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ABSTRACT

Studies on the effect of different processing parameters (premixing parameters, curing time and
curing temperature, post-curing temperature, resin to hardener mix ratio) on mechanical
properties of fiber reinforced epoxy-clay nanocomposites containing 2 phr of Cloisite® 15A have
been carried out. Further, Cloisite® 15A has been modified via a new silanization route with
different quantities (0.1, 0.5, 2, 4 and 6 times the weight of clay (X)) of two different silane
coupling agents viz. 3-aminopropyltriethoxysilane (APTES) and 3-
glycidyloxypropyltrimethoxysilane (GPTMS). The silylated clay minerals have been
characterized using Fourier transform infrared (FTIR) spectroscopy, Small angle X-ray
scattering (SAXS) and Thermogravimetric analysis (TGA) to confirm the successful grafting of
silanes on clay minerals. A detailed study has been done with regard to the effect of silanization
of clay minerals on properties of glass fiber epoxy-clay nanocomposites as a function of two
important parameters: chemical structure of silane and concentration of silane coupling agent

used in grafting reaction.

The silane modified clays have been dispersed in epoxy resin by using high shear
homogenization and sonication. The fiber reinforced epoxy-clay nanocomposites were
manufactured using vacuum assisted wet layup or vacuum assisted resin infusion molding. An
optimum quantity of silane for successful modification of large surface area of clay mineral
layers and curing schedule of fiber reinforced epoxy-clay nanocomposites were also arrived at.
The fiber reinforced epoxy-clay nanocomposites containing silane modified clay minerals have
been characterized using Small angle X-ray Scattering (SAXS), Transmission electron
spectroscopy (TEM) and Differential scanning calorimetry (DSC). The results indicate that the
silane treatment of Cloisite® 15A aided exfoliation of clay mineral layers as evidenced by SAXS
and TEM, promoted interfacial adhesion as suggested by the significant increase in mechanical
properties. The incorporation of silane treated clay minerals led to an increase in tensile
modulus, tensile strength, flexural modulus and flexural strength by 30%, 37%, 139% and 146%,
respectively in nanocomposites containing clay minerals modified wusing 4X
aminopropyltriethoxysilane. The fracture surfaces were also examined by Scanning electron
microscopy (SEM), which revealed a considerable difference in failure modes of fiber reinforced
epoxy nanocomposites containing Cloisite® 15A and those containing silane modified clay

minerals.

v



The behavior of these novel fiber reinforced nanocomposites under different hygrothermal aging
conditions had also been studied in detail. The amount of silane used for functionalization of
clay minerals and polarity of silane groups influenced the long-term durability of fiber reinforced
epoxy-clay nanocomposites in seawater. The incorporation of clay minerals in epoxy hindered
the degradation of fiber reinforced nanocomposites, and those containing silylated clay minerals
modified using a small amount of silane coupling agents (0.1X, 0.5X) exhibited better retention
of tensile and flexural strength after exposure to seawater. The polarity of the organic moieties
and morphology of clay minerals in epoxy significantly influenced the durability of

nanocomposites in seawater.
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Chapter 1 Introduction

Glass fiber reinforced polymer composites provide the opportunity to yield significant benefits
to a variety of modern products. The application of fiber reinforced composites in the field of
aerospace, automotive, construction and marine, sporting goods and wind turbines has
increased significantly. Fiber reinforced composites have high specific strength, specific
stiffness, high endurance strength, durability, light-weight, corrosion resistance, and ability to
be customized to meet requirements of a specific application. Glass fiber reinforced epoxy
composites have been widely used for marine applications for a very long time (Graham-Jones
and Summerscales, 2015a; Mouritz et al., 2001; Moy, 2013). The selection of materials in
above applications is dependent on the performance requirements (mechanical strength,
stiffness, durability, wear resistance, weight, etc.), possible modes of failure, service conditions
(temperature, humidity, and corrosion resistance), manufacturing method and cost of making

the final product.

The mechanical properties of a fiber reinforced composite depend on some factors, e.g., shape,
size and volume fraction of reinforcement, choice of polymers (epoxy, polyester, vinyl ester),
the orientation of fibers in preform and lay-up, the presence of air voids, manufacturing
methods, and the direction of measurement. The glass fiber reinforcements are commercially
available in many forms like long longitudinal, woven mat, chopped fiber and chopped mat.
Both unidirectional and woven cloth made of continuous glass fibers have high aspect ratios
and are preferred over other forms when the strength of the composite is a prime requirement.
E-glass fibers are more suitable for naval composites than other fiber types, because of low
cost and higher ultimate strains. The conventional E- glass fibers contain boron which makes
fibers sensitive to stress corrosion under long-term exposure to water and tensile stresses. The
stress corrosion causes premature failure due to the development of cracks on the fiber surface.
For this reason, E-CR glass fibers (Li et al., 2014; Stickel and Nagarajan, 2012), e.g. Advantex®
and Hi-Pertex®, which are both boron free, as well as corrosion resistant, are preferred in
marine applications. Epoxy based thermosetting polymer resins are used for producing high
strength composites because of characteristics like compatibility with most of the fibers and
good wetting due to low viscosity, high mechanical properties, excellent chemical and

corrosion resistance, low volatility and low shrinkage during curing.

The fiber-matrix interfacial interactions play an essential role in the integrity and properties of

the composites. In fiber reinforced composites, an optimal bond will efficiently transfer the



load to the strong fibers and provide high strength to composite. A popular method to improve
adhesion between glass fibers and the polymer matrix is to perform silane treatment of glass
fibers, which improves the mechanical performance and durability of composites. The organic
modification of nanofillers using silane coupling agents has also shown potential benefits
similar to those observed by silanization of glass fibers. The modification of clay minerals
using organofunctional silanes has attracted interest of many researchers because grafting of
silane molecules on clay mineral surfaces improve their dispersibility (Chen et al., 2005a,
2005b; De Maria et al., 2011; Ha et al., 2008; He et al., 2013; Park et al., 2009; Qian et al.,
2009), wettability (Ianchis et al., 2011; Park et al., 2009), interfacial adhesion (Ha et al., 2007;
Kracalik et al., 2007; Park et al., 2009), and promotes exfoliation (Chen and Yoon, 2005a; Ha
et al., 2007; Ha and Rhee, 2008; Sharma et al., 2016; Silva et al., 2011; Wang et al., 2006b).
The exfoliated morphology leads to improvements in mechanical properties on addition of a
small amount of clay mineral in polymer matrix (Chen and Yoon, 2005b; Ha et al., 2010, 2008,
2007; Ha and Rhee, 2008; Huski¢ et al., 2013; Ianchis et al., 2015; Piscitelli et al., 2012; Wang
et al., 2006b) because of improved reinforcement effect of clay mineral. The selection of silane
coupling agents for a particular application depends on the polymer resin to be bonded, thermal
stability of silane, and reactivity with water because functional groups in silane can be

hydrophilic or hydrophobic.

Fiber reinforced polymer composites can be manufactured using a wide variety of methods like
hand lay-up, spray lay-up, resin infusion methods, compression molding, injection molding,
filament winding, pultrusion, etc. (Wang et al., 2011). At present, Vacuum assisted resin
infusion molding (VARIM) has been widely used to manufacture high-performance polymer
composites in aerospace, automotive, and construction industries. The VARIM process has
some unique requirements, e.g. the resin should have low viscosity and sufficient gel time to
facilitate complete infusion and infiltration in fiber preforms. The advantages of VARIM
include high fiber content and fewer voids in composite, safety because of the enclosure of

resin and high level of dimension tolerance and repeatability.

A key factor driving the increased applications of fiber reinforced composites is continuous
advancements in this area. This includes discoveries of new high-performance polymer resins,
improved fiber reinforcements, improved manufacturing processes, and incorporation of nano
and micro-scale reinforcements. The fiber reinforced polymer nanocomposites combine the

advantages of both the fibers and nanofillers resulting in superior properties.



1.1 Fiber reinforced polymer nanocomposites

The growing demand for high-performance fiber reinforced composites led to the emergence
of the hybrid materials incorporating nanofillers. The real starting point is generally considered
to be the research pioneered by (Kojima et al., 1993) and (Okada and Usuki, 1995), from
Toyota R&D on montmorillonite filled polyamide-6 nanocomposites.  Subsequent
developments further contributed to the surging interest in polymer nanocomposites and
nanofillers such as nano-oxides, carbon nanotubes, carbon nanofibers, graphene and metal
particles are currently being used as additives in polymers (Camargo et al., 2009; Marquis et
al., 2011; Peponi et al., 2014; Supova et al., 2011). The fiber reinforced polymer
nanocomposites are three-phase hybrid composites in which the main reinforcing phase is
continuous fibers, and the matrix itself is a composite too, incorporating nanometer size
particles. The conventional fiber reinforced composites have good mechanical properties, but
the properties obtained are highly anisotropic. A uniform dispersion of nanofillers cover a
much greater area within the polymer matrix compared to conventional fibrous composites and
hence provide significant property enhancement, even at a low filler loading. A broad spectrum
of composite properties such as mechanical, electrical, magnetic, thermal, barrier, resistance to
chemical attack, resistance to scratch and wear, and flame retardancy can be improved (Olad,
2011). However, the dispersion state, the quantity of nanofiller, and interfacial adhesion with
polymers strongly influence the properties of these nanocomposites. Most of the polymers are
incompatible with nanofillers and it is difficult to achieve uniform dispersion of nanofillers in
the matrix. The agglomeration of nanoparticles during the preparation of nanocomposite and
a lack of adhesion with the polymer can result in an early failure. Besides these, some other
factors like volume fraction of reinforcement, choice of epoxy system, epoxy and hardener mix
ratio, the orientation of fiber preform and lay-up, the presence of air voids, filtration of
nanofillers in fiber preforms and curing schedule would influence the mechanical properties of

fiber reinforced nanocomposites.
1.2 Clay minerals

Clay minerals are abundantly available in nature and found as fine-grained fractions in rocks,
sediments, and soils. The clay minerals have attributes such as a layered structure with layers
having a length in few microns and thickness in the nanometer range, ability to disperse in
individual layers and hardens upon drying or firing (Bergaya and Lagaly, 2006). Clay minerals

are classified according to their crystalline structure and interlayer ions.



1.2.1 Structure and characteristics of Montmorillonite

Montmorillonite (MMT) is a magnesium aluminum silicate, which belongs to the smectite
group of clay minerals, having the general formula (Na, Ca)o3z (Al, Mg)2 (Si4Oio).
Montmorillonite is most commonly used in nanocomposites because of its easy availability,
high aspect ratios, high surface reactivity and well-known intercalation/exfoliation chemistry.
Figure 1.1 shows the basic structure of 2:1 layered silicates (2:1phyllosilicates), without any
substitution of atoms, which consists of an octahedral layer of alumina sandwiched between

two tetrahedral layers of silica.
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Figure 1.1 Structure of Montmorillonite layered silicate (Beyer, 2002; Pavlidou and

Papaspyrides, 2008)

The structure of montmorillonite is formed by isomorphic substitution within the layers
(replacement of AI** by Mg?"). This replacement creates a negative charge on an overall crystal
lattice, which is counterbalanced by cations such as sodium and calcium (Na* or Ca**) residing
in the interlayers. But, these cations do not fit in the tetrahedral layers. Therefore the
octahedral layers and the silica tetrahedral layers are bound together by relatively weak Vander-
Waals forces. The interlayer space of MMT also holds — OH groups of the octahedral
aluminum-hydroxyl sheets and the oxygen atoms of the tetrahedral silicate sheets. Obviously,

in its pristine state, MMT is hydrophilic and will swell if water/ polar solvents enter the



interspaces. In this state, the clay minerals form agglomerates and would be unable to interact
with a polymer, which will decrease the mechanical properties of the material. Also, the
interlayer gap needs to be increased in MMT so that polymer chains can intercalate in between
clay layers. Therefore, the clay minerals must be modified before these can be used to prepare
nanocomposites. To make these compatible with polymers, the inorganic cations must be
exchanged with organic cations by ion exchange reactions or adsorption of organic moieties

on clay mineral layers (Kango et al., 2013; Kotal and Bhowmick, 2015; Varadwaj et al., 2016).
1.2.2 Silylation of clay minerals

The organic modification of clay minerals is done to achieve good dispersion of clay mineral
layers into the polymer matrix, and to take advantage of its high aspect ratio and large surface
area. The most popular compatiblizing agents used for clays are alkyl ammonium ions as they
can be easily exchanged with the ions situated between the layers. The organic modification
of clay minerals using onium ions by ion exchange methods only replaces the inorganic
interlayer cations, increasing the d-spacing and compatibility with polymers. But clay remains
hydrophilic after these modifications due to the presence of -OH groups located at the edges of
silicate layers. The presence of hydroxyl groups can be utilized for organic modification of
clay minerals by silylation. In the case of montmorillonite, a number of these may also exist
in the interlayer space due to structural defects and irregularities. Silane coupling agents are
silicon-containing species which can form linkages between organic and inorganic materials
(Blum, 2016). The silane-grafting reaction or silylation of clay minerals would lead to strong
covalent bonding of organic moieties, preventing their leaching in the solvents or resins during
processing of nanocomposites (Figure 1.2). The functional groups at the other end of the
silicon group make strong covalent bonds with a polymer or other silane molecules. Therefore
a network will be formed between polymer, silane, and clay via covalent bonds. The strong
adhesion can greatly improve the mechanical properties of resulting clay-based

nanocomposites.



Non-covalent attachment of organic moieties by ion exchange/ adsorption

1l

-.- XXX

Montmorillonite layer Organic moieties

\

Covalent attachment of organic moieties

Figure 1.2 Schematic showing organic modification of clay minerals by ion exchange and

silylation (Varadwaj et al., 2016)
1.2.3 Steps of silanization reactions

Silane coupling agents can form a durable bond between organic and inorganic materials.
Silane coupling agents have the general structure R-SiX3, where R is an organo-functional
group and X is a hydrolyzable group typically alkoxy, acyloxy, or halogen (Figure 1.3).
Epoxycyclohexyl, glycidoxy functional and amine functional silanes are widely used to

pretreat the inorganic materials to make them compatible with the epoxy resins (Zabihi et al.,



2018). Initially, the silane monomers react in the presence of water (hydrolysis) to form
reactive, hydrophilic, silanol groups Si—OH. Next, partial condensation occurs and oligomers
are formed. During the condensation, silane molecules react with each other and then condense
to form siloxane oligomers. The oligomers or monomers silanol are physically adsorbed to
hydroxyl groups of the inorganic substrate by hydrogen bonds. Finally, under dehydration
condensation reaction a robust covalent bond —Si—O—Si— between silanols and hydroxyl groups

of the substrate are formed during a drying process.

R-(CHg)y—Si —X,
Organofuncti()/ne,ﬂ T 1\ \

group Linker Silicon atom  Hydrolyzable
groups

P X Hydrolysis e QH
R—§i ——X +3H,0 — = R——Si——O0H +3HX
N X \OH
Silane head
_ HO
_—OH o | Organophilic tail —OH > JJ"J\'R
HO\ / R — O— Si
‘ |
Adsorpti
—on +Ho— 5 & st . L5
o Si
HO —OH
Ok oo k"%L'LR
Hydrophilic © Organophilic &
~ HO
—OH >\ JJJ“NR
— O—Si Grafting
|
7
—0
8 w,\%
—OH
HO/ R

Organophilic

Figure 1.3 General structure of silane coupling agent and silane hydrolysis and grafting on an

inorganic substrate
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Figure 1.4 The hydrolysis and condensation reactions of glycidyloxypropyltrimethoxysilane
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Figure 1.5 The hydrolysis and condensation reactions of aminopropyltriethoxysilane

Such successful silylation of clay minerals surfaces, glass fibers surfaces has been reported in
present work. Considerable attention has been paid to the kind of silanes as well as solvents,
the quantities of silanes and, nano-dispersion of clay mineral layers in hydrolyzed silanes. The
silane coupling agents (3-aminopropyltriethoxysilane (APTES), 3-
glycidyloxypropyltrimethoxysilane (GPTMS)) were hydrolyzed in a solvent to form silanol.

To understand how a chemical reaction between silane coupling agents and the inorganic



substrate, a schematic representation of possible chemical reactions are shown in Figures 1.4
and 1.5. The silanization of the clay minerals can take place at three places: the interlayer
space, external surface and at the edges because of the presence of hydroxyl groups as shown
in Figure 1.6. The interlayer and edges grafting can increase the distance between the clay
minerals layers. For the external surface, the silylation does not affect the interlayer spacing
of the clay. In the case of montmorillonite clays, silane can readily intercalate into the
interlayer space. Hence, all external surfaces, internal surfaces and broken edges are ready to
be silylated (He et al., 2013; Herrera et al., 2004; Qian et al., 2009; Varadwaj et al., 2016). The
silanization reaction can also take place onto organoclays to improve their compatibility with
the epoxy matrix (Chen and Yoon, 2005b; Chen et al., 2005a; Huski¢ et al., 2013; Ianchis et
al., 2015; Kracalik et al., 2007; Piscitelli et al., 2012; Qian et al., 2009; Shanmugharaj and Ryu,
2012). The organoclays surface modified using silanes are referred to as twice-functionalized

organoclays.

~~~___D Hydrogenated tallow ammonium ions

Figure 1.6 The silylation of organoclays

Infrared spectroscopy (IR), Fourier transform infrared spectroscopy (FTIR), Nuclear magnetic
resonance (NMR) spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), Thermogravimetric analysis (TGA) and contact angle measurements are used to verify

grafting of silanes on clay minerals.



1.2.4 Silylated clay minerals based polymer nanocomposites

The silanes interact with pristine as well as organically modified montmorillonite (MMT and
OMMT) because of the presence of —OH groups at broken edges, in interlayer spaces and at
the external surface of clay mineral layers (Herrera et al., 2004; Zhang et al., 2006). Based on
our knowledge, the silane grafting reaction is dependent on the nature of clay minerals (Daitx
et al., 2015; He et al., 2005; Romanzini et al., 2015b, 2015a; Wan et al., 2008; Wang et al.,
2005), the number of reactive sites available at broken edges, interspace or external surface of
clay mineral (Herrera et al., 2004; Varadwaj et al., 2016; Zhang et al., 2006), the grafting
temperature (Piscitelli et al., 2010; Yang et al., 2012), the chain length of silane moieties (He
et al., 2013; Ianchis et al., 2012; Piscitelli et al., 2010), quantity of silane (Huski¢ et al., 2013;
Piscitelli et al., 2010), solvent and method used for silanization of clay minerals (Bertuoli et
al., 2014; Shanmugharaj et al., 2006; Shen et al., 2007; Su et al., 2013; Yang et al., 2012). The
functionalization of clay minerals with SCAs can be confirmed by Infrared spectroscopy (IR),
Fourier transform infrared spectroscopy (FTIR), Nuclear magnetic resonance (NMR)
spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) techniques.
A quantitative measure of the amount of silane grafted on clay minerals is comparing the
percent mass loss of silylated clay minerals with that of non-silane treated clay in

Thermogravimetric analysis (TGA).

Shanmugharaj et al., (2006) studied the influence of different solvents on the grafting of
aminopropyltriethoxy silane on MMT. Each silane was hydrolyzed in different solvents and
clay was dipped and mixed in it by stirring. It was reported that the average dooi-spacing of
silane modified clays increased in those cases when solvent had higher or lower surface energy
than that of MMT, but the grafted amount of aminosilanes on clay reduced with the use of high
surface energy solvents. Su et al., (2013) concluded that nonpolar solvents facilitate the
interlayer grafting reaction which increases the interlayer spacing of MMT. In the case of
polar-protic solvents, the decreased hydrolysis extent and the hydrogen bonding led to a small
grafting of silane and a low degree of condensation among silane molecules. Su et al., (2012)
reported simultaneous condensation of silane oligomers in between adjacent clay layers. The
silylation of MMT was carried out using APTES. The silane molecules intercalated into MMT
interlayer space, and the condensation of silane in between two adjacent clay layers led to an
increase in the interlayer height of MMT. Further, a new surfactant was introduced, which
showed the possibility of carrying some target matters in the expanded interspace of silylated

clay minerals.
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To prepare reinforced thermoplastics, Chen and Yoon, (2005b), modified an OMMT, Cloisite®
25A with glycidoxypropyltrimethoxysilane that improved the dispersion of silylated OMMT
in poly (L-lactide) and poly[(butylenes succinate)-co-(butylene adipate)] nanocomposites. The
tensile modulus and tensile strength of nanocomposites increased with an increase in clay
minerals concentration. In a similar study, Chen and Yoon, (2005a) studied the effect of silane
modification of three types of organically modified clays: Cloisite® 15A, Cloisite® 20A and
Cloisite® 30B on properties of poly(L-lactide) clay nanocomposites. It is interesting to note
that an exfoliated morphology was obtained only in nanocomposites containing silylated clay
minerals. Higher grafting of silane on clay minerals resulted in better dispersion and higher
degree of intercalation in poly(L-lactide) polymer. Wan et al., (2008) synthesized Polybutylene
terephthalate (PBT)-clay nanocomposites based on silylated clay minerals. A MMT Cloisite®
Na® and an OMMT Cloisite® 30B were silanized using APTES. The organic moieties of
APTES were able to intercalate in interspace of clay minerals as evident from an increase in
doo1 space of silylated clays. PBT- silylated Cloisite® 30B had an intercalated structure and
silylated clay minerals were observed to exist as swollen elliptical particles in PBT. The degree

of crystallinity increased significantly in exfoliated Cloisite® 30B -PBT nanocomposites.

Kim et al., (2010) studied the effect of silylation of Cloisite® 25A OMMT on properties of
Nylon 6-clay nanocomposites. Cloisite® 25A OMMT was modified using three different silane
coupling agents, i.e., 3-aminopropyltriethoxysilane, 3-glycidoxypropyltrimethoxysilane, and
3-isocyanatepropyltriethoxysilane. The tensile modulus, tensile strength, and elongation of
break of nanocomposites incorporating silylated Cloisite® 25A improved significantly than
nanocomposites containing Cloisite® 25A. The highest improvements were attained in
nanocomposites containing Cloisite® 25A modified with 3-glycidoxypropyltrimethoxysilane.
This was mainly attributed to a possible reaction between silane groups with the hydroxyl and
carboxyl groups of the polymer chain end. De Maria et al., (2011) carried out silylation of
Dellite HPS, an MMT and Dellite 72T, an OMMT. The poly(methyl methacrylate) (PMMA )-
clay nanocomposites were synthesized using the silylated clays. The clay minerals had an
exfoliated morphology in nanocomposites at 1 wt% and 3 wt%. The glass transition
temperature (Tg) of PMMA-clay nanocomposites increased as a result of silylation of clay
minerals. The silylation of clay minerals improved thermal stability and hydrophobicity of

clay minerals

Daitx et al., (2015) modified two different clays, i.e. Cloisite® Na" MMT and Halloysite using

aminopropyltriethoxysilane to study the effect of silylation of clay minerals on properties of
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PHBYV nanocomposites. The silylation of MMT promoted homogeneous dispersion that led to
an increase in the elongation at break. The tensile and fracture strength did not improve
significantly. The silylation of halloysite clay did not influence the properties of PHBV
nanocomposites. This was attributed to a limited scope of grafting of silane coupling agents

on halloysite.

There are also a few reports involving thermosets, Ha et al., (2008, 2007), Ha and Rhee,
(2008) carried out silylation of MMT with 3-aminopropyltriethoxysilane by dispersing MMT
in the aqueous silane solution. The tensile modulus and tensile strength, wear resistance and
fracture toughness of the nanocomposites increased in comparison to unmodified epoxy-clay
nanocomposites and neat epoxy specimen. These improvements had been attributed to uniform
dispersion of silane modified clays in epoxy and better adhesion of clays with epoxy. Park et
al., (2009) modified MMT using three silane coupling agents: aminopropyltriethoxysilane,
glycidoxypropylmethoxysilane, and methacyloxypropyltrimethoxysilane. The silylation of
MMT led to enhancement of the specific component and dispersive components of surface
free energy. A significant increase in critical stress intensity factor as well as interlaminar shear

strength was observed in silylated clay —nanocomposites.

Wang et al.,, (2006b) observed that stiffness as well as toughness of the epoxy-clay
nanocomposites improved on incorporation of clay minerals treated with 3-
aminopropyltrimethoxysilane. Silylated clay minerals had exfoliated even when a small
quantity of silane was used. Piscitelli et al., (2010) modified sodium montmorillonite (Na-
MMT) using 3-aminopropyltriethoxysilane, N-2-aminoethyl-3-aminopropyltrimethoxysilane
and 3-[2-(2-aminoethylamino) ethylamino]-propyl-trimethoxy silane, dissolved in glycerol.
The processing involved two different temperatures: 80°C and 130°C, continuous stirring for
3h under nitrogen and use of two different silane concentrations. The amount of silane grafted
and the doo1 spacing of clay minerals increased with an increase in both the silane concentration
in the solvent and reaction temperature. In a similar study, Piscitelli et al., (2012b) observed
that epoxy-clay nanocomposites containing MMT treated with 3-aminopropyltriethoxysilane
and 3-trimethoxysilylpropylethylenediamine exhibited a significant increase in tensile

strength, elongation at break and toughness in comparison to pristine MMT composites.

Ianchis et al., (2012) functionalized Cloisite® 30B with four different alkoxysilanes. The effect
of chain length of organofunctional groups on the degree of functionalization of clay mineral
and properties of clay-polystyrene nanocomposites was studied. The grafting of silanes

decreased with an increase in chain length, but as expected, the hydrophobicity of Cloisite®
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30B increased. The glass transition temperature (Tg) of clay-polystyrene nanocomposites
increased by the modification of Cloisite® 30B with different silane coupling agents. Huskié¢
et al., (2013) carried out the silylation of montmorillonite (MMT) with different amount of
silanes for different reaction periods. Small angle X-ray scattering (SAXS) indicated an
increase in doo1 spacing of MMT with an increase in the concentration of silane. Also, the
epoxy-clay nanocomposites containing silylated MMT had slightly higher glass transition
temperature (Tg) and increased elastic modulus in comparison with the nanocomposites

containing other commercial OMMT epoxy nanocomposites/ neat epoxy.

Ryu et al., (2016) performed silylation of MMT using different concentrations of
aminopropyltriethoxysilane (APTES). XRD, FTIR, and Differential Thermogravimetric
analysis (DTG) were used to verify grafting of organic moieties. The interlayer spacing of
MMT increased with an increase in the concentration of APTES during the silylation. DTG
results showed that the grafting yield (a measure of silane grafted on MMT) was almost
constant for a higher concentrations of silanes. The corresponding epoxy-clay nanocomposites
based on silylated clays had an intercalated structure. The incorporation of silylated MMT at
different clay content i.e. 2, 6 and 10 wt% resulted in significant increase in tensile modulus,
tensile strength, and fracture toughness. The water uptake of epoxy was also reduced with an

incorporation of silylated MMT.

Shen et al., (2007) carried out silanization of Ca MMT with two different SCAs viz. 3-
aminopropyltriethoxysilane (APTES) and trimethylchlorosilane (TMCS) via two different
grafting reactions. The silylated clay minerals were characterized using FTIR, XRD, and TGA.
In the first grafting reaction the MMT was dispersed in a silane-water/ethanol mixture. In the
second reaction, MMT was exposed to saturated vapor from refluxing silane for 6h. The results
indicated a more significant amount of silanes intercalated in interlayer space of MMT using
second grafting reaction. This had been attributed to the availability of more non-condensed
silane molecules during silylation. The grafting of silanes was also significantly influenced by

the size of organic moieties.

Bruce et al., (2014) carried out silylation of MMT using three different silane coupling agents,
i.e. 3-aminopropyldimethylethoxysilane (APDMES), 3-aminopropyltriethoxysilane (APTES)
and n-propyldimethylmethoxysilane (PDMMS). In the case of APDMES, grafting reaction
was carried out using different concentrations of silane, whereas the concentration of APTES
and APDMES was fixed. The effect of a change in concentration of APDMES on silylation of

MMT was evident from a larger increase in interlayer height and higher weight loss as
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compared to other silanes. TGA curves also revealed that the APTES and APDMES were
grafted on MMT in the same amount, whereas PDMMS was barely grafted. The addition of
silylated clays caused a stoichiometric imbalance between epoxy and amine groups. Therefore
the thermal/mechanical properties of nanocomposites incorporating MMT modified using
different concentrations of APDMES were different. Overall, an improvement in mechanical

as well as thermal properties was achieved with incorporation of silylated MMTs.

Silva et al., (2011) prepared epoxy-clay nanocomposites based on two different clay minerals,
a MMT, modified using N-(2-aminoethyl)-3-aminopropyltrimethoxysilane and the other, a
commercially available OMMT, Cloisite® 30B. The silylated MMT was characterized by
FTIR, XRD, NMR, and TGA to confirm grafting of silanes. Further, epoxy-clay
nanocomposites were synthesized using different concentrations of silylated MMT, i.e. 0.5, 1,
2.5, 5 wt%. A better dispersion state and absence of diffraction peak in SAXS patterns of
nanocomposites containing silylated MMT led to higher improvements in tensile modulus,
tensile strength, and toughness of nanocomposites than those of Cloisite® 30B based

nanocomposites.

Bertuoli et al., (2014) silanized Cloisite® Na MMT using 3-aminopropyltriethoxysilane
dissolved in various solvents, i.e. ethylene glycol, tetrahydrofuran and distilled water-ethanol
solution at two different temperatures 50°C and 80°C. The silylated clays were characterized
using FTIR, XRD, and TGA. The XRD results indicate that APTES was able to intercalate in
interlayer space. TGA indicated that the highest amount of silane was grafted on MMT
dispersed in hydroalcoholic media (water-ethanol solution). The amount of grafted silane on
MMT dispersed in ethylene glycol and tetrahydrofuran was very low in comparison to those in

MMT dispersed in water and MMT dispersed in hydroalcoholic media.

M. and Ivankovi¢, (2013) carried out silylation of a Na MMT, Nanofil 757 using different
concentrations of 3-aminopropyltriethoxysilane and different grafting reaction times. The
amount of grafted silane increased with an increase in the concentration of APTES, which was
evident from an increase in interlayer spacing of Nanofil 757. The NMR spectroscopy
confirmed grafting of silane in the interlayer space because of condensation of silane molecules
with interlayer silanol groups. The nanocomposites incorporating silylated MMT had higher
storage modulus and glass transition temperature (Tg) as compared to nanocomposites

incorporating OMMTs Nanofil 2 and Nanofil 8.
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Choi et al., (2009) studied the mechanical properties of epoxy-clay nanocomposites containing
three different clay minerals added at different concentrations (2, 6, 10 wt%). Cloisite® Na*,
Cloisite Na* modified with 3-aminopropyltriethoxysilane, and Cloisite® 15A OMMT based
nanocomposites were prepared. The highest increase in elongation at break of nanocomposites
was observed in nanocomposites containing 6 wt%, silylated Na® MMT. This composition
exhibited the highest toughness also. The clay minerals had an intercalated morphology in the

nanocomposites incorporating 6 wt% clay.

Romanzini et al., (2015a) synthesized nanocomposites based on an unsaturated resin and
Cloisite® 30B OMMT, Cloisite® 15A OMMT and Cloisite® Na modified with two different
silane coupling agents viz. vinyltriethoxysilane and y-methacryloxypropyltrimethoxysilane.
The nanocomposites clay minerals containing onium ions, i.e. Cloisite® 15A and Cloisite® 30B
exhibited an exfoliated clay morphology which was confirmed by TEM and decreased enthalpy
(DSC experiments). The flexural strength and impact strength of these nanocomposites were
higher than nanocomposites with silylated clay minerals. However silylated clay minerals
based nanocomposites had higher flexural modulus and higher thermal deflection temperature

due to improved clay minerals-matrix interactions.

Ianchis et al., (2015) synthesized epoxy-clay nanocomposites containing Cloisite® 93A OMMT
modified with three different alkoxysilanes (phenyldimethylethoxysilane,
octyldimethylmethoxysilane and octadecyldimethylmethoxysilane). The silane molecules
were able to intercalate in clay interspace and increase the doo1 spacing of OMMT. The highest
increase was obtained in the case wherein silane with longest hydrocarbon chain was used.
The epoxy-silylated clay nanocomposites had an intercalated morphology. The
nanocomposites containing clay minerals modified with octyldimethylmethoxysilane and
octadecyldimethylmethoxysilane showed a significant increase in glass transition temperature

(Tg) and storage modulus of nanocomposites.

Not much literature is available on fiber reinforced epoxy composites containing silyated clay
minerals. Hamidah et al., (2010) observed an increase in the flexural modulus and flexural
strength of the glass fiber reinforced epoxy-clay nanocomposites containing Nanomer® 1.30E

treated with aminopropyltrimethoxysilane.

The literature review on nanocomposites based on silylated clay minerals has been presented

in Table 1.1 in chronological order.
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Table 1.1 Selected studies on silylated clay minerals-polymer nanocomposites

S.

No | Material System | Synthesis Technique Key Results Reference
Egﬁjc}gg;zsi tes | Mixing of clay High exfoliation —of clay
containing mlnerals. 1, 2, 3 mlneral layers ' led to
Nanomer® PGW wt%) using high 1mprovements. 1n storage | Wang et

1. MMT modified shear homogenizer modplus, tensile modulus and | al.,
with Solution processing tensile . strength of'| (2006b)
aminotriethoxysil ngnocomposﬁes based on
ane silylated clay.
rl?:r(l)())(g(;rcrizzsi tes gllgel?;(ti MMTin The tensile modulus and tensile
containing concentrations, i.e. 2, | Strength  of  epoxy-clay

5 Cloisite® Na* 4,.6 anq 10 wt% was panocompo:ﬁtes 1ncrea:se? w1tl; Ha etal.,

| MMT modified mixed in epoxy resin | increase in the concentration o (2007)
with by stirring. sﬂ‘ylated MMT.  The 'clay
L . minerals had an exfoliated
aminotriethoxysil | f-sis morphology in nanocomposites
ane polymerization
Silylated clay minerals had an
intercalated morphology in an
epoxy matrix. Silylation of clay
Epoxy-clay Silylated MMT in minerals led to a uniform
nanocomposites | different dispersion of mineral layers in
containing concentrations, i.e. 2, | epoxy.

3. Cloisite” N‘a+ 4’,6 anc‘l 10wt W3S | The fracture toughness | Haetal.,
MMT modified mlxeq I CPOXYTESIN | gecreased with the | (2008)
with by stirring. incorporation of silylated clay
aminotriethoxysil | ,_gizy minerals because of
ane polymerization embrittlement  of  matrix,

increase in air voids and

debonding of MMT from the

epoxy matrix.
Polybutylene Silylation increased interlayer
terephthalate(PBT height of MMT and OMMT.
)- clay PBT-Cloisite® 30B had an
nanocomposites exfoliated structtg@re. The PBT- | wan et al.,
based on . silylated Cloisite™ 30 B showed

4. Cloisite® 30B/ Melt-compounding slight intercalation forming (2008)
Cloisite® Na* aggregates. The degree of
modified with 3- crystallinity of PBT increased
aminopropyltrieth with the incorporation of
oxysilane Cloisite® 30B
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No | Material System | Synthesis Technique Key Results Reference
Epoxy-clay The nanocomposites containing
nanocomposites . ) silylated MMT exhibited the
incorporating Solution processing, highest elongation at break and
Cloisite® Na* Acetone was used to fracture toughness The
MMT modified fac111tat‘e MIXINE. nanocomposites based on 6 | Choi et

> with 3- Clay minerals added wt% clay minerals had an | al., (2009)
aminopropyltrieth at dlfferent‘ intercalated morphology, and it
oxysilane and conce(? trations (2, 6, showed highest improvements
Cloisite® 15A 10 wt%) in properties as compared to
OMMT other compositions.

The treatment of clay with
silane coupling agents
Epoxy-clay . promoted dispersion of clay
nanocomposites . .
.. mineral layers in epoxy. The
containing .- . .

e ® ot critical stress intensity factor
Cloisite™ Na % d interlami h
MMT modified Mixing of silylated (Kic) and interlaminar shear
with MMT by stirring stress (ILSS) values for all of
aminotriethoxysil | followed by treated . MMT/epox(}i/ Park et al.,

6. ultrasonication composites increased | 00
ane, significantly =~ because  of ( )
rgli Zfﬁgixg’g;?;yl In-situ improved adhesion between
and y ’ polymerization clay mineral layers and epoxy.

The nanocomposites containing
methacyloxyprop s )

i . clay minerals treated with
yltrimethoxysilan g . .

. aminopropyltriethoxysilane
showed the highest
improvement in properties.
Epoxy-silylated MMT
nanocomposites exhibited 82%
higher fracture toughness as

Epoxy-clay compared to epoxy-pristine

nanocomposites MMT nanocomposites. The
containing epoxy-silylated MMT

7 Cloisite® Na* In-situ nanocomposites also showed | Ha et al.,

" | MMT modified polymerization higher tensile modulus and | (2010)
with tensile strength at different
aminotriethoxysil temperatures, i.e. -30°C, 25°C
ane and 40°C, which had been

attributed to a good dispersion
and improved adhesion
between MMT and epoxy.

Nylon 6-clay o . The tensile modulus, tensile |

g | nanocomposites Melt-mixing with strength, elongation at break of | Kim et al.,

" | based on silylated | twin screw extruder | Nylon 6-silylated Cloisite® | (2010)
Cloisite® 25A 25A nanocomposites increased
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No | Material System | Synthesis Technique Key Results Reference
modified with 3- significantly regardless of the
aminopropyltrieth type of silane coupling agent
oxysilane, 3- because silylated clay minerals
glycidoxypropyltr had and exfoliated morphology.
imethoxysilane,
and
3-isocyanate
propyltriethoxysil
ane
rciliist‘i)rflzzre Ox V- The flexural properties of glass
clay poxy fiber reinforced epoxy-clay
nanocomposites Mixing of clay nanocomposites increased with
based on minerals using incorporation of silylated clay | Hamidah

0. Nanomer® 1.30E | mechanical stirrer minerals. The silylated clay | et al.,
OMMT mo d'i fied minerals were also observed to | (2010)
with Hand lay-up method | pe attached to glass fibers and
aminotricthoxvsil this improved the fiber-matrix
ane M adhesion at interfaces.

Poly(methyl
methacrylate) :
(PMMA)- clay | L2nOSOMPOSHES 1 gjjojation of MMT and OMMT

ay were prepared using | . he th : i
nanocomposites different increased the t. erma stab1 1ty De Maria
based on Dellite | oncentrations of of nanocomposites. Exfohatejd ot al.

10. | HPS MMT and | gilylated clays (1, 3, 5 | morPhology was observed in |,y
Dellite 72T wi%) nanocomposites containing 1
OMMT modified wt% and 3 wt% clay minerals.
with chloro- in situ-intercalative
dimethyl- polymerization
octadecylsilane

A better dispersion and absence
Epoxv-cla ' of diffraction peak in SAXS
nrfnoi)mpzsites Epoxy resin Wag patterns of epoxy-clay
based on MMT/ preheated to 50°C, nanocomposites led to higher |
Cloisite® 30B ep'0>'<y-clay resin improvements  in  tensile Silva et

1. OMMT modified mixing using h{gh modulus, tensile strength, and al., (2011)
with 3- shear homogenizer toughness of nanocomposites
aminopropyltrieth | /7-situ based on silylated clays. The
oxysilane polymerization nanocomposites  based on

Cloisite® 30B  had an
intercalated morphology.
Epoxy-clay Higher (Tg) and improved | piscitelli

12. | nanocomposites Mixing of clay tensile modulus of epoxy- | o al.,
incorporatipg minerals using two silylated clay nanocomp(')si.tes (2012a)
MMT modified as compared to epoxy-pristine
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No | Material System | Synthesis Technique Key Results Reference
with 3- different methods. (a) | MMT or epoxy pronounced
aminopropyltrieth | sonication better interfacial interactions of
oxysilgne and N- (b) sonication with silyla‘Fed .clay min.eral.s. A
(2-aminoethyl)-3- ball-millin combination of sonication and

. . g 1
aminopropyltrime ball-milling, used to shear clay
thoxysilane In-situ minerals  yielded superior
polymerization dispersion and corresponding
improved mechanical
properties of nanocomposites
containing 3 wt% clay

minerals.
The silane molecules were able
Epoxy-clay to intercalate in interlayer space
nanocomposites Different amounts (1, | of MMT. The amount of
containing 3, 5 mass%) of grafted silane increased with an

silylated Nanofil | silylated MMT/ increase in the concentration of | M- and - )

3.1 557w MMT, OMMT silane in grafting reaction. 1‘2’3?1;0"&
Nanofil 2 and In-situ Epoxy-clay = nanocomposites ( )
Nanofil 8" polymerization containing  silylated MMT
OMMT exhibited improved

thermomechanical properties.

The interlayer space of MMT

increased with an increase in
Epoxy-clay the concentration of APDMES
nanocomposites used during grafting reaction.
incorporating The grafting of APTES also
MMT modified increased the interspacing of
with three MMT, but in the case of
different SCA’s PDMMS, a decrease was
ie. Mixing of MMT by observed.
3- sonication for 30 min. | The silylated clay | Bryce et

14. amlnopropyldlme In-situ panocomposr[es had al., (2014)
thylethoxysilane 1 ot intercalated structure. The size
(APDMES), 3- polymertzation of organic moieties did not
aminopropyltrieth significantly  influence the
oxysilane amount of grafted silane. The
(APTES), n- mechanical and  thermal
propyldimethylm properties of silylated-clay
ethoxysilane nanocomposites had  been
(PDMMS) significantly impacted by the

concentration of silane used
during grafting reaction.
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No | Material System | Synthesis Technique Key Results Reference

Nanocomposites

based on an The nanocomposites  with

unsaturated resin onium ion modified clay

and Cloisite® 30B minerals, i.e. Cloisite® 15A®

OMMT, Cloisite® and Cloisite® 30B exhibited

15A OMMT and | Mixing of clay exfoliated morphology and

Cloisite® Na mineralg using . superior dispersion as Romanzin
|5, | modified with mechanical stirring | compared to silylated Cloisite® | 1 etal.,

" | compatible and ultrasonication | Na* clay minerals. However, | (2015a)
silanes, Resin transfer silylated clay minerals based
vinyltriethoxysila | molding into a mold | hanocomposites showed higher
ne (CVTES) and flexural modulus and higher
Y- thermal deflection temperature
methacryloxyprop due to improved clay minerals-
yltrimethoxysilan matrix interactions.

e (CMPS)
Epoxy-clay
nanocomposites The silylated clay minerals
containing were more compatible with
Cloisite® 93A epoxy because of their
OMMT modified Mixing of clay enhanged hydrophobic
Wlth three' minerals using 3-roll behav10'r. The clay mmera}s ‘
16 different silanes mill had an intercalated structure in | lanchis et

" | (phenyl _ epoxy matrix. The improved | al., (2015)
dimethylethoxysil | /-situ adhesion and intercalation of
ane, octyl polymerization clay minerals brought
dimethylmethoxy improvements in  thermo-
silane and mechanical  properties  of
octadecyldimethy nanocomposites.

Imethoxysilane)
Interlayer space of MMT
' increased after silanization.
EPP’"Y resin apd The epoxy-clay
Epoxy-clay pristine and silylated nanocomposites ~ based  on
nANocOMmMbosites MMT m1x‘ed n a silylated MMT had formed
omp solvent using a high- | intercalated ~ structure. In
17. contgmmg MMT speed mechanical contrast to pristine MMT- Ryuctal,

modified with stirrer " th (2016)
aminopropyltrieth ) ] cpoxy  NAanocomposttes, ©
oxysilane Solution blending and | tensile  strength,  fracture
cured in Teflon plates | toughness of silylated MMT-
under vacuum epoxy nanocomposites

increased with an increase in
clay content.
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1.3 Fiber reinforced epoxy-clay nanocomposites

The fiber reinforced epoxy nanocomposites based on clay minerals have attracted great
attention in today’s materials research because clay minerals have a high modulus (176 GPa),
high in-plane strength, high aspect ratio (more than 1000), a high surface area (more than 750
m?/g), low cost, abundance in nature, and are benign to the environment (Pavlidou and
Papaspyrides, 2008; Saba et al., 2016). These properties make clay minerals a preferred
material for the design of hybrid composites. The improvements in performance of glass /
carbon / plant -fibers- epoxy composites with an addition of clay minerals have been reported
by many researchers (Alamri et al., 2012; Njuguna et al., 2007; Raji et al., 2016; Venkatram et
al., 2016; Verma, 2016). The improvements in various properties viz. compressive strength
(Subramaniyan and Sun, 2006), flexural modulus and flexural strength, durability, wear
resistance (Daud et al., 2009; Firdosh et al., 2015; Guermazi et al., 2013; Igbal et al., 2009;
Khan et al., 2011; Rafiq et al., 2017; Senthil Kumar et al., 2015; Sharma et al., 2012; Tsai et
al., 2006), tensile modulus and tensile strength (Kanny and Mohan, 2014; Khan et al., 2010),
Interlaminar shear strength (Quaresimin and Varley, 2008), impact properties (Igbal et al.,
2009; Khan et al., 2010; Mohan et al., 2015; Rafiq et al., 2017), improved fatigue life (Helmy
and Hoa, 2014; Withers et al., 2015), flame retardancy and improved thermal stability (Beyer,
2002; Lin et al., 2006; Mohan et al., 2015; Zhou et al., 2012) are of interest. These
distinguishing characteristics make the fiber reinforced epoxy-clay nanocomposites more and

more important in the modern polymer industry.

The preparation scheme of fiber reinforced epoxy-clay nanocomposites has been shown in
Figure 1.7. The synthesis of fiber reinforced epoxy-clay nanocomposites is carried out in two
steps. In the first step the clay minerals are dispersed in epoxy resin. The clay minerals layers
try to retain the original parallel packing due to electrostatic attraction and are difficult to
disperse in the polymer resin. Therefore, clay minerals layers are dispersed in polymer resin
by application of high shear forces, e.g. mechanical mixing, high shear homogenization,
ultrasonic mixing mechanical mixing followed by ultrasonication. Often, degassing of the
mixture is performed to avoid entrapment of air. The second step is mixing of hardener in
resin-clay mixture and impregnation of the mixture in fibers preforms to manufacture three-
phase hybrid nanocomposite, in which the main reinforcing phase is continuous fibers as shown

in Figure 1.8.
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Figure 1.7 Preparation scheme for fiber reinforced epoxy-clay nanocomposites

Figure 1.8 Clay minerals reinforcement of matrix in a fiber reinforced composite (Vlasveld

etal., 2005)

In the past, the fiber reinforced polymer-clay nanocomposites had been predominantly
synthesized using hand lay-up method, compression molding, pre-pregging and resin infusion
methods (Chowdhury et al., 2006; Dean et al., 2006; Gabr et al., 2015; Gurusideswar and
Velmurugan, 2014; Mohan et al., 2015; Njuguna et al., 2007; Nuhiji et al., 2016; Withers et al.,
2015; Zhou et al., 2012).

Three different types of structures are formed depending on the chemistry and processing
conditions. Small angle X-ray scattering (SAXS) and Transmission electron microscopy
(TEM) are generally used to investigate the morphology of nanocomposites. A schematic
illustration of three possible structures, with corresponding SAXS and TEM results, is shown
in Figure 1.9. When the polymer is unable to penetrate between the clay mineral layers, a phase

separated (immiscible) composite is obtained. In this case, there is no change in interlayer
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space of clay minerals and the X-ray scan of nanocomposites would essentially look the same
as is in the organoclay powder. If the polymer enters the interlayer space and increases d-
spacing as indicated by change in SAXS patterns, an intercalated nanocomposite is obtained.
In this case, the diffraction peak gets shifted to lower 20 values, indicating an increase in doo1

spacing. If the clay mineral layers are completely and uniformly dispersed in a random

direction, an exfoliated or delaminated nanocomposite is obtained.

Immiscible Intercalated Exfoliated

pure

; pure
£ %, organoclay

5 3 "-.‘ organoctay

Intensity

Intensity

exfoliated
nanocompasite

Intarcalatad

Immiscible nNanocomposite

nanocomposite

20 20 28

Figure 1.9 Illustration of different structures with corresponding XRD and TEM results(Paul
and Robeson, 2008)

In a fully exfoliated morphology, no diffraction peak is expected since the regular stacking of
clay layers does not exist or the layers move to a considerable distance apart, which would not

be detected by SAXS. TEM results confirm the formation of exfoliated morphology.

Intercalation / exfoliation of clay mineral layers is one of the primary requirements to achieve
better mechanical properties of polymer-clay nanocomposites. A uniform dispersion and
exfoliation of clay minerals generate a large surface area for interaction with the matrix.
However, the dispersion is dependent on the type of clay mineral, polymer and the processing

technique (Albdiry et al., 2012; Paul and Robeson, 2008).
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1.3.1 Fiber reinforced polymer clay nanocomposites: synthesis, properties, and

applications

A number of articles have been recently published on synthesis, characterization, and
applications of r fiber reinforced as well as clay minerals reinforced polymer composites
(Albdiry et al., 2012; Azeez et al., 2013; Paluvai et al., 2014; Pavlidou and Papaspyrides, 2008;
Sathishkumar, T.P. Satheeshkumar and Naveen, 2014). However, in this section, the review
of literature is limited to processing and characterization of fiber reinforced polymer-clay

nanocomposites.

In fiber reinforced polymer-clay nanocomposites, homogeneous dispersion of clay mineral
layers, the volume fraction of reinforcements, the orientation of fibers and lay-up, interfacial
adhesion between the reinforcements and matrix and complete crosslinking of resin and
hardener are crucial aspects for improved performance over conventional fiber reinforced
composites. Lin et al. (2006) had reported the effect of different processing methods on the
dispersion of commercially available organically modified montmorillonite Cloisite® 15A in
the matrix of glass fiber reinforced epoxy composites. The dispersion state of clay mineral
layers and mechanical properties of fiber reinforced epoxy-clay nanocomposites was
influenced by the (i) orientation of fibers relative to the direction of impregnation of resin (ii)
dispersion of clay minerals in different regions in a laminate (iii) quantity of clay minerals in
the matrix. The flexural modulus and thermal decomposition temperature of nanocomposites
increased with an increase in the concentration of clay minerals. Subramaniyan and Sun (2006)
manufactured composites using vacuum assisted wet lay-up method to avoid filtration of clay
minerals and observed an increase in elastic modulus of fiber reinforced epoxy composites with
incorporation of organoclay at 3% and 5% by weight. Interestingly, highest improvement in
elastic modulus was observed in laminates cured at room temperature and post-cured at
elevated temperature. The compressive strength of laminates was influenced by volume
fraction and orientation of glass fibers in composites. Some other recent studies undertaken on

correlate processing variables to mechanical properties have been discussed below.

Nuhiji et al. (2016, 2013) concluded that a rapid heating rate during curing lowered the
viscosity of nanofiller—epoxy resin mixture and facilitated the penetration of polymer chains in
clay interlayer space as well as promote adhesion between epoxy and fibers. The use of
Quickstep™ process during curing of laminates significantly reduced the agglomeration of clay
minerals in fiber preforms and imparted better mechanical properties to fiber reinforced

composites (Davies et al., 2007; Zhang and Fox, 2005). Quickstep™ process is a novel
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manufacturing process developed by Quickstep Technologies Pvt. Ltd., Perth, Australia which
facilitates dispersion of clay minerals in fiber preform layers by reducing the viscosity of epoxy
resin-clay mixture through the application of rapid heating rates and mechanical vibrations.
Mohan et al. (2015) carried out a systematic study about the effect of quantity of clay minerals,
fiber orientation and fiber volume fraction on tensile modulus and ballistic limit during
projectile impact. The increase in tensile modulus of nanocomposites was more significant
with low quantities of clay minerals because of exfoliation of clay mineral layers. The damping
behavior and ballistic limit improved with an increase in the amount of clay in fiber reinforced
epoxy composites with different fiber orientations and volume fractions. Quaresimin and
Varley (2008) had reported improvement in matrix-dominated properties of carbon fiber
reinforced composites with the addition of nanofillers in epoxy. The compressive strength,
interlaminar shear strength, and impact strength significantly increased which had been

attributed to a delayed opening as well as the growth of cracks in the nano-modified matrix.

Zhou et al., (2012) studied the effect of incorporation of different quantities of clay minerals
on thermal and mechanical properties of epoxy-clay nanocomposites. Furthermore, carbon
fiber reinforced epoxy-clay nanocomposites were synthesized with 2 wt% clay minerals. The
tensile properties, flexural properties and fatigue life of carbon fiber reinforced epoxy-clay
nanocomposite increased significantly as compared to carbon fiber reinforced neat epoxy
composites. Khan et al., (2010) observed that the tensile modulus, tensile strength, and
elongation at failure of carbon fiber reinforced composites increased with incorporation of
organoclay at different concentrations. The inclusion of organoclay was found to delay the
delamination damage growth in laminates and improve fatigue life for a given cyclic load level.
In a similar work, Withers et al., (2015) observed improvement in tensile properties and
operational life under vibro-creep-fatigue loadings at 60°C of fiber reinforced composites
incorporating clay minerals, which had been attributed to strong adhesion between glass fibers
and clay-epoxy matrix. Helmy and Hoa, (2014) carried out static strength and fatigue tests on
glass fiber epoxy-clay tapered beam specimens with different lay-ups of glass fibers. The
tensile fatigue life of composites improved significantly with the addition of clay minerals due

to a decreased crack growth rate over the whole fatigue life except in the early stages of loading.

Some other studies describe the effect of clays minerals with different origins, charge exchange
capacities and organic modification, epoxies, the volume fraction of clay minerals, process
conditions and morphology of clay minerals in the nanocomposite, etc., which are of

importance. Timmerman et al., (2002) synthesized carbon fiber reinforced epoxy-clay
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nanocomposites incorporating Cloisite® 25A and alumina particles to study the effect of
nanoparticle reinforcement on the response of carbon fiber reinforced composite to cryogenic
cycling. Cloisite® 25 A was incorporated into epoxy resin at different concentrations viz. 2, 5,
8 parts per hundred resin (phr) whereas a fixed concentration, i.e. 5 phr of alumina particles
was used. An increase in interlaminar shear strength had been observed with incorporation of
Cloisite® 25A at 2 and 5 phr. The flexural strength increased with an addition of alumina

particles also.

Haque et al. (2003) attained significant improvements in mechanical and thermal properties of
conventional glass fiber reinforced composites with incorporation of small amounts of
Montmorillonite (MMT) 1.28 E. The Thermogravimetric analysis (TGA) of composites
revealed that the decomposition rate decreased with incorporation of MMT in epoxy matrix.
The Dynamic mechanical analysis (DMA) indicated an increase in glass transition temperature
(Tg) with an increase in clay loadings up to 2%. Also, both the interlaminar shear strength and
flexural strength of S2-glass epoxy-clay nanocomposites increased by 44% and 24%
respectively, with an addition of 1% MMT. But at higher clay concentrations a decrease was

observed in all properties.

Avila et al. (2006) performed low-velocity impact tests on glass fiber reinforced epoxy-clay
nanocomposites. Nanomer® 1.30 E OMMT in different quantities (1, 2, 5 and 10 wt%) were
dispersed in epoxy using direct mixing method. XRD patterns indicated an intercalated
morphology of nanocomposites. The delamination resistance as well as damping resistance

increased with the incorporation of OMMT.

Chowdhury et al., (2006) investigated (). effect of the addition of nanoclay in different weight
percentage and (ii). effect of post-curing on flexural and thermal properties of woven carbon
fiber reinforced epoxy matrix composites. Nanomer® 1.28E® OMMT in different
concentrations, i.e. 1, 2 and 3 wt% were dispersed in epoxy using sonication route. Vacuum
assisted resin infusion molding process was used to prepare the carbon fiber reinforced
composites. The post-curing of some specimens was done at 100°C for 5 h in a convection
oven. The flexural strength and flexural modulus of all specimen increased with 2 wt% OMMT
concentration. The highest improvement in flexural strength was 14% that in thermally post-
cured samples. However, the modulus of samples cured at room temperature and post-cured
at elevated temperature remained almost the same. The DMA results indicated that the storage

modulus and loss modulus improved with an addition of 2 wt% OMMT, and then it decreased
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at 3 wt% concentration. The scanning electron micrographs of failure surface showed that

there was good bonding between fiber and matrix in 2 wt% samples.

Hamidi et al., (2008) investigated the morphology, void content and spatial void distribution
in resin transfer molded glass fiber reinforced epoxy-clay nanocomposites. The composite
disks containing E-glass fibers, 13.6% (by volume) and different concentrations of Cloisite®
25A OMMT, e.g. 2, 5, 10 wt% were synthesized. The microscopic image analysis of the
specimen was carried out at different cross-sections of composites in five different radial
directions. The overall void content was observed to increase to 5.1%, and 8.3% in composites
containing 5 wt% and 10 wt% OMMT, respectively as compared to fiber reinforced neat epoxy
composite. But the presence of OMMT in resin reduced the voids located within the fiber

preform by at least 60%.

Xu and Hoa, (2008) investigated the effect of incorporation of clay minerals on the flexural
strength and fracture toughness of carbon fiber reinforced epoxy-clay nanocomposites. 2, 4
and 6 phr of Nanomer® I.30E OMMT had been dispersed in epoxy resin. The clay minerals
were mixed in the epoxy resin at 80°C using a mechanical stirrer, and the mixture was diluted
with 11 parts (50%) of acetone. This mixture was passed through a high pressure mixing
machine to prepare a paste. The fiber reinforced epoxy-clay nanocomposites had been
manufactured through a hot melt layup and autoclave process. The mode I interlaminar fracture
toughness of fiber reinforced composite increased by 53% and 85% with incorporation of 2
and 4 phr OMMT, respectively. At 2 phr, the flexural strength also increased by 38%, but at 6

phr a decrease was observed.

Kornmann et al., (2005) used a hand lay-up method in combination of vacuum bagging to
synthesize glass fiber reinforced epoxy-clay nanocomposites. The laminates were placed in a
vacuum bag and kept in a hydraulic press under a pressure of 2 bar. Then post-curing was done
by removing the vacuum bag and heating the specimens at 140°C for 10h. The flexural modulus
and flexural strength increased by 6% and 27%, respectively with incorporation of OMMT.
The water uptake was similar for both the materials in the early stages of the experiment, but

at 50 °C, it was much high in nanocomposite than in neat epoxy composite.

Dorigato et al., (2012) investigated the fiber-matrix interfacial shear strength of E-glass
polymer matrix composites by the single-fiber micro debonding method. The interlaminar

shear strength increased by 30%, which had been attributed to stronger fiber-matrix interface
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due to the presence of OMMT. Also, the wettability of fibers with polymer increased due to
the incorporation of OMMT.

Zulfli and Chow, (2012) prepared glass fiber reinforced epoxy nanocomposites, containing
different concentrations of OMMT by hand lay-up technique. The flexural modulus, flexural
strength, impact strength and fracture toughness were highest in nanocomposites containing 4
wt% OMMT. The thermal stability of glass fiber reinforced composites was greatly enhanced

at this concentration, which was attributed to exfoliation of OMMT mineral layers.

Zhou et al., (2008) synthesized carbon fiber reinforced nanocomposites based on two nano-
modified matrices: Cloisite® 10A OMMT- epoxy and Cloisite® Na* MMT-phenol. It is
interesting to note that SAXS patterns indicated formation of an intercalated structure if
OMMT was first mixed in epoxy resin by sonication method. An exfoliated structure in the
case if OMMT had been mixed with the hardener first, and then epoxy resin was mixed This
had been attributed to smaller size and more flexible molecules of the hardener, which could
quickly enter the interspace and separate the clay mineral layers. Also, the tensile strength of
intercalated nanocomposites was low as compared to fiber reinforced neat epoxy composites.
The exfoliated nanocomposites exhibited an enhanced tensile strength and tensile modulus.
The tensile properties of composites in the rubbery state were improved with an addition of
OMMT. The flexural properties and glass transition temperature (Tg) of carbon fiber reinforced
epoxy/phenol-clay nanocomposites increased with an increase in volume fraction of clay

minerals.

Zhou et al., (2012) synthesized epoxy-clay nanocomposites with different quantities (1, 2, 3
and 4 wt%) of clay minerals. The nanocomposites were characterized using dynamic
mechanical analysis, thermogravimetric analysis, and flexural property measurements. The
composition with 2 wt% clay minerals improved flexural and thermal properties. Further,
carbon fiber reinforced nanocomposite incorporating 2 wt% clay minerals showed significant
improvements in tensile properties, flexural properties and fatigue performance as compared

to fiber reinforced neat epoxy composites.

Bozkurt et al., (2007) carried out organic modification of Na* MMT using Hexadecyltrime-
thylammonium chloride salt by an ion exchange method, and synthesized glass fiber reinforced
epoxy-clay nanocomposites with different concentrations (1, 3, 6, 10 wt%) of Na" MMT and
OMMT. The flexural properties, storage and loss modulus, fire retardancy increased with the

incorporation of clay minerals, however at 10 wt% the mechanical, glass transition temperature
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(Tg) and flammability of nanocomposites significantly decreased. The glass transition
temperature (Tg) improved with the incorporation of OMMT. An incorporation of clay

minerals did not significantly influence the tensile properties.

Gurusideswar and Velmurugan, (2014) studied the stress-strain response of epoxy, glass fiber
reinforced epoxy composites and glass fiber reinforced epoxy-clay nanocomposites at different
strain rates, viz. 0.5, 5, 50 and 500 mm/min. An incorporation of clay minerals in epoxy
increased the tensile modulus, but a decrease in tensile strength was observed. The glass fiber
reinforced epoxy nanocomposites containing 1.5% clay minerals exhibited a small increase in
tensile modulus and tensile strength. At higher concentrations, i.e. 3% and 5%, agglomeration

of clay mineral layers led to a decrease in tensile properties.

Dean et al., (2006) synthesized three-phase hybrid nanocomposites with carbon fibers, epoxy
modified with different quantities of clay minerals (2, 4, 6 wt%). Exfoliated morphology had
been obtained in nanocomposites containing 2 wt% Cloisite® 30B OMMT. The gelation time
was calculated from DMA scans at two different cure temperatures. It was concluded that a
change in process temperature significantly influences gelation time. The highest improvement

was achieved in matrix-dominated properties, i.e. flexural modulus and flexural strength.

Kanny and Mohan, (2014) investigated the effect of a change in concentration of Cloisite® 30B
on flow rate and viscosity of epoxy-clay resin mixture, the compressibility of laminate, the
extent of curing, tensile stress-strain behavior, and the storage modulus of E-glass fiber
reinforced epoxy-clay nanocomposites. The clay content was 1, 2, 3, 4 and 5 wt%. The flow
rate and compressibility decreased with an increase in clay minerals content, because of an
increase in viscosity of clay — epoxy resin mixture. The tensile modulus, tensile strength,
storage modulus, glass transition temperature (T) of fiber reinforced clay nanocomposite
increased due to increase in clay concentration up to 3 wt% but then decreased at higher clay

concentrations.

Rafiq et al., (2017) synthesized hybrid materials with E-CR glass fiber mat, epoxy and two
different concentrations of Nanomer® 1.30 OMMT (1.5 wt% and 3 wt%). The damage
resistance of the laminates under low-velocity impact increased with incorporation of OMMT.
The nanocomposite containing 1.5 wt% OMMT showed the highest impact strength as

compared to other composition.

Khan et al., (2011) investigated the effect of clay minerals concentration on impact and quasi-

static response of epoxy-clay nanocomposites and corresponding carbon fiber reinforced

29



epoxy-clay nanocomposites. The clay concentrations was 1, 3 and 5 wt%. The flexural
modulus, flexural strength, and impact toughness of both epoxy-clay nanocomposites and fiber
reinforced epoxy-clay nanocomposites were highest at 3 wt% concentration, and then a
decrease in these properties was observed at 5 wt%. The quasi-static fracture toughness was

highest in compositions incorporating 5 wt% clay minerals.

Tsai et al., (2006) synthesized epoxy-clay nanocomposites and glass fiber reinforced epoxy-
clay nanocomposites to study the effect of clay minerals concentrations (2.5, 5, 7.5 wt %) on
static strengths of nanocomposites. The tensile strength of epoxy-clay increased with increase
in the concentration of clay minerals, but the strain to failure decreased. The compressive
strength of fiber reinforced epoxy-clay nanocomposites was highest in a composition

incorporating 5 wt% clay minerals.

A summary of the literature on fiber reinforced clay-polymer nanocomposites in chronological

order has been listed in Table 1.2.

Table 1.2 Summary of a literature review on fiber reinforced clay-polymer nanocomposites

1\?('). 1\;[;::::2] Szcnhtll:qu:lse Key Results Reference
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Epoxy-clay mixing and wt%), more clay  mineral
) and ultrasonication to | aggregates formed. Haque et
glass fiber ?ITOMl\t/IO; (.1’ 2. | Glass transition temperature (Tg), al., (2003)
reinforced oW (f) m Interlaminar ~ shear  strength,
Cpoxy resin. flexural strength and flexural

30




1\?(') I\é[;::::rz:l ?gcnhtllllieqslllse Key Results Reference
epoxy-clay modulus of glass fiber reinforced
nanocomposite VARIM nanocomposite increased at low

® clay loading (1%), whereas a
(Nanomer™ 1.28 . :
E) decrease in these properties had
been observed at higher clay
loadings.
rciliisfi)rflzzr Hand Improvement in flexural and | Kornmann

3. epoxv-cla layup/vacuum barrier properties by addition of | et al.,
ngnoZomp}:)si tos bagging method. | clay minerals. (2005)
Glass fiber
reinforced Direct mixing . )
epoxy-clay method. The addition pf 'clay 'mmerals Avila et

4. nanocomposite. v ted reduced de}am}natlon, 1qcreased al., (2006)
N ®130 a:‘fum assiste rebound during impact testing. ’

anomer" [. wet layup.
E)
o An increase in flexural properties
Woven carbon | Mixing of and storage modulus and loss
fiber reinforced ON([)MT (1,2,3 modulus with the incorporation of
epoxy wt %) in epoxy OMMT up to 2 wt%. Values | Chowdhur
5 nanocomposites | Lo u:mg decreased at higher concentrations | y et al.,
containing sonication. of OMMT. (2006)
Nanomer® 1.28E Post-cured samples showed better
OMMT VARIM. properties than room temperature
cured samples.
With every 2 wt% increase in the
concentration of clay minerals, the
viscosity of epoxy-clay resin

Carbon fib Mechanical mixture increased 10 times.

aroon hoer stirring of epox :

reinforced and clgy resri)n y Exfphated morphology was

epoxy mixture gchleved iny in 0nanocomp051tes Dean et

6. nanocomposites 1ncorp0¥at1ng 2 WtA) clay mlneral's. al., (2006)
containing The highest .1mpr0\'/eme'nts in
Cloisite® 30B Vacuum assisted flexural properties attained in these

oisite .
OMMT resin infusion nanocomposites.
molding Incorporation of clay minerals did
not enhance interlaminar shear
strength and fracture toughness of
fiber reinforced composites.
Glass fiber Edgingr:sfh:lsy ™| Ultrasonic dispersion provided the Lin et al

7. | reinforced poxy y best results in terms of dispersion ”
epoxy-clay direct mixing, of clay mineral layers. (2006)
nanocomposites | solution mixing,

31




1\?('). I\é[;::::rz:l ?gcnhtllllieqslllse Key Results Reference
containing and ultrasonic Longitudinal flexural modulus and
Cloisite® 15A dispersion glass transition temperature (Tg) of
OMMT methods. fiber reinforced nanocomposite
increased, but a decrease in flexural
VARTM. strength observed at high clay
loadings (5 wt%).
Nanomer® 1.30E The strength of epoxy improved
OMMT epoxy with an addition of clay minerals,
nanocomposites _ but strain to failure of specimens | Tsai et al.,
2 and . Vacuum assisted | jecreased. (2006)
corresponding hand lay-up
glass fiber The fiber reinforced epoxy-clay
reinforced nanocomposites exhibited
nanocomposites improved compressive strength.
The doo1 spacing of MMT increased
after organic modification.
The void content in the composite
increased with an increase in the
Mechanical concentration of clay minerals. The
stirring and tensile and flexural properties of
E-glass fibers ultrasonication of | Poth ~ MMT ~and ~ OMMT
and epoxy epoxy-clay resin nanocomposites were same at 1 | Bozkurt et
9 | modified with mixture wt% clay concentration.  The | al., (2007)
Na" MMT/ nanocomposites incorporating 6
OMMT wt% OMMT exhibited the highest
Hand lay-up improvements in flexural strength,
method storage modulus, loss modulus,
glass transition temperature (Ty),
but the tensile strength was
unaffected. The fire retardancy of
composites increased significantly
with incorporation MMT/OMMT
E-glass fiber
reinforced Mechanical Overall void content increased with
10 epoxy-clay stirring and an increase in clay content. Hamidi et
| Nanocomposites | sonication, Reduction in voids located within | al., (2008)
the fiber performs.
Carbon fiber Shear mixing Increase in ILSS, Gic, and impact o
reinforced Attrition milling | absorption capability with the | Quaresimi
11, | CPOXY ' process. addition of Cloisite 30B® and | N and
" | nanocomposite VGCF modifiers. Varley,
containing (2008)
different Hand layup

32




S. Material Synthesis
No. System Technique Key Results Reference
Nanofillers: A decrease in mode I crack opening
Cloisite® 30B, behavior with the addition of
Pyrograf®-I11 nanofillers.
(VGCF)
Mechanical
qu‘t;on ﬁ(ll)er stirring and high-
remloree pressure mixing The fracture toughness of fiber
epoxy hod . . . Xu and
. metho reinforced composites increased
12. | nanocomposites . . . Hoa,
L. with the incorporation of clay
containing . (2008)
& minerals at 2 phr and 4 phr.
Nanomer™ L.30E | Hot melt lay-up
OMMT
Autoclave
Exfoliation of OMMT in epoxy
.. nanocomposites ocuured if clay
Ml Xmgl Of clay was mixed with the hardener. An
Carbon gber/ mlge/ra;ls 1(? POXY | intercalated structure had formed if
Cloisite™ 15A rest-hardenet clay was mixed with epoxy resin.
OMMT-epoxy using sonication . ‘ .
nanocomposites for 30 min. Superior tensile properties of
3 Inositu eppxy-OMMT carbqn ﬁbgr Zhou et
: L reinforced composites in | a1, (2008)
polymerization . . o
Carbon fiber/ comparison with carbon fiber neat
Cloisite® Na* epoxy nanocomposites in the
MMT- phenol Hand-layup and rubb(?ry state. Flexural and glass
nanocomposites | Compression transition temperature (Tg)
. increased with the incorporation of
molding 3 }
clay minerals in epoxy/ phenol
nanocomposites
The nanocomposites had been
prepared with 1, 3, 5 wt% OMMT.
Epoxy o The flexural modulus, flexural
nanocomposites Shegr mixing strength and impact toughness of
and carbon fiber | sonicationina both epoxy nanocomposites and | Khan et
14, | reinforced bath sonicator carbon fiber reinforced | 41 (2011)
| epoxy Hand lay-up, nanocomposites were highest in a
nanocomposites | cyred using a composition containing 3 wt% clay
with Nanomer® | yacuum hot press | minerals, and then a decrease in
1.30P OMMT these properties was observed at 5
wt%.  The quasi-static fracture
toughness was highest at 5 wt%
An introduction of OMMT led to
E-glass Hand lav-u the formation of a stronger fiber- | Dorigato
15. | fiber/matrix, techni li; P matrix interface, which increased | et al.,
OMMT q the interfacial shear strength by | (2012)

30%.

33




1\?('). I\é[;::::rz:l ?gcnhtllllieqslllse Key Results Reference
Glass fiber
Zzlg)t(‘c})lrced A balance of flexural quulus, .
composites Hand lay-up flexural strength, and impact | Zulfli and

16. containing’ technique strepgth and fracture toughness was | Chow,
various ach1§ved only at 4 wt% OMMT | (2012)
concentrations loadings.
of OMMT

Mixing of clay
migerals in epoxy | Epoxy-clay nanocomposite
Epoxy-MMT resin b}’ incorporating 2 wt% clay minerals
nanocomposites sonication had the highest storage modulus
and flexural strength.

17. Vacuum assisted | The carbon fiber reinforced epoxy- | Zhou et
Carbon fiber resin transfer clay nanocomposite with 2 wt% | al., (2012)
reinforced molding in MMT showed improvements in
MMT epoxy preparing carbon | tensile strength, flexural strength
nanocomposites | ' . .4 | and crack propagation resistance in

epoxy-clay tension-tension fatigue tests.

nanocomposites

Preheating of

epoxy to reduce The stress-strain behavior was

the viscosity. approximately linear up to the
Glass fiber maximum stress point and was
reinforced sensitive to strain rates. The | Gurusides
epoxy . Mechanical highest modulus and tensile | War and

18. | nanocomposite | stirring of the strength observed at highest strain Velmurug
incorporating epoxy-clay resin | rate, 500 mm/min. The presence of | an, (2014)
Garamite 1958%® | mixture clay minerals at low concentration
OMMT increased both the tensile modulus

and tensile strength of glass fiber
Hand lay-up reinforced composites.
method
A small increase in tensile strength
S-glass fiber of glas; ﬁbgr reinforceq _epoxy
reinforced Manual mixing composite with the addition of
and high shear OMMT. The strain to failure
cpoxy ST decreased. The fiber orientation Helmy

19. | nanocomposites | homogenization ‘ and Hoa,

containin and presence of clay had al ,;
g Hand lay-up and | gjonificant effect on fatigue life of
I(\)Ii;[llc\)/lnr}er 130 | autoclave composite. The presence of

OMMT effectively suppressed the
crack propagation.

34




1\?('). I\é[;::::rz:l ?gclll:;l:(ls:lse Key Results Reference
The flow rate of epoxy-clay resin
mixture and compressibility of
laminate decreased due to increase
Silane treated E- | Mechanical in viscosity of the mixture. The
glass fiber stirring of epoxy- | exfoliation of clay minerals Kanny
reinforced clay resin mixture | observed  in  nanocomposites | ,nq
20, | SPOXY containing up to 3 wt% clay Mohan,
" | nanocomposites minerals. The improvements in (2014)
based on Vacuum assisted | tensile properties, storage modulus,
Cloisite® 30B resin infusion and glass transition were highest in
OMMT molding nanocomposites containing 3 wt%
clay minerals. The properties of
nanocomposites decreased with a
further increase in clay content.
Exfoliated structures were obtained
Stirring of epoxy- at 1 wt% a}nd 2 wt% clay minprals
Silane treated E- | clay resin mixture concentrations whereas at higher
olass fiber maintained at 70 f:oncentratlons 3, 4, 5 wt%)
reinforced oC intercalated  structures were
formed. The Young’s modulus and Mobhan et
21. relggzc}:lom osites ballistic limit of nanocomposites | al-» (2015)
based onp Vacuum assisted inf:reased with an inc.rease in clay
Cloisite® 30B resin infusion mmerals concentration. The
OMMT molding improvements in dgmpmg
characteristics and crack resistance
attained in nanocomposites with 2
to 3 wt% clay minerals
rciliisfi)rflzzr E;Z};eyains%n?f The fiber r.einforced epoxy-clay
,, | epoxy-clay Mixing of clay | hanocomposites showed IMProved | yperg of
" | nanocomposites minerals using a . properties and operationa al., (2015)
based on magnetic stirrer life ' under  Vibro-creep-fatigue
Cloisite® 30B H loadings at 60 °C.
and lay-up
High shear Exfoliated structures obtained at
fe_i(rifl'i r%l:;s fiber mixing two different clay mineral loadings
(1.5 wt% and 3 wt%). The
epoxy . .. o, | Rafiqet
23. nanocomposites nanocqmposne containing 1.'5 wt% al., (2017)
with Nanomer® Hand lay'-up and clay mmergls showefi bette.r impact ’
130 OMMT hot pressing resistance in comparison with other

method

compositions.

35




The following studies explain the importance of mixing parameters, e.g. speed of stirrer/
homogenizer, amplitude, and duration of ultrasonication, the temperature during premixing,
degassing the solution after sonication/ homogenization and curing schedule in development

of nanocomposites by in-sifu polymerization method.

Borsig et al., (2007) investigated the influence of organically modified montmorillonite on
crystallization and melting behavior of syndiotactic propylene —clay nanocomposites. One of
the important findings was that montmorillonite mineral layers could act as obstacles to lower
the rate of crystallization, but at the same time provide more nucleating sites for crystallization
to occur. Dean et al., (2007) prepared nanocomposites containing 1, 2.5 and 5-wt% clay
minerals by three different methods: two solvent based dispersion methods (bath sonication
and ultrasonic probe sonication) and a non-solvent high-speed shear mixing method. SEM and
TEM were used to investigate the morphology of nanocomposites. Ultrasonication (combined
with a solvent), brought superior nanoscale dispersion and resulted in an increase in fracture

toughness, strength, and strain to failure of nanocomposites.

Ingram et al., (2007) investigated different factors, e.g. use of sonication, choice of curing
agent, the effect of the moisture content of the clay and cure temperature influencing the degree
of intercalation of OMMT. Higher cure temperatures and higher levels of clay moisture
increased the extent of exfoliation. Chow and Yap, (2008) used response surface methodology
to investigate the effect of process variables on the flexural properties of 4 wt% OMMT and
epoxy nanocomposites. The speed of the mechanical stirrer, post-curing time and post-curing

temperature were able to influence the flexural modulus and flexural strength.

Kaushik et al., (2009) observed that the tensile and flexural properties of nanocomposites were
mainly dependent on the dispersion state of nanofiller. The graphite flakes in different
quantities (2, 4, 6, 8, 10 wt%) were mixed in unsaturated polyester resin and nanocomposites
were prepared. The tensile modulus, flexural modulus, and flexural strength increased steadily
with incorporation of graphite up to 10 wt%, which had been attributed to a uniform dispersion

and good interfacial adhesion between graphite flakes and polyester.

Ngo et al., (2009) studied the effect of temperature, duration and speed of pre-mixing on the
dispersion of OMMT in epoxy resin. The XRD and TEM results indicated that the clay mineral
particles were broken down into smaller and smaller sized layers with an increase in pre-mixing
temperature and pre-mixing speed. During premixing step, these parameters did not show a

significant effect on intercalation/exfoliation of OMMT but improved the dispersion of clay
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minerals by breaking large particles into smaller aggregates. Also, speed was seen to be more

influential than the temperature in terms of clay minerals dispersion.

Ngo et al., (2012) studied the effect of incorporation of Cloisite® 30B on the mechanical
properties of epoxy nanocomposites. Nanocomposites were prepared by premixing the
nanoclay in epoxy under different temperatures and using different mixing devices: a
mechanical stirrer, a microfluidizer, and a homogenizer. The tensile modulus increased almost
linearly with an increase in both clay loading and the quality of dispersion. It was observed
that incorporation of Cloisite® 30B did not significantly affect the glass transition temperature
(Tg) of the epoxy. The storage modulus of epoxy nanocomposites increased with a

homogeneous dispersion of clay in epoxy.

Bakar et al., (2013) investigated the effect of sonication amplitude and mixing time on the
mechanical and thermal properties of epoxy-clay nanocomposites. The impact strength of
nanocomposites increased with an increase in the amplitude of sonication at short mixing times
but affected the impact strength if sonicated for longer mixing times. The effect of mixing time
was more pronounced than the sonication amplitude regarding deflections produced under

loads applied at high temperature.

Banerjee et al., (2013) studied the dispersion of clay minerals in polypropylene-clay
nanocomposites. The lower content of compatibilizer promoted good dispersion and
intercalation of polymer chains into clay interspaces. The higher percentage of grafted maleic
anhydride onto the compatibilizer led to a decrease in mechanical properties of
nanocomposites. The concentration of clay also influenced the dispersion of clay minerals in
polypropylene. A reduction of mechanical properties at high clay minerals concentrations had

been attributed to increased clay agglomeration.

Zunjarrao et al., (2006) observed high shear mixing method enabled better dispersion of clay
minerals in comparison to ultrasonication method when the volume fraction of clay minerals
varied from 0.5 to 6%. The flexural modulus increased with an increase in clay volume fraction
but the fracture toughness increased with clay minerals loadings up to 2% and then decreased.
The experimental results of the flexural modulus for nanocomposites were closer to theoretical

predictions for the volume fraction of clay up to 2 %.

The compatibility of organic modifier with the polymer matrix is also an essential factor
for synthesis of intercalated/ exfoliated nanocomposites. The structure of nanocomposites and

its properties are influenced by organic modifier used in the modification of clay minerals
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(Kornmann et al., 2001; Le Pluart et al., 2005). In a recent work, Singla et al., (2014) studied
the role of the organic modifier of montmorillonite in the synthesis of Poly (lactic acid)/clay
nanocomposites synthesized through microwave-assisted in situ ring opening polymerization.
The organic modifiers in Cloisite® 15A and Cloisite® 30B promoted exfoliation of clay mineral
layers as well as participated in the polymerization of lactide. Velmurugan and Mohan, (2004)
observed no change in doo1 spacing of Na" bentonite even if high shear mixing method was
employed to disperse clay at different concentration in epoxy matrix. In contrast, Garamite
1958 OMMT, when mixed in a matrix using high shear method showed a small change in doo:
spacing. Also, the elastic modulus, storage modulus and thermal stability of epoxy-clay
nanocomposites containing Garamite were greater in comparison to Na' bentonite epoxy

composite and pure epoxy.

Chen and Tolle, (2004) synthesized fully exfoliated epoxy-clay nanocomposites by dispersing
OMMT in a solution of epoxy resin and acetone by high shear mixing and ultrasonication. The
clay mineral layers were homogeneously and randomly distributed in the matrix. Lam et al.,
(2005) studied the effect of sonication time on the exfoliation of clay mineral particles and
micro-hardness of epoxy-clay nanocomposites. The XRD results indicated little change in doo1
spacing of clay minerals. However, the particle size, observed by scanning electron
microscopy (SEM) was influenced by different ultrasonication times. The micro-hardness of
the epoxy-clay nanocomposites was a maximum (12 Hv) at 10 min of ultrasonication time and
decreased with further increase in ultrasonication time. Yuhana et al., (2012) carried out
experiments to determine the effect of ultrasonication time on properties of epoxy-clay
nanocomposites. The mixing step involved mechanical stirring followed by ultrasonication for
either 1h or 3h. The highest doo: spacing of nanoclay had been achieved with 1h of
ultrasonication. It had been concluded that an extended ultrasonication did not improve the

thermal stability of nanocomposites.
1.4 Environmental degradation of polymeric composites

The fiber reinforced epoxy composites have been the mainstay of high-performance structural
materials for aerospace, defence, marine, automotive, civil infrastructure, sporting goods, etc.
The downside of polymeric composites is their inherent sensitivity to environmental factors
such as temperature, exposure to liquids, gases, electrical fields and radiation. It is well known
that polymer composites undergo swelling on the absorption of fluids and expansion strains,
residual stresses are generated. The combination of mechanical loads and hygrothermal loads

can cause irreversible changes in chemical, physical and mechanical properties and reduce the
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useful life of the composites. Additional, residual stresses are generated due to the mismatch
in moisture induced volumetric expansion between the matrix and the fibers. Also, in the
matrix, water acts as a plasticizer increases free volume and lowers the glass transition
temperature. The water that is absorbed by polymer matrix ends up reaching to fiber-matrix
interface and has a detrimental effect on the chemical bonds between fiber and matrix thereby
limiting the useful life of glass fiber reinforced composites. Extensive data are available for a
multitude of polymers and polymeric composites on exposure to fluids (Maxwell et al., 2005;
Weitsman and Elahi, 2000). Therefore, modifying the matrix material with nanofillers to
increase the service life of composites in adverse environmental conditions is a research area
of great interest. In the quest to realize the potential of nanofillers in imparting improved barrier

properties to fiber reinforced polymer composites, extensive studies have been presented.
1.4.1 Hygrothermal studies on fiber reinforced epoxy-clay nanocomposites

There are many applications in which fiber reinforced composites are exposed to the moist
environment and high temperatures. The main downside of polymeric composites is the loss
of inherent mechanical properties caused by degradation of matrix due to swelling,
embrittlement, plasticization and chemical hydrolysis (Garg et al., 2016; Mourad et al., 2010;
Ray, 2006; Ray and Rathore, 2014; Thomason and Ali, 2009; Wang et al., 2015). Recent
reviews of the marine applications of fiber reinforced composites have included use for naval
ships and submarines, propellers, offshore energy, and underwater repair of steel pipelines
(Graham-Jones and Summerscales, 2015a; Mouritz et al., 2001; Santhosh et al., 2011;
Summerscales, 2015). The water that is absorbed by polymer matrix ends up reaching to fiber-
matrix interface. It has a detrimental effect on the chemical bonds between fiber and matrix
thereby limiting the useful life of glass fibers reinforced composites. Therefore, modifying the
matrix material with nanofillers to increase the service life of composites in marine conditions
is a research area of great interest. In the field of nanocomposites, some studies are available
which advocate excellent moisture barrier capacity of clay minerals (Abacha et al., 2007; Kim
et al., 2005; Mittal et al., 2015; Saharudin et al., 2016; Tan and Thomas, 2016). The
improvement in barrier properties of composites is achieved if the clay mineral layers are
dispersed uniformly in the polymeric matrix, has an intercalated or exfoliated morphology and
forms strong interfacial bonds with matrix (Alamri and Low, 2012; Kim et al., 2005; Liu et al.,
2005a; Tan and Thomas, 2016; Zainuddin et al., 2009). Clay minerals have also gained
popularity in marine antifouling coatings as well as antimicrobial films (Armstrong et al., 2012;

de Azeredo, 2012; Dong et al., 2015).
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Kim et al., (2005a) studied moisture absorption and thermo-mechanical properties of epoxy
modified with three different types of organoclays: a quaternary alkylamine modified
montmorillonite (KH-MT®), a quaternary ammonium modified montmorillonite (Cloisite®
20A) and octadecylamine modified montmorillonite (I30P®). The nanocomposites were
hygrothermally treated in an environmental chamber at 85°C for 25 days. The rate of diffusion
of moisture into nanocomposites containing I30P and Cloisite® 20A OMMT was slower than
those based on KH-MT. The moisture diffusivity of nanocomposites was observed to decrease
with increasing clay content (3% and 5%). Moisture diffusivity decreased by 36% and 39%
and 19% with 5 wt% clay content of I30P, Cloisite® 20A, and KH-MT respectively as
compared to neat epoxy resin. The glass transition temperature (Tg) of both epoxy and

nanocomposite decreased linearly with the increase in moisture content.

Kornmann et al., (2005) used a hand lay-up method in combination with vacuum bagging and
hot processing technique to manufacture glass fiber reinforced epoxy-clay nanocomposites.
The flexural modulus and strength of epoxy increased by 6% and 27%, respectively with
incorporation of OMMT. The presence of glass fibers inhibited water uptake in epoxy. The
water uptake curves were similar at 23 °C, but at 50°C water uptake was much higher in fiber

reinforced epoxy-clay nanocomposites than in glass fiber reinforced neat epoxy composite.

Wang et al., (2006a) studied the effect of hydrothermal environment on thermal and mechanical
properties of neat epoxy and epoxy-clay nanocomposite. The epoxy nanocomposites were
prepared using a “slurry compounding approach.” Moisture absorption experiments showed
less moisture uptake by neat epoxy in comparison to nanocomposite. Moisture absorption did
not significantly influence the values of fracture toughness and tensile modulus. The tensile
strength of neat epoxy was found to be constant, whereas that of epoxy-clay nanocomposite

decreased after moisture absorption.

Chow, (2007) carried water absorption tests on glass fiber reinforced epoxy nanocomposite
containing Nanomer® 1.30E OMMT. The glass transition temperature (Tg) of epoxy increased
with the incorporation of OMMT. The specimens were first dried at 80°C in a vacuum oven
and then immersed in water stored at 30 °C. The water absorption of epoxy decreased with the

incorporation of both glass fibers and OMMT.

Zainuddin et al., (2009) conducted accelerated ageing experiments to study the long-term
durability of nanophase epoxy. Neat epoxy/ epoxy-clay nanocomposite samples were exposed

to four different environment conditions: cold and dry, cold and wet, high temperature and dry,
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high temperature and wet. The conditioning of all the sets was carried out for 15, 45 and 90
days. An increase in weight was observed in all the samples with time due to absorption of
moisture. For samples subjected to hot-wet conditions at 80 °C, the weight gain was 3.12%
and 2.1% in neat and modified epoxy samples, respectively after 90 days. The degradation in
flexural strength and flexural modulus was higher in samples under hot-wet conditions for 90
days than room temperature samples. The nanocomposites containing 2% clay minerals
showed an increase in strength and modulus after hygrothermal ageing. The scanning electron
micrographs revealed relatively less number of cracks and better interfacial bonding in

nanocomposites in comparison with neat counterparts, similarly conditioned.

Zainuddin et al., (2010) investigated the durability of neat /nanophase glass fiber reinforced
composites subjected to different temperature and moisture conditions. Vacuum assisted resin
infusion molding method was used to fabricate the glass fiber reinforced epoxy-clay
nanocomposites. The 2 wt% GFRP composites exhibited the highest flexural modulus and
significant enhancements in properties as compared to other samples. The samples were
conditioned under four different environment conditions: cold and dry, cold and wet, high
temperature and dry, high temperature and wet. The conditioning of all the sets was carried
out for 15, 45 and 90 days. After 90 days, the moisture the weight gain due to moisture
absorption were 4.25% in neat epoxy, 3.85% in nanocomposite containing 1wt% [.28E and
3.06% in nanocomposites containing 2 wt% [.28E thus confirming an increase in the barrier to
liquids with the incorporation of clay minerals. Under all conditions, though the flexural

properties were found to degrade with time.

Sharma et al., (2012) performed fiber reinforced epoxy-clay nanocomposites containing
different concentrations (1, 3, 5 wt%) of Cloisite® 30B. The tensile strength increased with the
incorporation of OMMT up to 3 wt%, but it decreased at 5 wt%. The flexural strength and
hardness increased linearly with the addition of OMMT up to 5 wt%. Durability studies
conducted on nanocomposites in water and alkaline medium for one month showed
degradation in mechanical properties of all specimens. The decrease in tensile and flexural
strength was less in the sample with clay modified epoxy matrix as compared to the sample
with the neat epoxy matrix. The water barrier properties of epoxy improved by the addition of
both glass fiber and nanoclay, which had been attributed to the increase in the tortuosity path

for water penetration.

Manfredi et al., (2008) synthesized fiber reinforced epoxy-clay nanocomposites based on two

different OMMTs: Cloisite® 10A and Cloisite® 30B. The flexural modulus, flexural strength,
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interlaminar shear strength and impact strength of fiber reinforced composites increased with
incorporation of OMMT in epoxy. The moisture uptake curves showed a two-stage diffusion
of water in composite immersed in distilled water at 80°C. The nanocomposites had a higher
rate of moisture diffusion and additionally the decrease in the mechanical properties was also

higher in fiber reinforced composites containing OMMTs.

Al-Qadhi et al., (2013) investigated the effect of different loading (1, 2, 3.5, 5, 10 wt%) of
Nanomer® 1.30E OMMT on mechanical, thermal and water uptake properties of epoxy. The
tensile modulus increased with incorporation of OMMT and was highest in nanocomposites
containing 10 wt% OMMT. But, the tensile strength and water uptake did not improve at
higher OMMT loading, and this had been attributed to increased microvoids and aggregates.
The glass transition temperature (Tg) decreased monotonously with an increase in OMMT

loading.

Hossain et al., (2014) carried out low-velocity impact tests on carbon fiber reinforced epoxy-
clay nanocomposites based on [-28E OMMT after immersion in seawater. The
nanocomposites containing OMMT exhibited superior water barrier properties as compared to
fiber reinforced neat epoxy composites. The impact strength, toughness, and energy absorbed
by fiber reinforced neat epoxy nanocomposites decreased significantly due to softening of
matrix and weakening of bonds between fibers and epoxy. The presence of clay minerals in
the epoxy matrix reduced the development of delamination by arresting the crack propagation
path. Therefore, the fiber reinforced epoxy-clay nanocomposites showed better performance

as compared to neat epoxy-based composites.

Firdosh et al., (2015) investigated the hygrothermal behavior of glass fiber reinforced
nanocomposites containing different concentrations of Cloisite® 15A, i.e. 2, 3, 4, 5 wWt%
exposed to different temperatures 30°C, 50°C, 60°C at 95% RH. The presence of Cloisite®
15A decreased the moisture diffusion and degradation of composites, and the nanocomposites
containing 4 wt% clay minerals exhibited the highest retention of tensile strength after
hygrothermal ageing. A decrease in mechanical properties observed with an increase in

temperature.

Mittal et al., (2015) synthesized glass fiber reinforced clay-vinyl ester nanocomposites based
on MMT modified with 3-aminopropyltriethoxysilane. The silylated MMT was characterized
using XRD and FTIR. The successful grafting of silane was evident from increased doo1

spacing and the characteristic bands of silanes in FTIR spectra. The XRD results of
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nanocomposites revealed that extent of intercalation increased after silane modification of

MMT. The silylated MMT nanocomposites exhibited better tensile properties and flexural

properties in dry/ wet conditions as compared to epoxy-MMT nanocomposites.

The selected studies on water uptake and hygrothermal loading of clay minerals based

nanocomposites have been given in Table 1.3.

Table 1.3 Selected studies on water uptake and hygrothermal loading of nanocomposites

incorporating clay minerals

S. Material Process conditions Key Results Reference
No. System
Ultrasonication of Better ~ moisture  barrier
resin and clay properties of Cloisite® 20A
Epoxy modified | mixture. and Nanomer® 130 based
with three nanocomposite than KH-MT
different types based nanocomposites.
of OMMT i.e. In-situ polymerization Kim et al
1. and curing under °
KH-MT, vacuum Increase in glass transition (2005a)
Cloisite” 20A, temperature (T,) of epoxy
and Nanomer® with  the presence of
L.30P Samples exposed to | nanofillers. T, decreased after
85°C and 85% exposure to hygrothermal
relative humidity. conditions
Epoxy-clay
nanocomposites An Improvement in flexural
and In-situ polymerization | properties of epoxy with
corresponding | and Vacuum assisted | addition of OMMT.  The
glass fiber hand lay-up method. | water uptake increased with
reinforced an increase in temperature. | Kornmann
2. | epoxy-clay The glass fiber reinforced neat | et al.,
nanocomposites | Immersion in distilled | epoxy composites exhibited | (2005)
containing water at two different | the lowest water uptake.
MMT modified | temperatures, i.e. Incorporation of clay minerals
using 23°C and 50°C increased the water uptake in
octadecylamine samples exposed to 50 °C
salt
Slurry compounding Higher moisture‘ absorption
Neat epoxy and approach. by nanocomposite. The
3 pristine clay ) ) tensile strength of | Wang et
" | modified epoxy | Samples immersed in | hanocomposites  decreased | al., (2006a)
nanocomposite. | deionized water at 60 | giopificantly after
°C hygrothermal ageing.
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. Material Process conditions Key Results Reference
No. System
Glass transition temperature
Neat epoxy (Tg) increased with an
; Direct mixing of 3 addition of clay minerals.
epoxy- OMMT/ o
glass fiber wi% OMMT
4. reinforced . Hand l.ay-up er Moisture barrier properties of Chow,
nanocomposites | preparing laminates. . (2007)
glass fiber reinforced epoxy
based on Samples immersed in | composites and glass fiber
Nanomer® P o mp &
L30E water at 30 °C reinforced ‘ epoxy
nanocomposites were better
than neat epoxy
M.ixing of clay Clay minerals had an
Glass fiber minerals (3 wt% and | intercalated structure in the
reinforced 5 wt% of Cloisite® epoxy  matrix. The
epoxy-clay 10A, 3 \gt% of nanocomposites  containing
nanocomposites Cloisite™ 30B) using | Cloisite® 10A had a higher
5 containing two | & mechanical stirrer flexural rpodulusi flexural | Manfredi et
" | different Fiber reinforced strength, interlaminar shear | 4] (2008)
OMMTs i.e. composites prepared | strength. A higher moisture
Cloisite® 10A | using pultrusion absorption rate observed in
and Cloisite® ‘ .| nanocomposites containing 3
30B Samples immersed in | w0, Clojsite® 10A.
distilled water at 80
°C
Under accelerated ageing
conditions:
A decreased equilibrium
weight gain in nanophase
Epoxy ' o samples over neat samples.
. Mechanical mixing o : .
nanocomposites Degradation in strength and | Zainuddin
6. IC\?ntamm% modulus of all conditioned 23(1)9)
anomer 5] i 7ati samples. Samples with low
L.28E OMMT In-situ polymerization clay loadings had better
flexural properties.
Less number of cracks and
better interfacial bonding in
nanophase specimens
When subjected to
E-Glass neat accelerated conditioning:
ffg;%gg%gﬁ Mechanical mixing. The barrier to liquids | Zainuddin
7. | Nanomer® increased with incorporation | et al.,
128E OMMT. | VARIM. of clay minerals in epoxy. | (2010)
Flexural tests performed
(1-2 wt%) showed that GFRP containing

2 wt% clay had the highest
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1\?(') 1\;[;::’;:::1 Process conditions Key Results Reference
modulus and strength. The
properties degraded with an
increase in exposure time.
An addition of OMMT up to 3
E-olass fiber wt% increased tensile
reii forced strength and micro-hardness
epoxy-clay but a decrease at 5 wt%. The
nanocomposites Mechanical mixing, ﬂexgral strength. increased
2 based on ultrasonication significantly =~ with  clay | Sharma et
' Cloisite® 30B loading and the highest value | al., (2012)
OMMT (1, 3 Hand lay-up method | a5 observed in specimens
and 5 wt"/’o ¢ incorporating 5 wt% clay.
resin) ? The resistance to degradation
increased by the addition of
both glass fiber and nanoclay.
Exfoliated and disordered
intercalated structures
formed.  Tensile modulus
Epoxy-clay increased monotonously with
nanocomposites . . an increase in OMMT
. High shear mixing of . .
containing . concentration.  The tensile
) OMMT in epoxy .
different . strength of nanocomposites Al-Qadhi et
9. | concentrations | 5™ increased up to 3.5 wt% al., (2013)
,2,3.5,5, oading and then decreased.
1,2,3.5,5,10 loadi d then d d °
wt%) of Inosi oo The rate of diffusion and
® n-situ polymerization ey .
Nanomer equilibrium moisture content
[.30E OMMT decreased in nanocomposites
containing small quantities of
OMMT, but it increased at 10
wt% clay loadings.
Mixing of 2 wt% The fiber reinforced epoxy-
Catbon fib OMMT in epoxy cla}{ ‘ nanocompgsites
aroon hoer resin using a exhibited lower moisture
remforch magnetic stirrer absorption  and  higher Hossa
10, | CPOXYy-clay . | retention of strength. ossain et
" | nanocomposites | Vacuum assisted resin al., (2014)
based on I-28E | transfer molding The total absorbed as well as
OMMT delamination energy
Exposure to seawater | decreased significantly after
at room temperature | exnosure to seawater.
Glass fiber Ultrasound probe Intercalated structures
reinforced clay- sonication and twin formed. = The glass fiber |
11. | vinyl ester Y™ | screw extruder for reinforced  nanocomposites | Firdosh et
' mixing of different | exhibited lower diffusion of | 2l (2015)

nanocomposites
containing

concentrations, i.e. 2,
3,4, 5 wt% of

moisture and higher retention
of strength as compared to
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1\?('). 1\;[;:::;1::1 Process conditions Key Results Reference
Cloisite® 15A | Cloisite 15A®-vinyl | neat vinyl ester based
OMMT ester composites.

Hand lay-up, hot
pressing for curing
Exposed to 30,50,
60°C at 95% Relative
Humidity (RH)
The silylated MMT was
characterized using XRD,
FTIR, and TGA. The
successful grafting of silane
was evident from increased
Glass fiber door spacing and FTIR
reinforced clay- Hand lay-up and hot | characteristic ~ bands ~ of
vinyl ester press APTES. The silylation
nanocomposites promoted intercalation of |

12. | based on MMT o MMT in the vinly ester | Mittal et

modified with Immersion in matrix. al., (2015)
seawater at room
3 . | temperature for 65 The silylated MMT-vinyl
ammopropyltrle days ester nanocomposites
thoxysilane exhibited  better  tensile
properties  and  flexural
properties in dry/ wet
conditions as compared to
untreated MMT vinyl ester
nanocomposites.
Epoxy resin and
prlstlne/gllylaFed The water uptake decreased
Epoxy-clay MMT mixed in L .
. . . significantly with
nanocomposites | acetone using a high- | . .
. incorporation of MMT. The
based on MMT | speed mechanical e -

13. | modified with stirrer equlhbrl'um water uptake in | Ryu et al.,
3 epoxy-silylated MMT | (2016)
aminopropyltrie nanocomposites was slightly
thoxysilane Solution blending and less  than ~epoxy-MMT

nanocomposites.

cured in Teflon plates
under vacuum

1.5 Gaps in the literature

The hybrid fiber reinforced polymer clay nanocomposites are advanced materials which offer

superior performance as compared to the conventional fiber reinforced composites. While the

synthesis and morphology of these nanocomposites have been studied extensively, there are
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few aspects which have received considerably less attention. The gaps found in the literature

are as follows

1. The uniform dispersion, intercalation/exfoliation and compatibility between clay
minerals and polymer are the key factors in the synthesis of a nanocomposite. There
are some critical parameters which influence the mechanical properties of hybrid fiber
reinforced clay-polymer nanocomposites e.g. curing schedule, epoxy resin and

hardener mix ratio, and post-curing schedule have been studied rarely.

2. Surface modification of clay minerals using silane coupling agents has offered a
unique level of mechanical property enhancements in polymer clay nanocomposites.
Very few investigations on the effects of incorporation of silylated clay minerals on
properties of hybrid fiber reinforced polymer-clay nanocomposites are available. The
effect of a change in process parameters viz. choice of solvent, method of grafting
silanes, the amount of silane, grafting temperature, etc. on mechanical properties of
fiber reinforced epoxy-clay nanocomposites containing silylated clay minerals had

not been studied.

3. Only a few studies have been carried out to investigate the effect of incorporation of
silylated clay minerals on mechanical properties and durability of hybrid fiber
reinforced epoxy-clay nanocomposites under marine / hygrothermal conditions. The
performance of these novel nanocomposites incorporating silylated clay minerals
exposed to seawater vis-a-vis the amount of grafted silane on clay minerals had not

been studied.
1.6 Objectives of thesis

From the identified gaps in the literature review, the following objectives have been framed for
Processing and characterization of fiber reinforced polymer nanocomposites and their degradation

under hygrothermal loading.

1. Synthesis and characterization of nanoclay filled fiber reinforced polymer (FRP)

composites.

2. Study on the effect of hygrothermal loading conditions on properties of nanoclay filled

fiber reinforced polymers.

The main objectives of this research were to synthesize and characterize glass fiber reinforced

epoxy nanocomposites based on silylated clay minerals, and to improve the hygrothermal
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resistance of conventional glass fiber reinforced epoxy composites. The clay minerals layers
once exfoliated, can be homogeneously dispersed in the matrix and significant improvements
in material properties can be obtained. Cloisite® 15A organoclay was chosen due to its good
compatibility with epoxy. Cloisite® 15A has high surface modifier concentration (125 meq/100
g clay) and large interlayer distance (31.5 °A), which favours the penetration of the polymer
precursors between clay mineral layers and therefore the formation of an exfoliated
nanocomposite (Nazir et al., 2016; Sinha Ray, 2013). These characteristics make Cloisite®™
15A suitable for silylation reaction. The silane coupling agents can form an interpenetrating
network between clay minerals and epoxy, which would lead to strong clay mineral-polymer
interfacial interactions and a substantial increase in mechanical properties of nanocomposites.
This is so because the mechanical properties of clays are very high as compared to the epoxy
matrix. The scope of this investigation covers different methods of silylation of clay minerals,
amount of grafted silanes vis- a- vis quantity of silane coupling agents used during grafting
reaction and characterization of silylated clay minerals. The novelty of the present work lies
not only in the new combination of material components, but also in the way these silylation
processing has been done. Specifically, silylation process involved nano-dispersion of clay
minerals in hydrolyzed silanes. This in turn enabled use of very high concentration of silanes,
which significantly increased grafting of silanes on clay minerals. It should also be mentioned
that processing of these highly loaded silynated clays — epoxy mixture was quite tricky because
of the very high viscosity of these systems. Furthermore, the research has been carried out with
a goal to study the effect of process parameters and incorporation of silylated clay minerals on
morphology, mechanical properties and seawater durability of fiber reinforced epoxy-clay
nanocomposites. The hygrothermal studies have been undertaken to characterize the moisture
diffusion, damage resistance and tensile and flexural behavior of these novel glass fiber

reinforced epoxy-silylated clay nanocomposites.
1.7 Outline of thesis

The present study sheds light on a newly developed approach to surface modification of clay
minerals, which gave promising results and a unique level of mechanical properties
enhancement of glass fiber reinforced epoxy composites. This thesis embodies the subject
matter resulting out of this study and has been organized in seven chapters. The outline of the

chapters is briefly described as follows.

Chapter 1: This chapter begins with a general introduction of fiber reinforced polymer

composites, methods to manufacture and applications in automotive, structural and other fields.
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Another section has been dedicated to clay minerals, need of organic modification of clay
minerals, the importance of surface modification by grafted silanes and steps of silylation
reactions. The fiber reinforced epoxy-clay nanocomposites have been discussed in the context
of synthesis and morphology. The effect of hygrothermal loadings on polymer composites is
presented. A comprehensive review of the literature on three major aspects of this thesis: (i)
silylation of clay minerals, (ii) factors influencing properties of fiber reinforced epoxy-clay
nanocomposites, (iii) hygrothermal studies of fiber reinforced epoxy-clay nanocomposites have

been given. In the end, the scope of this work has been presented.

Chapter 2: This chapter lists all the materials used for the fabrication of fiber reinforced epoxy-
clay nanocomposites. Also, details regarding the silylation of clay minerals, characterization
of silylated clay minerals and their corresponding nanocomposites have been presented using a

schematic diagram.

Chapter 3: It describes the methodology adopted to (i) obtain a uniform dispersion of a
commercially available organically modified montmorillonite, Cloisite® 15A in epoxy resin (ii)
synthesize fiber reinforced epoxy-clay nanocomposites using vacuum assisted wet lay-up
method. The dispersion state of the clay minerals and mechanical properties of fiber reinforced
epoxy-clay nanocomposites have been investigated with respect to change in process
conditions which include the temperature of resin-clay mixture, the speed of homogenization
and ultrasonic probe amplitude during premixing of clay minerals in epoxy resin. The extent
of curing of the matrix and mechanical properties of nanocomposites resulting from a change
in epoxy/amine stoichiometry has also been addressed. Also, the effect of post-curing at
different temperatures on the mechanical properties of fiber reinforced epoxy-clay

nanocomposites has been reported.

Chapter 4: In this chapter, the effect of surface modification of Cloisite® 15A using different
amounts of two silane coupling agents (3-aminopropyltriethoxysilane,  3-
glycidyloxypropyltrimethoxysilane) on mechanical properties of fiber reinforced epoxy-clay
nanocomposites has been reported. A new method of silane treatment of clay minerals has
been reported wherein the clay minerals are nano-dispersed in hydrolyzed silanes. Fourier
transform infrared spectroscopy (FTIR) has been used to verify grafting of silanes on clay
minerals. Further, the silylated clay minerals have been dispersed in an epoxy resin and glass
fiber reinforced epoxy-clay composites have been manufactured. These nanocomposites have
been characterized using Small angle X-ray scattering (SAXS), Transmission electron

microscopy (TEM), tensile and flexural properties measurements and Differential scanning
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calorimetry (DSC). A detailed study has been done about the effect of silanization of clay
minerals on properties of glass fiber epoxy-clay nanocomposites as a function of two important
parameters: chemical structure of silane and concentration of silane coupling agents in solvents,

and an optimized silane concentration has been arrived at.

Chapter S: Firstly, a modification in the method of silylation of clay minerals discussed in the
previous chapter has been reported which enabled the use of very high concentration of silane
coupling agents and increased grafting amount of silanes on Cloisite® 15A. The ratio of the
weight of the silane coupling agent to that of the weight of clay mineral (X) is varied from 0.1
to 6. Small angle X-ray scattering and Thermogravimetric analysis have been carried out on
silylated clay minerals to quantify the grafting of silanes as a function of the ratio of the weight
of silane agent to that of the clay mineral. Also, curing studies were carried out on fiber
reinforced epoxy nanocomposites containing Cloisite® 15A at different cure temperatures, i.e.,
70°C, 80°C, 85°C, 95°C and for two different curing time periods, e.g., 7h and 10h. Significant
improvements in mechanical properties of fiber reinforced nanocomposites have been obtained
with the incorporation of clay minerals silylated using a high concentration of silanes in a
solvent and chosen curing schedule. An attempt has been made to correlate the results with the
morphology of nanocomposites by Transmission electron microscopy and that of fractured

surfaces by Scanning electron microscopy.

Chapter 6: In this chapter, the performance of fiber reinforced epoxy-silylated clay
nanocomposites exposed to seawater vis-a-vis the amount of silane-grafted on clay minerals
has been discussed. The durability studies on fiber reinforced epoxy nanocomposites
containing clay minerals treated using different amounts of two silane coupling agents (3-
Aminopropyltriethoxysilane, 3-Glycidyloxypropyltrimethoxysilane) have been carried out in
simulated seawater, at two different temperatures i.e. 25°C and 55°C. The weight gain
resulting from moisture absorption and the physical and chemical changes in nanocomposites
with seawater ageing have been reported. The exfoliation and strong adhesion between epoxy
and clay mineral layers promoted by silylation of clay minerals suppressed degradation of fiber

reinforced epoxy nanocomposites subjected to marine conditions.

Chapter 7: it discusses the summary and significant findings of the experimental work of this

thesis along with the scope for possible extension of the present work.
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Chapter 2 Materials and Methods

2.1 Introduction

Polymer nanocomposites are synthesized using methods such as in-situ polymerization, melt
blending, and solution processing methods (Azeez et al., 2013; Pavlidou and Papaspyrides,
2008; Sinha Ray and Okamoto, 2003; Thelakkadan et al., 2013). [In-situ polymerization
method has gained popularity because of its simplicity and suitability for mass production. The
first step of in-situ polymerization is dispersing the nanofiller in the resin precursor. This is
done by mechanical mixing (Kim et al., 2005; Lam et al., 2005a; Qi et al., 2006), ultrasonic
mixing (Ho et al., 2006; Yasmin et al., 2006), mechanical mixing followed by ultrasonication
(Wang et al., 2006a; Yang et al., 2007), shear mixing (Kim et al., 2008; Woo et al., 2007;
Zainuddin et al., 2010) or slurry compounding approach (Alamri and Low, 2012). Preparation
conditions like organic modification, temperature, and choice of solvents strongly influence
dispersion of clay mineral layers. The second step is the initiation of the polymerization
reaction by the addition of hardeners. To gain a fundamental understanding and optimize the
processing variables, many researchers have explored epoxy systems, curing agents, organic
modifiers, processing conditions, curing conditions: temperature and time, viscosity and the

functionality of resin.

During the preliminary work, the effect of change of added ingredients, stoichiometry, mixing
conditions and post-curing schedule on mechanical properties of fiber reinforced epoxy-clay
nanocomposites has been studied. The clay minerals have been dispersed in epoxy resin by
homogenization and ultrasonication. The fiber reinforced epoxy-clay nanocomposites have

been manufactured using vacuum assisted wet lay-up method.

A newly developed method of silane treatment of clay minerals has been employed wherein
the clay minerals are nano-dispersed in hydrolyzed silanes. Also, the silylation of clay minerals
has been carried out using different amounts of two different silane coupling agents 3-
aminopropyltriethoxysilane (APTES) and 3-glycidyloxypropyltrimethoxysilane (GPTMS).
The hygrothermal studies have been carried out in simulated seawater maintained at two
different temperatures, i.e. 25°C and 55°C. The samples were taken out of the water bath
periodically, and tensile and flexural tests were carried out. The physical and chemical changes
in composites due to absorption of seawater have also been studied using Scanning electron

microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR), respectively.
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2.2 Materials

2.2.1 Glass fibers

The woven roving glass fiber mat WR 360 100 CM TL, made from Advantex® glass fibers was
purchased from Owens Corning, India. The balanced woven construction of WR 360 provides
bi-directional (0°/90°) reinforcement, excellent dimensional stability, consistent glass loading
and is suitable for particularly large parts such as boat hulls, storage vessels, etc. WR 360 has
a sizing which makes it compatible with epoxy. Advantex® glass fibers combine the electrical
and mechanical properties of traditional E-glass with the acid corrosion resistance of CR glass.
Advantex®meets the requirements of both E and CR glass stated in ISO 2078 and ASTM D578-
98 (Corning, 2006).

2.2.2 Epoxy system

The epoxy system consisted of the liquid diglycidyl ether of bisphenol -A (DGEBA) and an
amine hardener. Dow Chemicals International Limited, India supplied the Airstone® epoxy
system (Airstone® 780E resin and Airstone® 786H hardener). The epoxide equivalent weight
of the resin was 172 g/eq, and the amine content in hardener was 9.5 meq/g. The stoichiometric
mixture (100:31 parts by weight) of Airstone® 780E with 786H hardener had a low viscosity
(100 mPas) at 40°C, which should promote uniform dispersion of clay minerals in epoxy and
also good wetting of glass fibers. Airstone epoxy system is suitable for the production of large
fiber reinforced parts that require long infusion time and used in the manufacture of structural

composites for diverse applications including construction, marine, and infrastructure.

2.2.3 Cloisite® 15A
A commercially available organically modified clay mineral, Cloisite® 15A (Montmorillonite
treated with dimethyl dehydrogenated tallow quaternary ammonium salt) has been purchased
from Nanoshel limited, India. Cloisite® 15A has a cation exchange capacity of 125 meq/100g
(Nazir et al., 2016).

2.2.4 Silane coupling agents

The silane coupling agents: 3-Aminopropyltriethoxysilane (APTES; purity >98%) and 3-
Glycidyloxypropyltrimethoxysilane (GPTMS; purity > 97%) have been purchased from Tokyo
chemicals industry, Japan. The chemical structures of silane coupling agents are shown in
Figure 2.1. The solvents used for hydrolysis of silane coupling agents (SCAs) were acetone
(purity = 99%) or a mixture of ethanol (purity = 99.9%) and distilled water. Acetone and

ethanol were purchased from Loba Chemie Pvt. Ltd., India.
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Figure 2.1 Chemical structure of (a) 3-Aminopropyltriethoxysilane, (b) 3-Glycidyloxypropyl

- trimethoxysilane
2.3 Methodology
2.3.1 Silane treatment of glass fibers

The glass fibers have been treated with either of the two silane coupling agents: 3-
glycidyloxypropyltrimethoxysilane and 3-aminopropyltriethoxysilane. Each of the silanes was
hydrolyzed in a solvent to form silanol which would react with glass fibers. Acetone was the
solvent for 3- aminopropyltriethoxysilane and, a 95% ethanol with 5% distilled water solution
used as a solvent for 3-glycidyloxypropyltrimethoxysilane. The hydrolysates were prepared as
a 0.4 % solution, and pH was maintained between 4 - 4.5. The hydrolysis time was 5 min.
Glass fiber mat was then immersed in a silane solution for 1 min, and then rinsed with the
solvent to remove unreacted silane monomers or oligomers. The glass fiber mat was squeezed
and dried at room temperature for 24 h. The fibers were heat-treated for 5 min at 110°C before

use.

2.3.2 Silane treatment of clay minerals

The silane treatment was performed using the following two methods
Method 1

Each silane coupling agent was hydrolyzed in a solvent to form silanol as described in the
previous section. Then Cloisite® 15A was put into the hydrolyzed silane solution and dispersed
into the solution by ultrasonic mixing and homogenizing. The amount of silane required was

calculated using the formula

2
filler weight (g) X filler specific area (m?)

Silane (g)= (2.1)

2
wetting specific area of silane (m?)

The external specific surface area for montmorillonite clay is 40 m?/g, the wetting specific area

of APTES is 353 m%/g and for GPTMS, it is 330 m%*/g (Plueddemann, 1982; Polymer, INC.,
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2011; Shokoohi et al., 2008). The silylated clay minerals were extracted by vacuum filtration

and dried at 110 °C for 1 h. The clay minerals were stored in a vacuum desiccator.
Method 2

The amount of the silane coupling agents (SCAs) used was 0.1X, 0.5X, 2X, 4X and 6X with
respect to the weight of clay mineral (X). Each SCA was mixed with a solvent and hydrolysis
was carried out. The hydrolysis of aminopropyltriethoxysilane was done in acetone, and
glycidyloxypropyltrimethoxysilane was hydrolyzed in a solution containing 95% ethanol and
5% distilled water (Choi et al., 2009; Ha and Rhee, 2008; He et al., 2005; Zhang et al., 2006).
Further, the Cloisite® 15A was nano-dispersed in silane solution by using a high shear
homogenizer operated at 12,000 rpm and ultrasonic mixing using a probe sonicator. The
solvent was then removed using a Heidolph rotary evaporator. The modified clay minerals
were washed twice with the solvent to remove soluble homo condensates (Chen et al., 2005a,

2005b; Huskic¢ et al., 2013; Ianchis et al., 2015, 2011; Zhang et al., 2006).
2.3.3 Dispersion of clay minerals in epoxy resin

2 parts per hundred resin (2 phr) of clay mineral was added to DGEBA resin and mixed for 5
min using a glass rod, followed by high shear homogenization (Ultra-Turrax® T25, IKA Inc.)
for 3 min and sonication using a probe sonicator operated for 5 min. Subsequently,
homogenization and sonication steps were repeated and the mixture was degassed under
vacuum. The Qsonica Q800 probe sonicator was operated on pulse mode, 80-s on/ 30-s off

with shutdown temperature of 40 °C.
2.3.4 Manufacturing of fiber reinforced epoxy-clay nanocomposites

A predetermined amount of curing agent was added and mixed with DGEBA resin containing
clay minerals by mechanical stirring (2 min at 500 rpm) at 25 °C. The mixture was placed in
a vacuum desiccator for 30 min for degassing. Vacuum assisted wet lay-up method
(Subramaniyan and Sun, 2006) and vacuum assisted resin infusion method were used for

manufacturing fiber reinforced epoxy-clay nanocomposites.

2.3.5 Hygrothermal studies

To adequately assess the durability of fiber reinforced epoxy-clay nanocomposites, tensile and
flexural tests were carried out on specimens after exposure to seawater after 30, 60 and 120
days. The specimens were cut and prepared as per ASTM D 3037/3039 and ASTM D790
standards. Application of two coats of epoxy sealed the open sides and edges, to inhibit

absorption of water by capillary action. All the specimens were heated in a convection oven at
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85°C for 7 h after application of epoxy barrier coating. The specimens were immersed in
simulated seawater maintained at different temperatures: 25°C + 1°C and 55°C £ 1°C inside
stainless steel baths (Daihan WiseBath®). The simulated seawater was prepared as per ASTM
D1141 and the concentrations of different salts added are given in Table 2.1. The pH of the

simulated seawater was maintained in the range 8.0-8.2.

Table 2.1 Concentration of salts in simulated seawater

Element Concentration (g/L)
NaCl 24.530
MgCl» 5.200
NazS04 4.090
CaCl, 1.160
KCl 0.695
NaHCO:3 0.201
KBr 0.101
H;BOs 0.027
SrClx 0.025
NaF 0.003

The gravimetric measurements were performed on Mettler Toledo XS104 having a
measurement precision of 0.1 mg. The samples were taken out of seawater, wiped with a cloth
and dried for 5-7 min under ambient conditions, weighed and replaced in the bath after the

measurements. The water uptake in samples was measured using the formula

Mi—Mg
My

M(%) = x 100 (2.2)

Where M; is the weight at time ¢ and M) is the initial sample weight.
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2.4 Characterization
2.4.1 Small angle X-ray scattering (SAXS)

Small angle X-ray scattering measurements on clay mineral samples were carried out on
PANalytical XPERT Pro diffractometer. The samples were scanned in transmission mode
using a CuKa radiation ( A = 0.154 nm) within the range of 26 = 1° to 15°. The step scan size

and time were 0.0200° and 2 s respectively.
2.4.2 Fourier transform infrared spectroscopy(FTIR)

FTIR spectroscopy of silane modified clays was performed on a Bruker FTIR Spectrometer in
the range 4000 cm™ to 450 cm™ at a resolution of 4 cm™. The samples were ground and mixed

with KBr powder and pressed into discs for FTIR characterization.
2.4.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis of clay minerals was carried out in a Shimadzu TGA 50
thermogravimetric analyzer. The clay minerals were heated to 800°C at a rate of 10°C /min
under a nitrogen environment, and the weight loss was measured. Before testing, samples were
stored in microcentrifuge tubes, and placed in a vacuum desiccator containing silica gel, to
avoid absorption of moisture from the atmosphere. Thermogravimetric analysis of fiber
reinforced epoxy-clay samples was also carried out using Mettler Toledo TGA/SDTA 851.

The samples were heated to 700°C at a rate of 10°C /min under nitrogen atmosphere.
2.4.4 Tensile and flexural tests

The specimens were cut and tested as per the ASTM standards D3037/3039 for tensile test and
D790 for 3-point bending test. The tensile test specimens were cut in size 250 mm X 25 mm X
0.64-0.66 mm (length x width x thickness). The specimen size for bending test was 50 mm x
13 mm % 0.64-0.66 mm. Four specimens of each material composition were tested on a Zwick/
Roell Universal Testing Machine (UTM). The crosshead speed for tensile testing was 2
mm/min, and for flexural testing, the rate of crosshead movement (R) was calculated using the

following formula

R ZL?
6d

(2.3)
where

L= support span, mm; d= depth of beam, mm

7= the rate of straining of the outer fiber, mm/min. The value of Z was taken as 0.01
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2.4.5 Differential scanning calorimetry (DSC)

The calorimetric measurements were performed on a Perkin-Elmer DSC 4000 standard single
furnace differential scanning calorimeter. The samples were heated under a nitrogen flow (200
ml/min) from room temperature to 300°C at a heating rate of 10°C / min. The samples were
cooled to -4°C keeping the cooling rate the same as heating rate, i.e. 10°C / min. The heating

and cooling cycles were repeated twice.
2.4.6 Transmission electron microscopy (TEM)

TEM was carried out using TECNAI G? 20 transmission electron microscope at an accelerating

voltage of 100 kV. Fine particles were deposited on a TEM copper grid for examination.
2.4.7 Scanning electron microscopy (SEM)

The fractured surfaces of glass fiber reinforced epoxy-clay nanocomposites were observed with
JEOL, JSM-6510LV scanning electron microscope. The fractured surfaces were sputter coated

with gold prior to SEM to avoid electric charging of specimens during the examination.

A schematic sequence of synthesis and testing of fiber reinforced epoxy-clay nanocomposites
and fiber reinforced epoxy nanocomposites based on silylated clay minerals are presented in
Figures 2.2 and 2.3, respectively. The effect of different parameters on the mechanical

properties of fiber reinforced epoxy nanocomposites is discussed in the following chapter.
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Chapter 3 Fiber reinforced epoxy-clay nanocomposites

3.1 Introduction

In fiber reinforced epoxy-clay nanocomposites, homogeneous dispersion of clay mineral
layers, interfacial adhesion between the reinforcement and matrix and complete crosslinking
of resin and hardener are crucial aspects for improved performance over conventional fiber
reinforced composites. Besides these, some other factors like volume fraction of
reinforcement, choice of epoxy system, resin and hardener mix ratio, the orientation of fiber
preform and lay-up, the presence of air voids, filtration of clay minerals in fiber weave and
curing schedule would influence the mechanical properties of the composites. One of the
objectives of this study was to synthesize intercalated/exfoliated nanocomposites and explore
and select processing parameters, i.e. the temperature of epoxy resin and speed of impeller
during homogenization, ultrasonic probe amplitude, the post-cure temperature to improve
mechanical properties of fiber reinforced epoxy-clay nanocomposites. The extent of curing of
the matrix and mechanical properties of nanocomposites resulting from a change in

epoxy/amine ratio stoichiometry have also been investigated.
3.2 Materials

The E-CR glass woven roving, WR 360 made of Advantex® glass fibers was purchased
from Owens Corning, India. A commercially available organically modified montmorillonite,
Cloisite® 15A was purchased from Nanoshel limited, India. The epoxy system consisted of
the liquid diglycidyl ether of bisphenol-A (DGEBA) and an amine hardener. Dow chemicals
international limited, India supplied the 'Airstone' epoxy (Airstone® 780E resin and Airstone®

786H hardener).
3.3 Methodology
3.3.1 Dispersion of Cloisite® 15A in epoxy resin

2 parts per hundred resin (phr) of Cloisite® 15A was added to DGEBA resin and was dispersed
by stirring for 5 min using a glass rod, followed by high shear homogenization (Ultra-Turrax®
T25, IKA Inc.) for 3 min and sonication using a probe sonicator operated for 5 min. The
Qsonica Q800 sonicator was operated on pulse mode, 80-s on/ 30-s off with shutdown
temperature of 40 °C. Subsequently, homogenization and sonication steps were repeated and

the mixture was degassed under vacuum. The mixing of clay minerals in epoxy was carried

out using three different processing conditions (PC1, PC2, and PC3) as shown in Table 3.1.
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The selection of process conditions was based on equipment capabilities and a review of the
literature. From the literature on epoxy-clay nanocomposites (Azeez et al., 2013; Dean et al.,
2007; Ngo et al., 2009; Pavlidou and Papaspyrides, 2008; Thelakkadan et al., 2013; Zunjarrao
et al., 2006) and the preliminary studies performed earlier, it was established that temperature,
the speed of mixing and ultrasound amplitude are critical process parameters which influence

the clay minerals morphology and hence the mechanical properties of nanocomposites.

Table 3.1 Processing conditions for fiber reinforced epoxy-clay nanocomposites

Process High shear homogenization Ultrasonic Whether Resin:
conditions post-cured/  hardener
probe
amplitude, %  Temperature ratio
Q)
Code Speed, rpm Temperature
during mixing, °C
PC1 10000 40 40 No 100:31
PC2 20000 80 80 No 100:31
PC3 20000 25 80 No 100:31
PC4 20000 25 80 Yes/ 100 100:31
PC5 20000 25 80 Yes/ 130 100:31
PC6 20000 25 80 Yes/ 150 100:31
PC7 20000 25 80 No 100:29.5
PC8 20000 25 80 No 100:28

3.3.2 Manufacturing of fiber reinforced epoxy-clay nanocomposites

A predetermined amount of curing agent was added and mixed in DGEBA resin containing
clay minerals by mechanical stirring (2 min at 500 rpm) at 25 °C. The mixture was placed in
a vacuum desiccator for 30 min for degassing. Vacuum assisted wet lay-up method
(Subramaniyan and Sun, 2006) was used for manufacturing fiber reinforced epoxy-clay
nanocomposites. A dry fiber preform mat was placed on mold surface, and the modified epoxy

resin was poured on it. The resin was then dispersed uniformly on glass fiber mat using a hand
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scraper. Subsequently, another fiber layer was placed, and the resin-clay mixture was again
applied consistently to wet and cover the fibers. Finally, vacuum bagging was performed and
the air was evacuated by a vacuum pump. The vacuum was maintained until gelation of epoxy.
The fiber reinforced nanocomposites were cured as per the recommendation by the
manufacturer, i.e. heating the laminate for 7 h at a temperature of 70 °C, on the mould. To
generate the baseline data, fiber reinforced neat epoxy composites without clay were also
manufactured using the same curing schedule. Some laminates were also post-cured at three

different temperatures viz. 100, 130 and 150°C for 3 h.
3.3.3 Testing of materials

The tensile and flexural tests were conducted on specimens cut from laminates using a Zwick/
Roell universal testing machine. The values reported are an average of tests done on four
specimens. The tensile test specimens were tested as per ASTM 3037/3039 standard. Three-
point bending test was performed as per ASTM D790 standard. The tensile test specimens
were cut in size 250 mm x 25 mm x 0.64-0.66 mm (length x width x thickness). The specimen
size for bending test was 50 mm x 13 mm X 0.64-0.66 mm. The crosshead speed in the tensile
test was kept at 2 mm/min. The interlaminar shear strength (ILSS) was calculated by the

following formula:

0.75 XP
bxh

ILSS= (3.1)

Where P is the failure load, b and h are the specimen width and thickness, respectively. The
calorimetric measurements were performed in Perkin Elmer DSC 4000 (standard) by heating
the samples to 300°C from room temperature at a heating rate of 10°C/min under nitrogen flow.
The samples were cooled down to -4°C at a cooling rate equal to heating rate. The heating and
cooling cycles were repeated twice. The glass transition temperature (T,) was calculated as the
mid-point value of glass transition range. Thermogravimetric analysis (TGA) was carried out
using Mettler Toledo TGA/SDTA 851. The sample was heated to 700°C at a rate of 10°C /min

under nitrogen atmosphere.
3.4 Results and Discussion

A uniform dispersion of clay minerals in the polymer matrix is dependent on many factors such
as clay mineral modifier, concentration of clay minerals, the mixing conditions (type of mixing,
temperature, and mixing duration) and choice of epoxy (Albdiry et al., 2012; Azeez et al., 2013;
Bakar et al., 2014; Camargo et al., 2009; Liu et al., 2005b; Pavlidou and Papaspyrides, 2008).
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The mechanical properties of nanocomposites prepared at different processing conditions have
been tabulated in Table 3.2. The processing conditions have a substantial effect on tensile and
flexural properties of glass fiber reinforced composites. The following subsections provide

details to illustrate and discuss the effect of different process conditions and compositions.

Table 3.2 Tensile and flexural properties of glass fiber reinforced epoxy composites

Material code Tensile Tensile  Elongation Flexural Flexural Interlaminar
modulus,  strength, at break, modulus, strength,
shear
GPa MPa % GPa MPa strength,
MPa
GFRC 83+0.16 313+12 42+03 10.2+0.17 235+18 29+0.17
CI5SGFRC(PC1) 7.2+0.22 256+22 39+0.22 12.5+0.61 304+22 3.9+0.32
CISGFRC(PC2) 8.7+0.15 368+18 57+0.13 153+1.4 363+20 4.6+0.27
CI5SGFRC(PC3) 9.2+0.65 348+7 5.6+0.15 123+1.05 262+6 3.8+0.27
CI5GFRC(PC4) 9.4+0.01 37811 4.5+0.14 13.8+0.05 271+19 2.8+0.21
CISGFRC(PCS5) 8.4+0.21 326+12 4.7+0.3 11.3+£0.70 229+18 3.3+0.44
CI5SGFRC(PC6) 7.6+0.09 270+8 4.2+0.3 11.4+090 210£25 3.5+0.13
CI5GFRC(PC7) 7+0.13 279+£23 44+03 103+£035 178+7 2.9+0.12
CI5GFRC(PC8) 7.8+£0.53 279+10 4.5+0.5 9.6 +0.94 177+£21 2.8+0.34

3.4.1 Effect of speed and temperature during mixing, and ultrasonic probe amplitude

In the case of C15GFRC(PC1) (GFRC containing 2 phr of Cloisite® 15A), both tensile modulus
and tensile strength decreased by 13% and 18% respectively, as compared to GFRC without
organoclay (Figure 3.1(a)). This can be attributed to agglomeration of clay minerals in epoxy
matrix. In general, the clay mineral layers do not readily disperse in monomers due to the
interactions of the silicate layers. The agglomerated clay particles reduce the tensile properties
because of stress concentration effect, the lower aspect ratio of clay particles and reduced clay
minerals/polymer surface interactions. Gurusideswar and Velmurugan (2014), Kornmann et
al. (2005), Quaresimin and Varley (2008), Zerda and Lesser (2001) had also reported a decrease

in tensile strength of glass fiber reinforced epoxy composites after addition of organically
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modified clay minerals in epoxy matrix. The percent elongation at failure did not change
significantly because of dominating role of glass fibers on tensile properties of composite
(Figure 3.1(b)). In a fiber reinforced nanocomposite, manufactured using vacuum assisted
method, the volume fraction of glass fibers is high (V= 50 - 55%), and fibers dominate the
tensile properties. The clay mineral layers must be uniformly dispersed and exfoliated in the
matrix to realize the full potential of nano-reinforcement. The modification of clay minerals
with organic modifiers, use of high shear forces to delaminate clay minerals, the low viscosity
of resin at a higher temperature, longer gelation time promote homogeneous dispersion during
synthesis of nanocomposites by in-situ polymerization. The effect of mixing parameters on
properties of epoxy-clay nanocomposites has been reported by many researchers (Agubra et
al., 2013; Bakar et al., 2014; Ngo et al., 2009; Zunjarrao et al., 2006). Much better dispersion
of clay using process conditions as in PC2 (speed of impeller = 20000 rpm, the temperature
during mixing = 80°C and ultrasonic probe amplitude = 80%) manifests in an increase in tensile
modulus, tensile strength, and elongation at break. The tensile strength and elongation at break
of C15GFRC (PC2) increased by 43% and 46%, respectively in comparison to C15GFRC
(PC1) as a result of an increase in speed of homogenization, premixing temperature, and

ultrasonic probe amplitude.
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Figure 3.2 Tensile stress vs percent extension of fiber reinforced composites
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High temperature during premixing of clay reduces the viscosity of the epoxy resin and makes
possible the diffusion of monomer molecules in interlayer spaces of clay minerals and promotes
better dispersion of clay minerals in matrix (Albdiry et al., 2012; Khan et al., 2010; Mohan et
al., 2015; Ngo et al., 2007, 2009; Nuhiji et al., 2016). The representative tensile stress vs.
percent elongation curves of all nanocomposites are shown in Figure 3.2. The representative
values are a subset of values listed in Table 3.2. The increase in percent elongation at break
and tensile strength can be attributed to a fine dispersion of clay minerals and adequate bonding
between clay mineral layers and matrix of fiber reinforced composites. It would be pertinent
to mention that the use of high temperature during premixing would limit the applicability of
this method for mass production of large fiber reinforced epoxy parts because of difficulties in
uniform heating and long times required to heat and cool large quantities of resin. Therefore,
process conditions PC3 were of importance wherein the temperature of the resin during
premixing, the speed of mixing and ultrasonic amplitude were 25 °C, 20000 rpm, and 80%,
respectively. The tensile modulus and tensile strength of CISGFRC (PC3) were 9.2 GPa and
348 MPa, respectively showing an increase of 10% in tensile modulus and 11% in tensile

strength over GFRC.

The error bars in Figure 3.1 (a) denote the standard deviation of four measurements and it can
be concluded that within the limits of reproducibility the tensile modulus, tensile strength and
percent elongation at break of CISGFRC (PC3) were equal to corresponding values obtained
for CISGFRC (PC2). The flexural measurements elucidate the effect of clay minerals on the
matrix-dominated properties of the fiber reinforced composites (Quaresimin and Varley, 2008;
Vlasveld et al., 2007). The flexural modulus and strength of GFRC were 10.2 GPa and 235
MPa, respectively. The incorporation of clay minerals in epoxy increased both flexural
modulus and flexural strength of fiber reinforced composites by 20% and 11.5%, respectively
in the case of C15GFRC(PC3) as shown in Figure 3.3. The higher modulus of composites
containing clay is a result of matrix stiffening because of its adhesion to the high modulus
ceramic clay mineral layers. The flexural strength as shown in Figure 3.3(b), on the other hand,
was limited by failure due to compression. The increase in tensile and flexural strength of
composites on modification of matrix using clay minerals has also been reported by other

researchers (Daud et al., 2009; Kumar et al., 2010; Vlasveld et al., 2007; Withers et al., 2015).
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Figure 3.4 Transmission electron micrographs of C15GFRC(PC3) at different magnifications
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The interlaminar shear strength of the composite increased with the incorporation of clay
minerals in an epoxy matrix. The clay mineral in CISGFRC(PC3) had intercalated
morphology as observed using Transmission electron microscopy. The clay mineral layers
were seen to be randomly oriented and uniformly dispersed throughout the matrix but a fully
exfoliated structure was not observed (Figure 3.4(a)). The clay mineral aggregates in which
clay layers were seen to be regularly stacked (Figure 3.4(b)). Small angle X-ray scattering
(Figure 3.5) revealed the changes in the interlayer spacing of Cloisite® 15A in fiber reinforced
epoxy-clay nanocomposites. The characteristic peak of Cloisite® 15A at 20 = 2.41°
corresponding to d-spacing, doo1, of 3.65 nm was shifted to lower angle indicating an increase
in doo1 spacing of Cloisite® 15A in epoxy. Two diffraction peaks at values 20 = 1.22° and 20

=1.49° corresponding to d-spacing of 7.23 nm and 5.91 nm respectively, were observed.
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Figure 3.5 Small angle X-ray scattering of Cloisite® 15A and C15GFRC (PC3)
3.4.2 Effect of post-curing on mechanical properties of composites

The laminates synthesized using process condition PC3 were post-cured at different
temperatures viz. 100 °C, 130°C and 150°C in an oven and these have been denoted as
C15GFRC (PC4), CI5GFRC (PC5) and C15GFRC (PC6), respectively. The temperature and
schedule of post-curing can be optimized to enhance the mechanical properties of composites.
The post-curing of thermosets at temperatures slightly below the glass transition temperature,

Ty, for long periods of time (also called annealing), increases mass density of polymer and this
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phenomenon is known as physical ageing. The physical ageing has a significant effect on the
mechanical response of epoxies and their composites (Odegard and Bandyopadhyay, 2011).
The increase in Ty, modulus and strength and a decrease in free volume is linked with the
physical ageing of epoxy (Carbas et al., 2013; Chowdhury et al., 2006; Hiremath et al., 2014;
Kumar et al., 2015).

In the present work, post-curing of laminates was performed at temperatures above the glass
transition temperature of the fully cured network, Tgew (Tew > Ty) to study the effect of post-cure
temperature on mechanical properties. To get values of Tgw, a DSC was done wherein the
nanocomposite samples were subjected to 3 cycles of heating and cooling. The glass transition
temperature of epoxy increased on the incorporation of organically modified clay minerals due
to clay - polymer interactions, which restrict the mobility of chains. The DSC thermograms of
GFRC and C15GFRC (PC3) are shown in Figures 3.6 (a) and 3.6(b). The DSC curves for 2™
and 3™ heating scans were identical. The glass transition temperature (T¢) of GFRC (as cured)
was 60°C as obtained from the first heating scan, whereas the glass transition temperature
(ultimate) was 66°C, from 2" and 3™ heating scans. In the case of C15GFRC, the glass
transition temperature (as cured) was 77°C and the glass transition temperature obtained from
the second heating scan was 87 °C. In the third heating scan, although T, increased from 87 to
90°C no residual curing exotherm was observed. The effect of incorporation of clay minerals
was evident as the enthalpy relaxation peak (Morancho and Salla, 1999) had significantly
diminished and the glass transition temperatures had increased by approximately 17 °C. This
would also impart better thermal stability to C15GFRC as compared to GFRC. The Ty
(ultimate) of composites obtained from second/third heating scan can be considered as Tgx, the

temperature of the fully cured network obtained using DSC.

PC4, PC5, and PC6 correspond to process conditions, wherein the fiber reinforced epoxy-clay
nanocomposites were initially prepared and cured as in PC3 and then post-cured at 100, 130
and 150 °C, respectively for a 3 h as shown in Figure 3.7. The test conditions for determination
of tensile and flexural properties remained unchanged. The tensile modulus and tensile
strength of C15GFRC(PC4) were 9.4 GPa and 378 MPa, respectively compared to 9.2 GPa
and 348 MPa for C15GFRC(PC3) as shown in Figure 3.8. Though the modulus remained
unchanged, a small increase in the tensile strength was observed with post-curing the
nanocomposite at 100°C for 3 h. A slight decrease in percent elongation at break was observed
and this is a result of embrittlement of epoxy at elevated temperature. The flexural modulus

and flexural strength were not significantly influenced by post-curing at 100°C for 3 h.
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The tensile modulus, tensile strength and percent elongation at break decreased significantly
after post-curing at a higher temperature as shown in Figure 3.8. The warpage of fiber
reinforced epoxy-clay nanocomposites after post-curing at higher temperature was clearly
evident. Similar results have been reported in a recent study by Carbas et al. (2013), a decrease
in tensile modulus and tensile strength of two different epoxies post-cured above glass
transition temperature of the fully cured network (Tgx) determined using DSC, was reported.
It was further stated that the thermal degradation or oxidative cross-linking was the reason for
the decrease in tensile modulus and strength. In C15GFRC (PC5) and C15GFRC (PC6), the
tensile strength and flexural strength were severely affected by an increase in post- cure

temperature as shown in Figures 3.8 and 3.9.

There could be three possible reasons for the deterioration in mechanical properties of samples

post-cured at 130°C and 150°C.

(a) The first possible reason may be due to boiling of free or bound water / low molecular
weight impurities present in the composites leading to the generation of voids and internal

stresses.
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(b). Defects due to residual stresses in composites

The second possible reason may be that in fiber reinforced polymer composites significant
residual stresses are set-up during polymerization and thermal cooling. The residual stresses
exist in continuous fiber laminates immediately after polymerization because of restricted
volume changes (contraction of the polymer is restricted by surrounding continuous fiber/
nano-reinforcements) of the polymer matrix that occur during the polymerization process. The
cooling of cured composites result in thermal cooling stresses at (a) fiber-matrix interfaces (b)
each ply of a laminate due to a mismatch between shrinkage of constituents, constraints from
other laminas and a gradient in cooling rates of different plies in thick laminates (Drzal, 1990;
Safarabadi and Shokrieh, 2014; Zhao et al., 2006). The thermal cooling stresses increase as
the difference between cure/post-cure temperature and room temperature increases. These
stresses may lead to fiber-matrix debonding, matrix cracking, warpage, and delamination of
laminas which have an adverse effect on the mechanical behavior of composites (Safarabadi
and Shokrieh, 2014; Zhang et al., 2004). Therefore, post-curing laminates at temperatures
much above Ty, would result in localization of stresses around the curing induced defects and

affect the load carrying capacity of composites.

(c) The possibility of degradation of organic modifier in Cloisite® 15A.

According to Park and Jana (2004), the cure temperature of epoxy-clay nanocomposites should
be lower than the thermal dissociation temperature of the ammonium ions present in
organically modified clays. Also in the same study, the epoxy-clay nanocomposites cured at
180°C a limited exfoliation of clay and plasticization of the matrix was observed. This was
attributed to the stoichiometric imbalance caused due to excess of primary amines produced as
a result of thermal dissociation of ammonium ions and ammonium chloride salts. The TGA
curve of Cloisite® 15A is shown in Figure 3.10. The initial loss in the temperature range from
30°C to 200°C represents the elimination of adsorbed water. The onset of degradation of
organic modifier was at 230 °C. The maximum weight loss occurred between the temperature
range of 272°C to 410°C, which can be attributed to the loss of water present in interlayer space
of clay mineral, alkanes, alkenes, CHO’s and COOH’s (Cervantes-Uc et al., 2007; Edwards et
al., 2005).

In the present study though the post-curing of samples was done at 100°C, 130°C and 150°C
for 3h and the post-cure temperature was low as compared to the fast heating rate in TGA.
Therefore, the possibility for degradation of organic modifier even at 130°C and 150°C can be

ruled out.
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Another possible reason may be related to thermal degradation of epoxy and glass fibers.
However this was ruled out by conducting a TGA on one composite sample (C15GFRC(PC3)).
The thermal stability of C15GFRC (PC3) was studied in terms of percentage weight loss as a
function of temperature in a nitrogen atmosphere. The thermal degradation of epoxy-clay
nanocomposite was a single stage process which occurred due to degradation of crosslinks. As
shown in Figure 3.11, the onset degradation temperature of the epoxy matrix was 312°C and
the loss of weight continued up to 450°C. The temperature range during that degradation of

epoxy occurred was far above than the temperature at which post-curing was carried out.

In the present study, cooling after post-curing at 100,130 and 150°C was done by stopping the
heat flow to composite and letting it cool to room temperature gradually. It should be
mentioned that flow rate of cooling is also expected to significantly influence the resolution of
thermal stresses because of more relaxation time available to polymer chains. This would limit

the drop in properties on high-temperature post-curing.
3.4.3 Effect of stoichiometric ratio of resin and hardener on mechanical properties

Similar to cure schedule, the stoichiometric balance between epoxy and amine groups has a
significant impact on the mechanical behavior of epoxy and its nanocomposites. Most studies
reported in literature deal with resin and hardener mixed in stoichiometric proportions. The
effect of non-stoichiometric ratio with an excess of hardener or resin on the mechanical
behavior of fiber reinforced epoxy-clay nanocomposites has not been studied in detail. The
choice of epoxy and hardener ratio is certainly the most critical issue in tailoring polymer
composites because many properties, e.g. tensile strength, tensile modulus, hardness and glass
transition temperature (Tg) of fiber reinforced composites depend on cross-link density of cured
matrix (Goodman and Hanna, 2014; Minty et al., 2016; Ratna, 2009). An excess of unreacted
amine groups would cause plasticization of the epoxy matrix. Secondly, the fiber reinforced
composite exposed to moisture and seawater would be more susceptible to degradation due to
chemical hydrolysis because of the high reactivity of polar amine groups with water (Garcia

del Cid et al., 2012; Grave et al., 1998; Palmese and McCullough, 1992).
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The tensile modulus, tensile strength, flexural modulus and flexural strength of fiber reinforced
epoxy-clay nanocomposites were significantly affected with a decrease in the quantity of
hardener as compared to C15GFRC(PC3) (PC3 corresponds to process conditions in which
epoxy and hardener were mixed in a stoichiometric proportion) as shown in Figures 3.12 and
3.13. PC7 and PCS refer to those compositions and conditions in which non-stoichiometric
proportions were used and the quantity of hardener was decreased by 5% and 10%,
respectively. CI5SGFRC (PC7) exhibited a decrease of 23%, 20%, 16 % and 32% in tensile
modulus, tensile strength, flexural modulus and flexural strength, respectively. However, the
difference in mechanical properties of CI15GFRC(PC7) and CI15GFRC(PCS8) was not
significant. The interlaminar shear strength of fiber reinforced epoxy-clay nanocomposites
decreased also, as shown in Figure 3.13(b). C15GFRC (PC7) and C15GFRC (PC8) exhibited
lowest mechanical properties as compared to all other fiber reinforced composites
manufactured using different process conditions (PC1, PC2, PC3, PC4, PC5 or PC6). Thus,
the incomplete curing reaction of epoxy due to a shortage of amino groups resulted in a marked
decrease in mechanical properties of C1SGFRC (PC7) and C15GFRC (PCS8). It is also
expected that the hygrothermal properties of PC7 and PC8 would also be much lower due to

reason discussed above.

Fourier transform infrared (FTIR) spectroscopy is a very useful tool for characterization of
organic compounds in epoxies. FTIR spectra analysis was used to investigate the relative
changes in the intensity of bands associated with the monomer/polymer after curing reaction.
The absorption peaks observed in FTIR spectra of DGEBA at 3056 cm’!, 1247 cm™, 915 cm™
830 cm™! denote epoxy groups. The detailed peak assignments of the main absorption bands
for the (bisphenol-A-(epichlorhydrin) epoxy with 1, 4-Bis (2, 3 epoxypropoxy) butane and
butanedioldiglycidyl ether groups) are given in Table 3.3. The FTIR spectra of GFRC,
C15GFRC(PC3) and C15GFRC(PC7) are also shown in Figure 3.14. The peak at 915 cm™' had
disappeared after curing of nanocomposites due to ring-opening polymerization. The intensity
of remaining epoxy characteristic peaks decreased due to the reaction of epoxide rings to form
ether linkages during the curing process. The relative intensities of peaks attributed to
symmetric stretching of the epoxy ring at 1247 cm™! for GFRC, C15GFRC(PC3) and C15GFRC
(PC7) are shown in inset 1, reflect that more unreacted epoxy groups were present in
C15GFRC(PC7) as compared to GFRC and C15GFRC(PC3). One more band, which has been
used by many other researchers (Cholake et al., 2014; Coates, 2000; Poisson et al., 1996) to

study epoxy curing kinetics was observed at 3056 cm™ (inset 2). This band was more
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prominent in C15GFRC (PC7) indicating that in C15GFRC(PC?7) the curing reaction was not
complete due to the scarcity of amino groups and resulted in a decrease in the mechanical

properties of fiber reinforced epoxy-clay nanocomposite.

Table 3.3 Tentative assignments of FTIR peaks in DGEBA (Cholake et al., 2014; Coates et
al., 2000 )

Group frequency, Tentative assignment

wave number (cm™')

3056 Symmetric stretching of C-H of the oxirane ring
2966-2873 Stretching C—H of CH; and CH aromatic and aliphatic
1608 C=C stretching of aromatic ring

1509 C— C stretching of aromatic ring

1456 Bending of CH; and CH3

1247 Symmetric stretching of epoxy ring

1184 C— O aromatic ring stretching

1107 Aromatic stretching

1036 C- O — C stretching of ether group

915 C- O stretching of oxirane group

830 C— O — C stretching of oxirane group

760 CHazrocking

In contrast to these results, few studies have reported that use of non-stoichiometric ratios with
an excess of epoxy groups favored exfoliation of clay minerals in the matrix (Chin et al., 2001;
Lan et al., 1996). Chin et al., 2001 observed that the interlayer spacing of MMT increased
extensively when the resin to hardener ratio was well below the stoichiometric amount (as
earlier reported by Lan et al.,, 1996 ). The nanocomposites with DGEBA cured with
stoichiometrically equivalent amount had an intercalated morphology, whereas a decrease in
concentration of curing agent below the stoichiometric amount aided exfoliation. It was

concluded that the higher concentration of curing agents limited exfoliation because of higher
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rates of extragallery crosslinking with a decreased diffusion of polymer chains in intragallery

regions.

Garcia del Cid et al. (2012) studied the influence of non-stoichiometric DGEBA - hardener ratio
on curing and thermo-mechanical properties of epoxy-clay nanocomposites. The increase in
d-spacing of clay in nanocomposites was found to be influenced by the structure of organic
modifier in clays but was independent of the stoichiometry of epoxy. It was reported that the
incorporation of clay minerals and excess hardener also increased the extent of curing of epoxy.
However, the glass transition temperature (T) and elastic storage modulus of nanocomposites
were highest at stoichiometry less than 1. Recent studies by Gao et al. (2016) and Gude et al.
(2012) on epoxy-hardener stoichiometry concluded that the reinforcement effect of amine
functionalized multi-walled carbon nanotubes on thermomechanical properties was more
significant in compositions with less cross-linked networks i.e. epoxide rich compositions.
Clearly, more detailed studies on the contribution of non-stoichiometric epoxy hardener ratio
on mechanical properties of fiber composites are required because of the influence of many
factors like nature and interactions of surface modifier, fiber/ nanofiller volume fraction,

dispersion of nanofillers, type of hardener and curing conditions.
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Figure 3.14 FTIR spectra of DGEBA and fiber reinforced epoxy-clay nanocomposites
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3.5 Closing remarks

The exploratory studies on the effect of different processing parameters (premixing parameters,
post-curing temperature, resin to hardener mix ratio) on the mechanical properties of fiber
reinforced epoxy-clay nanocomposites containing 2 phr (parts per hundred resin) of a
commercially available organically modified montmorillonite clay, Cloisite® 15A had been

carried out. This study highlights three main outcomes
(i) Effect of speed and temperature during mixing, and ultrasonic probe amplitude

The improvement in tensile modulus and tensile strength, flexural modulus and flexural
strength of glass fiber reinforced composites incorporating clay minerals were dependent on
dispersion state of clay minerals in epoxy. The mixing of Cloisite® 15A in epoxy resin
performed using low speed of homogenization (10000 rpm), epoxy and clay mixture
temperature (40°C), and low ultrasonication amplitude (40%) led to a decrease in tensile
modulus and tensile strength by 13% and 18%, respectively as compared to neat epoxy-glass
fiber reinforced nanocomposites. To get good mechanical properties, the speed of
homogenization, and temperature of epoxy and clay mixture during mixing and ultrasonic
amplitude were increased. The tensile strength, flexural modulus, flexural strength and
interlaminar shear strength of nanocomposites increased by 17.5%, 50%, 54.5% and 58.5%,
respectively when the mixing temperature of epoxy and clay mixture was 80 °C, the speed of
homogenization (20000 rpm) and ultrasonic probe amplitude (80%). The elevated temperature
during premixing can pose difficulty in mass production of large fiber reinforced parts.
Therefore, it was decided to continue working with speed of homogenization, ultrasonic probe
amplitude but the epoxy-clay mixture temperature during mixing at 25 °C. The fiber reinforced
epoxy-clay nanocomposites exhibited 12% increase in tensile strength, 20% increase in
flexural modulus and 12% increase in flexural strength as compared to neat epoxy-glass fiber
reinforced composites. The small angle X-ray scattering (SAXS) and transmission electron

microscopy (TEM) observations revealed that intercalated nanocomposites were formed.
(ii) Post-curing effect

Post-curing of fiber reinforced epoxy-clay nanocomposites at 100°C showed no significant
change in mechanical properties in comparison to samples which were not post-cured. The
mechanical properties of fiber reinforced epoxy-clay nanocomposites reduced after post-cure
at higher temperatures, i.e. 130°C and 150°C, and this can be attributed to generation of voids

and internal stresses due to
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1 boiling of free or bound water and low molecular weight impurities present in the
nanocomposites

2 residual stresses due to thermal cooling.

The degradation of epoxy and organic modifier in Cloisite 15A® at 150°C can be ruled out.
The TGA of Cloisite®15A and fiber reinforced epoxy-clay nanocomposites were also carried
out to support these conclusions. Also, the glass transition temperature of the fully cured epoxy
(Tgw ) obtained from DSC was 90 °C. Therefore, the post-cure temperature exceeding the glass
transition temperature of fully cured epoxy by a good margin has a detrimental effect on the

mechanical properties of fiber reinforced composites.
(iii) Effect of change in resin to hardener ratio

The non-stoichiometric ratio of epoxy resin and hardener resulted in a decrease in both the
extent of cure of epoxy and mechanical properties of fiber reinforced epoxy-clay
nanocomposites. The nanocomposites with non-stoichiometric ratios of epoxy and hardener
were not fully cured as evident from FTIR analysis of nanocomposites. This led to a significant

decrease in mechanical properties of fiber reinforced nanocomposites.

The next step was to study surface treatment of clay minerals using silane coupling agents. The
following chapter discusses the functionalization of clay and its adhesion with the epoxy

matrix.
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Chapter 4 Effect of surface treatment of glass fibers and clay

minerals

4.1 Introduction

Silane coupling agents are widely used to enhance adhesion between glass fibers and epoxy
matrix and shield against the deleterious effects of diffusion of water on mechanical properties
of composites. The mechanical properties of composites increase significantly if the silane
coupling agent interacts with the reinforcement as well as the polymer matrix (Blum, 2016;
Shokoohi et al., 2008; Xie et al., 2010). Silylation of clay minerals promote exfoliation of clay
minerals which results in improvements in mechanical properties of polymer composites (Chen
and Yoon, 2005b; Ha et al., 2010, 2008, 2007; Ha and Rhee, 2008; Huski¢ et al., 2013; Ianchis
et al., 2015; Piscitelli et al., 2012; Wang et al., 2006b). Thus, it is desirable that the surface
area per unit mass of the filler (clay minerals) which can be silyated should be maximized. In
the studies reported in the literature on silylated clay polymer nanocomposites, clay minerals
had not been dispersed at the nanoscale, only in few studies, clay had been intercalated to some
extent (Sharma et al., 2017). Thus, if the clay can be exfoliated or nano-dispersed before

silanization, interesting results can be expected.

In this chapter, a new method of silane treatment has been reported wherein the clay minerals
were nano-dispersed in hydrolyzed silanes. The silylated clay minerals were then dispersed in
epoxy resin, and glass fiber reinforced epoxy-clay laminates were manufactured using vacuum
assisted wet-layup method. The fiber reinforced epoxy nanocomposites containing silylated
clay minerals have been characterized using Small angle X-ray scattering (SAXS),
Transmission electron microscopy (TEM) and Differential scanning calorimetry (DSC).
Additionally, the effect of silane treatment of glass fibers on the tensile and flexural properties

of glass fiber reinforced epoxy-clay nanocomposites was also studied.
4.2 Materials and Methods
4.2.1 Silane treatment of the inorganic phase

Each of the silane coupling agents (3-aminopropyltriethoxysilane (APTES), 3-
glycidyloxypropyltrimethoxysilane (GPTMS)) was hydrolyzed in a solvent to form silanol.
The silane treatment of glass fibers was then carried out as discussed in section 2.3.1. The silane

treatment of clay minerals was performed using the following two methods:
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Method 1

5g of Cloisite® 15A was put into the hydrolyzed silane solution and dispersed into the solution
by ultrasonic mixing and homogenizing as discussed in section 2.3.2. The amount of silane
required was calculated using an empirical formula. The silylated clay minerals were extracted
by vacuum filtration and dried at 110 °C for 1 h. The clay minerals were then stored in a

vacuum desiccator.

Method 2

5g of Cloisite® 15A was immersed in a dilute solution containing different quantities of silanes.
The amount of silane coupling agents (SCAs) used was 0.1X, 0.5X, 2X, and 4X, where X is
the weight of clay mineral. Further, the Cloisite® 15A was nano-dispersed in silane solution
by using a high shear homogenizer operated at 12,000 rpm for 3 min and ultrasonic mixing
using a probe sonicator operated at an amplitude of 80% for 10 min. The solvent was then
removed using a Heidolph rotary evaporator. The modified clay minerals were washed twice
with the solvent used for hydrolysis to remove soluble homo condensates. Clay minerals were
further dried in a vacuum oven at 60°C for 48 h. Clay minerals were ground using a pestle
mortar and then heat treated for 15 min at 120 °C before use. Figure 4.1 shows the Cloisite®™
15A modified with silane coupling agent: APTES or GPTMS and the amount of silane is
mentioned in parentheses. The clay minerals were observed to be coated with 0.1X silane
solutions. Whereas at higher quantities of silane coupling agents, i.e. 4X, the clay minerals had
clustered in a complex manner and were hard from outside and sticky from inside. It was not
possible to grind it into very fine powder and thus the silylated clay minerals, APS C15(4) and
GPS C15(4) were dispersed into epoxy by grinding to the smallest possible size.

4.2.2 Dispersing clay minerals in epoxy

2 phr of clay minerals were added to the epoxy resin and was mixed using a glass rod for 5
min. A high shear homogenizer operated at 20000 rpm was then used for breaking
agglomerates of clay minerals into small sizes and mixing it uniformly in epoxy resin. The
ultrasonic mixing was performed for 5 min, using an ultrasonic probe operating at an amplitude
of 80%. The homogenization and ultrasonic mixing were repeated before the mixture was

placed in a vacuum desiccator for degassing for 1h.
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Figure 4.1 Clay minerals after silane treatment as a function of concentration of silanes in

solution
4.2.3 Manufacturing fiber reinforced epoxy-clay nanocomposites

The epoxy resin and hardener were mixed in a stoichiometric ratio of 100: 31. After mixing,
the epoxy resin containing clay minerals was poured onto fiber mats ensuring that it wets the
fibers. The laminate was then sealed using a vacuum bag and vacuum was applied to create
pressure on the laminate. A vacuum of about 1 MPa was maintained for 180 min till the
gelation of epoxy. Curing was performed as per the schedule specified by the manufacturer,
1.e. heating the laminate for 7 h at a temperature of 70 °C, on the mould. The mould temperature
was controlled by a proportional-integral-derivative controller and all the nanocomposites
were cured using the same curing schedule. The fiber reinforced laminate was cut using a high-

speed cutter to prepare the specimen for tensile and bending tests.
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4.3 Results and Discussions
4.3.1 Effect of silane treatment of glass fibers and clay minerals

The tensile and flexural properties of composites incorporating silylated Cloisite® 15A and
glass fibers woven roving surface treated with different silane coupling agents are shown in
Figures 4.2 and 4.3. The tensile modulus and tensile strength of glass fiber reinforced epoxy-
clay nanocomposites denoted by C15SGFRC were comparable with both APTES treated glass
fiber epoxy-clay nanocomposite, C15 AGFRC, and GPTMS treated glass fiber epoxy-clay
nanocomposites, C15 GGFRC. The tensile stress vs. elongation curve of the representative
specimens is shown in Figure 4.6. The flexural modulus and flexural strength of C15 AGFRC
improved significantly by 38% and 76%, respectively in comparison to C15GFRC (Figure 4.3).
The tensile and flexural properties of fiber reinforced epoxy-clay nanocomposites containing
silane treated glass fibers and silane treated Cloisite® 15A are shown in Table 4.1

Table 4.1 Tensile of flexural properties of nanocomposites incorporating silane treated glass
fibers and clay minerals

Material code Tensile Tensile Elongation  Flexural Flexural
modulus, strength, at break, modulus, strength,
GPa MPa % GPa MPa
GFRC 8.3+0.16 313£12  42+03 10.2+0.17 235+18
CI5GFRC(PC3) 9.2+ 0.65 348 £7 5.6 +0.15 123+1.05 262+6
C15 AGFRC 8.5+0.15 36921  4.7+0.15 17.0£0.8 461 £ 13
C15 GGFRC 82+0.15 329+20 4.6+0.28 14.6 £0.9 422 £32
AC15 AGFRC 7.8+0.1 374+45  55+0.64 18.7+£0.9 386 £33
GC15 AGFRC 83+0.1 356 +38 48+04 17.0+£ 1.0 502 + 37
ACI15 GGFRC 6.9+0.2 288 +5 45+0.25 14.0+ 0.4 325+18
GC15 GGFRC 8.0+0.2 290+31 4.1+0.44 155+1.0 443 + 22

In the case of C15 GGFRC, incorporating glass fibers surface modified using GPTMS, the
flexural modulus and flexural strength increased by 18% and 61%, respectively. The increase
in flexural properties can be attributed to improved adhesion between glass fibers and epoxy

matrix and has been reported by other researchers also for glass fiber reinforced-
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polymer composites (Iglesias et al., 2002; Park and Jang, 2004; Sever et al., 2008; Shokoohi et
al., 2008; Xie et al., 2010). Surprisingly, the incorporation of silylated clay minerals did not
show improvements in tensile and flexural properties of silane treated glass fiber composites
as compared to silane treated glass fiber-untreated Cloisite® 15A based nanocomposites.
Referring to Figure 4.4 (a), the tensile modulus and tensile strength of Cloisite® 15A based
nanocomposite, CISAGFRC (APTES treated glass fiber epoxy-clay nanocomposite) were 8.5
GPa and 369 MPa, respectively. In the case of GPTMS treated glass fiber epoxy-clay
nanocomposites (C15 GGFRC), the tensile modulus and tensile strength were 8.2 GPa and 329
MPa, respectively. The tensile modulus and tensile strength of APTES treated clay minerals
in GPTMS treated glass fiber composites (AC15 GGFRC) were approximately same within
the reproducibility limits for comparisons, as shown in Figure 4.4(b). The tensile properties of
composites incorporating GPTMS treated clay minerals the (GC15 GGFRC) were also
approximately same as C15 GGFRC. The flexural modulus of Cloisite® 15A based
nanocomposites with APTES treated glass fibers and GPTMS treated glass fibers were 17 GPa
and 14.64 GPa, respectively. The flexural modulus values remained unchanged on the
incorporation of silane treated clay minerals. The flexural strength of Cloisite® 15A based
nanocomposites with APTES treated glass fibers and GPTMS treated glass fibers were 462
MPa and 422 MPa, respectively. An incorporation of APTES treated clay minerals in both the
APTES treated glass fiber composites and GPTMS treated glass fiber composites led to a
decrease in flexural strength (16% in case of AC15 AGFRC and 22% in case of AC15 GGFRC)
of composites as shown in Figures 4.5(a) and 4.5(b). The tensile and flexural properties of
treated glass fiber reinforced composites decreased with the incorporation of silylated clay
minerals. There can be two possible reasons: the insufficient amount of silane and clustering
of clay minerals after silylation. A successful hydrophobic silane coating must eliminate
hydroxyl groups available on montmorillonite to make it hydrophobic. The factors which
contribute to the ability of silane to form a hydrophobic coating are its functional groups, the
extent of surface coverage, the residual unreacted groups and the distribution of silane on the
surface (Arkles et al., 2009; Ishida, 1984; Kim and Mai, 1998). Therefore, the amount of silane
grafted on the clay minerals would influence the morphology of clay minerals in
nanocomposites. The resulting nanocomposite will exhibit higher mechanical properties
because of intercalation/exfoliation of clay minerals in the polymer matrix. Chen and Yoon,

2005 had studied the effect of silane modification of three
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types of organically modified clays: Cloisite® 15A, Cloisite® 20A and Cloisite® 30B on
properties of poly(L-lactide) clay nanocomposites. It is interesting to note that an exfoliated
morphology was obtained only in nanocomposites containing silane treated clay minerals.
Higher grafting of silane on clays resulted in better dispersion and a higher degree of exfoliation

of the clays in poly(L-lactide) matrix.

The silylated clay minerals after drying had formed small clusters. In the case of fiber
reinforced nanocomposites based on APTES treated clay minerals, a decrease in mechanical
properties can be attributed to visibly poor dispersion of clay minerals. Therefore, the silylated
clay minerals should be crushed to a fine powder before mixing in epoxy resin. Thus, further
experiments were conducted to investigate the morphology, extent of curing and morphology
of fiber reinforced epoxy nanocomposites containing Cloisite® 15A surface modified using
different amounts of silane coupling agents, e.g. 0.1X, 0.5X, 2X and 4X. The silylation was

carried out using Method 2 described in section 4.2.1 in this report.
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Figure 4.6 Tensile stress vs elongation curves for representative composites
4.3.2 Silane treatment of clay minerals using different quantities of silane coupling agents
4.3.2.1 Characterization of clay minerals

FTIR spectroscopy was used to verify the grafting of silanes on clay minerals. FTIR

spectroscopy has been widely used to investigate the adsorption of silanes on silicates. Figure
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4.7 shows the FTIR spectra of Cloisite® 15A, 3-glycidyloxypropyltrimethoxysilane treated
Cloisite® 15A and 3-aminopropyltriethoxysilane treated Cloisite® 15A at different

concentrations (given in parentheses).
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Figure 4.7 FTIR spectra of Cloisite® 15A and silane modified Cloisite® 15A

The assignment of peaks was done taking a cue from the literature. In FTIR spectra of Cloisite®
15A, the band at 3460 cm™ was assigned to a hydroxyl group and H- bonded OH stretch. The
bands located at 2930 cm™ and 2842 cm™ were due to the -CH asymmetric and symmetric
stretching of —CH> groups from the chemical structure of surfactant. The surface modification
of organoclay was evident from the appearance of a very strong band at 1047 cm™ which was
assigned to the Si—O —Si stretch in silane modified clays. The peak at 3638 cm™! was assigned
to Si-OH hydroxyl stretching in clays modified using 0.1X silane. Also, bands at 2930 cm’!
and 2850 cm’! in modified clays had become more pronounced after modification of clay
mineral surface with silane coupling agents. When the concentration of silane was increased,
two effects were observed (i) The band at 1047 cm™! became broader and more complex which

indicated that Si-O-Si chains have become longer or branched, and (ii) The decrease in peak
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intensity at 3638 cm!, which could be attributed to the hydrogen bonding interaction between
the hydrolyzed silanes and —OH groups available in clay. This peak had reached an asymptotic
value of intensity in the case of APTES treated clay minerals with 0.5X and 2X silane

concentration indicating utilization of all -OH available on clay mineral surface.

4.3.2.2 Mechanical properties of fiber reinforced composites incorporating silylated clay

minerals

The results obtained for fiber reinforced epoxy-clay nanocomposites are summarized in this
section. The terminology used for these nanocomposites is indicated on the X-axis, and it
consists of the symbol of clay mineral/ silylated clay mineral followed by the concentration of
silane in parentheses and an abbreviation GFRC. The tensile modulus and tensile strength of
CI5GFRC were 9.2 GPa and 349 MPa respectively. The tensile modulus and tensile strength
(Figure 4.8) decreased when silylated clay minerals AC15(0.1), GC15(0.1), AC15(0.5),
GC15(0.5), AC15(4), GC15 (4) were used in glass fiber reinforced epoxy composites. But
there were exceptions also, with the addition of AC15(2) and GC15(2) the tensile modulus has
increased marginally but the tensile strength had increased by 11% and 8.5%, respectively.
This increase can be explained by the morphology of nanocomposites, improved adhesion
between the silane treated clay and epoxy, and curing reaction. The ACI15(2)GFRC and
GC15(2)GFRC samples had exfoliated morphology, in which clay mineral layers were
randomly oriented and separated and thus an enormously large surface area was available for
polymer/filler interaction. This increased the effectiveness of stress transfer between clay
minerals and epoxy matrix.

Secondly, the functional groups available in silanes can potentially interact with inorganic clay
minerals and epoxy resin individually thus forming a network between clay, silane, and epoxy,
which improves the adhesion between clay minerals and epoxy matrix. The third reason for
an increase in properties was related to increase of the extent of curing and the crosslinking
density of epoxy. This increased the mechanical properties of nanocomposites. Figure 4.9
shows the stress vs. percent elongation curves of nanocomposites, high values of percentage
elongation before failure were observed for AC15(2)GFRC and GC15(2)GFRC, whereas all
other nanocomposites broke in a brittle fashion like AC15(0.5)GFRC and GC15(0.5)GFRC.
This is clear evidence of improved adhesion between clay minerals and epoxy in
AC15(2)GFRC and GC15(2)GFRC compositions. The flexural test results were in line with
these findings and both flexural modulus and flexural strength improved with an addition of

clay minerals treated with 2X silane as shown in Figure 4.10. The decrease in tensile modulus,
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tensile strength, flexural modulus and flexural strength of AC15(0.1)GFRC, GC15(0.1)GFRC,
AC15(0.5)GFRC, GC15(0.5)GFRC may be due to insufficient concentration of silanes, which
could not cover the enormously large surface area (m*/g) produced by nanodispersion of clay
minerals in hydrolyzed silanes or incomplete curing of epoxy. Vennerberg et al., 2014 have
also reported a decrease in tensile modulus and tensile strength of multiwalled carbon
nanotubes (MWCNT) epoxy nanocomposites when silane functionalization of MWCNT was
carried out with 0.1 wt%, 0.5 wt% and 1 wt% concentration of silanes.

In the case of AC15(4)GFRC, GC15(4)GFRC visually poor dispersion of silylated clay
minerals in epoxy resin was observed, because of sedimentation of clay during processing that
led to reduced strength of composites. But, treatment of clay minerals with a high
concentration of silanes in solution, did not improve the mechanical properties of
nanocomposites. The flexural strength and flexural modulus of nanocomposites incorporating
4 wt% of silane concentration were lowest in comparison to other compositions. The possible
reason for this may be a high agglomeration of clay minerals in epoxy. To investigate the
silylation effect on the mechanical properties of nanocomposites, the morphology (TEM), the

degree of clay dispersion (SAXS) and thermal behavior (DSC) were studied.
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Figure 4.8 Effect of clay modification on tensile properties
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4.3.2.3 Morphology of glass fiber reinforced composites

Small angle X-ray spectra (Figure 4.11) revealed the changes in the interlayer spacing of
Cloisite® 15A in fiber reinforced epoxy-clay nanocomposites. The characteristic peak of
Cloisite® 15A at 20 = 2.41° corresponding to d-spacing, doo1, of 3.65 nm shifted to lower angles
indicating an increase in doo1 spacing of Cloisite® 15A in epoxy. Two diffraction peaks at
values 20 = 1.22° and 20 =1.49° corresponding to d-spacing of 7.23 nm and 5.91 nm
respectively, were observed for nanocomposite containing unmodified clay, i.e. without silane
treatment. It was significant that for all fiber reinforced epoxy nanocomposites which contain
silane modified clays no peak was visible in this small-angle region, confirming that clay was

exfoliated.
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Figure 4.11 Small angle X-ray scattering of C15GFRC, AC15(0.1)GFRC, AC15(0.5)GFRC,
ACI15(2)GFRC and GC15 (0.1)GFRC, GC15(0.5)GFRC, GC15(2)GFRC

TEM of C15GFRC showed that the clay platelets had been sheared off during processing of
nanocomposites. In some regions, clay layers were pushed to a basal distance of 8.81nm
implying exfoliation, but largely an intercalated structure is seen as shown in Figure 4.12. The
TEM of AC15 (2)GFRC and GC15(2)GFRC (Figure 4.13) confirms that the clay mineral layers

were mainly exfoliated and the layers were scattered randomly. Exfoliation of clay is one of
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the main requirements to achieve better mechanical properties of clay nanocomposites, and the

same has been observed in the present study.

Figure 4. 12 Transmission electron micrographs of C15GFRC at different magnifications
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Figure 4.13 Transmission electron micrographs of (a) AC15(2)GFRC and (b) GC15(2)GFRC
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4.3.2.4 Thermal transitions and curing

The DSC analysis revealed that the nanocomposites which showed a decrease in mechanical
properties were under-cured. Some researchers (Lu and Nutt, 2003a, 2003b; Ngo et al., 2007)
have annealed the samples before the heating cycle in DSC. This is done to remove the
variations in thermal history of samples during curing and to cure the partially cured samples
completely. In the present study, the samples were not preheated before DSC scans because
the variations in thermal history of fiber reinforced epoxy-clay nanocomposites were not
expected as the mould temperature was controlled by a proportional-integral—

derivative controller and all the nanocomposites were cured using same curing schedule.

In DSC scans, each sample was heated to 300°C from room temperature under nitrogen flow
in an aluminium pan. The samples were then cooled down to -4°C at a cooling rate of
10°C/min. The heating and cooling scans were repeated thrice. The DSC thermograms of 2"
and 3™ heat scans of C15GFRC were identical as can be seen in Figure 4.14. Although T, had
increased from 87 to 90°C, but there is no residual curing exotherm observed. Therefore only
two scans were conducted on the remaining samples. The DSC curves of the first two heating
scans are shown in Figures 4.15 and 4.16. The first heating scan gave important information
about thermal properties of nanocomposites. The glass transition temperatures (Tg) of
nanocomposites: AC15(2)GFRC, AC15(4)GFRC, GC15(2)GFRC and GC15(4)GFRC were
higher than that of CISGFRC which indicate better curing. But other compositions had lower
values of glass transition temperatures than that of C15GFRC indicating lower extent of cure
as compared to CI5GFRC. To investigate the enthalpy relaxation peak in DSC, many
researchers (Hutchinson et al., 1996; Morancho and Salla, 1999; Ngo et al., 2007; Piscitelli et
al., 2012) have performed different heating and cooling rate experiments. The enthalpy
relaxation is the shaded region between the first and second DSC curves (Morancho and Salla,
1999) during heating scans as shown in Figure 4.17. The enthalpy relaxation was observed to
be superimposed over the glass transition, but the change in slope was sufficient to represent
glass transition The higher enthalpy relaxation to reach the equilibrium state exhibited by
AC15(0.1)GFRC, AC15 (0.5)GFRC, GC15(0.1)GFRC and GC15(0.5)GFRC may be attributed
to incomplete curing reactions (Hutchinson et al., 1996; Lu and Nutt, 2003a). During the
second scan, the glass transition temperature of all the nanocomposites had shifted to a higher

temperature. The changes in glass transition temperature are shown in Table 4.2.
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Table 4.2 Glass transition temperatures (°C)

Composition Heating Heating
cycle 1 cycle 2
CI15GFRC 77 87
AC15(0.1)GFRC 70 82
AC15(0.5)GFRC 69 83
AC15(2)GFRC 83 84
ACI15(4)GFRC 83 86
GC15(0.1)GFRC 68 89
GC15(0.5)GFRC 69 82
GCI15(2)GFRC 81 89
GC15(4)GFRC 90 90
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Figure 4.14 DSC curves of C15GFRC
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The exotherm in the DSC (inset in Figure 4.18) gave information on the heat of cure of fiber
reinforced epoxy-clay nanocomposites. The heat of curing becomes smaller as the resin
becomes more cross-linked and it becomes undetectable if the resin is fully cured. The
increased crosslinking density results in an increase in Tgand also the mechanical properties of
epoxy composites. ACI15(2)GFRC, AC15(4)GFRC, GCI5(2)GFRC, GC15(4)GFRC,
C15GFRC showed reduced heat of curing, which indicates increased cross-linking in an epoxy
matrix. In a recent study, Shanmugharaj and Ryu, 2012 have reported a slight drop in peak
exotherm in DSC, conducted at different heating rates, attributed to the increased degree of
cure in nanocomposites containing silane modified clay in comparison to pristine epoxy-clay
nanocomposites. Also, the exotherm profile and the heat of reaction were same irrespective of

different heating rates.
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Figure 4.15 DSC traces of (a) AC15(0.1)GFRC, (b) AC15(0.5)GFRC, (c) AC15(2)GFRC,
(d) AC15(4)GFRC
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Figure 4.16 DSC traces of (a) GC15(0.1)GFRC, (b) GC15(0.5)GFRC, (c) GC15(2)GFRC,
(d) GC15(4)GFRC
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Figure 4.17 Enthalpy relaxation in GC15(0.1)GFRC
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4.4 Closing remarks

The surface modification of inorganic reinforcement with silane coupling agents improved the
adhesion of reinforcement with an epoxy matrix. The silane treatment of glass fibers with
APTES/GPTMS significantly increased the flexural modulus (38% in the case of APTES
treated glass fibers, and 18% in the case of GPTMS treated glass fibers) and the flexural
strength (75% in the case of APTES treated glass fibers, and 61% in the case of GPTMS treated
glass fibers) of three-phase hybrid nanocomposites. The tensile and flexural properties of
silylated glass fiber reinforced composites decreased with incorporation of silylated clay
minerals. The clay minerals were dried after silylation and had formed small crystals. The
clay-clusters did not break properly during homogenization and ultrasonication and led to poor
dispersion of clay minerals in the matrix.

Further experiments have been performed to elucidate the effect of silylation of clay minerals
on the mechanical properties of glass fiber reinforced epoxy nanocomposites isolating the
effects of silane treatment of glass fibers. The silylation of clay minerals has been performed
using different quantities of silane coupling agents, and the silylated clay minerals were ground
to avoid clustering of clay minerals. The grafting of silanes on Cloisite® 15A nanoclay has

been confirmed by FTIR, which show bands related to Si-O bonding and presence of silanols.
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The fiber reinforced composites incorporating silylated clay minerals gave some encouraging
results and composition containing 2X silane treated clay minerals, AC15(2)GFRC showed
improvements in tensile strength, flexural modulus, and elongation at break in comparison to
compositions with 0.1X, 0.5X, 4X silane treated clay minerals. This can be attributed to
exfoliation of clay mineral layers in the matrix as well as better curing of 2X silane treated
nanoclay fiber reinforced nanocomposites as confirmed by TEM and DSC, respectively. The
total absence of the characteristic clay peak ( 20 = 2.41°) in SAXS patterns, which is indicative
of the absence of an ordered layer structure, confirmed that exfoliated nanocomposites had
been formed.

Further studies have been carried out to (i) quantify the grafting of silanes on clay minerals, (i)
investigate the effect of curing schedule on mechanical properties of glass fiber reinforced
epoxy-clay nanocomposites, (iii) modify silanization method to improve mechanical properties
of glass fiber reinforced composites based on silylated clay minerals. These studies have been

presented and discussed in the following chapter.
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Chapter 5 Curing studies and mechanical properties of fiber
reinforced epoxy-clay nanocomposites

5.1 Introduction

In this chapter, a modification in the method of silanization of clay minerals has been reported
which enabled the use of very high concentration of silane coupling agents. As a result of this,
3-aminopropyltriethoxysilane silylated clay minerals had an exfoliated and encapsulating
platelets morphology in nanocomposites. The ratio of the weight of silane coupling agent to
that of the weight of clay minerals (X) was varied from 0.1 to 6. The mechanical properties of
fiber reinforced epoxy-clay nanocomposites increased significantly with incorporation of
silylated clay minerals and the optimum curing schedule. Small angle X- ray scattering and
thermogravimetric analysis were carried out on silane modified clay minerals to quantify the
grafting of silanes as a function of the ratio of the weight of silane agent to that of clay minerals.
Also, curing studies were carried out on fiber reinforced epoxy nanocomposites containing
Cloisite® 15A at different cure temperatures, e.g., 70°C, 80°C, 85°C, 95°C and for two different
curing time periods, e.g. 7h and 10h. A qualitative study of fiber matrix interfaces aided by

scanning electron microscopy has been presented.
5.2 Methodology
5.2.1 Silane functionalization of clay minerals

5g of Cloisite® 15A was immersed in a dilute solution containing different quantities of silanes
viz. 0.1X, 0.5X, 2X, 4X and 6X with respect to the weight of clay mineral (X). Further, the
Cloisite® 15A was nano-dispersed in silane solution by using a high shear homogenizer
operated at 12,000 rpm for 3 min and ultrasonic mixing using a probe sonicator operated at an
amplitude of 80% for 10 min. The solvent was then removed using a Heidolph rotary
evaporator. The modified clay minerals were washed twice with the solvent used for hydrolysis
to remove soluble homo condensates (Chen et al., 2005a, 2005b; Huski¢ et al., 2013; Ianchis
etal., 2015, 2011; Zhang et al., 2006). Thin layers of silane modified clay minerals were laid
in Petri plates to avoid large aggregations and then were dried in a vacuum oven at 60 °C for
48 h. The dried clay minerals were ground in a pestle mortar to obtain a fine powder. Silylated
clay minerals were heated for 15 min at 120 °C before mixing in epoxy resin to remove residual
solvent and moisture. To remove free water from the clay minerals, drying temperature was
kept below the degradation temperature of quaternary ammonium modifier and organic

moieties of silane coupling agents. The onset degradation temperature of the organic modifier
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in Cloisite® 15A was 230°C as determined from TGA. The results of thermogravimetric
analysis of Cloisite® 15A and silylated clay minerals are reported in section 5.3.1.1. Drying at
120°C was unlikely to cause the degradation of organic moieties as both APTES and GPTMS
are gamma-substituted silane coupling agents and can withstand long-term continuous

exposure to 160°C (Gelsest, 1967).
5.2.2 Fiber reinforced epoxy-clay nanocomposites

Clay minerals at 2 parts per hundred resin were added to Airstone® 780E resin and mixed for
5 min using a glass rod, a high-speed homogenizer operated at 20,000 rpm for 3 min and
ultrasonic mixing using probe sonicator operated at an amplitude of 80% for 5 min. The
homogenization and ultrasonication were repeated. A stoichiometric amount of Airstone®
786H hardener was added to the homogeneous mixture and degassing was done using a vacuum
desiccator for 30 min. Finally, the epoxy was infused into the WR360 woven roving to
manufacture high-quality two-ply laminate using vacuum assisted resin infusion method.
Further, curing of the laminate was carried out on the heated mold.

5.2.3 Characterization of materials

Thermogravimetric analysis (TGA) of clay minerals was carried out using a Shimadzu TGA
50 thermogravimetric analyzer. The clay minerals were heated to 800°C at a rate of 10°C /min
under a nitrogen environment and the weight loss was measured. Before testing, samples were
stored in microcentrifuge tubes, and placed in a vacuum desiccator containing silica gel, to
avoid absorption of moisture from atmospheric conditions. All Small angle X-ray scattering
(SAXS) measurements on clay mineral samples were carried out on PANalytical XPERT Pro
diffractometer.

Four specimens of each material were cut and tested as per the ASTM standards D3037/3039
for tensile test and D790 for 3 point bending test. Transmission electron microscopy (TEM)
was carried out using TECNAI G? 20 transmission electron microscope at an accelerating
voltage of 100 kV. The calorimetric measurements were performed on a Perkin-Elmer DSC

4000 standard single furnace differential scanning calorimeter.

The terminology used for silane modified clay minerals consists of a prefix A (for
APTES) or G (for GPTMS) followed by the concentration of silane in parentheses. A suffix
GFRC is added to the symbol of silane modified clay minerals to denote nanocomposites

containing silanized clay minerals.
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5.3 Results and Discussion
5.3.1 Characterization of silane treated clay minerals
5.3.1.1 Thermogravimetric analysis

A quantitative investigation on grafting of silanes on clay minerals was conducted by
thermogravimetric analysis of silane modified clay minerals. The TGA curves are shown in
Figures. 5.1 and 5.2. The data obtained for Cloisite® 15A was in good agreement with results
obtained by (Cervantes-Uc et al., 2007). The free water loss from Cloisite® 15A had occurred

up to 110 °C. The onset of degradation of organic modifier was at 230 °C.
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Figure 5.1 TGA curves of Cloisite® 15A and 3-aminoprpyltriethoxysilane treated Cloisite®

15A clay minerals

The maximum weight loss occurred between the temperature range of 272°C to 410°C, which
can be attributed to the loss of water present in interlayer space of clay mineral, alkanes,
alkenes, CHO’s and COOH’s (Cervantes-Uc et al., 2007; Edwards et al., 2005). For the silane
modified clay minerals, the weight loss continued until 550 °C, which can be due to degradation
of grafted silanes. From the literature on 3-aminopropyltriethoxysilanes grafted clay minerals,
the initial loss in the temperature range from 30°C to 200°C in Figure 5.1 represents the
elimination of adsorbed water. The weight loss in temperature range from 200 to 300°C can

be attributed to loss of adsorbed silanes (hydrogen bonded with hydroxyl groups on broken
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clay edges), whereas the mass loss in temperature range from 320 to 550°C can be attributed
to degradation of intercalated and covalently bound silanes (Bertuoli et al., 2014;
Shanmugharaj et al., 2006; Shen et al., 2007; Su et al., 2013). On the other side, the weight
loss curves of clay minerals modified using glycidyloxypropyltrimethoxysilane (GPS(0.1),
GPS(0.5), GPS(2), GPS(4), GPS(6)) shown in Figure 5.2 were quite close to the weight loss
curve of Cloisite® 15A, in the temperature range from 100 to 200°C, but were differentiable
above this temperature. The major weight loss in the temperature range from 250 to 550°C
can be attributed to the loss of silane moieties due to degradation of epoxide ring and the ether

linkage (Carli et al., 2014; Vejayakumaran et al., 2008)
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Figure 5.2 TGA curves of 3-glycidyloxypropyltrimethoxysilane treated Cloisite®15A clay

minerals

The TGA results revealed that the increase in the quantity of silane used during processing of
silylated clay minerals favored grafting of silanes on clay minerals. The degree of
functionalization of silylated clay minerals could not be calculated from TGA results because
of overlapping of decomposition steps which are characteristics to quaternary ammonium salts
in Cloisite® 15A and grafted silanes. It was assumed that the amount of grafted silane is equal

to the difference in weight loss between the silylated clay minerals and Cloisite® 15A.
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The grafting ratio Ry was calculated using the following relationship (Guo et al., 2008;
Morancho and Salla, 1999)

Ry (ﬂ—%)xloo% (5.1)

W, W,
where W1 = weight of silane modified clay mineral at 250°C
Wy = weight of Cloisite® 15A at 250°C
W] = residual weight of silane modified clay mineral at 550°C
W, = residual weight of Cloisite® 15A at 550°C.
The region between 250°C - 550°C was considered for quantitative determination of grafted
silanes (Ianchis et al., 2012; Shanmugharaj et al., 2006; Vejayakumaran et al., 2008; Xie et al.,
2001). The weight loss in different clay minerals in the temperature range from 250°C to 550°C

are shown in Table 5.1.

Table 5.1 Weight loss and grafting ratio

Clay mineral Weight loss Grafting ratio
(o) (%)
Cloisite® 15A (C15) 20 -

APS(0.1) 26.33 5.48
APS(0.5) 25.44 4.59
APS(2) 26.47 5.62
APS(4) 32.15 11.3
GPS(0.1) 28.33 7.48
GPS(0.5) 36.65 15.80
GPS(2) 42.34 21.49
GPS(4) 46.44 25.59
GPS(6) 47.44 26.59

The results were reproducible in two independent experiments as shown in Figure 5.3.
Considering an accuracy of + 1% in the measuring range, in the case of 3-

aminopropyltriethoxysilane grafted clay minerals, the grafting ratio (11.3 %) increased
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significantly only with silanization carried out using silane amount equal to four times the
weight of clay mineral. In the case of 3- glycidyloxypropyltrimethoxysilane grafted clay
mineral, the grafting ratio increased proportionally with the increased amount of silane during

processing, and highest grafting ratio (26.59 %) could be observed in GPS(6).
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Figure 5.3 TGA curves of APS(2) and GPS(2) in two different experiments
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5.3.1.2 Small angle X-ray scattering (SAXS)

High shear mixing followed by ultrasonication during silanization reaction would shear off the
clay mineral layers and increase the grafting of silanes in clay mineral interlayers. This was
confirmed by SAXS. The SAXS patterns of Cloisite® 15A and silylated clay minerals are
shown in Figure 5.4. The characteristic peak of Cloisite® 15A at 20 = 2.71° corresponding to
doo1 spacing of 3.25 nm had broadened in the SAXS pattern of clay minerals modified using
aminopropyltriethoxysilane. This confirms silylation of Cloisite® 15A essentially at the
interlayer space. The silanization of the clay minerals can take place at three places: the
interlayer space, external surface and at the edges. The interlayer and edges grafting can
increase the distance between the clay minerals layers. For the external surface, silylation has
no effect on interlayer spacing of clay. A summary of the relevant literature on the increase of
doo1- spacing of different clays after silylation using APTES has been shown in Table 5.2. The
previous studies had reported increase of dooi- spacing ranging between 2 °A to 8 °A.
Exfoliation of clay minerals by silanization has not been reported earlier in the literature. The
exfoliation of clay on silylation using APTES in this work is because of nano-dispersion of

clay minerals in hydrolyzed silanes.

Sample 2 Theta d001 spacing,

(°A)
C15 2.71 32.54
GPS(2) 2.77 31.82
GPS(6) 2.85 30.91
APS(2) -- exfoliated
APS(4) -- exfoliated

APS(4)

Intensity (Arbitrary units)

T T T — T T T T T T T
1.0 1.5 20 25 30 35 40 45 50 55 60
20 (Degree)

Figure 5.4 Small angle X-ray scattering patterns of Cloisite® 15A and silane modified clay

minerals
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The characteristic doo1 peak of clay minerals modified using
glycidyloxypropyltrimethoxysilane did not shift significantly and the corresponding dooi
spacing of clay minerals are shown in Figure 5.4. A very small change in dooi-spacing of clays
after silylation using 3-glycidyloxypropyltrimethoxysilane has also been reported by other
researchers (Chen and Yoon, 2005a; Chen et al., 2005a; Xu et al., 2009) as shown in Table 5.2.

Table 5.2 Summary of relevant literature on change in doo1 spacing after silanization

S. Silane Clay Mixing method doo1 spacing (°A) Reference
No coupling minerals Before After
agents modification = modification
with SCA*®
1. GPTMS Cloisite® 25A  Refluxing the 18.46 18.62 Chen et
mixture at 72°C al.,
for 12h (2005a)
2. GPTMS  Cloisite® 15A  Refluxing the  31.8 31.5 Chen and
mixture at 72°C Yoon,
for 12h (2005a)
Cloisite® 20A 24.5 23.8
Cloisite® 30B 18.1 18.3
3.  APTES Cloisite® Na  Stirring for 30 12.6 Not reported  (Shanmug
min haraj et
al., 2000)
4. APTES Cloisite® Na  Stirring for 30 12.8 20.8 Haetal.,
min (2007)
5. APTES Cloisite® Na  Refluxing and 10.1 14.1 Wan et
Cloisite® 30B  constant stirring 18 19 al., (2008)
6. GPTMS Na-Mt Agitation forat  11.6 12.5 Xuetal.,
8h at 80°C (2009)
7.  APTES Cloisite® Na  Mechanical 12.8 20.8 Choi et
stirring al., (2009)
8. APTES Na Mt stirred at 60°C 11.7 16.6/ 21.8 Piscitelli
for 30 min etal.,
(2010)
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10.

11.

12.

13.

14.

15.

APTES

APTES

APTES

APTES

APTES
(4.4,
mmol/g)

APTES

APTES

Ca Mt

Cloisite® Na

Cloisite® Na

Cloisite® Na

Na Mt

Ca Mt

Ca Mt

Stirred at 60°C
for 6h

Stirred for
different time
and at different
temperatures
Stirring for 3h,
centrifuged at
5000 rpm for 20
min

Stirring for 2h

Stirring for 30
min and
vacuum drying
Stirring for 10h
at 80°C,
centrifuged
(a) Stirring in
silane-
water/ethan
ol mixture
(b) Exposed to
saturated
vapors of

SCA’s

14.8

12.1

11.4

11.9

12.6

14.8

12.6

18
12.5/17.5/
18.6/19.6/

20.5

13.4

13.7

21

20.9

19.5
Method (a)

19.8
Method (b)

Su et al.,
(2013)
Bertuoli et
al., (2014)

Bruce et

al., (2014)

(Daitx et
al., 2015)
(Ryu et

al., 2016)

(Suetal.,
2012)

(Shen et
al., 2007)

2 Silane coupling agent

5.3.2 Curing studies on fiber reinforced epoxy-clay nanocomposites

The curing studies were carried on fiber reinforced epoxy-clay nanocomposites containing

Cloisite® 15A to determine a curing schedule, which optimized mechanical properties. DSC

scans were also obtained to understand the effect of curing temperature and time on glass

transition temperature (T) of nanocomposites. The nanocomposites were cured at different

temperatures: 70°C, 80°C, 85°C and 95°C, and for two different cure time periods: 7 and 10h.
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The effect of curing time and curing temperature on the tensile and flexural properties is shown
in Figures 5.5 and 5.6. The tensile modulus increased for samples cured at temperatures up to
85°C and then it decreased by 20% for sample cured at 95°C. The tensile modulus increased
with an increase in both time and temperature (70°C), but the effect of a change in curing time
did not influence the tensile modulus values at other cure temperatures. The tensile strength
also increased by 38% with an increase in cure temperature from 70°C to 85°C, but then it
decreased slightly when the cure temperature was 95°C. Thus optimum tensile properties were
obtained at 85°C/7h. No significant changes in flexural modulus were observed with changes
in curing schedule. The flexural strength was highest in samples cured at 70°C and a small
decrease was observed with an increase in curing temperature. The increase in the tensile
modulus and tensile strength of fiber reinforced epoxy-clay nanocomposites with an increase
in curing temperature of 70°C to 85°C may be attributed to increase in cross-link density of
epoxy matrix. The increase in cross-link density results in improved tensile strength, modulus,
hardness, and glass transition temperature (Tg) of thermoset (Goodman and Hanna, 2014), but
at the same time makes the material brittle. The absence of residual cure peak in the DSC
heating curve indicated that the nanocomposites were fully cured (Figure 5.7). The glass
transition temperature (Tg) of nanocomposites are shown in Table 5.3. The Ty of
nanocomposites increased with increase in curing temperature of 70°C to 80°C, but the change

in T between 80°C to 85°C was very small.

Tg of nanocomposites obtained from the second heating scan was 87°C, which can be
considered as Tgx, the temperature of the fully cured network obtained using DSC. Curing the
resin above Ty causes the epoxy network to remain in the rubbery state after gelation and
vitrification do not take place (de Paiva et al., 2008). Vitrification is liquid or rubber to glass
transition during the polymerization of the epoxy resin. The decrease in mechanical properties
at higher curing temperature at 95°C can, therefore, be explained using this perspective and
similar results were reported by Carbas et al., (2014) and Mravljak and Sernek, (2011). At
85°C, the effect of curing time on tensile modulus, tensile strength, and flexural modulus was
insignificant, but the flexural strength decreased slightly at longer curing time. Therefore
keeping in mind the economy of the manufacturing process, the curing time for all

nanocomposites was fixed as 7h.
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Figure 5.5 Effect of curing time and temperature on tensile properties
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Figure 5.6 Effect of curing time and temperature on flexural properties
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Table 5.3 Glass transition temperature of nanocomposites cured at different temperatures

Curing Glass transition temperature (Tyg), °C
temperature Heating scan 1 Heating scan 2
°O
70 77 87
80 82 88
85 85 87

Table 5.4 Glass transition temperature of nanocomposites containing silane modified clay

minerals
Composition Cured 7h/85°C
Heating cycle 1 ~ Heating cycle 2

ACI15 (0.1)GFRC 90 91
ACI15 (0.5)GFRC 92 92
ACIS5 (2)GFRC 88 89
ACI1S5 (4)GFRC 86 92
GC15(0.1)GFRC 87 88
GC15(0.5)GFRC 85 89
GC15(2)GFRC 87 88
GC15(4)GFRC 86 90
GC15(6)GFRC 86 91
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Figure 5.7 DSC curves of C15GFRC cured using different schedule
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Figure 5.9 DSC curves of GC15GFRC cured using different schedule

The T, of all nanocomposites (Table 5.4) remained almost the same during the second heating
scan and there was no change in the curve representing a residual cure, which indicates that the
epoxy was fully cured. The glass transition temperature was taken as mid-point value of the glass
transition range. No significant changes in the T, of nanocomposites containing silylated clay
minerals were observed vis-a-vis concentration of grafted silanes. In our previous study (Chapter
4), the incorporation of silylated clay minerals in epoxy led to an increase in glass transition
temperature (Tg) of fiber reinforced nanocomposites. A different cure temperature (85 °C) in the
present study has resulted in almost a 10°C increase in the glass transition temperature of
nanocomposites. The greater degree of curing of epoxy in the present study would lead to
increase in the crosslink density of polymer chains, which would dominate the effect of
organoclay - polymer interactions in restricting the mobility of chains (Becker et al., 2005, 2003;

Mclntyre et al., 2005). The DSC curves of all nanocomposites are shown in Figures 5.8 and 5.9.
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5.3.3 Morphology of fiber reinforced epoxy nanocomposites based on silylated clay

minerals

The morphology of the composite samples containing silylated clay minerals was studied by
TEM. The terminology used for nanocomposites incorporating silane modified clay minerals
consists of a prefix A (for APTES) or G (for GPTMS) followed by the concentration of silane
in parentheses and the abbreviation GFRC. As shown in Figure 5.10, the fiber reinforced
epoxy-clay nanocomposites containing Cloisite® 15A (CI5GFRC) had intercalated
morphology wherein the clay mineral layers were observed to be sheared off and limited
delamination had occurred. The treatment of clay minerals with both silane coupling agents
aided exfoliation and clay mineral layers were observed to be spatially disordered and oriented

in different directions as shown in Figures 5.11 and 5.12.

In the case of AC15(4)GFRC, the majority of clay mineral layers were uniformly dispersed,
exfoliated and interestingly, some encapsulated clay mineral particles were also observed
(Figure 5.13). The clay mineral layers were seen to be located at the surface of the particle as
well as encapsulated in epoxy, which is similar to structure observed by Voorn et al., (2006)
and De Maria et al., (2011). A possible explanation of encapsulation of clay minerals is that
the silanes do not always form a monolayer on the filler surface but can form polysiloxane
layers. The structure of the polysiloxane layer is affected by several factors like processing
conditions, solvent, concentration, and functionality of silanes, pH of the solution. The
siloxane networks can form a rigid cage-like structure (Demjen et al., 1997; Iglesias et al.,
2002; Xie et al., 2010) and clay mineral layers may be encapsulated in these networks. The
other possibility is by joining of siloxane linkages (Traynor et al., 2015), the other ends of
which are linked with clay mineral layers. The encapsulating clay minerals have better-
reinforcing effect in comparison to other modified clay minerals due to improved adhesion
with polymer matrix (Mballa et al., 2013; Mirzataheri et al., 2010; Rong et al., 2006; Xia et al.,
2003).
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Figure 5.10 Transmission electron micrographs of CISGFRC at different magnifications
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Figure 5.11 Transmission electron micrographs of AC15(2)GFRC at different magnifications
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Figure 5.12 Transmission electron micrographs of GC15(2)GFRC at different magnifications
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200 nm

Figure 5.13 Transmission electron micrographs of AC15(4)GFRC

5.3.4 Effect of incorporation of silane modified clay minerals on mechanical properties

The results obtained for fiber reinforced silylated epoxy-clay nanocomposites have been
summarized in this section. The tensile modulus and tensile strength of glass fiber reinforced
neat epoxy composite (GFRC) were 7.9 GPa and 377 MPa, respectively (Figure 5.14). After
incorporation of 2 phr of Cloisite® 15A, the tensile modulus increased but the tensile strength
decreased in fiber reinforced epoxy nanocomposite containing Cloisite® 15A (C15GFRC). The
tensile modulus increased because C15GFRC had an intercalated morphology. However, the
tensile strength decreased because of poor stress transfer between the matrix and reinforcement.
Kornmann et al., (2005) and Quaresimin and Varley, (2008) had also observed a decrease in
the tensile strength of glass fiber reinforced epoxy laminates after addition of OMMT. The
percent elongation before failure was not significantly affected by the addition of Cloisite® 15A

in an epoxy matrix.

The incorporation of silane treated clay minerals led to improvements in tensile and flexural
properties of nanocomposites. The SCAs used in the present study (amine functional silane
and glycidyl functional silane) are widely known for improving the dispersibility of inorganic

fillers and promoting interfacial adhesion with epoxy. The grafting of silanes on clay minerals
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played an important role in improving the mechanical properties. An increase in tensile
modulus, tensile strength, and flexural strength were observed on the incorporation of clay
minerals treated with 0.1X silane treated clay minerals, e.g. ACI15(0.1)GFRC and
GC15(0.1)GFRC as compared to C15GFRC (Figure 5.14 and 5.15). Similar results were
reported by Ha et al., (2007) and Ianchis et al., (2015) on the incorporation of silane treated
clay minerals in epoxy-clay nanocomposites. Much larger enhancement in tensile modulus,
tensile strength, flexural modulus and flexural strength were seen in ACI15(4)GFRC,
GCI15(4)GFRC and GC15(6)GFRC. The glass fiber reinforced epoxy-clay nanocomposites
containing clay minerals treated with APTES outperformed than treated with GPTMS and the
highest improvements were observed in AC15(4) GFRC, in which tensile modulus, tensile
strength, flexural modulus and flexural strength increased by 30%, 37%, 139% and 146%,
respectively as compared to C1SGFRC. This can be attributed to silane functionality (amino
group) of the coupling agent. The results indicate that an increased grafting of silanes on clay
minerals led to a significant increase in mechanical properties of fiber reinforced epoxy-clay
nanocomposites. Similarly, in the case of fiber reinforced epoxy-clay nanocomposites
containing clay minerals treated with GPTMS, the highest properties were observed for
GC15(6)GFRC. It should be pointed out that it was not possible to obtain good homogeneous
sheets for composition greater than 4X in APTES and 6X in GPTMS. This was because of the
very high viscosity of epoxy-clay resin mixture containing clay minerals treated with an even
higher concentration of silanes. The silane modification of clay minerals also brought
significant change in the elongation at failure of nanocomposites tested under tensile load. The
percent elongation values for all nanocomposites are shown in Figure 5.16. The percent
elongation increased to a maximum value of 11.8 before failure, in nanocomposites containing
clay minerals modified with APTES. The percent elongation before failure for
APS15A(0.1)GFRC was much higher in comparison to GPS15A(0.1)GFRC. The improved
interfacial adhesion between clay minerals and polymer matrix would have affected the strain

at failure as shown in Figure 5.17.
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Figure 5.14 Tensile properties of fiber reinforced epoxy-clay nanocomposites
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Figure 5.15 Flexural properties of fiber reinforced epoxy-clay nanocomposites
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5.3.5 Analysis of fractured surfaces

SEM was carried out on surfaces after removal of peel ply and fractured surfaces were studied.
A peel ply or release cloth is a removable layer between the composite and vacuum bag which
absorbs the excess of resin and was removed after curing of the composite. The peel ply created

a textured surface on composites as shown in Figure 5.18(a).

g, N
WD11mm  SS33 x200

Figure 5.18 Scanning electron micrograph of (a) textured surface on neat epoxy GFRC (b)

fractured surface
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WD10mm  SS33 x2,000 10pm

Figure 5.19 Scanning electron micrograph of C15GFRC showing (a) fibers (b) epoxy at

fractured surface
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Figure 5.20 Scanning electron micrograph of AC15(2)GFRC showing (a) fiber matrix

interface (b) dispersion of clay minerals in epoxy
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Figure 5.21 Scanning electron micrograph of GC15(2)GFRC

The fractured surface of the composite prepared using neat epoxy (GFRC) was smooth and the
glass fiber surfaces were clean, which indicates poor adhesion between neat epoxy and glass
fibers. Fiber breakage and fiber pullout were also evident from Figure 5.18(b). On the other
hand, in the case of C15GFRC, the clay minerals and epoxy seem to be sticking with the glass
fibers, as shown in Figure 5.19(a). The rough fracture surfaces with white fracture borders
were also observed (Figure 5.19(b)). The scanning electron micrographs of fractured surfaces
of AC15(2)GFRC and GC15(2)GFRC are shown in Figure 5.20 and Figure 5.21. In both cases,
good interfacial adhesion between fiber and matrix was observed (Figure 5.20(a) and Figure
5.21), and the failure occurred because of fiber breakage and matrix cracking only, unlike in
the case of GFRC or C15GFRC, where an additional failure mode of fiber pullout was also
observed. The bright white spots on the epoxy surface (Figure 5.20(b)) were presumed to be
clay mineral layers, having a lateral size in few microns, and these were well dispersed in the
matrix. Good adhesion and well-dispersed clay mineral layers can clearly be the reason for the

increase in mechanical properties of nanocomposites containing silane treated clay minerals.
5.4 Closing remarks

The mechanical properties of fiber reinforced epoxy-clay nanocomposites were influenced by
a change in curing schedule. The highest mechanical properties were obtained by curing the
epoxy at a temperature slightly below the temperature of the fully cured network (Tg«) obtained

using differential scanning calorimetry. In this work, the silylation of clay minerals was
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performed varying the ratio of the weight of the silane coupling agent to that of the weight of
the clay minerals (X) from 0.1 to 6. Silane treatment was not performed on glass fibers. Small
angle X-ray scattering and thermogravimetric analysis were performed on silane modified clay
minerals to quantify the grafting of silanes as a function of the ratio of the weight of silane
agent to that of the clay mineral. Thermogravimetric analysis results revealed that the grafting
of silanes on clay minerals increased with an increase in silane concentration. The SAXS
pattern of clay minerals modified using 3-aminopropyltriethoxysilane indicated that the
silylated clay minerals had been exfoliated which can be attributed to the grafting of silane
groups in interlayer space of clay minerals. The tensile modulus, tensile strength, flexural
modulus and flexural strength increased by 30%, 37%, 139% and 146% respectively, in glass
fiber reinforced containing clay minerals modified using 4X aminopropyltrietoxysilane. The
Transmission electron microscopy of glass fiber reinforced-silylated clay nanocomposites
indicated that clay mineral layers were exfoliated and observed to be spatially disordered and
oriented in different directions. Exfoliation of clay mineral layers in matrix led to
improvements in tensile and flexural properties of nanocomposites. The fractographic analysis
of nanocomposites revealed a considerable difference in failure modes of fiber reinforced
epoxy composites containing Cloisite® 15A and silane modified clay minerals. In case of glass
fiber reinforced epoxy-silylated nanocomposites, a good interfacial adhesion between fiber and
matrix was observed. The failure in these nanocomposites occurred because of fiber breakage
and matrix cracking only, unlike in the case of GFRC or C15GFRC, where an additional failure

mode of fiber pullout was also observed.
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Chapter 6 Seawater ageing of glass fiber reinforced epoxy

nanocomposites based on silylated clays

6.1 Introduction

The seawater durability of fiber reinforced epoxy composites in seawater is dependent on the
resistance offered by matrix material to degradation due to hydrolytic attack and integrity of
fiber-matrix interface after hygrothermal ageing. Therefore, modifying the matrix material
with nanofillers to increase the service life of composites in marine conditions is a research
area of great interest. In the field of nanocomposites, many studies are available which
advocate excellent moisture barrier capacity of clay minerals (Abacha et al., 2007; Kim et al.,
2005; Mittal et al., 2015; Tan and Thomas, 2016). The improvement in barrier properties of
composites is achieved if the clay mineral layers are uniformly distributed in the polymeric
matrix, has an intercalated or exfoliated morphology and forms strong interfacial bonds with
matrix (Alamri and Low, 2012; Kim et al., 2005; Liu et al., 2005a; Tan and Thomas, 2016;
Zainuddin et al., 2009).

Mittal et al. (Mittal et al., 2015) studied the effect of seawater absorption on properties of glass
fiber reinforced vinyl ester composites based on montmorillonite and 3-
aminopropyltriethoxysilane treated montmorillonite. The tensile and flexural properties of
glass fiber reinforced composites increased with the incorporation of silyated montmorillonite,
which had been attributed to exfoliation of clay mineral layers and improved adhesion between
clay minerals and matrix. The nanocomposites containing silylated montmorillonite also
showed better retention of mechanical properties after exposure to seawater as compared to
composites containing untreated montmorillonite. The objective of this work was to determine
the performance of fiber reinforced epoxy-clay nanocomposites incorporating silylated clay
minerals exposed to seawater vis-a-vis the amount of silane grafted on clay minerals. The
studies were carried out by exposing the fiber reinforced epoxy-clay nanocomposites to
seawater at two different temperatures: 25°C and 55°C, and taking samples out from the water
baths periodically and performing tensile and flexural tests. The temperature of seawater was
maintained at 25°C, which is the average of temperatures of water in the Indian ocean
throughout the year. The accelerated hygrothermal studies were carried out to predict the long-
term durability of composites in seawater maintained at 55°C. The Fourier transform infrared
(FTIR) spectroscopy was used to identify the nature of interactions of water molecules with

epoxy matrix. Scanning electron microscopy (SEM) of fractured surfaces was carried out to
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investigate the physical effects of seawater ageing on fibers, matrix and fiber-matrix interface
in nanocomposites.

6.2 Materials and experimental work

A commercially available organically modified montmorillonite, Cloisite 15A ®, was surface
modified using silane coupling agents: 3-Aminopropyltriethoxysilane (APTES; Purity >98%)
and 3-Glycidyloxypropyltrimethoxysilane (GPTMS; Purity > 97%). Cloisite 15A® was
purchased from Nanoshel limited, India. The silane coupling agents were purchased from
Tokyo chemicals industry, Japan. Dow chemicals international limited, India supplied the
Airstone epoxy system. The ECR glass woven roving, WR360 made of Advantex® glass fibers
was purchased from Owens Corning, India. The silylation of clay minerals with different
quantities of silane coupling agents (i.e. 0.1X, 0.5X, 2X, 4X and 6X, where X is the weight of
clay minerals) was performed as per the method presented in our previous work (Sharma et al.,
2017). 2 parts per hundred resin (phr) of clay was added to Airstone 780E resin and dispersed
by stirring using a glass rod followed by high shear homogenization for 3 min at 20,000 rpm
using Ultra-Turrax® T25 (IKA Inc., India). The ultrasonic mixing was done using a probe
sonicator (Qsonica Q800, USA). The probe sonicator was operated for 5 min on pulse mode,
80-s on/ 30-s off with shutdown temperature of 40 °C. Subsequently, homogenization and
sonication steps were repeated. A stoichiometric amount of Airstone 786 H hardener was
added to homogeneous epoxy resin-clay mixture. Degassing of epoxy resin-clay mixture was
done for 30 min under vacuum. Finally, the epoxy was infused into the fiber preforms using
Vacuum assisted resin infusion molding (VARIM). The glass fiber reinforced nanocomposites
were cured at 85°C for 7 h on the heated mould. It should be pointed out that it was not possible
to infuse epoxy resin - silylated clay minerals (ratio of the weight of APTES to the weight of
clay equal to 6) in glass fiber preforms using VARIM technique. This was because of the very
high viscosity of epoxy resin-silylated clay mixture. The terminology used for nanocomposites
containing silane modified clay minerals consists of a prefix A (for APTES) or G (for GPTMS)
with the concentration of silane in parentheses and a suffix GFRC. The fiber reinforced epoxy
composite and fiber reinforced epoxy composite containing organically modified
montmorillonite Cloisite® 15A are symbolized as GFRC and C15GFRC, respectively.
Transmission electron microscopy (TEM) was carried out using a transmission electron
microscope (Tecnai G* 20 S-Twin, FEI company, US) at an accelerating voltage of 100 kV.

Fine particles were deposited on a copper grid for examination.
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The specimens were cut and prepared as per the ASTM standards D3037/3039 and D790 for
the tensile and flexural tests, respectively. The cut edges of the specimens were sealed by
applying two coats of epoxy to inhibit absorption of water by capillary action from open edges.
The seawater was prepared following the recommendations of ASTM D1141. The specimens
were immersed in simulated seawater maintained at two different temperatures: 25°C £+ 1°C
and 55°C = 1°C in stainless steel baths (Daihan WiseBath®, Korea). The pH of the simulated
seawater was maintained in the range 8.0-8.2. Three samples of each composition were wiped
to remove surface water and then tested immediately on a universal testing machine (Z010 TN
Proline, Zwick/Roell, Germany) having a load cell of 10 kN. The tensile and flexural tests
were conducted at a crosshead speed of 2 mm/ min and 1.34 mm/ min, respectively. The
external surfaces exposed to seawater and fractured surfaces of the flexural test specimens were
observed with Scanning electron microscope (JEOL, JSM-6510LV, Japan) equipped with an
X-ray energy dispersive microanalyzer (INCA Xact, Oxford Instruments, UK). These surfaces
were sputter coated with gold before SEM to avoid electric charging of specimens during the
examination. Energy dispersive spectroscopy (EDS) was performed at the inner part of the
hygrothermally aged fractured specimens and at the external surfaces exposed to seawater.
FTIR spectroscopy of nanocomposites was performed using Perkin-Elmer spectrometer
(Spectrum RX-I) in the range 4000 cm™ to 450 cm™! at a resolution of 4 cm™! to detect the

chemical modifications in epoxy as a result of seawater ageing.

The gravimetric measurements were performed using an analytical balance (XS104, Mettler
Toledo, Switzerland) with a measurement precision of 0.1 mg. The samples were taken out of
seawater, wiped with a cloth and dried for 5-7 min under ambient conditions, weighed and

replaced in the bath after the measurements. The water uptake in samples was measured using

M¢—Mo
My

the formula M (%) = x 100

Where M; is the weight at any time ¢ and M is the initial sample weight.

Fick’s law was used to calculate diffusion coefficients because at the beginning the water
uptake in all the nanocomposite was linearly proportional to square root of time. The diffusion

coefficient (D) was determined by
B no\2 [ MMy \2 R h\2
D=m (4M°o) (\/E—\/E) (1 trt w)

Where M. is the equilibrium water uptake, M; and M> are water content at time #; and 22,

respectively. L is the length, w is width and 4 is the thickness of the specimen.
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6.3 Results and Discussion
6.3.1 Water uptake

The water uptake curves of glass fiber reinforced epoxy composite (GFRC) samples immersed
in seawater at 25°C and 55°C are shown in Figure 6.1(a). The water uptake curve of GFRC at
25°C initially show a linear increase, reaches a plateau and a further a slow increase until
saturation is achieved. The two-stage diffusion is known to occur in polymer composites
because of two distinct but interrelated phenomenon: swelling due to water absorption and
time-dependent relaxation of polymeric chains (Kollia et al., 2015; Manfredi et al., 2008;
Mourad et al., 2010; Weitsman, 2012a). However, this behavior has not been observed in fiber
reinforced epoxy-clay nanocomposites. Epoxies have an inherent affinity for water because of
a large amount of polar -OH groups, which facilitate attractive interaction with polar molecules.
The water can transport in fiber reinforced polymer composites by diffusion via voids and
microcracks in the matrix and voids along the fiber matrix interface. Further, the absorption
of water also leads to swelling of epoxy that would cause debonding of fiber-matrix interfaces
and micro cracks in epoxy and enhance the diffusion of water into the composite (Graham-
Jones and Summerscales, 2015b; Weitsman, 2012a). A comparison of water uptake curves of
glass fiber reinforced epoxy composite (GFRC) and glass fiber reinforced epoxy
nanocomposite incorporating Cloisite 15A (C15GFRC) at 25°C indicates that the rate of water
diffusion was not significantly altered by an addition of Cloisite 15A® in epoxy, but the
maximum water uptake at equilibrium state had decreased slightly. CI15GFRC had an
intercalated clay structure, in which the clay particles had partially delaminated as shown in
Figure 6.1(b). The intercalated epoxy-clay structure does not seem to reduce the diffusion of
water in nanocomposites. The diffusion coefficient and equilibrium water uptake for all fiber

reinforced clay-epoxy nanocomposites are shown in Table 6.1.

The nanocomposites containing silylated clay minerals had an exfoliated morphology with clay
minerals mainly delaminated and randomly distributed in different directions as shown in
Figure 6.2(b). The water uptake curves for specimens containing Cloisite® 15A modified using
0.1X, 0.5X, 2X of 3-aminopropyltriethoxysilane are shown in Figure 6.2(a). A noticeable
decrease in water uptake by nanocomposites was observed that could be attributed to the
improved water barrier properties of epoxy due to exfoliation of clay minerals. The exfoliated
clay minerals decrease the rate of diffusion of water by increasing the effective diffusion path
and hindering the water ingress (Alamri and Low, 2012; Ivanova et al., 2000; Kim et al., 2005;

Saharudin et al., 2016). The water uptake curves for these compositions show no clear trend
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of the influence of different quantities of silane coupling agent used during silanization. The
water uptake curves of nanocomposites with GPTMS functionalized clay minerals are shown

in Figure 6.3. The equilibrium water uptake in these nanocomposites was less than that in

C15GFRC, AC15(0.1)GFRC and AC15(0.5)GFRC.

Table 6.1. Diffusion coefficients and equilibrium water uptake of fiber reinforced epoxy-clay

nanocomposites immersed in seawater at 25°C and 55°C.

S.No. Material Seawater at 25 °C Seawater at 55 °C

Diffusion  Equilibrium  Diffusion  Equilibrium
coefficient, water coefficient, water

D (mm?%s)  uptake (%) D (mm?%*s)  uptake (%)

1. GFRC 5.51 x 108 2.41 1.01 x 10°® 1.75
2. CI5GFRC 1.29 x 10°® 1.68 3.33x 107 1.58
3. ACI5(0.1)GFRC  1.50x 107 1.29 5.62 %1078 1.20
4.  ACI5(0.5GFRC 147 x10?® 1.68 3.41 x 1078 1.47
5.  ACI15(2)GFRC 1.37 x 108 1.05 5.85x 10 1.20
6. ACI15(4)GFRC 1.69 x 10°® 2.54 6.17 x 1078 2.87
7. GCI15(0.1)GFRC  2.12x 107 0.88 3.02x 107 1.36
8.  GC15(0.5)GFRC  1.40 x 108 1.26 1.00 x 10°® 0.71
9.  GCI15(2)GFRC 1.26 x 10°® 1.07 3.03 x 10 1.53
10. GC15(4)GFRC 1.26 x 10°® 1.44 1.36 x 10 1.83
11.  GC15(6)GFRC 5.66 x 107 1.16 1.17 x 10 1.58

The water uptake curves of AC15(4)GFRC, GC15(4)GFRC and GC15(6)GFRC are shown in
Figure 6.4(a). The effect of the polarity of amine groups in APTES treated clay minerals was
seen on the water uptake behavior of these nanocomposites. The silylated clays in
AC15(4)GFRC and GC15(4)GFRC had an exfoliated and encapsulating platelets morphology
in nanocomposites as shown in Figures 6.4(b) and 6.4(c) owing to the formation of siloxane
network layers. A significantly higher amount of silane was grafted onto clay mineral layer

surfaces according to our previous work(Sharma et al., 2017). The encapsulated platelets have
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a larger size than clay particles and impart dramatic improvement in mechanical properties to
nanocomposites due to improved adhesion with polymers (Mballa et al., 2013; Mirzataheri et
al., 2010; Rong et al., 2006). The rate of water uptake and maximum water uptake at
equilibrium state were highest in AC15(4)GFRC. The equilibrium water uptake decreased in
the following order GFRC > CI15GFRC (Composite containing Cloisite® 15A) ~
AC15(0.5)GFRC (Composite containing Cloisite® 15A treated with 0.5X APTES) >
GC15(4)GFRC (Composite containing Cloisite® 15A treated with 4X GPTMS)>
AC15(0.1)GFRC (Composite containing Cloisite® 15A treated with 0.1X APTES) ~
GC15(0.5)GFRC (Composite containing Cloisite® 15A treated with 0.5X GPTMS) >
GC15(6)GFRC (Composite containing Cloisite® 15A treated with 6X GPTMS)
GC15(2)GFRC (Composite containing Cloisite® 15A treated with 2X GPTMS) ~
AC15(2)GFRC (Composite containing Cloisite® 15A treated with 2X APTES) >
GC15(0.1)GFRC (Composite containing Cloisite 15A® treated with 0.1X GPTMS).

V

It is well accepted that polarity of silanes and the polymer influence the diffusion of water in
glass fiber reinforced composites. The results can be interpreted considering the compound
effect of (i) hydrolytic reactivity of silanes (ii) extent of filler surface coverage by silane
coupling agent or thickness of polysiloxane layer (iii) crosslink density of epoxy matrix. The
detailed discussion is given in the following paragraph.

The silane coupling agents are effective for converting hydrophilic clay minerals to
hydrophobic species and thus improve their compatibility with polymers (Kim et al., 2009;
Mittal et al., 2015; Sharma et al., 2017). A successful hydrophobic silane coating must
eliminate hydroxyl groups available on montmorillonite, which are the most common sites for
interaction of water promoted via hydrogen bonding. Therefore, a higher amount of grafted
silane should decrease the rate of water absorption. The highest water absorption in
AC15(4)GFRC can be attributed to an excess of amine groups available at clay —polymer
interface regions, which are more hydrophilic than GPTMS as well as onium ions present in
Cloisite 15A. However, the equilibrium water uptake of AC15(2)GFRC was smaller than
AC15(0.1)GFRC and ACI15(0.5)GFRC, which may be attributed to a higher increased
crosslink density of AC15(2)GFRC. The glass transition of epoxy reaches maximum
temperature when it is completely cured. A higher crosslink density of epoxy in the case of
AC15(2)GFRC was evident from the absence of residual cure peak in DSC studies, reported in
previous work (Sharma et al., 2017). In this case, a completely cured network will have fewer
unreacted polar groups (hydroxyl groups, amine groups), and absorbed water molecules will

not tend to cluster together. A higher crosslink density also decreases the nanovoids in epoxy,
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Figure 6.1 (a) Water uptake for GFRC and C15GFRC samples immersed in seawater at 25°C
and 55°C (b) TEM micrograph of C15GFRC
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Figure 6.2 (a) Water uptake for AC15(0.1)GFRC, AC15(0.5)GFRC, AC15(2)GFRC samples
immersed in seawater at 25°C and 55°C (b) TEM micrograph of AC15(2)GFRC.
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which are occupied by water during absorption (Chatterjee and Gillespie, 2008; Sethi and Ray,
2015). The water uptake in epoxy would decrease with an increase in crosslink density of
epoxy due to a decrease in sorption sites in epoxy. GC15(4)GFRC and GC15(6)GFRC had
lower equilibrium water uptake as compared to other compositions. This can be attributed to
lower reactivity of GPTMS as compared to APTES. The diffusion coefficients for GFRC
samples were 5.51x 10® mm?/s and 1.01 x 10® mm?/s in seawater at 25°C and 55°C,
respectively.  Generally, the rate of water uptake in fiber reinforced nanocomposites,
characterized by diffusion coefficient, increased with an increase in temperature of seawater.
The higher rates of diffusion with an increase in temperature of water have been also reported
by other researchers also (Ellyin and Rohrbacher, 2000; Grammatikos et al., 2015; Mourad et
al., 2010; Ray, 2006; Surathi and Karbhari, 2006).
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Figure 6.3 Water uptake for GC15(0.1)GFRC, GC15(0.5)GFRC, GC15(2)GFRC samples

immersed in seawater at 25°C and 55°C
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Figure 6.4 (a) Water uptake for AC15(4)GFRC, GC15(4)GFRC, GC15(6)GFRC samples
immersed in seawater at 25°C and 55°C (b) TEM micrograph of AC15(4)GFRC and (c) TEM
micrograph GC15(4)GFRC.
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The equilibrium water uptake and the diffusion coefficient for C15GFRC immersed in seawater
at 55°C were 1.58% and 3.33 x 103 mm?/s, respectively. An anomaly in the equilibrium water
uptake of nanocomposites immersed in seawater at 55°C was observed. The equilibrium water
uptake in GFRC, CI15GFRC, ACI15(0.1)GFRC, AC15(0.5)GFRC, GC15(0.5)GFRC and
GC15(4)GFRC after exposure to seawater at 55°C was less that at 25°C. This decrease in
equilibrium water uptake can be explained by taking into account two competing effects: an
increase in the rate of water uptake and loss of mass due to chemical degradation. The chemical
degradation of epoxy cause roughening of the exposed surface and will not only lead to loss of
weight because of leaching away of epoxy but also can help water uptake by facilitating
diffusion of water by capillary action and also through direct transfer through the voids created
in the composite. The roughening of the surface would also increase the surface area for water
diffusion, and hence influence the water uptake rate and equilibrium moisture content. Another
possible reason of a decreased water absorption may be restricted swelling of epoxy in water
at 55 °C, which can decrease water uptake in the epoxy matrix because of hydrostatic pressure
induced by swelling of epoxy (Derrien and Gilormini, 2009). The swelling of the epoxy matrix
may be non-uniform and it is expected that the un-swollen part of epoxy and the glass fibers
would exert a compressive force on the swollen region, causing the further swelling to be
mainly along the direction of diffusion. Therefore it is not unreasonable to assume that the
equilibrium water uptake is affected by the internal stresses due to restricted swelling of epoxy.
Further studies are planned to ascertain the reasons for the higher final equilibrium uptake at
25°C vis a vis 55°C. The equilibrium water uptake for specimens immersed in seawater at
55°C decreased in an order AC15(4)GFRC > GC15(4)GFRC> C15GFRC ~ GC15(6)GFRC >
GCI5(2)GFRC > AC15(0.5)GFRC > GC15(0.1)GFRC > AC15(0.1)GFRC ~ AC15(2)GFRC
> GC15(0.5)GFRC.

An elemental analysis carried out at the surface exposed to seawater using SEM-EDS revealed
the presence of the elements Na, Cl, Ca, K, Mg, Sr as shown in Figure 6.5. The traces of other
elements, which were dissolved in distilled water to prepare the simulated seawater were also
observed. The accumulation of salts on the exposed surface increased after prolonged
immersion in seawater. It was likely that the pores over the exposed surface get blocked due
to the accumulation of ions, and this would inhibit water uptake of glass fiber reinforced epoxy
composites after prolonged exposure to simulated seawater. The accumulation of salts during
hygrothermal exposure can decrease the water reactivity at the exposed surface. To determine

whether seawater ageing caused chemical and physical damage to the fiber reinforced epoxy-
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clay nanocomposites after exposure to seawater at 55°C for 120 days, the samples were
examined using Fourier transform infrared (FTIR) spectroscopy and Scanning electron

microscopy (SEM).

Spectrum 1

T T T
g o 0s 1 15
S000m Electron image 1 7 Full Seale 1399 cofs Cursor: 0.000

Figure 6.5 SEM-EDS results of fiber reinforced epoxy composites at surface exposed to

seawater
6.3.2 Fourier transform infrared spectroscopy

The absorbed water exists in a polymer composite in different forms: highly mobile free water
that fills the nanovoids in the matrix and fiber/matrix interface and, the water bonded to
hydrophilic sites in epoxy. The water can interact with epoxy chains by vander Waals,
hydrogen bonding and dipole-dipole interactions (Takeshita et al., 2014). The water-epoxy
interactions can be studied by monitoring the changes in IR spectrum. The FTIR spectra of
amine-cured epoxies in dry condition show a broad spectrum in the wavenumber range of 3100-
3600 cm™! which is attributed to the presence of alcohol, amine or carboxylic acid (Gonzalez-
Gonzalez et al., 2012; Sugiman et al., 2016). The FTIR spectra of GFRC and C15GFRC after
120 days ageing in seawater at 55°C are shown in Figure 6.6. The increase in the intensity of
bands associated with bonded —OH stretching vibrations indicate that water molecules were
strongly bound with epoxy through hydrogen bonding (Cotugno et al., 2001; Musto et al.,
2000). New hydroxyl groups formed as a result of hydrolysis increased the intensity of the
corresponding infrared bands. The increase in the intensity of bands associated with alkyl
stretching (2950 cm™ — 2850 cm™), and carbonyl group (1605 cm™) further verify the
contention that the epoxy was undergoing chemical hydrolysis. Hydrolysis can change the
molecular weight of epoxy with a consequent drop in both stiffness and strength of polymer
(Phua et al., 2011). Another possible effect of hydrolysis is swelling of epoxy, which can

induce residual stresses and influence the mechanical behavior of composites (Garg et al.,
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2016; Mourad et al., 2010; Ray, 2006). In FTIR spectra of CISGFRC, the increase in the
intensity of band associated with hydrogen bonding of water was less than that in GFRC. This
indicates better barrier properties of composites containing clay minerals. The FTIR spectra
of the fiber reinforced nanocomposites containing silane treated clay minerals are shown in
Figure 6.7. The polarity of silane coupling agents influenced the increase in the intensity of
bands associated with bound water. A greater increase in the intensity of absorbance band in
case of AC15(4)GFRC indicate a more significant number of bound water molecules than in
GCI15(4)GFRC. GC15(2)GFRC, AC15(0.1)GFRC and AC15(0.5)GFRC showed little change
in intensity of this band. Moreover, the FTIR results were in good agreement with the results

of water uptake studies discussed in the previous section.
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Figure 6.6 FTIR spectra of GFRC and C15GFRC
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6.3.3 Scanning electron microscopy

The swelling of epoxy is often accompanied with (i) failure of matrix due to microcracks (ii)
debonding of fibers from the matrix. After 120 days of immersion in seawater at 55 °C, GFRC
showed significant swelling, fiber debonding and matrix cracking (Figure 6.8(a)). Figure
6.8(b) shows the fractured surfaces of C15GFRC after 120 days of ageing in seawater 55 °C.
The nanophased matrix seem to be protect the fiber-matrix interface. The fractured surface of
the fiber reinforced nanocomposites containing APTES treated clay minerals is shown in
Figures 6.8(c) and 6.8(d). The failure in these composites was localized and less fiber breakage
was observed in comparison to GFRC and C15GFRC. The matrix hydrolysis and debonding
at the fiber-matrix interface region were the primary reasons for the reduction in strength of all
nanocomposites. The cracks indicating embrittlement of epoxy matrix, pot holes, and river
marks were also observed. In the case of AC15(4)GFRC, a lot of pot holes were formed on
the matrix as shown in Figure 6.9. The salt ions (Na®, CI', K*) would be able to penetrate
through these microvoids and cracks, along with the channels. This can cause severe
degradation of the matrix, fibers and fiber-matrix interfaces (Capiel et al., 2017; Hu et al., 2016;
Wei et al., 2011). This would also accelerate the hydrolysis of epoxy by attacking the
molecular chain. The accumulation of salt at the fiber-matrix interface as shown in Figure 6.10
can lead to embrittlement of E-CR glass fibers and damage the adhesion between glass fibers
and epoxy. Also, the diffusion of chloride ions around the fiber matrix interface in the
composite is the main reason for corrosive degradation of glass fibers (Kootsookos and
Mouritz, 2004; Wei et al., 2011). It was observed that the surface of glass fibers had become
rough, which can be due to the removal of sizing from the glass fiber and cleavage of chemical
bonds with epoxy, but swelling in E-CR glass fibers was not observed. The size of the salt
crystals increased after prolonged immersion in seawater as shown in Figure 6.11. The surface
of the fiber reinforced epoxy-clay nanocomposites was analyzed using energy dispersive
spectroscopy (EDS). The weight percentage of chemical elements present are shown in Table
6.2. It was clear from a comparison of the elemental changes (Al, Ca, Mg, Si) that glass fibers
were affected by hygrothermal ageing. The variation of C shown in Table 6.2 can be attributed
to the presence of residual matrix particles on the surface of the fibres. The swelling of matrix,
and increase fiber debonding was clearly seen in composites exposed to seawater after 120

days.
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(a) GFRC after 120 days (b) CI5GFRC after 120 days

(c) ACI5GFRC(0.1) after 120 days (d) ACI5GFRC(2) after 120 days

Figure 6.8 SEM micrographs of nanocomposites showing fiber-matrix interfaces
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Figure 6.9 SEM micrographs showing pot holes on surface of epoxy matrix (a)

GC15(0.1)GFRC, (b) AC15(4)GFRC after exposure to seawater at 55 °C
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Figure 6.10 SEM-EDS results of flexural fracture surfaces after ageing in seawater at 55°C
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Figure 6.11 Seawater salt traces on surface of fiber reinforced epoxy-clay nanocomposites

after 60 days and 120 days
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Table 6.2 Percent composition of chemical elements at surface of fiber reinforced epoxy-clay

nanocomposites

C o) Mg Al Si Ca

Un-aged 42.76 33.23 0.99 1.94 8.06 6.73

60 days 4477  27.93 1.06 1.48 5.55 4.96

120 days 51.17 31.59 0.66 0.86 5.28 4.37

6.3.4 Residual tensile and flexural properties

It is well known that a decrease in load carrying capacity of fiber reinforced polymer
composites during hygrothermal ageing depends on temperature, immersion time and media.
The hydrolytic damage in composites tends to increase with an increase in temperature and
immersion time. The high pH of seawater and the presence of ions cause degradation of
composite. The degradation of fiber reinforced composite in seawater can occur by a
combination of mechanisms ranging from matrix-cracking, pitting, hydrolysis, matrix
plasticization, fiber leaching, fiber fracture and fiber-matrix interface debonding. A high

temperature of seawater can accelerate the damage caused by these mechanisms.
6.3.4.1 Effect of incorporation of Cloisite 15A®

The tensile modulus and tensile strength of GFRC and C15GFRC after immersion in seawater
at two different temperatures, i.e. 25°C and 55°C, for 30 days, 60 days and 120 days are shown
in Figures 6.13 and 6.14. The tensile modulus of GFRC and C15GFRC specimens immersed
in seawater at 25°C after 30 days had increased by 21.5% and 12.5%, respectively. The tensile
modulus of GFRC and C15GFRC specimens increased by 10% and 5.5% after immersion in
seawater at 55 °C. The stress vs. percent elongation curves for representative samples are
shown in Figure 6.12. A change in slope of stress vs elongation curves and a decrease in
elongation at break of composites upon seawater ageing can be seen. The tensile modulus
tends to increase with an increase in ageing time. It is possible that the presence of salts and
continuous use of sodium hydroxide to maintain the pH of simulated seawater attack the E-CR
glass fibers which led to embrittlement of glass fibers and fiber-matrix interphase (Bergeret et
al., 2009). Exposure to seawater can cause plasticization and swelling of epoxy (Garg et al.,

2016; Mourad et al., 2010; Ray, 2006; Thomason and Ali, 2009). The swelling of epoxy is
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restricted due to weave architecture of glass fibers and therefore, the elastic deformation of
glass fibers under external load may also be constrained. The other reason for an increase in
tensile modulus of composites during initial stages of ageing can be additional cross-linking
caused by the catalytic effect of Na* ions and water over post-curing reaction and interaction
of water molecules with epoxy via multiple hydrogen bonds (Garg et al., 2016; Starkova et al.,

2013; Sugiman et al., 2016; Wang et al., 2015; Zhou and Lucas, 1999).

The decrease in tensile strength of GFRC and C15GFRC was not significant in specimens
immersed in seawater at 25°C even after a period of 120 days. The fiber reinforced epoxy-clay
nanocomposites showed better resistance to deleterious effects of seawater ageing. The tensile
strength of GFRC and C15GFRC decreased by 33.6% and 22%, respectively after 30 days of
immersion in seawater at 55 °C. After ageing for 120 days in seawater at 55 °C, the tensile

strength of both GFRC and C15GFRC specimens decreased by 48%.
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Figure 6.12 Tensile stress vs percentage extension in (a) GFRC (b) C15GFRC

The flexural properties of GFRC and C15GFRC as a function of immersion time and ageing
temperature are shown in Figures 6.15 and 6.16. The flexural modulus and flexural strength
of unaged GFRC specimens were 13 GPa and 253 MPa, respectively. The flexural modulus
of GFRC immersed in seawater at 25°C for 120 days increased by 83%, whereas flexural
strength increased by 43%. A similar increase in GFRC specimens was also observed after
ageing in seawater at 55 °C, with flexural modulus increasing by 83% after ageing for 60 days
only and stabilizing after that. The flexural strength had increased by 19% after ageing of 30
days and showed no significant change after 30 days. The C15GFRC specimen also showed

an increase in both flexural modulus and flexural strength after hygrothermal ageing. The
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increase in flexural properties can be attributed to the additional secondary cross-linking of
epoxy and an increase in the modulus of elasticity of composite after seawater ageing. It is
generally accepted that the absorption of water in polymer composites/ nanocomposites results
in deterioration of mechanical properties (Saharudin et al., 2016; Weitsman, 2012b), but

contrasting results have also been reported (Hossain et al., 2011; Zainuddin et al., 2010, 2009).
6.3.4.2 Effect of incorporation of silylated clay minerals

The effect of seawater ageing on tensile modulus and tensile strength of fiber reinforced
composites containing silane treated clay minerals is shown in Figures 6.13 and 6.14. The
tensile modulus of AC15(0.1)GFRC, AC15(0.5)GFRC, AC15(2)GFRC, GC15(0.1)GFRC,
GC15(0.5)GFRC, GC15(2)GFRC increased with increase in ageing time. The tensile strength
of the nanocomposites immersed in seawater at 25°C as well as at 55°C decreased with increase
in ageing time. In case of fiber reinforced epoxy nanocomposites containing silane treated clay
minerals, the tensile strength of AC15(0.1)GFRC and AC15(0.5)GFRC was unaffected after
30 days of immersion in seawater at 25 °C, but the tensile strength of AC15(2)GFRC and
GC15(0.5)GFRC decreased by 6.5% and 11%, respectively. After 120 days of ageing, the
decrease in tensile strength of AC15(0.1)GFRC, AC15(0.5)GFRC was not the significant but
tensile strength of ACI15(2)GFRC and AC15(4) GFRC decreased by 20% and 38%,
respectively. Also, after 120 days, only AC15(0.1)GFRC and AC15(0.5)GFRC showed better
strength retention in comparison to GFRC and C15GFRC. A higher water intake rate in case
of AC15(4)GFRC resulted in higher degradation of tensile strength as compared to other
nanocomposites containing APTES treated clay minerals. The tensile strength of

GC15(0.5)GFRC, GC15(4)GFRC and GC15(6)GFRC also decreased significantly.

The tensile modulus and tensile strength of fiber reinforced epoxy nanocomposites
incorporating clay minerals functionalized using 4X and 6X silanes concentrations decreased
significantly irrespective of the type of silane. In fiber reinforced epoxy-silylated clay
nanocomposites, the hydrolytic stability of the siloxane network is an important factor. The
penetration of water into the interphase can hydrate the Si-O-Si and Si-O-C bonds, and a variety
of oligomeric species are formed within the crosslinked siloxane layer (DiBenedetto, 2001).
The oligomers would be desorbed by diffusion out of the crosslinked network due to long-term
exposure to seawater at high temperature. The desorption of the siloxane network from both
the clay surface and epoxy will create voids which will increase chemical degradation of the
epoxy and fiber-matrix interfaces. A higher decrease in tensile strength of nanocomposites can

be attributed increased hydrolytic damage to clay-siloxane linkages due to the presence of
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unreacted polar groups at clay mineral surface. The size of voids created due to hydrolytic
degradation of interface would also depend on the morphology of clay minerals in epoxy. The
loss of encapsulated clay particles will lead to relatively bigger size voids as compared to those
formed by loss of fully exfoliated clay mineral layers. This, in turn, will further increase the
exposed surface area, where water molecules can cluster with each other. The clustering of
water molecules in voids during hygrothermal ageing can cause plasticization and would lead
to degradation of mechanical properties. Iglesias et al. (Iglesias et al., 2002) observed that the
rate of hydrolytic degradation in glass fiber- siloxane linkages were highest in APTES treated
glass fibers in comparison to fibers treated with other silane coupling agents. This led to a
severe loss of the tensile strength of composites after exposure in water for 46 h. In another
study, Salmon et al., 1997 had concluded that both APTES and GPTMS are reactive and cannot

protect glass fiber reinforced composites from waterborne degradation.

The tensile strength of AC15(0.1)GFRC, AC15(0.5)GRFC and AC15(2)GFRC decreased by
52%, 41% and 57%, respectively after exposure to seawater at 55°C for 30 days.
AC15(0.5)GFRC continued to perform better than other compositions. The tensile strength of
fiber reinforced epoxy nanocomposites containing GPTMS treated clay minerals also
decreased with an increase in ageing time. The tensile strength of GC15(0.1)GFRC and
GC15(0.5)GFRC decreased by 12% and 24%, respectively after ageing in seawater at 55°C for
30 days. After 120 days, the tensile strength of all nanocomposites exposed to seawater at
55°C had decreased significantly. GC15(2)GFRC had notably, exhibited the lowest rate of
water diffusion and had best retention of mechanical properties among other nanocomposites
containing GPTMS treated clay minerals. In case of nanocomposites containing clay minerals
modified using high quantities of APTES/GPTMS, the decrease in tensile strength after ageing
in seawater at 25°C/ 55°C was significantly higher than other compositions (GFRC, CI15GFRC,
AC15(0.1)GFRC, ACI15(0.5)GFRC, GC15(0.1)GFRC, GC15(0.5)GFRC, GC15(2)GFRC,
GC15(6)GFRC).

The flexural strength of specimens increased with an increase in immersion time in seawater
at 25 °C. At 55 °C, only the nanocomposites containing clay minerals modified using a higher
concentration of APTES showed significant degradation in flexural strength, which can be

attributed to plasticization of matrix and fiber-matrix debonding.
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6.4 Closing remarks

The rate of diffusion of water in fiber reinforced composites incorporating silylated clay
minerals decreased as compared to glass fiber reinforced epoxy composites, as well as
composites containing non-silane treated Cloisite® 15A. Various competing phenomena such
as water wicking along glass fibers, hydrolysis, swelling induced by bound water, increase in
effective diffusion path due to clay mineral layers, inhibition effect of ions in seawater,
chemical degradation in epoxy and reactivity of silane can cause deviation from simple Fickian
diffusion. The diffusion of seawater in all composites increased with an increase in exposure
time and temperature. An assumption of neglecting hydrolytic degradation of epoxy, which

would result in weight loss, was made while analyzing the diffusion data.

The polarity of silane groups and morphology of clay minerals in epoxy significantly influence
the durability of the nanocomposite in seawater. The nanocomposites incorporating clay
minerals modified using small quantities of silane coupling agents exhibited higher retention
of tensile and flexural strength after hygrothermal exposure. The nanocomposites containing
clay minerals surface modified with ratio of weight of 3-aminopropyltriethoxysilane (APTES)
to that of weight of clay mineral equal to 0.1 and 0.5 showed excellent long-term durability
after ageing in seawater at 25°C and 55°C because of strong covalent bonds at the interphase
and an exfoliated structure, which improved the resistance to seawater penetration. The
nanocomposites  containing  silylated clay  minerals  modified using = 3-
glycidyloxypropyltrimethoxysilane (GPTMS) showed good retention of tensile and flexural
strength after exposure to seawater because of lower reactivity of glycidyl groups with water

molecules.

The modification of clay minerals with a ratio of the weight of APTES to that of clay greater
than 4 and the ratio of the weight of GPTMS to that of clay greater than 6 pose a big challenge
in the processing of fiber reinforced epoxy-clay nanocomposites due to the high viscosity of
epoxy resin — clay mixture. More importantly, use of higher concentration of APTES as well
as GPTMS lead to decrease in barrier properties and poor long-term durability of fiber
reinforced nanocomposites. An excess of silane coupling agents leache out from the
composite. The relatively bigger size of voids left behind would lead to plasticization effect of
accumulated water in the voids. Also, if the silane coated particles remain in the composite,
they will act as stress concentration sites when mechanical load is applied. In general,
irrespective of the concentration of reactive silane coupling agents and type, the coupling

agents form linkages between organic and inorganic materials by an interpenetrating Si-O-Si
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and Si-O-C network, which can desorb after long-term exposure to hygrothermal environment
causing loss of strength in composites. Therefore care should be taken when choosing the type
of silane coupling agent and more importantly the quantity of silane used for surface

modification of clay minerals.
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Chapter 7 Conclusion and recommendations for future work

In this work, properties of hybrid glass fiber reinforced epoxy-clay nanocomposites
incorporating a small amount of organically modified montmorillonite Cloisite® 15A have been
investigated. Some key aspects of hybrid nanocomposites are specifically studied, such as
uniform dispersion of clay minerals in the matrix by selecting process parameters, surface
treatment of clay minerals with silane coupling agents compatible with epoxy, effect of grafted
silanes on morphology, mechanical and thermal properties of fiber reinforced epoxy-clay
nanocomposites. The clay minerals have been surface treated with two different silane
coupling agents viz. 3-Aminopropyltriethoxysilane (APTES) and 3-
Glycidyloxypropyltrimethoxysilane (GPTMS) using a novel method, wherein clay minerals
have been nano-dispersed in the silane solution. Table 7.1 summarizes all the tensile test and
flexural test results for fiber reinforced epoxy-clay nanocomposites from the present study.
Initially, exploratory studies on the effect of different processing parameters (premixing
parameters, post-curing temperature, resin to hardener mix ratio) on the mechanical properties
of fiber reinforced epoxy-clay nanocomposites containing 2 phr (parts per hundred resin) of
Cloisite® 15A have been carried out. The glass fiber reinforced epoxy clay nanocomposites,
C15GFRC(PC2) showed the highest improvement in tensile and flexural properties. However,
the temperature of the epoxy and clay mixture was unsuitable for mass production of fiber
reinforced epoxy-clay nanocomposites. It was decided to continue working with the speed of
homogenization at 20000 rpm, ultrasonic probe amplitude 80% but the epoxy-clay mixture
temperature during mixing was kept at 25°C. The small angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM) observations revealed that intercalated
nanocomposites (C15GFRC(PC3)) was formed. Post-curing of fiber reinforced epoxy-clay
nanocomposites at temperatures well above the glass transition temperature of the fully cured
epoxy network (Tg») led to a decrease in mechanical properties of nanocomposites

CI5GFRC(PCS) and C15GFRC(PC6).

Silane treatment of glass fibers showed a positive effect on the mechanical properties and in
the case of C15 AGFRC tensile strength, flexural modulus and flexural strength increased by
18%, 66% and 96%, respectively. The initial work on fiber reinforced epoxy-clay
nanocomposites containing silane treated clay minerals showed only small improvements in
tensile properties and flexural properties. The quantity of silane coupling agents and silylation
process parameters significantly influence the amount of silanes grafted on clay minerals. The

silane coupling agents can form an interpenetrating network between clay minerals and epoxy,
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which would lead to strong clay mineral-polymer interfacial interactions and a substantial
increase in mechanical properties of nanocomposites. In the present work an optimum quantity
of silane for successful modification of large surface area of clay minerals and curing schedule
(7 h at 85 °C) which significantly increased the mechanical properties of fiber reinforced
epoxy-clay nanocomposites have been arrived at. The tensile modulus, tensile strength,
flexural modulus and bending strength increased by 30%, 37%, 139% and 146% respectively,

in nanocomposites containing clay mineral modified using 4X aminopropyltrietoxysilane

(AC15(4)GFRC).

Table 7.1 Summary of all the tensile test and flexural test results for fiber reinforced epoxy-

clay nanocomposites
Material code Tensile Tensile | Elongation Flexural Flexural
modulus, strength, at break, modulus, strength,
GPa MPa % GPa MPa
Cured 7h at 70 °C
GFRC 83+0.16 |313+12 |42+03 10.2£0.17 235+ 18
CI5SGFRC(PC1) |7.2+£022 |256+22 |3.9+0.2 12.5+0.61 304 +£22
CISGFRC(PC2) |8.7+0.15 |[368+18 |5.7+0.1 153+1.4 363 £20
CISGFRC(PC3) [9.2+£0.65 |348+7 5.6+0.1 12.3+1.05 262+6
CI5SGFRC(PC4) [9.4+0.01 |378+11 |[4.5+0.1 13.8 £0.05 271 £19
CI5SGFRC(PC5) [84+0.21 |326+12 |4.7+0.3 11.3+0.70 229+ 18
CI5GFRC(PC6) |7.6£0.09 |[270+8 42+0.3 11.4+0.90 210+ 25
CI5GFRC(PC7) | 7+0.13 279+23 | 44+03 10.3 +£0.35 178 +£7
CISGFRC(PC8) |7.8£0.53 |279+10 |4.5£0.5 9.6 £0.94 177 £21
Cured 7h at 70 °C
C15 AGFRC 85+£0.15 |369+21 |4.7+0.1 17.0+£0.8 461 + 13
C15 GGFRC 82+0.15 |329+20 |4.6+0.2 14.6 £0.9 422 £32
AC15 AGFRC 7.8+0.1 374+45 | 5.5+0.6 18.7+£0.9 386 £33
GC15 AGFRC 83+0.1 356 +38 | 4.8+04 17.0+ 1.0 502 + 37
ACI15 GGFRC 6.9+0.2 288+ 5 45402 14.0+ 0.4 325+18
GC15 GGFRC 8.0+£0.2 290+31 |4.1+£04 15.5+1.0 443 + 22
ACI5(0.1)GFRC [ 8.1+0.67 |322+12 |45+0.1 11.5+1.0 188 £15
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GC15(0.1)GFRC | 7.5+0.14 |289+9 44+0.2 8.96 £ 0.56 155+6
AC15(0.5)GFRC | 74+0.35 |295+13 |4.6+0.1 105+ 1.4 179 +£ 22
GC15(0.5) GFRC | 7.2+0.05 |261+13 [43+03 9.6+0.6 167 + 14
ACI15(2)GFRC 9.7+0.07 [390+20 |[45=+03 14.10+ 0.7 278 £ 15
GCI15(2)GFRC 9.6+0.1 378+20 [45+03 15.9+0.55 268 £ 16
ACI15(4)GFRC 79+023 [290+3 43+0.2 82+0.9 218 £25
GC15(4)GFRC 8.0+0.11 343+£33 |5+04 82+0.7 180+ 15
Cured 7h at 85 °C

C15 AGFRC 8.0+£045 |377+£21 |5.05+0.2 13£1.2 253 +£22
ACI15(0.1)GFRC |9.2+1 399+ 12 | 10.7+£0.5 153+1 251+ 14
AC15(0.5) GFRC |93+0.72 |390+5 11+0.7 14.7+ 0.6 242 + 10
ACI15(2)GFRC 8.6+£0.85 42617 |11.9+0.6 17.5+0.7 292 £21
ACI15(4)GFRC 11.7+£0.36 [ 470+25 |10.5+1 33.5+3.25 507 £ 27
GC15(0.1)GFRC | 79+049 |376+28 |42+04 14.8+0.5 249 £21
GC15(0.5) GFRC | 79+0.98 |381+19 |103+0.9 15.6+0.6 313 +£21
GCI15(2)GFRC 80+1.3 346+ 7 10+0.3 179+ 0.6 293 +26
GC15(4)GFRC 10.6 £0.1 414 +7 5.8+£2 24+ 1.7 349+ 18
GCI15(6)GFRC 11+0.25 486 +24 | 7.6+2 28.5+0.6 392+ 15

A comprehensive understanding of silanization of clay minerals and processing-structure-
property of fiber reinforced silylated epoxy-clay nanocomposites has been achieved. A
uniform dispersion, exfoliation, improved adhesion of clay minerals in epoxy also arrested
deleterious effects of water infusion on mechanical properties of composites, during ageing in
simulated seawater. Some important conclusion from studies of fiber reinforced epoxy-clay

nanocomposites are:

7.1 Fiber reinforced epoxy-clay nanocomposites

1. A combination of high shear homogenization and ultrasonication during premixing of
Cloisite® 15A in epoxy resin proved to be a promising method to delaminate the clay
particles to individual layers. TEM images indicated ordered intercalated clay mineral
layers along with some exfoliated regions in epoxy matrix. Better dispersion of clay

minerals obtained using high speed of homogenization and high ultrasonic probe amplitude
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has been manifested by an increase in tensile modulus, tensile strength, and elongation at
break of fiber reinforced epoxy-clay nanocomposites.

The improvement in tensile strength, flexural modulus and flexural strength of glass fiber
reinforced composites incorporating clay minerals were dependent on the dispersion state
of clay minerals in epoxy. A high temperature of epoxy-clay mixture (80°C), the speed of
homogenization (20000 rpm) and ultrasonic probe amplitude (80%) during premixing step
resulted in the highest improvement in mechanical properties of fiber reinforced epoxy-
clay nanocomposites. The tensile strength, flexural modulus, flexural strength and
interlaminar shear strength increased by 17%, 50%, 54% and 58%, respectively in these
nanocomposites as compared to glass fiber reinforced neat epoxy composites.

The glass transition temperature (T) of fiber reinforced epoxy composites increased on the
incorporation of organically modified clay minerals due to clay - polymer interactions,
which restrict the mobility of chains.

Post-curing of fiber reinforced epoxy-clay nanocomposites at 100°C showed no significant
change in mechanical properties in comparison to samples which have not been post-cured.
The mechanical properties of fiber reinforced epoxy-clay nanocomposites reduced after
post-cure at higher temperatures viz. 130°C and 150°C, and this could be attributed to the
generation of voids and internal stresses due to 1. boiling of free or bound water and low
molecular weight impurities present in the nanocomposites 2. residual stresses due to
thermal cooling. Therefore, the post-curing of these composites above 100°C leads to the
deterioration of mechanical properties.

The non-stoichiometric ratio of epoxy resin and hardener e.g. 100: 29.5 and 100:28 as
compared to stoichiometric ratio 100:31 resulted in a decrease in both the extent of cure of
epoxy and mechanical properties of fiber reinforced epoxy-clay nanocomposites. The
Fourier transform infrared (FTIR) spectra revealed that the curing reaction was not
complete due to the scarcity of amino groups, which resulted in a significant decrease in

the mechanical properties of fiber reinforced epoxy-clay nanocomposite.

7.2 Effect of surface treatment of glass fibers and clay minerals

1.

The functionalization of glass fibers with 3-aminopropyltriethoxysilane (APTES) and 3-
glycidyloxypropyltrimethoxysilane (GPTMS) resulted in a significant increase in flexural
modulus, flexural strength and interlaminar shear strength due to improved fiber-matrix

adhesion.
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2. The grafting of silanes on Cloisite® 15A has been confirmed by FTIR. A new band

appeared at 1047 cm™ which was assigned to the Si—-O —Si stretching in silylated clay
minerals.

The functionalization of clay minerals with APTES and GPTMS aided exfoliation in epoxy
as evident from TEM and SAXS results. This promoted adhesion between inorganic clay
mineral layers and epoxy as revealed by tensile tests, which indicated an increase in the
tensile strength and elongation at failure of fiber reinforced epoxy-clay nanocomposites.
The differential scanning calorimetry was used to gauge the extent of curing of different
compositions. The incorporation of silylated clays in epoxy led to an increase in glass
transition temperature (Tg) of fiber reinforced nanocomposites, which can be attributed to

increased matrix cross-linking, improved interactions and exfoliation of clay minerals in

epoxy.

7.3 Curing studies and mechanical properties of fiber reinforced epoxy-clay

1.

nanocomposites

The results of the thermogravimetric analysis showed that the amount of grafted silane
increased with an increase in the concentration of APTES/ GPTMS in the solvent during
silanization reaction. The grafting of APTES in interlayer space was confirmed by
exfoliation of clay minerals as indicated by eventual disappearance of the characteristic
peak of Cloisite® 15A at 20 = 2.71°.

The highest mechanical properties of fiber reinforced epoxy-clay nanocomposites were
obtained by curing the epoxy at a temperature slightly below the temperature of the fully
cured network (Tgx), 87°C obtained using differential scanning calorimetry. Also, a
remarkable increase in tensile and flexural properties was achieved with the incorporation
of silane modified clays prepared using chosen curing schedule. The tensile modulus,
tensile strength, flexural modulus and flexural strength increased by 30%, 37%, 139% and
146%, respectively in nanocomposites containing clay minerals modified using 4X
aminopropyltrietoxysilane, i.e. the quantity of silane = 4 times the weight of clay.

The fractographic analysis of nanocomposites revealed a considerable difference in failure
modes of fiber reinforced epoxy composites containing Cloisite® 15A and silane modified
clay minerals. A good interfacial adhesion between fiber and matrix was observed, and
failure occurred because of fiber breakage and matrix cracking only, unlike in the case of
glass fiber reinforced neat epoxy composite, where an additional failure mode of fiber

pullout was also observed.
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7.4 Seawater ageing of glass fiber reinforced epoxy-clay nanocomposites

1.

The ageing in seawater at 25°C and 55°C resulted in a decrease in load-carrying capacity
of specimens. A high temperature of seawater accelerated the water diffusion rate of
seawater and hydrolytic degradation in all composites.

The rate of diffusion of water in fiber reinforced composites incorporating silylated clay
minerals decreased as compared to glass fiber reinforced epoxy composites, as well as
composites containing non-silane treated Cloisite® 15A

The use of a high concentration of APTES as well as GPTMS in silylation of clay minerals
leads to a decrease in barrier properties and poor long-term durability of fiber reinforced
nanocomposites. An excess of silane coupling agents leache out from the composite during
seawater ageing. The relatively bigger size of voids left behind would lead to plasticization
effect of accumulated water in the voids.

The flexural modulus and tensile modulus of composites increased after exposure in
seawater. This can be attributed to (i) embrittlement of glass fibers and fiber-matrix
interphase due to presence of salts in seawater and continuous use of sodium hydroxide,
(i1) restricted swelling of epoxy, the free expansion of epoxy due to swelling can be
restricted by the glass fibers reinforcement, which changed the stress - strain behavior of
composites, (iii) additional cross-linking caused by the catalytic effect of Na" ions and
water over post-curing reaction and interaction of water molecules with epoxy via multiple
hydrogen bonds.

FTIR spectra of nanocomposites after exposure to seawater confirmed hydrogen bonding
between water molecules and epoxy matrix. New hydroxyl groups formed as a result of
hydrolysis increase the intensity of the corresponding infrared bands. The increase in the
intensity of bands associated with alkyl stretching (2950 cm™ — 2850 cm!), and carbonyl
group (1605 cm™) indicated that the epoxy was undergoing chemical hydrolysis.

The fiber-matrix interface was severely affected due to swelling of the epoxy matrix and
loss of adhesion between glass fibers and epoxy due to the accumulation of salt crystals.
The cracks indicating embrittlement of epoxy matrix, potholes, and river marks were also

observed.

168



7.5 Future scope of work

1.

Study of other nanofillers like Graphene and Halloysite clay can be incorporated in fiber
reinforced polymer nanocomposites.

The effect of incorporation of silylated clay minerals in epoxy on the extent of curing and
curing kinetics would be very interesting.

The hygrothermal study can be done for the longer duration of immersion time both at room
temperature and elevated temperature.

The behavior of fiber reinforced silylated clay nanocomposites under fatigue, creep and
compressive and impact loads can be studied.

Compatibilization of nanofillers can be further studied. For example, modification of clay
minerals using other silane agents can be studied.

Nondestructive techniques to detect manufacturing, as well as usage flaws, can be
investigated.

Modeling and simulation of the mechanical response of fiber reinforced epoxy-clay
nanocomposites under different loads and their hygrothermal behavior would be very

useful.
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