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Abstract

ABSTRACT

Highly extent exfoliated and intercalated silicone rubber (SR) nanocomposites based on
natural montmorillonite (Cloisite Na*) and organically modified montmorillonite (Cloisite 30B
and Cloisite 20A) were successfully prepared by melt-mixing technique. As indicated by the
X-ray diffraction (XRD) and transmission electron microscopy (TEM) analysis, intercalation
and exfoliation of the clay particles in the nanocomposites was achieved at less than 8 parts
per hundred (phr) rubber by weight, irrespective of the initial interlayer spacing of the
nanoclay particles. Cloisite 30B was spontaneously transformed into exfoliated
nanostructures during the vulcanisation stage as suggested by X-ray diffraction (XRD),
fourier transforms infra-red spectroscopy (FTIR) and differential scanning calorimeter (DSC)
results. Overall, the use of the nanoclays in silicone rubber improved the Young’s modulus,
tensile strength and elongation at break by more than 50% as compared to the neat SR.
However, the Cloisite Na* yielded outstanding mechanical properties with low hysteresis at
the same loading of the exfoliated Cloisite 30B and intercalated Cloisite 20A organoclays,
even though the filler had a tendency to produce mixture intercalated/exfoliated
nanostructures in the SR matrix. It was concluded that the tensile strength and Young’s
modulus in this particular rubber nanocomposite are dominated by the degree of crosslink
density instead of filler dispersion. In addition, incorporation of the nanoclays in SR altered
the wear mechanism of silicone rubber where addition of the fillers minimised the weight loss
during abrasion testing, particularly at low filler loading (<6phr). Moreover, this study showed
that the SR/C30B nanocomposite exhibited excellent heat resistance in comparison to the
other two nanocomposites and neat SR as revealed by higher retention strength. The
thermal stability of the rubber in air was strongly dependent on the clay morphology and
increased in the following order: highly intercalated/exfoliated SR/Na*MMT < highly

intercalated SR/C20A < highly exfoliated SR/C30B. Furthermore, the performance of SR
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nanocomposites containing precipitated silica (PS) / montmorillonite (MMT) hybrid fillers
were investigated as a function of PS/MMT hybrid filler weight ratio. Interestingly, the
stress—strain properties of the nanocomposites with the hybrid fillers showed a large
improvement at high deformation in comparison with the properties of those hanocomposites
containing the PS and MMT fillers. The resistance to ageing of SR/PS/MMT was improved
by gradually adding amounts of PS filler into the PS/MMT hybrid filler system. Finally, the
comparative study demonstrated that the SR containing precipitated silica (PS) / multiwall
carbon nanotube (MWMT) hybrid filler significantly improved stiffness of the rubber but
accompanied by a small improvement in the tensile strength and elongation at break with
regard to the SR/PS/MMT. In spite of that, the inclusion of PS/IMWNT gave adverse effects
to the cure efficiency of the SR compounds which is a drawback from processing point of

view.
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Chapter 1 Introduction

CHAPTER 1: Introduction

1.1 Background of the research

The world’s global consumption of silicones is expected to increase 6.2% per year
through 2015 [1]. According to a recent market survey, silicone rubber has a wide potential
to be a leading product in the silicones industry due to a rapid growth of modern industrial,
construction and medical products [2]. Silicone rubber is a class of specialty rubber with
properties that are suitable for an extensive range of applications. It maintains good
resistance to radiation, ozone, and chemicals; has excellent electrical properties; and is

physiologically inert [3].

Nevertheless, owing to its poor mechanical properties, filler reinforcement in silicone
rubber has been continuously researched since its discovery in 1940s [4]. Fumed silica
(SiOy) is used frequently in most silicone rubber end products, as it offers excellent
reinforcing ability to the rubber. Strong polymer-filler interactions resulting from physico-
chemical interactions between silanol groups (Si-OH) on the silica surface and siloxane
(Si-O-Si) in the silicone rubber backbone are responsible for the improvement in mechanical

properties of silica-filled silicone rubber [3-5].

In nature, fumed silica appears as a very light white powder with the particle diameter

range from 10 to 16 nm [3]. Though fumed silica is not listed as a carcinogen [6-7], some
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clinical studies suggests that the fine dust of fumed silica, if it becomes airborne, could pose
a potential inhalation risk, as well as causing skin irritation and other possible health
problems [8]. Apart from that, fumed silica is categorised as a premium additive in rubber,
since it is more expensive than other common fillers such as precipitated silica [3]. These
limitations have encouraged researchers to investigate new reinforcing fillers for silicone

rubber.

Recent concerns about sustainable technology have opened the door for mineral
fillers for example nanoclay [9-16], layered double hydroxide [17] and nanokaolin [18, 19] to
partially replace the use of conventional fillers, such as carbon black and silica, in the rubber
industry. Sustainable technology requires a balance between financial, environmental and
social considerations [20]. In line with current trends within the industry, the use of nanoclays
or layered silicates has received much attention because it is cheaper, easily available and

considered a low risk material [21].

Similar to layered silicates reinforced polymer nanocomposites [22], the term
‘nanocomposite’ is used to describe nanostructured reinforced rubber [23] and is defined as
the composite material that is constructed of dispersed components at the nanometre scale.
The nanofiller can be in the form of particle, fibre or layer materials that have at least one
dimension in the 1 to 100 nanometre range [22]. According to some previous studies,
layered silicate filler imparts outstanding mechanical properties [23-24], thermal [25] and
barrier properties [26] to most rubber/clay nanocomposites, at very low loading (i.e. <10 wt

%).

Even though many researchers have reported the advantages of layered silicates in
rubber/clay nanocomposites [23-26], only a few have focussed on silicone rubber. Layered
silicate such as montmorillonite (MMT) consists of a triple-layer sandwich structure; therefore
its dispersion mechanism in rubber is different from silica that has a spherical shape. As

reported in the literature [22-23] intercalation and exfoliation morphologies are used to
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characterise the clay layer dispersion in polymer/clay nanocomposites. The latter
morphology is more desirable due to its high surface area, which is important in rubber
reinforcement. However, it is difficult to achieve fully exfoliated clay in the rubber matrix due
to obstacles such as high molecular weight, disruption from curing process and frequent
incompatibility with inorganic fillers [23, 24]. To date, the exfoliation mechanism of layered

silicates in rubber compounds is not clear.

Previous studies have shown that solution blending and in-situ modification
techniques are the preferred approach used in the preparation of silicone rubber/clay
nanocomposites [27-29]. However, these methods are often more complex and therefore
less practical for commercial manufacturing, particularly since they involve organic solvents.
As a result, rubber manufacturers are very interested on simple, low cost, and ‘green’
processes. For that reason, the main focus of the present work is the development of high
performance silicone rubber/clay nanocomposites via simple methods, such as melt-
compounding. This technique has great practical relevance to current rubber processing
processes. The melt-mixing is the most direct, environmentally-friendly, and cost-effective
route for the preparation of nhanocomposites, as no organic solvent is needed. As such it is
necessary to understand the effects of nanoclay filler on the physical properties of melt-
compounded silicone rubber nanocomposites. The term ‘performance’ in this project refers

to the mechanical properties, heat resistance and thermal stability of the nanocomposite.

Recently, there has been much interest in developing hybrid reinforcement in rubber
based on a combination of two different types of nanoparticles, or of nanoparticles with
conventional fillers such as carbon black and multi wall carbon nanotube [30], layered
double hydroxide/multiwalled carbon nanotube [31] and multi-walled carbon
nanotube/graphene [32]. This is because the adverse effects of one nanofiller can be diluted
by adding a secondary filler which can balance the properties of the filled rubber. More
interestingly, hybrid fillers have been shown to give a synergy reinforcing effect to the

rubber’s properties and, at the same time, the benefits from the individual fillers were still
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retained [30-32]. Therefore, in the latter part of this thesis, a new hybrid filler system based
on 2D montmorillonite (MMT) filler and 3D precipitated silica (PS) has been used to reinforce

silicone rubber.

MMT is belonging to smectite family which consists of stack parallel lamellae. It has
layer thickness approximately 1 nm with lateral dimensions within a range of 150 to 200 nm
[33]. Due to a nature of platy morphology, the filler provides large aspect ratio (ratio of
length/thickness) which gives advantages of improving gas-barrier properties, swelling
behaviour and thermal stability of rubber/clay nanocomposites [34]. Also, MMT exhibits
greater reinforcing effect in rubber nanocomposites at low loading. This is the most
distinguish character of MMT as reinforcing fillers. However, the use of the MMT with high

loading always deteriorates the mechanical performance of the rubber nanocomposites [35].

In spite of fumed silica (FS), precipitated silica (PS) is another type of filler that used
to reinforce silicone rubber. It exhibits good mechanical properties in silicone rubber
compound even not as good as fumed silica. In view of the encouraging results reported for
the synergistic effects of some hybrid filler systems [36—39], the utilisation of hybrid filler or
blends of MMT and PS is expected to give benefits to the rubber since MMT and PS
possess their own advantages. Both MMT and PS fillers are nonpetroleum based which are
safe to handle and known to be environmentally-friendly materials. In addition, these fillers
are relatively cheap compared with FS, thus it helps to reduce the current processing

cost and increase the economic benefit to the rubber manufacturing industry.

1.2 Aim and objectives of the project

Overall aim of this study is to improve mechanical and thermal properties of silicone
rubber compound using montmorillonite nanoclay. Therefore, a good understanding on
fundamental and technology aspects are essential in order to gain benefits from the novel
rubber based nanocomposites. Hence, the specific objectives of this study are summarised

as follows:
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1. To prepare and characterise silicone rubber/clay nanocomposites with different types

of montmorillonite, via melt-compounding method.

2. To understand the exfoliation and intercalation of the montmorillonite mechanism in

silicone rubber nanocomposites.

3. To understand the reinforcing ability (tensile strength, modulus, elongation at break,

hardness, store energy density and hysteresis) of montmorillonite in silicone rubber.

4, To study the effect of exfoliation and intercalation nanostructures on ageing and

thermal stability of rubber.

5. To develop new filler system in silicone rubber based on the combination between
montmorillonite (MMT) and precipitated silica (PS) — referred to as PS/MMT hybrid

filler.

1.3 Structure of the thesis

The thesis structure is divided by few sections which are research background,
literature review, methodology, results & discussions and conclusions. It consists of eight

chapters. The outline of thesis structure is presented in the diagram in Fig 1.1.

Chapter 1 explains the background of the research topic. In addition, the aim and

objectives of the research as well as the thesis structure are presented in this chapter.

Chapter 2 covers relevant literature review of the research area. The first section of
this chapter describes a general understanding about rubber/clay nanocomposite
technology. In the second section, some fundamental studies regarding silicone rubber
properties are discussed. The latter part of this chapter is focussed on the recent works of
silicone rubber/clay nanocomposites where preparation technique, mechanical properties

and thermal stability is reviewed.
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Chapter 3 is experimental section which presents the details of the materials,
formulations, processing, preparation of test samples, characterisations and testing of

silicone rubber and silicone rubber nanocomposites.

Results and discussions of this research are divided into four chapters which are
chapter 4, 5, 6 and 7. Chapter 4 presents the results and discussion on characterisation of
silicone rubber/clay nanocomposites based on wide angle X-ray diffraction (XRD),
transmission electron microscopy (TEM), fourier transforms infra-red spectroscopy (FTIR),

differential scanning calorimeter (DSC) and oscillating disc rheometer (ODR).

Chapter 5 presents the results and discussion on mechanical properties of silicone
rubber and its composites. The mechanical properties are evaluated based on tensile

properties, hardness, store energy density, hysteresis and abrasion resistance.

Chapter 6 covers effect of clay morphology on heat resistance and thermal stability of
the nanocomposite. The activation energy of the hanocomposite is also calculated based on

Flynn-Wall-Ozawa method.

Chapter 7 presents results and discussions on hybrid reinforcement of silicone
rubber based on montmorillonite (MMT) and precipitated silica (PS). Filler dispersion of SR
reinforced PS/MMT hybrid filler is characterised based on XRD, TEM and FEGSEM.
Reinforcing capability of the PS/MMT hybrid filler is measured based on tensile properties,
hardness and hysteresis. The comparative study between a combination of PS/MMT and
PS/multi wall carbon nanotube (MWNT) are also presented in this chapter. Some results on

the cure characteristics, tensile testing and hardness of SR/PS/MWNT are discussed.

Finally, chapter 8 summarises the main conclusions from this research and some

suggestions of potential works for future research are disclosed.
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CHAPTER 2: Literature review

2.1 Rubber/clay nanocomposites

The first commercial product based on exfoliated nylon-6/clay nanocomposites with
improved physical and thermal properties was invented by Toyota Motors research group in the
early 1990s [1-2]. This achievement opened up a new paradigm in nanotechnology research.
Since then research in the polymer/clay nanocomposite field has expanded aggressively and
substantial attention has been given to the use of nanoclay in thermoplastic and thermosetting

polymers as well as in rubber matrices [1-7].

Rubber is an important class of polymer that has been widely used for a variety of
applications, such as tyres, hoses, gaskets and medical products. The elastic behaviour of the
polymer allows it to regain its original shape after being stretched or deformed. For example,
pure silicone gum has elongation at break values ranging from 400 to about 600% [8]. Fillers
are normally added to the rubber to reduce costs and to improve performance or failure
properties, such as tensile strength, crack growth and abrasion resistance [5]. Relatively, only a
limited numbers have been devoted to the incorporation of layered silicates in rubber matrices
when compared to other common fillers such as carbon black and silica. This is because carbon

black and silica fillers have dominated the filler reinforcement in rubber over the 50 years [5].

The past decade has produced an increasing amount of literature concerning synthesis,

preparation and characterisation of rubber filled with nanoscale material such as nanoclay [6-7,

11



Chapter 2 Literature review

9-10]. Rubber/clay nanocomposites have been described based on three types of composites,
as shown in the Fig. 2.1(a-c) [6]. The first is conventional composites (Fig. 2.1a) where non-
swollen layered silicates are embedded in a polymer matrix. In this case, the size of clay
interlayer spacing remains unchanged. The second is intercalated structure (Fig. 2.1b) when
one or more polymer chains are inserted into the interlayer space to expand the inter layer
spacing. Finally, exfoliated nanocomposite (Fig. 2.1c) is the most desired structure for
polymer/clay nanocomposite, and is obtained by the separation of individual layers dispersed
within the polymer matrix. The delamination of clay layers is usually due to the insertion of

polymer chains into the clay galleries.

Layered silicate

Fig. 2.1: Layered silicates in (a) conventional composites (b) intercalated nanocoposites and (c)

exfoliated nanocomposites [6].

Nevertheless obtaining excellent clay dispersion in a rubber matrix is a key challenge in
the preparation of rubber/clay nanocomposites. Therefore specific strategies, such as direct
polymerisation and solution methods have been applied to create novel rubber products, using
nanoclay as the reinforcing material in the rubber matrices. Melt-compounding has been
recommended as the most promising technique for commercial manufacturing [6-10]. In
addition, optimum clay loading level, type of curing system, mixing conditions, rubber grade,
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preparation method and type of alkyl ammonium (clay modifier) used have been identified as
the factors which influence the degree of clay dispersion in most common rubbers, such as
natural rubber (NR), ethylene propylene diene monomer (EPDM), styrene-butadiene-rubber

(SBR) and nitrile rubber (NBR) [6-10].

The reinforcement anisotropy and barrier properties in rubber nanocomposites attributed
by exfoliated silicate layers with nanoscale thickness are the main topic discussed by other
researchers [6-10]. It has been reported that fully exfoliated clay layers contributed to the high
modulus, strength, and elongation-at-break of the nanocomposites [6]. In addition,
exfoliated/intercalated nanoclays contribute positively to the thermal stability, increased flame

retardancy, and improved barrier properties to gases and liquids of pure rubber [11-14].

2.1.1 Clays

Clays exist as a natural or synthetic mineral. They possess a layered structure with
lateral dimensions approximately from 30nm to several micron metres and a layer thickness of
about 1nm [3]. Phyllosilicates or 2:1 layered silicate clays, in particular smectite clays, have
been highly investigated as reinforcing fillers in rubber due to their layered nanoparticles. These
2:1 phyllosilicates have a triple layer sandwich structure that consists of a central octahedral
sheet dominated by alumina, bonded to two silicon tetrahedral sheets by oxygen atoms, which
belong to both sheets as shown in Fig. 2.2 [3]. Unshared oxygen atoms are also present at the

edges of layered silicates as part of a hydroxyl (OH) unit.
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Fig. 2.2: The structure of 2:1 phyllosilicates [3]

Table 2.1: Chemical compositions of smectite type clays [3]

Smectites Chemical formula
Montmorillonite My(AlyxM@yx)SigO20(OH)4

Hectorite Myx(Mge.xLix)SigO20(OH)4

Saponite M,Mge(Sis.xAlx)O20(OH),4

M: monovalent cation and x: degree of cations isomorphous substitution in octahedral sheets.
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Montmorillonite (MMT), hectorite (HT) and saponite are examples of the smectite clay
family. The chemical compositions of the fillers are listed in Table 2.1 [3]. Apart from that, mica,
vermiculite and talc are the other minerals that fall under smectic type clays. These minerals
can be differentiated mainly based on their structural filling, type of cation, and isomorphous

substitution in the octahedral or tetrahedral layer [11].

For example mica and MMT minerals have similar basic 2:1 crystal lattice structure.
However, mica layers are difficult to exfoliate. In the case of mica, the silicon in tetrahedral
sheet is substituted by aluminium where the negative surface charge is balanced by large
cations such as potassium (K*) [3]. The size of K' is fixed within the gap of Si/Al tetrahedral
layer. Thus, the interlayer space in mica is strongly held by electrostatic attraction between the
negatively charged tetrahedral layer and the K* ions. This strong interaction prevents mica from

swelling [3].

Unlike mica, the MMT negative charge is balanced by metal cations (Na*,Ca*", and
Mg®) in the interlayer space. These ions are smaller than the size of tetrahedral layer therefore
the layers are held with weak forces [1]. Also, MMT has larger cation exchange capacities
which enable them to adsorb heavy metals and to be modified with quaternary salts including
cationic surfactants [2]. This is a part of the reason why within the smectite clays group, MMT is
preferred for the production of polymeric nanocomposites (PCN) due to its ability to expand the

interlayer, thus easy to exfoliate.

2.1.2 Montmorilonite (MMT)

The unit cells of MMT are usually written as [Al1.e7 Mgo.33 (Nag33)] SisO10 (OH) ,. A typical
MMT has 0.67 units of negative charge per unit cell. The negative charge is balanced by
interlayer counter sodium or calcium ions. In addition, the cation exchange capacity (CEC)
value indicates the capability of MMT to exchange ions. For MMT, the CEC ranges from 0.8

to 1.2 meq/g [15].
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Generally, X-ray diffraction (XRD) patterns of hydrated MMT typically vyields
doo1= 1.2 — 1.4 nm basal spacing. The average dimensions of smectite clay platelets are about
1 nm thick, 150 nm wide and 500 nm long [15]. Thus, the aspect ratio of exfoliated mineral MMT
is p=50 to 2000 and the specific surface area of MMT is 750 — 800 m%g. Finally, layered

silicates have tensile modulus of ~ 175 GPa and tensile strength of ~ 1 GPa [15].

2.1.3 Organoclays (Intercalation by organic cations)

The layered structure of MMT is maintained by electrostatic and van der Waals forces.
The cations present between the layers can be hydrated in aqueous solutions to increase the
volume of interlayer space. This is known as clay swelling. Since pristine layered silicates
(Na*MMT) are naturally hydrophilic, they are usually modified with organic surfactant through
ion-exchange reactions in order to improve compatibility with a polymer [16]. Fig. 2.3

demonstrates the scheme of the modification of clay layers by organic cations.

Theoretically an organic surfactant with a positive charge will proportionally balance the
negative charge of the silicate layers, thus increasing the space between the layers. It then
becomes possible for organic molecules to diffuse between the layers and eventually separate
the clay layers further apart. At the same time the surface energy of the layered silicates is
reduced by the presence of organic cations, increasing compatibility within the polymer matrix.
Conclusively, two important things can be achieved from the surface maodification; (1) increased

basal spacing and (2) enhanced compatibility between the hydrophilic clay and the polymer.
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Fig. 2.3: Schematic picture of an ion-exchange reaction [3]

Most organo-modified MMT or orgnoclays can be found at a commercial grade for a
relatively low price. Commercial organoclays such as Cloisite®, Nanomers and Nanofil have
been used in a numerous studies to prepare polymer/clay nanocomposites [3] and are available
in several types based on charge density, length of alkyl chain, and configurations of the
organic modifiers inserted within the clay layers. All the parameters mentioned above control
the respective basal spacing (doo1) in organoclays [15-17]. For example aliphatic salt was easier
to intercalate into the clay galleries, due to the absence of steric effects in the aromatic rings
[15], giving rise to a higher interlayer distance than aromatic salt. It was reported that
intergallery spacing values of sodium MMT increased from 11.5 to 18.5 and 21.2 nm after

modification with aromatic salt and aliphatic salt respectively [16].

In addition, the functionality of organic modifiers in alkyl surfactants determines the
polarity of organoclays. Cloisite 30B, which contains hydroxyl group (OH) in alkyl ammonium
chains, is an example of a polar organoclay. Cloisite 15A and Cloisite 20A, which have no polar
functional group on the alkyl ammonium chain, are known as non-polar organoclays [17]. This

measurement is important when selecting between an organoclay and a rubber.
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2.1.4 Structure of rubber/clay nanocomposite (Intercalated and exfoliated)

In polymer/clay nanocomposites four types of layered silicate dispersion have been

recognised. They have been identified as [1-3, 18]:

l. Conventional clay-filled composite with micron-sized aggregates

of clay particles.

Il. Nanocomposite with intercalated clay form where the interlayer
spacing dgo;< 8.8 nm.

[l Exfoliated nanocomposites with locally ordered structure where
d001>8.8 nm.

V. Exfoliated nanocomposites with disordered structure where
dgo1>8.8nm.

A similar description is also applied to layered silicates nanostructures in a rubber matrix

[6-7, 9-10]. Schematic illustrations of the rubber/clay nanocomposite morphology are shown in

Fig. 2.4(a-d).
- —e_— ﬁ:);; e
\ N\

Enen ~__ —— —_—
A: Conventional Composite B: Intercalated Nanocomposite
ey S, — S -—

EERET — — S - g sees
/ - ; N\ V4 - 7 \
C: Ordered Exfoliated D: Disordered Exfoliated

Nanocomposite Nanocomposite

Fig. 2.4(a-d): Schematic illustration of (a) conventional (b) intercalated (c) ordered exfoliated (d)

disordered exfoliated, polymer-nanocomposites [17].
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2.1.5 Characterisations of nanoclay dispersion

The degree of clay dispersion in rubber/clay nhanocomposites is commonly characterized
by X-ray diffraction (XRD) and transmission electron microscopy (TEM) [6-7, 9-10]. Other than
those techniques, optical microscopy, small-angle X-ray diffraction (SAXS) [19] and atomic
force microscopy (AFM) are also viable ways to examine nanoclay dispersion [20]. Bound
rubber measurements and in-situ testing of electrical conductance using a combination of field
emission gun scanning electron microscopy (FEGSEM) with tensile devices [21] are examples
of recent procedures developed to measure exfoliation in rubber. Additionally, a combination of
XRD and TEM techniques is commonly used to confirm nanocomposite structure since those

techniques are more easily available than other methods [1-4].

2.1.5.1 Wide-angle X-ray diffraction (WAXD)

Wide-angle X-ray diffraction (WAXD) appears as an ideal analytical method for
characterizing polymer-clay nanocomposites, since the analysis is non-destructive, rapid, low
cost and requires minimal sample preparation. Principally, the wavelength in XRD has the same
order of size as the atomic dimensions of the clay’s crystalline lattice. The yield peak at discrete
angles is obtained when the X-ray constructively interferes with this and corresponds to the

atomic spacing of the lattice by Bragg’s Law (Equation 2.1) [22].

In this case, the basal spacing between the clay plates, also known as d-spacing, is
derived from the peak position (dgo;-reflection) in XRD diffractograms. The d value is measured
according to the to the Bragg’s law (Equation 2.1), where n is an integer, A is the X-ray
wavelength, d is the interlayer spacing, and 8 is the angle of diffraction. In practice, 2theta is

used rather than theta due to the geometry of the detector relative to the X-ray source [22].

An=2dsin 6 Equation 2.1
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Fig. 2.5(a-c): lllustration of different state of dispersion of organoclays in polymer, corresponding
to WAXD result [1].

Fig. 2.5(a-c) presents a typical XRD pattern of immiscible composite, intercalated
nanocomposites and exfoliated nanocomposites For immiscible composite, characteristics of
the original layered silicate basal reflections are unaffected, since no change occurs on the
silicate lattice (Fig. 2.5a). Changes to the XRD, such as peak position, broadness, and intensity,
are related to the measurement of d spacing according to Bragg’s law equation. A shift of XRD
peak to a lower diffraction angles - (206) angle (Fig. 2.5b) - corresponds to an increase of d
spacing from the original value. The expansion of d spacing in the clay gallery is commonly due
to intercalation of organic surfactant due to clay modification. The increase in d spacing or

polymer intercalation between the clay layers is termed as intercalated nanocomposite.

In contrast, a flat diffraction pattern is associated with a delaminated or exfoliated
structure of layered silicates, due to broad layer separation (Fig. 2.5c). As the spacing between
separated layers exceed 8 nm in the case of an ordered exfoliated structure, the diffraction peak
become undetectable [3]. However, invisible diffraction peaks also can be referred to as
disordered tactoids, or a mixture of small clay tactoids moving toward exfoliation. Therefore,

microscopy methods must be used to confirm exfoliation [22]
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2.1.5.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is very useful since it can visualise clay
dispersion in a rubber matrix. Normally results from XRD spectra are always supported by TEM
imaging to further confirm the clay structure of a polymer matrix. Figure 2.6(a-c) presents an
example of typical TEM images obtained from polymer/clay nanocomposites with different state

organoclay dispersions [1].

Immiscible Intercalated Exfoliated

Fig. 2.6(a-c): TEM images of different state dispersions of organoclay in a polymer
matrix [1].

For immiscible composites, the clay always exists as dark lines or multilayered bundles
in the matrix, as shown in Fig. 2.6a. TEM imaging in Fig.2.6b shows incomplete exfoliated
particles in a matrix that corresponds to intercalated nanocomposite. On the other hand,
exfoliated clay in a polymer matrix can be seen as thin dark lines, indicating a single-clay layer
(Fig. 2.6) [1]. TEM imaging provides direct evidence of clay dispersion. However to produce a
clear TEM image, considerable skill and patience is essential. The main challenge in TEM
analysis derives from issues of sample preparation. To obtain a thin section for a rubbery
material is time-consuming and requires a well-experienced operator. For example, to prepare a
thin section of silicone rubber at very low temperature (-150°C) is very difficult due to the nature

of the polymer.
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2.1.6 Preparation of rubber/clay nanocomposites

The motivation to achieve fully exfoliated clays in the rubber matrix is highlighted in most
reports in the literature [6-7, 9-10]. Surface treatment of MMT clays and optimization of
dispersing apparatus/equipment are the best strategies for achieving exfoliation in various types
of rubber. Rubbers are usually available in solid (dry) and latex (solution) forms. Melt-
intercalation [9, 24-27] and latex compounding [28, 29] are primarily used to prepare rubber/clay

nanocomposites, although solution blending with the presence of solvent is also used [30].

2.1.6.1 Melt compounding

Melt compounding involves direct mixing between rubbers and compounding ingredients
such as a curing agent, antioxidant, or filler under molten state, followed by vulcanisation. The
mixing process is usually done in a shear device, such as mixers, open two-roll mills, and

extruders. The concept of melt intercalation is described in Fig. 2.7 [1].

Fig.2.7: Mechanism of organoclay dispersion and exfoliation during melt processing [1]

At the initial stage, the particles of an organoclay powder consist of aggregates of
tactoids, or stack of platelets about 8 um in size. During melt mixing the aggregates break up
into smaller particles under mechanical shear stress. However if the polymer and organoclay

22
















































































































































































































































































































































































































































































































































