in a Eurotherm 2416CG furnace (Lenton Thermal Designs
LTD). The chemical composition of the clay was analyzed to be Si0,, 64.12 wt.%; Al,Os3,
18.92 wt.%; Fe,03, 3.78 wt.%; MgO, 2.29 wt.%; Na,0, 1.88 wt.%; CaO, 1.19 wt.%; K0,
0.44 wt.%; and TiO,, 0.13 wt.% by using an Panalytical Axios X-Ray Fluorescence
Spectrometer according to ISO 12677 method at CERAM (Stoke-on-Trent, United

Kingdom). All the materials were used as received.

3.2.2. Preparation of polyurethane-clay nanocomposite foams

PU-clay foams were prepared by in situ polymerisation with reference to the
method supplied by the manufacturer for preparing the pristine PU foam. The pristine PU
foam was prepared by mixing 30 g of polyol with an equal amount of MDI in a rectangular
container (20 cm x 11 cm x 3 cm) for 10 s at room temperature. PU-clay nanocomposite
foams containing different clay contents were prepared using three mixing sequences. In
the first sequence 30 g of polyol, 30 g of MDI and a pre-weighed amount of clay were
mixed simultaneously for 10 s in the rectangular container, denoted as polyol/MDI/clay. In
the second sequence 30 g of polyol were mixed with the clay for approximately 120 s and
then 30 g of MDI were added and mixed for 10 s, denoted as polyol/clay + MDL. In the
third sequence 30 g of MDI were mixed with the clay for approximately 120 s and then 30
g of polyol were added and mixed for a further 10 s, denoted as MDI/clay + polyol.
Following mixing, each of the foams was kept in the container at room temperature for
approximately 600 s to grow and stabilize before it was removed for preparation of test

specimens. In all the three methods, two amounts of clay platelets, i.e., 4 wt.% and 8 wt.%,

66



were used. The material compositions and mixing methods of the samples are summarised

in Table 3.2.

Table 3.2. Material compositions and mixing sequences of PU and PU-clay nanocomposite

foams
‘ Content of clay
Sample ID Mixing sequence
platelets / wt.%
PU polyol/MDI -
M14 4
polyol/MDI/clay
M18 8
M24 4
polyol/clay + MDI
M28 8
M34 4
MDVU/clay + polyol
M38 8

3.2.3. Structural characterisation and mechanical testing

XRD was carried out on a Phillips PW1720 X-Ray Diffractometre with a CuKa,
(A=0.15406 nm) anode tube at the standard conditions of 40 kV and 20 mA. The samples
were tested from 2° to 10°, 26 angle, at a step size of 0.02° and duration of 2.5 seconds per

step. Powder samples grounded from the foams were used.

SEM was performed on a Tescan Mira Variable Pressure Field Emission Scanning
Electron Microscope and a Zeiss Ultra Scanning Electron Microscope. The images were
taken at a voltage of 5.0 kV (Tescan) and 6.0 kV (Zeiss) and analysed with the ImagelJ
software to characterise the cell diameter. The cell size was measured for an array of cells,
considering only the cells that appear to be fully and well defined inside the SEM image.
The average value for 20 cells with a confidence level of 95% was reported. Prior to being
analysed the samples were mounted on stubs and their surface was gold (Tescan) or

platinum (Zeiss) coated.

Micro-CT was run on a Scanco Micro-CT 40 (Scanco Medical AG, Switzerland) at

the standard resolution (acquisition: 250 projections per 180° with 1024 samples each, an
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energy of 55 kVp and a current of 145 pA). The micrographs were realised using a
predefined threshold that was found to give the most accurate interpretation of the image
throughout the whole scan in order to assess the structure and porosity of the foams. The
threshold was adjusted after the values for sigma and support parameters were set. These
parameters were used to identify the struts and the pores present in the structure, whereas
the threshold was modified in order to observe the fine details of the porous structure. The
value of the threshold used was set as to attain the most detailed scan of each of the slices
throughout the entire structure, regardless of the material analysed. The densities of the
foams were determined by measuring the weights and volumes of five prismatic specimens

for each type of foam, using a balance and a calliper.

Compressive tests were carried out on an Instron 1011 universal testing machine
with a load cell of 500 N and at a rate of 10 mm'min™'. Testing was arbitrarily terminated at
the deformation of 50% according to ASTM C365-05. Four surface grounded prismatic
specimens (25.4 mm x 25.4 mm x 12.7 mm) were tested for each type of foam. The mean
and standard deviation values reported represent a confidence level of 95%. Statistical
significance was assessed by a Two-tailed, Type Il ‘t’ test with a criterion that the

probability of a difference in means due to chance should be less than 0.05.

3.3. Results and discussion

3.3.1. Structure

Figure 3.1 shows the X-ray diffraction patterns of natural clay and polyurethane-clay
nanocomposite foams obtained from different mixing sequences and at different clay
loadings. Natural montmorillonite displayed a peak at 26 = 7.1° corresponding to a dy;) of
1.24 nm. By mixing the clay, polyol and MDI simultaneously (mixing sequence 1), dyo)
increased to 1.85 nm regardless of the clay content which is similar to the values obtained
for the natural clay intercalated with poly(ethylene glycol)s and glycerol.”*® % 3% The
increase in dyg;), as also found by Cao et al.>*® and Harikrishnan et al.,261 suggested the
presence of an intercalated structure in the nanocomposite. Natural montmorillonite is a
hydrophilic clay that presents approximately 6 wt.% water molecules between the

3% Intercalation of the polyol into clay galleries was mainly driven by the entropic

layers.
change associated with the loss of these water molecules from the galleries.”* Similar d-
spacings and peak shapes were obtained for mixing sequence 2 (i.e., polyol/clay + MDI),
suggesting that the nanostructures formed were similar for these two mixing sequences.
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Change of the clay content from 4 wt.% to 8 wt.% increased the peak intensity indicating

the presence of more intercalated clay tactoids in the latter.

1000

Intensity / a.u.
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Figure 3.1. XRD profiles of natural clay and polyurethane-clay nanocomposite foams.
MMT, i.e., pristine natural clay, represents the control sample. By dispersing natural clay
in polyurethane, the polymer intercalates between two consecutive silicate layers, thus

shifting the 26 angle towards lower values.

Compared to the first two mixing sequences, the (00/) peak of the clay shifted to a

higher 26 value and became broader for mixing sequence 3, implying that the d;) was
305, 306

reduced and that the clay layers become less ordered in the nanocomposite. It 1s
known that the reaction between an isocyanate and water produces an amine and carbon
dioxide (Figure 3.2). By reacting the water present inside the clay galleries®®’ with the MDI
an amine was formed, minimizing the degree of intercalation of the polyol in the later
stage,> °® but at the same time CO, was also produced, presumably causing some clay
layers to lose their ordered structures and perhaps to expand their layer spacing slightly
further. Regardless of the clay content, a value of 1.61 nm was obtained. This value was

close to the ones reported for the amine-intercalated natural clay, being 1.4 — 1.5 mm, 2
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confirming the formation and presence of the amine in clay galleries. Such amine may
adopt a monolayer conformation in the galleries®” in contrast to the bilayer conformation
adopted by the polyol,® leading to a smaller d-spacing in M34 and M38 (Curves 6 and 7)
compared to that from the first two mixing sequences (Curves 2-5). The fact that the first
two mixing sequences led to similar nanostructures in the nanocomposites which were
however different from the one produced from the third mixing sequence, implied that the
natural clay preferred to intercalate the polyol as opposed to the MDI under a competitive

absorption process.

(0]
I

R—N=C=0 +H—0—H — |RTN—C—OH |__ _ p—nn, + co,*
H

[socyanate Water Unstable product Amine

Figure 3.2. Reaction between an isocyanate and water.

From the representative SEM images given in Figure 3.3 it can be observed that the
PU foam presented a structure of mostly closed cells with a cell diameter of approximately
760 um. Additions of clay substantially reduced the cell size and increased the number of
cells observed in the same image size, which is in accordance with the previous findings'**
260. 262319 on the ability of clay platelets to act as nucleating agents during the foaming
process. The results from quantitative analysis of 20 cells with a confidence level of 95%
using the ImagelJ software showed that in the presence of clay the cell diameter of the PU
foam decreased by 41-67% for 4 wt.% clay content (Table 3.3, Column ). The cell
diameter was found to increase with the augmentation of the clay content for the first two
mixing sequences; however, it remained 32-49% lower compared to the value for the
pristine PU foam. These comparisons were statistically significant as determined by a
Two-tailed Type II ‘t’ test with p<0.05.

Changes of the cell diameter of the polymer foam arise from two competing effects

196, 260

of the clay: the nucleation effect which decreased the cell diameter and the blowing

effect’!!

which increased the cell diameter. The former depended on the interfacial surface
area between the polymer and the clay and hence the degree of clay dispersion in the
polymer. The latter was due to the presence of water in clay galleries. Both were related to

the clay content. Reductions of the cell diameter by the clay (Figure 3.3 and Table 3.3)
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suggested that the nucleation effect was dominant in all cases. An increase in the clay
content led to a growing amount of water available in the clay galleries which either
directly acted as the blowing agent for foaming in the first two mixing sequences or
reacted with the intercalating MDI to produce CO; in the third mixing sequence. The
increase in the cell diameter with clay content augmentation implied that the blowing

effect had a greater impact compared to the nucleation effect in these cases.

Figure 3.3. Representative SEM images of (A) PU foam (Scale bar: 500 um) and (B-G)
PU-clay nanocomposite foams (Scale bar: 200 um): B. M14; C. M18; D. M24; E. M28; F.
M34; and G. M38.

The effects of clay addition, clay content and mixing sequence on the cell size are
confirmed by Micro-CT images, presented in Figure 3.4. Reconstruction of tridimensional
images showed that the foams have uniform cell size throughout the sample (e.g. Figures
3.4A2 and 3.4E2). Since clay decreased the cell diameter, the uniform reduced cell size
indicated that clay was well dispersed in PU, agreeing with the XRD results which
suggested intercalation of PU into clay. However, the cells, which were found to be mostly
closed in the SEM micrographs (Figure 3.3), appeared to be opened in the Micro-CT scans.
This 1s because most of the solid material is drawn by the surface tension towards the cell
edges during the foaming process’'? so the cell faces are too thin for the Micro-CT to

detect at the pre-set threshold.
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Figure 3.4. Micro-CT scans of (A1) PU foam and (B-G) PU-clay nanocomposite foams: B.
M14; C. M18; D. M24; E1. M28; F. M34; and G. M38 and 3D reconstructions of A2. PU
and E2. M28 foams (Scale bar: 500 um).

The densities of the PU and PU-clay nanocomposite foams and solids as well as the
porosities of the foams are given in Table 3.3, Columns 2-5. The density of the PU-clay
nanocomposite foams decreased compared to the density of the pristine foam, with
statistical significance for the higher amount of clay present in mixing sequences 1 and 2
and for 4 wt.% clay content present in mixing method 3, and statistical insignificance for
the remaining foams. The reduction in the density of nanocomposite foams confirmed the
nucleation effect of the clay as discussed above. The densities of non-cellular PU-clay
nanocomposites, o, (Column 3, Table 3.3) were calculated according to Equation 3.1,

taking into account that both the clay and the polymer change their volumes during
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nanocomposite formation due to intercalation of some polymer molecules into clay

galleries. '*

_ Hep—HctHcHep
Ps = Ucdp | Hcp—Hc—SHc (3 1)
pepdy Pp

where p, 1s the density of the polymer, i.e., PU in this case which is 1200 kg'm™,** and Fa3

is the density of natural clay platelets, i.e., 3100 kg-m'3.'20 d; and d, are the basal plane
spacing of natural clay and the clay intercalated with the polymer, s is the saturated ratio of
the intercalating polymer to the clay (i.e., 0.18 g polymer per g of clay)'* and Hcp 1s the
mass fraction of the inorganic content in natural clay determined from the Loss on Ignition
analysis, i.e., 0.886, while £ is the mass fraction of clay platelets in the composite, i.e.,

0.04 or 0.08, in this work. Additions of clay slightly increase the density of the PU solid.

Table 3.3. Cell diameters, densities and porosities of PU and PU-clay nanocomposite

foams.
Foam Solid b
Cell diameter / o Porosity®/ Porosity” /
Sample density/ density/
- Y 0
mm kgm® kgm™ Yo Yo

P 0.76+0.10 48+9 1200 © 96 97
M14 0.25+0.02 41+4 1230 97 98
MI18 0.52+0.12 4745 1262 97 98
M24 0.33+0.03 38+4 1230 97 98
M28 0.39+0.05 36+4 1261 97 98
M34 0.45+0.11 3843 1234 97 97
M38 0.48+0.03 3945 1271 97 98

“Calculated from the densities of the foams and solids presented in Columns 2 and 3;

®Calculated from Micro-CT results: ‘From literature.>*
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The porosities given in the fourth column of Table 3.3 were calculated from the
densities of the foam and its corresponding solid, i.e., 1 — ps/ps. The as-prepared PU
foam was highly porous with a porosity of 96%, and the presence of clay only provided
marginal increases in the porosity because of the high starting value. These porosities were
in excellent agreement with those obtained from Micro-CT by reconstructing the three-
dimensional images of the foam samples (Column 5). The negligible difference of
approximately 1% was attributed to the thin cell faces and probably some cell edges that

were undetectable with the pre-set threshold. Since ps/ps < 0.05, the PU-clay

nanocomposite foams can be classified as ‘low-density foams’.*"?

3.3.2. Mechanical properties

The compressive moduli for the PU and PU-clay nanocomposite foams determined
from the compressive testing data are given in Figure 3.5. Compared to pristine PU foam,
the compressive modulus for simultaneous mixing of the three components (M14 and
M18) was found to increase with the clay addition by close to 30%, whilst the mixing of 4
wt.% clay with the MDI or polyol followed by the addition of the other component was
found to decrease with the clay addition. The variations observed in these materials were
without statistical significance compared to the pristine PU foam. The mixing of 8 wt.%
clay with polyol followed by the addition of MDI (M28) led to a statistically significant
increase of modulus by 35% as opposed to the pristine PU foam and by 69% compared to
M38 where a different mixing sequence was adopted and a larger cell size was found.
These results are different from the ones reported for PU/vermiculite foams containing
between 1.2 wt.% and 3.7 wt.% clay in which the compressive moduli were found to be
greater in mixing sequence 3 than for mixing sequence 2.%'* Besides cell size, the densities
of the foam and its corresponding solid, the modulus of the corresponding solid, the
geometric information of the cells in the foam and the deformation mechanism of the foam

also affect the compressive modulus of the foam.

To eliminate the effect of foam density, specific compressive modulus of the foams
was calculated and the results are also presented in Figure 3.5. For mixing sequences 1 and
2, the augmentation of the clay content was found to increase the specific modulus by up to
81% for M28. However, when the clay was first mixed with the MDI the specific

compressive modulus was found to be similar to the one of pristine PU, regardless of the
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clay content. This confirms that the variation of the compressive modulus depends on the

clay content and mixing sequence.
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Figure 3.5. Compressive modulus and specific compressive modulus of PU and PU-clay
nanocomposite foams (error bars represent the standard deviation for compressive

modulus).

To study the effects of densities of foam and solid, the modulus of solid on the
modulus of foam, the geometric information of cells and the deformation mechanism of
foams, the relationships between relative modulus and relative density of foams should be
established. All the theoretical models for the relative modulus-relative density
relationships of foams represented by Equation 2.9 and Table 3.1 were tested to investigate
if they work for these nanocomposite foams. The moduli of the foams and the densities for
the foams and solids were taken from Tables 3.3 and Figure 3.5. The moduli for

178
1

nanocomposite solids were calculated by employing the Halpin-Tsai model ™ (Equations

2.18-2.19) with the van Es correction.”” The modulus of the reinforcement was calculated
by considering the clay tactoids as a sandwich structure.'** '"* In order to evaluate the
modulus of the clay tactoids it was considered that unfilled rigid PU solid was

240 and a Poisson’s ratio of 0.33 *'° and that the
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8. °7 Because

clay platelets presented a modulus of 230 GPa '® and a Poisson’s ratio of 0.2
the nanocomposites reinforced the PU matrix by intercalated clay tactoids, clay
reinforcement refers to intercalated clay tactoids. Thus, the effective volume fraction, ¢,
was calculated using Equation 2.13, which is substantially greater than the nominal volume

fraction of the clay particles.'*

Among all the models presented in Table 3.1, the ones developed by Dement’ev and
Tarakonov (C;=0.7 in Equation 2.9)** ¥ and Choi and Lakes (C;=0.88 in Equation
2.9)** best fit the experimental data despite that they are open-cell models, while the rest
do not give reasonable predictions. The correlation between the experimental data for the
PU/clay nanocomposite foams and the theoretical values predicted using these two models
1s given in Figure 3.6 which shows reasonably good agreement. It is noted that both
models were developed based on conventional polyester-based PU foams with 97%
porosity, same as the value for the nanocomposite foams studied in this work. The good
correlation indicates that the relative modulus-relative density relationship for polymer

foams is applicable to nanocomposite foams provided the porosities are similar.

As previously discussed, the PU and PU/clay nanocomposite foams are low density
closed-cell materials with most of the material located within the cell walls. The fact that
the above two models best fit the experimental data also suggests that the low density
closed-cell foams can be considered as open cells, agreeing with the previous findings for
general cellular solids that most of the load is carried by the cell edges in this type of

foams®"® and the low density closed cells tend to behave as open cells.”'?

Among the remaining models presented in Table 3.1, the original Gibson-Ashby
model for open cells, where C; = 1 and » = 2 for Equation 2.8, assumes a two dimensional
continuous structure in which the cell edges meet at a 90° angle, have square cross sections

240. 286 However, as it can be observed from the SEM and

and the vertices link three edges.
Micro-CT images, the cells present hexagonal cross sections, a different angle at which the
edges meet and a higher nodal connectivity, which may explain the fact that this model is
inadequate to predict the values for the pristine PU foam and PU-clay nanocomposite
foams. In contrast, the tetrakaidecahedron cell shape observed for these foams is the same

294, 296
and the

as the shape found in the foams studied for both the Dement’ev-Tarakonov
Choi-Lakes™* models, noting that such tetrakaidecahedron shape is commonly found for
polymer foams, for example other PU-clay foams,** PCL-clay foams™' and PP-clay

246
foams.
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In the normalised Gibson-Ashby model**® for open cells, C; 1s the coefficient used

for the normalisation of the Young’s modulus of the foam, namely C; = (Efp/Ef)(pf/
p}))2 where the superscript p refers to the pristine polymer. Inserting the normalisation

coefficient into Equation 2.8 results Equation 3.2, in which the coefficient is equal to 0.45
in this work. The theoretical values predicted using this normalised model are also
presented in Figure 3.6, showing good agreement with the experimental data and in general
confirming that an open-cell model may be used for studying low-density nanocomposite

foams.

2
Er_ 5 (eh) (o)’ 3
== (p; (= (32)

The Gibson-Ashby model for closed-cell foams given in Equation 2.26 was also
considered for prediction of the relative modulus of nanocomposite foams. Because the

contribution of the cell fluid is minimal,*** Equation 2.26 can be reduced to Equation 3.3.

2
L= (L) + -0 (3.3)

In order to determine the volume fraction of solid (¢) contained in the edges of the

cells, a relative volume of the cell faces to the cell edges of 0.1 —

(characteristic for rigid
polyurethane foams) was used, which led to a ¢ value of 0.94.** *" As previously
introduced, C; is the geometric constant for the cell struts so it is the same as the constant
for the open cells, 1.e., 0.45. Inserting these two values and the moduli and densities for the
pristine PU foam and solid into Equation 3.3, C, was determined as 0.03. Like the previous
three models, the theoretical values predicted using Equation 3.3 are given in Figure 3.6. It
1s seen that this additional curve almost overlaps with the curve for the normalised open-
cell model, further confirming that the open-cell model is a simplified version of the

closed-cell model and low density closed-cell foams can indeed be considered as open-cell

foams.

To validate the applicability of the normalised Gibson-Ashby model for low-density
polymer/clay nanocomposite foams, gelatine/sepiolite nanocomposite foams were
developed by Frydrych et al.’'® It was found that the normalised model presented the most
accurate description of the experimental data, showing good approximations for the entire
range of investigated porosities (1.e., 96-98%). Using a porosity range of 97-98%, Liu et

al.*'" reinforced the applicability of the normalised Gibson-Ashby model. They have found
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that for nanofibrous bacterial cellulose/chitosan scaffolds the relative density-relative
modulus relationship was predicted reasonably well by the previously mentioned model.
Thus, it can be stated that the normalised Gibson-Ashby model may be used to predict the
relative density-relative modulus relationship in polymer nanocomposite foams with high

porosity (i.e., 96-98%).

------- Choi-Lakes
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Figure 3.6. Theoretical and experimental data of relative Young’s modulus versus relative

density for PU-clay nanocomposite foams showing they are in good agreement.

As shown in Figure 3.6, the theoretical relative moduli predicted using all the above-
discussed four models appear to be reasonably close to the experimental data. In contrast,
other models presented in Table 3.1 give values markedly deviated from the experimental
results. These imply the normalised Gibson-Ashby models for open cells and closed cells
work reasonably well for low-density nanocomposite foams ( ). In the case of
high-porosity PU-clay nanocomposite foams, the C; in 1s

approximately 0.45-0.88. These results further suggest that the established models for
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conventional cellular solids can be applied to polymer nanocomposite foams provided that

all the parameters in the models are correctly calculated.

3.4. Conclusions

PU-natural clay nanocomposites containing different clay contents were prepared
with different mixing sequences and used for the study of relative modulus-relative density
relationships in a relatively new class of foam materials, i.e., polymer/clay nanocomposite
foams. It is found that the addition of clay decreases the cell size and density of the
polymer foam, acting as a nucleation agent as previously reported by others, and the
increase of clay content leads to a greater cell size which is the result of the blowing effect
from the growing amount of water present in the clay galleries. The uniform cell structures
with varying cell sizes in the PU-clay foams observed using SEM and Micro-CT, together
with the shifts of the (001) peak for the clay detected by XRD, confirm the formation of
polymer/clay nanocomposites. The nanocomposite foam prepared by mixing the polyol
blend with 8 wt.% natural clay followed by the addition of diisocyanate provides an
increase in the specific compressive modulus of the PU foam by 81%. This enhancement is
attributable to the strong interactions between the polymer and the clay due to formation of
hydrogen bonds and nanostructures, the large specific surface area and high stiffness of

clay, and the small cell size that occurs due to the nucleation effect of clay.

Modelling the relative modulus versus relative density for the low density
nanocomposite foams (with a porosity higher than 95%) finds that their relationship can be
reasonably predicted by the classical Gibson-Ashby models for open-cell and closed-cell
foams provided the modulus of the starting polymer foam is normalised to obtain the
correct geometric constants and the modulus and density of the nanocomposite solids
contained in the cells are properly calculated. In the case of high-porosity PU-clay

nanocomposite foams, the geometric constant of foam C; in Ef/Es = Cl(pf/ps)2 was

determined to be approximately 0.45-0.88.
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Chapter 4. Porous exfoliated poly(e-caprolactone)/clay
nanocomposites: preparation, structure and properties

4.1. Introduction

Past years have marked a turning point in polymer foaming, some of the commodity
plastics, known for their biochemical endurance, being replaced by biodegradable
polymers, e.g. poly(e-caprolactone) (PCL), poly(lactic acid) (PLLA) and poly(glycolic
acid). Possessing the ability to degrade upon bioactive environment exposure into small

1% these polymers may represent a possible

molecules, e.g. water, CO, and biomass,
solution to the growing waste problem that the world is facing.”"” Lately, biodegradable
polymers have been used for a series of packaging and biomedical applications, e.g. drug
delivery systems, bioabsorbable surgical sutures, tissue engineering scaffolds and
temporary internal fixation of a variety of tissue damages.**"**'

Compared to traditional cellular polymers, porous biodegradable polymers often
present low stiffness, brittleness and/or high gas permeability.’** Recent research shows
that strength, stiffness, thermal stability and barrier properties of biopolymers can be

greatly improved with the addition of a small amount of nanoclay.7’ i

Since clay is ubiquitous in nature, environmentally friendly and biocompatible,’*
using it as nanofiller for biodegradable and biocompatible porous polymers results in the
formation of green and biomedical nanocomposites with enhanced properties.”*' This
relatively new class of materials represents a viable alternative to conventional porous
polymers used for packaging and biomedical applications.

The previous research on porous polymer/clay nanocomposites, including
biopolymer-based foams, was mainly concerned with the materials manufactured by
mixing the polymer, clay and blowing agent (physical, e.g. CO,, N, or a combination of
both™" or chemical, e.g. azodicarboxamide (ADC), sodium bicarbonate (SB) or zinc
carbonate)™ simultaneously,”* with the blowing agent playing the sole role of creating
bubbles. The hypothesis of this work was that by pre-incorporating a chemical blowing
agent into the clay galleries and expanding the clay galleries during bubble formation, the
blowing agent will attain a secondary role, that of enhancing the exfoliation degree. Since
it is considered advantageous to obtain fully exfoliated polymer/clay nanocomposites, it is
expected that the resultant porous materials will have better properties as opposed to
existing porous nanocomposites with comparable material compositions. Semicrystalline

PCL was selected as the matrix because of its ductility, biocompatibility and wide range of
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biomedical applications such as drug delivery systems, wound dressings and sutures and
. - 320, 322, 324, 325 : - . .
bio-resorbable implants. Sodium bicarbonate and azodicarboxamide, known

d,*>* were chosen as blowing agents. The

for their low toxicity and progressive gas yiel
structures were investigated by X-ray Diffraction (XRD), Transmission Electron
Microscopy (TEM) and X-Ray Micro Computed Tomography (Micro-CT), thermal
properties and crystallinities were studied by Thermal Gravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC) and mechanical properties were obtained from

compression testing.

4.2. Experimental section

4.2.1. Materials

Poly(e-caprolactone), M,=70,000-90,000, was purchased from Sigma-Aldrich
(Ireland). A commercially available organoclay, Cloisite® 30B (C30B), that is, a methyl,
tallow, bis-2-hydroxyethyl, quaternary ammonium modified montmorillonite, was
generously supplied by Southern Clay Products Inc. (Texas, USA). The cation exchange
capacity was 90 meq./100g clay, the density was 1980 kg'm™ and the inorganic content
was 70%. Reagent-grade sodium bicarbonate, NaHCO; and azodicarboxamide, C,H4O,Ny,
were purchased from Sigma-Aldrich (Ireland). Due to the high decomposition

23 of azodicarboxamide, zinc oxide, ZnO (Analytical grade) from Sigma-

26

temperature
Aldrich was used to activate the blowing agent and reduce the decomposition time.”

Tetrahydrofuran (THF) was used as a solvent. All materials were used as received.

4.2.2. Clay treatment

C30B was pre-treated with two chemical blowing agents, namely sodium bicarbonate
and azodicarboxamide/zinc oxide to give the SB- and ADC-treated clays. In both cases, 6.5
g of C30B were first dispersed overnight, under constant stirring, in 325 mL of
THF:H,0=1:1 (v/v) to produce a clay suspension. For the SB-treated clay, a 2.5 wt.%
(w/w) solution of SB in distilled water was added to the clay suspension. For the ADC-
treated clay, the clay suspension was mixed with a 5 wt.% (w/w) solution of
ADC:ZnO=1:1 (w/w) in distilled water. In order to achieve a good dispersion of ADC and

ZnO in water, the solution was ultrasonicated for 1 h before being added to the organoclay
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suspension. The treated-clay suspensions were kept under constant stirring for ca. 24 h and

dried in an oven for 8 h at 80 °C, followed by being grounded into fine powders.

4.2.3. Preparation of porous PCL/clay nanocomposites

Porous PCL-treated clay nanocomposites were obtained in two steps, preparation of
solid nanocomposites and thermal degradation of the blowing agent to create pores. In the
first step, polymer/clay nanocomposites with 5.8 wt.% blowing agent-treated organoclay
were prepared following the procedure described below. First, the blowing agent-treated
organoclay was dispersed in THF to obtain a 3 wt.% clay dispersion. Separately, PCL was
dissolved in the same solvent to create a 10 wt.% solution. Then, the clay dispersion was
mixed with the PCL solution at predetermined volumes at room temperature for 2 h on a
magnetic stirring plate and ultrasonicated for 1 h. Finally, the resulting mixture was cast

and dried at room temperature in a fume cupboard to obtain the solid nanocomposite.

In the second step, the nanocomposites were compression moulded in a cylindrical
mould on a hot plate at 150 °C for 1 h. The mould was then covered and inserted in an
oven for 1 h at 190 °C for SB-treated clay and at 210 °C for ADC-treated clay,
temperatures which were predetenninéd, from the TGA results, as the optimal foaming
conditions for both blowing agents. Porous PCL samples without clays were prepared
following a protocol similar to the one described above. However, in these cases 30 min. at
a temperature of 115 °C on the hot plate were sufficient, while the oven temperatures were

lowered to 170 °C and 190 °C for SB and ADC, respectively.

4.2.4. Characterisation

XRD was carried out on a Phillips PW1720 X-Ray Diffractometre with a CuKy,
(A=0.15406 nm) anode tube at the standard conditions of 40 kV and 20 mA. Clay powders
and thin discs of nanocomposites before and after foaming were tested from 2° to 10°, 26

angle, at a step size of 0.02° and duration of 2.5 seconds per step.

TEM was performed on a TECNAI G2 20 twin electron microscope for porous
polymer/clay nanocomposites and on a JEOL JEM-2010 for non-porous polymer/clay
nanocomposites at 200 kV accelerating voltage. The specimens were sectioned using a
Reichert-Jug ‘Ultracut’ or a NOVA ultramicrotome equipped with a diamond knife. The

sections (~100 nm in thickness) were collected in a trough filled with water and placed on
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a 200 mesh copper grid for porous solids and 400 mesh titanium grids for non-porous

samples.

FT-IR spectra were realised on a FT-NIR instrument (Perkin Elmer Spectrum One
NTS) equipped with ATR Sampling Accessory. The samples were run from 650 cm™ to

4000 cm™ at a resolution of 2 cm™.

TGA was performed on a Perkin Elmer Pyrus 1 TGA equipped with an ultra-micro
balance with a sensitivity of 0.1 pg, under air flow (20 mL-min™"), from 100 °C to 650 °C

at a heating rate of 10 °C'min”".

DSC was carried out on a Perkin Elmer Diamond DSC at a scan rate of 20 °C-min”".

The crystallinity of the porous and non-porous polymer/clay nanocomposites was

calculated, using Equation 4.1 " **" and considering the melting enthalpy of the sample
(AH,,) from the second heat scan in order to eliminate the effects of the heating history.

Al
o) =———=+100 4.1
Xc( 0) i, - AHmO ( )
where 1, is the weight fraction of PCL in the nanocomposite sample and AH, is the

melting enthalpy for the 100% crystalline PCL, i.e., 136 Jogt 3

Micro-CT was run on a Scanco Micro-CT 40 Scanner (Scanco Medical AG) at the
standard resolution (acquisition: 250 projections per 180° with 1024 samples each, an
energy of 55 kVp and a current of 145 pA). The micrographs were realised using a
predefined threshold that was found to give the most accurate interpretation (as defined in
Chapter 3) of the image throughout the whole scan in order to assess the structure and
porosity. The Image J software was used to analyse the pore size. For each micrograph, a
substantial number of pores were measured and the mean and standard deviation

normalised for 20 pores with a 95% confidence level are presented.

Compressive tests were carried out on an Instron 8501 universal testing machine
with a load of 100 kN at a rate of | mm'min™. Testing was arbitrarily terminated at the
deformation of 60% according to ASTM (C365-05. Five surface-ground cylindrical
specimens with a diameter of 19 mm and a height of approximately 10 mm were tested for
each type of the porous solids. The mean and standard deviation values reported present a
confidence level of 95%. Statistical significance was assessed by a Two-tailed, Type II ‘t’
test with a criterion that the probability of a difference in means due to chance is less than

0.05. The bulk density of the porous solids was calculated as the ratio of the weight to the
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volume of each sample. The diameter and height of each cylindrical specimen were
measured with a Vernier calliper in at least three points, while the weight was measured on
an analytical balance. Five specimens were weighed and measured for each of the porous
solids considered. The mean and standard deviation values reported present a confidence

level of 95%.

4.3. Results and discussion

4.3.1. Structure

Figure 4.1 shows the X-ray diffraction patterns of the organoclay, the blowing agent-
treated organoclays and the PCL/treated organoclay nanocomposites, before and after
foaming. The untreated organoclay (Curve 1) presented a peak at 26 = 4.8°, corresponding
to a basal plane spacing, dy ), of 1.85 nm. By modifying the clay with the blowing agents,
do;) remained the same for azodicarboxamide (Figure 4.1A, Curve 2), while for sodium
bicarbonate it slightly decreased (Figure 4.1B, Curve 5) probably due to removal of some
surfactant molecules or impurities from the galleries. As the molecular sizes of the blowing
agents are smaller than the one of the surfactant, their entrance, if available, may not
increase the gallery spacing. To further characterise the structures of the treated
organoclays, FT-IR was used and the results are shown in Figure 4.2. When the organic
blowing agent was used to modify the organoclay, the position of the Si-O stretching
band’* in the organoclay (Curve 1) shifted from 1004 cm’ to 1010 cm™ in the ADC-
treated clay (Curve 5) due to hydrogen bonding with the carbonyl groups present in
ADC.?
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Figure 4.1. XRD traces for clays and nanocomposites. 1. Clay (C30B), 2. Clay(ADC), 3.
PCL/Clay(ADC), 4. PCL/Clay(ADC) (P), 5. Clay(SB), 6. PCL/Clay(SB), and 7.

PCL/Clay(SB) (P).
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Although the XRD spectrum does not present a shift toward a lower 20 angle, the
FT-IR results might indicate a change inside the clay gallery suggesting that the ADC
molecules could have entered the gallery, resulting in strong interactions with the clay.
This postulation was supported by the shifts that occurred in the water bands present inside

the clay gallery (Curve 1). The band at 3429 cm’', characteristic to stretching of the

331, 332

interlayer water, shifted to 3150 cm™ (Curve 5). The shift was due to hydrogen

bonding between the water molecules and stretching of the N-H bonds in the ADC
molecules. Similar changes were observed when SB was used to treat the organoclay, with
the two peaks designated to the interlayer water at 1639 cm™ and 3429 cm™ **" *** shifting
to 1684 cm™ and 3459 cm™ (Curve 3). The changes in the absorption peaks observed via
FT-IR indicated that the clay treatment has been successful and that in both cases the

blowing agents have entered the gallery of clay.
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Figure 4.2. FT-IR spectra for treated organoclays and related materials: 1. C30B, 2. SB, 3.
Clay(SB), 4. ADC and 5. Clay(ADC).

For the blowing agent-treated organoclays dispersed into PCL, the dy; peaks
presented in the treated organoclays were found to shift toward smaller 20 values and/or
diminish their intensity considerably (Figure 4.1, Curve 1 versus Curve 3 or 6) suggesting
the co-existence of intercalated and exfoliated structures, which was subsequently
confirmed from the TEM results. Upon foaming, the intensity of the peaks was further
diminished (Figure 4.1, insets), initially indicating an increase in the exfoliation degree.”

Figure 4.3 shows the TEM images of PCL/treated clay nanocomposites before and after
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foaming. As can be observed from Figures 4.3A, the clay layers appeared mainly as
intercalated tactoids with occasional exfoliated single clay platelets before foaming. The
intercalated structures were found to have between 2 and 7 layers with an average of 4 clay
platelets per stack (determinate from over 10 stacks, with a 95% confidence interval). The
few exfoliated clay platelets were either ordered (Figure 4.3A, inset) or disordered.
Partially intercalated and partially exfoliated clay platelets in PCL/clay nanocomposites
have been previously reported by Liu et al.*' for 5 wt.% DK2 (a montmorillonite modified
by methyl tallow bis-2-hydroxyethyl ammonium, the surfactant being the same as for

C30B) and Ludueiia et al.'”” for 2.5, 5 and 7.5 wt.% C30B.

Figure 4.3. TEM images of: A. PCL/Clay(SB) nanocomposite, B. porous PCL/Clay(SB)

nanocomposite and C. porous PCL/Clay(ADC) nanocomposite (Scale bar: 100 nm for the

main figure and 25 nm for the insets).

Analysing the structures that occurred in porous PCL/blowing agent-treated clay
nanocomposites (Figures 4.3B and 4.3C), it was confirmed that the enhancement in the
exfoliation degree is dependent on the blowing agent used to treat the clay. The insertion of
inorganic blowing agent molecules inside the clay gallery resulted in well dispersed clay
platelets with ordered and disordered full exfoliation (Figure 4.3B, inset). Ordered
exfoliated and single delaminated clay layers were also observed when organic blowing
agent molecules were used to treat the clay. However, in this case 40% of nanostructures
were found to be intercalated structures with an average of 2 layers per stack and a basal
spacing of 2.9 nm (Figure 4.3C, inset), with the remaining 60% being fully exfoliated.
Nevertheless, these results revealed that in both cases the exfoliation and dispersion of clay
platelets were improved remarkably after the blowing agent was degraded in the clay

galleries.
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The type of blowing agent used influenced the amount of gas dispersed and the

2%0- 2% The inorganic blowing agent produced, upon degradation

viscosity of the melt.
(Figure 4.4), non-polar carbon dioxide (CO,) and water molecules that were released inside
the clay gallery. Combining the high solubility of CO, in water and the polar nature of the
water molecules,™ the degradation product presented a high affinity for the hydrophilic
clay platelets and a high diffusivity in the polymer'’ which led to the occurrence of fully
exfoliated porous polymer/clay nanocomposites. The non-polar nitrogen molecules (N;)

that the organic blowing agent yielded upon decomposition (Figure 4.4) resulted in

intercalated/exfoliated nanocomposites.

2 NaHCO;— Na,CO; + CO, (g) + H,0 (g)

C,Hs0,N, — N, (g) + CO(g) +CO, (g) + NH; (g)

Figure 4.4. Thermal decomposition of blowing agents.

The process of obtaining highly exfoliated porous polymer/clay nanocomposites was
summarized in Figure 4.5. Firstly, the organoclay was treated with an morganic blowing
agent. This allowed the small blowing agent molecules to enter the clay gallery mainly due
to hydrogen interactions between the blowing agent and the interlayer water. Secondly, the
treated clay was dispersed in the polymer matrix via the solution method. This step
permitted PCL chains to penetrate inside the clay gallery which resulted in mostly
intercalated and minor exfoliated nanocomposite structures (Figure 4.3A). Finally, the
PCL/blowing agent-treated clay nanocomposites were exposed to higher temperatures
which degraded the blowing agent according to Figure 4.4. The production of gas inside
the clay gallery expanded the basal spacing further, leading to fully exfoliated porous
nanocomposites in the case of using SB as the blowing agent and highly dispersed porous

nanocomposites when ADC was used instead of SB.
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Figure 4.5. Exfoliation process in porous PCL/blowing agent-treated organoclay

nanocomposites.

The effects of the treated organoclays on the microstructure of the porous PCL were
investigated. The structure, presented in Micro-CT scans (Figure 4.6), appeared to be
irregular in the absence of clay (Figure 4.6A and 4.6B1), throughout the entire sample
(Figure 4.6B2). The pore dimensions of the porous solids were characterised by a wide
range of values due to the high number of gas molecules produced.”” By adding the
blowing agent-treated organoclays, relatively uniform structures were formed and observed
in section (Figure 4.6D1 versus Figure 4.6B1) and throughout the entire specimen (Figure
4.6D2). The clay-filled porous solids presented 39% and 46% reductions in pore size, with
statistical significance, for SB and ADC (Table 4.1, Column 2). These changes may be

attributed to the ability of clay to act as a nucleating agent®' and presumably to create a

barrier effect,’* inhibiting cell growth®* and demonstrating that clay plays an essential
role in controlling the cellular structure.”’

The density of the porous PCL/clay nanocomposites (o, Table 4.1, Column 3)
increased, by up to 40%, compared to their respective polymer counterparts. The density of
solid polymer/clay nanocomposites (p;, Table 4.1, Column 4) was calculated according to
the equations presented in Appendix II and considering that the clay platelets were fully
exfoliated when the inorganic blowing agent was used to treat the organoclay as it was
observed from the TEM images (Figure 4.3B) and intercalated/exfoliated in the case with
the organic blowing agent according to the TEM images (Figure 4.3C). For these

-3 122

calculations, values of 1980 kg'm™, 3100 kg'm™ and 1140 kg'm were used as the

densities of organoclay, clay platelets and PCL. The amount of surfactant adsorbed on the
surface of the clay platelets was not considered in the solid density calculation because the

difference in the densities of the surfactant and of the polymer was too small to have an

335

impact on the solid density.””” The solid density of the polymer-blowing agent systems was
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taken as the density of the solid PCL, i.e., 1140 kg'm™, due to the insignificant amount of
the residual blowing agent present in the systems (~1.5 wt.%). The porosities presented in
Column 5 were calculated from the densities of the porous materials and their

corresponding solid densities, i.e., /-p7/p..

PCL/Clay(SB) (P), and D) PCL/Clay(ADC) (P) (Scale bar: 1 mm).

As can also be observed from Table 4.1, the porosity and pore size of the porous
materials varied with the blowing agent used. The porous PCL obtained with ADC showed
a pore size and porosity 212% and 178% higher than the porous PCL(SB). This is a
consequence of lower gas yield and poorer blowing efficiency that the inorganic blowing
agent, SB, has in contrast to the organic blowing agent,”" and the high solubility that the
CO, produced by SB has compared to the N, produced by ADC (Figure 4.4)>° The
relative densities (py/p;) were found to be 0.74 for PCL/Clay(SB) (P) and 0.45 for
PCL/Clay(ADC) (P). Since they are higher than 0.1, the materials cannot be considered as

low-density foams, but structural foams (O.4<p‘,‘/p5<0.8)3 36 or porous solids (0.3<p,/,0s).175
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Table 4.1. Pore sizes, densities and porosities of porous PCL and PCL/clay

nanocomposites
Pore Foam Solid "
_ . ) ) Porosity”/
Sample ID Material size/ density/ density/ o
0
mm kgm™ kgm™
PCL(SB) (P) PCL foamed with SB 0.57+£0.20  851+30 1140 ° 23.6
PCL/SB treated clay
PCL/Clay
nanocomposites, 0.35+0.07 882+130 1189 25.8
(SB) (P)
foamed
PCL foamed with
PCL(ADC) (P) 1.78+1.12 392+170 1140 ° 65.6
ADC
PCL/ADC treated clay
PCL/Clay
nanocomposites, 0.96+0.10 549+11 1229 35.3
(ADC) (P)

foamed

“From literature;> ' "Calculated from densities of foams and solids presented in Columns 2
and 3.

4.3.2. Crystallinity and thermal properties

The crystallinity and thermal properties of non-porous and porous polymers and
polymer/clay nanocomposites were affected by the addition of clay and the type of
blowing agent used. Table 4.2 shows that the crystallisation temperature (Column 1) of
PCL increased by 10.1 °C by the addition of SB-treated clay. The variations in the
crystallinity with the addition of clay can be accounted for by two factors: nucleation that
increases crystallinity and reduction in the flexibility of polymer molecular chains that
impedes rearrangement of macromolecular chains into ordered crystalline structures and
hence reduces crystallinity. Both factors are related to clay dispersion and content. In
PCL/Clay(SB), the degree of crystallinity (Column 2) increased from 43.9% in PCL(SB) to
49.7% which may be attributed to a more prominent nucleating effect of clay on
crystallisation.”' However, when ADC was used to treat the clay, the crystallisation
temperature and crystallinity remained almost unchanged with the inclusion of clay, due to
equal impacts of the two effects. After foaming, the porous PCL(SB) presented similar

changes in the crystallisation temperature and the crystallinity with the presence of clay to
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the cases in its counterpart before foaming. Again not the same effects were observed for
the porous PCL(ADC). The use of organic blowing agent with an activator to treat the
organoclay led to a slight decrease in the crystallisation temperature and the crystallinity.
The higher crystallinity in the porous PCL/Clay(SB) and lower crystallinity in the porous
PCL/Clay(ADC) compared to their respective porous PCL suggest that the nucleation

effect prevails in the former whereas chain stiffening effect dominates in the latter.

Table 4.2. DSC results of PCL and PCL/clay nanocomposites before and after foaming

Before foaming After foaming
Material
i X/ Yo T./°C X/ %o
PCL(SB) 20.5 43.9 28.8 37.0
PCL/Clay(SB) 30.6 49.7 343 42.7
PCL(ADC) 26.8 49.0 30.3 43.7
PCL/Clay(ADC) 26.1 49.0 28.0 41.0

The thermal degradation behaviours for PCL/treated clay nanocomposites before and
after foaming were analysed by TGA. From the derivative thermogravimetric (DTG)
curves (Figure 4.7) it can be observed that before foaming (Figure 4.7A) the presence of
clay platelets increased the degradation temperature (i.e., the peak temperature observed)
from 363 °C in PCL(SB) to 397 °C in PCL/Clay(SB), and from 390 °C in PCL(ADC) to
400 °C in PCL/Clay(ADC). The enhancements in the degradation temperature with the
clay addition were due to strong bonding between the polymer and the clay. The higher
degradation temperature recorded for PCL(ADC) compared to PCL(SB) may be ascribed
to the presence of the ZnO molecule that prevents degradation. A similar variation was
observed by Liufu et al.”*® for polyacrylate/ZnO composites where the addition of 14.3
wt.% ZnO particles increased the degradation temperature of the polymer from 370 °C to
385 °C. The degradation temperatures for the porous materials (Figure 4.7B) appeared to
present slightly lower values compared to the non-porous materials presumably because of
the degradation of clay surfactants. However, similar to the nanocomposites before
foaming the addition of clay enhanced the degradation temperatures of the porous PCL

from 355 °C to 396 °C for porous PCL/Clay(SB) and from 380 °C to 387 °C for porous
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PCL/Clay(ADC), confirming improvements in thermal properties with the incorporation of

clay.
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Figure 4.7. DTG curves of PCL and PCL/clay nanocomposites (A) before and (B) after

foaming.
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4.3.3. Mechanical properties

The compressive moduli and compressive stresses at 10% strain were determined via
compressive testing performed on the foaming direction for porous PCL and PCL/clay
nanocomposites and the results are presented in Table 4.3. The addition of clay exhibited a
statistically significant increase in the modulus and stress of the porous polymer by 152%
and 177% for ADC, which stems from the strong and stiff clay reinforcing filler, the strong
interactions between the polymer and the clay and the reduced degree of crystallinity,
porosity and pore size. For SB as the blowing agent, the incorporation of clay increased the
compressive stress of the porous PCL by 84% whilst maintaining a similar modulus. The
effects of treated organoclays on the mechanical properties of porous PCL are further
discussed by eliminating the effects of porosity (density) and plotting the relative modulus-
relative density relationships for the porous nanocomposites. The blowing agent used also
influenced the compressive properties: the modulus of the porous PCL diminished from
109.8 MPa for sodium bicarbonate to 17.1 MPa for azodicarboxamide due to different

porosities and pore sizes formed.

Table 4.3.Compressive properties of porous PCL and PCL/clay nanocomposites

Compressive modulus /' Compressive stress at 10% strain /

Material

MPa MPa
PCL(SB) (P) 109.8+31.8 4.3+1.3
PCL/Clay(SB) (P) 92.0+32.7 7.9+4.4
PCL(ADC) (P) 17.1£4.9 1.3+0.4
PCL/Clay(ADC) (P) 43.1+£3.3 3.6+0.1

In order to eliminate the effect of density, the specific compressive stress (the ratio of
stress to density) and specific modulus (the ratio of modulus to density) were calculated
and the results are depicted in Figure 4.8. For ADC-treated organoclay, the specific
modulus and specific compressive stress at 10% strain of the porous polymer were found
to present statistically significant enhancements of 73% and 69% with the presence of clay.

The addition of SB-treated clay exhibited an increase of 72% in the specific compressive
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strength. Thus, the improvements observed in the mechanical properties of porous
PCL/clay nanocomposites are attributable to the good dispersion of the strong and stiff

clay platelets inside the polymer matrix and the smaller pore size.
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Figure 4.8. Specific compressive modulus and specific compressive stress at 10% strain of
porous PCL (The bars represent averages of five measurements; the error bars represent +

one standard deviation).

An enhancement in the compressive modulus of porous PCL/clay nanocomposites
was previously reported by Liu et al.”®' who found that by premixing PCL with 5 wt.%
DK2 (3.5 wt.% clay platelets)’*’ followed by the addition of ADC the modulus of the
porous PCL increased by approximately 60%, while the specific compressive modulus
presented an increase of close to 10%. At 5.8 wt.% ADC-treated clay (i.e., 2.2 wt.% clay
platelets-calculated according to the equations presented in Appendix II), we discovered
that by pre-treating the organoclay (C30B containing the same surfactant as that of DK2)
with the blowing agent, the compressive modulus increased by 152%, while the specific
compressive modulus was enhanced by 69%, compared to the pristine porous PCL(ADC).

This showed that pre-treating the clay with the blowing agent led to porous PCL/clay
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nanocomposites characterised by a higher degree of exfoliation and a greater decrement in

pore size (46% versus 43%),25'

which resulted in superior mechanical properties.

To examine the effect of foam and solid densities and the compressive modulus of
the solid materials on the compressive modulus of porous materials, the relative moduli of
the porous PCL/clay nanocomposites (compressive modulus for porous material or
foam/compressive modulus for solid, E/Es) were determined. A number of closed-cell

175

models, based on Equation 2.26 "~ and transformed to Equation 4.2 for elastic moduli,

were tested.
L= & (42)
Es Py

where C; is a geometrical constant and » deformation suffered by porous solid.

The moduli for the solid nanocomposites were calculated according to the Mori-
Tanaka model'”® "7 and considering a compressive modulus for solid PCL of 324 MPa**
and a modulus for clay platelets of 230 GPa.'® The modulus for the solid polymer/clay
nanocomposite with fully exfoliated clay platelets that occurred in PCL/Clay(SB) (P) was
calculated to be 1360 MPa using the Mori-Tanaka model' " """ (Appendix I and Appendix
II). An aspect ratio of the reinforcing filler of 75, determined by measuring over 25 clay
platelets in the TEM images and considering a 95% confidence interval, and an effective

volume fraction of the reinforcing filler,'*

1.e., the exfoliated clay platelets with a fraction
of adsorbed polymer molecules behaving like the solid, of 0.06, were used for such
calculation.

The modulus for the solid intercalated/exfoliated nanocomposite that occurred in
PCL/Clay(ADC) (P) was determined by considering that the nanomaterial included two
nanocomposite systems, 1.e., intercalated and exfoliated. The intercalated nanosystem was
assumed to occur in 25% of the polymer matrix with the exfoliated one distributing in the
rest of the matrix, on the basis that the ratio of the number of intercalated platelets to the
total number of clay platelets in the nanocomposite was 0.4 and that two platelets made up
one intercalated tactoid. The modulus of the solid exfoliated nanocomposite was
calculated, according to the Mori-Tanaka model'’® '”” with the application of the effective
volume fraction, to be 878 MPa. The modulus of the solid intercalated nanocomposite was
determined, using the Mori-Tanaka model'” """ and considering the intercalated clay
tactoid as the reinforcing filler, as 444 MPa. Using the rule of mixtures, the modulus of the
solid intercalated/exfoliated nanocomposite was determined as 769 MPa. Details of these

calculations are available in the Appendix II.
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By inserting the values of relative density and solid moduli calculated above into

289,292, 341-343

Equation 4.2 where C; and » differ with various models for closed cells, it was

found the Mills-Zhu model,” described by Equation 4.3, gives the best predictions for the
experimental data and was therefore presented in Figure 4.9. Other models tested**® ** >
3138 gave unreasonable predictions of the experimental data. The Mills-Zhu model was
developed based on Clutton and Rice’s data®** for LDPE and only underestimated the

experimental data by 16% for PCL/Clay(SB) (P) and by 43% for PCL/Clay(ADC) (P).

E
L = 0.0807(L)1155 (4.3)
E, )

p
p

The predicted results from the normalised Gibson-Ashby model'”> #** ** described
by Equation 3.3 and used to depict the relative density-relative modulus relationship in

low-density polymer/clay nanocomposite foams were also presented in Figure 4.9.
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Figure 4.9. Experimental and theoretical data of relative Young’s modulus for porous

PCL/clay nanocomposites.
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For the normalised Gibson-Ashby mode the volume fraction of the solid

contained in the foam was estimated from the foam and solid densities for each porous

material (Table 4.1).**® This model presented different variations for the treated clays,

highly overestimating the experimental datum for PCL/Clay(SB) (P) while only
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overestimating the experimental modulus of PCL/Clay(ADC) (P) by 22%. These variations
are due to the fact that in porous solids with a porosity lower than 70%,'” the solid is
located both in the edges and in the faces of cells and not mostly in the cell edges as it is
expected for low-density foams, with a porosity higher than 95%.%*! As a result, porosity
along with cell structure constitutes a key factor in governing the relative density-relative

173.33 Thys, it was confirmed that the normalised Gibson-

modulus relationships for foams.
Ashby model that was developed for low-density polymer/clay nanocomposite foams in
the previous Chapter may only be applied for foams with porosity higher than 95%.
Overall, the reasonably good agreement between the experimental data and the
theoretical values predicted using the Mills-Zhu model**’ suggests that this model can be

used to design the mechanical properties of the porous nanocomposites.

4.4. Conclusions

Highly exfoliated porous PCL/clay nanocomposites were prepared using a novel
method by inserting the blowing agent into the galleries of an organoclay before
nanocomposite formation to render the blowing agent dual roles in the foaming process,
1.e., formation of bubbles and facilitation of clay exfoliation. Sodium bicarbonate and
azodicarboxamide were used as the blowing agents and their entrance into clay galleries
was confirmed by FT-IR. The insertion of the blowing agent into clay galleries prior to
foaming improved the exfoliation degree of clay in PCL substantially, as characterised
using XRD and TEM, resulting in fully exfoliated PCL/Clay(SB) and highly dispersed
PCL/Clay(ADC) porous solids. The addition of clay controlled the nucleation and cell
growth, decreasing the pore size by 39-46% and leading to the occurrence of more uniform
cell structures.

Thermal analysis results showed that for sodium bicarbonate the crystallinity of the
porous PCL increased from 37% to 42.7% due to the nucleating effect of the exfoliated
clay platelets, while the degradation temperature increased by 41 °C. Although very small
amounts of clay platelets were used, i.e., 2.2 wt.% and 2.9 wt.%; the compressive modulus
and stress at 10% strain of the porous polymer were found to increase by up to 152% and
177%, respectively. Eliminating the effect of the density, the specific compressive modulus
remained up to 73% higher than that of the porous PCL, while the specific compressive
stress at 10% strain improved by up to 69%. The relative density-relative modulus

relationship was found to be best described by the Mills-Zhu model for closed cell
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structures. These biocompatible porous solids are expected to find applications in
biodegradable packaging and carriers of drugs, chemicals and medical and diagnostic

devices.
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Chapter 5. Structure, thermal and mechanical
properties of HDPE/clay micro- and nanocomposites

5.1. Introduction

High density polyethylene is one of the most used polymers. This polymer has
become a constant presence in our lives being used in a myriad of areas from packaging
materials to pipes, toys and patio furniture to automobile fuel tanks. Polyethylene is
characterised by a non-polar character which inhibits the ability of clay to absorb and/or
adsorb. In this case, organomodification of the clay surface may not be enough, so in order
to achieve the best possible properties in a non-polar polymer/clay composite material, the
addition of a compatibilising agent is often necessary. Typically for HDPE, maleated-
polyethylene (PEgMA) is used to lower the highly non-polar character of the matrix;”®

however, maleated styrene—ethylene—butylene—styrene (MA-SEBS) has also been used.'™®

The most optimum method to obtain composites and nanocomposites is melt
intercalation because it does not involve the use of solvent like solution dispersion does,
making this approach environmentally safe, nor does it involve the need to create a
specialised production line as 1s the case of in sizu polymerisation. For the highly non-polar
polymers, e.g. polyethylene, the tedious polymerisation process (i.e., in reactor process
involving high temperatures and catalysts or the use of solvents in a slurry process)* >4
and the restricted solubility (in highly toxic organic solvents, i.e., xylene) make melt
compounding the only viable solution to mass produce polymer/clay nanocomposites. Melt
intercalation is characterised by the direct mixing of a layered silicate with a polymer in
molten state and the intercalation of the polymer between the layers of the silicate.*® This

method 1s easily adaptable to existing processes like roll-milling, extrusion and

moulding.”

Previous studies on HDPE had shown that the addition of clay may lead to
conventional microcomposites or nanocomposites, depending on the surfactant used to
treat the natural clay and compatibiliser.'”® Regardless of the type of clay (i.e., (N-y-
trimethoxylsilanepropyl)octadecyldimethylammonium chloride treated natural clay or
dioctadecyldimethylammoinum chloride treated natural clay), the flexural modulus of the
material increased with the amount of clay used as the reinforcing agent, whilst the
dispersion of (N-y-trimethoxylsilanepropyl)octadecyldimethylammonium chloride treated

natural clay embrittled the HDPE matrix and decreased the impact strength of the
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polymer/clay nanocomposites.'”’ The dispersion of 3 wt.% esthearildimethylammonium
chloride-treated montmorillonite in HDPE was found to slightly increase the tensile
modulus while the impact strength was reduced by 23%.”° Similarly, the dispersion of 4
wt.% organoclay (i.e., Cloisite® 15A) in HDPE led to a 17% increase in the tensile

modulus and a 15% reduction in the impact strength.'®’

The current project aims at assessing the type and the optimal amount of clay that is
necessary to disperse in a non-polar polymer (i.e., HDPE). The effect of clay addition was
assessed by dispersing natural clay (i.e., montmorillonite, MMT) and an organomodified
clay (Clay) in HDPE. In order to facilitate the dispersion of clay and ensure intercalation, a
compatibilising agent (i.e., PEgMA) was added. The effect of clay type, content and
compatibility with the polymer matrix were structurally investigated via X-ray Diffraction.
The thermal properties of the compatibilised and noncompatibilised polymer and
polymer/clay systems were investigated via thermogravimetric analysis (i.e., TGA), whilst
the mechanical properties were tested via tensile and impact testing. The impact fractured

surface of the specimens was investigated via scanning electron microscopy.

5.2. Experimental Section

5.2.1. Materials

High density polyethylene produced by Dow Plastics (DOW HDPE, Grade: 25055E)
was purchased from Resinex (United Kingdom). The HDPE presented a density of 953
kg'm >.** The compatibilising agent polyethylene-grafted-maleic anhydride (PEgMA) was
purchased from Sigma Aldrich. The maleated compatibiliser presented a density of 925
kg'm™ (manufacturer’s data). Natural sodium montmorillonite clay (325 mesh) was
generously supplied by Bentonite Performance Minerals LLC (Wyoming Plant, South
Dakota, USA). The Clay, i.e., Nanomer® [44.P, a dimethyl dihydrogenated tallow
ammonium chloride (2M2HTA) modified montmorillonite, from Nanocor Corporation
(Illinois, USA) was kindly supplied by Nordmann, Rassmann GmbH (Hamburg,
Germany). The silicate layers content of the clays were determined via Loss on Ignition™'
to be 88.6% for MMT and 60% for Clay, whilst the densities were determined at 30 °C on
a Micromeritics AccuPyc 1330 pycnometer to be 2616 kg'm™ for MMT and 1605 kg'm™
for Clay. The chemical composition of the MMT was analysed to be SiO,, 64.12 wt.%;
Al,O3, 18.92 wt.%; Fe 03, 3.78 wt.%; MgO, 2.29 wt.%; Na,0O, 1.88 wt.%; CaO, 1.19
wt.%; KO, 0.44 wt%; and TiO,, 0.13 wt.% by using a Panalytical Axios X-Ray
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Fluorescence Spectrometer according to ISO 12677 method at CERAM (Stoke-on-Trent,

UK).**> All materials were used as received.

5.2.2. Nanocomposite manufacturing and sample preparation

High density polyethylene and compatibilised HDPE (HDPE/PEgMA=90/10, w/w)
with 4 wt.% or 8 wt.% clay platelets content were melt compounded on a twin screw
extruder at 150, 160, 165 and 170 °C from hopper to die. The materials were passed at 200
rpm. After cooling in water, the extrudates were pelletized. In order to obtain the
specimens for the tensile and impact testing, a bench top injection moulder (Ray Ran
model 2 Test Sample Injection Moulding Apparatus, UK) was used at a barrel temperature
of 175 °C, a tool temperature of 55 °C and a pressure of 0.55 MPa.

5.2.3. Characterisation

XRD was carried out on a Phillips PW1720 X-Ray Diffractometer with a CuK,; (A =
0.15406 nm) anode tube at the standard conditions of 40 kV and 20 mA. The samples were
tested from 2° to 10°, 26 angle, at a step size of 0.02° and a duration of 2.5 seconds per

step. Solid samples were used.

SEM imaging was performed on tensile tested surfaces using a Tescan Mlra Variable
Pressure Field Emission Scanning Electron Microscope at a voltage of 5.0 kV. Prior to

being analysed the samples were mounted on stubs and their surface was gold coated.

TGA measurements were performed on a Perkin Elmer Pyrus 1 TGA under nitrogen

flow (20 mL-min™), from 30 °C to 650 °C at a heating rate of 10 °C-min’".

The tensile tests were run on an Instron 8501, in accordance with ISO 527-1:1996
Standard, at a load range of 1000 N, and an extensometer with a gauge length of 25 mm.
The testing speed was set at 2 mm-min” up until 8% strain (before yielding) was achieved,
moment at which the extensometer was removed and the speed was increased to 50
mm-min”. Four dog bone specimens (Type 1BA) were tested for each of the materials.
Impact tests were run according to standard ISO 179:1997 at room temperature on a
Charpy impact tester, JinJian XJJD-5, at a speed of 2.9 m-s” and using a hammer of 0.5 J.
Four specimens (80 mm x 10 mm x 4 mm, length x width x thickness) were tested for each
batch of materials. Prior to being tested the impact specimens were notched with a type A

notch, using a cutter and a milling machine. The mean and standard deviation values
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reported for the mechanical tests represent a confidence level of 95%. Statistical
significance was assessed by a Two-tailed, Type II ‘t’ test with a chance probability lower

than 0.05.

5.3. Results and Discussion

5.3.1. Structure

As observed from Figure 5.1A the dispersion of natural clay in compatibilised and
noncompatibilised HDPE does not produce any well defined (001) diffraction peaks. The
lack of peaks in this area may be attributed to the formation of either highly exfoliated
nanostructures or conventional composites, or it may be due to the orientation of the solid
disk sample.® The highly non-polar character of the HDPE and the strong hydrophilic
behaviour of MMT suggested that it was more likely that conventional composites had
formed.'"” By dispersing 4 wt.% or 8 wt.% organomodified clay in noncompatibilised
HDPE, the (001) diffraction peaks were visible (Figure 5.1B). However, these peaks do not
present any shifts which would indicate again the formation of conventional composites.
The formation of conventional composites in HDPE has been previously reported in
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literature. "~ This phenomenon has been attributed to the presence of polar hydroxyl groups

on the edges of the clay layers and to the highly non-polar character of the polymer

. 119, 352
matrix.

The incompatibility between the polar groups and the non-polar polymer
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