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ABSTRACT 
The work is undertaken to prepare and study polycarbonate (PC) based 

nanocomoposites for electronic applications. Polycarbonate has been selected due to 

the good combination of electrical, mechanical and thermal properties exhibited by it. 

As filler materials, lead zirconate titanate (PZT), Cu nano particles, multi-walled 

carbon nanotubes (MWCNT), single-walled carbon nanotubes (SWCNT) and few-

layer-graphene (FLG) have been used. The FLG has been prepared using dry ice 

method. The micro-/nanocomposites have been prepared using solution method. Five 

two-phase micro-/nanocomposite systems and two three-phase nanocomposite 

systems have been prepared. X-ray diffractometry (XRD), Raman spectroscopy, 

differential scanning calorimetry (DSC), transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) 

have been used to characterize the matrix, filler and the composite/nanocomposites. 

The electrical properties have been evaluated using Precision impedance analyzer. X-

ray diffraction analysis confirmed the presence of filler in the composite and the 

induced crystallinity in the PC due to solution mixing. With the help of DSC analysis, 

the effects of solution treatment, filler addition on glass transition temperature and 

melting point of the micro-/nanocomposites have been studied. TEM and SEM 

analyses have revealed out micro-/nanostructural information of the fillers and 

nanocomposites. EDS study has presented elemental information for Cu-PZT-PC 

nanocomposite. Among all the studied micro-/nanocomposites, the SWCNT-PC 

nanocomposite exhibited the percolation at minimum concentration of filler. The 

percolation threshold was found to occur at 0.5 vol % of SWCNT and the maximum 

achieved conductivity in this system was 10-4 S/cm (at 3 vol % of SWCNT). The 

highest augment in the dielectric constant, with controlled dissipation factor, was 

found in FLG/PC nanocomposites. The achieved dielectric constant, in smearing 

reason, was 70 with 0.07 dissipation factor (at 3 vol % of FLG). At higher filler 

concentration, i.e at 3.5 vol %, the FLG-PC nanocomposite fully percolated and the 

maximum achieved conductivity was 10-2 S/cm with 4.22 vol % of FLG.  The 

dielectric constant and dissipation factor have been examined with varying frequency 

and temperature. The FLG-PC nanocomposite is the best output of this research work. 

It could be used as versatile polymer nanocomposite dielectric material below 

percolation and as conducting material beyond percolation.  
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CHAPTER 1 
INTRODUCTION  

 

There has been increasing interest in developing new materials those can be 

successfully used in modern microelectronics. It has been reported that more than 70 

percent area of printed circuit board (PCB) is occupied by passive components (i.e. 

resistors, capacitors and inductors) which are individually mounted on the surface of 

electronic package [1]. Due to such passives the number of long interconnections and 

solders point are very high which reduces the reliability and performance of the 

electronic circuit. Therefore, these mounted passive components restrict the 

improvement in the reliability, performance and the miniaturization of electronic 

circuits.  Embedding these passive components in the substrate can reduce the solder 

joints, long interconnections and the size of the circuit which ultimately improves the 

reliability and performance.  Among the passive components, the capacitors, having 

higher capacitance with shorter distance from the serving component has been the 

centre of focus due to various important functions including timing, filtering and 

bypassing.  

Ceramics, such as barium titanate (BaTiO3), lead zirconate titanate 

(PbZrTiO3), barium strontium titanate (BaSrTiO3), CaCu3Ti4O12 (CCTO), and so on 

exhibit high dielectric constant and low dissipation factor and hence suitable for 

capacitor applications. They not only find wide applications in capacitors but also in 

other devices such as transducers, ultrasound imaging, actuators, data storage devices, 

thermistors, oscillators, filters, light deflectors, modulators, non-volatile memories, 

piezoelectric transducers, and heat sensors [1-7]. However, their high processing 

temperature and brittle behaviour make them not suitable for embedding them in PCB 

which begins to thermally degrade above the temperature of 250 ⁰C.  

Polymeric materials are the possible candidate for such embedding technology 

due to the low processing temperatures and flexibility but they possess inherently low 

dielectric constant in the range of 3-5 [1]. During few last decades there has been 

trend to improve dielectric constant of polymers by addition of ferroelectric ceramics 

including BaTiO3, PbZrTiO3, BaSrTiO3, CaCu3Ti4O12 (CCTO), etc. as filler 

component. A combination of these two components, in right proportions is expected 
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to result in a composite with right combination of dielectric constant, dissipation 

factor and flexibility and hence make these composites interesting for above discussed 

electronic applications.  

It has been observed that to significantly increase the dielectric constant (up to 

10 times of base polymer) of the polymer matrix composite, a high concentration 

(greater than 40 vol %) of ferroelectric ceramic filler is required. However, this makes 

the composite brittle in nature [8-10]. It has also been reported that the dielectric 

constant of the ceramic matrix can also be increased by reinforcing/adding metallic 

filler such as Al, Ni, Cu, Ag, etc. in discrete form [11], but the metallic particles may 

get oxidized during sintering. Though, Platinum and Palladium show very good 

oxidation resistance but their cost is very high. A combination of both ferroelectric 

ceramic and conductive filler has also been used in polymer matrix in anticipation of 

enhancement of dielectric constant of polymer matrix composites [11-16] but in such 

composites, the required filler concentration is still high.  High concentration of filler 

in the composite might deteriorate the advantageous flexibility, toughness and thermal 

stability of the base polymer.  

In the light of the above, the present research work is an attempt to prepare a 

light weight flexible polymer matrix composite by introducing a low volume 

concentration of dielectric ceramic and/or conductive nanosize filler in a high 

performance polymer matrix.  As high performance polymer matrix, Polycarbonate 

(PC) has been selected. As filler materials PZT, nano-size copper powder, MWCNT, 

SWCNT, and FLG have been used to make two and three-phase micro-

/nanocomposites. PZT is ferroelectric ceramic having dielectric constant value of 

about 1100 and dissipation factor value of about 0.001. nanocopper powder, 

MWCNT, SWCNT and FLG are the conductive fillers and due to nano-size they 

possess high surface area to volume ratio. High surface to volume ratio is beneficial 

for generating large interfacial area between filler and matrix. The solution method 

was adopted to prepare the micro-/nanocomposites. The micro-/nanocomposite pellets 

of 13mm dia, 2 mm thickness were prepared for further studies.  

The filler, matrix and micro-/nanocomposites, have been characterized using, 

XRD, Raman spectroscopy, TEM, SEM, EDS, and DSC methods. Electrical 

properties were measured/evaluated using Precision impedance analyzer. Among 
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studied nanocomposites, in SWCNT-PC nanocomposites, the percolation threshold 

was found at minimum volume concentration of filler (i.e. at 0.5 vol %) and the 

maximum achieved order of magnitude of conductivity was found to be 10-4 S/cm (at 

3 vol %). The maximum achieved level of conductivity was also observed in FLG-PC 

nanocomposite which is 10-2 S/cm (at 4.22 vol % of FLG).  

The dielectric constant of all the composites was increased as the filler 

concentration increased. In conductive filler filled nanocomposites, in addition to the 

increment in the dielectric constant, it was found that below percolation the 

dissipation factor was remained in tolerable limit. As the filler concentration reached 

to the level required for percolation, the dissipation factor increased abruptly which is 

not desirable for a good dielectric material. For instance, the dielectric constant of the 

SWCNT-PC (at 1 vol % of SWCNT) nanocomposites increased abruptly to the order 

of 103 but at the same time the dissipation factor also increased to the value of about 9, 

which is very high from application point of view. However, such polymeric 

composites may find applications for electromagnetic interference (EMI) shielding 

and electrostatic dissipation (ESD). The significant improvement in the dielectric 

properties was observed for FLG-PC nanocomposite (at 3 vol %) in which the 

dielectric constant increased to a value of 70 with dissipation factor of 0.07 (measured 

at 1 kHz). These data are very interesting for the application point of view in 

embedded capacitor technology.  

The dielectric behaviour of the studied micro-/nanocomposites was examined 

by varying frequency of applied electrical field and the temperature. As a general 

trend the value of dielectric constant was decreasing with increasing frequencies. The 

dissipation factor showed a mixed behaviour, however as a general trend, it was noted 

that below percolation it showed very slight increasing trend with increasing 

frequency but beyond percolation it was decreasing almost linearly.  The temperature 

dependence revealed that the dielectric behaviour of micro-/nanocomposite not much 

affected by the temperature up to 100 ⁰C.  

As the output of this research work it is suggested that the FLG-PC 

nancomposite (at 3 vol %) may be suitable flexible and high dielectric constant 

material for embedded capacitors. This can be a very good candidate material for 

various embedded capacitor applications requiring dielectric constant value greater 
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than 10 [1]. The nanocomposites, beyond percolation, e.g. SWCNT-PC (at greater 

than 1 vol %) and FLG-PC (greater than 3.6 vol %) nanocomposites, may be good 

candidate for EMI shielding and ESD applications. 
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CHAPTER 2 

LITERATURE REVIEW 
 

In the present world of modern electronics, everyone is enjoying life with 

different-different devices in hand. Laptops, mobile phones, tablets, are some common 

examples of modern electronic devices. Such overwhelming progress in electronics is 

due to the newer and newer materials which made it possible to reduce the size and 

performance of electronic circuitry. Due to low cost materials, the devices are now so 

cost effective that these are approachable to common man. In specific areas like 

aerospace and medical, performance is of much importance than the cost. So, the 

research for developing advanced materials is on top worldwide. 

   

2.1 Need of advanced materials in modern electronics 

With new technologies the electronic circuits are becoming smaller and 

smaller in size with increased density of components. According to Moore’s law for 

device density; the number of active components (i.e. transistors) on a single chip is 

doubling per 1.5 to 2 years as depicted in Figure 2.1[17]. 

With high density of electronic components for better performance, 

miniaturization of electronic circuit is in demand for specific areas like aerospace, and 

medical. Consumer trend towards compact, portable and smarter devices that work 

faster is attracting the researcher’s attention to further miniaturize the electronic 

components. In mounted component technology, there is a limit of miniaturization of 

electronic circuits. In a typical electronic circuit, discrete passive components are 

more than active components by several times and occupy more than 70% area of the 

substrate [18]. Hence, the discrete passives are the major barrier in the way of 

miniaturization of the electronic systems. The ratio of the decoupling capacitor to the 

total passives can be more than 60%. The passives not only occupy the large surface 

area of the substrate but also lower the performance and reliability of the device due to 

long interconnections and large number of solder joints [19].  
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Figure 2.1. Moore’s law presenting the transistor’s density on a single chip, doubling per 1.5 
to 2 year [17] 

 

In order to achieve the desired electrical performance with miniaturization, 

there have been extensive studies for embedding passive components in 

microelectronics package.  Embedding these components between the interconnecting 

flexible substrate of a printed wiring board aids better electrical performance, higher 

reliability due to reduced solder joints, lower cost and improved design options [20].  

Among the various embedded passives the embedded capacitors are used in relatively 

large number of applications such as bypassing, signal decoupling, filtering, 

switching, tuning and noise suppression, etc. [19]. Hence embedded capacitors call for 

special attention.  In addition, increasing integrated circuit (IC) speed requires 

decoupling capacitor with higher capacitance and shorter distance from its serving 

components to increase switch performance [1]. Schematic view for discrete and 

embedded passives is shown in Figure 2.2 [21].  
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Figure 2.2. Schematic view showing comparison between discrete and embedded passive 
components [21]. 

 

The most challenging task in implementing the embedded capacitor 

technology is to develop new dielectric materials having good dielectric and 

mechanical properties coupled with good processabilities and compatibility with 

flexible organic substrate.  For high dielectric constant, several ferroelectric ceramics 

including BaTiO3, PbZrTiO3, BaSrTiO3, CaCu3Ti4O12 (CCTO), etc. have been used. 

These high dielectric constant ceramics are widely used in capacitors and other 

applications such as transducers, ultrasound imaging, actuators, data storage devices, 

thermistors, oscillators, filters, light deflectors, modulators, non-volatile memories, 

piezoelectric transducers, and heat sensors [22-27].  However, their high processing 

temperature (> 1000 ⁰C for sintering) increases the cost of the final product. Some 

ceramic-based systems having lower sintering temperature (< 820 ⁰C) with good 

microwave dielectric properties have been reported [28] but still they are not 

compatible for embedded technology. 

The dielectric constant of the ceramic matrix can be increased by 

reinforcing/adding metallic powder such as Al, Ni, Cu, Ag, etc. [11], but the metallic 

particles may get oxidized during sintering. Though, Platinum and Palladium show 

very good oxidation resistance but their cost is very high. Hence, newer and advanced 

dielectric materials are needed for embedded capacitor. In view of above, a brief 
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account of the dielectric materials and EMI shields is discussed in the subsequent 

paragraphs.  

 

2.2 Dielectric Materials  

Dielectrics are the materials which do not have free or loosely bound electrons 

that may drift though the material when placed in an electric field. Hence, the 

dielectrics are insulating materials. However, when the dielectrics are placed in an 

electric field the positive and negative charges displace slightly with restricted motion 

so as to make balance with the electric field. This slight displacement of charges 

stores energy in the form of electrostatic energy.  

The force between two electric charges in a dielectric medium is less than it 

would be in a vacuum, while the quantity of energy stored in an electric field per unit 

volume of a dielectric medium is greater. The capacitance of a capacitor is related to 

the dielectric constant of the medium used between the conducting plates of the 

capacitor. The capacitance of a capacitor filled with a dielectric is greater than it 

would in the absence of dielectric. The effects of the dielectric on electrical 

phenomena are described by employing the concepts of polarization, permittivity, 

dielectric constant and dissipation factor. These concepts are discussed in the 

following sections. 

 

2.2.1 Polarization 

As the name implies, the process of pole making is called the polarization. 

When it is related to electrical poles i.e. poles due to the negative and positive charges, 

it is called the electric polarization.   

When a dielectric material is placed in an external electric field, the nuclei and 

electrons related to different atoms/molecules are pushed with the field resulting in an 

increased positive charge on one side and increased negative charge on the other side. 

This process is known as electrical polarization and a dielectric material in such a state 

is said to be electrically polarized. When the field released, the un-relaxed state falls 

back into a relaxed state. This un-relaxed state of charge distribution increases the 
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energy of the system and hence the dielectric materials are generally used to store 

energy in the form of electrostatic energy.  

Polarization could be measured by electric dipole moment (p), which equals 

the distance between the slightly shifted centres of positive and negative charge 

multiplied by the amount of one of the charges.  The polarization P in a solid is the 

measure of electric dipole moment per unit volume (V) as given in Eq. (2.1).   

 

 P = p/V  (2.1) 

     

There are two principal methods by which a dielectric can be polarized: 

stretching and rotation. Dipole moment is induced in every atom/molecule when the 

atom/molecule stretched by the applied electrical filed. The polarization due to 

stretching is depicted in the Figure 2.3. 

 

 

 

 

 

 

Figure 2.3. Presentation of polarization by stretching [29]. 

Polarization due to rotation occurs in the polar molecules which possesses 

permanent dipole moment. The scheme for polarization by rotation is depicted in 

Figure 2.4 for water molecule. 
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Figure 2.4. Presentation of polarization by rotation [29]. 

 

2.2.2 Permittivity 

It is a constant of proportionality that relates the electric field in a material to 

the electric displacement in that material. It characterizes the tendency of the atomic 

charge in an insulating material to distort in the presence of an electric field. Larger 

the tendency for charge distortion more is the value of the permittivity. The 

permittivity of an insulating material is commonly symbolized by the Greek letter 

epsilon, ε; the permittivity of vacuum, or free space, is symbolized as εo. 

 

2.2.3 Dielectric Constant  

The ratio of permittivity of any dielectric and the permittivity of free space or 

vacuum i.e. the ratio ε/ε0 is called the dielectric constant, is symbolized by the Greek 

letter kappa, κ. In the rationalized mks and SI systems, the magnitude of the 

permittivity of vacuum ε0 is 8.854 × 10−12. The unit of permittivity is square 

coulombs per Newton square metre or Farad/m. In the mks system, permittivity ε and 

the dimensionless dielectric constant κ are formally distinct and related by the 

permittivity of free space 0;   = κ 0 . In the centimetre-gram-second (cgs) system, 

the value of the permittivity of free space 0  is chosen arbitrarily to be 1. Thus, the 

permittivity ε and the dielectric constant κ in the cgs system are identical; both of 

them are dimensionless numbers. In usual practice some authors symbolize dielectric 
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constant as k and other symbolize as ε. The symbol ε will be used for the dielectric 

constant throughout this thesis.  

2.2.4 Dissipation Factor  

The permittivity is represented as a complex quantity in a manner expressed in 

Eq. (2.2). 

 *  = ' – j "  (2.2) 

 

Where *  is the complex permittivity, ' is the real part of permittivity and ε” 

is the imaginary part of permittivity. The real part of permittivity ( ') is a measure of 

how much energy from an external electric field is stored in a dielectric material. The 

imaginary part of permittivity ( " ) is called the loss part and is a measure of how 

dissipative or lossy a material is to an external electric field. When complex 

permittivity is drawn as a simple vector diagram as in Figure 2.5, the real and 

imaginary components are 90°out of phase. The vector sum forms an aεngle δ with 

the real part ( '). 

 

 

 

 

 

 

Figure 2.5. Vector representation of real and imaginary part of permittivity 

 

The relative “lossiness” of a material is the ratio of the energy lost to the 

energy stored. The loss tangent or tan δ or dissipation factor (D) is defined as the ratio 

of the imaginary part of the dielectric constant to the real part as expressed in Eq. (2.3)  
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 D = tan δ = " / ' (2.3) 

 

 The energy loss (W) in a dielectric material in proportional to the dielectric 

loss tangent, which can be expressed by the following relation in Eq. (2.4) [29] 

            W ≈ π ' E2 f tan δ  (2.4) 

Where, E is the applied field strength and f is the frequency.  A dissipation factor 

under 0.1 percent is considered to be quite low and 5 percent is high [29]. 

 

2.3 Electromagnetic Interference (EMI) Shielding  

EMI shielding is a practice to reduce the electromagnetic field in a space by 

using specific jamming material. Generally, the field is reduced or blocked due to 

reflection and/or absorption of electromagnetic radiation by the material [30-31]. 

Electromagnetic wave e.g. radio waves, emanating from cellular/mobile phones tend 

to interfere with other nearby electronic devices e.g. computer or television and 

thereby causes disturbance in proper signal supply. EMI shield of both electronic 

device and radiation source is needed. EMI shielding mechanisms are illustrated in 

Figure 2.6. 

Reflection is the primary mechanism of EMI shielding. The materials used for 

EMI shield, must have free charge carriers, which respond to the electromagnetic field 

in the radiation. That means the material should be electrically conducting. A volume 

resistivity of the order of 1.0 Ω.cm is typically sufficient [30]. Metals are good 

materials for EMI shields but they have poor wear and scratch resistance.  Secondary 

mechanism of EMI shielding is absorption. The radiation is significantly absorbed if 

the shield possesses electric and/or magnetic dipoles which respond to the 

electromagnetic fields in the radiation.  

Third mechanism of shielding is multiple reflections in which the radiation is 

reflected at various surfaces or interfaces in the shield. This mechanics requires the 

presence of a large surface area or interface area in the shield. An example of a shield 

with large surface area is a porous or foam material. An example of a shield material 
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having large interface area is a composite material containing filler having large 

surface area. At higher frequencies, the EM radiation penetrates only a limited depth 

of an electrically conducting material, this effect is known as skin effect and the depth 

is known as skin depth [30].  

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Schematic representation of EMI shielding mechanisms [31a]. 

The ability of any material to be used for EMI shielding applications is 

presented by shielding effectiveness (SE) of that material. The SE of any material 

increases as the electrical conductivity (σ) increases. Based on EMI shielding theory 

(far-field shielding), the EMI SE can be calculated using Eq. (2.5) [32-33], 

 

EMI SE = 20 log (1 + ૚
૛
 σ.t.Z0 )  (2.5) 

 

In above equation Z0 is the impedance of free space, σ is the electrical conductivity 

and t is the thickness of the shield.  
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2.4 Polymer based composites for electronic applications 

Polymer matrix composites or nanocomposites (PMCs/PNCs)  have various 

advantages that make them potential candidates for advanced miniaturized electronics 

due to good flexibility, low density, easy processability at lower temperature and low 

cost. PMCs/PNCs with high dielectric constant are required in various embedded 

capacitor functions. For example, the dielectric constant in the range of 25-170 is 

required for advanced decoupling capacitors [34]. Such dielectrics are called high-k 

dielectrics and can be defined as the materials possessing higher dielectric constant as 

compared to SiO2 which is used in semiconductor manufacturing processes [35]. 

PMCs/PNCs are also used in EMI shielding/ radio frequency interference (RFI) 

shielding, and electrostatic dissipation (ESD) [36-37]. Electrical properties of these 

composites can be tuned by varying the volume fraction of fillers in the matrix.   

In recent years, there has been an increasing interest in high dielectric constant 

polymer composites composed of mixture of ferroelectric ceramic and polymer for 

high energy storage and embedded capacitor applications related to microelectronic 

packaging [38-54].  For instance, BaTiO3 and PZT have been widely used as filler 

materials in polymer composites because of their high dielectric permittivity and low 

cost. Addition of ceramic particulates with high dielectric constant in polymer matrix, 

results in light weight polymer composite with improved dielectric constant with 

respect to polymer matrix. The dielectric constant increases with increasing volume 

concentration of ceramic particles. However, one can not increase the volume 

concentration of ceramic particles to any extent as above certain value, the composites 

tend to become brittle and porosity also increases.  

Dielectric constant of polymer composites can also be increased by 

incorporating electrically conductive fillers (such as CNT, graphene, metal particles) 

in the polymer matrix such as epoxy, polyethylene, polyurethane, polyester, 

polyvinylidene fluoride etc. [55-67]. It has been reported that the addition of both 

conducting and dielectric filler in the polymer matrix increases the dielectric constant 

to a significant extent (up to 2 to 3 orders of magnitude) [68-72].  

In couple of years, carbon nanotubes (CNTs) and graphene have been added in 

the ceramic/polymer composites in order to achieve high dielectric constant [58-64]. 

For a given volume percentage, the nano fillers provide better improvements in the 
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properties of the composite because of their high surface area to volume ratio. Nano 

material can be defined as “the material which sized in the range of 1-100 nanometre 

(nm) at least in one dimension” [73]. In case of nanocomposites the size of the filler is 

in the range of 1-100 nm.  The composites mainly consist of filler, matrix and the 

interface. If the composite consists of only one type of filler then it is called as two- 

phase composite, whereas, if there are two types of filler in the matrix then the 

resultant composite is termed as three-phase composite 

 

2.4.1 Ceramic-filled two phase PMCs/PNCs 

Some ceramics are well known for high dielectric constant. Hence, filling the 

polymer matrix with such a high dielectric constant ceramic is the straightforward 

approach to combine the high dielectric constant of ceramic with the advantages of 

polymers. As the high dielectric constant ceramic materials are filled in the polymer 

matrices, the dielectric constant of the resultant composite increases with respect to 

polymer matrix.  Ferroelectric ceramics such as Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMNPT), 

Pb(Zr,Ti)O3 (PZT), BaTiO3, and CaCu3Ti4O12 (CCTO) are commonly used filler 

materials in two-phase PMCs. Das-Gupta and Doughty [74] incorporated PZT with an 

average grain size of 20 µm in PVDF matrix using rolling mill operation at about 160 

⁰C. Prediction of the effective dielectric constant of the polymer-ceramic composite is 

very important from designing point of view.  A number of theoretical models have 

been proposed in literature for predicting and calculating the dielectric constant of 

such two phase composites. Here, some frequently used theoretical models are 

discussed.  

 

2.4.1.1 Theoretical Models for predicting dielectric constant 

(a) Lichtenecker’s general mixing rule 

 In a model capacitor, the effective dielectric constant of the composite dielectric 

consisting of two different homogeneous dielectrics in parallel or series combination 

is given by the Eq. (2.6), as suggested by Lichtenecker [75-77].  
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α = V .f f  α
 + V .m m  α (2.6) 

 

Equation (2.6) is known as Lichtenecker’s general mixing rule. Where,    is 

the effective dielectric constant of the combination; f and m  are the dielectric 

constants of first (filler) and second (matrix) dielectric, respectively; Vf  and Vm are the 

volume fraction of filler and matrix dielectrics, respectively,  α is the parameter which 

have the value 1 and -1 for parallel and series mixing rule respectively [76]. Parallel 

and series mixing rules provide upper and lower limits of the dielectric constant. For a 

true heterogeneous composite, Lichtenecker proposed an intermediate form with        

α → 0, which is called as Lichtenecker Logarithmic mixing law.  

 

(b) Lichtenecker Logarithmic Law  

 Lichtenecker logarithmic law is represented by the Eq. (2.7) or by Eq. (2.8).  

This rule is valid if the dielectric constant of dielectric is nearly same. In case when 

one dielectric is filler and the second is matrix (in case of composites). 

 

 (2.7) 

  

          or 

  

(2.8) 

        

 Where , m  and f  are the dielectric constants of the resultant composite, 

matrix, and filler, respectively. Vf is the volume fraction of filler. The Lichtenecker 

rule does not consider the matrix-filler interaction [78].   

log V .log (1 V ).logf f f m    

log log V .log f
m f

m


  


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(c) Modified Lichtenecker logarithmic law  

Modified Lichtenecker logarithmic law includes a fitting constant, which 

presents the interaction between the filler and the matrix. It is expressed by the Eq. 

(2.9). 

  

(2.9) 

 

Where, k is an empirical fitting constant for the composites. Its value for most 

well-dispersed polymer/ceramic composites is found to be 0.3. For instance, the value 

of k reported by Goyal et al. [8] was 0.2 for the BaTiO3/polyetheretherketone (PEEK) 

composites, while taking the dielectric constant value of 560. It was interesting to 

observe that when the dielectric constant value of BaTiO3 was taken 1000, the k value 

changed to 0.3. Hence, the constant k, also depends on the dielectric constant of 

ceramic filler.  

 

(d) Maxwell-Wagner Mixing Rule 

Another mixing rule to calculate the dielectric constant of composites was 

proposed by Maxwell-Wagner and is expressed by Eq. (2.10), which is kwon as 

Maxwell-Wagner mixing rule. However, this rule is valid only when filler particles 

are of spherical shape, low in concentration and are uniformly distributed in the 

polymer matrix [79].  

 

  

(2.10) 
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(e) Jayasundere and Smith Equation  

To predict the dielectric constant of 2-phase composites and considering the 

interaction between fillers, Jayasundere and Smith derived an expression given in Eq. 

(2.11) [79]. The interaction between filler will be significant when these are of fine 

size and in sufficient concentration.  

  

 

(2.11) 

 

 

Here Vm [i.e. (1-Vf)] is the volume fraction of matrix. Finer the size of filler 

larger is the surface area and more significant is the interaction in between filler 

particles. Based on this concept, nanosize filler as reinforcement/filler for polymer 

matrices has been gaining wide acceptance.  

 

(f) Yamada Equation  

Yamada and his co-workers proposed another model to explain dielectric as 

well as  piezoelectric behaviour of the binary PZT/PVDF composite system using the 

properties of constituent materials [79]. They considered the shape of the ceramic 

particles ellipsoidal. Based on this, they derived an equation [Eq. (2.12)] expressed as. 

  

 

(2.12) 

 

Where n = 1/η, which is the morphology factor depends on the shape of the ellipsoidal 

filler and their orientation in the composite  
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These above discussed models are very important to predict the dielectric 

constant of designed composite material, though; it is controversial which model 

should be used to predict the dielectric constant of composite. It is also difficult to 

predict the effective dielectric constant of the composite because of not availability of 

any direct method to measure the dielectric constant of ceramic powder. In such cases 

the dielectric constant of the bulk ceramic is used instead of the dielectric constant of 

ceramic powder, which is not proper. There are other factors due to which the 

effective dielectric constant is deviated from the predicted value for the composites, 

like: non uniform dispersion of dielectric filler, different particle size and shape of the 

filler, presence of impurity, presence of voids in the composite.   

 

2.4.1.2 Dielectric behaviour 

(a) Effect of ceramic filler content on dielectric behaviour of the composites 

Olszowy [80] studied the dielectric behaviour of PZT/PVC and BaTiO3/PVC 

composites prepared by hot pressing. The effect of ceramic powders content on the 

dielectric constant of the composite is depicted in Fig (2.7).  

 

 

Figure 2.7. Variation in dielectric constant as a function of ceramic content at 1 kHz. The 
dashed curve with      and      are showing Lichtenecker mixing rule for filler PZT and BaTiO3 
respectively [80].  
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The maximum dielectric constant, measured at 1 kHz, for the PZT/PVC and 

BaTiO3/PVC composites containing 40 vol % ceramic powders was 29.5 and 36.2, 

respectively. The experimental dielectric constant was found lower than the values 

predicted by the Lichtenecker rule. This discrepancy may be due to the presence of 

pores as visible in the SEM images in Figure 2.8. 

 

 

 Figure 2.8. SEM images of the microstructure of (a) PZT/PVC and (b) BaTiO3/PVC 
composites. Both composites are having 30 vol % of filler [80].  

 

Subodh et al. [81] studied the dielectric behaviour of Sr9Ce2Ti12O36 (SCT) 

filled high density polyethylene (HDPE) and epoxy resin. Figure 2.9 shows the trend 

for dielectric constant and dissipation factor with increasing SCT content.  The 

dielectric constant for both the composites increased continuously and reached to the 

value of 12.1 and 14.1 for 40 vol % SCT content, respectively. In SCT/epoxy 

composites the dissipation factor first increased and then decreased. At higher 

loadings, as the ceramic content increases, the wetting between polymer and ceramic 

decreases which in turn increases porosity and hence the dissipation factor.  
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Figure 2.9. Variation of permittivity and dielectric loss with SCT volume for PE/SCT and 
epoxy/SCT composites at 8 GHz. The inset shows microstructures of 40vol % SCT loaded 
epoxy and polyethylene [81]. 

 

Vrejoiu et al. [82] studied dielectric behaviour of 

BaTiO3/perfluorocylcobutene (PFCB) composite prepared by using spin-coating. 

Figure 2.10 shows the results for dielectric permittivity and dissipation factor with 

increasing vol % of BaTiO3. The dielectric permittivity was increased with increasing 

ceramic content and reached at the maximum of 33 at 45 vol %. Further increase of 

ceramic content resulted in the decrease of permittivity which may be due to the 

formation of pores. The dissipation factor was below 0.06 for all the compositions.  
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Figure 2.10. Dielectric permittivity of the BaTiO3//PFCB composite layer as a function of 
BaTiO3 volume fraction at different temperatures. The inset shows the variation in the 
dissipation factor with increasing ceramic volume fraction [82]  

 

Previous studies showed that with increasing content of ceramic in polymer, in 

general, dielectric constant and dissipation factor increase but the behaviour may also 

be affected by polymer matrix, type of ceramic filler, preparation method and 

interfacial area between ceramic and polymer which ultimately affect the 

microstructure of the composite and hence the dielectric properties of the composite. 

Excess amount of ceramic particles may disturb the closely packed distribution of 

ceramics in the polymer due to formation of aggregates which may result in 

voids/pores in the composites. Hence, the trend with ceramic content generally varies 

at higher loadings. 

 

(b) Effect of frequency on dielectric behaviour of the composites  

The resultant dielectric constant of ceramic-filled PMCs/PNCs is due to the 

relatively high dielectric constant of ceramic component and the interfacial 

polarization due to ceramic and polymer [83]. Das-Gupta and Doughty [74] studied 
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the effect of frequency on the relative permittivity of PZT, PVDF and PZT/PVDF 

composite as shown in Figure 2.11. The result confirmed very weak dependence of 

relative permittivity on the frequency for PZT. However, the relative permittivity of 

PVDF and PZT/PVDF composite shows a dependence on the frequency within 10 to 

105 Hz. Frequency dependence for ceramic-polymer composite should be attributed to 

the polymer and interfacial part in the composite.   

 

Figure 2.11. The dependency of relative permittivity (of PVDF, PZT and PZT/PVDF 
composite) on frequency at 333 K (60 ⁰C) [74] 

 

BaTiO3/cyanoethylated cellulose polymer (CR-S) composite prepared by 

solution mixing was studied by Chiang and Popielarz [84]. The dielectric constant of 

the composite increased to 133 (from 21 for pure polymer) at 1 kHz.  The dependency 

of dielectric constant of CR-S and its composites with BaTiO3 is shown in Figure 2.12 

and Figure 2.13, respectively.  For pure CR-S, the dielectric constant starts to decrease 

significantly at about 105 Hz. The trend for dielectric loss factor was also consistent 

and having a peak at about 4 MHz. The dependency of dielectric constant of the 

composites has shown similar trend as for pure CR-S.   
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Figure 2.12. Frequency dependency of real and imaginary part of dielectric constant for pure 
CR-S at 25 ⁰C [84]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Frequency dependency of dielectric constant of BaTiO3/CR-S composites with 
different volume fractions of BaTiO3 [84]. 
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Figure 2.14. The frequency dependence of (a) dielectric permittivity and (b) dissipation factor 
in CCTO/PVDF composites [48].  

 

Thomas et al. [48] reported remarkable frequency (102-106 Hz) dependent 

dielectric properties for CaCu3Ti4O12 (CCTO)/PVDF composite prepared by solution 

method, as shown in Figure 2.14. Both dielectric permittivity and dissipation factor 

decease with increasing frequency in particular above 103 Hz. However, a slight 

increase was observed in dissipation factor beyond 105 Hz. 

 

(c) Effect of temperature on dielectric behaviour of the composites  

Three competitive mechanisms are responsible for temperature dependency of 

dielectric behaviour. Segmental mobility in the polymer increases with increasing 

temperature, which increases the dielectric constant. Secondly, due to higher CTE of 

polymer compared to ceramics, polymer matrix will expand more and hence will 

disturb the distribution of ceramic in the composite, which results in decrease in the 

dielectric constant (c) the crystal structure of ceramic particle could be changed with 

increasing temperature (e.g. near to Curie temperature) which could change the 

dielectric response of ceramic filler [85]. 
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Chiang and Popielarz [84] explained the dependency of dielectric behaviour of 

polymer and composite on temperature. The temperature dependency of CR-S 

polymer and its composite with 30 Vol % BaTiO3 is shown in Figure 2.15. From 

ambient temperature to 150 ⁰C the dielectric constant of the composites exhibited 

slight increasing trend. Below ambient temperature the dielectric constant decreases 

with decreasing temperature which reflects the relaxation process in the polymer 

matrix. Dielectric loss factor for both polymer and composite shows a peak near about 

-11 ⁰C, consistent with the decrease in dielectric constant. 

 

Figure 2.15. Temperature dependence of the dielectric constant and dielectric loss of pure 
polymer (CR-S) and its composite with 30 vol % BaTiO3 [84]. 

 

In contrast to above, Subodh et al. [81] reported that there was not significant 

change in the dielectric constant (at 1 MHz) for SCT filled PE and epoxy based 

composites with increasing temperature, as shown in Figure 2.16. Since, SCT is an 

incipient ferroelectric material and hence its permittivity decreases with increasing 

temperature. In case of SCT/epoxy composites, the dielectric constant is increased 
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with increasing temperature.  According to authors this may be because of the 

additional charge carriers due to ionization of impurities in epoxy and breaking of 

chemical bonds. This increased space charge density outplays the role of incipient 

ferroelectric nature of SCT and hence permittivity increases with increasing 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. The variation in the permittivity with temperature for SCT/PE and SCT/epoxy 
composites at different Vol % [81].   

Hyun et al. [86] also reported the temperature dependent dielectric properties 

of BaTiO3/epoxy composite embedded capacitor films (ECFs), prepared by mixing 

and coating. With increasing temperature, the dielectric constant of the EFCs 

increased. The rate of increase in dielectric constant was higher at temperatures above 

the glass transition temperature (Tg). The effect of sample thickness between the 

electrodes, while measuring the capacitance, was also highlighted in the study. At 150 

⁰C, the change in the dielectric constant and thickness for the composite containing 10 

vol % BaTiO3 was 57% and 5%, respectively. 
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 (d) Effect of filler size on dielectric behaviour of the composites  

In nano size domain, as the particle size of ferroelectric ceramic decreases, the 

Curie temperature shifts towards lower values [87] and their crystal structure changes. 

In addition to the inherent change in the dielectric constant with reduction in particle 

size, the surface area also changes for the same volume fraction in the polymer matrix. 

Therefore, the particle-particle and the particle-polymer interaction increases, this may 

alter the dielectric properties of the composite.  

Yoon et al. [88] studied dielectric properties of BaTiO3-epoxy composites 

containing 200, 300, 400 and 500 nm particle sizes of BaTiO3 which were prepared by 

ball milling. The SEM image of these powders is shown in Figure (2.17). For a given 

vol %, the  dielectric constant  of the composite increases almost linearly as the 

particle size of  BaTiO3 decreases as shown in Figure 2.18. The finer particles have 

higher surface area which provides better particle-particle contact and hence increase 

the polarization due to dipole-dipole interactions.  

In contrast to above study, Cho et al. [89] reported a different behaviour for 

BaTiO3 (100 nm to 900 nm)-epoxy composites prepared by spin coating at 2000 rpm 

and 4000 rpm. As shown in Figure 2.19, the dielectric constant decreases with 

decreasing particle size. It is well reported [89] that the dielectric constant of BaTiO3 

changes with reduction in size and reaches to its maximum value of 5000 at 1000 nm 

and further it reduces drastically with reduction in size. With reducing particle size, 

the tetragonal structure of BaTiO3, transits to cubic structure at a critical size of 120 

nm [90].  Hence, the decrease in tetragonality of BaTiO3 with reduction in size may be 

responsible for decrease in dielectric constant. In this case the inherent change in the 

dielectric constant of the ceramic particle with size is dominant over the increased 

surface area effect as was the case in the work of Yoon et al. [88].  
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Figure 2.17. SEM images of BaTiO3 powders with sizes of (a) 200 nm, (b) 300 nm, (c) 400 
nm and (d) 500 nm [88] 

 

 

 

 

 

 

 

 

 

Figure 2.18. Dielectric constant of the BaTiO3 (40 vol %)/epoxy  composites as a function of 
the BaTiO3 particle size [88].  
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Figure 2.19. Variation in dielectric constant of BaTiO3-epoxy composites with particle size of 
BaTiO3 [89]. Where, S-01, S-02, S-03, S-04 and S-05/S-05B are in the order or increasing 
particles size (0.1 to 0.5 nm). 

 

As discussed in the current section, the content of the ferroelectric ceramics 

should be as high as 45 vol% in the polymer matrix to significantly increase the 

dielectric constant of the resultant composite [83]. Such high volume fraction of the 

ceramics makes the composites brittle and difficult in processing [74]. There is 

challenge for the research society to increase the dielectric constant of polymer based 

composites without impairing their mechanical properties and processability. It is only 

possible when the filler content is small. Therefore, a different approach is required to 

improve the dielectric constant of composites.  

  



31 
 

2.4.2 Conductive filler-filled two phase PMCs/PNCs 

 The common conductive fillers are metallic particles/fibres, carbon black 

(CB), carbon nanotubes (CNTs), graphene etc. While filling the conducting filler in 

any polymer matrix, a phenomenon called percolation, occurs.  

 

2.4.2.1 Theory of Percolation 

Percolation is basically a mathematical model developed in 1950, and has been 

widely used since then as a simple model of statistical physics. Percolation theory is 

used to analyse the physical phenomena found above or below the onset of global 

connectivity in disordered systems [91]. The statistical percolation theory predicts the 

dependence of physical properties on the filler concentration as the percolation onsets, 

by the following scaling law given in Eq. (2.9)  

                                                       

Properties ∝  (⏀ - ⏀p)±e (2.9) 

 

Where, ⏀ is the volume fraction and ⏀c is the volume fraction at percolation 

threshold, and e is the critical exponent. According to the above equation (2.9) abrupt 

change occurs in the properties of composites near percolation especially when there 

is a large difference between the properties of matrix and filler.  

In polymer composites, this theory is employed to study the behaviour of the 

composite system as a function of conducting filler. When the content of conductive 

filler increases in the polymer matrix, beyond certain filler loading, the conducting 

filler makes 3 dimensional inter-connections throughout the composite material. This 

critical amount of filler is called percolation threshold (⏀p). The  region where there 

is transition from non-conducting to conducting state is known as smearing region On 

further addition of conducting particles, after the end of smearing region, the 

composite shows saturation in electrical conductivity [92]. Thus, phenomenon of 3-

dimensional (3D) connectivity in heterogeneous composite systems is called as 
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percolation phenomenon. The percolation phenomenon is schematically illustrated in 

the Figure 2.20. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20. Schematic representation of percolation phenomenon in conducting filled 
polymer composites. 

 

The nature of the composite whether it is conducting or dielectric is decided by the 

filler concentration.  Close to the transition, the power law for electrical conductivity 

and dielectric constant can be expressed by Eq. (2.10) and Eq (2.11), respectively. 

σ = (⏀ - ⏀c)t  (2.10) 

                                                  ε = (⏀ - ⏀c)-s  (2.11) 
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Where, t and s are critical exponents for conductivity and dielectric constant 

respectively. For 3D systems, the universal values of t and s are t ~ 2 and s ~ 0.72 

respectively [93].  

 

2.4.2.2 Dielectric behaviour 

The dielectric constant of polymer can be increased significantly by taking the 

advantage of their percolative behaviour. Before the percolation threshold the 

dielectric constant increases very slightly and beyond saturation the composite 

becomes conducting and hence the composite cannot be used as practical dielectric 

material. The smearing region is the possible region where the dielectric constant can 

be increased fairly. But such composites exhibits very narrow smearing region. In the 

vicinity of percolation (just before saturation) the dielectric constant increases 

abruptly.  

  

(a) Effect of conductive filler content on dielectric behaviour of the composites 

Kulthe et al. [94] studied Cu/PVC composite prepared by ball milling. Figure 

2.21 clearly shows the increase in 3D networks of copper particles and increase in the 

thickness of the network in the PVC matrix with increasing Cu content in the 

composite. Deng et al. [95] reported a dielectric constant of 400 at 1 kHz for the Ag/PI 

composites (Figure 2.22), containing 12.5 vol % Ag (almost spherical and size-0.5 

µm) and prepared by in-situ polymerization. The increase in the dielectric constants 

was attributed to the increasing number of Ag-PI-Ag type micro-capacitors in the 

composite. According to Qi et al. [96], the dielectric constant (1 kHz) of Ag/epoxy 

nanocomposite containing 22 vol % Ag increased to 308 at room temperature as 

shown in Figure 2.23(a). Beyond 22 vol %, the decrease in dielectric constant was 

observed due to porosity in the composite as revealed from the microstructure. As 

shown in Figure 2.23(b), the dissipation factor of Ag/epoxy composite varied from 

0.008 to 0.05 with increasing Ag vol % in the composite for all frequencies. Similar 

trend for enhancement of dielectric constant was reported for Al/epoxy composites as 

shown in Figure 2.24 [97] 
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Figure 2.21.  Optical microscopy images of composites containing (a-c) 20 wt % (d-f) 30 wt 
% and (g-i) 40 wt % after 12 hour (a, d & g), 24 hour (b, e & h) and 36 h (c, f & i) ball milling 
time [94]. 
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Figure 2.22.  The variation in dielectric permittivity and conductivity of Ag/PI composite at 1 
kHz, as a function of Ag volume fraction [95]. 

 

Figure 2.23. Variation in the (a) dielectric constant and (b) dissipation factor in Ag/epoxy 
composite with increasing vol % of Ag nanoparticles at different frequencies [96]. 
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Figure 2.24. Variation in dielectric constant of Al/epoxy composite as a function of Al 
volume fraction, at room temperature and 10 kHz frequency [97]. 

 

It is found that metallic particle content in the matrix gives higher percolation 

threshold i.e. > 12 vol %. To reduce the filler concentration required for the 

percolation threshold, some authors have added carbon allotropes like carbon fibres, 

carbon nanofibres, carbon nanotubes, graphite, expanded graphite /graphene etc. [98-

101] in the polymer matrices. For example Goyal and Kadam reported the electrical 

properties of the graphite flakes (EF) [36] and expanded graphite (EG) [102] filled 

polyphenylene sulphite (PPS) composites prepared by hot pressing. The percolation 

threshold obtained was about 5 wt % and less than 1 wt % respectively. The dielectric 

properties of EF/PPS and expended EG/PPS are shown in Figure 2.25, and Figure 

2.26, respectively 

Figure 2.25. The variation in the (a) dielectric constant and in the (b) dissipation factor in 
GF/PPS composites as a function of GF wt %, at different frequencies [36]. 
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Figure 2.26. The variation in the (a) dielectric constant and in the (b) dissipation factor in 
EG/PPS composites as a function of EG wt %, at different frequencies [102]. 

 

The dielectric constant was increased from 3.3 for the pure PPS  to 6.6  for 

PPS composite containing 5 wt % GF, at 1 MHz. Beyond 5 wt %  GF, the dielectric 

constant and dissipation factor increased rapidly due to the formation of conducting 

paths. The dissipation factor for pure PPS was 0.005 and for 5 wt % it was below 0.1 

for all the frequencies (100 kHz to 15 MHz). In case of 2 wt % EG filled PPS 

nanocomposites the dielectric constant (1 MHz) was increased by more than 100 times 

compared to pure PPS. This is due to the higher aspect ratio of the expended graphite 

sheets compared to graphite flakes; however, the dissipation factor was higher at 

higher frequencies [102]. 

As discussed in the above sections that as the filler concentration increases, 

initially the dielectric constant and dissipation factor increases gradually and at critical 

filler content i.e. at percolation threshold, their values start to increase abruptly. As the 

dielectric constant abruptly increases just in the vicinity of the percolation, hence a 

title change in the particle distribution could drastically change the dielectric 

properties of the composite.  Therefore, such PMCs/PNCs may be very sensitive to 

changing frequency and temperature.  Local charge transportation can extend their 

domain on increasing frequency and temperature.  
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(b)Effect of frequency on dielectric behaviour of the composites 

Huang et al. [103] reported the frequency dependent dielectric behaviour of 

Al/ linear low density polyethylene (LLDPE) nanocomposites. The dielectric constant 

of the nanocomposites containing Al particles up to 12 wt %, showed weak frequency 

dependency and beyond 12 wt %, the dielectric constant significantly increased as 

shwon in Figure 2.27. Similarly, Li et al. [104] reported that the dielectric constant of 

stainless steel fiber (SSF)/PVDF composites containing more than 10 vol, % SSF 

drops with increasing frequency from 50 Hz to1 kHz, as shown in Figure 2.28(a). This 

was attributed to the large leakage current due to the high conducting nature of the 

composites. Beyond percolation, at lower frequency the dissipation factor showed a 

sharp hike, and decreased with increase in frequency, as shown in Figure 2.28(b). This 

sharp hike in dissipation factor was the consequence of raised conductivity of the 

composites.  Below percolation the dissipation factor was below 0.3, almost 

irrespective of frequency. Similarly, the effect of the frequency on the dialectic 

constant of GF/PPS composite was reported [36] as shown in Figure 2.29. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.27: The frequency dependence of the real part of dielectric constant in Al/PE 
nanocomposites at different wt % of Al [103]. 
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Figure 2.28. Frequency dependence of dielectric constant and dissipation factor on frequency 
in SSF/PVDF composites with different volume fractions [104]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.29. Frequency dependency of dielectric constant in GF/PPS composites having 
different vol % of GF [36].  
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(c)Effect of temperature on dielectric behaviour of composites  

Dang et al. [95] reported weak temperature dependent dielectric constant for 

Ag (0.5 µm)/epoxy composites as depicted in Figure 2.30 which was attributed to the 

steady microstructure of the composites. Similarly Qi et al [96] reported weak 

temperature dependent dielectric constant for the mercaptosuccinic acid coated Ag (40 

nm) particle filled epoxy nanocomposites as shown in Figure 2.31. 

 

 

 

 

 

 

 

 

 

Figure 2.30. Temperature dependency of dielectric permittivity for Ag/epoxy composite film 
with12 vol %Ag, at different frequencies [95].  

 

 

 

 

 

 

 

 

Figure 2.31. Variation in dielectric constant with temperature in Ag/epoxy nanocomposite at 
different vol % of Ag at 1 kHz [96].  
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(d) Effect of filler size on dielectric behaviour of composites  

Boudenne et al. [105] reported the effect of Cu particle size on the percolation 

of Cu/polypropylene (PP) composites as depicted in Figure 2.32(a) and 2.32(b). The 

percolation threshold for the composites containing smaller size Cu particles  occurred 

at 6.1 vol % whereas it was at 11.2 vol % Cu for the composite containing larger size 

Cu The low percolation threshold with lower size of particle is attributed due to higher 

probability to form 3D conducting chain in the composite than with the larger size 

particles.  According to Luyt et al. [106] the percolation for the Cu filled low-density 

polyethylene (LDPE) and Cu linear low-density polyethylene (LLDPE) was about 19 

vol % Cu as shown in Figure 2.33. 

Figure 2.32. Presentation of (a) particle size distribution for Cu(a) and Cu(b) (b) percolations 
threshold in Cu(a)/PP and Cu(b)/PP composites [105]. 

 

 

 

 

 

 

Figure 2.33. Electric conductivity of the Cu/LDPE and Cu/LLDPE composites with vol % of 
Cu, showing percolation at 18.7 vol % of copper in both composites [106]. 
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Li et al. [104] reported percolation at 9.4 vol % for SSF (average aspect ratio-

16)/PVDF composites as shown in Figure 2.34(c). The optical micrographs for SSF 

and SSF/PVDF are also shown in Figure 2.34(a) and 2.34(b). In contrast to this, 

Moreno et al. [107] found the percolation only at 0.04 wt % of silver nanowires 

(aspect ratio of 85)/ polycarbonate (PC) composites as shown if Figure 2.35.  

 

Figure 2.34. (a) Optical micrographs of (a) SSF, (b) SSF/PVDF composite (c) Effective 
dielectric constant of SSF/PVDF composite as a function of SSF volume fraction [104]. 

 

 

 

 

 

 

 

 

Figure 2.35. The conductivity of silver nanowire/PC composite with the wt % of silver 
nanowire [107]. 

 



43 
 

In recent years the carbonaceous fibrous materials such as carbon nanotubes 

(CNTs), graphene, graphene oxide etc. [63-64,108-112], which possess aspect ratio 

greater than 1000, have been widely studied as filler in the polymer matrix. Pötschke 

et al. [108] reported percolation between 1 wt % and -1.5 wt % MWCNT Figure 2.36 

for MWCNT/polycarbonate (PC) nanocomposites, prepared by melt mixing.  

 

 

 

 

 

 

 

 

 

Figure 2.36. Volume resistivity as a function of wt % of MWCNT in PC matrix [108]. 

 

As discussed previously, the formation of large number of micro-

capacitors/nano-capacitors by filler-polymer-filler combination is the probable reason 

of increase in dielectric constant. Hence filler with large surface area, such as 

graphene, will result in higher capacitance of nano-capacitors in the nanocomposites. 

Yousefi et al. [112] reported exceptionally high dielectric constant of over 14000 in 

reduced graphene-oxide (rGO)/epoxy nanocomposites at 1 kHz. The high dielectric 

constant of the composites was due to the network of numerous nano capacitors which 

offer a high charge storage capacity as illustrated schematically in Figure 2.37. The 

frequency and temperature dependency of the dielectric constant on temperature is 

shown in Figure 2.38. The reduction in the dielectric constant with increasing 

frequency was attributed to the dissipation of energy at the filler matrix interface into 
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heat. The temperature dependence shows a peak at about 70-80 ⁰C and was attributed 

to the ordering of electric dipole corresponding to α-relaxation at Tg.  

 

 

 

 

 

 

Figure 2.37. Schematic presentation of formation of nanocacacitors in nanocomposite [112]. 

 

 

Figure 2.38. The effect of (a) frequency and (b) temperature on the dielectric constant of 
rGO/epoxy nanocomposites at different rGO content [112].  
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2.4.3 Dielectric and conductive filler filled three-phase PMCs/PNCs 

As discussed in previous section about two-phase ceramic filled polymer 

composites, a ceramic filler content of more than 50 vol % is required to increase the 

dielectric constant significantly. At such higher level, the composites suffer from 

brittleness, low adhesion and pores/voids etc. The presence of pores or defects may 

also increase the dissipation factor. If a filler having high electrical conductivity is 

used the dielectric constant of the composites increases abruptly near the percolation. 

So it is very difficult to control the filler concentration near the percolation i.e. in 

smearing region. In addition, the dissipation factor is very high is such percolative 

two-phase systems.  As discussed earlier, both types of filler (ceramic and conductive 

filler) have also been inserted in the polymer matrices for better dielectric properties. 

The presence of ceramic filler obstructs the early formation of 3D network among the 

conductive fillers in the composites thereby the smearing range extends. With 

extended searing range, the control of conductive filler concentration becomes 

somewhat easier.  

Lim et al. [13] studied the three-phase Ni-BaTiO3-PMMA composites. The 

variation in dielectric constant of the PMMA composites (two phase) containing 

BaTiO3 and Ni particles is shown in Figure 2.39 (a) and Figure 2.39(b), respectively.  

Figure 2.39. The variation in dielectric constant with increasing vol % of (a) BaTiO3 in two 
phase BaTiO3/PMMA composite, (b) Ni in two phase Ni/PMMA composite [13].  
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Figure 2.40. The dielectric behaviour of three-phase Ni-BaTiO3-PMMA composites as a 
function of Ni vol % [13] 

 

The maximum achieved dielectric constant for BaTiO3-PMMA containing 40 

vol % BaTiO3 was 15. In contrast to this it was 31 for the Ni-PMMA composite 

containing 4.7 vol % Ni, but its dissipation factor was 11.3.The maximum achieved 

dielectric constant for the three phase Ni-BaTiO3 (10 vol %)-PMMA and Ni-BaTiO3 

(20 vol %)-PMMA composites, containing 9.5 vol % and 15.0 vol % Ni particles was 

found 60 and 101, respectively.  For a given vol % (10 vol%) of conducting Ni 

particles, the 10 vol % BT filled PMMA showed higher dielectric constant (i.e.~60) 

compared to the 20 vol % BT filled PMMA composites which has dielectric constant 

of 30. It could also be seen from the Figure 2.40 that the smearing region was 

extended with increasing dielectric filler content in the matrix. 

 Goyal and Kulkarni [12] studied expanded graphite/PZT/PVDF composites. 

In two-phase PZT/PVDF composites the dielectric constant was increased up to 57 

with 80 wt % of PZT (C-80). At a given frequency, the dielectric constant was further 

increased for the C-80 composite containing 0.25, 0.50 and 0.75 wt % EG to 192, 237 

and 842 respectively as shown in Figure 2.41 with concurrent increase of dissipation 

factor. According to the authors, the increase in the dissipation factor may be 
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attributed to the increased interfacial polarization, defects and induced space charge. It 

was also found that dielectric constant as well as dissipation factor of the composites 

decreased with increasing frequency. The frequency dependence was becoming more 

pronounced with increasing EG content as apparent in Figure 2.41 and Figure 2.42.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.41. Variation of dielectric constant of three-phase EG-PZT-PVDF composite as a 
function of EG content and frequency [12].  

 

 

 

 

 

 

 

 

Figure 2.42. Variation in dissipation factor of three-phase EG-PZT-PVDF composite as a 
function of EG content and frequency [12]. 
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Prakash and Verma [97] reported a maximum dielectric constant of about 700 

(at 10 kHz) in a composite of CCTO-epoxy composites containing 25 vol % of Al, as 

shown in Figure 2.43. The required amount of Al for percolation was increased due to 

the presence of CCTO ceramic in the epoxy matrix which prevents the 

interconnectivity of Al particles. Similar to dielectric constant, the dissipation factor 

was also found to increase gradually with increasing Al vol % in the two-phase 

composite. The dissipation factor was increased from 0.009 for the Al free 

CCTO/epoxy composite to 0.237 for the 25% Al filled composite. As shown in Figure 

2.43, as the Al content in the two-phase composite increased the frequency 

dependence of dielectric constant becomes more apparent. 

 

 

 

 

 

 

 

 

 

 

Figure 2.43. Frequency dependence of Al-CCTO-epoxy three-phase composite with different 
Al vol %, at 300 K [97].  
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The literature concludes that for embedded capacitor applications many types 

of polymer matrix composites/nanocomposits have been prepared and studied but 

many challenges are still there. In two-phase ceramic filled PMCs/PNCs, the dielectric 

constant increases due to the higher dielectric constant of ferroelectric ceramic. But 

the two-phase ceramic filled PMCs needed higher volume fraction of ceramic to 

significantly increase the dielectric constant. In two-phase conducting filler filled 

composites as the filler content increases below percolation threshold, the dielectric 

constant increases gradually due to the accumulation of charges at the filler/matrix 

interface which is also known as Maxwell-Wagner-Sillars polarization principle [36, 

112]. Thereafter, beyond percolation threshold, a sharp increase in the dielectric 

constant was attributed to the formation of huge network of micro/nano-capacitors 

which possess high charge storing capacity.  

The narrow smearing region is good for conducting PMCs/PNCs but not good 

for dielectric PMCs/PNCs. Such dielectric PMCs/PNCs could be practically used only 

before conducting transition, as beyond transition the dissipation factor also increases 

drastically. So, to increase the dielectric constant significantly with tolerable 

dissipation factor, it is a difficult task to control the vol % of conductive filler, if the 

smearing region is narrow. In view of these problems associated with two phase 

PMCs/PNCs; there has been focus in recent past to study the dielectric behaviour of 

three- phase composites containing both ferroelectric ceramic and conducting filler.  

These studies showed better results in three phase composites with respect to two-

phase PMCs/PNCs due to the increased width of smearing region, but the filler 

concentration is still high, indeed. In order to maintain lower dissipation factor and 

stability with frequency and temperature, the control of the microstructure and 

interface between different phases is required.  
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CHAPTER 3 

FORMULATION OF THE PROBLEM  
 

3.1 The aim and importance of the chosen problem 
As discussed in the literature review, polymers generally possess low dielectric 

constant (< 10) and very low conductivity, generally less than 10-12 S/m. Some 

inherent conducting polymers [polyaniline, polypyrrole, poly (p -phenylene), etc.] are 

available but cannot be used due to inadequate mechanical properties and difficulty in 

their processing [36]. The electrical properties could be improved by filling the 

insulating polymers with different dielectric or conductive fillers. In previous studies, 

polyvinyl chloride (PVC), polymethyl methacrylate (PMMA), polypropylene, 

polyethylene, poly(vinylidene fluoride), epoxy, etc.  [55, 67, 104, 106] have been 

filled with different dielectric and conducting fillers and the resultant composites have 

been claimed as potential candidates for different electrical applications.  As reported, 

in addition to the electrical properties, the resultant material should also possess a 

combination of mechanical and thermal properties as it matters for a good electrical 

performance at end use [33]. This restriction limits the concentration of filler in the 

composite as it harms the flexibility and thermal properties of the base polymer.  

In the light of the above discussions, the present work is an attempt to prepare 

a light weight flexible polymer matrix composite by introducing a low concentration 

of dielectric ceramic and/or high conductive nanosize filler in a high performance 

polymer matrix.  

Literature shows that polycarbonate (PC), an engineering thermoplastic is very 

tough material. It also has a great history of use as high quality capacitors for many 

years due to good combination of dielectric properties, namely low dissipation factor 

(0.001 at 1 kHz), high dielectric strength, and constancy of dielectric constant in the 

frequency range 1 Hz to 1 MHz. [113-115]. It exhibits good mechanical properties 

coupled with good heat resistance, not possible with the above mentioned commodity 

thermoplastics. PC maintains its rigidity as well as toughness up to 140 ⁰C [115]. Very 

low water absorption makes it dimensionally stable. Hence, it is stable in terms of 

dimension and electrical behaviour over a wide range of temperature (-65°C to 125°C) 

[116].   
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As the nature, size and amount of the filler also affect the nature of the 

composite and hence, selecting the filler is also a crucial part here.  The filler should 

provide required electrical properties and should not much affect the other aspect of 

the polymer’s property.  

As dielectric filler, various ferroelectric ceramics including barium titanate 

(BaTiO3), lead zirconate titanate (PbZrTiO3), barium strontium titanate (BaSrTiO3), 

CaCu3Ti4O12 (CCTO), etc. have been used by investigators. These ceramics have 

brittle nature and hence at higher loading the composite becomes brittle. The 

conducting fillers have also been used to increase the conductivity as well as the 

dielectric constant of the polymer-matrix composites. Most of the good conductive 

metals (except aluminum) have much higher densities and are prone to corrosion. A 

combination of both ferroelectric ceramic and conductive filler has also been used to 

increase the dielectric constant of such polymer matrix composites.  

For last two decades, nano-carbonaceous filler materials namely, MWCNTs, 

SWCNTs, graphene have been used as conductive fillers. These carbonaceous nano-

filler are light weight, having the density of about 2 to 3 g/cc, which fall close to the 

density of polymers, less prone to corrosion and exhibit intriguing electronic 

properties. Nano-sized fillers are advantageous over their bulk counterparts due to the 

large surface to volume ratio and hence produce more interfacial area at the same 

volume concentration, which is the crucial property deciding factor for the 

composites. The aspect ratio of filler determines the concentration required for 

percolation (3-dimenstional connectivity of filler in the insulating matrix). As the 

aspect ratio increases the required concentration decreases.   

Now, it can be concluded that for a light weight and  flexible polymer matrix 

composite (a) the conductivity should be tuned with conducting filler having high 

aspect ratio; (b) the dielectric constant should be tuned with dielectric/conducting 

filler having high surface area so that more interfacial polarization could be generated.   

Carbonaceous filler materials MWCNTs, SWCNTs, and carbon fibers have 

very high aspect ratio (generally >1000). Graphene is the material which has both the 

qualities viz. good aspect ratio with large surface area. The improvement in the 

conductivity of the polycarbonate has been reported by filling such carbonaceous 

fillers [60, 63-64, 110-112, 117-121] but to the best of our knowledge, no literature 
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has been found in which the dielectric properties have been improved by filling such 

single carbonaceous filler in polycarbonate.  

In view of above, it was decided to fill polycarbonate with carbonaceous fillers 

e.g. MWCNT, SWCNT and FLG (few-layer-graphene) and the feasibility study of the 

resultant composite to be used as dielectric and/or conducting material have been 

carried out. For a comparative study, the polycarbonate was also filled with 

ferroelectric ceramic PZT, nano-Cu power and a combination of dielectric and 

conductive filler. 

The SWCNT, MWCNT and FLG are the light weight carbon allotropes. Based 

on the geometry, among these carbon allotropes the SWCNT is expected to have the 

highest aspect ratio as against the lowest expected aspect ratio of FLG. Therefore, the 

former is expected to give percolation at a lower concentration than the later when 

embedded in polymer  

FLG is having large surface area (due to sheet shape morphology), hence the 

interfacial area between FLG and PC will be higher than with the other fillers. Due to 

large interfacial area, high interfacial polarization should be there at the interface. Just 

below the percolation there should be the formation of large number of micro-

capacitors due to FLG-PC-FLG combinations. The large surface area is also expected 

to result in high capacitance of the micro-capacitor combinations in the 

nanocomposites. This ultimately should increase the dielectric constant of the 

composite. In addition to high dielectric constant, controlled dissipation factor will be 

taken care of.  This should prove the FLG-PC nanocomposite a very good dielectric 

material and the best output of the thesis. As the FLG is having sufficiently high 

aspect ratio, at somewhat higher concentration, the FLG-PC nanocomposite might 

work as conducting nanocomposite.  

The possible output of a versatile two-phase, light weight, flexible (low filler 

concentration ensures the flexibility) polycarbonate based dielectric and conducting 

nanocomposite, proves the importance of the chosen problem.  

3.2 A brief introduction on the materials selected for the present 

research 
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3.2.1 Polymer Matrix: Polycarbonate 

Polycarbonate (PC) was selected as polymer matrix to prepare the micro-

/nanocomposites. Polycarbonate (Bisphenol A polycarbonate) is an engineering 

thermoplastic. The polycarbonate from bisphenol A (BPA) was first prepared in 1953 

by chemists Daniel Fox and Herman Schnell while working independently at their 

respective companies. However, the first significant report for the synthesis of 

aromatic polycarbonate was given by Einhorn in 1898 [115]. Its chemical structure is 

shown in Figure 3.1. 

 

 

 

Figure 3.1. The chemical structure of Polycarbonate [115]  

Polycarbonate is a transparent and stiff thermoplastic. The chemical structure 

of PC (Figure 3.1) consists of two phenyl rings in the backbone and two pendants -

CH3 groups introduce stiffness by steric hindrance and make polymer less crystalline 

and transparent. Some flexibility arises due to the O-C-O single bonds in the 

carbonate linkage along the backbone. This flexibility coupled with the para-linkage 

of phenyl rings provides excellent toughness to polycarbonate and hence in general, 

PCs are considered to be the toughest thermoplastic. Amorphous structure of PCs, 

gives rise low shrinkage during moulding. The rigid molecular backbone of the bis-

phenol A polycarbonates leads to a high melting temperature (T, = 225-250°C) and 

glass transition temperature (Tg= 145°C). 

PCs are stable in terms of dimension and electrical behaviour over a wide 

range of temperature (-65°C to 125°C) [116, 122]. PC is electrically resistant, resistant 

to oils and chemicals and negligible moisture absorber [115].  It has good tensile 

strength. The properties of PC are laid down in the Table 3.1.  
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Table 3.1:  Thermal, mechanical and electrical properties of PC [115-116, 123-124]. 

Property   Value/Range 

Density 1.30 g/cm  crystallites density 
1.20 g/cc macroscopic density 

Electrical Properties  
Volume Resistivity 
Dielectric Constant 
Dissipation Factor (Power factor) 
Dielectric Strength 1/8 inch sample  
 

 
2.1 x 1018 ohm-m 
3.02 (at 1 kHz), 2.96  (at 1 MHz) 
~ 0.001 at kHz 
157 kV/cm 

Thermal Properties 
Glass Transition Temperature  
Melting Temperature  
Thermal Conductivity 
Coefficient of Thermal Expansion 
 

 
~145°C 
225-250°C 
0.19 W/m.K 
7 x 10-5 /°C  

Mechanical Properties  
Tensile Strength 
Impact Strength (Notched Izod) 
Tensile Modulus  
Flexural Modulus  
Elongation at Break (%) 
Hardness Rockwell 
Poisson’s Ratio 

 
~ 65 MPa 
600-800 J/m 
2.3 GPa 
2.5 GPa 
100 
M70 
0.37 

 

 

PCs are the only material having a very good combination of properties e.g. 

toughness, rigidity, transparency, self-extinguishing characteristics, good electrical 

insulation characteristics and heat resistance [115] and at a reasonable cost. The 

application of polycarbonates, therefore, largely arise where at least two and usually 

three or more of the advantageous properties are required and where there is no 

cheaper alternative. The largest single field of application for moulded PCs is in 

electronics and electrical engineering.  

Covers for time switches, batteries and relays, for example; utilize the good 

electrical insulation characteristics in conjunction with transparency, flame resistance 

and durability. The polymer is widely used in making coil formers. In this case the 

ability to winding the wire tightly without deformation of the former, the heat 

stability, the oxidation resistance and the good electrical insulation characteristics 

have proved invaluable. Polycarbonate mouldings have also been made for computers, 
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calculating machines and magnetic disc pack housing, terminals, contact strips, starter 

enclosures for fluorescent lamps, switch plates and a host of other miscellaneous 

electrical and electronic applications. Polycarbonate films are used in the 

manufacturing of capacitors [115, 123]. 

 

3.2.2 Filler Materials  

Filler materials for making composites were selected so that the dielectric constant of 

the PC can be increased. As dielectric filler, Lead Zirconate Titanate (PZT) was 

selected. The filler with conducting nature can be used to increase the conductivity as 

well as to improve the dielectric constant of the polymer based composites. As 

conducting fillers, nano copper powder and nano sized carbonaceous fillers (CNTs 

and graphene) were used. 

 

3.2.2.1 Dielectric filler: Lead Zirconate Titanate (PZT)   

PZT is the solid solution of ferroelectric PbTiO3 (Tc = 490 ⁰C) and 

antiferroelectric PbZrO3 (Tc = 230) [125-126]. PZT properties depend on the Zr/Ti 

ratio. It is generally represented by the formula Pb[ZrxTi1-x]O3 (0≤x≤1). With 

ABO3 type formula PZT possesses perovskite structure where O stands for oxygen, A 

represents a cation with larger radius and B represents another cation with smaller 

ionic radius. Perovskite structures generally idealized as a cubical unit cell as shown 

in Figure 3.2 (a). On changing temperature the cations and anions may move slightly 

with respect to their equilibrium position in the cubic perovskite unit cell and may 

transform into other phases e.g. tetragonal, orthorhombic, and rhombohedral phases as 

shown in Figures 3.2 (b)-3.2(d) [127].  
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Figure 3.2. Perovskite structure of ABO3 unit cell in (a) the cubic phase (b) tetragonal phase 
(c) orthorhombic phase and (d) rhombohedral phase [127]. 

 

Such perovskite type oxides exhibit high dielectric constant value with low 

dissipation due to the ferroelectric phases (tetragonal, orthorhombic, and 

rhombohedral phases). Above Curie temperature (Tc), the ferroelectric phase may 

change into the paraelectric phase (i.e. into cubical phase) and hence the dielectric 

properties may change considerably. The Curie temperature (Tc) for PZT is about 360 

⁰C [125, 128] and therefore the properties are relatively stable over a wide 

temperature range than the other ferroelectric ceramics (e.g. the Curie temperature of 

BaTiO3 is about 120 ⁰C). The dielectric constant of the PZT may be found in the 

range of 100-3500 (at 1 kHz) depending upon the percentage of x in the above 

formula for PZT. The dissipation factor is found to be about 0.01 (at 1 kHz) 

[125,127]. 

 

3.2.2.2 Conducting fillers: Nano-Cu, SWCNT, MWCNT and FLG  

As conducting fillers metallic (Cu) nanopowder and carbonaceous (SWCNT, 

MWCNT and FLG) fillers have been added into polymer/composites. The copper 

nanoparticles were almost of spherical in shape. Due to high surface to volume ratio, 

these nanoparticles are likely to get oxidized. The oxidised particles may be beneficial 

and detrimental depending on the applications. The oxide layer on the particle may 

become the obstacle in the occurrence of percolation while considering the quantum 

tunnelling or /micro-capacitor concept. The presence of oxide layer may results in 

lower dissipation factor of the nanocomposites compared to those of without oxide 

layer for a given volume fraction of conducting filler.    
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As carbonaceous fillers SWCNT, MWCNT and few layer graphene (FLG) 

have been used due to their excellent thermal, mechanical and electrical properties. In 

addition to this, they possess high aspect ratio (which is important for achieving 

percolation at lower filler loadings), high surface to volume ratio (which promotes 

larger interfacial interactions with matrix), and finally lower density comparable to 

most of polymers which is important to avoid settling of fillers in the matrix during 

processing  and achieving light weight of final composite. Carbon nanotube (CNTs) 

can be considered as seamless 1-dimentional cylinders of one or more layers of 

graphene as can be seen in Figure 3.3 (a). Graphene is a 2-dimensional single-atom 

thick membrane of carbon atoms arranged in a honeycomb crystal (hexagonal 

structure) as shown in Figure 3.3 (b). It has sp2 hybridization. These carbonaceous 

fillers are less prone to oxidation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Schematic presentation of (a) SWCNT and (b) graphene sheet. The graphene 
sheet can be rolled in the form of SWCNT [129]. 
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As discussed earlier, the conductivity of the PC has been improved by filling it 

with SWCNT and MWCNT. The previous findings are summarized in Table 3.2. The 

investigation reports on study of Cu-PC and graphene-PC micro-/nanocomposites 

have not been found, to the best of the knowledge of author. However, investigations 

have been carried out on commodity thermoplastic based and epoxy matrix 

composites containing graphene and Cu-fillers. The results are summarised in Tables 

3.3 and 3.4, respectively.  

Table 3.2: A brief summary of parameters and results obtained in previously reported works 
for SWCNT-PC and MWCNT-PC nanocomposites.  

 
 

Filller Solution Methods Percolation 
threshold, 
wt % 

Maximum achieved 
conductivity(S/cm) 

Ref. 

 
SWCNT 
(HiPco),CarbonNa
notech 

 
CHCl3 

 
Shaken, 
sonicated 

 
0.1 

 
102 at 7wt % 

 
[130] 

SWCNT (HiPco), 
CarbonNanotech 

- Extruded 0.3 10-1 at 1wt % [131] 

SWCNT(Arc) 
 

C6H8O Sonicated  0.5 10 1 at17wt % [120] 

SWCNT(HiPco) 
 

C6H8O Sonicated  0.5 101 at 1wt % [120] 

SWCNT(HiPco) 
 

 Extruded 0.5 10-1 at 2wt % [120] 

SWCNT(Arc) 
 

CHCl3 Sonicated  1.9 10-1 at 4wt % [120] 

SWCNT(Arc) 
 

- Extruded 1.9 10-1 at 10wt % [120] 

SWCNT(Arc) - Extruded >5 10-1 at 7wt % [131] 
 
MWCNT 
(CVD)Hyperion 
Catalysis 

-  
Extruded 
AR 
~1000 

 
1 

 
5E+0 at 3wt % 

 
[118] 

MWCNT 
(CVD)Hyperion 
Catalysis 

- Extruded 
AR >100 

1.44 2E+0 at 5wt % [60] 

MWCNT (CVD)  Extruded 5 1E-4 at 15wt % [119] 
MWCNT 
(CVD)Hyperion 
Catalysis 

 Extruded 1-2 1E+1 at 15wt % [121] 
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Table 3.3: A summary of parameters and results obtained in previously reported works for 
graphene based fillers-filled nanocomposites.  

 
 

 

 

 

 

 

 

 

 

Filller Matrix Methods Percolation 
threshold, 
wt % 

Maximum 
achieved 
conductivity 
(S/cm) 

Ref. 

 
Thermally reduced  
functionalized 
Graphene Sheets  

 
Epoxy 
resin 

 
Ultraturrax and 
sonication 

 
1.5 wt % 

 
~ 10-8 at 1.5 
wt% 

 
[132] 

Graphite oxide 
(prepared by 
ultrasonic 
exfoliation of 
graphite)  

- 
Polystyrene 

Solution 
dispersion 

0.1 vol % ~ 10-3 at 1 
vol % 

[110] 
 
 
 

Exfoliated 
graphene  

PVC Liquid phase 
blending 

0.6 vol % ~ 10-2 at 6.5 
vol % 

[133] 

Foliated graphite  Polystyrene In situ 
polymerization 

1.1 vol % ~ 10-2 at 3 
vol% 

[134] 

Functionalized 
graphene sheets 
(FGS)  

PVDF Solution 
dispersion, 
sonication 

2 wt % 10-2  at 14 
wt% 

[135] 

Exfoliated graphite 
(EG)  

PVDF Solution 
dispersion, 
sonication  

5 wt % 10-4 at 4 wt% [135] 

Graphene PET Melt 
compounding 

0.47 vol % 10-2  at 3 
vol% 

[136] 

Graphite 
nanosheets 

PMMA  0.31 vol % 
 

10-1  at 5 
vol%  

[137] 

Reduced graphene 
oxide 

Epoxy Aqueous casting 
method 

0.12 vol % - [112] 
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Table 3.4: Various polymer matrix composites with different size of Cu filler and the 
percolation threshold. 

 

 

In the above investigations, efforts have been made to increase the dielectric 

constant/conductivity of the commodity thermoplastics and epoxy resin by adding 

sophisticated high priced conducting fillers.  

It would seem interesting to examine the effect of fillers on dielectric constant 

and electrical conductivity of engineering thermoplastics such as PC. Till date 

investigations on the dielectric behaviour of PC matrix micro-/nanocomposites are 

sparse. So, the present work is an attempt to study the effect of advanced dielectric 

and conducting fillers on the dielectric behaviour and electrical conductivity of PC by 

developing a micro-/nanocomposites. The prepared nanocompoistes would be 

potential materials for embedded capacitor and EMI/ESD applications. 

 

Matrix Particle 
Size  

Percolation 
Threshold 

Method Maximum achieved 
conductivity 

Ref. 

 

Polyvinyl Chloride 
(PVC)  

 

~ 10-44 
µm 

 

~ 3.7 Vol % 

 

Ball milling  

 

~ 10-2 S/cm at 9.3 
vol % 

 

[94] 

Low density 
polyethylene 
(LDPE) 

< 38 µm ~18 Vol % Mixing and 
melt press 

~ 101 S/cm at 24 vol 
% 

[106] 

Linear low density 
polyethylene 
(LLDPE) 

< 38 µm 

 

~18 Vol % Mixing and 
melt press 

~ 101 S/cm at 24 vol 
% 

[106] 

Polypropylene 
(PP) 

~ 10 µm ~ 6 Vol % Mixing and 
compression 
molding  

- [105] 

Polypropylene 
(PP) 

~ 100 µm ~ 11 Vol % Mixing and 
compression 
molding  

- [105] 

Polyvinyl Chloride 
(PVC) 

~ 100 µm ~5.0 Vol % Mixing and 
hot pressing 

~ 101 S/cm at 30 vol 
% 

[138] 
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CHAPTER 4 `  

METHODOLOGY    

 

This chapter is containing the discussion about the materials and methods 

adopted for composite preparation and characterization. 

 

4.1 Materials 

Polycarbonate (PC) was selected as polymer matrix.  Lead Zirconate Titanate 

(PZT) was used as ceramic filler to prepare two-phase and three-phase PMC. 

Nanosize conducting filler of different forms (particle, sheet and tube) were used to 

prepare conducting particles filled two phase nano-composites. The conducting nano-

size copper particles, few-layer-graphene (FLG) sheets, and CNTs (MWCNT and 

SWCNT) were used as conducting fillers. Three phase composites were prepared by 

adding CNT in two phase PC-PZT composite to examine its effect on dielectric 

behaviour.   

Commercial grade of PC (in granule form) was obtained from local market. 

PZT powder (reported average particle size 0.85 µm and dielectric constant of 1105 in 

the polarisation state, density 7.56 g/cc) was donated by M/s Sparkler Ceramic Private 

Limited, Bhosari, Pune. Nano-copper powder (density 8.94), MWCNTs and SWCNTs 

(density 2.5 g/cc) were purchased from Nanoshel, India. According to manufacturer, 

the average particle size of Cu was 40 nm, the diameter and length of MWCNTs were 

(20-30 nm) and (3-8 µm) respectively. For SWCNTs the diameter and length were 

reported to be (0.7- 2 nm) and (3-8 µm). Few-layer-graphene (FLG) was prepared 

using dry ice method which was reported by A. Chakrabarti et al. [139]. The density 

of the prepared FLG was taken to be 2.1 g/cc.  

 

4.2 Preparation of few layer graphene (FLG) 

Magnesium ribbon of 99% purity, obtained from local market in Jaipur, was 

used to prepare graphene. A bowl was prepared from the dry ice (Solid carbon 
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dioxide). 3 gm of Mg ribbon was put in this bowl and ignited with the help of burner. 

The bowl was immediately covered with another dry ice bowl.  The following reaction 

as given in Eq. (4.1) was involved during the combustion process.  

 

                         2Mg (s) + CO2 (g)                       2MgO (s) +   C (s)         (4.1) 

After the complete combustion of Mg, a black colour carbonaceous product 

was obtained and was collected in a beaker. The carbonaceous product was likely to 

contain MgO and unburned Mg as impurities. To remove these undesirable traces of 

impurities, the black product was stirred overnight in 100 ml of 1M hydrochloric acid. 

Both MgO and Mg form MgCl2 when react with HCl. MgCl2 is soluble in water. The 

mixture was filtered and washed several times with deionized water until the filtrate 

attained neutral pH. The final solid carbonaceous product was then dried in vacuum 

oven at 100ᵒC for 18 hours. The carbonaceous product was analysed by a combination 

of XRD, Raman spectroscopy, TEM, electron diffraction (ED) pattern. The product 

was confirmed as few layer graphene (FLG). 

 

4.3 Preparation of micro-/nano-composites 

The micro- and nano-composites with varying content of filler materials 

(micron size PZT, nano size copper, SWCNTs, MWCNTs and FLG as the case may 

be) were prepared by solution mixing followed by hot pressing method.  Initially, pre-

calculated weight of filler was suspended in Tetrahydrofuran (THF) and subjected to 

sonication treatment. The timings of sonication were for 45 minutes for PZT, 60 

minutes for nano copper, 90 minutes for FLG and CNTs to ensure the breaking of 

agglomerates and finally to achieve uniform dispersion of filler in the THF. Following 

this, weighed amount of PC granules was added slowly in the properly dispersed 

filler/THF suspension with concurrent stirring and heating at approximately 80 ⁰C 

using hot plate cum magnetic stirrer. For making three-phase nanocomposites, the 

two-phase PZT-PC micro-composite having 14 vol % of PZT, has been considered as 

matrix and accordingly the weight was taken. Stirring and heating were continued till 

the viscous composite mass was obtained.  The viscous nanocomposite mass was 
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poured on a glass plate and drawn in the form of thin film by rolling it by a glass rod; 

the thin film was air dried. Thereafter, the thin film was dried in a vacuum oven at 110 

ºC for 15 h, crushed and then finally hot pressed in a laboratory press unit (15 ton 

manual hot and cold press, Kimaya Engineers Pvt Ltd, Pune) using a tool steel die. 

The dried and crushed composite film was filled in a three piece die cavity having 

diameter of 13 mm. A mould release agent was applied on the die surface to avoid 

sticking of PC when it flows during hot pressing.  The filled-in die-assembly placed in 

the hot press and subjected to heating with an average heating rate of 7ᵒC/min under a 

pressure of 45 MPa to a maximum temperature of 240 ºC (the maximum temperature 

was 230ᵒC in cases of CNT and FLG filled composites). After a soaking period of 20 

minutes under the constant pressure of 45 MPa, the sample was naturally cooled down 

to a temperature of approximately 50ºC. Finally the composite sample was ejected out 

from the die. The composite pellet so produced was having a diameter of 13 mm and 

thickness of 2±0.2 mm. Nanocomposite samples containing varying amount of filler 

materials were prepared in the same way. To prepare a nanocomposite with desired 

volume/weight percent of filler, the required weight percent/volume percent of filler 

particles was determined from the relation given as in Eq. (4.2)/Eq. (4.3) [36];  

 

                              Wf = Vf *(ρf/ρm) /[1-Vf + Vf *(ρf/ρm)]                                    (4.2) 

                                 Vf = Wf /[ Wf +(1- Wf)*(ρf/ρm)]                                              (4.3) 

 

Where, Wf is weight fraction of filler, Vf is the desired volume fraction of 

filler, ρf is the density of the filler and ρm is the density of the matrix (PC).  All the 

micro-/nanocomposites were prepared in THF solution and hence for comparison 

study the reference polycarbonate was also treated with THF solution. This treated PC 

has been designated as control PC and all the properties of the micro-/nano-

composites were studied with respect to control PC (i.e. used as reference material). 

The density of the control PC was measured experimentally and found to be 1.23 g/cc. 

The same value was used for all compositions of composite samples. 
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4.4 Characterizations 

Various characterization methods were employed to analyse matrix, filler 

component and various micro-composites/nanocomposites for phase identifications. 

The methods are discussed in subsequent paragraphs. 

 

4.4.1 Density 

The theoretical density (ρth) of the composites was calculated using the rule of 

mixtures (ROM) given by Eq. (4.4) [36]. The experimental density (ρexp) of the filled 

micro- and nano-composite samples was measured by Archimedes’s Principle.  The 

weight of the sample was measured in air and the medium and density was determined 

using Eq. (4.5).  

 

                   ρth = ρm. (1-Vf) + ρf.Vf                                                 (4.4) 

                   ρexp. = [Wair/(Wair – Wmedium)]* ρmedium                                                  (4.5) 

 

Where, ρm and ρf are the densities of matrix and filler, respectively. Wair and 

Wmedium are the weight of the sample in air and medium (ethanol is taken as medium), 

respectively. The ρmedium   is the density of the medium. In this work, ethanol was used 

as medium for density measurement which had the density equal to 0.789 g/cc. The 

composite pellets were precisely weighed using a precision electronic balance (CAX 

200) having the accuracy of 0.1 mg.  

 

4.4.2 X-ray Diffractometry (XRD) 

X-ray diffraction Instrument X’Pert PRO PANalytical was used to characterise 

PC, fillers and composites at the scan rate of 0.1ᵒ/s in the 2 theta range of 10 to 90⁰ (in 

some case it was varied).  XRD of PC was carried out before and after solution 

treatment for any structural change. XRD of fillers was done to identify the presence 

of phases and impurity (if any) in them. The samples of micro- and nano-composites 
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were also characterised by XRD to reveal any phase change that might have occurred 

during their fabrication.     

 

4.4.3 Raman Spectroscopy 

Raman spectroscopy was employed to characterize FLG and CNTs so as to 

ascertain the formation of graphene in FLG and to ensure the identity of CNTs 

(SWCNT and MWCNT). Raman spectrometer (STR300, Laser: 532 nm) was used for 

this purpose. The filler materials were characterised in as prepared/received form.  

 

4.4.4 Scanning electron microscopy (SEM) 

Samples of PZT powder and the micro-composites/nanocomposite were 

characterized by SEM (JEOL: JSM 6010 (filament based) and FEI: NovaNano SEM-

450 attached with EDS). The sample of PZT powder was prepared by dispersing the 

powder on carbon tap in order to make it conducting and analyzed under SEM.  The 

samples of micro/nano composites were prepared by breaking the disc samples and 

preparing the flat surface of the cut section by grinding on a series of bonded abrasive 

paper (SiC) up to 1200 grit size.  One of the fractured samples was examined in as-

such condition. For good quality SEM images the sample should be electrically 

conductive and hence the polymer composites samples were made conductive by 

applying a thin coating of platinum using sputter coater. In addition to microstructural 

information, chemical information (of Cu-PZT-PC sample) was obtained from energy 

dispersive X-ray spectroscopy (EDS) detector attached with SEM instrument.   

 

4.4.5 Transmission Electron Microscopy (TEM) 

It is an important technique for providing structural information of nano size 

materials. The TEM instrument FEI: TECNAI G2 operated at 200 kV was used to 

investigate nanostructural features of Cu, CNTs and FLG and the micro- and nano-

composites. For TEM study of composite samples, each of the samples was dissolved 

in the THF and sonicated for 30 minutes for the sake of good dispersion of the filler 
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particles in the solution. Thereafter, one drop of the well dispersed sample was put on 

the carbon coated copper grid with the help of micro pipette. The copper grid was then 

dried for 2 hours and then used under TEM. The High resolution mode of TEM 

(HRTEM) was used to investigate the characteristic features of carbon nanotubes. 

Electron diffraction (ED) patterns were also taken for determination of crystal 

structure of the sample under consideration. The ED pattern has been indexed by (i) 

measuring the distances of reflection spots from the centre spot and (ii) by the cosine θ 

relationship using miller indices of two intersecting planes as given in Eq. (4.6) [140]. 

  

  cos θ = (h1h2 + k1k2 + l1l2)/ {(h1
2 + k1

2 + l1
2)( h2

2 + k2
2 + l2

2)}1/2 

 

(4.6) 

 

4.4.6 Differential scanning calorimetry (DSC) 

The DSC instrument (NETZSCH: DSC 204F1 Phoenix) was used in this 

study. The DSC analysis was carried out for PC and micro-/nanocomposites in the 

temperature range of 28 °C (room temperature) to 300 ºC with 15 ºC/min. heating 

rate, in nitrogen atmosphere.    

 

4.4.7 Electrical properties 

Electrical characterizations were carried out using a Wayne Kerr Electronics 

precision impedance analyzer (6515B, UK).  Both sides of the composite pallets were 

coated with thin layer of silver paste for good electrical contacts with the electrodes of 

sample fixture. The capacitance, dissipation factor and electrical resistivity/impedance 

were measured in the frequency range of 102 Hz to 106 Hz. The capacitance and 

dissipation factor were also measured with varying temperature from ambient to 200 

⁰C.  

The dielectric constant and electrical conductivity of the composite samples were 

calculated using the relations given in Eq. (4.7) and Eq. (4.8) [36, 94], respectively. 

ε = C.t/ εo. S               (4.7) 
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σ = 1/ [Z. S/t]                                                          (4.8) 

Where, ε is the permittivity of the sample, C is the capacitance, σ is the conductivity, 

εo (8.854 x 10-12 F/m) is the permittivity of free space, Z is the impedance, t is the 

thickness and S is the cross sectional area of the sample. The measurements were 

taken for two samples of each composition and the average values were plotted.  

The methodology adopted in the research work has been summarized in the flow 

diagram in Figure 4.1. 
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Figure 4.1. Flow diagram showing methodology for micro-/nanocomposite preparation and 
characterizations.  
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CHAPTER 5 

RESULTS AND DISCUSSIONS                          
(Two-Phase Composites)     
 

5.1 PZT-PC Composites 
Two phase PZT-PC composites were prepared with different PZT content as 

given in Table 5.1. The prepared composites were characterized using XRD, SEM, 

DSC techniques. AC electrical conductivity, dielectric constant and dissipation factor 

were also measured. The effect of frequency and temperatures on the dielectric 

properties of composites was also studied. 

 

Table 5.1: The concentration of the PZT in the PC matrix, by weight percent and 
volume percent.  

PZT  (density= 7.56 g/cc) content 
by 

wt % vol % 

0 0 

10 1.77 

20 3.91 

30 6.52 

50 13.99 

60 19.61 

70 27.51 

         

5.1.1 Density 

 The density of the pure polycarbonate pellet, prepared by using as-received 

granules (or as-received) of polycarbonate, was 1.194 g/cc and density of control PC 

pellet, prepared by solution (in THF) method followed by hot pressing, was 1.23 g/cc. 

The difference in the density of as-received and control PC is probably due to 

increased crystallinity while solution treating [141]. Due to increased crystallinity, the 

ordered structure increases which reduces the free volume available in polymer 

structure. The experimental and theoretical densities of the PZT-PC composites are 
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shown in Fig. (5.1). Experimental densities are in well agreement with the theoretical 

densities, indicating the porosity free composites. The density of the composite was 

increased with increasing vol % of the PZT which is due to the higher density of the 

PZT (7.56 g/cc). 

 

  

 

 

 

 

 

 

 

Figure 5.1. Theoretical and experimental densities of the PC-PZT composites. 

 

5.1.2 X-ray diffractometry  

 The XRD pattern for as received PC shows a broad halo at about 17⁰ as-shown 

in Figure 5.2(a). It was found that the halo-reflection was somewhat sharper and 

narrower in control PC than it was in case of as-received PC. In control PC, due to 

crystallization, the polymer chains were more orderly attached than that in as-received 

PC. In solution the polymer chains are separated with negligible interaction in 

between them. As the THF (solvent) starts to evaporate the concentration increases 

and chains start to interact with each other favouring the crystallization to some 

extent. Works by Schorn et al. [141] and Lehmann [142] strongly favour the 

crystallization from solution. Hence, in control PC, due to increased crystallized 

domains, the polymer chains were more orderly attached than attached in as-received 

PC, resulted in the narrower and sharper peak. A peak near about 73⁰ was present in 

all the XRD traces and was due to the instrumental error (may be due to the impurity 
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in X-ray tube, as suggested by operator) as shown in inset of Figure 5.2 (a), and hence 

this peak has been neglected in all the cases. In the XRD of PZT, the reflections were 

found at 2θ = 21.8⁰, 31.1⁰, 38.3⁰, 44.2⁰, 50.2⁰, 55.3⁰, 64.9⁰, 69.1⁰, 73.6⁰, etc as shown 

in Figure 5.2 (b). The XRD reflections show that PZT has rhombohedral [Ref. PDF # 

732022 for Pb(Zr0.58Ti0.42)O3] unit cell in perovskite structure. In this unit cell all the 

cations and anions move slightly with respect to their equilibrium position in the cubic 

unit cell and possesses a permanent dipole moment in the [111] direction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. XRD patterns of (a) as-received and control PC, (b) as-received PZT powder   (c) 
control PC and its composites containing ~6.5 vol %, ~14 vol % and ~ 20 vol % of PZT. 
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obvious difference; however, the intensity of PC halo is suppressed with increasing 

amount of PZT which is due to the decreased Vol % of PC with increasing PZT 

content. 

 

5.1.3 Scanning electron microscopy  

 The SEM images for PZT powder and PZT-PC composites are shown in 

Figure 5.3 (a) and (b-c), respectively. It is clear from Figure 5.3 (a) that the particle of 

the PZT powder is below 1µm, confirming the average particle size (0.85 µm), 

reported by the supplier. PZT particles are of polygonal shape. 

 

 

 

 

 

 

 

 

Figure 5.3. SEM images of (a) PZT powder, (b) PZT (6.5 vol %)-PC composite and (c) PZT 
(27.5 vol %)-PC composite. 
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 Figures 5.3(b) and 5.3(c) show the SEM images of composites containing 6.5 

vol % and 27.5 vol % PZT, respectively. Pores were not seen in both the images 

which indicate that the composites were almost porosity free. This was also confirmed 

by density measurement.  These images also show a good dispersion of PZT particles 

in the PC matrix. 

 

5.1.4 Differential scanning calorimetry  

 The DSC traces for as-received, control PC and composite with 6.5 vol % PZT 

are shown in Figure 5.4. The DSC trace for as received PC showed a sharp step 

change at about 149  ⁰C whereas no such sharp step change is observable in control 

PC and PZT-PC composite. DSC trace for as received PC does not show any 

endothermic peak suggesting that the as received PC is having amorphous nature. On 

the other hand, control PC and PZT-PC composite show a sharp endothermic peak 

which indicates the crystallinity induced during solution treatment. The step change at 

149.02 ⁰C indicates the glass transition temperature which is a characteristic of 

amorphous polymer.  

 

 

 

 

 

 

 

 

 

Figure 5.4. DSC traces of as-received, control PC and PZT (30 wt %)-PC composite. 

 

(a) 

0 50 100 150 200 250 300

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

PC-6.5 vol. %PZT

As-received PC

 Control PC

Ex
o

D
SC

 (m
W

/m
g)

Temperature (C)

235.72C

237.85C

149.02C 



74 
 

 Due to amorphous nature of as-received PC, beyond Tg, the segmental 

mobility of polymer chains starts and it goes from rigid solid state to rubbery state and 

does not show any sharp melting indication. The observations are in support of 

previous study [124]. In control PC, the crystalline structure was introduced as 

confirmed by density and XRD study. Hence, due to semi-crystalline nature, the 

control PC showed a sharp endothermic peak at 235.72 °C which is probably due to 

the melting of ordered crystallites of the PC. In case of PZT-PC composite, the 

melting point was slightly increased to higher temperature which might be attributed 

to the strong interfacial bonding between PZT and PC which may be correlated to the 

polar nature of PZT and PC. The reduced enthalpy of composite compared to 

controlled-PC might be due to the reduced vol % of PC.  

 

5.1.5 Electrical Properties 

 In this section results of AC electrical conductivity, dielectric constant and 

dissipation factor of the composites have been discussed. The variations in dielectric 

constant and dissipation factor with the frequency and temperature were also 

examined. 

 

5.1.5.1 AC electrical conductivity 

 Figure 5.5 shows the AC electrical conductivity of the PZT-PC composites as 

a function of vol % of PZT in PC matrix. As the vol % of PZT increased in the 

composite, slight increase in the conductivity was observed. However, the maximum 

achieved conductivity for the composites with 27.5 vol % was 7x10-9 S/cm which 

indicates that the composites are insulating. The slight increase in conductivity of the 

composites may be attributed to higher conductivity of PZT than that of PC [12, 143] 

 

5.1.5.2 Dielectric constant and dissipation factor 

 As shown in Figure 5.6, the dielectric constant and the dissipation factor of PC 

are found to be 3.37 and 0.005, respectively. The dielectric constant of the composite 

increased with increasing PZT content which is attributed to the higher dielectric 



75 
 

constant of PZT as compared to PC matrix. The increment in the dielectric constant 

was about 8.7 (increased from 3.3 to about 12), for the composite containing 27.5 Vol 

% PZT. The increment in the dielectric constant was approximately 3.5 times than that 

of PC.  

 

 

 

 

 

 

 

 

Figure 5.5. AC electrical conductivity of the PZT-PC microcomposite. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. The behaviour of dielectric constant and dissipation factor (tan δ) for PZT-PC 
microcomposite with increasing volume fraction of PZT.  
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 This increment was in agreement with the result for PZT/PVDF composites, 

reported by Goyal et al. [12]. In present work of PZT-PC for a given volume fraction, 

the highest dissipation factor is about 0.012 which is much lower than reported for 

PZT/PVDF composites. Compared to PC, it is decreased for the composites 

containing up to 6.5 vol % PZT. However, on further addition of PZT, the dissipation 

factor increased slightly with increasing PZT content. This may be attributed to the 

increasing interfacial polarization which increases ionic/space charge contribution in 

polarization mechanism. The formation of aggregates of PZT [Figure 5.3 (c)] at higher 

loading may be the probable reason for increase in the dissipation with increasing 

filler concentration [8].  The experimental dielectric constant of the composites is 

correlated with the values predicted from the various existing theoretical models as 

shown in Figure 5.7.  

 

 

 

 

 

 

 

 

 

 

Figure 5.7. The correlation of experimental data with various existing theoretical models for 
dielectric constant of two-phase composites. 
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addition, the shape of the PZT particles is not perfectly spherical. It was interesting to 

observe that, the modified Lichtenecker equation (Eq. 2.9), with k = 0.2, correlated 

nicely the experimental data over complete range of PZT content. The value of k = 0.2 

indicates the deviation from the uniform dispersion of the filler in the matrix; the 

aggregates of PZT particles can be observed in the composites [Figure 5.3 (b) and (c)]. 

These morphological factors might be responsible why the Jayasundere-Smith and 

Maxwell-Wagner equations have also underestimated the experimental data.  

 

5.1.5.3 Effect of frequency on the dielectric constant and dissipation factor 

The variation in the dielectric constant and the dissipation factor with 

increasing frequency (1 kHz to 1 MHz) is shown in Figure 5.8 (a) and Figure 5.8 (b), 

respectively. The composite is a heterogeneous system which shows anomalous 

dielectric constant behaviour due to a number of different physical mechanisms [144]. 

Various types of polarization mechanisms which contribute to the dielectric constant 

are interfacial polarization, dipole orientation polarization, atomic polarization and 

electronic polarization. In the given sequence, these polarization mechanisms become 

less dominant with increasing frequencies.  

 Polycarbonate and its composites with PZT showed good stability in the 

frequency range, however, a very slight decreasing trend was observed. The 

decreasing trend may be attributed to the fact that as the frequency increases the effect 

of particular polarization mechanism becomes less dominant.  Das-Gupta and 

Doughty [74] explained the frequency independent behaviour of PZT within 

frequency range of 10 Hz to 105 Hz. PZT has permanent dipole moment, and hence 

polarization due to dipole orientation should be the dominant mechanism. In PC, the 

carbonyl group is the polar group in its chemical structure [145].  With increasing 

frequency, the contribution of dipole orientation polarization in the dielectric constant 

becomes lesser and lesser because the associated dielectric-relaxation fails to follow 

the rapid change in the direction of electric field. At higher frequencies, as the 

associated dielectric- relaxation fails to follow the in-phase field, the absorbed energy 

converts in to the heat, and hence the dissipation factor increases. However, the 

dissipation factor was found to be below 0.02 in the full studied frequency range. 
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Figure 5.8. The effect of frequency on the (a) dielectric constant and (b) dissipation factor of 
PZT-PC composites. 
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5.1.5.4 Effect of temperature on the dielectric constant and dissipation factor 

 The temperature dependency of dielectric constant and dissipation factor were 

examined from room temperature to 200 ⁰C. With increasing temperature three types 

of relaxation can be found in polymer dielectrics; (a) γ-relaxation, associated with 

liberation of phenyl ring and limited C-H segmental movement, (b) β-relaxation, 

associated with rotation of polar group about C-C bond, and (c) α-relaxation, 

associated with the micro-Brownian motion of the whole chain and related to glass 

transition [146]. As reported in previous studies [113,146] the γ-relaxation occurs 

below room temperature due to involvement of small entities of phenyl ring and C-H 

units.  The β- and/or α- relaxation could be observed in the experimental frequency 

and temperature window.  

 The effect of temperature on dielectric constant and dissipation factor of as-

received and control PC is shown in Figures 5.9 (a) and (b), respectively. The 

dielectric constant of as-received PC is almost constant up to 125 ⁰C and above this it 

increased rapidly up to 165 ⁰C. With further increase of temperature it remained 

almost constant up to 180 ⁰C and then increased again and finally showed a rapid 

decrease.  In contrast to this, the dielectric constant of the control PC is almost 

constant.  

 In as-received PC, as the temperature increases beyond Tg, the intermolecular 

forces between the chains are weaken and hence the dipoles are free to orient with the 

electric field. In other words, the relaxation time associated with the polarization 

mechanism is reduced with increasing temperatures and hence the dielectric constant 

increases.  Liu et al. [147] also reported the similar dielectric behaviour of PC with 

increasing temperature.  At temperatures much higher than Tg (>180 ⁰C), the dielectric 

constant decreases which can be attributed to the strong thermal agitation which 

disturbs the orientation of dipoles.  

 In case of control PC, the polymer chains are closely associated in the 

crystallites which resulted in the restricted motion of dipoles due to increase in 

temperature. Hence, insignificant change in dielectric constant of the control PC was 

observed with increasing temperatures.  
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 Figure 5.9 clearly shows three peaks of the dissipation factor for both PCs. The 

peak at about 80/90 °C may be associated with the β-relaxation in PC [148]. The 

second peak at about 150 °C might be associated with glass transition in PC [145, 

113]. The third peak can be correlated to the thermal agitation in the polymer chains 

and thereby in the electric dipoles.  

  

 

 

 

 

Figure 5.9. The variation in (a) dielectric constant and (b) dissipation factor with temperature 
for as-received and control PC.  
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which on increasing temperature disturb, hence, the dielectric constant of the 

composite may decrease with increase in temperature. The temperature dependency of 

dielectric constant of such polymer matrix composites have also been studied by 

different researchers. Chanmal and Jog [149] also reported the similar dielectric 

behaviour with temperature in PVDF/BaTiO3 nanocomposites, at the studied 

frequency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. The variation in (a) dielectric constant and (d) dissipation factor with increasing 
temperature (at 10 kHz) for PZT-PC composites.  
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 Dang et al. [34] also studied the effect of temperature on dielectric constant 

and dissipation factor in BaTiO3/epoxy composites and reported [at 1 kHz] that with 

small size of filler (0.1 µm) the dielectric constant was almost constant up to 150 ⁰C 

whereas with larger size particle (0.7 µm) the dielectric constant increased beyond 60 

⁰C. However, the dissipation factor increased with increasing temperature for both 

cases.  

 Subodh et al. [81] reported almost constant relative permittivity (at 1 MHz), 

with increasing temperature (up to 60 ⁰C) for SCT (Sr9Ce2Ti12O36)/PE composites.  

 It can be concluded that the dielectric behaviour of such composites varies 

differently with temperature depending up on filler, matrix, size and distribution of 

filler in the polymer matrix. For the studied PZT-PC composite, the maximum 

achieved value of dielectric constant was about 12 and the value of dissipation factor 

was below 0.015. These values were almost constant up to the temperature of 100 ⁰C.  

 

5.2 Conductive fillers (Nano-Cu, MWCNT, SWCNT and FLG) filled two-
phase nanocomposites 

Two-phase conductive filler filled composites were prepared with different 

content of Cu, MWCNT, SWCNT and FLG as shown in Table 5.2. All the prepared 

nanocomposites were characterized and their electrical behaviour was studied. The 

percolation threshold and smearing region for all the composites were determined. 

The feasibility study for the composites to use as dielectric materials was done. 
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Table 5.2: The concentration of the different conductive fillers in the different 
nanocomposites, by weight percent and volume percent.  

Cu                        
(density= 8.94 
g/cc) content  

 by 

SWCNT           
(density=2.5 g/cc)  

content  
by 

MWCNT  
(density= 2.5 g/cc) 

content  
by 

FLG  
(density=2.1 g/cc) 

content  
by 

wt % vol % wt % vol % wt  % vol % wt % vol % 

0 0 0 0 0 0 0 0 

27.65 5 1 0.58 2 1 1 0.58 

44.65 10 1.75 1.0 5.9 3 2 1.18 

56.18 15 2.5 1.5 7.8 4 3.5 2.08 

64.5 20 4 2.38 9.6 5 5 3 

-- -- 5 3 18.42 10 6 3.60 

-- -- -- -- -- -- 7 4.22 

 

                                  

                                 

5.2.1 Density 

 The densities of the Cu-PC, MWCNT-PC, SWCNT-PC, and the FLG-PC are 

plotted in the Figure 5.11 to 5.13, respectively. The experimental densities of all the 

nanocomposites (except in the case of Cu-PC) were found almost close to their 

theoretical densities, indicating that the composites were almost pore free. A little 

difference may be due to filler’s aggregates which may hinder the infiltration of 

polymer during hot pressing and air might be entrapped. In case of MWCNT-PC 

nanocomposite, the density is having slightly increasing trend in contrast to SWCNT-

PC nanocomposite which might be due to the presence of higher impurity content in 

the MWCNT sample than that in SWCNT sample. The experimental density of the 

Cu-PC composites was found significantly less than the theoretical density, and the 

difference became more pronounced as the Cu content increased. The investigation 

revealed that the main factor for reduced experimental density was due to the presence 

of Cu-oxide (Cu2O) in the nano-Cu filler. Cu2O has the density of about 6 g/cc, which 

is much less than that of pure Cu (8.94 g/cc). The presence of Cu2O was also 

confirmed by XRD analysis, as discussed in next section.  
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Figure 5.11. Theoretical and experimental densities of the Cu-PC nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Theoretical and experimental densities of (a) SWCNT-PC and (b) MWCNT-PC 
nanocomposites. 
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Figure 5.13. Theoretical and experimental densities of the FLG-PC nanocomposites. 

 

 

5.2.2 X-ray diffractometry and Raman spectroscopy  

Copper powder showed peaks [Figure 5.14] at 43.46⁰ and 50.6⁰ which 

corresponds to (111) and (200) planes, respectively, according to JCPDS (00-003-

1005). In addition to the peak of Cu, the peaks at 29.5⁰, 36.5⁰ and 42.5⁰ were also 

found which were corresponding to plans (110), (111) and (200), respectively; of 

Cu2O according to JCPDS file (01-077-0199). The study indicates that the Cu nano 

particles were covered with a thin layer of oxide. Due to large surface to volume ratio, 

the nano-copper particles were sensitive to the oxidation. In comparison to nano Cu 

and PC, the XRD pattern of Cu-PC nanocomposites did not show any obvious 

difference, except the suppression in the intensity due to PC which was due to the 

reduction in the percentage of PC in the composite.  The peak from PC also seems to 

be somewhat narrower in Cu-PC nanocomposite which may be indicative of increased 

ordered structure in PC due to the presence of nano- sized Cu.    
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Figure 5.14. The XRD patterns of Cu powder, Cu-PC nanocomposite and control PC. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. The XRD patterns of MWCNT-PC, SWCNT-PC nanocomposites and control 
PC. 
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Figure 5.16. The XRD patterns of (a) FLG sample (b) FLG-PC nanocomposite with control 
PC. 
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The other characteristic peak (100) for graphene structure is located at about 43.3 

degree. Figure 5.16 (b) confirms the presence of FLG as well as some impurities (may 

be of Mg/MgO, indicated by dotted arrows) in the nanocomposite. The XRD pattern 

of FLG is in support with the findings of A. Chakrabarti et al. [139].   

 The Raman spectroscopy is very important tool for the characterization of 

carbonaceous materials. Therefore Raman analysis for the SWCNT, MWCNT and 

FLG has been carried out and the results are shown in Figure 5.17. 

 

 

 

 

 

 

Figure 5.17. The Raman spectra of (a) SWCNT, MWCNT and (b) FLG samples. 
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graphene comprises of multiple layer due to the splitting of electronic band structure 

of multi-layers.  

 As can be observed in Figure 5.17 (a) the 2D for MWCNT band is slightly 

shifted towards higher frequency side in comparison to the 2D band of SWCNT which 

may be correlated to the larger numbers of layers in MWCNT [152,  153]. The Raman 

spectrum of FLG is shown in Figure 5.17 (b) confirms the presence of sharp 2D band 

at 2700 cm-1 which in turn provides strong evidence in favour of graphene. The 

splitting of 2D band peak confirms the graphene to be few layered. The presence of D 

band at about 1350 cm-1 is confirming the highly disordered few layer graphene. As 

reported [152], the intensity of D band increases as the number of layer decreases 

which suggest that the defects can be easily introduced in the thinner graphene. The 

above characterization data for FLG are also in support with the finding of A. 

Chakrabarti et al. [139].  

 

5.2.3 Transmission electron microscopy  

 Figures 5.18 (a) and (b) are the TEM images of the nano-Cu showing the 

shape and size distribution of particles and confirmed that the particles sizes were 

below 50 nm which is in close agreement with the particle size reported by supplier 

(average particle size of 40 nm). Figure 5.18 (c) is the electron diffraction (ED) 

pattern taken on a single Cu particle, confirming the FCC structure. The ED pattern 

was indexed by calculating the distance of diffraction spots from the centre spot. The 

calculation revealed that the lattice planes spacing were ~ 2 Å and ~ 1.8 Å, shown by 

arrows in Figure 5.18 (c), which are the crystal plane distances of Cu corresponding to 

(111) and (200). The diffused ring patterns along with the spot pattern were also 

observed and might be due to the coating of amorphous carbon on the copper grid. 

Figure 5.19 (a) shows good distribution of Cu particles in the PC matrix. However, 

some aggregates of filler were also observed in the nanocomposites as shown in 

Figure 5.19 (b). 
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Figure 5.18. The TEM analysis of Cu filler 
(a) showing the particle size range between 
15 nm to 50 nm (b) showing the particle 
size range below 15 nm (c) the electron 
diffraction pattern taken on an individual Cu 
particle.  
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Figure 5.19. The TEM images of Cu (5 vol %)-PC nanocomposite (a) dispersion of Cu 
particles in a section of PC matrix; showing very good dispersion (b) dispersion of Cu 
particles in another location of PC matrix; showing aggregates of Cu filler.  

 

Figure 5.20 (a) shows the TEM images of MWCNT sample; also showing 

some impurities in the sample. Figure 5.20 (b) shows the high resolution transmission 

electron microscopy (HRTEM) image of a MWCNT. Figure 5.21 (a) represents the 

TEM images of SWNCT sample; the impurities were rare in the SWCNT in 

comparison to MWCNT sample. Figure 5.21 (b) shows the HRTEM images of 

particular SWCNTs. The HRTEM images of both CNTs show their characteristic 

features; same type of HRTEM were also reported in literature [154-156]. Figure 5.22 

shows the distribution of MWCNT [Figure 5.22 (a)] and SWCNT [Figure 5.22 (b)] in 

the PC matrix. In MWCNT-PC the impurities could be observed, whereas, in 

SWCNT-PC nanocomposite the impurity free distribution was observed. Figure 5.23 

(a) shows TEM image of FLG sample. It can be seen that FLG has sheet like 

morphology. Presence of some impurities is also evident in the image. Figure 5.23 (b) 

is the electron diffraction (ED) pattern taken on an individual graphene layer. The ED 

pattern is favouring the reflection from hexagonal crystal structure of graphene. The 

relatively sharp rings should be indicative of amorphous carbon layer on the copper 

grid, because the electron beam might penetrate the thin graphene sheet.  
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Figure 5.20. The TEM images of (a) a sample of MWCNT (b) HRTEM image of a particular 
MWCNT tube.  

Figure 5.21. The TEM images of (a) a sample of SWCNT (b) HRTEM image of SWCNT; 
showing bundle of tube.  

Figure 5.22. The TEM images of (a) MWCNT (1 vol %) -PC nanocomposite (b) SWCNT (1 
vol %) nanocomposite.   

10 nm 

(b) 

Impurities  

200 nm 

(a) 

(b) 

5 nm 200 nm 

(a) (b) 

100 nm 

(b) (a) 

 100 nm 



93 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.23. TEM analysis of FLG and FLG (3 vol %)-PC nanocomposite (a) The TEM 
image of FLG sample (b) The electron diffraction pattern taken on a FLG sheet (c) FLG (3 vol 
%) -PC nanocomposite (d) PC-FLG at thinner section; showing good dispersion of FLG in PC 
matrix, (e) ED pattern taken from FLG sheet embedded in PC matrix. 
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Figures 5.23 (c) and 5.23 (d) show the TEM images of a FLG (3 vol %)-PC 

nanocomposite at different locations and magnifications. Figure 5.23 (e) is the ED 

pattern taken on an FLG sheet embedded in PC matrix. The ED pattern is favouring 

the reflections from hexagonal crystal structure of FLG, but the reflection is coming 

from the different layers having different crystal orientation. Such type of ED pattern 

for graphene-filled polymer composite has also been reported in a previous work of 

Stankovich et al. [110]. 

 

5.2.4 Scanning electron microscopy  

Figure 5.24 (a) and 5.24 (b) show the morphology of SWCNT in the SWCNT 

(3 vol %)-PC nanocomposite with polished and fractured surface, respectively. The 

SWCNTs are well distributed and making the connections among them. Figure 5.25 

(a) and 5.25 (b) shows the distribution of MWCNT (5 vol %) in the PC matrix with 

polished and fractured surface conditions, respectively, showing well distribution of 

MWCNT. Both the SWCNT and MWCNT in the nanocomposites were having tubular 

morphology.  As obvious, the diameter of the MWCNT in the nanocomposite is 

higher than that of SWCNT. Moreover, the impurity content was higher in the case of 

MWCNT filled nanocomposites as confirmed by the TEM image of the CNTs. Figure 

5.26 (a) and 5.26 (b) are the SEM images of polished and fractured surfaces, 

respectively of FLG (3 vol %)-PC nanocomposite. The FLGs were having sheet like 

morphology in the nanocomposite. Due to sheet morphology they are having large 

surface area and hence the interface area between FLG and PC was high.  These FLG 

sheets were well distributed in the PC matrix and making connections with each 

others throughout the nanocomposite. Some pores were also observed in the SEM 

images of the nanocomposites were indicated by arrows in the images.  
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Figure 5.24. The SEM images of (a) polished surface (b) fractured surface of the SWCNT (3 
vol %)-PC nanocomposite.  
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Figure 5.25. The SEM images of (a) polished surface (b) fractured surface of the MWCNT (5 
vol %)-PC nanocomposite. 
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Figure 5.26. The SEM images of (a) polished surface (b) fractured surface of the FLG (3 vol 
%)-PC nanocomposite.  
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5.2.5 Differential scanning calorimetry  

 The DSC traces show the effect of nanofillers on the thermal behaviour of the 

nanocomposites. Figures 5.27 (a) to 5.27 (c) show the DSC traces of Cu (5 vol %)-PC, 

MWCNT (5 vol %)-PC and FLG (3 vol %)-PC nanocomposites, respectively. The 

fillers have considerable impact on the thermal behaviour of PC. The melting peak for 

Cu (5 vol %)-PC, MWCNT (5 vol %)-PC and FLG (3 vol %)-PC nanocomposites was 

at 228.58 ⁰C, 225.99 ⁰C and 228.57 ⁰C, respectively, which indicates that the melting 

point of the nanocomposites decreased by 8-10 °C compared to control PC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.27. The DSC traces of (a) Cu (5 vol %)-PC (b) MWCNT (5 vol %)-PC and FLG (3 
vol %)-PC nanocomposites.  
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 The effect of filler on the melting point may be understood by the following 

possibilities (1) it is very likely that, during solvent evaporation, the polymer chains 

orient themselves in the vicinity of the filler which creates a larger number of ordered 

domains (crystallites) surrounded by the amorphous regions and hence melting point 

may increase (2) In addition, the filler may find places in between the adjacent 

polymer chains and thereby reduces the interaction between them which reduces the 

energy required for melting.  In this work, all the conductive-fillers were of nano-size 

and may easily entrap between the polymer chains, hence, this factor is dominating 

over the effect of increased crystallized domains.  Therefore, the melting point of the 

nanocomposites was found slightly less than that for control PC.   

 

5.2.6 Electrical properties 

5.2.6.1 AC electrical conductivity 

 As obvious, initially, the electrical conductivity of the composites was 

increased nominally with increasing volume fraction of the fillers. Beyond, a certain 

filler concentration (i.e. beyond percolation threshold), the conductivity started to 

increase abruptly. Figure 5.28 shows the conductivity of the Cu-PC nanocomposite 

which indicates the percolation at about 15 vol % of the Cu nanoparticles. The 

conductivity of Cu-PC was increased to the order of 10-5 S/cm (with 20 vol % of Cu) 

from 10-9 S/cm (for control PC). Figure 5.29 shows the conductivity as a function of 

vol % of both SWCNT and MWCNT in the SWCNT/MWCNT-PC nanocomposites. It 

was found that with SWCNT, the percolation threshold was at lower vol % (at 0.5 vol 

%) than that with MWCNT (at 4 vol %). The achieved conductivity order was about 

10-4 S/cm for both types of CNTs (with 3 vol % of SWCNT and with 10 vol % of 

MWCNT). In the FLG-PC nanocomposite, the percolation was occurred at about 2 vol 

% of FLG as shown in Figure 5.30 and maximum achieved conductivity level was 10-

2 S/cm with 4.22 vol % of FLG  
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Figure 5.28. The electrical conductivity of the Cu-PC nanocomposite as a function of nano-
Cu vol %.  
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Figure 5.29. The electrical conductivity of the SWCNT/MWCNT-PC nanocomposites as a 
function of SWCNT/MWCNT vol %.  
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Figure 5.30. The electrical conductivity of the FLG-PC nanocomposite as a function of FLG 
vol %.  

 

In such composites, the percolation occurs when the conducting particles start 

to interact with each other throughout the composite. The conducting particles may 

interact with each other by physical connections in between adjacent particles or by 

quantum tunnelling effect just before the physical connections between adjacent 

particles, when the polymer layer between the adjacent conducting particles is 

infinitesimal. In the above discussed nanocomposites, the percolation occurred at 

different vol % of fillers. Critical literature survey revealed that the percolation 

strongly depends on conductivity, size, shape, and aspect ratio of the filler. The aspect 

ratio is the most important factor that alters the percolation threshold. In Cu-PC 

nanocomposite, the Cu-nanoparticles are almost spherical in shape with an average 

size of 40 nm (as confirmed from TEM analysis). As it was reported in literature [157] 

that with spherical shape of metallic particles the percolation generally occurs at about 

16 vol %, the experimental results are in good agreement, here. The percolation was at 

lower vol % in SWCNT/MWCNT-PC nanocomposites. SWCNT and MWCNT are in 

tubular shape and hence their aspect ratio are very high (generally greater than 1000). 

In comparison to SWCNTs, the MWCNTs have higher diameter. Hence, it is obvious 
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to find percolation at lower vol % in SWCNT-PC nanocomposite than in MWCNT-

PC nanocomposite, and the experimental results are in agreement.  

The percolation in FLG-PC nanocomposite was observed to occur at a lower 

content of filler as against in MWCNT-PC nanocomposite which can be correlated to 

the sheet like morphooloyg of FLG  (Figure 5.23) in contrast to tube like morphology 

of MWCNT (Figure 5.20). However, the percolation may further vary with type of 

matrix, filler particle size, and method of preparation as can be noted from Tables 3.2-

to 3.4. 

 

5.2.6.2 Dielectric constant and dissipation factor 

Figures 5.31 to 5.34 show the dielectric constant and dissipation factor of Cu-

PC, SWCNT-PC, MWCNT-PC and FLG-PC nanocomposites, respectively. The 

dielectric constant increased gradually as the filler concentration increased in all the 

nanocomposites. Beyond percolation threshold, the dielectric constant increased 

greatly, as with the case of conductivity. Below percolation threshold, dissipation 

factor varied but remained around 0.01, but beyond percolation threshold, it increased 

abruptly which is not good for capacitor application point of view. Low dissipation 

factor is required for radio-frequency applications to avoid signal losses however 

much higher value of dissipation factor can be tolerated for energy storage devices 

[29, 158]. Hence, it is somewhat tedious to develop such polymer composite materials 

possessing high dielectric constant coupled with low dissipation factor. High 

dissipation factor is also advantageous in some applications which include EMI 

shielding, antistatic, flash lamps and heart actuators [36, 159-160].  For Cu-PC 

nanocomposites, the dielectric constant and dissipation factor measured at 1 kHz 

increased to 8.5 and 0.07 (for 15 vol %), respectively and thereafter increased abruptly 

to 108 and 3525, respectively, as shown in Figure 5.31.  

The dielectric constant of SWCNT-PC nanocomposite was almost constant 

(varied from 3.4 to 3.6) up to 0.5 vol % of SWCNT and at 1 vol %, it abruptly 

increased to 5288 as shown in Figure 5.32. When the MWCNT was added to the PC 

matrix, the dielectric constant of the nanocomposites with 4 vol % and 5 vol% 

MWCNT was increased to 6.6 (tan δ = 0.01) and 31858, respectively (Figure 5.33). 
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Figure 5.31. The dielectric constant and dissipation factor (tan δ) of Cu-PC nanocomposites 
as a function of vol % of Cu.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.32. The dielectric constant and dissipation factor (tan δ) of SWCNT-PC 
nanocomposites as a function of SWCNT vol %.  
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The highest augment in the dielectric constant with moderate dissipation factor 

was achieved for the FLG-PC nanocomposites. For example, the dielectric constant of 

the FLG-PC nanocomposites with 3 vol % and 3.5 vol % of FLG was increased to 

about 70 (tan δ = 0.07) and 1010 (tan δ = 104), respectively (Figure 5.34). For all the 

nanocomposites, the trend for increase in the dielectric constant was consistent with 

the trend of electrical conductivity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.33. The dielectric constant and dissipation factor (tan δ) of MWCNT-PC 
nanocomposites as a function of MWCNT vol %.  
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the composites.  Due to the high aspect ratio and the tubular morphology, the CNTs 

make the 3-D connectivity among them at low vol % and hence percolation occurred 

at low vol %, consequently the dielectric constant could not increased to considerable 

extent.  

The dielectric constant of FLG-PC nanocomposite increased to considerable 

extent (it was 70 with dissipation factor of 0.07 at 3 vol %). This good augment, off 

course, should be attributed to the large surface area of polymer film between two 

adjacent FLG sheets which results in the formation of micro-capacitor with good 

capacitance. In case of Cu-PC nanocomposites, the aspect ratio is about 1 and it was 

also found from XRD study that the Cu particles were covered with Cu2O layer. Due 

to these reasons, the formation of micro-capacitors was not effective and hence, even 

with high vol % of Cu particles the increment in dielectric constant was low.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.34. The dielectric constant and dissipation factor (tan δ) of FLG-PC nanocomposites 
as a function of FLG vol %.  
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However, the data for loss factor was lacking in their work. They suggested that the 

prepared nanocomposite can be very good candidate material for EMI shielding 

application through absorbing mechanism.  Based on the above finding, the present 

FLG-PC nanocomposite appeared to be very interesting because it can, not only be 

used as very good EMI shield material beyond percolation but also be as good 

dielectric materials below percolation. The SWCNT-PC and MWCNT-PC 

nanocomposites, beyond percolation, can be used for EMI shielding and ESD 

applications.  

Since the Cu particles were in oxidized condition in the Cu-PC nancomposites, 

this composite could also be a potential candidate for antistatic applications as 

suggested in previous work [161].    

 

5.2.6.3 Effect of frequency on the dielectric constant and dissipation factor  

The effects of varying frequency (103 to 106 Hz) were analyzed and the results 

are represented in Figures 5.35 to 5.42. It was observed that in all the cases, with 

increasing frequency, the dielectric constant decreases. The decrease in the dielectric 

constant was slow and steady up to the filler volume concentration below percolation 

threshold. Beyond the percolation threshold (i.e. in smearing region), the decreasing 

rate became more pronounced. When the system was fully percolated, the decreasing 

trend was almost linear. Dissipation factor also showed different behaviour with 

increasing frequency. Below percolation, it was showing dissipation factor with 

almost constant value or with slow increasing trend (except the case of Cu-PC 

nanocomposite system), whereas, it shows decreasing trend beyond percolation. The 

similar trend for both dielectric constant and dissipation factor in previously reported 

works by various researchers [36, 103-104] corroborate the experimental findings of 

this work. 
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Figure 5.35. The effect of frequency on the dielectric constant of Cu-PC nanocomposites with 
different Cu vol %. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.36. The effect of frequency on the dissipation factor (tan δ) of Cu-PC 
nanocomposites with different Cu vol %. 
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Figure 5.37. The effect of frequency on the dielectric constant of SWCNT-PC 
nanocomposites with different SWCNT vol %. 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.38. The effect of frequency on the dissipation factor (tan δ) of SWCNT-PC 
nanocomposites with different SWCNT vol %. 
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Figure 5.39. The effect of frequency on the dielectric constant of MWCNT-PC 
nanocomposites with different MWCNT vol %. 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 5.40. The effect of frequency on the dissipation factor (tan δ) of MWCNT-PC 
nanocomposites with different MWCNT vol %. 
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Figure 5.41. The effect of frequency on the dielectric constant of FLG-PC nanocomposites 
with different FLG vol %. 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 5.42. The effect of frequency on the dissipation factor (tan δ) of FLG-PC 
nanocomposites with different FLG vol %. 
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Figure 5.35 shows that in Cu-PC nanocomposite, just below percolation (15 

vol %) threshold the dielectric constant was 8.5 at 1 kHz and it decreased to 7.3 as 

frequency increased to 1MHz. Above percolation (i.e. at 20 vol % Cu), the dielectric 

constant decreased almost linearly (from 108 to 102 when frequency increased from 1 

kHz to 1 MHz). It is clear from Figure 5.36 that below percolation, the dissipation 

factor was remained below 0.1. Nanocomposite with 5 vol % Cu shows almost 

frequency independent dissipation factor but above 5 vol % the dissipation factor 

showed decreasing trend with increasing frequency. The frequency dependence of the 

dielectric constant and dissipation factor of the SWCNT-PC (Figures 5.37 and 5.38), 

MWCNT-PC (Figures 5.39 and 5.40) and FLG-PC (Figures 5.41 and 5.42) 

nanocomposites decreased with increasing frequency and the decreasing trend became 

more pronounced with increasing concentration of conductive filler.  

To understand the frequency dependence of the dielectric constant one can 

consider the different types of polarization mechanism viz. interfacial polarization 

(due to the accumulation of charges at the interface between the materials having 

different dielectric constant and conductivity), dipole polarization (due to the 

orientation of dipoles), atomic polarization (due to the displacement of atoms with 

respect to each other in the molecule) and electronic polarization (due to the 

displacement of charges within the atom) [144]. The time required for a particular 

polarization to occur or disappear is called the relaxation-time. The polarization is 

said to be slow if the relaxation time is high and rapid if the relaxation time is small. 

As the frequency increases the slower polarization mechanism becomes lesser and 

lesser effective due to the mismatch of relaxation time and frequency of the field 

which result in the decreased dielectric constant with increasing frequency. The 

dissipation factor is related to the energy dissipated due to the friction or resistance 

experience by the bound charges/dipoles in forming the polarization.  

All the conductive filled nanocomposites were heterogeneous systems in 

which the interfacial type polarization or Maxwell-Wagner-Sillars polarization, as 

reported in various previous works [36, 112] were dominated at lower frequencies. 

Hence, in all the present nanocomposites, the dielectric constant was high at lower 

frequencies. As the frequency increased the polarization became less dominant and 

hence the dielectric constant decreased with increasing frequency. As the frequency 

increases, due to the mismatching of relaxation time of particular polarization 
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mechanism and field frequency, the loss factor increases, hence the dissipation factor 

for the present nanocomosites showed slight increasing trend with increasing 

frequency. Above percolation, the rapid drop in the dielectric constant must be 

attributed to the large leakage current which also gives rise to high dissipation factor. 

This argument is in support with the finding reported in previous works [36, 104].  

 

5.2.6.4 Effect of temperature on the dielectric constant and dissipation factor 

The temperature dependency of the dielectric constant and dissipation factor 

for the studied nanocomposites are shown in Figures 5.43 to 5.50.  The temperature 

dependency was analyzed for the nanocomposites below percolation. For all the 

nanocomposites the temperature dependency was examined at 10 kHz frequency.  

The dielectric constant of the Cu (5 vol %)-PC nanocomposite was increased 

very slightly, beyond 100 ⁰C, with increasing temperature, whereas, for Cu (15 vol 

%)-PC nanocomposite, the dielectric constant initially increased then decreased i.e. 

showing a broad peak expanding from room temperature to 100 ⁰C, however the 

change in the dielectric constant was not significant. Beyond 100 ⁰C, the dielectric 

constant again started to increase and reached to the value of about 12 at 200 ⁰C.  The 

dissipation factor, in both the nano Cu-filled composites, remained almost constant up 

to 100 ⁰C. On further increasing the temperature, the dissipation factor was found to 

increase continuously. 

For all the nanocomposites with carbonaceous filler i.e. SWCNT-PC (Figure 

5.42 and 5.43), MWCNT-PC (Figure 5.44 and 5.45) and FLG-PC (Figure 5.46 and 

5.47), the dielectric constant was almost constant (similar trend as observed for 

control PC) in the studied temperature range except the case of FLG (3 vol %)-PC 

nancomposites, in which the dielectric constant was increasing significantly beyond 

120 ⁰C and reached up to 390 at 200 ⁰C. For all these nanocomposites, the dissipation 

factor exhibited a change in the form of two broad peaks, one below 120 ⁰C and one 

above 130 ⁰C.  

As discussed in the literature section, two competitive factors determine the 

temperature dependence of dielectric behaviour of such heterogeneous composites (a) 

segmental mobility of the polymer chains with increasing temperature which increases 
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the dielectric constant and (b) different coefficient of thermal expansion of filler and 

polymer which disturbs the distribution of filler in the polymer and hence decreases 

the dielectric constant. Which factor is dominant, decides the temperature dependence 

of dielectric behaviour. The increment in the dissipation factor can be attributed to the 

increased segmental mobility (due to associated β- and α- relaxations) of polymer 

chains which gives rise to the increased losses.  

At lower vol %, for all the nanocomposites, the dielectric constant showed 

almost similar trend as shown by control PC i.e. not much affected by the temperature 

in the studied range. However, very slight changes were observed beyond 100 ⁰C. 

Such behaviour confirms that, at lower vol %, the nanocomposites structures were not 

much affected with increasing temperature. The slight increase in the dielectric 

constant, beyond 100 ⁰C, may be correlated to the improved interfacial polarization 

with increasing temperature.  Qi et al. [96] also observed the similar trend for 

dielectric constant in Ag/epoxy nanocomposites. A weak temperature dependence of 

dielectric constant has also been reported by Dang et al. [95] in Ag/epoxy composites 

which was correlated to the steady microstructure. 

  

 

 

 

 

 

 

 

 

Figure 5.43. Variation in dielectric constant as a function of temperature for (a) PC-5 vol % 
Cu (b) PC-15 vol % Cu nanocomposites. 
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Figure 5.44. Variation in dissipation factor (tan δ) as a function of temperature for (a) PC-5 
vol % Cu (b) PC-15 vol % Cu nanocomposites 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.45.  Variation in dielectric constant as a function of temperature for SWCNT 
(0.5%)-PC nanocomposite.  
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Figure 5.46. Variation in dissipation factor as a function of temperature for SWCNT (0.5 
vol%)-PC nanocomposite (In case of SWCNT-PC nanocomposite, below percolation, only one composition 
was available and hence the temperature dependence was only analyzed for one composition).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.47.  Variation in dielectric constant as a function of temperature for (a) SWCNT      
(3 vol %-PC) (b) MWCNT (4 vol %)-PC nanocomposites. 
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Figure 5.48. Variation in dissipation factor as a function of temperature for (a) SWCNT (3 
vol %-PC) (b) MWCNT (4 vol %)-PC nanocomposites. 

 

 

 

 

 

 

 

 

Figure 5.49.  Variation in dielectric constant as a function of temperature for (a) FLG (2 vol 
%-PC) (b) FLG (3 vol %)-PC nanocomposites. 
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 Figure 5.50.  Variation in dissipation factor as a function of temperature for (a) FLG (2 vol 
%-PC) (b) FLG (3 vol %)-PC nanocomposites. 
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decreased initially with increasing temperature up to 100 ⁰C and thereafter it increased 

with further increase of temperature. These data are interesting for the use of FLG-PC 

nanocomposites as potential dielectric materials for various commercial applications 

involving service temperature up to 100 ⁰C. These nanocomposites are advantageous 

over previously prepared commercial polymer/ceramic hybrid films [1] due to higher 

dielectric constant with tolerable dissipation factor at much lower filler concentration.   
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CHAPTER 6  

RESULTS AND DISCUSSIONS  
(Three-Phase Nanocomposites)              

 

Second filler was incorporated in two-phase (ceramic-polymer) composite so 

as to improve its dielectric properties and the resultant composite is termed as three-

phase composite. In two-phase conductive filler-filled composites, once percolation 

has been achieved, it is not meaningful to increase the volume concentration of 

conductive filler to increase the dielectric constant, because leakage current and 

thereby dissipation factor also increases to a great extent. In case of three-phase 

micro-/nanocomposites, containing both conductive and non-conductive fillers, the 

presence of non conductive filler obstructs the early formation of 3-D connections 

among the conductive fillers.  In another words one can increase the smearing region 

in three-phase composites. In this work two such nancomposites have been prepared: 

(a) Cu-PZT-PC and (b) MWCNT-PZT-PC. In both the three-phase nanocomposites 

the composition of PZT-PC was fixed and considered as matrix phase. Based on the 

results for PZT-PC composites, it was decided to use PZT (14 vol %)-PC composite 

as matrix and the volume concentration of Cu nano-powder and MWCNT was varied 

to prepare three-phase Cu-PZT-PC and MWCNT-PZT-PC nanocomposites, 

respectively. The criteria of selectingr PZT (14 vol %)-PC were: moderate 

concentration of ceramic filler (to avoid possibility of brittleness in the resultant three-

phase composites), considerably enhanced dielectric constant in comparison to PC 

coupled with low dissipation factor (below 0.01). Due to fix composition of PZT-PC, 

the vol % of PZT will not be indicated while showing the composition of particular 

nanocomposite.  

 

6.1 Density  

The densities of the Cu-PZT-PC and MWCNT-PZT-PC nanocomposites are 

shown in the Figures 6.1 and 6.2. The density of the Cu-PZT-PC nanocomposite was 

increased with increasing Cu vol % because of the higher density of Cu. The density 

of the MWCNT-PZT-PC nanocomposite was almost constant with increasing 

MWCNT vol % which must be attributed to almost same density of MWCNT and 
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PZT (14 Vol %)-PC composite.  However, the experimental densities were found 

lower than theoretical values in both the nanocomposites which may be due to the 

presence of pores in the composite structure. The difference was more significant in 

Cu-PZT-PC nancomposites as the vol % of Cu increased which might be due to the 

presence of Cu2O (having the density of about 6 g/cc) in the nano-Cu filler  as also 

discussed in previous section of two-phase composites. 

 

 

 

 

 

 

 

 

 

Figure 6.1. Theoretical and experimental density of the Cu-PZT-PC nanocomposites as a 
function of nano-Cu volume percent. 

 

 

 

 

 

 

 

 

Figure 6.2. Theoretical and experimental density of the MWCNT-PZT-PC nanocomposites as 
a function of MWCNT volume percent. 
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6.2 X-ray diffractometry 

The XRD patterns for both the three phase composites are shown in Figure 

6.3. For better comparison the XRD traces of PC and PZT are also shown in these 

figures. The patterns here confirm the presence of all the three phases in the three-

phase nanocomposites. The peak at around 73⁰ is from the holder background. The 

peaks of PZT, Cu and Cu2O were found in Cu-PZT-PC nanocomposite at the same 

positions as discussed in the previous sections of two phase composites. For 

MWCNT-PZT-PC nanocomposite, the peak at 26.2⁰, corresponding to (002) plane, 

confirms the presence of MWCNT, however the intensity was very low. A peak 

around 43.4⁰ is also expected corresponding to (101) plane related to MWCNT, but 

here the peak is not apparent. The low intensity from MWCNT was due to the low 

volume percent (1 vol %) of the MWCNT.  

 

 

 

 

 

 

Figure 6.3. The XRD patterns for (a) Cu-PZT-PC and (b) MWCNT-PZT-PC. 

 

6.3 Scanning electron microscopy  

The SEM micrographs of the Cu-PZT-PC and MWCNT-PZT-PC are shown in 

the Figures 6.4 and 6.5 respectively. In Cu-ZPT-PC nanocomposites both the fillers 
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the SEM micrograph, EDS analysis was also carried out.  
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Figure 6.4. The SEM images (a) Cu (20 vol %)-PZT-PC nanocomposite (b) magnified image 
of the same nanocomposite; arrows are indicating the pores and (c) EDS spectrum (of the 
encircled area) of Cu (20 vol%)-PZT-PC nanocomposite. 
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(b) 

(a) 

well). The SEM images for Cu-PZT-PC confirm the uniform dispersion of the fillers; 

however the formation of aggregates were also found. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. The SEM images of MWCNT (4 vol %)-PZT-PC (a) at 1600X magnification and 
(b) at 3000X magnification; arrows are indicating the pores.  
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The SEM images for MWCNT-PZT-PC clearly confirmed the presence of 

MWCNT and PZT particles due to their different shape morphology. As can be 

observed, PZT particles were embedded in the matrix disturbing the connections 

between MWCNTs. The arrows in the SEM images are indicating the presence of 

some pores. 

 

6.4 Differential scanning calorimetry  

The DSC traces for Cu-PZT-PC and MWCNT-PZT-PC are shown in the 

Figures 6.6 and 6.7 respectively.  As found in the previous cases, due to the 

incorporation of nano-fillers the melting point of PC was shifted towards lower 

temperature side. Here, the melting point was found to be at 230.26 and 232.72 ⁰C for 

Cu (20 vol %)-PZT-PC and MWCNT (5 vol %)-PZT-PC, respectively. As discussed 

in previous sections, the nano-sized Cu- and MWCNT-fillers might find place in 

between the adjacent polymer chains and thereby reduce the interaction in between 

these chains. Due to decreased interactions lower energy will be required for melting 

of the nanocomposites hence the endothermic peak for melting point shifted slightly 

towards lower temperature. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. The DSC traces for control PC and Cu (20 vol %)-PZT-PC nanocomposite.  
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Figure 6.7. The DSC traces for control PC and MWCNT (5 vol %)-PZT-PC nanocomposite. 

 

6.5 Electrical properties 

6.5.1 AC electrical conductivity 

The electrical conductivities of both the nanocomposites are shown in Figures 
6.8 and 6.9. 

 

 

  

 

 

 

 

 

 

Figure 6.8. The electrical conductivity of Cu-PZT-PC nanocomposites as a function of nano-
Cu filler.  
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Figure 6.9. The electrical conductivity of MWCNT-PZT-PC nanocomposites as a function of 
MWCNT.  

 

The observations revealed that, in three-phase composites, the electrical 

conductivity of the nanocomposites was slightly increased but the order of magnitude 

did not change. The percolation was absent in both the cases which clearly indicates 

that conducting fillers (i.e. Cu and MWCNT) did not able to make 3D connectivity in 

their three-phase nanocomposites due to the presence of PZT particles. In contrast to 

this, percolation was easily started in Cu-PC (with 15 vol % of Cu) and MWCNT-PC 

(with 4 vol % of MWCNT) nanocomposites.   

 

6.5.2 Dielectric constant and dissipation factor 

The dielectric constant of both the three-phase nanocomposites was increased 

continuously as shown in Figures 6.10 and 6.11. As the volume concentration of the 

conductive fillers increases the interfacial polarization also increases which ultimately 

increases the dielectric constant. Abrupt increase in the dielectric constant was not 

observed in the studied volume concentration window which is due to the presence of 

PZT particles which may inhibit the formation of effective micro-capacitors. 
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Figure 6.10. The variation in the dielectric constant and dissipation factor (tan δ) of the Cu-
PZT-PC nanocomposites.   

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11. The variation in the dielectric constant and dissipation factor (tan δ) of the 
MWCNT-PZT-PC nanocomposites.   
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George and Sebastian [11] studied Ca[(Li1/3Nb2/3)0.8Ti0.2]O3-δ (CLNT)–epoxy–

silver three-phase composite and observed that with increasing volume fraction of 

silver, the dissipation factor was continuously increasing, however the volume fraction 

was greater than 5%. Li et al. [162] also observed almost similar behaviour for three-

phase composites. The similar trend for dissipation factor was observed for Cu-PZT-

PC nanocomposite in present case. However, the trend for dissipation factor in 

MWCNT-PZT-PC was almost opposite.  

Ghallabi et al. [68] studied the MWCNT containing three-phase 

nanocomposites and obtained very high level of dielectric constant (up to 5000), 

however the discussion for dissipation factor with increased MWCNT content was 

lacking. As reported by Zhang et al. [163], the dissipation factor in such three-phase 

composites depends upon the energy losses due to electron conduction, interfacial 

polarization process and dipole orientation process. In the present case, as the 

MWCNT content increased, due to fibrous morphology and awesome electronic 

properties, the electric field experienced by PZT particles is likely to be increased at 

the MWCNT/PZT interface throughout the composites. This facilitates the dipole 

orientation type polarization in PZT and hence the dissipation factor slightly 

decreased. 

 

6.5.3 Effect of frequency on the dielectric constant and dissipation factor 

In Cu-PZT-PC nanocomposites, as expected, the dielectric constant is higher 

(Figure 6.12) at low frequencies due to dominating interfacial polarization. As the 

frequency increased the dielectric constant decreased, due to the mismatching of 

relaxation time of polarization mechanism and field frequency. As the vol % of Cu 

increased in the nanocomposite, the frequency dependency was becoming more 

pronounced which might be attributed to the increasing interfacial polarization with 

increasing Cu vol %. The dissipation factor was also decreased with increasing 

frequency as shown in Figure 6.13. The dielectric constant for MWCNT-PZT-PC 

nanocomposites was almost frequency independent as shown in Figure 6.14, which is 

indicating that the presence of MWCNT did not alter the frequency dependence of the 

MWCNT-PZT-PC nanocomposites. The dissipation factor shows increasing trend 

above 105 Hz, but still remained below 0.06 as evident from Figure 6.15.  
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Figure 6.12. The effect of frequency of the dielectric constant of Cu-PZT-PC nanocomposites 
with different vol %. 

 

 

 

 

  

 

 

 

 

 

 

Figure 6.13. The effect of frequency of the dissipation factor of Cu-PZT-PC nanocomposites 
with different vol %. 
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Figure 6.14. The effect of frequency of the dielectric constant of MWCNT-PZT-PC 
nanocomposites with different vol %. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15. The effect of frequency of the dissipation factor of MWCNT-PZT-PC 
nanocomposites with different vol %. 
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6.5.4 Effect of temperature on the dielectric constant and dissipation factor 

 The temperature dependencies of the dielectric constant and dissipation factor 

are shown in Figures 6.16 to 6.19 for both the nanocomposites.  The dielectric 

constant and dissipation factor of Cu (10 vol %)-PZT-PC were almost independent of 

temperature [Figures 6.16 (a) and 6.17 (a)]. On increasing the volume content of Cu 

i.e. in Cu (20 vol %)-PZT-PC nanocomposite, the dependency become pronounced. 

The similar trend was observed for MWCNT-PZT-PC nanocomposites (Figures 6.18 

and 6.19). George and Sebastian [11] also observed the increasing temperature 

dependency with increasing volume content of fillers.  

In the Cu(20 vol %)-PZT-PC nanocomposite, the dielectric constant firstly 

increased up to 80 ⁰C then exhibited decreasing trend up to 160 ⁰C and  beyond this 

again increased, as evident from Figure 6.16 (b). With regard to dissipation factor, it 

can be seen in Figure 6.17(b) that it was continuously increased with increasing 

temperature. As clear from the Figure 6.18 (b), the dielectric constant of MWCNT (5 

vol %)-PZT-PC nanocomposite was almost constant up to 90 ⁰C, beyond this, it 

showed an abrupt drop and remained constant up to 160 ⁰C. In case of MWCNT (5 

vol %)-PZT-PC nanocomposite, two humps (first was expanding from room 

temperature to 80 ⁰C and the second was expanding from 120 to 180 ⁰C) were 

observed for dissipation factor, as can be observed in Figure 6.19(b).  

 As evident, the anomalous dielectric behaviour was observed with increasing 

temperature. At higher volume concentration of conductive fillers, the interfacial area 

among PC, PZT and Cu/or MWCNT increases. On increasing temperature, the easy 

facilitation of dipole orientation increases the dielectric constant. At the same time, 

due to the increased charges at interface and increased temperature the leakage current 

increases which results in the increased dissipation factor, as clearly evident in the 

case of Cu(20 vol %)-PZT-PC nanocomposite. However, with increasing temperature, 

due to the different thermal expansion coefficient of polymer matrix and fillers, the 

distribution of fillers in the matrix may disturb and the dominating polarization 

mechanisms may also change. This might be responsible for the decreasing trend of 

dielectric constant. The changes, observed beyond 180 ⁰C should be attributed to the 

thermal agitation in the polymer segments.  
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Figure 6.16.  Variation in dielectric constant as a function of temperature for (a) PZT-Cu (10 
vol%)-PC (b) PZT-Cu (20 vol%)-PC nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17. Variation in dissipation factor as a function of temperature for (a) PZT-Cu (10 
vol%)-PC (b) PZT-Cu (20 vol%)-PC nanocomposites. 
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Figure 6.18. Variation in dielectric constant as a function of temperature for (a) PZT-
MWCNT (3 vol%)-PC (b) PZT-MWCNT (5 vol%)-PC nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.19. Variation in dissipation factor as a function of temperature for (a) PZT-MWCNT 
(3 vol%)-PC (b) PZT-MWCNT (5 vol%)-PC nanocomposites. 
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CHAPTER 7   

CONCLUSIONS  
 

The research work on preparation and studies on polycarbonate based 

nanocomposite for electronic applications has been successfully carried out. Based on 

the finding from density measurements, XRD analysis, microscopic studies, DSC 

analysis and electrical measurements, the following conclusions can be made.  

 

• Two-phase composites namely, PZT-PC, Cu-PC, SWCNT-PC, MWCNT-PC 

and FLG-PC, have been successfully prepared and studied. 

• Two phase composite based on PC containing about 14 vol % (50 wt %) PZT 

was considered as matrix for preparing three-phase nanocomposites. Three-

phase nanocomposites namely, Cu-PZT-PC and MWCNT-PZT-PC have been 

prepared and studied. 

• The densities of the micro- and nanocomposites were found close to the 

theoretical values except the cases of Cu-PC and Cu-PZT-PC nanocomposites. 

In case of Cu-filled nanocomposites, the presence of Cu2O is probably the 

cause of lower experimental densities than those of theoretical densities. 

• The XRD study confirmed the induced crystallinity in PC due to the solution 

effect and nucleating effect of fillers. XRD studies also confirmed the presence 

of fillers in the micro-and nanocomposites. 

• Scanning electron microscopy confirmed good dispersion of fillers in the PC 

matrix. Raman spectroscopy confirmed the formation of few-layer graphene in 

the prepared sample.  

• DSC analysis confirmed that PC dissolved in THF is crystallized and showed 

sharp melting point while as received PC was amorphous and showed a sharp 

glass transition temperature. 

• Among the studied conductive filler-filled nanocomposites, lowest percolation 

threshold was observed for the SWCNT-PC nanocomposite and the maximum 



135 
 

achieved electrical conductivity was 10-4 S/cm. The dielectric constant was 

increased up to 103 with the dissipation factor of about 9 (at 1 vol % of 

SWCNT). 

• The highest dielectric constant of 70 (i.e., about 20 times higher than that of 

pure PC) with dissipation factor of 0.07 was found for FLG-PC 

nanocomposite. It is very interesting from the application point of view.  

However, on further increasing the FLG in the PC matrix, the dissipation 

factor was found to increase significantly. The highest electrical conductivity 

of this nanocomposite containing 4.2 vol % FLG was 10-2 S/cm. 

• In three-phase Cu-PZT-PC and MWCNT-PZT-PC nanocomposites, the 

percolation was not observed in the studied volume range of conductive filler. 

The maximum achieved dielectric constant was about 14 (tan δ = 0.17) and 8.5 

(tan δ = 0.004) in Cu-PZT-PC and MWCNT-PZT-PC nanocomposites, 

respectively. 

•  Insignificant change in the dielectric constant was found for the PZT-PC 

composites and MWCNT-PZT-PC nanocompoistes with increasing frequency 

while there was decreasing trend in the dielectric constant for the other 

nanocomposites containing conductive fillers particularly above the 

percolation threshold. The dielectric constant and dissipation factor were found 

to be stable up to 100 ⁰C. 

• The FLG-PC nanocomposite, below percolation, could be a potential dielectric 

material to be useful for the embedded capacitors because its dielectric 

constant values fall in the range of dielectric constant (i.e., > 15) of the 

commercial products with tolerable dissipation factor.  

• Cu-PC, SWCNT-PC, MWCNT-PC and FLG-PC nanocomposites, beyond 

percolation, may be useful for electromagnetic interference shielding/electro 

static dissipation (ESD). 
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