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Abstract

In this study composite ferroelectric materials have been investigated for their ability to har-
vest energy from mechanical vibrations via the piezoelectric effect, and store electrical energy
as capacitor materials. A combination of modelling and experimental techniques have been
used to understand the consequences of using multiphase materials for energy harvesting and
storage applications, with particular focus on the significance of interactions between composite
structure, electric field distributions and the effective material properties.

A detailed investigation into the properties of ferroelectric ceramic—air composites, such as
porous barium titanate, is presented. Introducing isotropic, randomly distributed porosity into
barium titanate was found to increase the energy harvesting figure of merit from ~1.40 pm?/N
for the dense material to ~2.85 pm? /N at 60 vol.% porosity. Finite element modelling was used
to better understand the poling behaviour of barium titanate with different porous structures
(uniform, porous sandwich layer and aligned), enabling the design of materials with improved
energy harvesting capabilities. Complex porous structures were found to have enhanced energy
harvesting figures of merit, with maximum values achieved of 3.74 pm?/N and 3.79 pm?/N
in barium titanate with a 60 vol.% porosity sandwich layer (overall porosity ~34 vol.%) and
highly aligned freeze cast barium titanate with 45 vol.% porosity, respectively. Dense and
porous barium titanate samples were mechanically excited and the derived electrical energy
used to charge a capacitor. The porous barium titanate was found to charge the reference
capacitor more effectively than the dense material, demonstrating the benefits of introducing
porosity into ferroelectric materials for energy harvesting applications.

Ferroelectric composites, in which either a conductive filler was added to a high permittivity
ferroelectric matrix or a high permittivity ferroelectric phase was added to a low permittivity
polymer matrix, were evaluated for their potential as a new generation of capacitor materials
using finite element modelling. The studies suggested that the rise in effective permittivity due
to the forming of composites is fundamentally linked to the rapid decline in dielectric break-
down strengths observed in composites, resulting in nearly all cases reported in the literature
demonstrating a reduction in the energy storage figure of merit. It is concluded that future
efforts into finding the next generation of energy storage materials should focus on single phase,

or intrinsic, high permittivity materials rather than composite materials.
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Chapter 1

Introduction

This thesis is comprised of six research papers (five published and one draft paper) on the gen-
eral theme of composite ferroelectric materials for energy harvesting and storage applications.
Four papers, including a literature review in Chapter 2, and research papers in Chapters 3,5
and 6, investigate the effect of porosity introduced into ferroelectric ceramics, such as barium
titanate and lead zirconate titanate (PZT), on the functional properties and energy harvest-
ing capabilities; the other two papers, both contained in Chapter 4, assess the suitability of
composite ferroelectric materials for energy storage applications using finite element modelling
techniques.

The link between these two strands of research is that the properties and performance of both
types of composite depend heavily on the way electric fields distribute and concentrate within
them when an external field is applied. Electric field concentrations have implications for the
resultant properties of porous ferroelectric materials as they are subject to a key processing step
known as poling, whereby a large electric field is applied across the sintered porous material in
order to align polar domains within the active ferroelectric phase; the degree of net polarisation
(domain alignment) affects the measured piezoelectric and pyroelectric properties. Similarly,
the dielectric properties of energy storage composites may be enhanced compared to a single
phase material due to electric field concentrations that occur when the material is subject
to an applied voltage, but these same electric field concentrations may in turn reduce the
effective breakdown strength compared to a homogenous single phase material. Understanding
these structure—electric field interactions is fundamental to designing better materials for both

energy harvesting and storage applications.



1.1 Note on format

The thesis contents in terms of chapters and papers is shown Fig. 1-1. Additional papers that
relate to the research themes of the thesis but have not been included in the main document
are shown in the third column. Each paper is preceded by a ‘Context’ section and a ‘Summary’
is included at the end of each chapter to contextualise how each paper relates to the overall
research question and other chapters/papers within the thesis. Also included before each paper
is a Statement of Authorship that outlines the candidates’ contribution to the published research

under the following headings:
1. Formulation of ideas
2. Design of methodology
3. Experimental work
4. Presentation of data in journal format.

The references for each paper are self-contained with a full bibliography in alphabetical order
given at the end of the thesis. Supplementary information, experimental methods and model
scripts are contained within the appendices; relevant appendices to each chapter/paper are
referenced in the preceding Context sections.

Data access statements are given prior to each published paper that contains original ex-
perimental or modelling data, i.e. those in Chapters 3, 4 and 5.

The papers contained within this thesis have been reformated from their published form

into single column, one-and-a-half spaced text for the benefit of the reader.
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Chapter 2

Literature review

2.1 Context

The first paper presented in this thesis is a literature review that was written during the first
year of the project. The work underpins the majority of the papers that are contained within

this thesis with the exception of the work on energy storage composites in Chapter 4.
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PAPER 1: Porous ferroelectrics for energy harvesting applications

J.I. Roscow?, Y. Zhangb, J. Taylor®, and C.R. Bowen?

“Department of Mechanical Engineering, University of Bath, Bath, UK
bModern Training Center, Hunan University, Changsha, Hunan, PR China
“Department of Electrical and Electronic Engineering, University of Bath, Bath, UK

Abstract

This paper provides an overview of energy harvesting using ferroelectric materials, with
a particular focus on the energy harvesting capabilities of porous ferroelectric ceramics
for both piezo- and pyroelectric harvesting. The benefits of introducing porosity into
ferroelectrics such as lead zirconate titanate (PZT) has been known for over 30 years,
but the potential advantages for energy harvesting from both ambient vibrations and
temperature fluctuations have not been studied in depth. The article briefly discusses
piezoelectric and pyroelectric energy harvesting, before evaluating the potential benefits
of porous materials for increasing energy harvesting figures of merits and electrome-
chanical/electrothermal coupling factors. Established processing routes are evaluated in
terms of the final porous structure and the resulting effects on the electrical, thermal and
mechanical properties.

1. Introduction

Interest in energy harvesting from ambient sources has grown in recent years with
advances in microelectromechanical systems (MEMS) and wireless electronics [1, 2, 3].
Batteries are the current power source of choice for wireless sensors but their finite life-
time can quickly add to the maintenance cost of systems. Coupled with the fact that they
are often used to monitor largely inaccessible and/or hostile areas, frequent replacement
can be a difficult, time-consuming and expensive procedure. The ability to scavenge
energy from the surrounding environment, be it through solar, thermoelectric, pyroelec-
tric or piezoelectric devices, offers a potential mode of powering small-scale electronic
devices without the need for cables to supply power or replacement of batteries. Alter-
natively, energy harvesting could be used to recharge batteries, significantly extending
their lifetime and reducing problems associated with disposal [4]. Ferroelectric materials
are of particular interest for energy harvesting due to their ability to convert energy from
mechanical vibrations through the piezoelectric effect or from temperature fluctuations

via the pyroelectric effect.

First published in The European Physical Journal: Special Topics 224 (2015) 2949-2966. Reproduced
with kind permission of the European Physical Journal (EPJ).



Ambient vibrations tend to coexist with the requirement to monitor structural health
of components, meaning there is a vast resource of potentially harvestable energy that
could be recaptured through piezoelectric devices. This area has received great inter-
est in recent years, and as such a number of reviews are available that cover the var-
ious considerations that must be taken into account when designing a piezo-harvester
[3, 5, 6]. Similarly, waste heat is a necessary by-product of all thermodynamic cycles
implemented in power, refrigeration and heat pump processes. As one of the potential
technologies for thermal energy harvesting, pyroelectric energy conversion is of interest
since it offers a novel way to convert waste heat into electricity by alternatively heating
and cooling a pyroelectric material. This approach has also attracted much interest in
fields such as low-power electronics and wireless sensors [7, 8, 9].

There has been limited progress with respect to the properties of the active material
in piezo- and pyroelectric devices since the discovery of lead zirconate titanate (PZT)
with a composition close to the morphotropic phase boundary (MPB); single crystals
such as lead magnesium niobate-lead titanate (PMN-PT) can exhibit piezoelectric co-
efficients an order of magnitude higher than PZT [10] but tend to be significantly more
expensive to process than ceramic materials, as well as having size and shape limitations.
In certain applications, such as SONAR and ultrasound imaging that exploit the piezo-
electric effect, and thermal imaging using the pyroelectric response, the introduction of
porosity has been found to yield beneficial properties, which will be discussed in detail
later. However, the effect of porosity on the energy harvesting capabilities of ferroelec-
tric materials has not been studied in depth. The potential benefits of controlled porosity
will be discussed in this article for both piezoelectric and pyroelectric energy harvesting,
as will processing routes for forming porous ferroelectrics and the resulting effects on

properties due to the interconnected structure of the active and the passive phases.

2. Piezoelectric energy harvesting

Over the past two decades many examples of potential applications for piezo-harvesters
have arisen in the form of concepts and prototypes to convert mechanical vibrations into
useful electrical energy. Structural monitoring devices, such as sensors in rail sleepers
[11] and tire pressure monitors [12], are subjected to vibrations in their ambient environ-
ment, allowing them to self-power their operation and wirelessly transmit information.
Other examples of prototype piezo-harvesters include fitting multiple piezoelectric de-
vices into the sole of a shoe [13] or into the straps of a backpack [14], recapturing energy
from pressure fluctuations in fluids [15, 16], powering bio-MEMS inside the human body
[17], using a piezoelectric membrane to convert acoustic energy to electrical energy in a

thermoacoustic generator [18], as well as acoustic wave nanogenerators [19, 20].

9



The effective design of a piezoelectric harvester requires consideration and, in the
final stages, optimisation of each component of the conversion system, from the input
mechanical energy and how this is driven through the active material, to the output elec-
trical signal and how this is converted to useful electrical power. The characteristics of
the active material should also be considered so as to maximise the energy generated due
to an applied mechanical stress. To do so with regards to energy harvesting requires a

general understanding of the piezoelectric effect, which will now be described.

2.1. Piezoelectric effect

The piezoelectric effect, first discovered by Jacques and Pierre Curie in 1880, is the
change in electric polarisation of a material due to an applied pressure. This change in
polarisation leads to equal and opposite electrical charges forming on parallel surfaces
generating a potential difference across the bulk material. This is known as the direct
piezoelectric effect and is the basis for piezoelectric energy harvesting, as this voltage
can be used to drive a current in an external circuit. Under short circuit conditions,
which are the standard for measuring piezoelectric properties, the magnitude of charge
developed, or the dielectric displacement, D;, is proportional to the applied stress, o,
such that:

Dl' = dijo—j (1)

where d;; is the piezoelectric strain coeflicient and the subscripts denote the direction of
response (i) and application (), using matrix notation. Alternatively, applying an elec-
tric field over a piezoelectric material induces a strain, which is the basis for actuating

devices. This is known as the converse effect:

Xm = dinE; 2

where x is strain, E is electric field and the subscripts i and m denote application and
response, respectively. High strain coefficients are desirable for actuator applications
where large displacements are required. In applications that require the generation of

a large voltage, such as a sensor, the open circuit voltage coefficient, g;;, is of greatest

importance:
dij
8ij= — 3)
€33
where &5, is the permittivity of the material at constant stress. Piezoceramics can be

classed as ‘hard’ or ‘soft’, which describes the ease of domain motion and is therefore

linked to the degree to which a material can be polarised. ‘Hard’ materials are difficult

10



to polarise, exhibiting low d;; coefficients but higher g;; values due to having lower
permittivity, whereas ‘soft” materials are characterised by high d;; values but low g;; due

to high permittivities.

2.2. Piezoelectric energy harvesting figures of merit (FOMs)

Many vibration sources that arise in ambient environments, for example those asso-
ciated with transport or industrial machinery, are low frequency (relative to the resonant
frequency of ceramic materials) and random (in terms of frequency and amplitude), mak-
ing it difficult to design for operation at one specific frequency. At a low frequency and
off-resonance, a piezoelectric ceramic can be assumed to behave as a parallel plate ca-
pacitor [21]. Equations for the energy density of a material due to an applied stress, in
terms of d;; and g;;, can be derived from simple capacitance equations. Starting with
energy stored in a parallel plate capacitor, U = %C V2, where C is capacitance and V is

applied voltage, the energy density, u, of a piezoelectric is given by:

1 F\?

u= Ed”g”(Z)

14 (F)2
2 e, \A

where F is force and A is the area over which it is applied. Energy harvesters may work

in either direct excitement mode (i.e. force is applied from the source directly to the

material along the poling axis), 33, or bending mode [3] (e.g. using a mass cantilever

system), 31, and energy harvesting FOMs can be defined accordingly [22]:

Direct mode:

d2
_ 933
FOM33 = == &)
€33
Bending mode:
2
_ 45
FOM3 = — (6)
33

The change in energy density gives the total amount of potential energy available for
harvesting and it is therefore of interest to maximise these parameters.

The electromechanical coupling coefficient, k2, is related to the efficiency that a
piezoelectric converts energy. For harvesting applications (given here for direct mode) a

high FOM is desirable for a high coupling coefficient as:
11



2
d’%3

k2 — 3
33 o E
£3353;

(N
where S £ is the elastic compliance of the material measured at constant electric field.
Both these terms need to be optimised to maximise the capabilities of a piezoelectric
used in an energy harvesting device.

When harvesting on-resonance a different FOM is defined for bending mode as [23]:

k31-Om

FOM n—resonance = ToE
S 11

®)

where Q,, is the mechanical quality factor, which describes the damping behaviour of
a system at the resonant frequency [24]. A high Q,, is favourable for on-resonance
harvesters as only a small amount of the input energy is dissipated. However, when
the input signal is random, a material with a high Q,, would only harvest energy in
a narrow frequency range, thereby limiting its effectiveness. Materials with lower Q,,
values are likely to perform better than those with high Q,, when used for broadband
energy harvesting as they can operate over a larger frequency range.

The dielectric loss of a material, tan 9, is the amount of input energy dissipated due
to internal losses that occur during a change in polarisation. In all piezoelectric energy
harvesters, a low tan ¢ is favourable so as to increase electromechanical coupling, kl.zj
[23], and therefore the efficiency of conversion from mechanical to electrical energy.

Research into maximising these parameters has so far focussed on careful control
of the composition of materials to obtain high d33 or d3; values and low permittivities
in PZT-P(ZN)N (Pb[(Zng 4Nig)1/3Nb2;3]03) ceramics [25, 26], as well as the evalu-
ation of common commercial materials for their energy harvesting potential using the
previously discussed FOMs [22, 23]. The trade off between high piezoelectric strain
coefficients and low permittivities has also been described at a system level, where it is
found smart geometries of the active material can improve the performance of mass can-
tilever systems through a reduction in the capacitance [27, 28]. As yet, little research has
focussed on the use of porous ferroelectrics for energy harvesting, despite the potential
for a high energy harvesting FOM due to reduced permittivity caused by the introduction
of porosity. This may be due to a simultaneous reduction in strain coefficient, d;;, and
an increase in compliance, Sg However, through careful control of microstructure via
the processing route it may be possible to limit the negative effects so as to improve the

piezoelectric energy harvesting capabilities of the materials.

12



3. Pyroelectric energy harvesting

The pyroelectric effect, discovered before piezoelectricity with the first scientific ac-
count by Louis Lemery published in 1717, although others had observed the phenomena
earlier [29], was used by the Curie brothers to help determine the mechanism for the
piezoelectric effect. Pyroelectric materials produce power from temperature fluctuations
(dT /dt) and therefore have similarities to piezoelectric harvesters that convert mechani-
cal oscillations (do/dt) into electricity. If a pyroelectric is heated (dT/dt > 0) there is a
decrease in its spontaneous polarisation as dipoles lose their orientation due to thermal
vibrations. This fall in the polarisation level leads to a decrease in the number of free
charges bound to the material surface. If the material is under short circuit conditions
an electric current flows between the two polar surfaces of the material. Similarly, if
the pyroelectric is cooled (dT/dt < 0) the dipoles regain their orientation leading to
an increase in the level of spontaneous polarisation, thus reversing the electric current
flow under short circuit conditions as free charges are attracted to the polar surfaces.
The change in polarisation, AP, due to a change in temperature, AT, depends on the

pyroelectric coefficient, p, of a material such that [29]:

AP = pAT 9)

As in piezoelectric materials, it is of interest to use materials with high pyroelectric
coeflicients for energy harvesting applications, which is demonstrated by examining the
FOMs.

3.1. Pyroelectric energy harvesting FOMs

FOMs have been derived for the selection of pyroelectric materials based on consid-
eration of the thermal and electrical circuits employed [7]. The FOMs are based on the
generation of maximum current or voltage for a given power input for applications such
as thermal imaging sensors [8, 9, 30].

To obtain a high voltage responsivity (F,) due to a given input power, the following
FOM should be maximised [31]:

p
(o
CE.E33
14
o
p-Cp.€33

(10)

where cg is volume specific heat capacity, c, is specific heat capacity and p is density.
High current responsivity (F;) is required to maximise performance of infrared de-

tection devices and is characterised by the following FOM [31]:
13



) (an

The two FOMs above are often used for selection of materials for heat and infrared
detection, but these are not to be confused with energy harvesting applications where
generated power is of interest, as is the efficiency of the conversion of thermal to electri-
cal energy.

Pyroelectric energy harvesting-specific FOMs have been proposed [32, 33, 34], in-
cluding an electrothermal coupling factor that has been defined to estimate the effective-

ness of thermal harvesting [32]:

2
_p Thot
- o
CE.833

k2
_ pz-Thot (12)
P-CpE5,

where T}, is the maximum working temperature. An energy harvesting FOM, F, has

been proposed as [33]:

2
Fp=L2 (13)
€33

which has been widely used for materials selection and materials design [29, 35, 36]. A

modified version that includes heat capacity is [34]:

2

,_ D
Fp=—— (14)
33°E

To achieve a better performance for pyroelectric harvesting, it is necessary to in-
crease Fg or F, which requires a combination of properties, such as high pyroelectric
coeflicient, p, low permittivity, 8%73, and low volume heat capacity, cg.

The piezo- and pyroelectric materials for energy harvesting display certain similar-
ities with regards to their respective FOMs, in that increases can be achieved by max-
imising the piezo-/pyroelectric coefficient whilst reducing the permittivity. There are
a number of ways to enhance the functional performance of a dense material, includ-
ing chemical modification (doping, substitution), the utilisation of promising perovskite
components for the construction of phase diagrams and the employment of the single

crystals and polymers. Due to the complexity of developing new formulations and the

14



high cost, low Curie temperature and poor mechanical properties of single crystals, the
applications of the above materials are limited. Porosity offers a relatively low-cost al-
ternative to increasing FOMs through a reduction in both permittivity and heat capacity,

as will be explained in the next section.

4. Ferroelectricity

Ferroelectric materials have the ability to maintain a spontaneous polarisation, the
orientation of which can be electrically switched [37]. This means that they exhibit both
piezoelectric and pyroelectric properties as applying a force to or changing the temper-
ature of a poled ferroelectric will change the magnitude of the polarisation, which, as
described earlier, can be used to extract usable electrical energy. This phenomena arises
from the crystal structure in which a non-centrosymmetric unit cell creates an electric
dipole. All ferroelectrics exist in a paraelectric state above the Curie temperature, where
a phase transition results in no electric dipole, giving the upper limit of their functional
properties. Ferroelectric ceramics, such as PZT, exhibit excellent piezo- and pyroelectric
properties and are therefore of great interest for all applications that utilise these effects.
Ferroelectricity can also exist in crystalline polymers, with PVDF (polyvinylidene fluo-
ride) of particular interest due to its functional properties, flexibility and processability
[38]. Ferroelectric materials are a sub-group of pyroelectric materials, and all pyroelec-
tric materials are piezoelectric [3].

As sintered, ferroelectric ceramics have a random orientation of domains (sub-grain
regions with aligned dipoles) giving an overall polarisation of zero. Poling the material
by applying a large electric field aligns the domains over the bulk material resulting in
a net polarisation that remains when the field is removed. Applying a significantly large
electric field in the opposite direction can reverse the direction of polarisation, leading to
the characteristic hysteresis behaviour observed in all ferroelectric materials [37]. Heat-
ing above the Curie temperature causes a phase change to a centrosymmetric crystal
structure, resulting in the loss of piezo- and pyroelectric properties. When cooled below
the Curie temperature ferroelectrics must be repoled to restore their functional properties
as domains again orientate randomly in their lowest stress configuration. PZT exhibits
high functional properties as the composition is tailored close to the morphotropic phase
boundary (MPB) so that two phases coexist in normal operating conditions, across a
wide range of temperatures, greatly increasing the polarisability of the material. The
high degree of polarisation, coupled with a relatively high Curie temperature (up to
~400°C), makes PZT the material of choice for most actuator and transducer applica-

tions, as well as being frequently employed in pyroelectric thermal imaging devices.
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3-0 3-3 3-1 2-2

Figure 1: Examples of common connectivities of biphasic composites, e.g. ferroelectric ceramic-air mate-
rials, adapted from [48]. The first number refers to the connectivity of the ceramic phase (in blue) and the
second to the connectivity of the porosity (represented as gaps in the structures).

4.1. Porous ferroelectric ceramics

Traditional processing routes have strived to obtain ceramics with very high relative
densities (>95%) so as to maximise the mechanical properties, with porosity usually
considered as a defect. Many functional properties, such as piezo- and pyroelectric
coefficients in ferroelectrics, are also maximised when the relative density is close to
maximum [39]. However, by introducing a second phase, either as porosity or poly-
mer, it is found that certain coupled properties, such as the longitudinal and transverse
piezoelectric effects, can be tuned somewhat independently of one another [40, 41]. The
majority of research into porous piezoelectrics has been focussed in the field of ultra-
sonic transducers and low frequency (<100kHz) sensing devices such as hydrophones
[42, 43, 44]. Most of the research into porous pyroelectrics has occurred in the last 15
years and has focussed on improving thermal imaging devices alongside side energy
harvesting capabilities [45, 46, 47].

The connectivity of a ferroelectric composite determines the electrical, mechanical
and thermal properties [48]. Newnham et al. [40, 41] defined the connectivity of a ma-
terial with respect to the dimensionality of the interconnection of the individual phases,
so that a two-phase material can be described by two numbers, the first of which refers
to the piezoactive phase and the second to the passive phase. For example, PZT with 3-0
connectivity would have a continuous ceramic phase with isolated porosity. Although
originally defined for piezocomposites, this notation is now commonly used for general
composite engineering. The final connectivity of a porous ceramic is determined by the
processing route. Fig. 1 shows a selection of common two-phase structures that can be

achieved using the methods described in Section 4.2.

4.1.1. Effect of porosity on piezoelectric properties
Introducing porosity into piezoceramics is found to improve the hydrostatic response,

measured by hydrostatic strain coefficient, dj,, and the hydrostatic voltage coefficient, g,
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Figure 2: Reanalysed data from literature of (a) FOMs;; as a function of porosity and (b) FOMj3; as a
function of porosity. Improvements of >300% are possible for linear vibration harvesting, highlighting
the potential for energy harvesting. A decrease in FOM3; can be seen with increasing porosity, due to a
corresponding decrease in d3;, meaning that porous materials would function less well in vibration harvester
geometries that operate in bending mode without extra considerations for the placement of electrodes. Data
are described in terms of processing route with PFA given in brackets, where CF is corn flour, SR is self-
raising flour, PMMA is poly(methyl methacrylate), PEO is poly(ethylene oxide), SA is stearic acid and
TBA is tert butyl alcohol.

[40, 44]. Perovskite piezoelectric ceramics, such as PZT, are characterised by a longi-
tudinal and a transverse coefficient, d33 and d3, respectively, and the hydrostatic strain
coeflicient can be written in terms of these: d;, = d33 + 2d3;. In dense ferroelectric ma-
terials d3; ~ %d33 leading to dj, ~ 0. Introducing porosity enables a partial decoupling
of the longitudinal and transverse reactions so that d3; tends toward zero as porosity is
increased to approximately 60vol%, with only a relatively small reduction in d33 [49].
Therefore, by introducing a second inactive phase into the piezoelectric material, a sig-
nificant increase in the hydrostatic strain coefficient can be attained.

With regards to piezoelectric energy harvesting, the resulting structure must ensure
that d33 maintains a high value, as the reduction in d3; has no benefit for direct mode
harvesters and means that porous materials will not operate effectively in bending mode.
This can be seen in Fig. 2, where data from past research into porous ferroelectrics
for hydrophone applications has been reanalysed in terms of FOM33 and FOM3;. The
benefits in direct mode are shown, with increases in FOM33 of >300%, whereas intro-
ducing porosity is found to significantly decrease the bending mode response, FOM3;.
Elastic compliance data are not readily available and so the electomechanical coupling
coefficients of porous materials could not be analysed in the same way.

The hydrostatic voltage coefficient, gy, is given by the term g, = dj/e3;. Dense
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ferroelectrics exhibit high permittivities that reduce the voltage output due to an applied
stress. The permittivity of ferroelectric ceramics is significantly reduced by the intro-
duction of an inactive second phase as there is a lower volume of easily polarisable
material within the composite. Therefore, the voltage generated due to hydrostatic pres-
sure is increased in porous ferroelectrics, compared to their dense counterparts, through
the combined reduction in &,

33
that lowering the permittivity is also of interest for maximising the energy harvesting

and the increase in dj,. Examination of Eqn. (4-7) shows

capabilities of ferroelectric ceramics.

The acoustic impedance of a material, Z4, determines the ratio of energy trans-
mitted and reflected at the interface between the receiver and the surrounding environ-
ment [50]. In sensing devices such as hydrophones, impedances of devices should be
closely matched to their working environment to ensure efficient energy transfer from
one medium to another [39]. Water and biological tissue have an acoustic impedance
of around 1-1.5 Mrayls and dense PZT has an impedance of around 30 Mrayls [49].
Introducing porosity reduces this value significantly, with impedances below 2 Mrayls
reported for ~70% porous PZT [51], therefore providing a much better acoustic match-
ing of piezoelectric devices when used in water, such as hydrophones, or on biological
tissue, such as ultrasound scanners. This would also be advantageous for vibration or
pressure fluctuation harvesting in these environments.

Another potential benefit of porosity for low frequency, off-resonance energy har-
vesting is the lower mechanical quality factors, Qyy, that porous ferroelectrics exhibit
compared to dense ones [12, 52, 53]. A low Qj; material, such as porous PZT, has a
broader peak at resonance than dense PZT, making it more suited for broadband energy
harvesting at lower frequencies, i.e. the conditions for which the piezoelectric FOMs in
Section 2.2 are derived.

The dielectric loss, tan ¢, of a piezoelectric, is important for the efficient operation
of transducers, such as energy harvesters, as it is related to the amount of energy dissi-
pated during the energy conversion process. Several studies have found that introducing
porosity can reduce tan ¢ compared to dense materials [54, 55, 56], which would be
advantageous for increasing the conversion efficiency of devices using porous piezo-
electrics as the active material.

The benefits of porous ferroelectric ceramics for applications such as hydrophones
have been established over the past 30 years, with their superior hydrostatic response,
improved acoustic matching and overall device sensitivity shown in numerous studies.
In certain circumstances, such as in bending mode or on-resonance harvesters, dense
ferroelectric ceramics offer a better route to high conversion efficiencies than porous
materials. However, porous piezoceramics show promising properties for energy har-

vesting under certain conditions (low frequency, random excitation) due to their low
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permittivity coupled with relatively high ds3 values, as well as exhibiting low dielectric

loss, tan ¢, and mechanical quality factors, Q,,.

4.1.2. Effect of porosity on pyroelectric properties

As well as reducing the permittivity of ferroelectric ceramics, which has advantages
for both piezo- and pyroelectric harvesting, the introduction of porosity also reduces
the volume specific heat capacity, which has benefits for increasing pyroelectric FOMs
(Eqn. (10-14)). The main application of pyroelectric materials is in infrared imaging
devices, the principles of which are essentially the same as those required for energy
harvesting. Three types of porous pyroelectric material have been explored for energy
harvesting applications, including thin films [45, 57] with high FOMs resulting from
the decreased heat capacity; bulk functionally graded materials (FGM) consisting of a
porous layer with controlled porosity, which allows more control over the permittivity
and heat capacity of the material [46, 47]; and uniform porous ferroelectric ceramics
[58].

Lang et al. [58] observed that both piezoelectric and pyroelectric FOMs are im-
proved in porous ferroelectric ceramics as a result of the reduced relative permittivity in
porous PZT with 3-0 and 3-3 connectivities prepared by the burned out polymer spheres
(BURPS) process (detailed in Section 4.2.2). It was reported that uniformly porous
structures of pyroelectric ceramics have higher pyroelectric responsivities than the dense
materials. Since porosity also decreases the volume heat capacity it leads to an improve-
ment of the thermal response; however, it also decreases the electrical resistivity and
pyroelectric coefficient [45]. This complex relationship between pyroelectric, dielectric
and thermal properties means that there is potential to tune the porosity to achieve the
optimum response for a given application. However, due to the poor mechanical proper-
ties of unaligned porous structures the machinability of such materials is relatively poor,
limiting their use in devices for generating electric power from thermal fluctuations.

Controlling the porous structure is of interest for both piezo- and pyroelectric energy
harvesting applications as it can give control over properties that affect FOMs. The
processing route used to form porous ferroelectric materials ultimately determines their
structure and functional properties, so an understanding of the strengths and limitations
of the different methods available is important when designing a material for piezo- or
pyroelectric energy harvesting. These will now be discussed with a focus on bulk porous

ceramics.
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4.2. Processing of porous ferroelectrics

4.2.1. Coral replamine

The initial work into piezocomposites used a coral replamine technique, whereby
a cubic coral structure was impregnated under vacuum with wax [40]. The coral was
dissolved away using acid to leave a wax negative that was then filled with PZT-slip,
before drying and sintering to remove the wax and densify the PZT regions. The re-
sulting structure had large pores that were then filled with epoxy resin, resulting in 3-3
connectivity, i.e. complete connectivity of both the PZT and epoxy phases. The large
pore size increased the flexibility of the ceramic and an increase in hydrostatic strain and
piezo- and pyroelectric voltage responses were noted. By heavily straining this material
the PZT coral structure was cracked, isolating ceramic regions from one another, thereby
creating a flexible 0-3 structure [41]. This simple method was used to evaluate the effect
of introducing a second phase into a piezoelectric material, and succeeded in exhibiting
the benefits for applications where a hydrostatic stress is applied. However, this method
is not easy to scale up and so other methods for creating porous ceramics have been
devised.

Most macroporous ceramic structures can be back-filled with a polymer phase to
improve the mechanical properties of the material. Whilst using a polymer second phase
does improve the hydrostatic piezoelectric properties, porous piezoelectric ceramics ex-
hibit enhanced performance in terms of dj, and g; compared with ceramic-polymer com-
posites [59].

4.2.2. Burned out polymer spheres (BURPS)

The BURPS process is a method for creating 3-3 structures with relative ease and
low cost [60]. A pore-forming agent (PFA) is added to the ceramic powder before the
pressing stage and is burned out during the sintering process. The BURPS process can
also be adapted for tape casting ceramics [47, 50], allowing scale-up of manufacturing
as well as the manufacture of thick films in the range of 5-200 um, which are also of
interest for energy harvesting [61]. Sintering profiles are usually adjusted to include
a dwell stage at the temperature at which the PFA sublimes. BURPS provides some
control over the pore structure as the pore size is closely correlated to the size of the
additive. Various studies have assessed the performance of different pore formers, such
as poly(methyl methacrylate) (PMMA), poly(ethylene oxide) (PEO), self-raising flour,
dextrin and poly(vinyl alcohol) (PVA) [49, 62, 63], with the main difference in structure
resulting from pore size and morphology. A draw back of the BURPS process is that
cracking of the ceramic bridges between the pores often occurs, thought to be due to
aggressive burn off of the volatile species [64], which may reduce both mechanical and

piezoelectric properties. Cracking has also been reported in samples using PMMA as a
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Figure 3: Porous microstructures formed using different processing routes including (a) 3-3 porous PZT
formed via BURPS process with PMMA as PFA [63], (b) ~ 80% porous PZT formed via polymeric sponge
method with 3-3 connectivity [59], (c) freeze cast alumina exhibiting 2-2 nacre-like structure aligned par-
allel to the poling direction [66] and (d) 3D printed ‘woodpile’ structure [67].

pore former, thought to be caused by relatively high stiffness of the PFA that leads to
spring back after pressure has been released in the pressing stage, resulting in cracks
perpendicular to the pressing direction [49, 62]. A limit to the amount of porosity ob-
tainable, particularly for large, macro-PFAs, is usually 60-70% due to severe reduction
in structural integrity above this point [59].

A limited degree of control over pore anisotropy and alignment is possible using the
BURPS process by using irregular shaped PFAs [54, 64]. However, these tend to align
perpendicular to the pressing direction, which is usually also the poling direction, and are
found to lower both permittivity and piezoelectric coefficients. Modelling studies have
shown that elongated pores aligned to the poling axis exhibit superior d33 coefficients
in 3-3 structures compared with those aligned perpendicular to the poling direction, al-
though were also predicted to exhibit higher permittivities [65]. It is likely that pore
morphology could have a significant effect on energy harvesting capabilities of porous
ferroelectric ceramics, however more sophisticated processing techniques are required

to achieve desired structures.

4.2.3. Polymeric sponge

The effect of elongated pores aligned parallel to the poling direction has been stud-
ied by creating such structures via the polymeric sponge method [59, 68]. In the most
basic method, a sponge is impregnated with ceramic slip before sintering removes the
polymer, leaving a densified ceramic foam structure in its place. This comes under the
broader category of sacrificial template methods [39]. By stretching and clamping the
ceramic-soaked sponge during sintering the pores can be aligned, thereby providing a
route to tailor the fraction of material in the polarisation direction and influencing the
piezoelectric properties and permittivity [68]. The effect of pore morphology is dis-
cussed further in Section 4.2.8. This method was useful for evaluating the effect of pore
anisotropy on piezoelectric properties [59], however incomplete sintering can lead to
cracking in the ceramic struts, reducing the structural integrity and limiting its use for

wider applications.
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4.2.4. Gel casting

Gel casting was developed to form dense ceramics with superior shape retention
from green to sintered form [69] but was adapted to synthesise porous materials with rel-
atively high mechanical strength [70]. Ceramic powder is mixed with organic monomer
binder and a dispersant in a solvent to form a slip. A commonly used pore former in
gel casting is tert-butyl alcohol (TBA) [71, 72, 73, 74]. An initiator is added to begin
polymerisation of the monomer, leading to in-situ formation of gel spheres that burn out
during sintering, leaving spherical pores. Research into gel casting piezocomposites has
been a reasonably recent phenomena and a comparison between gel casting and BURPS
processes has shown gel casting to be advantageous, mainly due to the more uniform,
spherical pores that can be obtained [64]. This will be discussed in more detail in Section
4.2.8 in terms of structural effects on electromechanical properties.

More recently, gel casting has been used in combination with the direct foaming
method [51] and freeze casting [75]. In the direct foaming method, porosity is gener-
ated by mechanically frothing a ceramic slurry suspension to introduce air bubbles, prior
to sintering [76]. This is a relatively low-cost method of forming porous ceramics but
thermodynamic instability can cause a large distribution in pore sizes that may be me-
chanically unfavourable. Gel casting is used to increase the stability of foams, leading
to a more even pore size distribution [77].

The processing methods described above are all used to generate 3-3 porosity, tend-
ing towards 3-0 as porosity levels are decreased, with pores randomly distributed through
the bulk (schematics shown in Fig. 1). As has been shown previously in Section 2.2,
piezoelectric ceramics for energy harvesting should ideally have the lowest possible
compliance. There is an almost linear relationship between porosity and compliance
in 3-3 ceramics [58, 63]. One possible way of improving the mechanical properties of
porous ceramics is to utilise structures with the ceramic phase aligned in the direction in

which the material is stressed.

4.2.5. Freeze casting

Freeze casting is a method for forming porous ceramics that has come to attention
in the 15 years [78] and has the capability to form complex pore structures [79, 80].
Ceramic powders are mixed with dispersant and a solvent and cooled from one side to
stimulate directional freezing of the solvent, which grow in dendrites that form at the
cooled surface. These dendrites form the template for the porous structure. During so-
lidification, ceramic particulates are forced into the channels between the crystallising
solvent, leaving behind high density channels also aligned in the direction of freezing
[81]. The freezing vehicle is then removed at low pressure so as not to degrade the

unsintered ceramic. The resulting structure can be thought of as 3-1, with a fully in-
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terconnected ceramic phase containing isolated pore channels (see Fig. 1), or 2-2, with
a nacre-like structure (as shown in Fig. 3). For a given porosity, freeze cast ceramics
exhibit superior mechanical properties to 3-3 structured materials when force is applied
in the direction of alignment [82], which would be favourable for energy harvesting be-
cause of an increased electromechanical coupling coefficient, as well as making it easier
to further process and handle the materials.

Freeze casting allows good control over porosity, simply by adjusting the solid load-
ing in the slip [79, 81, 83, 84]. Altering the freezing agent can change the shape of the
pore channels; camphene can yield pores with a near-circular cross section [81], whereas
water tends to form flat ellipsoidal pores [56] and TBA produces hexagonal channels
[85]. Freezing vehicles that allow room temperature processing, such as near-eutectic
napthalene-camphor, have also been investigated [86]. The width of the pore channels
[85] and ceramic walls [80] can be controlled by altering the degree of undercooling
and the size of the ceramic particles in the slip [66]. Freeze casting is a promising pro-
cessing route for piezocomposites as it enables control over the microstructure through
relatively easy changes in freezing agent, solid loading and freezing temperature that
may have benefits for the electromechanical properties. It may also allow high levels of
porosity to be achieved (>80%) [80], whilst maintaining structural integrity.

Porous PZT with a 2-2 structure formed by freeze casting [87] has been found to ex-
hibit higher a pyroelectric coefficient and a lower permittivity than that found in 3-3/3-0
PZT structures made using a BURPS process by Lang et al. [58]. The aligned structure
may yield improved thermal properties for pyroelectric harvesting as well as superior
compressive strengths (250-300%) [87] that have been found for these structures com-
pared with 3-3 ceramic-air composites.

Most of the work on freeze cast porous ceramics has been on non-ferroelectric ma-
terial systems, although in the last few years freeze casting has been shown to work with
barium titanate [55, 56], PZT [53, 88] and PZT-lead zinc niobate (PZN) [84]. Notable
results include reported d33 values of 81.8-93% of the dense value despite the porosity
being over 65% [88], with d33 values at around 75% of dense values reported elsewhere
for 82% porous samples [84]. This is typically much better than would be expected
with 3-3 samples made by the BURPS process which often exhibit d33 values <60% of
the dense value for similar levels of porosity [49]. However, the permittivity of porous
materials usually correlates somewhat with the piezoelectric strain coefficient, and is

therefore often found to be higher in freeze cast materials.

4.2.6. Printed porous structures
Another relatively recent development in the production of porous ceramics is the

use of 3D printing technology, although it may be referred to under a number of dif-
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ferent names, such as fused deposition technology (FDM) or solid freeform fabrication
(SFF), for example [48, 89]. Ceramic slurry is mixed with a thermoplastic binder to
make the filament, which is printed to form the desired structure. The green structure
is then sintered to remove the thermoplastic and densify the ceramic phase. This can
be used to form complex geometries and connectivities and, although early attempts led
to relatively coarse (>250 um) structures, advances in the technology mean microscale
separations are possible [67]. Also, the use of 3D printing in combination with elec-
trospinning technology can be used to form structures with nanoscale piezoelectric fil-
aments [90]. Excellent control over the structure can be achieved using these methods
so that good quality 3-1, 1-3 or 2-2 piezocomposites could be formed with properties

tailored for energy harvesting.

4.2.7. Nanostructured porous materials

Advances in nanotechnology offer a route to form nanoscaled piezoelectric and fer-
roelectric structures for energy harvesting [91]. Currently the research has mainly fo-
cussed on materials such as piezoelectric zinc oxide [19] and ferroelectric lithium nio-
bate [92] that exhibit the potential for high temperature operations and harvesting of
acoustic energy. Production routes include the vapour-liquid-solid (VLS) process and
photolithography to form arrays of nanowires on a conductive substrate such as gold.
Materials such as lithium niobate exhibit ferroelectric properties to much higher tem-
peratures, with a Curie temperature in excess of 1000°C, than more commonly used
ferroelectric ceramics such as PZT and barium titanate, but have a significantly lower
permittivity in their pure form (g, < 100), and therefore introducing porosity into struc-
tures is going to have less beneficial effect for energy harvesting. PZT nanowire arrays
have been produced using a hydrothermal process [93], which has applications in the
miniaturisation of harvesting devices and shows that high performance ferroelectric ce-
ramics can be processed in this way.

Microporous PVDF thick films have also been investigated for their pyroelectric en-
ergy harvesting capabilities [45, 57]. Films ~50 um thick were formed by hot-pressing
a PVDF pellet before curing to remove volatiles and solvents, which yield a porous
structure. These exhibited improved pyroelectric FOMs and electrothermal coupling co-
efficients than commercially available pure films. Similarly, 0-3 PZT-PVDF thick films
formed using a spin casting process have been shown to have comparable pyroelectric
FOMs to pure PZT thick films [94].

There has been increasing interest in the development of 0-3 piezocomposites us-
ing ceramic nanoparticles (NPs) embedded in an active PVDF matrix [95, 96] for small,
flexible devices. Porosity, generated using sugar as a PFA, has been found to enhance the

performance of the composites by increasing the compliance of the PVDF [95], which
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may increase the stress transfer into the ferroelectric NPs. Introducing porosity may
also enhance the piezoelectric behaviour as the micropores effectively form electret ar-
rays [97]. This work, still in its early stages, has shown the potential for using porous
PVDF films for energy harvesting, although interestingly the mechanism of enhanced
performance appears different from that seen in porous piezoceramics, as it is not gener-

ally associated with a decrease in the permittivity.

4.2.8. Effect of pore morphology on properties

Pore size in 3-3 piezocomposites has been found to have little effect on the piezo-
electric properties [49, 62], although macroporous structures have been found to exhibit
lower permittivities than microporous ones [98]. The effect of pore size on the mechani-
cal compliance has not been studied in detail, although there is some evidence to suggest
that pore size has no effect on the Young’s modulus of the material [63]. However, the
general trend of an increase in compliance with increasing porosity is well established
[50, 63].

Pore shape can have an effect on both the piezoelectric and mechanical properties.
In the BURPS process, irregular pore shape can either be caused by an irregular shaped
pore former or due to smearing of a soft volatile agent during pressing. In both cases, the
long axis of the pores is usually aligned perpendicular to the pressing direction [54, 64].
The use of stearic acid as a pore former leads to irregular pore formation, with the relative
permittivity being lower as a result [64], possibly due to stress concentrations leading to
depolarising effects. The Young’s modulus of materials with spherical pores has been
found to be higher than materials with irregular pores, again thought to be because of

stress concentrations [54].

4.2.9. Sintering temperature

A number of studies, using the different processing methods described above, have
investigated the effect of sintering temperature on piezoelectric properties [50, 71, 73,
99]. In all cases, increasing the sintering temperature results in a denser microstructure,
and therefore higher piezoelectric coefficients and permittivity, nullifying the positive
effects of porosity with regards to energy harvesting and SONAR applications. The
sintering temperature can be used as a mode of controlling the porosity in the struc-
ture rather than altering the level of PFA in BURPS [99] and could also be applied to
tape/freeze casting. Altering the sintering temperature alongside other processing vari-
ables could be used to give added control over porosity volumes. An increase in grain
size may be associated with higher piezoelectric coefficients [100] but this is difficult to
achieve without also increasing density, which is likely to be associated with an increase

in permittivity and is therefore unfavourable for ferroelectric ceramics for energy har-
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vesting. At this stage the focus should be on understanding the structural relationships
between the ceramic and the air phase, as this is likely to have a greater effect on overall

performance, before considering the grain size when attempting to optimise the system.

5. Conclusions

Introducing porosity into ferroelectric materials, particularly high performance ce-
ramics such as PZT, has the capability to increase both piezo- and pyroelectric off-
resonance energy harvesting FOMs. High levels of porosity lead to a significant reduc-
tion in permittivity, which is of interest for both piezo- and pyroelectric energy harvest-
ing, as well as reducing the volume specific heat capacity, which is favourable for pyro-
electric harvesting. Lower Q,, values exhibited by porous piezoceramics also increase
their appeal for broadband, off-resonance energy harvesting. However, the complex bal-
ance of properties required for high electromechanical and electrothermal coupling coef-
ficients mean that porous structures must be carefully engineered to achieve the desired
properties such as high diz3 and low compliance and permittivity for piezo-harvesters,
and high p, low heat capacity and low permittivity for pyro-harvesters.

Data from previous studies, presented in Fig. 2, has shown the potential for using
porosity to increase piezoelectric harvesting FOMs, but more research is required to
fully understand the effects this has on mechanical properties, in particular. Porosity
has a detrimental effect on mechanical properties, even for freeze cast materials with
excellent alignment of the ceramic phase. The significance of this effect needs to be
investigated with regards to the electromechanical coupling coefficient, in which high
FOMs are desirable but also low compliances, which will only be achievable in terms of
porous ferroelectrics if careful attention is paid to the final structure of the material.

A variety of processing routes are available to produce ferroelectrics with complex
structures that are suited to harvesting energy from thermal fluctuations and mechanical
vibrations. The most promising of these includes freeze casting, which enables good
alignment of both ceramic and porous phases thus yielding good properties tailored for
energy harvesting, and new developments in printed and nanotechnology that may allow
even better control over structure as well as enabling the production of very small energy

harvesting devices.
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2.2 Summary

The literature review identified several areas in which further research could add to the knowledge-
base in the field of porous ferroelectric materials for energy harvesting applications. An overview
of the processing routes discussed methods for producing various porous structures, in terms
of pore shape, orientation and phase interconnectivity, and there was evidence in literature
that the porous structure had a significant effect on the final properties of the material. How-
ever, the causes of such effects were not well understood. For example, freeze casting has been
shown to produce porous materials with excellent mechanical properties due to the high degree
of alignment of the two phases, yet no article satisfactorily explains why this type of structure
also yields the excellent piezoelectric properties reported in freeze cast porous lead zirconate
titanate (PZT).

Following the literature review, the objectives for the research project were defined as:

1. Understand the underlying causes of the effect of porosity, in terms of pore morphology
and connectivity, on key material properties of porous ferroelectric materials, such as

piezoelectric strain coefficients and permittivity.

i) This will be achieved through the development of finite element models that can
aid understanding of how the porous structure influences properties. Of particular
interest is the effect the porous structure has on the poling process, a key stage in
the production of ferroelectric materials that yields piezoelectric and pyroelectric

behaviour.

2. Design, manufacture and characterise novel porous structures for energy harvesting ap-
plications that have been identified through the finite element modelling studies as those

with potentially high piezoelectric energy harvesting figures of merit.

i) Various processing methods will be utilized to achieve this objective including the
burned out polymer spheres (BURPS) method, freeze casting and an adapted BURPS

method to form layered structures.

3. Demonstrate the potential of porous ferroelectric materials for energy harvesting applica-
tions using materials manufactured during the project to harvest vibrational mechanical

energy and convert into useful electric energy.

i) Samples manufactured during the project will be mechanically excited and this me-
chanical energy converted into electrical energy via the piezoelectric effect. Samples
with varying levels of porosity will be tested so as to compare the piezoelectric energy

harvesting capabilities of dense and porous ferroelectric ceramics.

4. Adapt finite element models, discussed in the first objective, for composites that have a
high permittivity fillers contained within a low permittivity matrix to assess the capabil-

ities of these composites for energy storage applications.
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i) This additional objective was not considered at the time of publication of the lit-
erature review but links to the understanding of how electric fields distribute in

composites with phases with contrasting permittivities.
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Chapter 3

Manufacture and
characterisation of uniform
porous barium titanate for

energy harvesting applications

3.1 Context

The potential for the use of porous ferroelectric ceramics for energy harvesting applications
was discussed in the literature review in Chapter 2, with reanalysed data from the literature
demonstrating that energy harvesting figures of merit could be increased via the controlled
introduction of porosity. One difficulty of comparing different experimental studies from the
literature, particularly for ferroelectric ceramics, is that the material composition, microstruc-
ture resulting from the processing methods, and measurement techniques vary from study to
study making it hard to definitively separate the variables, which is required to fully understand
the role of porosity with different morphologies has on the effective material properties.

It was therefore necessary to produce ferroelectric ceramic samples with varying levels of
uniformly distributed porosity using a well-known and robust manufacturing technique dis-
cussed in the literature review, the burned out polymer spheres (BURPS) method, so as to get
a baseline data set to which subsequent work could be compared. This experimental study is
the topic of the paper contained within this chapter.

As detailed in Chapter 1, Fig. 1-1, another publication is closely related to the work
presented in this chapter: J. I. Roscow et al. Understanding the peculiarities of the piezoelectric
effect in macro-porous BaTiOs, Sci. Tech. Adv. Mater. 17 (2017), uses numerical modelling
approaches that take into account the effect of 90° domain wall mobility on the piezoelectric

properties. The experimental procedure and data are the same as in the work presented in this
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chapter, although transverse piezoelectric coefficients, ds3;, are also reported as a function of
porosity.
Access the data from the following paper here: https://doi.org/10.15125/BATH-00451.
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Abstract

Porous ferroelectric materials have been evaluated for their piezoelectric energy harvesting ca-
pabilities. Macro-porous barium titanate (BaTiO3) ceramics were fabricated with a range of
porosities using the burned out polymer spheres process. The pore fraction was tailored by mix-
ing a pore forming agent with BaTiO; powder in varying amounts by weight before cold-pressing
and pressureless sintering. Introducing porosity into the ferroelectric significantly increased the
energy harvesting figure of merit; with a maximum of 2.85 pm?/N obtained at ~40% relative
density compared with ~1.0 pm?/N for the dense material. The results demonstrate that intro-
ducing porosity into a piezoelectric provides an effective route to improving the vibration energy
harvesting capability of these materials.

1. Introduction

Interest in energy harvesting devices has grown in recent years with a view that they can
replace or prolong the lifespan of batteries used to power a range of low-power electronic devices,
such as wireless sensor arrays [1]. Ferroelectric materials, such as lead zirconate titanate (PZT)
and barium titanate (BaTiO3), are of particular interest due to their effective piezoelectric and
pyroelectric properties, which enable them to harvest energy from both mechanical vibrations
and temperature fluctuations.

Porous ferroelectric ceramics, particularly PZT, have been extensively studied, but effort has
focussed predominately on the development of porous piezoelectrics for hydrostatic sensor appli-
cations, such as active and passive SONAR [2]. This is due to superior hydrostatic piezoelectric
strain and voltage coeflicients, dj and g, respectively, found in porous materials compared to
dense materials. A reduction in relative density due to the introduction of porosity also reduces
the acoustic impedance of transducers used in water or on biological tissue, thereby increasing
the efficiency of energy transfer from one medium to another. These applications have dominated
research into porous ferroelectrics to date, with little interest shown into the benefits for energy
harvesting.

Energy harvesting FOMs have been derived for low frequency, off-resonance mechanical
excitation of polycrystalline piezoelectric ceramics [3], conditions that mean the material can be
assumed to behave as a parallel plate capacitor. The energy stored, u, in a material as a result of

an applied stress is therefore equal to:

First published in Ferroelectrics 498 (2016) 40-46. Reproduced with kind permission of the Taylor & Francis Group.



u= 5dygio” )
where d is the piezoelectric strain coefficient, g is the piezoelectric voltage coefficient, o is
applied stress and subscripts i and j denote the direction of application and response, respectively.
Eqn. 1 is derived from the energy stored in a capacitor (U = %C V?2) (where C is capacitance and
V is applied voltage). If the force is applied along the poling axis, which convention defines as
the 3-direction, the materials related FOM is [3]:

a5
FOM3; = == (@)
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where &7, is the relative permittivity at constant stress. Previous studies have shown that only
a small reduction in ds3 occurs when the relative density is reduced to ~50% by the introduc-
tion of porosity, whilst there is a large decrease in the permittivity [4]. This indicates that there
is potential to improve the energy harvesting FOM by introducing porosity as a second phase
into ferroelectric ceramics. In addition to the FOM it is also beneficial to consider the impact of
the presence of porosity on the electromechanical coupling coefficients, which determine the effi-
ciency of energy conversion from mechanical to electrical energy, or vice versa. The longitudinal
coupling coefficient is given by:

), _ 45
7 Esh *
where S§3 is the mechanical compliance in the 3-direction when a force is applied along the
same axis. As a result there is a complex balance between the variation of ds3, £5; and § ‘353 with
porosity.

The electromechanical properties of a piezo-composite, such as a porous ferroelectric, are
highly dependent on the structure, which is classified by a two-digit notation first described by
Newnham et al. [5]. The first digit refers to the active (piezoelectric) phase and the second to
the inactive phase. The number assigned to each phase depends on the dimensionality of the
interconnectivity and can range from zero (isolated particles) to three (full interconnection in all
directions). A 3-3 piezo-composite therefore has a fully connected ceramic phase with fully open
porosity distributed throughout. By changing the structure it is possible to tune the properties
such as piezoelectric strain coefficients, permittivity and mechanical compliance, which in turn
affect both the FOM Eqn. (2) and electromechanical coupling coefficient Eqn. (3).

In this work 3-3 barium titanate structures have been produced with a range of porosities
so as to determine the potential benefits of porous materials for piezoelectric energy harvesting
and the impact of porosity on the relevant figures of merit. Barium titanate has been chosen for
this study because the processing is less complicated than that for PZT as the ceramics can be

sintered in air.

38



2. Experimental

Barium titanate powder (Ferro, UK) was ball milled for 24 hours with zirconia media and
distilled water. Dense and low porosity samples (3-20% open porosity) required the addition
of a small amount of binder, polyethylene glycol (PEG) (Sigma Aldrich, UK), to the BaTiO3
powder prior to the milling stage to enable crack-free pressing. After ball milling, the powder
was dried over night before sieving through a 150 gum mesh. A range of porosities (10-72 vol.%)
was obtained via the burned out polymer spheres (BURPS) method, whereby a volatile pore
forming agent (PFA), PEG, was mixed with the sieved BaTiO3 powder in varying proportions
by weight. The PFA burned out during sintering to form ceramic structures with a high degree
of open porosity. Dense samples were also produced with no additional PEG, other than that
used as binder. The powder was uniaxially pressed at 300 MPa to form pellets 13mm in diameter
and weighing 0.7 g. Pellets were sintered in air at 1300°C for two hours, including a two hour
dwell stage at 400°C on the up-ramp to burn out the binder/PFA, with a ramp rate of +60° C/h.
XRD analysis was performed on a dense sample and a high porosity sample to confirm that a
fully perovskite structure had formed. Samples were ground flat and cleaned in ethanol prior to
determining the density and apparent porosity using the Archimedes method. Silver electrode
paint (RS Components) was applied to all samples prior to corona poling in air at 115°C with a 14
kV field applied from a 35 mm point source. This poling procedure was chosen over poling in oil
due to envisaged difficulties cleaning porous samples post-poling, as oil was likely to penetrate
the porous structures. Piezoelectric strain coefficient, ds3, was measured using a Take Control
Piezometer System PM25, which applies an alternating force of +0.1 N at a frequency of 97
Hz and measures the electrical charge generated. The dielectric properties of the materials were
measured using impedance spectroscopy (Solartron 1260 and 1296 Dielectric Interface) with an
AC voltage of 100 mV applied over a frequency range of 0.1 Hz to 1 MHz and used to calculate

the unclamped (constant stress) permittivity.

3. Results and discussion

Comparing data obtained via the Archimedes method for relative density and apparent poros-
ity indicates that the connectivity of all pellets was a mixture of 3-0 and 3-3 connectivity. This
was determined by subtracting the sum of the apparent (open) porosity (3-3) and the relative
density from 100% to give the closed porosity (3-0). For the porous ceramic manufactured with
>15 wt.% PFA there was significantly more open porosity than isolated porosity, as shown in
Fig. 1 as a plot of PFA against the fraction of open porosity compared to the total porosity.
Relatively good control over the final porosity/relative density was achieved using the BURPS
process, although the process had to be altered for samples with <12.5 wt.% PFA due to diffi-
culties obtaining crack-free pellets. The grain size in dense and two porous samples, with 40%
and 60% relative densities, was investigated using scanning electron microscopy (SEM) and no
significant change was identified in the bulk ceramic, with grain width generally in the range of
10-30 pm. In the immediate vicinity of a pore the grain size was found to decrease in both dense

and porous samples, where the pores are thought to act as pinning sites, inhibiting grain growth.
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Figure 1: Fraction of open porosity in BaTiO3 compared to the total porosity plotted against relative density. Data
obtained via the Archimedes method. The high values of the open porosity/total porosity ratio at low relative density
indicate that nearly all the porosity is open, i.e. pores are fully interconnected.

100ph

Figure 2: (a) Dense BaTiO3 microstructure and (b) porous BaTiO3 (~40% relative density) with spherical pores formed
during burn off of the volatile additive, PEG.

Pores formed due to the burn off of the PFA were spherical in shape with diameters ranging
between 100-400 ym. SEM images of samples with 95% and 40% relative density are shown in
Fig. 2a and 2b, respectively.

The variation of d33 with porosity is shown in Fig. 3. As expected, the dense samples ex-
hibited the highest piezoelectric strain coefficients, thought to be due to more complete poling
of the samples. Reducing the relative density via the introduction of porosity is found to reduce
the strain coefficient, although above ~40% the response remains relatively high at ~75% of the
maximum d33 values achieved for dense BaTiO3. This is a similar trend to that observed for
porous PZT synthesised via the BURPS process [4, 6]. The large spread in data is attributed to
difficulties in the poling procedure, which appears to be affected by ambient conditions, such
as temperature and humidity, and controlling them in the experimental set up is not possible.

The decrease in d33 in high porosity samples (<40% relative density) may be due to incomplete
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Figure 3: Variation of piezoelectric strain coefficient, d33, with relative density. Values remain relatively high (>100pC/N)
up to high porosity levels (~40% relative density).

poling of the BaTiOs; phase caused by lower breakdown strength that occurs in highly porous
dielectric ceramics and complex electric field distribution resulting from a mixture of low and
high permittivity phases. Pores are also likely to increase stress concentrations that lead to de-
polarisation of the material [6] and also limit the grain size in their immediate vicinity, which
is thought to inhibit domain motion [7], therefore reducing the achievable level of spontaneous
polarisation. Slightly lower ds3 values than might be expected were observed in samples with
a relative density in the range of 75-90% theoretical. In order to produce crack-free samples in
this range a small amount of binder was added to the BaTiO3 powder prior to ball milling, which
may have affected the microstructure or bulk structure in a way that supresses the piezoelectric
response.

The permittivity of the porous ceramics was calculated from complex electrical impedance
data measured across a range of frequencies and is reported here as the constant stress (un-
clamped) permittivity at 1 kHz as a function of relative density (Fig. 4). The permittivity was
found to significantly decrease with the introduction of porosity, as the volume fraction of high
permittivity BaTiO3 was reduced. This is in agreement with previous studies [4, 5, 6] and is one
of the key reasons for investigating the effect of porosity on piezoelectric energy harvesters.

Fig. 5 shows the variation of piezoelectric energy harvesting FOM33, calculated using Eqn.
2, against relative density. Low permittivities in high porosity samples, coupled with relatively
high d33 values above 40% relative density, result in a broad peak in the FOM33 from 40-50%
relative density. This is a similar phenomenon to that observed in porous PZT for hydrophone
applications where dj.g; reaches a maximum at a similar porosity [4]. Compared with dense
BaTiOs3, a three-fold increase in the FOM;3 is observed in these samples. At high porosities
(<40% relative density), there is a fall in FOM33 despite very low permittivities measured in

these samples; this is a result of the low d33 values of these highly porous materials.
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Figure 5: Energy harvesting figure of merit (FOM33) calculated across full range of relative densities, using Eqn. 2. A
broad peak is observed between 40 and 50% due to significant reductions in permittivity at this point but only relatively
small reduction in d33.

4. Conclusions

Porous BaTiO3 has been synthesised using the BURPS process, with polyethylene glycol
used as a volatile pore-forming species, and their potential for energy harvesting evaluated com-
pared to conventional dense BaTiOs;. The relative density and open and closed porosity were
characterised and microstructural analysis demonstrated that the porous composite structures
changed from a 3-0 configuration (isolated pores) to a 3-3 configuration (interconnected pores)
as the level of porosity was increased. The porous materials were characterised in terms of their
piezoelectric and dielectric properties, which were then used to calculate a piezoelectric energy
harvesting F'OM33 for low frequency, off-resonance mechanical excitation. A maximum FOM33
of 2.85 pm?/N was achieved at a relative density of ~40% (~60% porosity), a near three-fold
increase compared with the dense samples. This significant improvement in the FOM33 was

the result of a large reduction in permittivity at this porosity level along with a relatively small
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reduction in d33. The implication of this work is that for a given applied stress the energy gener-

ated within a material with an appropriate pore volume fraction can be significantly larger than

its dense counterpart. Further investigation is required to determine the direct mode electrome-

chanical coupling coefficient, k

2

33» of BaTiOsat different relative densities, which would show the

effect of porosity on the efficiency of conversion from mechanical to electrical energy.
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3.2 Summary

The experimental work into barium titanate with uniformly distributed porosity provides proof-
of-concept to the idea that introducing porosity into ferroelectric ceramics can increase energy
harvesting figures of merit, which is in agreement with the findings of the literature review.

The key points of this chapter can be summarised as:

1. Porous barium titanate with fully interconnected ceramic and pore phases (i.e. 3-3 con-

nectivity) was fabricated using the burned out polymer spheres (BURPS) process.

2. The introduction of porosity into barium titanate was found to increase the energy har-
vesting figure of merit from ~1.0 pm?/N for dense barium titanate to a maximum of 2.85

pm? /N at 60 vol.% porosity.

This research provides a baseline set of data for the work presented in later chapters.
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Chapter 4

Modelling electric field
distributions in ferroelectric
composites for electrical energy

storage

This chapter consists of two papers regarding the use of ferroelectric composites for energy
storage applications, with two commonly used approaches to produce materials with enhanced
permittivity investigated here. Each paper has its own introduction and a combined summary

of the work presented in the two papers is included at the end of the chapter.

4.1 Context, part 1

The first paper in this chapter, Ultra-high discharged energy density capacitor using high aspect
ratio Nag 5Biy.5 TiO3 nanofibres, was written in collaboration with a group from Central South
University, Changsha, China and investigates the effect of introducing a ferroelectric ceramic
with high permittivity (e, = 377) relative to the ferroelectric polymer matrix it is contained
within (e, = 10). Section 3.3 of the paper details the modelling study that was carried out to
investigate the effect of fill fraction, fibre aspect ratio and orientation, and the presence of an
interphase to create a permittivity gradient between matrix and the inclusion, on the effective
permittivity and dielectric breakdown strength of these materials. This modelling study was
the first step to understanding how electric fields distribute within composite materials where
the phases have contrasting permittivities, which, as will be discussed in later chapters, is also
critical to understanding the properties of porous ferroelectric ceramics.

As detailed in Chapter 1, Fig. 1-1, another publication is closely related to the work
presented in this chapter: D. Zhang, X. Zhou, J. I. Roscow et al. Significantly enhanced energy
storage density by modulating the aspect ratio of BaTiOs nanofibres, Sci. Rep. 7 (2017) presents
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a similar modelling study on the effect of BaTiOj fillers in a P(VDF-HFP) matrix. The study
in this paper also investigates the effect of the separation distance between neighbouring high
permittivity inclusions on the local electric field concentrations.

Supplementary information published alongside this paper can be found in Appendix A and
the Ansys APDL script used for the single inclusion models is in Appendix B.

Access the data from the following paper here: https://doi.org/10.15125/BATH-00453.
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Abstract

Ceramic/polymer nanocomposites are attractive for energy storage applications due to their abil-
ity to exploit the high permittivity of ceramic fillers and high breakdown strength of the polymer
matrix. One challenge for the development of high performance nanocomposites based on ce-
ramic particulates or fibres in a polymer matrix is that they often require a high volume fraction
(>50%) to achieve a high permittivity, which is often at the expense of a reduction in dielectric
strength and mechanical flexibility. In this paper we demonstrate by both experiment and finite
element simulation that high aspect ratio nanofibre fillers offer an effective approach to achieve
high energy density and dielectric strength. Lead-free ferroelectric Nag sBi 5 TiO3 (BNT) nanofi-
bres with a high aspect ratio (>200) are synthesized by a hydrothermal method and dispersed in a
poly(vinylidene difluoride-co-hexafluoropropylene) (P(VDF-HFP)) matrix. The increased frac-
tion of S-phase and the alignment of BNT nanofibres perpendicular to the direction of the applied
electric field lead to an enhanced dielectric strength, compared to spherical BNT/P(VDF-HFP)
nanoparticles and pure P(VDF-HFP), and experimental measurements are compared with nu-
merical simulations. The results demonstrate that the nanofibre nanocomposites exhibited an
ultra-high discharged energy density (12.7 J/cm®) and provide an innovative approach to pro-
duce high-energy storage density materials.

1. Introduction

High power capacitors are widely applied in electronic devices with pulsed power such as
radar, electric vehicles, mobile electronics, power electronics, lasers, and rail guns [1, 2, 3, 4, 5,
6, 7, 8]. However, these capacitors usually suffer from low energy density, hence they can only
be applied in high cost and bulky electronic devices [9, 10]. The maximum discharged energy
density (U) of linear dielectric materials is defined as:

1 2
U= Esos,Eb oY)
where gy and ¢, are the permittivity of vacuum and the material, respectively, and Ej, is the

breakdown electric field of the material. It is clear that the energy density is determined by

First published in Journal of Materials Chemistry A 5 (2017) 7091-7102. Reproduced with kind permission of the
Royal Society of Chemistry (RSC).



the E; and ¢, of the dielectric material, and the E}, is a critical factor since U has a quadratic
dependence on the Ej [5, 11, 12, 13].

In this regard, ceramic/polymer nanocomposites have been investigated since they have the
potential to simultaneously optimize the two factors that determine the energy density by exploit-
ing the high permittivity of ceramic fillers and the high breakdown strength of the polymer ma-
trix [14, 15, 16]. It has been shown that the microstructural morphology and concentration of the
ceramic fillers have a significant influence on the energy storage density of dielectric nanocom-
posites [17, 18, 19, 20]. In our previous work, 0-3 nanocomposites (0-dimensionally spheri-
cal nanoparticles dispersed in a 3-dimensionally connected polymer matrix) containing BaTiO3
and Pb(Mg;,3Nb,,3)O3PbTiO3 nanoparticles (NPs) dispersed in a poly(vinylidene difluoride-co-
hexafluoropropylene), P(VDF-HFP), polymer matrix exhibited a significantly higher permittivity
than pure P(VDF-HFP); however, the increased permittivity of the nanocomposite was at the ex-
pense of a decreased breakdown strength compared to the pure polymer matrix phase [9, 18]. The
high volume fraction (>50 vol.%) of ceramic nanoparticle fillers that is needed to significantly
increase the permittivity can also lead to the formation of defects, such as voids and cracks, in
the 0-3 nanocomposite, as well as reduce the mechanical flexibility of the composites.

The complex balance between permittivity and breakdown strength is attributed to the pres-
ence of high local electric field concentrations, which are caused by the large contrast in per-
mittivity between the ceramic and polymer matrix phase [21]. Recently, it was demonstrated
that the use of high aspect ratio one-dimensional nanofibre fillers could be an effective approach
to overcome the challenge of increasing the permittivity without leading to a corresponding de-
crease of breakdown strength and thereby improve the energy density of the nanocomposite
[9, 17, 20, 22, 23]. The improvement is thought to be due to the increased permittivity of the
high aspect ratio fillers, as demonstrated by theoretical models such as the Maxwell-Garnett
model [17, 24]. The nature of the distribution of nanofibres in the polymer matrix and their
orientation in perpendicular, parallel and random directions relative to the direction of the elec-
tric field significantly affects the electric field distribution in the nanocomposite. However, the
influence of the morphology of the ceramic nanofibres or nanoparticles in the polymer matrix
on the electric field distribution and the effective capacitance of the composites remains unclear.
Most ceramic nanofibres/polymer composites in previous reports [11, 12] exhibited an increase
in discharged energy density with an increase in the fraction of nanofibres; however the manu-
facture of high aspect ratio nanofibres continues to be a challenge [17]. Thus, it is of interest that
dielectric nanocomposites possessing an ultra-high discharged energy density are formed using
a relatively small fraction of nanofibres.

Nag 5BigsTiO3; (BNT) is considered to be an excellent lead-free ferroelectric ceramic with a
ds3 piezoelectric coefficient of approximately 80 pC/N and a high relative permittivity of approx-
imately 500 at 1 kHz, which has attracted significant interest because of its potential to replace
lead based piezoelectric materials [25, 26]. However, research on BNT/polymer composites, es-
pecially using the BNT nanofibres to create new nanocomposites for energy storage applications,
remains limited.

In this paper, high aspect ratio BNT nanofibres and BNT nanoparticles are synthesized by a
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simple hydrothermal method by controlling the temperature and NaOH concentration of the re-
action. BNT nanofibres and nanoparticles will be examined as a filler introduced into a (P(VDF-
HFP)) polymer matrix. To investigate the influence of BNT filler morphology on the permittivity
and breakdown strength of the nanocomposites, the localised electric field distribution and capac-
itance of P(VDF-HFP) nanocomposites with BNT nanofibres and BNT nanoparticles for energy
storage applications have also been simulated using a finite element approach (Ansys).

To enhance the adhesion between the fillers and matrix, the ceramic fillers were initially mod-
ified using dopamine, and FT-IR results indicate that the dopamine has led to modification of the
BNT by condensation polymerization; the content of dopamine is 2.9 wt.%, which is related to
the amount of BNT NFs, as shown in Fig. Al (ESI) [18, 27]. The dielectric performance, dis-
charged energy storage density and thermal management of the samples were investigated. This
paper will show that the use of high-aspect-ratio BNT nanofibres led to an increased permittivity
and high thermal conductivity. Of particular interest is that the discharged energy density of the
nanocomposites increased significantly by introducing a low content of BNT nanofibres (2.37
vol.%), and the maximum energy density increased to 12.7 J/cm?. This work therefore provides
a practical route to achieve ultra-high energy storage density with a low level of BNT nanofibre
loading.

2. Experimental methods

2.1. Materials

Chemicals were obtained from the following sources and used without further purification:
dopamine hydrochloride (Alfa, 99%), P(VDF-HFP) (Aldrich, pellets with less than 15% of
HFP), bismuth nitrate pentahydrate (Bi(NOj3)3;-5H,0), sodium nitrate (NaNQO3), tetrabutyl ti-
tanate (Ti(OC4Hy)4), acetic acid (CH3COOH), ethanol (CH3CH,OH) and N,N-dimethylformamide

(DMF) were all purchased from Sinopharm, China; other reagents were all analytically pure.

2.2. Synthesis of BNT nanofibres and BNT particles
BNT nanofibres and BNT particles were obtained by controlling the hydrothermal reaction

temperature and NaOH concentration, as reported in our previous study [28]. Specifically, 0.005
mol of Bi(NO3)3-5H,0, 0.01 mol of NaNO3 and 0.005 mol of Ti(OC4Hg)4 were dissolved in 7.5
mL of CH3;COOH, 2.5 mL of distilled water, and 10 mL of CH;CH,OH. The Bi(NOj3);-5H,O
and NaNOj solutions were then mixed with Ti(OC4Hy)4 solution, which subsequently formed a
suspension with the addition of 10 M of NaOH solution and stirred for 1 h. The BNT nanofibres
and particles were synthesized at 150°C for 48 h with a NaOH concentration of 10 M and 170°C
for 48 h with a NaOH concentration of 10 M, respectively. The products were washed with

distilled water several times and dried at 80°C in an oven.

2.3. Surface functionalization of BNT fillers using dopamine
Dopamine modified BNT was prepared using a method reported previously [18]. In a typical
reaction, 2 g of BNT powder was dispersed in 20 mL of a mixture of 95:5 (v/v) ethanol/H,O

using an ultrasonic processor to increase the hydroxyl groups on the surface of the BNT. The
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Figure 1: (a) Schematic illustration of BNT NFs/P(VDF-HFP) nanocomposites, (b) metal mask, (c) and (d) optical
microscopy images of a P(VDF-HFP) film with 2 mm diameter gold electrodes, the gold regions correspond to a single
high magnification electrode.

hydroxylated BNT was recovered by centrifugation and dried under vacuum at 60°C for 12 h,
and was dispersed in 0.01 M dopamine hydrochloride aqueous solution, while stirring for 10
h at 60°C. The functionalized BNT was subsequently separated by centrifugation and rinsed

repeatedly with excess deionized water, and finally dried overnight under vacuum at 60°C.

2.4. Preparation of BNT/P(VDF-HFP) nanocomposites

Surface functionalized BNT fillers were dispersed in a 70:30 (v/v) acetone/DMF hybrid sol-
vent by sonication and stirring and then mixed with P(VDF-HFP) particles for further stirring
and sonication for 48 h. The resulting suspension was then cast onto a clean glass surface, and
dried at 80°C for 12 h under vacuum. The thickness of the final composite film was approxi-
mately 1020 um. Gold electrodes were sputtered on both sides of the film using a mask with
2 mm diameter eyelets. Fig. 1 shows an illustration of the preparation approach of the flexible
BNT nanofibre/P(VDF-HFP). The functionalized BNT NFs were dispersed in the P(VDF-HFP)
nanocomposite film and gold electrodes were sputtered on both sides of the film to characterize
the electrical properties for storage applications.

2.5. Characterisation

The crystal structure of the nanocomposites was examined in 6-26 mode by X-ray diffrac-
tion (XRD, Rigaku D-Max/2550VB) utilizing Cu K, radiation (1 = 1.5418 A). Transmission
electron microscopy (TEM) images were obtained from a JEOL JEM-2100 instrument operating
at an accelerating voltage at 200 kV. The samples were prepared by dropping the sample so-
lutions onto carbon coated copper grids and air-drying before measurement. Fourier-transform

infrared (FT-IR) spectroscopy was performed with a Nicolet 6700 instrument over the range of
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4000-450 cm™! to determine the functionalization of the samples. Thermogravimetric analysis
(TGA, NETZSCH STA 449) was conducted at a heating rate of 10°C/ min in a nitrogen flow
(20 mL/min). Characterization of the morphology of the composites was performed by scan-
ning electron microscopy (SEM, JSM-6390). Frequency-dependent permittivity and dielectric
loss were measured using an Agilent 4294A LCR meter over a frequency range of 1 kHz to
10 MHz. Leakage current density, endurance testing, electric displacement-electric field (D-E)
loops and leakage current were measured using a Precision Premier II ferroelectric polariza-
tion tester (Radiant, Inc.) and Delta 9023 furnace. The thermal diffusivity and conductivity of
the nanocomposites were measured by a laser flash technique using a thermal constant analyzer
(LFA427, Netzsch, Selb, Germany).

3. Results and discussion

3.1. Characterisation of BNT nanofibres and particles

Scanning electron microscopy (SEM) images of the BNT nanofibres and nanoparticles that
were hydrothermally prepared are shown in Fig. 2a and b, respectively. The majority of the
nanofibres exhibit a high aspect ratio (>200) with an average diameter of approximately 67 nm
and average length of 17.78 um; this was measured from 50 randomly selected nanofibres in
an SEM image using ImageJ (Fig. 2d and e). The average diameter of the nanoparticles was
measured using a laser particle size analyser and was found to be approximately 800 nm. The
XRD pattern of BNT nanofibres and BNT nanoparticles is shown in Fig. 2c, where strong peaks
at 26 of 22, 31, 39, 45, 51 and 56° can be seen in the XRD pattern, which are attributed to the
(100), (110), (111), (200), (210) and (211) characteristic peaks respectively of BNT with a pure
monoclinic crystalline phase. All of the peaks matched well with the perovskite peaks found in
the powder diffraction file database (JCPDS, 46-0001).

Fig. 3a shows a TEM micrograph of a typical single BNT nanofibre synthesized at 170°C
for 48 h with NaOH concentration of 10 M showing a smooth surface with a diameter less
than 100 nm. Fig. 3b shows the corresponding high resolution TEM (HRTEM) image. A fast
Fourier transform (FFT) pattern of the BNT nanofibre is shown in the inset of Fig. 3b. The
clear lattice fringes shown in Fig. 3b of 0.193 nm and 0.224 nm correspond to the (220) and
(012) planes and illustrate that the as-synthesized nanofibres were single-crystalline. The parallel
lattice spacing was approximately that of monoclinic BNT, which revealed that nanofibre growth
was in the [110] direction. The FFT pattern shown in the inset of Fig. 3b further confirmed the

monocrystalline nature of the nanofibre and the formation of monoclinic BNT.

3.2. Characterisation of the nanocomposites

It has been demonstrated that the presence of the polar S-phase in ferroelectric polymers such
as P(VDF-HFP) is beneficial for increasing the permittivity and the piezoelectric/ferroelectric
properties of the composite due to the large dipolar moment of this particular polar phase [29,
30, 31]. The introduction of ceramic fillers into the P(VDF-HFP) matrix led to the formation of
a higher fraction of the b-phase by modification of the a-phase [32]. Fig. 4a shows the XRD
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Figure 2: (a) and (b) SEM images, (c) XRD pattern of BNT nanofibres (NFs) and BNT nanoparticles (NPs), BNT NFs
size distribution: (d) length of BNT NFs, (e) diameter of BNT NFs.

pattern of pure P(VDF-HFP), BNT NPs/P(VDF-HFP) and BNT NFs/P(VDF-HFP) nanocompos-
ites. It can be seen that the pure (unfilled) P(VDF-HFP) exhibited peaks at 26 = 18.38°, 19.96°
and 26.6°, which correspond to the a-phase [29, 31] with no S-phase detected. For the BNT
nanoparticle/P(VDF-HFP) composite system, the peak of the a-phase at 26 = 19.56° is weak-
ened, and the a-phase peaks at 20 = 18.38° and 26.6° both disappear after the introduction of the
BNT nanoparticles, which is thought to be due to the addition of the crystalline BNT ceramic
changing the crystallinity of the P(VDF-HFP) polymer.

It is notable that the peak at 260 = 20.74° that corresponds to the B-phase is observed in the
XRD pattern of the BNT nanofibre/P(VDF-HFP) nanocomposite in Fig. 4a. Therefore, the in-
troduction of one-dimensional ceramic fillers to P(VDF-HFP) appears to facilitate the formation
of the polar B-phase, which can also be observed from the FT-IR results of the P(VDF-HFP)
nanocomposites in Fig. A3a. This is in contrast to zero-dimensional nanoparticle fillers, and
indicates that one-dimensional high aspect ratio ceramic fillers may be more effective in increas-
ing the permittivity of nanocomposites due to the formation of the polar S-phase. In addition,
one-dimensional ceramic fillers with a high aspect ratio have a larger dipole moment and lower
surface energy compared to zero-dimensional particulates, which favours polarization and dis-
persion [16, 33].

To further investigate the influence of the introduction of the ceramic nanofibres on the crys-
tallization of the polymer matrix, differential scanning calorimetry (DSC) curves of the BNT
nanofibre/P(VDF-HFP) composites during the second heating circles are shown in Fig. 4b. The
melting point (7,) and crystallinity (y.) of the samples were obtained from DSC results, and the
corresponding results are summarized in Table 1. It can be seen that the T, is initially slightly in-
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Figure 3: (a) TEM micrograph of a typical single BNT nanofibre and (b) HRTEM image of the BNT nanofibre. The inset
image is the selected area electron diffraction (SAED) pattern of the BNT nanofibre.
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Figure 4: (a) XRD pattern of pure P(VDF-HFP), BNT nanoparticle/P(VDFHFP) and BNT nanofibre/P(VDF-HFP)
nanocomposite, (b) DSC curves of the BNT NFs/P(VDF-HFP) samples during the second heating at the rate of 10°C/min
under a N, atmosphere.

creased then decreased and the y. is decreased from 28.7% to 21.6% as the content of BNT NFs
increased. The results can be explained by the following reasons. Firstly, the BNT nanofibres act
as a new nucleation center, which can decrease the nucleation energy and increase the degree of
crystallization of the P(VDF-HFP) matrix on the surface of the BNT nanofibres. Secondly, the
introduction of BNT nanofibres decreases the degree of order of the P(VDF-HFP) matrix. Thus,
the crystallinity and melting point of the nanocomposites increase with small amounts of BNT
nanofibres, however they decrease as the filler loading is increased.

Figure 5a-c show SEM images of the surface morphology of the BNT nanofibre/P(VDF-
HFP) composite, with increasing loading levels of 2.37 vol.%, 5.19 vol.% and 12.73 vol.%
respectively. Fig. 5d shows a cross-section of the nanocomposite with 5.19 vol.% of BNT
nanoparticles. The high aspect ratio BNT nano- fibres are observed in Fig. 5a-c, which are ho-
mogeneously dispersed and embedded in the polymer matrix. The formation of agglomerates,
voids and cracks is not observed even when the BNT nanofibre loading is increased to 12.73
vol.%, as is shown in Fig. S5c. A similar view is shown in Fig. 5d, where the BNT nanopar-

ticles are uniformly dispersed throughout the composite and tightly adhered to the surrounding
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Table 1: The characterization result of P(VDF-HFP) with varied BNT NF contents from DSC curves®

Sample T, (K) AH,Jg") xe(%)
P(VDF-HFP) 426.6 290.8 28.7
2.37% BNT/P(VDF-HFP) 427.7 31.2 30.0
5.19% BNT/P(VDF-HFP) 427.0 29.2 28.1
12.73% BNT/P(VDF-HFP) 426.5 22.5 21.6

*The T,, is determined by DSC during the second heating process. The crystallinity (y.) is calculated from the
integration of the curves using the formula y, = AH,,/AH}, x 100%, where AH,,* (approximately 104 J g™!) is the
fusion enthalpy of PVDF with 100% crystallinity [34].

Figure 5: (a) SEM images of top surfaces of BNT nanofibre/P(VDF-HFP) nanocomposite films with various BNT loading
levels, (a) 2.37 vol.%, (b) 5.19 vol.%, (c) 12.73 vol.%. (d) SEM cross-section of the nanocomposite with 5.19 vol.% BNT
nanoparticles.

matrix. Since all the fillers are modified using dopamine (Fig. Ala) before being incorporated
into P(VDF-HFP), the hydroxyl groups in dopamine form strong dipole-dipole interactions with
the —F atoms from P(VDF-HFP). In addition, due to the strong electronegative nature of the —F
atoms, hydrogen bonding (-F- - - OH-) can be easily formed [29]. Therefore, the BNT nanofibres
exhibit excellent dispersion and compatibility in the polymer matrix.

To assess the dielectric properties of the nanocomposites formed using BNT nanofibres and
BNT nanoparticles, the frequency dependent permittivity, dielectric loss and electric conductiv-
ity of the nanocomposites with various loading levels of BNT nanofibres and BNT nanoparticles
are shown over a frequency range of 500 Hz to 10 MHz in Fig. 6. It can be seen that the per-
mittivity of the nanocomposite increased with increasing loading level of either BNT nanofibres
or nanoparticles, as shown in Fig. 6a and c, respectively. It is also observed that the permit-
tivity of the nanocomposite with BNT nanofibres is higher than the nanocomposite with BNT
nanoparticles at the same volume fraction. This phenomenon is clearly observed in Fig. 6f; for
example, at a filler loading level of 5.19 vol.% the permittivity of the BNT nanofibre composite
is 15% higher than that of the BNT nanoparticle composite. In addition to the increased fraction
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Figure 6: Frequency dependence of the (a) relative permittivity, (b) dielectric loss of the P(VDF-HFP) nanocomposites
with BNT nanofibres; (c) relative permittivity and (d) dielectric loss of the nanocomposites with BNT nanoparticles at
room temperature. Electric field dependence of the (e) relative permittivity and dielectric loss of the nanocomposites
with BNT nanofibres; (f) comparison of the permittivities and dielectric loss at 1 kHz between the nanocomposites with
BNT nanofibres and BNT nanoparticles as a function of BNT loading.

of the S-phase (Fig. 4a), the increased permittivity of the nanocomposites also arises from the
Maxwell-Wagner-Sillars (MWS) interfacial effect, where the phase dependent permittivity (k(r))
is defined as given below [11]:

K(r) = K*a(r) + K°B(r) + Ky (r) + K'n(r) )

where «, 3, v and n are the BNT nanofibre, BNT nanoparticles, P(VDF-HFP) matrix phases and
the interfacial phase. The BNT nanoparticles have an average diameter of 869 nm, as shown in
Fig. 2, and are therefore significantly larger than the BNT nanofibres (an average diameter of
less than 100 nm), so that the BNT nanofibres have more interface area and interface polarization
than the BNT nanoparticles for the same filler volume fraction. In addition, the permittivity
of the nanocomposites gradually decreased with increasing frequency, and this trend is more
obvious as the filler loading level increases; for example, the permittivity of the nanocomposite
with 12.73 vol.% BNT nanofibres is 21.7 at 1 kHz and 13.0 at 1 MHz (Fig. 6a). A decrease in
permittivity with increasing frequency has been observed to result from the existence of electrical
conductivity in the material, which has been simulated using resistor-capacitor networks [35].
The properties are relatively independent of the magnitude of the applied electrical field, see Fig.
6e. The nanocomposites also exhibited improved thermal conductivity (Fig. A2) and increased
tensile strength (Fig. A3b) compared to the pure matrix phase.

Fig. 7a shows the frequency dependence of electrical conductivity of the BNT NF nanocom-
posites with various filler loadings. It can be seen that the electrical conductivity increases with
increasing frequency and filler loading; this indicates that the nanocomposites behave in a capac-
itative manner and all exhibit a relatively low electrical conductivity that is less than 6.8 x 1077

S/m. The temperature dependence of the electric conductivity and permittivity of nanocompos-
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Figure 7: (a) Frequency dependence of the electric conductivity; temperature dependence of (b) electric conductivity, (c)
relative permittivity of the nanocomposites with 12.73 vol.% BNT nanofibre at various frequencies; (d) endurance test of
the nanocomposites with various BNT nanofibres with the electric field cycling and pulse field amplitude of 40 kV/mm.

ites with 12.73 vol.% BNT nanofibres at various frequencies is shown in Fig. 7b and c, respec-
tively. The electric conductivity and permittivity of the nanocomposite were stable with a change
in temperature, e.g. the electric conductivity was 5.3 x 107 S/m at 100 kHz at room temperature
and 5.2 x 107> S/m when the temperature was increased to 120°C. The permittivity showed a
similar phenomenon, which was 18.7 and 21.8 at room temperature and 120°C at 1 kHz respec-
tively. These results demonstrate the excellent temperature stability of BNT NFs/P(VDF-HFP)
composites in terms of electric conductivity and permittivity.

A high fatigue endurance is necessary for long-term stability during the capacitor charge-
discharge cycling process [36, 37]. Thus, the residual polarization (P,) of P(VDF-HFP) nanocom-
posites with various BNT NF loading levels was investigated as a function of the charge-discharge
cycles up to 10° cycles with pulse heights of 40 kV/mm and pulse frequency fixed at 1 kHz. It can
be seen in Fig. 7d that the P, of the nanocomposites with 2.37 vol.% BNT nanofibres increased
by only 6.1% after 106 switching cycles. However, the P, was increased by 85.7% when the
BNT nanofibre content was increased to 12.73 vol.% under the same cycling conditions. These
results indicate that the P(VDF-HFP) nanocomposites with a low BNT nanofibre content pos-
sess superior cycling stability compared with the nanocomposites with a high BNT NF content,

which are likely to exhibit a relatively high leakage current density due to the increased oxygen

57



vacancies in ABOs-type perovskite structures [38].

The characteristic leakage current density-electric field curves with various BNT nanofi-
bre contents, temperature and electric field were investigated and are shown in Fig. 8. The
nanocomposite with a low BNT nanofibre content (2.37 vol.%) was an excellent insulating ma-
terial for practical applications due to the low leakage current density of 1.47x10~7 A/cm? under
40 kV/mm at room temperature (Fig. 8a), which increased by more than two orders of magni-
tude (2.83 x10~> A/cm?) when the BNT nanofibre content was increased to 12.73 vol.% (Fig.
8c). These results were consistent with the fatigue endurance test shown in Fig. 7d. However,
the leakage current showed an obvious temperature diffusion phenomenon, especially when the
filler content was low, e.g. the leakage current density of the nanocomposite with 2.37 vol.%
BNT nanofibres was 1.47 x10~7 A/cm?, which was continuously increased to 3.20 x10~° A/cm?
as the temperature increased from room temperature to 120°C under 40 kV/mm (Fig. 8a). These
results may originate from the relatively low oxygen vacancy concentration and rapid free elec-
tron migration with temperature [36, 38, 39]. The leakage current density of the three samples
showed an increase with an increase of the applied electric field (Fig. 8a-c). In the lower field
region (<5 kV/mm), the current density rapidly increased with the applied electric field, whereas
the current density showed a lower dependency on the field at higher applied fields. In addi-
tion, the nanocomposites exhibited an increased leakage current density as the loading level of
the BNT nanofibres increased; for example, the leakage current densities of the nanocomposites
with increasing nanofibre contents are 3.94 x1077 A/em?® (2.37 vol.%), 6.81 x107% A/cm? (5.19
vol.%), 4.28 x10™> Afem? (12.73 vol.%) at 40°C under 40 kV/mm. This is attributed to the
high leakage current density of BNT and the defects and space charge introduced by the BNT
nanofibre inclusions [40].

According to Eqn. 1 the breakdown strength is the key parameter to achieve a high discharge
energy density for the composite. The breakdown strength of the BNT nanofibre/ P(VDF-HFP)
composites with various volume fractions of fillers is shown in Fig. 9, which is analyzed with a

two-parameter Weibull distribution function (Fig. 9a), using the equation:

P(E) = 1 ~ exp[~(E/Eo)’] 3)

The characteristic breakdown strength (Ey) is obtained when the cumulative probability of elec-
tric failure (P(E)) equalled 63.2% and S is the shape parameter, as shown in Table A1 [41]. As
shown in Fig. 9a, the characteristic breakdown strength is determined from a fit of Eqn. 3 to at
least eight individual breakdown measurements. As can be seen from Fig. 9a and b, the sample
with 2.37 vol.% BNT nanofibres exhibited the highest breakdown strength of 458 kV/mm, which
is higher than that of the pure (unfilled) P(VDF-HFP) polymer (398 kV/mm), a result that has also
been reported elsewhere [34]. The breakdown strength decreases to 302 kV/mm when the filler
loading is increased to 12.73 vol.%. As shown by Liu et al. [13], a low concentration of nanofi-
bres improves the breakdown strength due to a number of reasons. Firstly, the homogeneous
dispersion and strong adhesion of the high aspect ratio nanofibres afier surface modification in
the nanocomposite can reduce charge transfer and prevent the polymer chain from moving freely
[11]. Secondly, the high aspect ratio nanofibres orientated parallel to the film surface direction
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Figure 8: Leakage current density of the nanocomposites with (a) 2.37, (b) 5.19 and (c) 12.73 vol.% BNT nanofibres
under different temperatures as a function of electric field; (d) current densities of the nanocomposites with various BNT
nanofibre loading levels under different temperatures at 40 kV mm~" electric field.

during the solution casting process can endure a higher electric field vertical to the film surface
direction (see Fig. A4) [5, 42]. Finally, the nanofibres also infiuence the crystallization of the
polymer, as seen in Fig. 4. The defects, such as the accumulation and voids in the nanocompos-
ite, inevitably increased when the BNT nanofibre loading increased. The accumulated nanofibres
in the nanocomposites can readily form a connected path for the free charge, and the voids will
encapsulate the air, therefore, the breakdown strength was decreased. These results indicate that
incorporation of a small loading level of BNT NF to the polymer matrix (2.37 vol.%) may be an
effective method to achieve high energy densities.

The discharged energy density of the samples can be calculated from the electric displacement-
electric field (D-E) loops. Fig. 10a shows the D-E loops of the nanocomposites with various
loading levels of BNT at an electric field of 300 kV/mm, and the maximum D-E loops are shown
in Fig. AS5. As can be seen from Fig. 10a, the electric displacement of the nanocomposites
increased with the loading level of BNT nanofibres at the same electric field, while the remnant
displacement greatly increased. As a result, the nanocomposites with 12.73 vol.% BNT nanofi-
bres showed a low energy density, which is shown in Fig. 10b. The nanocomposite with 2.37
vol.% BNT nanofibres have the largest discharged energy densities of 12.7 J/cm?, which is more
than three times that of the pure (unfilled) P(VDF-HFP). The significant increase in energy den-
sity is mainly due to the high breakdown strength and the high effective electric displacement
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Figure 10: (a) DE loops of the nanocomposites with various loadings of BNT NFs at the electric field of 300 kV/mm,
(b) discharged energy densities of the nanocomposites with the electric field.

shown in Fig. A6. Table 2 summarizes the previously reported dielectric nanocomposites with
different ceramic nanofibres. The discharged energy density achieved in this work using a low
content of Nag 5BipsTiO3 nanofibres is superior to the performance of nanocomposites reported

elsewhere.

3.3. Modelling of composite dielectric materials

Finite element modelling of a single high permittivity inclusion in a low permittivity matrix
was used to further understand the energy storage properties of the BNT/P(VDF-HFP) nanocom-
posites investigated experimentally. Rather than model a complex three-dimensional system, a
series of simplified two dimensional models were created to examine the effect of the ceramic
filling fraction, aspect ratio and angle of the high permittivity inclusion to the applied electric
field direction on both the permittivity and breakdown strength of the nanocomposite. An addi-
tional model will be discussed which introduces a polar S-P(VDF-HFP) as an interphase between
the matrix and the high permittivity inclusion. The modelling software used was Ansys v15.0
using a two dimensional four-node element type (PLANE13) for electrostatic analysis. In all
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Table 2: Comparison of discharged energy storage density for dielectric composites with different nanofibre fillers

Matrix Fillers (nanofibres) Content of fillers (vol.%) Breakdown strength (kV/mm)  Discharged energy density (J/em®)  Ref.
P(VDF-TrFE) Bi;03/Bag 38197 TiO3 8.7 155 4.35 [51
PVDF Bag 4Sro6TiO3 15 ~300 ~5.5 [10]
PVDF SiTiO3 2.5 380 6.8 [13]
P(VDF-TrFE-CFE) BaTiO; 17.5 300 10.5 [20]
PVDF Ba(Zro3Tig7)03 75 ~300 ~5 [43]
PVDF Bag.SrsTiO3 75 450 14.9 [44]
PVDF TiO, 7.5 300 ~6.5 [45]
PVDF BaTiO; @A, 03 25 380 7.1 [46]
P(VDF-CTFE) BaTiO; 3 280 8.4 [47]
P(VDF-HFP) Nay 5BigsTiO3 237 458 12.7 This work

cases the matrix phase (a-P(VDF-HFP)) was modelled with a relative permittivity, €, = 10, and
the inclusion was assigned the dielectric properties of BNT (g, = 377). It should be noted at this
point that units and scales of length are in effect arbitrary in all the analyses so electrical loads
applied to the models were selected so that the applied field in each case was unity.

The effective permittivity of the modelled composites was calculated by summing the electro-
static energy of each element and calculating the capacitance, and from this permittivity, using
the relationship C = Q/V, where C is the capacitance, Q is the charge and V is the voltage.
Electrical breakdown strength was not modelled directly but instead the maximum local electric
field (Ef;’“x) within the composite due to the applied field for each geometry was recorded. The
maximum applicable field for a single phase capacitive material, as discussed previously, is the
breakdown strength, Ej; above this field the material will no longer store charge as it becomes
electrically conductive. When high permittivity phases are introduced into a composite system,
the electric field concentrates in the low permittivity phase [15, 16, 32], which is often the high
breakdown strength phase; in the BNT/P(VDF-HFP) composite system explored here the low
permittivity polymer phase has a higher breakdown strength.

If it is assumed that there is no change in the breakdown strength of the constituent phases in
the creation of the composite, a concentration of electric field within the material is likely to lead
to electrical breakdown at applied fields below Ej, such that the maximum field applied to the
composite material must be modified by a concentration factor of 1 /E_';“’X so as to ensure the local
field does not exceed the breakdown strength at any point within the composite. The effective

breakdown strength of the composite can therefore be defined by the relationship:

E = By E™. “

Our initial model was designed to investigate the effect of filling fraction of the high permit-
tivity BNT phase into the P(VDF-HFP) matrix. A circular BNT inclusion of varying radius (r =
1,2,3,4,5,6, 7, 8,9) was modelled in the center of a square P(VDF-HFP) matrix (20 x 20).
A fine triangular finite element mesh was used that satisfactorily mapped the inclusion geometry
and electrical loads were applied to the model at boundary lines to simulate electrodes in a par-
allel plate capacitor, thus generating an electric field across the geometry. An example of such a
model can be seen in Fig. 11a which shows that the applied electric field tends to concentrate in
the low permittivity matrix phase and is significantly smaller in the high permittivity inclusion.

The results from this model for composite permittivity and the inverse of the maximum field (i.e.
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Figure 11: (a) Finite element model for high permittivity inclusion with an aspect ratio of unity and area fraction of
0.00785 with meshed geometry on the left and electric field distribution on the right after application of the electric field;
field magnitude is normalized to the distribution in a single phase material (i.e. unity at all locations); (b) effect of area
fraction of the high permittivity second phase on the composite permittivity (normalized) and the effective breakdown
strength of the material, see Eqn. 4.

the factor by which the breakdown strength is modified in Eqn. 4) are shown in Fig. 11b. The
data have been normalized with respect to the single phase matrix material to demonstrate clearly
the effect of the high permittivity inclusions on the effective properties of the composites. It can
be seen in Fig. 11b that introducing a high permittivity second phase increases the composite
permittivity, however significant increases are not realized until the fill fraction exceeds 0.3 (30
vol.%) when the modelled permittivity is doubled compared with single phase P(VDF-HFP). As
the electric field concentrates in the low permittivity phase to such an extent that the field in the
high permittivity inclusion is close to zero, it appears that the increase in permittivity is linked to
the concentration of the field in the low permittivity polymer phase, meaning that more charge,
Q, is stored, as V in the relationship Q = CV is effectively increased for the same overall volume.
However, while there is an increase in permittivity, there is also a rapid increase in the maximum
electric field at very low volume fraction of the high permittivity second phase, which is likely
to lead to a reduction in the effective breakdown strength of the material. The highest fields are
observed at the tips of the inclusion parallel to the applied field, as shown in Fig. 11a.

The model above clearly indicates that the inclusion of high permittivity particles can in-
crease the effective permittivity but can also increase the maximum electric field and therefore
reduce the breakdown strength, which is an important factor from Eqn. 1. The model is now
adapted to investigate how the effective composite permittivity is affected by the aspect ratio of
the high permittivity second phase and its orientation/angle relative to the applied electric field.
The BNT inclusion was modelled as an ellipse with the aspect ratio defined as the ratio of the
radii of the major and minor axes, with an aspect ratio of one being a circular inclusion. Fig. 12a
shows example geometries of angle and aspect ratio; aspect ratios ranging from one to 10 have
been investigated in this model. The inclusion was modelled in the center of a 20 x 20 P(VDF-
HFP) matrix and the angle rotated from 0° (i.e. parallel to the applied field) to 90° (perpendicular
to the applied field) in steps of 11.25°. In all cases the fill fraction of the BNT phase was constant
at 0.00785. Electric field contour plots of fibre composites (aspect ratio = 10) are shown in Fig.
12b and c for angles with respect to a field of 0° and 90°, respectively, and demonstrate that the

highest field concentrations occur in the polymer matrix in the vicinity of the high permittivity
62



inclusion, parallel to the field direction. The effect of aspect ratio and angle with respect to the
field on the effective permittivity of the composite and the maximum local electric field is shown
in Fig. 12d and e. The highest increase in the composite permittivity was found when high aspect
ratio inclusions were aligned parallel to the applied field (Fig. 12d), however, this also caused
significant increases in the local electric field at the sharp tips of the high permittivity inclusion
(Fig. 12e). The normalized energy density for each case was calculated using the relationship
w’™ = Enorm/ (E}’?‘“)Z, where &, is the composite permittivity normalized with respect to the
permittivity of the single phase material, and is plotted in Fig. 12f as a function of angle for
varying aspect ratios. The composite with high aspect ratio BNT NFs in the direction of perpen-
dicular to the applied field is predicted as possessing the highest energy density, however, due
to the reduction in 1/ E;’J‘” with the addition of a high permittivity second phase no composite
geometry improves on the energy density of the single phase material, shown as a dashed black
line in Fig. 12f. Clearly for these composite systems, the introduction of the high permittivity
phase increases the local electric field, which increases the effective permittivity (Fig. 12d) but
also increases the local electric field (Fig. 12e), leading to reduced energy density (Fig. 12f).

In the models discussed to this point the nanoparticle composites (AR = 1) are predicted to
have higher permittivity than high aspect ratio nanofibre composites (AR = 10 at 90°) aligned
perpendicular to the field direction, which was not the case observed experimentally where the
nanofibre composites had superior permittivity to the nanoparticle composites at the same volume
fraction of BNT. To understand the reasons behind these results it was necessary to develop a
third finite element model whereby a rectangular fibre of varying aspect ratio (AR = 12.5, 50,
200) and constant filling fraction (0.004) was contained in a rectangular matrix and a polar 8-
P(VDF-HFP) interphase with varying thickness was modelled between the matrix and the high
permittivity inclusion. This is included due to the observation that the BNT nanofibre fillers in
P(VDF-HFP) facilitate the formation of the polar S-phase, Fig. 4.

The rectangular model had dimensions of 100 x 500 and was meshed with square elements
of equal size; Fig. 13a shows a close up image of the mesh surrounding the fibre. The size of the
matrix was selected in this case to ensure that boundary effects did not influence the results as the
fibre aspect ratio was increased. Three thicknesses of interphase layer on the surface of the fibre
were investigated (element thickness = 0, 1, 2, where t = 0 has no interlayer) for the effect on
electric field distribution in the composite and permittivity. The S-P(VDF-HFP) interphase was
modelled with a relative permittivity of 15 [48], compared to a relative permittivity of 10 for the
bulk matrix. Electric fields were applied perpendicular to the fibre direction as this was shown
to be the best configuration for energy storage, as in Fig. 12c. Reported relative permittivity
values for S-P(VDF-HFP) vary between 10 and 60 [49], which has an effect on the results of this
model in terms of the composite permittivity, electric field concentration factor (1/ E;Z’”) and the
normalized energy density, such that increasing the interphase permittivity leads to an increase
in the overall permittivity but also increases the maximum local electric field concentration in
the matrix, leading to a reduction in the normalized energy density compared to an interphase
relative permittivity of 15, see Fig. A7.

A contour plot of the electric field distribution within a composite with an interphase thick-
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Figure 12: (a) Example geometries investigated via a finite element approach and their corresponding aspect ratios
and angles with respect to the applied electric field; (b) and (c) electric field contour plots of fibres modelled parallel
and perpendicular to the applied field, respectively, showing that field concentration occurs at sharp tips of the high
permittivity phase but in the low permittivity matrix; (d), (e) and (f) effect of aspect ratio and angle on permittivity, field
concentration factor (1/E"“*) and energy density, respectively, normalized to the single phase material shown in all plots
with a dashed black line.

ness of one element and a relative permittivity of 15 is shown in Fig. 13b. The presence of the
interphase was found to increase the permittivity for all aspect ratios and permittivity was found
to increase with increasing interphase thickness. High aspect ratio fillers yield the best improve-
ments in permittivity, see Fig. 13c. This is due to the increase in the surface area of the fibre with
aspect ratio and explains why the nanoparticle composites were found experimentally to exhibit
a lower permittivity compared to the nanofibre composites at the same BNT volume fraction
(see Fig. 6); the use of high aspect nanofibres simply led to a higher volume of the interphase
compared to the nanoparticles, which experimentally had a significantly larger diameter than the
fibres: 800 nm compared to 67 nm.

The presence of the higher permittivity S-P(VDF-HFP) interphase reduced the field concen-
tration in the P(VDF-HFP) matrix compared to when there was no interphase, which can be seen
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from the data in Fig. 13d where the solid lines (1 /E}”‘”‘ in the matrix, colours denote varying as-
pect ratios) approach unity (i.e. no field concentration) as the interphase thickness is increased.
It was also found that increasing the thickness of the S-P(VDF-HFP) layer reduced the field con-
centration within this phase and higher aspect ratios were also beneficial in this respect, this is
indicated by the dashed lines in Fig. 13d. The effect of introducing an interphase on the elec-
tric field distribution of the composites may partially explain why experimentally an increase in
breakdown strength was observed at low volume fractions of BNT nanofibres, see Fig. 9b, as
the field concentrations are reduced due to the more gradual change in permittivity around the
high permittivity inclusion. At higher BNT volume fractions the close proximity of neighbor-
ing nanofibres is likely to lead to field concentrations that negate the benefits of the nucleation
of the interphase, hence the decline in breakdown strength observed experimentally above 2.37

vol.% volume fraction of BNT nanofibres. The increase in permittivity and reduction in field
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concentration with the addition of the interphase leads to higher predicted energy densities than
for the composites in all cases, with the best results seen for high aspect ratio fibres with a thick

interphase, as shown in Fig. 13e.

4. Conclusions

This paper demonstrates that the use of a small volume fraction of high aspect ratio nanofi-
bre fillers is an effective approach to achieve a nanocomposite architecture capable of achiev-
ing a high energy density and high dielectric strength. Lead-free high aspect ratio ferroelectric
Nay sBipsTiO3 (BNT) nanofibres and particles were synthesized by a hydrothermal method. The
P(VDF-HFP) nanocomposite films with a variety of BNT nanofibres and nanoparticle loading
levels (2.37, 5.19 and 12.73 vol.%) were obtained by casting and hot pressing. The relative per-
mittivity of the nanocomposite continuously increased with the level of BNT nanofibre loading,
while also maintaining a relatively low dielectric loss (<0.11). A small amount (2.37 vol.%)
of BNT nanofibres introduced to the polymer matrix increased the fraction of the polar S-phase
in the nanocomposite, which led to an increase of the permittivity. Due to the partial perpen-
dicular distribution of BNT nanofibres to the applied electric field direction, the local electric
field concentration was reduced, which was investigated in detail by finite element analysis (An-
sys). The presence of high aspect ratio nanofibres with the treatment of surface modification and
the alignment of nanofibres perpendicular to the applied electric field led to a high breakdown
strength of 458 kV/mm for the nanocomposite with 2.37 vol.% BNT nanofibres with a corre-
sponding large energy storage density of 12.7 J/cm?®. The thermal conductivity also increased to
0.67 W/m.K compared to the pure P(VDF-HFP) polymer (0.2 W/m.K). This research provides
a novel nanocomposite approach to produce high energy storage density dielectric materials for

advanced electronic and electrical power system applications.
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4.2 Context, part 2

The second paper in this chapter questions whether energy storage composites formed of a
conductive phase within a ferroelectric matrix are flawed in their design. A number of papers
in recent years have reported on composite materials with ‘giant’ or ‘colossal’ measured per-
mittivity, however, significant improvements in energy densities are yet to be realised using
extrinsic material systems. The paper, titled A breakdown in the case for materials with giant
permittivity 2, builds on the modelling work presented in the first paper in this chapter, adapting
it for conductive inclusions. Experimental and modelling data from literature was analysed and
used to validate the finite element presented in this work. The paper provides more relevant
conclusions to the findings of both modelling studies presented in this chapter but for clarity a
combined summary of the findings is included at the end of the chapter.

Supplementary information published alongside this paper can be found in Appendix C.

Access the data from the following paper here: https://doi.org/10.15125/BATH-00454.
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Abstract

Despite the large number of papers published on ‘giant’ or ‘colossal’ permittivity composite, or
‘extrinsic’, materials for energy storage applications, significant improvements in energy densi-
ties remain elusive. One reason for this is that significantly enhanced permittivity (&) in com-
posite materials comes at the cost of greatly reduced breakdown strength (E,), which is more
important in terms of the energy storage density figure of merit, s.Ei. In this commentary, data
from literature is analysed and the underlying mechanism of the observed ‘colossal’ permittivity,
particularly in metal-dielectric composites, is found to be electric field concentrations within the
low permittivity matrix, which also act to reduce the breakdown strength of the material. These
two effects appear to be fundamentally linked and it is therefore concluded that efforts should be
spent searching for the next generation of ‘intrinsic’ high permittivity materials.

1. Introduction

There remains continued interest in the design and manufacture of heterogeneous materi-
als with high permittivity; for example the so-called ‘giant’ or ‘colossal’ permittivity materials.
These materials can be divided into two distinct classes. The first class are ‘intrinsic’ giant per-
mittivity materials in which the dipolar response of the material has been enhanced; for example
doped titania materials [1, 2, 3]. The second class can be classified as ‘extrinsic’ where a high
effective permittivity is achieved by introducing electrical conductivity or creating a composite
system that consists of a dielectric matrix with a random or ordered distribution of a conductive
phase [4]. Specific examples of extrinsic composites with high permittivity include metal-loaded
ceramics (cermets) including Mo-mullite [5] and Ag-bismuth zinc niobate [6], metal loaded fer-
roelectrics such as BaTiO; [7, 8], metal loaded glass [9] and metal- [10] and carbon-loaded
[11, 12, 13] polymer matrices.

The reason for the interest in extrinsic materials is simple - the introduction of a conduc-
tive phase into a dielectric matrix creates a composite with an effective permittivity that is much
higher than that of the matrix. Relative permittivity (s,) values of up to 10° have been reported
in some composite systems. In many cases the permittivity and dielectric loss of the composite
are characterised in detail, since the frequency dependent properties of materials are readily mea-
sured in the Hz to MHz range using frequency response analysers. It is common for publications

related to the manufacture and characterisation of these high permittivity composites to highlight

Reprinted with permission from Energy Letters 2 (2017) 2264-2269. Copyright © 2017 American Chemical Society.



their potential application as capacitor materials, including multi-layer and small volume high-
performance capacitors. However, while the permittivity and dielectric loss is of importance it
is insufficient to fully assess their potential for such applications since the dielectric strength,
or breakdown strength, is also an important parameter. The selection of materials for capacitor
applications has been well described by McLean [14] and is summarised below for the design of
capacitors with high reliability, low cost and small size.

For small volume capacitor applications it is necessary to use the smallest amount of di-
electric to meet the capacitance requirements. Considering a simple parallel plate capacitor, the

overall capacitance (C) is:

_ Agg
Tt

C e

where A is the plate area, ¢ is the plate separation (thickness), &, is the relative permittivity of the
dielectric medium and & is the permittivity of free space. The volume of the dielectric (Vgiejectric)
is:

Vdielectric = At 2)
From Eqns. 1 and 2 the capacitance per unit volume (F /m?) is therefore:

c £,€0
= 3)

Vdielectric
At this stage it is easy to assume that to achieve a high capacitance per unit volume a high permit-
tivity is necessary; hence the interest in ‘giant’ permittivity materials. However to maximise the
capacitance per unit volume, the thickness of the dielectric must also be as small. The minimum
thickness is limited by the dielectric strength (Egijecrric) Of the capacitor material. If the capacitor
has a working voltage, V, the minimum thickness is V/Eiciectric. Substituting this into Eqn. 3

leads to:

C E ielectric 2
= oy | ke | @)

Vdielectric Vv

Eqn. 4 shows that for a specific working voltage the capacitance per unit volume is proportional
to a ‘merit index’ of &,.(Egiciectric)®. This clearly highlights that a low dielectric strength can lead
to poor volume efficiency, even if the permittivity is high. Rearrangement of Eqn. 4 also provides
a figure of merit for a capacitor with high energy density (J/m?). Since the energy stored in a

capacitor is %C V2, the ‘energy density’ is given by:

cv? 2
_—= —8r80~(Edielecrric) (5)
Vdielectric 2

and leads to the same merit index of &,.(Egieiecrric)” for maximum energy density.
Eqns. 4 and 5 clearly show that both relative permittivity and dielectric strength are impor-
tant parameters for the selection of a material for capacitor applications. The dielectric strength

cannot be ignored when considering potential materials for capacitor applications. In fact, the
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&r-(Egieiecric)” relationship in Eqn. 4 indicates that dielectric strength is a more important prop-
erty than permittivity for high energy density capacitors. It is therefore of interest to examine the
influence of the addition of a conductive phase on the permittivity, the dielectric strength and the

&r(Egietectric)® merit index of the dielectric.

2. Examples of extrinsic systems

Although a significant amount a data on frequency dependent permittivity and loss has been
published on conductor-insulator composites and giant permittivity materials, there is much less
data reporting both permittivity and dielectric strength. While the addition of a conductive phase
increases the effective permittivity it can also have a deleterious effect on the dielectric strength
as a result of the enhancement of local electric fields with the composite [11, 15]. Gyure et
al. [16] have modelled the dielectric breakdown and permittivity of metal-loaded dielectrics and
Duxbury et al. [17] considered rocket propellants mixtures that consisted of aluminium particles
in a dielectric host due to a significant reduction of the breakdown field of the host due to the
presence of aluminium particles. A variety of researchers have experimentally examined the
dielectric strength and permittivity of Ni-BaTiO3 composites [5, 8, 18].

Fig. 1 shows a graph of normalised variation of permittivity (solid symbols) and dielectric
strength (open symbols) as a function of conductor volume fraction for a range of composite
systems reported in the literature [7, 8, 11, 16, 17] that contain experimental measurements or
modelling data. To simplify a comparison, the colour and symbol is the same for both permit-
tivity and dielectric strength for each composite. For the limited number of publications where
both permittivity and dielectric strength were reported as a function of conductor volume frac-
tion, Fig. 1 clearly shows that the enhancement of permittivity is always at the expense of the
dielectric strength.

It is of benefit to now calculate the &,.(Egietectric)’ and &,.(Egiciectric) figures of merit as a
function of conductor volume fraction for the data in the literature. For the data in Fig. 1,
the permittivity and dielectric strength were not always available at the same conductor volume
fractions; this was obtained by curve fitting of the data in Fig. 1 and calculating the relevant merit
index across the range of volume fraction available for each data set. This was achieved using
the general form: f(x) = a.exp(bx) + c.exp(dx) of MATLAB Curve Fitting software, which had
the best R-square values for the majority of data sets. It can be seen that for all data, other than
that reported by Pecharroman et al. [7] (see Fig. C1), the introduction of the conductor-phase
leads to the volume efficiency figure of merit being reduced significantly compared to that of the
filler free matrix, as the exponential rise in the permittivity coincides with a rapid reduction in
the breakdown strength.

The data reported by Pecharroman et al. [7] for Ni-BaTiOj is at variance to the trend observed
in other work reviewed here, however, only one sample (volume fraction = 0.28) was calculated
to have a figure of merit increased with respect to that of the matrix material; the data has been
included in supplementary information Fig. C1. The reason for this appears to be a plateau in
the breakdown strength close to the percolation threshold before a rapid decline as the volume

fraction is increased above 0.28, whilst the permittivity increases exponentially. Breakdown
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Figure 1: Graph showing permittivity (solid symbols) and dielectric strength (open symbols) as a function of conductor
volume fraction normalised to the single phase matrix material. The colour and symbol type is the same for the per-
mittivity and dielectric strength for each system. Electric field contour plots are shown above the graph for increasing
conductor volume fractions. An increase in local field concentrations with increasing conductor fraction leads to a rise
in permittivity (&) and decrease in breakdown strength (Ep).

properties are highly susceptible to statistics of sample size close to the percolation threshold
and so repeat tests would be useful to get a better idea of the reliability of this type of composite,
however, it should also be noted that an energy density of 1.4 times that of BaTiO3 as found
here despite a 20-fold increase in the permittivity, is still far below commonly used capacitor
materials, tantalum-based oxides for example [14]. A later study on Ni-BaTiO3 composites from
Saleem et al. [18] found the breakdown strength reduced at a faster rate than the permittivity
increased, yielding a reduction in the figure of merit at all nickel volume fractions, as shown in
Fig. 2. Nevertheless, it cannot be ignored that the composite in Pecharroman et al. [7] breaks
the general rule for extrinsic materials and demonstrates some potential that may require further
investigation.

The data from the literature presented in Fig. 1 and Fig. 2 is supplemented by a 2D elec-
trostatic finite element model (Ansys) we have developed to gain a better understanding of the
mechanism behind the observed ‘colossal’ or ‘giant’ permittivity of metal-dielectric composites.
A square mesh was divided into 50 x 50 equally sized square elements, which were initially
assigned a nominal relative permittivity; €, = 1. ‘Conductive’ elements were selected at random
and assigned a permittivity 10° higher than the matrix. This ensured that the electric field across
the ‘conductive’ elements was effectively zero, i.e. the field we would expect across a conductor
under equilibrium. An electric field (E,ppics) Was applied across the finite element matrix, and
the capacitance measured from the stored electrical energy and the maximum local field mag-

nitude (E,,,) recorded. The effective permittivity was calculated from the capacitance and the
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Figure 2: Energy storage material merit indices for energy density, &r-(Egiclectric)?, as a function of conductor volume
fraction calculated from curve fitting equations obtained for data shown in Fig. 1.

normalised effective breakdown strength was predicted from the relationship:

Eapplied

E, =
b Enax

(©)

whereby breakdown was assumed to occur at the point of highest field concentration and would
cascade onwards from the weakest point. For the filler free matrix the electric field is homoge-
neous and Epicd = Emax; however, we will see that the introduction of the conductive elements
into a dielectric matrix leads to electric field concentrations. Dielectric breakdown in the com-
posite was assumed to occur in the dielectric phase, as a conductor is effectively in a permanent
state of ‘breakdown’, and so the maximum field applied to the composite compared to the matrix
as a single phase must be reduced by a concentration factor, 1/E,,,,, therefore allowing calcula-
tion of the effective breakdown strength, E;, of the composite. It should be highlighted that the
modelling approach ignores the potential of the filler introducing additional defects, which could
reduce breakdown strength even further [19].

Electric field contour plots of models with conductor volume fractions of 0.1, 0.3 and 0.5
are shown in Fig. 3 to demonstrate the influence of conductor additions on the electric field
distribution throughout the composite. As the volume fraction of conductive material in the
dielectric matrix increases the electric field becomes increasingly more inhomogeneous and the
maximum local electric field increases; see the contour maps at the bottom of Fig. 3. This leads
to a reduction in the breakdown strength of the material, which can be seen in the lower trend line
in Fig. 1 from the model data. The electric field concentrations within the matrix act to increase
the stored energy due to an applied field, therefore leading to a significant increase in measured
effective permittivity, see the model data in the upper trend line in Fig. 1. Good agreement is
observed between our model and other reported experimental and modelling data. The modelled
energy density figure of merit also decreases with increasing conductor fraction, as can be seen
in Fig. 2. For conductor volume fractions > 0.4 the permittivity may be considered ‘colossal’
since the effective permittivity is an order of magnitude higher than that of the matrix. However, it
should be highlighted there has been no change in the ability of the constituent phases themselves
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Figure 3: Finite element model of two phase composites with varying volume fraction of conducting phase. Top images
show example random distribution of conductor (grey) in dielectric matrix (cyan) and bottom images are corresponding
contour plots after application of normalised external electric field (Eyppiica = 1). For a filler-free matrix Ejyeq at all
locations.

to store more energy, since their permittivities remain constant, and the observed increases in
effective permittivity are at the expense of forming areas of high local electric field which would
significantly reduce breakdown strength.

The network model discussed previously is based on a random distribution of equiaxed con-
ductive fillers within a dielectric matrix. One method that has been proposed to reduce electric
field concentrations and avoid a reduction in breakdown strength in composites is to alter the
aspect ratio and angle of the filler with respect to the direction of the working field. In particular,
the alignment of high aspect ratio nanofibres perpendicular to the direction of applied field has
been considered and has been used in systems containing high permittivity fillers [20, 21, 22, 23].
To examine this approach for metal-dielectric composites we now consider a single conductive
particle at a fixed volume fraction (g, = 10°, area fraction = 0.00785) within a dielectric matrix
(- = 1). We then vary its aspect ratio and orientation (¢) with respect to the applied electric
field; when 6 = 0° the filler particle is aligned parallel to the applied field and when 6 = 90°
the particle is orientated perpendicular to the applied field. Electric field contour maps of these
conditions for an aspect ratio of eight are shown in Fig. 4a. The results for the effect of angle and
aspect ratio on E7, normalised permittivity and energy density (s.(E;)z) are shown in Fig. 4b -
d, respectively, calculated using the methods discussed previously. The dashed line in Fig. 4b -
d represents the property of the filler free matrix material.

We can see in Fig. 4b that high aspect ratio inclusions aligned perpendicular to the applied
field give rise to composites with the highest breakdown strength as this orientation results in the
lowest field concentrations, see also Fig 4a. The worst breakdown strength is found when high
aspect ratio particles are aligned parallel the applied field. However, whatever the orientation of
the conductive filler relative to the applied field, or its aspect ratio, the breakdown strength is

always lower than that of the single phase filler-free matrix in which the field is homogenous at
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Figure 4: a) Example contour maps of electric field distribution for a single conductive inclusion with high aspect ratio
(AR = 8) and angle with respect to applied field (0 = 0° (left) and 90° (right)) contained within a dielectric matrix;
and variation of b) effective breakdown strength, E}, ¢) permittivity and d) energy density, &.(Egietectric)?, with changing
angle and aspect ratio of single inclusion.

all points in the matrix. The opposing trend is observed for the permittivity, Fig. 4c, which is
unsurprising since field concentrations are beneficial to the effective permittivity but detrimental
to dielectric strength. In this case, the highest permittivity is achieved when high aspect ratio
inclusions are aligned parallel to the applied field since this leads to the highest field concentra-
tions. Despite the high permittivity, this composite geometry has the lowest breakdown strength
and the volume energy density is significantly reduced (<1%) compared to the matrix, see Fig.
4d. Since the &.(Egiejecrric)” figure of merit for energy density depends on the square of the break-
down strength, the inclusion of conductive fillers of any orientation or aspect ratio reduces the
energy storage capabilities of the composite compared to the matrix material, see Fig 4d.

The use of high permittivity fillers in an effort to enhance permittivity also leads to similar
effects in terms of changes in permittivity and dielectric strength [20, 21, 22, 23, 24, 25, 26]; this
is due to the high permittivity additions also forming electric field concentrations in the lower
permittivity host. Introducing an interphase between matrix and high permittivity filler, through
surface functionalisation of the filler [21, 22, 23, 24, 25] or using the filler to enhance the crys-
tallisation of the polymer matrix [27] and thereby improve its dielectric strength may provide a
route to reducing the problem, although it is unlikely to remove the problem completely as any
high permittivity or conductive filler essentially behaves as a defect. The use of relatively low
permittivity oxide fillers such as TiO; [28] and ZrO, [29] (g, < 50) with similar permittivity to a
ferroelectric polymer matrix have been shown to have higher breakdown strength than nanocom-
posites with high permittivity fillers [15]; however there appears to be little reward in terms of
enhancement of dielectric properties towards giant permittivity.

To conclude, we have shown that extrinsic giant or colossal permittivity materials are un-

likely to be candidate materials for multi-layer and small volume high-performance capacitors.
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Conductive fillers increase the effective permittivity of a conductor-dielectric composite by cre-
ating local electric field concentrations within the material. However, these internal electric field
enhancements are limited in practice to the magnitude of the breakdown field strength of the filler
free dielectric matrix. Consequently, the maximum field that can be applied to the composite,
its effective breakdown field strength, will be reduced in magnitude from that of the filler free
dielectric matrix. Since the enhanced permittivity in extrinsic materials originates from local
internal electric field enhancements, it is impossible to produce composite configurations that
achieve a giant permittivity without reducing the effective dielectric strength of the material.
In fact, emphasis should be placed on the development of materials with ‘giant’ or ‘colossal’
£.(Egictectric)” 0t &.(Egictectric) merit indices. This work indicates the properties of extrinsic mate-
rials, both obtained experimentally and through modelling, to have merit indices that are poorer
than the corresponding filler free dielectric matrix materials. Hence it is recommended that the
search for genuinely useful giant or colossal dielectric materials is confined to devising means of

enhancing the intrinsic dielectric properties of materials.
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4.3 Summary

In this chapter ferroelectric composites have been evaluated for their suitability for electrical
energy storage applications. Modelling studies, presented across two papers, have been used to

explain results observed experimentally. The key points from this research can summarised as:

1. Energy storage composites were modelled using a finite element approach to assess their
energy storage capabilities in terms of the permittivity (¢) and dielectric breakdown
strength (Ej), from which a figure of merit (¢.E?) was calculated to allow comparison
between different composite structures. T'wo types of these composites were investigated:
(i) those with high permittivity fillers contained within a low permittivity matrix, and
(ii) those with conductive fillers (modelled as effectively infinite permittivity inclusions)

in a high permittivity matrix.

2. Due to the difference in permittivity between the two phases the electric field preferen-
tially concentrates in the low permittivity matrix phase. For very large differences, such
as for the conductive fillers, no electric field forms in the high permittivity/conductive
phase when an external field is applied. The field concentrates in the matrix around the
high permittivity second phases resulting in an increase in local field compared to the ap-
plied field, causing a reduction in effective breakdown strength, a phenomenon commonly
observed experimentally for both types of ferroelectric composite. A second phase with
contrasting permittivity to the matrix therefore acts as a defect rather than improving
the energy storage capabilities due to the breakdown strength of the material being the

dominant property in the merit index.

3. The local electric fields across the high permittivity /conductive inclusions are very low
in both composites investigated due to the permittivity contrast and it is therefore con-
cluded that the associated rise in permittivity (relatively modest for the first type of
composite, often deemed ‘giant’ or ‘colossal’ for the second) is a result of the local field
concentrations in the matrix phase, rather than the inherent charge-storing ability of the
second phase. This means the rise in permittivity and reduction in breakdown strengh,
two competing properties in terms of enhancing the energy storage figure of merit, appear

to be fundamentally linked.

4. Modelling studies on the effect of the aspect ratio and angle with respect to applied field
of the second phase inclusions demonstrated that the highest increases in permittivity
occured for long fibres aligned parallel to the field but the electric field concentrations in
the matrix made these the worst geometries in terms of breakdown strength and energy
storage figure of merit. High aspect ratio inclusions aligned perpendicular to the applied
field were found to yield the highest figures of merit for the composite systems. The best
figures of merit in all cases, however, were found for the single phase materials, such was

the detrimental effect of the high local field concentrations on the dielectric strength.
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5. Increases in breakdown strength observed in the experimental studies in the first paper in
this chapter are thought to be due to the introduction of the high permittivity, high aspect
ratio nanofibres enhancing crystallisation of the matrix. This constitutes an intrinsic
change in the properties of the matrix material that was only partially considered in the
model in which an interphase was introduced between the matrix and the filler. The
results from this investigation showed some promise, although the predicted figure of

merit was still below that of the single phase material.

Porous ferroelectric ceramics are also subject to electric fields after sintering as they need to
be poled in order to induce the net remanent polarisation that leads to both piezoelectric and
pyroelectric behaviour, properties which can then be exploited to harvest ambient energy. The
studies presented in this chapter informed the research presented in subsequent chapters on

porous ferroelectrics, particularly the single pore models.
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Chapter 5

Poling behaviour of barium
titanate with a porous sandwich
layer for energy harvesting

applications

5.1 Context

The paper presented in this chapter, Modelling and fabrication of porous sandwich layer barium
titanate with improved energy harvesting figures of merit, demonstrates the potential for porous
sandwich layer structures for energy harvesting applications due to their low permittivity and
high longitudinal piezoelectric strain coefficients. Numerical models are presented that account
for the complex poling distribution of porous ferroelectric materials that is caused by the
difference in permittivity between the ferroelectric matrix and the pores. Good agreement with
experimental data is achieved. This work builds on the experimental work presented in Chapter
3 and the finite element modelling studies in Chapter 4.

As detailed in Chapter 1, Fig. 1-1, another publication is closely related to the work
presented in this chapter: J. I. Roscow et al. Piezoelectric anisotropy and energy harvesting
characteristics of novel sandwich layer BaTiOs structures, Smart Mater. Struct. 26 (2017),
details the anisotropic properties of porous sandwich layer barium titanate that are beneficial
for sensor applications. Numerical modelling studies are used that take into account the effect
of 90° domain wall mobility on the piezoelectric properties of these 'composite-in-composite’
materials. The experimental procedure and data are the same as in the work presented in this
chapter, although transverse piezoelectric coefficients, ds3;, are also reported as a function of
porosity.

Supplementary information published alongside this paper can be found in Appendix D and
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the Ansys script for modelling porous sandwich layer materials is included in Appendix E.
Access the data from the following paper here: https://doi.org/10.15125/BATH-00452.
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Abstract

This paper demonstrates that porous ‘sandwich’ structures can provide an effective route for the
design and optimisation of piezoelectric materials for energy harvesting applications, which is
becoming an increasingly important technology for self-powered wireless networks and sensors.
A numerical model is presented that accounts for the complex poling distribution throughout a
layered ferroelectric and helps to develop a detailed understanding of the relationship between
the geometry of the porous structure and the poling characteristics of porous ferroelectric ma-
terials, with good agreement with experimental data. Novel layered barium titanate ceramics
were fabricated whereby dense outer layers surround a highly porous sandwich layer, and for
specific layer geometries an unusual condition was achieved where the longitudinal piezoelectric
strain coefficients (ds3) increased as the thickness of the porous layer and total porosity level of
the layered structure increased. The permittivity (£5;) decreased with increasing thickness and
increasing porosity level of the porous layer due to the presence of a low permittivity air phase.
These two factors in combination led to an increase in the longitudinal energy harvesting figure
of merit, d§3 /€55, for the layered structure, with a maximum of 3.74 pm?/N when the relative
thickness of the porous layer was 0.52 and the porosity within this layer was ~60 vol.%. This
harvesting performance of these novel structures is much larger than both dense barium titanate
(1.40 pm?/N) and barium titanate with randomly distributed porosity at the same 60% volume
fraction (2.85 pm?/N).

1. Introduction

There is significant interest in the use of ferroelectric materials for energy harvesting appli-
cations due to their inherent ability to convert energy from mechanical vibrations and thermal
fluctuations, via the piezoelectric and pyroelectric effects, respectively, to electrical energy. A
variety of figures of merit (FOMs) have been devised to assist with the selection of piezoelectric
materials for energy harvesting applications. When a piezoelectric is subjected to mechanical
vibrations at low frequencies (<<100 kHz) and away from the electromechanical resonance (i.e.
off-resonance) the relevant FOM is given by [1]:

d
FOM;; = —~ 1

o

33
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where d;; is the relevant piezoelectric strain coefficient associated with the direction of stress
relative to the poling direction (such as ds3 or d31), £5; is the permittivity at constant stress, o,
and subscripts i and j follow conventional piezoelectric matrix notation. The FOM;; is derived
from capacitor energy storage equations (E = %CVz, where E is stored electrical energy, C is
capacitance and V is potential difference across a capacitor) and effectively describes the change
in stored electrical energy within a piezo-active material when a stress is applied. Another im-
portant factor for effective piezoelectric energy conversion is the electromechanical coupling
factor, kizj, which takes into account the mechanical properties of the material and describes the

efficiency of conversion from mechanical to electrical energy:

2

dz,
K= —2 2)
Y S

where § 5 is the mechanical compliance at constant electric field. From Eqn. 1 and 2 it can be
seen that optimum materials for energy harvesting mechanical loads should have high piezoelec-
tric strain coefficients, low permittivity and low compliance.

One approach to reduce significantly the effective permittivity of piezoelectric composites is
to introduce a low permittivity phase, such as air or a polymer (g7, ~ 1-10), into the high per-
mittivity ferroelectric ceramic; e.g. lead zirconate titanate (PZT, £, ~ 1000-3500, depending on
composition) and barium titanate (BaTiOs, &5, ~ 1500) [2]. This has been achieved by intro-
ducing randomly distributed porosity throughout the ferroelectric microstructure [2] and has led
to an increase in the longitudinal mode energy harvesting figure of merit, FOM33 [3], where d;;
= d33 in Eqn. 1 and 2. The FOM33 increases as porosity is introduced into the material since
there is a large reduction in permittivity and a relatively small decrease in d33. By understanding
the reasons behind the reduction in d33 and permittivity in porous ferroelectrics it is possible to
design porous structures that yield further increases in the relevant FOMs, and will be discussed

throughout this paper.

1.1. Poling of ferroelectrics

Ferroelectric ceramics, such as PZT and BaTiOs, exhibit no bulk piezo- or pyro-electric
properties when manufactured by traditional methods such as compaction of powders and heat-
treatment at high temperature, known as sintering. This is due to the random distribution of
domains as the polycrystalline material cools, post-sintering, below the Curie temperature and it
relaxes to its lowest energy state, resulting in zero net polarisation [4]. To align the ferroelectric
domains so as to yield the net polarisation required for ferroelectric ceramics to exhibit piezo-
electric behaviour the material has to be ‘poled’, whereby a large static electric field is applied
across the material, usually at elevated temperatures close to the Curie point where the domains
are more mobile. A ferroelectric material will become poled in the direction of the applied field,
when the local electric field, Ey, (i.e. within a grain or domain) is greater than the coercive field,
E., ie. when E; > E.. In a dense single phase ferroelectric, Ey is homogenous, leading to a
fully poled structure if the applied field is sufficiently large and greater than E.. However, when
a second phase with a different permittivity is introduced into the microstructure of the material
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Figure 1: Contour plot of local electric field magnitude (arbitrary units) due to an applied field across a two dimensional
finite element model whereby a circular pore of low permittivity is contained within a high permittivity barium titanate
matrix. Blue regions represent areas of low field in the BaTiO3 phase that may result incomplete poling in a porous
ferroelectric material.

the electric field will tend to concentrate in the low permittivity phase, in particular the pores of
a porous ferroelectric material.

To illustrate this effect, the complex electric field distribution in a porous ferroelectric ma-
terial is demonstrated in Fig. 1, which shows a two-dimensional finite element (FE) model of a
single pore (relative permittivity, €7, = 1) in barium titanate (¢7; = 1500) with a static electric
field applied. This simulates the electric field distribution within a porous ferroelectric material
during the poling process. A high electric field concentration (red contour in Fig. 1) is observed
within the low permittivity pore while the field in the ceramic phase varies with location. Re-
gions of low electric field (blue contour in Fig. 1) are observed in the immediate vicinity of
the pore parallel to the direction of the applied field, which in a ferroelectric material may lead
to incomplete poling in these regions. This phenomenon can be described by an adaptation of
Gauss law where the electric field, Ey, is related to the relative permittivity by the relationship

[5]:

q
E;= 3
I A.gy.&, 3

where ¢ is charge, A is area and g is the permittivity of free space. In a two phase material where

€] # & (subscripts denote phase), the electric field will not have the continuous and linear path

that is present in a dense ferroelectric material during the poling procedure. As a consequence of

the field concentrating in the low permittivity air phase, porous ferroelectrics are difficult to pole,
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which reduces the effective piezoelectric response, and d;;, of the material. Previous work has
shown a gradual decrease in d3 as the porosity levels increase to 50-60 vol.%. Beyond 60 vol.%
porosity there is a rapid decrease in d33 with increasing porosity [3, 6]. The decrease in d33 at
high porosities is due to incomplete poling of the ferroelectric phase and cannot be counteracted
by simply increasing the poling field, as high electric fields will eventually lead to electrical
breakdown in either the air or in the ferroelectric ceramic.

A further consideration for designing porous ferroelectric ceramics is the increase in the

E
33

proportional to the amount of porosity present for randomly distributed porosity [7]; the influ-

elastic compliance, S7,, associated with the introduction of porosity, which is approximately
ence of spherical porosity on compliance of ceramics has been described in detail elsewhere
[8, 9]. Therefore, despite the potential benefit of introducing porosity into ferroelectric ceramics
for energy harvesting applications due to the significant reduction in permittivity, careful con-
sideration of the porous structure is necessary to achieve improvements in harvesting FOMs and
electromechanical coupling factors (see Eqn. 1 and 2).

One potential approach to improving both the mechanical and piezoelectric properties of
porous piezoelectric composites is to consider porous piezoelectric ‘sandwich layer’ structures,
where the porous layer is formed between two outer dense piezoelectric layers. A porous sand-
wich layer structure can be described in this case by two variables. Firstly, the relative thickness

of the porous layer, which is defined as follows:

rel
tI’

thickness of porous layer/total thickness
tporau: (4)

tpuruus + 2tdense

based on the upper and lower dense layers being the same thickness, and secondly the porosity
of the porous layer, discussed here in terms of volume percentage (vol.%). It should also be
noted that in this paper, when comparing to previous work involving materials with uniformly
distributed porosity [3], it is necessary to refer to the relative density, p,.;, of the overall ceramic
structure. A relative density of unity is a ceramic with zero porosity (in reality pressureless
sintered ceramics are typically p,; > 0.95), such that the overall volume fraction of porosity, v,,

can be determined from v, = 1 - p.

2. Ferroelectric sandwich structures

The majority of previous research into porous sandwich structures and functionally graded
porous ferroelectrics has focussed on the reduction in bulk permittivity leading to increased de-
tection sensitivity for pyroelectric applications [10, 11, 12, 13]. In this case the porosity (typi-
cally less than 16 vol.% bulk porosity) acts to increase a variety of pyroelectric figures of merit,
including the pyroelectric energy harvesting FOM, F}, = p*/(£%,.c;) [14], where p is the pyro-
electric coefficient. The increase in F; is due to a reduction in permittivity, although there is

also a decrease in the pyroelectric coefficient as the level of porosity is increased. The significant

88



reductions in permittivity are also of interest for piezoelectric energy harvesting, see Eqn. 1 and
2.

Work on piezoelectric sandwich layers of PZT for hydrophone applications also found that
permittivity is reduced by the addition of a porous layer, which increases the voltage generated
due to an acoustic pressure and the dense outer layers were found to improve the bending strength
compared to PZT ceramics with uniformly distributed porosity [15]. Introducing graded porosity
yielded enhanced acoustic matching, beneficial for hydrophone applications, as well as increas-
ing the piezoelectric anisotropy leading to improved hydrostatic piezoelectric properties [16, 17].
Compared to dense PZT, the addition of a porous inter-layer with ~25 vol.% porosity led to a
decrease in ds3, but it was significantly higher than a ceramic with the same volume fraction of
uniformly distributed porosity [15].

The reported work on sandwich structures is experimental and no models have been presented
that demonstrate an understanding of the impact of the complex electric field distribution, such as
that shown in Fig. 1, in these structures during poling and the effect on the resulting piezoelectric
properties. Such a study is necessary to understand the effect of a layered porous structure on
both the energy harvesting FOM and the electromechanical coupling factor for harvesting and
other transducer applications.

A variety of manufacturing methods have been used to create functionally graded and layered
porous structures. Spin coating of Pbg gLag ; Cag ; Tig.97503[12] and deposition from a solution of
(Nag 85Ko.15)0.5BigsTiO3 [13] has been used for producing thin films (<500 nm) of ferroelectric
materials with enhanced pyroelectric FOMs. Tape casting has been used effectively to create
PZT-based thick films (~1 mm) with alternating dense and porous layers [10, 11, 15] and porosity
gradient materials [16]. Sequential compaction of individual layers provides a route to produce
ferroelectric ceramic structures with thickness >1 mm [17].

In this work barium titanate ceramics with porous sandwich layer structures have been evalu-
ated both numerically and experimentally for their energy harvesting capabilities, with particular
attention paid to the effect of the relative thickness of the porous inter-layer and the porosity level
of the inter-layer on the relevant properties and performance figures of merit. The properties of
these structures are compared to that of dense and uniformly distributed porous barium titanate
used to create the layers. Barium titanate was used in this investigation rather than PZT so as to

enable comparison to previous data [3].

3. Finite element modelling

3.1. Models of porous ferroelectric ceramics

A variety of models exist that were designed to evaluate the effect of introducing a low per-
mittivity second phase (such as air or a polymer) into ferroelectric ceramics (usually PZT) on
the piezoelectric and dielectric properties [18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29]. A com-
mon assumption in such models, often based on the unit cell approach, is that the ferroelectric
material is fully poled, irrespective of the porosity levels. This is a simplification that leads to a
disagreement between the models and experimental data, as highlighted by Fig. 1 where we see

a complex field distribution in the high permittivity phase due to the presence of a pore can result
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in a partially poled material, and therefore lower effective piezoelectric properties of a porous
ferroelectric ceramic. A more accurate approach for modelling porous piezoelectric ceramics
was found using a finite element model that accounted for this complex electric field distribution
within a porous ferroelectric during the poling process [6].

In this paper the approach proposed by Lewis et al. [6] has been further developed to inves-
tigate how the addition of a porous layer between two dense layers to form a sandwich structure
affects the poling behaviour of these materials. By developing a detailed understanding of how
the effective longitudinal piezoelectric response, ds3, and permittivity changes with the porous
layer thickness and the level of porosity after the poling process, it is possible to design porous

structures with significantly improved properties for energy harvesting applications.

3.2. Modelling methodology

A finite element (FE) approach has been used whereby a three dimensional cubic mesh with
27,000 elements (30 x 30 x 30) was arranged into dense outer layers and a porous inter-layer,
see Fig. 2. Models were created where varying levels of inter-layer porosity were achieved
by changing the ratio of cells randomly assigned with the properties of either unpoled BaTiO3
ceramic [30] or air; the outer layers were assumed to be fully dense (i.e. no pores). The BaTiO3
elements in the model can be thought of as representing multi-grain, and therefore multi-domain,
regions that have no net polarisation when the geometry is initially generated so as to simulate the
properties of sintered ferroelectric ceramics prior to poling. The relative porous layer thickness,
t;e’ , defined in Eqn. 4, was varied from 0 > t;el > 1, such that when t;fl = 0 the structure is
fully dense and when t;'fl = 1 the structure has uniformly distributed porosity with no dense
layers. The increment at which tI’fl was varied was as close to 0.1 as possible, whilst maintaining
the sandwich layer in the middle of the structure, meaning that at certain values the step was
displaced by =5, i.e. 0.1 became 0.13.

Once the network of cells used to create the sandwich structure had been generated, elec-
trodes were simulated by coupling the voltage degrees of freedom at the upper and lower faces
of the three-dimensional model. An electric field (0.6 MV/m) that was higher than the coercive
field (E. = 0.5 MV/m [31]) was applied between the electrodes to simulate the poling procedure
and the local electric field analysed in each element. The poling electric field was selected as
it gave a good fit to the experimental data for BaTiO3 with uniformly distributed porosity, from
Ref. [3], using the porous network model detailed in Ref. [6]. The use of higher poling fields
results in an overestimation of effective piezoelectric properties at high porosities, see Supple-
mentary Information Fig. D1. Elements in which the local field in the z-direction, E}, was
greater than the coercive field, E,, of BaTiO3 became poled in this direction. Early versions of
the porous network model allowed poling of elements in six possible directions (-x, X, -y, ¥, -Z
and z) [6], analogous to the six tetragonal poling directions in a unit cell of BaTiO3; [32], how-
ever, it was found that the effect of elements poled in directions other than the z-direction on the
effective d33 was negligible (a maximum of 1.5% of the elements poled in the z-direction for any
given geometry) and so the model was simplified to only pole elements in the z-direction. Input

data of compliance, permittivity and piezoelectric properties for the coupled-field FE model is
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Figure 2: Flow diagram of finite element modelling process using Ansys APDL. The upper image in the centre of the
diagram shows the network geometry of unpoled BaTiO3 ceramic (blue regions) and pores in the layer ‘sandwiched’
between two outer dense layers. The lower image shows the poled geometry where red regions represent poled BaTiO3
and blue regions remain unpoled.

Table 1: Material input data of poled BaTiO3 where c5 is the stiffness matrix (GPa), e¢;; is used to define the piezoelectric

coeflicient matrix (C/m?) and s*f | /€0 is the relative permittivity at constant strain.
E E E E E S
Ch Cp, C5 Gy Cy e e eis & /e0 &y/8

150.0 66.0 60.0 146.0 44.0 -435 175 114 1115 1260

contained in Table 1 poled material [30] and an E, value of 0.5 MV/m was used [31]. The per-
mittivity of the unpoled BaTiOs (¢, = 1187.5) is an average of the constant strain permittivity of
poled BaTiOs in the 1- and 3-directions. After establishing the distribution of material poled in
the z-direction a potential difference, V, was applied between the electrodes of the poled model
and the resulting strain used to calculate the effective piezoelectric strain coefficient, ds3. The
effective permittivity was calculated from the charge (Q) developed at the electrodes and using

the relationship Q = CV, where C is capacitance.

3.3. Modelling results

Figures 3, 4 and 5 show the modelled data for the piezoelectric ds3 coefficient, permittivity
(&%;) and FOM3; as a function of porous layer relative thickness (t,’fl), respectively. The data
is averaged from 30 runs at each t;e’ and layer porosity and is shown for the porosity level of
10-60 vol.% in the centre porous layer. Layer porosities of greater than 60 vol.% could not be
investigated as this led to a high fraction of ‘floating” BaTiOs elements, i.e. those surrounded
completely by air. These high porosity fractions are also difficult to manufacture (as discussed in
the experimental section).

Fig. 3 shows that at low inter-layer porosity levels (<20 vol.%) there is no significant varia-

tion in ds3 across the full range of t[’;"l . However, as the porosity is increased to 30 vol.% and 40
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Figure 3: Finite element model data showing the effect of porous layer relative thickness and inter-layer porosity on
longitudinal piezoelectric strain coefficient, d33.

vol.% a large decrease in ds3 is observed as the porous layer relative thickness (t;e’ ) is gradually
increased from zero. Past the local minima an increase in ds3 is then observed with increasing t;fl .
For sandwich layer structures with high porosity inter-layers (50 and 60 vol.%) the d33 initially
falls steeply as t;,"’ is gradually increased, before subsequently rising with further increases in tl’f’
and eventually reaching a local maxima of d33 before declining as t;e’ is further increased toward
unity, where we have a uniformly distributed porous BaTiO3. The model prediction of effective
ds3 of the multi-layered structure is intrinsically linked to the fraction of material poled, which
can be seen in Fig. 6 where both d33 and fraction of BaTiO3 poled in the z-direction are plotted
as a function of porous layer thickness and for different layer porosities. The paths followed by
both curves are very similar with maximum points occurring at the same relative thickness for all
layer porosities. The effective d33 appears to be dependent on other factors as well as the fraction
of poled material, such as its distribution throughout the structure, but the trend is quite clear
when porosity is uniformly distributed throughout the structure, which is shown in Fig. D2. The
physical origin of the turning points on the plot discussed in detail later.

The relative permittivity gradually decreases as the relative porous layer thickness increases
and the fraction of low permittivity porosity in the inner layer increases, see Fig. 4. The model
indicates that the relative permittivity of the overall structure is primarily a function of the amount
of high permittivity BaTiO3; material, i.e. the overall relative density, and is not significantly
affected by the amount of material poled.

The predicted d33 and &, from the model were then used to calculate FOM3; using Eqn. 1
and results are shown in Fig. 5. In all cases, the uniformly distributed porosity material (i.e. t[’fl
= 1) has a higher FOM3; than the dense material (i.e. t;” = 0); the value for the dense material is
1.53 pm?/N. The layered structure at 60% porosity and l{f’ =0.73 has a FOM3; of 2.23 pm?/N,
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Figure 4: Finite element model data showing the effect of porous layer relative thickness and layer porosity on relative
permittivity, which decreases with increasing porosity in all cases, i.e. both as layer thickness and layer porosity are
increased.

which is higher than the value of 1.91 pm?/N for the uniformly distributed porous material at
t;el = 1. This is a result of high d33 (Fig. 3) and low permittivity (Fig. 4). The high FOM33
indicates the potential of porous sandwich layer structures for piezoelectric energy harvesting

applications.

3.4. Discussion

The unusual dependence of the ds3 and FOM33 on relative porous layer thickness (Figs. 3
and 5) is a result of the complex poling behaviour of the structures at high layer porosities (>30
vol.%), resulting in incomplete poling of the structure, (see also in Fig. 6). This can be better
understood by analysing the local electric field in each phase (BaTiO; or air) in the FE model
in both the dense and porous layers. Histograms of the electric field in BaTiO3 z-direction (i.e.
poling axis) during the poling process of the model at 0.6 MV/m are shown in Fig. 7 for a
structure with a layer porosity of 60 vol.% and relative thickness values of 0.2, 0.6 and 0.93 (top,
middle and bottom images of Fig. 7, respectively). Images of poled material distributions for
corresponding sample geometries and porosity are shown in the histograms with blue regions
representing unpoled BaTiO; elements and red regions are elements poled in the z-direction. A
sandwich layer porosity of 60 vol.% was selected to demonstrate how the distribution of poled
material changes with porous layer thickness shown in the histograms as the model predicts it
has the greatest FOMa3; see Fig. 5. The dashed line at 0.5 MV/m indicates the coercive field,
E.: all BaTiO; elements subjected to fields greater than this value are poled in the z-direction,
and contribute to the resulting piezoelectric d33 coefficient.

For a low thickness porous layer (t;el =0.2), ~80% of BaTiO3 elements in the dense layers
have a local z-field of 0.4 < E; < 0.45 MV/m, indicating a relatively homogenous field distri-
bution but one that lies below the coercive field so that the BaTiOs in this layer remains largely
unpoled, see the upper histogram and the poling distribution in the inset of Fig. 7. However, high

field concentrations in the thin porous layer for both the BaTiO3 and air phase are observed, but
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as the total number of polarizable elements in this thin region is low, the total volume fraction
poled and ds3 is low, see Fig. 6. When t[’f’ = 0.6 (middle histogram and poling distribution inset,
Fig. 7) the electric field in the dense layer remains relatively homogenous, however there is a
shift towards lower field strengths compared to t;"’ = 0.2 so there is almost no poling of the dense
BaTiO; layers. Once again the electric field concentrates in the central porous layer of lower
permittivity, with the highest fields in the air phase. A more homogenous distribution of field in
the porous layer is observed for t;f’ = 0.6 compared to t;"l = 0.2 and over 50% of elements in this
central layer are greater than the coercive field and are poled, leading to the increase in d33 for a
layer porosity of 60 vol.% from 0.2 < tl’,"l < 0.6, as seen in Fig. 6.

As the layer porosity is further increased to tl’,"’ = 0.93 (lower histogram and poling distri-
bution inset, Fig. 7) the field strengths in the dense layers shift to even lower magnitudes, such
that no material is poled in the thin outer dense layers. This can be explained by examination
of Fig. 1, whereby the regions above and below a low permittivity region (i.e. the pore in Fig.
1 or the porous layer in the layered structure) and parallel to the applied field are subject to the
lowest electric fields and are not poled in the direction of the field. The field in the porous layer
in both the BaTiO; and the air is the most homogenous for this thick porous layer, however, due
to a the shift to lower field strengths, less than 25% of the BaTiO3 volume in the porous layer is
subjected to fields above E.. As a result, the d33 decreases for t;gl = 0.93 compared to t;f’ =0.6.

These results indicate that the presence of a thin porous layer with high porosity leads to
high field concentrations in both the BaTiO; and air in the porous layer, compared to when the
porous layer is relatively thick. As a result of Gauss’ Law (Eqn. 3), the electric field increasingly
concentrates in the porous layer as the ratio between the effective permittivity of the dense and

porous layers increases, i.e. as the porosity in the central layer increases. When the porosity in
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of material poled in the z-direction and the effective piezoelectric properties of the material.

the inner layer is large (> 30 vol.%), the high fields in the porous region for thin porous layers
(i.e. low t;"’) result in a high fraction of ceramic in the porous layer becoming poled. However
the volume of BaTiO; in the porous layer is low relative to the total volume material, hence there
is a rapid decrease in d33 (Fig. 3, points 1 — 2). As the porous layer thickness and volume is
increased, the electric field strengths in this layer decrease but are still sufficiently large to pole
a high fraction of BaTiOs in this region, leading to an increase in ds3 (Fig. 3, points 2 — 3).
This phenomenon is only observed when the layer porosity is > 30 vol.% so that there is a large
difference between the effective permittivity of the dense and porous layers. When the porosity
of the central layer is low (10 and 20 vol.%) the ratio of the permittivity of the dense and porous
layers is also low, and while the electric field continues to concentrate in the porous layer the
decrease in field in the dense layers is not sufficiently large to fall below the coercive field, E., so
that most of the BaTiO; elements are poled, contributing to the high d3; values observed from 0
< t;f’] <1 (see Fig. 6). At very high layer porosities (> 50 vol.%) a peak value for d33 is observed
before a decrease with further increases in t;"’ as there is no longer a sufficient field concentration
in the porous layer to pole a significant fraction of the BaTiO3 material, thus leading to a decrease

in ds3 (Fig. 3, points 3 — 4).

4. Experimental

4.1. Fabrication of BaTiO3 with porous sandwich layer

Sandwich layer structures were manufactured to compare with the modelling outputs. In or-
der to fabricate the dense outer layers the starting powder was produced by ball milling barium
titanate powder (Ferro, UK) with 5 wt.% binder, polyethylene glycol (PEG) (Sigma, UK) in dis-
tilled water for 24 h before drying and regrinding. To form the inner porous layer the burned out

polymer spheres (BURPS) process was used, with the starting powder produced by dry-mixing
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Figure 7: Histograms showing electric field distribution in elements of dense barium titante layer (left), barium titanate
phase in the porous layer (centre) and air (right) for ~60 vol.% layer porosity at t;” = 0.2 (top), t;"’ = 0.6 (middle)

and t;“’ = 0.93 (bottom). The dashed vertical line at 0.5 MV/m represents the coercive field, E., of BaTiO3; BaTiO3
elements subjected to fields above this line are considered ‘poled’. Typical distributions of unpoled BaTiO3 elements
(blue regions) and poled elements (red regions) are shown for each geometry as insets on the right.

the barium titanate powder with varying proportions of PEG (25 and 35 wt.%) to enable the
production of layered structures with different sandwich layer porosities. Green barium titanate
pellets (13 mm diameter) were formed by alternately adding dense and porous starting powder
into the uniaxial pellet die, gently flattening the powder between each layer and pressing at 185
MPa. The ratio of the amount of dense and porous starting powder was varied to produce layers
of different relative thicknesses whilst attempting to achieve similar final pellet dimensions. Pres-
sureless sintering of the green ceramics was conducted in air at 1300°C for 2 h, which included
a 2 h dwell stage on the up-ramp at 400°C to burn off the PEG pore forming agent. The ramp
rate throughout the sintering process was 60°C/h. Post sintering, samples were ground flat and
cleaned, silver electrodes were applied (RS Components, Product No 186-3600) and the layered
structures were then subjected to corona poling in air at 115°C with a 14 kV field applied from
a 35 mm point source. These processing conditions are similar to those detailed in Ref. [3] to
allow comparison between fully dense, fully porous (uniform distribution of porosity) and the
porous sandwich layer barium titanate, as in Fig. 2. Using >20 wt.% of PEG was found to reduce
cracking during the pressing stage, such that producing samples with a lower inter-layer porosity
was not achievable using the fabrication methods used in this investigation. Other methods, such

as tape casting have previously demonstrated the potential for forming layered structures with
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Figure 8: SEM of fracture surface of cross section of BaTiO3 with porous sandwich layer (porosity ~ 60 vol.%) with
(a) porous layer thickness, t;f’ ~0.25 and relative density ~80%; SEM of dense outer-layer shown as inset, and (b) t[’fl
~ 0.48, relative density ~66% with small cracks at interface between middle and bottom layers (shown by arrows); the
porous layer in this image is on a small angle with respect to the dense layers, which was a common occurrence.

inter-layer porosities of less than 30 vol.% [10, 11, 15]. Very high levels of porosity (>60 vol.%)
cause a significant reduction in mechanical properties and so were not investigated.

Piezoelectric strain coefficients, d33 and d3;, were measured using a Take Control Piezometer
PM25 system. The dielectric properties of the material were measured via impedance spec-
troscopy using a Solartron 1260 and 1296 Dielectric Interface over a frequency range of 1 Hz to
1 MHz, and reported in this paper at 1 kHz. Optical and scanning electron microscopy (SEM)
were used to investigate the bulk laminate structure and the porous microstructure. The relative
density and apparent porosity of the samples was measured using the Archimedean method.

The porous layer relative thickness, tlrfl, was estimated from the average relative density
measured of the dense layers (o,,; = 0.93) and the average relative densities of the porous layer
as a result of the amount of pore former used in the starting powder from previous work [3]: o,
= 0.40 for 35 wt.% PEG and p,.; = 0.50 for 25 wt.% PEG. This was compared to measurements
taken from SEM images using ImagelJ software and found to be a satisfactory estimate.

4.2. Structural characterisation of layered materials

After sintering, the relative density of the dense layers was found to be 0.93, slightly lower
than the density achieved in the uniform dense material (p,.,; = 0.95 [3]). This was likely to be
due to the lower pressing force required to produce crack-free sandwich layered samples. SEM
images of two sandwich-layered structures with two different thicknesses are shown in Fig. 8
(t;e’ of ~0.25 and ~0.48). All samples were polycrystalline with grain sizes in the range of 10-
30 pm; the microstructure from a dense layer with p,.; = 0.93 is shown as an inset to Fig. 8a.
Despite lowering the pressing force some small cracks could be observed between layers perpen-
dicular to the pressing direction in Fig. 8b, which are thought to form during sintering, where
differences in shrinkage between the porous and dense layers can cause thermal stresses. An
additional difficulty encountered during the preparation of samples was achieving layers exactly
perpendicular to the pressing direction that may have had an effect on the repeatability of results;
a porous sandwich layer with a small slanted orientation with respect to the parallel outer dense
surfaces of the layered BaTiOs can be seen in Fig. 8b.
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4.3. Piezoelectric strain coefficients, ds3 and ds;

The measured longitudinal piezoelectric strain coefficient, d33, exhibited a similar trend as
predicted by the FE model and is shown in Fig. 9, as a function of both relative density (bottom
x-axis) and porous layer relative thickness, t[’f’ (top x-axes with colours relevant to the data
sets), for both 50 and 60 vol.% layer porosity for a poling voltage of 0.6 MV/m in the model.
A comparison of the effect of using higher poling fields in the model (0.7 and 0.8 MV/m) for
these sample conditions is shown in the supplementary information, Fig. D3, indicating that
higher effective ds3 values (i.e. more complete poling) may be achievable if it were possible
to experimentally pole porous samples at larger electric fields. However, dielectric breakdown
occurs at lower field strengths than for dense samples due to field concentrations around the
pores, which is a practical limitation of processing these materials. The experimental data was
found to be higher than in the model, which is thought to be due to differences in the applied fields
between the model and during corona poling of the manufactured samples (i.e. the experimental
samples exhibited a higher degree of poling than was observed in the model). Both experimental
data and the model indicate the porosity of the sandwich layer was not found to have a significant
influence on the ds; coefficients in the t,’fl region studied, with maximum experimental values of
>120 pC/N measured in structures with different porosity sandwich layers and overall relative
density of ~0.70, values which are comparable to that of dense BaTiO3 [3] (average d33 = 124.8
pC/N). These values are higher than ds3 observed in uniformly distributed porous BaTiO3 with
similar levels of porosity as the inner layer (average of 86.8 pC/N for 60 vol.% porosity and 99.5
PC/N for 50 vol.% porosity [3]) and overall porosity of 32 vol.%, i.e. p,.; = 0.68 (average ds3 =
102.4 pC/N).

The transverse piezoelectric coefficient, d3;, shown in Supplementary Information Fig. D4,

also reduces with increasing layer thickness, and coupled with high d33, values would lead to
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significantly improved hydrostatic piezoelectric coefficient, d, = d33 + 2d3;; this may make
layered porous structures of interest for use in other applications such as hydrostatic sensors
(high dj, or gj). It is of interest to note that the low ds; of the porous sandwich layers structures
manufactured in this work make them unsuitable for 31-mode mode energy harvesters (FOM3),

such as cantilevers, where high d3; coeflicients are necessary, see Eqn. 1 and 2.

4.4. Permittivity and FOM3;3

The permittivity of porous sandwich layer structures reduced with increasing porous layer
relative thickness and with an increase in the porosity level of the layer. This is shown in Fig. 10
as a function of relative density (bottom x-axis) and porous layer relative thickness (top x-axes
with colours relevant to the data sets). The FE model (solid line in Fig. 10) provides a good
fit the experimental data (points), particularly when p,.; < 0.75. Concentrating the porosity in a
sandwich layer, rather than being uniformly distributed, was found to be beneficial in terms of
reducing permittivity as can be seen by comparing the fit of the experimental data for uniformly

porous BaTiO; (dashed black line), from Ref. [3], to the sandwich layer materials in Fig. 10.

E
33>

served in sandwich structures for the same overall volume of porosity than in uniform porous

This may also be beneficial in terms of elastic compliance, Sz, as lower permittivities are ob-
materials; further work is necessary to characterise any potential improvement in terms of com-
pliance and the resulting effect on electromechanical coupling coeflicient, kizj, see Eqn. 2. The
findings presented here indicate that tuning of the permittivity is possible by careful positioning
of the porosity within the inner layer of the structure.

The longitudinal energy harvesting figure of merit, FOM33, was calculated from the experi-
mental ds; and &, data using Eqn. 1, and is shown in Fig. 11 as a function of relative density,
alongside data obtained for BaTiO; with uniformly distributed porosity that is reported else-
where [3]. The combined effect of high d33 values that are comparable to that of dense BaTiO3
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Table 2: Comparison of average and maximum longitudinal piezoelectric coefficients (d3), relative permittivity (£55/&o)
and energy harvesting figure of merit (FOM33) for dense, uniformly distributed porous (from previous investigation [3])
and layered porous barium titanate.

Average Sandwich layer  Sandwich Average Max Average Average
Sample type relative relative layer porosity  ds3 ds3 &7 e FOM3;3
density (%) thickness ( vol.%) (PC/N)  (pC/N) 733 0 (pm?/N)
Dense 94.9 124.8 144.5 1527 1.31
Uniform porous  88.8 95.8 107.5 1362 0.76
80.7 91.8 99.5 1170 0.81
68.0 102.4 106.0 794 1.49
62.4 98.0 109.0 759 1.43
50.2 99.2 113.0 528 2.11
39.2 88.9 99.0 377 2.37
34.0 61.3 74.5 284 1.49
27.7 42.5 48.0 167 1.22
Sandwich 86.0 0.15 60 92.0 96.0 1040 0.92
81.5 0.23 60 104.7 110.0 826 1.50
72.5 0.40 60 114.9 1220 583 2.56
66.0 0.52 60 119.3 1245 484 3.34
84.1 0.22 50 104.0 104.0 1049 1.16
78.1 0.36 50 99.5 106.5 801 1.41
73.5 0.46 50 118.1 1235 732 2.15

(Fig. 9) and significant reductions in permittivity compared to both dense and uniform porous
BaTiO; (Fig. 9) resulted in a maximum FOM;3 = 3.74 pm?/N (layer porosity ~60 vol.%, tl’fl =
0.52), which is a factor of 2.65 higher than the value for dense BaTiO3 (FOM33 = 1.40 pm?/N)
and 1.3 times higher than highest FOM3;3 for porous BaTiO3 with uniformly distributed porosity
(FOM33 = 2.85 pm?/N and ~60 vol.% porosity), see Fig. 11. Data for the measured ds3, &%, and
FOM:3; is summarised in Table 2 for dense BaTiO3, BaTiO3 with uniformly distributed porosity
and the layered structures manufactured for this work. The increase in FOM33 demonstrates
the potential for ferroelectric porous sandwich layer structures for applications such as energy

harvesting.

5. Conclusions

This paper describes the modelling, fabrication and characterisation of novel layered barium
titanate ceramics that have been produced with dense outer layers and a porous ‘sandwich’ layer.
Properties have been evaluated both numerically and experimentally for their energy harvesting
capabilities and compared to both dense BaTiO3 and BaTiO3 with uniformly distributed porosity.
It was found that d33 values increased with porous layer relative thickness in materials with high
porosity layers, a counterintuitive phenomenon that has not been observed previously.

Finite element modelling was used to demonstrate that the increase in ds3 with porous layer
thickness, observed at high internal layer porosities (=30 vol.%), was due to complexities in the
poling of these ferroelectric materials that caused them become only partially poled in the direc-
tion of the applied poling field. This effect was more pronounced in structures with a high poros-
ity sandwich layer due to large differences in effective permittivity between dense and porous

layers causing high field concentrations in the porous layer. The amount of polarizsable material
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in the porous layer was found to be important with regard to measured piezoelectric properties in
materials with high inter-layer porosities, such that increases in ds3 were observed with increas-
ing porous layer thickness, i.e. increased levels of porosity. This resulted in a predicted optimum
layer porosity (60 vol.%) and relative thickness (t;fl = 0.73) to maximise the modelled energy
harvesting figure of merit. Good agreement with experimental data was observed that could
not have been predicted using a model that assumes the material is fully poled. The modelling
approach developed in this paper has shown the importance of considering the complex distribu-
tion of poled material that is likely to occur when manufacturing and poling porous ferroelectric
materials.

High longitudinal piezoelectric d3 coefficients, comparable to those measured in dense BaTiO;
(~120 pC/N), were observed experimentally in porous sandwich layer structures using high
porosity (=50 vol.%) layers with a high porous layer thickness (tlrf’ =0.52). The high d33, coupled
with the low permittivity, leads to high longitudinal energy harvesting figures of merit, FOM33,
that were found to improve on harvesting figures of merits measured in both dense and uniform
porous BaTiO3 by factors of 2.65 and 1.30, respectively. These significant improvements demon-
strate the potential of porous sandwich layer ferroelectric ceramics to design high performance

materials for energy harvesting and sensing applications.
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5.2 Summary

The research in this chapter further demonstrated the potential for porous ferroelectric mate-
rials for energy harvesting applications, building on the work in Chapters 2, 3 & 4. The key

findings of this chapter can be summarised as:

1. A finite element model was developed that demonstrated that the introduction of porosity
leads to complex field distributions during the poling process and results in incomplete
poling of the ferroelectric material, building on earlier work by Lewis et al. (2011).
This is particularly important for the porous sandwich layer materials in which the high
permittivity dense layers act to concentrate the field into the low permittivity porous layer.
An optimum porous layer relative thickness of 0.73 and porosity of 60 vol.% was predicted
to yield the highest figure of merit due to high longitudinal piezoelectric strain coefficients,

dss3, resulting from a high fraction of material poled coupled with low permittivity.

2. The modelling studies were validated with experimental data obtained from samples fab-
ricated by a modified burned out polymer spheres process. Although there were dis-
crepencies between the model and the experimental work in terms of exact values, the
observed trend in which ds3 increased with increasing porosity was of significant interest
for energy harvesting applications and had not been reported elsewhere previously. This
behaviour could not have been predicted a model that did not consider the distribution

of poled material with a porous ferroelectric material.

3. Concentrating porosity into a single layer was found to be an effective method for reducing
permittivity at a faster rate than when porosity was uniformly distributed throughout
the structure for a given overall porosity. This is of significance for energy harvesting and

other applications that require high voltage (g) coefficients, such as SONAR devices.

4. A maximum energy harvesting figure of merit of 3.74 pm?/N was measured in barium
titante with an inner layer porosity of 60 vol.% and a relative layer thickness of 0.52,
which was significantly higher than both the highest measured for dense barium titanate
(1.40 pm?/N) and uniform porous barium titanate (2.85 pm?/N) as discussed in Chapter
3.

This work further demonstrated that careful control of porous structure is an effective method
for tuning the material properties of ferroelectric ceramics for specific applications. The single
pore model presented in the first part of the paper helped to explain the results from the more
complex network model; both models are developed further in Chapter 6 to investigate the
effect of pore morphology on the poling behaviour and piezoelectric properties of freeze cast

barium titanate.
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Chapter 6

Poling behaviour of freeze cast
porous barium titanate with
enhanced piezoelectric energy

harvesting properties

6.1 Context

The final paper in this thesis investigates the properties of highly aligned porous barium titanate
formed via the freeze casting method, which was highlighted in Chapter 2 as being a processing
route of interest due to high ds3 coefficients reported in the literature for freeze cast lead
zirconate titanate (PZT) (Guo et al. (2015), Lee et al. (2007), Lee et al. (2009), Zhang et al.
(2015) and Zhang et al. (2017)). Firstly, the single pore model is used to demonstrate the effect
of pore aspect ratio and angle with respect to the poling field on the poling behaviour of porous
ferroelectric materials. The porous network model used in Chapter 5 is adapted for freeze
cast-type structures and freeze cast barium titanate was fabricated to provide experimental
comparison with modelled data. Finally, a demonstration of the enhanced energy harvesting
capabilities of porous ferroelectric ceramics is presented, with dense and porous barium titanate
mechanically excited and the harvested electrical energy used to charge a capacitor.

As detailed in Chapter 1, Fig. 1-1, another publication is closely related to the work pre-
sented in this chapter: Y. Zhang, M. Xie, J. I. Roscow et al. Enhanced pyroelectric and piezoelec-
tric propeties of PZT with aligned porosity for energy harvesting applications, J. Mater. Chem.
A 5 (2017), demonstrates the potential of porous ferroelectrics for pyroelectric harvesting.

The freeze casting set up used to produce experimental samples in this chapter is discussed
in more detail in Appendix F and the MATLAB script for generating 2-2 type structures is
contained in Appendix G.

105



Statement of Authorship

This declaration concerns the article entitled:

Freeze cast porous barium titanate with enhanced piezoelectric energy harvesting

capabilities

Publication status (tick one)

draft In
manuscript v | Submitted review Accepted Published
Publication
details J.I. Roscow, Y. Zhang, M.J. Krasny , RW.C. Lewis, J. Taylor, & C.R.
(reference) Bowen
Candidate’s | The candidate contributed to/ considerably contributed to/predominantly
contribution | executed the
to the paper
(detailed, Formulation of ideas:
and also Solely the candidate (100%)
given as a
percentage).
Design of methodology:
Experimental method designed by candidate (100%), modelling method
designed by candidate in collaboration with R.W.C. Lewis (80%
candidate), energy harvesting demonstration rig designed by M.J. Krasny
Experimental work:
Sample fabrication and characterisation by candidate (100%), energy
harvesting experiments done by candidate in collaboration with M.J.
Krasny (30% candidate)
Presentation of data in journal format:
Solely the candidate (100%)
mmem This paper reports on original research | conducted during the period of
Candidate my Higher Degree by Research candidature.
Signed /Z" / Date |  30/11/17

4

106




PAPER 6: Freeze cast porous barium titanate with enhanced
piezoelectric energy harvesting capabilities

J.I. Roscow?, Y. Zhang?®, M.J. Krasny?, R.-W.C. Lewis®, J. Taylor®, & C.R. Bowen*

“Department of Mechanical Engineering, University of Bath, Bath, UK
bRenishaw Plc., Wooton-under-Edge, Gloucestershire, UK
¢Department of Electrical and Electronic Engineering, University of Bath, UK

Abstract

Barium titanate with highly aligned porosity, fabricated using the freeze casting method, is shown
in this paper to improve the energy harvesting capabilities compared to the dense material. En-
ergy harvesting is an important developing technology that may be used to develop a new gener-
ation of self-powered sensor networks. Two finite element models are presented that investigate
(i) the effect of pore morphology and angle with respect to poling field, and (ii) the effect of com-
mon microstructural characteristics of water-based freeze cast ceramics, on the poling behaviour
of ferroelectric materials and their resultant piezoelectric, dielectric and energy harvesting prop-
erties. Porous barium titanate was fabricated using the freeze casting method, producing highly
aligned structures with excellent longitudinal piezoelectric strain coefficients, ds3, that compared
well with the fully dense material: freeze cast barium titanate with 45 vol.% porosity was found
to have a maximum d33 = 134.5 pC/N, compared to a maximum of d33 = 144.5 pC/N for dense
barium titanate. The d33 coefficients of the freeze cast porous barium titanate were higher than
barium titanate with uniformly distributed spherical porosity, which was predicted by the mod-
elling study and thought to be due to more complete poling of the aligned structures. Introducing
porosity resulted in large reductions in the constant stress permittivity (£9;) of the barium titanate
leading to increases in energy harvesting figure of merit, d§3 /€55, with a maximum of 3.79 pm?/N
found for 45 vol.% porous barium titanate, significantly higher than that of dense barium titanate
(~1.40 pm?/N). Dense and porous barium titanate was mechanically excited on a shaker and the
rectified current used to charge a capacitor, with the porous barium titanate found to charge the
capacitor to a voltage of 234 mV compared to 96 mV for the dense material, a 2.4-fold increase,
similar to that predicted by the respective energy harvesting figures of merit.

1. Introduction

Energy harvesting, the process of recapturing energy from ambient sources, such as me-
chanical vibrations and waste heat, and converting it to useful electrical energy, has received
increasing attention in recent years with the development of low powered electronics and wire-
less sensor technologies [1]. Ferroelectric ceramics are of particular interest to this field due to
their ability to directly convert vibrational energy to electrical energy via the piezoelectric effect
and thermal fluctuations into electrical energy via the pyroelectric effect [2, 3]. Figures of merit
for both piezoelectric and pyroelectric energy harvesting have been derived from the change of
energy within a poled ferroelectric material due to an applied stress (piezoelectric) or change in
temperature (pyroelectric). The piezoelectric harvesting figure of merit for off-resonance, low

frequency (<<100 kHz) vibration is given by [4]:
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where dj; is the piezoelectric strain coefficient (subscripts denote the direction of applied stress
(j) with respect to the poling direction (i)) and &7, is the permittivity at constant stress. The
pyroelectric energy harvesting figure of merit is given by [5]:
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where p is the pyroelectric coefficient and cg is the volume specific heat capacity. Simple anal-
ysis of the figures of merit demonstrate that when selecting a ferroelectric material for energy
harvesting from mechanical or thermal vibrations it should have a high piezoelectric strain or
pyroelectric coeflicient coupled with low permittivity. Generally speaking, ferroelectric materi-
als with the highest piezo- and pyroelectric coefficients also have high permittivities, however,
introducing porosity has been shown to provide a cost-effective way of tuning the properties of
these materials by reducing the permittivity whilst maintaining a relatively high ds3 [6].

As sintered, ferroelectric ceramics display no piezoelectric or pyroelectric properties as do-
mains within the material are randomly orientated [7]. Ferroelectric materials are poled under
electric fields after sintering to orientate domains, which exist below the Curie temperature, yield-
ing a net polarisation that in turn leads to piezoelectric and pyroelectric behaviour. It has been
shown previously that the decrease in piezoelectric response in porous ferroelectrics is largely
due to difficulties poling these materials, as the poling field preferentially concentrates in the
low permittivity pores leading to regions of ferroelectric material remaining unpoled when the
field is removed [8, 9]. Understanding the effect of the porous structure on the poling behaviour
of composite ferroelectrics may therefore aid the design of materials with low permittivity and
high ds3 coeflicients. The processing method used to form porous ceramic structures determines
the connectivity, distribution and alignment of the final porous structure [10], which as will be
demonstrated in this paper can be utilised to improve piezoelectric energy harvesting capabilities
of porous ferroelectric ceramics.

The introduction of porosity into ferroelectric ceramics such as lead zirconate titanate (PZT)
and barium titanate (BaTiO3) reduces the permittivity of the composite [11] and has been shown
to be beneficial in terms of increasing figures of merit for a number of applications including
piezoelectric hydrostatic acoustic sensors [12, 13, 14, 15, 16], pyroelectric thermal detection
devices [17, 18] and, more recently, for both piezoelectric [6, 9, 19] and pyroelectric energy
harvesting [20, 21]. The presence of high levels of uniformly distributed porosity (i.e. 3-3 or
3-0 type connectivity) lead to a relatively small decrease in d33 up to ~50 vol.% porosity before
a steeper decline [14, 15, 16, 19]. The large reductions in d3; make porous materials unsuitable
for energy harvesters that operate in this mode, i.e. bending mode cantilever devices. Freeze
cast PZT-based materials with excellent alignment of both pore and ceramic channels (3-1 and
2-2 connectivity) have been shown to have higher ds3 coefficients [20, 21, 22, 23, 24] than PZT
with uniformly distributed porosity at similar levels of porosity [14, 15]. For example, freeze

cast PZT with over 65 vol.% porosity was reported to have ds3 values of up to 91% that of
108



the dense material, whilst the permittivity was found to be just a third that of dense PZT [22],
yielding an exceptionally high piezoelectric energy harvesting figure of merit [6]. Ionotropic
gelation is another recently developed processing route that has been used to produce highly
aligned 3-1 porous PZT [25, 26], again with excellent potential for energy harvesting due to high

ds3 coeflicients.

1.1. Effect of porous structure on poling and ds3

The inhomogeneous field distribution during the poling of porous ferroelectrics is thought to
lead to incomplete poling of the system and a decrease in ds3 compared to the dense material
[8, 9]. This occurs as the electric field applied during poling preferentially concentrates in the
low permittivity phase, a condition of Gauss’ law [27]. There have been several recent investiga-
tions into the effect of pore shape, orientation and connectivity on the electric field distribution
and polarization-switching dynamics in dielectric materials [28, 29, 30, 31]. Porous structures
with ideal 3-1 connectivity have been shown via finite element analysis to have homogenous
electric field distributions throughout the material when an external field is applied parallel to
the alignment direction of the dielectric phase [28]. In composites with 3-0 and 3-3 connectivity,
an increase in porosity is found to reduce the local electric field in the high permittivity phase
as the field preferentially concentrates in the pores [29], which partially explains the changes
in polarisation-electric field (P-E) loops observed in PZT [21] and (Pb,Nb)(Ti,Zr)O3 (PZTN)
[29] with increasing porosity. A detailed study on the effect of pore aspect ratio and orientation
with respect to applied electric field demonstrated that anisotropic pores cause broadening of P-E
loops compared with isotropic pores when aligned perpendicular to the applied field, however,
the least disruption to field was observed when elliptical pores were aligned to the field [30]. Ex-
perimental studies have demonstrated that anisotropic pores aligned perpendicular to the poling
direction lead to lower d33 values than spherical pores [30, 32, 33], which is in agreement with
the findings of the various theoretical studies [28, 29, 30, 31].

With regards to developing porous ferroelectrics for energy harvesting, structures that pro-
mote homogenous field distributions throughout the material with local fields close to the ap-
plied field in both the ceramic phase and the pores are likely to be easier to pole than struc-
tures with broad field distributions during the poling process. This would explain the high ds;3
coefficients reported for freeze cast porous piezoelectric materials with an orientated structure
[20, 21, 22, 23, 24] compared with uniformly distributed porosity [14, 15] and is of benefit for
piezoelectric materials for energy harvesting in terms of the relevant figure of merit, see Eqn. 1.

1.2. Effect of porosity on mechanical properties

Porosity increases the mechanical compliance [15, 34] and also decreases the strength of ce-
ramics [35]. Aligning the high stiffness phase to the primary loading axis, as is the case of freeze
cast porous ceramics, improves the mechanical properties compared to those in which porosity is
uniformly distributed throughout the structure [36]. In order to harvest energy from mechanical
loads porous ferroelectric ceramics must be sufficiently stiff and strong to survive their operating
conditions, which is likely to be a further advantage, alongside high ds3 coefficients, of using

highly aligned freeze cast materials rather than those with uniformly distributed porosity.
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In this paper both a single pore model and a porous network model are presented so as to
evaluate the effect of porous structure on the resultant piezoelectric properties and energy har-
vesting behaviour. Barium titanate with highly aligned porosity has been produced via the freeze
casting method to provide an experimental comparison to the observations from the modelling
studies. Finally, a practical demonstration of the benefits of porosity on piezoelectric energy

harvesting capabilities of ferroelectric ceramics is presented.

2. Single pore model

Finite element analysis has been used to demonstrate the effect of pore shape and orientation
on the electric field distribution during the poling of a ferroelectric ceramic. A single elliptical
pore with constant area fraction (Ay = 0.0785) and relative permittivity, &, = 1, was contained
within a high permittivity barium titanate matrix, &, = 1500. The angle of the pore was varied
from 0° (i.e. aligned to the field) to 90° (perpendicular to the field) and the aspect ratio varied
from 1 to 10 (with an aspect ratio of one corresponding to a circular pore). An electric field
greater than the coercive field of the barium titanate was applied to top and bottom boundary lines
of the model to simulate the poling field across the material. The electric field in each element
was analysed to determine whether the local field exceeded the coercive field (E, = 0.5 kV/mm
[37]), i.e. the necessary field to switch the orientation of a domain in a ferroelectric material.
The applied field used in this model was selected as it provided good contrast between poled
and unpoled regions; increasing the applied field (analogous to increasing the poling voltage)
results in higher poled fractions of material, however, in real materials this is limited by electrical
breakdown in the pores that discharges the poling field [38].

An example electric field contour plot for a pore orientated at 45° to the field with aspect
ratio = 4, is shown in Fig. 1a, and the resulting distribution of poled material for a range of pore
angles is shown in Fig. 1b. It can be seen from Fig. 1a that the electric field concentrates in the
low permittivity pore and low field regions occur in the BaTiO; phase in immediate vicinity of
the pore, parallel to the applied field. This results in varying fractions of the BaTiO3; becoming
poled as shown in Fig. 1b, in which the blue areas are those in which the local field is below
the coercive field and therefore likely to remain unpoled. The variation in the fraction of barium
titanate in which the field exceeds the coercive field, i.e. the fraction of poled material, is plotted
as a function of pore angle with respect to field in Fig. 1c. High aspect ratio pores aligned
parallel to the applied field yielded the highest fraction of poled material, whereas high aspect
ratio pores aligned perpendicular to the poling field (angle = 90°) resulted in the lowest poled
fraction, see Fig. 1b and c. If we were to extend the aspect ratio further we would reach the
extreme case of parallel and series structures, i.e. a 3-1 or 2-2 composite in three dimensions.
These results indicate the potential for achieving high degrees of poling in porous ferroelectric
structures where pores have high aspect ratios and are aligned along or close to the poling axis,
such as those achieved by the freeze casting process; this is discussed in more detail in Section
3.1. Achieving high fractions of poled material in porous ferroelectric materials has previously
been shown to be closely linked to high d33 coefficients [8, 9].
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Figure 1: (a) Contour plot of electric field distribution in and around a single pore (aspect ratio, AR = 4, angle = 45°)
contained within a barium titanate matrix; (b) regions of poled (red) and unpoled (blue) barium titanate with single pore
(black) angle varyied from 0° to 90° with respect to applied field; and (c) effect of aspect ratio and angle of pore with
respect to direction of applied field on the fraction of barium titanate poled in z-direction, i.e. the area in which the local
field exceeds the coercive field of barium titanate (E, = 0.5 kV/mm [37]).

3. Porous network model

We now expand upon the single pore model presented in Section 2 to investigate three dimen-
sional aligned structures that are more closely linked to those formed via unidirectional freeze
casting of water-based solutions. A porous network finite element approach has been imple-
mented that has been used previously to describe the observed behaviour of lead zirconate ti-
tanate (PZT) with uniformly distributed porosity [8] and barium titanate with porous sandwich
layer structures [9]. Firstly, however, it is necessary to understand the freeze casting process and

the derived porous structures in more detail.

3.1. Freeze casting process

Freeze casting is a process whereby a liquid suspension of a solvent and ceramic particles
is frozen before the solvent phase is sublimated under reduced pressure, i.e. converted from the
solid phase directly to the vapour phase. As the solvent freezes the ceramic is ejected from the
ice front, forming regions of compacted ceramic powder; when the frozen solvent is sublimated
pores are left that have the morphology of the solvent crystals, hence the process often being
referred to as ‘ice-templating’ [39, 40]. The ceramic powder compaction must then be sintered
at high temperature to densify the ceramic walls. A variety of porous structures can be achieved
through control of the freezing conditions and the properties of the liquid suspension, however,
the majority of work to date in terms of freeze cast porous ceramics has focussed on highly
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Figure 2: (a) Schematic diagram of hexagonal structure of ice showing preferential planes of crystal growth and (b)
unidirectionally freeze cast porous alumina with lamellar structure, reproduced with permission from [41].

aligned structures that are beneficial in terms of their mechanical properties [36]. Similarly, the
literature on freeze cast porous ferroelectric ceramics focusses on the fabrication and properties
of porous structures aligned to the poling direction that, as previously discussed, are found to
have high piezoelectric strain coefficients [21, 22, 23, 24]. The excellent alignment is achieved
by unidirectional freezing of a suspension, which encourages the crystallising solvent to grow
preferentially along the direction of the temperature gradient.

The solvent used in the liquid suspension is a key factor in determining the final porous struc-
ture of the freeze cast material. Water is the most commonly used solvent and is the focus of the
porous structures modelled later in this section, although tetra-butyl alcohol and camphene have
also been extensively researched [40]. The crystal structure and the crystal growth kinetics of
the solvent determine the pore morphology of the freeze cast material. For example, ice has a
hexagonal crystal structure and highly anisotropic growth kinetics such that crystals grow prefer-
entially along their basal plane (see Fig. 2a) with limited dendritic growth perpendicular to this
plane [41] yielding a lamellar 2-2 porous structure, as shown in Fig. 2b. During unidirectional
freezing the basal plane of the ice crystals are aligned to the freezing direction, in effect growing
in a two-dimensional sheet. As the ice grows the ceramic particles are ejected from the solidifi-
cation front into channels between the sheets of ice, thus forming the characteristic lamellar 2-2
structure produced by water-based freeze casting [21, 39].

The temperature gradient provides the driving force for the directional growth of the crys-
tallising solvent, meaning that high temperature gradients are favourable for producing highly
aligned structures [40]. When the gradient, and therefore the driving force to directional growth,
is too low the solvent crystals are more likely to tilt away from the primary freezing axis, re-
sulting in less overall alignment [39]. Double-sided freezing set ups, whereby suspensions are
frozen from both top and bottom surfaces simultaneously have been shown to improve alignment
[20, 42].

The width of the lamellar ice channels can be controlled by adjusting the freezing rate, with
finer pore structures achieved using faster rates [39]. Reducing the pore width of freeze cast

materials has been shown to improve their mechanical strength compared to coarse structures
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at the same porosity [36], however, freezing too fast leads to entrapment of particles within the
ice, resulting in little or no pore alignment or long range order. On the other hand, using too
slow a cooling rate can lead to unstable freezing conditions causing lateral growth of ice crystals
between adjacent lamellae [43]. Some entrapment of particles within the ice is likely to occur,
even under close-to-ideal conditions, that may form characteristic bridges between the ceramic
lamellae, which are commonly observed in freeze cast structures [21].

The main factor controlling the final porosity of the material is the solid loading of the lig-
uid suspension. Freeze casting has been used to create both highly dense ceramics (<1 vol.%
porosity), using very slow freezing rates, and very high porosity materials, such as aerogels (>90
vol.% porosity) [40]. As solid loading is increased the viscosity of the suspension increases and
redistribution of the ceramic particles away from the solidification front becomes more difficult
[44], which may effect the long range order of the porous structure post-sintering.

The particle size also affects the resulting microstructure in several ways. For example, a
small particle size will yield pores with a closer resemblance to the morphology of the solvent
crystal, whereas larger particles tend to give less definition to the ceramic walls. Larger particles
are also more likely to become engulfed by the ice front during freezing [41]. The density of the
ceramic walls post-sintering is also affected by the initial particle size, with nano-sized particles
yielding denser ceramic channels than micro-sized particles as smaller particles can both more
closely pack together and tend to sinter more effectively [45]. As in dense ceramics formed
by traditional processing routes, there is always some degree of porosity present in the ceramic

channels of freeze cast materials.

3.2. Overview of modelling procedure

Freeze casting is a complex process and this article is not intended as a comprehensive re-
view of the research conducted in this field. However, it is important to understand some of the
difficulties that arise during freeze casting in order to model their behaviour in the context of the
poling behaviour of ferroelectric materials. As discussed in Section 3.1, control of the process is
essential to generate the desired structure, and even with relatively good control some ‘defects’
(defined in this sense as microstructural features which detract from an ideal 2-2 structure) are
likely to be present, such as porosity in the ceramic channels and bridges forming in the pore
channels; these two defects are commonly observed in water-derived freeze cast structures as
shown in Fig. 3a and b. Another common defect in freeze cast materials is the tilt of ice crystals
away from freezing direction if the temperature gradient falls, however, this has not been consid-
ered in this modelling studys; it is clear from the single pore model in Section 2 this will have a
detrimental effect on the fraction of material poled, see Fig. 1b and 1c.

For the purposes of this modelling study, an ideal structure for a porous freeze cast material
can therefore be defined as a lamellar 2-2 structure with no porosity in the ceramic channels
and no ceramic bridges in the pore channels. The model is not designed to model a complete
bulk freeze cast material but instead focusses on the poling behaviour in regions of the material
whereby the pore and ceramic channels are aligned parallel to one another; a transverse image
of freeze cast barium titanate (i.e. freezing direction is out of plane) is shown in Fig. 3c with the

boxes showing regions where lamellar ceramic/pore channels are parallel to one another. Two
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Figure 3: SEM images of porous barium titanate fabricated via unidirectional freeze casting with 30 vol.% solid loading
in suspension (see Section 4.1 for more details) with examples of (a) porosity in the ceramic channels and (b) a bridge
between adjacent ceramic lamellae, indicated in both images by arrows; the freezing direction is vertical in both images;
and (c) SEM of porous barium titanate taken transverse to freezing direction (pores with dark contrast) with boxes
indicating regions of freeze material whereby pore and ceramic lamellae are parallel, such as those modelled in Section
3.

kinds of defects were introduced in varying fractions to understand the effects of these on freeze
cast ferroelectric materials: (i) the effect of porosity present in the ceramic lamellae that form in
real freeze cast materials due to incomplete compaction or sintering of the ceramic powder on
rejection from the solidication front of the solvent; and (ii) the effect of ceramic elements present
in the pore channels, i.e. the ceramic bridges that form during freezing casting due to engulfment
of particles by the ice front and unstable growth conditions. As with the single pore model the

finite element analysis was conducted in Ansys APDL.

3.3. Defining the model geometry

A 30 x 30 x 30 mesh of cubic elements was used as the starting point for all structures (Fig.
4a) before designating pore channels (Fig. 4b). Bridges between and porosity within the ceramic
channels was then introduced in randomly selected positions within the network (Fig. 4c). The
fraction of porosity introduced into the ceramic channels was controlled by the parameter ..
and the fraction of ceramic elements in the pore channels (i.e. the bridges) was controlled by
the parameter @,.. An ideal 2-2 structure with no porosity in the ceramic channels or ceramic
in the pore channel therefore had both a.. and a),. equal to zero, i.e. the structure shown in Fig.
4b. The variables a.. and a,. were varied from zero to 0.3 and 0.4, respectively; this range was
selected as it extends beyond the desirable levels of ceramic channel porosity and pore channel
bridges in a freeze cast material, however, as will be seen from the results gives a good indication
of the effect of the two types of ‘defect’ studied here on the poling behaviour and piezoelectric
properties of freeze cast ferroelectric ceramics. Fig. 5 demonstrates the effect of varying a.. (top
row) and a,. (bottom row) on porous structure; images are 2D slices taken parallel to the poling
direction.

The pore channel width was kept constant at one element wide as increasing it did not sig-
nificantly affect the poling behaviour and would have meant the presence of a ceramic element
in the pore channel did not necessarily constitute a bridge between neighbouring lamellae. The
spacing between the pore channels (i.e. the ceramic channel width) was varied to give additional
control over the porosity, as in Fig. 5, where the top row have a ceramic channel width of three
elements and the bottom row have a width of two. Once the porous network had been generated

the ceramic elements were assigned the properties of unpoled barium titanate (elastic modulus =
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Figure 4: Schematic diagram of process to form porous network geometry in Ansys. (a) A cubic mesh with 303 elements
was initially generated before (b) defining pore channels (i.e. an ideal 2-2 structure), (c) introducing porosity in the
ceramic channels and bridges in pore channels and (d) applying a poling field to establish the distribution of poled and
unpoled BaTiO3 and porosity, and measuring the effective material properties.

120 GPa, Poisson’s ratio = 0.3, &, = 1187.5 [46]) and pore elements were assigned the properties
of air (elastic modulus = 0, &, = 1). The mesh size was deemed to yield a good balance between
computing speed and reliability. As networks were generated randomly, five different structures
were evaluated for each combination of .. and a ). parameters.

The poling procedure was simulated to achieve a distribution of poled and unpoled barium
titanate. Electrodes were ‘applied’ by coupling the voltages of the nodes at the top and bottom
surfaces and applying a poling field between them, see Fig. 4c. Elements in which the local
electric field exceeded the coercive field, i.e. Ef > E., were assigned the properties of poled
barium titanate, as shown in Fig 4d in which red elements are those which have been poled and
blue elements are those that remain unpoled. Once the distribution of poled material had been

established the effective piezoelectric properties of the network were measured.
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Figure 5: Cross-section images (see top right for reference) of modelled porous structures showing the effect of the
variables, ac., i.e. the fraction of porosity in the ceramic channels, and @, the fraction of ceramic in the pore channels
on the porous structure; pores are light grey in colour and the ceramic phase is blue. The top three images have increasing
@ With @pe = 0.1 and the bottom three images have increasing @ with @, = 0.05. The ceramic channel width is wider
in the top three images compared to the bottom three images, which allowed additional control over the overall porosity
fraction.

3.4. Porous network model results

The results for the longitudinal piezoelectric strain coefficient are shown in Fig. 6 for varying
ceramic fraction in the pore channel, a)., constant ceramic channel porosity, a.., and Fig. 7
for varying a.., constant a),; data has been fitted using second order polynomial functions to
highlight general trends. Firstly, considering Fig. 6, increasing the fraction of barium titanate in
the pore channels (increasing a,,.) resulted in a decrease in the measured ds3 at a given porosity;
the highest ds3 values were achieved in structures with well-defined pore channels parallel to the
poling (z) direction. This was due to regions of low field occuring in the immediate vicinity of
a pore parallel the direction of the applied field (as can be seen in the single pore model, Fig 2),
such that BaTiO3 elements in the pore channels tended to be in low field regions and therefore
remained unpoled, thus adding to the relative density of the material but not contributing to the
measured ds3. The results shown in Fig. 7 are more intuitive and fit in with what is known
from previous studies: increasing porosity within the ferroelectric channels (increasing a..) led
to lower poled fractions being achieved that ultimately resulted in reduced d33 coefficients. A
linear relationship between d33 and fraction of barium titanate poled was observed, see Fig. 7e,
demonstrating the link between fraction poled and resulting piezoelectric response that has also
been reported previously [8, 9].

A comparison between an ideal 2-2 (.., ap. = 0), modelled freeze cast structures (with vary-
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ing ceramic channel porosity, .., and ceramic in pore channel, ,.) and uniform porous BaTiO3
is shown in Fig 7. For an ideal 2-2 porous structure, ds3 remained at 140 pC/N regardless of
the porosity as the aligned structure promoted a homogenenous poling field meaning that all the
BaTiO; elements were poled. Atlow a.. and @, i.e. close to an ideal 2-2 structure, the predicted
ds3 was higher than that of uniform porous barium titanate, as has been shown experimentally
for highly aligned freeze cast porous PZT compared to PZT with uniform porosity manufactured
by the BURPS process [14, 15, 21, 22, 23, 24]. However, when a), was increased, i.e. the pore
channels became less well-defined and contained higher fractions of BaTiOs, higher d33 coeffi-
cients were observed in the uniform porous structures compared to the 2-2 based materials, even
when .. remained low, i.e. there was a low pore fraction within the ceramic BaTiO3 channels.
This indicates that in order to achieve high d33 coefficients clear pore channels are actually more
important than having highly dense ferroelectric channels aligned in the poling axis. This was
thought to be caused by a restriction of the strain in poled material due to the presence of unpoled
material in the porous channels. For example, when an external field was applied a strain was
induced in the highly poled dense channels but none directly in the stiff unpoled BaTiO; bridges
in the pore channel. When there was a low fraction of unpoled ceramic in the pore channels (low
@) the highly poled, ceramic channels were relatively unrestricted in their expansion due to the
applied field so that a high net piezoelectric response was observed across the material, i.e. a
high d33 was recorded. However, when the fraction of ceramic in the pore channel was increased
to @y, > 0.2 there was sufficient unpoled material in the pore channels to restrict the induced
strain in the poled dense channels to such an extent that the measured net piezoelectric response
of the structure due to an applied electric field fell below that of the material with uniformly dis-
tributed porosity, particularly when «,, i.e. the amount of porosity in the ceramic channels, was
also increased, which resulted in a lower fraction of poled material in these channels. Having
well-defined pore channels and long range order was therefore found to be beneficial in terms of
promoting high ds3 coefficients in the modelled freeze cast-type porous ferroelectric materials.

Selected permittivity data obtained from the porous network model are shown in Fig. 8a
for constant pore channel ceramic fraction, a,., varying pore fraction in ceramic channels, a..
and Fig. 8b for constant &, varying a,., alongside the permittivity for an ideal 2-2 connected
(e, @pe = 0) and uniform porous barium titanate. The ideal 2-2 structure followed a linear trend
of a parallel rule of mixtures model [47] and as @, and a). approached zero, i.e. towards an
ideal structure, the permittivity increased to what is effectively an upper bound. When @, > 0.1
the permittivity of the freeze cast structure became close to that of the uniform porous barium
titanate. Fig. 8c is included to show that at the limits of the parameters studied here, i.e. a,.
= 0.3, ap. = 0.4, the permittivity of the aligned structure was actually lower than the uniform
porous material. In terms of the energy harvesting figure of merit (Eqn. 1) a low permittivity is
beneficial, however, these structures also had relatively low ds3 coefficients.

Calculated figures of merit, d§3/ &9, for the modelled data are shown in Fig. 9. Introducing
porosity was generally found to increase the figure of merit from the dense value of 1.50 pm?/N,
with the ideal 2-2 structure in effect providing an upper limit for the increases that could be

achieved by forming highly aligned freeze cast barium titanate, assuming no microstructural
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Figure 6: Effect of fraction of barium titanate in pore channel, @, on the longitudinal piezoelectric strain coefficient,
ds3, for increasing fractions of porosity in ceramic channel, a.., in (a) - (¢). For a given a,. and )., the relative density
of the modelled material was controlled by adjusting the width of the ceramic channels.

change in the porous material compared to the dense material (i.e. grain size and texturing,
domain mobility, etc.). For example the uniform porous material was predicted to have an energy
harvesting figure of merit of ~2 pm?/N at 50 vol.% porosity, whereas for the ideal 2-2 structure
the predicted figure of merit was ~3 pm?/N at the same porosity, double that of the dense material.
Having a low fraction of porosity in the ceramic channels (@) and a low fraction of ceramic
in the pore channels (a.) yielded high figures of merit compared to both dense and porous
material due to the high piezoelectric strain coefficient, ds3, that resulted from high fractions of

the ferroelectric phase becoming poled.

4. Experimental

4.1. Method

Barium titanate suspensions with varying solid loading contents (20, 25, 30, 32.5 vol.%)
were prepared with commercial BaTiO3; powder (particle size, dso = 2.1 um, Ferro, UK), 1 wt.%
organic binder (polyethylene glycol, Sigma, UK) and dispersant (polyacrylic acid, Sigma, UK),
and deionized water. A single-side freeze casting set up was used whereby the suspension was
poured into a polydimethylsiloxane (PDMS) mould and placed onto a heat sink cooled by liquid
nitrogen to -90°C. The mould used was open ended and so silver adesive tape was used to con-
tain the suspension. Care was taken not to introduce air bubbles when filling the moulds. The
ice was sublimated from the frozen bodies by freeze drying (Mini Lyotrap, LTE Scientific, UK)
for 24 h. These were then sintered at 1300°C for 2 h with a 2 h dwell at 400°C to remove the

organic binder; heating and cooling rates during the sintering process were +60°C/h. Individual
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barium titanate with uniformly distributed porosity, see black and violet dashed lines, respectively; and (e) shows the
relationship between the fraction of barium titanate poled and the resulting piezoelectric strain coefficient, d33.

samples were cut to ~2 mm thick from the sintered bodies at least 6 mm from the freezing sur-
face. Samples were ground flat, cleaned and silver electrodes applied (RS Components, Product
No 186-3600, UK). The ceramic powder and sintering profile were the same as those used in
previous investigations [9, 19] to enable comparison between the properties of barium titanate
with different porous structures.

The relative density and porosity of the sectioned pellets was measured via the Archimedean
method [48]. The samples were corona poled in air with 14 kV applied from a 35 mm point
source. Piezoelectric strain coefficients, ds3 and d3; were measured 24 h after poling via the
Berlincourt method using a Take Control Piezometer PM25. Impedance spectroscopy (Solartron
1260 and 1296 Dielectric Interface) was used to measure the permittivity. Microstructural anal-

ysis was undertaken using scanning electron microscopy (SEM, JEOL JSM-6480LV)

4.2. Microstructural analysis

SEM images of barium titanate freeze cast from suspensions with 20 vol.% initial solid load-
ing (relative density, p,.; = 0.45) are shown in Fig. 10a and b and 30 vol.% solid loading samples
(oret = 0.55) are shown in Fig. 10c and d. Comparing Fig. 10a and c it can be seen that the
barium titanate freeze cast from the 30 vol.% suspension had more defined lamellar pore and
ceramic channels than the samples cast from the 20 vol.% suspension. One possible reason for
this is reducing the solid loading content resulted in significantly more shrinkage post-sintering
(30% radial shrinkage for 20 vol.% suspension, 24% radial shrinkage for 30 vol.% suspension)
that may have resulted in coalescing of adjacent ceramic lamellae. In addition, adjusting the
solid loading of the suspension alters properties such as freezing temperature and viscosity [40]
and therefore it may be that a better freeze cast structure could have been achieved if the freezing

conditions were altered depending on the suspension properties. The grain size, which can be
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clearly seen in Fig. 10b and c, did not change significantly with varying solid loading content or
resulting porosity with grains generally between 10 and 30 um, which was similar to previous
studies into the effect of porous structure on the energy harvesting properties of barium titanate
[9, 19].

A combination of transverse images (i.e. perpendicular to freezing direction), shown in Fig.
11, and polished images of the sample cross-sections (i.e. the direction shown in Fig. 10), were
used to calculate the average ceramic and pore channel width of the freeze cast barium titanate.
Transverse pore structures of three solid loadings (20, 30 and 32.5 vol.%) with corresponding
relative densities of p,.; = 0.45, 0.55 and 0.62 are shown in Fig. 11a-c, respectively. Increasing
the solid loading content led to an increase in ceramic channel average width, which was found
to be ~9 um for barium titanate cast from 20 vol.% suspension compared to ~15 um for 30
and 32.5 vol.% initial solid loading. Comparing the average ceramic wall thickness measured
from transverse images in Fig. 11 to the SEMs in Fig. 10 it appears the ceramic channels were
generally 1-2 grains thick and seemed to have a degree of anisotropy as the ceramic channel
width was smaller than the typical grain size that can be seen looking side-on at ceramic walls,

as in Fig. 10b and d; this indicates that freeze casting may also cause some degree of texturing
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within the ceramic phase that may be of interest to study further. Pore channel width peaked for
the 30 vol.% barium titanate at ~14 ym, with both the 20 and 32.5 vol.% material having a pore
channel width of <10 pum although it is thought this is due to differing mechanisms. Firstly, as
previously discussed, low solid loading samples experienced higher shrinkage during sintering,
which may have lead to a reduction in the pore channel width as neighbouring ceramic lamellae
shrunk closer together. The samples cast from suspensions with high solid loading contents
had less solvent and more ceramic, which is likely to give relatively thicker ceramic channels

compared to the pore channels, as observed here.

4.3. Results and discussion

The measured d33 data for freeze cast barium titanate are plotted in Fig. 12a as a function
of relative density alongside data for uniform porous (3-3) barium titanate manufactured via the
BURPS process [19]. The ds3 coefficients of the freeze cast materials were consistently higher
than for the materials with uniform porosity, with a maximum of 134.5 pC/N measured in barium
titanate with a porosity of 45 vol.% (relative density, p,.; = 0.55), which was 93% that of the
dense BaTiO3, where the maximum measured d3; was 144.5 pC/N, and can be seen to be higher
than the d33 of the uniform porous samples across the whole range of relative densities. This was
a similar trend to that observed in the finite element models, see Fig. 6 and 7, in which the highly
aligned structures had superior piezoelectric strain coefficients to the uniform porous samples.
The spread in data indicates there was some variation occuring during the processing that results
in some samples having better pore channel and ceramic phase alignment than others that, as
observed in the results of the modelling study in Section 3, significantly affects the piezoelectric
properties. The slight decline in d33 observed as relative density increased beyond ~0.55 may be a
result of increasing fractions of ceramic in the pore channels, which was shown to be detrimental
to the longitudinal piezoelectric properties in the porous network model, see Section 3.

Relative permittivity is plotted in Fig. 12b as a function of relative density. It can be seen that
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Figure 10: SEM images of freeze cast barium titanate with (a) 55 vol.% and (b) 45 vol.% porosity (p,.; = 0.45 and 0.55,
respectively); images (c) and (d) were taken from samples with 55 and 40 vol.% porosity, respectively, showing grain
size did not change with porosity or solid loading content of frozen suspension. The freezing direction was vertical in
all images; schematic representations of the direction of images with respect to the freeze cast structure are shown below
the SEM images.

the aligned freeze cast barium titanate had a slightly lower permittivity than the uniform porous
barium titanate, which was not predicted by either finite element model presented in this paper
or indeed other models discussed elsewhere [47, 49]. However, these models all assume there is
no physical change in the material properties with the introduction of porosity or processing con-
ditions as the input properties are those measured from the fully dense ceramic. As discussed in
Section 4.2, the grains in the freeze cast material appeared to be elongated in the freezing direc-
tion, whereas the barium titanate formed via the BURPS process that the freeze cast permittivity
data are compared to in Fig. 12b had spherical grains [19] and it is known that the microstructure
can alter significantly the properties of barium titanate. For example, the dielectric properties of
barium titanate are influenced by the grain size of the material, with the permittivity decreasing
as grain size increases, thought to be an effect in of changing domain mobility, size and wall with
variation in grain size [50, 51, 52]. Single crystal barium titanate has highly anisotropic dielec-

tric properties [53] and texturing the material can also affect the measured permittivity [54]. Any
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Figure 11: Transverse SEM images (perpendicular to freezing direction) of barium titanate freeze cast with varying solid
loadings and different resulting porosities, (a) 20 vol.%, p,e; = 0.45, (b) 30 vol.%, pye; = 0.55 and (c) 32.5 vol.%, prer =
0.45.

grain size or texturing effects are likely also alter the piezoelectric properties of barium titanate
[52, 54, 55], however, the model and experimental data suggests that the piezoelectric coefficient
is more dependent on the poling behaviour due to the porous structure, which may explain why
the ds3 data in Fig. 12a is closer to what the behaviour predicted by the finite element model.
Further work is required to fully understand the experimental permittivity data, however, the
lower than expected results are beneficial in terms of the energy harvesting figure of merit, see
Eqn. 1.

The high ds3 coefficients measured in the freeze barium titanate samples led to significantly
increased energy harvesting figures of merit compared to uniform porous barium titanate, see
Fig. 12c, and coupled with the observed reduction in permittivity yielded a two-fold increase
in figure of merit compared to the dense material. A maximum of 3.79 pm?/N was found in
the freeze cast barium titanate at a relative density of 0.55 and many samples were found to
have a figure of merit of >3.0 pm?/N, more than twice that of dense barium titanate. This was
higher than was predicted by the finite element model due to the lower than expected permittivity
in the experimental results; the model data for an ideal 2-2 structure are shown in Fig. 12c
(black dashed line) for comparison with the experimental data. Even if the permittivity was
higher, i.e. the upper bound predicted in an ideal 2-2 structure, the figures of merit would still be
higher than the uniform porous and dense barium titanate, demonstrating the potential for porous

ferroelectric materials manufactured using the freeze casting process.

4.4. Piezoelectric energy harversting demonstrator

A piezoelectric energy harvesting system, shown in Fig. 13, was used to demonstrate the
improved harvesting of the porous freeze cast barium titanate compared to the dense material
with three samples selected for comparison: a dense pellet with a figure of merit of 1.39 pm?/N,
and two freeze cast samples, with a relative density of 0.55 and 0.60 and figure of merit of 3.24
pm?/N and 2.19 pm?/N, respectively; see Table 1 for more details. The thickness of all samples
was ~1.8 mm. The piezoelectric samples were fixed to a perspex beam attached to a shaker
(LDS V201, Briiel & Kjaer, Denmark) with conductive silver epoxy (CircuitWorks Conductive
Epoxy, Chemtronics, USA). The perpendicular distance from the central axis of the shaker to
the location of the sample was minimised so as not to induce any bending effects. An end mass
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Figure 12: Comparison of freeze cast (red) and uniform porous (green, manufactured using burned out polymer spheres
(BURPS) process, from [19]) for (a) longitudinal piezoelectric strain coefficient, d33, (b) relative permittivity, 6‘3’3 /€0,
and (c) energy harvesting figure of merit (d%3 /£%3) as a function of relative density.

weighing six grams was attached to the sample with silver epoxy. The samples were excited
off-resonance at 97 Hz on the shaker driven at 205 mV by a signal generator passed through an
amplifier with the gain set to 20 dB (x10 amplification); calibration using an accelerometer found
these conditions to give a maximum acceleration force of approximately 11g. The open circuit
voltage (across resistance >1 TQ) and short circuit current were measured using a Keysight
B2987A Electrometer. The voltage (measured across 10 MQ load resistance) and current were
measured after being passed through a full bridge rectifying circuit with four 1n4148 diodes,
which enabled calculation of the voltage drop across the rectifier. Finally, a 1 uF capacitor (63 V,
Philips 030K0, USA) was charged across a load resistance of 6.67 MQ. The tests were conducted
in a Faraday cage to reduce noise particularly at the 50 Hz frequency. Open circuit voltage and
short circuit current experiments were repeated six times for each sample and the data averaged;
capacitor charging experiments were repeated three times per sample. The voltage drop across
the rectifying bridge was 0.2 V.

The open circuit voltage, V,., and short circuit current, Iy, are shown in Fig. 14a and b,
respectively; data sets have been smoothed and averaged. The open circuit voltage increased
with increasing porosity, with a maximum peak-to-peak open circuit voltage, V,. = 1.15 V for

the barium titanate with p,,; = 0.55 compared to V,,. = 0.62 V for the dense barium titanate. The
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Figure 13: Experimental setup for piezoelectric energy harvesting experiments; (a) sample was attached to a perspex
beam fixed to a shaker with silver epoxy and a 6 g end mass attached to the other side, (b) shows the full set up with
relevant measuring apparatus labelled and (c) is the circuit diagram for the rectifying circuit and measurement of voltage
across capacitor that was charged using electrical energy converted from input mechanical energy by the barium titanate
samples.

Table 1: Details of samples used in piezoelectric energy harvesting experiments.

d33 e d§3 /8(373 Voc (V) I (IIA) Vcap c
Prel (pC/N) " pm?/N) (peak-to-peak) (peak-to-peak) (mV) (pF)
0.95 136 1504 1.39 0.63 360 96 742
0.60 118 717 2.19 0.97 231 196 256
0.55 129 580 3.24 1.15 213 234 187

theoretical open circuit voltage generated by a piezoelectric due to an applied stress, o, can be
calculated from the following equation [56]:

_dy

Voe = t.o 3)

&
where ¢ is the sample thickness. The piezoelectric strain coefficient, d33, and sample thickness
was similar in the three tested samples and so under the same loading conditions V,. was expected
to be approximately inversely proportional to the permittivity of the sample, as was observed
experimentally whereby V,,. increased with increasing porosity and decreasing permittivity, see
Fig. 14a and Table 1.

The dense sample had the highest peak-to-peak short circuit current, /;, = 360 nA, compared
to the samples with p,.; of 0.60 and 0.55, which had peak-to-peak short circuit currents of 231

and 213 nA, respectively. The reason for the fall in current with increasing porosity is thought to
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Figure 14: Results from shaker experiment showing comparison between two porous freeze cast barium titanate samples
(blue and green lines) and dense barium titanate (red) for (a) open circuit voltage, (b) short circuit current and (c) capacitor
charging curve after rectification. Sample details are shown in Table 1.

be an effect of the varying capacitances of the samples. The current produced by the sample due
to mechanical excitation, /, is equal to the change in charge, dQ, with time, dt:
Yy
I=— 4
7 “

and the change in charge due to a change in voltage, dV, can be written as:

dQ =CdV (5)

if we assume constant capacitance, C, of the piezoelectric during the experiment. If we then
differentiate with respect to time and rearrange we get the relationship:
d dv
90 _ & (©6)
dt dt

From Eqn. 6 it can be seen that for a given change in voltage with time, dV/dt, the dense sample

1

was expected to produce the most current as it had the highest capacitance, four times greater
than the capacitance of the highest porosity sample, see Table 1. However, as the porous samples
had a lower permittivity they produced higher voltages per unit stress (for example see Eqn. 3
and Fig. 14a) therefore the peak current of the dense barium titanate due to an applied stress was

not four times greater than the barium titanate with p,.; = 0.55, as predicted by their respective
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capacitances, but was instead found to be only ~1.7 times greater due to a combination of higher
capacitance yielding increased current outputs whilst simultaneously causing a reduction in the
voltage generated due to an applied stress.

Fig. 14c shows that the porous barium titanate more effectively charged the capacitor than
the dense material with a maximum voltage of V.., = 234 mV achieved for the sample with p,.; =
0.55, compared to V.4, = 96 mV for the dense sample (average V,,, from three measurements).
The time to achieve the peak voltage in the barium titanate with p,,; = 0.55 was 40 seconds.
The results from these experiments indicate that whilst the amount of energy harvested was
small for all samples, the rate and magnitude of harvested energy increased with increasing
porosity, as was predicted by the piezoelectric energy harvesting figures of merit of the three
samples tested, demonstrating proof-of-concept for the use of porous ferroelectric materials in
piezoelectric energy harvesters. The reduced capacitance of the porous samples compared to the
dense materials may also enable easier resistance matching if this proof-of-concept experiment

was to be developed further into a prototype harvesting device.

5. Conclusions

This paper has demostrated the potential for the controlled introduction of porosity into fer-
roelectric ceramics as a method to improve their longitudinal energy harvesting capabilities. Two
finite element models were presented that investigated the effect of pore structure on the poling
behaviour and piezoelectric properties of porous ferroelectric materials in varying levels of detail,
followed by an experimental study whereby highly aligned porous barium titanate was fabricated
via the freeze casting method and found to have improved energy harvesting properties compared
to dense barium titanate.

Firstly, a single pore model showed that high aspect ratio pores aligned to the poling direction
aided the poling of the porous ferroelectric material through promotion of homogeneous poling
fields that yield high fractions of poled ferroelectric phase, compared to pores with lower aspect
ratios not aligned to the poling axis. This model provides an explanation for high piezoelec-
tric strain coefficients that have been reported previously in freeze cast ferroelectric ceramics,
highlighting the importance of the link between pore morphology and structure and the resulting
piezoelectric properties of porous ferroelectric materials.

A second finite element model was then used to more accurately model 2-2 connected porous
structures commonly achieved through water-based freeze casting. A porous network approach
was used to investigate the effect of porosity in the ceramic channels and ceramic bridges in
the pore channels. As expected, increasing the fraction of porosity in the ceramic channels
reduced the fraction of material poled and therefore the effective longitudinal piezoelectric strain
coefficient, d33 of the material. However, of perhaps greater interest was the detrimental effect
of the presence of ceramic bridges in the pore channels, which tended to remain unpoled due to
their location within the porous structure, whilst acting to restrict the induced strain in the highly
poled ceramic channels, leading to lower ds3 coefficients than similar porosity structures with

clear pore channels.
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Freeze cast porous barium titanate samples were fabricated and characterised in terms of
their piezoelectric and dielectric properties and compared to dense barium titanate and porous
barium titanate with spherical, uniformly distributed pores. The freeze cast material had similar
ds3 coefficients as the dense material up to ~50 vol.% porosity, significantly higher than the
barium titanate with uniform porosity. The permittivity of the material was found to decrease
with increasing porosity in all cases, leading to excellent piezoelectric energy harvesting figures
of merit, with a maximum of 3.79 pm?/N achieved at 45 vol.% porosity (relative density, p,, =
0.55), compared to ~1.40 pm?/N for dense barium titanate.

Finally, the benefits of introducing porosity into ferroelectric materials in terms of the piezo-
electric energy harvesting performance were demonstrated experimentally. Dense and freeze
cast porous barium titanate samples were mechanically excited on a shaker and the electrical
response used to charge a 1 uF capacitor. The porous samples were found to charge the capacitor
at a faster rate than the dense material, as predicted by the energy harvesting figures of merit. The
maximum measured voltage across the charged capacitor was found to be 234 mV for freeze cast

barium titanate with 45 vol.% porosity, compared with 96 mV for dense barium titanate.
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6.2 Summary

This paper provided another case study on the effect of porous structure on the poling behaviour
and piezoelectric properties of porous ferroelectric materials, in this instance those with highly

aligned structures orientated to the poling direction. The key findings are summarised as:

1. A single pore model was used to examine the effect of pore shape and orientation with
respect to poling field direction on the poling behaviour of the ferroelectric material.
Elongated pores aligned to the field yielded the highest fractions of poled material, i.e.
they disrupted the field the least relative to the homogeneous fields observed in dense
materials, whilst high aspect ratio pores orientated perpendicular to the poling direction

resulted in the highest fractions of unpoled material.

2. A porous network model based on 2-2 structures aligned to the poling direction was used
to investigate the effect of structural features typical of water-based freeze cast materials.
The findings of this model agreed with the observations from the single pore model as the
structures with highly defined pore channels, i.e. few ceramic bridges between adjacent
ceramic lamellae, were found to have the highest longitudinal piezoelectric strain coef-
ficients, close to that of dense barium titanate. Increasing the alignment of the porous
structure in the poling direction also increased permittivity, however, large reductions in
permittivity were achieved with the introduction of porosity, regardless of pore alignment,

leading to predicted increases in energy harvesting figures of merit.

3. Barium titanate with a range of porosities was produced via the freeze casting method
and the piezoelectric energy harvesting properties characterised. As predicted by the
finite element model, and reported previously in the literature, the freeze cast materials
had excellent longitudinal strain coefficients, with a maximum of dsz3 = 134.5 pC/N for
barium titanate with 45 vol.% porosity, a fall of only 7% compared to the dsz of the
dense material. Lower than expected permittivity resulted in excellent energy harvesting
figures of merit with a maximum d3;/e%; = 3.79 pm? /N at 45 vol.% porosity compared to
d%;/e%5 = 1.40 pm? /N for the dense barium titanate; the reason for the low permittivity
values remains unclear and may warrant further investigation, but is thought to be a
microstructural effect. This was slightly higher than the maximum figure of merit for the

sandwich layer barium titanate reported in Chapter 5 (3.74 pm?/N).

4. Porous barium titanate was found to convert mechanical energy into electrical energy
more effectively than the dense barium titanate, as shown in the piezoelectric harvesting
demonstration discussed in the paper. This shows the benefits of porosity are not just
limited to enhancements in figures of merit but can actually improve the energy harvesting

capabilities of ferroelectric materials.
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Chapter 7

Conclusions and further work

This chapter summarises the findings reported in this thesis and provides a discussion of the
importance and novelty of key points with regards to the objectives set out in Chapter 2.
The further work section discusses the key findings and how the research may be continued
to develop increased understanding of the behaviour of composite ferroelectric materials for a

variety of applications.

7.1 Conclusions
The key findings of this thesis can be summarised as:

1. The morphology and connectivity of pores was found to have a significant effect on the
poling behaviour of porous ferroelectric ceramics, which enabled tuning of key material
properties for longitudinal mode piezoelectric energy harvesting where the relevant figure
of merit is d3;/e3;. Finite element models were developed to better understand the
effect of pore morphology on the poling behaviour that were then used to design porous

ferroelectric structures with improved energy harvesting figures of merit.

i) Porous ferroelectric materials with high aspect ratio pores aligned to the poling direc-
tion resulted in the highest fractions of active material becoming poled and therefore
yielded the highest longitudinal piezoelectric strain coefficients (dss), compared to
porous materials with equi-axed pores or pores aligned perpendicular to the poling

direction.

ii) Concentrating porosity into a porous layer orientated perpendicular to the poling
direction and sandwiched between dense outerlayers resulted in low effective per-
mittivity (¢§3) and relative high piezoelectric strain coefficients due to the complex
poling behaviour, highlighting another potential method to produce materials with
improved energy harvesting figures of merit compared to the dense ferroelectric ma-

terial.
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2. Novel processing routes were used to fabricate porous ferroelectric ceramics with pore
structures identified as promising by the finite element models (i.e. those with high

figures of merit).

i) The burned out polymer spheres (BURPS) method was adapted to form barium

titanate with high porosity layers sandwiched between dense outerlayers.

ii) Freeze casting was used to fabricate barium titanate with a 2-2 type lamellar porous

structure aligned to the poling direction.

iii) A comparison of material properties relevant to the piezoelectric energy harvest-
ing performance are shown in Fig. 7-1 for barium titanate with the various pore

structures fabricated and discussed throughout this thesis.

3. The introduction of porosity into barium titanate was found to increase the rate at which
mechanical energy was converted into electrical energy compared with the dense material,

as predicted by calculated energy harvesting merit indices.

i) This was demonstrated by subjecting both porous and dense barium titanate to
mechanical excitation and using the derived electrical current to charge a reference

capacitor.

4. Permittivity contrast between phases in composite materials (e.g low permittivity pores in
a high permittivity ferroelectric ceramic or a high permittivity filler in a low permittivity
matrix) leads to inhomogenous electric field distributions when an external field is applied,

with field preferentially concentrating in the low permittivity phase.

i) For porous ferroelectric materials this can be exploited to yield high piezoelectric
coefficients by aligning high aspect pores parallel to the poling direction, resulting

in high fractions of the ferroelectric material becoming poled.

ii) In composites for energy storage this causes field concentrations in the matrix phase
that leads to an observed increase in the effective permittivity and reduction in
dielectric strength. The highest field concentrations are observed when high aspect

ratio fibres are aligned parallel to the applied field.

5. It is concluded that the use of composite materials for energy storage applications is
flawed because the reduction in breakdown strength outweighs the beneficial increase in

effective permittivity.

7.2 Discussion and further work

The main bulk of work in this thesis relates to the effect porosity has on key material properties
for energy harvesting, in particular the longitudinal piezoelectric coefficient, ds3, and the relative

permittivity, €,. The research has demonstrated that both the morphology of pores and the
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Figure 7-1: Comparison of (a) piezoelectric strain coefficient, dss, (b) relative permittivity,

€93/€0, and (c) energy harvesting figure of merit, d3;/e3; for dense and porous barium titanate
with different pore structures.

bulk porous structure can affect significantly the properties of the porous ferroelectric material.
For example, anisotropic pores aligned parallel to the poling axis yield high ds3 coefficients
yet also result in a higher permittivity, whereas lower permittivies occur when pores are either
concentrated into a layer perpendicular to the applied poling direction, as in Chapter 5, or for
example in freeze cast PZT poled perpendicular to the freezing direction, as in the paper by
Zhang et al. (2017). For certain material systems or applications it may be that reducing the
permittivity is more important than maintaining a high ds3, in which case the porous structure
and processing route can be selected accordingly with the help of the porous network model.
For example, the potential for layered structures for hydrophone applications was presented in
the form of a conference paper written for the 2017 Joint IEEE International Symposium on
the Applications of Ferroelectrics (ISAF) in which bilayer PZT, formed of a dense and a porous
layer, was modelled and predicted to have excellent hydrostatic properties compared to uniform
porous and dense PZT. The introduction of porosity also reduces the acoustic impedance of
ferroelectric ceramics for operation in water or when in contact with biological tissue (Ramesh
et al. (2005), Zeng et al. (2007), Mercadelli et al. (2010)), which when coupled with low
permittivity and ds;, and relatively high ds3, makes these bilayer structures promising for

hydrophone and medical applications and would therefore be of interest to study further.
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The finite element models presented in this work helped to reveal the importance of porous
structure with respect to the poling behaviour of ferroelectric materials. However, the models
do not take into account the switching dynamics of domains, a field of research that has received
some interest in the past two years with several papers published on the subject, including those
by Gheorghiu et al. (2016) and Khachaturyan et al. (2017). Gaining a further understanding of
how domain switching may be influenced by porosity may shed further light of the fundamental
physics of these materials and is an area of research that would be interesting in terms of further
work. The models presented in this thesis essentially assume that the net polarisation direction
of domains within the volume contained in a single element will switch if the field is large enough
and contribute to the piezoelectric response with the same properties as the dense ferroelectric
ceramic phase, however, this is thought to be an oversimplification, albeit one that facilitated
a deeper understanding of the effect of porosity on ferroelectric material properties. Work is
currently ongoing to investigate this phenomenon in the form of further modelling studies, and
it is hoped future collaborations may provide experimental evidence for this. Related to this is
the effect of pore size on the material properties, which has not been studied in detail during
this project as the porous network models do not predict size effects on the relevant scale.
The literature on the subject of effect of pore size on piezoelectric and dielectric properties is
somewhat contradictory (for example, some studies observe no change in behaviour with pore
size, e.g. Khachaturyan et al. (2017), while others report differences in the material properties
with variation in pore size, e.g. Bowen et al. (2004)), perhaps because with change in pore
size comes a change in other microstructural features such as pore shape and interconnectivity,

and so is another avenue of research that may be of interest.

An additional area of research related to the work contained in this thesis is the design and
fabrication of flexible ferroelectric composites for energy harvesting and sensing applications,
as they are of particular interest for robotic skins that can both actuate and act as thermal
and touch sensors. Typically a piezoelectric ceramic phase is added to a polymer phase, which
may or may not be ferroelectric, and porosity may also be introduced. It is envisaged that the
modelling methods used here may be able to help better understand the poling behaviour and

properties of this type of composites to enable improved design in the future.

The research in this thesis on porous ferroelectrics has focussed on one material system,
barium titanate, as it is cleaner and less toxic to process and sinter than PZT, as well as being
a stable stoichiometric compound, eliminating concerns regarding change in composition during
sintering, which could potentially be more likely to occur in high porosity PZT ceramics due
to the volatility of lead at high temperatures. In the final year of the project porous PZT
was also manufactured but it was decided not to report in detail these findings so as not to
distract from the main research topic into the effect of porosity; barium titanate, although not as
piezoelectrically active as PZT, was considered to be a satisfactorily ‘ideal’ system to study. The
results for PZT, whilst demonstrating similar trends in terms of material properties, do not yield
the same percentage increases in terms of energy harvesting figure of merit as found for barium
titanate with increasing porosity. The reason for this appears to be that the PZT used for the
experiments (Noliac NCE-55) had a measured ds3 when dense of ~550 pC/N and a relative
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permittivity of ~4000, which meant that although was permittivity initially high (2.35 times
that of the dense barium titanate produced in this study), offering the potential for significant
reductions with the introduction of porosity, the ds3 was almost four times higher than the
barium titanate. When porosity was introduced the effect on the piezoelectric coefficients
for PZT was relatively more pronounced than for the barium titanate, perhaps because the
permittivity contrast between the ceramic and the pore was initially higher, and as the energy
harvesting figure of merit depends on the square of ds3 it requires a rapid fall in permittivity
at the same time to increase significantly, which was not seen in the freeze cast PZT where an
almost linear relationship with increasing porosity was observed (as found in the porous network
model presented in Chapter 6). Therefore, relatively small increases were observed compared
to the three-fold increases found in this work porous barium titanate. This has significance
for research into state of the art lead-free materials that are intended to replace lead-based
ferroelectrics as an environmentally cleaner option; currently they struggle to compete with
PZT, however, introducing porosity could increase their performance for certain applications
to such an extent that, when coupled with advances in low power electronics, may make them
a viable alternative to PZT. This is not to say that the energy harvesting performance of PZT
cannot be increased significantly by the controlled introduction of porosity, as can be seen from
the reanalysed data from literature in Chapter 2, rather that very precise control of the porous
structure is required to maintain a high ds3 at over 50 vol.% porosity. Ionotropic gelation
was highlighted in Chapter 6 as a potential alternative to freeze casting for producing highly
aligned 3-1 porous structures with excellent material properties (Liu et al. (2015, 2017)).
Another area of future work would be to use the model to explore a range of materials with
various porous structures to identify promising combinations of materials systems and pore

structures for specific applications.
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Figure Al (a) FT-IR spectra of dopamine modified and pristine BNT nanofibres (NFs). It can be
seen that two new peaks were formed after the BNT NFs were modified by dopamine; the peaks at

1456 and 1569 cm' originate from —NH;" deformation and amide band, NH bending,
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Figure A2 (a) Thermal conductivity and thermal diffusion, and (b) Thermal conductivity

enhancement of the BNT nanofiber/P(VDF-HFP) composites with filler loading, a photo of the

samples is shown in the insert. The room temperature thermal conductivity of the pure P(VDF-

HFP) is approximately 0.2 W m ! K !, as previously reported.® It is clear that the thermal

conductivity of the composites depends on the BNT nanofiber loading, which increases with the

degree of loading; a similar phenomenon is exhibited with respect to thermal diffusion. For

example, the thermal conductivity of the nanocomposite with 12.73 vol% BNT nanofibers

increased to 0.67 W m™' K ~!, which increased by more than two times compared to the pure

P(VDE-HFP) matrix. The enhancement of thermal conductivity is shown in Figure S5b, and the

insert shows the test sample of the BNT nanofiber/P(VDF-HFP) composites. The increased

thermal conductivity and thermal diffusion is attributed to the high thermal conductivity and

thermal diffusion of the BNT nanofiber phase and the homogeneous dispersion of BNT nanofiber
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in the polymer matrix as well as the high density achieved via hot pressing.
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Figure A3 (a) FT-IR spectra of the P(VDF-HFP) nanocomposites with different BNT NFs
loadings, (b) The tensile stress-displacement curve of BNT Nanofibers/P(VDF-HFP)

nanocomposites with BNT loading level in vol.%.

Table Al Characteristic breakdown strength and shape factor of the breakdown strength

data for the samples

Sample (BNT vol.%) B Ey (kV/mm)
0 8.24 397
237 430 458
5.19 5.50 337
12.73 5.96 302

156



Figure A4 Cross-sectional SEM image of BNT nanofiber/P(VDF-HFP) composites. BNT
nanofibres were aligned to the direction of the nanocomposite film, which was perpendicular to

the direction of the electric field.
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Figure A5 D-E loops of the BNT nanofiber/P(VDF-HFP) nanocomposites with various filler
loadings at the maximum electric field. The saturated polarization was continuously increased
with the BNT nanofiber content, while the remanent polarization showed a faster increase trend

than saturated polarization of the nanocomposite with 12.73 vol% BNT NFs.
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nanocomposites with various filler loadings at the largest electric field.
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Figure A7 (a) Effect of interphase permittivity (solid line, left axis) and electric field concentration
factor, 1/E{m2* (dashed line, right axis), on relative permittivity of composite for constant composite
layer thickness (t = 1), varying aspect ratio (AR = 12.5, 50, 200); (b) effect of interphase
permittivity on normalised energy density for interlayer thickness t = 1 (solid lines) and t = 2
(dashed lines) for varying aspect ratio (AR = 12.5, 50, 200) of high permittivity phase. Increasing
the permittivity of the interphase past €, = 15 is detrimental in terms of energy storage properties
due to an increase in electric field concentration.
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Appendix B: Single inclusion model script

Il SINGLE INCLUSION MODEL SCRIPT !!!

FINISH

/CLEAR,ALL

1 /INPUT,RUN, TXT lcopy and paste into command line in Ansys to run

/UIS,MSGPOP, 3 ! Turns Off note & warning messages

/UIS, ABORT,OFF ! Turns Off status & cancellation messages

KEYW, PR_SGUI,1 ! Prevent 'Solution Done' message (affects image
plotting)

! /WINDOW, 1,0FF I Turn graphics window off while running iterations

/PREP7 ! Enter preprocessor

ET,1,PLANE13,7 | Select element type i.e. 2D coupled field element

! Matrix properties

MP,DENS,1,1000

MP,PERX,1,1

MP,PERY,1,1

MP,PERZ,1,1

| High permittivity / conductive inclusion properties
MAT, 11

MP,DENS,,1.3

MP,PERX, , 1000000

MP,PERY, , 1000000

MP,PERZ, , 1000000

angle = @ Irotation angle w.r.t. field
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!Topological degeneracy error will show if slice goes exactly along diagonal of

cylinder

li.e. max aspect ratio ellipse, solve by increasing cyclinder length (won't change

aspect ratio)

BLC4,-18,-10,20,20

I Form matrix

| aspect = 1:10 (comment out as necessary)

WPROTA, angle,0,0 $

WPOFFS,0,8,-6 $ CYL4,0,0,1,,,,12 $ aspect = 1

IWPROTA,angle,®,60 $ WPOFFS,0,08,-6 $ CYL4,0,0,8.707107,,,,12 $ aspect = 2
IWPROTA, angle,®,70.52877937 $ WPOFFS,0,0,-6 $ CYL4,0,0,0.57735,,,,12 $ aspect = 3
IWPROTA, angle,®,75.52248781 $ WPOFFS,0,8,-6 $ CYL4,0,0,0.5,,,,12 $ aspect = 4
IWPROTA, angle,®,78.46304097 $ WPOFFS,0,0,-6 $ CYL4,0,0,0.447214,,,,12 $ aspect = 5
IWPROTA, angle,®,80.40593177 $ WPOFFS,0,8,-6 $ CYL4,0,0,0.408248,,,,12 $ aspect = 6
IWPROTA, angle,®,81.7867893 $ WPOFFS,0,0,-6 $ CYL4,0,0,0.377964,,,,12 $ aspect = 7
IWPROTA,angle,®,82.81924422 $ WPOFFS,0,8,-6 $ CYL4,0,0,0.353553,,,,12 $ aspect = 8
IWPROTA, angle,®,83.62062979 $ WPOFFS,0,8,-6 $ CYL4,0,0,0.333333,,,,12 $ aspect = 9
IWPROTA, angle,®,84.26082952 $ WPOFFS,0,0,-6 $ CYL4,0,0,0.316228,,,,12 $aspect = 18
filename = 'conductor_composite_asp¥%aspect¥_angle¥kanglei'

ASBV,1,1, ,KEEP,DELETE Isubtract inclusion volume from matrix, delete volume
APLOT,ALL Iplot all, selects all

AOVLAP,ALL loverlap remaining inclusion area from subtract function

onto matrix

ASEL,S,,,2
AATT,11,,1,0
ASEL,S, ,6

AATT,1,,1,0

ASEL,ALL

Iselect matrix

lassign matrix properties
Iselect inclusion

lassign inclusion properties

Iselect all
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! smart mesh function - fine mesh using GUI
SMRT, 1
MSHAPE, 1, 2D
MSHKEY, ©
FLST,5,2,5,0RDE, 2
FITEM,5,2
FITEM,5,6

CM, _Y,AREA

ASEL, , , ,P51X
CM, _Y1,AREA
CHKMSH, "AREA'
CMSEL,S,_Y

AMESH, _Y1
CMDELE, _Y

CMDELE, _Y1

CMDELE, _Y2

| apply loads to boundary lines
DL,4,21,VOLT,20

DL,2,21,VOLT,@

| solve

/SOLU

SOLVE
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Appendix C: Supplementary information: A break-
down in the case for materials with giant per-
mittivity ?

14

Volume efficiency, &.Ey?
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Figure C1. Energy storage material merit index for energy density, &(Edelectric)®, for
data from literature including Moya (Pecharroman et al.) data excluded from Fig. 2
in main text.
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Appendix D: Supplementary information: Mod-
elling and fabrication of porous sandwich layer
barium titanate with improved energy harvest-
ing figures of merit
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Figure D1: Effect of poling electric field used in FE model on effective piezoelectric strain coefficient, ds3, for
BaTiO; with uniformly distributed porosity. A poling field of 0.6MV/m gave the best fit to experimental data
and was therefore used for modelling sandwich layer structures.
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Figure D2: Relationship between the fraction of BaTiO; poled in the z-direction and the effective longitudinal

piezoelectric strain coefficient, dss, for structures with uniformly distributed porosity, obtained via finite element
modelling.
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Figure D3: FE modelled data of BaTiO with sandwich layer porosity of (a) 50vol.% and (b) 60vol.% for different
poling voltages (0.6, 0.7 and 0.8MV/m). In all cases increasing the poling field leads to an increase in d;; as

more of the sandwich structure becomes poled.
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Figure D4: Effect of introducing high porosity sandwich layer on transverse piezoelectric strain coefficient, ds;.
The significant reduction in d3; when p,; < 0.7 indicates the potential for hydrostatic transducer applications.

Error bars at +-10% (accuracy of measurement device).
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Appendix E: Porous sandwich layer network model
script

11l Porous sandwich layer poling model script !!!

FINISH | Exits from previous work

*DEL,ALL | Deletes previous
variables/arrays

/CLEAR,START I Clears current data and

reads default start.ans file

/CONFIG,NORSTGM, 1 ! Do not store geometry data
in results file (faster)

/CONFIG,NOELDB,1 | Do not store results in
database after solution
(faster)

/FDELE, EMAT,DELE | Delete file after use /

don't create if possible
(element matrices)

/FDELE, ESAV,DELE | Delete file after use /
don't create if possible
(element save data)

/FDELE,FULL,DELE | Delete file after use / don't
create if possible (stiffness & mass
matrices)

/FILNAME, sandwich,1 ! Job name (32char) and Job details

/TITLE, Piezoelectric Polarised Porous Structure
JSTITLE,1, R.W.C. Lewis 2815

JUNITS, SI

/WINDOW, 1,0FF

/com,stagel
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density = 40

meshdivs = 3@

lz = 5e-3
1x = 1z
ly = 1z

td_calc = 0.3

td=1z*(td_calc/2)

pole_volt = 3E3

con_no

area = lx*ly

*DIM, res, ARRAY, iterations, 12
*DIM, por_res,ARRAY,iterations,3
| Initialize variables

d33 =9

d31 4]

d32 =@

=
m
=3
w
w
1]
@

| Define composition

pzcomp = 180 - airpore

phaseone = (pzcomp/188@)*density

phasetwo = pzcomp - phaseone

| Defining Arrays
*DIM, con_res,ARRAY, con_no, 4

| Pre-calculate constants

Porous layer density

Mesh size

Dimension in z-axis

Dimension in x-axis

Dimension in y-axis

Total dense layer thickness

Single dense layer thickness

Poling voltage

! Used for results array

| Stores corner node reference to

find strain

| Calculations to find volume
fractions of tri-phasic system
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field=5/1z | Field is Voltage applied (V)
across separation (m)

permconst=(1x*1ly*field*8.854E-12)

| ook e ok sk o sk e s ke sk ook sk ok sk sk sk ok ok sk ok sk ok ok ok ok

| Enter pre-processor mode

| o sk e ok skofeof sk ok sk ook s ok sk sk ok sk s ok ok sk ok e ok sk ok ok ok ok ok ok

/PREP7

SHPP,ON | Shape checking on (will produce
warnings)

ET,1,S0LIDS,3 | Define Elementl as 3D piezo
‘brick' with X,Y,Z,V DOF

EMUNIT,EPZRO,8.854E-12 | Set more accurate value for free-

space permittivity

| --- Material (1): BaTiO3 Unpoled ---

| Elastic properties from literature

MAT, 1

MP,DENS, ,5500

MP,PERX,,1187.5

MP,EX, ,128E9

MP,PRXY,,0.30

| --- Material (2): BaTi03 (Berlincourt, Curran, and Jaffe) Poled Z°-Z' (Nrm) ---
| Material is same as theoretically modelled by Topolov et al, 2006
MP,DENS,2,5700

MP,PERX,2,1115 $ MP,PERY,3,1115 $ MP,PERZ,3,1260

TB,PIEZ,2

TBDATA, 83,-4.35,,,-4.35

TBDATA,89,17.50

TBDATA,14,11.40,,11.40
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TB,ANEL,2,1,,0
TBDATA, ©1,158.0E9,68.0E9,57.0E9

TBDATA,@7,150.0E9,57.0E9

TBDATA,12,171.9E9,,,,57.0E9

TBDATA,19,57.8E9,,57.8E9

| --- Material (11) Air : Dry, at 8°C and 1 atm pressure ---
| "Soft Air' approach for coupled/structural element

| Density: Cutnell & Johnson. 'Physics' 3rd Edn, New York: Wiley. 1995: p315
{Ref:29}

MAT, 11
MP,DENS,,1.3
MP,PERX, ,1

MP,EX, ,le-12

MP, PRXY, ,1le-12

BLC4,0,0,1x,1y,1z ! Create block volume from
origin with side of 5mm

VSEL,S,,,1 | Select volume 1

VATT,1,,1,0 | Set selected volume
attributes to
MAT=1,ET=1,Cartesian

MSHKEY, 2 | Mesh type: Mapped where
possible, no smart size.

ALLSEL,ALL

ESIZE, ,meshdivs ! Mesh (element) size: no
size set, meshdivs div's per
boundary line

WMESH, ALL ! Mesh all selected volumes

| o ok e ook ok o ok o sk sk o ook ok o ok o o o oK R o o o6 o ok ok ok ok oF o o ok R KKK K

! Run Simulation(s) and Record data

|k ok sk ok ook ook o ko ok ok ek ok sk s ok ok ko o ook ok ok
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! Warning: Disables pop-up information messages while in the main loop

/UIS,MSGPOP, 3

/UIS,ABORT,OFF

KEYW, PR_SGUI, 1

/WINDOW,1,0FF

/PNUM, MAT, 1

/NUMBER, 1

ALLSEL,ALL

*D0,it,1,iterations

/PREP7
*IF,it,GT,1, THEN
DDELE, ALL
CPDELE,ALL
*ENDIF

NSEL,S,L0C,Z,8

CP,1,VOLT,ALL

D,ALL,VOLT,®

NSEL,S, LOC,Z,1z

CP,2,VOLT,ALL

D,ALL,VOLT,pole_volt

I Turns Off note & warning
messages

I Turns Off status & cancellation
messages

! Prevent 'Solution Done'
message (Affects image
plotting!)

! Turn graphics window off while
running iterations

| Select all entities (effectively
removes selection)

I Main loop- each iteration creates
a different microstructure

! Select nodes at location Z=8
(~Electrode 1)

! Couple selected nodes in voltage
DOF (Setl)

! DOF constraint for selected nodes:
V=0

| Select nodes at location Z=1z
(~Electrode 2)

! Couple selected nodes in voltage
DOF (Set2)

! DOF constraint for selected nodes:
E=-1kV/cm
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*GET, charge_node,CP, 2, TERM, 1, NODE

NSEL,S,LOC,X,8 $ DSYM,SYMM, X

NSEL,S,LOC,Y,8 $ DSYM,SYMM,Y

NSEL,S,L0C,Z,8 $ DSYM,SYMM,Z

NSEL,S,LOC,X,1x $ CP,3,UX,ALL

NSEL,S,LOC,Y,1y $ CP,4,UY,ALL

NSEL,S,L0C,Z,1z $ CP,5,UZ,ALL

ALLSEL,ALL

*SET,a,NODE(1x,1y,1z)

*GET,element_1,ELEM, ,NUM,MIN

*GET,element_n, ELEM, ,NUM, MAX

*GET, starttime,ACTIVE,®, TIME,WALL

/S0LU
ANTYPE,STATI

EQSLV, JCG, 1E-6

pores=@

aircontent=0

pzcontent=0

! Finds the master node of
the 2nd coupled set
(Electrode 2)

I Select nodes at X=8, then
constrain DOF by symmetry

I Select nodes at Y=8, then
constrain DOF by symmetry

I Select nodes at Z=e, then
constrain DOF by symmetry

! Select nodes on exterior
‘X' face and couple
displacements

| Select nodes on exterior
'Y' face and couple
displacements

| Select nodes on exterior
'Z' face and couple
displacements

| Select all entities
(effectively removes
selection)

| Get the corner node ref.
number for displacement

! Read the number of the
first selected element

! Read the number of the last
selected element

! Start time for benchmarking

| Solution mode

I Select JCG solver,
with le-6 tolerance (faster)

! Reset counter for number
of pores
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*DO, grain, element_1, element_n, 1

*IF,RAND(1,168@),LE, airpore, THEN

MPCHG, 11,grain
aircontent=aircontent+1

*ELSE
*IF,RAND(1,188),LE,density, THEN

MPCHG, 1,grain

pzcontent=pzcontent+1

*ELSE

MPCHG, 11,grain

pores=pores+1

*ENDIF

*ENDIF

*ENDDO

denstru=pzcontent/element_n

airdens=aircontent/element_n

denspore=pores/element_n

! Set grains to the
porous air content
(random)

| Assign each solid
'grain' a random
(unpoled) polarization

! For porous solid,
randomly determine
whether solid or pore

! Second phase of
piezocomposite (random)

| Counts the number of
pores for density
calculation

! Calculate true volume
density of
material (first phase)

| Calculate true volume
of air porosity

! Calculate true volume
density of material (second
phase)

| o oo e o o ok o ok o sk sk ok o ok ok 8 o o o o K oK S ok ok o o ok oK o o o 6 o ok o o ok o R KR

NSEL,S,L0C,Z,8,td
NSEL,A, LOC,Z,1z-td, 1z

ESLN,S,ALL
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MPCHG, 1,ALL

ALLSEL,ALL

5K koo o sk sk kR kR Rk o Kk o ok R R K R Sk o kR K KR ok
*DO,icon,1,con_no,1

/SOLU

/com, ¥*SOLUTION 1

/com, *SOLUTION 1

/com, ¥*SOLUTION 1

/com, ¥SOLUTION 1

/com, *SOLUTION 1

EQSLV, SPARSE,1E-6

SOLVE

FINISH

/POST1

SET,1

*GET, elem_1,ELEM,®,NUM,MIN
*GET,elem_no,ELEM, @, NUM, MAX
vf_air_post = @
vf_poled_post = @
vf_unpoled_post = @
elem_mat = @

ETABLE, field_sum,EF,Z
Jcom, *ETABLE

/com, *ETABLE

Jcom, *ETABLE

Jcom, *ETABLE

J/com, *ETABLE

/PREP7
*DO,m,elem_1,elem_no,1

Jcom, ¥rEEEDQ L QOP*FEEE
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*GET,elec_field,ELEM,m,ETAB,field_sum
elec_field = ABS(elec_field)
*GET,elem_mat,ELEM, m,ATTR, MAT
*IF,elem_mat,NE, 11, THEN
*IF,elec_field,GE,®.5E6, THEN

MPCHG, 2,m

*ENDIF

*ENDIF

*ENDDO

ESEL,S,MAT,,1
*GET,elem_unpoled_post,ELEM,@,COUNT
ESEL,S,MAT,,2
*GET,elem_poled_post,ELEM,@,COUNT
ESEL,S,MAT,,11
*GET,elem_air_post,ELEM, @, COUNT

ALLSEL,ALL

vf_air_post = elem_air_post/elem_no
vf_poled_post = elem_poled_post/elem_no
vf_unpoled_post = elem_unpecled_post/elem_no
con_res(icon,1) = vf_air_post
con_res(icon,2) = vf_poled_post
con_res(icon,3) = vf_unpoled_post
*IF,icon,GE, 2, THEN

ic = icon - 1

*VOPER, con_res(icon,4),con_res(ic,2),DIV,con_res(icon,2)
*IF,con_res(icon,4),GT,8.95,AND,con_res(icon,4),LT,1.85,EXIT
*ENDIF

*ENDDO

/PREP7

DDELE,ALL
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CPDELE,ALL

NSEL,S,L0C,Z,0

CP,1,VOLT,ALL

D,ALL,VOLT,®

NSEL,S,L0C,Z,1z

CP,2,VOLT,ALL

D,ALL,VOLT, -5

field = 5/1z

permconst = 8.854E-12

NSEL,S,LOC,X,8 $ DSYM,SYMM, X

NSEL,S,LOC,Y,® $ DSYM,SYMM,Y

NSEL,S,LOC,Z,8 $ DSYM,SYMM,Z

NSEL,S,LOC,X,1x $ CP,3,UX,ALL

NSEL,S,LOC,Y,1y $ CP,4,UY,ALL

NSEL,S,L0C,Z,1z $ CP,5,UZ,ALL

ALLSEL,ALL

*SET, a,NODE(1x,1y,1z)

EQSLV, JCG, 1E-6

/S0LU
SOLVE

/POST1

I Select nodes at location Z=8
(~Electrode 1)

| Couple selected nodes in voltage
DOF (Setl)

| DOF constraint for selected nodes:
V=8

| Select nodes at location Z=1z
(~Electrode 2)

| Couple selected nodes in voltage
DOF (Set2)

! DOF constraint for selected nodes:
E=-1kV/cm

| Select nodes at X=8, then
constrain DOF by symmetry

| Select nodes at Y=8, then
constrain DOF by symmetry

I Select nodes at Z=8, then
constrain DOF by symmetry

I Select nodes on exterior 'X' face
and couple displacements

I Select nodes on exterior 'Y' face
and couple displacements

I Select nodes on exterior 'Z' face
and couple displacements

I select all entities (effectively
removes selection)

| Get the corner node ref. number
for displacement

| Select JCG solver, with le-6
tolerance (faster)
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SET,1
*SET,d33, (UZ(a)/lz)/field
*SET,d31, (UX(a)/1x)/field
*SET,d32, (UY(a)/ly)/field
ETABLE, energy, SENE

SSUM

*GET,W,SSUM, ,ITEM, energy

K33 = (2*W)/(8.854E-12%25%1z)

res2 = vf_air_post

res3 = vf_poled_post

res4 = vf_unpoled_post

res5 = d33

resée = K33

*DIM,ef_res,ARRAY,6, it

*CFOPEN, results, csv, ,append
*WWRITE,it,res2,res3,res4,res5,resé
%I,%0.4G,%0.4G,%0.4G,%0.4G, %0.4G
*CFCLOS

*ENDDO

FINISH

! Calculate d33
| Calculate d31
! Calculate d32

| Use to calculate permittivity

lapplied voltage for d33 etc is 5V

| Store results, can change if
different data required

| Open results spreadsheet

I Close results spreadsheet
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Appendix F: Freeze casting experimental set-up

Freeze casting was used to produce highly aligned porous barium titanate, as discussed in
Chapter 6, due to the potential for these types of materials to be beneficial for energy har-
vesting applications, which is highlighted in Chapter 2. For ease of design a single-sided freeze
casting approach was used whereby a suspension of ceramic powder in water was poured into
a PDMS mould and cooled from one side so as to create a temperature gradient. As the tem-
perature of the cold surface reduces below 0°C the water in the suspension begins to nucleate
into ice crystals at this surface. The presence of the temperature gradient drives preferential
growth of this ice along the direction of the temperature gradient. As the ice forms the ceramic
particles are forced into the channels between the ice crystals, in theory forming dense lamellar
channels. Changing the rate of freezing affects the coarseness of the microstructure, with slower
freezing rates yielding wider pore channels and by freezing faster a fine porous structure can be
achieved. If the freezing rate is too fast, however, ceramic particulates are liable to be trapped
in the pore channels, and if it is too slow the porous material after sintering often has low
mechanical strength due to a low frequency of bridging channels between the ceramic channels.
Adjusting the solid loading of the ceramic suspension gave control over porosity. Polyethylene
glycol and polyacrylic acid were used as binder and dispersant, respectively. A binder content
of 1 wt.% of the solid mass was found sufficient for all suspensions and less than 0.5 wt.%
dispersant was used as too much caused some foaming of the suspension, trapping bubbles that

resulted in randomly distributed microporosity in the sintered samples.
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Figure F1: (left) photograph and (right) schematic diagram of single sided freeze casting set up.

An aluminium heat sink (83 mm diameter) on a height-adjustable stand was used as the
freezing surface. Liquid nitrogen contained in a dewer (90 mm inner diameter) was used as the
freezing agent. Depending on the desired freezing conditions the prongs of the heat sink could
be submerged in the liquid nitrogen gradually or, if the dewer was partially filled, above the
liquid nitrogen but encased within the dewer. Two K-type thermocouples (RS Components)
were used to measure the temperature of the heat sink during the process and the ambient
temperature at the top surface of the mould. A Pico USB TC-08 thermocouple data logger
was used in conjuction with LabView to record the data during the freeze casting process.
Aluminium tape was used on the bottom surface of the mould to contain the suspension, which
was pipetted in prior to casting. Care was taken not to introduce bubbles and the filled moulds
were gently tapped to remove air bubbles prior to freezing.

Frozen samples were then freeze dried (Mini Lyotrap, LTE Scientific) to remove the ice whilst
preserving the ice-templated structure of the ceramic powder formed during freeze casting. The
ice is removed via sublimation at low pressure (<600 Pa) over a period of 24-36 hours. The
water vapour then recondenses as ice at the cold trap in the freeze dryer, which was at -55°C.
Once the ice was completely removed the samples were sintered under the conditions discussed
in Chapter 6.
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Appendix G: Matlab script for generating 2-2
structures

Matlab script for generating 2-2 structures

cle
clear all
n = 30; (single dimensicn)
A = rand(n,n,n);
W= 14; dth
p=20.9; channel
c = 0.05; mic channel
for M = 2 + W : n; generates pore channel
for k =1 : n;
for § =1 ny
for i = 1 : n;
if 1 == M && A(i,],k) »>= p;
A(i,j,k) = 1;
end
if i == M && A(i,],K) < p;
A(i,j, k) = 0;
end
end
end
end
end
for M = 2 W : n;
for k=1 : n;
for § =1 ni
for i =1 : n;
if 1 ~= M && A(i,],k) < c;
A(i,j,k) = 0;
end
if 1 ~= M && A(i,],k) > c;
A(i,j,k) = 1;
end
end
end
end
end
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fremove floating elements unless larger than 673

for i = 2:n-1;
for j = 2:n-1;
for k = 2:n-1;
if A(i,j,k) == 1 && A(i-1,3,k) == 0 && A(i,j-1,k) == 0 &&
A{i,d,k=-1) == 0 &&
A(i+l,j,k) == 0 && A(i,J+1,k) == 0 && A(i,],k+t1l) == 0
A(i,j,k) = 0;
end
end
end
end
for i = 3:n-2;
for § = 3:n-2;
for k = 3:n-2;
if Aa(i,j,k) == 1 && A(i-2,3,k) == 0 && A(i,j-2,k) == 0 &&
A{i,d,k=2) == 0 &&
A(i+2,9,k) == 0 && A(i,J+2,k) == 0 && A(i,j, k+2) == 0
A(i,j, k) = 0;
end
end
end
end
for i = 4:n-3;
for 3 = 4:n-3;
for k = 4:n-3;
if A(i,j,k) == 1 && A(i-3,3,k) == 0 && A(i,j-3,k) == 0 &&
A(i,3,k=3) == 0 &&
A(i+3,9,k) == 0 && A(i,J+3,k) == 0 && A(i,J, k+3) == 0
A(i,j, k) = 05
end
end
end
end
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