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COMPOSITES 

by UDHAY SUNDAR 

 

Thesis Director: 

Kimberly Cook-Chennault 

 

Three-phase piezoelectric bulk composites were fabricated using a mix and cast method.  

The composites were comprised of lead zirconate titanate (PZT), aluminum (Al) and an 

epoxy matrix. The volume fraction of the PZT and Al were varied from 0.1 to 0.3 and 0.0 

to 0.17, respectively.  The influences of three entities on piezoelectric and dielectric 

properties: inclusion of an electrically conductive filler (Al), poling process (contact and 

Corona) and Al surface treatment, were observed. The piezoelectric strain coefficient, d33, 

effective dielectric constant, r, capacitance, C, and resistivity were measured and 

compared according to poling process, volume fraction of constituent phases and Al 

surface treatment. The maximum values of d33 were ~3.475 and ~1.0 pC/N for Corona 

and contact poled samples respectively, for samples with volume fractions of 0.40 and 0.13 

of PZT and Al (surface treated) respectively.  Also, the maximum dielectric constant for 

the surface treated Al samples was ~411 for volume fractions of 0.40 and 0.13 for PZT 

and Al respectively.  The percolation threshold was observed to occur at an Al volume 
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fraction of 0.13.  The composites achieved a percolated state for Al volume fractions >0.13 

for both contact and corona poled samples. In addition, a comparative time study was 

conducted to examine the influence of surface treatment processing time of Al particles.  

The effectiveness of the surface treatment, sample morphology and composition was 

observed with the aid of SEM and EDS images.  These images were correlated with 

piezoelectric and dielectric properties. PZT-epoxy-aluminum thick films (200 µm) were 

also fabricated using a two-step spin coat deposition and annealing method. The PZT 

volume fraction were varied from 0.2, 0.3 and 0.4, wherein the Aluminum volume fraction 

was varied from 0.1 to 0.17 for each PZT volume fraction, respectively.  The two-step 

process included spin coating the first layer at 500 RPM for 30 seconds, and the second 

layer at 1000 RPM for 1 minute. The piezoelectric strain coefficients d33 and d31, 

capacitance and the dielectric constant were measured, and were studied as a function of 

Aluminum volume fraction. 
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Chapter 1 

Introduction 

 

1.1. Research goal 

The inclusion of electrically conductive particles within a two-phase piezoelectric 

composite (PZT and epoxy) results in enhanced piezoelectric and dielectric properties (in 

comparison to the two-phase composite), with corresponding increases in dielectric loss 

of the material and reduction in the breakdown field strength [1-3]. It is well known that 

the dielectric and piezoelectric properties observed in materials such as these are a 

function of electrically conductive filler size, particle distribution, and the particle to 

matrix bond.  These parameters influence the particle to matrix interfaces and subsequent 

efficacy of the polarization process, yet less is about their effect on the macroscopic 

dielectric and piezoelectric properties of the bulk and thick film forms of these composites. 

In this thesis, the materials of focus include two-phase piezoelectric-epoxy composites 

that incorporate semi-spherical and ellipsoidal aluminum inclusions as the electrically 

conductive third phase.  Both bulk and thick films were fabricated and analyzed to 

understand the effects constituent volume fraction, composite polarization type, and 

particle surface treatment had on the bulk and thick film composite dielectric and 

piezoelectric properties. 



2 
 

 
 

Aluminum forms an aluminum oxide (Al2O3) shell around its core when exposed to 

air. As a result, the aluminum particle instantaneously establishes positive charges in the 

core and negative charges around the shell due to the charge transfer from aluminum to 

absorbed oxygen (O2) [4]. The aluminum oxide shell affects the properties of the interface 

between the aluminum and epoxy matrix, and consequently the piezoelectric and 

dielectric properties of the composite. 

 This thesis includes a time study of the surface treatment of aluminum particles 

to understand how the particle to matrix interfacial properties influence the bulk 

composite piezoelectric and dielectric properties.  Also, the piezoelectric and dielectric 

properties of the bulk and thick film PZT-aluminum-epoxy composites were observed as 

functions of frequency, composition and polarization method to gain an understanding of 

the variability of properties observed with the reduction in the aspect ratio of the samples. 

1.2. Research motivation and background 

Piezoelectricity can be defined as the electric polarization produced by mechanical strain 

in crystals belonging to certain classes, where the polarization is proportional to the 

strain, and changes sign with it.  In other words, if the pressure is replaced by a stretch 

(i.e., a reversal in sign of the pressure) the sign of the electric polarity becomes reversed 

too [5].  Piezoelectric materials exhibit a non-centrosymmetric structure in the 

tetragonal phase, i.e., there is no crystalline inversion symmetry. As such, these materials 

have a linear relationship between mechanical and electrical energy of the material [6]. 
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Piezoelectric materials are primarily used as transducers to convert mechanical 

energy into electrical energy, or vice versa. To this end, they are employed in structural 

health monitoring applications for civil structures [7-10], and as industrial sensors and 

actuators [11-13].   Materials such as these are also used in passive devices such as 

embedded capacitors [14-17], and vibration based energy harvesting applications due to 

their ability to convert mechanical energy to electrical energy [11, 18, 19]. 

Research and innovation in piezoelectric and dielectric materials are currently 

motivated by the Internet of Things (IoT) [11, 18, 20] - namely devices, vehicles, buildings, 

etc. that are wirelessly connected via electronics, software, sensors and network 

connectivity.  The realization of devices such as these that can transmit information, 

communicate wirelessly, and self-power themselves requires the development and 

optimization of advanced piezoelectric and dielectric materials.  Also, systems such as 

these that employ sensors are powered using conventional batteries; which limit their 

operation cycle.  Also, replacement of the batteries can prove problematic, especially if 

they are positioned in remote locations, such as structural sensors on a bridge or as 

tracking devices on moving objects [21].  Hence, it is desirable to use self-powered 

sensors in such applications.  Piezoelectric energy harvesting devices provide an 

alternative to traditional battery powered systems, where they can be used to self-power 

themselves and other components within micro-electromechanical systems (MES), where 

they could be integrated into hybrid power systems [11, 22, 23]. 

Many materials express the piezoelectric effect, such as quartz, ceramics 

(Pb(ZrxTi1-x)O3, BaTiO3) and various polymers (PVDF, P(VDF-Tr-FE).  In most 

practical cases, however, ceramics are used because of their high piezoelectric strain 
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coefficient or d values [18].  For example, ceramic materials such as lead zirconate 

titanate (PZT) (d33 ~ 630 pC/N [24]) and barium titanate (BaTiO3) (d33 ~191 pC/N 

[25]) have been widely used in several applications due to their high d33 values [26].  

Polymers such as poly(vinylidene difluoride) (PVDF) have been used in place of ceramics 

due to their large g33 voltage coefficient (g33 ~ 0.14-0.22 V.m/N [27]), which make it a 

more sensitive material, i.e. requiring less force to prompt a piezoelectric response.  

However, PVDF possesses a much lower piezoelectric strain coefficient (d33 = 33 pC/N) 

[18, 25] in comparison to other ceramic piezoelectric materials (d33 = 630 PZT Navy VI 

[24])).  

Homogenous ceramic piezoelectric materials have relatively high d33 constants but 

are limited in their application because of their high stiffness (51-59 GPa for PZT [24] 

and 1.6-2.2 GPa for PVDF [27]), poor mechanical properties, brittle nature and high 

processing temperature [18, 28].  Many applications, e.g. actuators [12, 13, 26] and 

sensors [29, 30], require compliant and flexible materials with lower mechanical 

impedance.  Researchers have thus found that using polymer-ceramic composites that 

utilize the individual properties of both materials can alleviate some of the challenges 

associated with homogenous ceramic materials [31-33].   

The composite piezoelectric materials of interest for this thesis incorporate lead 

zirconate titanate ((Pb(ZrxTi1-x)O3) particles within an epoxy polymer matrix forming a 

0-3 connectivity pattern. However several challenges exist with 0-3 composites (1) it is 

difficult to uniformly disperse the ceramic particles within the polymer matrix, especially 

at higher filler volume fractions, (2) there is increased porosity within the composite due 

to the formation of voids which leads to premature dielectric breakdown and ineffective 
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polarization, and (3) a reduction in the overall dielectric properties (despite having 

increased flexibility and compliance).  In order to overcome these obstacles, researchers 

have investigated adding an electrically conductive filler to the conventional 0-3 

composite, thereby creating a 0-3-0 connectivity pattern [34-37].  All have reported an 

increase in the polymer matrix conductivity due to the addition of the electrically 

conductive fillers.  However less is known about the morphology of the composite and 

surface properties of the electrically conductive particles, which influence the dielectric 

and piezoelectric properties of the composite. In this work we investigate the surface 

interactions between the surfaces of the particles such as agglomerations within the 

composite with the aid of scanning electron microscopy (SEM) and energy dispersive X-

ray spectroscopy (EDS).  

1.3. Research hypotheses 

Piezoelectricity in ferroelectric ceramics in induced when an electric field is externally 

applied to switch the polar axis of the crystallites to the symmetry along the direction of 

the applied electric field, in a process called poling [38].  The most conventional form of 

poling, parallel-plate contact poling, requires the piezoelectric material have electrodes 

placed at the top and bottom surfaces of the material, and placed within an oil bath while 

applying an external direct current electric field.  However this process poses many 

inconveniences: (1) the sample sides must have electrodes applied on each surface prior to 

application of electric field and (2) this process is limited to samples of small area [38]. 

Another disadvantage is, for porous samples, the air voids create an area of reduced 

electrical resistance within the composite which in turn leads to weak zones that are 
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vulnerable to dielectric breakdown, which facilitates the formation of conductive 

pathways through the material, which eventually impedes further poling.  

An alternative poling approach that makes use of a corona discharge from a needle 

to pole the samples has been developed. The corona discharge technique aims at quashing 

these disadvantages by creating a contact free poling method. Furthermore the corona 

poling technique is not limited to small sample surface area and surface do not need to 

have electrodes and thereby eliminating shorting of the samples at the weak zones.   

This thesis is motivated by two hypotheses. The first hypothesis is that the corona 

polarization process is more effective than the parallel plate polarization process in these 

three phase bulk composites.  Less literature is available for application of the corona 

polarization technique to bulk materials.  The second hypothesis is that the 

functionalization of the conductive aluminum inclusions will enhance the interfacial layer 

between the matrix and the particle, which will result in increased piezoelectric and 

dielectric properties. 

Hence, the objectives of the thesis were to fabricate three phase PZT-Aluminum-

Epoxy bulk composites and thick film and to study their dielectric and piezoelectric 

properties such as piezoelectric strain coefficients d33 and d31, capacitance, dielectric 

constant and conductivity as a function of the volume fraction of the spherical inclusion. 

The influence of two different polarization techniques, the conventional contact poling 

method and the corona discharge technique on the dielectric and piezoelectric 

characteristics, was also studied. The effect of functionalizing of the spherical inclusion 

prior to its addition to the composite and its distribution was investigated with the help 

of scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy. 
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1.4. Overview of the structure of the thesis 

The structure of the thesis is as follows: In Chapter 1 the background, research goal and 

motivation are provided. It also provides the objective of the thesis. Chapter 2 introduces 

the concept of dielectric, ferroelectric and piezoelectric materials while also providing a 

historical background of these materials, from their discovery to their evolution. Chapter 

2 also explains the basic of composite piezoelectric materials and various connectivity 

patterns and different types of poling namely, contact and corona poling technique. 

Chapter 3 provides an overview of the literature review of PZT-Epoxy composites both 

two-phase and three-phase in the form of bulk form and films. This chapter aims at tracing 

the development of these materials over time.  Chapter 4 provides the methodologies used 

for the fabrication and characterization of the bulk composite and thick film. It then delves 

into materials characterization followed by explaining the surface treatment of the 

aluminum inclusions. Chapter 5 outlines the results and their discussion from the 

experiments for bulk composites and thick film composites, and how varying aluminum 

inclusion influences the properties of the overall composite. 
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Chapter 2 

Definitions and History of Dielectric Materials 

 

2.1. Dielectric Materials 

A dielectric material is one that is electrically insulating (nonmetallic) and exhibits or 

may be processed to exhibit an electric dipole structure, i.e. there is a separation of positive 

and negative electrically charged particles on a molecular or atomic level. The dielectric 

materials exhibit one of the following types of polarization, electronic, ionic and dipolar 

or orientation. The process of dipole formation, or alignment of already existing 

permanent or induced dipoles under the influence of an external electric field, is called 

polarization [39]. Dielectric materials can also exhibit interface or space charge 

polarization. The various polarization mechanisms are explained. 

Within each atom or ion there is a positively charged nucleus surrounded by a 

negative electron cloud. The applied field causes the electron cloud to distort in one 

direction while the nucleus moves in the other direction. Since the center of the electron 

cloud no longer coincides with the nucleus, a dipole moment develops. This polarization 

mechanism is known as electronic polarization as shown in Figure 2.1 [40]. 
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Figure 2.1: Schematic diagram of an A) atom or ion that has a positively charged nucleus surrounded by a 
negative electron cloud. B) The application of an electric field, E causes the electron cloud to distort in one 
direction while the nucleus moves in the other direction. 

 

To undergo ionic polarization, a material must have an ionic structure that is it must 

be composed of cations and anions, as shown in Figure 2.2.  

 

Figure 2.2: Representation of an ionic structure that is a structure composed of cations and anions, which 
is critical for a material to undergo ionic polarization. 

Consider a cation and anion, of equal and opposite charges, held together by an ionic 

bond. This ion pair already possesses a dipole moment before the application of an electric 
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field, however the sum of dipole moments over the entire material, that is net polarization 

may still be zero. The applied field causes the ionic bond to stretch. If the material 

possessed a spontaneous polarization before the application of the field, this will cause it 

to increase by increasing the magnitude of the individual dipole moments. Similarly, if we 

reverse the direction of the field this causes a compression of the bond and thus decreases 

the dipole moment. This mechanism of ionic polarization is shown in Figure 2.3 [40]. 

 

Figure 2.3: A) a simple case of a cation and an anion of equal and opposite charges, held together by an 
ionic bond, with a distance r between them. B) The application of an electric field causes the ionic bond to 
stretch thereby increasing the value of r. 

 

Some molecules, such as H2O possess a permanent dipole moment that is there is 

always a separation of charge within the molecule, even in the absence of an electric field 

as shown in Figure 2.4. Such permanent dipoles may also exist within ionic structures, 

such as crystals in which the cations are off-centered within the unit cells and do not 

coincide with the center of the negative charge [40].  
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Figure 2.4: An example of H2O, a molecule that possesses a permanent dipole that is there is always a 
separation of charge within the molecule even in the absence of an electric field. The permanent dipole is 
represented by an arrow for convenience. 

 

These dipoles may be randomly arranged as a result of thermal motion, therefore the 

dipole moments from different molecules cancel out and the net polarization is zero as 

shown in Figure 2.5. 

 

Figure 2.5: Molecules of water containing many dipoles randomly oriented resulting in a cancelation of 
the dipole moments leading to zero net polarization. 
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If an electric field is applied along a particular direction, then the dipoles rotate in 

order to align with the applied field. As a result, they also align with each other, thus the 

material develops a net polarization. This mechanism is explained in Figure 2.6. 

 

Figure 2.6: The dipoles rotate in order to align with the electric field as a result they align with each other. 
The dipole moments no longer cancel out leading to a net polarization. 

 

Interface or space charge polarization involves limited movement of charges 

resulting in the alignment of charge dipoles under an applied electric field. This usually 

happens at the grain boundaries or any other interface such as an electrode-material 

interface [41]. This type of polarization occurs when there is an accumulation of charge 

at an interface between two materials or between two regions within a material because 

of an external field. This can occur when there is a compound dielectric, or when there 

are two electrodes connected to a dielectric material. This type of polarization is different 

from oriental and ionic polarization because instead of affecting bound positive and 

negative charges i.e. ionic and covalent bonding, interfacial polarization affects free 
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charges as well. As a result interfacial polarization is usually observed in amorphous or 

polycrystalline solids. This polarization mechanism is shown in Figure 2.7 [41]. 

 

Figure 2.7: A schematic diagram showing how free charges can accumulate in a field, causing interfacial 
polarization. The electric field will cause a charge imbalance because of the dielectric’s insulating properties. 

 

There are two types of dielectrics, polar and non-polar dielectrics Polar dielectrics 

have a permanent electric dipole moment, i.e. the centers of the positive and negative 

charges are not overlapped.  When an electric field E is applied to polar dielectrics, a 

torque is created, which causes the molecules to align in the direction of applied electric 

field, shown in Figure 2.8 [39].  
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Figure 2.8: Molecules of A) HCl and B) H2O both polar dielectrics, i.e. they exhibit permanent dipole 
moments. Upon application of an electric field a torque is created causing the molecules to align in the 
direction of the applied field. 

 

Non-polar dielectrics are dielectrics that do not possess a permanent dipole moment, 

i.e. the centers of the positive and negative charges overlap each.  Dipole moments can be 

induced in non-polar dielectrics when they are subjected to an external electric field as 

shown in Figure 2.9. The ability to polarize dielectric materials with the application of an 

electric field makes these materials useful for application in the capacitor industry because 

of their ability to increase charge storing capabilities [39].  

 

 

Figure 2.9: Two molecules A) H2 and B) CO2 both represent non-polar dielectrics, i.e. they do not possess a 
permanent dipole moment because the centers of the positive and negative charges overlap each other. 
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The relative complex permittivity (𝜀𝑟) is a dimensionless quantity, which compares the 

complex permittivity of a material (𝜀) to the permittivity of the free space (𝜀𝑜 = 8.854 ∗

10−12). It describes the interaction of a material with the electric field and consists of a 

real part 𝜀𝑟′, which represents the storage, and an imaginary part 𝜀𝑟′′, which represents 

the losses [42]. The real part of the permittivity (𝜀𝑟
′ ) is a measure of how much energy 

from an external electric field will be stored by the material and it is referred to as the 

dielectric constant. The imaginary part of the relative permittivity (𝜀𝑟′′) is called the loss 

factor. It is a measure of how dissipative or lossy a material can be to an external electric 

field. When the relative complex permittivity is drawn as a vector diagram, the real and 

imaginary components are 90o out of phase, as can be seen in Figure 2.10. The vector sum 

𝜀𝑟 forms an angle δ with the real axis (𝜀𝑟
′ ) [42]. 

 𝜀𝑟 = 𝜀𝑟
′ − 𝑗. 𝜀𝑟′′, ( 2.1 ) 

 
 

𝜀𝑟 =
𝜀

𝜀𝑜
 . 

( 2.2 ) 
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Figure 2.10: The complex relative permittivity vector diagram. The real part of permittivity, 𝜺𝒓
′  and the 

imaginary part of permittivity, 𝜺𝒓′′ are 90o out of phase. The vector sum forms an angle δ with the real 
axis. 

  

The tan δ, for a ceramic material is the tangent of the dielectric loss angle δ, and 

is determined by the ratio of effective conductance to effective susceptance in a parallel 

circuit [12].  The dielectric loss, tan , represents the damping capacity of the material, 

and describes the ability of the material to convert mechanical energy into electrical and 

heat energy, when subjected to an external load. It can be represented in the form of an 

equation, 

 
𝒕𝒂𝒏 𝜹 =

|𝑬| 𝒔𝒊𝒏(𝜹)

|𝑬| 𝒄𝒐𝒔(𝜹)
=

𝑬"

𝑬′
 , 

( 2.3 ) 

 

where δ is the phase angle between the stress and strain, while E’ and E” are the elastic 

storage modulus and elastic loss modulus, respectively [12]. The storage modulus 

represents the amount of mechanical energy stored during deformation while the loss 

modulus denotes energy lost as heat during the same deformation cycle. 
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Dielectric constants range over about four orders of magnitude in insulator 

materials (𝜀𝑟
′  of silicon dioxide, SiO2 ~ 3.9 [43] up to 𝜀𝑟

′  of calcium copper titanate, 

CaCu3Ti4O12   ~> 250,000 [44])[31]. Gases, due to their low density have dielectric 

constants that are nominally equal to one (𝜀𝑟
′  for Propane ~ 1.00992 at 472.392 kPa and 

at 22.5 oC [45]) [31]. At one atmosphere, the dielectric constant of air is 1.0006 [31] . 

Most common ceramics and polymers have dielectric constants in the range between 2 

and 10. Polyethylene is 2.3 and silica glass is 3.8. More ionic materials like sodium 

chloride (NaCl) and aluminum oxide (Al2O3) have slightly higher real relative 

permittivity (𝜀𝑟
′ ) values in the 6-10 range [31].  

2.2. Ferroelectric Materials 

Ferroelectrics are a class of dielectrics that exhibit spontaneous polarization i.e. 

polarization in the absence of an electric field. The spontaneous polarization of 

ferroelectric materials can be switched or reversed by applying an electric field in the 

opposite direction, this is known as ferroelectric switching. Ferroelectric materials 

undergo a structural phase transition to cubic phase at Curie temperature, thereby 

becoming paraelectric. All ferroelectric materials exhibit a P-E hysteresis loop [46]. 

  Some of the major applications of ferroelectric ceramics are in dielectric 

applications which make use of their high permittivity, low dispersion and wide frequency 

range of response for compact multilayer capacitors, bulk, thick and thin film forms [47]. 

Its nonlinear hysteretic response is of interest in thin film nonvolatile semiconductor 
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memory [28, 48], and high permittivity films are also of interest in Dynamic Random 

Access Memory (DRAM) and chip packaging applications [49]. 

Ferroelectric ceramics was discovered in the 1940s in perovskite Barium titanate 

(BaTiO3) ceramics where unusually high permittivity values (>1100) were observed and 

this was attributed to the phenomenon of ferroelectricity [50, 51]. The idea that BaTiO3 

exhibited ferroelectric nature proved invaluable when Gray et al. [52] discovered that an 

external electric field could orient the domains within the grains, thus resulting in a 

ceramic material that acted very similar to a single crystal possessing both ferroelectric 

and piezoelectric properties. This electrical aligning was termed as poling [46]. The 

poling process essentially converted in an inert ceramic into an electromechanically active 

material, and this led to the end of the notation that ceramics could not be piezoelectrically 

active because the randomly oriented crystallites would cancel out each other [46].  

All ferroelectric materials exhibit a P-E hysteresis loop, i.e. polarization (P) versus 

applied electric field (E). As the applied electric field is increased, we can see a polarization 

also increase, almost linearly initially. Upon further application of electric field, the 

polarization starts to become nonlinear and eventually saturates, Psat at a particular value 

of E. Increasing the electric field beyond this point would yield no greater polarization 

value. The Psat value eventually drops to a value known as Pr or remnant polarization, 

this happens because some of the aligned diploes return to their original orientation. Now 

if the field is applied in the reverse direction, we see that the dipoles switch or reverse 

towards the direction of the field. This is known as ferroelectric switching, as the dipoles 

can be aligned in the opposite direction.    
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2.3. Piezoelectricity 

Walter Guyton Cady defines Piezoelectricity as electric polarization produced by 

mechanical strain in crystals belonging to certain classes, the polarization being 

proportional to the strain and changing sign with it. That is if the pressure is replaced by 

a stretch (i.e. a reversal in sign of the pressure) the sign of the electric polarity becomes 

reversed too [5]. The ‘piezo’ in piezoelectricity, is derived from Greek, meaning ‘to press’, 

hence piezoelectricity is the generation of electricity as a result of mechanical stress. 

Piezoelectricity was discovered in 1880 by Jacques and Pierre Curie whilst 

studying the effect of pressure on the generation of electrical charge by crystals, such as 

quartz, zincblende and tourmaline [53]. Their discovery was no mere coincidence; the 

Curie brothers were previously trying to study the relation between pyroelectric 

phenomena and crystal symmetry. This led them to not only look for electric charges but 

to also know in which direction pressure needs to be applied [54]. In 1881, the converse 

piezoelectric effect (that is the change of crystal shape upon application of an electric field) 

was mathematically predicted by Lipmann using thermodynamic principles and empirical 

data [55]  The converse piezoelectric effect was later experimentally verified by the Curie 

brothers the following year [54]. In 1972, Paul Langevin, the French physicist, made use 

of quartz crystal to locate German submarines by creating a depth sounding device, and 

then after the war the same instrument was used to locate the debris caused by the ships 

he was trying to find [56]. In 1954, lead zirconate titanate (Pb(Zr1-xTix)O3,,PZT )was 

discovered by Jaffe et al. which showed very strong piezoelectric activity near the 

morphotropic phase boundary (MPB), and to this day remains one of the most widely 

used piezoelectric ceramics [57]. 
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All crystals can be classified into 32 crystal class or point groups, of which 21 are 

non-centrosymmetric and 20 of them are potentially piezoelectric, as shown in Figure 

2.11. Of these 20 point groups, ten are polar, that is they exhibit a permanent dipole 

moment. Such materials have a spontaneous polarization. Thus these materials are also 

pyroelectric. Ferroelectric materials are a subset of pyroelectric materials in which the 

spontaneous polarization can be reoriented between crystallographically defined 

direction by application of an electric field [58]. Non-centrosymmetric crystals lack a 

center of symmetry, which is critical for the presence of piezoelectricity, because when 

the material lacks a center of symmetry, there will be a net displacement of the positive 

and negative ions with respect to each other (as a result of the stress) thereby producing 

electric dipoles, i.e., polarization [46]. The poling process defined as the process that 

electrically aligns the internal dipoles of the crystallites within the material by applying 

an external field.is an important technique that makes use of the piezoelectric effect in 

ferroelectric ceramics otherwise the ceramic would be inactive [46]. 
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Figure 2.11: Symmetry hierarchy for materials exhibiting piezoelectricity. All crystals can be classified into 
32 point groups, of which 21 are non-centrosymmetric. Of the non-centrosymmetric, 20 point groups are 
piezoelectric. 10 of these point groups are polar, which makes them a function of temperature, and hence 
they are pyroelectric. 

 

The Heckmann diagram [39] which is depicted in Figure 2.12 is a triangle that 

explains the relation between different physical phenomena. In the three vertices we have 

field, stress and strain. The phenomena that yields and electric field upon applied stress 

is called piezoelectricity. But when this stress leads to polarization of charges on the 

surface, it is the dielectric piezoelectric effect. Applied electric field yielding a polarization 

is known as permittivity. When an applied field causes a material to strain then it is known 

as the converse piezoelectric effect.  
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Figure 2.12: Heckmann diagram showing the interrelationship between various physical phenomena 

 

There are primarily two effects in piezoelectricity, the direct piezoelectric effect 

(generator) and the converse or indirect piezoelectric effect (motor). The direct 

piezoelectric effect is the phenomenon where electrical charge is generated upon applied 

mechanical stress, whereas the converse effect is associated with the strain created upon 

application of an electric field [46].  
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 𝐷 = 𝑑𝐸 + 𝜀𝑇𝐸, ( 2.4 ) 

 𝑆 = 𝑠𝐸𝑇 + 𝑑𝐸, 

 

( 2.5 ) 

 

Where 𝐷 is the dielectric displacement, 𝑇 is the stress, 𝐸 is the electric field, 𝑆 is the 

strain, 𝑑 is a piezoelectric coefficient, 𝑑 is the material compliance, and 𝜀 the dielectric 

constant (relative permittivity) [59]. 

These physical properties also contain directional components and are usually 

followed by numerical subscripts to denote this. The piezoelectric strain coefficient d31 

indicates that the polarization in the perpendicular direction i.e. 3 and the strain is 

developed in the lateral direction i.e. the 1 direction. 

 𝐷3 = 𝑑33𝑇3  ( 2.6 ) 

 𝑆3 = 𝑑33𝐸3  ( 2.7 ) 

Piezoelectric materials have garnered interest in energy harvesting application 

due to their ability to withstand large amounts of strain. Large strains can potentially 

lead to greater mechanical energy, which in turn converts it to usable electrical energy. 

To create more available energy, it is essential that we use an effective coupling mode. 

There are two practical coupling modes, the -31 mode and the -33 mode. In the -31 mode, 

a force is applied in a direction perpendicular to the poling directions, whilst in the -33 

mode the force is applied in the same direction as the poling direction. Although the -33 
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mode is more robust and has a higher coupling coefficient, the -31 mode yields a higher 

overall power output [21].  

 

Figure 2.13: Two coupling modes are shown A) -33 mode in which the force applied in the same direction 
as the poling direction. B) -31 mode in which the force is applied in a direction perpendicular to the poling 
direction. 

 

Figure 2.14: A) Piezoelectric material before (dotted) and after poling B) strain in material upon applied 
electric field C) strain upon changing polarity of applied field D) generated voltage with polarity similar to 
poling E) generated voltage with polarity opposite to poling voltage. 
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 A Venn diagram is used to summarize the above definitions and to help in 

understanding the interrelationship between these materials as shown in Figure 2.15: 

[60]. From this we can conclude that all ferroelectric materials are pyroelectric, all 

pyroelectric materials are piezoelectric and all piezoelectric materials are dielectrics, but 

their converse is not true. 

 

 

Figure 2.15: Venn diagram describing the interrelationship between different types of materials [19] 

2.4. Perovskite Structure 

Oxygen octahedron structures exhibit strong ferroelectric properties and have are 

consistent in high temperature ranges. One of the simplest models of this type of structure 

is the perovskite structure, denoted as ABO3, as shown in Figure 2.16. Perovskite 

electroceramics are primarily used bulk capacitors, piezoelectric transducers and are 

increasingly being used in thin film applications. 
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In a cubic array, a perovskite structure shows high symmetry (m3m), and the 

larger cation is 12-fold coordinated with respect to oxygen, while the smaller cation is 

octahedrally coordinated with oxygen. Once the perovskite structure distorts, a phase 

transition occurs and leads to the development of a spontaneous polarization i.e. 

ferroelectricity. It is evident that polarization occurs when the centers of the positive and 

negative charges within the unit cell are no longer coincident. In the case of BaTiO3, 

which shows a perovskite structure, at room temperature polarization occurs when the 

Ti4+ ion moves along the <001> of the cubic lattice towards the oxygen ions.  

 

Figure 2.16: Unit cell for a typical cubic perovskite Lead zirconate titanate (PZT) in the cubic Pm3m phase 
above Tc [8] 

 

In ferroelectric materials, it is possible to orient the direction of the domain walls 

within the grain or the spontaneous polarization with the aid of an applied electric field, 

this is termed as poling. When the electric field is removed the polarization does not 

return to its original orientation as there is no restoring force. The larger the applied 

field, the orientation becomes more parallel to the electric field and this leads to larger 



27 
 

 
 

piezoelectric coefficients. When polarization occurs, the material will elongate in the 

direction and will contract in the transverse direction as shown in Figure 2.17. 

         

             

Figure 2.17: Piezoelectric response in a single domain PbTiO3 crystal (a) when there is no field (b) shift of 
the Ti4+ cation away from its original position upon application of stress 

 

Lead zirconate titanate, PbZr1-xTixO3 or PZT is the most widely used piezoelectric 

material and the most commercially important ceramic [58] because it boasts very high 

relative permittivity values and possesses strong piezoelectric coefficients[61-63]. PZT 

is formed by the solid solution of PbTiO3, which is anti-ferroelectric and PbZrO3, which 

shows limited piezoelectric characteristics. So it came as a surprise to most researchers 

that their combination yielded a material that displays significant piezoelectric properties 

and it remains an interesting case right from its discovery [64], to its development [57] 
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and to this day [58]. The PbZr1-xTixO3 (PZT) solid solution is a perovskite system as 

can be seen in the phase diagram of PZT is shown in Figure 2.18: 

 

Figure 2.18: PZT phase diagram showing different phases with varying temperature, also we can see the 
Morphotropic Phase Boundary (MPB) as Ti4+ concentration becomes 48 mol% [20, 25, 26]. 

 

PZT possesses a rhombohedral structure at high temperatures, but once it begins 

to cool below the Curie temperature, it takes up a tetragonal structure, as can be seen in 

Figure 2.19 In this form the center zirconium or titanium atom is displaced out of the 

geometric center, giving rise to a permanent charge displacement giving rise to 

piezoelectricity [18, 62]. 
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Figure 2.19: A schematic diagram of PZT which shows a tetragonal structure below the Curie temperature 
i.e. for T<Tc. The displacement of the Ti4+ cation yields in a net dipole moment and leads to polarization. 

 

2.5. Poling Process 

The aligning process discovered by Gray et al. [52] that orients the domains within a 

grain by applying an external electric field is termed as poling i.e. it’s a process that 

induces piezoelectricity in ferroelectric ceramics by applying an electric field to switch 

the [polar axis of crystallites to the symmetry-allowed directions nearest to the applied 

field [38]. Poling is the process that converts inert ceramics into electromechanically 

active materials [46]. Poling is an important step in obtaining the desired piezoelectric 

properties of the material. In composites that are polymer based poling is carried out at 

its glass transition temperature, by gradually heating it and by placing it in a strong static 

external electric field [65, 66]. The temperature at which poling takes place and the 

applied field strength are critical parameters in defining the electromechanical properties 

of the poled material. Both the temperature and the applied field are required to reduce 

the energy band gap in order to orient the domains in the direction of the field. Most 
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multiphasic composites have been traditionally poled using the contact poling method. In 

this poling method, the material is in direct contact with the poling electrode/needle. 

However there are some disadvantages with this technique as it can cause dielectric 

breakdown of the composite material, especially when the composite has conductive 

inclusions [65, 66]. Also in this method the samples are required to place inside a silicone 

oil bath for uniform heating of the sample. In order to overcome the challenges of this 

method, researchers [38]  have developed the corona discharge poling method where a 

high poling voltage is applied to the air molecules above the sample, thereby eliminating 

physical contact. Researchers have also shown that higher voltages can be achieved by 

the corona poling method in comparison to traditional contact poling method [66, 67].  

2.5.1 Contact Poling 

This is the conventional poling method by which piezoelectric ceramics and composites 

are poled by applying a large dc voltage. This poling method requires physical contact of 

the live electrode with the sample electrode and with the application of a very large 

electric field the sample will be poled. However application of large dc fields to polymer 

matrix composites often cause dielectric breakdown of the sample. The samples are placed 

in a silicone oil bath and uniformly heated throughout up to its glass transition 

temperature as shown in Figure 2.20:. The samples need to be coated with a top electrode 

for this method in addition to a bottom electrode and poling is usually limited to samples 

of smaller area [38]. One of the major drawbacks of this method in addition to the 

dielectric breakdown is the local breakdown at weak spots, such as pinholes, short-circuits 

the electrodes and prevents further poling. In order to improve this form of poling the 

corona discharge technique was developed [38]. 
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Figure 2.20: Contact poling setup for electrically aligning samples. The poling electrode is in contact with 
the sample top electrode. The base plate on which the sample rests is grounded. 

 

2.5.2 Corona Poling Method 

In the corona poling technique, charge from the corona point/needle is sprayed onto the 

surface that has no electrode, creating an electric field between the sample surfaces. 

Because of the absence of electrodes there is no shorting of the sample at weak spots, 

further higher poling voltages can be achieved. This method also allows samples of larger 

area to be poled and may be adapted to a continuous process for mass production. Here 

the live wire is connected to the corona discharge needle, and the base plate upon which 

the sample is rests is grounded as shown in Figure 2.21:. The fine tip of the corona needle 

ensures that nearby air molecules are ionized. The entire poling setup is placed inside a 

protective casing. This ensures that the ionized air molecules do not make contact with 

surrounding objects. The distance between the needle and sample is a critical experiment 

variant and studies have shown that different distances can influence the poling procedure 

significantly [38]. So for these experiments the corona needle distance from the sample 

was kept constant at 10 mm to ensure experiment repeatability and eliminate experiment 

variability.  
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Figure 2.21: Corona discharge technique, the live wire ionizes the surrounding air molecules onto the 
sample surface without the electrode. There is no physical contact between the corona needle and the 
surface of the sample. 

 

2.6 Composite Piezoelectric Materials 

Piezoelectric ceramic/polymer composites, also known as piezocomposites have been 

developed over the past few decades mainly because they have shown superior properties 

when compared to single-phase materials [68]. Piezocomposites especially combine high 

coupling, low impedance, low mechanical quality factor and an intermediate dielectric 

constant, thereby proving to be excellent candidates for electromechanical transducers, 

in addition to better flexibility [68]. A summary of the advantages and disadvantages of 

using polymer/ceramic composites is listed in Table 2.1 

 The connectivity which is the microstructural arrangement of the individual 

components was first reported by Newnham et al. [69] and later modified by Pilgrim et 

al. [33], it can be defined as the number of dimensions in which a phase within the 

composite is self-connected [68]. Within passive polymer matrices, they randomly 
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distributed ceramic particles. By virtue of doing this they were able to establish multiple 

connectivity patters between the polymer and ceramic materials giving rise to distinct 

properties. A polymer matrix with ceramic fillers would represent a 0-3 connectivity 

pattern, with the digit representing the number of dimensions of that phase within the 

composite.  The connectivity is a critical parameter that determines the electromechanical 

performance of the composite. For a composite that contains two phases, there are a total 

of sixteen different connectivity patterns that can be accomplished. For example, if we 

have a 0-0 composite, then neither phase is self-connected, if we have a 3-3 then each 

phase is self-connected in three dimensions. In this representation, the first digit refers to 

the dimension of the piezoelectric ceramic, also known as the active phase and the second 

digit represents the dimension of the polymer or inactive phase. A schematic 

representation is shown in Figure 2.22. 

Most research has been limited to the 0-3 connectivity, where randomly dispersed 

ceramic particles are embedded into a three dimension polymer matrix. 0-3 composites 

have gained popularity owing to their flexibility, ease of processing and use in embedded 

passive devices [14, 17, 70]. Two phase, or diphasic composites, such as metal/polymer 

and ceramic/polymer have been extensively investigated [71-74].  
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Figure 2.22: Ten different connectivity patterns of diphasic composites, the digits represent the number of 
dimensions in which the phase within the composite is self-connected. In this representation, the first digit 
refers to the dimension of the piezoelectric ceramic, also known as the active phase and the second digit 
represents the dimension of the polymer or inactive phase. 

 

 This convention can also be extended to accommodate a third phase by 

incorporating a third digit, so we can have a 0-3-0 composite that will have a two phases 

as particles dispersed within a matrix. Several researchers have looked at introducing 

conductive fillers into the composite as a third phase, and have reported an increase in the 

conductivity of the polymer matrix [75, 76]. 
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Table 2.1: Advantages and Disadvantages of Piezoelectric Ceramic, Polymers, and Composites [32, 68] 

Parameter Ceramic 

PZT 

Polymer 

PVDF 

Ceramic/polymer 

Acoustic Impedance, Z 

106 kg/m2s 

High 

33.7 [77] 

Low 

3.9 [77] 

Low 

Coupling Factor, kp High 

0.68 [24] 

Low 

0.2 [77] 

High 

Piezoelectric strain coefficient 
d33/-d31 pF 

High 

630/276 [24] 

Low 

30/18 [27] 

Medium 

Dielectric constant, 𝛆r High 

3300 [24] 

Low 

11.5 [27] 

Medium 

Flexibility/Brittleness 
Modulus of elasticity (GPa) 

Stiff 
51-59 [24] 

Flexible 
1.6-2.2 [27] 

Flexible 

 

2.7 History of industrial application of piezoelectric materials 

The number one technique for medical imaging and non-destructive evaluation (NDE) is 

ultrasound. There have been several innovation in ultrasound, such as stimulated 

elastography, magnetic resonance imaging (MRI) and ultrasound therapy [32, 58]. 

These techniques can only come to fruition if specific transducers are designed and 

developed. The performance of a transducer can be evaluated using (1) electrical input 

impedance, (2) electroacoustic response and (3) radiation pattern. Piezoelectric materials 

are the most common materials that are used to develop transducers for these 

applications, and the geometry and size of these materials are of significant importance, 

since they influence all the properties. Lead zirconate titanate (PZT) based compositions 

such as PZT-polymer composites are the most efficient compromise for the vibration 

modes used in medical diagnosis and NDE applications [58]. The design of these 

transducers essentially consist of an active material, i.e. the piezoelectric material and a 
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rear face or the backing material. The backing material not only acts as a mechanical 

support for the active material, but also is a filter for acoustic energy to flow by the rear 

face and thus induces damping of the transducer, and the closer to the acoustic impedance 

is between the two materials the lower the efficiency. Which is why the active material is 

usually PZT based material and the backing layer is a high loss polymer, such as epoxy 

resins. Even today a combination of these two materials possesses the best performance 

trade-off that no material can achieve [58]. 

 An electroacoustic transducer is a device that converts acoustic energy (sound) 

into electrical energy (voltage or current) or vice versa. When the transducer is used to 

generate sound, it is known as a transmitter. When it is used to detect sound, it is called 

a receiver. When these receivers are used to detect sound underwater, then they are 

known as hydrophones. The purpose of the hydrophone is to measure extremely weak 

hydrostatic pressure waves using large area sensors. For hydrostatic pressure, the normal 

stress values are all equal as shown in equation 2.8. 

 𝑋11 = 𝑋22 = 𝑋33 = −𝑝. ( 2.8 ) 

The change in polarization is given by, 

 𝑃3 = 𝑑33(−𝑝) + 𝑑31(−𝑝) + 𝑑31(−𝑝), ( 2.9 ) 

 = (𝑑33 + 2𝑑31)(−𝑝), ( 2.10 ) 

 = 𝑑ℎ(−𝑝), ( 2.11 ) 

   

where dh is called the hydrostatic piezoelectric charge coefficient. The voltage 

generated by the hydrophone, is given by 2.12, and the figure of merit is the product of 

dhgh and is given by equation 2.13. 
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𝑔ℎ =

(𝑑33 + 2𝑑31)2

𝜀33
, 

( 2.12 ) 

 
𝑑ℎ𝑔ℎ =

(𝑑33 + 2𝑑31)2

𝜀33
. 

( 2.13 ) 

 
   

For a high sensitivity PZTs (PZT 5A) [28], there is a near cancellation between 

d33≈-2d31, and hence the PZT alone is not a good enough hydrophone material. On the 

other hand, if we create a composite with dielectric constant approximately in the region 

of 10, we can enhance the voltage coefficient, due to the reduced overall dielectric 

constant. This is how industrial hydrophones are manufactured [28]. 

2.8 Use of spin coat and deposition for films in industry 

The spin coating technique is currently the predominant technique employed to produce 

uniform thin films with thickness of the order of micrometers and nanometers [78]. The 

pioneering analysis of spin coating was performed over fifty years ago my Emslie et al. 

[79] who proposed the spreading of a thin axisymmetric film of Newtonian fluid on a 

planar substrate rotating with constant angular velocity. In most common scenarios, the 

coating material is polymeric and is applied in the form of a solution from which the 

solvent evaporates [78]. 

 This process is widely used in the manufacture of integrated circuits [80], optical 

mirrors, television screens and as a magnetic discs for DRAM applications and data 

storage [81]. The centrifugal force drives the liquid radially outward, and the viscous 

force and surface tension causes a thin residual film to be retained on the flat substrate. 

Spin coating has also been widely used in the semiconductor industry [82]. Circuit 
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designs are generally imprinted on the silicon by the process of photolithography, where 

circular semiconductor wafers are coated with thin polymeric photoresist films that are 

then exposed through masks to transfer the circuit design to the silicon. The process of 

layering this photoresist material onto the wafer is achieved by spin coating. Compared 

with other nano-surface-texturing techniques, spin coating possesses several advantages 

for controlling the mechanical and tribological properties such as adjustable nano-texture 

surfaces, size and density [83]. 
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Chapter 3 

Literature Review 

 

 

3.1. Bulk Composite  

Two-phase piezoelectric composites, so-called 0-3 connectivity composites comprised of 

piezoelectric particles embedded within a continuous polymer matrix, have attracted 

much attention due to their flexibility and ease of processing [84, 85], and applications 

to dielectric [1, 75], sensing/actuating [12, 23, 86], energy harvesting [11, 84, 87] and 

acoustic damping [88-90] applications.  However, these materials suffer from relatively 

low values of piezoelectric and dielectric properties due to the inherent insulative 

properties of the polymer matrix phase [71, 72, 91, 92], which is associated with 

difficulties in poling of these materials [93] and contact resistance at the particle/matrix 

interface [1, 2].  Hence, researchers have begun to investigate three-phase materials 

comprised of piezoelectric and electrically conductive particles embedded with a 

continuous polymer matrix [94].  In some cases, these so-called three-phase (0-3-0 

connectivity) composites have demonstrated enhanced dielectric, piezoelectric and 

acoustic dampening when close to the percolation threshold [95, 96].   

In this thesis, the influences of three entities on the piezoelectric and dielectric 

properties are observed: volume fractions of constituent phases (PZT and Al), poling 

technique (contact and contactless - Corona) and surface treatment of the electrically 

conductive phase.  The volume fractions of PZT and Al were varied from 0.1 to 0.3 and 
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0.01 to 0.17, respectively.  Composites were independently contact and Corona poled.  

Also, composites that included non-surface treated Al particles were compared to those 

that included surface treated Al particles. A detailed time study was conducted to 

elucidate the optimal time for surface treatment of the Al particles.  The piezoelectric 

strain coefficients and effective dielectric constants were observed to identify the 

percolation threshold of the Al particles with the piezoelectric polymer composites.  

 Many researchers have studied the influence of conductive fillers on 0-3 composite 

materials and the formation of percolated networks of these fillers.  However, less is 

known about the role that poling technique (contact and Corona) plays on the 

piezoelectric and dielectric properties of three-phase materials.  For example, several 

researchers have studied the influence of electrically conductive inclusions on piezo-

damping and related it to the electrically conductive network (percolation) formed by the 

inclusions.  Piezo-damping is the conversion of mechanical vibration energy to electrical 

energy (in piezoelectric materials), and subsequent conversion of electrical energy to heat.  

Zhang et al. and Ding et al. [97, 98] fabricated two-phase chlorinated polyethylene (CPE) 

barium titanate and CPE and 2’-methylene-bis-(4-methyl-6-cyclohexylphenol) 

composites and compared the piezo-damping of these materials to those where electrically 

conductive vapor-grown carbon fibers (VGCF) were added.  It was concluded that the 

piezo-damping effect was directly related to the electro-conductive network formed by 

the carbon fibers within the polymer matrix.  It was found that the this network 

contributed to increased loss factors, tan , and more efficient damping [99].  Liu et al. 

[100-102] prepared composites using a hot press technique that were comprised of lead 

zirconate titanate (PZT), polyvinyl chloride (PVC) and additives such as graphite, carbon 
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nanotubes and carbon black.  It was also shown that the optimal longitudinal piezoelectric 

strain coefficient, d33 (22 pC/N for graphite, 20 pC/N for carbon black), was obtained close 

to the percolation threshold values (volume fraction = vg = 0.005 for graphite, vc = 0.5 for 

carbon black) of the electrically conducting additive.  It was also concluded that the 

addition of graphite, carbon black or carbon nanotubes reduced the coercive field of the 

composite.  Choi et al. [95] prepared composites, which were comprised of barium 

titanate,  polymethyl methacrylate  (PMMA) and nickel using a two-step mixing and hot-

molding process. It was found that the size of the nickel particles played a role in the 

dielectric constant, wherein composites that contained smaller sized nickel particles (4 

µm) had higher dielectric constants and dielectric loss near the percolation threshold, in 

comparison to composites that contained larger sized particles (40 µm).   

 Similarly, Banerjee et al. explored the dielectric properties of two-phase 

composites that incorporated a third electrically conductive phase (aluminum [1, 2, 12, 

75] and multi-walled carbon nanotubes [3]).  It was found that the inclusion of 

electrically conductive particles within a two-phase piezoelectric composite (PZT and 

epoxy) resulted in enhanced piezoelectric and dielectric properties, with corresponding 

increases in dielectric loss of the material.  Also, it was concluded that the electrically 

conductive filler size, distribution and particle-matrix resistance play key roles in the 

dielectric and piezoelectric properties of the composites.  It is well known that aluminum, 

when exposed to air forms an Al2O3 shell around the Al core.  As a result, the Al particle 

instantaneously forms positive charges in the core and negative charges around the shell due 

to charge transfer from Al to absorbed O2 [4], which affects the properties of the interface 
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between the Al and the epoxy matrix and consequential piezoelectric and dielectric properties 

of the composite.    

Hence in this thesis, a time study of the surface treatment of Al particles was 

conducted.  This study was performed to understand the role of the particle/matrix interfacial 

properties on composite piezoelectric and dielectric properties.  In addition, the piezoelectric 

and dielectric properties of bulk PZT-Al-epoxy composites are observed as functions of 

frequency and poling method. 

Table 3.2 Dielectric and piezoelectric properties of the PZT polymer composites and comparison with those 
of previous workers [100-106]. 

Sample Volume 
Fraction % 

PZT/Epoxy/
Al 

Dielectric 
constant, 

r 

d33 
(pC/N) 

Reference 

PZT/DEGBA Epoxy/Al (Control 2) 40/47/13 ~270 0.99 This work 

PZT/DEGBA Epoxy (data set G) 40/60/0 ~134 1.36 This work 

Control 2, PZT/DEGBA Epoxy/Al (data 
set H) 

40/47/13 ~305 2.32 This work 

PZT/DEGBA Epoxy/Al (data set I) 40/47/13 ~420 3.48 This work 

PZT/PVC 50/50/0 43.7 13.0 Liu et al. (2005) 

PZT/PVDF 50/50/0 68.1 14.0 Liu et al. (2005) 

PZT/PVDF/C 50.0/0.5/49.5 47.8 20.0 Liu et al. (2005) 

PZT/PVDF 50/50 56.0 14.0 Wang et al. (2000) 

PZT/PVDF 50/50 95.0 13.8 Venkatragavaraj et 
al.  
(2001) 

PZT/Polyester 50/50 52 18 Nhuapeng et al. 
(2002) 

PZT/epoxy resin 37/63 15 25.3 Thamjaree et al. 
(2005) 
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3.2. Thick Composite Films 

Interest in ferroelectric films has increased over the last 20 years because of the exciting 

possibility of using them for non-volatile memory applications [14, 107], MEMS [11, 

23, 26] and ultrasonic devices [26, 108].  The properties if piezoelectric films cannot be 

compared directly with those of the bulk materials because their processing and electrical 

properties differ from their bulk counterparts.  Ferroelectric films are part of a hybrid 

structure (ferroelectric film and non-active substrate), wherein the strain across the film-

substrate interface must be continuous, i.e. perfectly affixed to the substrate in the film 

plane, and also free to move in the off-plane direction [26].  Previous work on preparation 

of piezoelectric films involved techniques such as RF planar magnetron sputtering [109, 

110], ion beam sputtering [111] or DC magnetron sputtering [112].  Most recently, 

researchers have succeeded in fabricating films using various chemical methods of 

deposition such as; metal-organic-chemical vapor deposition (MOCVD) [113-115], 

chemical solution deposition [116, 117], metal-organic decomposition (MOD) [118, 

119], and also pulsed laser deposition (PLD) [120-122]. Of all these methods sol-gel 

method is preferred in applications because it offers compositional control, reduced 

temperature processing of highly uniform, dense, crack-free films and low cost of 

fabrication [123, 124].  These methods of processing ferroelectric films have been used 

with notable success to produce piezoelectric ceramic films comprised of Lead-Zirconate-

Titanate (PbZrxTi1-xO3 also known as, PZT).  PZT has a high dielectric constant, 

ferroelectric, piezoelectric, and pyroelectric properties.  The aforementioned ideal 

properties of PZT have made its application to transducer, sensor and actuator devices 

ubiquitous.  However, the poor mechanical strength of these devices has limited their life 
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cycle and performance.  Therefore, interest in polymer-ceramic [1, 2, 12, 75] (and 

ceramic-ceramic [125, 126]) composites has emerged as an area of interest for industrial 

companies because polymers are flexible, low cost, easily processed [37, 127] and able to 

be polarized under the influence of an external electric field [128]. 

 

Piezoelectric ceramic/polymer composites possessing various connectivity 

patterns have been the focus of much study over the past several years [69, 72, 125, 126, 

129, 130]. Among the composites examined, the simplest types are those with  0-3 

connectivity [129].  Piezoelectric composites with 0-3 connectivity consist of 

piezoelectric ceramic particles dispersed in a three dimensionally connected polymer 

matrix.  The advantages of these composites lie in the ease in which they may be processed 

into fairly complex shapes, including but not limited to thin sheets, molded shapes and 

extruded bars and fibers [129].  The most documented of piezoceramics used in 

composites such as these is PZT [26, 38, 72, 116, 131-133].  For example, 

Thongsanitgarn et al. [134] fabricated PZT-polymer composites with 0-3 connectivity, 

where the volume fraction of PZT was varied from 0 to 1 in increments of 0.1.  The 

polymer matrix used was the ferroelectric polyvinylidene flouride (PVDF).  In this work, 

it was reported that the composites with higher ceramic content yielded higher dielectric 

constant values.  The dielectric constant varied from ~9 to ~958 for PZT volume 

fractions of 0 and 1, respectively, where the PZT particles ranged from single particles to 

agglomerated clusters that had mean diameters from 3 to 64 µm.  The individual grain 

sizes were nominally 5 µm.  Similarly, Hanner et al. [129] fabricated 0-3 PZT-polymer 

composite paints, where the PZT particles were randomly distributed within two 

different polymer matrices to understand the behavior of the particles with the polymer.  
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The polymers examined were acrylic and polyurethane as the two polymer matrices. The 

PZT particles were randomly dispersed within the polymer matrix at a volume fractions 

from 60 to 70%. The ceramic filler was loaded into the polymer mixture and allowed to 

stir at room temperature for approximately two hours.  The fabricated composites were 

deposited onto brass plate substrates. The films were initially dried in air at room 

temperature for 24 hours and then placed in a vacuum oven at 110 oC for an additional 24 

hours, which resulted in the formation of films thicknesses that ranged from ~ 200 - 500 

µm.  The PZT-acrylic composites were poled at ~150 kV/cm and the PZT-polyurethane 

composites were poled at ~120 kV/cm and at 75 C.  The reported piezoelectric strain, 

d33 and dielectric constant were 26 pC/N and 29 for 60% PZT in acrylic and 25 pC/N and 

51 for 60% PZT in polyurethane, respectively.  In order to enhance the dielectric constant, 

Zhen et al. [108] inserted PZT pillars within an epoxy matrix to create a 1-3 PZT-

polymer composite thick films, which were fabricated using a modified dice and fill 

method. The dimension of the PZT pillars were 40 µm sectional width and 40 µm spacing. 

They recorded high piezoelectric strain coefficient, d33, ~332 pC/N and dielectric constant 

~ 105. 

 

Banerjee et. al [125]studied the influence of aluminum inclusion on the dielectric 

properties of three-phase PZT-cement-aluminum composites, where the aluminum and 

PZT particles were dispersed in a Portland cement matrix. The fabricated samples were 

nominally 6 mm in thickness and were poled at a low poling voltage of 0-6 kV/mm at a 

temperature of 160 C in air. It was reported that three-phase composites possessed a 

higher piezoelectric strain coefficient (d33) than two-phase composites. The highest value 

of d33 observed for the three-phase composite was 8.1 pC/N for volume fractions equal to 
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0.7 and 0.2 for PZT and Al, respectively.  This d33 value for the three-phase piezoelectric 

composite was 1.64 times the value measured for the two-phase composite.  

 

Banerjee et. al [2] also investigated the influence of micro and nano sized 

aluminum inclusions in a three-phase PZT-Epoxy-Al bulk composite. The fabricated 

composite was ~ 6 mm thick.  The composites that were comprised of micron sized 

aluminum particles and PZT had higher dielectric constants that the composites that 

incorporated nano-sized aluminum particles (both sets of samples were polarized at the 

same value: 0.2 kV/mm in air) due to interfacial effects and increased agglomeration.  

Specifically, for composites with PZT volume fractions equal to 0.20, 0.30 and 0.40 and 

micron-sized aluminum particles, the dielectric constants were equal to 405.7, 661.4, and 

727.8 (pC/N), respectively.  On the other hand, the dielectric constants for composites 

that were comprised of nano-sized aluminum particles the (the same PZT volume 

fractions) dielectric constants were equal to 233.28, 568.81, and 657.41 (pC/N), 

respectively.  They concluded that samples that contained micron sized aluminum 

inclusion yielded higher dielectric constant values compared to the nano sized aluminum 

inclusions  

 

Pascariu et al. [135] fabricated two-phase 0-3 composites by a gravity casting 

method where the volume fraction of PZT was varied from 0 to 0.15 in an epoxy resin 

polymer matrix. The thickness of the composite films varied between 160 µm- 340 µm. 

The PZT mean diameter size was ~1-2 microns.  They studied the role of the filling factor 

and of the gradient composition on the effective dielectric properties using a finite element 

method. They reported that the maximum dielectric constant was ~18 for 0.075 volume 
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fraction of PZT, which yielded the highest dielectric loss tangent below a volume fraction 

of PZT equal to 0.03. Nguyen et. al [127] also fabricated PZT-Epoxy two-phase 

composites where the volume fraction of PZT was varied from 0 to 0.2, and the mean 

diameter of the PZT particles was the 50 nm. The nanocomposites thicknesses ranged 

from60 - 160 µm. They observed an increase in the glass transition temperature from 164 

oC to 178 oC for PZT volume fractions of 0.0 (pure epoxy) and 0.2, respectively. The 

dielectric properties were studied for a frequency range between 10 Hz to 100 kHz. The 

dielectric constant increased from 5.56 to 6.29 at 1 kHz (at 60 oC), for PZT volume 

fraction 0 and 0.2, respectively. James et. al [136] fabricated structured PZT-epoxy 

composites using dielectrophoresis. They effect of poling voltage on piezoelectric 

properties for various volume fractions of PZT were studied in this work. The PZT-

Epoxy composite was prepared by applying an alternating 1kV/mm voltage across the 

suspension of ceramic particles in the epoxy matrix. This resulted in the formation of 

circular disk shaped samples. They observed that the d33 value increased with increasing 

poling field and they achieved saturation at 15kV/mm. The maximum d33 value observed 

was 9 pC/N for 0.5 volume fraction of PZT.  
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Chapter 4 

Experimental Methods 

 

4.1. Materials and Methodology 

PZT-Al-Epoxy composites were fabricated where the volume fractions of PZT and Al 

were varied from 0.20 to 0.40 and 0.0 to 0.17, respectively.  A minimum of three samples 

of each were fabricated for each of the studies described herein.  An overview of the 

samples/powders prepared and/or surface treated are provided in Table 4.3.   

Table 4.3: Overview of the data sets prepared for the time study of the aluminum surface 
treatment and poling studies.  Control 1 is the aluminum powder subjected to no ethanol 
treatment. Control 1 is compared to aluminum powders that were surface treated with ethanol 
(data sets A, B, C, D, E and F) for 0.25, 0.5, 1, 2, 3 and 4 hours, respectively.  Control 2 is the 
three-phase composite that was fabricated with aluminum that was not surface treated and contact 
poled.  Data sets G, H and I are compared to Control 2. 

Data Set 

Composition (Description) 

Poling 
Technique 

Surface 
Treatment of 

Aluminum 

Volume Fractions 

A minimum of 3 samples 
prepared for each volume 

fraction. 

Control 1 

Aluminum powder ONLY 
n/a 0 hours n/a 

A, B, C, D, E, F 

Aluminum powder ONLY 
n/a 

0.25, 0.5, 1, 2, 3 and 
4 

n/a 

Control 2 

PZT - Epoxy – Al 
Composite 

Contact 
poled 

None 
 vPZT: 0.20 – 0.40 

vAl: 0.0 to 0.17 

G 

PZT-Epoxy Composite 

Corona 
poled 

None 
vPZT: 0.20 – 0.60 

vAl: 0.0 

H 

PZT - Epoxy – Al 
Composite 

Corona 
Poled 

None 
vPZT: 0.20 – 0.40 

vAl: 0.0 to 0.17 

I 

PZT - Epoxy – Al 
Composite 

Corona 
poled 

Ethanol treatment of 
Aluminum for 4 hours 

vPZT: 0.20 – 0.40 

vAl: 0.0 to 0.17 
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The control samples/powders were prepared as detailed in Figure 4.23 and Figure 4.24.  

A minimum of six samples were prepared for each volume fraction and poling scenario 

analyzed.   

4.2. Materials 

The materials used in all experiments were PZT-855 (Navy Type VI) [24] powder (APC 

International); DGEBA, Epofix TM Cold-setting embedding resin (Electron Microscopy 

Sciences), and aluminum - 99.97% , 200 mesh i.e. ~ 75 µm (Acros Organics).  The 

piezoelectric and physical properties of the materials are provided in Table 4.4.  

Homogenous samples of the epoxy and PZT were prepared to obtain the electrical and 

physical properties presented in Table 4.4, while the Al properties were obtained from 

the manufacturer. 

Table 4.4: Physical, dielectric and piezoelectric properties of the PZT, epoxy and aluminum (Al). 

Property PZT 855 Epoxy Al 

Relative dielectric constant, r 3300 2.9-3.7 1.6 - 1.8 

Dielectric dissipation, tan  < 2.50 ~0.02 – 0.04 -- 

Electromechanical coupling, kp/k33 0.68 / 0.76 -- -- 

Piezoelectric charge constant, d33 

(10-12 C/N) 
630* 12.28* 1.6-1.8 

Young’s Modulus, 
EE YY 3311  (1010 

N/m2) 
5.9 / 5.1 0.15 –0.20  6.89 

Density (g/cm3) 7.6 
(in the wet-state)  

1.16 g/cm3 
2.7 

Electrical Resistivity (ohm-cm) 
49.27* @ 

1kHz 
0.15 @1kHz 3.99e-6 

* Experimental values 
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4.3. Surface Treatment of Aluminum: A Time Study 

The bond strength between the embedded particles and polymer matrix play a key role 

in the interfacial properties and subsequent macroscopic properties of the composite.  

Also, the processing of the aluminum influences the composition of the outer shell of the 

aluminum.  Hence, a time study of the surface treatment of the aluminum with ethanol 

was conducted.  An overview of this processing technique is depicted in Figure 4.23.  In 

this process, Al powder was weighed and placed in a beaker with 15 ml of ethanol.  A 

paraffin film was placed at the top of the beaker to prevent evaporation of the ethanol into 

the air.  Several mixtures (data sets: A – F, described in Table 4.3) were prepared and 

sonicated for 0.25, 0.5, 1, 2, 3 and 4 hours, respectively.  The particle size, morphology 

and distribution of the Al particles were observed with the aid of a Zeiss Sigma Field 

Emission scanning electron microscope (SEM) and an Oxford INCA PentaFETx3 8100 

energy dispersive X-ray spectroscopy (EDS).  The surface treatment that minimized the 

agglomeration of the Al powder was selected for use in fabrication of composites observed 

for data set I (described in Table 4.3).  

 

 
Figure 4.23: Al powder data sets A – F were sonicated in 15 mL of ethanol for 0.25, 0.5, 1, 2, 3 and 4 hours.  
The size, morphology and distribution (agglomeration) of the particles was observed with the aid of SEM 
and EDS. 
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4.4. Bulk Composite Preparation 

An overview of the fabrication process for the three-phase composites is provided in 

Figure 4.24.  First, the PZT, Al and epoxy were weighed to achieve the desired volume 

fraction and combined.  The Al was surface treated with ethanol for 4 hours for data set 

I (described in Table 4.3) prior to mixing with the PZT and Al.  The mixture was 

subsequently hand stirred and sonicated in an ultra sonicator for 30 minutes.  Ethanol 

was then added to the mixture, which was then sonicated for an additional 30 minutes.  

The epoxy hardener was then added to the mixture. The final compound was poured onto 

a mold and cured in air for 8 hours at 75C.  The surfaces of the samples were then 

polished and coated with colloidal silver solution.  The volume fractions of PZT and Al 

were varied from 0.20 to 0.40 and 0.0 to 0.17, respectively.  A minimum of six samples 

were prepared for each volume fraction.  All samples were poled at 12-15kV/mm at 65C 

for 15 minutes.  The samples prepared for Control 2 were contact poled, and the samples 

prepared for data sets G, H, and I were Corona poled.  The duration of poling remained 

constant for both contact and corona poling, however the contact poling was performed 

in a silicon bath to ensure uniform heating of the sample.  
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Figure 4.24: PZT and Al powders are weighed and processed accordingly.  The powder 
mixture was then combined with epoxy, mixed by hand and sonicated for 30 minutes.   The 
mixture was then combined with ethanol, stirred and then poured into a mold.  Once in the 

mold, the mixture was cured in air for 8 hours at 75C.  Subsequent samples were either contact 
or Corona poled. 

 

4.5. Dielectric and Piezoelectric Characterization 

The longitudinal piezoelectric strain coefficient, d33, and capacitance, C, were measured 

using a Piezo Meter System manufactured by Piezo Test, Piezoelectric Materials & 

Device Testing Company, while the resistance was obtained using an Impedance/Gain 

Phase Analyzer (HP4194A).   
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The dielectric constant was calculated using the expression,  

 

o

r
A

Ct


  . 

(4.1) 

 

 

In equation [14], C is the capacitance in Farads, A is the area of the sample, o is the 

permittivity of free space ≈ 8.854×10e-12 F m–1); and t is the thickness of the sample.   

The impedance analyzer was used to measure the real part of the resistance, R, of each 

sample, and the resistivity was determined from equation [15],  

 

t

RA
 . 

(4.2) 

 

 

4.6. Composite Thick Film: Materials and Methodology 

PZT-aluminum-epoxy thick film composites were fabricated where the volume fractions 

of PZT and Al were varied from 0.20 to 0.40 (increments of 0.10) and 0.0 to 0.17, 

respectively.  A minimum of three samples were fabricated for each of the studies. In 

addition, the dielectric and piezoelectric properties resulting from samples that had two 

different types of top electrodes (sputtered gold and silver paint), were compared.  The 

change in the piezoelectric and dielectric properties with respect to time was observed 

over a five-day period.  
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4.7. Materials 

The materials used in all experiments were PZT powder (READE), DGEBA Epofix TM 

Cold-Setting embedding resin (Electron Microscopy Sciences) [137], and aluminum -

99.97%, 200 mesh i.e. ~ 75 µm (Acros Organics) and 0.0254 mm stainless steel substrates 

(Alfa Aesar).  The piezoelectric and physical properties of the materials are presented in 

Table 4.5 and Table 4.6, respectively. The properties for the aluminum were obtained 

from the manufacturer website [138].   

Table 4.5: Physical and dielectric properties of PZT powder were provided by the manufacturer [139]. 

PZT Properties 

Average particle diameter 6-7 microns 

Density 7.75 – 8.0 

Young’s Modulus 5.8 – 9.0 

Curie Temperature 170 – 360 

Relative Dielectric Constant 1000 - 4100 

 

Table 4.6: Physical, dielectric and piezoelectric properties of the epoxy and aluminum [137, 138]. 

Property Epoxy Al 

Relative dielectric constant, r 2.9-3.7 1.6 - 1.8 

Dielectric dissipation, tan  ~0.02 – 0.04 -- 

Electromechanical coupling, kp/k33 -- -- 

Piezoelectric charge constant, d33 (10-12 C/N) 12.28* 1.6-1.8 

Young’s Modulus, 
EE YY 3311  (1010 N/m2) 0.15 –0.20  6.89 

Density (g/cm3) 
1.16 g/cm3  

(in the wet-state)  
2.7 

Electrical Resistivity (ohm-cm) 0.15 @1kHz 3.99e-6 

* Experimental values 
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4.8. Composite Thick Film Preparation 

PZT-Epoxy-Al thick composite films were deposited onto stainless steel substrate using 

a spin coat and deposition technique. The stainless steel squares were 25 mm x 25mm 

and 0.0254 mm thick.  An overview of the fabrication process for the three-phase 

composites is provided in Figure 4.25.  The volume fraction of the PZT and aluminum 

was varied from 0.20 to 0.40 and 0.01 to 0.17, respectively.  

The PZT, aluminum and epoxy were weighed to achieve the desired volume fraction, 

and combined in a beaker. The contents in the beaker were hand stirred for 5 minutes and 

5 ml of ethanol was added to this mixture. The mixture was subsequently sonicated in an 

ultra sonicator for 1 hour, while being hand stirred every 15 minutes. The epoxy hardener 

was then added to the mixture. The final compound is then poured onto the stainless steel 

substrate via a dropper, during this time the spin coater is rotated from 100 - 500 rpm for 

30 seconds, followed by 1000 rpm for 60 seconds. The initial low rpm enables even 

distribution of the compound over the substrate. The spin coat and deposition system was 

then brought back to 0 rpm. 

After the spin coating process, the samples are removed and cured on a hot plate in 

air for 8 hours at 75oC.  The samples were subsequently cooled for 24 hours and were 

coated with colloidal Samples were prepared with colloidal silver paint as the top 

electrode. They were then contact poled at a voltage of 2.2 kV/mm at 65oC in a silicone 

oil bath for 15 minutes.  An additional set of samples were prepared, where the volume 

fractions of PZT and aluminum were 0.3 and 0.05, respectively.   
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Figure 4.25: A schematic diagram explaining the stages in the preparation of the composite film. The 
mixture was spin coated by a two-step process, 500 rpm for 30 seconds and 1000 rpm for 60 seconds, 
followed by curing at 75oC, and then contact poling in a silicone bath for 15 minutes at 65oC. 
 

Sputtered gold was used as the top electrode for these samples instead of colloidal silver 

paint.  All samples were then wrapped in aluminum foil and stored at room temperature 

in the air for 24 hours to remove any remaining residual charges that may be on the 

samples. 

4.9. Material Morphology and Surface Characterization 

The surface morphology of the individual phases and the composite was examined using 

scanning electron microscopy (SEM) micrographs. Two types of images were gathered 

for these composites, one was from the top surface of the sample, which provides 

information about the distribution of the individual phases within the polymer matrix, 

and the other was the cross-sectional image along the thickness of the sample. The cross-
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sectional image represents how the particles are distributed along the thickness and a 

macroscopic view of the composite substrate interface. 
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Chapter 5 

Results and Discussion 

 

5.1 Bulk Composite 

Aluminum powder was surface treated with ethanol for time periods of 0.25, 0.5, 1, 2, 3 

and 4 hours to determine the appropriate sonication time required for minimal 

agglomeration of the particles.  PZT-epoxy composites were fabricated using the Corona 

poling technique for data set G.  PZT- Al-epoxy composites were fabricated using Al 

powder that was not surface treated and contact (Control 2) or Corona poled (data set H).  

PZT- Al-epoxy composites were fabricated using Al powder that was surface treated for 

4 hours (data set I).  The volume fractions of PZT and Al were varied from 0.2 to 0.4 and 

0 to 0.17, respectively.  The longitudinal piezoelectric strain coefficient, d33 was measured 

at 110 Hz while the dielectric constant, r, and resistance were measured as a function of 

frequency. 

5.1.1 Surface Treatment of Aluminum: A Time Study and Surface 

Morphological Characterization 

The size, shape, surface morphology and degree of agglomeration of the aluminum 

powder was observed using a scanning electron microscope (SEM) and Energy 

Dispersive X-ray Spectroscopy (EDS).  SEM images were coupled with software 

packages; ImageJ and Photoshop CS5.1 to ascertain the average particle size.  The 

aluminum powder was surface treated with ethanol using an ultrasonicator for time 
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periods of 0.25, 0.5, 1, 2, 3, and 4 hours to determine the sonication time that would render 

the minimal degree of agglomeration and most consistent particle size of the aluminum.  

In Figure 5.26 and Figure 5.27, micrograph SEM and EDS images are presented for Al 

powder that was surface treated with ethanol for 0.0 and 4 hours, respectively.  The 

average size of the non-treated aluminum was ~13.43 µm, while the average size of the 

aluminum that was ultra-sonicated with ethanol for 4 hours was 5.05 µm.  The SEM 

images indicate that the exposure of the aluminum to ethanol over extended periods of 

time diminished the agglomeration of the aluminum particles and reduced the size of the 

aluminum particle, as seen in Figure 5.26.  In theory, this was achieved when the ethanol 

chemically reacted with the Al2O3 shell to form ethane, where oxygen molecules in Al2O3 

combined with hydrogen molecules of ethanol, thereby reducing the oxide layer around 

the Al particle [140, 141].  

 

Figure 5.26: SEM micrograph images of aluminum powder that was A) not surface treated with ethanol 
(5.15X magnification).  The average aluminum particle size is~13.43 µm, and B) ultra-sonicated with the 
solvent, ethanol, for 4 hours (5.21X magnification), where the average particle size was observed to ~5.05 
µm.  
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Figure 5.27: EDS micrograph images of aluminum powder that was A) not surface treated with ethanol and 
B) surface treated with ethanol for 4 hours. The images indicate that the surface treated Al powder was 
more evenly distributed across the matrix, in comparison to the Al powder that was not surface treated. 

 

5.1.2 Piezoelectric and Dielectric Characterization  

In Figure 5.28, the piezoelectric strain coefficients of the two-phase composites, data set 

G, (Corona poled at 15kV/cm) are plotted as a function of PZT volume fraction (from 0.2 

to 0.6).  As expected, the piezoelectric strain coefficient increases with the volume fraction 

of PZT content.  The piezoelectric strain coefficients for Control 2 (contact poled at 12 

kV/cm, non-surface treated Al), data set H (Corona poled at 15 kV/cm, non-surface 

treated Al) and data set I (Corona poled at 15 kV/cm, Al surface treated in ethanol for 4 

hours) are plotted as a function of aluminum volume fraction, for PZT volume fractions 

of 0.2, 0.3 and  0.4, in Figure 5.29, Figure 5.30, and Figure 5.31, respectively.  The 

piezoelectric strain coefficients increase with PZT and aluminum content up to an 

aluminum volume fraction of 0.13, beyond which there is a sharp decline in d33 values.  

This increase in d33 values is consistent with the observations of [72, 92, 105, 142-146], 

who measured increases in d33 as PZT content increased within piezoelectric polymer 

composite.  The particle size and relative density of the composites influence the effective 
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piezoelectric strain and dielectric constants of the composite piezoelectric materials.  In 

this work, the d33 values are relatively small in comparison to some values reported by 

others Table 5.7.  The small piezoelectric strain values are most likely due to the use of 

small size and volume fraction of PZT particles, which were ~3 m, in comparison to the 

works of  [105, 147] where piezoelectric particles sizes were ~160 m and 875 m 

respectively.  In particular, [74] concluded that in two phase composites, ceramic powder 

particles with larger particle sizes have a higher degree of surface energy than smaller 

powder particle sizes, which could be due (in part) to the fact that the contacting surface 

area between the bigger ceramic powder particles and the polymer, is larger than that of 

smaller ceramic particles and the polymer matrix.  Hence, [74] concluded that larger size 

powder particles achieve more effective poling in the composite than smaller powder 

particles in a polymer matrix.  The range of d33 depicted in Figure 5.28 is consistent with 

the work of [74] where the active particle size was  less than 34 m (poling voltage at 10 

kV/mm and room temperature), which is consistent with the poling voltages used in this 

work. 
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Figure 5.28: The piezoelectric strain coefficient, d33, for the PZT-epoxy composites (data set G) that were 
Corona poled at 15kV/cm are plotted as a function of PZT volume fraction. The maximum d33 value occurs 
2.73 pC/N at a PZT volume fraction equal to 0.6 

 

There is a difference in the trends observed between the two-phase corona and the three-

phase contact poled samples (where Al was not surface treated), where at 0.2 and 0.3 

volume fractions of aluminum, the contact poled three-phase composites exhibit higher 

d33 values than data set G.  On the other hand, at the higher PZT volume fraction, 0.4, the 

corona poled two-phase composite (data set G) is higher than Control 2 (PZT volume 

fraction equal to 0.4).  The contribution of the aluminum inclusions are not clearly 

observed at higher PZT volume fractions in contact poled samples, as shown in Figure 

5.29, Figure 5.30, and Figure 5.31.  This observation is most likely due to problems 

associated with the difficulty of achieving the desired poling voltage of ~12kV/cm for 

contact poled samples.  This was not the case for data sets H and I, which were Corona 

poled.  In corona poling, charged ions adhere to the surface of an electrode sample, thereby 

creating an electric potential between the top sample surface and grounded plate [93].  

Thus, samples with defects and electrically conductive inclusions can be poled at higher 
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voltages using the Corona poling process, wherein the effectiveness of the poling process 

is enhanced.  In both the Corona and contact poled samples, d33 ceased to increase beyond 

an aluminum volume fraction of 0.13.  This is most likely because electrical percolation 

occurred at or near a volume fraction of 0.3 for the aluminum.  The percolation volume 

fraction is slightly smaller than the theoretical prediction range, 0.15 to 0.17 [148], which 

is valid for spherical particles, where percolation occurs by way of particle contact.  

However, the mechanism of percolation can also be achieved by way of electrical 

conduction through inter-particle tunneling [149], which can diminish percolation 

threshold values in a continua composite.   
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Figure 5.29: The piezoelectric strain coefficient, d33, for Control 2 (contact poled at 12 kV/cm and non-
surface treated Al), data set H (Corona poled at 15 kV/cm and non-surface treated Al) and data set I 
(Corona poled at 15 kV/cm and surface treated Al for four hours) as a function of aluminum volume 
fraction for a constant PZT volume fraction equal to 0.2.  The maximum d33  values are 0.37, 0.45 and 0.9 
pC/N for Control 2, data set H and data set I, respectively.  The maximum d33 values occur when the 
volume fraction of aluminum is equal to 0.13.  
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Figure 5.30: The piezoelectric strain coefficient, d33, for Control 2 (contact poled at 12 kV/cm and non-
surface treated Al), data set H (Corona poled at 15 kV/cm and non-surface treated Al) and data set I (Corona 
poled at 15 kV/cm and surface treated Al for four hours) as a function of aluminum volume fraction for a 
constant PZT volume fraction equal to 0.3.  The maximum d33  values are 0.78, 1.25 and 1.50 pC/N for Control 
2, data set H and data set I, respectively.  The maximum d33 values occur when the volume fraction of 
aluminum is equal to 0.13.  
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Figure 5.31: The piezoelectric strain coefficient, d33, for Control 2 (contact poled at 12 kV/cm and non-
surface treated Al), data set H (Corona poled at 15 kV/cm and non-surface treated Al) and data set I (Corona 
poled at 15 kV/cm and surface treated Al for four hours) as a function of aluminum volume fraction for a 
constant PZT volume fraction equal to 0.4.  The maximum d33  values are 0.99, 2.32 and 3.48 pC/N for Control 
2, data set H and data set I, respectively.  The maximum d33 values occur when the volume fraction of 
aluminum is equal to 0.13.  
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The dielectric constants for the two-phase composite (PZT-epoxy, data set G) are plotted 

as a function of PZT volume fraction in Figure 5.32.  The dielectric constant for the two-

phase composite does not appear to vary with frequency.  The dielectric constant was 

found to increases with PZT content, where the average values of were ~68.2, ~96.9 and 

~131.7 for PZT volume fractions of 0.2, 0.3 and 0.4 respectively.  These values were found 

to be slightly higher than those of [71,74,147,150], who fabricated PZT-polymer 0-3 

composites with PZT volume fractions of 50% (values sin Table 3).  
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Figure 5.32: The real permittivity (dielectric constant, calculated from Equation [1]) for data set G (PZT-
Epoxy) composite is plotted as a function of frequency.  Data set G composites were corona poled at 
15kV/cm. As expected, the real permittivity is nearly constant over the frequency range and the maximum 
value occurs when the volume fraction of PZT is equal to 0.6. 
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Table 5.7: Dielectric and piezoelectric properties of the PZT polymer composites and comparison with those 
of previous workers [100-102,104-106,133]. 

Sample Volume 
Fraction % 

PZT/Epoxy/Al 

Dielectric 

constant, r 

d33 
(pC/N) 

Referenc
e 

PZT/DEGBA Epoxy/Al (Control 2) 40/47/13 ~270 0.99 This work 

PZT/DEGBA Epoxy (data set G) 40/60/0 ~134 1.36 This work 

Control 2, PZT/DEGBA Epoxy/Al 
(data set H) 

40/47/13 ~305 2.32 This work 

PZT/DEGBA Epoxy/Al (data set I) 40/47/13 ~420 3.48 This work 

PZT/PVC 50/50/0 43.7 13.0 Liu et al. 
(2005) 

PZT/PVDF 50/50/0 68.1 14.0 Liu et al. 
(2005) 

PZT/PVDF/C 50.0/0.5/49.5 47.8 20.0 Liu et al. 
(2005) 

PZT/PVDF 50/50 56.0 14.0 Wang et al. 
(2000) 

PZT/PVDF 50/50 95.0 13.8 Venkatraga
varaj et al.  
(2001) 

PZT/Polyester 50/50 52 18 Nhuapeng 
et al. 
(2002) 

PZT/epoxy resin 37/63 15 25.3 Thamjaree 
et al. 
(2005) 

 

The dielectric constants (real permittivity) for the Control 2 and data sets H and I are 

presented as a function of frequency for PZT and aluminum volume fractions of 0.2 to 0.4 

and 0.01 to 0.17, in Figure 5.33, Figure 5.34, and Figure 5.35, respectively.  The dielectric 

constants for all samples increase with volume fraction of PZT and Al.  The results 

indicate that all samples containing aluminum particles (corona and contact poled) had 

higher values of dielectric constant that the two phase counterparts.  Furthermore, the 

dielectric constant for Control 2 (for volume fractions equal to 0.2 and 0.13 for PZT and 
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Al, respectively), ~156.7 is higher than composite samples comprised of 20% BaTiO3 (80 

nm particles) and 15% nickel [95], whose dielectric constant was ~100.8.  In general, the 

dielectric constant values of this work were found to be slightly higher than those in other 

works with similar volume fractions of PZT [100, 104], and others that included carbon 

black [100].  In Table 3, a comparison of dielectric constant values are presented. 
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Figure 5.33: The real permittivity (dielectric constant, calculated from Equation [1]) for Control 2 (PZT-
Epoxy-Al, contact poled at 12kV/cm) is plotted as a function of frequency for A) 0.2, B) 0.3 and C) 0.4 volume 
fraction of PZT. The maximum values of dielectric constant occur at 0.17 volume fraction of Al for 0.2, 0.3 
and 0.4 volume fractions of PZT. 
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Figure 5.34: The real permittivity (dielectric constant, calculated from Equation [1]) for data set H (PZT-
Epoxy-Al, non-surface treated Al, Corona poled at 15kV/cm) is plotted as a function of frequency for A) 0.2, 
B) 0.3 and C) 0.4 volume fractions of PZT. The maximum values of dielectric constant occur at 0.17 volume 
fraction of Al for 0.2, 0.3 and 0.4 volume fractions of PZT. 

 

The maximum dielectric constant values observed were for samples that were surface 

treated and Corona poled (data set I) with PZT at 40% volume fraction and Al at 13% 

volume fraction.  The influence of Corona poling on dielectric constant is somewhat of an 

issue of debate, where some scholars have found no difference in dielectric constants poled 

contact and corona poled [74].  On the other hand, Waller et al. [38] have found that 

poling by the Corona method produced higher dielectric constants than the conventional 

method.  Based on the increases in dielectric constant and decrease in d33 at 0.13 volume 

fraction of PZT (in Control 2 and data sets H and I), it is believed that the percolation 
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threshold was achieved at the volume fraction of 0.13.  This is confirmed via observation 

of resistivity plots of these composites as a function of frequency for PZT and aluminum 

volume fractions equal to 0.2 to 0.4 and 0.01 to 0.17, respectively in Figure 5.35, Figure 

5.36, and Figure 5.37.   The dielectric characteristics of most materials are a function of 

ferroelectricity, charge density wave formation, hopping charge transport, the metal 

insulator transition and interface effects [151].  In Figure 5.33, Figure 5.34, and Figure 

5.35 the dielectric constants increased as a function of aluminum volume fraction, which 

could be the result of hopping transport and interface effects.  This could be validated by 

decreased resistivity in samples with aluminum content as demonstrated in Figure 5.36, 

Figure 5.37 and Figure 5.38.   

The maximum value of dielectric constant was observed to be 411 for samples that were 

surface treated and corona poled at PZT 40% and Al at 13%. The surface treated samples also 

displayed higher resistivity values, as can be seen in Figure 5.38.  Exposing the aluminum 

powder to ethanol for 4 hours, resulted in smoother surface morphology of the aluminum 

particles and de-agglomeration of aluminum particles cluster, which may have 

contributed to better aluminum particle distribution within the composite (as shown in 

Figure 5.27). Exposure of the aluminum to ethanol over extended periods of time in 

theory results in the self-passivation of aluminum and formation of an Al2O3 shell outside 

the metallic sphere. This outer shell allows electrons in the metallic core to tunnel 

through it, which causes the composite to have a higher dielectric constant as a percolated 

system. The Al2O3 shell around the Al particle also inhibits electron tunneling between 

successive Al particles, thereby leading to enhanced dielectric constant [4, 152, 153]. 
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Figure 5.35: The real permittivity (dielectric constant, calculated from Equation [1]) for data set I (PZT-
Epoxy-Al, surface treated Al, Corona poled at 15kV/cm) is plotted as a function of frequency for A) 0.2, B) 
0.3 and C) 0.4 volume fractions of PZT. The maximum values of dielectric constant occur at 0.17 volume 
fraction of Al for 0.2, 0.3 and 0.4 volume fractions of PZT. 

 

A thinner Al2O3 layer on an Al particle leads to a higher dielectric constant, as it more 

closely resembles a percolative system [154].  This interfacial polarization, the so-called 

Maxwell-Wagner, effect is responsible for the enhancement of dielectric constant [34].  

The dielectric constants increase near the percolation threshold due to the presence of 

micro-capacitor networks, which in theory can be represented as shown in Figure 

5.39.These networks are formed by neighboring conductive filler particles that sandwich 

PZT particles, which are insulated by the dielectric polymer matrix. Collectively the 

networks contribute to  the increase in capacitance[155, 156] of the sample. The 

formation of the network creates results in an increase in the local electric field when the 
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conductive fillers are close together near percolation, this promotes migration and 

accumulation of charge carriers at the interfaces between the Al particles and the polymer 

matrix [34]. The charges generated are accumulated at the interfaces as a result of 

Coulomb blockade by the insulating matrix, until the conductive fillers approach each 

other and the charges are relaxed by tunneling or by ohmic conduction.  
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Figure 5.36: The resistivity for Control 2 (PZT-Epoxy-Al, contact poled at 12kV/cm) is plotted as a function 
of frequency for A) 0.2, B) 0.3 and C) 0.4 volume fraction of PZT. The minimum values of resistivity occur for 
0.17 volume fraction of Al for 0.2, 0.3 and 0.4 volume fractions of PZT. 
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Figure 5.37: The resistivity for data set H (PZT-Epoxy-Al, non-surface treated Al, Corona poled at 15kV/cm) 
is plotted as a function of frequency for A) 0.2, B) 0.3 and C) 0.4 volume fractions of PZT. The minimum 
value of resistivity occurs for 0.17 volume fraction of aluminum for 0.2, 0.3 and 0.4 volume fractions of PZT.  
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Figure 5.38: The for data set I (PZT-Epoxy-Al, surface treated Al, Corona poled at 15kV/cm) is plotted as a 
function of frequency for A) 0.2, B) 0.3 and C) 0.4 volume fractions of PZT. The minimum value for resistivity 
occurs for 0.17 volume fraction of aluminum for 0.2, 0.3 and 0.4 volume fractions of PZT.  

 

 

 

Figure 5.39: A schematic overview of a micro-capacitor network. 
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5.2 Composite Thick Film 

5.2.1 Surface Morphology of the composite 

The surface morphology and particle distribution were observed via scanning electron 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) micrographs.  PZT-

epoxy-aluminum samples that were comprised of 0.30 PZT and 0.09 aluminum (by 

volume fraction) were observed.  The cross-sections of the samples were obtained by 

cutting the sample using a blade and placing the samples onto the SEM stud to reveal the 

samples cross-sectioned thickness or surface morphology.  In Figure 5.40, a SEM 

micrograph of the cross-section of the film is presented, where the imaged composites 

was at 467× magnification.  There do not appear to be any microscopic pores or 

delamination points at the interface between the substrate and the film.  The image in 

Figure 5.40 represents the fractured cross section as seen from the side, that is, along the 

thickness of the composite film with the stainless steel electrode at the top.  

In Figure 5.41, the surface morphology of the composite film is depicted at a 

magnification of 520 X.  PZT and aluminum particle agglomeration is observed in this 

SEM micrograph. The agglomeration may be attributed to several mechanisms of 

agglomeration: Brownian, gravitational, turbulent, and electrostatic, where the 

gravitational form is mitigated by the spin coating process.  This can be validated Figure 

5.40, where minimal coagulation of particles is observed at the interface of the substrate 

and the composite. The as-received PZT and aluminum powders tend to naturally form 

clusters that vary between 5-20 µm in the case of aluminum and 10-25 µm in the case of 

PZT as shown in Figure 5.42 A and B), where these agglomerations are most likely 
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attributed to electrostatic agglomeration. Addition of ethanol to the mixture did not 

effectively change the pH of the solution to negate the surface charge on the all of the 

particles which most likely diminished its effectiveness in counteracting the electrostatic 

forces between particles.  The extent of the effectiveness of the ethanol on the pH of the 

solution was also a function of the number of particles within the colloidal sol gel. 

 

 

Figure 5.40: A cross-section view of the film thickness (thicknesses of the stainless steel and composite film 
were 25 and 150 µm, respectively).  The film is comprised of 0.30 and 0.09 volume fractions of PZT and 
aluminum, respectively. No delamination at the interface between the film and substrate is observed at a 

magnification of 467 and EHT = 20.00 kV. 
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Figure 5.41: The surface morphology of the composite containing 30%PZT and 9% Al can been in the SEM 
micrographs where the magnification is 520 X and the EHT = 20.00 kV. We can see that the formation of 
PZT clusters or agglomerates occur within the composite. The aluminum particles are distributed around 
the PZT clusters, which could lead to aluminum-aluminum conductive pathways within the composite. 

 

 
Figure 5.42: The surface morphologies of the A) micron sized Al inclusions (200 mesh) and B) PZT (EC-76 

R8658) particles with average particle size ~6-7 µm.  The SEM micrograph of the aluminum is magnified at 

1080 X at EHT = 10.00 kV and the SEM micrograph of the PZT is magnified by 650 X at 10.00 kV.  

 

5.2.2 Piezoelectric and Dielectric Characterization 

In Figure 5.43 and Figure 5.45, the piezoelectric strain coefficients, d31 and d33, for PZT-

epoxy film composites are plotted as a function of PZT volume fraction.  The films were 

fabricated in a similar manner as the 0-3-0 films, only they were Corona polarized at 15 

A B 
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kV/cm, instead of Contact Parallel Plated polarized.   In Figure 5.44 the piezoelectric 

strain coefficients, d31 of the composites are plotted as a function of Al (0.0 to 0.17) for 

volume fractions 0.2, 0.3 and 0.4 of PZT, respectively. The samples that are PZT-epoxy 

were Corona polarized.  As expected, the piezoelectric strain coefficients, d31 increase with 

PZT content and aluminum content up to 0.13, beyond which there is a steep decline in 

d31 values. The increase in d31 values is consistent with many researchers such as [72, 92, 

131], who demonstrated increased values of d31 with increased PZT content within the 

piezoelectric polymer composite. A similar trend is expected for d33 values of the 

composite. However the magnitude of the d31 values is considerably higher than the d33 

values owing to the higher strain in the direction along the 1-axis as compared to the 

strain in the 3-axis. The range of the d31 and d33 is consistent with [74, 131] where the 

active particle size was <34 m with poling voltage at 10 kV/mm at room temperature, 

which is consistent with the data presented here.  The differences in the d31 and d33 values 

for the 0-3 and the 0-3-0 composites are greater for lower volume fractions of PZT, but 

the advantage of Corona poling over Contact Parallel plate is evident at lower volume 

fractions of aluminum.  However, at a higher volume fraction of the aluminum (0.15), the 

d31 values slightly surpassed those of the PZT-epoxy values for PZT volume fractions 

of 0.3 and 0.4.  
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Figure 5.43: The piezoelectric strain coefficient, d31 for the PZT-Epoxy composite that are plotted as a 
function of volume fraction of PZT. The maximum value is 2.09 pC/N for PZT volume fraction of 0.6 
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Figure 5.44: A comparison of piezoelectric strain coefficient d31 for the two-phase (PZT-Epoxy) composites 
plotted as a function of Al volume fraction for PZT at 20%, 30% and 40% 



79 
 

 
 

0.2 0.4 0.6

0.2

0.3

0.4

0.5

0.6

 PZT-Epoxy

d
3
3

 (
p

C
/N

)

vol. fraction of PZT

 

Figure 5.45: The piezoelectric strain coefficient, d33 for the PZT-Epoxy composite that are plotted as a 
function of volume fraction of PZT. The maximum value is 0.56 pC/N for PZT volume fraction of 0.6 
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Figure 5.46: A comparison of piezoelectric strain coefficient d33 for the two-phase (PZT-Epoxy) composites 
plotted as a function of Al volume fraction for PZT at 20%, 30% and 40% 
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Figure 5.47: The capacitance for the PZT-Epoxy composite that are plotted as a function of PZT volume 
fraction. The maximum value is 8pF and occurs at 0.6 volume fraction of PZT 
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Figure 5.48: The real permittivity for the PZT-Epoxy composite that are plotted as a function of PZT volume 
fraction. The maximum value is 412 and occurs at 0.6 volume fraction of PZT 
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Figure 5.49: A comparison of capacitance values for the two-phase (PZT-Epoxy) composites plotted as a 
function of Al volume fraction for PZT at 20%, 30% and 40% 
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Figure 5.50: A comparison of real permittivity for the two-phase (PZT-Epoxy) composites plotted as a 
function of Al volume fraction for PZT at 20%, 30% and 40% 

 

The dielectric constants of the two-phase composites are presented in Figure 5.48. 

The dielectric constant was found to increase with PZT content, where the maximum 
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value was ~412 for PZT volume fractions of 0.6. With increasing content of PZT the 

composite can be more easily polarized due to its inherent ferroelectric property, and 

hence this leads to a higher overall dielectric constant.   The dielectric constants for the 

three-phase samples are presented in Figure 5.50 respectively. The dielectric constants 

for all samples increase with volume fraction of PZT and Al. The results indicate that all 

samples containing aluminum particles had higher dielectric constant than their two-

phase counterparts. The maximum value of dielectric constant was observed for samples 

that contained 40% PZT and 17% Al.  

5.2.3 Study comparing the effect of different top electrodes 

Gold and silver top electrodes were applied to PZT (0.3)-Epoxy (0.05) samples to evaluate 

its influence on the electromechanical properties of the composite. Colloidal silver 

solution was applied as the top electrode with 5 µm thickness and 400 nm gold was 

sputtered on the sample using a sputtering machine. 

 

Figure 5.51: A schematic diagram of the application of the 5 µm thick colloidal silver electrode onto the 
surface of the film 
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Figure 5.52: A schematic diagram describing the sputtering process of 400 nm gold layer onto the thick film. 
The molecules of the sputtering gas (Ar), strike the gold target thereby releasing gold molecules onto the 
surface of the film. 
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Figure 5.53: A Comparison of piezoelectric strain coefficient d31 for samples containing 30% PZT volume 
fraction and 5% Al volume fraction with silver and gold electrodes 
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Figure 5.54: A Comparison of piezoelectric strain coefficient d33 for samples containing 30% PZT volume 
fraction and 5% Al volume fraction with silver and gold electrodes 
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Figure 5.55: A Comparison of capacitance for samples containing 30% PZT volume fraction and 5% Al 
volume fraction with silver and gold electrodes 
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The electron transport properties at the interface of the composite thick film 

surface and the device electrode are influenced by the surface characteristics, such as the 

surface morphology of the thick films, the contact resistance and the total number of 

contact points connecting the thick film surface to the surface of the device electrode[12, 

86, 157]. In order to draw a comparison between different top electrodes, the thick film 

were deposited with gold (Au) and silver (Ag) electrodes. The electrical resistivity and 

conductivity values are different for both materials. The variation in the piezoelectric 

strain coefficients d33 and d31 of the thick film are shown in Figure 5.53 and Figure 5.54. 

The values are enhanced by the addition of the metallic electrodes below the percolation 

threshold. This improvement in the d33 and d31 values is due to the decrease in the contact 

resistance and increase in the mobility of electrons at the interface between the film 

surface and the electrode due to the presence of the metallic layer[125]. We can see a 

maximum d31 and d33 values for the samples with silver electrode are 2pC/N and 

2.5pC/N, respectively occur at ~13% Al. These values are higher than that of gold, d31 

and d33 are ~1.8pC/N and ~1.2pC/N, respectively because of the decreased electrical 

resistivity of silver (Ag~0.00955 10-8 Ωm and Au~0.0502 10-8 Ωm)[158].  

The capacitance values are enhanced by the addition of the top electrode. The top 

electrodes were applied to samples containing 30% PZT and 5% Al, and we can see that 

the capacitance for this sample with the gold electrode was ~43pF, with the silver 

electrode ~42.8pF and with no electrode was ~3.5pF. The enhancement of the 

capacitance could be due to several factors such as electron tunneling due to an increase 

in the intensity of local electric field[34]. Also, the conductive layer reduces the losses 
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due to metal insulator transition and other interface defects as compared to the composite 

without a conductive layer[125]. 

5.2.4 Effect of Aging of Samples: Data accumulated after 1day and 5days 

The composites were also poled via contact poling method at the same poling voltage as 

the other samples (i.e. 2.2kV/mm). Once poled the data was measured on two separate 

occasions, after 1day and 5 days of poling, to study the effect of aging on the 

electromechanical properties of the composite. A comparison analysis was carried out to 

compare their respective values. 

5.2.4.1 Samples with Silver Electrode 
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Figure 5.56: A comparison of the piezoelectric strain coefficient, d31 as a function of aging time i.e. time 

elapsed since poling the sample and recording the measurements, in this case a) one day and b) five days, 

for samples with 30% PZT and varying Al volume fraction with silver electrode.  
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5.2.4.2 Samples with Gold Electrode 
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Figure 5.57: A comparison of the piezoelectric strain coefficient, d31 as a function of aging time i.e. time 

elapsed since poling the sample and recording the measurements, in this case a) one day and b) five days, 

for samples with 30% PZT and 5% Al volume fraction with gold electrode. 

 

5.2.4.3 Samples with Silver Electrode 
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Figure 5.58: A comparison of the piezoelectric strain coefficient, d33 as a function of aging time i.e. time 

elapsed since poling the sample and recording the measurements, in this case a) one day and b) five days, 

for samples with 30% PZT and 5% Al volume fraction with silver electrode. 
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5.2.4.4 Samples with Gold Electrode 
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Figure 5.59: A comparison of the piezoelectric strain coefficient, d33 as a function of aging time i.e. time 

elapsed since poling the sample and recording the measurements, in this case a) one day and b) five days, 

for samples with 30% PZT and 5% Al volume fraction gold electrode. 

 

The piezoelectric strain coefficient measurements d31 and d33 were measured after one and 

five days of poling the sample. The results that were recorded provided a brief insight 

into how the d33 and d31 values vary over time. As we can see from Figure 5.58 and Figure 

5.59 the values measured after five days were slightly lower than the values of samples 

recorded after one day, and this happens because the sample reached remnant polarization 

gradually over time, and thus attains a lower d33 and d31 value as some of the dipoles that 

were forced to align return back to their natural position. The samples were measured 

again, 1027 days after poling, the d31 and d33 values reduced only slightly (10.5% - 23.5% 

less compared d33 of 5 days after poling), however they did observe a similar trend in 

values varying with aluminum volume fraction, as shown in Figure 5.58 and Figure 5.59. 
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Chapter 6 

Conclusion and Future Work 

 

6.1. Conclusion 

Three phase piezoelectric PZT-Epoxy-Al composites have been fabricated and poled 

using corona and contact methods. The volume fraction of PZT and Al were varied from 

0.2 to 0.4 and 0.0 to 0.17 respectively. The piezoelectric strain coefficient and the 

dielectric constant increased with PZT and Al volume content. However, the percolation 

threshold is believed to have been achieved for a volume fraction of 0.13 of Al, which was 

validated by observation of the resistivity of samples as a function of frequency and 

volume fraction.  The resistivity of the samples decreased as a function of PZT and Al, 

where sharp decreases in resistivity were observed for the volume fraction above 0.13 of 

Al. 

 Surface treated aluminum was found to have better dispersion within the polymer 

matrix, and this was corroborated using the EDS images. The three phase composites, 

PZT-Epoxy-Al that contained surface treated aluminum inclusion yielded higher d33 and 

real permittivity values 𝛆r.  
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6.2. Future Work 

Lead has recently been expelled from many commercial applications and materials e.g. 

from solder, glass and pottery glaze, owing to concerns regarding its toxicity. PZT 

contains more than 60 weight percent lead [159]. So despite PZT possessing high 

dielectric and piezoelectric properties (𝛆r ~ 3300 and d33 ~ 630 [24]), there has been 

interest in moving towards lead-free piezoceramics for use within composites. 

 Researchers have recently been looking at Barium Titanate (BaTiO3) as an 

alternative material. BaTiO3 was the first material used for manufacturing dielectric 

ceramic capacitors, multilayer capacitors etc. It is used for this application due to its high 

dielectric constant (𝛆r ~4500 at room temperature [160]) and low dielectric loss. BaTiO3 

is a member of a large family of compounds with the general formula ABO3 which are 

called perovskites. 

 Therefore future work includes, but not limited to, embedding BaTiO3 particles 

within a polymer matrix (epoxy resin) to create a composite with high dielectric constant 

and good piezoelectric characteristics. However a common problem associated with the 

inorganic-organic composites is the incompatibility of the two materials. In BaTiO3 –

Epoxy composites, the surface of BaTiO3 with residue hydroxyl groups are hydrophilic 

in nature, while the epoxy resin and organic solvent are hydrophobic [161]. When these 

materials are mixed, the BaTiO3 particles tend to agglomerate and separate from the 

organic solvent or resin, resulting in processing difficulties and inhomogeneous 

distribution of BaTiO3 particles in the polymer. In order to ensure proper distribution of 
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BaTiO3 particles within the composite there needs be surface treatment of the particles 

prior to mixing with epoxy. By using a silence coupling agent that possess different 

functional groups that can hydrolyze with the surface of BaTiO3 [161] and which also 

has epoxy groups that can react with the polymer. By virtue of this, we can 

homogeneously distribute the BaTiO3 particles within the composite. 

 However, Ramajo et al. [162] have identified that the amount of silane coupling 

agent added is critical to enhancing dispersion. Increasing the amount of coupling agent 

(>0.50 wt %) could be detrimental, as it increased porosity within the composite. 

Therefore it is paramount that an optimization study be conducted to determine the 

amount of coupling agent that needs to be used. In addition to enhancing dispersion, the 

dielectric and piezoelectric properties need to mimic that of the PZT composites to ensure 

that the composites of the latter can be substituted seamlessly in applications. 
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