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Abstract 

 

Piezoelectric materials are widely used as sensors, transducers, medical 

diagnosis aerospace equipment, structural health monitoring and other energy 

harvesting devices, but the brittle nature of piezoelectric materials limits their 

operational strains, cycle life and ability to be integrated into complex shapes and 

structures while maintaining high sensitivity and reliability. Polymer matrix composites 

containing multi walled carbon nanotubes have attracted much attention due to their 

flexibility, ease of processing and improved mechanical properties. Carbon nanotubes 

are also responsible for the conductive nature of the epoxy-CNT composites due to 

good electrical properties. Above problems can be overcome by synthesizing 

piezoelectric composites having polymer matrix of good properties, conductive 

inclusions and piezoelectric material, these composites have improved mechanical and 

electrical properties than the single piezoelectric crystal. In this work piezoelectric 

composites are prepared which contains DGEBA (Diglycidal Ether of Bisphenol-A) as 

matrix, and 4’4’ Oxidianiline (ODA) as a curing agent for epoxy, multiwalled carbon 

nanotubes as conductive inclusions and lead zirconate titanate (PZT) as piezoelectric 

material. This work suggests that inclusion of MWCNTs enhances the piezoelectric 

properties by increasing the electrical conductivity of the composites, it also improves 

mechanical properties by decreasing brittleness of the material. This work seeks to 

understand how the weight % of the fillers i.e. MWCNTs and PZT effect the 

mechanical properties, the glass transition temperature, electrical conductivity and 

other parameters. Mechanical properties are determined by using tensile testing, 

different parameters were calculated e.g. toughness, young’s modulus (modulus of 

elasticity), stress at break and ultimate tensile strength. Effect of fillers on glass 

transition temperature of epoxy matric was studied by using differential scanning 

calorimetry (DSC), thermal degradation was studied by thermogravimetric analysis 

(TGA) which includes determination of different parameters e.g. maximum 

degradation temperature (Tmax.), temperature at which 10% degradation occurs (T10) 

and char yield. Electrical conductivities of the composites were determined and effect 

of increasing the amount of fillers on the conductivities was studied. 
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CHAPTER 1. INTRODUCTION 
 

 Composite materials 

 A composite material is made by combining two or more materials often ones 

that have very different properties. These two materials work together and gives the 

composite unique properties [1]. In composite materials the constituents maintain their 

constitutive identities, yet their combination produces properties and characteristics that 

are different from the constituents. One of these constituents forms a continues phase 

called matrix and the other one is a reinforcement material, that is in general added to 

the matrix to improve or alter the matrix properties. The reinforcement forms a 

discontinuous phase that is dispersed uniformly throughout the matrix. Composites 

offer several advantages such as, 

 They have higher specific strength than nonmetals, alloys and metals. 

 They have lower value of specific gravity in general. 

 Their stiffness is improved. 

 They maintain their weight at high temperatures. 

  Their toughness is improved. 

 Their fabrication is cheaper. 

 Creep and fatigue strength is better. 

 Controlled electrical conductivity is possible. 

 They are corrosion and oxidation resistant. 

1.1.1 Matrix phase 

 The role of matrix in composite materials is to give shape to the composite part, 

protect the reinforcements from the environment, transfer loads to reinforcements and 

toughness of material, together with reinforcements [1]. There are three types of 
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composites on the basis of matrix used which are metal matrix composites (MMCs), 

ceramic matrix composites (CMCs) and polymer matrix composites (PMCs).  In metal 

matrix composites (MMCs) the metal is used as matrix, commonly used metals are 

aluminum, magnesium and titanium. In ceramic matrix composites (CMCs) ceramic 

matrix is used such as alumina, calcium and aluminosilicate. The advantages of CMCs 

include high strength, hardness, high service temperature limits for ceramics, chemical 

inertness and low density. The other class of composites are polymer matrix composites 

(PMCs) in which polymeric material is used as a matrix. Polymer matrix composites 

are most widely used class of composites. 

1.1.2 Reinforcement phase 

 The role of reinforcements in composites is to give strength, stiffness, high 

mechanical properties and to improve other properties such as coefficient of thermal 

extension, conductivity and thermal transport [2]. On the basis of reinforcements 

composites can be fibrous, particulates or laminates. Fibrous composites consist of 

matrices reinforced by short (discontinuous) or long (continuous) fibers. Fibers are 

generally anisotropic. Examples include carbon, glass, aramid fibers. Particulate 

composites consist of particles immersed in matrices such as alloys and ceramics. They 

are usually isotropic because the particles are added randomly. Particulate composites 

have advantages such as improved strength, increased operating temperature, oxidation 

resistance, etc. Typical examples include use of aluminum particles in rubber, silicon 

carbide particles in aluminum, and gravel sand, and cement to make concrete. 

Laminates consist of flat reinforcements of materials. Typical laminate materials are 

glass, mica, alumina and silver. Laminate composites provide advantages such as high 

flexural modulus, higher strength and low cost. However flakes cannot be oriented 

easily and only a limited number of materials are available for use [3]. 

Wood is a natural composite of cellulose fibers in a matrix of lignin. Most 

primitive man made composite materials were straw and mud combined to form bricks 

for building construction. Reinforced concrete is another example of composite 

material. The steel and concrete retain their individual identities in the finished 

structure. However, because they work together the steel carries the tension loads and 

concrete carries the compression loads most advanced examples perform routinely on 

spacecraft in demanding environments. Advanced composites have high-performance 
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fiber reinforcements in a polymer matrix material such as epoxy. Examples are 

graphite/epoxy, Kevlar/epoxy and boron/epoxy composites. Advanced composites are 

traditionally used in the aerospace industries, but these materials have now found 

applications in commercial industries as well. 

 Polymer matrix composites 

The most common advanced composites are polymer matrix composites. These 

composites consist of a polymer thermoplastic or thermosetting as matrix material. 

These materials can be fashioned into a variety of shapes and sizes. They provide great 

strength and stiffness along with resistance to corrosion. The reason for being most 

common is their low cost, high strength and simple manufacturing principles [4].  

1.2.1 Thermosetting polymers as matrix material 

 Thermoset is a hard and stiff cross linked material that does not soften and 

cannot be molded when heated. Due to their stiffness thermosets do not stretch the way 

that elastomers and thermoplastics do. Several types of polymers have been used as 

matrices for natural fiber composites. Most commonly used thermoset polymers are 

epoxy resins [5-9], unsaturated polyester resins [10, 11], Vinyl Ester resins [12-14], 

Phenolic epoxy resins [15-17], Novolac resin [18] and Polyamides [19-21]. Unsaturated 

polyesters are extremely versatile in properties and applications and they have been 

used as the popular polymer matrix in composites. They are widely produced in 

industries as they have many advantages compared to other thermosetting resins such 

as room temperature cure capability, good mechanical properties and transparency. 

1.2.2 Thermoplastic polymers 

 Thermoplastics are polymers that require heat to make them process able. Such 

materials retain their shape when cooled. In addition, these polymers may be melted 

and transformed into different shapes, often without significant changes in their 

properties. The thermoplastics which have been used as matrix for composites are as 

follows [22-24]: 

 

 Chlorinated polyethylene (CPE) 

 High density polyethene (HDPE) 
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 Low density polyethene (LDPE) 

 Polypropylene (PP) 

 Poly vinyl chloride (PVC) 

 Normal polystyrene (PS) 

 Mixtures of polymers 

 Recycled thermoplastics 

1.2.3 Applications of polymer matrix composites (PMCs) 

 Polymer matrix composites are used for manufacturing: 

 Aerospace structures: The military aircraft industry has mainly led the use 

of polymer composites. In commercial airlines, the use of composites is 

gradually increasing. Space shuttle and satellite systems use graphite/epoxy 

for many structural parts [25]. 

 Marine: Boat bodies, canoes, kayaks etc. 

 Automotive: Body panels, leaf springs, driveshaft, bumpers, doors, racing 

car bodies and so on [26].  

 Sports goods: Golf clubs, skis, fishing rods, tennis rackets, and so on. 

 War weapons: Bulletproof vests and other armor parts. 

 Laboratory equipments: Chemical storage tanks, pressure vessels, piping, 

pump body, valves, and so on. 

 Biomedical applications: Medical implants, orthopedic devices, X-ray 

tables [27]. 

 Building Materials: Bridges made of polymer composite materials are 

gaining wide acceptance due to their lower weight, corrosion resistance, 

longer life cycle, and limited earthquake damage. 

 Electrical devices: Panels, housing, switchgear, insulators, and connectors. 

 Epoxy resin as matrix 

 Epoxy resins are thermosetting polymers that, have one or more oxirane groups 

or active epoxide at the end(s) of the molecule and a few repeated units in the middle 

of the molecule [28]. Chemically, they can be any compounds that have one or more 

1,2-epoxy groups and can be converted into thermosetting materials. Their molecular 

weights can vary greatly. They exist either as liquids with lower viscosity or as solids.  
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CH CH2

O

R  

Figure 1.1: Epoxy ring 

 

1.3.1 Types of epoxy resins 

On the basis of methods of preparation epoxy resins can be classified into two 

main classes, glycidyl epoxy resins and non-glycidyl epoxy resins.  

1.3.1.1 Glycidyl epoxy resins  

Glycidyl epoxies have epoxide rings at their ends. They are prepared from a 

reaction between a diol and Epichlorohydrin in the presence of a base. Examples 

include DGEBA epoxy resin, DGEBF epoxy resin and Novolac epoxy resin. 

R OHHO +
O

2 Cl
Base
e.g NaOH

R OO

OO

- HCl

 

1.3.1.2 Non- Glycidyl epoxy reins 

In Non-Glycidyl epoxies epoxide group is present somewhere inside the chain 

of a non-glycidyl epoxy molecule. These resins are prepared by the oxidation of alkenes 

in the presence of suitable oxidizing agent such as per acetic acid. 

R R' Oxidizing agent
R

O O

R'

  

 

 Diglycidyl ether of Bisphenol-A (DGEBA) 

Diglycidyl ether of bisphenol-A, commonly known as DGEBA epoxy resin is 

the most commonly used epoxy resin, it is prepared by the reaction of bisphenol-A with 

epichlorohydrin. Different parameters of the resin like viscosity, physical appearance 

etc., depend upon the degree of polymerization and the molecular weight of resin. 
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However, it has relative low viscosity, physical strength after curing and relatively low 

production cost which makes it important epoxy system. Several varieties of thermally 

stable rigid rings are present in biphenols which are used to make high performance 

epoxy resins. Resins which are produced by rigid rings have char formation and 

improved heat resistance [29]. 

 

 

Figure 1.2: Structure of DGEBA epoxy. 

 

1.4.1 Synthesis of DGEBA epoxy 

 It is prepared by a reacting Bisphenol A with epichlorohydrin in the presence of 

a base and condensation reaction occurs and, a molecule of HCl is removed. DGEBA 

undergoes polymerization and forms epoxy resin. 

 

O
O

O

OH

O O

O

n
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Figure 1.3: Synthesis of DGEBA epoxy. 

 

1.4.2 Curing of epoxy 

 Curing is a process in which small molecules combine to form a three 

dimensional network, during the process of curing the mobility of the molecules 

decreases due to increase in cross linking density that hinders molecular movement, as 

a result a viscous liquid is converted into a hard solid. Curing of epoxy resin is done by 

using a curing agent or hardener. During the curing process irreversible changes occurs 

in the epoxy resin. Glass transition temperature and cure kinetics of epoxy resins 

depend upon the molecular structure of the curing agent [30]. The degree of cure 

depends upon the extent of cross-linking. Maximum cross-linking gives the basic 

important properties. The ultimate cross-linking density is influenced by the curing 

temperature [31]. 
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1.4.3 Cross linking Density 

 The number of cross links per volume of the material defines the crosslinking 

density. Mass of the molecular segments between the cross links and the ratio of curing 

agent over the epoxy tells about the density of cross link. Cross linking density has 

some effects on resin system properties which are as under: 

 Greater elongation before breakage might be allowed by low crosslinking 

density through improving toughness (if strength is not significantly lowered) 

by allowing. 

 Low shrinkage during cure can also be the result of a low cross link density. 

 Improved resistance to chemical attack can be obtained by high cross linking. 

Increase in the heat distortion temperature and glass transition temperature is obtained 

by higher cross link density, the strain becomes lower to failure by too high cross link 

density (increase in brittleness) [32]. 

1.4.4 Curing agents 

Curing agents play an important role in the curing process of epoxy resin 

because they relate to the curing kinetics, reaction rate, gel time, degree of cure, 

viscosity, curing cycle, and the final properties of the cured products. There are three 

main types of curing agents. The first type of curing agents includes active hydrogen 

compounds and their derivatives. Compounds with amine, amides, and hydroxyl, acid 

or acid anhydride groups belong to this type. They usually react with epoxy resin by 

poly addition to result in an amine, ether, or ester. Aliphatic and aromatic polyamines 

[33], polyamides, and their derivatives are the commonly used amine type curing 

agents. The aliphatic amines are very reactive and have a short lifetime. Their 

applications are limited because they are usually volatile, toxic or irritating to eyes and 

skin and thus cause health problems [34]. Compared to aliphatic amine, aromatic 

amines are less reactive, less harmful to people, and need higher cure temperature and 

longer cure time. Hydroxyl and anhydride curing agents are usually less reactive than 

amines and require a higher cure temperature and more cure time. They have longer 

lifetimes. Polyphenols are the more frequently used hydroxyl type curing agents. 

Polybasic acids and acid anhydrides are the acid and anhydride type curing agents that 

are widely used in the coating field.  
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The second type of curing agents includes the anionic and cationic initiators. 

They are used to catalyze the homo polymerization of epoxy resins. Molecules, which 

can provide an anion such as tertiary amine, secondary amines and metal alkoxides are 

the effective anionic initiators for epoxy resins. Molecules that can provide a cation, 

such as the halides of tin, zinc, iron and the fluoroborates of these metals are the 

effective cationic initiators. The most important types of cationic initiators are the 

complexes of BF3. 

  The third type of curing agents are called reactive cross linkers. They usually 

have higher equivalent weights and crosslink with the second hydroxyls of the epoxy 

resins or by self-condensation. Examples of this type of curing agents are melamine, 

phenol, and urea formaldehyde resins. Among the three types of curing agents, 

compounds with active hydrogen are the most frequently used curing agents and have 

gained wide commercial success [35]. Most anionic and cationic initiators have not 

been used commercially because of their long curing cycles and other poor cured 

product properties. Cross linkers are mainly used as surface coatings and usually are 

cured at high temperatures to produce films having good physical and chemical 

properties. 

1.4.5 Curing reactions 

The curing reaction of epoxide is the process by which one or more kinds of 

reactants, i.e., an epoxide and one or more curing agents with or without the catalysts 

are transformed from low molecular weight to a highly crosslinked structure. As 

mentioned earlier, the epoxy resin contains one or more 1, 2-epoxide groups. Because 

an oxygen atom has a high electronegativity, the chemical bonds between oxygen and 

carbon atoms in the 1, 2-epoxide groups are the polar bonds, in which the oxygen atom 

becomes partially negative, whereas the carbon atoms become partially positive. 

Because the epoxide ring is strained unstable, and polar groups nucleophiles can attack 

on it, the epoxy group is easily broken. It can react with both nucleophilic curing 

reagents and electrophilic curing agents.  

The curing reaction is the repeated process of the ring opening reaction of 

epoxides, adding molecules and producing a higher molecular weight and finally 

resulting in a three dimensional structure. The chemical structures of the epoxides have 

an important effect on the curing reactions [36].  It was concluded that the electron-
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withdrawing groups in the epoxides would increase the rate of reaction when cured with 

nucleophilic reagents, but would decrease the rate of reaction of epoxides when cured 

with electrophilic curing agents [37].  A general reaction for curing of epoxy is given 

below 

 

Figure 1.4: General reaction of epoxy curing. 

 

where X represents NR2, O or S nucleophilic group or element and n is the degree of 

polymerization, having a value of 0, 1, 2 … 

Reaction of epoxy and amine 
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Figure 1.5: General reaction of epoxy and amine. 
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Figure 1.6: Three dimensional network of epoxy. 

 

1.4.6 Selection of curing agents 

The selection of curing agents is a critical parameter. There are numerous types 

of curing agents that can react with epoxy resins. Selection of curing agents affects 

mechanical properties, glass transition temperature of the epoxy resin for example 

aromatic amines react slowly with epoxy resins at room temperature and require high 

temperature for cure. They give better thermal and chemical resistive properties 

Thermal stability is affected by the structure of the hardener[38]. Selection of curing 

agent depends upon the conditions and applications of the epoxy, different curing 

agents give different properties to epoxy. 

1.4.7 The stoichiometry 

The stoichiometric relationship between curing agents and resins has a great 

effect on the physical and the mechanical properties of the epoxy resin [39]. The 
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different types of curing agents requires addressing stoichiometric balance between the 

reacting species. To evaluate the properties of the epoxy resin the proportions of curing 

agents and resins must be calculated and optimized. Theoretically, a crosslinked 

thermoset polymer structure is obtained when equimolar quantities of resin and 

hardener are combined.  

However, in practical applications, epoxy formulations are optimized for 

performance rather than to complete stoichiometric cures. This is especially true when 

curing high molecular weight epoxy resins through the hydroxyl groups. In primary and 

secondary amines cured systems, normally the hardener is used in near stoichiometric 

ratio, because the tertiary amine formed in the reaction has a catalytic effect on reactions 

of epoxy with co-produced secondary alcohols. Slightly less amount than the theoretical 

amounts should be used, often a commercial curing agent’s chemical structure is kept 

proprietary or the amount of reactive functional group is ambiguous. In such cases, the 

vendor provides an amine or active hydrogen equivalent from which an appropriate mix 

ratio can be calculated.  

While performing stoichiometric balances, it is important to be aware of 

reactive groups that may be bifunctional (e.g., anhydride, olefin). The stoichiometric 

ratio of hardener/resin doesn’t always produce a cured resin system having optimized 

properties, where a specific application required properties have been developed 

through the use of a defined hardener/resin ratio, is different from other application 

which required different properties i.e. different hardener/resin ratio. 

1.4.8 General properties of epoxy resin 

1.4.8.1 Chemical resistance 

Epoxy thermosets are versatile from the point of view of chemical resistance. 

Three dimensional cross-link networks are stable in front of the attack of corrosive 

chemicals, including alkalis, acids, and organic solvents. They are attacked by some 

strong acids, but they are very resistant to strong alkalis [40]. The chemical resistance 

of a completely cured resin depends upon its structure and chemical composition, the 

degree of cross linking and molecular weight. 
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1.4.8.2 Thermal resistance 

Heat resistance is related to resin composition. Molecular weight between 

crosslinks, degree of crosslinking and chemical structure of the network have direct 

effects on strength and rigidity at elevated temperatures [41]. The crosslinked nature 

improves the resistance to deformation and softening at high temperature. The 

structural transitions of these cross linked networks are characterized with DSC, DMTA 

or by measuring heat distortion temperature (HDT) [42, 43], these studies give the 

transition temperature at which amorphous margins transform to a rubbery state. The 

HDT is a measure of the thermal resistivity of the resin. 

1.4.8.3 Mechanical properties 

Unmodified epoxy resins shows brittleness and less elongation after curing. 

These polymers usually fad on their free surface and the faded areas are converted into 

cracks, which spread with brittle energy absorption which results in fracture. The high 

Tg (glass transition temperature) of epoxy thermosets are the result of highly cross 

linked structures and this is achieved at the expense of lowering in toughness and 

damage tolerance [5]. 

 Carbon nanotubes (CNTs) as reinforcement 

Carbon nanotubes, first time discovered in 1991 [44], are considered to have 

long, cylindrical sheets of graphite in which the layer of carbon atoms joined together 

in a hexagonal-honeycomb like structure, this one atom thick layer is termed as 

graphene layer. CNTs are large molecules having distinguishable size, shape and 

physical properties. The discovery of these exciting structures led too much 

advancement in the recent years and extensive studies have been done to explore their 

properties for the desired applications however, the physical properties are still being 

discovered. Nanotubes are broadly being used in a wide range of applications i.e. 

electronic, thermal, structural and mechanical properties depending upon different 

parameters of CNTS e.g. diameter, length and chirality.  

1.5.1 Properties of CNTs  

CNTs are the highly promising candidates in the field of nanotechnology having 

diameter less than 100 nanometers and a thickness of 1-2 nm carbon nanotubes (CNTs) 
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are the example of real nanotechnology. Their diameter is less than 100 nanometer and 

thickness up to 1 or 2 cm. CNTs can be used both in physical and chemical aspects thus 

opening an incredible range of applications in material science, electronics, chemical 

processing and other fields. Some of the properties are  

 Extraordinary electrical conductivity 

 Mechanical properties 

 Electron field emission (High aspect ratio) 

 Very High Tensile Strength 

 Highly Flexible- can be bent considerably without damage 

 Very Elastic ≈18% elongation to failure 

 High Thermal Conductivity 

 Low Thermal Expansion Coefficient 

 Highly modified structure and optimized solubility due to the chemistry of 

Carbon present in their structure 

1.5.2 Applications of CNTS 

 Conductive and high-strength composites 

 Energy storage and energy conversion devices 

 Sensors 

 Field emission displays and radiation sources 

 Hydrogen storage media 

 Nanometer sized semiconductor devices, probes, and interconnects 

 Field emitters 

 Conductive or reinforced plastics  

 Biomedical applications 

1.5.3 Single walled carbon nanotubes (SWCNTs) 

Single walled carbon nanotubes can be formed in three different designs 

armchair, chiral and zig zag depending upon the wrapping of graphene layers into a 

cylinder. Bulk synthesis is difficult as it requires proper control over growth and 

atmospheric condition and a catalyst is required for their bulk synthesis. Purity is poor 
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and a chance of defect is more during functionalization. Characterization and evaluation 

is easy and they can be easily twisted being more pliable. 

1.5.4 Multiwalled carbon nanotubes (MWCNTs) 

 Two models were proposed to define the structure of multiwalled carbon 

nanotubes. Russian Doll model says that carbon nanotube contains another carbon 

nanotube inside it having a smaller diameter. Parchment model says that every graphene 

layer is rolled itself number of times. The properties of MWCNTs resemble to those of 

SWCNTs, the only significant difference is that the outer layers of graphene in 

MWCNTs are protecting the inner ones. Other properties which differentiate them from 

SWCNTs are that they can be produced without catalyst, their bulk synthesis is easy 

having high purity. A chance of defect is less but once occurred, it is difficult to 

improve. Their structure is very complex and cannot be easily twisted. 

 

Figure: Schematic diagrams of single-wall carbon nanotube (SWCNT) (A) and multi-

wall carbon nanotube (MWCNT) (B) [45]. 

 

In recent years, different types of polymer composites have been synthesized by 

incorporating CNTs into various polymer matrices such as polyamides [46]polyimides 

[47], epoxy [48-50]polyurethane [51, 52] polypropylene [53, 54], polyethylene [55], 

polyethylene oxide [56, 57], polyvinyl alcohol [58], polymethyl methacrylate (PMMA) 

[59], polycarbonate [60], polybutylene succinate [61], polylactide  [62], polyaniline 

[63], polypyrrole  [64-66], and others [67]. The problem associated with the use of 

A B 
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CNTs as matrix involves poor dispersion of the CNTs and formation of agglomerations 

in the composites. 

Due to tiny size of the nanostructured nanotubes, their tendency to form 

agglomerates, and their large surface area per unit volume yields an improved influence 

of the interfacial bonding on the effective properties of the composite. Due to the 

intrinsic Van der Waals attraction of the CNTs to each other and high aspect ratio, 

carbon nanotubes are held together as bundles and ropes having very low solubility in 

most solvents. When they are blended with the polymer, they remain entangled 

agglomerates which prevent uniform dispersion of the filler into the polymer matrix. 

Again, the smooth non-reactive CNT surface limits the load transfer from the matrix to 

nanotubes. Additional fabrication problems arises due to the increase in viscosity when 

the CNTs are added directly to the polymer [68]. For CNT composites, the problem is 

intensified by the influence of tube morphology and content of amorphous carbon and 

metal impurities normally contained in the CNTs.  

These impurities are synthesized along with CNTs, they  are frequently removed 

or reduced by oxidation or addition of groups on CNT surfaces, which causes structural 

and morphological changes in the tubes [69, 70]. By looking at the potential advantages 

of using CNTs as reinforcement, several researchers have violently monitored their use 

in polymer nanocomposites, either thermoplastics or thermosetting [71-73]. CNT based 

epoxy composites are materials have gained high technological interest due to their 

interesting features such as their mechanical strength, thermal stability and electrical 

properties. A large number of recent works have been done with CNT reinforced epoxy. 

1.5.5 Epoxy containing MWCNTs 

The excellent property of mechanical strength allows MWCNTs to be used as 

possible reinforcing materials, MWCNTs reinforcement would produce electrically 

conductive, very strong and light materials. These properties of MWCNTs attracted the 

attention of scientists in all over the world to incorporate MWCNTs in epoxy matrix 

for the construction of advanced engineering materials.  Following the first report on 

the fabrication of aligned MWCNTs by cutting epoxy CNTs composites by Ajayan et 

al. [74] there have been continuous efforts to incorporate CNTs into various types of 

epoxy resins to fabricate functional composite materials with desirable electrical and 

mechanical properties. Sandler and co-workers [75] dispersed untreated MWCNTs in 
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an epoxy matrix by  using the process developed for carbon black [76, 77]. The matrix 

used in this study was an epoxy polymer based on bisphenol-A resin (Araldite LY 556) 

and an aromatic hardener (Araldite HY 932).  

Gong et al.[78] used a non-ionic surfactant for dispersing CNTs in epoxy 

polymer matrix. The bisphenol-A epoxy resin with hydroxylated polyamine hardener 

H-91 and the surfactant polyoxyethylene 8-lauryl (C12EO8) were used for the composite 

preparation. Other researchers used ultrasonication for the dispersion of CNTs in the 

epoxy matrix. For example, Lau and co-workers [50] used different weight fractions of 

MWCNTs, into the epoxy resin (Araldite GY 251) by using ultrasonication of resin 

with ethanol solution containing CNTs for 2 hours. The composites were heated to dry 

in vacuum oven for two days to remove air bubbles and the solvent. Like previous 

authors, Park et al. [79] also employed the sonication method to disperse CNTs in the 

epoxy matrix. In their experimental procedure, the MWCNTs (0.1, 0.5 and 2 vol.%) 

were first sonicated with methanol based epoxy solution for 2 h, and then sonication 

was done for 6 h at 35 °C to remove the solvent. The samples were then dried in a 

vacuum oven at 50 °C for 7 days.  

In another report, Wong et al. [80] fabricated CNT/epoxy thin film by using 

spin coating technique. Their major objective was to study the interfacial morphology 

of CNT epoxy composite. A standard 4 inch silicon cracker was used to spin coat the 

mixture of MWCNTs and epoxy resin (Epon SU-8). After curing the composite film 

system, the substrate was etched from the backside by deep reactive ion etching (DRIE). 

Park et al. [81] used oxyfluorinated-MWCNTs (synthesized using the CVD 

process) to reinforce epoxy matrix. The objective was to study the effect of 

oxyfluorinated MWCNTs surfaces on the-mechanical and interfacial properties of 

resulting composites. In a typical experimental procedure, MWCNTs outer surfaces 

werefunctionalized with F2, O2 and N2 gases in a batch reactor made of nickel at a 

pressure of 0.2 MPa with reaction time of 15 min. Surface analysis results with Fourier 

transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD) showed fluorine 

oxygen contents and –OH groups on MWCNT surfaces were maximized at 100°C. For 

the preparation of composite, the epoxy resin (diglycidyl ether of bisphenol-A DGEBA, 

YD-128) was mixed with 0.5 wt% of treated MWCNTs and sonicated for 3 h at 60°C. 

After adding the hardener diaminodiphenylmethane (DDM), the mixture was stirred 
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thoroughly, degassed to remove bubbles and molded. The samples were cured for 2 h 

at 120 °C, 2 h at 150 °C and finally, 1 h at 200°C. Results show that the mechanical and 

mechanical interfacial properties of the resulting composites were improved with 

increasing F-O content. This indicates that polar groups such as fluorine and oxygen 

increases the wet ability of CNTs surface with the epoxy matrix.  

To study the effect of MWCNTs aspect ratio on the properties of final 

composites, Pumera et al. [82] fabricated MWCNTs/epoxy composites with two 

different types of MWCNTs. Both types of MWCNTs (CNT-200: length, 0.5–200 μm; 

diameter, 30–50 nm; wall thickness, 12–18 nm and CNT-2: length 0.5–2 μm, diameter 

20–30 nm, wall thickness 1–2 nm) were produced by the CVD technique. The 

purification was accomplished by stirring the CNTs in 2 M HNO3 at 25°C for 24 h. 

Epoxy resin Epotek H77A and hardener Epotek H77B were mixed manually in the ratio 

20:3 (w/w) using a spatula. CNT electrodes have been produced by loading the epoxy 

resin, before curing, with different amounts [i.e., 10, 12.5, 15, 17.5 and 20% (w/w)] of 

CNTs and mixed for 30 min. The composite was cured at 40°C for 1 week, results 

showed good dispersion of CNTs in the polymer matrix in general when compared to 

the conventional graphite epoxy composite. 

Over the last few years, the potential use of MWCNTs as conducting fillers to 

improve the electrical conductivity of epoxy matrix has been established. Several 

authors have reported significant enhancement in electrical conductivity with a very 

small loading of MWCNTs in the epoxy matrix, while maintaining the mechanical 

performance of composites. Sandler et al. [75] reported the electrical conductivity of 

an epoxy matrix containing untreated CNTs around 10-2 Sm-1 at a filler content of 0.1 

vol% which is much higher compared to the composite containing conventional carbon 

black filler. The conductivity showed gradual increase with CNT content. The 

percolation threshold was found to be in between 0.0225 and 0.04 vol% of CNTs.  

Park et al. [79] also found that the resistivity of composite decreased with CNT 

content, and the threshold concentration reached 0.5 vol.% of CNTs. However, Cui et 

al. [83] reported a relatively high percolation threshold around 8 wt% of CNTs for two 

series of epoxy composites prepared with and without surfactant from D.C. resistivity 

measurements. The wrapping of the CNT surface by the surfactant prevents particle-

particle interaction and contributes to the high critical wt% of the filler to attain 
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percolation network. On the other hand, Sandler and co-workers [76] suggested the 

used of aligned MWCNTs to get a uniquely low percolation threshold. CNT 

concentration of about 0.0025 wt% was found to be enough to produce the conducting 

network within the epoxy matrix in this case.  

Martin et al. [84] reported similar results in another work. The bulk conductivity 

values varied from dielectric nature to 10-3 Sm-1 depending on the nanotube aggregation 

and dispersion levels obtained under various processing conditions. According to them, 

the processing parameters should be carefully adjusted to achieve very low percolation 

threshold. Moisala et al. [85] also prepared conductive epoxy composite with 

MWCNTs with a percolation threshold of 0.0025 wt% using high shear mixing 

procedure proposed by Sandler et al. [76]. 

 Piezoelectric materials 

 Piezoelectric materials are nonconductive materials that have ability to generate 

electric charges when they are subjected to mechanical stress, such as those caused by 

sound vibration and pressure [86-88], the amount of electric charges are proportional 

to the amount of mechanical stress applied, these materials can also generate 

mechanical vibrations when they are subjected to an electric field. These materials have 

no crystalline inversion symmetry and there exists a linear interaction between the 

mechanical energy and electrical energy [89]. The piezoelectric effect is a reversible 

process it has two types one is called direct effect in which electrical potential field is 

generated in response to applied mechanical stress, on the basis of this effect sensors 

are developed, the other one is called inverse effect in which mechanical vibrations are 

produced when they are subjected to electric field, this effect is used in actuators where 

sound is produced in response of electric field. 

Piezoelectric materials are used in many devices such as sensors [90-92], 

actuators [93-97], resonators [98] and transducers [99-101] which convert electrical 

energy into mechanical energy or vice versa, in capacitors [102, 103] and health 

monitoring applications [104]. In addition of this piezoelectric materials are also 

employed in electronic frequency generation, sound detection and sound generation, 

microbalances, optical instruments, ultrafine focusing, atomic resolution instruments 

and other devices which require voltage generation and amplification. Piezoelectric 

materials have also gained interest because of their use as energy harvesting materials 
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and sound damping devices. They are also used in hybrid energy systems energy 

harvesting is the process in which energy is derived from ambient waste energy sources, 

such as vibration, solar energy waste heat etc., they are used for capturing and storing 

energy for using in electronic systems [87, 105-110].  

 Piezoelectric ceramics have certain limitations in energy harvesting and 

acoustic dampening devices [111]. They exhibit poor mechanical properties and they 

are prone to failure, which limits their applications in acoustic dampening. The brittle 

nature of these materials make them susceptible to premature failure when they are 

subjected to frequency dependent mechanical loading  and working range of these 

materials is restricted to a limited band width [112, 113]. These issues can be resolved 

by introducing piezoelectric composites that is the composites which contains 

piezoelectric materials as filler or reinforcement. Polymer based piezoelectric  

composites are best for these applications in which mechanical vibration energy is 

transmitted to a piezoelectric material and in turn mechanical energy is converted into 

electrical energy by piezoelectric effect, the electric potential is then converted into 

joule heat by network of conductive particles in the polymer matrix this process is 

known as piezoelectric damping effect, it depends upon the electrochemical properties 

of composites [114]. 

1.6.1 Piezoelectric materials and electromechanical properties 

 Piezoelectric material produce an effective electric field on applying 

mechanical strain. When an electric field is applied across piezoelectric material it 

results in a mechanical strain or deformation [95, 114, 115]. Many materials in nature 

exists as piezoelectric materials such as quartz, topaz etc. and manmade such as Barium 

Titanate(BaTiO3) [116-119], Lead Zirconate Titanate (PbZrTiO3) exhibit excellent 

piezoelectric properties [92, 120, 121]. Piezoelectric effect is due to the formation of 

crystal lattice structures that have no center of symmetry. 
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A      B 

Figure 1.7: Crystal lattice structure of PZT A) Perovskite type lead zirconate titante 

(PZT) unit cell in the symmetric cubic state in the absence of electric field 

B) Tetragonally distorted unit cell in the presence of electric field. 

In unit cell of Piezoelectric crystal the dipoles are formed due to which 

asymmetry is created, the unit cell has perovskite structure. In perovskite structure there 

are two crystallographic forms. It is in asymmetric distorted tetragonal unit cell below 

Curie temperature and the temperature is above Curie temperature they converted into 

a cubic structure. In the tetragonal state each unit cell has an electric dipole, there is a 

charge differential between each end of unit cell, this arises due to the displacement of 

the central atom in case of PZT the central atom is Ti or Zr. For single crystal 

piezoelectric materials the dipoles are aligned in same direction for polycrystalline 

ceramics, such as PZT the dipoles are aligned along certain local domains, when an 

electric field is applied across the material, these dipoles are aligned along a certain 

direction, this process is called poling.  
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Figure 1.8: A) Aligned dipoles in single crystal piezoelectric materials, B) Dipoles 

aligned in different local domains in polycrystalline ceramic piezoelectric 

materials, C) Strong electric field applied along the desired alignment 

direction. 

The relationships between applied forces and the amount of electric current  

depends upon the piezoelectric properties of the ceramic, the size and shape of the 

material and direction of the electrical and mechanical excitation. This relationship is 

quantified by using electromechanical coefficients. The equation for piezoelectric 

material can be expressed as 

  D = ԑT E + dT      (i) 

  S = SE T + dE     (ii) 

 Where S is the-strain, T is the stress, SE is the elastic compliance at constant 

electric field, E is the electric field, D is the electric charge displacement, ԑT is dielectric 

constant at a constant stress, and d is piezoelectric strain constant. Electromechanical 

coefficients such as s, d, ԑ relate both to the direction of the applied mechanical or 

electrical excitation and direction of response. Each coefficient has two subscripts that 

relate to the directions of the two related quantities. To express polarization generated 
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per unit mechanical stress piezoelectric strain coefficient is used which is shown as dij 

(where I,j = 1, 2, 3,…) it also shows mechanical strain induced per unit electric field applied. 

 The performance of piezoelectric materials can be examined by several 

properties such as relative permittivity or dielectric constant, it is the amount of charge 

that the material can store. The other factor known as Electromechanical coupling factor 

kij indicates effectiveness with which a piezoelectric material converts electrical energy 

into mechanical or mechanical into electrical, the subscript k denotes the direction along 

which the electrodes are applied and ij represents the direction along which the 

mechanical energy is applied or developed. The tan δ is the tangent of the dielectric loss 

angle δ, and it is determined by the ratio of effective conductance to effective 

susceptance in a circuit which is measured by using an impedance bridge. It is an 

important parameter for the characterization of the viscoelasticity of the material. It 

represents damping capacity of material which is the ability of a piezoelectric material 

to convert mechanical energy into electrical energy or heat energy when they are 

subjected to any external load, basically  δ is the phase angle between stress:  

                                            𝑡𝑎𝑛𝛿 =
|𝐸| sin(𝛿)

|𝐸| cos(𝛿)
=

𝐸′′

𝐸′
    (iii) 

Where 𝐸′shows elastic storage modulus and 𝐸′′ shows elastic loss modulus. The storage 

modulus is the amount of mechanical energy stored during deformation and the loss 

modulus is the energy lost in the form of heat during the deformation cycle. Damping 

capacity for a piezoelectric material is very important for their performance it represents 

the amount of energy dissipated as heat and electricity during one cycle of mechanical 

vibration following table shows the values ranges of tan δ for different materials. 

       Table 1.1: Values of tan δ for different materials. 

Material tan δ 

Structural Ceramics 10-4 to 10-5 

Structural metal 0.001 to 0.01 

Melamine foams 0.01 to 0.11 

Piezoelectric materials 0.01 to 0.9 

Natural rubber an viscoelastic polymers >2 
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1.6.2 Piezoelectric composites: 

 Piezoelectric composites comprised of piezoelectric material embedded in a 

polymer matrix, they are widely used in passive devices such as capacitors [122]. 

Piezoelectric polymer composites are gaining much attention due to their flexibility and 

ease of processing these composites can be used in acoustics and transducers. 

Transducers are the devices which convert one form of energy into other i.e. electrical 

into mechanical or vice versa. Performances of piezoelectric composites depends upon 

the piezoelectric coefficient of the material and electrical conductivity of the 

composites, electrical conductivity of the composites can be enhanced by inclusion of 

conductive fillers [123]. Inclusions of electrically conductive fillers within polymer 

matrices have been demonstrated by several researchers [124]. All researchers have 

reported that the polymer matrix conductivity was enhanced by the electrically 

conductive fillers [73, 74]. Recently Carbon Nanotubes (CNTs) has emerged as an 

attractive filler material due to its electrically conductive nature and high aspect ratio 

[125].  

 Composites with carbon nanotubes embedded in a polymer matrix have been 

studied by researchers [49, 126, 127]. The dielectric properties of these composites are 

enhanced due to the increase in charge carriers from the carbon nanotubes. However 

beyond a certain volume fraction of the CNTs, the composite reaches percolation 

threshold due to the formation of electrically conductive pathways in the composite, 

and there is a sharp rise in the conductivity. Ma and Wang [128] compared the 

microstructure and dielectric properties of epoxy based damping composites that 

contained carbon nanotubes (CNTs)  and PMN-PZT piezo ceramics. They concluded 

that the composites exhibited a percolation threshold in the range of 1.0–1.5 g CNTs 

per 100 g epoxy. They also concluded that in the region of the percolation threshold, a 

continuous electro conductive network was formed, and that beyond the percolation 

threshold, these materials demonstrated dynamic mechanical loss factors that were 

superior to those below the percolation threshold, and those without semiconductive 

inclusions.  

Tian and Wang [129] also examined the performance of epoxy multiwalled 

carbon nanotube piezoelectric ceramic composites as rigid damping materials. Their 

results were similar to Ma and Wang [55], where the percolation threshold was found 

to be in the range of 1.0–1.5 g CNTs per 100 g epoxy. They too concluded that loss 
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factors were improved with the incorporation of CNT and PZT, where the amount of 

CNT was above the critical electrical percolation loading. Researchers have predicted 

that the increase in the volume fraction of the electrically conductive inclusion phase in 

composite can also lead to an increase in conductivity [124, 130]. 

 Present work 

To prepare the Epoxy based composites containing Multiwalled carbon-

nanotubes (MWCNTs) and Lead Zirconate Titanate (PZT). Carbon nanotubes act as a 

conducting medium and disperse the electric current produced by PZT in response to 

any mechanical stress hence these composites behave as piezoelectric composites and 

can be used as energy harvesting materials in various aspects of life. 

Piezoelectric materials are used to convert electrical energy into mechanical and 

vice versa these materials are used as sensors and actuators where a little amount of 

energy is produced these materials are not used as energy producing devices the reason 

behind that fact is they do not produce sufficient amount of electric current to derive 

any instrument and due to their brittle nature they decompose or fracture when they are 

subjected to any load or they have poor fracture resistance. The other reason is their 

insulating nature, due to which the electric current produced is not dispersed throughout 

the crystal so they cannot be made into sheets or they cannot be used for what they are 

supposed to be. 

1.7.1 Strategies developed 

To overcome the above mentioned problems and to utilize piezoelectric 

materials for the production of electrical energy these materials were drawn into 

composites. To prepare piezoelectric composites a conductive filler having good 

electrical conductivities and high aspect ratio is needed and a matrix having good 

mechanical properties. The polymer matrix used was epoxy resin with 4’4 Oxidianiline 

as hardener or curing agent, Multiwalled carbon nanotubes were used as a conductive 

medium for the conduction and dispersion of electric current produced by piezoelectric 

material, Carbon nanotubes have excellent electrical properties and high aspect ratio 

also they have good mechanical properties. Lead Zirconate Titanate (PZT) was used as 

piezoelectric material for the conversion of mechanical energy into electrical energy, 

PZT have excellent piezoelectric properties among all manmade piezoelectric 
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materials. To obtain piezoelectric composites having improved conductivity the carbon 

nanotubes used were non-functionalized because the electrical conductivity of carbon 

nanotubes reduces by functionalization. Non-functionalized carbon nanotubes were 

dispersed by ultra-sonication for 2-3 hours, improved electrical conductivity was 

obtained. 

 To study the effect of addition of fillers on the matrix and to study the effect of 

both fillers on the performance of piezoelectric composites, different formulations were 

developed by varying the weight percent of Carbon nanotubes and PZT.  

 Addition of carbon nanotubes into epoxy matrix changes the insulating nature 

of epoxy matrix and act as a conducting medium, Lead Zirconate Titanate (PZT) 

incorporated into epoxy matrix gives piezoelectric properties to composites. Carbon 

nanotubes were expected to increase the electrical conductivity of the composites and 

also improves the mechanical properties and thermal stability of the epoxy matrix. PZT 

were expected to improve dampening of the epoxy matrix. 
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 EXPERIMENTAL 
 

 

 Chemicals 

 The names, formulas and structures of the chemicals used is given below: 

Table 2.1: List of Chemicals used. 

Name  Formula 
Purity 

(%) 
Source 

4-4ʹ Oxydianiline 

(ODA)  98 Alfa Aesar 

N,Nʹ Dimethylacetamide 

(DMAc) 
CH3CON(CH3)2 99.8 Aldrich 

Sulphuric Acid H2SO4 95-97 Fluka 

  

 Specifications of matrix and reinforcement used in the 

study 

Diglycidyl ether of bisphenol-A epoxy resin was used as matrix in this study. The 

structure of the epoxy is given below: 
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Figure 2.1: Structure of DGEBA epoxy (Matrix). 
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The specifications of Diglycidyl ether of Bisphenol-A (DGEBA) are given below:  

Table 2.2: Specifications of DGEBA epoxy. 

Name 
Degree of 

polymerization 

Physical 

Appearance 

Number 

Average 

Molecular 

Weight 

Epoxide 

Equivalent 

Weight 

Epoxy resin 1.09 Viscous Liquid 442 221 

 

  Specifications of Multiwalled Carbon nanotubes 

Carbon nanotubes used as filler in this study had following specifications: 

Table 2.3: Specifications of MWCNTs (filler). 

Type Purity Diameter 
Electrical 

Conductivity 

 
SKU # 

Multiwalled 

Carbon 

Nanotubes  

95wt% 20-30nm 

 

1000 Sm-1 

 

sku-030104 

 

  Specifications of PZT 

Table 2.4: Specifications of PZT. 

Physical property Metric 

Density 7.0-8.0 g/cc 

Young’s Modulus 50.5 GPa 

Piezoelectric Coefficient 425-500 pC/N 

Particle size 1.0 µm 
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 Different formulations were developed by varying the weight ratios of the 

fillers i.e. CNTs and PZT, composition and sample codes are given below in table 2.5. 

 

Table 2.5: Composition of the composites prepared. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S:no. Sample Code Epoxy 
CNT 

(weight ratios) 

PZT 

(weight ratios) 

1 E-0-0 1 0.000 0.0 

2 E-1-0 1 0.010 0.0 

3 E-0-10 1 0.000 0.1 

4 E-1-10 1 0.010 0.1 

5 E-1-20 1 0.010 0.2 

6 E-1-30 1 0.010 0.3 

7 E-1.5-10 1 0.015 0.1 

8 E-1.5-20 1 0.015 0.2 

9 E-1.5-30 1 0.015 0.3 

10 E-2-10 1 0.020 0.1 

11 E-2-20 1 0.020 0.2 

12 E-2-30 1 0.020 0.3 
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The Experimental work is divided into two steps each step is discussed in detail below: 

  STEP-1 

2.5.1 Purification of carbon nanotubes 

Carbon nanotubes used were 95% pure. They contain graphene, fullerenes, 

amorphous carbon and metal particles as impurities [131] so it was necessary to purify 

carbon nanotubes, purification was done by using a physical method of purification 

[132]. 

Multiwalled carbon nanotubes were soaked into HCl, for 3 gram CNT’s 30 mL 

HCl was used and subjected to ultra-sonication for 3 hours, the acid dissolves metal 

particles present in the CNT’s, after sonication they were diluted with deionized water 

followed by vacuum filtration, fullerenes and amorphous carbon particles get separated 

here and purified carbon nanotubes were obtained. The scheme of CNTs purification is 

given below: 

Figure 2.2: Steps of purification of CNTs. 
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Purified CNTs 
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 STEP-2 

2.6.1  Preparation of cured epoxy/MWCNT/PZT composite 

 A weighed amount of epoxy is dissolved into Dimethyl acetamide (DMAc) 

anhydrous and stirred for 20-30 minutes, on the other hand mixture of purified carbon 

nanotubes and PZT in same solvent were subjected to sonication, sonication was done 

for the dispersion of MWCNTs and PZT within solvent as both carbon nanotubes and 

PZT were non functionalized and to avoid any agglomeration formation sonication was 

done for 2-3 hours, when they are fully dispersed, the mixture is transferred into well 

dissolved epoxy and continued stirring for 30 minutes. In the last step, the curing agent 

i.e. ODA (4-4 Oxidianiline) was added and stirring was done for half an hour. The film 

was casted in a mold and solvent was evaporated by heating at 50 oC for 36 hours. 

Curing of epoxy was done for 4 hours at 80 oC and post curing at 120 oC and the solid 

epoxy/composite film was obtained. 
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Heating at 50 oC  

    

 

       Heating at 80 oC for 4 hours 

                        

 

        Heating at 80 oC for 4 hours 

          

 

 

 

 

 

Figure 2.3: Scheme of preparation of composites. 

 Characterization of composites  

Testometric universal testing machine (M500-30CT), as per ASTM standard D-

882 was used for investigating mechanical properties of Epoxy/CNT/PZT composites.  

X-ray Diffractometer, Model 3040/60 X’Pert PRO was used to record the XRD 

spectra. The XRD analysis of cured samples was carried out in form of films of 

composites and pure PZT powder, MWCNTs with scan-rate of 0.04 and 2 values 

ranging from 0-50o. 

Perkin Elmer’s TGA 7 was used for thermogravimetric analysis at heating rate 

of 20oC/minute from ambient temperature to 600oC under nitrogen atmosphere. 

An Agilent-4294A impedance/gain phase analyzer was used to determine 

Electrical conductivities of the composites with a voltage amplitude of 0.5-VAC at a 

frequency of 1 MHz. 

Evaporation of 

solvent 

Curing 

Post curing 

Solid Composite film 
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 RESULTS AND DISCUSSION 
  

 

 Composites with different compositions were prepared to investigate the 

different properties and the effect of changing the weight % of the fillers. Various 

experimental techniques were used to analyze the prepared composites. X-ray 

diffraction analysis was used to evaluate the dispersion of added fillers in the epoxy 

matrix. Differential scanning calorimetry (DSC) was used to evaluate the effect of 

CNTs and PZT on glass transition temperature of epoxy matrix. Thermal stability of 

the prepared samples was evaluated using thermogravimetric analysis (TGA). 

Mechanical properties of the samples were tested using a tensile testing and electrical 

properties were examined by measuring electrical conductivities of the composites 

using a source meter.  

 X-Ray Diffraction analysis (XRD) 

 X-ray diffraction analysis is one of the best tools to investigate structure of 

carbon nanotubes. This technique provides basic information of interlayer spacing 

between nanotube walls with the help of strong peak appearing in the XRD pattern. The 

structural changes that appear in XRD spectra after introducing CNT’s in epoxy matrix 

can also be analyzed. XRD spectrum of PZT was also investigated, before introducing 

PZT into the system and after completely dispersed into the matrix system. The XRD 

patterns of pristine CNTs , PZT and epoxy/PZT/CNT composite film are shown in 

figure 3.1.   

 To evaluate the structural changes occurring, at first pristine multiwall carbon 

were subjected to XRD analysis. A sharp and intense peak appearing at about 2θ = 26°, 

corresponds to (002) Bragg reflection plane having an interlayer spacing of 0.33 nm. 

Another comparatively broad peak was shown at about 2θ = 45° having Bragg 

reflection plane equal to (100) and interlayer spacing of 0.2 nm and is assigned to the 

reflection of graphite like structure (100). Peak at 2θ = 26° is the characteristic peak of 

MWCNTs which is known as Bragg peak and is produced by constructive interference 
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of various reflection planes as reported in literature [133]. XRD spectra of PZT shows 

one clear peak at 2θ =31o and small peaks at 2θ =22o, 38o, 44o & 55o. These peaks shows 

crystalline nature of PZT. 

 The XRD spectra of the composites reveals two clear peaks one at 2θ = 26o 

which is characteristic peak of carbon nanotubes the reduction in the peak intensity 

confirms the dispersion of CNTs in the matrix another peak at 2θ = 30.5o which is 

characteristic peak of PZT crystals the peak intensity is reduced when PZT is 

incorporated as a filler in the epoxy matrix which reveals that PZT is dispersed in the 

matrix [134]. 
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Figure 3.1: Combined XRD pattern of (A) PZT, (B) MWCNTs and (C) 

epoxy/CNT/PZT composite.      
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 THERMAL ANALYSIS 

3.2.1  Differential scanning calorimetry (DSC) 

 Differential scanning calorimetry is one of the best tools to study the cure 

reaction, cure kinetics and to evaluate glass transition of epoxy [135]. The polymers 

undergo a rapid loss of modulus on glass transition temperatures. Therefore, for best 

utilization of a polymer, knowledge of its thermal behavior also plays a significant role. 

In present work differential scanning calorimetry (DSC) was used to evaluate the glass 

transition temperature (Tg) of epoxy samples cured with ODA. The Tg is a very 

important parameter of thermal properties for the epoxy based composites. In most 

cases, epoxy based composites are only used well at the temperature below Tg therefore, 

identification of the mechanisms responsible for Tg changes and prediction of Tg 

depression are critical for the engineering design and the application of such composites 

[136]. 

 Some selective samples were chosen to study the effect of filler on glass 

transition temperature of cured epoxy. All DSC thermograms were obtained as heating 

cooling heating pattern to confirm the transition of glassy to rubbery state from 50 °C 

to 250 °C at 10 °C/min heating rate under nitrogen atmosphere. These thermograms 

were used to calculated glass transition temperature (Tg) of uncured (for neat epoxy) 

and cured samples.  

Glass transition temperature of cured epoxy is highly affected by the 

stoichiometry of the cure reaction i.e. mole ratio of curing agent or hardener. Epoxide 

groups undergo homo polymerization during the curing reaction; hence once the curing 

agent is completely consumed the remaining epoxide rings react with each other to 

develop a 3-D network [137]. The extent of cross-linking is also one of the main reasons 

for change in Tg. Moreover reaction temperature also plays an important role to alter 

the temperature of this transition.   

An evident transition in temperature can be observed at -8 °C, which is glass 

transition temperature of uncured epoxy resin. Figure 3.2 represents epoxy cured with 

ODA sample. The glass transition temperature of the resin was increased to 67 °C from 

uncured to cured state. This confirms the completion of curing reaction and formation 

of an extensive three dimensional cross-linking network due to curing reaction. 
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Addition of multiwalled carbon nanotubes does not cause any major change in the glass 

transition temperature of the composite except a slight decrease in glass transition 

temperature. 

However, addition of PZT causes increase in glass transition temperature this is 

because PZT is brittle in nature having high thermal stability and thus incorporation of 

PZT into epoxy matrix increases brittleness of the  epoxy matrix as evident in increasing 

glass transition temperature [129], which is shown in (Figure 3.4-Figure 3.9). Carbon 

nanotubes causes very little decrease in glass transition temperature because 

incorporation of carbon nanotubes decreases cross linking density of the epoxy matrix 

by increasing elasticity of the epoxy matrix and decreasing brittleness. Table 3.1 shows 

the values of glass transition temperature of all samples, it is shown that the cured epoxy 

without fillers bears higher glass transition temperature than all other samples 

containing different CNTs and PZT. 

Table 3.1: Calculated Glass transition temperature (Tg) of all the composites. 

S.No. Sample Tg (°C) 

1 Uncured epoxy -8 

2 E-0-0 67 

3 E-1-0 61 

4 E-1-10 62 

5 E-1-20 64 

6 E-1-30 65 

7 E-1.5-10 62 

8 E-1.5-20 63 

9 E-1.5-30 65 

10 E-2-10 58 

11 E-2-20 59 

12 E-2-30 61 
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Figure 3.2: DSC thermogram of ODA cured epoxy. 

 

 

 

Figure 3.3: DSC thermogram of epoxy/CNT composite E-0-0. 
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Figure 3.4: DSC thermogram of epoxy/CNT/PZT composite E-1-10. 

 

 

Figure 3.5: DSC thermogram of epoxy/CNT/PZT composite E-1-20. 
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Figure 3.6: DSC thermogram of epoxy/CNT/PZT composite E-1.5-10. 

 

 

Figure 3.7: DSC thermogram of epoxy/CNT/PZT composite E-1.5-30. 
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Figure 3.8: DSC thermogram of epoxy/CNT/PZT composite E-2-20. 

 

 

Figure 3.9: DSC thermogram of epoxy/CNT/PZT composite E-2-30. 
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3.2.2  Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is frequently used to evaluate thermal stability of materials 

and decomposition of polymers at different temperatures [138]. Some selected samples 

were used to study the thermal stability of cured resin from room temperature to 600 

°C at the rate of 10 °C/minute in nitrogen environment and weight loss of each sample 

were recorded with increase in temperature.  

Different parameters were calculated using thermograms, such as temperature 

at 10% weight loss (T10), temperature at which onset of degradation starts (Tonset), 

temperature corresponding to maximum weight loss occurs (Tmax) and char yield 

remaining at the completion of degradation process. The relative thermal stability of 

the cured resin was evaluated by comparing the Tonset, T10, Tmax and char yield and TGA 

data obtained from thermograms is given in Table.3.2. It can be observed from given 

thermograms that first there is a step where little degradation starts and in second step 

a proper degradation of cured sample starts. 10 % weight loss of all the samples lie 

between 250-350 oC whereas maximum degradation occurs between 350-450 oC this 

temperature is very important for the composites.  

It can be obtained from the TGA thermograms that by incorporation of fillers in 

the epoxy matrix i.e. CNTs and PZT the maximum degradation temperature of the 

epoxy matrix or Tmax increases, which shows increased thermal stability of the 

composites. This improvement mainly comes from the enhanced interaction between 

epoxy matrix and fillers [139]. Furthermore, it may also be assumed that the thermal 

stability of organic materials can be improved by introducing inorganic components on 

the basis of the fact that these materials have inherently good thermal stability [140]. 

 All the samples show no significant weight loss up to 100 °C, which confirms 

that samples were completely anhydrous and the first step to degradation starts after 

200 °C. In first step of transition for all the samples the weight loss is not more than 15 

%, which suggests that the transition is because of evaporation of solvent molecules or 

some volatile organic molecules present in the sample in the form of impurities. 

 Figure 3.10 represents TGA thermograms of cured epoxy, CNT incorporated 

epoxy and PZT incorporated epoxy it can be seen from the curves that presence of these 

fillers improves thermal stability by shifting Tmax at higher temperature and char yield 

also increases by incorporation of the fillers. 
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 Figure 3.11 represents TGA thermograms of the composites in which effect of 

increasing CNT loading is shown by keeping constant PZT. This graph clearly shows 

that by increasing CNT loading improves thermal stability. 

 Figure 3.12 represents combined thermograms of different PZT weight 

percentage, PZT due to its highly brittle nature and improved thermal stability plays 

important role in the enhancement of thermal properties of the epoxy matrix. Various 

parameters, calculated from TGA thermograms are listed below in table 3.2.  

Table 3.2: TGA data showing various parameters calculated from thermograms. 

S.No. Sample T10 (oC) Tonset (oC) 

TOffset 

(oC) 
Tmax. (oC) 

Char 

Yield (%) 

1 E-0-0 267.1 365.77 441.79 336.76 14.7 

2 E-1-0 241.3 363.02 428.39 401.11 20.5 

3 E-1-10 255.1 333.22 460.71 400.32 25.5 

4 E-1-20 309.2 334.65 454.59 399.77 40.3 

5 E-1.5-10 369.5 337.04 443.24 389.82 27.7 

6 E-1.5-30 248.4 329.25 443.25 396.50 38.2 

7 E-2-10 232.7 357.62 423.33 392.62 19.1 

8 E-2-20 340.5 348.59 432.93 294.26 29.3 
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Figure 3.10: TGA thermograms of cured epoxy, epoxy/CNT composite and 

epoxy/CNT/PZT composite. 
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Figure 3.11: Combined TGA thermograms of composites by varying CNT loading. 
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Figure 3.12: Combined TGA thermograms of epoxy/CNT/PZT composites of different 

PZT loading. 

 

3.2.3 Tensile testing 

Tensile testing is also known as “tension testing”. Tensile tests measure the force 

required to break a sample specimen and the extent to which the specimen stretches or 

elongates to that breaking point. Mechanical properties such as stress at break, 

elongation, modulus, and toughness of the cured epoxy films were determined by 

stretching the rectangular strips having dimensions of 40×7×0.05 mm3 at a crosshead 

speed of 2 mm/min using testometric universal testing machine, according to ASTM 

D-882. The results reported are averaged from at least three measurements per sample.  

A stress versus strain curve is obtained which is used to determine tensile 

properties like Young’s modulus, stress at break, strain at break and toughness. A 

typical Stress strain curve and properties obtain from this curve are shown in Figure 

3.13   
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Figure 3.13: Typical stress-strain curve for polymers. 

 

3.2.3.1 Stress-strain analysis of CNT and PZT incorporated composites 

Stress-strain curves of composites are shown in figures 3.14-3.25, it is observed 

that the initial stress-strain curve is linear and the slope of that line represents brittle 

behavior of the composites higher the value of the slope greater will be the brittleness, 

various parameters were calculated using these stress-strain curves such as toughness, 

Young’s modulus, stress at break and ultimate tensile strength values are calculated. 
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Figure 3.14: Stress-strain curve of cured epoxy. 
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Figure 3.15: Stress-strain curve of epoxy/CNT composite E-1-0. 
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Figure 3.16: Stress-strain curve of epoxy/CNT/PZT composite E-1-10. 
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Figure 3.17: Stress-strain curve of epoxy/CNT/PZT composite E-1-20. 
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Figure 3.18: Stress-strain curve of epoxy/CNT/PZT composite E-1-30. 
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Figure 3.19: Stress-strain curve of epoxy/CNT/PZT composite E-1.5-10. 
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Figure 3.20: Stress-strain curve of epoxy/CNT/PZT composite E-1.5-20. 
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Figure 3.21: Stress-strain curve of epoxy/CNT/PZT composite E-1.5-30. 

 

 



50 
 

0 1 2 3 4

0

20

40

60

80

S
tr

e
s

s
 (

M
P

a
)

Strain (%)
 

Figure 3.22: Stress-strain curve of epoxy/CNT/PZT composite E-2-10. 
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Figure 3.23: Stress-strain curve of epoxy/CNT/PZT composite E-2-20. 
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Figure 3.24: Stress-strain curve of epoxy/CNT/PZT composite E-2-30. 

3.2.3.2  Toughness 

 Toughness is the ability of a material to absorb energy for deformation without 

fracturing. In other words it is the amount of energy per unit volume that a material can 

absorb before rupturing. Elastic materials have more toughness than brittle materials. 

Toughness is inverse of brittleness. It is calculated from area under the curve obtained 

from integrating over stress-strain curve. Toughness values for all composites is given 

in the table 3.3. It is shown from the values that cured epoxy is brittle and have little 

toughness by incorporating carbon nanotubes the toughness of the epoxy matrix 

increases [141], while PZT increases brittleness in the composites because PZT is brittle 

in nature.  

The objective of the work was to decrease the brittle nature of the PZT crystals 

by incorporating such type of filler which enhances the toughness. Epoxy matrix have 

poor mechanical properties it is seen that the addition of fillers enhances the mechanical 

properties of the epoxy matrix, the composites have excellent mechanical properties 

than the cured epoxy. Figure 3.25 shows the graph in which toughness of the 

composites is plotted against CNT loading, it is seen that by increasing CNT loading 

toughness of the composites increases. Figure 3.26 shows toughness of the composites 

by varying the percentage of PZT it is seen that the composites having low amount of 
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PZT have low Toughness, by increasing the PZT loading toughness of the composites 

is decreased [142]. 

       Table 3.3: Values of toughness calculated for all composites. 

S.No. Sample Toughness(Mpa) 

1 E-0-0 46 

2 E-1-0 263.12 

3 E-1-10 246.80 

4 E-1-20 207.10 

5 E-1-30 182.30 

6 E-1.5-10 273.0 

7 E-1.5-20 250.55 

8 E-1.5-30 213.22 

9 E-2-10 307.7 

10 E-2-20 246.8 

11 E-2-30 211.86 
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Figure 3.25: Toughness of composites with increasing CNTs loading. 
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Figure 3.26: Toughness of composites with increasing PZT loading. 

3.2.3.3 Young’s modulus 

 Young’s modulus is the ratio of stress to strain, it is also called modulus of 

elasticity. It is the materials resistance to deformation when a stress is applied. It 

represents stiffness of the material higher the value of Young’s modulus more stiffness 

will be the material. Stiffness is the amount of mechanical force needed to deform a 

material that is by compression, bending, or extension. Stiffer the material the more 

force is needed to deform the material of same length. It is shown by “Y” it is given by  

  𝑌 =
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛
=

𝐹/𝐴

𝐿/∆𝐿
=

𝐹𝐿

𝐴∆𝐿
 

It is measured in Pascal. It is calculated from the stress strain curve by using initial 

slope method. The stress strain curve is linear initially by calculating the slope of that 

line Young’s modulus is calculated. Table. 3.4 shows the values of Young’s modulus 

for all composites it is seen that by incorporation of fillers the young’s modulus of the 

epoxy matrix is increased [143]. Figure 3.27 represents effect of CNT loading on the 

young’s modulus  of composites keeping PZT constant it is seen that Young’s modulus 

is increased by increasing the CNT loading in the composites which shows 

improvement in the mechanical strength of epoxy matrix by introducing CNTs in the 

matrix [144]. Figure 3.28 shows Young’s modulus by varying the PZT loading, PZT 

also increases the stiffness of the composites by increasing the young’s modulus [145]. 
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Table 3.4: Calculated values of Young’s modulus for all composites. 

S.No. Sample 
Young's 

modulus(Mpa) 

1 E-0-0 19.4 

2 E-1-0 26.21 

3 E-1-10 28.43 

4 E-1-20 28.86 

5 E-1-30 29.20 

6 E-1.5-10 32.69 

7 E-1.5-20 31.65 

8 E-1.5-30 34.81 

9 E-2-10 36.39 

10 E-2-20 27.33 

11 E-2-30 38.27 

 

 

 

 



55 
 

0.0 0.5 1.0 1.5 2.0

18

20

22

24

26

28

30

32

34

36

38

Y
o

u
n

g
's

 M
o

d
u

lu
s

 (
M

P
a

)

CNT (Weight %)
 

Figure 3.27: Effect of CNT loading on Young’s modulus of composites. 
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Figure 3.28:  Effect of PZT loading on Young’s modulus calculated for different 

composites. 
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3.2.3.4 Stress at break 

It is the amount of stress at breaking point or the maximum stress at which a 

material is teared apart. It is calculated from stress strain curve the point at which the 

curve falls shows tensile stress at break in other words it is the amount of force needed 

to break the material apart. Table 3.5 shows the values of tensile stress at break 

calculated for all composites. It is observed that cured epoxy without the addition of 

fillers break quickly due to its highly brittle nature, by introducing fillers in the epoxy 

matrix, stress at break increased which shows enhanced mechanical strength of the 

matrix by addition of the fillers, this is because of incorporation of fillers cross linking 

density of the epoxy which results in increase in stress at break, effect of CNTs and 

PZT is shown in figures 3.29 & 3.30 respectively which shows that by increasing the 

amount of both fillers in the epoxy matrix increases the stress at break values for the 

composites. 

Table 3.5:  Calculated values of stress at break for different composites. 

S.No. Sample 
Stress at 

break (MPa) 

1 E-0-0 26.0 

2 E-1-0 45.0 

3 E-1-10 62.5 

4 E-1-20 65.4 

5 E-1-30 67.3 

6 E-1.5-10 67.3 

7 E-1.5-20 64.2 

8 E-1.5-30 72.9 

9 E-2-10 75.6 

10 E-2-20 62.9 

11 E-2-30 79.1 
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Figure 3.29: Values of stress at break for different composites against CNT loading. 
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Figure 3.30: Calculated values of stress at break for different composites against PZT 

loading. 
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3.2.3.5 Ultimate tensile strength 

Ultimate tensile strength is referred to maximum stress a material can bear 

before breaking. It is very important property of the composites, ultimate tensile 

strength is a measure of how much material is resistant towards applied stress.it is also 

called tensile strength cured epoxy has low ultimate tensile strength and by addition of 

fillers increase in the tensile strength. Table 3.6 shows values of the Tensile strength 

calculated for all the samples. Figures  3.31 & 3.32 shows effect of CNTs and PZT on 

the tensile strength of the epoxy matrix, it is observed clearly that by increasing the 

amount of CNT and PZT tensile strength of the composites also increases [129, 146]. 

Table 3.6: Calculated values of ultimate tensile stress for all composites. 

S.No. Sample 
Tensile Strength 

(MPa) 

1 E-0-0 37.12 

2 E-1-0 62.0 

3 E-1-10 73.28 

4 E-1-20 75.36 

5 E-1-30 77.0 

6 E-1.5-10 79.62 

7 E-1.5-20 77.20 

8 E-1.5-30 81.74 

9 E-2-10 84.27 

10 E-2-20 83.28 

11 E-2-30 87.39 
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Figure 3.31: Values of ultimate tensile strength against CNT loading. 
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Figure 3.32: Values of ultimate tensile strength against PZT loading.  
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 Electrical conductivity 

 Electrical conductivities were calculated by varying the carbon nanotube  

concentration because carbon nanotubes are responsible for conductive nature of the 

composites [147]. Electrical conductivity of epoxy is very low and it behaves just like 

insulator and PZT itself is responsible for insulating nature of the epoxy composites. 

For piezoelectric composites electrical conductivity plays very important role in their 

performance. PZT produces electric current in response to mechanical stress and that 

current when fully disperses in the composite matrix can be stored in the batteries. For 

piezoelectric performance good dispersion of electric current is necessary. Basically 

CNTs were used as conductive inclusions to increase the conductive nature of the 

composites.  

Table 3.7 shows the conductivity data for the composites, in Figure 3.33. 

Electrical conductivity is studied by varying the amount of carbon nanotubes, it is seen 

from the graph that by increasing the CNT loading in the composites electrical 

conductivities increases [125, 128]. It is also observed that when CNT percentage is 

increased from 0.5 to 1.5% there is a sharp increase in conductivities the composites in 

which 2% CNTs are used shows maximum conductivity values. After 2% more increase 

in CNTs does not caused remarkable increase in the conductivities as reported by many 

scientists in literature [129]. Possible reasons for that are CNT agglomerations are 

formed which reduces the current dispersion and cause decrease in the conductivities 

of the composites. Another reason is by using CNTs more than 2% in the composite 

phase separation occurs and carbon nanotubes are not homogenously dispersed in the 

matrix medium.  

PZT is responsible for the insulating nature of the composites as it is shown in 

table. The composites having equal amount of CNTs, the composites having more PZT 

shows less conductivity because by increasing amount of PZT electrical conductivity 

is decreased [148]. 
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Table 3.7: Calculated electrical conductivities for all composites. 

S.No. Sample 

Electrical 

Conductivity 

 (Sm-1) 

1 E-0-0 1.1301x10-7 

2 E-1-0 1.3522x10-4 

3 E-1-10 1.5664x10-4 

4 E-1-20 1.0870x10-4 

5 E-1-30 6.3972x10-5 

6 E-1.5-10 2.8765x10-4 

7 E-1.5-20 2.0990x10-4 

8 E-1.5-30 1.3534x10-4 

9 E-2-10 3.4730x10-4 

10 E-2-20 2.6315x10-4 

11 E-2-30 1.8007x10-4 
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Figure 3.33:  Values of electrical conductivities as a function of CNT loading. 
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 Conclusions 

 Preparation of piezoelectric composites containing epoxy as a matrix, 

multiwalled carbon nanotubes (MWCNTs) and lead zirconate titanate (PZT) as 

reinforcements was done successfully. 

XRD analysis proved the amorphous behavior of the cured epoxy while 

MWCNTs and PZT gave a characteristic sharp peak, which proved crystalline nature 

of the PZT. XRD of the composite gave information about the fine dispersion of 

MWCNTs and PZT in the epoxy matrix. 

Thermal analysis of the composites was studied by differential scanning 

calorimetry (DSC). DSC gave the glass transition temperature of all the composites, all 

the cured samples and the composites showed higher glass transition temperature than 

neat epoxy. It was observed that increase in weight % of the MWCNTs caused slight 

decrease in glass transition temperature of the epoxy, while glass transition temperature 

was found to be increase by increasing the amount of PZT in the matrix. 

Thermal degradation of the composites was studied by using thermogravimetric 

analysis (TGA). TGA was used to study thermal stability of the composites and effect 

of fillers on the thermal degradation of the epoxy matrix, it was observed that by 

increasing the weight % of both MWCNTs and PZT maximum degradation temperature 

shifted to a higher value which proves increased thermal stability of the epoxy matrix 

by addition of fillers. 

Mechanical properties were studied by using tensile testing, various parameters 

were calculated and effect of MWCNTs and PZT on the mechanical properties of the 

matrix were checked. It was proved that MWCNTs decrease the brittleness of the epoxy 

and the composites have less brittleness than the cured epoxy and PZT crystals which 

enhances its uses and applications. It was proved that by increase in weight % of the 

MWCNTs toughness, Young’s modulus, stress at break and ultimate tensile strength 

increases. Addition of PZT causes decrease in toughness because PZT itself is a brittle 

material, by increasing the weight % of the PZT young’s modulus, stress at break and 

ultimate tensile strength increases. Mechanical analysis proved that by using MWCNTs 

as a reinforcement in epoxy matrix brittleness of the epoxy matrix and PZT decreases 

which is very useful to overcome the problems associated with limitations of the PZT 

due to its brittle nature. 
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