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ABSTRACT

Piezoelectric materials are widely used in a many areas of science and technology due to
their unique electromechanical properties. The transformation of mechanical energy into
electrical energy and vice versa caused by the piezoelectric effect has led to the development of
piezoelectric sensor devices and actuators used in accelerometers, pressure and vibration meters,
micropositioning devices, ultrasound generators, structural health monitoring, etc.

The most used piezoelectric material to this day is lead zirconate titanate PbZrOs-PbTiO3
(PZT) because of its high piezoelectric coefficient and Curie temperature, which allows it to be
used in a more wide variety of applications. However, the commercial manufacture and
application of PZT represents serious health hazards for humans because of its lead-based nature.
The rising need to reduce environmental contamination by lead-based substances has created the
urgent need to develop lead-free piezoelectric materials to replace these hazardous materials.

The present work describes the development of a lead-free novel active structural fiber
that can be embedded in a composite material in order to perform sensing and actuation, while
having a load bearing functionality. The multifunctional composite consists of a carbon core
fiber with a piezoelectric coating of barium titanate (BaTiO3) embedded into a polymer matrix.
A one-dimensional micromechanics model of the piezoelectric fiber will be used to characterize
the possibility of constructing a structural composite lamina with high piezoelectric coupling, as
well as a three-dimensional modeling of the active structural fiber to estimate the effective

electroelastic properties of the multifunctional composite.

Vi
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CHAPTER 1

INTRODUCTION

With the ever-increasing demand for new technology to satisfy the current and
developing scientific needs, the arrival of nanotechnology opened new doors for many fields and
has lead to the introduction of smart materials. Some examples of 'smart’ materials are
piezoelectrics, electro- and magnetostrictive materials, shape-memory alloys, electrorheological
liquids etc. These materials, also referred to as multifunctional materials, are capable of carrying
external mechanical loading as well as exhibit one or more additional performance functions.
They are integrated material systems that serve multiple roles such as structural load bearing,
energy absorption, thermal management, sensing, power generation, vibration control, etc. The
number of publications dealing with various aspects of the mechanics of multifunctional
materials has increased noticeably in recent years clarifying the importance and success of smart
materials. Fig. 1.1 shows the number of English language refereed journal articles in
multifunctional materials and structures and how it has been increasing progressively since 2000,

based on data collected from the Engineering Village web-based information service [152].

250 7
200
150 A

100 A

Structures

50

Journal Articles Related to
Multifunctional Materials and

U .
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Year of Publication

Fig. 1.1. Journal publications related to multifunctional materials. Data collected from Engineering Village web-
based information service.
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Although many multifunctional materials exist, piezoelectric materials, which possess the
capability of coupling the energy between mechanical and electrical domains, remain the most
commonly used smart material because of their excellent structural sensing and actuation
properties. Manufacturing and industrial are currently the largest application markets for
piezoelectric devices, followed by the automotive industry. Their popularity is mainly because
piezoceramics have a high stiffness which provides them with strong, voltage-dependent
actuation authority, as well as a great capability to interact with dynamic systems at frequencies
extending six orders of magnitude. But however many benefits they offer over traditional
engineering materials for structural design, monolithic piezoceramic devices impose some
restrictions for its practical use in real-world applications. The extremely fragile and brittle
nature of the material requires a lot of care in the handling and bonding procedures [2].
Furthermore, the congruity with curved surfaces is extremely low requiring extra treatment of the
surfaces and additional manufacturing capabilities. To solve the scantiness of monolithic
piezoceramic materials, a lead-free novel active piezoelectric structural fiber embedded in
polymer matrix was developed that can be placed in a composite material to perform sensing and
actuation, as well as having a load bearing functionality. This will allow the multifunctional
material to be designed with several embedded functions such as power generation, vibration
sensing control, damping, and structural health monitoring. And not only will this fiber
overcome piezoceramic limitations like stress, it will also provide a solution to the ever-
increasing issue of environmental contamination and health hazards caused by lead-based
components. This thesis shows the process of modeling and simulation of this active structural

fiber to estimate its electroelastic properties.



1.1 Motivation for Research

In recent years the attention given to smart materials has experienced an enormous
increase. One of these smart materials is piezoelectrics that because of its ability to convert
mechanical energy to electrical energy and vice versa have a wide variety of uses. This dual
nature enables piezoelectric materials to be used in electromechanical systems such as ultrasound
sensors and generators, electromechanical actuators and transducers, nanopositioning devices
and many more [3]. Current applications of piezoelectric devices extend to automotive fuel
injection, accelerometers, piezoelectric transformers and motors, vibration control, inkjet printers
and etc.[4-7].The most used piezoelectric material to this day is lead zirconate titanate PbZrO;-
PbTiO3 (PZT) because of its high piezoelectric coefficient and Curie temperature, which allows
its use in a broader set of functions. Additionally, a variety of dopants can been used to
manufacture a range of "hard" and "soft" PZT piezoelectrics tuned for specific applications[7].
However, the manufacture and application of PZT as commercial products represents serious
environmental and health hazards because of the improper disposal of lead and its evaporation
during high temperature sintering. In the last decade legislation governing the use of lead
containing compounds has been enforced in the EU and the State of California including the
draft Directives on Waste from Electrical and Electronic Equipment (WEEE), Restriction of
Hazardous Substances (RoHS), and End-of-Life Vehicles (ELV) [8-12].

The rising manufacturing and application of lead-based substances, more specifically
lead zirconate titanate, has created the urgent need to develop lead-free piezoelectric materials to
replace lead-based materials and reduce health and environmental issues.

The present work describes the modeling and simulation of a lead-free novel active

structural fiber that can be embedded in a composite material in order to perform sensing and



actuation, while having a load bearing functionality. As mentioned before, this active fiber will
solve monolithic piezoelectric inadequacies that restrain their usage in real-world applications.
The multifunctional composite consists of a carbon core fiber with a piezoelectric coating of
barium titanate (BaTiO3) and will then be embedded into a polymer matrix. Configuration of the
material in this way is advantageous because typical crystalline materials have much higher
strengths in the fiber form due to reduced volume fractions of flaws during fabrication [13]. In
addition to providing toughness to the fragile fibers, the flexible nature of polymer matrix will
allow the material to be more easily used in curved surfaces. A one-dimensional micromechanics
model of the piezoelectric active fiber will be used to characterize the possibility of constructing
a structural composite lamina with high piezoelectric coupling. Also a three-dimensional
modeling and simulation of the active structural fiber will be used to estimate the effective

electroelastic properties of the multifunctional composite.

1.2 Literature Review

This chapter is devoted to explain the foundations for the active structural novel studied
in this thesis. It contains a brief summary of important properties, constants, and terminology of
piezoelectric materials. Such terms to be reviewed are dielectric permittivity, piezoelectric effect,

and crystal structure, which impose the most significance to the work presented here.

1.2.1 Piezoelectric materials and their properties

The word “piezoelectricity” is derived from the Greek “piezein”, which means to squeeze
or press, hence the term piezoelectric, which is a material with the power to generate electricity

as a result of mechanical pressure. The piezoelectric effect was discovered by Jacques and Pierre



Curie in 1880 when they found that certain crystals undergo polarization when a mechanical
strain was applied. These same materials were found by the Curies to become deformed when
they were exposed to an electric field. These two manifestations of piezoelectricity are called
direct and converse piezoelectric effects respectively. In the direct effect, a change in
polarization D; occurs due to an applied stress o;
D; = dijo

where d;; is the piezoelectric coupling coefficient. While the converse effect descirbes the strain
S; generated in a piezoelectric material in response to an applied electric field E;.

Si=d E;

ij
The magnitude of the piezoelectric coefficient varies from 1 pC/N in quartz crystals to about
1000 pC/N in high-quality barium titanate (BaTiO3) and lead zirconate titanate (PZT) ceramics
[14]. A condition necessary for a crystal to exhibit the piezoelectric effect is a non-centro
symmetry in the crystal since it is required for polarization. From the 32 crystal groups only 21
groups have a non-symmetric structure, and even when cubic class 432 lacks a center of
symmetry it is not a piezoelectric since it's nonpolar. We are therefore left with 20 crystal groups
that show piezoelectricity. Ten of these groups have a unique crystallographic axis and can have
an electric dipole when no field is applied. These materials are defined as pyroelectrics, materials
which show a change in polarization due to a change in temperature [15]. Under the pyroelectric
category, another class of material exists which can change the direction of polarization with an

applied external field; these materials are called ferroelectrics. The relationship between the

different symmetry groups discussed above is shown in Fig. 1.2.
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Fig. 1.2. Crystllographic groups and polarized materials.

The first listing of piezoelectric materials was collected by Victor Moritz Goldschmidt in
1926 [16]. It was not until 1940's that barium titanate was discovered be a ferroelectric and
possessed an excellent high dielectric constant [17]. Having an understanding of the dielectric
properties of a material is important to achieve a good performance in electronic devices or
systems. While the term insulator implies low electrical conduction, dielectric typically means a
material with high polarization. The latter is expressed by a number called the relative
permittivity, also known as dielectric constant. Permittivity is a term used to indicate the energy
storing capacity and the ability of a material to be polarized by an electrical field. Permittivity ¢;;
is a second rank tensor which equation can be written as

D; = &;;E;

The dielectric displacement vector D; is equal to the sum of the charge stored on the electrodes

and any induced charge from the polarization vector P;



D; = g,E; + P,
where g, is the dielectric permittivity of vacuum. The dielectric constant or relative dielectric
permittivity of a material is more often used and is expressed by
Kij = &ij/ €

Commonly, dielectric constants for most ceramics and polymers are in the range of 2-10.
Whereas for high dielectric constant materials such as water (K~80) and BaTiO3; (K~1000) their
dielectric constants are very high based on their polarization mechanisms due to ferroelectric
phase transformations. The 4 types of polarization mechanisms while polarized and un-polarized

are shown in Fig. 1.3.

E—>»
Polarisation Unpolarised Polarised
Process State State
rd oy
Atomic - 4 2
i !
N o
R
+ - + = o+ = + - e
- + - + - + - + - += o+
lenic + = + - + - + - + = + =
- + - 4+ = + - * - += o+
+ - 4+ - 4+ = + - += -
Dipolar
Space Charge
or Diffusional

Fig. 1.3. Schematic diagram of 4 different types of polarization mechanisms in a material. [35]
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BaTiO3; was the first material that was used to manufacture devices such as dielectric
ceramic capacitors, multilayer capacitors, etc. due to its high dielectric constant and low
dielectric loss. The values of the dielectric constant depend on the synthesis route, which means
purity, density, grain size etc [18]. While all techniques have their own advantages for obtaining
ceramics with certain properties, the selected synthesis method depends on cost and end
application. Some of the synthesis techniques used to develop BaTiOz creamics are:
conventional solid-state reaction, chemical synthesis (Sol-Gel, Hydrothermal, Coprecipitation,
Polymeric precursor), and mechanochemical synthesis. Kim et al. [19] and Boulos et al. [20]
reported the influence of grain size on the dielectric constant value, and with the only difference
being the synthesis method used for the preparation, they both concluded that as grains size
increased, the dielectric constant decreased.

Another two factors the dielectric constant is dependent on are temperature and
frequency. Numerous amounts of papers have reported the temperature dependence of the
dielectric constant. Figure 1.4 shows the temperature dependence of the dielectric constant

measured with a small field along the pseudo-cubic edge [21].
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Temperature, °C

Fig. 1.4. Dielectric constants of BaTiO3 as a function of temperature [21].



At lower temperatures the dielectric constant will mostly increase, while at higher
temperatures (past Curie temperature~) it will decreases drastically.

To prove the frequency dependance of the dielectric constant, Benlahrache et al. [22]
used milling and calcination to prepare pure BaTiOz; and measure the frequency. At room
temperature, for frequencies below 1kHz the dielectric constant decreased, while for higher

frequencies the value was almost constant, as shown in Figure 1.5.
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Fia. 1.5. Dielectric constants of BaTiO- as a function of freauencv [221.

As explained above, the relative permittivity or dielectric constant is affected by heat and
applied frequency, which alters the dipoles within the material. Since the dipole's orientation has
been randomized, it is difficult to react instantaneously to changes in the applied electric field
and losses of energy occur. Therefore, relative permittivity can be written as € = €' + ie", where
€' is the real part of the dielectric constant, and &’ is the imaginary component. The ratio of this
imaginary component to the real part is called dielectric loss tan § = & /¢’, which is the amount
of power lost in the form of heat generated by an electric field. Usually, low dielectric loss is a
factor desired when developing high quality dielectric materials.
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1.2.2 Lead-free vs. lead-based piezoelectric ceramics

Lead oxide based piezoelectric materials, such as lead zirconate titanate (PbZrO;—PbTiO5
or PZT) and PZT-based multicomponent materials, are the most widely used materials for
electronic devices such as actuators, sensors and transducers, because of their excellent
piezoelectric properties. Piezoelectric coefficients (ds3) as high as 779 pCN-1 have been
reported for modified PZT [23] with Curie temperatures (Tc) in the range 300—400 °C.

However, the environmental and health hazards of lead are well-known, and PZT and
PZT based materials contain large amounts of lead (more than 60 wt%). For example, lead and
lead derivatives can be highly toxic if they are ingested or inhaled. Furthermore, if someone is
constantly exposed to lead, gradual accumulation in the body can occur. Absorption of toxic by
the red blood cells can cause high blood pressure and circulate through the body where they
accumulate in lipids of soft tissues. Every organ system in the body (i.e. kidneys, brain, nervous
system) can be seriously, if not irreversibly damaged. For children, the exposure to high lead
concentrations can cause slowed growth, behavior disorders or learning disabilities [24]. The
evaporation of lead during high-temperature sintering has created a rising concern about the
manufacturing of products containing PZT. Recycling and disposal of devices containing lead-
based materials is also of great concern, especially in consumer products such as cars,
computers, and medical devices. Through the world, the growing demand for lead-free materials
that are benign to the environment and human health has made governments take an action on
this issue. In the last decade, legislation governing the use of lead containing compounds has
been enforced in the EU and the State of California including the draft Directives on Waste from
Electrical and Electronic Equipment (WEEE), Restriction of Hazardous Substances (RoHS) and

End-of-Life Vehicles (ELV) [25-28]. Thus, the interest to reduce environmental contamination
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by lead-based substances has given the motivation to develop alternative lead-free piezoelectric
materials.

To date, the two types of lead-free piezoelectric ceramics have drawn the most attention
and been extensively studied are: bismuth-layered and perovskite structures. Bismuth layered
structure ceramics are featured with low permittivity and high Curie temperature, and are
therefore been widely studied for high-temperature sensor applications. Some examples of
bismuth layered ceramics are Lithium Niobate (LiNbO3) and Lithium Tantalate (LiTaO3) for
which their Curie Temperatures are 1210°C and 660°C respectively. A typical bismuth layered
structure is shown in Figure 1.6 [29]. The structure consists of perovskite layers and (Bi,0,)**

layers that separate them periodically.
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Fig. 1.6. Schematic structure of a typical bismuth layered structure [29].

Bismuth layer structures usually have high Curie temperatures (600°C~900°C), much

higher than those of the lead-based materials (200°C~400°C) [30-31]. Nevertheless, due to the
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anisotropic nature of their structures, the spontaneous polarization within the materials during
poling is limited within a two-dimensional plane (the ab plane shown in Fig. 4) [32-33], which
results in the low piezoelectric properties in bismuth layer structured ceramics (dz3 <20pC/N).
Meanwhile, perovskite structures have very good electromechanical and piezoelectric
properties. Perovskite piezoelectrics are of great importance since most of the piezoelectric
materials used today belong to this family. This structure, which has a general formula of ABO3,
is described by a simple cubic unit cell with oxygen atoms at the face centers, with its corners
occupied by large cations "A" (such as Ba, Pb, K, Na, etc.), and a smaller cation "B" (such as Ti,
Nb, Zr, Mg, etc.) located in the center of the cube. Figure 7 shows a schematic drawing of the

structure

Fig. 1.7. Schematic of the perovskite structure of BaTiO3

In general, any structure similar to Figure 1.7 can be considered a perovskite structure
even if it’s slightly distorted. In some cases there can be multiple cations in the A or B site. For
example, PZT has both Zr and Ti at the B site; also, sodium potassium niobate (NKN) has both
Na and K at the A site. It all depends on how well can this cations fit together to form the
perovskite structure, and this can be predicted by the following relation

_ (R4 + Ro)
V2(Rg + Ry)
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where t is the "tolerance factor” and Ro, Ra, and Rb the iconic radii of the oxygen, A and B
cations, respectively. For a perfect perovskite structure where the bonding between the ions is
ideally, the tolerance factor is 1.0 [34]. If 0.95<t<1.0 the structure is cubic, those with t<0.95 are
non-ferroelectric, and when t is slightly greater than 1 they are ferroelectric. A typical perovskite
material is Barium Titanate (BaTiO3), which was the first piezoelectric ceramic in which

ferroelectricity was discovered.

1.2.3 Barium Titanate (BaTiO3)

The first piezoelectric ceramic developed on a large scale was Barium titanate. It was
discovered in the 1940s and had the highest coupling coefficients among previously known
materials (except Rochelle salt) [35] BaTiO3; was more stable chemically than Rochelle salt, had
a wider temperature range, and was easy to produce. These factors made BaTiO3; an important
technological material for many decades [35]. Although, in present days, this material does not
have a very high piezoelectric constant, it does have a very high permittivity, making it a good
material for capacitors [36]. Barium Titanate has a perovskite crystal structure and it goes

through various phase transitions as a function of temperature as shown in Figure 1.8a [37].
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Fig. 1.8a. Polymorphic phase transitions in BaTiO3 single crystals observed through changes in the unit cell parameters
[37]
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At temperatures near 0°C, a change from the orthorhombic to tetragonal phase can be
observe, whereas a transition from tetragonal to cubic (paraelectric phase) occurs at 120°C. The
low Curie temperature of Barium titanate results from this phase transition at 120 °C [38]. In
contrast to the morphotropic phase boundary (MPB) which is composition-dependent, each of
these temperature-dependent phase transitions is referred to as a polymorphic phase transition
(PPT). More recent studies by Wada et al. on single crystal BaTiOs; found that these phase
transitions can also be induced by an applied electric field [39]. They found that the room
temperature structure can change from tetragonal to monoclinic under applied electric field

amplitude of 10 k\V/cm and then to rhombohedral at an amplitude of 30 kV/cm [39].
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Fig. 1.8b. Schematic figure of phase transitions in BaTiOj3 single crystals

Despite these low transition temperatures, barium titanate ceramics made out of ultra
pure powder produced by hydrothermal synthesis and manufactured by microwave sintering
showed high electromechanical properties dz; = 350 pC/N, kp = 0.36 and e33 = 4200 [40]. It is
important to reproduce the processing since these properties are influenced by grain size, density,
and defect in the structure.

Recent developments in BaTiOz; materials have reported extraordinary non-piezoelectric
properties including piezoresistivity [41], permittivity up to ~106 in carefully prepared

nanocrystalline ceramics [42], and very large reversible strain up to ~0.8% due to defect-
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mediated domain switching [43]. BaTiOs; continues to serve as a model system for more

fundamental investigations, as in reference [44, 45].

1.2.4 Engineering approach to high performance lead-free piezoelectrics

(Taken from[46]: S. Leontsev and R. Eitel, "Progress in engineering high strain lead-free
piezoelectric ceramics”, Science and Technology of Advanced Materials, v.I 1, 044302, 2010)
Traditionally, enhancement of the electromechanical response in piezoelectric materials
is achieved by compositional engineering. Following this approach the composition of a material
or solid-solution is optimized to bring the material into proximity with a structural instability
such as polymorphic phase transition (PPT) or morphotropic phase boundary (MBP) [47].
Hypothetical phase diagrams used for compositional engineering of both PPT- and MPB-based
piezoceramic systems and the resulting temperature dependence of the piezoelectric response are
illustrated in Figure 1.9. In both cases, improved piezoelectric properties result from a
combination of (i) a ‘softening’ the crystal lattice due to the coexistence of two phases with
equivalent free energies and (ii) increased alignment of ferroelectric domains following poling
enabled by the large number of equivalent polarization directions from the different symmetries
of the two phases. As illustrated in figure 9(c), MPB-based piezoceramics typically exhibit
relatively flat temperature dependence of the poled piezoelectric properties and broad usage
temperatures approaching ~1/2Tc. Conversely, PPT-based piezoceramics generally exhibit large
temperature dependence of the piezoelectric coefficient and rapid degradation of poled
piezoelectric coefficient (due to partial depoling) subsequent to temperature excursions close to

the PPT temperature.
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Fig. 1.9. Characteristic (hypothetical) phase diagrams for perovskite solid solutions exhibiting either a (a) morphotropic
phase boundary (MPB) or (b) orthorhombic to tetragonal (O-T) polymorphic phase transformation (PPT). The resulting
temperature dependence of the piezoelectric coefficient (c) for hypothetical MPB and PPT materials with the same room-
temperature (RT) piezoelectric coefficient and same Curie temperature (Tc), where dotted trend lines indicate
degradation of piezoelectric properties due to depolarization at temperatures near T~T and T.. [46]

Recently, the depolarization temperature (Tq) has been proposed to describe the
temperature at which a poled ferroelectric material completely or partially depolarizes, as
determined from pyroelectric measurements [48]. This temperature typically coincides with the
ferroelectric Curie temperature. However, in materials exhibiting one or more polymorphic
phase transitions below the ferroelectric Curie temperature but above room temperature, Td
refers to the temperature of the lowest of these phase transitions. In contrast to compositional
engineering approaches, the ‘structurally engineered materials’ approach focuses on controlling
the micro and/or nanoscale structure of a piezoelectric material. Significant enhancements of

electromechanical properties have been achieved utilizing various structurally engineered
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techniques including: templated grain growth [49, 50], optimized grain size [51], and domain
engineering [52-54]. The resulting enhancement of piezoelectric properties using several
structural engineering approaches is illustrated in Figure 1.10. The above methods have been
applied to a wide variety of existing piezoelectric materials including: bulk and single crystal
BaTiO3, PZT ceramics, and bulk and single crystal Pb(Mg,Nb)TiO3-PbTiO5. These methods

represent an important future path for engineering the high performance lead-free piezoelectrics.

(b
@) Single crystal value )

0 Degree of orientation, % 100 Average domain size

Fig. 1.10. Role of ‘engineered materials’ approaches to enhance piezoelectric properties (a) increasing texture fracture in
template [46] grain grown ceramics leads to piezoelectric coefficients approaching the single crystal value, and (2) domain
engineering to decrease domain size (enhance domain wall density) leading to increased piezoelectric coefficients.

Despite the many opportunities identified by structurally engineered materials the
majority of the search for high performance lead-free piezoelectrics remains centered on brute
force compositional investigations. The following review presents a survey of the classical
literature on synthesis and optimization of lead free perovskite based piezoelectric ceramics,
including some of the recent structural engineering approaches to achieve enhanced properties.
Bulk piezoelectricity has been reported in many families of lead-free ceramic materials
including: perovskite, tungsten bronze, and bismuth layer structured ferroelectrics as well as
various grain oriented non-ferroelectric materials [55]. However, the relatively higher symmetry

of prototype cubic perovskite structure generally leads to improved poling in randomly oriented
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ferroelectric perovskites and subsequently higher piezoelectric coefficients compared to other
lead free piezoceramic structures. The current review is organized into compositional families
including: the titanate perovskite based materials (BaTiOz, Bi12Na12TiO3, Bi12K12TiO3) and
solid solutions (section 1.2.4.1), the alkaline niobate perovskites (KNbCH, NaNbCh) and solid
solutions (section 1.2.4.2) Finally, the status and promise of realizing viable lead-free
piezoelectiic ceramics for actuatoi applications is discussed by comparing repoited piezoelectiic
coefficients and depolanzation tempeiatures of both lead free, and lead based piezoelectric

ceiamies (section 1.2.4.3).

1.2.4.1 Titanate perovskites

Perovskite ferroelectrics in which the ferroelectric cation is the B-site Ti + ion make up a
large fraction of the materials under consideration for lead-free piezoelectrics. Published
piezoelectric coefficients and relevant phase transition temperatures for the titanate perovskites

and their solid-solutions are summarized in Table 1.1.

Barium titanate:

Barium titanate BaTiO3 is the prototype polymorphic phase transition (PPT) based high
performance piezoceramic material. The discovery of the process for poling barium titanate led
to development of the first polycrystalline piezoelectric ceramics [56, 57]. The piezoelectric
coefficient dz3; of pure BaTiO; fabricated by conventional solid state processing is around 190
pC/N [58]. Prior to the discovery of PZT based materials, BaTiO3; was used in naval sonar
applications and phonograph needles; however widespread commercial application of BaTiO3
for piezoelectric actuators remains limited by its low Curie temperature (Tc = 120°C) [47] which
severely constrains the operational (or transient exposure) temperature for BaTiO3 materials.
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Recently, structural engineering approaches by several groups have led to significantly
improved piezoelectric response in BaTiOs3. Introduction of fine-scale ferroelectric domains into
barium titanate ceramics prepared from nano-scale particles and densified by microwave
sintering results in a high dz; value of 350 pC/N [59-61]. In other work, a piezoelectric
coefficient of 460 pC/N is achieved in high quality hydrothermally synthesized BaTiO3 powders
and an optimized conventional sintering process, resulting in fine grain ceramics, with grain
sizes on order of 1-2 um[62, 63]. A separate report also describes the tendency of the
piezoelectric coefficient to increase with decreasing domain size [51]. This increased ds3, in
small grain and small domain size randomly oriented ceramics, has also been combined with the
templated grain growth technique and further enhancement in the piezoelectric coefficient
reported. A ds3 of 788 pC/N is reported in [64] grain oriented BaTiO3; ceramics with submicron
domain size[53]. These findings clearly demonstrate the large inherent piezoelectric response in
BaTiO3 (up to 460 pC/N) and that structural engineering approaches are a viable approach to
realize significantly enhanced piezoelectric properties in lead-free piezoceramics (up to -800

pC/N in BaTiOs).

Bismuth potassium titanate:

Bismuth potassium titanate, Bi12K12TiO3; (BKT) is another common lead-free
ferroelectric ceramic material. Bi12K12TiO; was originally fabricated by Popper et al. [65] in
1957 and its ferroelectricity including Curie temperature of 370 °C was confirmed later by
Buhrer[66]. At room temperature Bi12K12TiO3; has the perovskite structure with tetragonal
symmetry and exhibits a second phase transition to a pseudocubic structure at around 300 °C.
Bi12K12TiO3 ceramics are difficult to sinter [67], however, high densities of 97% of theoretical

are achieved by hot pressing methods yielding piezoelectric d33 coefficients close to 70
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pC/N[66]. Hot pressed Biw2K12TiO5; shows increased Tc of 410-435 °C and the temperature of
the second phase transition increases to 315-340 °C. Slightly improved piezoelectric properties
in Bi12K12TiO3 ceramics are obtained using an optimized poling procedure resulting in a dz3 of
82 pC/N [68]. Alternatively, doping with bismuth and using sintering aids has further increased

the d33 value to 100pC/N[69].

Bismuth sodium titanate:

Bismuth sodium titanate, Bi12Naw2TiO3 (BNT), first reported by Smoleskii et al. in 1960,
is another important lead-free piezoelectric material [70]. Biw2Naw2TiO3; was found to be a
perovskite-type ferroelectric at room temperature and exhibits relaxor ferroelectric behavior. A
diffuse phase transformation in the temperature range 200 to 320 °C is observed in
Bi12Na12TiO3 corresponding to a transition from rhombohedral to tetragonal symmetry [71-74].
This transition is rather complex and it is believed it takes place through an intermediate
orthorhombic antiferroelectric phase [75]. The preparation of dense Bii2Na12TiO3 ceramics is
difficult, requiring sintering temperatures above 1200 °C, which results in significant loss of
bismuth. High leakage currents and high coercive field negatively impact the poling process and
polarization saturation could not be achieved in conventionally fabricated Biw2Na12TiOs
samples. However, dense ceramics have been obtained using excess Bi or hot press sintering
methods, and saturated polarization loops were observed [76]. Bii2Naw2TiO3 ceramics fabricated
by these latter techniques have piezoelectric ds3 coefficients 94-98 pC/N and a depolarization

temperature of 200 °C [70, 75, 76].
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Table. 1.1. Room-temperature piezoelectric coefficients (dss), depolarization temp. (T4), and Curie temp. (T.) for titanate perovskites.
Notes: Measurement method is indicated when available: *Refers to a Berlincourt-type meter and # to the IEEE resonance method.
Polymorphic phase transition occurring at T4 is indicated as follows: O-T, orthorhombic-tetragonal; PC, pseudocubic phase

transformation; AFE, antiferroelectric phase transformation. Other abbreviations: BKT (Bil,zKl,z)TiO3 and BNT (Biy,Nay,)TiOs.

Titanates and solid solutions

Material d3; (pC N~ Tpper(°C)  Te(°C) Comment, reference
0
BaTiO; 190* 120 [7]
O-T
0 Microwave sintered
BaTiO; 350* 120
O-T [59]
24 Hydrothermal powders
BaTiO; 460* 126
O-T [63]
0 Textured
BaTiO; 788* 120
O-T [53]
315
BKT T0# 410 [139]
PC
310 Hot-pressed
BKT 824 410
PC [68]
BKT-Bi 1004# 280 391 [69]
AFE
BaTiO;-BKT20+Mn  76# none 230 [55]
BaTiO3—BKT5 + Mn 100# none 168 [55]
105
BNT-BaTiO; 155* 288 [83]
AFE
85
BNT-BaTiO; + Li 208 260 [87]
AFE
210
BNT-BKT 1504 320 [91]
PC
130
BNT-BKT 144* 330 [92]
PC
174
BNT-BKT 1574# 280 [93]
PC
BNT-BKT- 162
BaTiO; 170* 262 [96]
AFE
BNT-BKT- 197
BaTiO; 135# 290 [99]
AFE
210
BNT-BKT- 205* N/A [100]
BaTiO; + Li AFE
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Bismuth potassium titanate-barium titanate solid solution:

Both barium titanate (BaTiO3) and bismuth potassium titanate (Bi2K12TiO3) are
tetragonal ferroelectric materials with Curie temperatures of 120 and 370 °C respectively. The
binary system (Bi12K12)TiO3-BaTiO; (BKT-BT) has been investigated in order to obtain a
compound with enhanced piezoelectric properties and higher Tc than pure BaTiOs. The solid
solution x(Bi12K12) TiO3-(1-x)BaTiOs is single phase ferroelectric perovskite over the complete
compositional range and shows close to linear dependence of the Curie temperature on

(Bi12K12) TiO5 concentration, as shown in Figure 1.11 [55].
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Fig. 1.11. Phase diagram of the (Bi1/2K1/2) TiO3- BaTiOj solid solution. [55]

In compositions above x = 60 mol% (Bi12K12)TiO3 a second transition from tetragonal
to an intermediate pseudocubic phase is observed at around 300°C and remains nearly
independent of (Bi12K12)TiO5; concentration. Values of the piezoelectric ds3 coefficient do not
change significantly with composition and are in the range 60-70 pC/N. The highest ds3 of 100
pC/N is obtained for x=5 mol% (Bi12K12)TiO5; with the addition of manganese, however this

composition has a relatively low depolarization temperature (Td) of 168 °C (likely associated
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with the polymorphic phase transition from the tetragonal to psuedocubic phases). Compositions
with x > 60 mol% (Bi12K12)TiO3; show good thermal stability of the coupling coefficient up to
250 °C and are considered attractive for piezoelectric applications even with their low ds3's ~ 70
pC/N. Structural engineering in (Biw2K12)TiO5-BaTiO3 leads to a significantly improved dsz
value of 121 pC/N, for x = 10 mol% (Bi12K12)TiO3 textured using the templated grain growth

technique [77, 78].

Bismuth sodium titanate-barium titanate solid solution:

It might be expected that the solid solution of the rhombohedral ferroelectric bismuth
sodium titanate (Bi12Na12)TiO3 and a tetragonal material such as barium titanate would exhibit a
rhombohedral-tetragonal morphotropic phase boundary (MPB) as in the prototype PZT system.
Subsequently this binary system (Bii2Nai2)TiO5s-BaTiO; (BNT-BT) was investigated by
Takenaka[79, 80] and the existence of an MBP confirmed at around 6-7 mol% BaTiOgz, as
illustrated in Figure 1.12. Enhanced dielectric constant, electromechanical coupling coefficient,
and piezoelectric properties (dzs; =125 pC/N), compared to unmodified BNT (dz3 = 64 pC/N),
were observed at the MBP [81, 82]. Piezoelectric coefficients in the range 122-176 pC/N at the
MPB have been reported by various researchers [83-86]; d33 values of 208 pC/N were achieved
in lithium modified (Bi12Nai2)TiO5-BaTiO; [87, 88]. While the MPB composition for
(Bi12Na12) TiO5-BaTiO3 has a relatively high Tc of 288 °C, a low depolarization temperature
(Td) of 150 °C has been reported. By analogy to the (Bi12Naw2)TiOz end member, the low Td
arises due to a polymorphic phase transformation to an antiferroelectric (AFE) phase, as

substantiated by high temperature dielectric and polarization hysteresis measurements [79].
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Bismuth sodium titanate-bismuth potassium titanate solid solution:

The solid solution of bismuth sodium titanate, (Bi12Nai2)TiO; (BNT), and bismuth
potassium titanate, (Bi12K12) TiO3 (BKT), was synthesized by Elkechai et al. in 1996 [89] and an
increase in the piezoelectric properties was observed in this system close to the rhombohedral to
tetragonal morphotropic phase boundary, shown in Figure 1.13. The existence of an MPB
between (Biw2Na12)TiO; and (Biw2K12)TiOs; in the compositional range 16-20 mol%
(Bi12K12)TiO5; was later substantiated by Sasaki et al.[90] based on structural studies indicating
coexistence of rhombohedral and tetragonal phases as well as the corresponding compositionally
dependant peaks in the dielectric, piezoelectric and electromechanical coefficients. More recent
studies [55, 91-93, 94, 95] confirm high piezoelectric properties (ds3 in the range 140-192 pC/N)
at the MPB composition. The Curie temperature of the MPB (Tc = 280-300 °C) is higher than
that of pure (Bi2Naw2)TiO; as expected, however the depolarization temperature (due to a
polymorphic phase transformation to the intermediate pseudocubic phase) is quite low reaching a

minimum (Td= 140 °C) at the MPB.

Barium titanate-bismuth sodium titanate-bismuth potassium titanate ternaiy solid solution:

The ternary BaTiO3-(Biw2Naw2)TiOs-(Bi2K12)TiO3; (BT-BNT-BKT) solid solution
(phase diagram, shown in Figure 1.14, has also been widely investigated due to relatively large
Curie temperatures and high piezoelectric properties. BT-BNT-BKT exhibits a tetragonal-
rhombohedral MPB and while maintaining piezoelectric properties similar to its end members.
Reported values of the piezoelectric dz; coefficient are in the range 135-191 pC/N and are
inversely proportional to the observed depolarization temperature, which is prohibitively low (Td

~110°C) at the MPB [96, 97, 98]. For compositions with a more reasonable depolarization
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temperature (Td = 197 °C) a maximum d3z3 of 135 pC/N was obtained [99]. Further enhanced

performance was found in Li-modified BT-BNT-BKT, exhibiting a d;3 of 205 pC/N, with a

depolarization temperature Td= 210 °C [100].

400 T

300
o
©
o
2 200
i
(]
Q.
§
- | .

100 b e MPB

Rhomb.
O 1 1 1 1 1
0 5 10 15 20 25 30
(Bi, ,Na, )TiO, mol% BaTiO,

Fig. 1.12. Phase diagram of the (Bi12Na1/2) TiOs- BaTiOj3 solid solution. [79]
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Fig. 1.14. Ternary phase diagram for the BaTiO3-(Bi12Na1/2) TiO3- (Bi1/2K1/2) TiOj3 solid solution. [98, 99]

1.2.4.2 Alkaline niobates

The alkaline niobates and their solid solutions are another interesting family of lead free
perovskites. Significant recent experimental efforts in these materials have been undertaken
largely following Saito et al's 2004 Nature paper and the accompanying editorial "Lead Free at
Last"[101, 102]. While exhibiting high piezoelectric coefficients, particularly in structurally
engineered ceramics these materials are still limited in application by low depolarization
temperatures arising from an orthorhombic to tetragonal (O-T) PPT near room temperature.
Published room temperature piezoelectric coefficients and phase transformation temperatures for

the alkaline niobates and solid solutions are compiled in Table 1.2.

Potasium niobate:

In 1951, Matthias [103] discovered ferroelectricity in KNbO; reporting both its Curie
temperature (Tc = 435°C) and a second transition temperature at around 225 °C. Further
investigations revealed a sequence of phase transformations similar to those observed in BaTiO;

(rhombohedral-orthorhombic-tetragonal-cubic) occurring at -10, 220, and 420 °C respectively
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[104]. Pure KNbO3 ceramics are difficult to fabricate [47], however single crystals have been
produced and interesting non-linear electro optic properties and piezoelectric coefficients along
certain crystallographic directions have been reported [105-107]. High coupling coefficients (kx
= 0.69) and excellent temperature stability up to 160 °C make KNbO; single crystals attractive
for ultrasonic and acoustic wave transducer applications, however, other uses of KNbO;’s
piezoelectric properties are limited [108]. Recent studies on bulk KNbO; ceramics report
piezoelectric properties with a d33 coefficient of 97 pC/N [109] and large shear-mode ds

constant of 207pC/N [110, 111].

Sodium niobate:

The other alkaline niobate end member, Sodium niobate NaNbO;, is also an
orthorhombic perovskite at room temperature transforming into the tetragonal phase at 370 °C
and eventually to cubic above 640 °C [112]. At room temperature NaNbO; is antiferroelectric

and as such exhibits no piezoelectric activity in its pure form [7].

Potassium niobate-sodium niobate solid solution:

The potassium niobate-sodium niobate, KNbOs-NaNbO; (alternatively (K,Na)NbOs or
KNN) solid solution is widely considered as one of the most promising lead-free alternatives to
the conventional piezoelectric ceramics. Both end members of the solid solution are
orthorhombic at room temperature and early work on the ceramics in this system indicated
multiple temperature induced phase transformations and morphotropic phase boundaries
comprising a rather complex phase diagram, shown in Figure 1.15 [113, 114]. Piezoelectric ds3
coefficients for KNN are reported in the range 80-160 pC/N and enhanced electromechanical

properties observed near the 53 mol% sodium niobate composition [104, 64, 115, 116].
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Processing of KNN ceramics is problematic due to the low sintering temperatures required
because of the instability of the KNN phase above 1140 °C and volatility of the alkali species at
high temperatures. This low temperature requirement makes it difficult to obtain ceramics of
high sintered density [7, 116]. However, reasonable piezoelectric properties (ds3 =100 pC/N) of
KNN have been achieved by optimizing the conventional sintering process [116]. The
incorporation of liquid phase sintering aids (K,CuNbgO,3, Ks.,CuTa; 029, CuO)[117-119] can
result in densities up to 97.5% theoretical. Liquid phase sintering has reduced sintering
temperatures to as low as 950 °C, and high-field ds3 of 180-270 pC/N have been reported.
Densification of KNN ceramics is also significantly improved by hot-pressing, with sintered
ceramics reaching ~99% of the theoretical density and the resulting piezoelectric constant nearly
twice the value of conventionally sintered KNN [120-122]. Spark plasma sintering has also
resulted in high density KNN ceramics and with enhanced piezoelectric coefficients (ds; =148
pC/N) [123-125]. Numerous compositional engineering approaches have also been explored to
optimize the piezoelectric properties of KNN materials. However, nearly all of these approaches
achieve "enhanced" properties by shifting the orthorhombic-tetragonal (O-T) PPT temperature to
slightly above or below room temperature. As discussed above and illustrated in Figure 9, this
close proximity to a PPT results in significant softening of the piezoelectric properties (large ds3)
however comes at the cost of large temperature dependence of the piezoelectric response and
poor stability of the poled domain state in most modified KNN compositions. Compositional
engineered KNN systems modified by LiTaO; and LiSbO; have been studied the most
intensively. KNN in combination with tetragonal LiTaOs; exhibits a morphotropic phase
boundary between orthorhombic and tetragonal phases at 4-5 mol% of LiTaO5; accompanied by

enhancement of piezoelectric properties; dz; coefficients have been reported in the range 200-
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259 pC/N [126, 127, 128-130]. The addition of LiSbOs to pure KNN shifts the orthorhomic to
tetraganoal polymorphic phase transition temperature down from 200 °C to nearly room
temperature (Tot ~ 35 °C) and increases the RT dz; coefficient; reaching a maximum (ds3 =
250-265 pC/N) at approximately 5 mol% of LiSbOs content [131-133]. In the work of Saito el
al. [101], optimization of the KNN by separate lithium, tantalum, and antimony additions
(specifically (Ko.2aNao.52Li0.04)(Nbo.ssTao.10Sbo.04)Os, the so-called LF4 composition) yielded a
further increase of ds; to 300 pC/N. In the same work, the properties of the LF4 composition
were further enhanced by the reactive template grain growth method produced ds3 values as high
as 416 pC/N in <001> oriented ceramics (LF4T) [101]. The observed enhancement of the
piezoelectric coefficient was at first attributed to an MBP between orfhorhombic and tetragonal
phases. However, the authors themselves and more recent studies observed temperature
dependence of the electromechanical properties near the room temperature and the existence of
the orthorhombic-tetragonal PPT near room temperature in both the LF4 and LF4T compositions
[101, 134]. Recently, an alternative modification of the KNN system has been proposed [135,
136]. In this work it is shown that the orthorhombic to tetragonal phase transition temperature in
KNN can be effectively lowered by addition of CaTiO3. The authors show that orthorhombic to
tetragonal transition temperature can be reduced 1 wt% CaTiO; addition to below room
temperature. This results in improved thermal stability and reduced temperature dependence of
the piezoelectric response in the range -50 to 200 °C while maintaining acceptable piezoelectric

properties d33 = 210 pC/N [135, 136].
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Fig. 1.15. Phase diagram of the KNbO3-NaNbO3; solid solution [35].
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Table. 1.2. Room-temperature piezoelectric coefficients (ds3), depolarization temp. (T4) and Curie temp. (T,) for alkaline
niobate perovskites. For all cases the T4 is associated with an orthorhombic-tetragonal PPT (O-T). Notes: When available the
measurement method used for determining the piezoelectric coefficient is indicated: * refers to a Berlincourt-type meter and
# to the IEEE resonance method. O-T: orthorhombic—tetragonal.

Alkaline niobates

Material dy3 (pCN7Y)  Tppr (°C)  T¢ (°C)  Comment, reference
220
KNbO, 97 O-T 435 [69]
195
(K,Na)NbO; 80 O-T 420 [64]
195 Hot pressed
K,Na)NbO 127 420
(K.Na)NbOs O-T [120]
160 Textured
T *
(K,Na)NbO; + Sh 218 O-T 352 [140]
170
(K,Na)NbO; + Ag 186* O-T 355 [141]
20
(K,Na)NbO; + Li 240* O-T 460 [142]
50
(K,Na)NbO; + Li,Ta 190* O-T 310 [142]
(K,Na)NbO; + Li,Ta 230* 50 323 [126]
O-T
35
(K,Na)NbO; + Li,Ta 262* O-T 325 [143]
27
(K,Na)NbO; + SrTiO3 200* O-T 277 [144]
55
(K,Na)NbO; + LiTaO3 200* O-T 430 [127]
70
(K,Na)NbO; + LiNbO3 235* O-T 452 [145]
35
(K,Na)NbO; + LiSbO3 265# O-T 368 [131]
115
(K,Na)NbO; + Li.Sr,Sb 142* O-T 353 [146]
20
(K,Na)NbO; + Li,Sh,Ta 400* O-T 230 [147]
25
(K,Na)NbO; + Li,Sh,Ta(LF4) 300* O-T 253 [101,134]
25 Textured
(K,Na)NbO; + Li.Sb,Ta(LF4T) 416* O-T 253 [101.134]
—43
(K,Na)NbOs + LiSbO; + CaTiO;  210* O-T 296 [135]
25 O, sintering
(K,Na)NbO; + Li,Sh,Ta 370* O-T 270 [148]
50
(K,Na)NbO; + Sb,LiTaO; 321* O-T 315 [149]
50
(K,Na)NbOs; + Li,Ag 220* O-T 476 [150]
(K.Na)NbO; + AgSbO, 192* 145 348 [151]
O-T
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1.2.4.3 Discussion and continued developments in lead-free piezoceramics

The above review clearly identifies many significant recent advances in the search for
lead-free materials for piezoceramic actuator applications. However, it can be difficult to
appreciate the significant limitations associated with the vast majority of these materials. Zhang
et al have proposed the use graphs of ds3 over Td (where Td is the depolarization temperature
corresponding to the lowest transition temperature, either Tc or TPPT) in order to make more
reliable comparisons both among and between lead based and lead-free piezoelectrics materials
[6, 137, 138]. Such plots provide a concise illustration of the relationship between the room
temperature piezoelectric coefficient and phase transition temperatures. They also provide an
indication of the temperature dependence and maximum usage temperatures of the various
piezoelectric materials and families of materials.

Following this convention, the properties of the lead-free materials summarized in this
work are reported in Figure 1.16. Reviewing this graph several general trends are readily
identified. First, within a given compositional family the room temperature dz; coefficients
increase as the Td decreases. (The inherent consequences of reduced Td are increased
temperature dependence of dss and reduced maximum usage temperature.) Second, the majority
of the alkaline niobates (triangles) have depolarization temperatures below 100 °C (associated
with the OT PPT) which is generally too low for these materials to be of broad commercial
interest (as was the case for pure BT). Third, the titanates in general have both moderate ds;
values (100-200 pC/N) and moderate depolarization temperature (100-300 °C). Finally, the lead
based materials still maintain a clear performance advantage, universally possessing the highest

ds3 coefficients while maintaining Curie temperatures >200 °C.
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In addition to the above general trends, this graph also suggests possible paths for future
development. The vertically stacked circles at 110 °C represent the effect of various structural
engineering approaches in pure BT ceramics. While the Tc of BT ceramics is still too low for
these materials to be of broad interest, textured-domain engineered BT is the current "hero"
piezoceramic with a d33 ~ 800 pC/N. Additionally, the top two triangles at -25°C also illustrated
the effect of structural engineering, these are textured KNN materials processing nearly two fold
enhancement of the ds; coefficient over randomly oriented ceramics of the same composition.
On the basis of these strong enhancements observed in "structurally engineered"” piezoceramics it
is suggested that more effort should be focused understanding these effects and in applying them

to existing materials rather the continued brute force compositional investigations.
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Fig. 1.16. Piezoelectric coefficient over depolarization temperature for the various families of lead-free and
including lead based piezoelectric ceramics.
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1.3 Multifunctional Composites

As mentioned before, multifunctional materials are integrated material systems that carry
external mechanical loading while serving multiple integrated functionalities such as energy
absorption, thermal management, sensing, power generation, vibration control, etc. Over the last
decades the advancement in this field has been rapid due to the excellent performance benefits
and safety achieved by multifunctional materials. To present day, the development in such
composites has incorporated additional functionalities such as self healing, energy storage, and
self-sensing and actuation. The following sections will discuss some of these developments and

applications for these multifunctional composites.

(Following sections are a based on the review of R.F. Gibson [152]: "A review of recent research
on mechanics of multifunctional composite materials and structures”. Composite Structures,

2010 92 p. 2793-2810)

1.3.1 Electrical and/or thermal conductivity

One important application of polymer composites is in aircraft structures, where electrical
conductivity is required since non-conducting structures may be damaged by lightning strikes.
Here, conductive polymer nanocomposites are being investigated as possible replacements for
non-conducting polymer matrix materials. This would eliminate the need for add-on metallic
conductors, which are too heavy and may be difficult to repair [155]. The added functionality of
enhanced thermal conductivity in composites is important for cooling of electronic circuits and
propulsion systems. In polymers, a small concentration of carbon nanotubes (CNT) or other
conducting nanoreinforcements can lead to large improvements in the electrical conductivity of

the nanocomposite. For example, Fig. 1.17 shows that the electrical conductivity of CNT/epoxy
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nanocomposites increases by nearly 6 decades when the CNT concentration is increased by only
2 decades [153]. The carbon nanotube concentration in the polymer which marks the transition
between insulator and conductor is called percolation threshold, which in the example given in
Figure 1.18 is only 0.04 wt%. Sandler et al. [160] reported percolation thresholds as low as
0.0025 wt% for aligned MWNT/epoxy nanocomposites. The percolation threshold in polymer
matrix materials is so low because of the extremely high aspect ratios of CNTs which make it
relatively easy to create a conducting path along the CNTSs in the insulating polymer matrix. Fig.
18 from Li et al. [154] shows how the percolation threshold decreases with increasing CNT
aspect ratio. It can be noted that to ensure low percolation thresholds it is important to develop

processes that preserve high aspect ratio of CNTs.

Although the thermal conductivity of CNT/polymer nanocomposites increases with the
increasing CNT concentration, the increase is gradual and there is no sharp insulator—conductor
transition or percolation threshold as in electrical conductivity [162]. According to Shenogina et
al. [162], the difference lies in the conductivity ratio kf/km. For thermal transport, even for very
conductive, high aspect ratio CNTs, kf/km is only about 10*, while for electrical transport, kf/km
can be as much as 10'?-10*¢. Therefore, electrical transport is dominated by percolating CNT
threshold, whereas thermal transport is strongly influenced by the polymer matrix. But even with
the lack of percolation threshold, small amounts of CNTs in CNT/polymer composites can lead
to disproportional increases in thermal conductivity. Biercuk et al. [163] found that 1 wt%
SWNTs in epoxy resulted in a 125% increase in thermal conductivity at room temperature, while
Bonnet et al. [164] measured a 55% increase in thermal conductivity for a 7 wt% SWNT/PMMA
composite, and Kim et al. [165] reported a 57% increase in thermal conductivity by adding 7

wt% MWNTs in phenolic resin. However, since higher filler loadings are required to create
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significant improvements in thermal conductivity of polymers, this may lead to processing
issues. For example, Ganguli et al. [166] achieved a 28-fold increase in thermal conductivity of
epoxy by adding 20 wt.% chemically functionalized and exfoliated graphite flakes, but graphite
loading levels greater than 4 wt.% were found to increase the viscosity of the mixture beyond the
desirable processing window for the vacuum-assisted-resin-transfer molding (VARTM) process.
Meantime, only small amounts of CNTs are needed to produce acceptable thermal conductivity
is some applications. Sihn et al. [167] found that the through-thickness thermal conductivity of
epoxy adhesive joints can be increased by several orders of magnitude when aligned MWNT

“‘nanograss” is incorporated in the epoxy adhesive (Fig. 1.19).
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Fig. 1.17. Electrical conductivity of CNT/epoxy nanocomposites at various CNT concentrations. Percolation threshold is
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Fig. 1.19. Nanograss-enhanced polymer adhesive joint for improved through-thickness thermal conductivity. [167]

1.3.2 Sensing and actuation

Sensing and actuation are two closely related functions, and in many cases, they can be
performed by the same material, as well as for other functions like energy harvesting/storage and
structural health monitoring. Several recent review articles have already covered much of the
recent research related to sensors and actuators that can be used in multifunctional structures. For
example, Li et al. [168] and Gibson et al. [169] have reviewed recent research related to sensors
and actuators based on carbon nanotubes and their composites. A review article by Ratna and
Karger-Kocsis [170] covers recent research on shape memory polymers which have potential
applications as sensors and/or actuators. Piezoelectric materials such as lead zirconate titanate
(PZT), polyvinylidene fluoride (PVDF) and aluminum nitride (AIN) can be embedded in
structures for sensing and actuation, as they naturally possess the required electromechanical
coupling. The effectiveness with which a piezoelectric material converts applied mechanical
energy to electrical energy (i.e., for sensing or energy harvesting) is characterized by the

piezoelectric coupling coefficient [171].

The most widely used forms of piezoelectric materials are wafers [172] and thin films [173], and
numerous publications have dealt with them over many years. Piezoelectric

microelectromechanical systems (MEMS) for sensing and actuation have been the subject of
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extensive research, and the state-of-the-art in this area has been very recently reviewed by
Tadigadapa and Mateti [174]. So in order to avoid duplication, we focus here on other important
recent developments in structurally integrated sensing and actuation in load-bearing
multifunctional composite structures. Although not as common as piezoelectric wafers or thin
films, piezoelectric fibers have been investigated as possible active components of
multifunctional fiber-reinforced composites. The earliest reports of piezoelectric fiber
composites (PFC) were apparently published by Hagood and Bent [175] and Bent et al. [176],
who embedded micron sized piezoelectric fibers in an epoxy matrix to which PZT powder had
been added to reduce the fiber/matrix dielectric mismatch. The PFC laminate was built up from
PFC laminae embedded between conventional graphite/epoxy laminae and interlaminar
electrodes which applied the electric field required for actuation. Good agreement was obtained
between measured electrically-induced deformations and those predicted by a modified Classical
Lamination Theory which included actuator-induced stress terms [176]. More recently developed
hollow piezoelectric fibers [177,178] offer the advantage of lower operating voltage and a
broader choice of possible matrix materials compared with solid cross-section piezoelectric
fibers. Brei and Cannon [178] investigated the hollow piezoelectric fiber concept in Fig. 1.20,
with emphasis on the effects of three key design parameters (matrix/fiber Young’s modulus ratio,
aspect ratio of the individual fibers, and overall active composite volume fraction) on the
performance, manufacturing and reliability of the active composites. In Fig. 1.20, in the actuation
mode, radial poling of the piezoelectric fiber results in longitudinal deformation of the fiber,

while in the sensing mode, longitudinal deformation results in radial electrical output.
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Fig. 1.20. Hollow piezoelectric fiber with radial poling and longitudinal actuation of the fiber. [178]

The capability of simultaneous control of stiffness and damping is a significant advantage
of a new class of materials known as magnetorheological elastomers (MRE), which consist of
conventional elastomers filled with micron-sized magnetizable particles such as iron. As reported
by Fuchs et al. [179], an applied magnetic field of variable strength was used to continuously and
rapidly control stiffness and damping of a polybutadiene elastomer filled with 3— 7 um diameter
carbonyl iron particles. In this case, the optimum concentration of the iron particles for greatest
improvement of damping and stiffness was found to be 60 wt%, and other important variables
which govern the stiffness and damping of MREs are the alignment of the magnetic particles and

the temperature.

As indicated earlier, several recent review articles have dealt with the general area of
structural health monitoring [180-183]. Here we will focus specifically on the use of embedded
piezoelectric sensor/actuator networks for damage detection in composite structures due to its
importance in the development of multifunctional structures. Lin and Chang [184] described the
fabrication and initial validation testing of the Stanford-Multi-Actuator-Receiver-Transduction

(SMART) Layer concept (Fig. 1.21).
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Fig. 1.21. Stanford-Multi-Actuator-Receiver-Transduction (SMART) layer concept of integrated
sensor/actuator network in a composite laminate. [184]

This concept involves the use of printed circuit technology to produce a thin flexible,
dielectric film with an array of networked piezoceramic actuators/sensors, which is embedded
within a conventional composite laminate. It was shown that a conventional autoclave process
and cure cycle can be used to fabricate carbon/epoxy composite laminates containing the
SMART Layer, that the layer does not significantly degrade the mechanical behavior of the
composite, and that by measuring the phase delay between the transmitted and received stress
wave during the cure process, the state of cure can be monitored. Subsequent research [185]
showed that such layers can be integrated into composite structures fabricated by RTM and
filament winding processes, and that the concept can be applied to either active or passive
sensing to monitor the health of the structure throughout its lifetime. Still more recently, Wu et
al. [186] demonstrated the feasibility of an improved actuator/ sensor network for damage
detection in composite laminates based on the use of PZT actuators and fiber Bragg grating
(FBG) fiber optic sensors instead of using PZTs for both actuating and sensing. The advantage of
this approach lies in the decoupling of the signal transmission mechanisms and elimination of the

signal crosstalk between actuator and sensor signals in the PZT actuator/ sensor network. Other
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approaches to active sensor networks for damage detection in composite structures have been
reported by Su et al. [187,188]. Reports on the use of artificial neural networks to analyze the
data from the piezoelectric sensor networks and classify and locate the damage in composite
structures have been published by Watkins et al. [189], Haywood et al. [190], and Yu et al.
[191]. Similar systems have been adapted for control of smart laminated structures by Srivastava
et al. [192]. Layer-by-layer (LbL) assembly, which involves sequential deposition of dissimilar
thin films at the nanoscale, has made it possible to develop sensors that are capable of detecting
multiple phenomena. For example, Loh et al. [193] used the LbL method to fabricate a carbon
nanotube-polyelectrolyte multilayer composite material for monitoring strain and corrosion. In
this case, the concentration of carbon nanotubes determines the sensitivity to strain and the type
of polyelectrolyte determines the sensitivity to pH. Deposition of such a LbL sensor on a
miniature planar coil antenna results in a passive wireless sensor which does not require a battery
power supply [194]. The LbL method can also be used to fabricate high strength multifunctional
composites for biological implants, anticorrosion coatings, and thermal/electrical interface
materials [195,196]. Shape memory polymers also have great potential for use in sensors and
actuators. This is particularly true for electroactive shape memory polymer composites

containing conductive fillers [170].

1.3.3 Energy storage/harvesting

The basic idea behind energy harvesting/storage as related to multifunctional structures is
to parasitically extract energy from the motion and/or deformation of a host structure and convert
it to electrical energy which can be stored and used for other purposes. One popular application
is to power small electronic devices such as wireless sensors for structural health monitoring.

Several review articles have already been published on this subject [183, 197-199], and since the
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discussion of sensors and actuators in the previous section is also highly relevant to energy
harvesting, the emphasis in this section will be on recent developments in energy storage in load-
bearing multifunctional structures. The most common mode of energy harvesting involves the
use of piezoelectric materials to convert mechanical deformations from vibrating structures such
as beams and plates to electrical energy. It appears that Sodano et al. [200] were the first to
report that the power output from a randomly vibrating piezoelectric material is capable of
recharging a discharged nickel metal hydride battery. They also reported on the use of the
piezoelectric output to charge a capacitor, but concluded that the capacitor discharge occurred
too quickly for practical energy storage and that batteries provided more flexibility in use of the

stored energy.

In a multifunctional structure, the battery should become part of the load-bearing
structure. Pereira et al. [201,202] embedded thin film lithium energy cells within carbon/epoxy
laminates to form energy storage structural composites. The lithium energy cells did not
significantly change the strength and stiffness of the carbon/epoxy laminate, and the energy cells
charged and discharged normally when the composite was mechanically loaded to as high as
50% of its ultimate tensile strength. Further integration was achieved by Kim et al. [203], who
used a copper nano-inkjet-printed circuit on a polymer film to interconnect a thin-film solar
module and a thin-film lithium-ion battery. The resulting film was embedded and co-cured
within carbon/epoxy prepreg layers to fabricate an energy harvesting/storage laminate. The
multifunctional laminate was then subjected to mechanical loading. As shown in Fig. 1.22, when
the ink-jet-printed electrodes are thicker than 4 um, they did not exhibit any significant resistance

change up to the maximum strain of 1%.
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Fig. 1.22. Resistance of inkjet-printed 160 pm-wide electrode under static loading for several electrode thicknesses: (a)
resistance and (b) percentage of resistance change. [203]

Liu et al. [204] developed a new load/bearing structural battery in which the polymer

cathode in a conventional polymer lithium-ion battery (Fig. 1.23 (a)) was replaced by a higher

molecular weight, carbon nanofiber-reinforced polymer (Fig. 1.23 (b)), the organic liquid

electrolyte was replaced with a solid-state polymer electrolyte and the separator region was

reinforced with nonconducting fibers. Although this design represents a starting point, the tensile

modulus of the battery was only about 3 GPa, and the energy density was low compared with

that of a conventional lithium-ion battery, so further work is needed to develop a usable

structural battery.
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Fig. 1.23. Construction of (a) conventional non-structural polymer lithium-ion battery and (b) new structural battery [204]

43



Snyder et al. [205] investigated different polymer electrolyte formulations for
multifunctional structural batteries ranging from highly conductive and structurally weak to
poorly conductive and highly structural. It was found that the electrical conductivity and the
elastic modulus of the different formulations are inversely related, which makes it difficult to
optimize both properties. In a separate paper, Snyder et al. [206] investigated the properties of
commercial carbon fabric materials, carbon nanotube papers and nanofoam papers for possible
use as anodes in multifunctional lithium-ion batteries. IM-7 and T300 PAN-based carbon fabrics
yielded the best balance between electrochemical and tensile strength performance, whereas the
pitchbased fabrics exhibited poor multifunctional performance. The nanofoam papers had the

best electrochemical performance but the mechanical properties were poor.

Although structural integrated batteries are more practical for slower discharge over a
longer period of time, structurally integrated capacitors can provide energy storage for quick
discharge at high energy levels. O’Brien et al. [207] compared stiffness and energy density of
various structural capacitors. As shown in Fig. 1.24, conventional capacitors have high energy
density but poor stiffness, whereas structural composites have good stiffness but poor energy
density. None of the materials evaluated met the design goal of multifunctional efficiency for
system level weight savings shown by the dashed line in Fig. 1.24. In a continuation of this
work, Baechle et al. [208] addressed design issues for improving multifunctional efficiency and
scaling issues related to manufacturing. Luo and Chung [209] developed a high capacitance
structural capacitor consisting of a carbon/epoxy laminate with a paper interlayer to reduce

through-the-thickness conductivity, but the capacitor was not mechanically tested.
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1.3.4 Self-healing capability

A truly autonomous multifunctional structure will be capable of healing itself when
damaged, as a biological system would, and recent research has demonstrated the feasibility of
such materials, particularly polymeric materials. A comprehensive review of publications in the
area of self-healing polymeric materials has recently appeared [182], so only a few representative
publications will be discussed here. White et al. [210] developed self-healing polymers and
polymer composites based on the use of a microencapsulated healing agent and a catalyst for
polymerizing the healing agent. As shown in Fig. 1.25, when damage causes cracks in the
polymer, the cracks break open the microcapsules, causing the healing agent to leak into the
crack by capillary action. The healing agent then reacts with the catalyst, causing polymerization
that bonds the crack faces together. Mode | fracture toughness tests of virgin epoxy and self-

healed epoxy specimens using the tapered double cantilever beam (TDCB) test in Fig. 1.25
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showed that fracture load and corresponding fracture toughness for the self-healed specimens

reached up to 75% of the corresponding values for the virgin uncracked specimens.
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Fig. 1.25. Hlustration of self-healing of cracks in polymers by the use of a microencapsulated healing agent
and a catalyst for polymerizing the healing agent. [96]

Further research on optimization of the microcapsule concentration and choice of catalyst
led to crack healing efficiencies of over 90% (g = 0.9) in self-healed specimens and maximum
healing efficiency was achieved within 10 h of the fracture event [211]. Still more recently,
Caruso et al. [212] obtained complete recovery of virgin fracture toughness (g = 1) by replacing
the original solvent healing agent in the microcapsules with epoxy-solvent microcapsules
containing a mixture of epoxy monomer and solvent. As shown in Fig. 1.26b, the resulting load—
displacement curves indicate full recovery of virgin fracture toughness. Related research by the
same group has considered self-healing polymers under fatigue loading [213-215] and low-
velocity impact loading [216], as well as the development of self-healing polymer coatings to

provide effective corrosion protection for steel substrates [217], and the use of three-dimensional
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microvascular networks in the substrate beneath an epoxy coating to enable continuous delivery

of healing agents for self-healing of repeated crack damage in the coating [218].
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Fig. 1.26. lllustration of self-healing of cracks in polymers by the use of a microencapsulated healing agent and a

catalyst for polymerizing the healing agent. [211]

Other recent developments in self-healing polymer composites include the use of
different methods of healing agent microencapsulation such as nanoporous silica capsules [219]
and nanoporous glass fibers [220]. The use of self-healing polymers as the matrix material in
carbon fiber-reinforced composites has also been considered by Williams et al. [221]. Yin et al.
[222] found that the self-healing ability of woven glass fabric/epoxy composites containing
healant microcapsules degraded with storage time. The likely cause is believed to be time-
dependent diffusion of the epoxy monomer from the microcapsules following contraction of the
microcapsules during the cure process. This degradation was found to be a self-limiting process
as the leaked epoxy gradually cured and blocked the diffusion sites on the microcapsules, but it

was concluded that further research is needed to improve the microcapsule designs and materials.
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1.4  Piezoelectric Fiber Composites

However many advantages monolithic piezoceramic materials may offer, there are
several practical limitations to implementing them in real-life applications. Their brittle nature
makes them vulnerable to breakage during bonding and handling procedures, as well as making
their application to conform to curved surfaces very hard to achieve. This is why the idea of
piezoelectric fiber composites (PFC), which consist of embedding piezoceramic fibers into a
polymer matrix, has solved many of the restrictions of monolithic piezoceramics. This type of
material configuration is advantageous because it provides much higher strengths to crystalline
materials in the fiber form due to reduced volume fractions of flaws during fabrication [13].
Also, in addition to protecting the fibers, the flexible nature of the polymer matrix allows their
application to curved surfaces, making possible their usage to more realistic structures.
Currently, there exists a broad number of PFC commercially available, but only three of the most
promising types will be discussed in this section: macro fiber composites, hollow fiber

composites, and active fiber composites.

1.4.1 Macro fiber composites

The first type of piezoelectric fiber composite (PFC) that will be discussed is the macro
fiber composite (MFC) developed at the NASA Langley Research Center. The MFC consists of
three primary components: active piezoelectric fibers, interdigitated electrodes, and a polymer

matrix, as shown in Fig. 1.27.
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Fig. 1.27. Schematic showing the order of different layers in the macro-fiber composite actuator.

The piezoceramic fibers MFC utilizes have a rectangular cross section due to the method
used to form the fibers. Fig 1.28 shows the fabrication process of the fibers. The piezoceramic
wafer is placed on top of a polymer carrier film to hold the fibers in place while a computer

controlled dicing saw cuts the piezoceramic fibers into the desired dimensions.

Computer controlled dicing saw I

1. Ceramic wafer on 2. Wafer and grip frame
grip frame positioned for dicing

Diamond saw blade
(1 - 3 mil thick)

Piezoceramic wafer
(5 - 9 mil thick)

Polymer grip film

arany 3. Completed piezoceramic fiber sheet

Fig. 1.28. Fabrication process of the macro-fiber composite piezofibers [224].
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After the piezoceramic wafer has been cut, it is transferred and fixed at the bottom of an
electrode film by heating up epoxy (polymer matrix) to secure the piezoceramic fibers. The
polymer carrier film is then removed and a layer of epoxy is applied to the top of the
piezoceramic fibers before applying the top electrode. This bonding process is shown in Fig
1.29. After the stacking process, the entire assembly is transferred to a vacuum press, where heat

and pressure are applied to reduce the possibilities of voids in the epoxy matrix.

r

.

a) Preparation of bottom electrode b) Placement of fiber sheet on
film with epoxy adhesive. electrode film.
b
‘ - —
aas"
c) Fiber sheet and electrode film ¢) Removal of polymer carrier film from
after heat tacking. transferred piezoceramic fibers

Fig. 1.29. Fabrication of the macro fiber composites [225].

Due to the epoxy matrix the MFC is very flexible as shown in Fig. 1.30. Other advantages of
MFC are the durability, low manufacturing cost, and high electromechanical coupling

coefficients. One application for MFC that has been subject to great interest is structural sensing
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and actuation. NASA's investigator W. Wilkie [225] bonded MFC patches to the vertical tail of a
fighter aircraft to counteract the bending and torsional stresses that are inflicted on the tail during
flight resulting from buffeting loads. A different type of study made by Park et al. [226]
demonstrated that the MFC could be as an actuator to globally suppress vibration of an inflatable
satellite structure. The component tested in this study was the torus which supports the reflector.
This study was later extended by Sodano et al. [2] who showed that MFC could not only be used
as an actuator but also as a sensor for the inflated torus. The MFC has also been proven to

perform structural health monitoring as an impedance sensor.

Fig. 1.30. Fabrication of the macro fiber composites.

1.4.2 Hollow fiber composites

The second type of PFC was introduced by Cannon and Brei [223] called hollow fiber
composites (HFC). Since the HFC have very small diameters a new manufacturing technique had

to be implemented for their fabrication called Microfabrication by Coextrusion (MFCX). The
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three steps for this process are feel rod formation, extrusion, and burnout/sintering. A schematic

drawing of the manufacturing process is shown in Fig. 1.31.
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Fig. 1.31. MFCX fabrication process, a) feed rod formation, b) extrusion, c) burnout/sintering. [223]

In the feed rod formation process piezoelectric powder is mixed with thermoplastic
polymers, and the same polymers are mixed with carbon black powder to form two mixtures
with the same viscosity. The piezoelectric mix is then shaped into a round thin-walled cylinder,
while part of the carbon black mix is formed into a smaller solid cylinder with the same outer
diameter as the inside of the PZT tube. The remaining carbon black mix is then shaped into a
square with a hole in the center to match the PZT cylinder. The extrusion process consists of
heating up the assembled feed rod and inserting it into an extrusion die, which reduces the cross
section of the rod. The last step called burnout/sintering consists of heating up the resulting
"green" fibers to 1300°C for 48 hours. This process burns out the carbon black and

thermoplastics polymer, resulting in a stronger and denser ceramic.
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To form the electrodes, silver paint has to be added to the interior and exterior
circumferences of the hollow fiber, and then the tubes are to be poled under an applied field. The

formation of the active lamina is shown in Fig. 1.32.

Wax mold
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Fig. 1.32. Schematic showing of hollow fiber lamina fabrication. [223]

First, a wax mold is partially filled with epoxy into which the hollow fibers are placed in
an aligned manner, leaving the ends of the fibers extending from one side of the mold. The rest
of the mold is then filled with epoxy and left to cure. The assembly is then heated to melt the
wax mold, leaving only the finished active lamina. The inner and outer electrodes are then
connected to copper wires to form the electrode bus to allow an electric field to be applied to the
composite.

Under optimal fabrication and volume fraction, the effective electromechanical coupling
of active composite could be greater than 95% of the bulk active material used. However, the
hollow nature of the fiber composite proved to be extremely fragile making its use in structural

applications unlikely.
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1.4.3 Active fiber composites

The last type of PFC that will be discussed, and in which this thesis is focused on, is the
Active Fiber Composite (AFC) developed at the Active Materials and Structures Lab at MIT.
This type of composite consists of aligned piezoceramic fibers embedded in a polymer matrix
which may include glass fibers to increase the structural strength. A photomicrograph of an

AFC'S cross-section is shown in Fig. 1.33.

Fig. 1.33. Cross section of an Active Fiber Composite with glass rods. [13]

The solid fibers, circular in cross-section, are made by an extrusion process or injection
molding process. A schematic figure of the manufacturing process of the active fiber composite
is shown in Fig. 1.34. The fabrication process starts by placing the bottom interdigitated
electrode on the aluminum vacuum plate using the locator pins. Two Kapton molds, placed on
the bottom electrode, help retain the epoxy matrix while the piezoceramic fibers are aligned in a
single layer and laid on top of the bottom electrode. At this point, the glass fibers can be added
and aligned with the piezoceramic fibers to increase the mechanical strength of the composite.
Epoxy resin mixed with an air-release agent is applied to the fibers, and the top electrode is
positioned using the locator pins and positioning holes.
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Fig. 1.34. Schematic of the manufacturing process of the active fiber composite. [13]

The plate is then placed in a press, where the resin is cured by applying heat and pressure,
to minimize the voids in the composite which would decrease the efficiency. Finally, a DC
voltage is applied through the interdigitated electrode to align the dipoles in the piezoceramic

fibers. A final assembly of the active fiber composite is shown in Fig. 1.35.

3 1 opposing

longitudinal
expansion

Fig. 1.35. Schematic of the active fiber composites. [227]

55



The AFC has shown promising structural applications due to its capability for direct

incorporation into laminated composite materials.
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CHAPTER 2:
MICROMECHANICS MODELING OF AN ACTIVE STRUCTURAL

FIBER

2.1 Introduction

While current piezoceramic fiber composites have made huge advantages over
monolithic piezoceramic materials, they are typically implemented as surface-bonded patches
used for sensing or actuation only, separated from the structural components since they can’t
provide any additional strength to the composite. Therefore, a need existed to develop a
piezoceramic fiber composites that could perform sensing and actuation as well as carry external
mechanical loading. Researchers H. Sodano and Y. Lin developed a novel active structural fiber
(ASF) that can be placed in a composite material to perform sensing and actuation while
providing load bearing functionality. The piezoceramic fiber studied here will be coated onto a
conductive structural fiber, which will enhance the piezoceramic mechanical properties while

acting as an interior electrode, as shown in Fig 2.1.

The structural fiber will act as reinforcement, providing strength to the piezoelectric
material which is very brittle; and at the same time, by using it as an internal electrode, the field
required for actuation will be reduced over PFCs. These features will allow composites to be
designed with numerous embedded functions such as structural health monitoring, power
generation, vibration sensing and control, damping, and shape control through anisotropic

actuation.
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Fig. 2.1. Schematic showing the cross-section of the novel multifunctional fiber. [228]

This thesis will perform the modeling and simulation of a lead-free active structural fiber
(ASF). First, a one-dimensional micromechanics model of a structural fiber coated with a
piezoelectric material will be performed to evaluate the piezoelectric coupling coefficient of the
ASF, which is directly related to its capability to couple energy between mechanical and
electrical domains. Secondly, a three-dimensional micromechanics model will be implemented to
estimate the effective electroelastic properties of the multifunctional composite and fully
understand the electromechanical response of the composite. Lastly, a finite element analysis
will be executed to validate the results from the 3D micromechanics model and show it accuracy

to predict the electroelastic properties of the multifunctional composite.
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2.2 One-Dimensional Micromechanics Model

The model used here was developed by Lin et al. [228], and it’s based on the rule of mixture
and an analogy between the thermal and piezoelectric responses of the composite to estimate the
effective piezoelectric coupling coefficient in the fiber with different design parameters for both
the ASF alone and the ASF lamina. For the ASF considered here the electric field will be applied
through the thickness of the piezoelectric shell or through the radial axis. In piezoceramic
modeling, the electric field applied on a thin plate piezoelectric structure is normally considered
by thin-wall approximation. However, since the electric field across the piezoelectric shell is not
constant, the non uniform electric field through the ASF must be modeled first. Therefore, from
Gauss’ Law, the thin wall electric field along the radial direction of the active fiber can be
expressed as [229]

\Y

E(n) = rinl-«)

2.1)

where V is the voltage applied through the fiber thickness, r is the radial position, and a is the
aspect ratio of the piezoelectric portion of the fiber, equal to t/r,, where t is the thickness of the
piezoelectric coating and r, is the total radius of the fiber. Using the thin wall approximation,

the longitudinal piezoelectric stress of the piezoelectric shell can be expressed as

G(r) =Y pg(r) =Y pdle(r) (2.2)
where Y? is the longitudinal modulus of elasticity of the piezoelectric shell, o is the
piezoelectric's longitudinal stress, € is the piezoelectric's longitudinal strain, and ds; is the

piezoelectric coupling. The subscript 31 denotes that the electric field is applied in the 3

direction, while the generated strain is in the 1 direction (see Fig 2.1). The total piezoelectric
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force can then be determined by integrating the stress over the cross-section area of the

piezoelectric shell,

2w 7o
F —f f VP E(ryrdr dg = —mdsl Ve 23
- TS (23)
0 To—¢
and the free strain can then be derived using Eq (2.3) and Hook's law:
el O F —27d,,Y PVt B -E,d,, (2.4
YP OAY? ar2—(rp,—tfIYPIn-t/r,) (r,/t-0.5)In(l-t/r,) '

where E,,, = V /t is the electric field derived by thin wall approximation, A is the cross-sectional
area of the piezoelectric shell, and F is the piezoelectric force. Therefore, the free strain can be

expresses as the product of thin wall electric field E;,, and the effective piezoelectric coupling of

f
the ASF d}, /|

_d31 f
¢ [In(l—a)(l/a—O.S)J W sl T 29)

f

where ds, is the piezoelectric coupling coefficient and d3, ¢

is the effective coupling of the

piezoelectric shell incorporating the thin wall electric field approximation. The coupling for the
piezoelectric shell must be then combined with the core fiber to determine the effective
piezoelectric coupling of the piezoelectric structural fiber. The longitudinal elastic modulus of

the active structural fiber can be defined using the rule of mixtures and written as [230]

Y™ —y PyP 4y f(l-vP) (2.6)

where Y is the longitudinal modulus of elasticity, v is the volume fraction, and the superscripts f,

p and multi represent the core fiber, piezoelectric, and complete multifunctional piezoelectric
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structural fiber, respectively. The relationship between aspect ratio and fiber volume fraction is

shown in Fig. 2.2.
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Fig. 2.2. Schematic demonstrating the relationship between the fiber aspect ratio and fiber volume fraction. [225]

According to equation (2.4) and (2.5), the piezoelectric force generated from the piezoelectric
shell can be expressed as

— Etwd31
(r,/t—0.5)In(l-t/r,)

F=AgYP = AY P = Etwdel,eff AY P (2.7)

Then, using Hook's Law the total strain of the ASF caused by the piezoelectric force is

represented by

F
multi __ o™ _ AlvP d3f1,effY VPE, _ Mt (2.8)
3 - Y multi Y multi Y multi - Y3l tw

therefore, the electromechanical coupling of a piezoelectric structural fiber with a piezoelectric

coating can be defined as

d Sfl,eff Y pV P
(YP-y pray’

dp' = (2.9)
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Y? and Y' are the elastic modulus of the piezoelectric material and fiber, respectively, V* is the

volume fraction of piezoelectric material, ds; is the piezoelectric coupling coefficient and
d£1,eff is the effective coupling of the piezoelectric shell as defined from Eq (2.5).

It must be noted that Eq. (2.9) predicts the response of a single active fiber; however, to be
used in structural applications, multiple active fibers have to be embedded in a polymer matrix.
In order to determine the coupling of a lamina composite with active fibers, the rule of mixture
has to be applied once again by taking the piezoelectric shell to be an interphase layer. The

resulting coupling can then be written as

d3f1,effY pvp
(YP—ymhP oy —ympsym

lam __
dSl -

(2.10)

2.3 Three-Dimensional Micromechanics Model

The one dimensional model results of the effective piezoelectric coupling coefficient will be
shown in the following section. However, this model is only valid to determine the properties of
the fiber; therefore to fully understand the behavior of the multifunctional composite the other
electroelastic properties must be predicted. Since the fiber could be used in major research topics
such as load bearing energy storage materials and intended to carry external mechanical loading,
the effective elastic moduli and dielectric constant are properties necessary to estimate. Various
methods exist for evaluating such properties as the Mori-Tanaka and self-consistent approaches.
Although, the self-consistent method results in slow and complicated calculations while the
Mori-Tanaka approach leads to less accurate estimations of the electromechanical moduli [232-

234]. Current literature has shown the double inclusion model to be a powerful method for the
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prediction of the effective elastic properties of composites with multiphase and multilayered
inclusions. The three dimensional model utilized in this thesis was developed by Lin and Sodano
[1] by extending the double inclusion approach for the prediction of the electroelastic properties
of multiphase piezoelectric composites. Considering a transversely isotropic piezoelectric
material, the linear constitutive equations that describe the coupled interaction between the

electrical and mechanical domains can be expressed as

O = (;ljmn‘c"mn - enij En (2.11)

D, =€, & +&;,E, (2.12)

Imn=mn

where ajj, &m, En and D; are the stress, strain, electric field and electric displacement tensors,
respectively. Cijmn, 1S the elastic tensor at a constant electric field, ey;; is the piezoelectric field-
stress tensor in a constant strain or electric field, and k;, is the dielectric tensor at a constant
strain. For the modeling of in homogeous composites with piezoelectric inclusions, it is
convenient to combine the mechanical and electrical variables such that the two equations can be
expressed in a single constitutive equation [235]. To this end, the notation introduced by Bernett
and Lothe [236] is utilized and briefly reviewed here. This notation is identical to conventional
indicial notation with the exception that lower case subscripts are in the rage of 1-3, while the
capitalized subscripts are in the range of 1-4 and repeated capitalized subscripts summed over 1-

4. With this notation, the elastic strain and electric field can be expressed as

5 _JEm J =123 )13
m=1E. Jo4, (2.13)
similarly the stress and electric displacement can be represented as
oy, J =123
T, = (2.14)
D, J=4
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the electroelastic moduli can then be presented as

Cym .M =123
e _Jew J=123M=4 ) is
e J=4M =123, (.15)
Kk, JM =4,

therefore, according to equations (2.13-2.15), the piezoelectric constitutive equations (2.11) and
(2.12) can be combined into a single expression as
Ziy = EyunZwn (2.16)

the constitutive equation for an orthotropic piezoelectric material and the core fiber can be

expressed in the matrix form as

o] [C, C, C; O 0 0 0 0 —e,]fes]

On| |Cp Cp Cp 0 0 0 0 0 —ey||&2

0s| |Cs Cpy Cy 0 0 0 0 0 —eyllés

os| |0 0 0 C, 0 0 0 =—e; 0 ||rs

osl=| 0 0 0 0 Cg 0 -e, 0 0 ||y, (2.17)
o,| |0 0 0 0 0 C, 0 0 0 ||y

D, 0 0 0 0 e O x 0 0 ||E

D, 0O 0 0 e O O O «x 0 ||E

ID; | & € € 0 0 0 0 0 Ky || E; |

Using the direct approach [237] for the estimate of overall properties of heterogeneous materials,
the volume-averaged piezoelectric fields in a multiphase active composite with N phases can be

expressed as
—_— N —_—
=>c 2, (2.18)

(2.19)
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where c; is the volume fraction, the subscript r represents r'" phase of the composites, with 1
representing the matrix phase, the overbar denotes the volume average of the quantities. For a
piezoelectric composite subjected to homogenous elastic strain and electric field boundary
conditions, Z°, it has been shown that Z=Z° [238]. Therefore, equation (2.16) can be represented
as

Y=EZ (2.20)
the volume averaged strain and electric field in the r™ phase is

Z, =AZ (2.21)

where A is the concentration tensor of phase r and has the following properties,
N
YA =1 (2.22)
r=1

where 1 is the forth order identity tensor. Combining equations (2.18-2.22), the overall

electroelastic modulus predicted by the double inclusion model can be expressed as
N
E=E+)c(E -E)A (2.23)
r=2

where E is the extended electroelastic matrix as defined in Eq. (2.18) and A is the concentration
tensor which is a function of the eshelby's tensor and the electroelastic properties of each phase.
For the double inclusion model of a three phase composite as shown in Fig. 1, the concentration
tensor is defined as [239]

A" =1 +ASD, +S,D,

2.24
) ¢, ¢, (2.24)
A =1 +[S2 ——As}dbz +—ASD,
CZ CZ
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where S is the eshelby’s tensor which is a function of the inclusion geometry as well as the
electroelastic properties of the matrix, the explicit expression for a fibrous inclusion can be found
elsewhere [235]. @ is the forth order tensor which is a function of the eshelby’s tensor and the
electroelastic properties of each phase. The expression of @ is given by the following

expression,

1 -1
@, = [AS +(s, + F3)(33 _SAsy FsJ (ss _SAsy Fzﬂ
C

2 C2
(2.25)
4 -1
@, = {(32 +F)+ AS( L~ 3As sz ( —BAs ng]
CZ C2
where the F and AS are expressed as
Fz = (Ez - E1)_1E1
R=(E-E)'E (2.:26)
AS=S,-S,
Matrix,
phase 1
A

Piezoelectric shell, / . '

A phase 3

Fig. 2.3. Schematic illustrating of the three phase active composites.

The geometry of the ASF with the coordinate system used in this thesis is shown in Fig. 2 [228,

240]. In order to maintain consistency with Eshelby's tensor coordinates system [235,237], the
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electric field applied through the thickness of the piezoelectric layer (along the radial direction)
must be considered along the global coordinate system. Therefore, to account for the symmetry
in the actual electric field the coupling in the -1 and -2 directions are taken to be equal. Because
the ASFs are poled along the transverse direction, the traditional directions of standard
convention in composites have been modified due to the concentric electrodes such that the

poling axis occurs in both the -1 and -2 directions, as shown in Figure 2.4,

Electrode

Piezoelectric
Material

Core Fiber

Fig. 2.4. Schematic drawing of the ASF in the global coordinate system.

Due to the concentric nature of the electrodes, a non-uniform local electric field occurs and has
been evaluated by Lin and Sodano [228,240]. The relation between the local and the global
electric field is defined as

EIocal = _1 E
1/ -05)Inl- )

(2.27)

where a is the aspect ratio defined as the ratio of piezoelectric shell thickness to the total radius
of the ASF, Eocal is the local electric field added through the thickness of the piezoelectric shell,
and E is the electric field in the global coordinate system [235, 237]. The material properties
used for modeling are shown in Table 2.1 [237]; note that not all the properties listed in equation

(2.17) are shown due to the orthotropic nature of the materials.
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Table 2.1. Electroelastic properties of reinforcement and matrix materials.

Material Cu Cop Cis Cs Cu Ces K Kag €15 €31 €33
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (CIm») (CIm%) (CIm?
Matrix 8.1 5.4 5.4 8.1 1.4 1.4 28 28 0 0 0
Carbon 24 9.7 6.7 11 27 11 12 12 0 0 0
fiber

BaTiO; 2751 1789 1516 1648 543 1131 1970 109 21.3 -2.7 3.7

2.4 Results and Discussion

Both one and three-dimensional micromechanics modeling of the ASF were performed using the
commercial software MATLAB. For the one-dimensional micromechanics model, the resulting
electromechanical coupling ratio of the multifunctional fiber with respect to the fiber aspect ratio

is plotted in Fig. 2.5.
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Fig. 2.5. Resulting electromechanical coupling of the ASF with respect to the aspect ratio.
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The y-axis represents the ratio of the coupling coefficient, d31 of the multifunctional fiber to that
of an active constituent. Therefore, a coupling ratio of 0.7 indicates that an active fiber with a
BaTiOj3 shell could achieve 70% of the coupling of bulk BaTiOs. If we recall Eq. (2.5), it can be
seen that at a certain electrical field, the aspect ratio is the only parameter that will influence the
effective piezoelectric coupling ds;*" of the ASF, and as expected the effective ds; increased with
aspect ratio. However, the maximum value is obtained at approximately 0.8, point at which the
surface area of the inner wall becomes much less than the outer wall, thus resulting in a
breakdown of the thin wall approximation and leading to a very high electric field on the inner
wall which could potentially depole the piezoelectric material. Therefore, producing active
structural fibers (ASFs) with very high aspect ratio fiber is not practical due to the difficulty of
the poling process, which will lead to either breakdown of the material at the inner wall due to

the high electric field or only partial poling at the outer radius.
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Fig. 2.6. Result for the active fiber coupling of a lamina consisting of the active structural fiber to that of bulk
piezoelectric material, with respect to the volume fraction of the active fiber for various fiber aspect ratios.
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The electromechanical coupling ratio of a lamina consisting of ASFs to the coupling of the bulk
active constituent with different ASF volume fractions is shown in Fig. 2.6. It can be seen that
the aspect ratio plays a more important role in the electromechanical coupling of the composite
material. The results show that the active structural fiber presented here could lead to structural
composites with piezoelectric coupling coefficients as high as 70% of the active constituent. A
composite with such coupling levels could be used for a wide variety of applications; but before
we have to fully understand the electroelastic properties of the entire composite. This is why a
three-dimensional micromechanics model was performed using MATLAB to evaluate the
effective electroelastic properties of the multifunctional composite with different aspect ratios.
The fiber volume fraction is defined as the ratio of the ASF (core structural fiber and

piezoelectric shell) to the matrix material. Fig. 2.7 shows the effective Young's modulus of the

composite.
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Fig. 2.7. Effective Young’s modulus with respect to ASF volume fraction.
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The longitudinal Young's modulus Y3, increases linearly with volume fraction while the

transverse young's modulus Y31=Y increases exponentially. Because the fiber volume fraction is

considered to be the fraction of the entire ASF, increasing the aspect ratio at the same volume

fraction leads to a larger fraction of piezoelectric constituent. Since the piezoelectric material has

a lower longitudinal modulus and higher transverse modulus than the core fiber, the overall

longitudinal and transverse moduli decrease and increase respectively with the increasing aspect

ratio. The effective shear modulus is shown in Fig. 2.8.
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Fig. 2.8. Effective Shear modulus with respect to ASF volume fraction.

It can be seen that the longitudinal shear G,3=G13 modulus is highly dependent on the volume

fraction and quite insensitive to the aspect ratio. Whereas the transverse shear modulus G;, has a

larger dependence on aspect ratio and increases with volume fraction. The dielectric constant

model results of the composite are shown in Fig. 2.9.
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Fig. 2.9. Effective relative dielectric constant with respect to ASF volume fraction.

Both longitudinal and transverse dielectric constants increase with increasing volume fraction
and aspect ratio, but the longitudinal constant increases linearly while the transverse constant
increases exponentially. The model shows promising results for the electroelastic properties of
the multifunctional composite for realistic applications, but before implementing it, we have to

corroborate these properties with a finite element analysis.
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CHAPTER 3:

FINITE ELEMENT MODELING

3.1 Introduction

In order to validate the micromechanics models, a finite element analysis of a representative
volume element (RVE) of the composite has been performed using the commercial software
ABAQUS. Because the finite element model predicts the stress and strain fields inside the
inclusion, piezoelectric shell and matrix, the predicted properties are very accurate [237].
Therefore, the finite element results can be used to check the accuracy of the three dimensional

micromechanics model developed.

3.2 3D Finite Element Model

An example of the FEA model used is shown in Figure 3.1. In order to determine the
independent electroelastic material parameters described in the previous section, a series of
simulations with different aspect ratio ASFs and volume fraction representative volume elements

(RVES) have been performed.

Matrix

Outer shell

Piezoelectric

Inner shell
shell

Core fiber

Fig. 3.1. FEM model of multifunctional composite with the front view shown on the right.
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As mentioned before, the FEA was performed using the FEM software ABAQUS. The
RVEs (core fiber, piezoelectric, and epoxy matrix) were meshed with three dimensional 20-
noded quadratic elements, with three displacement degrees of freedom and one electrical degree
of freedom for each node. Two “TIE” constraint commands were used for the core
fiber/piezoelectric shell and piezoelectric shell/epoxy matrix which result in zero relative motion
between the surfaces. To make easier the modification of changing volume fraction, a square
RVE has been used. For each FEA, the volume fraction was obtained by holding the same
dimensions for the fiber while adjusting the matrix size. The boundary conditions used in all the
simulation are listed in Table 3.1. were a and c are the dimensions of the finite element unit cell

in the x and z axes.

Using the strain energy approach, the effective Young’s and shear modulus can be calculated
[237]. The elastic strain energy of the RVE under mechanical strain can be expressed as
Vv
U, = Ecijklgijgkl (3.1)
where V is the volume of the RVE, Cjjq is the effective elastic modulus, &jj and g4 are the
strain applied to the RVE. The strain energy of the entire RVE can be obtained directly from
ABAQUS. By solving the equation, the effective tensile modulus (ij = kl = 11, 22, 33) and the

effective shear modulus (ij = kl = 44, 55, 66) can be calculated.

In order to evaluate the effective dielectric constant, the electric field was applied on the

surfaces of the RVE. The stored electrostatic energy can be expressed as [241]

1 S
Ue = EKeff H(¢2 _(01)2 (32)
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where K IS the effective dielectric constant of the entire RVE, s is the area of the each
surface exposed to the electric field, d is the distance between the two surfaces, @1 and ¢; is the
electric potential applied to them. The electrostatic energy was calculated in ABAQUS allowing

the effective dielectric constant to be calculated from equation (3.2).

Table 3.1. FEA boundary conditions for identifying each of the constituent properties.

Parameter Mechanical boundary Electrical boundary
condition condition
Cu Ul(X=0)=0 ¢):0
uy(x = a) =&°
Cas U3(Z:O):0 () =0
uz=c) =g°
Cu Ul(Z:O):O (0:0
U(z=0)=0
us(z=0)=0
Uz =c) =&°
Cee Ul(XZO):O ¢)=0
u(x=0)=0
us(x=0)=0
u(x =a) =¢&°
K11 U]_(XZO):O w(XZO):O
u(x=0)=0
UngZO;:O P(x=2a)= ¢
K33 Ul(Z:O):O (l)(Z:O):O
U(z=0)=0
di3 ui(z=0)=0 @ (outer shell) =0
@ (inner shell) = ¢,
dis us(x=0)=0 @ (outer shell) =0

@ (inner shell) = ¢,

3.3 Results and Discussion

Once the finite element (FE) model was created it could be used to validate the accuracy of
the micromechanics models developed by comparing the electroelastic properties predicted by

the model and the FEA. Due to time constraints, only FE analyses of aspect ratios 2, 4, and 6
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were simulated. The fiber volume fraction is defined as the ratio of the ASF (core structural fiber
and piezoelectric shell) to the entire RVE. The effective Young’s moduli of the multifunctional

composites with different aspect ratios predicted by the FEA are shown in Figure 3.2.
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Fig. 3.2. Effective Young’s modulus with respect to ASF volume fraction, (a) longitudinal Young’s modulus,
(b) transverse Young’s modulus.
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The FEA results of the longitudinal Young’s modulus Yjs increase linearly with volume
fraction and show very good agreement with the model for all aspect ratios and volume fractions
considered. For the transverse Young’s modulus Y;=Y>, the modulus increases exponentially
for both model and FEA, but the FEA predicts a slightly larger rate of increase than the model at
bigger volume fractions. The maximum error (26%) occurs when the aspect ratio is 0.6 with a
fiber volume fraction of 0.7. By increasing the aspect ratio at the same volume fraction, the
portion of the piezoelectric material increases while the core fiber decreases. Since the
piezoelectric material has a lower longitudinal modulus and higher transverse modulus than the
core fiber, therefore, the overall longitudinal and transverse moduli decrease and increase with

the increasing aspect ratio, respectively. The effective shear moduli are shown in Figure 3.3.

As the model, Figure 3.3(a) shows the FEA longitudinal shear Gi3=G;, modulus increases
linearly and is highly dependent on the volume fraction and quite insensitive to the aspect ratio.
The transverse shear modulus Gy, is shown in Figure 3.3(b) increasing exponentially with aspect
ratio and volume fraction. Although the FEA results show agreement with the model for both the

longitudinal and transverse shear modulus, the error increases at high volume fractions.
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Fig. 3.3. FEA Effective Shear modulus with respect to ASF volume fraction, (a) longitudinal Shear modulus,
(b) transverse Shear modulus.
The longitudinal dielectric constants obtained from the FEA are shown in Figure 3.4. Since

the piezoelectric has largest dielectric constant of all three constituents, the longitudinal
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dielectric constant increases with increasing aspect ratio and volume fraction. The results have a
great agreement with the model for all aspect ratios and volume fractions. Due to time
constraints, the transverse dielectric constant could not be simulated in ABAQUS. But in
general, piezoelectric materials have very high dielectric properties which make the three phase
piezoelectric composites studied here a strong candidate for multifunctional structural capacitors

that combine energy storage with load bearing capability [242].
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Fig. 3.4. FEA Effective Longitudinal Dielectric constant with respect to ASF volume fraction
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CHAPTER 4:

CONCLUSION

4.1 Summary of Thesis and Results

This thesis has studied a one dimensional model, which is able to predict the effective
longitudinal piezoelectric coupling coefficient, and a three dimensional micromechanics model
which can estimate fully the electroelastic properties of the entire composite. The effective
longitudinal piezoelectric coupling coefficient, which defines the materials ability to transforms
energy between the electrical and mechanical domains, was evaluated using a code developed in
the commercial software MATLAB. The results from the one dimensional model showed that
the effective coupling coefficient of the multifunctional composites could reach as high as 70%

of that of the bulk piezoceramic constituent used.

While the one dimensional model is be able to predict the effective piezoelectric coupling
coefficient of the multifunctional composites, other electroelastic properties such as effective
Young’s modulus and dielectric constant are also important for the design of the multifunctional
composite. Therefore, a three dimensional model based on the double inclusion model was used
to evaluate the properties of the composite. The results showed that the properties of the
multifunctional composite doubled in the least to the ones of a bulk active constituent. The
results predicted by the 3D model were validated by a three dimensional finite element analysis.
For all the electroelastic properties, good agreement between the micromechanics model and
finite element model was shown, proving the accuracy of the model in evaluating the properties

of the multifunctional composite.
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The use of a carbon structural fiber allows the resulting active structural fiber to carry
external mechanical stresses due to its excellent modulus and strength, while protecting the
piezoelectric layer from breaking under mechanical loading. This simplified design allows the
active structural fiber to carry mechanical load while performing the electromechanical
functionalities of piezoelectrics such as sensing, actuation, health monitoring, energy storage or

harvesting, vibration control, etc.

4.2 Recommendations for Future Work

This thesis has performed a one dimensional and three dimensional model of an active
structural fiber to predict the effective electroelastic properties of the multifunctional composite.
Modeling and FEA results showed that the micromechanics models can accurately predict the
response of the active structural fiber and the multifunctional composite. Lead zirconium titante
(PZT) is considered as the lead high-performance piezoelectric material and is widely used in
sensors and actuators. However, PZT-based ceramics with above 60 wt % Pb will be prohibited
in the near future from many practical applications because of their toxicity during preparation
and processing. Barium Titanate was chosen as the piezoelectric material for the active structural
fiber due to its lead-free nature to help solve some of the health and environmental issues related
to lead-based materials. Its great dielectric properties make a multifunctional composite made of
BaTiO3 excellent candidates for energy storage composites with the added functionality of load
bearing capacity. However, the piezoelectric performance of BaTiOg is still far lower than that of
PZT, and its low Curie temperature is also a factor that limits its applications. Therefore, the
need to develop strong lead-free piezoelectric materials to replace PZT resulted in the
enhancement of lead-free piezoelectrics based on Potassium Sodium Niobate (KNN). This

material is a good candidate to replace PZT due to its high Curie temperature and good
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piezoelectric properties. An active structural fiber with piezoelectric coating of KNN could be
modeled to evaluate its piezoelectric coupling coefficient and electroelastic properties to predict
the possibility of using such multifunctional composite for sensing and actuation, as well as

structural strength.
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