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ABSTRACT

Recently, magnetic nanocomposites, which are composed of magnetic nanoparticles and
polymers, have attracted immense interest because of their light weight and tunable physical
properties (e.g., magnetic, electrical, mechanical and thermal properties). These
nanocomposites are potential candidates for a plethora of applications, including electronic
devices, magnetic data storage, antistatic coatings, rechargeable batteries and corrosion
inhibitors. Ferrites are well-known magnetic materials and possess interesting magnetic and
electrical properties. In this research work, a simple method for the preparation of magnetic
nanocomposites consisting of magnetic nanoparticles (MNPs), polybenzoxazine (PB), linear
low density polyethylene (LLDPE) and LLDPE-g-Maleic anhydride (LgM) is described.
CoFe,04 (CF), BaFe12019 (BHF) (hard ferrite) and NiFe,O4 (NF), NiggZng2Fe,04 (NZF) (soft
ferrite) were used as MNPs. Composites were prepared by first forming benzoxazine-MNPs
composite followed by melt blending with LLDPE and thermal curing of benzoxazine.
Prepared composite materials have been characterized using X-ray diffraction analysis
(XRD), Differential scanning calorimetry (DSC), Thermogravimetric analysis (TGA),
Fourier transform-infrared (FT-IR) spectroscopy, Transmission Electron microscope (TEM),
Particle size analyzer (PSA), Universal testing machine (UTM), Scanning electron
microscopy (SEM) and Vibrating sample magnetometry (VSM). XRD analysis of the final
composites confirms the presence of pure single phase ferrites (CF, BHF, NF and NZF) in the
composite. TGA analysis reveals that the thermal stability of the composites increased by
increasing amount of polybenzoxazine in the composition. Tensile testing of the composites
revealed that the composites consisting of LLDPE, PB and 5 wt% LgM possessed higher
tensile strength than pure LLDPE and a greater elongation at break than pure PB.
Incorporation of MNPs in the composites resulted in decrease in the tensile properties of
composites, but variation of loading of MNPs (from 14.25 wt% to 33.25 wt%) did not affect
much in the tensile properties. From flexural tests it was observed that L-LgM-PB-MNPs
composites possessed a higher flexural strength than that of pure LLDPE and toughness of
the final composites was higher than that of the pure PB, pure LLDPE and 47.5L-5LgM-
47.5PB blend. The incorporation of MNPs in the composites introduced magnetic property of
the composites. It was observed that the mechanical properties of the composites did not vary
much with the nature of magnetic nanoparticles (CF, BHF, NF and NZF). However, a

magnetic property of the composites mainly depends on the nature of MNPs and also with the
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wt% of MNPs in the composite. So, the mechanical and magnetic properties of these
composites can easily be tailored by the judicious choice of the nature of MNPs and their

loading level in the composites.

Advantages offered by these prepared LLDPE-LgM-PB-MNPs composites that make them
attractive are:

(i) Composites were prepared by blending LLDPE with polybenzoxazine in presence of
a compatibilizer (LLDPE-g-MA) by employing a simple melt blending method.

(ii) Reported method is very simple and cheap LLDPE was used to blend with
polybenzoxazine. So, these composites can easily be prepared in large scale.

(iii) Prepared composites possess good mechanical flexibility along with good thermal
stability; these composites have the potential to be used in preparation of complex
structures.

(iv) As the sheets of these composites showed structural flexibility along with magnetic
properties, so these composites have the potential of being used in complex device

applications and coatings.
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CHAPTER 1

Introduction

1.1 Scope of Research Work

The focus of this research work is the preparation and characterization of polybenzoxazine
based flexible magnetic nanocomposite. In particular, this work is divide in three steps: first
the synthesis of nanostructured hard and soft ferrites by employing a simple and cost-
effective EDTA based chemical method, second step is preparation of polybenzoxazine-
magnetic nanocomposite and third step is preparation of flexible nanocomposite sheet,

composed of polybenzoxazine, LLDPE and magnetic nanoparticles.

1.2 Introduction to Nanocomposite

Nanocomposite science and technology is a rapidly growing field of research, initiated in
Toyota Research Laboratories in Japan in the 1980s [1, 2]. Nanocomposites are multiphase
materials in which one of the phases has characteristic dimensions at the nanometer scale [3,
4]. In general they are expected to display improved properties emerging from the
combination of each component. According to the International Union of Pure and Applied
Chemistry (IUPAC), a composite material is defined as “a multicomponent material
comprising multiple different (non-gaseous) phase domains in which at least one type of
phase domain is in a continuous phase”. [UPAC also extends its definition to nanocomposite
materials as those composites “in which at least one of the phases has at least one dimension
of the order of nanometers™ [5]. Overall, nanocomposites can be engineered to have a variety
of unique properties, by controlling the chemical composition, physical properties and
morphology of the chosen components. It is possible to tune physical properties of
nanocomposites across a wide spectrum, from mechanical [6], optical [7], thermal [8], to
electrical [9], chemical [10] and magnetic properties [11]. This broad spectrum of unique
physical and chemical properties lends hanocomposites to various applications from radiation
sensors [12] to biomedicines [13]. According to their matrix materials, nanocomposites can
be classified as ceramic matrix nanocomposites (CMNC), metal matrix nanocomposites
(MMNC), and polymer matrix nanocomposites (PMNC). Further polymer matrix
nanocomposite can be broadly classified into three categories based on the dimensions of the

nanosized components dispersed in the polymeric matrix: such as nanosheets dispersed in
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polymeric matrix, nanotubes/nanorods/nanowires in polymeric matrix and nanoparticles in

polymeric matrix (Scheme 1.1).

Nanocom posites
\ 2 v v
Metal matrix Polymer matrix nanocomposites Ceramic matrix
nanocomposites (PMNC) nanocomposites
(MMNC) Examples: Thermoplastic/thermoset (CMNC)
Examples: Fe-Cr/Al,Os, polymer/layered silicates, polyester/TiO,, Examples: Al,O4/SiO,,
Ni/Al,O, Co/Cr, Fe/MgO, polymer/CNT, polymer/layered double SiO,/Ni, Al,O4/TIO,,
AI/CNT, Mg/CNT hydroxides. Al,O4/SiC, Al,O;/CNT
\ 2 v v
Nanorods/Nanowires/ Nanoparticles
Nanosheets
Nanotubes Based
Based .
. Based Nanocomposites
Nanocomposites . ) .
. Nanocomposites Example: Epoxy vinyl ester/y-
Example: Epoxy ] - 2 .
resin/araphite nanosheet Example: Polyaniline- Fe,03, Polyimide/SiO,,
ngno?:om osite CNT, MMA-CNT, Epoxy- polycarbonate/ SiO, and poly
postte. CNT (amide-imide)/TiO,

Scheme 1.1 Classifications of Nanocomposites.

1.2.1 Methods of Polymer Nanocomposite Preparation

One of the major challenges in preparing nanoparticles/polymer composite is achieving
homogeneous dispersion of the nanoparticles in a polymer matrix. This criteria is very
important because good dispersion of the individual nanoparticles in the polymer matrix is
the basis for obtaining desired properties [14]. Many methods have been reported for the

preparation of polymer nanocomposites. Some of them are

(@) In-situ polymerization

The first nanoclay/polymer (Nylon-6/MMT) composite reported by the scientists of Toyota
Research Group was prepared by in-situ polymerization [15-17]. It is a developing technique
for CNTs composite preparation. The method starts by dispersing nanotubes in monomer
followed by polymerizing the monomers [18-21]. The in-situ polymerization process is useful
for polyamide and epoxy-based composites [22-24], and it enables covalent bonding between
the polymer macromolecules and the nanoparticle surfaces [25-27]. However, the application

of this method is not general to other kinds of polymers. This technique also requires

2
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extended processing time as well as a solvent while polymerizing certain types of polymer.

These concerns limit the application for in-situ polymerization to industrial practice.

(b) Sol-gel process

The sol-gel process is a versatile method for the preparation of homogeneous inorganic
oxides for conventional inorganic glasses at ambient temperatures. Hence, growing inorganic
ceramic networks within a polymer matrix through the sol-gel process becomes a convenient
technique, and allows the production of organic/inorganic hybrids even at the molecular level
[28]. Accordingly, various organic/inorganic hybrids have been reported prepared using the

sol-gel process [29, 30].

(c) Solution polymerization

In the solution radical polymerization technique, the grafting of polymers into clay interlayer
depends on the swelling of the organophilic-modified clay promoted by a solvent. Swelling is
manifested due to solvation of interlayer cations thus; inclusion of the vinyl monomer
between the layers of the clays can be maximized by the use of appropriate solvent. The
interlayer distance can be increased remarkably in the solvent, which have strong attractive
forces between the intercalated monomer of clay and solvent molecules. Nanocomposites
based on high density polyethylene, polyimide and nematic liquid crystal polymers have been
synthesized by this method. The major advantage of this method is that it offers the
possibility to synthesize intercalated nanocomposites based on polymers with low or even no
polarity [31, 32].

(d) Melt blending

Melt blending for attempting to disperse nanoparticles into polymer matrices is now the best
scalable method for industrial applications and it is also economical and environmentally
friendly. The melt blending process generally involves the melting of polymer pellets to form
a viscous liquid. The nanoparticles are dispersed into the polymer matrix by high shear rate
combined with diffusion at high temperature [33-35]. The problem with this method is that
good dispersion is usually hard to obtain, especially in non-polar polymers. Although using
polypropylene oligomers (polypropylene-g-malic anhydride) as a compatibalizer, the
exfoliation of nanoclay within the polypropylene matrix was improved, the elongation at
break greatly decreased and the composite changed from flexible material to brittle material

[36]. In addition, the properties of the composites failed to increase at a high nanoparticle

3
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loading (>10 wt%) due to the aggregation of nanoparticles [37]. Hence, although melt
compounding has shown some promise for producing composites with improved properties,
it does not provide a general means applicable to all polymers. Furthermore, we can expect
an improvement of properties of about 100% at 5 to 6 wt% but little improvement with
further loading levels [38]. The improvement in composite properties such as modulus is

significantly below what is expected theoretically [39].

(e) Emulsion polymerization

The emulsion polymerization is recently introduced technique for nanocomposite synthesis
[40-43]. The disadvantage of intercalation process is the lack of affinity between hydrophilic
silicate interlayer and hydrophobic polymer and they can be applied only to pretreated silicate
layer swellable with organic ions by ion exchange between organic onium ions salt and
interlayer cation of clay [44-46]. Emulsion polymerization is a heterogeneous reaction
system. In this process, reacting monomer is dispersed in a water phase and polymerized with

a water soluble radical initiator in presence of Na* montmorillonite.

In this present work, we are concentrating on preparation of polymer based magnetic
nanocomposites. The composites composed of linear low density polyethylene,
polybenzoxazine and ferrite nanoparticles. For preparation of polymer based magnetic

nanocomposites, a melt blending method was employed.

1.3 Introduction to Polymer-ferrite based Nanocomposite

Ferrites are by far the best example of magnetic materials that have been extensively studied
over the years owing to their high thermal stability and interesting physical properties (e.g.,
thermal, electrical, and magnetic). Ferrite materials are used in a wide range of applications
starting from household materials to high-tech space applications [47]. But their brittleness
sometimes limits their applications. In comparison, polymeric materials exhibit elastic
properties but generally possess less thermal stability. In this context, polymer-ferrite
nanocomposites, with their tailored compositions, are appropriate for various applications
where the useful properties of both the components remain preserved to a large extent. Thus,
the hybridization of ferrite with organic polymer has attracted interest of the researchers.
These hybrid materials can combine the best attributes of the two components. In case of

traditional composites, the adhesion between inorganic and the polymer is often poor because
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they are combined in a macroscopic scale. Therefore, they do not offer the desired
reinforcement effect to the hybrid materials [48-51].

Recently, there has been an intense interest to design polymer composites containing
magnetic nanoparticles. It is now a well-established fact that nanoparticles exhibit unusual
properties, including magnetic, electrical, optical, and mechanical, in comparison with bulk
materials. In polymer-magnetic nanocomposites, it is possible to manipulate their physical
properties by controlling the particle size of the nanoparticles and their weight ratio in the
composition. These nanocomposites have been found to demonstrate unique physical and
chemical properties even more than their constituents and are far different from conventional

macro- or micro-composites.

1.3.1 Literature Survey

In recent years the incorporation of magnetic nanoparticles in polymer matrices have attracted
much attention by material scientists and engineers. There have been certain reports based on
the study of nanoparticles of Co, Fe, Fe;O3 and Mn-Zn ferrite, Ni-Zn ferrite, BaFe1201s,
CoFe,0,4 dispersed in polymeric matrix. The polymer-ceramic nanocomposites for magnetic
applications, metals and metal alloys (e.g. Fe) [52] or (CoPt) [53], oxides (e.g. ferric oxide)
[54] and ferrite [55] are used as inorganic nanofillers. Chen et al., [56] have reported core/shell
structure of porous Fe3O4/Fe/SiO, nanorods with a length of 80 nm and 1 mm for
electromagnetic wave absorption applications. Kim et al., reported the EM wave absorption of
Nio5Zng4Cug1Fe;04 ferrite nanoparticles embedded in the PMMA matrix [57]. Yang et al.,
have reported nanotube-PS foam composite as an effective EMI shielding material [58]. The
efficiency of magnetic polymer composites with multicomponent fillers has been studied by
Lopatin et al., [59] from the viewpoint of application of such composites as radio-absorbing
materials (RAMSs). Srikanth et al., have synthesized polystyrene coated Fe nanoparticles by
microwave plasma polymerization and studied the impact of polymer coating on their
magnetic response [60]. Magnetic nanocomposites containing y-Fe,O3; embedded in a polymer
matrix of sulphonated polystyrene and divinyl benzene prepared by an ion exchange method
have been studied by Malini et al., [61]. Kiskan et al., [62] reported carboxylic acid functional
benzoxazine that is easily coated on neat magnetite and forms polybenzoxazine-nanomagnetite
nanocomposites via thermally activated ring opening polymerization. The nanoparticles
showed typical ferromagnetic characteristics and the magnetic properties were preserved after
curing. Rubber ferrite composites containing different mixed ferrites with various loading

levels have been studied by Anantharaman et al., [63]. Jiang et al., introduced a novel poly
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(aniline-co-o-toluidine)/BaFe;,0:9 composite, which was successfully synthesized by a facile,
general and inexpensive in-situ polymerization method [64]. Ting et al., had reported the
microwave absorption of the polyaniline/BaFe;,019 and noticed that microwave absorbing
properties can be modulated simply by controlling the content of polyaniline on the samples
for the required frequency bands [65]. Deng et al., have studied the synthesis of magnetic and
conducting FezO4-crosslinked polyaniline nanoparticles with core-shell structure by using a
precipitation-oxidation technique [66]. Xu et al., have reported an in-situ polymerization
process to obtain polyaniline/BaFe;,0;9 nanocomposites and their microwave absorption

properties were investigated [67].

1.3.2 Applications of Polymer-ferrite based Nanocomposites

Ferrite nanoparticles incorporated polymeric composites find number of applications. Such as
in microwave absorption, electromagnetic interference (EMI) shielding, radio-absorbing
materials (RAMs), molecular electronic, antistatic coatings, rechargeable batteries, corrosion
inhibitors, etc. Hence, Polymer-ferrite nanocomposites are emerging as new materials for
variety of hi-tech applications. Table 1.1 presents some of the applications of polymer-ferrite
nanocomposites.

Table 1.1 Applications of polymer-ferrite based nanocomposites.

Polymer matrix Magnetic nanoparticles Applications Ref
Polymethyl (NixR1-x)05ZNng 5Fe204 Electromagnetic interference [68]
methacrylate R= Mn,Co,Cu; (EMI) shielding

x=0,0.5
Epoxy Ni-Zn ferrite Electronic applications [69]
Natural Rubber NiFe,04 Microwave absorption [70]
matrix
Epoxy Ni;xZnxFe;04 Suppression of EMI in [71]
x=0.2,0.4,05 microwave circuits
Polyaniline Coo5Zng5Fe,04 Microwave absorption [72]
Polyvinyl Chloride Nio:33ZNo:67F€204 RF electromagnetic wave [73]
absorbing material
Polyaniline MnFe;04 Microwave absorption [74]
Paraffin CoxMn; xFe,04 EMI shielding [75]
Polyaniline v-Fe 03 Microwave absorption [76]
Polyethylene Hexaferrite Electromagnetic wave [77]
(BaFe;2049 OF absorbers
SrFe;,019) in the U-band
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1.4 Introduction to Ferrite and their Synthesis Methods

Ferrites are ceramic materials, black or dark grey in appearance and very brittle and hard.
Ferrites are a group of technologically important ferrimagnetic materials [78, 79]. Ferrite
nanoparticles are currently being investigated for a wide range of applications in the field of
inductor and transformer cores, antenna cores, magnetic amplifiers, deflection yokes in
television sets, hearing aids, computer peripherals, memory and switching applications in
digital computers and data processing circuits, modulators, circulators, isolators, phase
shifters, other high frequency devices, high-density magnetic and magneto-optic recording
media, magnetic fluids, fabrication of permanent magnets, etc [47, 80, 81]. Now-a-days some
ferrites are explored for use as microwave or radar adsorbing materials (mostly in the form of
coating or films), which are important in military technology [82, 83]. Other applications of
ferrites involve the use in temperature sensors, magnetostrictive decay lines, magnetic
resonators, and ferrite filters [84], ferrite radiators [85] ferrite power limiters and so on. They
are usually employed in the ceramic form. These ceramic magnets have the inherent
drawback that they are not easily machinable to obtain complex shapes. Magnetically, ferrites
are classified into two groups, namely, soft and hard [86]. Further, depending on its
symmetry, the magnetic ferrites fall mainly into two groups, cubic and hexagonal [87].

1.4.1 Types of Ferrite Materials
Based on the magnetic property ferrites are classified as hard ferrite (e.g. CoFe;Q,,
BaFe12019, SrFe;2019 etc) and soft ferrite (NiFe,O4, NiZnFe,O, etc) [88, 89].

(a) Soft Ferrite

Ferrite material in which the ferromagnetism emerges only when a magnetic field is applied
(means temporary) is called the soft ferrite [78]. The general formula is MOFe,03, where M
is a divalent metal ion like Mn, Ni, Fe, Mg etc [87, 90]. These ferrites have good magnetic
properties with extremely high electrical resistivity, so, they can operate with almost no eddy
current loss at high frequencies. This fact accounts for all the applications of soft ferrites [87].
There are many other significant applications [91] of soft ferrites such as antenna rods,
recording heads, humidity sensors, proximity sensors, interference suppression cores, etc
[87].
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(b) Hard ferrite

Ferrite materials exhibit ferromagnetism even in the absence of an external magnetic field is
called hard ferrites [78]. Hard ferrites have hexagonal crystal structure. The general formula
is MO6Fe,03, where M is a divalent metal ion like Ba, Sr and Pb [87, 92]. In the group of
hard ferrites, magnetoplumbites or M-type hexagonal ferrites (MOG6Fe,O3) are extensively
used in many technological applications due to their superior magnetic properties [87]. Hard
ferrite materials are used as permanent magnets for various kinds of electric meters,
loudspeakers and in other apparatus for which high remanence, large hysteresis loss, and high

coercivity are desirable [87, 93].

1.4.2 Different Methods for Preparation of Ferrites

The preparation method plays a key role in determining the particle size and shape, size
distribution, surface chemistry and therefore the properties and applications of the material.
Many synthesis routes have been developed to achieve proper control of particle size,
polydispersity, crystallinity, shape and the magnetic properties of these materials [78]. Some

of the common methods adopted for the preparation of ferrites are discussed below:

(a) Ceramic Method [94-96]

The oldest and the most common method, for preparing multiphase component solid
materials is by the direct reaction of solid components at high temperatures. Since solids do
not react with each other at room temperatures even if it is thermodynamically favorable,
high temperatures are necessary to achieve appreciable reaction rates. The heat treatment
causes diffusion of constituent starting materials and the growth of crystallites occurs due to
solid sate reaction. To obtain the good homogeneity, sometimes, the calcined powders are
again crushed and milled. The advantage of solid state reaction is the ready availability of
precursors and the low cost for production on the industrial scale. Generally, the oxides of the
different metal components are fine grind, to maximize surface areas to improve reaction
rates. The powder is pressed into a pellet to ensure intimate contact between the grains. The

pellets are heat treated at high temperatures for long durations.

(b) Co-precipitation Method [97-107]
This is a wet chemical method, where ferrites with desired chemical compositions are
simultaneously precipitated from aqueous solutions of metal ions. The reaction of metal ions

solutions with precipitating agents like alkaline solutions of carbonates, hydroxides, ammonia

8
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or amines results in co-precipitation. The precipitate contains ferrous and of the metal
carbonates or hydroxides, which decompose to oxides when calcined at 500-800 °C. The
method gives precise control over the chemical compositions of the product. The materials
produced by this method are not exceptionally homogenous and in some cases the
reproducibility is also poor. The method also suffers from drawbacks like retention of
impurities and difficulty in separation in case of gelatinous precipitate. The properties of
synthesized ferrites depend on concentration of metal ions, base solutions, composition of
base solution, digestion time, type and degree of mixing of the metal ions and base solutions

for co-precipitations.

(c) Sol-Gel Method [108-114]

In this method, acid or base catalyzed hydrolysis of organometallic compounds like,
alcoholate, carboxylate or chelates of different metals, is followed by condensation and poly-
condensation reaction in an organic solvent producing a gel. The gel is then calcined at
around 300-800 °C in the presence of oxygen to yield desired ferrites. Sol-gel technique is
generally employed to prepare finely divided powders that are useful particularly in the
manufacture of coating compositions, intricately shaped and fine-grained ceramics, and
cermets. Use of expensive metal alkoxides or complex metal compounds is the main

limitation of this method.

(d) Hydrothermal Method [115-124]

The method finds application where the resulting ferrite particles are required to be uniformly
disperse, as in the case of high density recording materials. A mixture of aqueous solutions of
metal ions and/or aqueous slurry of metal hydroxides is mixed with alkaline solution and the
mixture is autoclaved between 100 and 400 °C. This method requires comparatively low
temperature treatment, which results in a uniform mixture of the metals to form ferrites with
the required chemical composition. This process is found to be superior to the conventional
high temperature process because it avoids the sintering or agglomeration of ferrite grains.
Although hydrothermal technique is very versatile, one of the main drawbacks of the

conventional hydrothermal method is the slow reaction kinetics at any given temperature.

(e) Precursor Based Method [125-134]
This method involves the preparation of a “precursor” compound which is a complex

combination of cations and a polymeric/chelating agent. The pyrolysis of the precursor at
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various temperatures gives rise to nanoscale particles of the desired single or mixed oxide
system. Various organo-metallic complexes, metal hydroxides/oxalates/citrates/hydrazine
carboxylates etc. are some of the commonly used precursor compounds. The precursor
method permits good control of the product stoichiometry, especially for multicomponent
systems. However, it is not always easy to choose a suitable precursor to synthesize a

particular compound.

() Combustion Method [135-141]

The method utilizes a precursor that ignites at a low temperature and leads to a gas producing
exothermic reaction that is self-propagating and yields voluminous fine oxides in a few
minutes. Various organo-metallic complexes, metal hydroxides/oxalates/citrates/hydrazine
carboxylates etc. are some of the commonly used precursor compounds. This method is also
known as the “self-sustaining/propagating synthesis process.” The process is rapid and may
approach direct conversion from the molecular mixture of the precursor solution to the final
oxide product. The disadvantage is that sometimes the exothermic reaction might be difficult

to control especially when being performed on a large-scale.

(9) Reverse Micelle Method [142]

A reverse micellar system consists of nanometer sized water droplets that are dispersed in an
oil medium and stabilized by a surfactant. In this method, tiny droplets of water are
encapsulated as a reverse micelle. The structure of a reverse micelle is characterized by a
polar core formed by hydrophilic heads of the surfactant and a non-polar shell formed by
hydrophobic tails of the surfactant. The droplet size of reverse micelles can be readily
modulated in the nanometer range particularly by controlling the water: surfactant ratios. The
reverse micelle method leads to the controlled synthesis of ceramic materials and metals
having a tailored shape, size and composition. The method can be used to synthesize the
monodispersed nanoparticles with various morphologies. However, this method requires a

large amount of organic solvent and also the yield is low.

1.5 Introduction to Polybenzoxazine

Polybenzoxazine is a recently developed new type of addition polymerized phenolic resins
[143]. Though common phenolic or epoxy resins have myriad applications in diverse fields,
a number of shortcomings are also associated with these materials. Some of the limitations

include brittleness, poor shelf life, use of acid or base catalysts, release of byproducts,
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formation of micro voids during curing, and so forth. To overcome these limitations, a new

type of addition-cure phenolic system, polybenzoxazine, has recently been developed. The

advantages offered by polybenzoxazine-based materials are (i) near-zero volumetric change

upon curing, (ii) low water absorption, (iif) much higher Ty than cure temperature, for some

polybenzoxazines, (iv) better thermal stability, (v) high char yield, (vi) no release of toxic by-

products during curing, and (vii) no requirement of strong acid catalysts for curing. The

molecular structure of polybenzoxazines offers enormous design flexibility, which allows the

properties of the cured materials to be tailored for a wide range of applications [144, 145].

1.5.1 Unique Properties of Polybenzoxazines

(i)

(i)

Near-Zero Volume Change

Benzoxazine resin display near-zero shrinkage with high mechanical integrity. The
majority of the monomers changed their volume with +1% upon polymerization.
Polybenzoxazine have various hydrogen bonds that may restrict the freedom of the
chain and further stiffen the chains leading to poor molecular packing. This may
results in high free volume which can be one of the factors responsible for very low
shrinkage or even expansion during curing [146].

Low Water Absorption

One of the common problems of polyesters, vinylester, phenolics and epoxy resins is
their relatively high water absorption. Both phenolics and epoxy resin absorb as much
as 3-20% by weight upon. This relatively high water absorption is due to the presence
of polar groups in these resins. Polybenzoxazine also contains polar groups, such as
phenolics OH and mannich base in each chemical repeating unit. This may result of
hydrogen bonding between phenol and nitrogen; the conformationally preferred acid

base interaction competes with water and reduces the water uptake [147].

(iii) High Glass Transition Temperature (Tg)

Crosslinked polybenzoxazines shows surprisingly high glass transition temperatures
ranging from approximately from 150 to 350 °C. Polybenzoxazines have low
crosslinking densities but high Tg’s. But in general, higher the degree of crosslinking,
the higher is the Tg. It has been proposed by Wirasate et al., that hydrogen bonding

may contribute to the stiffness of the chain and so may influence the T4 [148].

(iv) High Thermal Stability

Thermal stability of polymers depends on the bond energy. As temperature increases,

vibrational energy increases which leads to bond breakage. Studies on the thermal
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decomposition of polybenzoxazines have revealed that polybenzoxazines decomposed
by volatilizing aniline fragments during thermal degradation [149]. Thermal stability
of polybenzoxazine thus depends on the stability of aniline fragments.
(v) High Char yield

Char formation decreases the flammability by forming a barrier for oxygen supply.
Many polymers show low char yield when the reaming weight is examined under
nitrogen at 800 °C. This char yield is 5-15% for epoxy resins, and 30-55% for
phenolic resins. Phenolic resins show one of the highest char yields among
processable polymers. Char formation usually increases with increased content of
benzene groups, although there is no direct relationship between the benzene content
and char yield. This is well expressed by the fact that despite a high content of
aliphatic groups in polybenzoxazines, their char yield, generally high (35-70%), is
higher than traditional phenolic resins [150].

1.6 Benzoxazine Monomer and their Processibility

Benzoxazine is a single benzene ring fused to another six-membered heterocycle containing
one oxygen atom and a nitrogen atom. There are a number of possible isomeric benzoxazines
exists depending on the relative positions of the two heteroatoms of this oxazine ring system,
and 1,3-benzoxazine is the kind of isomer used for polymerization [143-145].

1.6.1 Synthesis of Benzoxazine Monomers

Though benzoxazine was first synthesized by Cope and Holly in 1940s [151] by using
condensation reaction of primary amines with formaldehyde and phenol, the potency of
polybenzoxazines has been recognized much later. In 1949, Burke found that the benzoxazine
ring reacts preferentially with the free ortho positions of a phenolics compound and forms a
Mannich bridge [152]. Riess et al., [153] confirmed this regioselectivity in model compounds
by following the kinetics of polymerization for thermally activated and substituted-phenol
initiated monofunctional benzoxazines. Typically, benzoxazine monomers are synthesized by
using phenol, formaldehyde, and amine (aliphatic or aromatic) as starting materials [154]
(Scheme 1.2). Ishida and coworkers [155] have popularized the synthesis of benzoxazine
monomers by inventing a solventless method. Using various types of phenols and amines,
having different substitution groups attached, several types of benzoxazine monomer can be
synthesized. These substituted groups can provide additional polymerizable sites and also

affect the curing process. The potential exists to obtain polymeric materials, with desired
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properties, by tailoring the benzoxazine monomer with different functionality and a wide
variety of monomers can be synthesized by using judiciously chosen phenol and amine. Here
also, selection of starting materials play critical role. For example, presence of electron
withdrawing functional group (-COOH, -CN) with amine was found to be responsible for
reduction in yields. Also, it is hard to synthesize benzoxazine monomers containing free

phenolic -OH groups employing conventional method.

R
/
N
HO OH > !
4 CH,O ChHs
N
/
R

CHgj

Bisphenol A Benzoxazine monomer (BA)

Scheme 1.2 Synthesis of benzoxazine monomer (BA).

1.6.2 Processibility and Film Formation
Polybenzoxazines prepared from the monomers precursor are associated with some
limitations on their use in practical applications. The monomers are usually powder and
processing into thin films is rather difficult. Additionally, the formed polymers are brittle as a
consequence of the short molecular weight of the network structure. Addition of elastomeric
materials to brittle resins is a well-known approach to improve the ductility. Although,
improvement in ductility of benzoxazine may be achieved using this approach, it sacrifices
the intrinsic advantages of thermosetting resins. The possibility of adjusting polybenzoxazine
properties due to a rich design flexibility of molecular architectures opens wide opportunities
to further enhance the properties over the monomeric benzoxazine resins. Therefore, a
different molecular design to achieve the ductility without resorting to the thermally weak
elastomeric materials has been adopted [145]. To improve the processibility and mechanical
properties, several researchers have attempted various strategies, such as:

(a) Preparation of modified monomers with additional functionality.

(b) Synthesis of novel polymeric precursors.

(c) Blending with a high-performance polymer or filler and fiber.

(a) Preparation of modified monomers with additional functionality [145]
In this approach, the introduction of ethynyl or phenyl ethynyl [156, 157], nitrile [158],

propargyl [159] etc. groups can offer additional cross-linking sites during polymerization,
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and were found to be acceptable choices for that purpose [143]. Some of the modified

benzoxazine monomers with additional functionalities are listed below in Table 1.2.

Table 1.2 Benzoxazine Monomers with Additional Functionalities [145].

Functional Monomers References
(
Allyl functionalized monomers (P-ala) ;N> [160]
V4

[161]
Acetylene functionalized monomers (Ph-apa) Q_\N
_/

(o]

Nitrile functionalized monomers ©i\) ;
O /

Phenyl propargyl functionalized monomers /O/ ’ [163]

O

el

/
B 0
Malemide functionalized monomers \@i\ [165]

[162]

Coumarine-containing benzoxazine [164]

o

(b) Synthesis of novel polymeric precursors

Novel polymeric-based precursors have been synthesized by incorporating benzoxazine units
either as side chain or as end chain or in main chain of polymer. It is expected that the
crosslinked network structure, formed from polymer and polymerization of benzoxazine will
exhibit enhanced mechanical property while retaining the beneficial properties of
polybenzoxazine. Polymeric precursors offer the ability to prepare a varnish with low solid

content that forms good quality films [145].
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(i) Side-Chain Precursors [145]

Side chain polymer strategy is a way to incorporate benzoxazine groups into a polymer
backbone to achieve a highly dense network. Curing of many repeating benzoxazine units
resulted in crosslinking of polymer chains. There are various synthetic methods to obtain side
chain polymers [166, 167]. Some include postpolymer modification like click chemistry or
polymerizing suitable molecules (Scheme 1.3) [145]. Recently, Kiskan et al. have
synthesized postpolymer-grafted benzoxazine with several polymers, for example, PVC,

polystyrene, polybutadiene, by using ‘‘click chemistry’’ [168, 169].

Polystyrene

Radlcallc
Poly(vinylchloride)

: O Triazole
Functional

n RhCatO : Click
leidative j

OHD- X
19r

Cb QO Dunctiorat
% %

Scheme 1.3 Side chain polymer strategy to incorporate benzoxazine groups into a polymer
[145].

(i) Crosslinkable Telechelics with Benzoxazine Moiety at the Chain End [145]

In this approach, benzoxazine ring has been anchored to the end of a polymer [170, 171].
Here a polymeric structure act as backbone structure, which are end capped with
benzoxazine. Telechelics with relatively large molecular weight oligomers possess
thermoplastic-like properties, while allowing later crosslinking for dimensional stability,
chemical resistance, and high-temperature stability. A unique synthetic route was reported by
Kiskan et al., [170] for synthesis of a macromonomer where benzoxazine ring was anchored
to the polysterene polymer.

A very interesting network structure can be achieved from polymeric precursors with

benzoxazine end chain. When these monomers undergo thermal curing, benzoxazine groups
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can form domains by polymerizing together and polymer macromolecules can hang as
dangling chain. In another case, when benzoxazines attached as end group of both ends of a
long chain polymer, small domains of polybenzoxazine form, by ring opening polymerization
of benzoxazine, and these domains are covalently attached to the polymer chains. As a result,

a crosslinked structure forms which contains small domains of polybenzoxazine.

(iii) Main-Chain Precursors [145]

Liu and Ishida reported the concept of oligomeric benzoxazine resins where oxazine rings are
in the main chain [172]. Takeichi et al [173] and Ishida and coworkers [174] have
independently reported a synthetic approach for the preparation of polymers containing
benzoxazine moieties in the main chain. High-molecular weight polybenzoxazine precursor
was synthesized from aromatic or aliphatic diamine and bisphenol-A with paraformaldehyde
[173]. The major problems associated with the preparation of such main-chain benzoxazine
precursor polymers are low molecular weight and crosslinking arising from the Mannich
reactions of multiple functional groups [145]. Different types of benzoxazine based main-

chain polymeric precursors have been described in Scheme 1.4.

v;\° 4,
§@/ O'ros/_/y/
0 0 v 2
Diels | | | |
o O_O Alder Si—o—sSi Si—O—Si—O
n | | al

.—O—. Difunctional —I-Lo— Ester linkage
benzoxazines
Dihydroxy ———=——= Triple bonds
fuctional phenols

Diamino _ |__ _ |_ Siloxane
fuctional SI=0=S™ Jinkage
monomer |

Oxabicycloheptene
linkage
O Triazole

Scheme 1.4 Different types of benzoxazine based main-chain polymeric precursors [145].
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All the above described approaches are also associated with some limitations. For example,
(i) modified monomers with additional functionality are difficult to synthesize and
preparation of flexible film has not yet accomplished, (ii) in case of novel polymeric
precursors, though the polymeric chain contributes toward the improvement of mechanical
property and processibility of the resulting polymer but it sacrifices the thermal property of

polybenzoxazines as well as these composites difficult to prepare in large scale [145].

(c) Blending with a high-performance polymer or filler and fiber

Apart from the strategy discussed above a variety of blends, alloys and composites have been
prepared by mixing benzoxazine with different resins (e.g., polyurethane, epoxy,
polycarbonate, rubber, etc.) to manipulate the properties in terms of mechanical, thermal,
flame retardant, and so forth [143, 144]. Some examples of benzoxazine-based composites

are listed below in Table 1.3.

Table 1.3 Benzoxazine-based composites [143, 144].

System Process Remark

Ref

Polyurethane/ Solution PU/benzoxazine films were prepared by blending

benzoxazine composite  blending solutions of PU prepolymer and BA-a in
tetrahydrofuran (THF) solvent with various weight
ratios of PU and BA-a. The films were then
thermally cured using a cure cycle. The cured
PU/BA-a films were transparent, suggesting good
compatibility between the PU and BA-a
components. All the PU/BA-a films had only one Tg.
The thermal stability of PUs was greatly enhanced
even with the incorporation of a small amount of
BA-a. It was observed that increasing the BA-a
content led to a higher decomposition temperature.

Epoxy/polybenzoxazine  Solution Chain-extended epoxy (40 mol%) and benzoxazine

composites blending (60 mol%) were thoroughly mixed at 85 °C. Acetone
was used as diluent to facilitate mixing. Then, the
material was subjected to a curing cycle. Ring-
opening reactions of benzoxazine produce phenolic
hydroxyl groups, which can react with epoxy resins
and provide additional crosslinking points in the
resulting network structure. This increase in the
crosslink density of a thermosetting matrix will
strongly influence the mechanical and thermal
properties.

[175]

[176]
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on

Polycarbonate-blend-
polybenzoxazine

Poly(e-caprolactone)-
blend-polybenzoxazine

Rubber/polybenzoxazine
composites

Carbon
fibre/polybenzoxazine
composites

Titania/polybenzoxazine
hybrids

Solution
blending

Melt-
blending

Melt-
blending

Hand-

layup
process

Sol-gel
process

Solution blending of PC and BA-a was performed
using chloroform as solvent to obtain a transparent
yellow solution. After complete removal of solvent,
the samples were isothermally polymerized in an
air-circulated oven at 180 °C for various periods of
time. Due to its relatively high toughness and ability
to form intermolecular hydrogen bonds with
polybenzoxazine main chains, polycarbonate was
chosen as a blending material to improve the
toughness of polybenzoxazine.

Various concentrations of poly(e-caprolactone) were
added to BA-a at 120 °C. After thorough mixing, a
clear homogeneous mixture was obtained. This
mixture was then step-cured in a compression
moulder after degassing. PCL is considered to be a
potential candidate for  blending  with
polybenzoxazine to achieve easy processibility and
improved thermal properties.

Rubber modification of polybenzoxazine was
carried out by adding liquid rubber to molten
monomer at 120 °C and by mixing with a
mechanical stirrer. A common approach to improve
the toughness of a brittle material is by adding tough
materials such as rubber and thermoplastics. Two
liqguid  rubbers, namely amine terminated
butadiene/acrylonitrile rubber (ATBN) and carboxyl
terminated butadiene/acrylronitrile rubber (CTBN),
were studied for the purpose of improving the
toughness of polybenzoxazine.

Laminates were compression-moulded by placing
the prepreg stacks into a flat metal die at room
temperature and then inserting the die into the
compression moulder. These materials exhibit
excellent mechanical properties, ablation resistance,
good flame retardance and low smoke generation.

Produced polybenzoxazine and titania hybrids with
BA-a monomer and titanium isopropoxide (TIPO)
by adding dropwise a desired amount of THF
solution of TIPO to a stirred solution of BA-a in
THF. Ty of these hybrid materials were shifted to
higher  temperature compared to pure
polybenzoxazine. Thermal stability and flame-
retardant properties of polybenzoxazine were greatly
improved by hybridization with TiO,.

[177]

[178]

[179]

[180]

[181]
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Clay/polybenzoxazine Melt OMMs were prepared by surface treatment of

composites blending montmorillonite  with  octyl-, dodecyl- or
stearylammonium chloride. BA-a and OMM were
blended together by melt blending in various weight
ratios at 100 °C. The presence of montmorillonite
nanolayers improved the thermal stability of
nanocomposites in comparison with the pure
polybenzoxazine.

Silica Solution Silica fiber/polybenzoxazine composites were
fiber/polybenzoxazine blending prepared by mixing a solution of benzoxazine
composites monomer in acetone with silica fibers, followed by

thermal curing.

[182]

[183]

1.7 Reaction Mechanism of Ring opening polymerization of Benzoxazine

The ring opening reaction of the benzoxazine was first reported by Burke et al. [184]. A
mono-oxazine ring containing benzoxazine is a distorted semi-chair structure, with the
nitrogen and the carbon between the oxygen and nitrogen on the oxazine ring sitting,
respectively, above and below the benzene ring plane. The resulting ring strain from this
molecular conformation helps this type of six-membered ring undergo ring-opening reaction
under specific conditions. In addition, due to their high basicity (by Lewis definition) both the
oxygen and the nitrogen of the oxazine ring can act as potential cationic polymerization
initiation sites and makes the ring very likely to open via a cationic mechanism [185, 186].
The electron charge calculation after energy minimization predicts that oxygen might be the
preferred polymerization site over nitrogen due to its high negative charge distribution (O, -
0.311; N, -0.270). In the reaction of 1,3-dihydrobenzoxazine with a phenol, having both ortho
and para positions free, aminoalkylation occurred preferentially at the free ortho position to
form a Mannich base bridge structure, along with small amount reaction at para position. To
explain this ortho preference the formation of an intermolecular hydrogen-bonded
intermediate species was proposed. Riese et al. also observed the high reactivity of the ortho
position when following the Kinetics of monofunctional benzoxazines with 2,4-di-tert-
butylphenol catalyst [187]. Ring opening mechanism by protonation of the oxygen atom to
form an iminium ion, followed by electrophilic aromatic substitution, as shown in Scheme

1.5 was proposed by Dunkers and Ishida [188].
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Scheme 1.5 Acid catalyst ring opening polymerization of 3,4-dihydro-2-H-1,3-benzoxazines
[143].

(a) Cationic Polymerization of Benzoxazine

(i) Acid catalyzed polymerization of benzoxazine

Some investigations on catalyst assisted benzoxazine curing showed that the presence of
catalysts influence to reduce the induction time and accelerate the reaction rate [189].
However, no significant polymerization was observed below 100 °C. Ishida and Rodriguez
[190] have surveyed various acids ranging from strong acids to weak carboxylic acids to
phenols as catalyst for this type of polymerization reaction. It has been observed that
polybenzoxazines cured with strong carboxylic acids were inferior to those cured with weak
carboxylic acids [188]. Several initiators, such as PCls, PCls, POCls, TiCls;, AICl; and
MeOTf, were also reported as effective catalyst for polymerization which provides
polybenzoxazines with high T4 and high char yield [185, 191]. From the investigations on use
of various cationic, anionic and radical initiators it has been proposed that the ring opening
polymerization of the benzoxazine proceeds through a cationic mechanism [185, 186, 192,
193]. McDonagh and Smith [194] reported that 3,4-dihydro-2H-1,3-benzoxazine exhibits
ring/chain tautomerism when protonated, by migration of the proton from the nitrogen to the
oxygen atom, and thereby produce iminium ions in the chain form. Different mechanisms for
cationic polymerization of benzoxazine and substituted benzoxazine were proposed by Wang

and Ishida [186] to explain the dependency of formation of different polymeric structures on
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the number and the position of the substitutions in the benzene ring of the monomer. The

proposed reaction mechanisms are shown in schemes 1.6 and 1.7.
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Scheme 1.6 Cationic ring opening mechanisms of 3,4-dihydro-2H-1,3-benzoxazines (Type I)
[143].
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Scheme 1.7 Cationic ring opening mechanisms of 3,4-dihydro-2H-1,3-benzoxazines (Type 1)
[143].
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(ii) Photoinitiated polymerization of benzoxazine

The photoinitiated ring-opening cationic polymerization of a mono-functional benzoxazine,
3- phenyl-3,4-dihydro-2H-1,3-benzoxazine (P-a), with onium salts such as diphenyliodonium
hexafluorophosphate and triphenylsulfonium hexafluorophosphate as initiators was

investigated by Kasapoglu et al [195].

The typical method of polymerization of benzoxazine monomers is thermal curing without
using any catalyst [196-199]. It should be emphasized that the polymerization mechanism of
benzoxazine resins is still not well established.

In this present work, we have used the thermal polymerization route to cure the benzoxazine

monomer, so we are concentrating on thermal polymerization of benzoxazine.

(b) Thermal Polymerization of Benzoxazine

A cross-linked network structured polybenzoxazines, with higher T4 and degradation
temperature, can be obtained when difunctional or multifunctional benzoxazines undergo
polymerization. The polymeric structures form due to curing of monofunctional and

difunctional benzoxazines are shown in Scheme 1.8 [200-202].
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Scheme 1.8 Curing of (i) monofunctional and (ii) difunctional benzoxazines [143].
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In the DSC thermogram of a mono-functional benzoxazine, P-a, a sharp exotherm was
observed with onset and maximum temperatures of the exotherm at 202 and 230 °C,
respectively, corresponding to the ring-opening polymerization, and an exotherm for P-a of
62 cal/g. In case of difunctional benzoxazine, B-a, DSC showed an exotherm onset at ca. 223
°C and maximum at a 249 °C corresponding to the ring-opening polymerization of
benzoxazine. The amount of exotherm for B-a was 79 cal/g [200].

It has been reported that during synthesis of a difunctional benzoxazine (from bisphenol A,
formaldehyde and methyl amine) not only bisphenol-A based benzoxazine (B-m) monomer
forms as major product, but also dimers and small oligomers form by the subsequent
reactions between the rings and ortho position of bisphenol A hydroxyl groups. These free
phenolic hydroxy structure containing dimers and oligomers trigger the monomer to be self-
initiated towards polymerization and crosslinking reactions [203]. Attempts have been made
to understand the cure mechanism and kinetics of the thermal curing of mono and
difunctional benzoxazines utilizing DSC, FTIR, DMA, *C and N solid sate NMR
spectroscopic measurements [204-211]. It has been proposed that the ring-opening initiation
of benzoxazine results the formation of a carbocation and an iminium ion, which exist in
equilibrium [205] (Scheme 1.9).

Scheme 1.9 Initiation of ring-opening polymerization of benzoxazines [143].

Polymerization proceeds via the electrophilic substitution by the carbocation to the benzene
ring. This transfer occurs preferentially at the free ortho and para position of the phenol
group. The stability of the iminium ion greatly affects the propagation rate because
carbocation is responsible for propagation. Further, the reactivity of the equilibrium pair

depends on the basicity of the amine group. The more basic the amine, with more the free
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electron density of the nitrogen, has the capability to stabilize more the positive charge of the
iminium ion. If the iminium ion is more stable, the equilibrium shifts toward it, causing
lowering in propagation rate. If the iminium ion is unstable, the equilibrium will be shifted
toward the carbocation, resulting in a higher propagation rate. It should be noted that since
the propagation reaction involves chain transfer to a benzene ring temperature should have a
great impact on the rate of propagation. Kinetic study indicated that in the early stages of
polymerization, the reaction might be relatively independent of the cure temperature. As the
reaction proceeds, the temperature effect on propagation becomes more evident in the
reaction kinetics. Curing reactions at two different temperatures, below and above Ty
temperature, demonstrate that the kinetics are significantly different for the two cure
temperatures. Vitrification occurs sooner at higher cure temperature than the lower cure
temperature, especially below the T4. As vitrification causes a large increase in the viscosity
of the system, at the reaction becomes largely diffusion controlled, and greatly affect the
curing kinetics [205]. Scheme 1.10 illustrates the thermal polymerization of BA-a through
cationic mechanism [143].
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Scheme 1.10 Thermal polymerization of BA-a through cationic mechanism [143].

Solid State *N-NMR study identified the formation of a structure generated possibly due to
the electrophilic substitution reaction between ortho position of the aniline and carbocation.
Similar to phenol, the electron-donating nature of nitrogen of the aniline makes its ortho and
para position as possible sites for electrophilic substitution with the carbocation. The

formation of this structure is shown in Scheme 1.11 [206].
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Scheme 1.11 Electrophonic substitution reaction of aniline moiety [143].

1.8 Gap in Existing Research

Although ferrite based ceramic materials exhibit interesting magnetic and electrical properties
along with high thermal stability, their brittleness and lack of structural flexibility limit their
usage in complex structured devices. Apart from that, high sintering temperature (>1200 °C)
is generally required for preparation of sintered ferrite bodies. Therefore, it is very difficult to
prepare complex structures for specific high tech applications using pure ferrite nanopowders.
Preparation of ferrite films or sheets, which can exhibit magnetic property as well as
mechanical flexibility, is a major challenge. Moreover, preparation and characterization
polybenzoxazine based magnetic nanocomposites have not yet explored well.

To address this issue, we have prepared ferrite-polymer nanocomposites. In these composites
ferrite nanoparticles contribute the magnetic property of the composites, whereas, polymeric
matrix provides the mechanical flexibility.

In this present work, we have used two types of ferrite nanoparticles as magnetic
nanoparticles (MNPs): hard ferrite (CoFe,O, (CF), BaFe;20:9 (BHF)) and soft ferrite
(NiFe;O4 (NF), NiogZno2Fe 04 (NZF)). Polymeric matrix is composed of two polymers:
linear low density polyethylene (LLDPE) and polybenzoxazine (PB). We have chosen
polybenzoxazine as one of the components of polymeric matrix because it offers various
advantages in comparison with traditional epoxy or novolac type resins such as (i) near zero
volumetric change upon curing, (ii) low water absorption, (iii) no requirement of strong acid
catalysts for curing and (iv) good thermal stability, etc [143, 205-217]. Various types of

polybenzoxazine based composites have been reported in the literature [144, 145]. However,
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not many reports are available on magnetic nanoparticles-polybenzoxazine composites [218-
221]. Though polybenzoxazine offers various advantages, their inherent brittleness limits
their applications [222]. To overcome this limitation we have blended benzoxazine with
LLDPE. LLDPE was chosen because it possesses extraordinary flexibility, more elongation
at break and puncture resistance property compared to other variety of polyethylene [223,
224]. Prepared composite materials can be useful for various strategic applications

particularly as stealth materials in defense system.

1.9 Objectives
The objective of the present research work is the preparation of polybenzoxazine based
flexible magnetic nanocomposite.
1. Preparation of the polybenzoxazine based flexible magnetic nanocomposite:
(a) Preparation of magnetic nanoparticles (MNPSs) by using EDTA precursor
based method.
(b) Preparation of benzoxazine-MNPs nanocomposite.
(c) Preparation of flexible magnetic sheet by blending LLDPE-LgM-PB-MNPs.
2. Investigation on structural characterization of the prepared materials by using
powder X-Ray diffractometer, particle size analyzer, scanning electron microscope
and transmission electron microscope.
3. Investigation on the mechanical, thermal and magnetic properties of the

nanocomposites.
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1.10 Characterization Details
The as-synthesized nanopowders and their composites were characterized by the following

techniques:

Thermal Analysis

Thermo gravimetric Analysis (TGA) and Differential Scanning Calorimetric (DSC)
analyses were carried out for the precursors by using Shimadzu DTG-60 and Shimadzu
DSC-60 respectively. The thermal analyses were performed in air at a constant heating
rate of 10 °C/min in the temperature range of 35 to 550 °C in aluminum pan for DSC and
35 to 800 °C in platinum pan for TGA respectively for all composite sample

characterization.

X-Ray Diffraction (XRD) Analysis

Room temperature XRD spectra of the precursors and the calcined powders for all
compositions were recorded by using a Rigaku Powder X-Ray Diffractometer (Mini Flex I1)
with Cu K, (A=0.15405 nm) radiation. The scan was performed between 10 to 70 degrees
with a scanning speed of 2 degree per minute and sampling width of 0.01 degree. The slow
scans were performed with a scanning speed of 1.2 degree per minute and a sampling width
of 0.02 degree.

Particle Size Analysis (PSA)

The particle size distribution for the nanocomposite powder was determined by dynamic
light scattering (DLS) technique using a particle size analyser (Delsa Nano S, Beckman
Coulter, USA). For DLS experiment particles were dispersed in a dilute agueous solution
(10%) of TWEEN 20.

Scanning Electron Microscopy (SEM) Analysis

Microstructures of the calcined nanopowder and the morphology of the fractured surfaces
of the composites were studied using SEM (JSM-6390LV, JEOL, Japan). In pellet holder
tensile fractured sample were paste and fixed to sample holder. This sample holder was
placed in sputter coating unit JEOL JFC-1600 and vacuum was created <5Pa then
platinum was coated using sputtering method at 30mA. These coated sample were placed
in SEM machine (JEOL JSM-6390 LV) and scanned at 5-10kV.
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Transmission Electron Microscopy (TEM) Analysis

The particle size of the calcined powders was determined by using a Transmission Electron

Microscope (TEM) (JEOL JEMS FEG-TEM-2100, Japan).

Fourier-Transform Infrared (FT-IR) Spectroscopy Analysis

Fourier transform infrared (FT-IR) spectra of the samples were acquired using a Shimadzu
IR Prestige-21 Spectrometer (Shimadzu, Japan), equipped with a potassium bromide
(KBr) beam-splitter. All spectra were recorded with 50 scans at resolution of 4 cm™ and

spectral range between 4000-400 cm™.

Mechanical Measurement

Tensile measurements were performed according to ASTM D638 standard using an
universal testing machine (INSTRON 3366, USA). Type | dog bone specimens were
tested for polybenzoxazine, LLDPE and composites. Room temperature tensile
measurements were carried out at a constant crosshead speed of 5 mm/min. The flexural
properties of polybenzoxazine, LLDPE and composites were determined in accordance
with ASTM D790 using a universal testing machine (INSTRON 3366, USA) with 10 kN
load cell. Specimens were tested in a three point loading with 50 mm support span at

crosshead speed of 5 mm/min at room temperature.

Magnetization Measurement

Room temperature magnetization measurement was performed for pure ferrite nanopowder as

well as the composites using a Vibrating Sample Magnetometer (VSM) (EV5, ADE
Technology, USA). The M-H loops were obtained using applied field of 15000 Oe for

CoFe,04, BaFe;,019 nanopowder and their composites, whereas an applied field of 2000 Oe

was used for NiFe;O4, NipgZno2Fe,04 nanopowder and their composites.
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1.11 Outlay of the Thesis

The thesis is divided into seven chapters and each chapter is followed by a summary.

In Chapter 1, the subject of nanocomposite, methods of polymer nanocomposite preparation,
introduction to ferrite and their synthesis methods, introduction to benzoxazine monomer and
their processibility, identification of research gaps based on literature review and the

objective of the present research work have also been discussed.

Chapter 2 describes the preparation and characterization of flexible polybenzoxazine-LLDPE

composites.

Chapter 3 describes the synthesis, characterization and properties of pure single phase
CoFe;04 and LLDPE-LgM-Polybenzoxazine-CoFe,0O, flexible magnetic nanocomposites.

Chapter 4 describes the synthesis, characterization and properties of pure single phase

BaFe;,019 and LLDPE-LgM-Polybenzoxazine-BaFe;,0;9 flexible magnetic nanocomposites.

Chapter 5 describes the synthesis, characterization and properties of pure single phase
NiFe,O4 and LLDPE-LgM-Polybenzoxazine-NiFe,0, flexible magnetic nanocomposites.

Chapter 6 describes the synthesis, characterization and properties of pure single phase
NipgZnooFe,04 and LLDPE-LgM-Polybenzoxazine-NipgZng,Fe,O, flexible magnetic

nanocomposites.

In Chapter 7, the conclusions and future scope of research work have been presented along

with a comparative summary of results for the prepared composite.
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The characterization of prepared magnetic nanopowder and their composites was done in

collaboration with other institutes as follows:

Fourier-Transform Infrared (FT-IR) Spectroscopy Analysis
Fourier-transform infrared (FT-IR) spectra of the samples were acquired in Goa

University, India.

Transmission Electron Microscopy (TEM) Analysis

TEM Analysis was performed in Lunghwa University of Science and Technology, Taiwan.

Scanning Electron Microscopy (SEM) Analysis
SEM Analysis was performed in collaboration with Birla Institute of Technology Mesra,
Jharkhand, India.

Mechanical measurement
Mechanical measurements were performed in collaboration with Birla Institute of

Technology Mesra, Jharkhand, India and National Chemical Laboratory Pune, India.
Magnetization Measurement

Magnetization Measurements were performed in collaboration with Defence Research and
Development Organisation Lab Jodhpur, Rajasthan, India.
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CHAPTER 2

Preparation and characterization

of flexible polybenzoxazine-LLDPE composites

2.1 Experimental procedure for material synthesis

2.1.1 Materials used

The chemicals used were aniline, paraformaldehyde, and bisphenol-A (99%, s. d. fine-chem
limited, India), chloroform (99.7%, Qualigens Fine Chemicals, India). Linear low density
polyethylene (LLDPE, R35A042), having a density of 0.935 gm/cm® and melt flow index
(MFI) of 4.2 gm/10 min, was obtained from GAIL (India) Ltd., and LLDPE-g-Maleic
anhydride (LgM) (OPTIM E-126, with 0.73% maleic anhydride content and MFI 2.16 gm/10
min) from Pluss Polymers Pvt, Ltd., India. All chemicals were used as received.

2.1.2 Synthesis of Benzoxazine monomer (BA)

Benzoxazine monomer (bis (3-phenyl-3, 4-dihydro-2H-1, 3-benzoxazinyl) isopropane) was
synthesized wusing a solventless method by reacting bisphenol-A, aniline, and
paraformaldehyde [225]. In a typical synthesis, bisphenol-A (0.02 mol, 4.48 gm), aniline
(0.04 mol, 3.68 ml), paraformaldehyde (0.08 mol, 2.4 gm) were mixed in a round bottom
flask and heated slowly at 90 °C in an oil bath for 90 min. After cooling, benzoxazine
monomer was extracted from reaction mixture by dissolving in chloroform followed by
filtration. Pure benzoxazine monomer was finally obtained by evaporating chloroform.
Benzoxazine monomer was then dried in a vacuum oven for 24 h at 55 °C to remove traces of

chloroform.

2.1.3 Preparation of LLDPE-LgM-PB composites (L-LgM-PB) [226]

The blending of LLDPE, LgM and BA was carried out in a custom made cylindrical mixing
chamber (65 mm diameter x 65 mm height) using a two sided bled stirrer. The temperature of
the mixture during mixing was maintained at 180 °C and the stirring speed was 80 rpm.
LLDPE and LgM were first melted for 10 min then benzoxazine was added to this melt and
mixed for 20 min. This hot mass was then transferred into a pot and heated at 200 °C for 30
min in an oven. The hot semi-viscous mixture thus obtained was immediately poured into a

closed mold under hydraulic pressure through a 5 mm gate. The material was then allowed to
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and LgM with various amounts (Table 2.1).

Bisphenol-A+ Paraformaldehyde + Aniline LLDPE + LLDPE-g-MA

Heated at 90 °C
for 90 min

N

Benzoxazine (BA) +

LLDPE-LLDPE-g-MA

Melt Mixing at 180°C

LLDPE-LgM-BA composite

Heated at 200°C for 30 min

LLDPE-LgM-PB

composite sheet

Melt Mixing at 180°C

Scheme 2.1 Preparative route for LLDPE-LgM-PB composite sheets.

Table 2.1 Compositions of the LLDPE-LgM-PB composites.

Sample code LLDPE (wt%) LgM (wt%) BA (wt%)
85.5L-5LgM-9.5PB 85.5 5 9.5
76.0L-5LgM-19.0PB 76.0 5 19.0
66.5L-5LgM-28.5PB 66.5 5 28.5
57.0L-5LgM-38.0PB 57.0 5 38.0
50.0L-0LgM-50.0PB 50.0 0 50.0
49.0L-2LgM-49.0PB 49.0 2 49.0
48.5L-3LgM-48.5PB 48.5 3 48.5
48.0L-4LgM 48.0PB 48.0 4 48.0
47.5L-5LgM-47.5PB 47.5 5 47.5
47.0L-6LgM-47.0PB 47.0 6 47.0
46.0L-8LgM-46.0PB 46.0 8 46.0

cool at room temperature inside the mold cavity. After cooling the mold was opened to get
the final product. The overall process is presented in scheme 2.1. As per ASTM D638
standard specification Type | dog bone shaped specimens (with over all dimension 165 mm x
19 mm x 3.2 mm) of the composites were prepared by this method for mechanical testing.

Blend, having different compositions, were prepared by blending benzoxazine with LLDPE
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2.2 Results and Discussion

2.2.1 Characterization of L-LgM-PB composites

2.2.1.1 X-Ray Diffraction Analysis

Room temperature wide angle powder XRD spectra of pure LLDPE showed diffraction peaks
at 20 = 21.6°, 23.8° and 36.3° corresponding to (110), (200) and (020) diffraction planes of
the orthorhombic crystal planes of polyethylene [223, 224, 227] along with a broad
amorphous peak in between 26 = 8 and 12°. Pure polybenzoxazine exhibited a broad peak
from 20 = 11.7° to 37.5° indicating its amorphous nature. XRD spectra of the prepared
composites showed the presence of characteristic peaks of LLDPE along with amorphous
broad peak of polybenzoxazine (Figure 2.1). The crystalline nature of LLPDE was remained
preserved in the cured blend samples. However, with increasing amount of polybenzoxazine
in the composites broadening of the peaks of LLDPE was observed. This indicates that
blending of polybenzoxazine with LLDPE enhances the amorphous nature. The areas under
the crystalline and amorphous portions were determined in arbitrary units, and the percentage

of crystallinity (Xc) was measured with the following relation [227]:
Ic

Xc =
la+Ic

Where la and Ic are the integral intensities corresponding to the amorphous and crystalline
phases, respectively. The change of percentage of crystallinity of the composites with

changing composition is summarized in Table 2.2.

(a) LLDPE

(b) —— 85.5L-5LgM-9.5PB
B (c) 76.0L-5LgM-19.0PB
i (d) —— 66.5L-5L.gM-28.5PB
— (e) 57.0L-5LgM-38.0PB
B (f) —— 47.5L-5L.gM-47.5PB
— (9) Polybenzoxazine

(110)

—
[=]
N
(=]
S

(a)
(b)
(c)
(d)
(e)
(f)
(9) |

10 20 30 40 5.0 60 70
20 (degree)

Intensity (a.u)

Fig 2.1 X-Ray Diffraction spectra of LLDPE, polybenzoxazine and composites.
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Table 2.2 Amount of crystallinity present in the prepared composites.

Sample code % crystallinity
LLDPE 69.23
85.5L-5LgM-9.5PB 63.87
76.0L-5LgM-19.0PB 62.23
66.5L-5LgM-28.5PB 61.90
57.0L-5LgM-38.0PB 59.69
47.5L-5LgM-47.5PB 56.65
Polybenzoxazine 21.85

2.2.1.2 Thermal Analysis

In the DSC theromgram of benzoxazine monomer an exothermic peak at ~205 °C was
observed (Figure 2.2 A (a)), which corresponds to the ring opening polymerization of
benzoxazine [228-231]. In case of pure LLDPE, (i) an endothermic peak at ~124 °C,
corresponding to its melting temperature [227], and (ii) an exothermic peak at ~224 °C,
which indicates its thermal-oxidative decomposition [232, 233], were observed (Figure 2.2 A
(b)). Major decomposition of LLDPE occurred in the temperature range of ~390 to 480 °C,
which indicated in DSC curve by the appearance of exothermic peaks at this temperature
range (Figure 2.2 B (a)). In the DSC thermograms of LLDPE-polybenzoxazine composites
the endothermic peak at ~124 °C was present but the exothermic ring opening polymerization
peak of benzoxazine was absent (Figure 2.2 A (c)). This indicates that benzoxazine
monomers were fully polymerized to polybenzoxazine during composite preparation as the
melt blending was performed at 200 °C. An exothermic peak at ~283 °C, corresponding to the
thermal-oxidative decomposition, was present in the DSC thermograms of the composites. It
was observed that thermal-oxidative decomposition temperature of the composites shifted to
higher temperatures with increasing amount of polybenzoxazine. Exothermic peaks for major
decomposition of the composites were found to be in the temperature range of 430 to 530 °C
(Figure 2.2 B (b)). This indicates that presence of polybenzoxazine enhances the thermal
stability of the composites. Same observation was found in the TGA analysis of the
composites. Thermal-oxidative decomposition of the composites was found to be started after
~250 °C. The temperatures at which 5 and 10 % weight loss was found to increase with
increasing polybenzoxazine content in the composite and are listed in Table 2.3. Char yield of

the all the composites was found to be zero at ~600 °C in air. Full decomposition
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temperatures of the composites were also found to be increased with increasing amount of

polybenzoxazine in the composition (Figure 2.3).

I i A 283,C T - B 443,C
) ol ,
X X 488°C
w w 0
—- —_ 528 °C
S S L
E, g 463 °
3 2 Lo
™ T 425,C
§ o
£ | 2L 402,C 412°C
(a) 124’ 3 (a)
et 1 I L 1 1 ] 1 1 1 1 1 L 1 1 1 1
50 100 150 200 250 300 300 350 400 450 500 550
Temperature ('C) Temperature ('C)

Fig 2.2 (A) DSC thermogram of (a) benzoxazine, (b) LLDPE, (c) 47.5L-5LgM-47.5PB
composite. (B) DSC thermogram of (a) LLDPE, (b) 47.5L-5LgM-47.5PB composite in
temperature range of 300 to 550 °C.

| 2 | 2 | 2 | 2 | =
100 200 300 400 500 600 700
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Fig 2.3 TGA thermograms of (a) LLDPE, (b) 57.0L-5LgM-38.0PB composite, (c) 47.5L-
5LgM- 47.5PB composite, (d) Polybenzoxazine.
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Table 2.3 Temperatures required for 5% and 10% weight loss of the composites due to

thermal decomposition in air.

Sample code Ts% ('C) T1o0% (°C)
Polybenzoxazine 350 400
LLDPE 267 305
85.5L-5LgM-9.5PB 2172 306
76.0L-5LgM-19.0PB 281 329
66.5L-5LgM-28.5PB 286 331
57.0L-5LgM-38.0PB 302 343
47.5L-5LgM-47.5PB 306 345

2.2.1.3 FT-IR Analysis

FT-IR spectra of benzoxazine and 47.5L-5LgM-47.5PB blend are shown in Figure 2.4 (a) and
2.4 (b) respectively. In case of benzoxazine monomer, the peaks at 949 cm™ and 1496 cm™
assigned to the tri-substituted benzene ring and absorption at 1235 cm™ for asymmetric
stretching of C-O-C were observed [222, 234]. The methyl group vibration was found at 2962
cm™ [235]. In the FT-IR spectra of composite (Figure 2.4 (b)) the characteristic peaks of
LLDPE and polybenzoxazine were present. A strong peak around 2917 and 2843 cm™,
associated with the C-H stretching vibration, along with peaks at 1364 cm™ for -CHs;
symmetric vibration for LLDPE [227] were observed. It was also observed that the
disappearance of peaks at 949 cm™ and 1496 cm™ peak (assigned for tri-substituted benzene
ring of BA) and appearance of a peak at 1482 cm™ (correspond to the tetra-substituted
benzene ring of PB) [181] indicated that the ring opening polymerization of BA occurred
during preparation of composites at 200 °C. This indicates the complete formation of

polybenzoxazine from benzoxazine occurred during blend preparation.

36



Chapter 2 Preparation and Characterization of flexible polybenzoxazine-LLDPE composite
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Fig 2.4 FT-IR spectra of (a) benzoxazine, (b) 47.5L-5LgM-47.5PB composite.

2.2.1.4 Mechanical Properties

In this study, composites were prepared by blending LLDPE with polybenzoxazine in
presence of LgM compatibilizer. To determine the optimum amount of compatibilizer,
required to achieve good mechanical property, samples were prepared by blending various
amount of LgM (0 to 8 wt%) with LLDPE and PB and tensile and flexural tests were
performed. It was observed that tensile strength and flexural strength of the composites
increased with increasing amount of LgM (up to 5 wt%) and then started to decrease (Figure
2.5). Pure polybenzoxazine possessed high tensile strength (47.05 MPa) and less elongation
at break (2.2%), whereas, LLDPE showed low tensile strength (16.75 MPa) and significantly
more elongation at break (57.77%). Composites consist of LLDPE and PB with 5 wt% LgM
(47.5L-5LgM-47.5PB) exhibited higher tensile strength (23.81 MPa) than pure LLDPE and
more elongation at break (6.11%) than pure polybenzoxazine. The increase of tensile strength
and flexural strength with increasing amount of LgM might be due to the fact that LgM
molecules are placed at the interface of LLDPE and polybenzoxazine during melt blending
processes. The polar functional groups of LgM interact with polar functional groups of
polybenzoxazine while the LLDPE backbone of LgM molecules compatibilizer with the
LLDPE matrix [236]. This interaction enhances the interfacial adhesion and helps to reduce
the interfacial tension between the two distinct phases (LLDPE and polybenzoxazine). At 5
wt%, the concentration of LgM in the blend may reaches to the critical concentration value,

where compatibilizer molecules already occupy most of the interfacial area. Beyond 5 wt%
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excess LgM molecules form a third phase [236]. So, decrease in tensile strength and flexural
strength of the composites was observed beyond 5 wt% LgM. Table 2.4 summarizes the
tensile and flexural properties of the composites having various amount of LgM. As the
composites containing 5 wt% LgM exhibited highest tensile and flexural strength, so, this
concentration of LgM was chosen to prepare composites having various amount of LLDPE

and polybenzoxazine to assess the effect of blending of LLDPE with polybenzoxazine.
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Fig 2.5 Change of tensile and flexural strength of the composites with the variation of LgM in
the composition.

Table 2.4 Tensile and flexural properties of the composites having various amount of LgM.

Tensile Tensile Flexural Flexural
Sample code strength modulus strength modulus

(MPa) (GPa) (MPa) (GPa)
Polybenzoxazine 47.05 3.6 54.06 1.928
LLDPE 16.75 0.236 16.33 0.403
50.0L-0LgM-50.0PB 20.18 1.007 28.08 1.015
49.0L-2LgM-49.0PB 21.21 1.030 29.59 1.027
48.5L-3LgM-48.5PB 22.09 1.056 30.26 1.055
48.0L-4LgM-48.0PB 22.83 1.065 32.02 1.188
47.5L-5LgM-47.5PB 23.81 1.071 35.75 1.236
47.0L-6LgM-47.0PB 22.56 0.988 33.37 1.097
46.0L-8LgM-46.0PB 20.15 0.982 31.35 1.068
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Tensile tests of the composites showed that blending of LLDPE with polybenzoxazine
resulted in decrease of tensile strength and modulus with increasing amount of LLDPE.
However, significant amount of increase of the elongation at break was observed due to
blending of LLDPE with polybenzoxazine compare to pure polybenzoxazine (Figure 2.6).
Flexural strength and modulus were also decreased with increasing amount of LLDPE in the
composition of composites (Figure 2.7). However, toughness of the samples decreases very
less with increasing amount of LLDPE in the composite. These facts indicate that blending of
LLDPE with polybenzoxazine in presence of 5 wt% LgM compatibilizer increases the
mechanical flexibility of the composites. The tensile and flexural properties of the composites

are listed in Table 2.5.

—=— Polybenzoxazine
—o— 47.5L-5LgM-47.5PB
40 —— 57.0L-5LgM-38.0PB
—— 66.5L-5LgM-28.5PB
—>— 76.0L-5LgM-19.0PB
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—— LLDPE
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Fig 2.6 Tensile stress-strain curves of LLDPE-polybenzoxazine composites.
—=— Polybenzoxazine
50 | —o—47.5L-5L.gM-47.5PB
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Fig 2.7 Flexural stress-strain curves of LLDPE-polybenzoxazine composites.
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Table 2.5 Change of mechanical properties of the composites with the variation of LLDPE

and polybenzoxazine in the composite.

Tensile  Tensile  Elongation Flexural ~ Flexural ~ Toughnes

Sample code strengt modulus  at break  strength  modulus s (MPa)
h (GPa) (%) (MPa) (GPa)
Polybenzoxazine 47.05 3.6 2.2 54.06 1.928 0.439
47.5L-5LgM-47.5PB  23.81 1.071 6.11 35.75 1.236 0.244
57.0L-5LgM-38.0PB  23.07 1.012 6.66 34.07 1.169 0.476
66.5L-5LgM-28.5PB 22.16 0.986 7.30 32.10 1.108 0.291
76.0L-5LgM-19.0PB  21.50 0.951 8.77 29.01 0.988 0.341
85.5L-5LgM-9.5PB  20.85 0.910 10.82 25.10 0.860 0.394
LLDPE 16.75 0.236 57.77 16.33 0.403 0.274

2.2.1.5 SEM Analysis of Fractured Surfaces

The morphology of the fractured surfaces of the composites after tensile testing was
investigated by SEM and is shown in Figure 2.8 (a)-(g). In case of 50.0L-OLgM-50.0PB
composite (without compatibilizer) inhomogeneous matrix structure of fractured surface of
blend was observed (Figure 2.8 (a)). This indicates the there is immiscibility between the two
polymers (i.e. LLDPE and polybenzoxazine) without compatibilizer. It was observed that
enhancement of homogeneity of LLDPE and polybenzoxazine phases with increasing amount
of LgM (upto 5wt%) in the composite (i.e 49.0L-2LgM-49.0PB, 48.5L-3LgM-48.5PB,
48.5L-4L.gM-48.5PB, 48.5L-5LgM-48.5PB ) (Figure 2.8 (b), (c), (d), (e)). However, in case
of the composites having more than 5wt% LgM (48.5L-6LgM-48.5PB, with 6wt% LgM)
phase separation was observed and with increase of LgM concentration this effect was much
more pronounced (Figure 2.8 (f) and (g)). This might be due to the high concentration of
LgM acted as the third phase in the composite (Figure 2.8 (f) and (g)). This indicates the

presence of 5wt% LgM compatibilizer in the blend enhances the interfacial adhesion.
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Fig 2.8 SEM micrograph of (a) 50.0L-0LgM-50.0PB composite, (b) 49.0L-2LgM-49.0PB
composite, (c) 48.5L-3LgM-48.5PB composite, (d) 47.5L-4LgM-47.5PB composite, (e)
47.5L-5LgM-47.5PB composite, (f) 47.5L-6LgM-47.5PB composite, (g) 47.5L-8LgM-
47.5PB composite.

Figure 2.9 demonstrates the flexibility of the composites, composed of 47.5 wt% LLDPE,
47.5 wt% polybenzoxazine and 5 wt% LgM.

Fig 2.9 LLDPE-polybenzoxazine composite film (85 mm x 13 mm x 1 mm) showing

mechanical flexibility.
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2.3 Summary of Results

1.

Polybenzoxazine-LLDPE based composites were prepared by blending LLDPE with
polybenzoxazine in presence of a compatibilizer (LgM) by employing a simple melt
blending method.

Thermal stability of the composites was found to be increased with increasing
polybenzoxazine content in the blend. However, as the melting point of the LLDPE is
~124 °C, these composites should be used below this temperature.

Tensile and flexural testing of the composites revealed that 5 wt% is the optimum
amount of compatibilizer that can be used in composite preparation.

Mechanical flexibility of the composites was found to be increased with increasing
amount of LLDPE in the composition.

This method of composite preparation is simple and large scale composites can be
prepared by employing this method. The prepared composites possess good
mechanical flexibility along with good thermal stability; these composites have the
potential to be used in preparation of complex structures.
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CHAPTER 3

Synthesis, characterization and properties of pure single phase CoFe,O,
and LLDPE-LgM-Polybenzoxazine-CoFe,0O, flexible magnetic

nanocomposites

3.1 Experimental procedure for material synthesis

3.1.1 Materials used

The chemicals used were Fe(NO3)3.9H,0, Co(NO3),.6H,0, EDTA (99.9%, Merck, India).
Aniline, paraformaldehyde and bisphenol-A (99%, s.d. fine chem limited, India), chloroform
(99.7%, Qualigens Fine Chemicals, India). Linear low density polyethylene (LLDPE,
R35A042) having a density of 0.935 gm/cm® and melt flow index (MFI) of 4.2 gm/10 min,
was obtained from GAIL (India) Ltd., and LLDPE-g-Maleic anhydride (LgM) (OPTIM E-
126) with a 0.73% maleic anhydride content and MFI 2.16 gm/10 min, from Pluss Polymers

Pvt, Ltd., India. All chemicals were used as received.

3.1.2 Synthesis of CoFe,;O,4 (CF) nanopowder: [237]

CoFe,0O4 nanopowder was prepared by using EDTA-precursor based method. In a typical
synthesis, stoichiometric amounts of cobalt nitrate and ferric nitrate were dissolved in
distilled water according to the molar ratio of 1:2. An aqueous solution of EDTA was
prepared by dissolving EDTA in hot water with drop-wise addition of NH,OH. After
complete dissolution of EDTA, the solution was boiled to remove the excess NH3. The pH of
the solution was found to be ~6. Aqueous solutions of metal nitrates and EDTA were mixed
in a molar ratio of 1:1 and stirred for 1 h at room temperature using a magnetic stirrer. The
pH of the resulting mixture was ~2. Black-coloured precursor was formed when this reaction
mixture was evaporated to dryness on a hot plate at ~110 °C. During drying, slight
decomposition of the precursor was observed. Three to four drops of 10% NH;NO3 aqueous
solution were added to the dried precursor powder and then precursor powders calcined in air
for 2-4 h at specified temperatures ranging from 475 to 550 °C to obtain cobalt ferrite
nanopowder. NH4NO3; was added to facilitate the oxidation of carbonaceous mass of the

precursor.
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3.1.3 Synthesis of Benzoxazine monomer (BA)
Benzoxazine monomer was synthesized as per the procedure described in the section 2.1.2

(Experimental procedure for material synthesis) of Chapter 2.

3.1.4 Preparation of benzoxazine-CoFe,O4 nanocomposites (BA-CF) [221]

For the synthesis of benzoxazine-CoFe,O, nanocomposite, a solvent casting method was
employed. Various compositions of nanocomposites using these powders were prepared by
blending with BA as listed in Table 3.1. BA monomer was dissolved first in chloroform,
followed by stepwise addition of cobalt ferrite nanopowder in desired weight ratio. During
mixing, the mixture was ultrasonicated. After completion of mixing, the mixture was dried
under reduced pressure in a vacuum oven at 80 °C for 12 h. Dynamic light scattering studies
indicated the average sizes of these benzoxazine coated CoFe,O, nanoparticles were in the
range of 100-200 nm. The benzoxazine-cobalt ferrite nanocomposite powders thus obtained

were used for further composite preparation.

3.1.5 Preparation of LLDPE-LgM-PB-CF composites (L-LgM-PB-CF) [221]

To prepare LLDPE-LgM-PB-CF composite sheets, benzoxazine-CoFe,O, nanocomposite
powders (BA-CF) were blended with LLDPE. LgM was used as compatibilizer between
LLDPE and PB. 5 wt% LgM was used as compatibilizer between LLDPE and PB. 5 wt%
LgM was chosen to prepare these composites because we have observed that mixing of 5
wt% LgM with LLDPE and PB helps to achieve best mechanical property of LLDPE-PB
composite as discussed in chapter 2 (Section 2.2.1.4 Mechanical Properties) [226].
Nanocomposites having different compositions of CoFe,04, PB and LLDPE were prepared as
listed in Table 3.1. The blending of LLDPE, LgM and BA-CF nanopowders was carried out
in a custom made cylindrical mixing chamber (65 mm diameter x 65 mm height) using a two
sided blade stirrer. The temperature of mixing was set at 180 °C and the stirrer speed was 80
rpm. A mixture of LLDPE and LgM was first melted for 10 min then BA-CF powder was
added and mixed for 20 min. The hot mass was then taken out from the mixing chamber and
transferred into a pot and heated at 200 °C for 30 min in an oven. The hot semi-viscous
mixture thus obtained was immediately poured into a closed mold under hydraulic pressure
through a 5 mm gate. Then material inside the mold cavity was allowed to cool to room

temperature and mold was opened to get the final product. The overall process is presented in
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scheme 3.1. As per ASTM D638 standard specification Type | dog bone shaped specimens
(with over all dimension 165 mm x 19 mm x 3.2 mm) of the composites were prepared by

this method for mechanical testing.

Benzoxazine Monomer + CF LLDPE + LLDPE-g-MA
Mixingin CHCI,
sonication for 30 min Melt Mixing at 180°C
Drying
\ 4 \ 4

Benzoxazine + CF nanocomposite (BA-CF) | + | LLDPE-LLDPE-g-MA

Melt Mixing at 180 °C

4

LLDPE-LgM-BA-CFcomposite

Heated at 200 °C for 30 min

Y

LLDPE-LgM-PB-CFcompositesheet

Scheme 3.1 Preparative route for LLDPE-LgM-PB-CF composite sheets.

Table 3.1 Compositions of prepared BA-CF and L-LgM-PB-CF composites.

Sample code LLDPE LgM PB CoFe,04
(Wt%) (Wt%) (Wt%) (Wt%)
BA-CF (70:30) -- -- 70 30
BA-CF (50:50) -- -- 50 50
BA-CF (30:70) -- -- 30 70
47.5L-5LgM-47.5PB 47.5 5 47.5 --
47.5L-5LgM-33.25PB-14.25CF  47.5 5 33.25 14.25
47.5L-5LgM-23.75PB-23.75CF  47.5 5 23.75 23.75
47.5L-5LgM-14.25PB-33.25CF  47.5 5 14.25 33.25

45



Chapter 3 Synthesis, characterization and properties of pure single phase CoFe,0O, and
LLDPE-LgM-Polybenzoxazine-CoFe,0, flexible magnetic nanocomposites

SEM micrograph of the surface of a cross section of the composites (Figure 3.1) shows that

polybenzoxazine coated CoFe,O4 nanoparticles are embedded within the polymeric matrix.

Fig 3.1 SEM micrograph of the composites shows that CoFe,O4 nanoparticles are dispersed
within the polymeric matrix. Polybenzoxazine coated CoFe;O4 nanoparticles are within the

marked circle.

3.2 Results and Discussion

3.2.1 Characterization of CoFe,O,4 nanoparticles

3.2.1.1 Thermal Analysis

TGA and DSC analyses were performed to investigate the thermal decomposition behavior of
precursor powder due to heat treatment in air and thermogram is shown in Figure 3.2.
Thermogram of precursor powder revealed that a total weight loss of ~35% occurred in two
steps when the precursor powder was heated from 35 to 800 °C in air. Initially, ~8% weight
loss occurred in the region 35-180 °C due to the loss of moisture from the sample. 27%
weight loss was observed in the temperature range 200-400 °C. This might be due to the
oxidative decomposition of precursor and evolution of CO, and NOy gases. This
decomposition was also reflected in the DSC thermogram as two exothermic peaks at 292 °C
and 348 °C. No weight loss was observed in TGA when the sample was heated beyond 400
OC. This confirmed that full decomposition of carbonaceous mass of the precursor occurred
within 400 °C.
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Fig 3.2 TGA-DSC thermogram of CoFe,O4 precursor.

3.2.1.2 X-Ray Diffraction Analysis

Room temperature XRD spectra of powder, calcined at different temperatures are shown in
Figure 3.3 (a)-(e). It was observed that XRD spectra of the uncalcined precursor exhibited
diffraction peaks for CoFe,O4 [JCPDS 22-1086]. However, intensity ratio (I/1p) of the peaks
did not exactly match with standard values. This indicated that partial decomposition of the
uncalcined precursor, which occurred during the last stage of reaction mixture, resulted in the
formation of CoFe,0,4 phase but with poor crystallinity. XRD spectra of calcined powder
(calcination temperature 475 °C) showed the formation of CoFe,O4 with better crystallinity.
However, a small amount of impurity of o-Fe,O3; was also detected [JCPDS 84-0757].
Calcination of precursor at 550 °C for 4 h resulted in the formation of pure, single-phase
CoFe,O4 and no impurity phase was detected. The increase in peak intensities with
calcination temperature was due to the increase in crystallinity and particle size during the
calcination process. The crystallite size of the calcined powders were calculated using X-ray
peak-broadening of the diffraction peaks (311) and (440) using Scherrer’s formula [238] and

found to be ~18 nm.
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Fig 3.3 XRD patterns of CoFe,O, (a) precursor and the powders obtained by calcining the
precursor at (b) 475 °C for 2 h, (c) 475 °C for 4 h, (d) 550 °C for 2 h and (e) 550 °C for 4 h.

3.2.1.3 Particle Size and TEM Analysis of CoFe,O, nanopowder

The intensity particle size distributions of the as-synthesized CoFe,O4 nanopowder obtained
from DLS study at 30 °C (Figure 3.4 (a)) exhibited a single modal distribution with the main
peak average around 15.1 £ 12.4 nm. The cumulant mean diameter of the particles was 11.9
nm with a polydispersity index of 0.013. The TEM micrograph for the powder calcined at
550 °C is shown in Figure 3.4 (b). The micrograph clearly indicated that average particle size
of the calcined powder was ~20 nm. The particles were mostly round in shape and formed

loose aggregates.

(a)

N
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Fig 3.4 (a) Particle size distribution and (b) TEM micrograph of as-synthesized CoFe,O4

nanopowder.
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3.2.1.5 Magnetization Measurement

Room temperature saturation magnetization (Ms) and coercivity (H¢) of the as-synthesized
CoFe,0,4 nanopowder was measured by using VSM and the hysteresis loop is shown in
Figure 3.5. Ferromagnetic behavior was observed for the sample. The as-synthesized
CoFe,0O, nanopowder possessed coercivity (H;) of 1645.24 Oe and a saturation
magnetization (Ms) of 67.55 emu/g. These values are comparable with the values reported by

other authors using different preparation techniques, which are summarized in Table 3.2.
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Fig 3.5 Room temperature hysteresis loop for CoFe,O4 nanopowder.

Table 3.2 Comparison of Ms and H. of CoFe,O,4 nanoparticles prepared by different synthesis

methods.

Synthesis Methods Calcination Ms (emu/g) Hc (Oe) References
Co precipitation 900 °C for 1 h 74 1000 [239]
Co precipitation 700 °C for 2 h 5852 - [240]

Am?/kg

Co precipitation 800 °C for 1 h 66 66 mT [241]
Sol-gel 800 °C 56 700 [242]
Sol-gel 850 °C for 3 h 76.5 2020 [243]
Organic acid precursor ~ 400-1000 °C for2h  55.25-76.07 584-918.1 [244]
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Polymer precursor 400-800 °C for 2 h 67.5-100.1 1072-2091 [245]
based

Complexometric 850-1050 °C for 10 h  77.7-81.21 25-120.5 [246]
synthesis (Am?/kg) (KA/m)

Mechanical alloying 600-1000°C for6h  38.7-47.25 1385-1982 [247]
Mechanical alloying 500-1000°C for 4 h 23-48 500-1900 [248]
Mechanical milling 1000 °C for 4 h 82 1100 [249]
Wet chemical route 600 °C for 10 h 68 1205 [250]
EDTA precursor 550 °C for 4 h 67.55 1645.24 This Work
route [237]

3.2.2 Characterization of BA-CF nanocomposite and L-LgM-PB-CF composite

3.2.2.1 X-Ray Diffraction Analysis

X-Ray diffraction spectra were recorded for pure BA-CF nanocomposites and L-LgM-PB-CF
composites. In the X-ray diffratogram of BA-CF nanocomposite samples, all XRD peaks of
CoFe;0O4 were present and no additional peaks were detected (Figure 3.6 (b)). In the XRD
spectra of L-LgM-PB-CF nanocomposite samples, XRD peaks of CoFe,O, were present
along with additional peaks at 26 = 21.6° and 23.8°. These two peaks corresponded to the
(110) and (200) diffraction planes of LLDPE [223, 224, 227] and indicated that the
crystalline structure of LLDPE remained unchanged upon blending in the nanocomposites.
However, the intensity of the crystalline peaks of LLDPE varied with the compositions.
These XRD spectra of the composites also confirmed that, the pure crystalline phase of
CoFe,O4 was remained preserved in the composite with no impurity phase formation during

the melt blending process.

50



Chapter 3 Synthesis, characterization and properties of pure single phase CoFe,0O,4 and
LLDPE-LgM-Polybenzoxazine-CoFe,0, flexible magnetic nanocomposites

— =) *CoFeZO4
- Z # LLDPE
S o
— L S 5 * - &
= |8 § S S5 3
&« [,. =% g L
~— _(e) * * * *
>
_‘l: L
2 L
o [
el
£ Ko
L (b)
[ (a)

10 20 30 40 50 60 70
20 (degree)
Fig 3.6 XRD spectra of (a) CoFe;O4 powder, (b) BA-CF (50:50) nanocomposite, (c) 47.5L-
5LgM-33.25PB-14.25CF composite, (d) 47.5L-5LgM-23.75PB-23.75CF composite, (e)
47.5L 5LgM-14.25PB-33.25CF composite.

3.2.2.2 Thermal Analysis

TGA and DSC analysis of the pure benzoxazine, BA-CF and L-LgM-PB-CF composites
were performed to evaluate their thermal stability. In the DSC thermogram of benzoxazine
monomer an exothermic peak at ~205 °C was observed, which was due to the ring opening
polymerization of benzoxazine ring (Figure 3.7 (a)) [228-231]. In case of BA-CF
nanocomposite this exothermic curing peak of benzoxazine shifted to the lower temperature
at ~180 °C. This might be due to the catalytic effect of CoFe,O,4 towards the thermal curing
of benzoxazine [251, 252] (Figure 3.7 (b)). In the DSC thermogram of pure LLDPE (Figure
3.7 (c)) an endothermic peak at ~124 °C, corresponding to its melting temperature [227] and
an exothermic peak at ~224 °C, which may be attributed to the beginning of the thermal
oxidative decomposition of LLDPE were observed [232, 233]. In case of PB containing
LLDPE composite (Figure 3.7 (d)) beginning of thermal oxidative decomposition occurred at
~283 °C, which is higher than that of pure LLDPE. For L-LgM-PB-CF composite samples an
endothermic peak at ~124 °C corresponding to the melting temperature of LLDPE was
observed [227]. The exothermic peak for ring opening polymerization of benzoxazine ring
was absent in this thermogram (Figure 3.7 (e)). This result indicated that all benzoxazine
monomers were fully polymerized to polybenzoxazine during composite preparation as the
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melt blending was performed at 200 °C. An exothermic peak at ~249 °C was observed, which
was due to the thermal-oxidative decomposition of LLDPE component of the L-LgM-PB-CF
composite which is higher than the pure LLDPE (~224 °C) but lower than the LLDPE-LgM-
PB matrix composite (~283 °C). This may be due the catalytic effect of CoFe,O, on thermal
degradation of polymeric matrix [251, 252].
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Fig 3.7 DSC thermogram of (a) benzoxazine, (b) BA-CF (50:50) nanocomposite, (c) LLDPE,
(d) 47.5L-5LgM-47.5PB, (e) 47.5L-5LgM-23.75PB-23.75CF composite.

From TGA of pure PB, LLDPE and their composites, temperature for 5% weight loss (Tsx),
temperature for 10% weight loss (T10%) and char yield (%) at 800 °C in air were determined
and listed in Table 3.3. It was observed that the temperature at 5 and 10% weight loss was
found to be decrease with increasing CoFe,O4 content in the composites. This may be due
catalytic effect of CoFe,O, on thermal degradation of polymeric matrix [251, 252]. TGA
thermograms of LLDPE, PB, BA-CF and L-LgM-PB-CF composite are shown in Figure 3.8.
These thermograms revealed that presence of more thermally stable PB in the L-LgM-PB-CF
composites enhances the overall thermal stability of the composites. The thermal stability of
the composite was found to be more than pure LLDPE but less than pure polybenzoxazine.
The degradation of all the composites was found in the temperature range of 350-550 °C. The
char yield at 800 °C of the composite was found to increase with increasing CoFe,O4 content.
However, as the melting temperature of LLDPE is ~124 °C the composites should be used

below this temperature.
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Fig 3.8 TGA thermograms of (a) LLDPE, (b) Polybenzoxazine, (c) 47.5L-5LgM-33.25PB-
14.25CF composite, (d) 47.5L-5LgM-23.75PB-23.75CF composite, (e) 47.5L-5LgM-
14.25PB-33.25CF composite, (f) PB-CF (50:50) nanocomposite.

Table 3.3 Thermal degradation properties of the BA-CF nanocomposite and L-LgM-PB-CF

composites.
Sample code Tsw(°C)  Tiw (C)  char yield (%) at 800 °C
Polybenzoxazine 350 400 0
LLDPE 267 305 0
47.5L-5LgM-47.5PB 306 345 0
PB-CF(70:30) 301 375 25
PB-CF(50:50) 270 364 46
PB-CF(30:70) 265 362 63
47.5L-5LgM-33.25PB-14.25CF 316 365 14
47.5L-5LgM-23.75PB-23.75CF 310 354 20
47.5L-5LgM-14.25PB-33.25CF 288 343 30
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3.2.2.3 FT-IR Analysis

In the FT-IR spectra of pure benzoxazine monomer (BA) (Figure 3.9 (a)), the peaks at 953
cm™ and 1496 cm™ assigned to the tri-substituted benzene ring and absorption at 1245 cm™
for asymmetric stretching of C-O-C were observed [222, 234]. The methyl group vibration
was found at 2969 cm™ [235]. In case of BA-CF nanocomposite (Figure 3.9 (b)), all the
characteristic bands of benzoxazine were present along with a peak at 568 cm™ which
corresponded to M-O stretching vibration mode of CoFe,O,4 [253-255]. In the FT-IR spectra
of L-LgM-PB-CF composites (Figure 3.9 (c)), the disappearance of peaks at 953 cm™ and
1496 cm™ peak (assigned to tri-substituted benzene ring of BA) and appearance of a peak at
1466 cm™ (correspond to the tetra-substituted benzene ring of PB) indicated that the ring
opening polymerization of BA occurred during preparation of composites at 200 °C [181].
Additionally, characteristic peaks of LLDPE at 1367 cm™ (-CHs symmetric vibration) and
peaks around 2925 and 2838 cm™, associated with the C-H stretching vibration [227], along

with a peak around 568 cm™ for CoFe,O, were observed.
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Figure 3.9 FT-IR spectra of (a) benzoxazine monomer, (b) BA-CF (70-30) nanocomposite,
(c) 47.5L-5LgM-33.25PB-14.25CF composite.
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3.2.2.4 Mechanical Properties

To evaluate the mechanical properties of the prepared L-LgM-PB-CF composites tensile tests
and three point bending flexural tests were performed. Tensile stress-strain curves of PB,
LLDPE, 47.5L-5LgM-47.5PB blend and L-LgM-PB-CF composite are shown in Figure 3.10.
It was observed that pure polybenzoxazine while possessed high tensile strength (47.05 MPa)
and less elongation at break (2.2%) LLDPE showed low tensile strength (16.75 MPa) and
significantly more elongation at break (57.77%). Composites consists of LLDPE and PB with
5 wt% compatibilizer LgM (47.5L-5LgM-47.5PB) exhibited higher tensile strength (23.81
MPa) than pure LLDPE and more elongation at break (6.11%) than pure polybenzoxazine.
This might be due to the binding role of compatibilizer (LgM), which enhanced chemical and
physical interaction among the two separate phases (i.e. PB and LLDPE) [226, 236] and
ultimately improved their interfacial adhesion by reducing the interfacial tension. SEM
micrograph of the composite (Figure 3.11) showed the homogeneous polymeric matrix of the
composite and no phase separation between PB and LLDPE in presence of LgM
compatibilizer. Incorporation of CoFe;O, nanoparticles in the L-LgM-PB-CF composites
resulted in decrease in tensile strength of composites compare to that of 47.5L-5LgM-47.5PB
blend (23.81 MPa). Tensile strength decreased slightly (from 19.92 to 18.55 MPa) with
increasing CoFe,0,4 loading (from 14.25 to 33.25 wt%) in the composition. This might be due
to higher particle loading resulted in agglomeration of the particles, which caused to increase
the interfacial tension. Therefore, loading stress was not easily transferred from polymer
matrix to particles and ultimately tensile strength of the L-LgM-PB-CF composites decreased
with increasing CoFe,O, amount [256-259]. The elongation at break of the composites also
decreased with increasing amount of CoFe,O,4 nanoparticles in the composite composition.
This might be the cause of decrease in tensile properties of the composites with increasing
CoFe,04 loading. However, tensile strengths of the composites were found to be higher than
that of pure LLDPE. Tensile properties of the neat polymers and composites are summarized
in Table 3.4.
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Fig 3.10 Tensile stress-strain curves of the neat polymer, blend and L-LgM-PB-CF

composites.
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Fig 3.11 SEM micrograph of surface 47.5L-5LgM-23.75PB-23.75CF composite before

tensile testing.
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Table 3.4 Tensile properties of the neat polymer, blend and L-LgM-PB-CF composites.

Sample code Tensile strength  Tensile modulus Elongation at
(MPa) (GPa) break (%)

LLDPE 16.75 0.236 57.77
Polybenzoxazine 47.05 3.6 2.2
47.5L-5LgM-47.5PB 23.81 1.071 6.11
47.5L-5LgM-33.25PB-14.25CF 19.92 1.110 8.7
47.5L-5L.gM-23.75PB-23.75CF 19.16 0.981 7.4
47.5L-5L.gM-14.25PB-33.25CF 18.55 0.973 6.11

From the flexural stress-strain curves (Figure 3.12) of PB, LLDPE, 47.5L-5LgM-47.5PB
blend and L-LgM-PB-CF composites, it was observed that L-LgM-PB-CF composites
possessed higher flexural strength than that of pure LLDPE but less than 47.5L-5LgM-

47.5PB blend. However, toughness (area under the stress-strain curve) of the L-LgM-PB-CF

composites was higher than that of pure polybenzoxazine, pure LLDPE, and 47.5L-5LgM-

47.5PB blend. Flexural properties of the neat polymers and composites are summarized in

Table 3.5.
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Fig 3.12 Flexural stress-strain curves of neat polymer, blend and L-LgM-PB-CF composite.
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Table 3.5 Flexural properties of the neat polymer, blend and L-LgM-PB-CF composites.

Sample code Flexural strength  Flexural modulus  Toughness
(MPa) (GPa) (MPa)
LLDPE 16.33 0.403 0.274
Polybenzoxazine 54.06 1.928 0.439
47.5L-5LgM-47.5PB 35.75 1.236 0.244
47.5L-5L.gM-33.25PB-14.25CF 28.70 1.184 0.535
47.5L-5LgM-23.75PB-23.75CF 28.43 1.126 0.524
47.5L-5L.gM-14.25PB-33.25CF 27.67 1.102 0.479

3.2.2.5 SEM Analysis of Fractured Surfaces

The morphology of the fractured surfaces of the composites after tensile testing was
investigated by SEM and is shown in Figure 3.13 (a)-(d). It was observed that for the sample
composed of LLDPE, LgM and PB (47.5L-5LgM-47.5PB) fibril microstructure formed in the
fractured surface during fracture under tensile strain (Figure 3.13 (a)). However, in case
CoFe;04 loaded composite samples, delamination of the nanoparticles from polymeric matrix
occurred under tensile strain and formation of voids during breaking. This effect was
pronounced for the composites having larger CoFe,0, loading and large voids were observed
in their fractured surfaces (Figure 3.13 (b), (c), (d)). This might be due to the high loading of
CoFe,04 in composite formed the agglomerates and these agglomerates pulled out from the

polymeric matrix under tensile strain and formed the larger voids.
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Fig 3.13 SEM micrographs of fractured surfaces of composites after tensile testing (a) 47.5L-
5LgM-47.5PB composite, (b) 47.5L-5LgM-33.25PB-14.25CF composite, (c) 47.5L-5LgM-
23.75PB-23.75CF composite, (d) 47.5L-5LgM-14.25PB-33.25CF composite.

3.2.2.6 Magnetization Measurement

The variation of magnetic properties, in terms of saturation magnetization (Ms) and coercivity
(Hc), with the composition of composites were investigated by using a VSM at room
temperature with an applied field of 15000 Oe. Figure 3.14 shows the hysteresis loops
obtained for pure CoFe,O4 nanoparticles, BA-CF and series of L-LgM-PB-CF composites
and the values of Ms and H. are summarized in Table 3.6. The saturation magnetization (Ms)
and coercivity (H¢) values of CoFe,O4 nanoparticles were 67.55 emu/g and 1645.24 Oe,
respectively. It was observed that when CoFe,O,4 nanoparticles were mixed with benzoxazine
(BA-CF samples), M; value of the samples were decreased. In the L-LgM-PB-CF composites
the same trend was also observed. This decrease of M value with decreasing CoFe,O4
amount in the composite is quite obvious because the composites are composed of magnetic
nanoparticles (CoFe,O,;) and nonmagnetic polymeric matrix (LLDPE-LgM-PB). As
magnetically dead polymeric matrix of the composites affect the magnetization of magnetic
nanoparticles (CoFe,O,4) due to quenching of the surface moment [260, 261] and also,
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according to the equation Ms = ¢ ms, where ¢ is the volume fraction of the CoFe,0,4 and M,
is the saturation magnetization of pure CoFe,O4, the M; of the composites depend on the
loading of CoFe,O, in the composite. Hence, due to the presence of nhonmagnetic polymeric
matrix (LLDPE-LgM-PB) the saturation magnetization of the composites has less
magnetization than that of pure CoFe,O4 and M; of the composites increased with increasing
CoFe,04 loading. Coercivity (Hc) value of the composite has found to be higher than that of
pure CoFe,O4 nanoparticles. This might be due to the increased interparticle distance in the

composite as compared to the close contact of the pure nanoparticles [262-264].
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Fig 3.14 Magnetization curves for (a) CoFe,O,4 powder, (b) PB-CF (50:50) nanocomposite,
(c) 47.5L-5LgM-14.25PB-33.25CF composite, (d) 47.5L-5LgM-23.75PB-23.75CF
composite, (e) 47.5L-5LgM-33.25PB-14.25CF composite.
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Table 3.6 Magnetic properties of BA-CF nanocomposite and L-LgM-PB-CF composites.

Sample code Ms (emu/g) H. (Oe)
CoFe,04 67.55 1645.24
PB-CF (70:30) 16.53 2056.16
PB-CF (50:50) 27.57 2134.84
PB-CF (30:70) 38.80 2243.51
47.5L-5LgM-33.25PB-14.25CF 7.24 1753.62
47.5L-5L.gM-23.75PB-23.75CF 12.4 1931.95
47.5L-5L.gM-14.25PB-33.25CF 18.9 1595.82

Figure 3.15 demonstrates that a sheet of L-LgM-PB-CF composite is attached with a bar

magnet indicating its magnetic nature and both ends of the film can be gripped by a tweezer

by easily bending it due to its mechanical flexibility. This shows that the composites reported

here possess magnetic property along with mechanical flexibility.
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Fig 3.15 LLDPE-LgM-Polybenzoxazine-CoFe,O, composite sheet exhibiting its (a) magnetic

nature and (b) mechanical flexibility.
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3.3 Summary of Results

1.

10.

11.

12.

CoFe,04 nanopowder was successfully synthesized by using EDTA precursor based
synthesis method.

Major thermal decomposition of the precursor was complete at ~400 °C.

Single phase CoFe,0,was formed at a calcination temperature of 550 °C for 4 h in air
atmosphere.

Average particle size of CoFe,O,4 nanopowder was ~12 nm.

CoFe,04 nanoparticles exhibited ferromagnetic behaviour with a coercivity (Hc) of
1645.24 Oe and a saturation magnetization (Ms) of 67.55 emu/g.

XRD analysis of the final composites confirmed the presence of single phase CoFe,O4
in the composite.

Prepared L-LgM-PB-CF composites showed better thermal stability than pure
LLDPE.

Variation of CoFe,O4 nanoparticles loading (14.25 to 33.25 wt%) did not affect much
in the tensile strength and tensile module of the composites.

Composites possessed higher flexural strength than that of pure LLDPE but lower
than 47.5L-5LgM-47.5PB blend matrix.

Toughness of the L-LgM-PB-CF composites was higher than that of pure
polybenzoxazine, pure LLDPE, and 47.5L-5LgM-47.5PB blend.

Saturation magnetization (M) value of composites decreased with decreasing
CoFe,04 content in the composites.

Value of coercivity (Hc) of the composites increased with decreasing amount of

CoFe;0y4 in the composites.

62



Chapter 4 synthesis, characterization and properties of pure single phase BaFe;,019 and
LLDPE-LgM-Polybenzxoazine-BaFe;,01, flexible magnetic nanocomposite

CHAPTER 4

Synthesis, characterization and properties of pure single phase BaFe;,01g
and LLDPE-LgM-Polybenzoxazine-BaFe;,049 flexible magnetic

nanocomposite

4.1 Experimental procedure for material synthesis

4.1.1 Materials used

BaCOs3 (99.9%), Fe(NO3)3-9H20 (99.9%), EDTA (99.9%), NH4NO3 (99.9%), and nitric acid
were purchased from Merck, India, and used without further purification. Ba(NOs), was
prepared by dissolving BaCOs; in aqueous nitric acid. Aniline, paraformaldehyde and
bisphenol-A (99%, s.d. fine chem limited, India), chloroform (99.7%, Qualigens Fine
Chemicals, India). Linear low density polyethylene (LLDPE, R35A042) having a density of
0.935 gm/cm® and melt flow index (MFI) of 4.2 gm/10 min, was obtained from GAIL (India)
Ltd., and LLDPE-g-Maleic anhydride (LgM) (OPTIM E-126) with a 0.73% maleic anhydride
content and MFI 2.16 gm/10 min, from Pluss Polymers Pvt, Ltd., India. All chemicals were

used as received.

4.1.2 Synthesis of BaFe;,019 (BHF) nanopowder: [265]

BaFe1,019 nanoparticles were prepared by using EDTA-precursor based method. In a typical
synthesis, stoichiometric amounts of barium nitrate and ferric nitrate were dissolved in
distilled water according to a molar ratio of 1:12. An aqueous solution of EDTA was
prepared by dissolving EDTA in hot water with dropwise addition of NH,OH. After complete
dissolution of EDTA, the solution was boiled to remove the excess NHs;. The pH of the
solution was found to be ~6. To prepare precursors from various total metal ions: EDTA
ratios, aqueous solutions of metal nitrates and EDTA were mixed in various molar ratios
(ranging from 1:1 to 1:5). The mixtures were then stirred for 1 h at room temperature using a
magnetic stirrer. Black precursors were formed when the mixtures were evaporated to
dryness on a hot-plate at ~110 °C. Three to four drops of 10% NH4NO3 aqueous solution was
added to the dried precursor powder and then the precursor powders were calcined in air for 4

h at different temperatures ranging from 450 to 850 °C to obtain barium hexaferrite
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nanopowder. NH4NO3; was added to facilitate the oxidation of carbonaceous mass of the

precursor.

4.1.3 Synthesis of Benzoxazine monomer (BA)
Benzoxazine monomer was synthesized as per the procedure described in the section 2.1.2

(Experimental procedure for material synthesis) of Chapter 2.

4.1.4 Preparation of benzoxazine-BaFe;,019 nanocomposites (BA-BHF) [266]
Benzoxazine-BaFe;,019 nanocomposite was prepared as per the procedure described in the
section 3.1.4 (Experimental procedure for material synthesis) of Chapter 3. Dynamic light
scattering studies indicated the average sizes of these benzoxazine coated BaFe;20ig
nanoparticles were in the range of 121-160 nm. Various compositions of nanocomposites,
prepared by using BA and BHF are listed in Table 4.1.

4.1.5 Preparation of LLDPE-LgM-PB-BHF composites (L-LgM-PB-BHF) [266]
LLDPE-LgM-PB-BHF composite was prepared as per the procedure described in the section
3.1.5 (Experimental procedure for material synthesis) of Chapter 3. Composites, having
different compositions of BHF, PB and LLDPE, were prepared as listed in Table 4.1.

Table 4.1 Compositions of prepared BA-BHF and L-LgM-PB-BHF composites.

Sample code LLDPE LgM PB BaFe;,019
(Wt%) (Wt%) (Wt%) (Wt%)
BA-BHF (70:30) -- -- 70 30
BA-BHF (50:50) -- -- 50 50
BA-BHF (30:70) -- -- 30 70
47.5L-5LgM-47.5PB 47.5 5 47.5 --
47.5L-5L.gM-33.25PB-14.25BHF  47.5 5 33.25 14.25
47.5L-5LgM-23.75PB-23.75BHF  47.5 5 23.75 23.75
47.5L-5LgM-14.25PB-33.25BHF  47.5 5 14.25 33.25
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SEM micrograph of the surface of a cross section of the composites (Figure 4.1) shows that

polybenzoxazine coated BaFe;,019 nanoparticles are embedded within the polymeric matrix.
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Fig 4.1 SEM micrograph of the composites shows that BaFe12,019 nanoparticles are dispersed
within the polymeric matrix. Polybenzoxazine coated BaFe;,O19 nanoparticles are marked
within the circle.

4.2 Results and Discussion

4.2.1 Characterization of BaFe1,019 nanoparticles

4.2.1.1 Thermal Analysis

TGA and DSC analyses were performed to investigate the decomposition behavior of the
precursor powder due to heat treatment in air and thermogram is shown in Figure 4.2. The
TGA thermogram revealed that a total weight loss of ~88% occurred in two steps when the
precursor powder was heated from 40 to 900 °C in air. Initially ~8% weight loss occurred
between 40 and 180 °C due to the loss of moisture from the sample; ~80% weight loss was
observed in the range of 200 to 450 °C. This may have been due to the thermo-oxidative
decomposition of precursor and evolution of CO, and NOx gases. This decomposition was
also reflected in the DSC thermogram, as shown in Figure 4.2, where an exothermic peak was
observed at 435 °C. Heating the sample beyond 450 °C did not result in any further weight
loss in TGA. Thus it can be assumed that decomposition of carbonaceous content of the

precursor occurred in between 200 and 450 °C.
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Fig 4.2 TGA-DSC thermograms of BaFe;1,019 precursor.

4.2.1.2 X-Ray Diffraction Analysis

In order to determine the optimum condition (total metal ion: EDTA ratio and calcination
temperature) to prepare single-phase nanosized BaFe;»019, room temperature powder XRD
analysis of the calcined powders was performed. It was observed that, precursor powders
were amorphous in nature and BaFe;,019 phase started to form when calcination temperature
was 650 °C (Figure 4.3 (A)). For all the calcined powders the diffraction peaks corresponding
to the (110), (008), (107), (114), (203), (205), (206), (217), (2011), (220), and (2014)
diffraction planes of barium hexaferrite were present [JCPDS 84-0757] in the X-Ray
diffractogram. The increase in peak intensities with increasing calcination temperature
occurred due to the increase in crystallinity and crystallite size during the calcination process.
The crystallite size of the calcined powders was calculated using X-ray peak broadening of
the diffraction peaks (107) using Scherrer’s formula [238] and are summarized in Table 4.2.
It is important to note that peaks corresponding to a-Fe,O3; (hematite, as an impurity phase)
were detected for the calcined powders obtained from the precursors prepared with total
metal ions and EDTA molar ratio ranging from 1:1 to 1:4 (Figure 4.3 (B)) and when the
calcination temperatures were lower than 850 °C (Figure 4.3 (A)). When the total metal ion:
EDTA ratio was 1:5, formation of the pure single-phase barium hexaferrite occurred at a

calcination temperature of 850 °C (Figure 4.3 (B)).
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Fig 4.3 (A) XRD spectra of the barium hexaferrite powders obtained by using precursors with
metal ion: EDTA molar ratio of 1:5 and calcined at specified temperatures. Impurity peak of
hematite marked with asterisk [JCPDS 80-2377]. The absence of any impurity phase is
clearly observed at 850 °C. (B) Room-temperature XRD spectra of the calcined powders
prepared from different precursors (total metal ion: EDTA ratio ranging from 1:1 to 1:5) by
calcining at 850 °C. Impurity peak of hematite marked with asterisk [JCPDS 80-2377]. The

absence of any impurity phase is clearly observed for the 1:5 ratio.

Table 4.2 Crystallite size of BaFe;2019 at different calcination temperatures.

Calcination temperature Crystallite size
(C) (nm)
650 32.9
750 33.0
850 34.9

4.2.1.3 Particle Size and TEM Analysis of BaFe;,0:9 nanopowder
The intensity-weighted particle size distribution of the as-synthesized BaFe1,019 nanopowder
(obtained by calcining the precursor at 850 °C), obtained from DLS study at 30 °C (Figure 4.4
(@), exhibited a single particle size distribution with the peak average at 9.6 + 3.9 nm and
cumulant mean diameter 14.8 nm with a polydespersity index of 0.123. Figure 4.4 (b)
illustrated an HRTEM micrograph of the calcined powder where the average particle size was
estimated to be ~20 nm.
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Fig 4.4 (a) Particle size distribution and (b) HRTEM micrograph of synthesized BaFe;,019

nanopowder.

4.2.1.4 Magnetization Measurement

Room-temperature magnetization curve for the synthesized BaFe;,0:9 nanopowder was
obtained by using VSM with an applied field of 15000 Oe as shown in Figure 4.5. The
magnetic property measurement yielded coercivity (Hc) of 4913.94 Oe and a saturation
magnetization (M) of 56.50 emu/g. The coercivity and saturation magnetization values are
comparable with the values reported by other authors using different BaFe;,019 preparation
techniques. The variations in the magnetic properties of BaFe;,019, Obtained by different
synthesis routes, are summarized in Table 4.3. In the present case Ms (56.50 emu/g) and H,
(4913.94 Oe) values of the synthesized barium hexaferrite nanopowder were found to be
lower than the theoretical values of Ms (72 emu/g) and H. (6700 Oe) for the single crystal of
BaFe1,019 [267, 268]. Several reasons, such as size effects, spincanting phenomenon, particle
size effect, and others, have been proposed by Junliang et al. to explain the lowering of
saturation magnetization values of nanoparticles [269]. The critical domain size of
BaFe;2019, as estimated by several researchers, is ~1 um [270-272]. In the current case, the
smaller size of the synthesized BaFe;,019 nanoparticle (average particle size ~20 nm) plays a
critical role for the observed lower values of Ms. However, the H; value of the synthesized
BaFe;,019 was found to be comparatively higher than that of most of the reported values
(Table 4.3).
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Fig 4.5 Room-temperature hysteresis loop for BaFe;,019 nanopowder.

Table 4.3 Comparison of Ms and H. of BaFe;,019 particles prepared by different synthetic

methods.

Synthesis Method M; (emu/q) H. (Oe) Reference
Aerosol derived precursor 51.9-56.5 2000-2600 [273]
Microwave-assisted sol-gel 64.1 1000 [274]
Auto-combustion
Sol-gel combustion ~60 Amikg = - [275]
Auto combustion 43-55 2587-5000 [276]
Sol-gel autocombustion 58.57-60.13 415-433 KA/m [277]
Am?/kg
Co precipitation 2.3-57 - [278]
Co precipitation 60.175 860 [279]
Acetate precursor method 52 2600 [280]
Sugar-nitrate precursor 42.34 1624.9 [281]
process
Hydrothermal. 40 Am?/kg 0.096x10° A/m [282]
Reverse microemulsion 54.5-64.3 3357.2-5483.3 [283]
Aerosol pyrolysis 50 5600 [284]
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Mechano-combustion 67.1 493.5 KA/m [285]
Molten salt 65.8 5251 [286]
Solid state 34.44-59.38 2159-3598 [287]
Pyrolysis of aerosol 5.7-75.5 1325-5470 [288]
EDTA precursor route 56.50 4913.94 This work [265]

4.2.2 Characterization of BA-BHF nanocomposite and L-LgM-PB-BHF composites
4.2.2.1 X-Ray Diffraction Analysis

Room temperature XRD spectra of calcined powder and their different composition of
composite are shown in Figure 4.6. X-Ray diffratogram of PB-BHF samples exhibited only
the characteristic peaks of BHF were present in PB-BHF composites (Figure 4.6 (b)). X-Ray
diffratogram of final composites, composed of LLDPE, PB, LgM and BHF (L-LgM-PB-
BHF), showed the present of BHF peaks along with the peaks of LLDPE (at 20 = 21.6° and
23.8° for (110) and (200) planes respectively [223, 224, 227]) (Figure 4.6 (c), (d), (e)). As in
the X-Ray diffratograms of the final composites only the peaks, which are characteristics of
the constituents BHF and LLDPE were present and no extra peak was observed, it was
confirmed that during preparation of composite no impurity phase was formed by the

interaction of polymeric matrix and ferrite nanoparticles.
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Fig 4.6 XRD spectra of (a) BaFe;2019 nanopowder, (b) PB-BHF (50:50) nanocomposite, (c)
47.5L-5L.gM-14.25PB-33.25BHF  composite, (d)  47.5L-5LgM-23.75PB-23.75BHF
composite, (e) 47.5L-5LgM-33.25PB-14.25BHF composite. (* BaFe;,019 and # LLDPE)
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4.2.2.2 Thermal Analysis

In the DSC thermogram of pure benzoxazine monomer (BA) (Figure 4.7 (a)) an exothermic
peak (at ~205 °C) within the temperature range of 175 to 245 °C was observed indicating the
thermal curing of BA occurred in this temperature [228-231]. When BHF were mixed with
BA the exothermic curing peak of BA shifted to the lower temperature. For example, when
50 wt% BHF was mixed with 50 wt% BA this peak was found at ~181 °C (Figure 4.7 (b)).
This fact indicated that BHF might catalyze the thermal curing of BA and lower the curing
temperature [251, 252]. In the DSC thermogram of pure LLDPE (Figure 4.7 (c)) an
endothermic peak at ~124 °C, corresponding to its melting temperature [227] and an
exothermic peak at ~224 °C, which may be attributed to the beginning of the thermal
oxidative decomposition of LLDPE were observed [232, 233]. In case of PB containing
LLDPE composites (47.5L-5LgM-47.5PB) (Figure 4.7 (d)) beginning of thermal oxidative
decomposition occurred at ~283 °C, which is higher than that of pure LLDPE. These facts
indicated that the presence of PB enhanced the thermal stability of LLDPE-LgM-PB
composites. However, presence of BHF slightly lowered the thermal oxidative decomposition
temperature of the composite (~254 °C) (Figure 4.7 (e)). This might be due to the catalytic
effect of BHF on thermal degradation of polymeric matrix [251, 252]. In the DSC curves of
final composites (L-LgM-PB-BHF) (Figure 4.7 (e)), the endothermic peak at ~124 oc,
corresponding to the melting temperature of LLDPE was present. The exothermic peak of
thermal curing of BA was not observed, which indicated that in the final composites all BA

monomers polymerized to PB during processing at 200 °C.
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Fig 4.7 DSC thermogram of (a) benzoxazine monomer, (b) BA-BHF (50:50) nanocomposite,
(c) LLDPE, (d) 47.5L-5LgM-47.5PB composite, (e) 47.5L-5LgM-23.75PB-23.75BHF

composite.
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From TGA thermal stability of the composites was determined. Temperatures for 5% weight
loss (Tsw), 10% weight loss (T1o%) and char yields (%) at 800 °C in air for pure PB, LLDPE
and composites are listed in Table 4.4 It was observed that the temperature at 5 and 10%
weight loss was found to be decrease with increasing BaFe;,0;9 content in the composites.
This may be due catalytic effect of BaFe1,019 on thermal degradation of polymeric matrix
[251, 252]. TGA thermograms of LLDPE, PB, BA-BHF and L-LgM-PB-BHF composite are
shown in Figure 4.8. These thermograms revealed that presence of PB enhances the overall
thermal stability of the composites. The thermal stability of the composite was found to be
more than pure LLDPE but less than pure polybenzoxazine. The degradation of all the L-
LgM-PB-BHF composites was found in the temperature range of 325-525 °C. The char yield
at 800 °C of the composite was found to increase with increasing BaFe;,019 content.
However, as the melting temperature of LLDPE is ~124 °C the composites should be used

below this temperature.
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Fig 4.8 Thermograms (TGA) of (a) LLDPE, (b) Polybenzoxazine, (c) 47.5L-5LgM-33.25PB-
14.25BHF composite, (d) 47.5L-5LgM-23.75PB-23.75BHF composite, (e) 47.5L-5LgM-
14.25PB-33.25BHF composite, (f) PB-BHF (50:50) nanocomposite.
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Table 4.4 Thermal properties of neat polymer and BA-BHF nanocomposite and L-LgM-PB-

BHF composite.

Sample code Ts% ('C) T10% (°C) char yield (%) at 800 °C
Polybenzoxazine 350 400 0
LLDPE 267 305 0
47.5L-5LgM-47.5PB 306 345 0
PB-BHF (70:30) 313 378 26
PB-BHF (50:50) 299 369 45
PB-BHF (30:70) 290 358 65
47.5L-5L.gM-33.25PB-14.25BHF 286 318 10
47.5L-5L.gM-23.75PB-23.75BHF 272 316 22
47.5L-5LgM-14.25PB-33.25BHF 265 310 30

4.2.2.3 FT-IR Analysis

In the FT-IR spectra of pure BA (Figure 4.9 (a)) the characteristic peaks for tri-substituted
benzene ring at 945 and 1497 cm™ and the asymmetric stretching band of C-O-C at 1238 cm™
were observed [222, 234]. The methyl group vibration was found at 2971 cm™ [235]. In case
of BA-BHF nanocomposite (Figure 4.9 (b)) a peak at ~588 cm™, corresponding to M-O
stretching of BHF was observed [253-255] along with the characteristic peaks of BA. In the
FT-IR spectra of final composites (Figure 4.9 (c)), L-LgM-PB-BHF following features were
observed (i) disappearance of the characteristic peaks of benzoxazine monomer (at 945 and
1497 cm™) and appearance of a peak at 1474 cm™, which can be attributed to the tetra-
substituted benzene ring of polybenzoxazine (PB) [181]. This fact indicated that BA
monomer of BA-BHF polymerized to PB during preparation of final composite at 200 °C, (ii)
peaks at 1364 cm™ (-CHjs stretching vibration) and 2898 and 2839 cm™ (C-H symmetric
vibration), which are characteristic peaks of LLDPE were present [227], (iii) a peak at ~588

cm™ for M-O stretching of BHF was present.
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Fig 4.9 FT-IR spectra of (a) benzoxazine monomer, (b) BA-BHF (70-30) nanocomposite, (c)
47.5L-5LgM-33.25PB-14.25BHF composite.

4.2.2.4 Mechanical Properties

Tensile tests and three point bending flexural tests were performed to determine the
mechanical properties of the composites. From tensile tests it was observed that, pure
polybenzoxazine possessed higher tensile strength (47.05 MPa) and lesser elongation at break
(2.2%) in comparison with LLDPE (with tensile strength of 16.75 MPa and 57.77%
elongation at break). The blend, composed of 47.5 wt% LLDPE, 47.5 wt% PB and 5 wt%
LgM compatibilizer (47.5L-5LgM-47.5PB) exhibited higher tensile strength (23.81 MPa)
than pure LLDPE and more elongation at break (6.11%) than pure polybenzoxazine (Figure
4.10). In our previous study we have observed that, presence of an optimum amount of 5 wt%
compatibilizer LgM in the blend of 47.5 wt% PB and 47.5 wt% LLDPE significantly
enhances the tensile and flexural strength of composites [226]. This might be due to the fact
that in the composites polar functional groups of LgM interact with polar functional groups of
PB while the LLDPE backbone of LgM compatibilize with LLDPE [236]. This interaction
improves the interfacial adhesion between the two separate phases (i.e. PB and LLDPE).
SEM micrograph of the composite (Figure 4.11) also showed the homogenous polymeric
matrix of composite and no phase separation between PB and LLDPE in presence of LgM
compatibilizer. From tensile stress-strain graphs of the final composites their tensile
properties were determined (Figure 4.10). Tensile properties of pure LLDPE, pure PB and
BaFe;,019 nanoparticle containing composites are summarized in Table 4.5. It was observed

that loading of 14.25 wt% BaFe;,019 nanoparticle in polymeric matrix (47.5L-5LgM-
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33.25PB-14.25BHF) resulted in increase of elongation at break in comparison with 47.5L-
5LgM-47.5PB, but decrease in tensile strength. When BaFe;1,019 nanoparticle content in the
composite is high, nanoparticles act as defects [289] and the higher concentration of defects
caused by the higher concentration of BaFe;,019 nanoparticles resulted in decrease in tensile
strength. However, variation of loading level of BaFe;,0;9 nanoparticle (from 14.25 to 33.25
wt%) did not affect much in the tensile strength (varies from 18.50 to 17.55 MPa) and tensile
modulus of the composites (0.892 to 0.803 GPa). This might be due to the fact that in the
present case the amount of nanoparticle loading in the polymeric matrix of composite is very
high.
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Fig 4.10 Tensile stress-strain curves of neat polymer, blend and L-LgM-PB-BHF composites.
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Fig 4.11 SEM micrograph of surface 47.5L-5LgM-23.75PB-23.75BHF composite before
tensile testing.
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Table 4.5 Tensile properties of the neat polymer and L-LgM-PB-BHF composite.

Sample code Tensile strength  Tensile modulus Elongation at
(MPa) (GPa) break (%)

LLDPE 16.75 0.236 57.77
Polybenzoxazine 47.05 3.6 2.2
47.5L-5LgM-47.5PB 23.81 1.071 6.11
47.5L-5L.gM-33.25PB-14.25BHF 18.50 0.892 10.41
47.5L-5L.gM-23.75PB-23.75BHF 18.00 0.864 7.7
47.5L-5L.gM-14.25PB-33.25BHF 17.55 0.803 7.6

Flexural strength and flexural modulus of the BaFe1,019 incorporated composites have been
found to be higher than that of pure LLDPE but less than that of pure polybenzoxazine and
47.5L-5LgM-47.5PB (Figure 4.12). Flexural properties of composites are listed in Table 4.6.
L-LgM-PB-BHF composites possess higher flexural strength than that of pure LLDPE but
less than 47.5L-5LgM-47.5PB. However, toughness (i.e. area under the stress-strain curve) of
the L-LgM-PB-BHF composites was found to be higher than that of pure LLDPE, pure
polybenzoxazine and 47.5L-5LgM-47.5PB. Decrease in flexural strength (28.20 to 25.41
MPa) was observed with increasing loading level of BaFe;,0;9 nanoparticle (14.25 to 33.25
wt%) in the composite, where as slight decrease in flexural modulus (1.035 to 0.917 GPa)
and toughness (0.533 to 0.460 MPa) was observed (Table 4.6).
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Fig 4.12 Flexural stress-strain curves of neat polymer, blend and L-LgM-PB-BHF

composites.
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Table 4.6 Flexural properties of the neat polymer and L-LgM-PB-BHF composites.

Sample code Flexural strength  Flexural modulus  Toughness
(MPa) (GPa) (MPa)
LLDPE 16.33 0.403 0.274
Polybenzoxazine 54.06 1.928 0.439
47.5L-5LgM-47.5PB 35.75 1.236 0.244
47.5L-5L.gM-33.25PB-14.25BHF 28.20 1.035 0.533
47.5L-5L.gM-23.75PB-23.75BHF 26.31 0.955 0.473
47.5L-5L.gM-14.25PB-33.25BHF 25.41 0.917 0.460

4.2.2.5 SEM Analysis of Fractured Surfaces

Figure 4.13 represents the micrographs of fractured surfaces of the composites after tensile
test. It was observed that for the sample composed of LLDPE, LgM and PB (47.5L-5LgM-
47.5PB), fibril microstructure formed in the fractured surface during fracture under tensile
strain (Figure 4.13 (a)). But for BaFe;,019 loaded composite samples voids were formed due
to delamination of BHF from polymeric matrix (Figure 4.13 (b), (c), (d)). With increasing
BaFe;,019 content in the composites larger void formation (~10pum) occurred. This might be
due to the fact that when BHF loading is high in the composite, they formed agglomerates
and when these agglomerates pulled out from polymeric matrix large voids formed. This type
of void formation was not observed for the samples (47.5L-5LgM-47.5PB) which did not

contain any BaFe;201s.
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Fig 4.13 SEM micrographs of fractured surfaces of composites after tensile testing (a) 47.5L-
5LgM-47.5PB composite, (b) 47.5L-5LgM-33.25PB-14.25BHF composite, (c) 47.5L-5LgM-
23.75PB-23.75BHF composite, (d) 47.5L-5LgM-14.25PB-33.25BHF composite.

4.2.2.6 Magnetization Measurement

The variations of magnetic properties, such as saturation magnetization (Ms) and coercivity
(Hc) with changing composition of the composites were investigated by VSM at room
temperature with applied field of 15000 Oe. The Ms and H. values of the pure BaFe;1,0;9 and
their composites are listed in Table 4.7. In general it was observed that in BaFe;2019
containing composites the values of M decreased with decreasing BaFe;,019 loading. This is
quite obvious, because the composites are composed of magnetic nanoparticles (BaFe12019)
and nonmagnetic polymeric matrix (LLDPE-LgM-PB). As magnetically dead polymeric
matrix of the composites affect the magnetization of magnetic nanoparticles (BaFe1,019) due
to quenching of the surface moment [260, 261] and also, according to the equation Ms= ¢ m,
where ¢ is the volume fraction of the BaFe;,019 and M is the saturation magnetization of
pure BaFe1;019, the M of the composites depend on the loading of BaFe;2Oi9 in the
composite. Hence, due to the presence of nonmagnetic polymeric matrix (LLDPE-LgM-PB)
the saturation magnetization of the composites has less magnetization than that of pure

BaFe;,019 and M of the composites increased with increasing BaFe;,019 loading. Magnetic

78



Chapter 4 synthesis, characterization and properties of pure single phase BaFe;,019 and
LLDPE-LgM-Polybenzxoazine-BaFe;,01, flexible magnetic nanocomposite

hysteresis loops of pure BaFe;2019 their composites are shown in Figure 4.14. Interestingly it
was observed that BaFe;;O;9 containing composites the value of H. decreased with
decreasing amount of BHF in the composites. For example, H. of pure BaFe;,019 and 14.25
wt% BaFe;,019 containing composites are 4913.94 and 2992.39 Oe respectively. This might
be due to the fact that as coercivity is dependent on surface anisotropy and interparticle
interactions, the coating of polymeric matrix on the BaFe;,O19 nanoparticles affects the
participation of these anisotropy mechanisms [290] and reduces the effective
magnetocrytalline anisotropy. Therefore, H. values were found to be decreased with
increasing polymer contact in BaFe;2019 containing composites. Similar effect was also

reported by Farghali et al. for polyaniline/Co;.xMgxFe,O4 nanocomposite [261].
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Fig 4.14 Magnetization curves for (a) BaFe;;019 powder, (b) PB-BHF (50:50)
nanocomposite, (c) 47.5L-5LgM-14.25PB-33.25BHF composite, (d) 47.5L-5LgM-23.75PB-
23.75BHF composite, (e) 47.5L-5LgM-33.25PB-14.25BHF composite.
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Table 4.7 Magnetic properties of PB-BHF nanocomposite and L-LgM-PB-BHF composites.

Sample code Ms (emu/g) H. (Oe)
BaFe;,019 56.50 4913.94
PB-BHF (70:30) 13.82 2956.25
PB-BHF (50:50) 26.36 2669.40
PB-BHF (30:70) 32.74 2557.39
47.5L-5L.gM-33.25PB-14.25BHF 5.56 2992.39
47.5L-5L.gM-23.75PB-23.75BHF 10.31 3208.47
47.5L-5LgM-14.25PB-33.25BHF 14.79 2587.51

Figure 4.15 demonstrates that a sheet of L-LgM-PB-BHF composite is attached with a bar
magnet indicating its magnetic nature and both ends of the sheet can be gripped by a tweezer
by bending it easily due to its mechanical flexibility. This shows that the composites reported
here possess magnetic property as well as mechanical flexibility.

(a) (b)

Magnetic bar
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Fig 4.15 LLDPE-LgM-Polybenzoxazine-BaFe1,019 composite sheet showing (a) magnetic

nature, (b) mechanical flexibility.
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4.3 Summary of Results

1.

10.

11.

12.

BaFe;,019 nanopowder was successfully synthesized by using EDTA precursor based
synthesis method.

Major thermal decomposition of the precursor was complete at ~450 °C.

Single phase BaFe;,019 was formed at a calcination temperature of 850 °C for 4 h in
air atmosphere.

Average particle size of BaFe1,019 nanopowder was ~15 nm.

BaFe;,019 nanoparticles exhibited ferromagnetic behaviour with a coercivity (Hc) of
4913.94 Oe and a saturation magnetization (Ms) of 56.50 emu/g.

XRD analysis of the final composites confirmed the presence of single phase
BaFe;,019 in the composite.

Prepared L-LgM-PB-BHF composites showed better thermal stability than pure
LLDPE.

Variation of BaFe;,0;9 nanoparticles loading (14.25 to 33.25 wt%) did not affect
much in the tensile strength and tensile module of the composites.

Composites possessed higher flexural strength than that of pure LLDPE but lower
than 47.5L-5LgM-47.5PB blend matrix.

Toughness of the L-LgM-PB-BHF composites was higher than that of pure
polybenzoxazine, pure LLDPE, and 47.5L-5LgM-47.5PB blend.

Saturation magnetization (M) value of composites decreased with decreasing
BaFe1,0;9 content in the composites.

Value of coercivity (Hc) of the composites decreased with decreasing amount of

BaFe;1,0;9 in the composites.
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CHAPTER 5

Synthesis, characterization and properties of pure single phase NiFe,O,
and LLDPE-LgM-Polybenzoxazine-NiFe,O, flexible magnetic

nanocomposites

5.1 Experimental procedure for material synthesis

5.1.1 Materials used

The chemicals used were Fe(NO3)3.9H,0, Ni(NOs3),.6H,O, EDTA (99.9%, Merck, India).
Aniline, paraformaldehyde and bisphenol-A (99%, s.d. fine chem limited, India), chloroform
(99.7%, Qualigens Fine Chemicals, India). Linear low density polyethylene (LLDPE,
R35A042) having a density of 0.935 gm/cm® and Melt flow index (MFI) of 4.2 gm/10 min,
was obtained from GAIL (India) Ltd., and LLDPE-g-Maleic anhydride (LgM) (OPTIM E-
126) with a 0.73% maleic anhydride content and MFI 2.16 gm/10 min, from Pluss Polymers

Pvt, Ltd., India. All chemicals were used as received.

5.1.2 Synthesis of NiFe,O,4 (NF) nanopowder: [291]

NiFe,O4 nanopowder was prepared by using EDTA-precursor based method. In a typical
synthesis, stoichiometric amounts of nickel nitrate and ferric nitrate were dissolved in
distilled water according to the molar ratio of 1:2. An aqueous solution of EDTA was
prepared by dissolving EDTA in hot water with drop wise addition of dilute NH,OH solution.
After complete dissolution of EDTA, the solution was boiled to remove excess NHs. The pH
of the solution was found to be ~6. Aqueous solutions of the metal nitrates and EDTA were
mixed in a molar ratio of 1:1 and stirred for 1 h at room temperature using a magnetic stirrer.
The pH of the resulting mixture was ~2. Black coloured precursor was formed when this
reaction mixture was evaporated to dryness on a hot plate at ~110 °C. 3-4 drops of 10%
NH4NO3 aqueous solution was added to the dried precursor powder which was then calcined
in air for 2-4 h at different temperatures ranging from 450 to 550 °C to obtain nickel ferrite
nanopowder. Aqueous NH4NO3 solution was added to the precursor before calcination to

facilitate the oxidation of the carbonaceous mass.
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5.1.3 Synthesis of Benzoxazine monomer (BA)
Benzoxazine monomer was synthesized as per the procedure described in the section 2.1.2

(Experimental procedure for material synthesis) of Chapter 2.

5.1.4 Preparation of benzoxazine-NiFe,O4 nanocomposites (BA-NF) [292]

Benzoxazine-NiFe,O, nanocomposite was prepared as per the procedure described in the
section 3.1.4 (Experimental procedure for material synthesis) of Chapter 3. Dynamic light
scattering studies indicated the average sizes of these benzoxazine coated NiFe,O4
nanoparticles were in the range of 111-134 nm. Various compositions of nanocomposites,

prepared by using BA and NF are listed in Table 5.1.

5.1.5 Preparation of LLDPE-LgM-PB-NF composites (L-LgM-PB-NF) [292]
LLLDPE-LgM-PB-NF composite was prepared as per the procedure described in the section
3.1.5 (Experimental procedure for material synthesis) of Chapter 3. Composites, having

different compositions of NF, PB and LLDPE, were prepared as listed in Table 5.1.

Table 5.1 Compositions of prepared BA-NF and L-LgM-PB-NF composites.

Sample code LLDPE LgM PB NiFe;O4
(Wt%) (Wt%) (Wt%) (Wt%)
BA-NF (70:30) -- -- 70 30
BA-NF (50:50) - - 50 50
BA-NF (30:70) - - 30 70
47.5L-5LgM-47.5PB 47.5 5 47.5 --
47.5L-5LgM-33.25PB-14.25NF 47.5 5 33.25 14.25
47.5L-5LgM-23.75PB-23.75NF 47.5 5 23.75 23.75
47.5L-5LgM-14.25PB-33.25NF 47.5 5 14.25 33.25

83



Chapter 5 Synthesis, characterization and properties of pure single phase NiFe,O, and
LLDPE-LgM-Polybenzoxazine-NiFe,O, flexible magnetic nanocomposites

SEM micrograph of the surface of a cross section of the composites (Figure 5.1) shows that

polybenzoxazine coated NiFe,O4 nanoparticles are embedded within the polymeric matrix.

Fig 5.1 SEM micrograph of the composites shows that NiFe,O, nanoparticles are dispersed
within the polymeric matrix. Polybenzoxazine coated NiFe,O, nanoparticles are marked
within the circle.

5.2 Results and Discussion

5.2.1 Characterization of NiFe,O, nanoparticles

5.2.1.1 Thermal Analysis

TGA and DSC analyses were performed to investigate the decomposition behavior of the
precursor powder due to heat treatment in air and thermogram is shown in Figure. 5.2. The
TGA thermogram revealed that a total weight loss of ~28% occurred when the precursor
powder was heated from 30 °C to 600 °C in air. Initially ~5% weight loss occurred between
30 °C and 100 °C due to the loss of moisture from the sample. Approximately 23% weight
loss was observed up to 450 °C. This may have been due to the thermo-oxidative
decomposition of the precursor and evolution of CO, and NOy gases. This decomposition was
also reflected in DSC thermogram, as shown in Figure 5.2, where exothermic peaks were
observed at 295 °C and 388 °C. Heating the sample beyond 450 °C did not result in any
further weight loss in TGA or formation of any new peak in DSC thermogram. Thus it can be

assumed that decomposition of carbonaceous content of the precursor occurred up to 450 °C.
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Fig 5.2 TGA-DSC thermograms of NiFe,O4 precursor.

5.2.1.2 X-Ray Diffraction Analysis

Room temperature powder X-Ray diffraction spectra of the precursor and its calcined powder
were performed to investigate phase formation due to calcination of the precursor powder
(Figure 5.3). The uncalcined precursor exhibited XRD diffraction peaks Figure 5.3(a) for
NiFe,O4 [ICDD 54-0964]. However, intensity ratio (I/1p) of the peaks did not exactly match
standard values, indicating the effect of the small crystallite size. The notable feature is that
the formation of pure NiFe,O, phase was observed in the precursor. To the best of our
knowledge, precursor containing NiFe,O4 has not been reported for any other precursor based
method. What this study shows is that precursor powder calcined at 550 °C for 4 h did show
the formation of single phase NiFe,O4 nanopowder, as corroborated by the presence of (111),
(220), (311), (222), (400), (422), (511) and (440) diffraction planes in the XRD spectra of
single phase spinel nickel ferrite nanopowder. The intensities of the peaks increased with
increasing calcination temperature, due to the increase of crystallinity and crystallite size. The
crystallite size was calculated using X-ray peak-broadening of the diffraction peak for (311)
using Scherrer’s formula [238] to be 26.4 and 38.4 nm for precursor and calcined powder
respectively. The values of lattice parameter (a=b=c) of synthesized NiFe,O,4 was found to be
8.34 A, which agreed well with the standard value of 8.33 A for NiFe;O4 [293]. TGA-DSC
and XRD analyses of the synthesized precursor and calcined powders confirm that the

oxidative decomposition of precursor led to the formation of single phase NiFe;O4
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nanopowder. The chemical process starts from a homogeneous aqueous solution of metal
nitrates and EDTA, which, after evaporation, produces a fluffy, voluminous, carbon rich
“precursor” powder. Calcination of the precursor results in the formation of pure single phase
NiFe,O4 nanopowders. EDTA, a chelating agent, plays a critical role in the formation of
NiFe,O4 nanopowder: it not only prevents the segregation or intermittent precipitation of
metal ions from the reaction mixture during evaporation by forming water soluble complex
with metal ions but also acts as a fuel to provide the heat of combustion for forming the metal
oxide phase. During decomposition, the precursor produces gases (such as CO,, NO,) that
help to dissipate the heat of combustion and thus inhibit the sintering of fine particles during

the process to form nanosized oxides.
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Fig 5.3 XRD patterns of (a) precursor and the powders obtained by calcining the precursor at
550 °C for 4 h (b).

5.2.1.3 Particle Size and TEM analysis of NiFe,O, nanopowder

The differential intensity related to particle size distributions of the as-synthesized NiFe,O4
nanopowder obtained from DLS study at 30 °C as shown in Figure 5.4(a) exhibited a double
nodal distribution with the main peak averages around 10.5 £ 6.7 nm and 189.8 + 48.5 nm.
The cumulant mean diameter of the particles was 23 nm with a polydespersity index of 0.297.
The TEM micrograph of the powder calcined at 550 °C is shown in Figure 5.4(b). It is clearly
indicated that average particle size of the calcined powder was ~35 nm. The particles were

mostly round in shape and formed loose aggregates.
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Fig 5.4 (a) Particle size distribution and (b) TEM micrograph of as-synthesized NiFe,O4

nanopowder.

5.2.1.4 Magnetization Measurement

Room temperature magnetization of the as-synthesized NiFe,O, nanoparticles was measured
using VSM with an applied field of 2000 Oe, as shown in Figure 5.5. NiFe,O4 nanoparticles
exhibited ferromagnetic behavior with a coercivity (H¢) of 158.30 Oe and a saturation
magnetization (Ms) of 30.70 emu/g. It was observed that the synthesized NiFe;O,
nanoparticles possessed a relatively high coercivity as compared to reported values. Particle
size, surface morphology, microstructure of the final nanoparticle change with the method of
synthesis. These factors affect the magnetic properties of the synthesized materials. Table 5.2
summarizes saturation magnetization (Ms) and coercivity (Hc) of NiFe,O, nanopowders
prepared by different synthesis methods.
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Fig 5.5 Room temperature magnetic hysteresis loop for NiFe,O4 nanopowder.
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Table 5.2 Comparison of saturation magnetization Ms and coercivity H. of NiFe,O, particles

prepared by different synthetic methods.

Synthesis Method Ms (emu/g) H. (Oe) Reference
Facile hydrothermal 30.4 87.4 [294]
Pulsed laser deposition ~45 29.3 [295]
EDTA-assisted hydrothermal 70 [296]

Egg white based process 34.5 85 [297]
Conventional ceramic 24 [293]
High-energy milling 34.55 0.107 (T) [83]
Sonochemical 25 [298]
Hydrothermal 54.02 54.1 (kA/m) [299]
EDTA precursor route 30.70 158.30 This work [291]

5.2.2 Characterization of BA-NF nanocomposite and L-LgM-PB-NF composites

5.2.2.1 X-Ray Diffraction Analysis

The room temperature wide angle powder X-Ray diffraction spectra were recorded for pure
NiFe,O4 nanopowder, BA-NF nanocomposites and L-LgM-PB-NF composites. In case of
BA-NF nanocomposite samples, all the XRD peaks of NiFe,O, were present and no
additional peaks were detected (Figure. 5.6 (b)). For L-LgM-PB-NF nanocomposite samples,
XRD peaks of NiFe,04 were present along with additional peaks at 20 = 21.6° and 23.8°.
These two peaks correspond to the (110) and (200) diffraction planes of LLDPE [223, 224,
227] and indicated that the crystalline structure of LLDPE remained unchanged upon
blending in the nanocomposites (Figure 5.6 (c-e)). However, the intensity of the crystallite
peaks of LLDPE varied with compositions. These XRD spectra of the composite conformed
that the pure crystalline phases of NiFe,O, remained preserved in the composite with no

impurity phase generation during melt blending process.
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Fig 5.6 XRD spectra of (a) NiFe,O4 powder, (b) PB-NF (50:50) nanocomposite, (c) 47.5L-
5LgM-14.25PB-33.25NF composite, (d) 47.5L-5LgM-23.75PB-23.75NF composite, (e)
47.5L-5LgM-33.25PB-14.25NF composite. (* NiFe,O4 and # LLDPE)

5.2.2.2 Thermal Analysis
Thermo gravimetric (TGA) and differential scanning calorimetric (DSC) analysis of pure
benzoxazine monomer, polybenzoxazine, LLDPE, PB-NF and L-LgM-PB-NF composites
were performed to evaluate their thermal stability. In the DSC thermogram of pure
benzoxazine monomer an exothermic peak at ~205 °C was observed, which was attributed to
the ring opening polymerization of benzoxazine ring (Figure 5.7 (a)) [228-231]. In case of
PB-NF nanocomposites, this exothermic curing peak of benzoxazine shifted from ~205 to
~194 °C (Figure 5.7 (b)). This decrease in curing temperature of benzoxazine might be due to
the catalytic effect of NiFe,O, towards the thermal curing of benzoxazine monomer [251,
252]. In DSC thermogram of pure LLDPE an endothermic peak at ~124 °C due to its melting
[227] and an exothermic peak at ~224 °C for its beginning of thermal oxidative
decomposition [232, 233] were observed (Figure 5.7 (c)). In case of PB containing LLDPE
composites (47.5L-5LgM-47.5PB) (Figure 5.7 (d)) beginning of thermal oxidation
decomposition occurred at ~283 °C, which is higher than that of pure LLDPE. In case of L-
LgM-PB-NF composite samples, an endothermic peak at ~124 °C, corresponding to the
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melting temperature of LLDPE was observed. It was observed that for composite samples the
exothermic peak for thermal oxidative decomposition shifted to higher temperature (~254 °C)
compare to pure LLDPE (~224 °C) but lower than the LLDPE-LgM-PB matrix composite
(~283 °C). This may be due to the catalytic effect of NiFe,O, towards the thermal
degradation of polymeric matrix [251, 252]. Another important observation was that the
exothermic peak for ring opening polymerization of benzoxazine ring was absent in the
thermograms of final composite samples (Figure 5.7 (d)). This result confirmed that all
benzoxazine monomers were fully polymerized to polybenzoxazine during composite

preparation at 200 °C.
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Fig 5.7 DSC thermogram of (a) benzoxazine monomer, (b) BA-NF (70:30) nanocomposite,
(c) LLDPE, (d) 47.5L-5LgM-47.5PB composite, (e) 47.5L-5LgM-23.75PB-23.75NF

composite.

From TGA of pure PB, LLDPE and L-LgM-PB-NF composites, temperatures for 5% weight
loss (Tse), 10% weight loss (T1o%) and char yield (%) at 800 °C in air were determined and
listed in Table 5.3. It was observed that the temperature at 5 and 10% weight loss was found
to be decrease with increasing NiFe,O,4 content in the composites. This may be due catalytic
effect of NiFe,O,4 on thermal degradation of polymeric matrix [251, 252]. TGA thermograms
of LLDPE, PB, BA-NF and L-LgM-PB-NF composite are shown in Figure 4.8. These

thermograms revealed that, presence of more thermally stable PB in L-LgM-PB-NF
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composites enhances the overall thermal stability of the composites. The thermal stability of
the composite was found to be more than pure LLDPE but less than pure polybenzoxazine.
The degradation of all the L-LgM-PB-NF composites was found in the temperature range of
350-550 °C. The char yield at 800 °C of the composite was found to increase with increasing
NiFe,O, content. However, as the melting temperature of LLDPE is ~124 °C, the composites

should be used below this temperature.

200 400 600 800
Temperature ’C)

Fig 5.8 Thermograms (TGA) of (a) LLDPE, (b) Polybenzoxazine, (c) 47.5L-5LgM-33.25PB-

14.25NF composite, (d) 47.5L-5LgM-23.75PB-23.75NF composite, (e) 47.5L-5LgM-
14.25PB-33.25NF composite, (f) PB-NF (50:50) nanocomposite.
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Table 5.3 Thermal properties of neat polymer and BA-NF nanocomposite and L-LgM-PB-NF
composite.

Sample code Ts% (°C) T10% (°C)  char yield (%) at 800 °C
Polybenzoxazine 350 400 0
LLDPE 267 305 0
47.5L-5LgM-47.5PB 306 345 0
PB-NF (70:30) 319 381 29
PB-NF (50:50) 261 348 43
PB-NF (30:70) 222 338 60
47.5L-5L.gM-33.25PB-14.25NF 258 296 9
47.5L-5L.gM-23.75PB-23.75NF 255 318 17
47.5L-5L.gM-14.25PB-33.25NF 254 303 25

5.2.2.3 FT-IR Analysis

In the FT-IR spectra of pure benzoxazine monomer (BA) (Figure 5.9 (a)), the peaks at 949
cm™ and 1496 cm™ assigned to the tri-substituted benzene ring and absorption at 1235 cm™
for asymmetric stretching of C-O-C were observed [222, 234]. The methyl group vibration
was found at 2967 cm™ [235]. In case of BA-NF nanocomposite (Figure 5.9 (b)), all the
characteristic bands of benzoxazine were present along with a peak at 586 cm™, which
corresponded to M-O stretching vibration mode of NiFe;O4 [253-255]. In the FT-IR spectra
of L-LgM-PB-NF composites (Figure 5.9 (c)), following features were observed (i) the
disappearance of peaks at 949 cm™ and 1496 cm™ peak (assigned for tri-substituted benzene
ring of BA) and appearance of a peak at 1482 cm™ (correspond to the tetra-substituted
benzene ring of PB) indicated that the ring opening polymerization of BA occurred during
preparation of composites at 200 °C [181]. (ii) characteristic peaks of LLDPE at 1364 cm™ (-
CHs; symmetric vibration) and peaks around 2907 and 2849 cm™, associated with the C-H

stretching vibration [227], (iii) a peak around 549 cm™ for NiFe,O,.
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Fig 5.9 FT-IR spectra of (a) benzoxazine monomer, (b) BA-NF (70-30) nanocomposite, (C)
47.5L-5LgM-33.25PB-14.25NF composite.

5.2.2.4 Mechanical Properties

To evaluate the mechanical properties of the L-LgM-PB-NF composites tensile tests and
three point bending flexural tests were performed. From tensile tests it was observed that pure
polybenzoxazine possessed high tensile strength (47.05 MPa) and less elongation at break
(2.2%), while LLDPE showed low tensile strength (16.75 MPa) and significantly more
elongation at break (57.77%). The blend, composed of LLDPE, PB and 5 wt% compatibilizer
LgM (47.5L-5LgM-47.5PB), exhibited higher tensile strength (23.81 MPa) than pure LLDPE
and more elongation at break (6.11%) than pure polybenzoxazine (Figure 5.10). This might
be due to the binding role of compatibilizer (LgM), which enhanced chemical and physical
interaction among the two separate phases (i.e. PB and LLDPE) and ultimately improved
their interfacial adhesion by reducing the interfacial tension [236, 226]. SEM micrograph of
the 47.5L-5LgM-23.75PB-23.75NF composite (Figure 5.11) also showed the homogeneous
polymeric matrix of the composite and no phase separation between PB and LLDPE in
presence of LgM compatibilizer. From tensile stress-strain graph (Figure 5.10) it was
observed that due to loading of 14.25 wt% NiFe,O,4 nanoparticle in polymeric blend (47.5L-
5LgM-47.5PB) tensile strength decreased from 23.81 MPa to 19.45 MPa but % of elongation

at break increased from 6.11% to 15.5%. However, variation of NiFe,O, nanoparticles
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loading (14.25 to 33.25 wt%) did not affect much in the tensile strength and tensile module of
the composite. But, elongation at break was found to be decreased from 15.5 to 8.52% with
increasing NiFe,O, loading in the composite. This might be due to the higher loading level of
NiFe,O, nanoparticles might acts as defects under the extension by causing stress
concentrations [256-259]. Tensile properties of the neat LLDPE, polybenzoxazine and

composites are summarized in Table 5.4.

T —=— Polybenzoxazine
——LLDPE
40 - —+—47.5L-5LgM-47.5PB
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Fig 5.10 Tensile stress-strain curves of neat polymer, blend and L-LgM-PB-NF composites.
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Fig 5.11 SEM micrograph of surface 47.5L-5LgM-23.75PB-23.75NF composite before

tensile testing.
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Table 5.4 Tensile properties of the neat polymer, blend and L-LgM-PB-NF composite.

Sample code Tensile strength  Tensile modulus  Elongation at break
(MPa) (GPa) (%)
LLDPE 16.75 0.236 57.77
Polybenzoxazine 47.05 3.6 2.2
47.5L-5LgM-47.5PB 23.81 1.071 6.11
47.5L-5L.gM-33.25PB-14.25NF 19.45 0.997 15.5
47.5L-5LgM-23.75PB-23.75NF 19.20 0.956 9.06
47.5L-5L.gM-14.25PB-33.25NF 19.00 0.900 8.52

From the flexural stress-strain curves of PB, LLDPE, 47.5L-5LgM-47.5PB blend and L-
LgM-PB-NF composite (Figure 5.12), it was observed that L-LgM-PB-NF composites
possessed greater flexural strength than that of pure LLDPE but lesser than 47.5L-5LgM-
47.5PB blend. However, it is important to note that the toughness (area under the stress-strain
curve) of the composites was higher than that of pure polybenzoxazine, pure LLDPE, and
47.5L-5LgM-47.5PB blends. Flexural properties of the neat LLDPE, polybenzoxazine and

composites are summarized in Table 5.5.
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Fig 5.12 Flexural stress-strain curves of neat polymer, blend and L-LgM-PB-NF composites.
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Table 5.5 Flexural properties of the neat polymer, blend and L-LgM-PB-NF composite.

Sample code Flexural strength Flexural modulus Toughness
(MPa) (GPa) (MPa)
LLDPE 16.33 0.403 0.274
Polybenzoxazine 54.06 1.928 0.439
47.5L-5LgM-47.5PB 35.75 1.236 0.244
47.5L-5L.gM-33.25PB-14.25NF 30.01 1.369 0.530
47.5L-5LgM-23.75PB-23.75NF 28.22 1.139 0.512
47.5L-5L.gM-14.25PB-33.25NF 25.04 0.998 0.502

5.2.2.5 SEM Analysis of Fractured Surfaces
The morphology of the fractured surfaces of the composites after tensile testing was

investigated by SEM and is shown in Figure 5.13 (a)-(d). It was observed that for the sample
composed of LLDPE, LgM and PB (47.5L-5LgM-47.5PB), fibril microstructure formed in

the fractured surface during fracture under tensile strain (Figure 5.13 (a)). In case of NiFe,O4

containing composites it was observed that, delamination of the nanoparticles from polymeric

matrix occurred under tensile strain and formation of voids during breaking. This effect was

pronounced for the composites having higher NiFe,O, loading and large voids were observed

in their fractured surfaces (Figure 5.13 (c), (d)). This might be due to the formation of large

NiFe,O, agglomerates in the composites with high NiFe;O4 loading, as nanoparticles tend to

form agglomerates.
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Fig 5.13 SEM micrographs of fractured surfaces of composites after tensile testing (a) 47.5L-
5LgM-47.5PB composite, (b) 47.5L-5LgM-33.25PB-14.25NF composite, (c) 47.5L-5LgM-
23.75PB-23.75NF composite, (d) 47.5L-5LgM-14.25PB-33.25NF composite.

5.2.2.6 Magnetization Measurement

The variation of magnetic properties, in terms of saturation magnetization (Ms) and coercivity
(Hc), with the composition of composites were investigated by using a VSM at room
temperature with an applied field of 2000 Oe. Figure 5.14 shows the hysteresis loops of the as
synthesized pure NiFe,O,4 nanoparticles, BA-NF, L-LgM-PB-NF composite and the values of
M; and H. are summarized in Table 5.6. The saturation magnetization (Ms) and coericivity
(Hc) values of NiFe,O4 nanoparticles were found to be 30.70 emu/g and 158.30 Oe
respectively. It was observed that, when NiFe,O4 nanoparticles were mixed with benzoxazine
(BA-NF), M value of the samples were decreased with increasing PB content. In the L-LgM-
PB-NF composites the same trend was also observed. This decrease of Ms value with
decreasing NiFe,O,4 loading in the composition of composite is quite obvious because the
composite is composed of magnetic NiFe,O, nanoparticles and non-magnetic polymer.
Interestingly, it was observed that Coercivity (H.) value of the composites was found to be
higher than that of pure NiFe,O4 nanoparticles. For example, H¢ of pure NF is 158.30 Oe and
for composite containing 14.25 wt% of NF H is 253.14 Oe. This might be due to the fact that
dispersion of NF nanoparticles within the polymeric matrix caused decrease in interparticle

dipolar interaction arising from the increased interparticle distance within the single domain
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as compared to the close contact of the pure NF nanoparticles, and also due to the polymer-

particle interfacial effect [262-264]. Similar effect was also reported by Guo et al., for Fe,O3

nanoparticle reinforced vinyl-ester resin nanocomposites [300].

H_ (kOe)

Fig 5.14 Magnetization curves for (a) NiFe,O4 powder, (b) PB-NF (50:50) nanocomposite,
(c) 47.5L-5LgM-14.25PB-33.25NF  composite, (d) 47.5L-5LgM-23.75PB-23.75NF

composite, (e) 47.5L-5LgM-33.25PB-14.25NF composite.

Table 5.6 Magnetic properties of PB-NF nanocomposite and L-LgM-PB-NF composite.

Sample code M; (emu/q) H: (Oe)
NiFe,O4 30.70 158.30
PB-NF (70:30) 7.53 187.35
PB-NF (50:50) 12.57 210.55
PB-NF (30:70) 18.05 205.14
47.5L-5LgM-33.25PB-14.25NF 3.51 253.14
47.5L-5LgM-23.75PB-23.75NF 6.44 230.46
47.5L-5LgM-14.25PB-33.25NF 7.72 210.32
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Figure 5.15 demonstrates that a film of L-LgM-PB-NF composite is attached with a bar

magnet indicating its magnetic nature and both ends of the sheet can be gripped by a tweezer

by bending it easily due to its mechanical flexibility. This shows that the composites reported

here possess magnetic property as well as mechanical flexibility.

(a) Magnetic bar (b)
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Fig 5.15 LLDPE-LgM-Polybenzoxazine-NiFe,O4 composite sheets exhibiting (a) magnetic

nature, (b) mechanical flexibility.

5.3 Summary of Results

1.

NiFe,O4 nanopowder was successfully synthesized by using EDTA precursor based
synthesis method.

Major thermal decomposition of the precursor was complete at ~450 °C.

Single phase NiFe,O,was formed at a calcination temperature of 550 °C for 4 h in air
atmosphere.

Average particle size of NiFe,O4 nanopowder was ~23 nm.

NiFe,O4 nanoparticles exhibited ferromagnetic behaviour with a coercivity (H) of
158.30 Oe and a saturation magnetization (M) of 30.70 emu/g.

XRD analysis of the final composites confirmed the presence of single phase NiFe,O4
in the composite.

Prepared L-LgM-PB-NF composites showed better thermal stability than pure
LLDPE.
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8. Variation of NiFe,O,4 nanoparticles loading (14.25 to 33.25 wt%) did not affect much
in the tensile strength and tensile module of the composites.

9. Composites possessed higher flexural strength than that of pure LLDPE but lower
than 47.5L-5LgM-47.5PB blend matrix.

10. Toughness of the L-LgM-PB-NF composites was higher than that of pure
polybenzoxazine, pure LLDPE, and 47.5L-5LgM-47.5PB blend.

11. Saturation magnetization (M) value of composites decreased with decreasing
NiFe,O4 content in the composites.

12. Value of coercivity (Hc) of the composites increased with decreasing amount of
NiFe,O4 in the composites.
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CHAPTER 6

Synthesis, characterization and properties of pure single phase
NiggZng.Fe,0, and LLDPE-LgM-Polybenzoxazine-NiggZngFe,O,4 flexible

magnetic nanocomposites

6.1 Experimental procedure for materials synthesis

6.1.1 Materials used

The chemicals used were Fe(NO3)3.9H,0, Ni(NOs3),.6H,0, Zn dust, ethylene diamine tetra
acetic acid (EDTA), NH4NOs3, nitric acid (99.9%, Merck, India), aniline, paraformaldehyde
and bisphenol-A (99%, s.d. fine-chem limited, India), chloroform (99.7%, Qualigens Fine
Chemicals, India). Linear low-density polyethylene (LLDPE, R35A042) having a density of
0.935 gm/cm® and melt flow index (MF1) of 4.2 gm/10 min, was obtained from GAIL (India)
Ltd., and LLDPE-g-Maleic anhydride (LgM) (OPTIM E-126) with 0.73% maleic anhydride
content and MFI 2.16 gm/10 min, from Pluss Polymers Pvt, Ltd., India. All chemicals were

used without further purification.

6.1.2 Synthesis of NiggZno2Fe2O4 (NZF) nanopowder: [301]

Nip.gZno2Fe,04 nanopowder was prepared by using EDTA-precursor based method. In a
typical synthesis, aqueous solutions of metal nitrates were mixed in a stoichiometric amount
to prepare NipgZno2Fe,O4 nanopowder. Then, aqueous solutions of metal nitrates and EDTA
were mixed in a molar ratio of total metal ions: EDTA 1:1. The mixture was then evaporated
to dryness on a hot plate at ~110 °C to obtain precursor powder. The precursor powder thus
obtained was then calcined in air at 450 °C for 2:30 h to obtain pure NiggZno2Fe,Os
nanopowder. Before calcination, 3-4 drops of 10% aqueous solution of NH;NO3; was mixed

with the precursor to facilitate the oxidation of the carbonaceous mass during calcination.
6.1.3 Synthesis of benzoxazine monomer (BA)

Benzoxazine monomer was synthesized as per the procedure described in the section 2.1.2

(Experimental procedure for material synthesis) of Chapter 2.
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6.1.4 Preparation of benzoxazine-NiggZno Fe,O4 nanocomposites (BA-NZF) [220, 266]
Benzoxazine-Nip sZng 2Fe,0, nanocomposite was prepared as per the procedure described in
the section 3.1.4 (Experimental procedure for material synthesis) of Chapter 3. Various
compositions of nanocomposites, prepared by using BA and NZF are listed in Table 6.1.
Dynamic light scattering studies indicated that the average sizes of these benzoxazine coated
NiogZng2Fe,04 nanoparticles were in the range of 74-119 nm. TEM micrograph of the
nanocomposite (Figure 6.1) clearly shows that coating of polybenzoxazine over
Nio.gZng2Fe,04 nanoparticle.

Niy ¢Zn,,Fe, 0, nanoparticles

Polybenzoxazine coating .

20 1es

Fig 6.1 TEM micrograph of NiggZng»Fe,O4-polybenzoxazine (50:50) nanocomposite.

6.1.5 Preparation of LLDPE-LgM-PB-NZF composites (L-LgM-PB-NZF) [266]
LLDPE-LgM-PB-NZF composite was prepared as per the procedure described in the section
3.1.5 (Experimental procedure for material synthesis) of Chapter 3. Composites, having

different compositions of NZF, PB and LLDPE were prepared as listed in Table 6.1.
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Table 6.1 Compositions of prepared BA-NZF and L-LgM-PB-NZF composites.

Sample code LLDPE LgM PB Nio.sZno 2Fe204
(Wt%) (Wt%) (wt%) (Wt%)
BA-NZF (70:30) -- -- 70 30
BA-NZF (50:50) -- -- 50 50
BA-NZF (30:70) -- -- 30 70
47.5L-5LgM-47.5PB 47.5 5 47.5 -
47.5L-5LgM-33.25PB-14.25NZF 475 5 33.25 14.25
47.5L-5LgM-23.75PB-23.75NZF 475 5 23.75 23.75
47.5L-5LgM-14.25PB-33.25NZF 475 5 14.25 33.25

SEM micrograph of the surface of a cross section of the composites (Figure 6.2) shows that
polybenzoxazine coated NipgZng,Fe,O4 nanoparticles are embedded within the polymeric

matrix.

Fig 6.2 SEM micrograph of the composites shows that NiggZno.Fe,O4 nanoparticles are
dispersed within the polymeric matrix. Polybenzoxazine coated NiggZng.Fe,O, nanoparticles

are marked by the circles.
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6.2 Results and Discussion

6.2.1 Characterization of NiggZng,Fe,O4 nanoparticles

6.2.1.1 X-Ray Diffraction Analysis

A room temperature X-Ray diffraction spectrum of NiggZng,Fe,O4 is shown in Figure 6.3.
Prepared precursor was calcined at 450 °C for 2:30 h for producing pure single-phase
NiogZng2Fe,04 nanopowder. In the X-Ray diffraction spectra of calcined NiggZng2Fe;O4
nanopowder, the presence of peaks at 20 = 18.50°, 30.10°, 35.5°, 36.1°, 43.3°, 53°, 57.3° and
62° corresponding to (111), (220), (311), (222), (400), (422), (511), and (440) diffraction
planes confirmed the formation of a single-phase NipgZng2Fe,O4, With a spinal structure
(JCPDS 08-0234) [301]. The crystallite size of the powder was determined by using
Scherrer’s equation [238], and it was found that the average crystallite size is ~24 nm.

3500 |-

(311)

3000 |-

2500 |-

2000 |-

1500

1000

Intensity (cps)

500

0
10 20 30 40 50 60 70

20 (degree)

Fig 6.3 XRD patterns of NigsZno2Fe,O, powder obtained by calcining the precursor at 450 °C
for 2:30 h.

6.2.1.2 Particle Size and TEM Analysis of NiggZng2Fe,O4 nanopowder

The differential intensity related to particle size distributions of the as-synthesized
Nig.sZno.2Fe,04 nanopowder obtained from DLS study at 30 °C is shown in Figure 6.4 (a). It
is clearly indicate that NiygZno2Fe,O4 nanoparticles exhibited a single nodal distribution with
the main peak averages around 10.6 = 7.1 nm. The cumulant mean diameter of the particles
was 30 nm with a polydespersity index of 0.128. Figure 6.4 (b) illustrated a TEM micrograph

of the calcined powder where the average particle size was estimated to be ~35 nm.
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Fig 6.4 (a) Particle size distribution and (b) TEM micrograph of synthesized NiggZng,Fe;04
nanopowder.

6.2.1.3 Magnetization Measurement

Room temperature saturation magnetization (Ms) and coercivity (H¢) of the as-synthesized
NiosZng2Fe204 nanoparticles was measured and the hysteresis loop is shown in Figure 6.5.
NiosZng2Fe204 nanoparticles exhibited ferromagnetic behavior with a coercivity (H;) of
125.17 Oe and a saturation magnetization (Ms) of 38.31 emu/g. These values are comparable
with the values reported by other authors using different preparation techniques which are
summarized in Table 6.2 [302].
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Fig 6.5 Room-temperature hysteresis loop for NiggZno 2Fe,04 nanopowder.
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Table 6.2 Comparison of saturation magnetization Ms and coercivity H. of Niy.xZnsFe,O4

particles prepared by different synthesis methods [302].

Synthesis Method Composition Ms (emu/gor G) H:(Oe) Reference

Conventional ceramic NizxZnxFe;04

method (Bulk sample) (0.20<x<0.67) 283-292 G 0.40-6.8 [89]

Coprecipitation Nio.50ZNo.s0Fe204 SPM [303]

Glyoxylate Precursor Nio.35ZN0.65F€204 30-60 10-41 [304]

Reverse Micelle Nio.20ZNo.44F€2.3604 SPM [305]

Reverse Micelle Nio.50ZNo.s0Fe204 SPM [306]

Autocombustion Nio.50ZNo.s0Fe204 25-75 ~35-100 [307]
Nil.xzan9204

Citrate based Sol-gel (0.20 <x<0.60) 63-73 1.77-6.2 [308]
NiXan.XFezO4

Sol-gel autocombustion (0.20<x<1) 20-69 33-158 [309]
Nil.XZnXFegO4

Combustion (0<x<0.70) 39-47 0-6990 [310]

This
EDTA-based precursor work
method Nio_gzno_2F6204 38.31 125.17 [266 ]

6.2.2 Characterization of PB-NZF nanocomposite and L-LgM-PB-NZF composites
6.2.2.1 X-Ray Diffraction Analysis

The room temperature wide angle powder X-Ray diffraction spectra of as-synthesized NZF
nanopowder, PB-NZF nanocomposite and L-LgM-PB-NZF composite are shown in Figure
6.6. The XRD spectra of PB-NZF nanocomposite the presence of all characteristic peaks of
NZF conforms that the spinel phase of NZF remain preserved in the PB-NZF nanocomposite
(Figure 6.6 (b)). The XRD spectra of L-LgM-PB-NZF show all characteristic peaks of NZF
along with two strong diffraction peaks of LLDPE at 26 = 21.36° and 23.63° assigned to
orthoromphic crystallites diffraction planes (110) and (200), respectively (Figure 6.6 (c), (d),
(e)) [223, 220, 227]. The presence of these characteristic peaks of LLDPE in the composite
clearly indicates that the crystalline structure of LLDPE remain unchanged upon blending
with different weight percent of PB-NZF nanocomposite. However, the intensity of the
crystalline peaks of LLDPE varied with compositions. These XRD spectra of the composites
also confirmed that, the pure crystalline phase of NZF remained preserved in the composite

with no impurity phase formation during the melt blending process.
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Fig 6.6 XRD spectra of (a) NipsZng2Fe,O4 powder, (b) PB-NZF (50:50) nanocomposite, (c)
47.5L-5LgM-14.25PB-33.25NZF composite, (d) 47.5L-5LgM-23.75PB-23.75NZF
composite, (e) 47.5L-5LgM-33.25PB-14.25NZF composite. (* NZF and # LLDPE)

6.2.2.2 Thermal Analysis

In the DSC thermogram of benzoxazine monomer (BA) an exothermic peak at ~205 °C was
observed, which was due to ring opening polymerization of benzoxazine ring (Figure 6.7 (a))
[228-231]. In case of PB-NZF this exothermic curing peak of benzoxazine shifted to the
lower temperature at ~182 °C (Figure 6.7 (b)). This may due to the catalytic effect of NZF
towards the thermal curing of benzoxazine [251, 252]. In the DSC thermogram of pure
LLDPE (Figure 6.7 (c)) an endothermic peak at ~124 °C, corresponding to its melting
temperature [227] and an exothermic peak at ~224 °C, which may be attributed to the
beginning of the thermal oxidative decomposition [232, 233] of LLDPE were observed
(Figure 6.7 (c)). In case of PB containing LLDPE composites (47.5L-5LgM-47.5PB) (Figure
6.7 (d)) beginning of thermal oxidative decomposition occurred at ~283 °C, which is higher
than that of pure LLDPE. These facts indicated that the presence of PB enhanced the thermal
stability of LLDPE-LgM-PB composites. However, presence of NZF slightly lowered the
thermal oxidative decomposition temperature of the composite (~257 °C) (Figure 6.7 ()).
This might be due to the catalytic effect of NZF on thermal degradation of polymeric matrix
[251, 252]. In the DSC curves of final composites (L-LgM-PB-NZF) (Figure 6.7 (e)), the
endothermic peak at ~124 °C, corresponding to the melting temperature of LLDPE was
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present. The exothermic peak of thermal curing of BA was not observed, which indicated that

in the final composites all BA monomers polymerized to PB during processing at 200 °C.
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Fig 6.7 DSC thermogram of (a) benzoxazine, (b) BA-NZF (50:50) nanocomposite, (C)
LLDPE, (d) 47.5L-5LgM-23.75PB-23.75NZF composite.

From TGA of pure LLDPE, PB and their L-LgM-PB-NZF composites, temperature at 5%
weight loss (Tse), 10% weight loss (T10s) and char yield (%) at 800 °C were determined and
summarized in Table 6.3. It was observed that the temperature at 5 and 10% weight loss was
found to be decrease with increasing NZF content in the composites. This may be due
catalytic effect of NZF on thermal degradation of polymeric matrix [251, 252]. TGA
thermogram of LLDPE, PB, PB-NZF, and L-LgM-PB-NZF composite are shown in Figure
6.8. These thermograms revealed the presence of thermally stable PB in L-LgM-PB-NZF
composites enhances the overall thermal stability of the composites. The thermal stability of
the composite was found to be higher than pure LLDPE but lower than pure PB. The
degradation of all the composites was found in the temperature range of 300-500 °C. The char
yield at 800 °C of the composite was found to increase with increasing NZF content.
However, as the melting temperature of LLDPE is ~124 °C the composites should be used

below this temperature.
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Fig 6.8 Thermograms (TGA) of (a) LLDPE, (b) polybenzoxazine, (c) 47.5L-5LgM-33.25PB-
14.25NZF composite, (d) 47.5L-5LgM-23.75PB-23.75NZF composite, (e) 47.5L-5LgM-

14.25PB-33.25NZF composite, (f) PB-NZF (50:50) nanocomposite.

Table 6.3 Thermal degradation properties of the neat polymer, PB-NZF nanocomposite and

L-LgM-PB-NZF composites.

Sample code Ts0 (°C) T10% (’C) char yield (%) at 800 °C
Polybenzoxazine 350 400 0
LLDPE 267 305 0
47.5L-5LgM-47.5PB 306 345 0
PB-NZF (70:30) 323 380 25
PB-NZF (50:50) 306 371 44
PB-NZF (30:70) 273 362 66
47.5L-5LgM-33.25PB-14.25NZF 278 312 10
47.5L-5LgM-23.75PB-23.75NZF 272 306 19
47.5L-5LgM-14.25PB-33.25NZF 269 304 30

6.2.2.3 FT-IR Analysis

In the FT-IR spectra of pure benzoxazine monomer (BA) (Figure 6.9 (a)), the peaks at 945

cm™ and 1493 cm™ assigned to the tri-substituted benzene ring and absorption at 1233 cm™

for asymmetric stretching of C-O-C were observed [222, 234]. The methyl group vibration
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was found at 2960 cm™ [235]. In case of BA-NZF nanocomposite (Figure 6.9 (b)), all the
characteristic bands of benzoxazine were present along with a peak at 559 cm™, which
corresponded to M-O stretching vibration mode of NipgZng2Fe;O4 [253-255]. In the FT-IR
spectra of L-LgM-PB-NZF composites (Figure 6.9 (c)), the disappearance of peaks at 945
cm™ and 1493 cm™ peak (assigned to tri-substituted benzene ring of BA) and appearance of a
peak at 1468 cm™ (correspond to the tetra-substituted benzene ring of PB) indicated that the
ring opening polymerization of BA occurred during preparation of composites at 200 °C
[181]. Characteristic peaks of LLDPE at 1364 cm™ (-CHs symmetric vibration) and peaks
around 2928 and 2851 cm™, associated with the C-H stretching vibration [227], along with a
peak around 559 cm™ for NiggZno2Fe;O4 were observed.
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Fig 6.9 FT-IR spectra of (a) benzoxazine monomer, (b) BA-NZF (70-30) nanocomposite, (c)
47.5L-5L.gM-33.25PB-14.25NZF composite.

6.2.2.4 Mechanical Properties

To evaluate the mechanical properties of the prepared L-LgM-PB-NZF composites we have
performed tensile tests and three point bending flexural tests. Tensile stress-strain curves of
PB, LLDPE, 47.5L-5LgM-47.5PB blend and L-LgM-PB-NZF composite are shown in Figure
6.10. It was observed that, pure polybenzoxazine possessed high tensile strength (47.05 MPa)
and less elongation at break (2.2%), while LLDPE showed low tensile strength (16.75 MPa)
and significantly more elongation at break (57.77%). The blend, composed of LLDPE and PB
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with additional LLDPE-g-MA (47.5L-5LgM-47.5PB), exhibited higher tensile strength
(23.81 MPa) than pure LLDPE and more elongation at break (6.11%) than pure
polybenzoxazine. This may be due to the fact that the presence of compatibilizer on the
interface allows a better stress transfer across the phase boundary and provides better
dispersion of the applied stress which leads to enhanced mechanical properties [236, 226].
SEM micrograph of the 47.5L-5LgM-23.75PB-23.75NZF composite before tensile testing
(Figure 6.11) showed the homogeneous polymeric matrix of the composite and no phase
separation between PB and LLDPE in presence of LgM compatibilizer. It was observed that
loading of 14.25 wt% NZF nanoparticle in polymeric matrix (47.5L-5LgM-33.25PB-
14.25NZF) resulted in increase of elongation at break in comparison with 47.5L-5LgM-
47.5PB, but decrease in tensile strength. When NZF nanoparticle content in the composite is
high, nanoparticles act as defects and the higher concentration of defects caused by the higher
concentration of NZF nanoparticles resulted in agglomeration of the particles, which causes
to increase the interfacial tension. Therefore, loading stress was not easily transferred from
matrix to particles and ultimately tensile strength of the L-LgM-PB-NZF composites
decreased with increasing NZF content [256-259]. However, the tensile strength of the
composites was higher than that of pure LLDPE. Tensile properties of L-LgM-PB-NZF

composites are listed in Table 6.4.
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Fig 6.10 Tensile stress-strain curves of neat polymer, blend and L-LgM-PB-NZF composites.
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Fig 6.11 SEM micrograph of surface 47.5L-5LgM-23.75PB-23.75NZF composite before
tensile testing.

Table 6.4 Tensile properties of the neat polymer, blend and L-LgM-PB-NZF composites.

Sample code Tensile strength  Tensile modulus  Elongation at break
(MPa) (GPa) (%)
LLDPE 16.75 0.236 57.77
Polybenzoxazine 47.05 3.6 2.2
47.5L-5LgM-47.5PB 23.81 1.071 6.11
47.5L-5LgM-33.25PB-14.25NZF 20.38 0.954 9.20
47.5L-5LgM-23.75PB-23.75NZF 20.20 0.937 8.48
47.5L-5LgM-14.25PB-33.25NZF 19.80 0.912 6.26

From the flexural stress-strain curves of PB, LLDPE, 47.5L-5LgM-47.5PB blend and L-
LgM-PB-NZF composite are shown in Figure 6.12, it was observed that L-LgM-PB-NZF
composites possessed higher flexural strength than pure LLDPE but less than 47.5L-5LgM-
47.5PB blend. However, it is important to note that the toughness (area under the stress-strain
curve) of the composites was higher than that of pure polybenzoxazine, pure LLDPE, and
47.5L-5LgM- 47.5PB blend. This finding revealed that L-LgM-PB-NZF composites have the
potential to be used in structural applications. Flexural properties of the neat polymers and

composites are summarized in Table 6.5.
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Fig 6.12 Flexural stress-strain curves of neat polymer, blend and L-LgM-PB-NZF

composites.

Table 6.5 Flexural properties of the neat polymer, blend and L-LgM-PB-NZF composites.

Sample code Flexural strength  Flexural modulus  Toughness
(MPa) (GPa) (MPa)
LLDPE 16.33 0.403 0.274
Polybenzoxazine 54.06 1.928 0.439
47.5L-5LgM-47.5PB 35.75 1.236 0.244
47.5L-5LgM-33.25PB-14.25NZF 29.76 0.951 0.538
47.5L-5LgM-23.75PB-23.75NZF 27.85 0.937 0.496
47.5L-5LgM-14.25PB-33.25NZF 22.15 0.915 0.448

6.2.2.5 SEM Analysis of Fractured Surfaces

The morphology of the fractured surface of the samples was also investigated by SEM.
Figure 6.13 represents the micrographs of fractured surfaces of the composites after tensile
test. It was observed that for the sample composed of LLDPE, LgM and PB (47.5L-5LgM-
47.5PB), fibril microstructure formed in the fractured surface during fracture under tensile
strain (Figure 6.13 (a)), but for NZF loaded composite samples voids were formed due to
delamination of NZF from polymeric matrix (Figure 6.13 (b), (c), (d)). With increasing NZF

content in the composites larger void formation occurred. This might be due to the fact that
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when NZF loading is high in the composite, they formed agglomerates and when these
agglomerates pulled out from polymeric matrix large voids formed. This effect was
pronounced for the composites having larger NZF loading and large voids were observed in
their fractured surfaces (Figure 6.13 (c), (d)). This type of void formation was not observed
for the samples (47.5L-5LgM-47.5PB) which did not contain any NZF.

Fig 6.13 SEM micrographs of fractured surfaces of composites after tensile testing (a) 47.5L-
5LgM-47.5PB composite, (b) 47.5L-5LgM-33.25PB-14.25NZF composite, (c) 47.5L-5LgM-
23.75PB-23.75NZF composite, (d) 47.5L-5LgM-14.25PB-33.25NZF composite.

6.2.2.6 Magnetization Measurement

The variation of magnetic properties, in terms of saturation magnetization (Ms) and coercivity
(Hc), with the composition of composites were investigated by using a VSM at room
temperature with an applied field of 2000 Oe. Figure 6.14 shows the hysteresis loops
obtained for pure NipsZno2Fe,O4 nanoparticles, BA-NZF and series of L-LgM-PB-NZF
composites and the values of Ms and H; are summarized in Table 6.6. The saturation
magnetization (Ms) and coericivity (Hc) values of NipgZng,Fe,O4 nanoparticles were 38.31
emu g7 and 125.17 Oe, respectively. It was observed that when NiogZnoFe,O4 nanoparticles

were mixed with benzoxazine (BA-NZF samples), M; value of the samples were decreased.
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In the L-LgM-PB-NZF composites the same trend was also observed. This decrease of Mg
value with decreasing NipgZno,Fe,O4 loading in the composition of composite is quite
obvious because the composite is composed of pure magnetic nanoparticles and non-
magnetic polymer. Interestingly, it was observed that in all cases of composites the value of
H. increased with decreasing amount of NZF in the composites. For example, H. of pure
NiogZng2Fe,04 is 125.17 Oe and H, of 14.25 wt% NZF composites is 170.64 Oe. This might
be due to the fact that dispersion of NiggZng2Fe,O4 nanoparticles within the polymeric matrix
caused to decrease interparticle dipolar interaction arising from the increased interparticle
distance within the single domain as compared to the close contact of the pure NZF
nanoparticles, and also due to the polymer-particle interfacial effect [262-264]. Similar effect
was also reported by Guo et al., for Fe,Os; nanoparticle reinforced vinyl-ester resin

nanocomposites [300].
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Fig 6.14 Magnetization curves for (a) NiggZng.Fe,0, powder, (b) PB-NZF (50:50)
nanocomposite, (c) 47.5L-5LgM-14.25PB-33.25NZF composite, (d) 47.5L-5LgM-23.75PB-
23.75NZF composite, (e) 47.5L-5L.gM-33.25PB-14.25NZF composite.
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Table 6.6 Magnetic properties of PB-NZF and L-LgM-PB-NZF composite.

Sample code Ms (emu/g) H. (Oe)
Nio.sZno 2Fe204 38.31 125.17
PB-NZF (70:30) 12.01 154.64
PB-NZF (50:50) 18.67 167.50
PB-NZF (30:70) 25.49 143.18
47.5L-5L.gM-33.25PB-14.25NZF 5.05 170.64
47.5L-5LgM-23.75PB-23.75NZF 10.16 161.61
47.5L-5LgM-14.25PB-33.25NZF 12.58 153.58

Figure 6.15 demonstrates that a film of L-LgM-PB-NZF composite is attached with a bar
magnet indicating its magnetic nature and both ends of the film can be gripped by a tweezer
by easily bending it due to its mechanical flexibility. This shows that the composites reported

here possess magnetic property along with mechanical flexibility.

Magnetic bar (a) (b)
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Fig 6.15 LLDPE-LgM-Polybenzoxazine-NiggZno2Fe,O4 composite sheets exhibiting (a)

magnetic nature, (b) mechanical flexibility.
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6.3 Summary of Results

1.

10.

11.

12.

Nio.sZng2Fe,04 nanopowder was successfully synthesized by using EDTA precursor
based synthesis method.

Major thermal decomposition of the precursor was complete at ~450 °C.

Single phase NisZno.Fe,O,was formed at a calcination temperature of 450 °C for
2:30 h in air atmosphere.

Average particle size of NipgZno2Fe,04 nanopowder was ~30 nm.

Nio.sZno2Fe204 nanoparticles exhibited ferromagnetic behaviour with a coercivity
(Hc) of 125.17 Oe and a saturation magnetization (Ms) of 38.31 emu/g.

XRD analysis of the final composites confirmed the presence of single phase
Nio.sZng2Fe204 in the composite.

Prepared L-LgM-PB-NZF composites showed better thermal stability than pure
LLDPE.

Variation of NipgZno 2Fe,O4 nanoparticles loading (14.25 to 33.25 wt%) did not affect
much in the tensile strength and tensile module of the composites.

Composites possessed higher flexural strength than that of pure LLDPE but lower
than 47.5L-5LgM-47.5PB blend matrix.

Toughness of the L-LgM-PB-NZF composites was higher than that of pure
polybenzoxazine, pure LLDPE, and 47.5L-5LgM-47.5PB blend.

Saturation magnetization (M) value of composites decreased with decreasing
Nip.sZno2Fe,04 content in the composites.

Value of coercivity (Hc) of the composites increased with decreasing amount of

Nig.gZno 2Fe,04 In the composites.
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CHAPTER7

Conclusions and

Future Scope of Work

7.1 Comparative Summary of Results of synthesized single phase nanopowders and

their Composites

We have successfully prepared different types of magnetic nanoparticles (such as CoFe,0,,

BaFe;,019, NiFe;O4 and NiggZno2Fe,04) by using an aqueous solution based EDTA

precursor method. These magnetic nanoparticles were blended with polybenzoxazine and

LLDPE to prepare nanocomposites which possessed structural flexibility as well as magnetic

properties. The important results have been summarized in Table 7.1 and Table 7.2.

Table 7.1 Comparative summary of results for nanostructured CoFe,0,, BaFe;2019, NiFe,04

and Nip gZng 2Fe;04 synthesized by EDTA precursor based method.

Characterization
Techniques

Synthesized Material

Obtained Results

Thermal analysis

CoFe,O4 nanopowder

Complete decomposition of
carbonaceous mass of the precursor
occurred within 400 °C in air
atmosphere.

BaFe;1,0;9 nanopowder

Complete decomposition of
carbonaceous content of the precursor
occurred in between 300 and 450 °C.

NiFe,O4 nanopowder

Complete decomposition of
carbonaceous content of the precursor
occurred up to 450 °C.

N io,gZﬂo.zFEzOA,
nanopowder

Complete  decomposition of the
precursor occurred at ~450 °C in air
atmosphere.

XRD Analysis

Formation of single phase ferrite

nanopowders  occurred due to
calcination of precursors in air.
CoFe,04 nanopowder at 550 °C for 4 h
BaFe;,019 nanopowder at 850 °C for 4 h
NiFe,O4 nanopowder at 550 °C for 4 h

N io_gZﬂo_zFGzOA,
nanopowder

at 450 °C for 2:30 h

CoFe,04 nanopowder

Average particle size (nm) (£ 5 nm)

~12 nm
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Particle size analysis

Magnetic
Measurements

BaFe;,019 nanopowder ~15nm
NiFe,O4 nanopowder ~23 nm
Nio_gZﬂo_zFGzOA, ~30 nm
nanopowder

Ms (emu/g) H. (Oe)
CoFe,04 nanopowder 67.55 1645.24
BaFe;,019 nanopowder 56.50 4913.94
NiFe,O4 nanopowder 30.70 158.30
Nio.sZng 2Fe204 38.31 125.17
nanopowder

Table 7.2 Comparative summary of results for flexible magnetic nanocomposite composed of

LLDPE, Polybenzoxazine and ferrite nanoparticles.

Characterization Material Results
techniques
XRD spectra of the composites
L-LgM-PB matrix | conformed that characteristic peak of
composite LLDPE are presents along with
XRD Analysis amorphous broad peak of
polybenzoxazine.
L-LgM-PB-CF composite | XRD spectra of the composites
L-LgM-PB-BHF conformed that single phase nanosized
composite ferrite particles are present in the
L-LgM-PB-NF composite | composites.
L-LgM-PB-NZF
composite

Thermal analysis

L-LgM-PB matrix blend

L-LgM-PB-CF composite

L-LgM-PB-BHF
composite

L-LgM-PB-NF composite

L-LgM-PB-NZF
composite

Thermal analysis showed that presence
of polybenzoxazine enhanced the
thermal stability of the composites.

In presence of ferrite nanoparticles, the
exothermic curing peak of benzoxazine
monomer  shifted to a lower
temperature.

Average particle size (nm) (£ 5 nm)

FT-IR analysis

L-LgM-PB-CF composite

L-LgM-PB-BHF

PB-CF nanocomposite 100 to 200 | Average particle size of
Particle size analysis nm prepared

PB-BHF nanocomposite 121to 160 | polybenzoxazine-ferrite
nm nanocomposite  varies

PB-NF nanocomposite 111to 134 | with the composition of
nm the composites.

PB-NZF nanocomposite 7410 119 nm

L-LgM-PB matrix blend | FT-IR spectra indicate that the

complete formation of polybenzoxazine
from benzoxazine occurred during
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composite

L-LgM-PB-NF composite

L-LgM-PB-NZF
composite

blend preparation.

Mechanical testing

L-LgM-PB matrix
composite

Tensile and flexural testing of the
composites revealed that 5 wt% is the
optimum amount of compatibilizer that
can be used in composite preparation.

L-LgM-PB-CF composite

L-LgM-PB-BHF
composite

L-LgM-PB-NF composite

L-LgM-PB-NZF
composite

From tensile and flexural testing of the
composites it was observed that the
composites possessed higher tensile
and flexural strength than pure LLDPE
and grater elongation at break than pure
polybenzoxazine.

Toughness of the composites was
higher than that of  pure
polybenzoxazine, pure LLDPE, and L-
LgM-PB blend.

SEM micrographs of the composites

also showed the enhancement of
L-LgM-PB matrix homogeneity = of LLDPE  and
SEM Study composite polybenzoxazine phases with
increasing amount of LgM.
L-LgM-PB-CF composite | SEM micrograph of the surface of a
L-LgM-PB-BHF cross section of the composite shows
composite that polybenzoxazine coated ferrite
L-LgM-PB-NF composite | nanoparticles are embedded within the
L-LgM-PB-NZF polymeric matrix.
composite
L-LgM-PB-CF composite | Magnetic property measurement of the
L-LgM-PB-BHF composites indicated that the magnetic
Magnetic composite property of the composites varied with
Measurement L-LgM-PB-NF composite | the nature of MNPs as well as amount
L-LgM-PB-NZF of MNPs present in the composites.
composite With increase of MNPs amount in the

composite Ms was found to be

increased.

7.2 Conclusions:

(@ A simple aqueous solution based EDTA precursor method has been employed for

preparation of pure hard ferrite (e.g. CoFe,0,, BaFe;,019) and soft ferrite (NiFe,Oy,

NiosZno.Fe,04) nanopowders. This method offers following advantages:

(i) metal alkoxides or complex metal compounds, which are expensive, difficult to

handle, synthesize, and sometimes toxic were not used in the developed method.
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(i)

(i)

(iv)

(b)

(©)

(d)

(€)

(M

(9)

(h)

strong bases as precipitating agent or organic solvents, etc were not used in this
method.

use of cheap metal nitrates as starting materials and water as solvent helps in reducing
the processing cost as compared to other reported wet chemical methods.

moreover, any elaborate experimental setup is not required for the synthesis of
nanopowders by these methods.

A simple method has been developed for preparation of LLDPE-LgM-
polybenzoxazine-ferrite nanocomposite. This method is applicable for preparation of

hard ferrite as well as soft ferrite nanoparticles containing nanocomposites.

XRD analysis shows that pure ferrite nanoparticles are present in the composite after
processing the final composites.

Thermal analysis of the composites indicates that presence of polybenzoxazine
enhances the thermal stability of the composites.

Presence of 5wt% LgM in the composite enhances the compatibility between LLDPE
and polybenzoxazine, which was reflected in the SEM micrographs analysis and
mechanical property study of the composites.

Investigation on magnetic properties of the composites shows that saturation
magnetization (Ms) of the composites increases with increasing ferrite nanoparticles
loading. Same trend was observed for all types of ferrite nanoparticles containing
composites.

Incorporation of MNPs in the composites resulted in decrease in the tensile properties
of composites, but variation of loading of MNPs (from 14.25 wt% to 33.25 wt%) did
not affect much in the tensile properties. Nature of MNPs (hard or soft ferrite) does
not affect much in the mechanical properties of the composite. CoFe,0,4, BaFe;1,0;9,
NiFe,04, NiggZng2Fe,04 containing composites exhibited similar type of mechanical
properties.

The magnetic properties of these composites can easily be tuned by the judicious
choice of the nature of MNPs and their loading level in the composition of the

composites.
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7.3 Limitations of the Composites:
Though it has been observed that presence of polybenzoxazine enhances the thermal stability
of the composites but as the melting temperature of LLDPE is ~124 °C, the composites

should be used below this temperature.
Future Scope of work

()  Investigations on the microwave absorption properties of the synthesized
nanocomposites, so that they can be used as radar absorbing materials (RAM) in
military applications.

(i)  Modification of these composites so that they can be used as coating.

(iif)  Investigations on the enhancement of the thermal stability of the composites so that

they can be used above 124 °C.
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