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Abstract
Applications for non-destructive evaluation (NDE) and structural health
monitoring (SHM) in principle can be performed at various temperatures provided the
transducer can reliably operate under those conditions. For are high temperature
materials such as Lithium Niobate that can be used for NDE a coupling medium is
required to aid in wave propagation between the transducer and system of interest.
Traditional methods require either pressure contacts or a high temperature bonding
medium, which can deteriorate over time. The sol-gel spray-on technology eliminates
the need for this coupling medium and allows for an actuator that can be custom
tailored to the specific application of interest. As nuclear reactors reach the end of
their projected lifetime it is critical that the systems within the containment structure
be continuously monitored. This spray-on technology allows for efficient on-line
monitoring of a system at any operating temperature providing the proper transducer
selection.
The current objective is to develop a class of spray-on ferroelectrics that do
not require a bonding medium and enable custom tailoring of composite transducers
adapted for different combinations of efficiency and temperature. For example, if a
high-temperature application is anticipated, the composition of the sol-gel can involve
constituents that favor ultrasonic properties, while the powder could involve
constituents that still function ultrasonically at high temperature.
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This paper presents details of the deposition method without requiring a
bonding medium. It also shows results on the effects of varying the weight percent of
the composite Lead Zirconate Titanate/ Bismuth titanate transducers on the Curie
temperature and efficiency of the composite Piezoelectrics. Results for several
composites are given with d33 values ranging from 20 to 60 x10-12 Coulomb/Newton
along with temperature dependencies of the signal amplitude in pulse-echo
experiments. These composite ferroelectrics are modeled using a micromechanics
analysis code based on the “generalized method of cells” program.
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1. Introduction
1.1. Thesis Scope and Motivation
This thesis is comprised of three major parts: composite fabrication,
characterization, and modeling of two phase composite transducers. Composite ceramics
have been fabricated utilizing a spray-on sol-gel technique. The ceramics are then
sintered and poled. The resulting transducers can be characterized by a series of electrical
and temperature test procedures. This thesis also models the composite transducers
utilizing a Micromechanics Analysis Code by Generalized method of Cells provided by
NASA.
Previous work on composite spray-on transducers by Searfass et. al[9]. only
considered systems with one powder and one sol-gel. Considering the small effect of the
sol-gel on the properties of the resulting transducer, perhaps a different ratio of materials
would result in a wide range of transducer properties. Thus a two powder system is
explored in this thesis. The goal of this thesis is to show how material properties of a
composite spray-on transducer change with varying weight percent of constituent
materials.
The motivation for this work stems from a wide variety of transducer
applications. There are some applications that require a transducer to produce a strong
signal with only a low temperature requirement, while other applications require a
response at high temperatures. This work provides a basis for transducer fabrication in
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order to satisfy various temperature windows from on-line monitoring of nuclear power
plants to monitoring gas pipelines.

1.2. Dielectric Properties
A material is considered a dielectric if it can sustain an electric field without
passing a current through the medium. A dielectric contains charge carriers that can be
locally displaced to neutralize a portion of the applied electric field. As a result of the
induced polarization, the dielectric material is able to store energy. The amount of energy
that the dielectric material can store depends on the permittivity of the material and the
dielectric breakdown strength. The permittivity is determined by four main mechanisms:
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Figure 1.1: Polarization Mechanisms[1,2].

development of space charge along barriers, relative displacement of cation and anion
particles, reorientation of dipoles, and net displacement of the electron cloud around the
nucleus of an atom[2,3].
The ability to observe each of these these mechanisms is dependent on the
frequency with which the applied field oscillates. As the frequency increases towards a
critical value, the ability of a mechanism to oscillate at the same rate as the external field
decreases. If the frequency of the external field exceeds some critical value, the ability of
that mechanism to store energy no longer exists, thus decreasing the permittivity of the
material[2].
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Figure 1.2: Frequency dependence of polarization mechanisms[1,2].

In linear dielectrics the polarization, P, and electric displacement, D, can be
expressed as

1.1
1.2
1.3
where χ is the electric susceptibility,

is the permittivity of free space, and

is the

relative permittivity of the material[2]. Ideally the dielectric acts as a capacitor and
therefore has a purely imaginary impedance; however, in real applications there is always
a small real impedance in a dielectric material. This real impedance dissipates energy in
the system as opposed to storing it. The loss tangent, tan δ, quantifies the relative amount
of energy dissipated by the real impedance of the dielectric[2].
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1.3. Conductivity
The resistive impedance dissipates energy when charges migrate through the
ceramic microstructure. There is a large influence of the charge motion on the electrical
properties of the ceramic. As a result, the conductivity of the material must be
considered. The conductivity, σ, of a material can be defined as

1.4
where J is the current density and E is the applied electric field. The two types of
conduction within a material are intrinsic and extrinsic. Intrinsic conduction mechanisms
consist of electron-hole pairs that are produced during thermal vibration. This type of
conduction only occurs in defect free single crystal solids. Extrinsic conduction occurs in
the presence of defects such as grain boundaries, vacancies, interstitials, dopants, and
dislocations. The presence of these defects in relatively small quantities has a large
impact on the conductivity of the material[4,5]. The conductivity of a material is based on
the carrier concentration and drift mobility, both of which are temperature dependent
meaning the conductivity is highly influenced by temperature[5].
1.4. Ceramic Classification
A ceramic material is an inorganic non-metallic compound, which typically
exhibits a crystalline structure. Within the 32 possible point groups, 20 can be classified
as piezoelectric. A subset of the piezoelectric groups are the pyroelectric point groups.
One subgroup can be considered ferroelectric if the polarization can be switched between
equal states[6].
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1.5. Ferroelectric Structures
A material is said to be piezoelectric if it produces a voltage when mechanically
stressed, and shows a linear strain dependence when a field is applied. The foundation of
the piezoelectric effect can be traced back to Pierre and Jacques Curie in the late 19th
century. The brothers discovered that a voltage could be created when pressure was
applied to a specific type of crystal. They used this property to establish the importance
of crystal symmetry in physics and to create devices like the electrometer to measure
charges [7]. One hundred and fifty years after the discovery of piezoelectricity,
piezoelectric devices are used in numerous applications such as microphones, speakers,
and computers. Piezoelectric materials are also currently being used in cutting edge
research for numerous applications including monitoring nuclear reactors, and evaluating
in-ground pipelines[8].
Piezoelectric ceramic materials come in a variety of crystal structures. The most
common crystal structure is known as a perovskite, which is also ferroelectric. This
structure is best shown through the ferroelectric perovskite of Barium Titanate (BaTiO3):
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Figure 1.3: BaTiO3 Perovskite structure below the Curie temperature in the tetragonal ferroelectric phase[3].

In the above figure of the perovskite structure the large cation is the Ba2+ and the anion is
O2-, with an asymmetric off-center Ti4+ atom relative to the oxygen octahedron. The
perovskite structure in Figure 1.3 can host many cubic substructures providing it follows:

√ (

)

1.5

where RA is the radius of the large cation, RB is the radius of the small cation and RO is
the radius of the anion. If t is less than 0.95 then the structure is distorted and non
ferroelectric; if t is between 0.95 and 1 then the structure is cubic and could be
ferroelectric; if t is slightly greater than 1 the structure is ferroelectric. Common materials
that exhibit perovskite structure are Lead Zirconate Titanate (PZT) and Barium
Titanate[2].
There are other less common ferroelectric structures such as the layered-oxide.
One example of the layered oxide structure is bismuth titanate which has three
ferroelectric structures with two oxide layers on either side.
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Figure 1.4: Layered-Oxide Structure of Bismuth Titanate[3].

1.6. Transduction

Figure 1.5: A two dimensional representation of a piezoelectric material (a) is unstressed (b) is in tension[9].
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The piezoelectric effect can easily be seen in this perovskite structure. If there is a
net strain on this structure, then the positively charged titanium atom moves closer or
further from the center point creating a change in polarization of the unit cell. This
phenomenon is known as transduction, which is the conversion of energy from one form
to another. In this case mechanical energy is being converted into electrical energy.

Figure 1.6: Subscript convention for poled ferroelectric materials[3].

For a given parameter the first subscript indicates the way the field is applied and
the second subscript denotes the direction the property is measured. The direct and
converse piezoelectric effects, which can be derived by an in depth study of
thermodynamics, are given respectively by[10]
1.6
1.7
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where Di is the dielectric displacement and Sij is the strain.
constant stress (usually zero) and

is the permittivity under

is the elastic compliance under constant electric

field (usually zero). E and T are the applied electric field and stress respectively.

is

the third rank tensor which describes the piezoelectric charge coefficient; the transpose of
which is denoted by *. These piezoelectric equations are orientation dependent; however,
some of the terms can be reduced by symmetry, namely the three tensors given below.
The elastic compliance
s11

s12

s13

0

0

s21

s22

s23

0

0

s31

s23

s33

0

0

0

0

0

s44

0

0

0

0

0

2(s11-s12)

The piezoelectric charge coefficient
0

0

0

0

d15

0

0

0

0

d15

0

0

d31

d31

d33

0

0

0
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The permittivity
ε11

0

0

0

ε11

0

0

0

ε33

Equations 1.6 and 1.7 then can be expanded into a full set of piezoelectric
equations given by
1.8a
1.8b
(

)

1.8c

1.9a
(

)

1.9b
1.9c
1.9d
1.9e

The given equations depend heavily on the boundary conditions due to the
coupled electromechanical interaction in piezoelectric materials[3]. These basic
piezoelectric equations are critical to the modeling of piezoelectric composite materials
which is discussed in chapter four of this thesis.
Piezoelectrics are commonly used as functional actuators in the non-destructive
evaluation field. A piezoelectric may be pulsed with a voltage to create a mechanical
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stress wave as described by Equation 1.7. This mechanical wave then propagates through
a media. The wave is sensitive to changes within this media which cause reflections and
refractions of the wave. In a case where a portion of the wave is reflected due to a change
within the media, the stress wave hits the transducer which then converts the wave into an
electrical signal by Equation 1.6. These piezoelectric and wave properties form the
foundation of the non-destructive evaluation field.

Figure 1.7: This simple picture depicts the principle of a transducer used for non-destructive evaluation. Point A shows
the pulse and point B is the reflection of the mechanical wave[11].

The amount of energy that is transferred from the electrical pulse to the
mechanical wave, or vice versa, is strongly dependent on the coupling of the transducer.
If there is weak coupling between the transducer and the medium then energy cannot be
efficiently transferred between the mediums. The electro-mechanical coupling
coefficient, k33, expresses this energy ratio[12]
1.10
√
The electromechanical coupling coefficient is important to the overall
effectiveness of the transducer. At room temperature, a gel can be used to efficiently
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couple the transducer to the specimen. This gel cannot be used at high temperatures
(>100°C) due to the volatile decomposition of organic compounds present in the gel. A
spray-on method is utilized in this thesis to chemically couple the transducer to the
substrate which allows the transducer to stay coupled to the substrate at elevated
temperatures.
1.7. Ferroelectricity
The two main materials that are explored in this thesis, Pb(Zr(1-x),Tix)O3 and
Bi4Ti3O12, which are known as PZT and Bismuth Titanate respectively, are both
ferroelectric materials. There is a distinct difference between piezoelectricity and
ferroelectricity. Whereas a piezoelectric material is any material which produces a
voltage when a pressure is exerted on it, a ferroelectric material must be electrically poled
to satisfy the conditions of piezoelectricity. This involves the reorientations of polar
domains in the presence of a critical electric field[3].
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Figure 1.8: Polarization vs applied electric field hysteresis of a ferroelectric material (A) Before the material has been
exposed to any electric field. (B) Polarization after being exposed to a positive electric field (C) Polarization after being
exposed to a negative electric field.

Note for Figure 1.8 that as the electric field changes the polarization ideally
follows the most external loop indefinitely, making this material ferroelectric[3]. The
reorientation of domains enables a polycrystalline ceramic to be poled when a critical
electric field, known as the coercive field, is applied to the ceramic creating a
macroscopic polar state.
Dielectric breakdown in ceramics is an irreversible process that creates a loss of
insulating properties, which occurs when a current is present through the medium
preventing energy storage. The dielectric breakdown is a property critical during poling.
In composite ceramics there are four main mechanisms that cause dielectric breakdown;
however, electron avalanche breakdown is by far the most common. This type of
breakdown occurs when a free electron in the conduction band of the ceramic is
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accelerated by the applied electric field. This electron gains energy by traveling through
the conduction band. If the energy of the electron is larger than the band gap energy it can
excite an electron from the valance band through a collision with the lattice vibrations.
Since the original electron has greater energy than the band gap energy, the electron
remains in the conduction band, while promoting another electron to the conduction
band. Now there are twice as many electrons in the conduction band, which repeats the
previous effect with further acceleration. This effect snowballs and creates a large current
within the dielectric due to the excess of electrons in the conduction band. The next most
common type of breakdown in the composite ceramics produced in this thesis is internal
discharge breakdown. Internal discharge occurs when a partial discharge of energy occurs
at a grain boundary where a void, crack, or pore exists in the process utilized here this
may be important to the dielectric breakdown strength. Since the medium, such as air, in
these pores has a lower dielectric strength. Also the void increases in size the local
dielectric is forced to support a larger field. Once the field exceeds the dielectric strength
of the material, a runaway electric current occurs. Thermal breakdown occurs when
electrons are excited from the valance band to the conduction band as a result of the
thermal energy input into the system. For the composite transducers developed in this
thesis, thermal breakdown is uncommon since the surface area to volume ratio is
extremely large, which allows the system to dissipate heat quickly. Electromechanical
breakdown can occur when an electric field is applied to the dielectric. The electrodes on
opposite sides of the dielectric accumulate opposite charges and are therefore attracted to
each other. This attractive force causes a net compression on the ceramic material. If the
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elastic modulus of the material is not sufficiently high, then electro-fracture of the
material may occur[5].
The maximum temperature for the ferroelectric phase to exist is the Curie
temperature. The transition to the paraelectric phase creates symmetry in the crystal
structure eliminating the polar orientation of the domains[3].

Figure 1.9: Poling process of a ferroelectric material. (a) Randomly oriented grains (b) Electric field applied at an
elevated temperature (c) The resultant domain orientations after the electric field has been removed and the material
returned to room temperature.

Phase transitions in ferroelectrics can be classified as first or second order
transitions. The order of the phase transition in a material strongly influences the
polarization of the ferroelectric as the Curie temperature of the material is approached.
This property is especially important in a composite material where there are effectively
two Curie temperatures. The first is where the material with the lower Curie temperature
becomes paraelectric and the second is where the material with the higher Curie
temperature becomes paraelectric. If there is a significant difference in efficiency
between the two materials then the phase transition order is critical in determining the net
polarization of the composite near both Curie temperatures[13].
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Figure 1.10 (a) first order phase transition at the Curie temperature (b) second order phase transition at the Curie
temperature[13].

The two main materials investigated in this thesis are all different in terms of the
phase transition at the Curie temperature. PZT is a very unique solid solution; the major
piezoelectric activator occurs at phase boundary between the tetragonal and
rhombohedral phases, the so called morphotropic phase boundary(MPB).
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Figure 1.11: Order of the Phase transition in PZT, the C is the cubic prototype symmetry, R is rhombohedral, M is
monoclinic, and T is Tetragonal[14].

PZT exhibits both a first and a second order phase transition based on the crystal
structure. PZT can take a rhombohedral or tetragonal crystal structure where the
rhombohedral phase has a first order phase transition and the tetragonal structure
undergoes a second order phase transition. The crystal structure is dictated by the
chemical composition of PZT[14]. The ideal composition for this thesis is x=.48 indicating
that a second order phase transition is to be expected. Bismuth Titanate exhibits a purely
a first order phase transition between the high temperature phase and ferroelectric low
temperature phase[15].
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1.8. MPB Systems
Within the category of ferroelectric materials there are commonly used
ferroelectrics which exhibit a MPB. These MPB compounds are a combination of two or
more ferroelectric structures that work together to create a more efficient piezoelectric
response within the material. A MPB is created when two piezoelectrics form an
essentially temperature independent phase boundary below the Curie temperature. On
one side of the boundary the crystal structure takes on one form, while on the opposite
side of the compositional boundary the crystal structure is different[17]. One of the most
common MPB ferroelectrics is PZT.

Figure 1.12: Phase diagram for the Pb(Zr(1-x),Tix)O3 system[17].

In PZT the MPB occurs at x≈0.48. On the left side of the phase boundary PZT
forms a rhombohedral structure, while on the right side of the phase boundary PZT forms
a tetragonal phase. Note that there are other phases present in the system; however, these
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phases are rarely manufactured. The MPB is an important position in the phase diagram.
During the poling process, if the ferroelectric material lies on the phase boundary there
are fourteen different directions that the domain can be poled[17]. These fourteen different
domains are the result of the six polarization directions from the tetragonal (<100>) phase
and the eight possible polarization directions from the rhombohedral (<111>) phase[17].

Figure 1.13: The effect of the MPB on the efficiency (d33) of the ferroelectric material in a (1-x)BiScO3-xPbTiO3
system[17].

In Figure 1.13 Eitel et al. demonstrates that the advantage of producing a MPB
ferroelectric can be quite extensive in terms of the d33 measurement[17]. Here the
rhombohedral phase can produce a higher d33 reading due to the additional polarization
options available in the rhombohedral phase that are not in the tetragonal phase. Most
MPB systems consist of the basic perovskite structure and are common for high
efficiency low temperature applications. The other category of ferroelectrics consist of
non-MPB systems.
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Figure 1.14: d33 as a function of temperature for MPB and Non-MPB systems[17].

1.9. Non-MPB systems
Non-MPB systems are typically of the perovskite structure; however, this is not
always the case. Other non-MPB, non-perovskite ferroelectrics have lower symmetry in
the paraelectric phase. Lower symmetry of the crystal structure offers fewer reorientation
directions of the ferroelectric phase during the poling process, which can vastly affect the
efficiency of the transducer. The reason that these materials are still used is due to a high
Curie temperature of the material, which in some cases is over 1000°C. The non-MPB
ferroelectric that is explored in this thesis is Bismuth Titanate.
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Table 1.1: Comparison of Curie Temperature and piezoelectric d33 coefficients for MPB and Non-MPB ferroelectrics

Material

Tc ( °C)

d33 (pC/N)

Bi4Ti3O12

685[3]

14[3]

LiNbO3

1200[3]

6[3]

Pb(Zrx,Ti(1-x))O3 :X=.48

385[18]

585[18]

1.10.

Composite Transducers

Extensive research has been conducted on composite ultrasonic transducers by
Searfass et al[3]. A vast difference has been identified between composite transducers
fabricated through a sol-gel spray-on deposition process compared to a traditional powder
pressing and sintering process. The spray-on process is still being improved to increase
the piezoelectric performance of the final product.
1.11.

Microstructure

One of the main disadvantages of the composite transducer is the microstructure of
the final product. The microstructure is very porous, and therefore, much less dense than
the ideal condition. These microstructures stem directly from the temperature treatments
of the system.
In a sol-gel process a pyrolization step must be performed in order to remove organic
compounds, which are required to make the solution, from the desired ceramic
microstructure. This step has been efficiently performed in coatings up to 10µm. The
spray-on deposition method deposits a layer approximately 20µm thick. The sol-gel
solution has a high volume of organics by nature; thus during the process of pyrolization
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there is a large volumetric change as volatile organics are evaporated. This volumetric
change is responsible for the initial development of cracks in the microstructure[19].
Conventional methods, such as matching layers, have proven ineffective in the spray-on
process due to the film thickness.
Another source of cracking occurs during the sintering process. An effective but
crude blowtorch sintering method has been developed by Searfass for thick film sintering
of composite ceramics on metal substrates, as is discussed in the second chapter of this
thesis. The main setback of sintering thick films (>20 µm) on substrates is the coefficient
of thermal expansion(CTE) mismatch between the metallic substrate and the ceramic
coating. The stresses induced by this mismatch can exceed the tensile strength of the
ceramic and cause fracture of the ceramic material[22]. For this reason the sintering
temperature must be lower than a typical sintering process. For ceramics on a stainless
steel substrate, a sintering temperature of 550°C has commonly been used for twelve
minutes. If a ceramic that is deposited on a stainless steel substrate is sintered for an
extended period of time, cracking also occurs. A ferroelectric material fabricated through
a powder pressing process is typically sintered at 850°C. The reduced sintering
temperature dramatically affects the microstructure of the resulting transducer. The
porosity of a composite transducer as produced by Searfass et al[3]. has been significantly
higher than the porosity of an ideal sample. Due to the lower sintering temperature and
increased speed of the process the grains do not have time to consolidate and densify.
Each grain stores a surplus of energy at the grain boundary due to the structural disorder
of a grain boundary. The consolidation and densification processes are a result of the

24

system lowering its interfacial energy. When a ceramic is sintered with a blowtorch the
solid state diffusion of the ceramic is minimized due to the reduced sintering time and
low temperature[20].
The porosity of the dielectric medium has a varying effect in determining the
properties of a ceramic. Porosity effects can be combined into three groups: porosity does
not affect a property, only the amount of porosity affects the property, and the amount
and character of porosity affects the property. For properties that are affected by the
presence of a pore within the microstructure, a pore can be modeled in varying ways. For
simplicity, only one mixture rule involving pores is presented here and is taken from an
extensive list of pore based property modifications as presented by Rice[21]. Using the
mixture rule the effect of a pore on a dielectric property can be expressed as
(

where

)

1.11

is the ideal value of a property of a solid, P is the amount of porosity, and ε is the

resultant property value with the effect of the pore included. Extensive and accurate
models of the effect of porosity on conductivity and dielectric breakdown are nonexistant due to the complex nature of these properties. Grain boundaries, dopants, and
defects play a large role in determining these properties as much as the porosity of a
sample, thus an accurate model would have to account for all of these properties and
more. The mixing law can be used as a rough model of the effect of porosity on the
conductivity, dielectric breakdown strength, and dielectric constant[21].
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Porosity also strongly affects mechanical properties. Mixing laws can be used to
model the effects of porosity on mechanical properties as long as one assumes that the
pores and grains are both spherical. The effect of pores on elastic properties can be
assumed linear. Pores also effect the thermal stress experienced by the ceramic during
heating and cooling. The area of the pores reduces the area of the ceramic, thereby
increasing the net stress the ceramic sees due to the decreased cross sectional area[21].
Fracture of the material can occur according to
√

1.12

where KIC is the fracture toughness of the material, Y is a geometric factor, σc is the
critical stress, and a is the size of the void or crack.
Microcracks can be modeled similarly to pores. The main difference with cracks
is that they are not typically spherical and therefore most of the assumptions with mixing
rules cannot be applied due to symmetry. The orientation of the crack must be considered
with respect to the direction with which a specific property is to be measured. Thus a
crack may have no effect on a property if it is properly oriented; on the other hand it
could vastly change a property if oriented in a detrimental direction. For elastic properties
randomly oriented slit cracks can reduce properties by as much as 1.64. Thus far the
effect of porosity on composite transducers fabricated through a spray-on process has
been ignored. In chapter four of this thesis micromechanical modeling of piezoelectrics is
performed and the effect of porosity and microcracking is considered[21].
B. Cyphers explored the use of invar alloys as a solution to the CTE mismatch
problem. Cyphers noticed that as the thickness of the deposited transducer increases, the
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cracking resulting from thermal stresses plays a larger role than in thin ceramics[22]. Invar
alloys have a very low coefficient of thermal expansion up to 400°C. Further exploration
of invar 52 and invar 42 has revealed an even lower CTE. These materials have been
used to stop the cracking of the ceramic during the sintering process. Given an invar
alloy, invar XX, the XX denotes the percent composition of nickel. The problem with the
presence of nickel as a substrate or electrode is that as the nickel is heated it heavily
oxidizes. This oxidation in a porous structure causes the nickel to draw oxygen out of the
microstructure of the ceramic which causes the ceramic to lose its ferroelectric
properties[22].
Despite the issues with the CTE of stainless steel, the most successful results have
been produced on steel substrates. Due to the CTE mismatch approximately 66% of the
ceramics results in working transducers. For this thesis, flat stainless steel substrates are
used with five sprays to reduce the effects of the thermal stresses.
1.12.

Transducer Performance

The temperature capabilities of the composite transducers fabricated through a
spray-on process has been extensively researched. Searfass has shown the abilities of a
PZT-Bismuth titanate composite transducers to survive past 650°C[3]. A typical spray-on
composite transducer d33 ranges from 10-20 pC/N. The capacitance values are on the
order of pF and the tanδ values are <0.05. While the d33 and capacitance values may
seem considerably low, the limitations of the process must be taken into account.
Searfass has developed a Figure of merit (FOM).The derivation for which has been
omitted for brevity), mg, which is expressed as
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1.13
where

and

are the voltage put in and received out of the system respectively, D is

the distance the wave travels,

is the wavelength, T1 and T2 are the transmission

coefficients, S is the area of the transducer, α is related to the frequency and X is the gain
used. This FOM which can be used to directly compare the effectiveness of
transducers[3].
Many commercial transducers are narrow band transducers that cannot efficiently
operate outside a small range of frequencies. One of the advantages of a spray-on
composite transducer is the broad band frequency spectrum. These transducers have been
shown by Searfass, Pheil et al. to have a band width of around 4 MHz with a center
frequency of about 6 MHz[3,11]. A FFT of the signal has been taken at various
temperatures to determine how the frequency changes with temperature. The resulting
frequency spectrum remains relatively constant through the entire ferroelectric phase[11].
1.13.

Current Applications

Composite spray-on transducers can be used for a wide variety of applications.
One current application is to produce low frequency ultrasonic waves at about 100kHz to
be used for the monitoring of temperature, corrosion, and microstructural degradation of
a wire inside a reactor. This is the first application of a truly thick film transducer (1mm)
deposited on a horn. Another application is for the on-line monitoring of pipes, heat
exchangers, and pumps inside the containment structure of a nuclear reactor. For this
application research has been conducted with complex geometry substrates. Further
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applications are being explored for on-line monitoring of in ground pipes and to produce
ultrasound for use in epidermal drug delivery systems.
This research has many tangible impacts most of them relate to the nuclear field.
Spray-on transducers can increase the safety of nuclear reactors by providing on-line
monitoring and eliminating the need for people to conduct monitoring. This technology
also can significantly reduce the costs of old and new reactors. In a broader sense spray
on transducers can create a safer and efficient society.
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2. Fabrication Process
This chapter details the fabrication process for spray-on deposition of composite
transducers. This thick film spray-on process was first developed by Kobayashi in
2000[23]. Searfass slightly modified the powder solution ratio and developed a new
sintering technique. The process described in this thesis is the process as used by Searfass
and Pheil[3,11].
2.1. Process outline
The composite transducers fabricated for this thesis have two main components: a
sol-gel solution and a powder. The sol-gel is fabricated from a series of chemical
reactions which form a ceramic suspended in an organic solution. This solution is then
mixed with a powder and sprayed onto a metal substrate. Following the deposition, the
samples are placed on a hot plate to pyrolyze the ceramic. The ceramics are then sintered
using a blowtorch technique. A conductive electrode is deposited on the ceramic opposite
the substrate and poled. This process can be employed for various ceramic-ceramic
composites; however, this thesis only deals with a Bisumuth Titanate sol-gel and
combinations of Bismuth titanate and PZT powders[3].
2.2. Solution Preparation
The Bismuth titanate sol-gel is produced by a two step process. Searfass states
that Bismuth nitrate Pentahydrate is to be dissolved in Acetic Acid. In this thesis Bismuth
Nitrate Pentahydrate is dissolved in a 1:11 water to Acetic Acid mixture. This step is the
only deviation from the process outline by Searfass[3]. The solution is thoroughly mixed
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and brought from room temperature to 80°C after which the solution is cooled to 30°C.
Titanium isopropoxide is then added to the solution and mixed thoroughly. The water
was added in step 1 due to the chemical reactions:
4Bi(NO3)3.5H2O + Acetic Acid+H2O → 4Bi(NO3)3 + 20H2O + Acetic Acid +H2O
2Bi(NO3)3 →(heat) Bi2O3 + 3N2O5
3Ti(OC3H7)4 + 6 H2O → 3TiO2 + 12 (CH3)2CHOH
2Bi2O3 + 3TiO2 → Bi4Ti3O12
Water is critical to the formation of TiO2. If the reaction between the water and
titanium does not occur fast enough, the ratio of Bi2O3 to TiO3 is incorrect. The process
that is deficient in H2O can be expressed as.
6Bi2O3 + TiO2 → Bi12TiO20
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Figure 2.1: XRD showing the results of a BIT sol-gel process deficient in H2O.

This bismuth compound is not ferroelectric and therefore is detrimental to the
final transducer properties[24]. The amount of water that is required to ensure the ratio of
bismuth oxide to titanium oxide is small, but adding additional water to the solution is not
detrimental to the formation of Bismuth titanate. An excess of water dilutes the final solgel, which is not ideal.
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Figure 2.2: XRD showing the results of a BIT sol-gel process with the addition of H2O. to the sol-gel process

2.3. Solution Mixing and Spraying
A critical step in the fabrication process is the mixing of the solution and powder.
The ratio of solution to powder varies depending on several factors including powder
type, environmental conditions, and length of time between solution preparation and use;
however it is about 1.4mL: 2g. Conventionally, powder and sol-gels are mixed in a ball
milling process; however, the use of an ultrasonic horn is much faster and just as
effective. The horn, when excited near its resonant frequency, induces a significant
amount of energy into the solution in a short period of time through a complex cavitation
process. The ultrasonic horn is used for thirty seconds to fully mix the sol-gel powder
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solution. If the solution is mixed too long with the horn, a large amount of heat is
released into the system which may affect the solution[3].
In previous research the powder-solution mixture has only contained one powder.
This thesis explores the resulting transducers when two powders are mixed into the
solution. This powder combination allows for the development of transducers with
properties that can be selected by the user for a specific application. The connectivity of a
solution with only one powder and one solution can be thought of as 3(0-3)-0. Where the
two numbers in the parenthesis describe the connectivity of the powder and sol-gel
respectively and the 3 outside the parenthesis describe the connectivity of the sol-gel
powder mix[3]. The 0 outside the parenthesis ideally describes the connectivity of pores,
which may be inaccurate as described in the first chapter. The connectivity of a two
powder system can be thought of in a similar fashion. The only exception is that the
powder changes, so a new set of numbers must be introduced to describe how one
powder-solution combination is connected to a similar powder-solution combinations.
This connectivity is dependent on the volume fraction of each powder.
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Figure 2.3: Spraying ceramic on stainless steel substrates

Once the solution is mixed, it is poured into a Kobalt low gravity feed spray gun.
The air gun is connected to a compressed air supply. The resulting mixture is sprayed
onto the substrate at a low pressure from a distance of approximately 1 foot[3].
2.4. Pyrolization
Pyrolization is a heat treatment process used to drive out the organic compounds
that were used to fabricate the sol-gel. This process is critical to the final microstructure
of the transducer. The Bismuth titanate sol-gel is > 95% organic compounds by volume.
During pyrolization, the volume of the composite is significantly reduced by removing
the organics. In thin films, this volume reduction causes microcracking; the cracking
effect is increased as the thickness of the deposited layer increases[22].
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The pyrolization process is preformed after the deposition of each layer. The
substrate is placed on a hotplate at 400°C; however, the true pyrolization temperature that
the ceramic is exposed to is around 200°C. This temperature is rather low for the
pyrolization process to occur, and may result in an incomplete decomposition of organic
materials. Yi and Sayer found an ideal pyrolization temperature of 450°C for thin
films[19].
2.5. Sintering
The sintering process is also important in the determination of the microstructure
of the transducer. Sintering is a heat treatment process that is intended to allow solid state
diffusion to occur, which results in the combination and net densification of the ceramic.
This process is described in more detail in the first chapter of this thesis.
Sintering performed on the samples used in this thesis follows a procedure
developed by Searfass for composite transducers deposited on metallic substrates[9]. The
sample is placed on the hotplate at 400°C for at least 10 minutes. Then the sample is
placed on a ceramic block and the center cone of the blowtorch is applied to the side of
the substrate. The flame is kept away from the ceramic because rapid heating of the
ceramic may cause thermal shock, which could crack the film. The substrate is heated for
12 minutes with the blowtorch.
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Figure 2.4:Blowtorch sintering of spray-on ceramic transducers

The substrate glows a dull orange towards the end of the sintering process. The
approximated temperature that the ceramic is exposed to is 550°C which is low for a
sintering process. The reasons for a low sintering temperature are expressed in the first
chapter of this thesis.

Figure 2.5:Microstructure of composite ceramic after blow torch sintering.
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Figure 2.6: Microstructure of composite transducer after sintering at 850C.

2.6. Electroding
The electrode material is important to the poling and testing processes. Certain
materials are avoided as electrodes for ceramic transducers. Silver is avoided because the
atomic radius of silver is very small enabling it to penetrate into the microstructure of the
ceramic and create a conductor instead of a dielectric insulator. Nickel is avoided as it
readily oxidizes under the processing conditions at elevated temperatures. The optimum
electrode material is platinum which can be used in high temperature tests, does not
penetrate through the ceramic, and does not chemically react with the ceramic. All of the
samples developed in this thesis use 100nm sputtered platinum electrodes. Note that in
the image shown below the electrode is square in shape. For the samples developed in
this thesis, circular electrodes were used.

38

Figure 2.7: Typical sputtered platinum electrode.

2.7. Poling
The final step in fabrication of the composite ultrasonic transducers is to pole the
ceramic. The poling process is conducted in a silicon oil bath which is extremely
insulative and provides resistance to internal discharge breakdown. The oil is circulated
in a bath which is held at 150°C during the entire process. The convection of the oil over
the surface of the ceramic reduces the heat stored in the layer, thus reducing the
possibility of thermal breakdown. A high voltage, typically > 50kv/cm, is applied to the
electrode and the substrate is grounded. The poling process takes 20 minutes to complete.
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(a)

(b)

Figure 2.8(a) The poling unit, where the beige probes can be raised to fit a sample underneath
(b) Poling bath with a circulating oil heater
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3. Characterization Methods
3.1. Thickness, Electrode Area, and Film Mass
The thickness of the composite films was measured using an Olympus optical
microscope at 500x by focusing on a portion of the substrate material where the film was
removed. This plane was set as the zero reference plane. The microscope was then
focused on the peaks and valleys of the film. After several measurements were taken the
average value of these peaks and valleys is used as the film thickness. These thickness
measurements were verified using a profilometer.
Peak

t

Valley

Substrate

Figure 3.1: Surface thickness measurement technique

The electrode area of each transducer was also measured using the optical
microscope. The area of each electrode is approximated as circular. Two perpendicular
diameter measurements were made and averaged to determine the area of the electrode.
The mass of the film was measured using a digital scale. The substrate was
massed before the ceramic was sprayed on. The substrate was then masked to ensure only
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the top surface was coated. The ceramic-substrate system was then massed again after the
sintering process was completed. The difference between the two measurements is taken
as the mass of the ceramic film.
3.2. Piezoelectric Coefficient, Loss Tangent, Capacitance, and Resistance
The piezoelectric coefficient of the transducers was measured on a Berlincourt d33
Meter after the samples were poled. This type of meter applies a mechanical stress and
measures the resultant charge developed by the film to calculate the piezoelectric
coefficient of the material.
The loss tangent, capacitance, and resistance of each transducer were measured at
1 kHz at 1V on a Stanford LCR meter.
3.3. Signal to Noise Ratio, Center frequency, Band Width, and Max
Temperature
The signal to noise ratio (SNR) was measured at room temperature using a
Panametrix pulser/receiver and lab view. The transducer was attached to the pulser and
the resulting signal was captured using a Labview oscilloscope. The ratio of the first echo
amplitude to noise level was compared to determine the SNR.
The center frequency of the transducer was determined by taking a FFT of the
first echo signal and taking the maximum of the FFT. The band width of the transducer
was determined by taking the range of frequencies that have an amplitude within 3dB of
the center frequency
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A transducer at each composition was placed in a tube furnace and temperature
data was collected to determine the maximum usable temperature for each of the
compositions. This temperature cannot be called the Curie temperature. The important
definition in Curie temperature is the transition between the ferroelectric phase and the
paraelectric phase. The transition to the paraelectric phase cannot be confirmed by a
signal amplitude measurement; however, the maximum usable temperature is similar in
magnitude to the Curie temperature.
3.4. Polarization
Polarization data was taken using an alternating current power source to apply an
electric field and measuring the spontaneous polarization. Polarization versus electric
field data was taken for a variety of samples at 1Hz at room temperature until breakdown
occurred in intervals of 100 volts. The breakdown field and remnant polarization data
cannot be assumed to be the same as the values measured during poling since the poling
process utilizes a dc field instead of an ac field.
3.5. Calculated Properties
Density can be calculated as
3.1
where ρ is the calculated density, m is the measured mass, d is the known diameter of the
substrate, and t is the measured thickness of the sample
The relative permittivity is also a calculated value which can be determined as
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3.2
where εr is the relative permittivity, C is the capacitance, t is the thickness, ε0 is the
permittivity of free space, and Ae is the area of the electrode
The conductivity of a material can be calculated as:
3.3
where σ is the conductivity of the ceramic, t is the thickness of the film, R is the
resistance, and A is the area of the electrode
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4. Modeling of the Two Phase Composite System
The theoretical modeling completed in this thesis utilizes the Microcmechanics
Analysis Code by Generalized Method of Cells 4.0 (MAC/GMC). This code was
developed at NASA Glenn Research Center specifically to be used for the modeling of
laminates and composite materials. MAC/GMC employs a repeating unit cell (RUC)
approach to accurately control the placement and quantities of the composites constituent
materials. MAC/GMC is capable of performing thermal, mechanical, electrical, and
electo-mechanical analysis of a composite[25].
4.1. The Repeating Unit Cell
The RUC is the central building block of the generalized method of cells. For
electro-mechanical modeling of the composites for this thesis a triply periodic RUC is
used. The RUC is assumed to extend infinitely in all three Cartesian directions, which for
a thin film is not accurate; however, the method still can be used to model resultant
material properties.

Figure 4.1:Triply periodic RUC for electro-mechanical modeling
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In Figure 4.1 the matrix is represented by the white subcells, while the shaded
subcell is the inclusion or fiber. For the modeling completed in this thesis the matrix
material is Bismuth titanate[25].
The RUC and governing equations can be used to accurately model a fully dense
composite. Since this assumption is not accurate for a ceramic fabricated through the solgel deposition method, the model must be corrected by accounting for the porosity of the
sample. For dielectric properties the log rule is commonly used.
The MAC/GMC program is equipped to handle electro-mechanical and magneticmechanical interactions. The two are grouped together in an electromagnetic analysis
technique. For this thesis, the magnetic properties were not entered since the magnetic
analysis is outside the scope of this thesis. Thus in Equation 4.1 all Bi, qij, μij, and Hi
terms have been set to 0

4.
1

where σij are the applied stresses and Di are the electric displacements.

46

4.2. Method of Cells
The generalized method of cells is governed by a set of differential equations that
are constrained by a set of continuity conditions and a set of boundary conditions. The
three governing differential equations are given as:

(

)

4.2

4.3
4.4
The continuity conditions require that the boundaries of each subcell satisfy four
basic laws for electro mechanical interactions:
1. Continuity of displacements at the interfaces between the sub cells
2. Continuity of tractions at the interfaces between the sub cells
3. Continuity of electric potentials at the interfaces between the sub cells
4. Continuity of normal electric displacements at the interfaces between the sub cells
Finally a set of boundary conditions can be applied to solve Equations 4.2-4.4.
These boundary conditions are that the tractions, displacements, and electric
displacements must have the same values at the left and right sides of the RUC, and the
top and bottom of the RUC must also have the same values, which may be different from
the sides of the RUC.
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To determine the macro-scale properties of the composite a volume averaging
technique can be used.
4.3. Composite Transducer Models
The ideal properties of Bismuth titanate and a hard PZT were combined into an input
code for MAC/GMC. The program was run in 10% increments of the volume fraction of
the fiber and the matrix materials. It was difficult to find all properties and their
temperature dependence. Thus a variety of assumptions have been made to allow for a
complete set of material parameters. The input file for the MAC/GMC program along
with a list of assumptions and sources for the properties can be found in Appendix A[25].

Figure 4.2: Idealized composite transducer d33 as a function of temperature
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The idealized d33 as a function of temperature is presented in Figure 4.2. This case
does not accurately describe the response of the sol-gel deposited transducers. There are
several factors that contribute to the reduction of d33 in these systems. The most
prominent of these factors is the clamping. The sol-gel deposition method deposits the
ceramic on the substrate. Since the ceramic is attached to the substrate the transducer is
considered clamped since it cannot contract or expand in the 31 mode. The effective d33
of a clamped transducer can be expressed as
d33 (eff)=d33+2d31[(-υ/c)-sE13)]/( sE11+ sE12)

4.5

Torah then made the necessary measurements to reduce the equation for PZT to
d33 (eff)=d33+1.33d31
When the effective d33 is calculated the result is 56% reduction in the effective d33 of the
free PZT transducer. The effective d33 for Bismuth titanate is not effected by clamping[26].

4.6
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Figure 4.3: Composite transducer d33 as a function of temperature with clamping considerations

The unique processing conditions also must be considered in order to accurately
model the piezoelectric response. These processing conditions result in much smaller
grain sizes than an ideal case. Randall et. al. published the effects of grain size on d33[28] .
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Figure 4.4: Grain size effects on the piezoelectric coefficients[28]

With an average grain size of about 0.5 μm the piezoelectric response decreases
by 20%[28].
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Figure 4.5: Composite transducer d33 as a function of temperature with clamping and grain size considerations

Furthermore, the porosity of the sample must be taken into account. The relative
permittivity is affected by the porosity of the sample. The porosity of the sample can be
accounted for in the input properties according to the log mixture rule presented in the
first chapter of this thesis. For an approximate porosity of P=.20 the relative permittivity
drops by a factor of 2[21].
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Figure 4.6: Composite transducer d33 as a function of temperature with clamping, grain size and porosity considerations

Notice that the d33 response of the transducer is not largely affected by the
porosity of the sample. This is consistent with the theoretical results presented by
Banno[27].

4.4. Phenomenological Explanation of Temperature Dependence of the d 33
Although a large initial increase in efficiency as temperature increases may seem
counterintuitive at first, one must consider thermodynamic phenomenology. If we
consider the piezoelectric coefficient d33 to be expressed as:
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d33=2Q33ε0εrPr

4.7

where Q33 is the electrostrictive coefficient, ε0 is the permittivity of free space, εr is the
relative permittivity of the material, and Pr is the remnant polarization of the material. Q
is essentially temperature independent leaving the relative permittivity and spontaneous
polarization to be the two temperature dependent variables of the equation.
If the Landau free energy is expressed as a three term series expansion whose
derivative is the applied electric field, which can be expressed as
E=αP+βP3+γP5

4.8

where α,β, and γ depend on the temperature. To find the remnant polarization the electric
field must be 0. The rest of the derivation is omitted for brevity. Uchino derives the
temperature dependence of the remnant polarization for both the first and second order
phase transitions, which follow respectively
(

√

)

4.9

4.10

√
where T0= TC is the Curie Weiss temperature and C is the Curie-Weiss constant. As
Equations 4.8 and 4.9 exhibit the remnant polarization decreases with increasing

temperature. The relative permittivity increases as the Curie temperature is approached
according to

(

)

(

)

4.11
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(

)

(

)

4.12

Thus the two effects are competing for the overall effect on the d33. The resultant
d33 curve as a function of temperature then increases initially until the material is close to
the Curie temperature and then rapidly decreases according to its type of phase transition.
This analysis confirms the accurate shape of the model[29].
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5. Results and Discussion
Transducers with eight different compositions were fabricated according to the
process outline in the second chapter of this thesis. The compositions are outlined in
Table 5.1.
Table 5.1: Transducer compositions

Transducer
A
Identification
Letter
Ratio of
100:00
BiTi:PZT

B

C

D

E

F

G

H

78:22

66:34

55:45

45:55

34:66

26:74

18:82

Note that there are transducers that are 100% Bismuth titanate, but there are no
transducers that are 100% PZT. This is because the sol-gel is always a Bismuth titanate
solution so the highest possible PZT content is 82%.
Since these ferroelectric materials are intended to be used as transducers in high
temperature applications the main focus of this section deals with the signals produced by
the resultant transducers. In addition, other properties such as the relative permittivity and
density are also discussed. It is important to note that these results are a small sample
size. Chapter 6 of this thesis discusses increasing the sample size and other future work.
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Figure 5.1:The effect of composition of a PZT-Bismuth titanate transducer on the resultant d33

The theoretical curve presented in Figure 5.1 is a result of the theoretical
modeling completed in chapter four of this thesis. These predicted values consider
clamping, grain size, and porosity. The experimental results follow the same trend as the
theoretical values. The r squared value of this set of data is 0.628. There are a few outliers
that reside within the data most notably the d33 value of 1 for 78% Bismuth titanate and
22% PZT. If this data point and other outliers are excluded, the r squared value increases
to 0.716. This r squared value while not ideal indicates that the proper material property
considerations have been taken in theoretically modeling the sol-gel spray-on system.
One of the important parameters that controls the d33 of the transducer is the
extent of polarization of the system. Ideally a polarization measurement results in a
hysteresis loop that looks like Figure 1.8.
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Figure 5.2: The polarization vs applied electric field for four compositions

The hysteresis loops in Figure 5.2 shows that the polarization is strongly
influenced by the composition of the transducer. A few compositions are shown in Figure
5.2. There is a large drop in the maximum polarization of the samples from 26% Bismuth
titanate to 34% Bismuth titanate. This polarization is not the remnant polarization after
poling. The actual polarization was not measured. The actual poling process is under DC
field conditions and thus a larger polarization may be possible. The notable drop in
polarization with increasing amounts of Bismuth titanate explains the drop in the d33 of
the samples as the percent of Bismuth titanate increases.
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Figure 5.3: Signal Amplitude as a function of temperature for 8 different transducer compositions. Note that the
numbers presented in the legend are the percent of Bismuth titanate in the composite

The signal amplitude graph shown in Figure 5.3 is not similar to the expected
curves presented in chapter four of this thesis. The expected curves display the d33 as a
function of temperature, whereas the signal amplitude versus temperature curve is more
indicative of coupling coefficient versus temperature where the coupling coefficient can
be described as presented in Equation 1.10.
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Figure 5.4: Temperature at which the first echo is no longer discernable above the noise level

The temperatures indicated in Figure 5.4 are not the Curie temperature of the
composite since the loss of a signal is not absolutely indicative of a phase transition from
the ferroelectric phase to the paraelectric phase. However, these temperatures are similar
to the Curie temperature. The theoretical model from the fourth chapter of this thesis
indicated that all compositions which contain any percent of Bismuth titanate above 0%
should produce a signal up to the Curie temperature of the Bismuth titanate which is
approximately 685°C. Experimentally, this is not the case. It has been theorized that
during the poling process the large volume fraction of PZT is storing the electric field and
thus poling the PZT, but the PZT is shielding the Bismuth titanate from the electric field;
thus, the Bismuth titanate is not poling so no signal can be seen above the Curie
temperature of the PZT.
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Figure 5.5: Center frequency and band width of composite transducers

An important property of a transducer is the center frequency and band width of the
resulting signal. Figure 5.5 demonstrates these properties. All of the samples were tested
using a panametrix pulser/receiver. This type of pulser emits a single tone burst to the
transducer. There is not a strong dependency of the transducer composition on the center
frequency of the resulting transducer since the center frequency of a longitudinal wave is
determined by the thickness of the transducer. The band width of the transducer is
determined by the amount of damping, the pulse width, and the variation in thickness of
the transducer[30]. Since the wave speed for Bismuth titanate and PZT are similar the
center frequency of each transducer is highly dependent on the thickness of the
transducer rather than on the composition of the composite. The bandwidth of the
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composite transducers are also not a strong function of the composition, but rather are
determined by the testing conditions. These statements confirm the results presented in
Figure 5.5 that there is no observable trend in bandwidth or center frequency as a
function of transducer composition.
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Figure 5.6: Signal to Noise Ratio and d33 as a function of the composition of the composite transducer.

The signal to noise ratio of a transducer is determined by the transmission
coefficient and the electrical equipment used to test the transducer. The amount of noise
can be decreased by averaging the signal. The signal to noise ratio presented in Figure 5.6
relates the amplitude of the first echo to the noise level taken at room temperature.
Experimentally the SNR is not affected by the composition of the transducer. Figure 5.6
also indicates that there is no relationship between the d33 of the sample and the SNR.
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The material properties of the composite transducers can be used to explain the
ultrasonic behavior of the transducer. For this reason it is important to consider the
density, relative permittivity, and conductivity.
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Figure 5.7: Density of composite transducers as a function of the composition of the transducer. A theoretical density
along with the surface approximated density have been included

The density of the composites is significantly lower than the theoretical density of
the composites. The densities range from 26% to 86% of the theoretical density. A SEM
image of the surface of the sample was taken to assess the porosity of the sample. When
the image in Figure 5.8 was processed using Matlab to determine the regions of grains
and pores, the pores were shaded black and the grains were colored white as in Figure 5.9
the porosity was determined to be approximately 20% of the volume.
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Figure 5.8: Sem image of the microstructure of a typical blow torch sintered composite transduce
r

Figure 5.9: Black and white image of the microstructure where the black represents pores and the white indicates grain
presence
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Figure 5.10: Relative permittivity as a function of the composition of the transducer

The permittivity of the samples prepared for this thesis is significantly lower than
the ideal case. The ideal permittivity at room temperature is approximately 800; the
values measured for the composites in this test, range from a nearly ideal case to an order
of magnitude lower than expected. The permittivity of the samples are very dependent on
the density of the ceramics since the pores of the samples have a very low relative
permittivity compared to the permittivity of the Bismuth titanate and PZT grains.
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Figure 5.11: conductivity as a function of composition of transducer

The conductivity drastically increases with increasing percent of Bismuth titanate.
Fully dense PZT has a conductivity of 10-10. The minimum conductivity for this set of
samples is 7.1*10-7. The significant increase in the conductivity significantly decreases
the performance of the transducer. The conductivity is dependent on the density, so the
decrease in density/ increase in porosity has a large impact on the conductivity.
Overall, the density, permittivity, and d33 of the composite transducers tend to
decrease as the percent of Bismuth titanate is increased in the samples, while the
conductivity increases. Contrary to these trends, the signal amplitude, center frequency,
and bandwidth seem to be relatively unaffected by the less than ideal dielectric properties
of the fabricated transducers. From this small set of data it appears that if one of the
composites fabricated through a spray-on process is going to be used as a transducer
driven at low voltages then pure Bismuth titanate should be chosen; however, if the
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density, permittivity or conductivity is of significance then the user should consider
adding PZT to the compound to increase these properties
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6. Future Work
This thesis is a beginning to understanding the effect of varying the composition
of Bismuth titanate and PZT on the resultant properties of the transducer. To expand
upon the current work and to learn more about these materials a few further steps must be
taken. The most important addition to this work is to increase the sample size so that a
more accurate analysis can be provided. Additionally, further dielectric characterization
should be completed in order to be able to determine the exact Curie temperature and
dielectric constants. Furthermore, conductivity experiments should be completed over a
range of temperatures to determine high temperature characteristics. X-ray diffraction
and SEM cross sections should be taken to fully analyze the microstructure and
composition of these spray-on transducers.
Another branch of composite transducers that could be explored is a composition
containing PZT and Lithium Niobate. Since Lithium Niobate has a much higher
temperature dependence there may be more benefits to using this higher temperature
material over Bismuth titanate.
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Appendix A: MAC-GMC CODE
Appendix A contains two parts:
-The input file for the theoretical analysis performed in chapter 4 of this thesis.
-A list of assumptions associated with the properties used with sources of the
input
Properties.
Code:
*ELECTROMAG
*CONSTITUENTS
NMATS=2
# -- Bi4Ti3O12 (Bismuth Titanate)
M=1 CMOD=9 MATID=U MATDB=1 EM=1
NTP=22
TEM=25., 50. , 75., 100. , 125., 150. , 175., 200. , 225., 250. , 275., 300. ,325., 350. , 375., 400. , 450. , 500.
, 550. , 600. , 650. , 700.
EA=10.5E10,10.6E10,10.7E10,10.85E10,10.9E10,11.0E10,11.2E10,11.4E10,11.6E10,11.7E10,11.9E10,12
.0E10,12.1E10,12.2E10,12.5E10,12.5E10,12.4E10,12.3E10,12.2E10,12.2E10,12.2E10,13.5E10
ET=5.25E10,5.3E10,5.35E10,5.425E10,5.45E10,5.5E10,5.6E10,5.7E10,5.8E10,5.85E10,5.95E10,6.0E10,6
.05E10,6.1E10,6.25E10,6.25E10,6.2E10,6.15E10,6.1E10,6.1E10,6.1E10,6.75E10
NUA=0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,
0.33,0.33
NUT=0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0
.33,0.33
GA=48000000000,490000000000,495000000000,495000000000,50000000000,55000000000,5500000000
0,55000000000,55000000000,55000000000,55000000000,56000000000,56500000000,5700000000,57000
000000,57000000000,56800000000,56500000000,56200000000,56200000000,55700000000,6200000000
0
ALPA=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
ALPT=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
D=0.,0.,1.
ES11=2.8,2.8,2.67,2.6,2.6,2.6,2.6,2.6,2.5,2.5,2.47,2.4,2.4,2.4,2.4,2.4,2.4,2.4,2.2,2,1.6,0
ES12=-0.133,-0.1333,-0.1270,-0.1238,-0.1238,-0.1238,-0.1238,-0.1238,-0.1206,-0.1190,-0.1175,-0.1143,0.1143,-0.1143,-0.1143,-0.1143,-0.1143,-0.1143,-0.1048,-0.0952,-0.0762,0.00000
ES26=1.3,1.28,1.28,1.26,1.26,1.26,1.26,1.26,1.24,1.24,1.22,1.21,1.21,1.21,1.21,1.21,1.21,1.21,1.18,1.11,1.
,0.00000
QS11=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
QS12=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
QS26=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
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KS11=1.1E-09,1.1E-09,1.1E-09,1.1E-09,1.15E-09,1.15E-09,1.2E-09,1.2E-09,1.2E-09,1.2E-09,1.3E09,1.35E-09,1.4E-09,1.5E-09,1.55E-09,1.6E-09,1.65E-09,1.7E-09,1.8E-09,1.85E-09,1.85E-09,1.9E-09
KS22=1.1E-09,1.1E-09,1.1E-09,1.1E-09,1.15E-09,1.15E-09,1.2E-09,1.2E-09,1.2E-09,1.2E-09,1.3E09,1.35E-09,1.4E-09,1.5E-09,1.55E-09,1.6E-09,1.65E-09,1.7E-09,1.8E-09,1.85E-09,1.85E-09,1.9E-09
AS11=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
AS22=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
MS11=0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1
MS22=0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1
PELS1=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
PELS2=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
PMGS1=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
PMGS2=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
# -- Pb(Ti(x),Zr(1-x))O3 (Lead zirconate Titanate) x=.485
M=2 CMOD=9 MATID=U MATDB=1 EM=1
NTP=22
TEM=25., 50. , 75., 100. , 125., 150. , 175., 200. , 225., 250. , 275., 300. ,325., 350. , 375., 400. , 450. , 500.
, 550. , 600. , 650. , 700.
EA=65745434000,63999980000,62254526000,61672708000,60392708400,58763618000,56901800400,55
970891600,55970891600,54458164800,51316347600,46778167200,44450895200,43287259200,4247271
4000,41658168800,40843623600,40029078400,39214533200,38399988000,37585442800,36770897600
ET=32874340000,32000000000,31100000000,30800008000,30200008400,29380008000,28501800400,28
000891600,28000891600,27200164800,25500047600,23385167200,22225895200,21650259200,2128501
4000,20800068800,20420023600,20000078400,19600533200,19200088000,18175442800,18350897600
NUA=0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,
0.33,0.33
NUT=0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0.33,0
.33,0.33
GA=51800000000,50000000000,49000000000,47700000000,45000000000,43800000000,40000000000,3
8500000000,36600000000,35100000000,33800000000,32500000000,31000000000,30000000000,292000
00000,28400000000,27500000000,26900000000,26100000000,25700000000,25100000000,24800000000
ALPA=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
ALPT=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
D=0.,0.,1.
ES11=14,15.08,16.15,17.23,17.9,18.7,19.49,19.75,20.00,20.58,21.15,20.51,19.00,17.85,0.0,0.0,0.0,0.0,0.0,
0.0,0.0,0.0
ES12=-4.1,-4.42,-4.73,-5.05,-5.68,-6.18,-6.94,-7.57,-8.20,-8.52,-8.83,-8.64,-8.20,7.57,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
ES26=10.3,11.09,11.88,12.68,14.26,15.53,17.43,19.02,20.60,21.39,22.18,21.71,20.60,19.02,0.0,0.0,0.0,0.0
,0.0,0.0,0.0,0.0
QS11=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
QS12=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
QS26=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
KS11=1.09E-08,1.15E-08,1.23E-08,1.31E-08,1.42E-08,1.53E-08,1.67E-08,1.81E-08,1.97E-08,2.15E08,2.34E-08,2.54E-08,2.76E-08,3.00E-08,3.25E-08,3.51E-08,4.08E-08,4.71E-08,5.40E-08,6.14E08,6.95E-08,7.81E-08
KS22=1.09E-08,1.15E-08,1.23E-08,1.31E-08,1.42E-08,1.53E-08,1.67E-08,1.81E-08,1.97E-08,2.15E08,2.34E-08,2.54E-08,2.76E-08,3.00E-08,3.25E-08,3.51E-08,4.08E-08,4.71E-08,5.40E-08,6.14E08,6.95E-08,7.81E-08
AS11=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
AS22=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
MS11=0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1
MS22=0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1
PELS1=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
PELS2=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
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PMGS1=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
PMGS2=0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
*RUC
MOD=3 ARCHID=1 VF=1 ASP=1. F=2 M=1
*MECH
LOP=99
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100. MAG=100., 100., 100., 100., 100., 100., 100., 100., 100.,
100.,100., 100., 100.,100., 100.,100.,100., 100., 100., 100., 100.,100.
MODE=2, 2, 2, 2, 2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22
TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500., 1600.,
1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22
TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500., 1600.,
1700., 1800., 1900., 2000., 2100.
MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
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MAG=0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,0
MODE=2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2
*THERM
NPT=22 TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900., 1000.,1100., 1200., 1300., 1400., 1500.,
1600., 1700., 1800., 1900., 2000., 2100.
TEMP=25., 50. , 75., 100. , 125., 150. , 175., 200. , 225., 250. , 275., 300. , 325., 350. , 375., 400. , 450. ,
500. , 550. , 600. , 650. , 700
*SOLVER
METHOD=1
NPT=22
TI=0., 100., 200., 300., 400., 500., 600., 700., 800., 900.,1000., 1100., 1200., 1300., 1400., 1500., 1600.,
1700., 1800., 1900., 2000.,2100.
STP=100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100,100
*PRINT
NPL=8
*END

Assumptions/sources:
All magnetic related properties are outside of the scope of this document and thus are
taken to be 0 or have a very small value (0.1). For both Bismuth titanate and PZT the
following assumptions were made:
-The Poisson’s ratio is 0.33 and is a temperature independent property
-The coefficient of thermal expansion was taken as 0 since it is typically 6 orders
of magnitude lower than a metal coefficient of thermal expansion
-The transverse Young’s modulus is approximately half of the axial Young’s
modulus and follows the same temperature dependence as the axial modulus
-The temperature dependence of the dielectric constant follows the equations for a
second order phase transition given by Equations 4.10 and 4.11
Bismuth titanate:
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The axial Young’s modulus, dielectric constant, shear modulus, and material
piezoelectric coefficients were given provided by Del Piezo[31].
The temperature dependence of the piezoelectric coefficients was provided by Yan[32].
The temperature dependence of the elastic moduli is given by Jiménez[33].
PZT:
Material piezoelectric coefficients e were determined using a starting point given by
Htike[34] with a temperature dependence given by Miclea[35].
The initial axial elastic modulus is given by Mems Net[36] and a temperature dependence
given by Wang[37].
The dielectric constant initial value was given by Sherrit[38].
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