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ABSTRACT

Lightweight syntactic foam composites exhibit high specific strength and
modulus. Thus, these are popularly used, from electric vehicle construction to space
applications. In the present work, syntactic foam composites are fabricated using
cenospheres. Cenosphere, a waste by-product of thermal power plants, is chosen as
hollow filler in composites for eco-friendly redressal curbing its environmental impact.
Also, a halloysite nanotube (HNT) is an abundantly available natural nanofiller that is
utilized to uphold the load-bearing and thermal characteristics of reinforced syntactic

foam (RSF) composites.

The RSF composite fabrication involves the probe sonication of HNTs and
homogenizing them with an epoxy matrix. Later the cenospheres are gently mixed in
the HNTs/epoxy blend to obtain a uniformly dispersed mixture and is thus solution
casted in the aluminum molds. A constant content of 1 vol.% addition of HNTSs is
maintained to fabricate all the RSF composites with cenospheres content being varied
from 20 - 50 vol.%. Furthermore, the cenosphere epoxy syntactic foam (CESF)
composites are fabricated without HNTs addition for comparison study. In this work,
the influence of HNTs reinforcement in syntactic foam on mechanical, water
absorption, viscoelastic, and thermal properties are studied. Furthermore, the impact of

post-curing on the mechanical and thermal characteristics is also investigated.

The tensile and flexural tests are carried out to evaluate the mechanical
performance of CESF and HNTs RSF composites. The enhancement in tensile modulus
and flexural modulus was witnessed by up to 42% and 66%, respectively, for the HNTs
RSF as compared to CESF composites. The morphology studies prove the existence of
hydrogen bonding among the HNTSs, cenosphere, and neat epoxy matrix in RSF
composite. Field emission-scanning-electron-microscopy (FESEM) affirms the unique
crack deflection phenomenon by HNTSs, thus elucidating the structure-property
correlation. Furthermore, the effect of post-curing on flexural and compressive
properties is discussed. The post-cured HNTs RSF containing 40 vol.% cenospheres
(NSF40_H) exhibited a compressive modulus of 33.2% higher than room temperature
cured neat epoxy due to improved crosslinking. The addition of HNTs in NSF40_H
augments the flexural modulus up to 26.9% compared to post-cured neat epoxy.



Moreover, the glass transition temperature (Tg) of CESF composites with 40 vol.%
cenospheres was increased by 24.3 °C compared to the room temperature cured sample.
The positive shift in Ty can be attributed to the beneficial impact of post-curing, as
indicated by differential scanning calorimetry study. A water absorption study is carried
out to characterize the efficiency of the HNTs RSF composites exposed to the marine
environment. The HNTs addition considerably reduces the diffusion coefficient,
sorption coefficient, and permeability of the syntactic foam composites. The
compressive modulus of wet HNTs RSF composite registered a higher value than the

corresponding sample without HNTS.

Dynamic mechanical analysis with temperature sweep (30 — 140 °C) reveal that
the storage and loss modulus of RSFs is 1 - 36% and 59 - 113% higher than the neat
epoxy. Storage modulus increases with an increase in cenospheres content in the epoxy
matrix. However, with the incorporation of HNTS, the storage modulus obtained is
higher than that of neat epoxy but still lower as compared to CESFs. With the increase
in cenospheres content, loss modulus reduces due to increased frictional energy
dissipation compared to matrix viscoelasticity. The thermal studies depict that the Ty
value ameliorates with HNTs reinforcement. Also, better thermal stability with
appreciable char content is reported from gravimetric analysis with HNTs addition.
Further, to understand the underlying mechanism of filler interaction with the matrix,
structure-property correlations of evaluated properties are presented using exhaustive
SEM, FESEM, and TEM images.

Keywords: Halloysite nanotubes; Syntactic foam; Epoxy; Cenosphere; Post-curing;

Mechanical properties; Thermal properties; Dynamic mechanical analysis.
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CHAPTER1

1. INTRODUCTION
1.1 COMPOSITE MATERIALS

In the course of human civilization, man has always attempted to meet ever-
evolving needs of increasing levels of complexity. The geographical location of the
ancient Mesopotamians made it possible for them to make heat-resistant, thermally
stable, and aesthetically superior goods. Utilizing existing raw materials and
transforming them into valuable goods has long been a fundamental principle. Materials
are entities that go into making tools that improve human life. The use of two different
phase materials combined to produce a value-added product with desirable properties
that are superior to the separate components is what is often meant by the term
"composite material." Composite material is defined as "the macroscopic combination
of two or more distinct materials with a discernible interface"(Gauthier 1995). The term’
light weighting gained its significance when the composites came into existence and
performed at par with traditional monolithic materials. The lightweight embedment of
any engineering structure is crucial to decide its performance during design process
(Pervaiz et al. 2016; Yang and Zhao 2015). The principal motive of emerging
technologies is to obtain optimum performance in structures with energy-saving
potential besides generating a circular economy. Right from current electric vehicle
technology to space transportation, weight is the sensitive parameter in the design
scenario (Czerwinski 2021; Pervaiz et al. 2016; Zhang et al. 2014). Composite materials
are commonly used to improve mechanical properties of materials so they can
withstand greater service loads. Composite materials can augment properties like
strength, stiffness, corrosion and wear resistance, weight reduction, fatigue life,
temperature-dependent behavior, and thermal properties. Due to their lightweight and
high strength, composite materials are used extensively in aerospace, marine, and
automobile industries (Fiore et al. 2011; Liu et al. 2014; Nunes and Silva 2016). A
significant number of composites are used in almost all modes of transportation and
sports equipment (Chauhan et al. 2022; Gonzélez et al. 2017; Ullah et al. 2015; Wang
et al. 2017).



Composites are categorized by their matrix and reinforcing phases. Matrix
phase is continuous, while the reinforcement phase is dispersed or discontinuous. The
composite's third phase is the interface between matrix phase and reinforcement.
Composites can be categorized based on the matrix material as Metal matrix composite
(MMC), Ceramic matrix composite (CMC), and Polymer matrix composite (PMC)
(PMC). PMCs are becoming attractive materials for various structural and automotive
applications due to their advantageous mechanical property combinations (Barbero
2018). Due to their relative ease of production, low density, good electrical/thermal
properties, and superior chemical/corrosion resistance, PMCs are widely employed in
most industrial applications. Consequently, their applications range from specialist
functions in aerospace and electronics engineering to consumer industries such as
building and transportation (Dhanasekar et al. 2022; Liang et al. 2021; Sharma et al.
2019; Wang et al. 2017).

PMCs are composed of thermoplastic or thermosetting resin that is reinforced
with filler (fiber, particle, etc.). These materials are capable of being molded into a
range of forms and sizes. As a result of decreased density of its constituents, polymer
composites frequently exhibit superior specific characteristics. Specifically, a polymer
matrix has low strength and stiffness when compared to metal and ceramic. This means
that there is a significant advantage achieved by reinforcing polymers with
reinforcements such that they possess specific features. There is no need for high
pressures and temperatures during the production of PMCs. Compared to composites
with other matrices, PMCs are less susceptible to problems connected with the
deterioration of reinforcement during production. Additionally, the equipment required
for PMCs is less complex. As a result, PMCs evolved swiftly and were quickly adopted

for structural applications.
1.2 PARTICULATE COMPOSITES

Sandwich composites use particulate composites as a core material. The
incorporation of particle fillers into epoxies results in several advantageous features,
including reduced density, greater impact strength, appropriate magnetic and electrical

properties, excellent damage tolerance, and a lower price (Forintos and Czigany, 2019;



Li et al., 2013; Shakil et al. 2020; Wang et al. 2017b). Because of these properties,
particle composites can be beneficial in applications that are sensitive to weight, such
as construction of airplanes, as well as applications that are prone to damage, such as
packaging (Agrawal and Satapathy 2019; Lee et al. 2022). High specific compressive
strength and bending stiffness are particular benefits of sandwich structures with a core
made of composite materials, including particle fillers (Dogan 2021; Omar et al. 2015;
Pareta et al. 2020). Figure 1.1 schematically represents the three kinds of particulate

composites with fillers as hollow particles, nanotubes, and short fibers.
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Figure 1.1 Particulate composites reinforced with (a) hollow filler, (b) nanotubes, and
(c) short fibers.

1.3 FILLER MATERIALS

Numerous types of particles are utilized as fillers in composites (Platzer 1988).
Fillers are used for a variety of reasons, ranging from reducing cost of pricey polymeric
components to modifying their strength, magnetic, electrical, or fire-retardant qualities,
as required by their intended uses. As fillers for polymers, a vast range of substances
can be chosen, including mineral, metal, ceramic, polymer, and industrial waste
particles (Gupta et al. 2001). Examples of common filler materials include alumina,
silica, hollow and solid glass particles, wood chips, fly ash, and carbon black. The
selection of materials is primarily determined by composite's intended qualities. The
shape of the filler particles plays a significant impact in influencing qualities of the
composite; hence, particles are often categorized according to their shapes. Common
shapes include spherical, cubical, blocklike, flaky, and fibrous. These forms have
varying surface areas for same volume, which influences the size of interfacial zone

between the particle and matrix resin. Due to the various corner radius of curvature and
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aspect ratios of each of these forms, stress concentration factor would vary for each.
Popularity favors spherical particle fillers over other varieties. In recent years, use of
cenospheres, which are hollow spherical particles, has expanded significantly in the
creation of core materials with low density and excellent damage tolerance (Danish and
Mosaberpanah 2020; Kumar and Ahmed 2016; Pareta et al. 2020; Waddar et al. 2018).
These low-density substances are categorized as close-cell foams and are known as
"Syntactic Foams." By regulating the constituent or density of cenospheres, density of
syntactic foams can be modified over a broad range suiting it for weight-sensitive

applications.

1.4 SYNTACTIC FOAM COMPOSITES

Since the 1960s, progress in hollow particle inclusion has fostered an excellent
strength-to-weight ratio and better thermal properties (Samsudin et al. 2011). Hollow
fillers comprise a cavity within their structure when dispersed in polymers, making
them porous, eventually enhancing buoyancy and maritime industrial applications.
According to recent data published by the Central Electricity Authority (CEA) of India,
consumption of coal in India for the year 2021 by thermal power plants from April to
September stood at 313 million tons (MT), which generated 106.37 MT of fly
ash.("Govt notifies norms for fly ash utilization by coal-fired power plants - The Hindu
BusinessLine™" 2022.) The cenosphere is a constituent of fly ash byproduct when used
as a functional hollow filler, as shown in Figure 1.2, improves mechanical (Gupta et al.
2004; Kaur and Jayakumari 2016, 2019; Shahapurkar et al. 2019) and thermal
(Gangwar and Pathak 2021; Labella et al. 2014; Ren et al. 2018) properties of polymer

syntactic foams.
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Figure 1.2 SEM image of as-received cenospheres depicting its shape and size.

Syntactic foams are distinguished by their high specific compressive strength,
minimal moisture absorption, and superior damping characteristics. They are used as
core member in sandwich composites for weight-sensitive engineering structures. Due
to their wide-ranging mechanical properties, vibration damping properties, fire
resistance, and flexibility to be produced in functionally graded forms, these foams are
composite materials with multiple functions (Waddar et al. 2018). In the 1960s, these
buoyancy aid materials were developed for deep water applications (Wright 1991).
Currently, they are applied to aircraft, spacecraft, and marine structures (Bardella &
Genna, 2001; Tenney et al., 2011), as schematically shown in Figure 1.3. One of their
primary advantages is capacity to design and produce syntactic foams according to the
application’'s physical and mechanical property requirements. Depending on service
conditions, the matrix resin can be selected from a wide variety of thermosetting and
thermoplastic resins. Similarly, cenospheres can be selected from polymer, ceramic, or
metal (Feldman 1993; Nielsen 1966). The volume fractions of matrix and cenospheres

within the structure are additional parameters that can be modified.
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Figure 1.3 Graphite-Epoxy Inboard Aileron on L-1011 Aircraft (Tenney et al. 2011).

1.5 STRUCTURE OF SYNTACTIC FOAM COMPOSITES

Syntactic foams are composed of two distinct phases: matrix resin and fly ash

cenospheres, as shown schematically in Figure 1.4. Micrograph portraying the structure

of the syntactic foam is shown in Figure 1.5. Micrography is conducted on the cut

surface of a sample of syntactic foam. The images reveals the cenospheres embedded

within the matrix resin.
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Figure 1.4 Depiction of schematic structure of a syntactic foam composite.
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Figure 1.5 Depiction of SEM micrograph of syntactic foam composite.

Figure 1.5 depicts a three-phase structure, including voids in a matrix resin.
During fabrication process, the air is invariably trapped in the microstructure of
syntactic foams and appears as open-cell structured porosity. This trapped air is known
as voids, and this makes syntactic foams three-phase materials. Also, the cenosphere
(hollow sphere) has a porosity within its wall, as shown in Figure 1.5. This, in turn,
makes the reinforcement applicable to wight-sensitive structural application.

1.6 REINFORCED SYNTACTIC FOAM COMPOSITES

Properties beyond those of plain syntactic foams, which include only hollow
particles in a matrix resin, can be produced by adding micro- and nano-scale
reinforcements (Gupta et al. 2013), as shown in Figure 1.6. For making reinforced
syntactic foams, phenolic, vinyl-ester, and epoxy resins are frequently employed. The
domain of multiscale reinforced composites has benefited significantly from recent

developments in nanomaterials science and technology.

Syntactic foams are a helpful tooling material in the composites sector due to
their low coefficients of thermal expansion and lightweight (Gupta et al. 2014).
Syntactic foam tooling materials that can be utilized for laminate fabrication can be
quickly and affordably machined due to the material's ease of usage. The US used
syntactic foams' thermal insulation capabilities in space shuttle applications for the first
time (Hodge et al. 2000). Solid rocket boosters and the exterior fuel tank were insulated

using syntactic foams (Gupta et al. 2014). Carbon nanofibers and other nanomaterial
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reinforced syntactic foams have been used, according to Air Force Research Laboratory
for space reflectors. These materials can reach a zero or negative thermal expansion
coefficient, which helps prevent geometrical distortion. In order to improve thermal
conductivity of syntactic foams and maintain a constant temperature, carbon nanofibers

were also utilized (Poveda et al. 2013).

Many studies have worked with incorporating secondary fillers to produce high-
performance reinforced syntactic foam (RSF) (Ghamsari et al. 2015; Bao et al. 2020;
Liu et al. 2019; Saha and Nilufar 2009; Suresha et al. 2006; Ullas et al. 2016; Wang et
al. 2012; Wouterson et al. 2007; Yu et al. 2019). In order to improve value-added
properties of syntactic foams, reinforcement was incorporated that ranged from fiber
(Huang et al. 2006) to nano-level additions (Maharsia et al. 2006). Saha and Nilufar
(2009) investigated the flexural and thermal properties of montmorillonite nanoclay
reinforced syntactic foam. Glass microballoons were the hollow filler added to base
epoxy matrix. Meanwhile, nanoclay reinforced syntactic foam has just recently been
studied, despite being a proven effective reinforcement for polymers (Maharsia et al.
2006; Peter and Woldesenbet 2008). Analyzing potential synergistic activity in hybrid
syntactic foams made of a matrix, hollow microspheres, and nanoclay particles might

be intriguing.
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Figure 1.6 Schematic representation of reinforced syntactic foam composite.

1.7 STRUCTURE OF HALLOYSITE NANOTUBE (HNT)

Halloysite nanotubes (HNTSs), a member of nanoclay family, analogous crystal

structure to carbon nanotubes (CNTSs) are useful in developing high-performance epoxy
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composites that are of low cost and abundantly available (Woldesenbet 2008; Peter and
Woldesenbet 2008). The HNTSs possess positively charged aluminols at inner surface
and negatively charged silicon oxides at outer surface. This difference in the chemistry
of the surface allows them to easily functionalize their lumen, which is difficult for
CNTs (Lvov et al. 2016). It was also reported that the issue of exfoliation or
intercalation can be avoided in HNTs, as compared to other types of clays like
montmorillonite, bentonite, and graphene sheets (Dando and Salem 2017). HNTs may
be added to nanocomposites to improve their mechanical and thermal characteristics,
as it is elucidated in various research studies. (Bai et al. 2020; Deng et al. 2009; Du et
al. 2010; Prashantha et al. 2011a; Srivastava and Pandey 2019; Tang et al. 2011). Also,
studies have shown that HNTs outperform in tensile property and thermal stability
compared to modified silica reinforced in natural rubber (Rooj et al. 2010).

As shown in Figure 1.7, the HNTs are 1:1 phyllosilicates with one outer
tetrahedral sheet with Si-O-Si and an inner octahedral sheet with Al-OH. These
inorganic nanotubes are 1D tubular in shape, have good biocompatibility, rich
functionality, high aspect ratio, and possess high mechanical strength. Eventually, it
enhances properties of resultant nanocomposites, such as modulus and the coefficient
of thermal expansion (Woldesenbet 2008; Ye et al. 2007). In most sandwich
composites, the core is comprised of syntactic foam; hence, the rupture in the matrix
causes the failure of core, thereby calling a need for matrix toughening. In such cases,
HNTs may stand as a promising toughening agent in the epoxy nanocomposites without
sacrificing other properties. Studies reported the improvement of impact strength with
4 vol. % TiO2 nanoparticles in TiO2 /epoxy nanocomposites by~35% and 3 wt.% of
montmorillonite (MMT) in MMT/epoxy nanocomposites by~60%, whereas the impact
strength improved by~400% with only 2.3 wt. % of HNTs (Ye et al. 2007). This remains
as one of the factors in choosing HNTS in anticipation of improvement in properties of
syntactic foams for weight-sensitive applications. Additionally, in comparison with
other nanoparticles such as fumed silica, carbon nanotubes, and MMT reinforcement in
nanocomposites, the HNTs possess rod-like geometry, which disperses easily owing to

its confined inter-tubular contact area (Du et al. 2010). The vital role of the nanoscale



fillers lies in improving properties of the matrix resin without considerably increasing

the density of the composite.
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Figure 1.7 HNT structure in an epoxy nanocomposite.

1.8 PROCESSING OF REINFORCED SYNTACTIC FOAM
COMPOSITES

Every material system possesses distinct physical, mechanical, and processing
properties. To turn the material into its final form, an appropriate manufacturing
technique must be selected. In latter half of the 20th century, the processes employed
for manufacturing of composite materials-based products shifted from skilled labor
operations to sophisticated microprocessor systems with automatically controlled
equipment. Early pioneers employed hand lay-up techniques or spray-up in open molds
to construct final system by combining raw components and curing them at room
temperature. The advantages of polymer matrix composites have propelled these
synthetic materials into practically every other business in the globe, from consumer
products and automobiles to aircraft and bridges in weight-saving potentials. Such an
expansion in product applications necessitated an expansion in materials technology,

design methodologies, and production techniques (Arza Seidel 2012).

Efficient nanofiller dispersion in a matrix resin system is vital in achieving the

intended property augmentation by the secondary filler reinforcement in syntactic foam
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composites (Bittmann et al. 2009; Mahrholz et al. 2009). There are numerous methods
for dispersing particle agglomerates in a liquid, with dissolver and bead mill being the
most often used machinery (Bittmann et al. 2009). Dispersion by ultrasonic waves is a
further possibility. As illustrated in Figure 1.8, high-intensity ultrasonic waves are
discharged into a liquid particle-matrix mixture, where cavitation bubbles can form and
increase over multiple cycles until they reach a critical diameter, which causes their
implosion. This collapse generates locally extreme conditions, such as extremely high
pressure and temperatures, a so-called hotspot (Xu et al. 2004). Due to these hotspots,
particle agglomerates might get dispersed. The combination of shock waves from an
implosive bubble collapse and micro-streaming caused by cavitation oscillations results

in dispersion effects (Bittmann et al. 2009).
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Figure 1.8 Illustration of probe sonication process.

When producing syntactic foam composites, the processing approach must be
meticulously developed to reinforce hollow particles to prevent particle breakage. Also,
undesired impact of a more porous matrix can be avoided by stabilizing gas bubbles in
a polymer matrix. The processing procedures must be effective enough to facilitate
reinforcement wetting by matrix resin, break clusters without harming reinforcement,

and provide uniform reinforcement dispersion in a resin matrix.
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Figure 1.9 depicts a typical process for fabricating thermoset-based syntactic
foams. This approach employs a two-step mixing procedure. In the first phase,
reinforcement (hollow microballoons) is added to resin and carefully mixed until a
slurry of constant viscosity is achieved. In the second phase, the resin is progressively
mixed with hardener or catalyst. The slurry is poured into the molds and cured per the

resin's specifications.
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Figure 1.9 lllustration of syntactic foam composite fabrication steps.

1.9 POLYMER MATRIX AND ROLE OF CURING/AGING
CONDITIONS

The long-chain organic macromolecules or polymers have numerous desirable
characteristics, including high ductility, ease of formation, and non-corrosiveness. A
designer has access to a large array of these materials. Thermosetting and thermoplastic
polymers are examples of two such classes. Its first intended use was in aircraft
industries, but it later became an effective replacement material in the sporting goods,
automotive, and construction-related sectors (Gokhale et al. 2011; Mallik et al. 2011).
In addition to VVan der Waals forces, thermosetting polymers also contain covalent cross
bonds (cross links) between molecules. These cross-bonds cause a thermosetting

polymer to stay stiff after heating. The characteristics of thermoplastic polymers can be
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altered repeatedly by heating and cooling them. They become softer when heated and
hard when cooled. Thermosets, however, maintain their rigidity after warming until
they are transformed into char. The relatively modest VVan der Waals forces that operate
between the molecules of thermoplastic polymers cause changes in their behavior upon
heating. The molecular bonds significantly weaken with heat, making the substance

pliable and soft.

Epoxy thermosetting resin is one of the most common polymeric matrix
materials. It is available in a broad spectrum of formulations, ranging from low-
viscosity liquids to high-melting solids, and can be adapted to various changes and
processes. It provides high strength, minimal shrinkage, ease of curing by a range of
chemical agents, great electrical insulation, excellent adhesion, and surface wetting
(Bilyeu et al. 1999; Xiang and Xiao 2020). These attributes make epoxies appropriate
for many usages in composites. Epoxy resins use the crosslinking of epoxide groups
(one oxygen and two carbon atoms). The epoxy resins can be cured for usage at elevated
temperatures by introducing chemical agents that produce an inflexible molecular
structure. For composite applications, epoxies from phenolic glycidyl ether, aromatic
glycidyl amine, and cycloaliphatic classes are most commonly used. Diglycidyl ether
of bisphenol A (DGEBA), a kind of phenolic glycidy! ether, is the most commonly used
epoxy. As hardeners for epoxy resins, most common curing agents are amines, amine
derivatives, or anhydrides. Modifiers are compounds that can be used to alter
mechanical and physical properties of cured or uncured resins. Rubbers, thermoplastics,
fillers, flame retardants, and pigments are included as modifiers. Even though PMCs
have higher initial material costs, low-cost versions could be created by combining
plastic fillers with inexpensive environmental pollutants, such as cenospheres. Since
1991, when the Indian economy was liberalized, plastic consumption has increased
dramatically. From 0.85 million tonnes in 1990 - 1991 to 1.79 million tonnes in 1995 -
1996, India's plastic consumption has increased by more than twofold. Demand for
commodity plastics is growing annually at a rate of 15% (Shekhar 2012). With such a
dramatic increase in the consumption of plastic, thermosetting syntactic foam

composites with abundantly available fillers, such as fly ash cenospheres, may be
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necessary to alleviate concerns regarding plastic management and environmental

concerns associated with the disposal of fly ash from thermal power plants.

Simon (1931) published his findings that tiny molecules in their amorphous
solid state do not maintain thermodynamic equilibrium at temperatures lower than their
glass transition. In reality, these substances are supercooled liquids, and their volume,
enthalpy, and entropy are all higher than they would be if they were contained in
equilibrium, as shown in Figure 1.10. The free-volume idea provides a simple starting
point for an explanation of a process of physical aging (Yoshida et al. 1982). This is a
fundamental and self-evident principle that the chain mobility of macromolecules in a
system that is densely packed is essentially governed by the degree of packing in a
system. Consequently, the chain mobility quantification is inversely proportional to the
degree of packing. In a similar vein, one could think of mobility as being exactly
proportional to free volume. The idea of free volume can also be utilized in a qualitative
meaning (Kong 1986).
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Figure 1.10 Origin of physical aging as explained from a thermodynamic point of
view (Kong 1986)

The thermosetting epoxies consist of four phases, i.e., liquid, gelled rubbery,
gelled glassy, and ungelled glassy states, based upon the gelation and vitrification of
polymers (Chan et al. 1984). A sufficient amount of curing enhances crosslinking of
such compounds. Meanwhile, one has to be careful about monomer degradation when

thermally treated for a long time at elevated temperatures. Notable research has been
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carried out in studying the influence of post-curing treatment on the morphological,
mechanical, and thermal properties of polymer composites (Pattanaik et al. 2019;
Sharma et al. 2019). Vidil et al. (2016) emphasized controlled polymerization of epoxy
thermosets while taking the gel-point into account to produce well-defined chemistry
of the polymer network. Also, it was reported that post-baking systems enable complete
epoxy conversion that enhances thermo-mechanical properties. Khan et al. (2013)
investigated sandwich structures with styrofoam and honeycomb as core members.
They described that the compressive and flexural properties were enhanced by post-
curing at 70 °C for 2 hours because of relief in thermal stresses that improved its
crosslinking density. (Yuan et al. 2020) successfully fabricated hollow microspheres in
the epoxy matrix. These syntactic foams were surface modified and exposed to heat
treatments. It was concluded that, designed formulations of syntactic foam enhanced
fracture toughness and compressive properties. (Wang and Gillham 1993) studied the
effect of physical aging on thermosets by considering the variation in physical
properties. They concluded that an anomaly exists in the isothermal modulus with the
extent of cure. Also, it was pointed out that the Tq value is prominent in correlating

properties rather than epoxies conversion in the system.

1.10 LITERATURE REVIEW

Reinforced syntactic foams are lightweight composites widely employed in
various applications to reduce the weight of engineering structures. The degree to which
they can be modified to provide a desired mechanical performance depends profoundly
on the effective characteristics produced and more significantly, the relationship
between these qualities and the microstructure. Therefore, analyzing the mechanical,
thermal, and other pertinent properties of a certain microstructure and their spatial
distribution is crucial for creating these lightweight syntactic foam composites. Recent
reviews on a variety of syntactic foam topics under various curing/aging and loading

situations have been published and are discussed in the following section.
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1.10.1 LITERATURE STUDY ON THE MECHANICAL RESPONSE OF
COMPOSITES TO THE CURING CONDITIONS

There is continual concern about how operational conditions may affect long-
term durability of structural components made of polymer composites. In the early
1980s, Chan et al. (1984) threw light on cure kinetics and degradation of epoxy resin
with triglycidyl ether of tris (hydroxyphenyl) methane diamino diphenyl sulfone using
melt mixing the formulations. Their study revealed that fully cured di- and trifunctional
epoxy materials' highest glass transition temperatures (T4) were 229 °C and > 324 °C,
respectively. Also, the isothermal time-temperature-transformation (TTT) diagrams
were generalized to display gelation, vitrification, reduction in Tg and char formation.
The first event, which is witnessed by a reduction in rigidity, is devitrification of glass
into rubber and is represented by a reduction in T¢ from a higher to lower value of the
isothermal temperature of cure. Later tensile and fracture properties of Epon-828 with
a varied formulation of meta phenylene diamine: 7.5, 10, 14.5, 20, and 25 phr were
experimented with by Gupta et al. (1985). They observed that in the glassy state,
stiffness and yield point influence the molecular architecture. Also, crosslink density
has a predominant effect on stiffness in the rubbery state. Further, in a glassy state,
properties such as toughness, elongation-to-break, and strength are governed by
intermolecular packing. Moreover, the toughness of sample increases with post-curing
procedure, and low extension-to-break and low toughness characterize samples rich in
epoxy. Cafavate et al. (2000) emphasized the curing Kinetics of epoxy with
isophorondiamnine hardener. They noticed that linkages that are not involved in the
reaction were indicated by the FTIR bands' continued invariance during curing. Thus,
in contrast to invariable ones that serve as a quantitative reference, the relationships
between the indicative bands of the reaction process (863 and 917 cm™) have been used
as markers of resin curing. Also, they stated that as the amount of the curing agent was

increased, the gelation time of the epoxies rapidly reduced.

Further, the study was carried out to analyze the effect of post-cure in epoxy
carbon fiber composites by Khan et al. (2013). They employed a wet lay-up technique
to impregnate woven carbon (0 and 90°) fiber with poly-epoxy to quantify compressive,
flexural, and thermal properties. They presented that for average crashed energy
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absorption, the effect of post-cure was noticed to be statistically insignificant,
irrespective of the core material in the composites. Alongside this, the compressive
strength in styrofoam and honeycomb core sandwich composites was ameliorated with
post-curing process. Additionally, due to improved adhesion between the skin-core
interface by post-curing, the bending stress exhibited an appreciable magnitude
improvement. Also, Ty value augmentation was noticed for post-cure specimens
compared to room-temperature cured panels. Bhanushali et al. (2017) fabricated carbon
fiber composite prepreg (Hexply) with a manual lay-up method to study the bond
strength by incorporating contaminants and defects. They affirmed that the contaminant
introduced in the central bond area of lap joints reduced the bonding strength. And the
kissing bond defect reported the lowest reduction in strength of the composite
specimen. They stated that curing influenced the bond strength further the rapid cure
resulted in a 50% reduction in the failure load. Similarly, the study on epoxy resin (DER
332) and iso-phorone diamine (IPDA) hardener was carried out by reinforcing natural
fiber, i.e., flax fabric by Campana et al. (2018). These researchers processed
unidirectional flax fabric with epoxy to characterize the tensile and glass transition
temperature. In their study, the composites were post-cured for temperature values 100,
120, and 150 °C. Among these, samples post-cured at 150 °C reported 100%
crosslinking with 167 °C Tgy. It was recorded that, higher post-cure temperature
decreased tensile strength and also elongation to break.

Particulate composites, like syntactic foams, are also subjected to property
modulation because of the effect that environmental variability has on polymer matrix’s
behavior. In this concern, Shahapurkar et al. (2018) estimated the effect of arctic
conditioning on syntactic foams' flexural properties, emphasizing density reductions in
formulations considering lapox (L-12) syntactic foam. In their study, the cenospheres
content varied as 20 vol.%, 40 vol.%, and 60 vol.% in the foam samples. Further, it was
shown that, compared to neat resin samples, a maximum of 14% reduction in density
was obtained by addition of cenospheres. Alongside, the arctic-conditioned samples
observed an increase in flexural modulus by a maximum of 15% compared to room-
temperature tested samples. Perhaps, arctic conditioning of syntactic foam composites
rendered lower strains to failure. Seretis et al. (2018) fabricated E-glass fabric
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reinforced epoxy (ES35A) composite with graphene nanoplatelets (GNPs) using a hand
lay-up method and characterized composites with tensile, thermal degradation, and
flexural properties. They concluded that greater values of post-curing parameters, such
as temperature and time for nanocomposite laminae, resulted in a degradation of the
mechanical performance. They revealed that the thermal properties of nanocomposite
laminae were boosted due to greater values of post-curing parameters. This may be due
to GNPs acting as a cooling-points within the matrix that delays the degradation.
Further, the voids in the increased interface area of the nanocomposite laminae allowed
undergoing a drop in mechanical performance way earlier compared to the

nanocomposite laminate with lesser epoxy/fiber interfaces.

Efforts were attempted by Pattanaik et al. (2019b) to fabricate syntactic foams
using a waste by-product of thermal power plants called fly ash cenospheres. They
investigated tensile, and flexural properties of fly-ash reinforced epoxy composites by
solution casting method. It was shown that the density of syntactic foams decreases
with an increase in fly ash addition. Also, microwave curing required less heat energy
to attain 99% crosslinking compared to an isothermal and oven-cured samples. In
comparison to other curing techniques, microwave curing yields maximum tensile and
flexural strengths of 117 MPa and 144 MPa, respectively, with a 10% fly ash addition.
Further, in comparison to other curing techniques, microwave curing yields maximum
tensile and flexural strengths of 117 MPa and 144 MPa, respectively, with a 10% fly
ash addition. Moller et al. (2020) examined glass transition and tensile properties of the
epoxy resin through molecular dynamics simulation. Their study concluded that the
best agreement was observed between simulation and experimental results when
etherification and dehydration were introduced. Furthermore, post-curing process of
dehydrating water molecules affects the molecular structure and aids in augmenting
mechanical properties. The study carried out by (Bakshi and Kattimani 2022) explored
the post-curing effect of HNTs reinforced syntactic foam. Their results claimed
enhancement in the Ty values by the thermal post-curing owing to the improved

crosslinking in the composite.
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1.10.2 LITERATURE REVIEW ON MECHANICAL BEHAVIOR OF
COMPOSITES UNDER DIFFERENT LOADING CONDITIONS

The polymer composites may be subjected to different types of mechanical
loads depending upon assembly of engineering structure and the desired structural
application. The compressive behavior of syntactic foams with varied densities of
cenospheres in formulations was carried out by N. Gupta and Woldesenbet (2003).
Their study concluded that at room temperature, the moisture absorption of S22 and
K46 synthetic foams was less than 1%. Also, in DI and salt water, S22-type syntactic
foam absorbed 6.7% and 2.5% moisture, respectively, at 70 °C. At 70 °C, K46 syntactic
foam absorbed 3.9 and 1.9% of the water. Further, in high-temperature specimens, the
compression strength decreased by 34%, 31%, 36%, and 33% for K46 type DI water,
K46 type salt water, S22 type DI water, and S22 type salt water, respectively. They also
revealed that for S22 type samples, the modulus decreased by 51%, 9%, 65%, and 68%
for low-temperature salt water, low-temperature DI water, high-temperature DI water,
and high-temperature salt water, respectively. Later, the flexural properties of syntactic
foamed sandwiched composites with a constant 35 vol.% of microballoons addition
were examined by Gupta and Woldesenbet (2005). In their work glass fabric was used
as a face sheet with four layers. Outcomes have shown that the microballoon radius
ratio in three and four-point bending tests did not affect the core shear stress or skin
bending stress. Also, core shear stress and bending stress in the short beam shear stress
(SBS) tests were observed to diminish with decreasing values. Gupta and Nagorny
(2006) employed a solution casting method to fabricate syntactic foams with
microballoons content varied from 30, 40, 50, and 60 vol.% to study the tensile
property. Their testing results revealed that strength of various types of foams
diminished by 25 — 60% when the microballoons vol.% increased from 30 — 60%. Also,
for all varieties of syntactic foams, strength was reduced by 60 — 80% as compared to
neat resin. And, with an increase in microballoons density from 220 — 460 kg/m?® for a
30 vol.% of filler, modulus increased by 48.59%. In addition, an increase in the
microballoon density was exhibited for an increased modulus between 30% and 90%.
Microballoons with a lower radius ratio had improved strength and modulus results. Li

and Jones (2007) fabricated hybrid syntactic foam by coating glass microballoons with
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styrene-butadiene rubber and nanoclay and using milled glass fiber in reinforcing
epoxies to constitute a core material. The E-glass plain woven fabric was used as a face
sheet to produce a sandwich structure. Their test results pointed out that rubberized
foam enhanced the energy-absorbing characteristics in composites with appreciable

reinforcing mechanisms of nanoclay and milled glass fibers in the matrix.

Wouterson et al. (2007) developed syntactic foams with phenolic microspheres
(BJO-093) with 30 vol.% and short carbon fiber at 1, 2, and 3 wt.% to account for
tensile, fracture, and thermal properties. The fiber reinforcement at 3 wt.% enhanced
plane strain-fracture toughness, tensile modulus, and tensile strength by 40, 115, and
95%, respectively. They found that tensile and fracture properties did not get affected
by variations in the fiber length. Also, thermal stability of the syntactic foams depends
on matrix and not on the length and fiber content. Further, with similar composition
Wouterson et al. (2007) processed reinforced syntactic foam with phenolic
microspheres, short carbon fiber, and nanoclay at 0.5, 1, 1.5, 2 wt.%. They studied
tensile and fracture properties of composites under the influence of nanoclay addition.
It was revealed from their tensile test results that, with addition of 2 wt.% of nanoclay
a 13% decrease in tensile strength of nanoclay-reinforced syntactic foam and a rise in
Young's modulus of 19.5% were obtained. Further, they explicated the presence of both
nanoclay and short fiber increased the toughening effect in samples resulting in high
values of fracture toughness and critical energy release rate. The compression and low-
velocity tests of a hybrid grid stiffened core containing syntactic foam composites were
explored by Li and Muthyala (2008). From their study, it was observed that orthogrid
stiffened core augmented initiation energy and lowered the propagation energy, which
is favorable in designing resilient engineering structural applications. The syntactic
foams are damage tolerant and their design suit energy absorption applications. With
this concern, Woldesenbet (2008) characterized the energy absorption response of
syntactic foams with microballoons (60 vol.% and density: 220, 460 kg/m?) and 1.30
nanoclay (1, 2, and 5 vol.%). Their outcomes have shown that the inclusion of nanoclay
augmented the maximum load-taking capacity and initiation energy in all the syntactic
foams. Also, with 1 vol.% of nanoclay content, optimum values of maximum load and

initiation energy in the syntactic foams were reported. They proved that thicker-walled
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microballoons absorb more energy. Peter and Woldesenbet (2008) investigated
compressive property of montmorillonite nanoclay-reinforced syntactic foam. The
nanoclay and microballoons content varied as 1, 2, and 5 vol.% and 10, 30, and 60
vol.%, respectively. They reported that syntactic foam containing 10 vol.%
microballoons with and without nanoclay reinforcement displayed higher values of
peak stress at higher strain rates compared to medium and lower strain rates. Alongside,
an increase in peak stress was reported with an addition of nanoclay up to 5 vol.% at
high and medium strain rates. Also, the syntactic foams containing 1 vol.% reported

optimum augmentation in the modulus and, thus, peak stress values.

Finite element modeling in the estimation of tensile properties of vinyl-ester
syntactic foam composites was carried out by Tagliavia et al. (2010b). In their work,
the density values of the hollow glass particles added to the composites were 220, 320,
370, and 460 kg/m?®. Their outcomes reported that the high-density syntactic foams
exhibit a higher tensile modulus than neat resin. Further, the tensile modulus was 15 —
30% greater than the compressive modulus for the same syntactic foam formulations.
Furthermore, the syntactic foams have a 50 — 75% greater specific modulus than clean
vinyl-ester resin. Swetha & Kumar (2011) tested epoxy resins with hollow glass
microspheres (HGM) with 10, 20, 30, 40, 50, and 60 vol.% additions to study the
compressive response of the syntactic foam. They found that as the wall thickness of
microspheres rises, the modulus and strength data indicate a declining trend with
volume fraction of microspheres increasing. Alongside, the failure behavior of foams
was determined by shape of stress-strain curves, which, in turn, depends on
microspheres' wall thickness. Also, with an increase in addition of microspheres, the
capacity to absorb energy improved by up to 50%. For the first time, the cenospheres
were clubbed with titanium employing a powder metallurgy route to fabricate titanium
(Ti)-cenosphere syntactic foam for energy absorption by Mondal et al. (2012). From
their study, it was noticed that the cold compaction pressure along cenosphere
introduction manifested a range of porosity of 51 — 70% in the specimens. Further, a
numerical model was constituted, claiming that crushing of cenospheres, porosity

function, and density remain reliant on applied pressue. Also, the cost-effective
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titanium-cenosphere material was shown to exhibit appreciable compressive properties,

suiting it to shock-absorbing applications.

Apart from epoxy polymer matrix reinforced by nanofiller, several other studies
were also carried out to reinforce polymers and study mechanical, water absorption,
and thermal properties of nanocomposites (Curtis et al. 2008; De’n~ve and Shanahan
1993; Popescu et al. 2020; Prolongo et al. 2012; Tham et al. 2016b). The HNTS' phase
interactions with the polymer matrix are distinctive because, as nanoparticles, they have
a higher surface area per unit volume. Consequently, water absorption characteristics
of the nanotubes, nano platelets in the polymers remain inquisitive. To this end, the
flexural and fracture properties of HNTSs, nanoclay platelets, and nano-silicon carbide
was experimented with by Alamri and Low (2012). It was found from their work that
the flexural modulus values dropped but with an increase in strength values. Also,
fracture strength was improved owing to the plasticization effect of the epoxy matrix
subject to water exposures. Further, HNTs inclusion in vinyl-ester nanocomposites and
their water absorption, thermal and mechanical behavior was explored by Alhuthali and
Low (2013). Furthermore, water absorption was shown to reduce with 5 wt.% of HNTs
addition to vinyl-esters. Also, reinforcing mechanism of HNTs aided in augmentation

of the thermal and barrier properties of the nanocomposites.

In the fabrication of syntactic foams, the microballoons comprised of variable
wall thicknesses affect the density and water absorption properties (Gupta and
Woldesenbet 2003). Similarly, the effect of wall-thickness of microballoons added to
vinyl-ester composites on water absorption was explored by Tagliavia et al. 2012. They
concluded that the flexural modulus and strength, and water ingression increase with
the increase in volume fraction of microballoons in the vinyl-ester syntactic foam
composites. Jena et al. (2013) fabricated a hybrid composite using bamboo fiber (3, 5,
7,and 9 layered) and cenospheres (1.5, 3, 4.5, and 6 wt.%,) using hand lay-up technique
to study tensile, flexural and impact properties of the composite. They concluded that
ina 3, 5, and 7-layered bamboo-epoxy composite, the strength improves by 32, 9, and
11.2%, respectively. Also, a comparison of 3, 5, 7, and 9-layered bamboo-epoxy
composites to neat samples showed improvements in the strength of 20 and 9% for 1.5

and 3 cenospheres wt.% and declines in the strength of 17.5 and 42.8% for 4.5 and 6
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cenospheres wt.%, respectively. Further, with 3 wt.% cenospheres content and 7
layered bamboo fiber a maximum of 90.6% of an increase in interlaminar shear strength
was noticed compared to neat sample. Zhang and Ma (2013) studied compressive,
flexural, and fracture toughness of phenolic syntactic foam with carbon nanofibers
added at 0.5, 1.0, 1.5, and 2.0 vol.% in the composites. They found that compressive
strength of all samples remains almost constant. Additionally, the flexural strength and
fracture strength was seen to be maximum at 1.5 vol.% CNF and thereafter reduces due

to agglomeration of CNFs.

Poveda et al. (2013) used carbon nanofibers in the reinforcing epoxy foams
containing glass hollow particles content 30 and 50 vol.% and density: 220 kg/m?, 460
kg/m®. Their study observed that quasi-static compressive modulus of samples was
unaffected by exposure to moisture, although a strength reduction of ~30% was
reported. Similarly, except for the syntactic foam with the lowest density and maximum
glass particle content, all samples exhibit moisture absorption between 0.75 and 2%.
Labella et al. (2014) fabricated fly ash/epoxy syntactic foams with 30, 40, 50, and 60
vol.% additions to ascertain flexural, compressive, and coefficient of thermal expansion
(CTE) of the composites. They concluded that energy absorption increased with test
strain rate and was higher at high strain rate compression compared to quasi-static
compression. Furthermore, in comparison to matrix resin, the flexural strengths and
modulus both demonstrated maximum decreases of 73 and 47%, respectively. Also,
CTE values for syntactic foam containing 60 vol% showed a decrease of up to 67%.
Thakur and Chauhan (2014) examined the size of cenospheres in the vinyl-ester
syntactic foam to study the tensile, flexural, and wear response. It was concluded from
their study that for 400 nm cenospheres reinforced composites, a little increase in tensile
strength of 2.56% was observed. Similarly, the 400 nm cenosphere-filled vinyl-ester
composite was 27.11% stronger than the 900 nm (15.25%) and 2 pm (10.16%)
cenosphere-filled vinyl-ester composites. For 2 um, 900 nm, and 400 nm, the volume
fraction of void perceived was 9.4529, 8.0904, and 10.434, respectively. The study also
inferred that to reduce specific wear rate, composites containing 6% submicron-sized

particles were optimal.

23



Zeltmann et al. (2015) investigated flexural properties of syntactic foams with
glass microballoons and carbon nanofiber reinforcement. They observed that all of the
nanocomposites exhibited an increase in moisture uptake when compared to neat resin.
Also, all of syntactic foams have a moisture absorption rate that was 18% higher than
neat resin samples. Further, the strength of dry, conditioned, and unmodified resin was
superior to all other samples. Due to weathering, the sample's strength decreases
significantly to 53 MPa. Likewise, the composite containing 1% CNF had the
maximum fracture strength, measuring 96.9 MPa. Thus, after weathering, composites
containing 2 and 5 wt.% of CNF exhibit greater strength. Therefore, in comparison to
a dry composite, higher CNF content was reported to have a 27% improvement in
strength following immersion. Bharath Kumar et al. (2016) used brabending process in
fabricating the filament containing the high density polyethylene (HDPE) with
cenospheres 20, 40, and 60 wt.%. They pointed out that composites with a treated
constituent, modulus, and strength were found to rise as cenospheres content does.
Likewise, formulations containing 40 and 60 wt.% untreated brabender mixed
cenospheres/HDPE exhibited the greatest modulus and strength of 37% and 17%,
respectively. X. Zhang et al. (2017) investigated compressive behavior of multiwalled
carbon nanotubes (MWCNT) reinforced with glass microballoons in epoxy resin by the
solution casting method. From their study, it was noticed that, an addition of 0.3 wt.%
MWCNTSs increase the compression strength of HGMs/epoxy by 17-25%. Similarly,
the water absorption in syntactic foams reduces owing to the reinforcement effect by
MWCNTSs. Also, fracture feature revealed a reinforcing mechanism of MWCNTSs
comprising a bridging effect in the matrix. Shahapurkar et al. (2018) examined
compressive response of cenospheres reinforced in lapox (L12) resin. It was concluded
from their research that compressive modulus of both treated and untreated cenospheres
increases with cenospheres addition. Likewise, the compressive strength of all samples
reduces with an increase in cenospheres content. Also, they stated that the arctic-

conditioned samples reported lower modulus compared to room-temperature samples.

Jayavardhan and Doddamani, (2018) studied compressive property of HDPE
syntactic foam with glass microballoons (GMB) at 20, 40, and 60 vol.% of additions.
They claimed that values of modulus and yield strength are strain rate sensitive, and
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rise with higher strain rates. Further, the high density foams with 60 vol.% glass
microballoon content exhibit higher modulus and yield strength. In their comparison
study, it was observed that neat HDPE has a lower specific modulus related to other
syntactic foams. High velocity impact analysis was carried out by Ahmadi et al. (2020)
on nano-reinforced cored sandwich panels. It was pointed out from their study that,
with an increase in microballoons content the ballistic resistance was reduced. Further,
a 10% in ballistic limit velocity was achieved with an ddition of nano-reinforcement.
Using 3D printing technology Bharatkumar et al. (2020) fabricated HDPE/glass
microballoon syntactic foams and studied tensile, flexural, and melt flow index (MFI)
of composites. They observed that MFI value decreases with an increase in
microballoon content in the syntactic foam. Further, HDPE with 60 vol.% GMB content
exhibited the highest increase in modulus, which was 48% greater than the neat HDPE
printed sample. Their developed 3D-printed syntactic foam recorded 28% weight-
saving potential and eventually superior specific mechanical properties. Kumar and
Jena, (2022) used a hand lay-up method to fabricate glass fabric/epoxy composites by
cenospheres with 10 and 20 wt.%, clamshells at 10 and 20 wt.%, and E-glass fiber mat
at 38 wt.% to study the tensile properties. It was observed from their study that water
absorption resistance of composites with cenospheres filler was higher than composites
with clamshell filler. Similarly, an increase in filler content results in a decrease in
equilibrium moisture content (EMC) values. When compared to neat sample, which has
the highest EMC, the maximum EMC reduction of 20 wt.% cenospheres were 57.37%

for distilled water and 52.06% for salt water, respectively.

1.10.3 LITERATURE STUDY ON DYNAMIC MECHANICAL ANALYSIS OF
COMPOSITES

Sankaran et al. (2006) processed epoxy syntactic foams with microballoons
additions at 62.12, 68.33, and 71.70 vol.%. They concluded that syntactic foam and
plain resin both experience a drop in storage modulus as the temperature rises. Also, it
was reported that mobility of polymeric chains in the interphase zone between matrix
and filler was affected by presence of reinforcing hollow microballoons in syntactic
foams, leading to a greater Tg compared to plain resin. The changes in Tq were primarily
attributable to the volume percentage of components, showing that interfacial effects
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have a significant impact on the Ty of composites. Likewise, damping of polymer
composites is mostly determined by their composition. However, filler-matrix
interactions also impacted damping behavior. The vinyl-ester syntactic foam with glass
microballoons additions at 30, 40, 50, and 60 vol.%, and densities 220, 320, 380, and
460 kg/m® were experimented with by Tagliavia et al. (2009). They observed that the
storage modulus was reported to increase as microballoon wall thickness increases.
However, the relationship between storage modulus and microballoon wall thickness
was not monotonic. Also, increased volume fraction was advantageous to foams with
thick-walled particles. Perhaps, due to brittle behavior of glass microballoons and the
pronounced viscoelastic behavior of the resin, loss tangent of syntactic foams is reduced
as the volume of resin diminishes.

Gu et al. (2009) experimented with epoxy consisting of glass microballoons
additions at 30, 40, 50, and 60 vol.%, and densities: 220, 320, 380, and 460 kg/m?. They
pointed out that the thermal stability was enhanced by increasing microballoon wall
thickness, but its response to microballoon volume fraction was considerably lowered.
Further, interfacial effects have a significant impact on the T of the composite, which
may be inferred from the fact that changes in Tq were primarily attributable to the
volume fraction of constituents. Additionally, the volume fraction of microballoons
exhibited a more noticeable impact on glass transition temperature than the influence
of wall thickness. The injection molding process was used by Das and Satapathy (2011)
in fabrication of cenosphere/polypropylene syntactic foams. It was observed from their
research that an appreciable damping and storage modulus improvement was achieved
with cenospheres content of 10 wt.% and 30 wt.% in syntactic foams, respectively.
Similarly, at lower/sub-zero temperatures in region of -25 to 0 °C, the storage modulus
rises more rapidly with increasing cenosphere content. However, this rise was
diminished at higher temperatures. Hu and Yu (2011) manufactured epoxy syntactic
foams with hollow particles at 5, 10, 15, 20, and 25 vol.% to study the viscoelastic
response of composites. They concluded that increasing amount of polymer particles
raises the loss factor. Further, in temperature range of -20 to 90 °C, the loss factors of
plain epoxy and syntactic foams containing 10% hollow particles show two relaxation
peaks, with a- peak corresponding to the samples' Tq. Furthermore, lowest of the peaks

were B-relaxation peaks associated with the local motion of molecular chains.
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The short sisal fibers were used to process syntactic foams with glass
microballoons additions at 30 vol.% by Ghamsari et al. (2015). They observed storage
modulus improvement in both glass and rubbery regions, and the rubbery region
registered a three-fold magnitude improvement compared to plain syntactic foams.
Also, the loss modulus of plain syntactic foams was seen to be 300% lower than the
sisal reinforced syntactic foamed composites. Poveda et al. (2014) studied the
viscoelastic response of cenospheres reinforced epoxy syntactic foam composites. It
was witnessed from their work that storage modulus augments with an increase in the
cenosphere content. Similarly, the storage modulus of treated foam was 258 - 370%
higher than the neat resin sample. Further, the treated foam with 60 vol.% cenospheres
was reported to have the highest peak damping value of 0.914 at 87 °C among all foam
samples. Doddamani (2020) employed 3D-printing in fabrication of HDPE/cenosphere
foamed composites. He concluded that with an increase in temperature, the storage
modulus of the printed samples reduces. Alongside, Maximum storage modulus, loss
modulus, and damping values were attained in HDPE prints with a cenosphere content
of 60 vol.%. The study carried out by Bakshi and Kattimani (2021) elucidated
successful reinforcement of HNTSs in syntactic foams containing cenospheres. It was
revealed from their work that, HNTs reinforced syntactic foams exhibited better
thermal stability, and enhanced storage and loss modulus values compared to the neat

epoxy.

It is evident from the comprehensive literature review that the potential for
developing thermosetting-based syntactic foams employing mechanical mixing
technique while using secondary nano-reinforcement has not been adequately explored

with environmental pollutants such as fly ash cenospheres. In addition,

e Work on halloysite nanotubes (HNTs) reinforced epoxy syntactic foams with
cenospheres is not reported in the literature.

e Most of the studies carried out composite testing with room temperature curing
conditions, while studies based on post-curing of syntactic foams are not explored

well.

e Concerning HNTSs reinforcement along with cenospheres, the water absorption
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behavior of syntactic foams is not investigated.

Hence, the present work deals with development and characterization of lightweight,
eco-friendly reinforced syntactic foams to address the effectual disposal of cenospheres

for weight-sensitive applications.
1.11 MOTIVATION OF WORK

Fly ash is a waste byproduct produced in large quantities from the burning of
coal in thermal power plants. It is mostly composed of silicon dioxide, iron oxide, and
aluminum oxide. Fly ash is a serious hazard to the ecosystem since it pollutes air around
it and requires the use of landfills for disposal. Economically and commercially, using
fly ash as fillers in polymer composites is a sensible move. Studies have demonstrated
that fly ash and polymers have excellent compatibility with each other. Further,
naturally available HNTs possessing advantageous geometry ameliorate the properties
of the polymers. The present work is emphasized studying the possibility of developing
HNTs reinforced epoxy syntactic foams employing the conventional casting route.

Domain of nanoparticle reinforced syntactic foam composites present science
and technology with a tremendous opportunity and also considerable challenges for
future research in the polymer composite sector. These reinforced syntactic foam
composites containing HNTs have desirable mechanical, thermal, and electrical
properties, enhanced dimensional stability, and are cost-effective to be used for weight-
sensitive structural applications. The reasons for exploring this topic are outlined

below.

e  Waste utilization.

e Reduction in environmental pollution.

e Utilization of naturally available nanoclay fillers.
e Eco-friendly processing.

e Reduction in consumption of polymers.

Based on the preceding considerations, objectives are formulated and presented in the

following section.
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1.12 OBJECTIVES AND SCOPE OF WORK

From the comprehensive literature review, it is clear that scientific studies on
development of inexpensive secondary filler-reinforced syntactic foams are scarce. In
light of this, the present study proposes the design and performance evaluation of a
polymer resin system using naturally available nanoclay and low-cost fly ash. A
complete and methodical investigation of these composites was conducted by
experimental characterization for a variety of physical and mechanical properties. As a

result, the work undertaken aims to study following objectives

e To develop halloysite nanotubes reinforced syntactic foam with cenospheres as a
hollow filler in epoxy resin matrix at room temperature by open mold casting
technique.

e To investigate the physical (density and void content), mechanical properties
(tensile, compression, flexural), and dynamic mechanical properties of the
developed reinforced syntactic foams.

e To study the micrographs of fractured samples for structure-property correlations.

e To investigate the effect of post-curing on thermal and mechanical properties of
HNTs reinforced syntactic foam composites.

e To carry out water absorption studies on HNTs reinforced syntactic foam
composites.

The scope of current study includes processing HNTs and their subsequent
addition along varied content of cenospheres to produce reinforced syntactic foams by
conventional casting method. Analytical testing techniques such as FTIR spectroscopy,
X-ray diffractogram, and particle size analysis are carried out on fabricated syntactic
foams. Fractured samples are studied using micrographs to infer the filler-matrix
interaction. Testing outcomes of the fabricated syntactic foam composites concerning
tensile, flexural, compressive, and viscoelastic response are discussed focusing on the

effect of HNTs reinforcement and varied content of cenospheres in the epoxy matrix.
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1.13 OUTLINE OF THESIS

The thesis presents the methodical investigation conducted concerning the
aforementioned goals. Chapter 1 provides the essential introduction to the composites,
syntactic foams, and reinforced syntactic foams composites, including a comprehensive
literature review, followed by the purpose and objectives of the current research. The
organization of Chapter 2 includes the material constituents, the fabrication route
adopted, and the characterization techniques employed in the work. The mechanical
behavior of the reinforced syntactic foams is presented in Chapter 3, which comprises
tensile, flexural, and compression study of room temperature cured samples. Alongside
this, the flexural and compressive response of post-cured samples is also detailed.
Structure-property relations for the fractured samples are established by microscopy.
The dynamic mechanical response along the thermal property characterization of the
reinforced syntactic foam composites is presented in Chapter 4. Chapter 5 contains a

brief summary and conclusions obtained from the study.
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2. MATERIALS, FABRICATION, AND
CHARACTERIZATION TECHNIQUES

2.1 CONSTITUENTS

In the current study, hollow cenospheres were used as a micro filler, LY556-
epoxy as a matrix, and halloysite nanotubes (HNTSs) as a nanoscale reinforcement in
the fabrication of lightweight reinforced syntactic foam composites. The details of the
composite material's constituents will be covered in the sections that follow.

211 MATRIX

Figure 2.1 shows chemical structure of the epoxy resin LY556 and hardener
HY951. The epoxy resin with hardener (shown in Figure 2.2c¢), procured from S. M.
Composites, Chennai, India, was the matrix resin combination used in this study. The
LY556 is an unmodified liquid resin with a moderate viscosity used to make structural

composites with a variety of hardeners. Table 2.1. presents the compiled properties of

epoxy and hardener.

CHAPTER 2

Table 2.1. Properties of epoxy resin and hardener.

Property Value Unit
Epoxy resin (LY556)
Epoxide index 5.30 - 5.45 Eqg/kg
Viscosity at 25°C 10000 - 12000 mPa s
Density at 25°C 1.16 - 1.2 g/cm?®
Color Clear liquid
Hardener (HY951)
Viscosity at 25°C 10 - 20 mPa s
Pot life at 25°C 5580 S
Gel time at 25°C 9600 S
Colour Yellowish
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Figure 2.1 Chemical structure of (a) epoxy resin (LY556) and (b) hardener (HY951).
2.1.2 REINFORCEMENT

The fly ash cenospheres with grade CIL 150 used as a micro filler were procured
from Cenosphere India Limited, Kolkata, India. The cenospheres were utilized in their
original as received state (Figure 2.2a), with no surface modification. These
cenospheres comprise silica, alumina, calcium, and iron oxides. Further, Halloysite
nanotubes, which are nanoscale fillers procured from Sigma Aldrich, USA, were
employed in the fabrication of structurally reinforced syntactic foam. Figure 2.3 shows
the morphological structure of the as-received cenospheres and HNTs, whereas Table

2.2 describes the properties of cenospheres and HNTSs.

Table 2.2 Property details of cenospheres and halloysite nanotubes*.

Cenosphere
Physical properties Chemical Sieve analysis
analysis
True particle 920 kg/m?® SiO2  52-62% +30# (500um) Nil
density
Bulk density 400 — 450 kg/m®  AlLO; 32-36%  +60 # (250um)  Nil
Hardness (MOH) 5-6 CaO 0.1- +100 # Nil
0.5% (150um)
Compressive 180 — 280 kg/m?  Fex0s 1-3% +120 # Nil
strength (125pm)
Shape Spherical TiO, 0.8- +150 # 0-10%
1.3% (106pm)
Packing factor 60 - 65% MgO 1-25%  +240# (63um) 70-95%
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Wall thickness 5 - 10% of shell Na,O 0.2- -240# 0-30%

dia. 0.6%
Color Light grey — light KO  1.2-
buff 3.2%
Melting point 1200 - 1300 °C CO, 70%
pH in water 6-7 N2 30%
Moisture 0.5% max.
Loss on ignition 2% max.
Sinkers 5% max.
Oil absorption 16 - 18 g/100g
Halloysite nanotubes
Color white
Purity 99.9%
Diameter 30 — 150 nm
Length 1-3um
Density 2530 kg/m?®
Pore volume 1.26 — 1.34 ml/g

*As provided by the supplier.
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Figure 2.2 (a) Cenospheres, (b) Halloysite nanotubes, and (c) Epoxy resin and
hardener.

Figure 2.3 FESEM image of as-received (a) cenospheres and (b) HNTSs.
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2.2 PARTICLE SIZE ANALYSIS, FOURIER TRANSFORM
INFRARED SPECTROSCOPY, AND X-RAY DIFFRACTION

In the particle size analysis, modulated laser lightens the particles while they
were passed through a camera that captures images at 185 frames per second. The
equivalent diameter was calculated as 36.13 pm. The diameter of a sphere with a
projected was area equal to the projection recorded by a camera, for each particle
imaged. Each particle type was subjected to five runs, and the values were averaged
across these runs, with weighting based on the quantity of particles in each run. Neat
epoxy, syntactic foam, and HNTSs reinforced syntactic foam were studied by FTIR
analysis (Bruckers Karlsruhe, Equinox 55, Germany, Automated Reflection mode) by
KBr pellet method to elucidate the possible interactions between neat epoxy matrix and
the reinforcements. The FTIR spectra were recorded over a wavenumber range of 600
— 4000 cm* with a scan resolution of 2 cm™. The FTIR test setup is shown in Figure
2.4. X-ray diffraction (XRD) test was performed on amorphous neat-epoxy, pristine
cenosphere, HNTs, and HNTSs reinforced syntactic foams (HRSF) composite samples
using Empyrean 3" Gen, Malvern PANalytical, Netherland set up having a resolution
of 26 + 0.01°. The crystalline peaks were noted for a scanning speed of 2 °/min Cu Ka
(A= 1.514 A) radiation source over a range of 5-80°. The XRD test setup is shown in
Figure 2.5.

Figure 2.4 FTIR spectroscopy test setup.
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Figure 2.5 XRD test setup.

2.3 DIFFERENTIAL SCANNING CALORIMETRY AND
THERMOGRAVIMETRIC ANALYSIS

Differential scanning calorimetry (DSC) (DSC 600 machine Perkin Elmer,
USA) test was carried out to examine the influence of post-curing and study the changes
in the glass transition temperature (Tg) of the samples. The test was carried out by taking
~10 mg of the sample in an aluminum pan that was hermetically taped up in a nitrogen
atmosphere purged at 50 mL/h as shown in Figure 2.6. The samples were operated over
the temperature range of 0 — 140 °C at a heating rate of 5 °C/min. Thermogravimetric
(TG) analysis was performed to investigate thermal stability of the RSF composites
using TGA 4000, Perkin Elmer, Singapore, as shown in Figure 2.7. An average of 10
mg of the sample were considered to be operated from room temperature to 720 °C at
a heating rate of 10 °C/min under an inert nitrogen atmosphere.
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Figure 2.7 TG analysis setup.

24 SAMPLE PREPARATION

To keep the parameters affecting properties of composites minimum and for the
ease of commercialization to manufacturing industries, no modifications in the HNTs
nanofiller were considered. As received HNTs were first dried in an oven at 50 "C for
10 minutes to enhance the mechanical properties in epoxy composites (Ravichandran
et al. 2019). Later, 1 vol.% of HNTs was added to 15 mL acetone to carry
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ultrasonication using PROBE SONICATOR PKS-250FL (Power-250Watt), India, for
2 hours at 27°C and 55 W power maintaining pulse mode (10s ON / 5s OFF). The
amount of acetone required for the sonication was to ensure that HNTs have sufficient
medium to disperse. On the contrary, if an excess amount was taken, it should be
ensured that acetone is entirely evaporated in order to avoid excessive dilution of the
base matrix. The ice bath was used to cool beaker against the temperature rise during
the sonication process. Once sonication process was completed, the dispersion was
poured into uncured epoxy resin. This HNTs/uncured epoxy resin system was agitated
to obtain a homogenous mixture by a mechanical stirrer at 800 rpm for 30 minutes.
Then the mixture was kept under vacuum for a few minutes to remove entrapped air

bubbles if any.

According to the literature (Gultekin et al. 2016; Zamani 2022), adding acetone
to the resin nanoparticle mixture and then subjecting it to a sonication procedure
resulted in a noticeable increase in mechanical properties of nanocomposites. However,
the amount of epoxy used in current investigation was comparatively larger. Dispersing
HNTs in the resin mixture under consideration can eventually demand additional time
and energy. Further, the high viscosity of epoxy would prevent the dispersion of
nanoparticles. For this reason, only acetone was utilized during sonication of HNTS,
and mechanical stirring with the resin was subsequently carried out to achieve uniform
dispersion. Furthermore, a known quantity of as-received cenospheres was added to the
HNTs modified-epoxy mixture. The addition of cenospheres in the epoxy matrix varied
from 20 - 50 vol% with a step-up of 10%. For every sample, the addition of cenospheres
was executed in small amounts and gradually stirred by a glass rod. This enables
maximum wettability of cenospheres in the syntactic foam and minimizes particle
breakage due to friction (Gupta and Woldesenbet 2003; Kaur and Jayakumari 2016;
Shahapurkar et al. 2017; Thakur and Chauhan 2014; Waddar et al. 2018). The time
taken in manual stirring for 20 vol% cenospheres addition lasted 45 minutes, and for
40 vol%, it took 105 minutes to get wet completely. Based on the physical observation
of immersing cenospheres, the stirring time was chosen for optimal fabrication. Further,
the hardener was added in a ratio of 10:100 (hardener to epoxy resin ratio) to enable

curing. Degassing was carried out to eject the entrapments included during mixing. The
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acetone evaporation along with entrapment removal is essential for successful
manufacturing. The weight of acetone to be added and resin mixed with fillers was
recorded. In order to remove acetone from the degassed mixture, it was kept in a
vacuum oven at a temperature of 50 °C. To ensure the acetone has completely
evaporated, the weight of the mixture was frequently monitored. The solution casting
method was employed to prepare all kinds of syntactic foam as it is much more feasible
for the industrial-scale manufacturing process. Finally, the mixture of RSF was poured
into an aluminum mold with dimensions 195 x 145 x 0.32 cm? as shown in Figure 2.8
and left for curing for about 24 hours. Once the curing was completed, the fabricated
samples were machined for evaluation of tensile, flexural, compression, and dynamic

mechanical properties.

The samples with varying amounts of cenospheres in the syntactic foam were
coded as SFXX (XX = 20, 30, 40, 50), where ‘SF’ denotes syntactic foam, and ‘XX’
denotes vol. % addition of cenosphere. The RSF samples containing constant addition
of 1 vol.% of HNTs throughout the fabrication were prefixed with ‘N’, i.e., NSFXX.
Also, neat epoxy and four types of cenosphere epoxy syntactic foams (CESFs) without

HNTSs addition were fabricated for comparison study.

The density of all the syntactic foams was measured according to the ASTM
D792-13 standard (“Standard Test Methods for Density and Specific Gravity (Relative
Density) of Plastics by Displacement,” 2018). The rule of mixture was employed to
estimate theoretical densities of all syntactic foam. The difference between the
measured and theoretical densities was used to calculate the void content (%@V) and is

given as follows (Saha and Nilufar 2009):
_|Pth—Pexp
@V-[—pth |+ 100 2.1)

where, p;, and pe,, are the theoretical and experimentally measured densities,

respectively. The theoretical density of CESF containing cenospheres and epoxy was

calculated using the rule of mixture given in Eq. 2:

Pth = Vr Py + Um Pm (2.2)
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where, p¢, vr and p,,, vy, Were the density and volume fraction of the cenospheres and

matrix, respectively. In the case of HNTs RSF, knowing the predetermined amount of
HNTs in the composite, the volume fraction of HNTs was determined using the relation

given:

1

[.% = * 100 2.3
vol. % <1+(pn/pm)(mm/mn)> ( )

where, p,, m,, and p,, m, were the density and mass of the matrix and HNTSs,

respectively. Once the volume fractions of HNTs were determined, volume fractions of
the cenospheres and matrix were found based on the remaining volume. Further,
knowing the volume fractions, the density of HNTs reinforced HNTs RSF was

estimated using the relation of the rule of mixture as given below:

Pth = Vf Pf t Um Pm + Vn Pn (2.4)

where, v,, is volume fraction of HNTs. The theoretical densities obtained were higher
as compared to densities obtained by experiment, signifying the inclusion of air during

the manual stirring approach employed.

Figure 2.8 Casting mold for the sample fabrication.
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2.5 DENSITY MEASUREMENT

The density of all fabricated syntactic foam specimens was estimated according
to the standard ASTM D792-13. A total of five specimens were considered for the
measurement, and an average value was reported along the standard deviations of the

specimens.
2.6 POST-CURING OF SYNTACTIC FOAMS

The syntactic foam samples fabricated at the ambient condition were called
room temperature cured syntactic foams. Another set of samples with a similar
formulation was fabricated at room temperature and then post-cured at 60 °C (which
lies around Tg4 of the samples) for about 10 hours. The convention for post-cured
samples followed was ‘SFXX H’ and ‘NSFXX H’, where suffix ' H' denotes post-
curing to the prepared samples. For example, post-cured neat epoxy was coded as
SFO_H.

All the fabricated specimens were tested for mechanical characterization. The
following section discusses the method used to determine the mechanical properties of

the syntactic foam composite samples.
2.7 TENSILE TESTING

A tensile test was performed on samples in accordance with ASTM D638-14
(“Standard Test Method for Tensile Properties of Plastics” 2014) using a computerized
universal testing machine (UTM) (H75KS, Tinius Olsen, UK) of 50 kN load capacity
as shown in Figure 2.9. Samples with the dimension of overall length - 165 mm, overall
width - 19 mm, length of narrow section - 57 mm, narrow width — 13 mm. The machine
was operated with a crosshead displacement of 5 mm/min with a 50 mm gage length
under displacement control mode. The test was carried out until the sample fractures.
At least five representative specimens were tested at room temperature for each kind of
sample, and average values were reported along the standard deviation. Tensile strength

and modulus values were calculated from the obtained load-displacement data.
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2.8 FLEXURAL TESTING

Flexural testing was carried out in three-point bending mode, maintaining a
span-to-depth ratio of 16:1 on samples with dimensions 127 mm x 12.7 mm X 3.2 mm
according to the ASTM D790-14 standard (“Standard Test Methods for Flexural
Properties of Unreinforced and Reinforced Plastics and Electrical Insulating Materials”,
2017) using computerized UTM shown in Figure 2.10. Testing was performed at room
temperature with a crosshead speed of 1.36 mm/min by taking five specimens of each
fabricated sample. The average values were reported along the standard deviation. The
tests were carried out until the specimen failed and stress-strain information was

gathered. Flexural modulus was determined by,

Furm [ e

where L — support span (mm), b — width of the beam (mm), d — thickness of the beam
(mm), and t — the slope of the tangent. Also, the flexural stress is given by (Garcia et
al. 2017),

(2.6)

3PL ]

O' =
fs [Zbdz

where P — load (N). The obtained values of flexural strength post-fracture were

considered to illustrate a comparison between the samples.
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Figure 2.9 Tensile setup.

43



Figure 2.10 Three-point bending test setup.

2.9 COMPRESSION TESTING

Compression testing was performed on samples with edgewise loading having
dimensions 25.4 mm x 12.7 mm x 12.7 mm according to the ASTM D695 standard
(“Standard Test Method for Compressive Properties of Rigid Plastics” 2015) using a
computerized universal testing machine (UTM) (H75KS, Tinius Olsen, UK) of 50 kN
load capacity. The load was applied on a 12.7 mm x 12 mm face with a crosshead
motion rate of 1.3 mm/min at the ambient condition, as shown in Figure 2.11. At least
five specimens of each sample were considered, and their average values were
presented. The testing continued until the specimen could support a load of 20 kN.
Representative stress-strain curves were used to account for the compressive modulus
and strength of the samples. At the end of an elastic region, the peak stress determines
the compressive strength.
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Figure 2.11 Compression test setup.

2.10 DYNAMIC MECHANICAL ANALYSIS

Dynamic mechanical tests were performed on syntactic foam samples with
dimensions 55 mm x 13 mm x 3 mm using Q800 DMA, New Castle, DE set up in a
dual cantilever configuration as shown in Figure 2.12. The tests were performed in
temperature ramp mode from room temperature to 140 °C to study the dynamic
property variation at elevated temperatures of CESF and HNTs RSF composites. A
constant heating rate of 2 °C/min with a constant frequency of deformation of 1 Hz was
maintained throughout the test run with intending the difference of temperature lag to
a minimum between the sample and environment. The significant outcomes from this
test, such as storage modulus and loss modulus, were examined. A minimum of five
representative specimens for each kind of sample were considered for the test, and their
average values were reported. The test run was terminated once the storage modulus
value reaches 20 MPa, to avoid polymer degradation on the clamps.
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(b)

Figure 2.12 (a) DMA setup (b) test configuration.

2.11 MICROSCOPY

The morphology of microstructure of the fracture surfaces was examined using
a scanning electron microscope (SEM) (JEOL JSM-6380LA, Japan) at an accelerating
voltage of 20 kV. Before the investigation, samples were mounted on aluminum stubs
and gold-sputtered to make their surfaces conduct. Field emission scanning electron
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microscopy (FESEM) (Carl Zeiss Sigma) was used to study the interaction of HNTs in
the samples. High-resolution transmission electron microscopy (HRTEM: JEOL/JEM
2100) with 200 kV voltage, LaB6 electron gun with a pointed resolution of 0.23 nm
was used to examine the morphology of HNTSs structure and to elucidate the dispersion

in the matrix.
2.12 STANDARD DEVIATION AND ERROR MARGIN

Statistical analysis was performed on the experimentally obtained results with a
95% confidence interval and a significance of p < 0.05. The sample mean, standard

deviation and margin error were evaluated using the following equations;

»  The sample mean, p = Z:" (2.7)

>  Standard deviation, o = |2t (2.8)

n-—1
Where, p = the sample mean, ¢ = sample standard deviation, n = sample size, Xi = each
value from the population

»  Standard error of the mean for statistical significance p < 0.05 at a 95%
confidence interval,

o
b 1.96 (2.9)

where, [1.96 * \/%] gives the margin error for the standard error mean at a 95 %
confidence level.

2.13 SUMMARY

This chapter encompasses the material constitutents, fabrication methodology
and the characterization techniques used in the current study. The microscopic images
of as received cenospheres and halloysite nanotubes are presented to throw light on
their received structural morphology. The technique of particle size analysis was carried
to determine the average size of the particles. Using Archimedes principle, the density
of the samples are found to observe the relative specific permormances of the syntactic
foams. To evaluate the mechanical properties of the fabricated samples, mechanical
testing such as, tensile, flexural, and compression were carried out. To quantify the

thermal properties, differential scanning calorimetry and thermogravimetric analysis
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were employed. The storage modulus, loss modulus and glass transition values are
found from the viscoelastic study by the dynamic mechanical analyzer. The microscopy

of the fractured specimens are studied to establish the structure-property correlations of
the nanocomposite foams.
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CHAPTER3

3. MECHANICAL BEHAVIOR OF REINFORCED
SYNTACTIC FOAM COMPOSITES

This chapter presents the outcomes of mechanical testing of reinforced syntactic
foam (RSF) composites. The study analyzes the influence of cenospheres content and
the effect of halloysite nanotubes (HNTS) reinforcement on mechanical properties of
RSF composites. Mechanical testing such as tensile, flexural, and compression are
carried out on the fabricated samples. Meanwhile, the analytical testing tools such as
Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) are used

for the qualitative study of composites.
3.1 FTIRSTUDY

FTIR spectroscopy is used to elucidate the materials’ specific components,
miscibility if copolymers are blended, and interfacial bonding between the polymer and
the fillers (Hong and Wu 1998; Kim et al. 2008; Riaz and Ashraf 2015). This
spectroscopy also helps to monitor the progress of reaction in the polymer composites
(Strankowski et al. 2016).

3.1.1 ANALYSIS OF FTIR SPECTRA OF ROOM TEMPERATURE CURED
COMPOSITES

The samples initially were taken in powder form and by the KBr method they
were made as pellets, ready for spectroscopy. Figure 3.1 shows the FTIR spectra of neat
epoxy, cenosphere epoxy syntactic foam (CESF), and HNTs RSF composite. The peaks
arising at 2965 cm™ and 2930 cm™ were attributed to asymmetrical C-H stretching
vibration, while the peak appearing at 2869 cm™ was corresponding to the aldehyde C-
H stretching vibrations. Further, the peaks at 1607 and 1507 cm™ were corresponding
to N-H bending, C = C stretching of the aromatic ring, and CHz deformation vibration
mode, respectively (Maharsia et al. 2006; Maharsia and Jerro 2007). Meanwhile, the
peaks in the range of 1293 - 1028 cm™ relate to C-H in-plane bending vibration. Also,
the peaks at 825 cm™ and 914 cm™ correspond to C-H out-of-plane bending vibration,

while a broad peak at 3390 cm™ was attributed to the N-H stretching vibration.
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Figure 3.1 FTIR spectra of SFO, SF40, and NSF40 composites.

For CESF and HNTs RSF, the peak at 3390 cm™ broadened and shifted towards
the lower wavenumber, i.e., 3375 and 3358 cm™ indicating a strong hydrogen bonding
interaction between negatively charged oxygen atoms present in HNT and cenosphere
with the N-H groups of epoxy matrix. Moreover, additional peaks observed were
ascribed to the cenosphere (915, 1092, and 2824 cm™?) that may correspond to Si—-O—C
bonds inferring bonding among the cenosphere, epoxy matrix (Maharsia et al. 2006;
Maharsia and Jerro 2007) and HNT (904 cm™) Al,OH bending band (Zhang et al.
2014a). The shifting of peaks and the arising of new peaks suggest that there existed a
strong interaction between the epoxy matrix and incorporated fillers. Thus, the
compatibility and strong bonding between the filler and epoxy lead to better stress
transfer efficiency, which eventually resulted in enhancement of mechanical properties
of the HNTs RSF over neat epoxy and CESF.

3.1.2 ANALYSIS OF FTIR SPECTRA OF POST-CURED COMPOSITES

FTIR spectra of thermally post-cured SFO_H, SF40 H, and NSF40_H are
shown in Figure 3.2 in the wavenumber range of 4000 - 400 cm™. The bands arising at
2959 and 2848 cm™ correspond to asymmetric and symmetric -CH, stretching
vibration, respectively. Further, it was observed that the bands in the wavenumber range

of 650 - 750 cm™ might be attributed to out-of-plane bending of aromatic rings. The
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signature bands of oxirane rings were noticed at ~3050 cm™ and ~825 cm™. The C-O
deformation of the oxirane group was identified at 823 cm™, and the weak band at
~3050 cm™ was noticed for C-H stretching vibration related to the methylene group.
But it was difficult to quantify due to its weak intensity and close to the OH absorption.
Particularly in NSF40_H, the characteristic bands of HNT at 3400 cm™, which attribute
to the hydroxyl groups of inner surfaces of Al-OH groups shown to overlap with the C-

H stretching band arising at 3050 cm™.

Further, in NSF40_H, the band at 1120 cm™ and 1020 cm™ correspond to Si-O
band and Si-O-Si stretching vibration of HNT. The presence of these bands and the
shifting of functional bands indicate an excellent interaction of HNT with epoxy groups.
It was well-accepted that post-curing dramatically augments the crosslink density in
epoxy. As a result, mechanical properties of the epoxy improve besides the glass
transition temperature and reduce the residual stresses (Cafiavate et al. 2000; Nikolic et
al. 2010; Saif and Naveed 2021). An increase in the crosslinking density of epoxy can
be predicted using FTIR analysis. Some of the bands remain unchanged, while the
bands related to the linkages that participate in curing reactions vary during the
crosslinking reaction. Hence, these bands were used for quantitative and qualitative
analysis of the reaction progress and crosslink density. For instance, the band at 1609
and 1586 cm™ attributed to benzene rings did not vary during the curing reaction.
Instead, the absorption of bands at 3050, 911, and 823 cm™ decreased during the
reaction due to the epoxy ring opening. The quantitative analysis was somewhat tricky
because of the low intensity and close vicinity of the C-H stretching band (3050 cm-1)
with the OH band. Hence, evaluation of the band area for the epoxy groups at 911 and
823 cm was permitted to determine progress of the reaction. The bands arising at 1607
cmtand 911 cm™ were deconvoluted (Gaussian fitting method), and their ratios were
considered as an indicator of the progress of response while carrying out the analysis
in absorbance mode (Figure 3.2(c)). The synergistic effect of fillers and post-cure
heating significantly decreased the intensity of the bands arising at 911 and 823 cm™,
indicating the progress of the curing reaction. For the post-cure heated samples, the
ratio of absorbance of band area of 911 and 1607 cm™ was lower than that of room
temperature cured neat epoxy sample (SFO), which was 0.45 relatively. A significant
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decrease in the absorbance ratio indicated an appreciable increase in crosslink density
of the epoxy molecular network and confirmed the complete curing reaction of the

epoxy.
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Figure 3.2 (a) FTIR spectra of neat epoxy and RSF composites, with an enlarged view

reporting synergism between fillers and the epoxy as depicted in (b), and comparison

of relative absorbance between the foams signifying advantage of post-cure treatment
shown in (c).

3.2  XRD ANALYSIS

Figure 3.3(a) shows the XRD pattern of a neat epoxy matrix, pristine
cenospheres with HNTs, and HNTs RSF composites. The neat epoxy matrix, which is
amorphous, does not possess any crystalline peaks. A hump was observed over a range
of 20 value 10 — 30 degrees in XRD (Sathishkumar et al. 2018). The prominent
crystalline peaks obtained in the cenosphere were at 20 values: 16.40° (110), 26.17°
(210), 31.00° (001), 35.20° (111), 40.86° (121), 60.67° (331) and 64.26° (002). The

reported peaks in cenospheres were similar to mullite mineral with the chemical name
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Aluminum Silicon Oxide, which is detailed in ICSD 0.7 - 079 - 153. Further, the
intensity peaks arriving at 8.836° (001) showed 100% relative intensity. The peaks at
20.35° (100), 26.58° (003), 54.86° (006), and 62.78° (301) were also shown among the
peaks of HNT, which followed the ICSD 00 - 029 - 1489 with the chemical name
Aluminum Silicate Hydroxide Hydrate. The most significant XRD peak at 20.35° is
related to the tube-like structure of HNT, which makes HNT distinguish itself from the
class of platy clays called kaolinite (Saif and Naveed 2021). As mentioned earlier, the
crystalline peaks in the HNTs RSF composite shown resemblance to that cenosphere.
Interestingly, the absence of the halloysite peaks in the HNTs RSF composite infers
that HNTs might have been finely dispersed within the epoxy matrix. Furthermore,
Figure 3.3(b) presents the TEM image of HNT having the lumen filled with an epoxy
matrix. The intensity of peaks of dispersed nanoparticles remained absent in the XRD
spectrum of nanocomposites that might undergo intercalation and/or exfoliation (Tang

etal. 2011).
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Figure 3.3 (a) XRD spectra of neat epoxy, pristine cenosphere, HNTs, and HNTs RSF
composite, (b) TEM image depicting the occupancy of the epoxy network in the HNT
lumen.

HNTs-polymer nanocomposites can be made reasonably quickly using standard
processing techniques when compared to CNTs-base polymer composites. First, while
the aspect ratio of CNTs is greater than that of HNTs also, HNTs have the proper aspect
ratio (~10) for dispersion in the polymer matrix. Additionally, the shearing force used

to disperse the nanotubes can be used to reduce the length of HNTs during processing.
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Second, the HNTS' inter-tubular interactions are comparatively weak, making shearing
during processing an effective means of achieving good dispersion. In Figure 3.4(c),
the closely held HNTs correctly validate weak tube-tube interaction. Similar findings
were reported in studies carried out by Liu et al. (2019). Thus, processing HNTs-
polymer nanocomposites does not require surface pre-treatment of the HNTSs. In the
majority of polymer systems, raw HNTs successfully reinforce polymers (Liu et al.
2019b). The dispersion of nanofillers also affects the modulus value in polymer
nanocomposites. The random dispersion i.e., planar, as shown in Figure 3.4(b)
augmented the resultant properties of the polymer nanocomposites corroborating better
reinforcing efficiency of nanotubes in the matrix. Similar outcomes concerned with the

dispersion were elucidated by Supova et al. (2011).

Helically coiled HNT structurg

Hollow HNT lumen

Planar disperse of HNTS

200 nm

Figure 3.4 TEM images showing (a) HNTs hollow structure, (b) planar dispersion of
HNTs, and (c) loosely held HNTSs.
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3.3 TENSILE RESPONSE

The tensile properties of neat epoxy, CESFs, and HNTs RSFs are listed in Table
3.1. It may be observed from this table that two types of comparison on the strength
and modulus of all samples were presented. The first one was the effect of content of
cenospheres volume fraction in the neat epoxy, and another was its comparison with
the HNTs RSF with 1 vol.% HNTs reinforcement. In the case of tensile loading, the
matrix being a continuous medium in all kinds of samples, carried most of the loads, as
inferred by Wouterson et al. (2007). Thus, the tensile strength of neat epoxy was the
highest (47.43 MPa) among all fabricated samples, as presented in Figure 3.5. With the
increase of cenospheres content, the tensile strength decreased because of the lower
strength of the cenospheres compared to the neat epoxy. Further, with the addition of
HNTSs, the tensile strength decreased over a range of 18 - 67% with respect to CESF. A
similar trend of reduction in strength with HNTSs reinforcement was reported by Dando
and Salem (2017). However, adding cenospheres increased the tensile modulus over
the range of 1 - 52% with respect to the neat epoxy matrix, except for SF30, wherein
the cracks passed through significant voids during tensile loading may bring the
modulus value down. It is also evident from Table 3.2 that the possible entrapments
during the fabrication process resulted in voids. Hence, actual density deviated from

the theoretically calculated ones.

Table 3.1 Tensile modulus and strength properties of RSF composites.

Sample Tensile
Modulus (GPa) Strength (MPa)
SFO 784.33 + 35.36 4743 +6.10
SF20 789 +173.46 32.5+5.06
NSF20 824.33 +59.69 22.1+£7.96
Variation (%) +4 -32
SF30 608 + 93.60 23.36 £5.26
NSF30 687.33 £142.01 11.09 + 3.59
Variation (%) +13 -52
SF40 933.33 + 198.90 21.93+2381
NSF40 1326.67 £ 237.95 7.15+1.26
Variation (%) +42 -67.3
SF50 1199.66 + 308.34 13.94 +5.75
NSF50 976.33 + 103.83 16.49 £ 5.95
Variation (%) -18 -18
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On the other hand, a maximum of 42% of enhancement in modulus was
observed for NSF40 with reference to SF40 due to the presence of HNTs reinforcement
in HNTs RSF. These HNTs increase the crosslinking tendency with neat epoxy,
eventually resulting in better stress transfer within the molecular chains of neat epoxy
microstructure. Such strengthening of neat epoxy was well supported by literature (Li
et al. 2013a; Zhang et al. 2014a). It is evident from the FTIR spectra (Figure 3.1) that a
hydrogen bonding existed between HNT and the chain of a neat epoxy matrix, causing
HNTs RSF to exhibit superior mechanical properties relative to CESF samples. The
NSF50 samples exhibited lower modulus values than NSF40 due to the possible
cenospheres breakage with 50 vol.% cenospheres in NSF50. The neat epoxy registered
maximum specific tensile strength of 39.67 MPa/Kg/m*® and NSF40 measured a
maximum specific tensile modulus of 1360.29 MPa/Kg/m® among all the fabricated

samples.
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Figure 3.5 Experimentally measured (a) tensile modulus (b) specific tensile modulus
(c) tensile strength and (d) specific tensile strength of RSF composites.

Table 3.2 Density and void content of room temperature cured RSF composites.

Weight saving

Sample type pq, (g/cc) Pexp (9/cC) Bv (%) potential w.r.t SFO
SFO - 1.1955 +0.018  0.37 -

SF20 1.1404 1.0793+0.023 5.35 4.6
NSF20 1.1565 1.1101+0.021 4.01 3.3

SF30 1.1128 1.0438 +0.019 6.25 6.9
NSF30 1.1289 1.0493+0.017 7.05 5.6

SF40 1.0835 1.0116 £ 0.023  6.79 9.2
NSF40 1.1014 1.0156 + 0.020  7.79 7.9

SF50 1.0577 1.0038 +0.018 5.10 115
NSF50 1.0738 1.0040 + 0.021  6.50 10.2

34 FLEXURAL RESPONSE OF ROOM TEMPERATURE
CURED COMPOSITES

Figure 3.6 summarizes experimentally measured flexural properties obtained
from the load-displacement data of the test. The flexural strength (111 MPa) and
modulus (5 GPa) of neat epoxy reported in Figure 3.6 were the highest among all
composite samples. All the CESFs registered flexural strength and modulus values less
than the neat epoxy, as presented in Table 3.3. With the addition of cenospheres in neat
epoxy matrix, the flexural modulus was enhanced with the range of 2.14 - 4.70 GPa.
Similar results were reported in earlier work (Labella et al. 2014). In the case of HNTs
RSFs, the flexural strength enhancement by 58% and 31% in NSF20 and NSF50 were
reported, respectively, over their counter CESFs. However, the maximum decrease in
strength of 30% is witnessed for NSF30. It may be because of improper load transfer
due to the possible clustering of HNTs. The flexural modulus of NSF50 was measured
at 13% higher than all the samples, including a neat epoxy matrix. Further, a 7 - 66%
of improvement in flexural modulus in HNTs RSFs was observed against the CESF.
NSF20 records 3.56 GPa which is 66% higher than the SF20 sample. The increase in
flexural modulus by HNTSs reinforcement may be attributed to efficient stress transfer
from HNTSs to the epoxy matrix, which is evident by FTIR analysis as shown in Figure

3.1. Similar improvement in flexural modulus by HNTs in the epoxy matrix was
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obtained in earlier studies (Dando and Salem 2017; Mabharsia et al. 2006; Peter and
Woldesenbet 2008). The specific flexural strength for SFO was 92.84 MPa/Kg/m?, and

NSF50 reported a maximum specific flexural modulus of 5.6 GPa among all the

fabricated samples.

Table 3.1 Flexural modulus and strength properties of RSF composites.

Flexural
Sample
Modulus (GPa) Strength (MPa)
SFO 5+£0.58 111+1
SF20 2.14+0.12 29.83 +4.42
NSF20 3.56 £ 0.35 47.23 £1.59
change (%) +66 +58
SF30 3.95+£041 50.26 + 2.1
NSF30 4.25+0.54 35.1+5.66
change (%) +7 -30
SF40 4.7+0.23 46.26 £ 4.27
NSF40 5.13+£0.30 35.06 £ 0.94
change (%) +9 -24
SF50 4.70 £ 0.37 26.9+1.2
NSF50 5.68 + 0.36 35.43+211
change (%) +20 +31
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Figure 3.6 Experimentally measured (a) flexural modulus (b) specific flexural
modulus (c) flexural strength and (d) specific flexural strength of RSF composites.

3.4.1 SPECTROSCOPY OF FRACTURE FEATURES OF POST-FLEXURAL
TEST SPECIMENS

Fracture characteristics of composites containing 20 and 50 vol.% of
cenospheres with and without HNTs reinforcement are analyzed and are shown in
Figure 3.7 and Figure 3.8, respectively. The micrographs were taken with gold
sputtering on post-flexural fracture surface of the specimens. All micrographs in Figure
3.7 and Figure 3.8 show less amount of debris, indicating a tensile fracture of all
samples, which is evident from previous studies (Chan et al. 2011; Dando, Kerrick R.
2019; Ravichandran et al. 2019). The crack initiates from the specimen's tensile side,
reaching the compression side where major cenospheres crushing was witnessed.
Moreover, the micrographs of higher magnification revealed cenospheres debonding
during the fracture process, implying that the matrix material carried most of the stress
during the loading process. The extensive plastic deformations were noticed for the neat
epoxy devoid of debris, as depicted in Fig. 3.7(a). In Figure 3.7(b), the cracks were
observed with weak interfacial bonding between cenospheres and the matrix, whereas
in Figure 3.7(c), good adhesion of cenospheres is noticed due to the HNTSs
reinforcement. A similar morphology is observed in Figure 3.8 with a little more
cenospheres breakage due to particle-particle collision at 50 vol.% cenospheres

addition. The intactness of cenospheres is enhanced due to hydrogen bonding provided
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by the reinforcement of HNTs in the matrix. Consequently, with better stress transfer,

superior mechanical properties in HNTs RSFs were obtained as compared to CESFs.

Figure 3.7 Morphology of post flexural test specimens (a) Neat Epoxy (b) SF20,
showing rough matrix failure (c) NSF20, displaying intactness of cenospheres within
the matrix.

Figure 3.8 Morphology of post flexural test specimens (a) SF50, showing poor
bondage and breakage of cenospheres in the matrix (b) NSF50, showing cenospheres
intact with the matrix.
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Fracture features for a representative sample comprising 40 vol.% of
cenospheres with and without HNTSs reinforcement can be observed in Figure 3.9 and
Figure 3.10, respectively. Micrographs of post-flexural fracture specimens were
considered for the study. Identical features of fracture were noticed for both CESFs and
HNTs RSFs. Analogous to the CESF sample, the tensile fracture was also recorded in
HNTs reinforced HNTs RSFs. The tension side of the surface depicted retaining of
cenospheres, whereas, on the compression side, the breakage/crushing of cenospheres

resulted in more debris.

Compression Surface

%/\ 40!‘

ZE1SS|

Cross-Section View of kT B . T m S
Damaged Surface [ ,,E

Figure 3.9 Schematic micrographs of SF40 post-flexural test specimen.
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Figure 3.10 Schematic micrographs of NSF40 post-flexural test specimen.

Figure 3.11 elucidated peculiar features of the fracture surface of the NSF40
specimen. It may be understood from Figure 3.11(a) that cenospheres failure occurred
by crushing under flexural loading. The higher magnification of Figure 3.11(a)
confirmed in-built porosity within the thin wall of cenospheres, which was also
supported by Garcia et al. (2018) as shown in Figure 3.11(b). Figure 3.11(c) shows a
representative void introduced due to the entrapped air during the fabrication process.
The presence of voids may reduce the density of composites making a lightweight
structure. Moreover, excess voids may adversely influence the intended mechanical
properties. These voids with coalescence may protrude as a potential crack in
upbringing the failure of the material well below its strength. This may be one of the
reasons for deviations in modulus and strength values of the fabricated specimens. As
shown in Figures 3.11(d) and 3.11(e), HNTSs can be seen on the fracture surfaces within
the matrix. It is clear from the figures that the presence of HNT offers resistance to
crack propagation, consequently deflecting the crack and bridging it. Meanwhile, HNTs
reinforcement toughened the microstructure of epoxy matrix with strong crosslinking
of hydrogen bonds, delivering the required strength to inhibit the crack.
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Figure 3.11 Morphology of NSF40 post-flexural test specimens depicting (a)
Crushing of fly ash cenosphere, (b) Presence of porosity within thin cenosphere walls,
(c) Representative void introduced by entrapped volatiles, (d) Crack deflection in the
matrix due to HNTSs, and (e) deformation consolidation by HNTS.

3.5 FLEXURAL RESPONSE OF POST-CURED COMPOSITES

The post-cured RSF composites undergo a density reduction due to the
evolution of entrapped particles during the process, as shown in Figure 3.12. Figure
3.13 shows representative flexural stress-strain curves of post-cure heated RSF
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composites. The curves portray a linear behavior and then a sudden drop after reaching
peak stress which was recorded as flexural strength of the composites. Table 3.4
compares the flexural properties of room temperature cured and post-cured heated
samples. When the flexural load was applied to the composites, major load-carrying
member was the broad network of epoxy matrix. Therefore, SFO entered a maximum
flexural modulus value of 3.15 GPa and 101 MPa flexural strength among all the
samples. With addition of cenospheres, the flexural modulus has increased. SF40_H
witnessed 3.58 GPa of flexural modulus, which was 76.31% higher than that of
SF20_H. It may be attributed to the cushioning effect of cenospheres rendered to
epoxies (Jha et al. 2011). In addition, with HNTSs reinforcement, the flexural modulus
enhancement was obtained over 11.73% - 60.10% concerning their corresponding post-
cured CESF composites. The HNTs addition did not follow a similar trend in increasing

the flexural strength, unlike the cenospheres.
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Figure 3.12 The density of the RSF composites.
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Figure 3.13 Flexural stress-strain curve of post-cure heated RSF composites.

It was interesting to note the reduction in the flexural properties when post-cure
treatment was carried out. From Table 3.4, it can be inferred that the neat epoxy matrix
(SFO_H) showed a 58.73% reduction in flexural modulus concerning its corresponding
room temperature cured sample (SF0). Also, all other fabricated composites undergo a
similar reduction in flexural modulus over a range of 5.40% - 31.20%. The reason for
the comparative lower modulus reduction in RSF than the neat epoxy was due to
synergism between the fillers in RSF, rendering thermal stability. In the case of flexural
loading, the main deformation mechanism of laminated composites is presumed,
wherein a portion of the loaded specimen undergoes compression and the other in
tension. So, when a thermally exposed sample was loaded, the tension side of specimen
was easily prone to open up shear cracks. Hence this made the material bear lower loads
before failure (Birger et al. 1989; Kandare et al. 2010). When the crack progresses from
the tension side of the specimen, cenospheres being spherical stood less significant to
arrest it. Whereas HNTs with advantageous nanoscale size, uniformly dispersed
throughout the epoxy matrix, counters a while in such events. SFO_H registered a
flexural specific modulus value of 2.675 x107 GPa/kg/m? that was 37.19 % and 52.19
% lower than that of SF40_H and NSF40_H, respectively, as shown in Figure 3.14.
However, all the RSF composites exhibited a specific flexural strength value lesser than
SFO_H, i.e., 8.60 x102 MPa/kg/m?® (Figure 3.14(d)), which remains a future concern of

the study to balance even the strengths along with modulus enhancement.
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Figure 3.14 Shows (a) flexural modulus (b) flexural strength (c) specific flexural
modulus (d) specific flexural strength, for room temperature cured and post-cure

heated RSF composites.
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Table 3.2 Flexural modulus and strength of room temperature cured and post-cure heated RSF composites.

Room temperature cured samples

Post-cure heated samples

Error Error Error Error
Sample M((gg;l;s Margin S(t;ﬁr;g;h Margin Sample (I\é%dal;lus Margin S(tlar;g;h Margin
(%) (%) (%) (%)
SFO 5.00 £ 0.58 +952 111.0+1 +12.83 SFO H 3.15+ 0.26 +8.45 101.0+5.50 +14.50
29.83 +
SF20 214 +£0.12 +11.17 442 +21.27 SF20H 2.03+0.13 +3.91 32.2+5.32 +23.66
47.23 +
NSF20 3.56 +0.36 +16.69 159 +9.82 NSF20 H 3.25+0.18 +7.22 50.33 + 2.68 +12.53
% change +66.0 o +58.0 . % change +60.1 L +56.3 .
46.26 +
SF40 470 +0.23 +7.73 497 +19.35 SF40 H 3.58+0.13 +13.77 37.40%2.33 +19.07
35.06 +
NSF40 5.13+0.30 +13.18 0.94 +5.19 NSF40 H 400+£041 +10.22 34.83+4.07 +16.67
% change +9 . -24 . % change +11.73 -6.8 .
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3.6 COMPRESSIVE RESPONSE OF ROOM TEMPERATURE
CURED AND POST-CURED COMPOSITES

The representative stress-strain curves of the current study are presented in
Figure 3.15. This typical compression response curve consisted of three regions as
similarly reported by (Li and Nettles 2010; Shahapurkar et al. 2018). Linear behavior
of the RSF undergoing elastic deformation was termed region-1. As region-1 gradually
ends, the stress drops slightly, indicating the yield point of the RSF. This region is called
the plateau region or region-2. Typically, region-2 displays the energy consumption by
RSF; meanwhile, crushing of the cenospheres occurs. The crushed cenosphere which
has a hollow cavity within, gets occupied by the fractured moiety. The densification
region (region-3) starts with a substantial amount of progressive cenospheres crushing
where the curve takes an upward trend, as shown in Figures 3.15 (a, b). The obtained
stress-strain behavior is analogous to the results reported by Bunn and Mottram (1993).
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Figure 3.15 Compression stress-strain curves of (a) room temperature cured and (b)
post-cure heated RSF composites.

Compression modulus is obtained from the linear part of region-1 (elastic
region) of the stress-strain curve. The results reported that the compressive modulus
increased with an increase in the cenospheres content. Also, the compressive modulus
of SFO was lower than all the RSF composites. Further, with the addition of HNTSs,
compressive modulus enhancement in the range of 0.54% — 9.91% is noticed with

respect to corresponding CESF composites. Furthermore, a maximum of 1.417
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MPa/kg/m? of specific compressive modulus was achieved by NSF40, which stands at
10.6% and 46.6% higher than that of SF40 and SFO, respectively. Hence, significant
weight savings and better performance were achieved with the synergy of dispersed
fillers within the matrix. The structure of RSF composites, when tailored with different
amounts of filler addition, eventually brings out an increment in compressive
properties. Specifically, the modulus (mechanical property) is enhanced. The
crosslinking of HNTs with the base epoxy matrix is one of the reasons for modulus
improvement which is evident in Figure 3.1 (FTIR study). The compressive strength is
determined as the first peak-stress value of the curves from Figure 3.15. With the
addition of cenospheres, the compressive strength of the RSF composites was reduced.
Table 3.5 shows that SFO exhibits the highest compressive strength among all samples,
with a value of 113 MPa. The decrease in strength with such hollow inclusions is also
reported earlier (Patil et al. 2019; Zhang and Ma 2010). Nevertheless, NSF40 exhibited
a specific compressive strength value of 9.74 x102 MPa/kg/m?, which was 11.57%
higher than SFO.
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Table 3.3 Compressive modulus and strength of room temperature cured and post-cure heated RSF composites.

Room temperature cured samples

Post-cure heated samples

Error Error Error Error
Sample M(ﬁ/?g;l;s Margin Sgﬁgggh Margin Sample ?/ll\/?g;)lus Margin S(t&gggh Margin
(%) (%) (%) (%)
SFO  11555+252  +4.82 1%3%31 £2.11 SFO_H 325; B 40156 9561+471  +6.65
12020 +
SF20 11802691 1171 915%36 320  SF2OH ;o) +838 8104+302  +4.08
NSF20  1186.6+98.1 +19.57 7(1"2821“ +0.89  NSF20_H 5341'1 * 141233 58904221  +7.72
% change +0.54 _ -21.02 _ % change +2.36 . -27.3 .
SFA0  1296.0+67.2 +9.35 43 ';; £293  SFA0H %2340'8 * 1728 53584260  49.23
NSF40  14387+89.8 +7.99 988'3821 £11.48  NSF40_H 15382 1907 9446+475  +7.49
% change +9.91 +49.78 % change + 0.597 +43.27
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Figure 3.15(b) shows the representative compressive stress-strain curve of post-
cure heated RSF composites which followed a similar pattern as Figure 3.15(a). It can
be seen from Table 3.5 that the compressive modulus of all samples increased with the
thermal treatment. In the case of SFO_H, the modulus obtained after post-cure heat
treatment was 1354.6 MPa, which stood 17.2% higher than SFO with a value of 1155.5
MPa. Interestingly, there existed a synergy between HNTs introduction and the thermal
treatment in upbringing of the compressive properties of these RSF composites. The
specific compressive modulus of NSF40_H exhibited 1.567 MPa/kg/m* which was 7.0,
35.7, and 33.3% higher than NSF40, SFO_H, and SFO, respectively, as shown in Figure
3.16(c). Also, NSF40_H registered a specific compressive strength value of 9.61 x1072
MPa/kg/m?, which was 1.3% lower than NSF40 and 17.9% higher than SFO_H, as
shown in Figure 3.16(d). These advantageous outcomes are suitable for compressive
loading applications. Two main reasons can support the increase in modulus by thermal
post-curing. One is the conversion of epoxies and enhanced crosslinking (Mgbemena
et al. 2018) within the epoxy matrix and constituents, which is corroborated by the
above FTIR study (Figure 3.2). Secondly, that the Ty is enhanced concerning the
corresponding room temperature cured samples with post-cure heating. The increase in
Ty may arise owing to the subdued plasticization. Thus, plasticization helps in

improving compressive properties of the HNTs RSF composites (Yuan et al. 2020).
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Figure 3.16 Shows (a) compressive modulus (b) compressive strength (c) specific
compressive modulus (d) specific compressive strength, for room temperature cured
and post-cure heated RSF composites.

3.6.1 MICROGRAPHIC IMAGE ANALYSIS OF POST-COMPRESSION
TEST SPECIMENS

Figure 3.17 shows the fractured surfaces of the post-compression test of RSF
composites. In Figure 3.17(a), SFO possesses rough exteriors upon its fracture. Not
much debris is found on the surfaces, which imply the matrix failed in a brittle manner.
From Figure 3.17(b), it was observed that CESF exhibits breakage of the cenosphere.
The matrix eventually takes more load during compression because it contains a low
percentage of cenosphere. From Figure 3.17(d), it is noticed that with a higher amount
of cenospheres addition, retention in the morphology is witnessed with minimum
matrix debris on the fracture surface. But in Figure 3.17(c and e), the HNTs
reinforcement improved the load-bearing compressive properties making the surface
appear relatively more intact with the cenospheres.
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Figure 3.17 Morphology of (a) SFO, (b) SF20, (c) NSF20, (d) SF40, and (e) NSF40
post-compression test samples show the modification of matrix properties by HNTs
inclusion.
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Figure 3.18 shows fracture features of the surface of specimen subjected to
compression loading depicting a load transfer from matrix to HNTs. There are two
possible ways in which the applied load to polymer nanocomposites might be
distributed to the reinforcement. One is the load transfer between nanoparticles via
polymer matrix, while other is the load transfer from matrix to nanotubes. This is known
as the "load transfer mechanism", which is also reported in similar studies (D. Qian and
E. C. Dickey 2001; Naraghi et al., 2010; Schadler et al., 1998). Additionally, HNTs
yield to the applied stress, which causes the nanotube to pull out from microstructure
and permits the dissipation of additional energy. Thus, proportionate load bearing is
shouldered by appreciable bonding between the HNTs and epoxy. The nanofiller
reinforcing mechanisms such as load transfer and pull-out mechanism, crack-pinning
make the material bear more load before its failure attributing to enhanced mechanical
properties of the composites as previously reported.(Hasan NajiMehr et al. 2022;
Zamani et al. 2021)
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Figure 3.18 (a) SEM image of NSF40 post-compression test sample showing pull-out
mechanism and (b) showing crack pinning mechanism of the HNT in the reinforced
composites.

Besides the thermal and mechanical property enhancement by fillers, there were
a few challenges in reinforcing composites, as shown in Figure 3.19, affecting the
mechanical performance negatively. The unavoidable voids resulting from entrapments
in the matrix around the cenospheres degrade mechanical properties, as it may become
a potential site for crack initiation. Also, loosely bonded cenospheres and improperly
wetted cenospheres debond and break easily in the initial part of the loading.
Agglomeration of HNTs shown in Figure 3.19(d) poses the issue of non-uniform stress
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transfer within the matrix, which is detrimental to mechanical performance of the

nanofiller reinforced composites.
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Figure 3.19 Fracture features of post-compression test depicting possible fabrication
challenges of the HNTs RSF composites.

3.7 WATER ABSORPTION STUDIES

The major application of lightweight composites is in marine structures
possessing buoyant properties (Guz et al. 2017). Marine floatation modules deploy
composites owing to their tailored density of the composites which are water sensitive.
Figures 3.20. and 3.21 show the water absorption and consequent thickness swelling
characteristics respectively of neat epoxy and reinforced composites. An increase in the
percentage additions of cenospheres in the epoxy matrix augmented the water
ingression and thickness swelling characteristics. The neat epoxy slightly imbibed
water of 0.36%, resulting in a swelling thickness of 0.67%. The SF40_W absorbed a
maximum of water at 5.92% among all the samples, thus resulting in a swelling

thickness of 3.45%. The inclusion of cenospheres gives a chance for the entrapments,
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which may form potential sites for water ingression. The total void content in a sample
may not necessarily imply a proportionate increase in water absorption. The number of
voids present on the surface allows easy water entry into the molecular structure of the
matrix and begins the initial phase of degradation. It is clear from Figure 3.20 that the
inclusion of HNTSs resists water absorption in both NSF20 W and NSF40_W samples.
The reason for this resistance was offered by the tubular structure of the HNTSs creating
a tortuous path in the matrix (Alamri and Low 2012; Frigione and Lettieri 2020; Tham
et al. 2016a; Wang et al. 2020).
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Figure 3.20 Water absorption of neat epoxy and reinforced composites.
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Figure 3.21 Swelling thickness of neat epoxy and reinforced composites.
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3.7.1 TRANSPORTATION COEFFICIENTS

The diffusion coefficient (D), a kinetic parameter, is determined by Eq. (3.1)
(Almansour et al. 2017):

D = n(ﬁ)z (3.1)

where k — is the initial slope of water absorption curve (Mt vs +/t), h — represents the
initial thickness of the sample (mm) , M., - the equilibrium moisture uptake mass (%).
The coefficient of diffusion describes the ability of water molecules to diffuse through
a polymer structure. Table 3.6 presents the diffusion coefficients for neat epoxy and
reinforced composites. The diffusion coefficients increased with increase in filler
content. Also, the outcomes of the current study were in agreement with those reported
by earlier studies (Poveda et al. 2013; Tagliavia et al. 2012a).

Diffusion of water in the composites depends initially upon the pores/voids
available at the surface leading to sorption in composites. Therefore, the sorption
coefficient (S) was used to calculate the permeability (P). Equation (3.2) is used to
compute the equilibrium absorption sorption coefficient (S) (Nosbi et al. 2010):

Mp

S (3.2)

Where, M,, - the equilibrium moisture uptake mass (%) and M,, —specimen mass before
sorption test. The gross influence of the coefficient of diffusion (D) and coefficient of

sorption (S) as given in Equation (3.3) as:
P=DxS$S (3.3)

The values of S and P of neat epoxy and reinforced composites with the water
absorption behavior are presented in Table 3.6. From Table 3.6, it is evident that the
SF40_W reported the highest permeability than all other composite samples as well as
neat epoxy. Secondly, the permeability of the composites was reduced with the
reinforcement of HNTs. With the introduction of HNTS, a tortuous path is created to

resist the major water ingression in the molecular structure of the matrix.
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Table 3.4 The maximum moisture absorption, diffusion coefficient, and permeability
of neat epoxy and reinforced composites.

Saturation Diffusion  Sorption  Permeability

moisture coefficient coefficient coefficient

Sample uptake D x10°8 Sx103 P x1012
M; (%) (m?/s) (9/9) (m?/s)
SFO W 0.36 1.18 0.85 10.09
SF20 W 2.14 8.94 5.19 46.4
NSF20 W 1.27 5.98 2.53 15.16
SF40 W 5.92 9.66 15.02 145.19
NSF40 W 5.03 9.59 12.55 120.36

3.7.2 ANALYSIS OF FTIR SPECTRA FOR WATER ABSORPTION

The FTIR spectra of wet and dry, neat, and composites samples were recorded
over a range of 2500 — 3800 cm™. The spectra presented in Figure 3.22 displays the
relative absorption bands of hydroxyl ions present in composite samples. It was noticed
that the band around 3040 cm™ corresponded to the stretching vibration of hydroxyl
groups of free and hydrogen-bonded hydroxyl (OH) groups (Alamri and Low 2012).
This peak is an indicator of water content in the materials since it shows water linked
to the hydroxyl group directly or indirectly (Lasagabaster et al. 2009). It was observed
that the peak in the neat epoxy sample presented lower absorption due to its intact
molecular structure and lesser porosity available on the surface. It is evident from
Figure 3.22 that the relative absorption of samples followed a relation as SFO_W <
NSF40_ W < SF40_W. This is because inclusion of HNTs inhibited water absorption

in the structure of composites (Alamri and Low 2012).
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Figure 3.22 FTIR spectra of (a) neat epoxy, (b) SF40, and (c) NSF40 dry and wet
samples.

3.7.3 COMPRESSION BEHAVIOR OF WATER-IMMERSED RSF
COMPOSITES

Figure 3.23 shows the representative stress-strain curve of neat epoxy and RSF
samples immersed in distilled water. The obtained curves are similar in trend to that
obtained for room temperature cured samples (dry samples). It is evident from Table
3.7 that the neat epoxy registered a compressive modulus value of 1024 MPa, which is
131 MPa lower than the dry sample. A maximum impact of absorption was noticed in
the SF40_W sample which undergoes a reduction of 628.3 MPa in its modulus (Figure
3.24(a)). This may be due to the possible entrapments that were included in the
fabrication of high percentage addition of cenospheres. The superficial pores/voids that

were open to the surface percolation easily paved the way for higher water ingression.
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Figure 3.23 Compressive stress-strain curve of wet RSF composites.

Table 3.5 Compressive modulus and strength of dry and wet RSF composites.

Room temperature cured Water immersed
Sample  Modulus Strength Sample Modulus Strength
(MPa) (MPa) (MPa) (MPa)

11555 + 1130+

SFO o o SFOW  1024+60.65 96.14 +4.33

SF20 1128'12 *  915+36 SF20W 966.8+90.55 71.86+5.53
1186.6+  70.48 + 1055.12 +

NSF20 oo o NSF20_W s 55.67 + 6.13

SF40 122?'2 *  497+285 SFAOW  667+7344  39.67 +3.68
1438.7 + 98.98 + 1059.3 +

NSF40 o aa>  NSF40_W o 46.4 + 4.08

The reduction in modulus values was due to plasticization effect introduced by
the water absorption (Alamri et al., 2012). Notably, a relative decrease in the
compressive modulus with HNTs reinforcement was significantly lower in both HNTs
RSF samples. This is due to the tortuous path created by the HNTSs in the foams that
inhibited water ingression in the molecular structure. Also, the compressive strength,
as shown in Figure 3.24(b), depicted a reduction in strength for all samples. The
dispersion of fillers at the nanoscale aided to resist incoming water molecules. Similar

outcomes were reported by other researchers (Abdullah et al. 2019; Alamri and Low
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2012; Balakrishnan et al. 2011). This fact can be further corroborated by the FTIR study

carried out for dry and wet samples.
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Figure 3.24 Experimentally measured (a) Compressive modulus and (b) compressive
strength of wet RSF composites.

3.7.4 SPECTROSCOPY

The fracture features of neat epoxy, CESF, and RSF composites were analyzed
after the post-compression test, as shown in Figure 3.25. The neat epoxy sample

commonly depicted river flow deformation without imbibing much water, as evident
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from the water absorption studies. The composites containing 40 vol% of cenospheres
witnessed matrix collapse. This resulted due to plasticization owing to the ingression
of the water in the structure of composites (Alamri and Low 2012; De'n~ve and
Shanahan 1993; Han and Drzal 2003; Prolongo et al. 2012). However, NSF40_W
possessed a smooth and brittle fracture surface relative to other samples. This was due
to the HNTs reinforcement that allows lower water absorption and enables better

mechanical properties compared to unreinforced foams.

Figure 3.25 Fracture features of (a) SFO_W, (b) SF40_W, and (c) NSF40_W RSF
composites.

3.8 SUMMARY

The tensile property of room temperature cured composites, and flexural and
compressive properties of the room temperature cured and post-cured composites were
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discussed in this chapter. It was reported that the HNTs reinforcement manifested
augmentation in the modulus of the reinforced syntactic foams. Additionally, with an
increase in the cenospheres content, improvement in the modulus values was reported.
For the post-cured samples, the thermal treatment enhanced load-bearing characteristics
in the case of compressive behavior of the RSF composites, whereas flexural properties
degraded with post-curing effect. The post-curing study showed maximum degradation
for a neat epoxy matrix. But due to HNTSs reinforcement, the degradation was reduced
in RSF composites. A significant increase in specific properties is registered by HNTs
RSF composites enabling them for weight-sensitive structural applications. The water
absorption study revealed the efficacy of HNTs reinforcement in the RSF composites.
The diffusion coefficient, sorption coefficient, and permeability of the RSF composites
were appreciably reduced due to the presence of HNTs. The compressive modulus of
wet HNTs RSF composite was 58.7% higher than the corresponding sample without
HNTs. This behavior of the HNTs RSF composites suits them for lightweight marine

applications.
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CHAPTER 4

4.  VISCOELASTIC AND THERMAL STUDIES ON
REINFORCED SYNTACTIC FOAMS COMPOSITES

All kinds of polymeric materials comprise different proportions of elastic,
plastic, and viscous nature depending upon their lattice arrangement. When stressed,
the polymer composites store, dissipate, and recover some part of the input energy
(Ferry 1980). The viscoelastic response of such materials is contingent upon several
factors, such as operating temperature, strain amplitude, frequency of excitation,
ambient temperature, etc. (Javidan and Kim 2020). The following section presents the

dynamic mechanical properties of reinforced syntactic foam (RSF) composites.

41 DYNAMIC MECHANICAL ANALYSIS (DMA)

Dynamic mechanical properties of polymer composites depend upon filler
characteristics and the base matrix in which they are reinforced. Additionally, the effect
of interface phase linked to particulate reinforcements also governs viscoelastic

response in syntactic foams (Gu et al. 2009).

411 STORAGE MODULUS

A typical area of the plots comprises three distinct regions, as presented in
Figure 4.1. It is noticed from Figure 4.1 that in a region I, as temperature sweeps, the
storage modulus gradually decreases. Region Il shows the storage modulus notably
reduced with an increase in temperature which was attributed to the samples attaining
their glass transition temperature (Tg). Lastly, region 111 represents a plastic-flow region
where storage modulus values show the least variation with sweep compared to region
l.
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Figure 4.1 Schematic representation of the variation of storage modulus against
temperature.

To elucidate the variation of storage modulus with respect to temperature, the
storage modulus values at 30, 60, 80, and 140 °C are shown in Table 4.1. The selection
of typical temperatures was based on the following observation.

» 27 °C was regarded as room temperature in the current study, which is significant
for a broad spectrum of applications.

> Region I: Here, the variation of storage modulus remained quite linear, and thus
the graphs are distinct within the range of 27 - 60 °C. This enables the selection of
a representative temperature of 60 °C to portray the reliance of storage modulus on
cenospheres content and modification by HNTS in syntactic foams.

> Region Il: In this region, a radical drop in storage modulus after the Tg4 value,
around 80 °C.

> Region II: It can be noticed from Figure 4.1 that there is a least variation in values
of storage modulus within the temperature range of 80 - 140 °C. The maximum

test temperature for the study considered was 140 °C.
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Figure 4.2(a, b) depicts the storage modulus of cenosphere epoxy syntactic
foams (CESFs), and halloysite nanotubes reinforced syntactic foams (HNTs RSFs),
respectively, with respect to temperature. In the temperature range of 27 - 60 °C, the
storage modulus drops gradually but reduces sharply post 60 °C. The neat epoxy
registers a lower storage modulus value than the other syntactic foam at 30 °C. The
addition of cenospheres causes an increase in storage modulus value content in the neat
epoxy. Moreover, SF50 and NSF50 exhibit maximum storage modulus values in
CESFs and HNTs RSFs. This may be attributed to the constrained molecular motion of
neat epoxy lattice due to the addition of stiff cenospheres. Figure 4.2(b) shows that the
storage modulus of HNTs RSFs in a region | measure higher values than neat epoxy. It
may be observed that similar outcomes of enhancement in storage modulus of neat
epoxy with HNTs reinforcement were also reported earlier (M. Liu et al., 2008b; Peter
& Woldesenbet, 2008).

Interestingly, storage modulus values of HNTs RSFs with reference to their
counter CESFs decreased. This can be attributed to free volume enlargement among the
HNT, neat epoxy, and cenosphere that increases polymer chain mobility and thus
causes a reduction of modulus in the HNTs RSFs. It was also observed that the storage
modulus enhancement of up to 52% and 36% for CESF and HNTs RSF, respectively,

was obtained concerning neat epoxy.
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Figure 4.2 Experimentally measured storage modulus values of (a) CESF and (b)
HNTs RSF composites.
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Table 4.1 Comparison of storage modulus at four representative temperatures.

Storage Modulus (MPa)

Sample
30 °C 60 °C 80 °C 140 °C
SFO 2255.56 £56.38  2010.37 £50.25 75.25+1.88 15.01 £0.379
SF20 2670.16 £ 65.41  2330.73 £57.10 121.36 £ 2.97 22.95 + 0.56
SF30 2464.77 £110.91 2246.21 £101.07 1661.53+74.76 61.00 £2.74
SF40  2546.67 +£129.88 2306.52 +117.63 1695.32 +86.46 75.91 + 3.87
SF50  3446.73 +£180.26 2960.19 +£154.81 174.78+9.14 72.69 = 3.87
NSF20 2412.10+101.30 1832.75 = 76.97 209.32 £ 8.78 50.49 £ 2.12
NSF30 2635.25+126.49 1504.96 = 72.23 194.39 £ 9.33 88.10 £ 4.22
NSF40 2282.41 +111.83 1881.78 +92.20 172.27 £+ 8.44 71.44 +8.44
NSF50 3082.13 +169.51 2601.87 +143.10 283.04+ 1557 128.35%7.06

In region I, all composite samples attained Tg, and eventually, a drastic drop in
the storage modulus was witnessed. Meanwhile, the material undergoes a phase
variation from an elastic-glassy to a plastic-rubbery state. However, region Il was
distinguished by the lowest storage modulus for the neat epoxy. Further, the recorded
improvement in CESFs and HNTs RSFs were in the range of 52 - 405% and 236 -
755%, respectively, higher than the neat epoxy. In comparison, a 44 - 120% increase in
storage modulus of HNTs RSF was observed over the CESF samples. The retaining of
storage modulus values by HNTs RSFs, even at elevated temperatures, makes them a
promising material in designing structures for high-temperature applications with

lightweight embedment.

412 LOSS MODULUS

Figure 4.3(a, b) depicts the experimentally measured loss modulus values of
CESF and HNTs RSF composites with respect to temperature sweep. The characteristic
temperature at the maximum loss modulus value is named Tq4 of the sample. The loss
modulus curve attained a peak at the Ty and then surged nearer to zero. The maximum
loss modulus, room temperature loss modulus, and Tg values of all the samples are
presented in Table 4.2. The Ty of SFO was 70.32 °C which is equal to T¢ of SF40 and

also higher than all the other samples. The T4 of CESF increased with cenospheres
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content except for SF50. It may be due to enhanced crosslinking of cenospheres with
neat epoxy, as presented in Figure 3.1. The T4 value of HNTs RSFs reduced as
compared to their corresponding CESFs. This can be attributed to the adsorption of
epoxy matrix into nanotubes, as inferred by Zhang et al. (2014a) and Miyagawa and
Drzal (2004).
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Figure 4.3 Experimentally measured loss modulus values of (a) CESF and (b) HNTs
RSF composites.

The noteworthy trends in the loss modulus curves were observed as follows:

» Region I: The loss modulus of neat epoxy was the lowest of all the composite
samples shown in Figure 4.3(a), while SF20 registered maximum loss modulus in
CESFs due to lower sliding between ceno6sphere particles and epoxy matrix. As
the cenospheres content increases, frictional energy dissipation overcomes the
effect of matrix viscoelasticity. Thus, leading to a decrease in loss modulus owing
to chain hindrance caused by minimal molecular movement within the matrix.
Figure 4.3(b) depicts that the loss modulus values of HNTs RSF increase over a
range of 30 - 84% compared to the CESFs. This improvement in loss modulus may
be due to enhanced energy dissipation by HNTSs in the epoxy matrix.

» However, the loss modulus of HNTs RSFs at temperature post 60 °C measured to
be lower than the CESFs.
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Table 4.2 Maximum loss modulus, room temperature loss modulus, and glass

transition temperature (Tg) of all samples.

Sample Loss modulus at 30 °C Maximum loss Glass transition
(MPa) modulus (MPa) temperature T4 (°C)
SFO 34.82+0.94 313.61 + 8.46 70.32
SF20 48.50 +1.18 390.78 £ 9.54 67.93
SF30 40.04 +£1.80 255.43 +11.49 69.42
SF40 36.53 £1.93 250.25 +12.76 70.33
SF50 45.78 £ 2.39 448.22 + 23.43 67.67
NSF20 63.50 *+ 2.66 202.15 + 8.49 67.26
NSF30 73.77 £ 3.54 229.33+11.00 61.34
NSF40 55.50 £ 2.71 256.03 + 12.54 66.11
NSF50 65.94 + 3.62 276.03 + 15.81 67.72

413 FRACTURE FEATURES OF DMA-TESTED SAMPLES

The morphology of post-DMA test samples was considered for the analysis. The
samples after temperature sweep were freeze fractured, and micrographs of the fracture
surface were studied. The neat epoxy undergoes extensive plastic deformation due to
its viscoelasticity, as presented in Figure 4.4(a). However, with addition of cenospheres,
such a phenomenon was slightly reduced, as shown in Figure 4.4(b). Similar
improvement with higher cenospheres content can be noticed in Figure 4.4(d). Further,
due to the reinforcement of HNTs in RSF composites, the matrix becomes stiffer,
resisting plastic deformation as depicted in Figure 4.4(c, €). This may be attributed to
better crosslinking and efficient stress transfer by HNTs in the matrix with its rigid
silicate nanotube structure, enabling the material to become stiff and thus absorb higher

energy at elevated temperatures.
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Figure 4.4 Micrographs display fracture features of (a) Neat epoxy (b) SF20 (c)
NSF20 (d) SF50 and (e) NSF50 post-DMA tests.

42 THERMOGRAVIMETRIC ANALYSIS (TGA)

Figure 4.5 shows thermogravimetric analysis (TGA) curves in which the
degraded RSF composite samples follow a single-step pattern. The novel HNTs

reinforcement in the formulated syntactic foam composites offered excellent thermal
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stability (Prashantha et al. 2011b) with the epoxy chain network, as shown in FTIR
analysis (Figure 3.1). As presented in Table 4.3, upon the addition of HNTSs, the thermal
degradation temperature increased, which could be attributed to the hindrance effect of
chain scissoring of epoxy. Furthermore, it is essential to note that the residual mass
remaining at 700 °C of neat epoxy was 0.62%. Also, a maximum increase of 11.47%
residual mass was reported for NSF20 compared to SF20. However, a petite
contribution of HNTs was noticed in the initial decomposition. Similar results were
conveyed in earlier studies (Dean et al. 2007; Liu et al. 2008). Nevertheless, the synergy
of HNTs along with cenospheres enabled tailoring the dimensional and thermal stability

of syntactic foams with a negligible increase in density.

Weight (%)

0 100 200 300 400 500 600 700 800
Temperature (°C)
Figure 4.5 TGA curves of room temperature cured RSF composites.

Table 4.3 Degradation temperature values for 10, 30, and 50% mass loss in RSF
composites.

. Residual mass
Degradation temperature (°C)

Sample (%) at 700 °C
Too T7o Tso
SFO 341 363 377 0.62
SF20 359 383 400 24.75
NSF20 366 390 413 27.59
SF40 349 365 388 35.23
NSF40 350 373 405 35.42
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4.3 DIFFERENTIAL SCANNING CALORIMETRY (DSC)
ANALYSIS

The DSC test was carried out to study the influence of reinforcement in an epoxy
matrix and determined thermal behavior, particularly glass transition temperature (Tg).
The T4 value of a nanocomposite signifies its deployment in actual service conditions
(Yeasmin et al. 2021). The Tg value variation obtained from the DSC thermogram
shown in Figure 4.6, is tabulated in Table 4.4. It can be observed from Table 4.4 that
improvements in Tq values obtained by post-cure heat treatment in RSF composites are
in the range of 1.83 — 24.34% with respect to room temperature cured syntactic foams.
The phenomenon of post-curing enables increased chances of cooperative movements
of the epoxy molecular network, enabling the material to be utilized for higher
operating temperatures. Similar studies were reported on the governance of Ty in

composites by post-cure heat treatments (Pattanaik et al. 2019a; Yeasmin et al. 2021).

The analysis of thermogram results is carried out in two folds. Firstly, with post-
curing, epoxy conversion eventually enhances this result in better crosslinking with
improved Ty value. A similar outcome was also corroborated by the FTIR study
presented in the previous chapter (Figure 3.2), indicating that the crosslinking of
epoxies gets enhanced with post-cure heating effect in RSF composites. Secondly, as
observed in Table 4.4, the T4 value dropped with addition of reinforcement. Together,
HNTSs addition to syntactic foam hinders the epoxy network, eventually restricting
chain mobility of the matrix. The drop in Tg value was attributed to the possible
adsorption of epoxy resin into the tubes (lumen space) of HNT. The lumen filled with
epoxy matrix is also shown in Figure 3.3(b). This synergy of fillers and post-cure
treatment produces thermally stable syntactic foam composites for thermally sensitive

applications.
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Figure 4.6 DSC curves of room temperature cured and post-cure heated RSF
composites.

Table 4.4 Glass transition temperature values obtained from DSC analysis signifying
the advantage of post-cure heating effect in RSF composites.

T4 enhancement w.r.t
Sample Glass transition, T4 (°C) room temperature cured
samples (°C)

SFO 92.91 -
SFO_H 94.74 1.83
SF40 91.74 -
SF40 H 116.08 24.34
NSF40 98.32 -
NSF40_H 105.58 7.26

44 SUMMARY

The thermal and viscoelastic properties of the CESF and HNTs RSF composites
were investigated in this chapter. The storage modulus increased with an increase in
cenospheres content in the epoxy matrix. Further, with incorporation of HNTSs, the
storage modulus obtained was higher than that of neat epoxy but still lower than CESFs.
This is due to enlargement in free volume among the HNTSs, epoxy, and cenosphere.
The storage modulus of CESF and HNTs RSFs was up to 52 and 36% higher than SFO.
The improvement in loss modulus of HNTs RSFs was obtained by 59 — 113% and 30
— 84% over the neat epoxy and CESFs due to better energy dissipation by HNTs within
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the epoxy matrix. The glass transition temperature (Tg) values shifted to higher
temperatures due to the addition of cenospheres in the epoxy matrix. It is because of
enhanced crosslinking of cenospheres with epoxy matrix. Owing to the adsorption of
the epoxy matrix into the tubular structure of HNT, the Tg4 values slightly decrease
compared with the unreinforced CESFs. The T4 value amelioration obtained in neat
epoxy and NSF40 by post-curing is 1.83 °C and 7.26 °C, respectively. In addition,
relatively high char content retainment and delayed degradation temperature rendered
by HNTSs to syntactic foams allow them the flexibility to be operated from moderate to
high-temperature lightweight applications.
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CHAPTER 5

5. SUMMARY AND CONCLUSIONS
5.1 SUMMARY

A thorough investigation was conducted to prepare and characterize reinforced
epoxy syntactic foam composites using cenospheres and halloysite nanotubes (HNTS).
Utilizing cenospheres in weight-sensitive structural applications might lessen the load
on landfills and aid in addressing the environmental issue of fly ash disposal. In the
present work, reinforced epoxy syntactic foam composite specimens were fabricated
using manual stir casting, and their mechanical, thermal, and viscoelastic properties
were investigated. The effects of halloysite nanotube reinforcement, cenospheres

volume fraction, and post-curing on composites were investigated.

Experiments were conducted to extract the properties of RSF composites and
evaluate the efficacy of reinforcing HNTs and cenospheres. Tensile, flexural,
compressive, and viscoelastic responses were studied for room temperature cured
composites. Further, flexural and compressive behavior was characterized by post-
cured specimens. To evaluate the structure-property correlations and failure processes,
extensive scanning electron microscopy, field emission scanning electron microscopy,

and transmission electron microscopy were carried out.
5.2 CONCLUSIONS

The significant conclusions are summarized as follows:

Density:

o When cenospheres are mechanically mixed into the resin, a decrease in the
density of composites was observed compared to the theoretical values, which
accounted for the trapping of air in the matrix.

o Reinforced syntactic foams (RSFs) containing HNTs were found to slightly
increase the density of cenosphere epoxy syntactic foams (CESFs), thereby not
affecting much the weight-saving potential of composite foams suiting

lightweight applications.
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The post-curing effect marginally reduced the RSF composites' density, thus

enhancing the weight-saving capability of RSF composites.

Tensile, flexural, and compressive behavior of room temperature cured specimens

An increase in the content of cenospheres enhanced the tensile modulus of the
RSF composites.

The HNTSs reinforcement augmented the tensile modulus of RSF composites by
a maximum of 42% relative to the cenosphere epoxy syntactic foam (CESF)
composites.

In NSF40 sample, the specific tensile modulus was 107% higher than the SF40
and 7.9% lighter than neat epoxy sample.

Neat epoxy samples registered maximum strength, and the strength was reduced
with the addition of reinforcements.

The tensile strength of RSF composites diminished with the HNTs addition.

The neat epoxy sample registered maximum flexural modulus and strength values
of 5 GPa and 111 MPa among all the samples, respectively.

With the addition of cenospheres, the flexural modulus increased in CESF
composites.

The addition of HNTs in the RSF composites reported an increment in the flexural
modulus over a range of 7 - 66% with respect to the CESF composites.

NSF50 sample registered a specific flexural modulus value 35.17% higher than
SF50 and has 10.2% weight-saving potential than the neat epoxy sample.

The addition of cenospheres and HNTs ameliorated the compressive modulus of
the RSF composites.

NSF40 sample registered a 9.91% improvement in the compressive modulus
compared to the SF40 sample.

Furthermore, a maximum of 1.417 MPa/kg/m3 of specific compressive modulus
was achieved by NSF40, which stands at 10.6% and 46.6% higher than SF40 and
SFO, respectively.

98



Flexural and compressive behavior of post-cured specimens

o The neat epoxy sample, SFO_H, suffered a reduction of 58.73% in flexural
modulus compared to the SFO. Similarly, all other samples exhibited a modulus
reduction of over 11.73 — 60.10%. This comparatively lower reduction in RSF
composites was due to synergism and thermal stability of the fillers.

o With the HNTSs reinforcement, the flexural modulus enhancement obtained was
over 11.73 — 60.10% concerning their corresponding post-cured CESF
composites.

o The post-curing effect positively influenced the compressive properties in that the
neat epoxy sample observed a 17.2% amelioration in the modulus values.

o The specific compressive modulus of NSF40_H exhibited 1.567 MPa/ kg/m?,
which was 7.0%, 35.7%, and 33.3% higher than NSF40, SFO_H, and SFO,
respectively.

Water absorption study

. The neat epoxy sample, SFO_W, registered 0.36% of least water absorption and
consequent swelling thickness of 0.67%.

. The addition of cenospheres attracting air entrapments during its fabrication
permitted higher water ingress. The sample, SF40_W, exhibited a maximum
water ingression of 5.92%.

. HNTSs, due to their advantageous geometry, create a tortuous path inhibiting the
water intake in the RSF composites.

. The permeability coefficient (P) value was observed to reduce over 17.12 —
67.33% due to HNTSs reinforcement with respect to CESF composites.

o The neat epoxy registered a compressive modulus value of 1024 MPa, which was
131 MPa lower than the dry sample.

o The maximum impact of water absorption was noticed in the SF40_W sample,
which undergoes a reduction of 628.3 MPa in its compressive modulus.

o The compressive modulus of NSF40 W was 58.7% higher than the
corresponding sample without HNTs. This may be attributed to the hindrance in
the ingression path created by tubular HNTS.
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Dynamic mechanical analysis and thermal behavior

o The storage modulus increased as the cenospheres content in the epoxy matrix
increased, whereas the storage modulus achieved with the addition of HNTs was
greater than that of pure epoxy but still less than that of CESFs. This may be
because the free volume in the matrix containing HNTS, epoxy, and cenospheres
has enlarged.

o The storage modulus of CESF and HNTs RSFs was 52 and 36% higher than SFO.
The improvement in loss modulus of HNTs RSFs was obtained by 59 — 113%
and 30 — 84% over the neat epoxy and CESFs due to better energy dissipation by
HNTSs within the epoxy matrix.

o The glass transition temperature (Tg) values shifted to higher temperatures due to
the addition of cenospheres in the epoxy matrix because of the enhanced
crosslinking of cenospheres with the epoxy matrix. Owing to the adsorption of
the epoxy matrix into the tubular structure of HNT, the Ty values slightly
decreased compared with the unreinforced PSFs.

o The Tgy value amelioration obtained in neat epoxy and NSF40 by post-curing was
1.83 °C and 7.26 °C, respectively. It was attributed to the improvement in
crosslinking by the HNTs addition and post-curing effect validated by FTIR
studies.

o The thermal stability with retarded degradation temperature manifested by HNTs
to syntactic foams allows them the flexibility to be operated from moderate to

high temperature weight-sensitive structural applications.

The present work successfully illustrates the possibility of a manual stirring method for
developing halloysite nanotube reinforced thermosetting syntactic foam composites
based on cenospheres. These composites are lightweight, eco-friendly, and provide
11.5% weight-saving potential. In addition, the use of cenospheres decreases landfill
waste and environmental concerns. Experiments are carried out to examine the effect
of adding the HNTs and cenospheres content over a wide spectrum of mechanical
characteristics and temperature profiles. The experimental outcomes reported in the
current investigation can help industry professionals develop reinforced syntactic

foams for significant weight-sensitive structural applications.
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SCOPE OF FUTURE WORK

The present work demonstrates feasibility of the manual stirring technique in
developing reinforced syntactic foam composites. Variation in the content of HNTs
along with the cenospheres affecting the thermal and mechanical properties needs to be
studied. Further, the effect of surface functionalization of HNTs needs to be
investigated to bring out better mechanical properties. The rubber particles may be
reinforced along the nanofillers to examine and ameliorate the strain characteristics of
the reinforced syntactic foam composites. Developing the micro-mechanical models
considering the interfacial interaction between the fillers in the syntactic foam
composites is worth investigating to arrive at optimized designs for materials. Also, the
fatigue analysis of these syntactic foams is significant to investigate, as it will be crucial

in designing aerospace applications.
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