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ABSTRACT  
Researchers from all over the world have taken a keen interest in the 
development of new composite materials having improved properties at low 
cost. Although, many of the problems of modern era in the field of material 
science have been addressed due to extensive research by the material 
scientists, yet there is still margin of work for interested scientists. In the present 
study an effort has been made to contribute to the existing knowledge by 
synthesizing new composites/nanocomposites and their subsequent 
characterization, employing latest state of the art analytical equipment.  
Poly (vinyl alcohol) (PVA) and alumina (Al2O3) based composites, having varying 
amount of lithium perchlorate (LiClO4), were synthesized in aqueous medium by 
employing the acid catalyzed sol-gel method. Aluminum butoxide was used as 
precursor for preparation of alumina. PVA and multiwalled nanotubes (MWNT), 
and, PVA and double walled nanotubes (DWNT) based nanocomposites were 
fabricated with the help of functionalized carbon nanotubes (CNTs). CNTs were 
functionalized using nitric acid method. Cetyltrimethylammonium bromide 
(CTAB) was used as surfactant. LiClO4 in different proportions were added at the 
end fabrication procedure.  
Final thin film composites were obtained by solvent casting technique. 
Thermogravimetric Analysis (TGA), Tensile Properties, Scanning Electron 
Microscopy (SEM), X-ray Diffractometry (XRD), and Fourier Transform Infrared (FTIR) 
spectroscopy were used for the characterization. 
Thermal Studies showed that PVA-Al2O3/LiClO4 composites were most stable 
among the three composite series, while PVA-DWNT/LiClO4 were least stable. 
PAL6 composite was the most stable composite with degradation temperature 
(TD) of 327.0 ˚C, whereas the least stable was PDL10 with TD of 291.5 ˚C. 
During mechanical studies, highest and lowest value of Young’s modulus were 
observed for PDL4 (1654.0 N.mm-2) and PAL10 (7.62 N.mm-2), respectively. 
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Maximum value, 61.0 N.mm-2, for tensile strength was shown by PML10, whereas, 
minimum value, 8.82 N.mm-2, was observed for PAL2. Highest value, 174.59 mm, 
for elongation at break was shown by PAL4, while, lowest value, 69.4 mm, was 
that of PDL10. Overall, addition of lithium perchlorate had enhanced Young’s 
modulus and tensile strength of PVA-DWNT series and elongation at break of   
PVA-Al2O3 series. 
SEM studies on all three nanocomposite series revealed that Al2O3, MWNT, DWNT 
and lithium chlorate were well dispersed in the polymer matrix and surface of all 
the resulting polymer nanocomposites were smooth, bearing no holes or 
roughness. 
It has been found during XRD studies that addition of LiClO4 had increased 
crystallinity of PVA-Al2O3 series, while it had negative effect on the PVA-MWNT and 
PVA-DWNT nanocomposite series. It was concluded that MWNT and DWNT 
decreased the crystallinity while LiClO4 improved crystallinity of the resulting 
composite.  
FTIR test results showed that alumina, MWNT and DWNT has interacted chemically 
with the PVA. Lithium perchlorate also played its role in the chemistry of the PVA 
based composites. 
In the present study, we have successfully prepared thin Films of PVA-Al2O3/LiClO4, 
PVA-MWNT/LiClO4 and PVA-DWNT/LiClO4 nanocomposites which are thermally 
stable and with good strength. Best choice of properties, among the three 
composite series is provided by the PVA-DWNT/LiClO4 nanocomposites. Since 
water was used as solvent throughout the studies, our synthetic procedure is 
environment friendly. 
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CHAPTER 1 
 

INTRODUCTION 
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A lot of new materials have been introduced in the last 25 years for the production of 
new material having improved properties. Polymers, now a major class of material 
science, offer novelty and versatility in performance and characteristics which is not 
found in any other kind of materials. 
Composite materials may be defined as material made from two or more constituent 
materials, having different physical and chemical properties, and should remain distinct 
and separate in the final structure. A clear advantage of composite materials is that it is 
possible to produce a range of materials with properties completely different from those 
of the constituent materials [1]. Examples of polymeric composites having unique 
combination of properties are carbon-, glass- or fiber-reinforced thermoplastic or 
thermosetting composites. As in a composite, the polymer matrix and composite 
constituent are mostly present in significant weight or volume ratios [2, 3], it guarantees 
relatively economical pathway for synthesis of new materials [1]. 
Since the advent of the nanocomposites, progress in the field of material science has 
taken a new turn. Nanocomposite is a special class of composite, where at least one of 
the dimensions of the filler material is of the order of a nanometer. However, the final 
product does not have to be in nanoscale [4].  
Scientists working in material science derive novel properties of nanocomposites by 
combining useful characteristics of parent constituents. Since, processability is very 
important feature required for exploiting full potential of nanomaterials, scientists are 
forced to select conventional polymers as one constituent of the nanocomposites and 
thus a new class of hybrid materials is introduced called “polymeric nanocomposites”.  
Several studies have been published on devising techniques to incorporate 
nanoparticles into polymeric matrices [5]. Mostly [6] blending or mixing of the 
components, while taking the polymer in solution or in melt form, solves the problem. 



3 
 

Resulting nanocomposites have applications in diverse technological fields such as 
battery cathode [7], microelectronics [8], nonlinear optics [9], sensors [10], etc. 
Scientists worked on various morphologies of nanoparticle, important constituent 
component of the nanocomposite, including spheroidal such as silica [11, 12], platelets 
like clay [13], graphite [13-16] and nanotubes both multiwalled and single walled forms 
[17-21].  
Due to their high modulus, electrical and thermal properties nanotubes have become 
center of attention since their discovery by Iijima in 1991 [22, 23]. Various techniques 
are used to incorporate nanotubes into polymers to improve their strength and 
conductivity [24-33]. Carbon nanotubes have been extensively employed in composites 
to enhance conductivity and strength. Typical applications of carbon nanotubes include 
energy storage and energy conversion devices, sensors, hydrogen storage media, 
nanometer-sized semiconductor devices and radiation sources [34]. 
PVA is a non-toxic water soluble polymer which has been employed by various 
researchers in applications as binder, electric double layer capacitors, bio-medical 
fields, electrochromic windows, sensors and fuel cells. PVA owes its greater utility in 
these applications because of its greater mechanical strength, electrochemical stability, 
bio-compatibility, high tensile strength and abrasion resistance, etc. [35].  PVA has a 
backbone made up of carbon chain with hydroxyl groups (OH) attached to methane 
carbons. These OH groups assist in the formation of polymer blends [36, 37]. PVA 
when complexed with lithium triflate systems [38], shows relatively high conductivity 
of about 10-8 to 10-4 S/cm. Kanbara et al. [39] studied PVA complexed Li salt systems 
for application in electric double layer capacitors.  
Carbon nanotubes are usually incorporated in the polymer matrix to increase the 
conductivity and strength of the resulting composite [40, 41]. In fact, composites, 
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possessing constituent components as conducting polymer and carbon nanotubes, have 
been shown to acquire properties of the individual components with a synergistic effect 
[42]. Downs et al. observed same effect while depositing polyaniline (PAn) on CNT-
modified electrodes [43]. 
1.1 POLYMER COMPOSITES 
Composite is generally made up of a polymer matrix (or binder) and reinforcing 
material. Scientists and engineers working on composites have designed extraordinary 
materials by ingeniously dispersing various metals, ceramics, and polymers. 
Composites can be classified into three main types, i.e., particle-reinforced composites, 
fiber-reinforced composites and structural composites. 
1.1.1 Particle-Reinforced Composites 
In particle-reinforced composites, equi-axed [44, 45] is the dispersed phase. Equi-axed 
possesses nearly same dimension in all directions. Well known example of this class is 
concrete, a mixture of cement and aggregate. 
1.1.2 Fiber-Reinforced Composites 
When the dispersed phase in a composite has a large length to diameter ratio it is called 
fiber-reinforced composite. Fiber glass, glass fibers mixed in a resin matrix, are 
important examples of this category.   
1.1.3 Structural Composite 
Composites that are used in structural applications are called structural composites. The 
core components of a structural composite is the matrix and reinforcements. The 
reinforcements, which are strong and stiff, are distributed in the matrix that is generally 
less strong and stiff. Major load in some of the instances is shared by the 
reinforcements. Examples are carbon/epoxy composites, which consist of fiber 
dispersed in a weak matrix. The strength and stiffness of composite in such cases is a 
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function of strength and stiffness of constituent fibers. In some cases, like SiC/Titanium 
composite, the matrix also shares the load, when strength and stiffness of both the 
matrices and reinforcements is comparable. Besides the primary task of holding the 
reinforcements together, matrix may influence the thermal, electromagnetic and several 
other characteristics of a resulting composite.  
Laminar composites are one of the important class of structural composites. Laminar 
composites are also called laminated composites or laminates. A laminate is defined as 
a composite consisting of two or more layers of planar composites in which each layer 
or ply may be of the same or different materials [44-47].  
1.2 POLYMER NANO- COMPOSITES 
A polymer composite in which one of the dispersed phase has at least one dimension 
less than 100 nm is called polymer nanocomposites (PNC). It has been observed that 
the mechanical, electrical, thermal, optical, electrochemical, catalytic properties of the 
PNCs are significantly different from the conventional composites [48]. The attention 
and hype which PNC technology has received is not entirely due to the enhancement of 
properties of the neat polymer nor the replacement of available fillers or blend 
technology. Instead, its value come from the new set of properties which were not 
offered by the neat resin without compromising its processibility and mechanical 
properties or by adding excessive weight. 
Nanotechnology has shown prominent progress in the 21st century. Development of 
PNCs in the materials research field is rapidly emerging as a multidisciplinary activity 
whose findings could enhance its applications to the greater good of the modern society.  
1.2.1 Method of Preparation of Nanoparticles 
Since the reactants can’t be mixed on atomic scales by simple traditional methods, 
therefore, alternative methods, like hydrothermal, sol-gel, Pechini, chemical vapor 
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deposition and microwave are used [49]. These methods are able to achieve mixing of 
reactants in gas phase, liquid or even in solid phase at atomic scales. These methods 
also ensure that final product is in the nano-size, possesses narrow particle size 
distribution, high surface area, homogeneous, pure and with improved properties. 
1.2.1.1 Hydrothermal Synthesis 
Usually scheme of hydrothermal synthesis is carried out in closed vessels. Typical 
procedure involves the dissolution of reactants in a known amount of water. If reactants 
can’t be dissolved an alternative approach is to suspend them in a known amount of 
water. Solution/suspension thus obtained is then transferred to autoclaves or acid 
digestion reactors. 
Hydrothermal conditions make it possible for the reactants to go in to solution and 
reprecipitate, which are otherwise difficult to dissolve. 
1.2.1.2 Sol–Gel Synthesis 
Sol–gel synthesis is a well-known and viable alternative to form nanocrystalline 
elemental, alloy and composite powder efficiently and economically.  
1.2.1.3 Polymerized Complex Method 
A wide variety of ceramics oxides are produced from polymeric precursor by wet 
chemical method which is based on Pechini process [50]. It involves two steps for the 
synthesis of precursor: 

 Alpha-hydroxycarboxylic acid, like citric acid, is made to mix with aqueous 
solution of suitable oxides or salts. This results in the chelation which takes 
place in the solution. 

 In the second step a polyhydroxy alcohol, such as ethylene glycol, is added and 
the liquid is heated to about 150–250 ◦C. After the polymerization, excess water 
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is removed by heating. Finally, at still higher temperatures (500 to 900◦C), the 
resin is decomposed/charred to produce a mixed oxide.  

The Pechini Process is superior to other ceramic powder processing techniques and its 
advantages include low cost, good compositional homogeneity, high purity and low 
processing temperatures. 
1.2.1.4 Chemical Vapor Deposition 
In the chemical vapor deposition a solid is deposited on a heated surface as a result of 
chemical reaction in the vapor phase. This method finds its application in the 
manufacturing of powders, fibers, coatings and monolithic components. 
1.2.1.5 Microwave Synthesis 
In the recent times, researches have shown greater interest in heating and sintering of 
ceramics by microwaves. Technique of microwave synthesis is applied in the fields 
ranging from microwave material interaction, dielectric characterization, microwave 
equipment design, new material development, sintering, to joining, and modeling [49]. 
Carbon nanotubes and coils are fabricated in a microwave chemical deposition unit. 
1.3 SOL-GEL SYNTHESIS 
In the sol-gel process metal alkoxides and metal salts are typical precursors, which 
undergo various forms of hydrolysis and polycondensation reactions to form metal 
oxides. Since during this chemical procedure the 'sol' (or solution) gradually changes 
to a gel-like diphasic system (liquid and a solid phase), therefore, it is called sol-gel 
synthesis. Morphology of the solid phase range from discrete particles to continuous 
polymer networks. Sol-gel synthesis is carried out through following two pathways: 

 Base-Catalyzed Process: In base-catalyzed process, the particles which are 
produced might grow into a larger size and thus a colloidal suspension is 
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produced. These colloidal particles are affected by both the sedimentation and 
gravitational forces [51].  

 Acid-Catalyzed Process: Here due to the sufficient strength of the inter-particle 
forces, they tend to aggregate and or flocculate just before their growth to form 
a continuous network of low density polymer [52]. 

Regardless of the process (acid-catalyzed or base-catalyzed) used, sol transforms into 
an inorganic network containing a liquid phase (gel). Drying process is used to 
evaporate the liquid from the gel which results in the formation of a micro-porous 
amorphous glass or microcrystalline ceramic. In order to promote further 
polycondensation and enhance mechanical properties, it may require thermal treatment 
(firing). 
Benefits of the sol-gel approach are superior control of the chemical composition of the 
product and low cost of the process. Materials synthesized by the sol-gel process find 
their application in optics, energy, electronics, biosensors, controlled drug release 
(medicine) and chromatography [53-57].  
1.4 CARBON NANOTUBES 
Carbon nanotubes (CNTs) are defined as a graphene sheet rolled into a tube. CNTs 
possess decent chemical stability along with other desirable properties like unique 
mechanical, optical, and electrical properties [20, 22, 58]. These properties make them 
an ideal candidate for a reinforcing filler in a composite material. Even a small amount 
of CNTs has the capability to enhance the mechanical properties, electrical 
conductivity, and thermal conductivity of a polymer. Due to remarkable characteristics, 
researchers from all over the world have found applications of CNTs in engineering 
applications like polymeric composites, hydrogen storage [59, 60], field-emission 
materials [61], chemical sensors [62], and nanoelectronic devices [63]. 
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There are methods available to synthesize CNTs including arc methods, laser methods 
and chemical vapour deposition (CVD) [64]. 
1.4.1 ARC Method 
In this method, electric arc is made to pass through graphite electrodes, using metal 
particles as catalyst to get CNTs as one of the products formed. 
1.4.2 Laser Method 
A laser is aimed at a carbon target in the presence of a metal catalyst created in the 
process. During the process carbon nanofibers grow from metal catalyst particles. 
1.4.3 Chemical Vapour Deposition (CVD) 
Here an attempt is made to thermally decompose hydrocarbon gases in the presence of 
a metal catalyst to grow nanotube. CVD has the capability to produce well-aligned 
nanotubes [64].  
Since, all these methods are not capable to produce reasonably priced CNTs, scientists 
are trying to modify these methods further. 
CNTs can’t be simply mixed with polymer to form a CNT/polymer composite because 
they form bundles and ropes. This behaviour is attributed to existence of strong Van 
der Waal’s forces of attraction between the tubes, which due to their high surface area 
play a dominant role in their physical and chemical properties. Another reason for the 
lack of mixing is the relatively higher viscosity of some polymers, which make it hard 
for the polymer to penetrate the CNT bundles. 
However, there are methods available, which facilitate mixing of the CNTs with 
polymer (thermoplastics or thermosets) like melt mixing, in situ polymerization etc. In 
all these techniques, an effort is made to mix the CNTs uniformly throughout the 
polymer without compromising their aspect ratio or integrity [65].  



10 
 

Another interesting technique which facilitates mixing of CNTs with polymer is 
chemical functionalization of the CNT wall. It enable CNTs to get mixed with an 
organic solvent [66], water [67, 68], or polymer matrix [69]. Chemical functionalization 
also help CNTs to get attached with polymeric materials chemically [70]. By 
fluorination, arylation, nitrene cycloaddion, 1,3-dicycloaddition [71, 72], Friedel-Crafts 
acylation [73, 74] functional groups can be introduced either on the side-wall or at the 
end of CNTs by acid treatment [75].  
Carbon atoms of the CNTs, in side-wall functionalization, react with the functional 
groups and as a result are converted from sp2 to sp3. This change affects their electronic 
properties significantly. Since in the end functionalization, p-network of the CNTs is 
preserved, therefore, their mechanical and electrical properties do not change 
significantly. 
Another technique which can modify CNTs and preserve its conjugation system is 
noncovalent functionalization. Examples of this technique are polymer wrapping [76], 
the adsorption of amine [77], and radiofrequency glow-discharge plasma modification 
[78]. 
1.5 CHARACTERIZATION OF THE COMPOSITE MATERIALS 
Among variety of techniques available to characterize composite materials, following 
are important from characterization point of view: 
1.5.1 UV-Visible Spectroscopy 
UV-Visible spectroscopy is an important analytical technique which is widely used in 
the analysis of materials. This technique is also called as electronic transition 
spectroscopy because in ultra violet (UV) and visible region of electromagnetic 
spectrum, energy is sufficient to cause electronic transitions in the atoms and molecules.  
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Four types of electronic transitions are possible in ultra violet and visible region, 
namely n →σ*, n →π*, π →π* and σ →σ*. Among these transitions, σ →σ* transition 
requires the highest input of energy and it is because of this reason that saturated 
hydrocarbons, where single – bond (σ- bond) exists, do not show absorption in the UV 
region. Actually, σ →σ* transitions takes place below 200 nm, therefore, compounds 
having single – bonds are transparent to UV-Visible light [79].  
Molecules having non-bonding electrons, like O, N, and S or halogens, or have 
unsaturated bonds within a molecule, such as acetone, often show absorption in the UV-
Visible region because n →π* and   π →π* transitions require relatively lower inputs 
of energy than for σ →σ* transition. n →π* and   π →π* transitions are two most 
important types of transitions for organic molecules. 
Any part of molecule that is responsible for the absorption of light is called 
chromophore, e.g., double or triple bonds within a molecule, the nitro and nitroso 
groups, the carbonyl group etc. Presence of certain groups, called auxochromes, also 
enhances the absorption of light.  Auxochromes do not absorb significantly in the UV 
region but have a pronounced effect on the absorption of molecule to which they are 
attached. Examples of auxochrome are hydroxyl group, amino group, methyl group and 
nitro group. 
1.5.2 Thermo-Gravimetric Analysis 
Thermo gravimetric analysis (TGA) is an important thermal analysis technique which 
is used to study the thermal stability and fraction of volatile components of polymer 
composites by monitoring their weight loss during heating. In other words TGA 
measures the change of mass of polymer composite as a function of temperature or 
time.  
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TGA is a powerful tool in solid state chemistry and materials science. This method is 
often used to estimate quantitatively the component of interest in a mixture provided it 
exhibits a single isolated weight loss, e.g., determining moisture in a substance.  
1.5.3 Mechanical Testing 
Mechanical testing is the process, which measures the behavior of engineering 
materials under the applied load or forces. A mechanical test reveals whether a given 
material is suitable for its mechanical uses by measuring elasticity, tensile strength, 
elongation, hardness and fracture toughness etc. 
1.5.4 Scanning Electron Microscopy (SEM) Analysis 
A Scanning Electron Microscopy (SEM) is a type of electron microscope that produces 
surface images of a given sample by scanning it with a focused beam of electrons. The 
bombarded electrons interact with atoms in the sample, giving various signals that 
provides information about the topography of the surface of sample and its composition. 
SEM can achieve resolution better than 1 nanometer. Sample can be observed in high 
vacuum, low vacuum, wet conditions and at a wide range of cryogenic or elevated 
temperatures. 
1.5.5 X-ray Diffraction (XRD) Analysis 
X-ray diffraction (XRD) is a useful nondestructive analytical technique for 
characterizing crystalline materials. It shows information about the structures, phases, 
preferred crystal orientations (texture), and other structural properties, like average 
grain size, crystallinity, strain, and crystal defects.  
1.5.6 FTIR Spectroscopy 
Usually, IR-spectrum is sub-divided into three main regions. The high frequency 
region, between 4000-13000 cm–1 (2 – 7.7m), is termed as functional group region. In 
this region characteristics stretching frequencies for important functional groups like 
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C=O, OH, and NH are found. The region between 1300-900 cm–1 (7 – 11m) is called 
fingerprint region. Absorption frequencies found in this region are complex and are due 
to combination of interacting vibrational modes, providing a unique fingerprint for 
every molecule. The last region between 900-650 cm–1 (11 – 15m) is used to extract 
general classification of molecules from the pattern of absorptions, like substitution 
patterns on benzene ring [79].  
Many researchers use FTIR spectroscopy to study the formulation of polymer 
composites. FTIR spectrum is interpreted by taking into account stretching or bending 
vibrations of particular bonds and positions at which their peaks appear in the spectrum 
which is a result of intramolecular or intermolecular interaction. Hydrogen bonding or 
other interactions between chemical groups on the dissimilar polymers also influence 
peak position of the participating groups. This behaviour is particularly observed in 
miscible blends that possess extensive phase mixing.  
Hydrogen bonding, commonly shifts the stretching frequencies of the participating 
groups, like O–H, N–H, C=O to lower wave numbers, with increased intensity and peak 
broadening. Greater the strength of interaction more will be the shift in peak position. 
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2.1 LITERATURE REVIEW 
During early 1990s, Wei et al. had prepared transparent materials from mixtures of 
polyacrylate [80, 81], styrene [82] and poly-acrylonitrile [83] with silica employing the 
alkoxymetal precursors. Some of the properties of composites were significantly 
improved with only 4% (w/w) loading of inorganic clay [84]. However, studies on 
hybrid materials made by sol-gel techniques had been reported only on a few polymers 
from different laboratories [85-88].  
Peng et al. showed that in the presence of silicon dioxide (SiO2) nanoparticles in 
Polyvinyl Alcohol, a remarkable change in the degradation mechanism occurs as 
compared to that of pure PVA. Thus thermal degradation occurs at higher temperature, 
requires more activation energy (E), and possesses higher reaction order (n) [89]. 
Uragami et al. [90] using Poly (vinyl alcohol) and tetraethoxysilanes in dimethyl 
sulphoxide have fabricated hybrid nanocomposites. 
Exposure to heat and UV radiation, contact with ozone, mechanical stress and microbes 
causes polymeric materials to degrade [91, 92]. Aminabhavi et al. [93] succeeded in 
increasing rigidity and minimizing heat distortion of nylon-6 at high temperatures for 
engineering applications by adding inorganic fillers.  
Recently, hierarchically porous materials having multiple-scale porous structure 
attracted attention of the researchers, due to their potentially vast applications in fields 
like heterogeneous catalysis [94, 95], chemical separations [96] and electrode materials 
[97]. In order to prepare hierarchically porous materials, macropores are made by 
emulsion templating [98, 99] or colloidal crystal templating [100, 101], while meso-
macropores are created with the help of surfactants [100-102]. 
Researchers have synthesized many compounds in monolithic shape with hierarchical 
pores like silica [103-105], titania [105, 106], zirconia [105], carbon [96, 107-109], and 
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polymer [110, 111]. Generally, these monoliths are prepared through polymer template 
method [103-106]. In principle, if a proper template and precursor are selected, 
macroporous monolith of various compounds can be synthesized in any shape with 
adjustable macropore sizes. Polymer template method possesses advantages, such as 
controllable pore structure and moldable shape as mentioned above. However, no 
successful attempt has been made up till now to prepare alumina monolith having 
hierarchically porous structure with the above method. Although, there are several 
reports available on preparation of porous alumina monolith using other methods [112, 
113]. 
Alumina is an important inorganic compound having thermal, chemical, and 
mechanical stability. Owing to its superior physical and chemical properties, 
hierarchically porous alumina is an ideal material which is used as catalyst support, 
adsorbent, ion-exchange material, membrane substrate, etc. [114-116].  
By employing sol-gel method with phase separation, Fujita et al. made macro-
mesoporous alumina monolith [112, 113] and silica–alumina monolith [117]. Yan et al. 
[118, 119] fabricated bimodal porous alumina foam having pore size in mm level by 
effectively using sponge-pore-former method.  
Sol-gel method has been successfully employed for the synthesis of PVA/silica hybrids 
by Paula et al. These composites were fabricated by reaction of PVA with tetraethyl 
orthosilicate (TEOS) with further modification of the inorganic phase with “bioactive” 
soda-lime phosphate silicate glasses [120].  
Nakane et al. [121] has investigated the structure and property relationships of a 
PVA/silica hybrid made from PVA and TEOS in aqueous medium by the sol-gel 
technique. The hybrid composites has potential applications as immobilization carriers 
for a biocatalyst. There are other reports of PVA/silica hybrid synthesis particularly by 
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Hsu et al. [122].  
Sharp et al. [123] treated Poly (vinyl alcohol) and tetraethyl orthosilicate with alcohol, 
dimethyl sulphoxide and water to form the sol-gel mixture. In this reaction formic acid 
was used as a catalyst as well as a solvent. Mark and Tang [124] have studied 
mechanical properties of sol-gel hybrids made from poly (dimethyl siloxane) and 
tetraethyl orthosilicate.  
There are various reports of preparation of organic–inorganic hybrids, recently, by in-
situ polymerization technique [125-127]. Although, detailed investigation on 
relationship between structure and property, especially, on the rubbery systems has not 
been reported so far. In spite of wide use of silica as filler in the rubber industry, reports 
on the silica  based rubber by sol-gel method is rare. 
Important parameters that has an effect on the sol-gel chemistry are pH, the mole ratio 
of Si to H2O, catalyst, solvent and reaction temperature. Landry et al. [128] investigated 
effect of pH in PMMA/silica hybrids. They observed that in acidic environment silica 
disperses uniformly in polymer matrix with particle size smaller than 100 nm while 
aggregates of silica are formed when silica particles are dispersed in basic medium.  
Hydrochloric acid is commonly used as an acid catalyst in the preparation of polymer-
inorganic hybrids. Huang et al. [129] have reported a study on the structure and 
morphology of the hybrids by employing different HCl/TEOS ratios in poly (dimethyl 
siloxane). Zerda et al. [130] and Himmel et al. [131] reported nano-scale dispersion of 
silica particles within the hybrids in acidic medium. These reports do not explain how 
the morphology of the silica phase has an effect on the physical properties of the 
resulting hybrid.  
Preparation and investigation of the characteristics of various polymer/silica organic–
inorganic hybrid nanocomposites have been explored by using acrylic rubber (ACM) 
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[132], epoxidised natural rubber (ENR) [133] and poly (vinyl alcohol) (PVA) [134] with 
TEOS. Bandyopadhyay et al. [135, 136] studied effect of important reaction parameters 
like solvent, Si/H2O mole ratio and temperature on the structure–property relationship 
of the rubber/silica hybrid nanocomposites (ACM and ENR based).  
Wei et al. [138] made an attempt to prepare electrodes from CNT/Cellulose composite 
which were modified to enhance its sensitivity. These detectors were then used in 
capillary electrophoresis. Benefits of CNT/Cellulose based electrode were improved 
signal-to-noise ratio, lower operating potential and reduction in operating cost. FTIR, 
SEM and XRD revealed good dispersion of CNT in cellulose matrix.  
An increase in the ionic conductivity was observed when nano-cermic particles were 
dispersed in the PEO/LiClO4 hybrid. The ionic conductivity was a function of thermal 
stability. Melting temperature (Tm) of the ceramic free PEO/LiClO4 polymer electrolyte 
increased with the increase of salt concentration [139].  
Rajendran et al. [142] investigated PVAc/PMMA-LiClO4 system thoroughly. They 
studied the effect of various plasticizers on the mechanical and thermal properties of 
composite. FTIR, XRD, TG/DTA and SEM were used for the characterization of the 
composites. Ionic conductivity plot confirmed Vogel – Tamman – Fulcher relation. 
Baskarana and coworkers [143] prepared a series of various compositions of PVAc-
LiClO4 composites. Composites were characterized using SEM, XRD, DSC and AC 
impedence measurement studies. These studies showed that polymer-salt composite 
was amorphous in nature. They also observed that Tg increased with increase of LiClO4 
content in the composite. 
Zhao et al. [144] enhanced hardness of polypropylene thread by coating its surface with 
PVA/CNT composite. PVA/CNT composites were prepared by first making 
multiwalled carbon nanotube (MWNTs) water soluble by treating them with acidic and 
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basic media. These were then uniformly dispersed in PVA. Result of this treatment was 
enhancement in the tensile strength (about 117%) and hardness (about 560%) of 
PVA/CNT coated thread. 
Hasan et al. [145] prepared homogeneous PVA/CNT composites using solution casting 
method. Gum acasia was used as surfactant while CNT contents varied from 5-10% by 
weight in the final composite. They used Thermo Gravimetric/Differential Thermal 
Analyzer (TG/DTA) and Thermo Mechanical Analyzer (TMA). Results of TG/DTA 
explicitly showed that those composites having higher percentage of CNTSs possess 
higher thermal stability. Studies conducted by Hasan and coworkers revealed that 
PVA/CNT composite might be a promising candidate for use in solar cells. 
Kim and coworkers [146] studied vertically aligned (VA) carbon nanotubes (CNTs) for 
use in the separation processes like water purification and gas separation. VACNT 
membranes having flexible and large surface area could provide an economical 
alternative to separation processes. However, all the prepared VACNT membranes in 
previous studies possess small membrane area, long fabrication time, poor mechanical 
stability, local agglomeration of CNTs and low CNT packing density.  They developed 
a novel in-situ bulk polymerization method to synthesize VACNT/polymer composite 
films to prevent CNT condensation which is responsible for the disturbance in 
orientation of CNT during liquid phase processing. SEM micrographs have confirmed 
that embedded CNTs were aligned in a high density polymer matrix which is free of 
structural defects. CNTs/polymer membranes, prepared by their method, showed a 
relatively high gas and water permeability than VACNT composite membranes 
prepared by other methods. 
Dong and coworkers [147] made CNT/Al-Cu-Cu composite by uniformly dispersing 
CNTs in Al-Cu matrix, which had comparatively better elastic modulus and yield 
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strength than Al-Cu matrix. Studies on these composites revealed that CNTs had 
positive effect on the strength and strengthening mechanism of grain size of the 
composite. 
He et al. [148] prepared Silica/Poly (ethylene terephthalate) (PET) nanocomposites by 
in situ polymerization. They used DSC and SEM to study the morphology and 
crystallization behaviour of Silica/PET nanocomposites. Result of these studies showed 
that resulting morphology was homogenous and there were no macro-phase separation 
no phase due to prompt synthesis of the inorganic networks. 
Bartholome et al. [149] made PVA/CNTs nanocomposites and characterized them for 
electrical and thermal properties. Dispersion and stabilization of MWNTs in PVA 
matrix were made possible by the use of covalent oxidation methods or surfactant 
adsorption. 
Wang and coworkers [150] studied preparation of Poly(l-Lactic Acid) 
(PLLA)/Graphene Oxide (GO) nanocomposites at various graphene oxide loadings. 
Crystallization peak temperature of PLLA increases with the grapheme oxide loading 
and shifts to lower range of temperature in the PLLA nanocomposites during the 
nonisothermal cold crystallization. The crystallization rate increases with increase in 
the crystallization temperature. The crystal structure and the mechanism of 
crystallization of the polymer and its composite remains unaffected. 
Subban et al. [151] investigated synthesis and properties of PVC-LiCF3SO3-SiO2 
composites. They studied ionic conductivity of PVC based composites at various 
temperatures. An attempt is made to evaluate the charge-discharge characteristic of the 
battery at room temperature so that viability of these polymer electrolytes in lithium 
battery can be estimated. 
Osman and coworkers [152] explored the mechanism of ionic conductivity in the films 
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of chitosan acetate, plasticized chitosan acetate, chitosan acetate containing salt and 
plasticized chitosan acetate containing salt complexes. An increase in the ionic 
conductivity was observed which was attributed to the dissociation of salt. 
Anatha et al. [153] prepared and characterized PEO based composites with varying 
amount of NaNO3 salt. X-ray Diffraction (XRD), Differential Scanning Calorimetry 
(DSC) and Fourier Transform Infrared Spectroscopy (FTIR) are used for the 
characterization of the composites. Change in electrical properties of these composites 
were studied by varying composition and temperature. 
Choi and coworkers [154] studied PEO based composites containing LiClO4, mixture 
of ethylene carbonate (EC), butyrlactone (BL) and poly (acrylonitrile) (PAN). In their 
study, they measured electrical conductivity and DSC. As the ratio of LiClO4/(EC/BL) 
decreased, an increase in the crystallinity of the resulting composite was observed.  
Baskaran et al. [143] studied the preparation of PVAc-LiClO4 solid polymer electrolytes 
of different compositions by employing solvent casting technique. During these studies 
XRD, SEM, DSC and AC Impedence measurement techniques were employed for 
investigation of structure, surface morphology, thermal and electrical conductance of 
solid polymer – salt complexes. It was observed that the resulting polymer electrolytes 
were amorphous in nature and they showed a decrease in glass transition temperature 
with the loading of LiClO4. 

Ogata et al. [155] investigated the synthesis and ionic conductivities of polymer 
electrolytes containing polycation salts. Ionic conductivities of these polymer 
electrolytes were 10 to 100 times better than PEO based polymer electrolytes at room 
temperature. 
Krawiec and coworkers [156] examined the Li electrode – electrolyte stability and ionic 
conductivity of polymer electrolytes having alumina as filler and LiBF4 as salt in PEO. 
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Their study showed that ionic conductivity and interfacial stability were enhanced with 
the increase of alumina loading in polymer electrolytes. 
Rajendran and coworkers [157] studied synthesis and characterization of polymer 
electrolytes containing PVC – LiBF4 – dibutyl phthalate (DBP) with varying 
concentration of zirconia (ZrO2). FTIR studies were conducted to elucidate the complex 
formation between polymer, salt and plasticizer. It was observed that polymer 
electrolyte system followed Vogel – Tamman – Fulcher relation and ionic conductivity 
values was a function of zirconia (ZrO2) concentration. 
Mohammad et al. [158] investigated the effect of plasticizer on surface, thermal 
stability and ionic conductivity of polymer electrolytes. It was established that ionic 
conductivity and dielectric constant showed an increase while thermal stability showed 
a decrease with the increase of propylene carbonate (PC) as plasticizer to the PVA-
KOH-Al2O3-H2O system. 
Tambelli and coworkers [159] examined the role of Al2O3 concentration on the 
behaviour of PEO-LiClO4 composite. DSC results confirmed that glass transition 
temperature remained unchanged while quantity of crystalline phase showed a variation 
with the increase of filler concentration to the polymer electrolytes.  
Zahreddine et al. [160] studied role of water contents on the conductivities of polymer 
electrolytes through AC Impredence technique. The observed data suggested that ionic 
conductivities tend to show an increase with the rise of water contents in the polymer 
electrolytes. Logarithmic plots of ionic conductivities showed that the polymer 
electrolytes obeyed Vogel – Tamman – Fulcher relation. 
Andrieu et al. [161] examined the effect of low molecular weight PEO (plasticizer) on 
the conductivity of cross – linked poly(ethylene oxide) / poly (propylene oxide) 
copolymer electrolytes having LiClO4 salt. Results showed that ionic conductivity was 
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enhanced with the addition of low molecular weight poly(ethylene oxide) in to polymer 
electrolytes.  
Gopal and coworkers [162] investigated the role of solvent and lithium salts on the ionic 
conductivity of poly(vinyl butyral) based polymer electrolytes prepared by solvent cast 
technique. It was observed that ionic conductivity was a function of solvent. n – Butyl 
alcohol showed highest ionic conductivity of all the solvents used. 
Wang and coworkers [163] examined solid polymer electrolytes for the effect of 
plasticizer, temperature and mole ratio of polymer on ionic conductivity. The results 
showed that ionic conductivity was enhanced with the decrease in molecular weight or 
increase of plasticizer contents in the solid polymer electrolyte. Besides, higher ionic 
conductivity was noted at higher concentration of salts and equal mole ratio of P(MMA-
MAA) to PEO. In addition, ionic conductivity of the polymer electrolyte system 
showed an increase by incorporation of salts with smaller cation size or larger anion. 
Florianczyk et al. [164] studied preparation of methyl methacrylate composite 
containing varying amount of lithium salt by thermal polymerization in the presence of 
poly(ethylene oxide). They observed that these polymer electrolytes had amorphous 
phase with low glass transition temperatures. These polymer electrolytes showed high 
ionic conductivity which may be due to the presence of amorphous phase caused by the 
addition of plasticizer in them. 
Santhosh et al. [165] examined the synthesis and characterization of polyurethane (PU) 
and poly(vinyledene fluoride) (PVdF) based polymer electrolytes. Thermal properties 
were studied through DSC technique while bulk conductivity was measured through 
AC Impedence technique and molecular interactions were investigated by FTIR 
spectroscopy.  
Bac and coworkers [166] studied the influence of inorganic filler of polymer electrolyte 
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composite on the electrode’s interfacial behaviour. Their study revealed that 
concentration of both the LiClO4 and type of inorganic filler used had an influence on 
the formation and growth of the resistive layer at the polymer electrolyte–lithium 
electrode’s interface layer. 
2.2 AIMS AND OBJECTIVE 
PVA is an important polymer and has been employed in diverse applications ranging 
from paper coating, textile sizing and flexible water soluble packaging films to medical 
devices. Selection of an appropriate filler for PVA composites requires a thorough 
knowledge of the characteristics of the surface of filler and its interaction with the 
matrix. Our aim in this study is to investigate the preparation and characterization of 
PVA based composites of alumina and carbon nanotubes. 
Present Work 
In the present work and effort is made to contribute a research segment to the synthesis 
and characterization of PVA based composites with inorganic fillers and carbon 
nanotubes. To achieve the stated objectives, we will focus on the following goals: 

1. Synthesize PVA composites, in different compositions and ratios with carbon 
nanotubes and inorganic fillers, having improved electrical and mechanical 
properties.  

2. Characterization of the resulting thin film will be carried out using various 
analytical techniques. Latest literature will be consulted to explain the properties 
of the synthesized composite. 

3. Optimize the reaction conditions and other relevant parameters to get the best 
possible set of properties of the composites. 

4. Keeping in view environmental concerns, water will be used as solvent for the 
preparation of composites. 
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3.1  CHEMICALS AND REAGENTS USED: 
Chemicals and reagents used in the present work are as follows: 

 Poly (vinyl alcohol) (BDH # 29791, MW= 125,000) was procured from BDH 
chemicals. 

 Nitric acid was obtained from AppliChem (Cat# A3122). 
 Multi-walled carbon nanotubes (MWNTs) were obtained from Catalysis and 

Nanoscience Lab, National Center of Physics, Islamabad, Pakistan. 
 Double-walled carbon nanotubes (DWNTs) were obtained from             Sigma-

Aldrich. 
 Cetyltrimethylammonium Bromide (CTAB) was purchased from Across. 
 Aluminum Butoxide, (Fluka # 06190) was procured from Fluka.  
 Lithium Perchlorate (AR Grade) was purchased from Merck. 
 Concentrated Hydrochloric Acid (AR Grade) was obtained from Merck.  
 De-ionized water of high purity was used as solvent. 

3.2 PREPARATION OF POLY (VINYL ALCOHOL) – ALUMINA 
COMPOSITE 
Polymer and other chemicals were vacuum dried, where required, before use. A 
8.33% aqueous solution of PVA was prepared by mixing 83.3g of PVA in about 850 
ml of water. The mixture was kept at about 353K in oven for about 24 hrs. Resulting 
solution, after cooling and complete dissolution, was made up to 1L with water 
(Solution A).  
0.2% LiClO4 solution (Solution B) was prepared by dissolving 200mg in a 100ml 
volumetric flask in sufficient deionized water to produce 100ml. 12ml of Solution 
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A and prescribed amount of Solution B (as shown in table 3.1) were added to a 
beaker and mixed for about 10 minutes. To the resulting solution, prescribed amount 
(as shown in table 3.1) of Aluminum Butoxide (ABO) was added dropwise with 
continuous mixing until a homogeneous mixture was achieved. Stirring should not 
be less than 10 minutes. 
At the end 0.5ml of HCl was added with continuous stirring. Mixture was stirred 
for 20 minutes [167]. 

  
Reaction Scheme 1: M = Al and R = butyl group 

  
3.3 PREPARATION OF POLY (VINYL ALCOHOL) – MWNT 

NANOCOMPOSITE   
Polymer and other chemicals were vacuum dried, where required, before use. A 
8.33% aqueous solution of PVA was prepared by mixing 83.3g of PVA in about 850 
ml of water. The mixture was kept at about 353K in oven for about 24 hrs. Resulting 
solution, after cooling and complete dissolution, was made up to 1L with water 
(Solution A). 0.2% LiClO4 solution (Solution B) was prepared by dissolving 200mg 
in a 100ml volumetric flask in sufficient deionized water to produce 100ml. 
About 300mg of multi-walled carbon nanotube were taken along with 30 ml of 5M 
nitric acid and sonicated for 120 minutes. This mixture was then refluxed for 12 
hours at 393K. After refluxing, mixture was filtered and washed with distilled water 
until free from acid. The residue was removed and dried in a dessicator 
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(functionalized MWNTs). This functionalization procedure results in the 
incorporation of carboxylic acid group to MWNT [72].  
About 300mg of CTAB was dissolved in 80ml of deionized water. Approximately 
20mg functionalized MWNTs were dispersed in the CTAB solution and the volume 
is made up to 100ml.  

 
Reaction Scheme 2 

 
This mixture was sonicated for 8 hours at room temperature (Solution C - Dispersed 
MWNTs). 12ml of Solution A and prescribed amount of Solution B (as shown in table 
3.2) were added to a beaker and mixed for about 10 minutes. To the resultant solution, 
prescribed amount (as shown in table 3.2) of Solution C (Dispersed MWNTs) was 
added and mixed for about 24 hours [168].  
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  TABLE 3.1: Compositions of the reagents used for preparation of PVA/Al2O3-LiClO4 hybrid composites (Alumina & LiClO4 contents of the films). 
 

 
 
 
 
 TABLE 3.2: Compositions of the reagents used for preparation of PVA/MWNT-LiClO4 hybrid composites (MWNT & LiClO4 contents of the films). 
 

 
  

S. # Composite Code ABO (Wt %) Alumina (Wt %) LiClO4 (Wt. %) 
1 PA 10 2.7 0.0 
2 PAL2 10 2.7 0.2 
3 PAL4 10 2.7 0.4 
4 PAL6 10 2.7 0.6 
5 PAL10 10 2.7 1.0 

S. # Composite Code MWNT (Wt %) LiClO4 (Wt. %) 
1 PM 0.05 0.0 
2 PML2 0.05 0.2 
3 PML4 0.05 0.4 
4 PML6 0.05 0.6 
5 PML10 0.05 1.0 
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 TABLE 3.3: Compositions of the reagents used for preparation of PVA/DWNT-LiClO4 hybrid composites (DWNT & LiClO4 contents of the films). 

  

  

S. # Composite Code DWNT (Wt %) LiClO4 (Wt. %) 
1 PD 0.05 0.0 
2 PDL2 0.05 0.2 
3 PDL4 0.05 0.4 
4 PDL6 0.05 0.6 
5 PDL10 0.05 1.0 
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3.4 PREPARATION OF POLY (VINYL ALCOHOL) – DWNT 
NANOCOMPOSITE  
Polymer and other chemicals were vacuum dried, where required, before use. A 
8.33% aqueous solution of PVA was prepared by mixing 83.3g of PVA in about 850 
ml of water. The mixture was kept at about 353K in oven for about 24 hrs. Resulting 
solution, after cooling and complete dissolution, was made up to 1L with water 
(Solution A). 0.2% LiClO4 solution (Solution B) was prepared by dissolving 200mg 
in a 100ml volumetric flask in sufficient deionized water to produce 100ml. 
About 300mg of double-walled carbon nanotube were taken along with 30 ml of 
5M nitric acid and sonicated for 120 minutes. This mixture was then refluxed for 
12 hours at 393K. After refluxing, mixture was filtered and washed with distilled 
water until free from acid. The residue was removed and dried in a desiccator 
(functionalized DWNTs). About 300mg of CTAB was dissolved in 80ml of 
deionized water. Approximately 20mg functionalized DWNTs were dispersed in the 
CTAB solution and the volume is made up to 100ml. This mixture was sonicated 
for 8 hours at room temperature (Solution D - Dispersed DWNTs). 
12ml of Solution A and prescribed amount of Solution B (as shown in table 3.3) 
were added to a beaker and mixed for about 10 minutes. 

  
Reaction Scheme 3 

 
To the resulting solution, prescribed amount (as shown in table 3.2) of Solution D 
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(Dispersed DWNTs) was added and mixed for about 24 hours [168].  

3.5 CASTING OF FILMS  
 

Last step in the preparation of composite films is casting. In this step final polymer 
solution/mixture were poured in petri dishes of equal diameter, 14 cm, and placed 
on a leveled surface. These solutions/mixtures were allowed to vacuum dry at room 
temperature to produce smooth and uniform films of composites. Once films were 
formed, they were detached from the petri dishes by a sharp knife with due caution. 
These films were then kept in vacuum for 48 hours and then stored in an air tight 
container. 
These films were then segmented into suitable sizes and shapes for various 
characterization techniques. 

3.6 CHARACTERIZATION OF ORGANIC-INORGANIC HYBRID 
COMPOSITE FILMS 
Following characterization techniques were used for the characterization of 
composite films: 

3.6.1 Thermo-Gravimetric Analysis (TGA) 
Thermal analysis was carried out on a Diamond Series TG/DTA System, made 
by Perkin-Elmer, USA, at nitrogen atmosphere with a heating rate of 5K min-1 
from 298K to 1298K.  
A small piece, usually about 5mg to 8mg, is cut from the composite film and 
fed into the instrument for the test and analysis. Loss of the sample was 
continuously monitored against the temperature rise and recorded. 
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3.6.2 Mechanical Testing 
Tensile testing was carried out to study the changes in the mechanical properties 
of the composites with change of composition. Testometric Universal Testing 
Machine (UTM) 100-500KN M350/500 manufactured by Testometric Inc., UK 
was used to investigate the mechanical properties of the composite films. 
Appropriate size and shape of sample were punched out from the cast films. All 
test samples had same thickness (300 m) and width (25mm) while length was 
about 30mm and the gauge length was 25mm.  
All the tests were made at room temperature (298K) with crosshead speed of 15 
mm per min. The test equipment had a special gripping system, to obtain a 
greater degree of accuracy and precision, by holding thin films effectively 
without any slippage during tensile testing. Standard procedures and formulae 
were employed for determining tensile properties like stress, strain, Young 
Modulus, etc. 

3.6.3 Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy (SEM) is the most reliable and popular 
technique for study of uniformity and morphology of surface of polymer 
composites. Its advantages over the other microscopic techniques are its speed, 
wide range of accessible magnifications and depth of field. 
Representative number of samples were analyzed using Scanning Electron 
Microscope SJ-6490LVMA manufactured by JEOL, Germany. Samples were 
gold coated employing sputter coater machine. Micrograph of the samples were 
taken using suitable voltage and resolution.  

3.6.4 X-Rays Diffractometry (XRD) 
X-ray diffractometer “Rigaku (Japan) FX Gieger Series RAD-B system” was 
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used for X-ray diffraction (XRD) patterns of the samples to identify the phases 
represented in the samples and calculation of crystal sizes. One square inch 
sample was cut from each nanocomposite films and was placed in the glass 
sample holder. Sample was then transferred to X-ray generating chamber of X-
ray diffractometer. During the test CuKα radiation of wavelength 0.15406 nm, 
35kV acceleration voltage and 20mA current was used. The range of diffraction 
angle was 10.00 to 70.00 - 2θ while scan rate was 0.04o/s. 

3.6.5 Fourier Transform Infrared (FTIR) spectroscopy 
IR spectra of hybrid nanocomposite were recorded with a Shimadzu IR Prestige-
21 Fourier Transform infrared (FTIR) spectrophotometer in Pike Technologies 
MIRacleTM ATR mode using single reflection ATR universal plates of Zinc 
Selenide Crystal at room temperature. FTIR was equipped with IRsolution 
Shimadzu software, version 1.30 for the analysis of the data. Composite samples 
were scanned, with a resolution of 4 cm−1, in the range of 4000 to 400cm−1. An 
average of 10 scans for each specimen was taken. 
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4.1 THERMOGRAVIMETRIC ANALYSIS (TGA)  
Thermogravimetic analysis (TGA) have been extensively employed to study all 
physical processes that involve changes in weight. TGA gives helpful insight in the 
study of processes like thermal degradation, phase transition and crystallization of 
polymers. 
Mishra et. al. [169] has studied thermal degradation of poly (vinyl alcohol). They 
reported that PVA is stable till 265 °C but it decomposes in two steps, later on. The 
weight loss observed around 350 °C is due to the decomposition of side chain while the 
weight loss near 450 °C is attributed to the degradation of backbone of the PVA [170, 
171]. 
4.1.1 Thermogravimetric Analysis of PVA-Al2O3/LiClO4 Composites 
Figure 4.1 (Table 4.1A/4.1B) shows a typical thermogram of PVA – Al2O3 (PA) 
composite. TGA curve of PA composite exhibits that it is consistent with the work of 
other researchers studying PVA based composites [121, 169-172]. Like PVA, it has 
three distinct regions visible in the thermogram: 
Region 1: This region starts from 30°C and continues up to 204°C. In this region a 
weight loss of around 28.0% is recorded which is due to both, i.e., the loss of structural 
water and loss of water from the surface. 
Region 2: It includes the area between 205°C to 434°C. A weight loss of approximately 
27.0% observed in this region is attributed to degradation of side chain of PVA. 
Region 3: Third and last region starts from 435°C till the end of the curve. In this region 
nearly 41.0% weight loss is observed due to the degradation of the main backbone of 
PVA and transformation from c-AlOOH to c-Al2O3 [173]. 
Thermogram of PAL4 (Fig 4.2), resembles thermogram that of PA in shape. 
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Table 4.1 A: Variation of Weight Loss with %LiClO4 Loading on PVA-Al2O3 
Composites. 

%LiClO4 Parameters Studied Region 1 Region 2 Region 3 

0.0% (PA) Temp. Range 30°C to 204°C 205°C to 434°C > 434°C 
Weight Loss 28.0% 27.0% 41.0% 

0.2% (PAL2) Temp. Range 30°C to 214°C 215°C to 442°C > 442°C 
Weight Loss 36.0% 22.0% 40.0% 

0.4% (PAL4) Temp. Range 30°C to 217°C 218°C to 441°C > 441°C 
Weight Loss 36.0% 22.0% 41.5% 

0.6% (PAL6) Temp. Range 30°C to 220°C 221°C to 440°C > 440°C 
Weight Loss 33.0% 23.0% 30.0% 

1.0% (PAL10) Temp. Range 30°C to 210°C 211°C to 438°C > 438°C 
Weight Loss 32.0% 24.0% 41.5% 

  
 

Table 4.1 B: Thermal Degradation of PVA-Al2O3 Composites. 
%LiClO4 Tonset Toffset TD 

0.0% (PA) 205 °C 434 °C 319.5 °C 
0.2% (PAL2) 215 °C 442  °C 328.5 °C 
0.4% (PAL4) 218 °C 441 °C 329.5 °C 
0.6% (PAL6) 221 °C 440 °C 330.5 °C 
1.0% (PAL10) 211 °C 438 °C 324.5 °C 
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Figure 4.1: TGA Curve of PA Composite 

  

0.00

20.00

40.00

60.00

80.00

100.00

120.00

0 100 200 300 400 500 600 700 800

We
igh

t Lo
ss (

Wt.
 %)

Temperature (◦C)



40 
 

Degradation temperature for the PAL4 is 329.5 °C which is higher than 319.5 °C of PA 
composite. This suggests that addition of salt has prevented thermal motion of PVA 
chains due to crosslinking and thus imparted thermal stability to the composite [174-
177].  
Thermogram of PAL4 can be divided in to following three regions: 
Region 1: It starts from 30 °C and goes up to 217 °C. A 36.0% weight loss, in this 
region, represent loss of structural moisture and loss of moisture from the surface. 
Region 2: It includes the area between 218 °C to 441 °C. A weight loss of 
approximately 22.0% observed in this region. Here degradation of side chain of PVA 
occurs. LiClO4 also degrades to LiCl and O2 in this region [178]. Since, amount of 
LiClO4 is low (0.4%) and its degradation temperature is near region 2, therefore, no 
new region appears in the TGA curve. 
Region 3: This region is from 442°C till end of the curve. Weight loss of 41.5% in this 
region represents the contribution from degradation of main backbone of PVA and 
transformation of c-AlOOH to c-Al2O3 [173]. 
TGA curves of the series of PVA – Al2O3 composites with increasing amount of LiClO4 
show similar trend, as is explicit from Fig. 4.3.  
Figure 4.4 shows the effect of LiClO4 concentration on the degradation temperature of 
PVA – Al2O3 based composites. As is clear from the figure that degradation 
temperature increases, initially, from 319.5°C, with the concentration of LiClO4 until it 
reaches a maximum value of 330.5°C at 0.6% LiClO4 concentration (PAL6), after 
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Figure 4.2: TGA Curve of PAL4 
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Figure 4.3: TGA Curve of (a) PAL2(PVA:10% ABO:0.2% LiClO4), (b) PAL4   

(PVA:10% ABO:0.4% LiClO4), (c) PAL6(PVA:10% ABO:0.6% LiClO4) & (d) PAL10 
(PVA: 10% ABO: 1.0% LiClO4). 
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Fig. 4.4: Effect of LiClO4 concentration on degradation temperature of the 

PVA – Al2O3 Composites. 
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which degradation temperature decreases to a value of 324.5°C (PAL10). 
4.1.2 Thermogravimetric Analysis of PVA-MWNT/LiClO4 Composites 
Typical thermogram of a PVA – MWNT composite (PM) is shown in Fig 4.5 (Table 
4.2A/4.2B). It is interesting to note that the degradation temperature of PM is higher 
than virgin PVA, which is attributed to the ability of the MWNT to reduce the thermal 
motion of PVA chains [179, 180]. This thermogram can also be divided in to three 
regions, although, division here is relatively hard to spot: 
Region 1: This region is from 30 °C to 206 °C. A weight loss of around 9% is observed 
in this region, which is due to loss of structural water and water from the surface. 
Region 2: This region starts from 207 °C and continues up to 393 °C. A weight loss of 
approximately 46% is recorded here and is attributed to degradation of side chain of 
PVA. 
Region 3: Third and last region starts from 394 °C till the end of the curve. In this 
region nearly 41% weight loss is observed due to the degradation of the main backbone 
of PVA and combustion of MWNT. 
Thermogram (Fig. 4.6) of PML4, resembles thermogram of PM. PML4 showed a 
higher degradation temperature of 303.0 °C than that of PM (with TD = 300 °C) 
composite. Thus addition of LiClO4 has imparted thermal stability to the composite by 
reducing thermal motion of PVA-MWNT chains by cross-linking [174-177].  
Thermogram of PML4 can be divided in to three regions, as: 
Region 1: It includes area between 30°C and 212°C. A 7% weight loss recorded in this 
region, represent loss of structural moisture and loss of moisture from the surface. 
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Table 4.2 A: Variation of Weight Loss with %LiClO4 Loading on PVA-MWNT 
Composites. 

%LiClO4 Parameters Studied Region 1 Region 2 Region 3 

0.0% (PM) Temp. Range 30°C to 206°C 207°C to 393°C > 393°C 
Weight Loss 9.0% 46.0% 41.0% 

0.2% (PML2) Temp. Range 30°C to 206°C 207°C to 405°C > 405°C 
Weight Loss 8.0% 44.0% 45.0% 

0.4% (PML4) Temp. Range 30°C to 212°C 213°C to 393°C > 393°C 
Weight Loss 7.0% 50.0% 39.0% 

0.6% (PML6) Temp. Range 30°C to 202°C 203°C to 401°C > 401°C 
Weight Loss 7.6% 53.6% 33.5% 

1.0% (PML10) Temp. Range 30°C to 194°C 195°C to 403°C > 403°C 
Weight Loss 8.0% 42.5.0% 48.3% 

 
 Table 4.2 B: Thermal Degradation of PVA-MWNT Composites. 

%LiClO4 Tonset Toffset TD 
0.0% (PA) 207 °C 393 °C 300.0 °C 
0.2% (PAL2) 207 °C 405 °C 306.0 °C 
0.4% (PAL4) 213 °C 393 °C 303.0 °C 
0.6% (PAL6) 203 °C 401 °C 302.0 °C 
1.0% (PAL10) 195 °C 403 °C 299.0 °C 
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Figure 4.5: TGA Curve of PVA – MWNT Composite (PM) 
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Region 2: The area between 213°C to 393°C comprises region 2. A weight loss of about 
50% is observed in this region, which is due to the degradation of side chain of PVA. 
In this region, temperature is high enough to support degradation of LiClO4 to LiCl and 
O2. Since, amount of LiClO4 in the composite is low (0.4%) and its degradation 
temperature is near region 2, therefore, no new region appears in the TGA curve. 
Region 3: This region starts from 394°C and continues to the end of the curve. Weight 
loss of 39% in this region is due to the degradation of main backbone of PVA and 
complete combustion of MWNT. 
TGA curves of other members of the series of PVA – MWNT composites show similar 
trend with increasing amount of LiClO4, as is shown in Fig. 4.7.  
Variation of degradation temperature with the loading of LiClO4 to the PVA–MWNT 
composites, as is shown in Fig 4.8. Degradation temperature rises rapidly from 300°C 
(for PM composite) up to 306°C for PML2 (0.2% LiClO4) and then there is continuous 
decrease with the increase of LiClO4 loading to the  PVA–MWNT composite.  
4.1.3  Thermogravimetric Analysis of PVA-DWNT/LiClO4 Composites 
Fig 4.9 (Table 4.3A/4.3B ) represents thermogram of a PVA – DWNT composite (PD). 
The degradation temperature of PD is higher than virgin PVA, which may be due to the 
ability of the DWNT to reduce the thermal motion of PVA chains [179, 180]. This 
thermogram is divided in to following three regions: 
Region 1: This region starts from 30°C to 207°C. A 7% weight loss is recorded in this 
region, which is due to loss of structural water and water from the surface. 
Region 2: This region is from 208°C and continues up to 381°C. A weight loss  
 
 
 



48 
 

 
 
 
 

 
Figure 4.6: TGA Curve of PML4 
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Figure 4.7: TGA Curve of (a) PML2 (PVA:0.5% MWNT:0.2% LiClO4), (b) PML4   

(PVA:0.5% MWNT:0.4% LiClO4), (c) PML6 (PVA:0.5% MWNT:0.6% LiClO4) and 
(d) PML10 (PVA:0.5% MWNT:1.0% LiClO4). 
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Fig. 4.8: Effect of LiClO4 concentration on degradation temperature of the 

PVA – MWNT Composites. 
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of approx. 53% is observed, which is attributed to degradation of side chain of PVA. 
Region 3: In the third and last region, which starts from 382°C till the end of the curve, 
nearly 38.3% weight loss is noted. This may be because of the degradation of the main 
backbone of PVA and combustion of DWNT. 
Thermogram (Fig. 4.10) of PDL4 has a strong resemblance to that of PD. A rise in the 
degradation temperature of the PDL4 (TD = 298.0°C) is observed in comparison to PD 
(TD = 294.5°C) composite. It means that addition of LiClO4 has a positive effect on the 
thermal stability to the resulting composite by preventing thermal motion of the PVA-
DWNT matrix [174-177].  
Thermogram of PDL4 is sub-divided in to following regions: 
Region 1: It includes the area between 30°C to 210°C. A weight loss of 7% is noted in 
this region. This weight loss is due to loss of structural moisture and loss of moisture 
from the surface. 
Region 2: This region starts from 211°C and goes up to 385°C. A weight loss of 
approximately 47.4% is observed in this region. Here degradation of side chain of PVA 
and degradation of LiClO4 to LiCl and O2 occur. Since, amount of LiClO4 is low (0.4%) 
and its degradation temperature is near region 2, therefore, no new region appears in 
the TGA curve. 
Region 3: This region starts from 386°C till end of the curve. Weight loss of 45.1% in 
this region represents the contribution from degradation of main backbone of PVA and 
complete combustion of DWNT. 
All the thermograms of the series of PVA – DWNT composites behave nearly in similar 
fashion upon addition of LiClO4 to the composite. TGA curves of the series are shown 
in Fig. 4.11.  
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Table 4.3: Variation of Weight Loss with %LiClO4 Loading on PVA-DWNT 
Composites. 

%LiClO4 Parameters Studied Region 1 Region 2 Region 3 

0.0% (PD) Temp. Range 30°C to 207°C 208°C to 381°C > 381°C 
Weight Loss 7.0% 53.0% 38.3% 

0.2% (PDL2) Temp. Range 30°C to 208°C 209°C to 393°C > 393°C 
Weight Loss 7.0% 50.0% 42.3% 

0.4% (PDL4) Temp. Range 30°C to 210°C 211°C to 385°C > 385°C 
Weight Loss 7.0% 47.4% 45.1% 

0.6% (PDL6) Temp. Range 30°C to 211°C 212°C to 383°C > 383°C 
Weight Loss 7.0% 48.6% 43.4% 

1.0% (PDL10) Temp. Range 30°C to 212°C 213°C to 370°C > 370°C 
Weight Loss 7.0% 43.0% 48.1% 

 
Table 4.3 B: Thermal Degradation of PVA-DWNT Composites. 

%LiClO4 Tonset Toffset TD 
0.0% (PA) 208 °C 381 °C 294.5 °C 
0.2% (PAL2) 209 °C 393 °C 301.0 °C 
0.4% (PAL4) 211 °C 385 °C 298.0 °C 
0.6% (PAL6) 212 °C 383 °C 297.5 °C 
1.0% (PAL10) 213 °C 370 °C 291.5 °C 
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Figure 4.9: TGA Curve of PVA – DWNT Composite (PD) 
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Figure 4.10: TGA Curve of PDL4 
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Figure 4.11: TGA Curve of (a) PDL2 (PVA:0.5% DWNT:0.2% LiClO4), (b) PDL4   
(PVA:0.5% DWNT:0.4% LiClO4), (c) PDL6 (PVA:0.5% DWNT:0.6% LiClO4) and 

(d) PDL10 (PVA:0.5% DWNT:1.0% LiClO4). 
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Table 4.4: Variation of Degradation Temperature (TD) with %LiClO4 Loading. 
%LiClO4 Degradation Temperature (TD) 

PA Series PM Series PD Series 
0.0% 319.5°C 300.0°C 294.5°C 
0.2% 328.5°C 306.0°C 301.0°C 
0.4% 329.5°C 303.0°C 298.0°C 
0.6% 330.5°C 302.0°C 297.5°C 
1.0% 324.5°C 299.0°C 291.5°C 
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Fig. 4.12: Effect of LiClO4 concentration on degradation temperature of the 

PVA–DWNT Composites. 
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Figure 4.12 reveals variation of degradation temperature as a function of LiClO4 
concentration in the PVA – DWNT composites. Although, there is an initial rise in the 
degradation temperature from 294.5°C (PD) up to 301.0°C (PDL2) but, afterwards, 
there is a continuous decrease upon further addition of LiClO4 to the PVA–DWNT 
composite.  
Variation of degradation temperature of all the three composite series, i.e, PVA-Al2O3, 
PVA-MWNT and PVA-DWNT based composites, with the addition of LiClO4 
concentration are shown in Table 4.4. PAL6 composite is the most stable with 
degradation temperature (TD) of 330.5°C, whereas the least stable among all is PD10 
with TD of 291.5°C. It is interesting to note that PVA- Al2O3 composite series are most 
stable, while PVA-DWNT composites are least stable among the three composite 
series.  
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4.2 MECHANICAL PROPERTIES: 
Mechanical properties of a composite are altered by the addition of another phase 
(filler). The extent of this alteration depends on the nature, particle size and surface area 
of the filler, relative concentration, compatibility of the two phases (filler and matrix) 
and degree of distribution of filler in the polymeric matrix [181, 182]. 
Composition of components and applied external force are two important parameters 
that can appreciably influence the mechanical properties of a composite and thus 
making the measurement of mechanical properties a hard task. A common technique to 
determine the mechanical properties of a composite is tensile testing. Elongation at 
break, tensile strength and Young’s modulus are commonly used parameters employed 
for characterization of materials. 
A typical stress-strain curve, depending on the physical properties of the material under 
study, can be divided in to three regions: 

a) Elastic Region: This is also called Hooke’s Law region. This region is composed 
of the first linear part of the curve (up to 2% strain). Here, relatively abrupt 
growth of the stress is accompanied by small elongation values. Deformity in 
the composite caused in this region is reversible. This part of the curve is used 
to calculate the tensile modulus or Young’s modulus, which is a measure of the 
stiffness of material. 

b) Yielding Area: This region of the stress-strain curve is due to start of the flow 
of chains in the material. 

c) Plastic Region: In this part of the stress-strain curve, permanent or irreversible 
deformation of the composite occurs, under the applied stress. 

After these three stages, eventually, fracture occurs. The fracture is characterized by its 
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characteristic stress and strain, which are known as ultimate strength (σb) and 
elongation at break ( b), respectively.  
The stress–strain curve of brittle material continues almost linearly up to a small 
fracture strain. In case of ductile materials, deformation extends beyond the yield point 
and fracture eventually takes place. It is important to note that the crack stress (tensile 
strength) and the crack strain (elongation at break) are one of the important and decisive 
properties of a material [183].  
4.2.1 POLY(VINYL) ALCOHOL – ALUMINA / LiClO4 COMPOSITE: 
Humayun [167] studied the stress – strain curve of neat PVA, which showed a ductile 
deformation and undergone a uniform yielding over a wide range. Moreover,     stress–
strain curve of poly(vinyl) alcohol composites with alumina displayed ductile to brittle 
transition with the increase of alumina contents. Similar results are reported by Nakane 
and Bandyopadhyay [121, 184], while studying PVA-Silica composites. Lim and 
coworkers [185] also reported that neat polymer went through transition from a ductile 
to brittle behaviour upon addition of filler.   
Stress – strain curve of PA composite is shown in Fig 4.13. It is clear from the figure 
that PA showed ductile deformation and undergoes a uniform yielding over a wide 
range. Three regions in the curve are noticeable: 

a) At the start of the curve (up to 8% strain), relatively larger increase in the stress 
is caused by a small increase in strain. Hooke’s law is obeyed in this region. 
Value of Young’s modulus is 37.02 N/mm2, which is calculated from the slope 
of the curve. 
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Fig 4.13: Stress – Strain Curve of PA. 
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b) Curved part of the curve, immediately after the linear portion, is called yielding 
region. In this region, a decrease in the slope is noticeable due to the softening 
of the polymer composite. 

c) The third region is called plastic region, where permanent or irreversible 
deformation of the composite occur under the applied force. At sufficiently high 
applied force, eventually, fracture occurs. PA showed fracture at a stress of 8.6 
N/mm2 and a strain of 154%. 

Lithium perchlorate was added to the above composite and the same kinds of studies 
were undertaken. Fig 4.14 is a stress – strain curve of a PAL4 composite. Like PA it 
also has three distinct regions: 

a) Hooke’s law region is from the start of the curve and continues up to 10% strain. 
Young’s modulus value, calculated from the slope, is 29.49 N/mm2, which is 
about 20% low from the PA composite. 

b) Next important region in the curve is its curved part which is called yielding 
region. In this region polymer composite softens. 

c) The third region is termed as plastic region. Here PAL4 deforms permanently 
and irreversibly. At a stress of 13.0 N/mm2 and a strain of 265% fracture of 
composite film occurs. Addition of LiClO4 has positive effect on the stress at 
break (σb) and elongation at break ( b) of PVA-ABO composite, which gained 
an increase of approximately 51% and 72% respectively.   

Fig 4.15 shows stress – strain curves of PVA-Al2O3/LiClO4 composites of various 
compositions. From these curves important tensile properties like young’s modulus, 
tensile strength and elongation at break were calculated and presented in table 4.5 – 4.7. 
 
 



64 
 

4.2.1.1   Young’s Modulus: 
Tensile or Young’s modulus was inferred from the initial linear part of the           
stress–strain curve. Tensile modulus, also called stiffness of the material, depends on 
the intermolecular or inter-chain interactions. 
Fig 4.16 explicitly shows that value of young’s modulus decreased with the increase in 
concentration of LiClO4. This may be due to the intermolecular interactions between 
LiClO4 and polymer matrix composed of PVA and alumina. Similar trend was observed 
by Rahmat [186] when studying PVC-PEO/LiClO4 composites. Another conclusion 
which one can easily draw is that addition of LiClO4 in the   PVA-Alumina composite 
system causes a decrease in crsytallinity, which is proportional to the value of Young’s 
modulus. Work of Tambelli [159] and Rahmat [186] are in compliance with our 
findings.  
4.2.1.2  Tensile Strength: 
Tensile strength may be defined as the ability of a material under tension to withstand 
tensile loads without fracture [187]. When stress continues in the plastic regime, the 
stress-strain curve passes through a maximum, called the tensile strength (TS), and then 
falls as the material starts to develop a neck and it finally breaks at the fracture point.  
Fig 4.17 shows variation of tensile strength with the increase of concentration of LiClO4 
in PVA-Alumina composites. Tensile strength showed an initial sharp increase with the 
increase of LiClO4 concentration which nearly leveled off at around 0.6% LiClO4 
concentration in the final composite, which may be due to the development of LiClO4 

network and its chemical bonding with the PVA-Al2O3 matrix that provided 
reinforcement to the resulting composite [188]. 
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Fig 4.14: Stress – Strain Curve of PAL4 
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Fig 4.15: Stress – Strain Curve of PVA-Al2O3/LiClO4 Composites. 
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Table 4.5: Variation of Young’s Modulus of PVA-Al2O3/LiClO4 Composites. 
S.No. Sample ID % LiClO4 Young’s Modulus (N.mm–2) 

1 PA 0.0 37.08 
2 PAL2 0.2 33.71 
3 PAL4 0.4 29.50 
4 PAL6 0.6 10.28 
5 PAL10 1.0 7.62 
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Fig 4.16: Effect of LiClO4 addition on Young’s Modulus of PVA- Al2O3 Composites. 
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Table 4.6: Variation of Tensile Strength of PVA- Al2O3/LiClO4 Composites. 
S.No. Sample ID % LiClO4 Tensile Strength (N.mm–2) 

1 PA 0.0 8.68 
2 PAL2 0.2 8.82 
3 PAL4 0.4 13.04 
4 PAL6 0.6 15.02 
5 PAL10 1.0 14.84 
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Fig 4.17: Effect of LiClO4 addition on Tensile Strength of PVA- Al2O3 Composites. 
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Table 4.7: Variation of Elongation at Break of PVA- Al2O3/LiClO4 Composites. 
S.No. Sample ID % LiClO4 Elongation at Break (mm) 

1 PA 0.0 89.43 
2 PAL2 0.2 137.53 
3 PAL4 0.4 174.59 
4 PAL6 0.6 159.42 
5 PAL10 1.0 133.81 
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Fig 4.18: Effect of LiClO4 addition on Elongation at Break of PVA- Al2O3 Composites. 
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4.2.1.3 Elongation at Break: 
Elongation at break is the strain at failure or percent change at failure. Fig 4.18 shows 
variation in elongation at break with the loading of LiClO4. Elongation at break initially 
increases, reaches a maxima and then decreases. This behaviour may be due to the 
extensive co-ordination between PVA-Al2O3 matrix and the salt. Thus fluidity of the 
composite improves till it reaches maxima. The 0.4% LiClO4 concentration is acting as 
threshold limit beyond which the behaviour is changing. Further addition beyond this 
point deteriorates the fluidity of the composite. Gulfam [189] reported similar results 
while studying PVA/CNT composites. 
4.2.2 POLY(VINYL) ALCOHOL – MWNT / LiClO4 COMPOSITE: 
Stress – strain curve of PM composite (Fig 4.19), showed ductile behaviour having a 
uniform yielding over a wide range. Three regions in the curve are noteworthy: 

a) At the start of the curve (up to 7% strain), relatively small increase in the strain 
requires larger increase in the stress. Hooke’s law is followed in this region. 
Young’s modulus value, as calculated from the slope of the curve, is 337.74 
N/mm2. 

b) In the curved part of the stress – strain curve (yielding region), a prominent 
decrease in the slope is noticeable, which is attributed to the softening of the 
polymer composite. 

c) In the third region, which is called plastic region, under an applied force 
permanent or irreversible deformation of the composite occurs. At sufficiently 
high applied force, eventually, fracture occurs. PM showed fracture at a stress 
of 36.00 N/mm2 and a strain of 296.00%. 
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Fig 4.20 is a stress – strain curve of PML4, which represents a typical                           
PVA–MWNT/LiClO4 composite. Like stress-strain curve of PM, this can also be 
divided into three regions: 

a) Area of the curve from the beginning up to 6% strain is the first region, where 
Hooke’s law is obeyed. Young’s modulus value as measured from the slope of 
the stress-strain curve is 132.22 N/mm2. 

b) Second portion of the stress-strain curve is its curved part, termed as yielding 
region. Here, slope of the curve is reduced which is due to the softening of 
polymer composite. 

c) In the plastic region, under the applied force, PML4 deforms permanently and 
irreversibly. Fracture of the composite film occurred at a stress of 39.2 N/mm2 
and a strain of 325%. 

Fig 4.21 shows the stress – strain curves of PM, PML2, PML4, PML6 and PML10 
composites. Important tensile properties like young’s modulus, tensile strength and 
elongation at break were estimated and noted in table 4.8 – 4.10. 
4.2.2.1 Young’s Modulus: 
Tensile or Young’s modulus was calculated from the initial linear part of the          stress–
strain curve of PVA-MWNT composites with varying amount of LiClO4.      Variation 
of Young’s modulus as a function of LiClO4 contents in the composite is shown in Fig 
4.22. Initially, decrease in the value of Young’s modulus is observed with the loading 
of LiClO4. This behaviour was in line with the PVA-Al2O3/LiClO4 composites. After 
passing through a minima (132.22 N/mm2), value of young’s modulus rose sharply to 
a maximum value of 345.76 N/mm2. Thus an overall increase in the Young’s modulus 
is observed with the loading of LiClO4. It may be due to the inter-molecular interaction 
between LiClO4 and PVA-MWNT composite which has  
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Fig 4.19: Stress – Strain Curve of PVA-MWNT 
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Fig 4.20: Stress – Strain Curve of PML4 
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Fig 4.21: Stress – Strain Curve of PVA-MWNT Composites 
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Table 4.8: Variation of Young’s Modulus of PVA-MWNT/LiClO4 Composites. 
S.No. Sample ID % LiClO4 Young’s Modulus (N/mm2) 

1 PM 0.0 337.74 
2 PML2 0.2 344.89 
3 PML4 0.4 132.22 
4 PML6 0.6 201.40 
5 PML10 1.0 345.76 

 
  



79 
 

 
 
 
 
 

 
Fig 4.22: Effect of LiClO4 addition on Young’s Modulus of PVA-MWNT Composites 

  

50

100

150

200

250

300

350

400

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

You
ng's

 Mo
dul

us (
N/m

m2
)

% LiClO4



80 
 

 
 
 
 
 
 
 

Table 4.9: Variation of Tensile Strength of PVA-MWNT/LiClO4 Composites. 
S.No. Sample ID % LiClO4 Tensile Strength (N.mm–2) 

1 PM 0.0 35.8 
2 PML2 0.2 37.2 
3 PML4 0.4 39.2 
4 PML6 0.6 38.8 
5 PML10 1.0 61.0 
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Fig 4.23: Effect of LiClO4 addition on Tensile Strength of PVA-MWNT Composites  
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Table 4.10: Variation of Elongation at Break of PVA-MWNT/LiClO4 Composites. 
S.No. Sample ID % LiClO4 Elongation at Break (mm) 

1 PM 0.0 80.8 
2 PML2 0.2 107.8 
3 PML4 0.4 120.3 
4 PML6 0.6 121.1 
5 PML10 1.0 124.2 

 

  



83 
 

 

 

 

 

 

 

Fig 4.24: Effect of LiClO4 addition on Elongation at Break of PVA-MWNT Composites 
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caused the crystallinity to improve, and as a result value of Young’s modulus also 
increased [159, 186, 190]. 
4.2.2.2 Tensile Strength: 
Tensile strength is actually the measure of a material’s ability to withstand tensile load 
without fracture. Fig 4.23 shows effect of loading of LiClO4 on the tensile strength of 
PVA-MWNT composites. Tensile strength showed a slow and steady rise with the 
increase of LiClO4 loading followed by a sharp rise at the end. This may be due to the 
development of network and subsequent bonding of LiClO4 with the PVA-MWNT 
matrix that provided reinforcement to the resulting composite [188]. 
4.2.2.3 Elongation at Break: 
Graph of elongation at break of PVA-MWNT/LiClO4 composites as a function of 
LiClO4 loading is shown in Fig 4.24. Elongation at break rises rapidly, at first, with the 
increase of LiClO4 concentration in the nanocomposite and then levels off at relatively 
higher concentration. This suggests extensive co-ordination between polymer (PVA-
MWNT) matrix and LiClO4, which in turn improves fluidity of the final composite. 

4.2.3 POLY(VINYL) ALCOHOL – DWNT / LiClO4 COMPOSITE: 
Fig 4.25 represents a stress – strain curve of PD composite, which showed a ductile 
behaviour. Stress – strain curve indicates a uniform yielding over a vast range. Three 
regions in the curve are noteworthy: 

a) From the beginning of the curve up to 1.5% strain, relationship between stress 
and strain is linear. Hooke’s law is obeyed in this region. Young’s modulus 
value, as calculated from the slope is 719.05 N/mm2. 

b) Next important region in the curve is yielding region, here polymer get softened. 
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c) In the plastic region polymer composite is irreversibly deformed under an 
applied force. If applied force is sufficiently applied, composite is fractured. At 
a stress of 39.00 N/mm2 and a strain of 475.00%, PD showed fracture. 

Fig 4.26 represents stress – strain curve of PDL4 composite. Unlike PD this curve can 
be divided into four regions: 

a) From the Hooke’s law region (start of the curve and up to 2% strain), value of 
Young’s modulus is calculated, which for PDL4 is 1654.0 N/mm2. 

b) At a stress of 39.5 N/mm2 and strain of 5.00%, composite exhibit a yield point 
which has a resemblance with elongation at break. 

c) A drop in stress is observed immediately after the yield point which is because 
of strain softening. 

d) In the fourth and final region plastic deformation occurs and stress gradually 
increases with an increase in strain. Eventually PDL4 experience a fracture at a 
stress of 41.5 N/mm2 and strain of 200%. 

Stress – strain curves of PD, PDL2, PDL4, PDL6 and PDL10 composites are shown 
combined in Fig 4.27. Young’s modulus, tensile strength and elongation at break were 
estimated from these curves and shown in table 4.11 – 4.13. 
4.2.3.1 Young’s Modulus: 
Values of Young’s modulus for the PVA-DWNT/LiClO4 composites were measured 
from the linear part of their stress – strain curves. Plot of Young’s modulus of the 
composites as a function of LiClO4 contents of the composite, is shown in Fig 4.28. It 
shows that value of young’s modulus initially increased with the increase in 
concentration of LiClO4 until it reaches a maximum value of 1654.0 N.mm-2 for PDL4 
composite. Further addition of LiClO4 beyond this point had an adverse effect on the 
Young’s modulus of composites, which causes a decrease in its value with the  
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Fig 4.25: Stress – Strain Curve of PVA-DWNT 
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Fig 4.26: Stress – Strain Curve of PDL4 
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Fig 4.27: Stress – Strain Curve of PVA-DWNT Composites 
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increase of LiClO4 concentration. Overall, an increase in the Young’s modulus values 
are observed in the series. This effect may be explained by considering strong 
interaction between LiClO4 and PVA-DWNT composites which resulted in the gain of 
crystalline character of the final composite and this in turn is the reason for the observed 
increase of Young’s modulus [159, 186, 190].  
4.2.3.2 Tensile Strength: 
Effect of loading of LiClO4 on the tensile strength of PVA-DWNT composites is shown 
in Fig 4.29. Tensile strength showed a small increase with the increase of LiClO4 
loading followed by a pronounced fall at the end. This initial increase may be due to 
the development of network and subsequent bonding of LiClO4 with the    PVA-DWNT 
matrix that provided reinforcement to the resulting composite [188]. Further loading 
has an adverse effect on the reinforcement caused by the bonding between LiClO4 with 
the PVA-DWNT matrix. 
4.2.3.3 Elongation at Break: 
Fig 4.30 presents effect of LiClO4 concentration on the elongation at break of      PVA-
DWNT composites. As is clear from the graph that elongation at break initially remains 
unaffected, followed by a steep decrease with the loading of LiClO4 to the 
nanocomposite. At the end there is a slow and steady decrease. This indicates that 
loading of LiClO4 had an adverse effect on the fluidity of the final composite. 
Table 4.14 and Fig 4.31 shows a quick comparison of key parameters of all the 
composites, i.e., PVA-Al2O3 composites, PVA-MWNT composites and PVA-DWNT 
composites. Highest value and lowest value of Young’s modulus are observed for the 
PDL4 (1654.0 N.mm-2) and PAL10 (7.62 N.mm-2), respectively. PML10 showed 
maximum value (61.0 N.mm-2) for tensile strength while PA exhibited minimum value 
(8.68 N.mm-2). Highest value, 174.59 mm, for elongation at break is of PAL4, whereas, 
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lowest value of elongation at break, 69.4 mm, was observed for PDL10.  
Overall, addition of LiClO4 greatly enhanced:  

 Young’s modulus of PVA-DWNT series, 
 Tensile strength of PVA-DWNT series and, 
 Elongation at break of PVA- Al2O3 series. 
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Table 4.11: Variation of Young’s Modulus of PVA-DWNT/LiClO4 Composites. 
S.No. Sample ID % LiClO4 Young’s Modulus (N/mm2) 

1 PD 0.0 719.05 
2 PDL2 0.2 1203.6 
3 PDL4 0.4 1654.0 
4 PDL6 0.6 1020.1 
5 PDL10 1.0 807.8 
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Fig 4.28: Effect of LiClO4 addition on Young’s Modulus of PVA-DWNT Composites. 
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Table 4.12: Variation of Tensile Strength of PVA-DWNT/LiClO4 Composites. 
S.No. Sample ID % LiClO4 Tensile Strength (N.mm–2) 

1 PD 0.0 39.6 
2 PDL2 0.2 41.8 
3 PDL4 0.4 41.9 
4 PDL6 0.6 42.0 
5 PDL10 1.0 37.2 
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Fig 4.29: Effect of LiClO4 addition on Tensile Strength of PVA-DWNT Composites. 
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Table 4.13: Variation of Elongation at Break of PVA-DWNT/LiClO4 Composites. 
S.No. Sample ID % LiClO4 Elongation at Break (mm) 

1 PD 0.0 133.7 
2 PDL2 0.2 130.3 
3 PDL4 0.4 89.3 
4 PDL6 0.6 85.8 
5 PDL10 1.0 69.4 
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Fig 4.30: Effect of LiClO4 addition on Elongation at Break of PVA-DWNT Composites. 
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Table 4.14: Variation of Young’s Modulus, Tensile Strength & Elongation at Break 
of All Composites. 

 

%LiClO4 
PVA – ABO Composites PVA – MWNT 

Composites PVA – DWNT Composites 

Y.M. 
(N.mm-2) 

T.S. 
(N.mm-2) 

E.@B. 
(mm) 

Y.M. 
(N.mm-2) 

T.S. 
(N.mm-2) 

E.@B. 
(mm) 

Y.M. 
(N.mm-2) 

T.S. 
(N.mm-2) 

E.@B. 
(mm) 

0 37.08 8.68 89.43 337.74 35.8 80.8 719.05 39.6 133.7 
0.2 33.71 8.82 137.53 344.89 37.2 107.8 1203.6 41.8 130.3 
0.4 29.50 13.04 174.59 132.22 39.2 120.3 1654.0 41.9 89.3 
0.6 10.28 15.02 159.42 201.40 38.8 121.1 1020.1 42.0 85.8 
1.0 7.62 14.84 133.81 345.76 61.0 124.2 807.8 37.2 69.4 
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 Fig 4.31: Variation of Young’s Modulus, Tensile Strength & Elongation at Break of  
 All Composites. 
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4.3 SCANNING ELECTRON MICROSCOPY (SEM) 
Scanning electron microscopy (SEM) was employed to study the morphology of the 
surface and distribution of the components in PVA-Al2O3, PVA-MWNT and            
PVA-DWNT based composites.  
Humayun [167] studied the SEM image of virgin PVA and he reported that surface of 
PVA is approximately smooth with some of its own bulging.  
4.3.1 POLY(VINYL) ALCOHOL – ALUMINA / LiClO4 COMPOSITE: 
SEM image of PA thin film composite is shown at a high resolution in Fig 4.32. The 
alumina particles in the SEM image are clearly crystalline. The particle size of alumina 
particles in the PVA-Alumina composite are about 2 – 3 m. It is important to note that 
the Alumina particles are almost uniform in size. Since ABO (precursor) had three 
hydrolysable butoxy groups, each group was able to form three dimensional alumina 
network. Protected relations of alumina particles in the composite was responsible for 
alumina agglomerations observed in the SEM image of the composite [167]. 
A low resolution image, Fig 4.33, of the PA composite shows excellent dispersion of 
the alumina particles which is evident from the smooth surface of the PA composite.  
Fig 4.34 shows a representative SEM image of PAL4 composite. The surface 
morphology of the composite is smooth having no holes or roughness. This is a clear 
evidence that both Alumina and LiClO4 were well dispersed in the PVA matrix. A 
closer look at the Fig 4.34, also shows certain agglomerated part of probably alumina 
and some grains of the components of polymer composite. 

 
 
 
 



101 
 

 
 
 
 
 

 
Figure 4.32: SEM Micrograph of PA Thin Film (X2,500 Magnification), reproduced 

with permission from work of Humayun [173]. 
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Figure 4.33: SEM Micrograph of PA Thin Film (X100 Magnification). 
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Figure 4.34: SEM Micrograph of PAL4 Thin Film. 
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4.3.2 POLY(VINYL) ALCOHOL – MWNT / LiClO4 COMPOSITE: 
A beautiful network of functionalized multiwalled CNT is visible in the Fig 4.35, which 
shows different layers of carbon nanotubes, which are intermixed and have developed 
an intricate network. It is important to note that thickness of CNTs are approximately 
same. Diameter of various CNTs are marked in Fig 4.36, which fall in the range 30 nm 
to 45 nm.  
Fig 4.37 shows SEM image of PM composite’s film. Surface of the composite is neat 
and smooth, bearing no holes or roughness. This confirms that MWNT has formed a 
network with PVA and are uniformly distributed within the polymer network. Surface 
morphology of PML4, which is shown in Fig 4.38, was similar in shape as that of PM 
composite. Thus one can conclude that MWNT and LiClO4 were also incorporated in 
the PVA matrix due to strong interaction between these components and polymer 
matrix. 
4.3.3 POLY(VINYL) ALCOHOL – DWNT / LiClO4 COMPOSITE: 
Fig 4.39 shows a network of double-walled CNT. SEM image shows different 
intermixed layers of carbon nanotubes, which formed a network. Diameters of CNTs 
are approximately same, which is a proof of quality of CNTs. 
Surface of PD composite is neat and smooth, free from any holes or irregularities as is 
indicated in the Fig 4.40. This SEM image clearly indicates that DWNTs are uniformly 
distributed within the polymer matrix. Moreover, it appears that PVA and DWNTs had 
formed a network. Similarly, SEM image of the surface of PDL4 composite, as shown 
in Fig 4.41, had resemblance to the SEM image of PD composite.  
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  Fig 4.35: SEM Image of Multi-Walled CNT (X5,000 Magnification), reproduced with 
permission from work of Gulfam [189]. 
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Figure 4.36: SEM Image of Multi-Walled CNT(X37,000 Magnification), reproduced 

from work of Gulfam [189]. 
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Figure 4.37: SEM Micrograph of PM Composite. 
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Figure 4.38: SEM Image of PML4 Composite. 
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 Figure 4.39: SEM Image of Double-Walled CNT. 
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Figure 4.40: SEM Micrograph of PD Composite. 
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Figure 4.41: SEM Micrograph of PDL4 Composite. 
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This indicates that MWNT and LiClO4 are also incorporated in the PVA matrix due to 
strong interaction between these components and polymer matrix. 
It can be concluded by studying the SEM images of PVA-Al2O3/LiClO4,             
PVA-MWNT/LiClO4 and PVA-DWNT/LiClO4 composites that Al2O3, MWNT, 
DWNT and LiClO4 were well dispersed. This conclusion is supported by the smooth 
surface morphology of all the composites, bearing no holes or roughness. 
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4.4 XRD STUDIES: 
XRD Analysis is the preferred technique for the determination of crystalline 
morphology of composites. A typical XRD pattern of PVA is shown in the Fig 4.42, 
which proves it’s semi-crystalline. PVA exhibits a peak at 2θ value of 20.9, which 
corresponds to d = 4.4801. Another important aspect of the Fig 4.42 is appearance of a 
broad peak which starts from 2θ value of 5 and extends to 2θ = 15, confirming 
amorphous portion in the PVA thin films [138]. 
Fig 4.43 is the XRD pattern of LiClO4, which shows that LiClO4 is crystalline. 
Important peaks in the XRD pattern are at 2θ values of 21.1, 23.1, 26.2, 31.4, 32.9, 
35.6, 39.4, 49.3 and 52.2. 

4.4.1 XRD Studies of PVA-Al2O3/LiClO4 Composites 
PA composite’s XRD pattern (Fig 4.44) shows a peak at 2θ value of 20.9, which 
resembles peak at similar point of PVA’s XRD pattern. Other important peak of PA 
composite is at 2θ value of 29.0. A quick glance at Fig 4.44 shows that crystallinity of 
PA has increased, which is suggested by more and sharp peaks in its XRD pattern as 
compared to PVA. Thus it can be concluded that addition of alumina has positively 
contributed to the crystallinity of the resulting composite. Reason of improved 
crystallinity of PA composite upon addition of alumina is due to a hopping among 
coordinate sites, confined structural lessening and motions of segments of the polymer. 
Studies conducted by Humayun [167] are in compliance with our work. 
XRD diffraction pattern of various PVA-Al2O3/LiClO4 composites are shown in       Fig 
4.45. XRD patterns of these composites have similarities in shape with the patterns of 
PA composite, as is noted by the peaks at 2θ values of 20.9 and 29.0. Peaks due to 
LiClO4 were absent, indicating absence of free LiClO4 in the composite.  
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Fig 4.42: XRD Pattern of PVA, reproduced with permission from Gulfam’s work [189]. 
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Fig 4.43: XRD Pattern of LiClO4 
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Fig 4.44: XRD Pattern of PA Composite. 
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Moreover, it can also be concluded that LiClO4 is incorporated in to the PVA-Al2O3 
composite.  
Another feature of XRD patterns of PVA-Al2O3/LiClO4 composite series is a 
continuous decrease in peak at 29.0 with the increase of concentration of LiClO4. This 
decrease in crystallinity can be attributed to the presence of LiClO4 which tends to 
complex with PVA [191]. During the complexation, LiClO4 distorts the predominant 
crystalline nature of PVA. The decrease in crystallinity with the addition of LiClO4 
indicates a strong interaction of PVA and LiClO4. These results are in compliance with 
the work of Gulfam on PVA-CNT composites [189], Rahmat on PVC-NaClO4 system 
[186] and Jayathilaka on PEO based composites [192]. 

4.4.2 XRD Studies of PVA-MWNT/LiClO4 Composites 
XRD studies were carried out on the PVA-MWNT/LiClO4 composites to study the 
effect of LiClO4 addition. Fig 4.46 shows the XRD diffraction patterns of PM 
composite, in which two peaks appearing at 2θ value of 19.8 and 29.5 are important. 
Peak at 19.8 is slightly displaced peak of PVA pattern, where it appeared at 20.9. Due 
to appearance of sharp and more peaks in the XRD pattern of PM, one can conclude 
that MWNTs had increased crystallinity of the composite. This effect can be explained 
by considering that MWNTs had acted to provide nucleation sites for the crystallization 
and hence contributed to the enhanced crystalline behaviour of PM composite. Thus 
giving rise to a strong interfacial interaction between MWNTs and polymer matrix. Bin 
et al. work on PVA-MWNT composites is in compliance with our work [193]. 
Fig 4.47 shows XRD diffraction pattern of different PVA-MWNT/LiClO4 composites. 
XRD patterns of the series are in similar in shape to the pattern of       
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Fig 4.45: XRD Analysis of PAL2, PAL6 and PAL10. 
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PM composite. There is an overall increase in the peak at 29.5 with the addition of 
LiClO4, which suggests that crystallinity of the resulting series of composites had 
increased [191]. Virtually all LiClO4 is present in the complexed form within                       
PVA-MWNT/LiClO4 composites and is not available in free state. This proposition is 
supported by the absence of LiClO4 peaks in the XRD patterns. Thus, increase of 
observed crystallinity of the PVA-MWNT/LiClO4 composites is due to the 
complexation of LiClO4 with the PVA-MWNT matrix. Similar results are also reported 
by other researchers [189, 194]. 
4.4.3 XRD Studies of PVA-DWNT/LiClO4 Composites 
In order to investigate the effect of LiClO4 addition to PVA-DWNT/LiClO4 
composites, XRD studies were conducted. There are two important peaks, appearing at 
2θ value of 19.8 and 29.5, in the pattern of PD composite, as presented in the      Fig 
4.48. Peak at 20.9 of PVA’s XRD pattern is slightly displaced to 2θ value of 19.8. One 
can easily conclude from Fig 4.48, that crystallinity in PD composite has improved in 
comparison with PVA, indicated by the appearance of more and sharp peaks in the 
pattern. Reason behind enhanced crystallinity of PD is role played by DWNTs, which 
furnished nucleation sites for promotion of crystallization. As a result of this, a strong 
interfacial interaction took place in the DWNTs and PVA matrix [193]. 
Diffraction pattern of different PVA-DWNT/LiClO4 composites are shown in Fig 4.49. 
XRD patterns of the series resemble with the patterns of PD composite. Crystallinity 
within the series increases with the increase of LiClO4 concentration, as shown in Fig 
4.49. This conclusion is supported by the observed overall increase in the peak at 29.5, 
which suggest enhancement of crystallinity, as proposed by Hodge [191].  
Since, peaks corresponding to LiClO4 are absent in the Fig 4.49, suggesting that LiClO4 
has been incorporated in the PVA-DWNT matrix. Moreover, it is not available in the 
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free state within the composites. Thus, increase of crystallinity of these composites is 
due to extensive interaction of LiClO4 with the PVA [189, 194]. 
It is interesting to note that addition of LiClO4 has opposing effect on PVA-Al2O3 
composites and PVA-MWNT & PVA-DWNT composites. In the former it has 
decreased crystallinity while in the later it has played its role in the increase of 
crystallinity of the resulting composites. Dual role of LiClO4 in influencing the 
crystallinity of PVA based composites can be readily be explained, if we focus our 
attention on role LiClO4 plays in influencing the crystallinity of the PVA. LiClO4 tends 
to increase the crystallinity of the PVA [195], although its role in improving 
crystallinity is far less than Alumina. Thus, when LiClO4 replaces alumina in            
PVA-Al2O3/LiClO4 composites, then an overall decrease in the crystallinity is 
observed. Since, MWNTs and DWNTs tends to increase crystallinity of the PVA less 
in comparison with LiClO4, therefore, when LiClO4 replaces these nanotubes in  PVA-
MWNT/LiClO4 and PVA-DWNT/LiClO4 composites, an increase in the crystallinity is 
noted. 
  



122 
 

 
 
 
 
 

10 20 30 40 50 60
0

100

200

300

400

500

Int
en

sit
y

2/ degree
 

Fig 4.46 XRD Analysis of PM Composite. 
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Fig 4.47 XRD Analysis of PML2, PML6 and PML10. 
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Fig 4.48: XRD Analysis of PD Composite. 
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Fig 4.49: XRD Analysis of PDL2, PDL6 and PDL10. 
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4.5 FOURIER TRANSFORM INFRA RED (FTIR) ANALYSIS: 
Many researchers from around the world have used FTIR spectroscopy to study the 
composition of various composites [184]. A typical IR spectrum is divided into three 
main regions for structural elucidation. First one is the high frequency region [196], 
which is also termed as functional group region. In this region characteristics stretching 
frequencies of important functional groups such as C=O, OH, and NH etc. are found, 
as shown in table 4.15. Second region is the middle frequency region, 1300-900cm-1, is 
called the fingerprint region, because every molecule has a unique absorption spectra 
and thus provides a finger print of that molecule. It is the most useful region of the IR 
spectra. The last region which lies between 900-650 cm-1 provides general classification 
of molecules from the pattern of absorptions, such as substitution patterns on benzene 
ring.  
A typical IR spectrum show peak position of a particular bond, which gives us an insight 
about intermolecular interaction corresponding to stretching or bending vibrations of 
that bond. Hydrogen bonding or any other interaction between functional groups causes 
a shift in stretching or bending vibrations of a participating groups. Hydrogen bonding 
more often shifts the stretching frequencies of the participating groups like, O–H, N–H 
and C=O towards lower wave numbers and with more pronounced intensity along with 
a relatively broader peak. A greater shift in the peak position shows relatively more 
strength of the interaction. 
The IR spectrum of poly (vinyl alcohol) thin film is shown in Fig. 4.50. A broad peak 
at 3286 cm−1, due to O – H stretching vibration, shows the presence of hydrogen bonded 
hydroxyl group. There is very slim possibility that free O – H groups will be present as 
if it is the case then the absorption peak would have appeared at higher wave number 
ranges [196, 197]. PVA has a tendency to catch up a distinct amount of moisture to 
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maintain a balance with the surrounding moisture in the existing conditions of 
temperature. The absorbed moisture get hydrogen bonded to the PVA matrix. Different 
types of water of condensation that are present inside the thin film due to the polar 
nature of the phase, also contributes to the intense peak at 3286 cm−1.  
A strong absorption band at 2916 cm−1 is attributed to the C – H stretching [79, 197]. 
Trace of acetate groups are also present in the sample which is indicated by a small 
band at 1666 cm –1 owing to carbonyl stretch [79].  
An absorption band in the area of 1442 cm−1 is due to the overlap of C – H bending 
vibration and bending vibration of alcoholic O – H groups in the PVA and can’t be 
distinguished in the spectrum [79, 196]. A nearby small band at 1320 cm−1 is due to the 
combined absorption of C – H and O – H bending in the PVA thin film [79].  The C – 
O stretching and O – H bending vibrations causes an absorption at 1134 cm−1 in 
polymer film [79, 196].  
A mild absorption peak at 856 cm−1 in PVA’s IR spectrum, is due to the C – O 
symmetric stretch of aliphatic ether [79]. Since PVA was dissolved in the boiling water, 
therefore, etherification reaction had taken place in some of the vicinal OH groups and 
is the cause of the appearance of aliphatic ether in the observed spectrum [198]. 
4.5.1 FTIR Studies of PVA-Al2O3/LiClO4 Composites 
A typical FTIR spectrum of PA thin film composite is shown in Fig 4.51. Clearly, a 
shift of peak around 3295 cm−1 from 3286 cm−1 is visible from virgin PVA. This shift 
is attributed to the reduction in the extent of hydrogen bonding in the PA composite. 
Uncondensed alumina and water of condensation, which are present inside the 
composite also contribute to the peak at 3295 cm−1. Majority of the OH groups form 
hydrogen bonds with the polymer matrix, the alumina is also expected to form   
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Fig 4.50: FTIR Spectrum of PVA, reproduced with permission from work of 

Humayun [173]. 
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Fig 4.51: FTIR Spectrum of PA Composite 
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Fig 4.52: FTIR Spectrum of PAL4 Composite. 
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TABLE 4.15: Assignments of absorption peaks for FTIR spectroscopic studies. 

Peak Values (cm−1)  Peak Functional Group relation  

3100 – 3400  O-H stretching 
2840 – 3000 C-H stretching  
1650 – 1850 C =O stretching 
1365 – 1475 O-H bending and C-H bending 
1220 – 1440 O-H bending and C-H bending 
1100 – 1300 C = O bending and OH bending 
1000–1260  C-O-C Asymmetric Stretch 
1000–1200  Certain modes of vibrations which represent crystallinity in PVA. 
1070 Al-O-Al stretch 
940 Symmetric vibration of perchlorate ion. 
850 C-O (ether) symmetric & Al-O-Al asymmetric stretch 
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Table 4.16: Comparisons of IR absorption peaks for PVA, PA and 
PAL4 thin film composites. 

Functional Group 
Assignment of Wave Number to PVA Thin Film (cm−1) 

Assignment of Wave number to PA Thin Film (cm−1) 

Assignment of Wave number to PAL4 Thin Film (cm−1) 
O – H Stretching 3286 3295 3298 
C – H Stretching 2916 2930 2930 
C = O Stretching 1666 1650 1650 
C - H and O – H Bending 1442 1430 1433 
C - H and O – H Bending 1320 1325 1327 

C – O – C Asymmetric Stretch - 1200 1200 
C – O stretching and O – H bending 1134 1150 1150 

Al – O – Al stretch - 1070 1070 
C – O (ether) symmetric /  Al – O – Al asymmetric stretch 

856 840 840 
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secondary bonds with the core chain backbones of PVA or with the entrapped water. 
The acid catalyzed condensation and hydrolysis of Aluminum Butoxide produces 
butanol as by-product of the reaction. As a result, butanol traces, if present inside the 
PVA medium might also cause the peak at 3295 cm-1 to become a little wider.  
Since, each of the PVA-Alumina hybrids are soluble in boiling water as that of pure 
PVA, a strong absorption band appears at 2930 cm–1 (2916 cm−1 in the PVA) due to C-
H stretching. Minute absorptions in the region of 1666 cm−1 for carbonyl stretches 
(owing to some remains of acetate groups in the polymer), are shifted to 1650 cm−1. 
An absorption band in the area of 1430 cm−1, which corresponds to 1442 cm−1 in PVA, 
is due to characteristic O-H in-plane twist vibration of alcoholic OH groups in PVA. 
The neighboring collective absorptions due to C-H and O-H bending in the samples at 
1325 cm−1 also shifted from 1320 cm−1.  
Absorption shown at 1134 cm−1 in uncontaminated PVA due to the C-O stretching and 
O-H bending vibrations have shifted to 1150 cm−1 [196]. A small absorption due to C-
O symmetric stretch of aliphatic ether at 856 cm−1 found in PVA is also shifted to 840 
cm−1.  
Vibration due to Al-O-Al linkage (asymmetric Al-O-Al stretch) appeared at 1070cm-1 
but it can’t be distinguished from asymmetric C-O-C stretch. Additional absorption 
bands like the asymmetric Al-O-C stretch (owing to chemical cross linking of alumina 
and PVA) can also interfere in this region. Chemical cross linking might not be the 
reason, as the composites are prepared under the ambient conditions of temperature and 
pressure.  
Another band which can be noticed at 840 cm-1 can be attributed for weak asymmetric 
Al-O-Al stretch but this band is interfered by C-O symmetric stretch, which occurred 
at 856 cm−1 in the PVA’s IR spectrum. 
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It is quite clear that IR spectrum of PVA – Alumina composite shows that PVA and 
alumina has formed an interactive organic-inorganic hybrid scheme, wherever, the 
inorganic alumina part is hydrogen bonded to the organic part of poly (vinyl alcohol). 
The firmness of the structure of the polymer is possibly amplified by these hydrogen 
bonds, which can be realized by the failure in elasticity of the hybrid composite films 
in contrast to pure PVA.  
Fig 4.52 shows the FTIR spectrum of PAL4 composite, which resembles PA hybrid, 
apart from small blue and red shifts in some peaks. This shows that LiClO4 has 
interacted strongly with the PVA-Alumina composite. This fact is further supported by 
absence of a peak at 940 cm-1 which corresponds to perchlorate ion [177]. This indicates 
that perchlorate ions have formed bond with the PVA-Alumina composite and there are 
no free perchlorate ions in the composite. 
4.5.2 FTIR Studies of PVA-MWNT/LiClO4 Composites 
FTIR spectrum of PM composite is presented in Fig 4.53. Displacement of peak, 
attributed to C-H around 3290 cm−1 from 3286 cm−1 is observable from PVA. This 
small shift may be due to the reduction in extent of hydrogen bonding in the PM 
composite. MWNT present in the composite also contribute to the peak at 3290 cm−1 
[199]. Water or moisture entrapped in the composite can form secondary bonds with 
the PVA. 
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Fig 4.53: FTIR Spectrum of PM Composite. 
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Fig 4.54: FTIR Spectrum of PML4 Composite. 
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Table 4.17: Comparisons of IR absorption peaks for PVA, PM and 
PML4 thin film composites. 

Functional Group 
Assignment of Wave Number to PVA Thin Film (cm−1) 

Assignment of Wave number to PM Thin Film (cm−1) 

Assignment of Wave number to PML4 Thin Film (cm−1) 
O – H Stretching 3286 3290 3291 
C – H Stretching 2916 2920 2920 

COOH Group  1725 1725 
C - H and O – H Bending 1666 1648 1648 
C - H and O – H Bending 1442 1420 1425 

C – O – C Asymmetric Stretch 1320 1325 1325 
C – O stretching and O – H bending 1134 1150 1150 

C – O – C stretch  1085 1085 
C – O (ether) symmetric sretch 856 840 840 
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Since, PVA-MWNT based composites get dissolved in boiling water, like pure PVA, a 
strong absorption band appears at 2920 cm–1 (2916 cm−1 in the PVA) owing to 
stretching of C-H bond. A small peak at 1725 cm–1 is due to the COOH group present 
in MWNT due to functionalization [199, 200]. Small peaks present in the region of 
1666 cm−1 for carbonyl stretches, due to traces of acetate groups in the polymer, are 
shifted to 1648 cm−1. 
An absorption band corresponding to 1442 cm−1 in PVA, appear in the region of 1420 
cm−1, which is caused by O-H (alcoholic) in-plane twist vibration of PVA. 
Characteristic peak of MWNTs, which is reported to be at 1445 cm−1, get interfered by 
the peak at 1420 cm−1 and can’t be spotted in the spectrum [201]. The collective 
absorption band, owing to C-H and O-H bending, appeared at 1325 cm−1, which is 
slightly displaced from its position of 1320 cm−1 in PVA.  
Absorption band shown at 1134 cm−1 in PVA caused by C-O stretching and O-H 
bending vibrations have displaced to 1150 cm−1 [196]. A peak at 1085 cm−1 is attributed 
to the asymmetric C-O-C stretch of aliphatic ether found in PVA. A small absorption 
at 856 cm–1 due to symmetric stretch of C-O in aliphatic ether present in PVA is 
displaced to 840 cm−1. 
It can easily be concluded from the IR spectrum of PM composite that MWNTs 
interacted strongly with the PVA. The firmness of the structure of the polymer is 
possibly amplified by these interactions, which are observed in the Young’s modulus 
studies of PM composite.  
FTIR spectrum of PML4, as shown in Fig 4.54, resembles PM hybrid, except some 
blue/red shifts in the important peak positions. It is interesting to note that there is no 
peak at 940 cm-1 which corresponds to perchlorate ion [177]. This indicates that 
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perchlorate ions have formed bond with the PVA-MWNT matrix and there are no free 
perchlorate ions in the new composite. 
4.5.3 FTIR Studies of PVA-DWNT/LiClO4 Composites 
IR spectrum of PD composite is shown in Fig 4.55. Peak at 3289 cm−1 has shifted from 
3286 cm−1 in PVA is attributed to the drop in the degree of hydrogen bonding in PD 
composite. DWNT inside the composite also contribute to the peak at 3289 cm−1 [199]. 
Another contribution to the peak comes from entraped water or moisture present in the 
composite, which form secondary bonds with the core chain backbones of PVA. 
Since, PD composite is soluble in boiling water, like virgin PVA, a strong absorption 
band appears at 2920 cm–1, slightly displaced peak (2916 cm−1) of PVA, which is 
attributed to C-H stretching. Due to presence of COOH group (caused by 
functionalization) in DWNTs, a small peak at 1726 cm–1 is observed [199, 200]. Some 
traces of acetate group are present in the polymer matrix, indicated by peaks at     1650 
cm−1. These peaks are slightly displaced from 1666 cm−1 for carbonyl stretches in PVA. 
Peaks in the area of 1422 cm−1 in FTIR spectrum (1442 cm−1 in PVA) is due to        in-
plane twist vibration of alcoholic OH groups in PVA. Characteristic peak of carbon 
nanotubes, which appears at 1445 cm−1 is not visible in the spectrum due to interference 
by the peak at 1420 cm−1 [201]. Collective absorptions due to C-H and  O-H bending 
in the region of 1320 cm–1 in PVA are displaced to 1324 cm−1.  
Absorption shown at 1134 cm−1 in neat PVA due to the C-O stretching and O-H bending 
vibrations have shifted to 1150 cm−1 [196]. Aliphatic ether is present in the PVA, which 
is indicated by the peak at 1084 cm−1, owing to the asymmetric C-O-C stretch.  
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Fig 4.55: FTIR Spectrum of PD Composite. 
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Fig 4.56: FTIR Spectrum of PDL4 Composite. 
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Table 4.18: Comparisons of IR absorption peaks for PVA, PD and 
PDL4 thin film composites. 

Functional Group 
Assignment of Wave Number to PVA Thin Film (cm−1) 

Assignment of Wave number to PD Thin Film (cm−1) 

Assignment of Wave number to PDL4 Thin Film (cm−1) 
O – H Stretching 3286 3289 3291 
C – H Stretching 2916 2920 2921 

COOH Group  1726 1735 
C - H and O – H Bending 1666 1650 1660 
C - H and O – H Bending 1442 1422 1424 

C – O – C Asymmetric Stretch 1320 1324 1323 
C – O stretching and  O – H bending 1134 1150 1155 
C – O – C stretch  1084 1090 

C – O (ether) symmetric sretch 856 842 843 
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Similarly, a small absorption noted at 842 cm−1 in the FTIR spectrum is due to C-O 
symmetric stretch of aliphatic ether. 
Comparison of FTIR spectrum of PD composite and PVA suggest that DWNTs had 
interacted strongly with the PVA, which is supported by the observed red/blue shift in 
the peak positions. This claim is further supported by the results of Young’s modulus 
studies of PD composite.  
FTIR spectrum of PVA-DWNT/LiClO4, shown in Fig 4.56, resembles spectrum of 
PVA-DWNT composite, except some small blue/red shifts in the peak positions. 
Perchlorate ion has interacted with the DWNTs and is not available in the free state in 
the PVA-DWNT/LiClO4 composites, which is suggested by the absence of a peak at 
940 cm-1, which is caused by the perchlorate ion [177]. 
It can be readily concluded from the foregoing discussion that alumina, MWNT and 
DWNT has interacted chemically with the PVA as is indicated by the peak shifts in 
their respective FTIR spectra. Similarly, addition of LiClO4 to the PVA-Al2O3,    PVA-
MWNT and PVA-DWNT composites also had effect on the chemistry of these 
composites. This fact is further supported by the absence of free perchlorate ions in 
their sample composites during FTIR analysis. 
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4.6.1 Conclusion: 
PVA-alumina based composites have been prepared employing sol-gel process. 
Aluminum butoxide was the precursor for the preparation of PVA-alumina composites. 
Acid catalyst was used for the formation of homogenous sol-gel mixture. LiClO4 was 
then added to the above solution. At the end, composite was prepared by solution 
casting technique.  
PVA-MWNT and PVA-DWNT based composites were prepared by functionalization 
of CNTs using nitric acid method. CTAB was used as surfactant. LiClO4 was added in 
the end to the above solution. Final composite was prepared by solution casting 
technique.  
All the thin films appeared to be of uniform texture. Important conclusions that can be 
drawn by observing the results of present studies are: 

1. Thermal studies have shown the variation of degradation temperature of all the 
three composite series with the increase of LiClO4 concentration. PAL6 
composite is the most stable with degradation temperature (TD) of 327.0°C, 
whereas the least stable among all is PD10 with TD of 291.5°C. It is interesting 
to note that relatively PVA-Al2O3 composite series are most stable, while PVA-
DWNT composites are least stable among the three composite series.  

2. During mechanical studies carried out on PVA-Al2O3 composites,             PVA-
MWNT composites and PVA-DWNT composites revealed that highest value 
and lowest value of Young’s modulus are observed for the PDL4 (1654.0 
N.mm-2) and PAL10 (7.62 N.mm-2), respectively. PML10 showed maximum 
value (61.0 N.mm-2) for tensile strength while PAL2 exhibited minimum value 
(8.82 N.mm-2). Highest value, 174.59 mm, for elongation at break is of PAL4, 
whereas, lowest value of elongation at break, 69.4 mm, was observed for 
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PDL10. Overall, addition of LiClO4 greatly enhanced Young’s modulus of 
PVA-DWNT series, tensile strength of PVA-DWNT series and elongation at 
break of PVA-Al2O3 series. 

3. It can be readily concluded by studying the SEM images of                       PVA-
Al2O3/LiClO4, PVA-MWNT/LiClO4 and PVA-DWNT/LiClO4 composites that 
Al2O3, MWNT, DWNT and LiClO4 were well dispersed. This conclusion is 
supported by the smooth surface morphology of all the composites, bearing no 
holes or roughness. 

4. It is interesting to note that addition of LiClO4 has opposing effect on       PVA-
Al2O3 composites and PVA-MWNT & PVA-DWNT composites in XRD 
studies. In the former, it has decreased its crystallinity while in the later it has 
played its role in the increase of crystallinity of the resulting composites. LiClO4 
tends to increase the crystallinity of the PVA, although its role in improving 
crystallinity is far less than Alumina. Thus, when LiClO4 replaces alumina in 
PVA- Al2O3/LiClO4 composites, then an overall decrease in the crystallinity is 
observed. Since, MWNTs and DWNTs tends to decrease crystallinity of the 
PVA, therefore, when LiClO4 replaces these nanotubes in       PVA-
MWNT/LiClO4 and PVA-DWNT/LiClO4 composites, an increase in the 
crystallinity is noted. 

5. FTIR studies of all the composites showed that alumina, MWNT and DWNT 
has interacted chemically with the PVA as is indicated by the peak shifts in their 
respective FTIR spectra. Similarly, addition of LiClO4 to the            PVA-Al2O3, 
PVA-MWNT and PVA-DWNT composites also had effect on the chemistry of 
these composites. This fact is further supported by the absence of free 
perchlorate ions in their sample composites during FTIR analysis. 
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6. Best choice of properties is provided by the PVA-DWNT/LiClO4 composites. 
7. Since water is used as solvent in the preparation of all these composites, instead 

of employing organic solvents, therefore, the procedure is environment friendly. 
At the end, it can be concluded that we are able to have successfully prepared thin films 
of PVA-Al2O3/LiClO4, PVA-MWNT/LiClO4 and PVA-DWNT/LiClO4 composites, 
which are thermally stable and with good strength. 
4.6.2 Scope of Future Work: 
Analytical techniques employed in this work, i.e., TGA, tensile testing, SEM, XRD and 
FTIR, can be successfully applied to other polymer composites in order to assess their 
suitability for intended purpose.  
For further characterization, other useful techniques like Thermal Conductivity (TC), 
Ionic Conductivity, Dynamic Light Scattering (DLS), Transmission Electron 
Microscopy (TEM), Field Emission Scanning Electron Microscopy (FESEM) and 
Dynamic Scanning Calorimetry (DSC) can be employed which gives useful 
information about the properties of the composites. 
Although, in present studies it was not our aim to assess cost savings associated with 
the compositing, but this could be pursued in the future studies.  
It is also an interesting idea and is the active research field in polymer science to explore 
the possibilities by compositing two or more than two materials in order to get the 
customized set of properties. This potential of making a customized composite are 
multiplied by incorporating useful additives.   
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