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Abstract

The complex domain structure in ferroelectrics gives rise to electromechanical coupling, and its
evolution (via domain switching) results in a time-dependent (i.e. viscoelastic) response. Although
ferroelectrics are used in many technological applications, most do not attempt to exploit the
viscoelastic response of ferroelectrics, mainly due to a lack of understanding and accurate models for
their description and prediction. Thus, the aim of this thesis research is to gain better understanding
of the influence of domain evolution in ferroelectrics on their dynamic mechanical response.

There have been few studies on the viscoelastic properties of ferroelectrics, mainly due to a lack
of experimental methods. Therefore, an apparatus and method called Broadband Electromechanical
Spectroscopy (BES) was designed and built. BES allows for the simultaneous application of dynamic
mechanical and electrical loading in a vacuum environment. Using BES, the dynamic stiffness
and loss tangent in bending and torsion of a particular ferroelectric, viz. lead zirconate titanate
(PZT), was characterized for different combinations of electrical and mechanical loading frequencies
throughout the entire electric displacement hysteresis. Experimental results showed significant
increases in loss tangent (by nearly an order of magnitude) and compliance during domain switching,
which shows promise as a new approach to structural damping.

A continuum model of the viscoelasticity of ferroelectrics was developed, which incorporates
microstructural evolution via internal variables and associated kinetic relations. For the first time,
through a new linearization process, the incremental dynamic stiffness and loss tangent of materials
were computed throughout the entire electric displacement hysteresis for different combinations of
mechanical and electrical loading frequencies. The model accurately captured experimental results.

Using the understanding gained from the characterization and modeling of PZT, two applications
of domain switching kinetics were explored by using Macro Fiber Composites (MFCs). Proofs of

concept of set-and-hold actuation and structural damping using MFCs were demonstrated.
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Chapter 1

Introduction

The multiscale nature of materials becomes evident upon their observation under the microscope.
In metals, grain and twin boundaries are seen on the micro scale while smaller defects such as dis-
locations, stacking faults, and vacancies are observed on the nano and atomic level. Microstructure
has a significant effect on the macroscopic properties of materials. For example, the interaction of
dislocations and grain boundaries influences the macroscopic yield strength of metals. In other types
of materials such as ceramics, different atomic bonding and crystal (or lack of crystal) structure
generally lead to stiffer and more brittle behavior compared to metals. Thus, tailoring materials to
exhibit desirable mechanical properties requires understanding their microstructure.

The microstructure of materials is normally unchanging. However, the evolution of microstruc-
ture over time (or kinetics) becomes important when materials are subjected to time-varying (dy-
namic) external forces including mechanical, thermal, and electrical loading. For example, cyclic
mechanical loading causes fatigue through microcracking (Alexopoulos et al., 2013), thermal cycling
changes the grain sizes in metals and effects their mechanical properties (Callister and Rethwisch,
2009), and cyclic electrical loading can degrade materials (Wang et al., 2014). The combined effects
of microstructure and dynamic thermo-electromechanical loading clearly present a difficult chal-
lenge for understanding, predicting, and utilizing materials under these conditions. Some of these
effects have been studied extensively, however, there exists a large gap in our understanding for the
case of dynamic electromechanical loading of materials with microstructure evolution. Therefore,
the goal of this thesis research is to investigate this particular piece of the puzzle.

The materials of interest are ferroelectrics. Although most materials are not affected by elec-

tric fields (at least at moderate levels), ferroelectrics are a special class of materials that exhibit
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electromechanical coupling. Moreover, their electromechanical response is strongly influenced by
their microstructure. Therefore, ferroelectrics present themselves as an ideal material for this study.
While there are many ways dynamic loads are applied to materials, only the case of harmonic (i.e.
cyclic) electromechanical loading will be considered. The response of materials under harmonic
loading will be studied within the framework of viscoelasticity and, in particular, the dynamic stiff-
ness and damping of ferroelectrics will be characterized. Therefore, an introduction to ferroelectric
materials will first be given in Section 1.1. Then, a review of the relevant concepts from viscoelas-
ticity will be presented in Section 1.2. Finally, the motivation for studying the viscoelasticity of

ferroelectrics will be discussed in Section 1.3 and an outline of the thesis is given in Section 1.4.

1.1 Ferroelectrics

The possibility of electromechanical coupling in materials was first discovered by the Polish-French
scientists Pierre and Marie Curie (1880a; 1880b). They observed that an electric field was generated
when a stress was applied to quartz crystals. The converse is also true: application of an electric
field results in a strain. This is know as the piezoelectric effect, or piezoelectricity (the word “piezo”
hailing from the Greek word for pressure). A subset of materials that exhibit the piezoelectric
effect also exhibit the ferroelectric effect (or ferroelectricity), which is of interest in the current
study. Ferroelectricity was not discovered until later in the 1920s (for Rochelle Salt) by Valasek
(1921). Such materials exhibit a spontaneous electric polarization that can be reoriented under
application of large electric fields. The discovery of ferroelectricity occurred after the discovery
of ferromagnetism and thus similar nomenclature was adopted (even though ferroelectrics need
not be ferrous). Although technically correct but slightly misleading, ferroelectric materials are
often colloquially called piezoelectric materials since, in many applications, only their piezoelectric

property is utilized.

1.1.1 Physical properties

As mentioned previously, ferroelectrics can be classified as a subset of piezoelectrics. However a

more precise distinction is that ferroelectrics are a subset of pyroelectrics, which are a subset of
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Figure 1.1: Illustration of a dielectric material being used as a capacitor. Applying a voltage V'
causes a polarization p to form in the material and results in a charge @ on the surface. The
relationship between applied voltage and charge is normally linear via the capacitance C'.

piezoelectrics, which are a subset of dielectrics, that is,
ferroelectrics C pyroelectrics C piezoelectrics C dielectrics C all materials. (1.1)

At the highest level, dielectric materials are electrically insulating (thus eliminating metals) and
become electrically polarized upon application of an electric field. This phenomenon is used in
capacitors to store charge as shown in Fig. 1.1. Due to electric field-dipole interaction, for example
from the separation of ions in a polymer, a net electric dipole (or polarization) forms in dielectrics.
Usually, the polarization changes linearly with the applied electric field. That is, the average'
polarization per unit volume is p = ke, where k is the dielectric constant of the material and e is
the applied electric field. The total charge on the capacitor can be computed as the polarization
multiplied by the electrode area, @ = pw, where w is the width of the capacitor (assuming unit
depth). Then, computing the electric field by dividing the applied voltage by the thickness h, the
capacitor equation is obtained as @Q = C'V where C' = kw/h is the capacitance. From this relation,
it is clear that the polarization returns to zero if the applied voltage is removed.

A subset of dielectrics are piezoelectrics, which behave as dielectrics do in response to electric
fields but also in response to mechanical stresses. That is, in addition to the polarization being
linearly dependent on the applied electric field, it is also linearly dependent on the applied stress.
For example in the 1D case similar to Fig. 1.1, p = do+ke, where o is an applied tensile/compressive

stress, and d is the piezoelectric constant. Thus, the application of stress causes a separation of

IThe local polarization in a material may be homogeneous or spatially-varying. For a spatially-varying polariza-
tion, experiments typically measure the apparent or effective polarization that gives rise to the total charge @, hence
the use of the overbar on p.
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Figure 1.2: Evolution of the polarization (a) versus stress in a pyroelectric material where there
is an initial, temperature-dependent spontaneous polarization ps and (b) versus electric field in a
ferroelectric material where the spontaneous polarization can be reversed when an opposing electric
field exceeds the coercive field e, leading to a hysteresis loop in addition to the linear dielectric
behavior (arrows denote increasing time).

charges leading to an overall polarization.

Pyroelectric materials are piezoelectrics that exhibit a spontaneous polarization; the material is
naturally polarized before stress or electric fields are applied. The linear variation of polarization
with applied electric field and stress is then similar to Fig. 1.1 but the y-intercept of the curve
for the 1D example is shifted up or down. The spontaneous polarization is typically dependent on
temperature (hence the prefix “pyro-”) as shown in Fig. 1.2(a).

Finally, the unique property of ferroelectrics is that the spontaneous polarization arising from
pyroelectricity can be reversed by applying a sufficiently large stress and/or electric field. For exam-
ple, applying an increasing electric field as shown in Fig. 1.2(b) causes the spontaneous polarization
to reverse direction (i.e. from —ps to +ps in the 1D example). The electric field at which the
polarization reversal occurs is called the coercive field, which is denoted e.. Reversing the electric
field eventually causes the spontaneous polarization to revert to its original configuration (i.e. from
+ps to —p, in the 1D example at —e.). The process of polarization reorientation is referred to as
domain switching. Since domain switching occurs at +e., applying sufficiently large, cyclic electric

fields causes a hysteresis loop in the polarization.



1.1.2 Origins of ferroelectricity

To understand how the properties of ferroelectrics arise, we first consider piezoelectrics and py-
roelectrics. The materials that will be studied later are ceramics, in particular polycrystalline
materials, thus the following discussion focuses exclusively on ferroelectric ceramics. Polymers can
be ferroelectric but the material structure is different and they are not the focus of this study.
Ferroelectricity arises in a material due to the symmetry of (or lack of symmetry of) its crystal
lattice.

When discussing the symmetry of crystal lattices, it is useful to have an understanding of
crystallographic point groups. The online course by Wuensch (2005) provides a good introduction
to the subject. A point group is a collection of symmetry operations (e.g. translations, rotations,
mirror planes, and inversions) that can be performed about a point in space (e.g. Cartesian space);
upon applying one of the symmetry operations, the resulting space looks the same. When talking
about the symmetry of a crystal lattice, the “space” contains the lattice of atoms. By the definition
of a lattice, this space is invariant upon applying the translation operation from one lattice point to
another (i.e. crystal lattices are a regular periodic arrangement of atoms). If we require a space to
contain a lattice, then there are a finite number of other possible operations (e.g. rotations, mirror
planes, and inversions) that can be performed that are consistent with the lattice. For example,
in 2D, the only possible rotations of a lattice are 180°, 90°, 60°, and 30° (can be shown using
geometry) referred to as 2-fold, 4-fold, 3-fold, and 6-fold symmetry, respectively. Other rotations
would violate the requirement of translational symmetry. In general, it has been shown for 3D
lattices that there are only 32 sets of possible orientations (point groups); for a general space with
no constraints there would be infinitely many possible point groups. This gives rise to the finite
number of crystallographic classes: cubic, hexagonal, trigonal, tetragonal, monoclinic, and triclinic.
Furthermore, 21 of these crystallographic point groups are non-centrosymmetric (i.e. they lack a
point of inversion symmetry). That is, if you draw a line connecting a point to an object in the
lattice (e.g. an atom), that object does not appear on the opposite side of the point at the same
distance. Crystal lattices falling into one of these point groups are piezoelectric (except for the cubic
class 432), which include the tetragonal, rhombohedral, or orthorhombic lattice structure (Jaffe
et al., 1971; Lines and Glass, 1977; Moulson and Herbert, 2003). It is the lack of centrosymmetry
that allows for a polarization in the material to form (Abrahams et al., 1968). Finally, of the 20

piezoelectric point groups, 10 can display pyroelectricity due to the presence of a polar axis. That
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is, there exists a rotation axis whose normal plane is not a mirror plane.

The polarization of a material refers to an electric polarization (or electric dipole). Thus, the
polarization is due to the separation of positive and negative charges. For the materials of interest
we assume no free charges due to e.g. dopants such that the separation of charges is solely due
to the arrangement of the atoms. Loosely, the overall polarization p can be thought of as the
volume-averaged summation over the product of the charge ¢; and distance from a datum r; — 7

for all ¢ ions,

D= %ZQZ (ri — 7o) (1.2)

Thus, for a fixed set of charges in a material, as their separation increases (due to strain or electric
field-dipole interactions) the polarization increases.

Quartz (a specific form of SiO2) was one of the first widely-used piezoelectric materials. The ionic
character of the bonding in quartz (and ceramics in general with ionic and covalent bonds) results
in the atoms being charged. The structure of quartz (point group 32) contains tetrahedrons with a
silicon atom inside and oxygen atoms on the vertices with each oxygen atom shared between two
tetrahedrons. Thus, for charge neutrality, the oxygen atoms are 2— and the silicon atoms are 4+ and
under stress free conditions, the charges balance out and do not generate a polarization. However,
due to the non-centrosymmetric distribution of charges in the tetrahedron, uniaxial stretching of
the material (e.g. due to an applied uniaxial stress) results in a loss of symmetry and gives rise to a
net polarization as shown in Fig. 1.3, which is the piezoelectric effect. Note that since the charges
balance out and the polarization becomes zero upon removing the stress, quartz is not pyroelectric.

A subset of the non-centrosymmetric point groups, called polar point groups, are those that
exhibit pyroelectricity. An example of a pyroelectric (that is not ferroelectric) is zinc sulfide (ZnS),
which is in point group 6mm as shown in Fig. 1.4. These structures have the specific characteristic
that the plane normal to their rotation axis is not a mirror plane. Thus, in terms of charged atoms,
there exists a plane where a charged atom on one side is not balanced out by a mirror-image atom
with the same charge on the opposite side. Therefore, even in the absence of stresses, the charge
imbalance gives rise to an overall polarization, ps. However, some pyroelectrics such as ZnS are not
ferroelectric as the electric field required for polarization reversal exceeds the breakdown voltage.
Therefore, domain switching is not possible in practice.

Finally, ferroelectrics are pyroelectrics that have a sufficiently low coercive field such that domain



Figure 1.3: Quartz is a piezoelectric material due to the lack of centrosymmetry of the crystal
structure, which causes an electric dipole, p, to form under the application of stress. That is,
any reorientation of ions in a tetrahedra are not canceled out by an opposing tetrahedra. Under
no applied stress, the overall electric dipole is zero due to the helical structure of oxygen-silicon
tetrahedra (denoted by yellow arrows).
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Figure 1.4: ZnS in its hexagonal form (wurtzite) is in point group 6mm and has a polar axis
(i.e. zinc-sulfide tetrahedrons are aligned), which gives rise to pyroelectricity (with a spontaneous
polarization py).
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Figure 1.5: Crystal unit cell of PZT. (a) Above the Curie temperature T¢, the unit cell is cubic and
non-ferroelectric. (b) Below the Curie temperature, the unit cell is tetragonal and ferroelectric.

switching occurs before electric breakdown. Common examples are lead zirconate titanate (PZT),
which is widely used in industry and will be examined in experiments later, and barium titanate
(BaTiO3). Many other types of ferroelectric materials exist (see e.g. (Fatuzzo and Merz, 1967; Jona,
1962)) but are not of interest for the current investigation. As with ZnS, the PZT crystal has a
polar axis, as shown in Fig. 1.5. In particular, Fig. 1.5(a) shows the high-temperature cubic phase,
which is not ferroelectric and Fig. 1.5(b) shows the lower-temperature tetragonal phase, which
exhibits ferroelectricity. The temperature at which a material transitions from a non-ferroelectric
to a ferroelectric phase is called the Curie temperature T-. Lead ions are on the corners of the unit
cell with oxygen ions on the face-centered positions. Located in the center of the cubic phase is
either a titanium or zirconium atom; different forms of PZT are obtained by using different fractions
of titanium and zirconium. The ferroelectric effect can be seen by considering the charges of each
of the atoms in the unit cell and by the fact that the cubic phase is centrosymmetric (the charges
balance out), while the tetragonal phase is non-centrosymmetric and has a polar direction (the
charges do not balance out and give rise to an electric polarization, ps). One can intuitively see
why domain switching is possible for PZT and not for ZnS by comparing the two crystal structures;
in PZT, the charge imbalance is due to octahedrals, which can more easily change orientation by
the translation of the central atom while the charge imbalance in ZnS is due to tetrahedrons where

the central atom is more constrained.
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1.1.3 Microstructure: Domains and domain walls

The spontaneous polarization in ferroelectrics gives rise to a complex microstructure. This is due to
the different possible directions of the spontaneous polarization. For example, considering Fig. 1.5,
if PZT forms a single-crystal at high temperature (i.e. in the cubic phase) during manufacturing
(e.g. via sintering) but is then allowed to cool to room temperature, the crystal transforms to the
tetragonal (ferroelectric) phase. Although Fig. 1.5 shows the spontaneous polarization pointing
upwards, there is a total of six equivalent directions, as shown in Fig. 1.6. Switching between
two states results in either so-called 90° or 180° domain switching depending on the rotation
angle the polarization vector undergoes. Along with the changing polarization is a spontaneous
strain associated with 90° domain switching due to the elongation of the unit cell. Materials tend
to minimize the self-generated electric field (i.e. avoid having the entire crystal with the same
orientation) as well as minimize the elastic energy (i.e. avoid 90° domain walls due to the strain
mismatch). These two competing effects produce microstructure in sufficiently-large single-crystal
ferroelectrics. Regions in the crystal with the same polarization orientation are called domains
and the interfaces between those regions are called domain walls. If the relative orientation of
polarization between two domains is 90°, the interface is referred to as a 90° domain wall. Similarly,
180° domain walls separate domains where there relative orientation of polarization is 180°.

The microstructure in ferroelectrics can be visualized using various approaches. On the largest
scale (e.g. millimeters), optical methods such as polarized light microscopy (PLM) are commonly
used. By passing polarized light through a ferroelectric single crystal, different domains with
anisotropic indices of refraction alter the polarized light, which is recorded in a camera (different
colors correspond to different domain orientations). The approach is limited to thin single-crystal
specimens that are transparent (polycrystals would cause significant scattering). An example image
of ferroelectric domains in single-crystal lead magnesium niobate-lead titanate (PMN-PT), which
is a type of ferroelectric, is shown in Figs. 1.7(a) and (b). It can be seen that the microstructure
tends to form a hierarchical lamination structure. Zooming in closer using piezo-force response
microscopy (PFM), finer-scale domain laminates can be seen in Figs. 1.7(c) and (d). PFM is a
type of scanning probe microscopy method similar to atomic force microscopy (AFM) where the
cantilever tip is charged and thus experiences forces due to the electric polarization of the material.
Typically, PFM is used to take images on the nano- to micron-scale. On the nanoscale, Fig. 1.8

shows an image of a domain lamination structure using transmission electron microscopy (TEM).
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Figure 1.6: There are six equivalent directions of the spontaneous polarization in PZT: the four
shown here as well as in and out of the page.

Manufacturing large single-crystal ferroelectrics is difficult and expensive. The largest sizes that
are typically available have side lengths on the order of millimeters. Therefore, most structural
applications of ferroelectrics utilize their polycrystalline form (i.e. ferroelectric ceramics). Ferro-
electric ceramics are commonly manufactured using powder compaction and sintering processes.
Thus, the original grain size of the powder governs the resulting grain size in the material. How-
ever, in addition to grains, the microstructure of ferroelectric ceramics still contains domains within
individual grains. This can be seen in Fig. 1.9. One can see the granular structure formed through
powder compaction and sintering in Fig. 1.9(a) using Scanning Electron Microscopy (SEM), while
zooming in closer using AFM, one can see the domain lamination structure within individual grains
in Fig. 1.9(b).

The microstructure is not necessarily constant. In particular, the domain structure can be al-
tered by applying an external electric field. Applying a large electric field can cause domain switch-
ing (where the spontaneous polarization aligns with the external electric field). When multiple
domains are present, domain switching usually occurs by increasing volume fractions of favorably-
oriented domains and by a corresponding decrease of unfavorable domains through domain wall

motion. In-situ observation using PLM has shown evolution of the domain structure upon appli-



12

O ——— e —-—

.

Figure 1.7: Images of the domain structure in PMN-PT at different length scales obtained from
(a,b) PLM and (c,d) PFM. Images were adapted with permission from (Yao et al., 2011) © Wiley
Materials. All rights reserved.
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200 nm

Figure 1.8: Images of the domain structure in PMN-PT obtained from TEM. Image was adapted
with permission from (Yao et al., 2011) © Wiley Materials. All rights reserved.
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Figure 1.9: Images of polycrystalline PZT showing (a) granular structure via SEM and (b) do-
main structure within individual grains via AFM. Fig. (a) was adapted with permission from King
et al. (2007) Materials Forum Vol 31 — (© Institute of Materials Engineering Australasia Ltd.
Fig. (b): Wang et al. (2003c). Atomic force microscope observations of domains in fine-grained
bulk lead zirconate titanate ceramics. Smart Materials and Structures 12, 217. URL: http:
//stacks.iop.org/0964-1726/12/i=2/2a=309. (©) IOP Publishing. Reproduced with permission.
All rights reserved.
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cation of an electric field as shown in Fig. 1.10. By applying an electric field, domains change
orientation to align with the field, resulting in a larger domain that grows as the field is increased.
Similar behavior is observed when applying mechanical stresses where domains realign to reduce
elastic energy. The evolution of domain structure affects the macroscopic mechanical response.
For example, the PZT unit cell exhibits anisotropic elastic constants, therefore, different volume
fractions of differently-oriented domains change the effective elastic constants of the material. In
addition, the domain switching process takes time and dissipates energy, which leads to a time-

dependent mechanical response, which is of interest in this study.

1.1.4 Applications

Over the years, piezoelectrics and ferroelectrics have become widely used in many applications.
The most common materials are the various forms of PZT and lead-free BaTiOgz, both of which are
ceramic materials. Piezoelectricity and ferroelectricity can exist in non-ceramics such as polymers
(e.g. piezoelectricity and ferroelectricity in polymers were first discovered by Japanese scientists
in polyvinylidene fluoride (PVDF) (Kawai, 1969; Tamura et al., 1974)). The use of such polymer
materials is attractive for light-weight applications in aerospace (Carvell and Cheng, 2010; Wegener,
2008) and in foams (Frioui et al., 2010; Iyer et al., 2014; Venkatesh and Challagulla, 2013). However,
their extremely high coercive field (as high as 50 MV /m) makes them an undesirable material for
exploring and potentially tapping their behavior during domain switching. Therefore, ferroelectric
ceramics with lower coercive fields will be investigated.

Due to their electrical behavior, it is not surprising that piezoelectric and ferroelectric ceramics
have been used in many electronic devices, such as computer memory, where polarization reversal
can represent discrete states (Ramesh, 1997; Scott, 2000). An initial application of the piezoelectric
affect was in quartz crystals used as resonators in radios. Today, piezoelectrics are commonly
utilized in a myriad of transducers, actuators, and sensors (Crawley and Deluis, 1987) as well as
more recently, in energy harvesters (De Marqui et al., 2011). However, the focus of this work is on
the viscoelasticity of ferroelectrics during domain switching for structural applications, for which

there has been little investigation in the literature.
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Figure 1.10: Images of the evolution of domain structure in PMN-PT upon application of an
increasing electric field (a-d). Each image has the same scale. Snapshots were taken when the
electric field was 0, 0.05, 0.067, and 0.083 MV /m in (a-d), respectively, in the horizontal direction.
Images were obtained from PLM and adapted with permission from (Yao et al., 2011) © Wiley
Materials. All rights reserved.



17

1.2 Concepts of linear viscoelasticity

Although the theory of viscoelasticity is often discussed in the context of polymers, it is nonetheless
applicable to ferroelectric ceramics. As a fundamental property of a viscoelastic material, the
mechanical response depends on the loading history and loading rate (the reader is referred to the
texts on viscoelasticity by Lakes (1998) and Christensen (2003) for more details). Such a description
applies to ferroelectrics; the evolution of the material’s domain structure requires that the loading
history of the material (electrical and mechanical) be known in order to predict how it will respond
at a given point in time. With this in mind, the constitutive equation for a viscoelastic material is

commonly postulated to be of the form

a(t):/_t C(t—t’)dz(;/) at’, (1.3)

where o is the Cauchy stress tensor, C is the time-dependent modulus tensor, € is the linearized
strain tensor, and t is time. For current purposes, materials are assumed isotropic with time-
dependent Young and shear moduli, E(¢) and G(t), respectively. For the cases of uniaxial tension
and simple shear, the relevant constitutive equations relate the longitudinal strain £ and shear strain

v to the longitudinal stress o and shear stress 7, respectively, as

dt’, T(t)Z/t G(t—t’)dzi—g/)dt’. (1.4)

t
de(t")
olt) = / B(t— 1)
o dt’
For the experiments performed in this work, harmonic motion is assumed and initial transient effects
are assumed to be damped out quickly. Therefore, (1.4) can rewritten by assuming harmonic forms

for the stresses and strains:

e(t) =™, o(t) =Ge™t,  A(t) =€t T(t) = e, (1.5)

where () € C (hats) denote complex-valued amplitudes (which contain phase-information on the

stresses and strains) and w € R is the mechanical loading frequency. Substituting (1.5) into (1.4)
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yields

t t
—w / E(t —t)sinwt' dt' +iw / E(t—t’)coswt'dt’} e(t),
. 2 (1.6)
7(t) = [—w / G(t —t')sinwt'dt’ + iw / G(t—t’)coswt’dt’] y(t),

where Euler’s formula, ! = coswt + isinwt has been used. By inspection of (1.6), one can see
that the terms in brackets are the apparent complex-valued Young and shear moduli £* and G*,

respectively, i.e.

o(t) = B*e(t),  7(t) = G*A(L). (1.7)

In general, a complex number can be fully described by its magnitude and argument (i.e. z = Re'?).
Therefore, the measurements of the dynamic moduli, |E*| and |G*|, and phase angles, g and dg

describe the complex Young and shear moduli, respectively. Mathematically, these quantities are,

|E| :\/[Re(E*)]2 + [Im(E*)]2 = ||(Z||, tandg = EZEE:% = tan(arge — argo), s
|G*| =v/[Re(G*)]2 + [Im(G*)]? = :’;17 tandg = Eﬁgg:; = tan(argy — arg 7),

where tandg and tandg are the loss tangents corresponding to the Young and shear modulus,
respectively. Thus, in experiments we measure the ratio of the amplitude of stress to strain to
obtain the dynamic moduli and compute the tangent of the phase difference between stress and
strain to obtain the loss tangent. As an example, the dynamic Young modulus and loss tangent can
be measured via application of a time-varying sinusoidal uniaxial stress using Dynamic Mechanical
Analysis (DMA) as shown in Fig. 1.11. The resulting strain lags behind the applied stress due to
the viscoelasticity of the material. The phase angle between the stress and strain is 9, thus the loss
tangent is tand. The dynamic Young modulus is the ratio of the amplitude of the stress to the
strain: |E*| = 6 /&. Plotting stress versus strain reveals a hysteresis loop. The area enclosed by the
loops is related to the energy damped (absorbed) by the material. The higher the loss tangent, the

greater the hysteresis and damping.
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Figure 1.11: An example experiment to measure the viscoelastic properties of a material (i.e. the
dynamic Young modulus and loss tangent) using harmonic loading in a DMA setup (an image of a
Bose Electroforce is shown here).

1.3 Motivation

With the basic concepts of ferroelectricity and viscoelasticity reviewed, the motivation for study-
ing the dynamic response of ferroelectrics is presented. The study of ferroelectric ceramics as
energy absorbing materials (in particular for reducing vibrations in structures) has been ongoing
for the past several decades. To this point, such applications can be separated into two categories,
where the material is either passively or actively controlled in order to mitigate vibrations. Within
these two categories are more specific methods to absorb energy. A typical method for creating
passively-controlled energy absorbers is to short-circuit the ferroelectric material through a shunt
resistor (Bachmann et al., 2012; Cross and Fleeter, 2002; Guyomar et al., 2008; Hagood and von
Flotow, 1991); a strain-induced voltage on the surface of the ferroelectric specimen creates a cur-
rent that dissipates energy through the resistor via heating. Similarly, others have investigated
embedding ferroelectric inclusions in a conducting metal matrix, where current generated by a
strain-induced voltage in the inclusion is dissipated in the metal matrix via Joule heating (Asare
et al., 2012; Asare, 2004, 2007; Goff, 2003; Goff et al., 2004; Kampe et al., 2006; Poquette, 2005;
Poquette et al., 2011). This type of material is difficult to manufacture due to depolarization of
inclusions at high temperature. An alternative is to actively control the ferroelectric material via
controlling an applied voltage to cancel out vibrations (Arafa and Baz, 2000; Bailey and Hubbard,
1985; Duffy et al., 2013; Fanson and Caughey, 1990; Forward, 1979; Hanagud et al., 1992; Sharma
et al., 2013; Zheng et al., 2011) and other methods (Kumar and Singh, 2009; Li et al., 2008; Lin and
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Table 1.1: Structural damping approaches and some of the typical loss tangents achieved.

passive loss tangent

high-damping material layers in plates and beams > 1
(Capps and Beumel, 1990; Wetton, 1979)
tuned mass damper (Taranath, 1988) -

piezoelectric damping via shunt resistor (Bachmann et al., 2012) 0.001 — 1.0
piezoelectric-metal matrix composites (Asare et al., 2012) 0.01
active loss tangent

vibration canceling -
piezoelectrics during temperature-induced phase changes (Cheng et al., 1996) < 0.02
stress induced domain switching (Chaplya and Carman, 2002a) < 0.1

Ermanni, 2004; Liu et al., 2010; Ngo et al., 2004; Richard et al., 1999; Tremaine, 2012; Trindade
and Benjeddou, 2002). Additionally, the viscoelasticity of ferroelectrics has been studied but only
under small electric fields (Budimir et al., 2004; Burianova et al., 2008) (i.e. when there is no
microstructure evolution due to domain switching). As described in Section 1.2, a common metric
for evaluating the ability of a material to absorb vibrational energy is to measure its loss tangent,
tand. The higher the loss tangent, the more the material reduces vibrations. The problem with
the passive methods is that they produce relatively small loss tangents (typically tand < 0.01)
over most mechanical frequencies while only achieving significant damping near the resonance of
the system (typically tand = 1.0). Furthermore, active methods add complexity and are limited
by the strains and forces achievable by piezoelectricity, which makes their application in stiff, mas-
sive structures challenging. A summary of the mechanical damping reached by the aforementioned
methods as well as others is shown in Tab. 1.1.

In order to achieve significant damping increase over many different frequencies, which is de-
sirable in aircraft applications (Simpson and Schweiger, 1998), a different mechanism must be
used. In addition, aircraft and spacecraft structures and other structural applications often require
high-stiffness materials to rigidly support heavy loads. However, the combination of high stiffness
and high damping is usually not present in common engineering materials, as shown in Fig. 1.12.
Therefore, we seek to explore new damping mechanisms in materials, in particular, the kinetics of
microstructure evolution in ferroelectrics ceramics (which already have a high stiffness). Previous
methods have focused the piezoelectric effect (only small electric fields and small stresses/strains

were applied). Instead, utilizing the full ferroelectric response of materials (i.e. including domain
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Figure 1.12: Plot of Young’s modulus, loss tangent, and density of common engineering materials
(including ceramics, metals, and polymers). Common engineering materials lack both a high Young

modulus and high loss tangent (denoted by the shaded area). Values were obtained from (Callister
and Rethwisch, 2009; Lakes, 1998).
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switching) is studied. In particular we examine the viscoelastic response and compare with other
methods for vibration control. This approach was first examined about a decade ago but little has
been studied since then. In particular, Chaplya and Carman (2001a,b, 2002a,b) examined the dis-
sipation in ferroelectrics due to stress-induced domain switching while Jiménez and Vicente (1998,
2000) investigated dissipation from electric field-induced domain switching,.

Exploring the viscoelastic properties of electromechanically-coupled materials such as ferro-
electrics may lead to new avenues of creating materials with controllable viscoelasticity. In a similar
manner to metallic materials, for which damping is the macroscopic manifestation of the motion of
point defects (Snoek, 1941; Zener, 1948) or dislocations (Eshelby, 1949; Granato and Liicke, 2004),
of grain boundary activities (Ké, 1947), or of heterogeneous thermoelastic mechanisms (Bishop
and Kinra, 1995; Zener, 1937, 1938), additional damping can arise from domain wall motion in
materials such as ferromagnets (Burdett and Layng, 1968; Gilbert, 2004; Wuttig et al., 1998) and
ferroelectrics (Abrahams et al., 1968; Harrison and Redfern, 2002). The motion and interaction of
domain walls in ferroelectrics with defects (Kontsos and Landis, 2009; Schrade et al., 2007) pro-
duce Debye peaks of dielectric losses (Gentner et al., 1978; Xu et al., 2001; Zhou et al., 2001) as
well as increased mechanical damping (Arlt and Dederichs, 1980; Asare et al., 2012) and hysteresis
effects (Cao and Evans, 1993; Chen and Viehland, 2000; Schmidt, 1981). This effect becomes even
more pronounced when the material is subjected to an electric field above the coercive field (Merz,
1954; Miller and Savage, 1958, 1960; Tatara and Kohno, 2004; Yin and Cao, 2001). Thus, by care-
fully controlling an applied electric field, microstructure kinetics via domain wall motion and the
resulting time-dependent response of ferroelectrics can be controlled. Therefore, the goal of the
thesis research was to fully characterize the kinetics of domain switching in ferroelectrics (through
experiments and modeling) for creating high stiffness, high damping structural materials and for

new methods of actuation.

1.4 Outline

To better understand the influence of domain switching kinetics on the overall viscoelastic response
of ferroelectrics, experiments are performed to measure the evolution of their viscoelastic stiff-
ness and damping throughout the entire electric displacement hysteresis. In particular, the effect

of different (multiaxial) mechanical and electrical loading rates on the kinetics of microstructural
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changes, due to domain switching, are investigated. Furthermore, the influence of domain switching
on the overall structural response of ferroelectric specimens (i.e. throughout the resonance spec-
trum) is determined, which is important for understanding their impact in structural applications.
A continuum-mechanics model is also developed to capture experimental measurements and predict
the behavior of new materials to optimize their viscoelastic response. With a better understand-
ing of the viscoelastic properties of ferroelectrics, proof-of-concept experiments are performed to
demonstrate potential applications of domain switching in set-and-hold actuators and for structural
damping.

The following chapters first focus on experimental methods. As will become evident in the
following chapter, the need for new experimental techniques motivated the development of Broad-
band Electromechanical Spectroscopy (BES), which will be presented in Chapter 2. Using this new
method, the viscoelasticity of PZT under different electromechanical loading rates is presented and
discussed in Chapter 3. With the aid of a newly-developed continuum model derived in Chap-
ter 4, insight is gained on the material behavior and guidelines are provided for material design. In
Chapter 5, domain switching kinetics are exploited in PZT-based actuators to demonstrate their
set-and-hold actuation and structural damping capabilities. Finally, the main results of the thesis

research are summarized in Chapter 6.
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Chapter 2

Broadband Electromechanical
Spectroscopy

The following sections follow from our previously published papers ! (le Graverend et al., 2015;
Wojnar et al., 2014), however some additional details are provided. Understanding and ultimately
technologically exploiting the electro-thermo-mechanically-coupled time-dependent properties of
materials (e.g., of ferroelectric materials or of composites containing ferroelectric phases) requires
currently-unavailable measurement capabilities. Indeed, most available experimental methods for
characterizing viscoelastic materials are commonly performed by forced and free vibration test-
ing (Zhou et al., 2005b) and are applicable over rather restricted portions of the time and frequency
domains (Ferry, 1980).

Dynamic Mechanical Analysis (DMA) (Lakes, 2004), for instance, mechanically deforms samples
by time-harmonic bending, torsion, or tension/compression. DMA apparatuses are versatile and
experiments can be performed over wide ranges of ambient conditions; temperatures ranging from
-150 to 600°C can be achieved in certain DMA setups (TA Instruments, 2015). However, the
frequency range of DMA depends significantly on the sample and on the test apparatus used.
For example, state-of-the-art DMA devices (Perkin Elmer, 2014) typically cover at most 0.001 to

600 Hz, and their use is also limited to a maximum specimen stiffness of less than 1 GPa, which

IThe method and experimental setup was described in le Graverend, J.B., Wojnar, C., Kochmann, D., 2015.
Broadband Electromechanical Spectroscopy: Characterizing the dynamic mechanical response of viscoelastic materi-
als under temperature and electric field control in a vacuum environment. Journal of Materials Science 50, 3656—-3685.
URL: http://dx.doi.org/10.1007/s10853-015-8928~-x, doi: 10.1007/s10853-015-8928-x. Additional experimen-
tal results and analysis are from Wojnar, C.S., le Graverend, J.B., Kochmann, D.M., 2014. Broadband control of the
viscoelasticity of ferroelectrics via domain switching. Applied Physics Letters 105, 162912. URL: http://scitation.
aip.org/content/aip/journal/apl/105/16/10.1063/1.4899055, doi: http://dx.doi.org/10.1063/1.4899055.


http://dx.doi.org/10.1007/s10853-015-8928-x
10.1007/s10853-015-8928-x
http://scitation.aip.org/content/aip/journal/apl/105/16/10.1063/1.4899055
http://scitation.aip.org/content/aip/journal/apl/105/16/10.1063/1.4899055
http://dx.doi.org/10.1063/1.4899055
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excludes testing of ceramics and metals in general. Usually, the inertia of the grips in contact
with specimens in DMA limits the maximum driving frequency of the apparatus. Also, gripping or
otherwise contacting stiff, brittle materials such as ferroelectrics (and ceramics) without damaging
the specimen is difficult in practice, hence a contactless measurement approach is needed.

The Inverted Torsion Pendulum (ITP) is such a method that uses contactless techniques (K&,
1947). However, the ITP is typically used for low-frequency experiments (10~5 to 10 Hz), which
may be too slow for observing the influence of microstructural processes in ferroelectrics such as
domain wall motion (Jiménez and Vicente, 2000; Miller and Savage, 1958). Like DMA, the ITP is
also versatile and experiments have been performed over wide ranges of temperatures from cryogenic
to elevated temperatures (-285°C to 1500°C) under vacuum (D’Anna and Benoit, 1990; Gadaud
et al., 1990; Gribb and Cooper, 1998; Woirgard et al., 1977). The ITP has mainly been used
for characterizing metals and ceramics with Young moduli ranging from 10s to 100s of GPa. Its
contactless approach of applying forces electromagnetically to specimens makes the ITP attractive
for testing ceramics.

Although primarily used for measuring elastic moduli (Migliori et al., 1993), Resonant Ultra-
sound Spectroscopy (RUS) can determine the frequency-dependent viscoelastic moduli by scanning
the specimen’s resonance spectrum in a double-transducer actuator-sensor setup (Lee et al., 2000).
The frequency range of RUS instruments is larger than DMA as it does not require a mechanical
driver but relies upon piezoelectric actuation. However, it is affected by the piezo-cells’ resonance
frequencies and practical limitations. For typical specimen sizes, (Lee et al., 2000) and (Zadler et al.,
2004) (for example) report RUS results from about 10 kHz to 10 MHz and from 5 kHz to 100 kHz,
respectively. RUS has been performed under various ambient conditions such as temperatures rang-
ing from -193 to 247°C (Kuokkala and Schwarz, 1992) and elevated pressures (Zhang et al., 1998),
but not under vacuum, which is desirable for reducing spurious damping. In addition, the specific
specimen geometry required by RUS makes applying uniform electric fields via surface electrodes
difficult. Thus, electromechanical loading in RUS has not been attempted. A similar method called
the Piezoelectric Ultrasonic Composite Oscillator Technique (PUCOT) (Daniels and Finlayson,
2006) tracks the specimen’s resonance spectrum in a forced-vibration cantilever configuration.

In a similar fashion to DMA, Broadband Viscoelastic Spectroscopy (BVS) performs bending and
torsion but uses contactless techniques (Dong et al., 2008; Lakes and Quackenbusch, 1996; Lakes,

2004): moments are applied by electromagnetism and deformation is characterized by a laser-
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Table 2.1: Comparison of the various viscoelastic characterization methods with BES. BES is
the only method that allows for a wide range of viscoelastic materials to be tested in a contactless
fashion and in a vacuum environment while simultaneously controlling the temperature and applying
electric fields.

method bandwidth moduli temp. e-field wvac. contactless
DMA 103 to 10> Hz up to 1 GPa -150 to 600°C - - -
RUS 10* to 107 Hz  tand < 1072 -193 to 247°C - - -
ITP 10° to 10 Hz 10 to 10®> GPa  -268 to 1400°C - v v
BVS 1076 to 10° up to 10* GPa  up to 160°C - - v
BES 10 to 10* Hz up to 10* GPa  up to 400°C v v v

detector setup. Thus, BVS offers higher sensitivity and finer resolution than DMA and is capable
of scanning many decades of frequency (Brodt et al., 1995) with considerably lower compliance and
less spurious damping. Moreover, the contactless testing prevents damaging of the specimens. BVS
data has been reported for the range of roughly 10~% to 10° Hz, i.e. covering approximately 11
decades of time and frequency (Lee et al., 2000). Of course, the exact frequency range depends on
the test instrument, the electronic function generator, the laser detector used, and on the sample.
Temperatures of up to 160°C have been reached in the BVS apparatus used in (Dong et al., 2011,
2008, 2010) using convection heating via air flow, which unfortunately can lead to spurious damping.

The capabilities of the aforementioned methods are summarized in Tab. 2.1. Despite all these
techniques, electric fields and mechanical loads over significant ranges of frequency have not been in-
dependently applied before, which is necessary for fully-characterizing the thermo-electromechanical
response of ferr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>