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Abstract
Currently, many complex devices and high-tech systems operate thanks to an integrated
piezoelectric component. Despite the developments throughout the past years, the need for
highly flexible and thin composites having excellent piezoelectric properties has not been
fulfilled yet. This limits the use of piezoelectric materials in wearable applications. In this
research, the possibilities and limitations of flexible and printable 0-3 piezoelectric composites were investigated, by characterizing them both mechanically and (piezo)electrically.
The outcomes of this research could result in overcoming these limitations and developing
wearable piezoelectric components.
First, two poling processes were investigated. Poling is the process during which an
electric is applied so the ferroelectric domains all align, and results in the material becoming piezoelectrically active. The poling conditions are important as they define the
quality and the magnitude of the piezoelectric effect. Two techniques were studied; directcontact poling and corona poling. Both methods provide their own benefits and drawbacks.
However, in literature, a comparative benchmark on poling piezoelectric composites was
lacking. A comparative study was therefore conducted, in order to find the best poling
technique and its conditions to use. As a result, the main principles of both poling techniques are now understood. Effective poling conditions were identified and reported. After
comparing both techniques, corona poling seemed the most suitable technique for poling
our composites.
Secondly, two different composites were fabricated in different volume fractions, poled
and characterized. By mechanical testing and comparing the results of the two composites, it was shown that the mechanical properties of the composites were mainly driven by
the choice of the polymer. The composites could withstand a large strain before breaking and possessed low Young’s Moduli, illustrating very flexible mechanical behaviour.
Furthermore, the dielectric and piezoelectric properties of these composites were profiled. The results compete with outcomes of other presented materials. Agreement was
found between the experimental data and a theoretical model for 0-3 composites. As the
di- and piezoelectric properties of the two piezoelectric composites were compared, it was
concluded that the dielectric and piezoelectric properties were dominated by the ceramic
particles present in the composites. The high flexibility combined with excellent piezoelectric properties of both composites as described in this thesis would be very promising
materials for sensor applications.
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Chapter 1

Introduction
Materials that exhibit special properties have always had a large influence on society, since
those properties have been used and implemented in appliances and applications. Nowadays, all sorts of complex devices and high-tech systems operate, thanks to exploitation
of a specific material property. Piezoelectric materials are among these materials. Mobile
phones, medical technologies, parking sensors and even your gas stove all utilize some integrated piezoelectric component. These devices are all part of our daily lives, which makes
them essential and indispensable. In order to maintain and enhance the quality of our
daily lives and to keep up with improving technologies, studies on piezoelectric materials
need to be continued.

1.1

Piezoelectricity & applications

Piezoelectricity was discovered in 1880 by the brothers Jacques and Pierre Curie. They
observed the piezoelectric effect by detecting electric charge on the surface of crystals
like tourmaline and quartz after pressing on those crystals [1]. Thus, piezoelectricity is
the property of certain solid materials to develop electric charge in response to applied
mechanical stress, or vice versa. The direct piezoelectric effect refers to the generation
of electric charge induced by mechanical stimulation. Contrarily, the inverse piezoelectric
effect refers to the generation of a strain in a material due to the electric stimulation. This
has been schematically displayed in Figure 1.1.
The discovery of the piezoelectric effect was not put in practice until Pierre Langevin
developed the first application in 1917. He developed an ultrasonic submarine detector, based on piezoelectric components [2]. Further developments of the piezo technology
started when it was discovered that barium titanate (BaTiO3 ) is ferroelectric [3–6]. Subsequently, it was found that a poling process resulted in piezoelectrically activating barium
titanate ceramics, leading to a whole new category of piezoelectric materials. The discovery of lead zirconium titanate (PZT) a few years later had a great impact on the
improvement of piezo technology [7]. Due to the superior piezoelectric properties of PZT,
BaTiO3 was virtually replaced by PZT in all piezoelectric applications. Currently, PZT
is still the most widely used piezoelectric material, due to the optimal material properties
it exhibits.
Piezoelectric components are used in all sorts of applications. The most well-known
application of the direct piezoelectric effect may be the gas lighter. In this application,
gas is ignited by a spark, which is caused by a voltage that is induced by the application
of a force on the piezoelectric material. This direct effect can also be used for sensor
applications or for energy harvesting [8].
1
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Figure 1.1: A schematic on the piezoelectric effect. Piezoelectricity enables conversion from mechanical energy to electric energy, and vice versa [9].

Figure 1.2: Number of publications on piezoelectric composites [10].
On the other hand, the inverse effect allows a piezoelectric material to be used for
applying a force or pressure, for performing a positioning task or for inducing vibrations.
The piezoelectric component translates an electric signal to a mechanical signal. This
mechanical change is mostly in the range of microns. If an appropriate mechanical design is
made, piezoelectric materials can be used as acoustic transducers or position actuators [11].
In addition to the previously mentioned applications of the direct and inverse effect,
both effects can be combined in applications as well. An example is an ultrasonic transducer, like a parking sensor.

1.2

Piezoelectric composites

The widely known and implemented material PZT is a piezoelectric ceramic. PZT can
be used to make good actuators and transducers. However, its voltage sensitivity is poor
and these ceramic materials are not flexible and very brittle [9]. Thus, pure PZT is not
ideal to use for wearable sensor applications, because flexibility and good voltage sensi2
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tivity is then favourable. Alternatively, studies have shown that piezoelectric polymers
could be established to overcome some of these problems. These piezoelectric polymers
exhibit high voltage sensitivity, but their piezoelectric charge constant is low. The thermal
stability of these piezoelectric polymers could also cause some problems. Furthermore, a
complex stretching processing is sometimes required to induce the piezoelectric effect in
these piezoelectric polymers [12–14].
The drawbacks of both these materials induced an interest in piezoelectric composites. A composite is a material made of two or more materials with significantly different
physical or chemical properties that, as a combination, produce a material with characteristics different from the individual components. Piezoelectric composites possesses several
unique properties and have been widely utilized in a large number of sensor and transducer applications. Due to the continued and increased demands for an enormous field
of applications, extensive research has recently been conducted. As shown in Figure 1.2,
the number of publications on piezoelectric composites has grown significantly the past
years. This indicates the increasing interest in piezoelectric composites. These composite
systems have several advantages: their ease of production, their ability to tailor properties
by varying the volume fraction of the ceramic inclusions, their ease of obtaining different
sizes and shapes, and their excellent high temperature stability. Many combinations of
piezoelectric particles in combination with polymer are possible, all tailored to their own
preferences [15–17]. It is even possible to 3-D print piezoelectric composites into a desired
structure [18]. Moreover, certain combinations for PZT-composites have been studied
throughout the years, for example PZT-LCT [19] and PZT-PDMS [20].
However, despite these studies, the need for highly flexible and thin composites with
excellent piezoelectric properties has not been fulfilled yet. This limits the usefulness
of piezoelectric materials for wearable applications. Development of printed piezoelectric
composites and a complete characterization of both mechanical and (piezo)electric properties of these composites could overcome this limitation. Hence, this study was conducted,
in order to fulfil that need. Since this study can provide information on the implementation
possibilities of piezoelectric composites materials, in applications such as bed mattresses
or car seats, this study is also motivated by the interest of Holst Centre.
Therefore, the goal of this thesis is to research the possibilities and limitations of flexible
and printable 0-3 piezoelectric composites. So that printable and wearable piezoelectric
components can be developed. PZT was used as the ceramic filler particle, since it has
a high temperature stability, excellent piezoelectric properties, and it has been widely
studied [21]. As the polymer matrix, first PDMS was explored due to its unique properties
such as the elastic behaviour, resistance to high temperatures and light degradation [22].
Moreover, 0-3 composites were created with PZT and Ecoflex. Ecoflex was investigated,
because it is a silicone rubber, like PDMS, that promised to be even more flexible and
stretchable than PDMS [23].

1.3

Research questions

In order to achieve the goal of this project, a few research questions were formulated.
The first focusses on the poling processes, since it is an important process during the
production of piezoelectric materials. At this moment, two techniques are known; directcontact poling and corona poling. In order to find the best poling technique and poling
conditions, a comparative study was performed. Therefore, the first research question is:
1. What are the main principles of direct-contact poling and corona poling? And what are
the optimal poling parameters for PZT-composites during the poling process?
3
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PDMS was the first polymer matrix used for creating 0-3 composites with PZT. Since
it was expected that the mechanical and (piezo)electric properties could be tailored by
varying the volume fraction of the ceramic inclusions, different volume fractions were
used. Therefore, the combination of PZT and PDMS was fabricated and investigated for
different volume fractions. Accordingly, the second research question is:
2. What are the structural, mechanical and (piezo)electrical properties of 0-3 PZT-PDMS
composites for different volume fractions?
It was expected that even more flexible and stretchable 0-3 composites could be created by
using Ecoflex as a polymer matrix. Therefore, this combination was fabricated and investigated, also for different volume fractions. Correspondingly, the third research question
is:
3. What are the structural, mechanical and (piezo)electrical properties of 0-3 PZT-Ecoflex
composites for different volume fractions?

1.4

Outline of this thesis

In Chapter 2, a theoretical background on the topic of piezoelectricity and piezoelectric
composites can be found. A theory that describes the piezoelectric behaviour for 0-3 composites is also explained.
In Chapter 3, the used materials and sample preparation is discussed. Furthermore,
explanations of all applied characterization techniques can be found.
In Chapter 4, the principles of both direct-contact poling and corona poling are
elaborated. Furthermore, the results of a comparative study of the two poling techniques
are discussed, and from those results the optimal poling parameters are chosen.
In Chapter 5, experimental results of 0-3 PZT-PDMS composites are presented and
a comparison to the proposed model is made.
In Chapter 6, experimental results of 0-3 PZT-Ecoflex composites are presented and
a comparison to the proposed model is made.
In Chapter 7, the conclusion of all findings are presented and the main goal of this
thesis is evaluated. Furthermore, suggestions for further research are elaborated.

4

Chapter 2

Theory and principles of
piezoelectricity
Before proceeding to the details and results of this research, first a general overview is
given on what piezoelectricity actually is and how this is demonstrated on the microscopic
and macroscopic scale. Then, a short introduction on piezoelectric material properties and
parameters in play is given. Eventually, an overview on piezoelectric materials is given
and the principles of piezoelectric composites are explained. Lastly, a theoretical model
describing piezoelectric properties, called the Yamada Model is introduced [24].

2.1

Basics of piezoelectricity

As was already introduced in the previous chapter, piezoelectricity is the property of
certain crystalline materials to develop electric charge in response to applied mechanical
stress [1]. On the other hand the material can respond by elongating or shrinking as a
result of an applied electric charge.
In order for a material to show piezoelectric behaviour, the material should be dielectric and the crystal structure should lack a centre of symmetry. For example quartz, as
illustrated in Figure 2.1a, has an asymmetric arrangement of the positively charged silicon
ions and negatively charged oxygen ions.
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Figure 2.1: Simplified illustration of crystal structure of quartz in different situations: a) zero applied force, b) compressive force, and c) applied electric field. Figure
adapted from [9].
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In Figure 2.1 a schematic illustration on the microscopic scale and changes in the
crystal structure upon application of a compressive force or an electric field is shown.
Once a compressive force is applied, the centres of the positive and negative charge shift
up with respect to each other. From this an electric dipole results within the material,
as shown in Figure 2.1b. This is called the direct piezoelectric effect. Reversely, upon an
application of a voltage, the inverse piezoelectric effect is shown, as illustrated in Figure
2.1c. The centres of the positive and negative charge shift with respect to each other
deforms the piezoelectric material due to the electric field.

2.2

Piezoelectric ceramics

Besides quartz, more piezoelectric materials are known nowadays. It started with the
urgent need for improved ceramic capacitors. This would result in researchers from the
United States [6], Japan [5], and Russia [25] to independently discover barium titanate
ceramics (BaTiO3 , or BT). Unwittingly a new class of materials, called ferroelectrics, was
discovered. These man-made ferroelectrics exhibit orders of magnitude higher piezoelectric
charge coefficients than any naturally occurring material. The key here, was the TiO2
based perovskite crystal structure of BT.
A few years later, in 1952, physicists at the Tokyo Institute of Technology developed PbZr0.48 Ti0.52 O3 (PZT). This was an easy to manufacture ferroelectric ceramic,
that combined high piezoelectric coefficients with increased temperature stability [7]. The
perovskite crystal structures of PZT above and below the Curie Temperature (TC ) are
shown in Figure 2.2.
Above TC these crystallites exhibit simple cubic symmetry, the elementary cell of PZT
is shown in Figure 2.2a. This perovskite structure of PZT consists of a cubic structure
ABO3 , with the A-site cation in the corner, the O-site anions in the faces and the B-site
cations in the middle of the cube. The A and B represents the large cation, such as Ba2+
or Pb2+ , and medium size cation such as Ti4+ or Zr4+ .

T > Tc

T < Tc

+
Pb
O

2+

2-

4+

_
(a)

Ti or Zr

4+

(b)

Figure 2.2: Structure of a perovskite crystal. A-site cations are indicated in blue,
O-site anions in yellow and B-site cations in black. a) Centrosymmetric cubic state,
above the Curie temperature, with B-site ion trapped in the center. No polarization.
b) Tetragonal state: B-site ion can flip to a face. Dipole created
6
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Figure 2.3: Schematic illustration of polarization of a piezoelectric material for
different situations. a) Random orientation of polar domains prior to poling. b)
Polar domains orientation in applied DC electric field. c) Remanent polarization,
once electric field is removed. Figure adapted from [26].
In cubic lattice structure, above TC the B-site cations are located at the centres of the
crystal structure. The positive and negative charge sites coincide, thus there are no dipoles
created. This structure is termed as centrosymmetric and has no net polarization. Below
the Curie point these crystallites take on the tetragonal symmetry in which the cations
are shifted off the centre. This creates positive and negative charge sites, and therefore
electric dipoles. A net polarization is created in the crystal structure, and the orientation
of this polarization can be flipped to certain allowed directions by the application of an
electric field. As the polarization of multiple domains is oriented into one direction, the
piezoelectric behaviour is observable on the macroscopic scale.
This flipping of the ferroelectric domains happens during a process called “poling”
and this makes the materials piezoelectrically active on the macro scale. The three phases
that can be present in this material are depicted in Figure 2.3. In Figure 2.3a, the random orientated polarization vectors in a bulk material are depicted. Subsequently, poling
switches the polarization vector to the crystallographic direction that is nearest to the
direction of the applied electric field, as shown in Figure 2.3b. Upon switching off the
electric field, most domains do not return back to their original orientation as a result of
the pinning effect produced by microscopic defects in the crystalline lattice [9]. This gives
us a material comprising numerous microscopic dipoles that are roughly oriented in the
same direction, as shown in Figure 2.3c. It is noteworthy that the material could be poled
into the opposite direction if it is subjected to a very high electric field oriented opposite
to the poling direction. Or the material could be depoled after exposure to temperatures
higher than the TC of the material [27].
More information, characterization and comparisons of two commonly used poling techniques are extensively described in Chapter 4. Furthermore, the polarization behaviour
under influence of an electric field can be studied by investigation of the polarization loops,
which is described in Chapter 3.

2.3

Piezoelectric material properties

Once all the polar domains in the piezoelectric ceramic material are oriented in one direction after poling, a macroscopic response can be observed. These responses are shown
in Figure 2.4. The direct piezoelectric effect refers to the generation of electric charge
7
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Figure 2.4: Schematic illustration of the piezoelectric effect in materials: a) Zero
applied force: No charge is generated. b) Compressive force: charge is generated
with polarity equal to the poling direction (direct effect). c) Tensile force: charge
is generated with polarity opposite the poling direction (direct effect). d) Applied
voltage opposite to poling direction: compression (inverse effect). e) Applied voltage
in the poling direction: elongation (inverse effect). Figure adapted from [28].
by mechanical stimulation and conversely, the indirect effect refers to the generation of a
strain in the material due to the electric stimulation.
This piezoelectric behaviour can be described by the linear constitutive equations, in
which the direct effect is described by:
~ = εT · E
~ + d · T~
D

(2.1)

~ is connected to both the applied electric field,
in which the dielectric displacement, D,
~ and the applied mechanical stress, T~ [29, 30]. Through the dielectric permittivity, ε
E,
and the piezoelectric charge coefficient, d respectively. The inverse effect can be expressed
with:
~ = sE · T~ + d · E
~
S
(2.2)
~ is not only affected by the applied mechanical stress, T~
in which the mechanical strain, S,
~ (through the piezoelectric
(through compliance, s), but also by the applied electric field E
charge coefficient, d). The superscripts T and E indicate zero stress and zero electric field
conditions respectively [31].
It should be noted that the constitutive equations are tensorial equations, and thus,
multiple directions need to be considered. In perovskite crystals, like PZT, the tensor
of the piezoelectric charge coefficient, d, reduces to only three terms, due to symmetry.
These are the longitudinal mode, d33 , transverse mode, d31 , and shear mode, d15 . These
directions are graphically shown in Figure 2.5.

8
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Figure 2.5: Schematic illustration of the operation modes in PZT. From left to
right: Conventional piezoelectric definitions of the 3 (xyz)-directions and 3 rotations
over the (xyz)-directions, observed as shear. The extension in z-direction, S3 , due to
an applied field E3 , described by d33 . The compression in x-direction, S1 , due to an
applied field E3 , described by d31 . Lastly, the extension due to rotation in y-direction,
S5 , due to an applied field E1 , described by d15 . Figure adapted from [32].
The piezoelectric response as a result of compression or tension, d33 and bending, d31 ,
are coupled, since both depend on the same input parameter, E3 . This coupling is given
by a certain ratio of the two piezoelectric charge constants. For a ceramic like PZT this
ratio is given by [9]:
d31 = −νd33
(2.3)
in which ν is the Poisson’s ratio of the piezoelectric ceramic material. For PZT ν ≈ 1/3
[33, 34] and for PDMS ν ≈ 1/2 [35, 36].
Besides the piezoelectric charge constant for different operation modes, which describes
the induced polarization, another parameter that can define the piezoelectric material
exist. This parameter describes the ability of energy harvesting, by means of indicating
the induced electric field. This parameter is called the piezoelectric voltage constant, and
this is related to the dielectric (εr ) and piezoelectric charge constant (d33 ) via the following
formula:
d33
g33 =
(2.4)
εr ε0
In order to use piezoelectric materials in sensor applications a high sensitivity is required. Therefore this piezoelectric charge or voltage constant needs to be high [9].

2.4

Piezoelectric composites

Piezoelectric materials like the previously described perovskite oxide ceramics, such as
BaTiO3 and PZT, have been widely known and implemented. These materials have relatively high charge constants (d33 ) and make good actuators and transducers. However,
the materials exhibit a high dielectric constant, which reduces the voltage sensitivity (g33 )
drastically. Furthermore, these ceramic materials are not flexible and quite brittle [37]
and thus not ideal in sensor applications.
Alternatively, studies showed that piezoelectric polymers could be established in to
overcome these problems. In 1969, it was discovered that the polarized β-phase of Polyvinylidene fluoride (PVDF) was ferroelectric [14]. Piezoelectric PVDF and the version
with the random copolymer with trifluoroethylene (P(VDF- TrFE)) are now the most
9
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Figure 2.6: Schematic illustration of connectivity families for two phase composites.
The polymer phase is shown in grey, while the piezoelectric ceramic phase is shown
in white. Figure adapted from [38].

widely studied and commercially available piezoelectric polymers [12, 13]. These piezoelectric polymers exhibit high sensitivity. However the piezoelectric charge constant is not
high enough in comparison with that of piezoelectric ceramics. Furthermore, the thermal
stability of these piezoelectric polymers could cause some problems.
These drawbacks of both materials induced an interest in piezoelectric composites.
These piezoelectric composites are a combination of an active piezoelectric ceramic filler in
a passive polymer matrix. This second, passive phase can help to bring desired properties
to the composite material, such as increasing mechanical robustness or flexibility.
In early studies of piezoelectric composites, a classification was made between different types of composites, in order to avoid confusion on the used geometries. This was
later widely adopted and has become standard notation for piezo-, pyro- and ferroelectric
composites [38]. These different classifications are shown in Figure 2.6.
The first developed composites were all 0-3, or so called random, composites. These
composites consisted of randomly dispersed piezoelectric ceramic particles in a polymer
matrix [17,39,40]. These 0-3 composite combine the high flexibility of the polymer matrix
with the piezoelectric properties of the ceramic particle. Due to the high flexibility and a
piezoelectric charge constant which is comparable with PVDF, 0-3 composites are a very
attractive option to develop for sensor applications.
However, random composites have some processing difficulties when compared to piezoelectric ceramics, due to the confinement of an applied electric field in the polymer. This
confinement is caused by the low dielectric constant of the polymer matrix. This drastically reduces the dielectric constant of the composite. This mostly complicates the poling
process, since high electric fields are required.
10
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Composites with other connectivities, like 1-3 or 2-2 were established as well [41, 42].
In composites with 1-3 connectivity, the ceramic rods or fibers are self-connected one
dimensionally in a three dimensionally connected polymer matrix, as shown in Figure 2.6.
In this type of composites, the ceramic rods or fibers are aligned in the direction parallel
to the poling direction. However, as a result from the chosen connectivity, quite some
of the flexibility is lost. Furthermore, the fabrication process is more complicated and
therefore not easy industrial applicable. Recent studies show that the ceramic particles
can align in one dimension by dielectrophoresis (DEP) by applying an electric field to a
composite incorporated with the ceramic particle [19, 32]. The fabrication process is even
more complicated, but some flexibility is gained.

2.5

Theoretical model for piezoelectricity: Yamada model

Various theoretical models were developed for describing and predicting the permittivity
and piezoelectric properties of the 0-3 composites. An overview of these models is given
in several reviews [43, 44]. One of the first, if not the first, model for understanding the
dielectric behaviour of composites was given in 1904 by Maxwell Garnett [44]. In this
model the composites are approached as spherical inclusions are embedded in a polymer
matrix without any kind of interaction. In 1923 a rule of mixture was introduced [45].
These models could not successfully describe the piezoelectric behaviour of the composites.
In 1982 Yamada et al [24] proposed a model to explain the behaviour of the permittivity, piezoelectric constant and elastic constant of a composite. Their model has shown
excellent agreement with experimental data of other composites [20,46]. The behaviour of
the composite is represented by ellipsoidal particles that are homogeneously dispersed in
a continuous medium. One should note that the assumption of homogeneously dispersed
particles in a polymer matrix might not be uphold, mostly for higher volume fractions.
This might result in a theoretical underestimation of the real values at higher volume
fractions. However, the model of Yamada can still provide a good theoretical verification
of the experimental data.
For the derivation of the dielectric constant, Yamada first described two electric potentials; inside and outside the ellipsoidal regions via Maxwell’s equations. Then the
ellipsoidal region of the composite is defined to have the dielectric constant εr , in order
to describe the electric potential of the composite region. Next, the effect from a number
N ellipsoidal particles existing in the composite region was considered, and the two are
equated. After some rewriting, the final equation of the dielectric constant for composites
reads:


nϕ(εc − εp )
εr = εp 1 +
(2.5)
nεp + (εc − εp )(1 − ϕ)
in which εp is the dielectric constant of the polymer matrix, εc is the dielectric constant
of the ceramic particles, ϕ is the volume fraction of the ceramic particles. And n = 4π
m is
a so-called shape-factor, the parameter attributed to the shape of the ellipsoidal particles.
Subsequently, the piezoelectric charge constant is derived by considering the system as a
binary system. The piezoelectricity of this binary system is caused by the piezoelectric
particles. Therefore, the piezoelectric charge constant d33 is given by:
d33 = αϕE2 dc

(2.6)

in which α is the poling ratio, dc is the piezoelectric constant of the piezoceramic, and E2
is the local field coefficient, given by:
nεr
E2 =
(2.7)
nεr + (εc − εr )
11
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The elastic constant of the binary system could be calculated in a similar approach.
The strain on ellipsoidal particles, to which static stress is applied, was obtained and
combined. The elastic modulus of the composite, the Young’s Modulus (E), is according
to Yamada given by:


ϕ(Ec − Ep )
E = Ep 1 +
(2.8)
Ep + n0 (Ec − Ep )(1 − ϕ)
in which Ec and Ep are the Young’s moduli of the ceramic particles and the polymer
matrix, respectively. Furthermore, the factor n0 is directly calculated from the Poisson’s
ratio of the polymer matrix (νp ):
n0 =

(1 + νp )
3(1 − νp )

(2.9)

The assumption of the model that particles are considered to be oriented ellipsoids
might seem to be a significant assumption. However, it has been shown that composites
with an arbitrary distribution of ellipsoids with respect to the electric field direction can
be transformed in to an equivalent composite in which ellipsoids are aligned along the
electric field direction [47]. This means that an incorrect estimation of the aspect ratio
of the particle should not significantly influence the calculated dielectric constant. This
largely removes the restriction mentioned, although the interpretation in micro structural
terms becomes more complex.

12

Chapter 3

Experimental details on sample
fabrication & characterization
methods
In this chapter, first a characterization and description of the piezoelectric ceramic powder and the polymer matrices is given. Furthermore, the fabrication of the piezoelectric
PZT-PDMS/Ecoflex composites is described. A description of the methods applied for
structural, mechanical and (piezo)electrical characterization is given. This serves as a theoretical background for the subsequent results chapters; every section specifies the physics
on which the measurement relies, the experimental details and expected outcomes that
the measurement provides.

3.1
3.1.1

Materials
Electroceramic powder

Piezoceramic materials are available in a large variety of shapes and forms. The general
process that was used for the production of this PZT consists of several steps. During the
first step the lead, zirconium and titanium oxides powders are weighted in their appropriate amounts and mechanically mixed. Usually, a few modifying or stabilizing agents are
added (e.g. manganese, calcium, antimony or niobium oxides). The mixture is mechanically activated by dry or wet milling in a planetary ball mill. Under high shear rotation
with several balls, a certain homogeneous mixture and particle size is obtained and also
aggregations are eliminated. Often a liquid or dispersing agent (wet milling) is added to
obtain a slurry. As the slurry is made, the mixture is dried and fragmented into small
pieces. In the next step, the mixture is reacted in a calcining step at elevated temperatures (varies from 800 - 1000 °C), where the oxides react to form the perovskite crystals.
The material is then pressed into pellets and is sintered at temperatures exhibiting the
correct perovskite crystal structure. For PZT this process usually takes 1 to 4 hours at
approximately 1100-1300 °C in air and also densificates the mixture.
The as received PZT powder (Morgan Electro Ceramics, Ruabon, UK) is a Niobium
doped PZT powder. The zirconum/titanate molar ratio is 52/48 [34]. The powders has
been processed up to 800 °C by the supplier. The last sintering step of the process still
needs to be done. Therefore, this powder was further calcined at 1150 °C. After sintering,
the ceramic was ball milled in a planetary ball mill. The powder was then sieved, and
particles (or agglomerations of particles) between 20 and 63 µm were collected.
13
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(a) 2500x

(b) 4000x

Figure 3.1: SEM images of the PZT powder for different magnifications.
The PZT powder was studied with a Laser Diffraction Particle Size Analyzer, SEM,
EDX and XRD. The powder morphology was characterised with SEM, as shown in Figure
3.1. The particle size analysis from the Laser Diffraction particle size analyzer gave an
average size of 3 µm. The complete results of the particle size analysis can be found
in Appendix A. From the SEM images it was found that the average particle size of
the primary particles is 1 µm, which is smaller then results of the particle size analyzer.
Comparing the particle size obtained from the mastersizer with SEM images indicates
that some of the particles measured as a particle, were actually agglomerates. Some
agglomerates of primary particles can also be observed in Figure 3.1.
Furthermore, the PZT powder was analyzed with EDX and XRD. Those results can
be found in Appendix A as well. The main conclusion from the XRD pattern is that it
indicated the existence of a Perovskite PZT phase. The EDX results indicated the expected
chemical compounds to be present in the powder. Furthermore, no contaminations or other
chemical compounds were found.

3.1.2

Polymers

Two silicone elastomers were used to form the polymer matrices of the composites: polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, 10:1 base:curing agent) and Ecoflex
(00-35, Smooth-On Inc. 1:1 parts A:B). PDMS is a transparent silicone rubber and has
an ultimate strain of 150% [36]. Ecoflex 00-35 is a translucent silicone rubber, and has an
ultimate strain of 980% [23].
Silicone rubbers are durable and highly-resistant elastomers composed of silicone (polymer) containing a silicon backbone with other carbon, hydrogen and oxygen. Its structure
always comprises siloxane backbone (silicon-oxygen chain) and an organic moiety bound
to the silicon. The properties of silicone rubber can vary greatly depending on the organic
groups present and the chemical structure. The structural formula of PDMS is shown in
Figure 3.2. Since the manufacturer does not provide information on the structural formula
of the Ecoflex polymer, the chemical composition is not exactly known. However, it should
resemble the structural formula of PDMS.
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Figure 3.2: Structural formula of PDMS.

In order to obtain a cross-linked matrices, both polymers are cross-linked via platinum
curing. Esteves et al. [48] reported on the details of the addition reaction to obtain
cross-linked PDMS structures. In a platinum-based silicone cure reaction, also called an
addition reaction, a hydride- and a vinyl-functional siloxane polymer react in the presence
of a platinum complex catalyst, creating an ethyl bridge between the two [49]. Thus a
cross-linked matrix of PDMS is achieved by the reacting of functional end groups on the
PDMS chains with a multifunctional cross-linker in the presence of a catalyst. The same
addition reaction to realize the PDMS and Ecoflex matrices of the composites is used in
this thesis.

3.2
3.2.1

Sample fabrication
Principles of stencil printing

PZT-composites films were fabricated by using the stencil printing technique. This technique allows printing films in a desired design. The method uses a stencil with a certain
pattern, which acts as an inverse mask. The ink appears on the substrate at the open
spaces of the stencil.
The first step in the process is that the PZT-polymer mixture is poured over the
stencil at one end. The squeegee or razor blade is placed over the PZT-polymer mixture
and pulled to the other end of the stencil, while maintaining contact with the stencil.
This results in the solution falling through the openings of the stencil, onto the substrate.
Then a print with the desired design is obtained. This process is schematically pictured
in Figure 3.3.

Figure 3.3: Schematic illustration of stencil printing.
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3.2.2

PZT-PDMS 0-3 composites

Electrical and structural characterization
The PZT-PDMS composite films were prepared by firstly mixing the two-component
PDMS (Sylgard184, DOWSIL). The mixing occurred in a planetary speed mixer at 2500
rpm. In order to make the mixture less viscous and printable, cyclohexane was added at a
1:2 weight ratio to the PDMS mixture and also mixed in with the planetary speed mixer
at 2500 rpm. Then, the PZT powder was combined with this mixture at particle volume
fractions of 10% to 60%, and mixed with the speedmixer at 750 rpm. The mixture was
then stencil printed on aluminium foil, which acted as a bottom electrode. After printing
the films were cured at 130 °C for 2 hours. After curing, Au electrodes were applied on
the top side of the composite film with a sputter coater system (Polaron Ltd company).
Since the prepared films were not piezoelectric as the ferroelectric polarization vectors
were not aligned, the samples needed to be poled. Poling for all samples occurred in
the corona polarization set-up. The composite films were exposed to a plasma voltage
of 14 kV for 100 seconds at room temperature. The charge applied by the plasma was
not immediately removed from the samples after corona poling. The samples rested for
at least 24 hours, before any measurements were conducted, in order to have no surface
charge left on the sample. 1
Mechanical characterization
For the first mechanical test the mixture of PZT-PDMS composites was fabricated
similarly as described in the previous section, for volume fractions from 0% to 60 %. The
mixture was then printed without a stencil onto a non-stick PET substrate (Shin-Etsu
Chemical Co.) with a bird applicator with a thickness of 100 µm. This formed one large
film of PZT-PDMS composite. After printing the films were cured at 130 °C for two hours.
No electrodes were printed on the top and the film was then cut into pieces of 10 mm by
80 mm. The film was then released from the non-stick substrate. The detached films had
a thickness of 30 µm. The stand-alone films were then used for tensile testing.
For the second mechanical test the mixture of PZT-PDMS composites was again
fabricated similarly. The mixture was also printed without a stencil onto a non-stick substrate (Shin-Etsu Chemical Co.) with a bird applicator with a thickness of 100 µm. After
printing the film cured at 130 °C for two hours. Subsequently, the PZT-PDMS film was
UV-Ozone treated for 20 minutes, in order to make the stretchable silver ink (EMS CI
1036) adhere to the PZT-PDMS composites. The silver ink electrodes with a size of 6
mm by 50 mm were stencil printed onto the film and cured at 120 °C for 30 minutes. The
film with electrodes on one side were then cut into pieces of 10 mm by 60 mm and released from the substrate. The first printed electrode acted as a bottom electrode. These
pieces were then poled by using corona poling (plasma voltage of 14 kV for 100 s at room
temperature). Consequently, the top side of the loose films were UV-Ozone treated for
20 minutes. After that, the silver electrodes were stencil printed on top and cured at
120 °C for 30 minutes.

3.2.3

PZT-Ecoflex 0-3 composites

Electrical and structural characterization
The PZT-Ecoflex composite films were prepared by firstly mixing the two-component
Ecoflex (Ecoflex 00-35, Smooth On). The mixing occured in a planetary speed mixer at
1

The motivation for these poling parameters can be found in Chapter 4.
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2500 rpm. In order to make the mixture less viscous and printable, cyclohexane was added
at a 1:2 weight ratio to the Ecoflex mixture and also mixed in with the planetary speed
mixer. Then, the PZT powder was mixed into this mixture at particle volume fractions
of 10% to 60%. The mixture is then stencil printed on aluminium foil, which acted as
a bottom electrode. After printing the films were cured at 130 °C for two hours. After
curing, Au electrodes were applied on the top side of the composite film with a sputter
coater system (Polaron Ltd company).
Alike the other composites, these samples needed to be poled, which occurred in the
corona polarization set-up. The composite films were exposed to a plasma voltage of 14
kV for 100 seconds at room temperature. The charge applied by the plasma was not
immediately removed from the samples after corona poling. The samples rested for at
least 24 hours, before any measurements were conducted.
Mechanical characterization
One tensile test could be conducted with the PZT-Ecoflex composites. These PZT-Ecoflex
composites were fabricated similarly as described in the previous section, for volume fractions from 0% to 50 %. The mixture was then printed without a stencil onto a non-stick
substrate (Shin-Etsu Chemical Co.) with a bird applicator for a thickness of 100 µm.
This formed a single film of PZT-Ecoflex composite. After printing the films were cured
at 130 °C for two hours. No electrodes were printed on the top and the film was then cut
into pieces of 10 mm by 80 mm. The film was then released from the non-stick substrate.
The detached films had a thickness of 30 µm. These films were then used for tensile testing.

3.3
3.3.1

Structural characterization techniques
Scanning Electron Microscopy

Equipment used: JEOL JSM6010LA.
Scanning Electron Microscopy (SEM) is an imaging technique that uses electrons to image
the surface top view of a sample. A cross-sectional image can be composed as well, after
(cryogenically) bisecting the sample. The material can then be inspected with a SEM.
When using a SEM, an electron beam is focused and accelerated by electromagnetic
lenses to a maximum energy of 20 kV. A scan is than made according to a predefined
raster. The electrons then interact with the surface atoms, and two types of detectable
electrons can be used to compose an image. The first type of electrons are the backscattered electrons, which are electrons scattered by the atomic nuclei. The second type are
secondary electrons, which are formerly core electrons that are ionized by the incident
electron beam. The latter are used for imaging the piezoelectric composites. An image
is formed by combining the number of detected electrons with the raster position. Due
to the use of electrons, magnification in a SEM can be controlled over a range of about 6
orders of magnitude. High-resolution images can therefore be composed in order to study
the structure of the material.
However, it should be taken into consideration that blurring might occur as a result of
sample charging. This usually happens when the material that is inspected with a SEM is
composed of a resistive material. The polymer matrix present in the composite will act like
that. In order to prevent charging, the sample or cross section should be sputtered with
a thin layer of gold. Therefore, a thin layer of gold is sputtered on top of the composites
that were inspected.
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3.4
3.4.1

(Piezo-)Electrical characterization techniques
Impedance spectroscopy

Equipment used: LCR Analyzer, Agilent E4980A.
This theory elaborated in this section and the explanation of this method is mostly based
on [50–52].
Impedance is the resistance of a material to the flow of alternating current. It is the
total opposition that a circuit offers to the flow of current at a particular frequency. The
impedance data can be presented as a complex number in two ways:
Z = Z 0 + jZ 00 = |Z| exp(jϕ)

(3.1)

Here Z 0 and Z 00 are the real and imaginary parts of the impedance, respectively. |Z| and ϕ
are the modulus and the phase angle of the impedance, respectively. All these quantities
are dependent on the angular frequency (ω). The impedance can be represented on a 2-D
polar plot which has the real part on the x-axis, and the imaginary part on the y-axis,
a so-called Nyquist plot. The Modulus and phase could also be plotted as a function
of ω, which is called a Bode plot. Examples of both plots are provided in Figure 3.4.
From the shape of the Bode plots, the corresponding electric circuit can be determined.
By knowing the equivalent electric circuit, the impedance data can be used to find the
corresponding numerical characteristics of the components, for instance the capacitance,
dielectric constant, or loss factor.
To derive the dielectric constant of the dielectric material in this case, the parallel
plate approximation method can be used. Basically, the thin film of dielectric material
is sandwiched between two conducting metal plates, or in this case, its 2 electrodes. The
dielectric film then acts as a capacitor. The golden top electrode has a surface area of
A, and the dielectric material a thickness d. This forms in essence a capacitor. This is
schematically shown in Figure 3.5a.
In this case, the capacitor will be modelled as a simple parallel circuit, called the
parallel plate method. The components in this circuit are the capacitance (Cp ) and the
dielectric loss of the material (R). This circuit is shown in Figure 3.5b. One should
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Figure 3.4: a) Impedance data shown in a Nyquist plot. b) Impedance data shown
in a Bode plot.
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Schematic illustration

Equivalent circuit
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Dielectric ﬁlm
thickness d
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R
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Figure 3.5: a) Graphical representation of parallel plate situation for impedance
measurements. b) Equivalent circuit model.
take into account that in cases of low and high angular frequency certain behaviours and
complications need to be considered, which are now neglected.
To calculate the dielectric constant of the sample, one must first formulate the equivalent impedance Z of the capacitor. For a capacitor, the impedance is dependent on the
angular frequency and capacitance and therefore given by:
|Z| =

1
jωCp

(3.2)

Thus, from the impedance data, the capacitance can be derived. With this capacitance,
the dielectric constant can be determined. The dielectric constant indicates the capacity
of a material to store energy in the presence of an electric field, and it describes the ability
to polarize a material subjected to an electrical field. From the impedance measurements
it is calculated by:
d · Cp
Cp
εr =
=
(3.3)
A · ε0
C0
in which ε0 is the dielectric constant of vacuum and C0 is the capacitance of vacuum.
Furthermore, the earlier mentioned parallel capacitance Cp , thickness d and golden top
electrode surface area A are considered.
It is important to investigate the dielectric constant as a function of the frequency, since
the polarization of a material when subjected to an electrical field originates from a number
of sources. These sources can be: electronic (electron cloud displaced relative to nucleus),
atomic (relative displacement of charged ions), dipolar (alignment of dipoles in electric
field), space charge (movement of charge carriers trapped by interfaces in heterogeneous
systems) and ionic (movement of ionic charges).
In any given material, a number of these sources will be active at different angular
frequencies. In those materials that exhibit the a high dielectric constant, for example
ferroelectrics, a great many of the sources will be active. Therefore, the dielectric constant
of the composites as a function of the frequency needs to be investigated. The dielectric
constant should be constant over the measured range of frequency, in order to be sure that
a good estimation of the dielectric constant is made.
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3.4.2

Hysteresis measurements

Polarization

Equipment used: Ferroelectric Film Test System, TF Analyzer 2000.
The essential practical characteristic of any ferro- and piezoelectric material is the nonlinear response of polarization (P) to an imposed electric field (E) [53]. The response of
the polarization to a changing electric field and dependence on its history of this is mapped
with hysteresis, as illustrated in Figure 3.6. The hysteresis curve is thus a plot of P versus
E, in which the material is polarized by an electric field into one direction and then directly
is polarized by an electric field into the opposite direction. It can be seen in Figure 3.6
that the polarization behaviour for the same electric field can be different. This is due
to the fact that the polarization is dependent on its previous value. Both piezoelectric
ceramics and single crystals can show hysteresis [54]. In order to study the ferroelectric
behaviour of the piezoelectric composites, hysteresis measurements were performed.
The hysteresis loop combines information on an intrinsic ferroelectric property of the
material, and three extrinsic properties, the remanence Pr , the saturation polarization Ps
and coercivity Ec . The remanence or the remanent polarization is the remaining polarization of the material as the electric field is reduced to zero. The saturation polarization
is the maximum value that the polarization can reach. The coercivity of a material is a
measure of the strength of the electric field required to wipe out the remanent polarization
of the specimen. These parameters depend different factors, including the sample shape,
surface roughness, microscopic defects and the rate at which the electric field is swept [53].
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Figure 3.6: An illustrative hysteresis loop of a piezoelectric material. The saturation polarization (Ps ), remanent polarization (Pr ) and the coercive field (Ec ) are
marked on the loop.
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Initially, the hysteresis measurement starts with an unpolarized state of the material,
where the polarization and electric field are zero. The polarization is zero due to the
random orientations of the domains [9]. Polarization appears as an imposed electric field
modifies the orientation of the ferroelectric domains. First those were orientated into
random directions, and now the domains will orient themselves as much as possible into
the direction of the electric field. At a certain electric field strength, all domains will be
oriented in the most favourable direction, this reveals the saturation polarization (Ps ),
which is marked on the loop. This transition from unpolarized to polarized is shown in
the so-called virginal curve, which is the black curve.
After the electric field is decreased to zero (first part of blue curve), not all the domains
will stay orientated into the poling direction, due to inter granular stresses present in the
material [9]. These stresses will cause some of the domains to orient themselves into their
original direction or a slightly changed direction. The first remanence polarization (Pr ) is
encountered as the electric field is zero. Due to these small reorientations of the domains,
Pr is smaller then Ps . This difference is polarization is material dependent.
As the electric field is decreasing further in order to change polarity, it follows the
second part of the blue curve. Due to the now negative polarity of the electric field, a
force will be applied to the dipoles in an opposite direction. If the electric field is high
enough, a reversal of the polarization will take place, and the material is polarized into the
opposite direction. The coercivity Ec is encountered during this process, as marked on the
blue line. As the electric field is now at the same value as before, but with the opposite
polarity, the negative Ps is encountered. The electric field can then be switched again to
the positive value, following the red line. Then the second Pr and Ec are encountered.
This way, hysteresis can be measured over and over again, while it provides information
on the Ps , Pr , and Ec .
For pure piezoelectric ceramics, like PZT, the coercive field is temperature dependent,
and decreases for increasing temperatures [9]. For this reason, ceramics are poled at elevated temperatures, since the domains are turned at lower electric fields. For piezoelectric
composites used in this thesis, it is not known what will happen at higher temperature.
The saturation polarization is also dependent on the temperature, since piezoelectric ceramics have different crystal structures for certain temperatures. For instance, above TC ,
the polarization is zero, since the material is not piezoelectric any more.
Studies have shown that there is a simplified relation between the polarization and
dielectric constant of the material
~ − εr · E
~
P~ ∝ D

(3.4)

in which P is the polarization, εr the dielectric constant of the material and E the electric
field [55–58]. It should be noted that the dielectric constant could be derived from the
slope of the tangent, and thus that it is dependent on the electric field. In combination
with impedance measurements, some temperature dependent behaviour of the piezoelectric
composites can be studied.

3.4.3

Piezoelectric charge constant measurement

Equipment used: PiezoMeter Systems PM300, Piezotest.
This explanation of this method is mostly based on [54].
The piezoelectric charge coefficient, d33 , is the most fundamental parameter defining the piezoelectric activity of a material, basically the higher the d33 , the more piezoelectrically active the material is. Consequently, manufacturers, designers, and users want
to know the d33 of the material.
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Quasi-static preload force
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(e.g. PZT-composite)
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Figure 3.7: Schematic illustration of the force head in the piezotester.
Measuring the d33 can be realised in several ways, varying in accuracy and simplicity.
A reliable method of determining the d33 is to electrically excite a resonance in the sample.
One problem with this method is that the geometry of the sample must be such that only
a pure fundamental resonance mode is produced. This method is therefore unsuitable for
measuring the d33 of piezoelectric composites.
Another method is based on the definition of the d33 , being the charge produced for
an applied stress, or the strain resulting from an applied voltage. Considering the linear
constitutive equations 2.1 and 2.2, a definition for the d33 can be formulated:

 
  
δD3
(Q/A)
Q
d33 =
=
=
(3.5)
δT3
(F/A)
F
in which F it the applied force, A the area force applied over, and Q it the charge developed
as a result from the applied force. This relation is used for measuring the d33 . The method
is sometimes referred to as the Berlincourt method.
Initially, the charge was measured in response to an applied static load, but difficulties
with thermal drift led to the measurements being performed quasi-statically, at a few
hundred hertz. The quasi static method is straightforward; a small oscillating force is
applied to the sample and the resulting charge is measured and divided by the applied
force amplitude. The method of operation is called quasi-static, since a key principle
of this method is that the test frequency is low compared with sample resonances. The
frequency range is limited at the lower frequencies to around 10 Hz by thermal drifts, and
at the higher end, around 1 kHz, by the mechanical resonance of the complete force head
assembly. Therefore, the frequency that is used for measuring is mostly set at 110 Hz.
In Figure 3.7, a schematic overview of the working system of the piezotester is shown.
The piezoelectric coefficient meter consists of two parts: the force head, and the control
electronics. The force head incorporates the loading actuator and a reference sample. The
system works by clamping the sample in between two electrodes of the system. Then
an oscillating force is introduced, which induces generation of charges from the clamped
sample. The reference sample is in line with the loading train and is also used to measure
the force applied. The clamping of the samples in the system is achieved through a screw
thread. This pre-load is required to achieve stable measurements so that the sample does
not rattle. Furthermore, the reference sample experiences the same loads as the material
under test. The reference sample is in this case a PZT ceramic, since this material provides
high sensitivity.
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The control electronics provide the amplified AC signal to drive the force at the required frequency. Moreover, these electronics have a charge measurement system, the d33
calculation system and the readout electronics embedded. The electrical signals from the
sample under test, and comparison with a built-in reference, enables the system to give
a direct reading of the d33 . The resulting value of the d33 is the ratio of charge from the
reference material to the charge developed in the sample under test.

3.5
3.5.1

Mechanical characterization techniques
Tensile testing

Equipment used: Universal Testing Machine, Instron 5566.
Theoretical background of this method is mostly based on [59, 60].
For the development of flexible and stretchable piezoelectric composites, knowledge
on the deformation behaviour is important. Because these materials will be bent and
stretched during their implementation. In order to study the flexibility and stretchability
of the piezoelectric composites, tensile test can be performed on stand-alone films of these
composites.
While performing a tensile test, the geometry of the sample under test is important.
The tensile test set-up is schematically illustrated in Figure 3.8. A sample of width w
and thickness t is clamped in between two clamps at initial length L0 . The initial crosssectional area A of the sample under test is given by:
A=w·t

(3.6)

During the test, the load F is applied on the material. Increasing this load F , results
in an elongation ∆l of the material. Furthermore, this load induces a certain stress on the
material. The average stress σ applied on the sample during the elongation is:
σ=

F
F
=
A
w·t

(3.7)

As a result of the tensile force, the length of the material is elongated and the crosssection of the material can slightly shrink, as shown in Figure 3.8c. The resulting strain
when a sample under test is elongated, is given by:
ε=

∆l
L0

(3.8)

During these tensile tests, load F and the elongation ∆l are measured. From this data,
stress σ and strain ε can be derived with the previously described relations. For these
measurements, it is assumed that the stress and strain during this tensile test are constant
throughout the length of the material. Moreover, the stress points are oriented into only
one direction, therefore, the stress distribution is uniaxial.
Furthermore, one should note that the stress and strain have two options of definitions
that can be used during deformation studies. These are the engineering (or nominal) stress
and strain, or the natural (true) stress and strain. The total natural strain reduces to the
total engineering strain for small deformations. During the measurements, the engineering
strain and stress will be measured. It is therefore important to note that the values are
approximated. However, as long as the strain remains smaller than a few percent, the
difference in stress and strain definitions is relatively unimportant.
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Figure 3.8: a) Schematic illustration of in clamps mounted sample for tensile
testing. b) Schematic side view of material mounted for tensile testing. c) Schematic
illustration of stretched material during test.
As a result of the tensile tests, stress-strain curves can be made. The slope of these
stress-strain curve in the small deformation region provides the Young’s Modulus, which
is given by:
δσ
σ
F/A0
E=
≈ =
(3.9)
δε
ε
∆l/L0
The Young’s modulus, is a mechanical property that measures the stiffness of a material. In summary, it defines the relationship between stress and strain in a material in the
linear elasticity regime of a uniaxial deformation. Therefore, the mechanical properties of
the piezoelectric composites can be mapped by the stress-strain curves and their Young’s
modulus.

3.5.2

Tensile testing with voltage measurements

Equipment used: Mechanical Testing tool, Mark-10 & Keithley 2612A.
Theoretical background of this method is mostly based on [59, 61].
Besides measuring the deformation during a tensile test, a second set-up can be used
to measure the deformation and resulting piezoelectric behaviour from this tensile deformation of poled piezoelectric composite materials. The same theoretical background as
described in the previous section is applicable on this tensile test. However, during this
test some piezoelectric behaviour needs to be considered.
The tensile test set-up is schematically illustrated in Figure 3.9b. A poled sample
with stretchable, silver electrodes on both sides is mounted in between two clamps. The
geometry of the sample is the same as described in the previous section (initial length L0 ,
width w and thickness t). A tensile machine (Mark-10) was used to strain the films.
A simplified electric circuit of the measurement set-up is shown in Figure 3.9a. The
silver electrodes of the sample are touching a copper contact on either the front or back
side, since those are attached to the clamps. These copper contacts are connected to a
voltage meter (Keithley 2612A). For a better read-out, a parallel resistance (10 M Ω) is
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Figure 3.9: a) Simplified measurement circuit of the piezoelectric voltage. b)
Schematic illustration of mounted sample in clamps with attached electrodes for
piezoelectric strain measurements
implemented in the circuit. In this way, the sample is directly connected to the voltage
meter, which enables an approximate measurement of the piezoelectric voltage without
parasitic electrostatic interference. The measurement procedure was automatized by a
LabView script, which synchronized mechanical force and strain measurements of the
tensile machine with voltage measurements. During the tensile measurement, the samples
were strained with at a constant elongation speed, and released again. After each step, the
absolute elongation was increased, resulting in increasing strain and stress for each step.
The measurements provided data on the strain, stress and the resulting voltage output.
From the constitutive equations, formulas 2.1 and 2.2, and the previously described
deformation relations, the definition of the piezoelectric voltage constant g can be derived.
This g31 describes the change in electric field of the material when stress is changed. It is
measured by applying a known stress and measuring the changes in open-circuit electric
field or voltage. For the constant in the transverse direction, g31 the following relation
holds:
E3
V3
V3
|g31 | =
=
=
·w
(3.10)
T1
t · σ1
F1
With this relation, and the results from the tensile test, the piezoelectric voltage constant
in the transverse direction can be determined. The most accurate way is to plot the
measured voltage output as a function of the load and calculate the slope from this plot.
This provide a good estimation of V3 /F1 . This can then be multiplied with w of the
sample.
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Strictly speaking, to compare found values of the g31 with literature, g31 should only
be calculated in the linear elastic region of the stress-strain curve. However, since the
piezoelectric composites are of interest in flexible applications, where it is possible to stay
out of the linear elastic region, a strain beyond this linear elastic region could be measured
as well. We will nonetheless still refer to the g coefficient as a coefficient or proportionality
between the applied stress and the induced electric field, even beyond the elastic limit of
the material.
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Chapter 4

Poling techniques: experimental
details and characterization
The process, during which a sufficiently high electric is applied so the ferroelectric domains all align, is called “poling”. The poling conditions are important as they define the
quality and number ferroelectric domains polarized during the poling process, as therefore
the magnitude of the piezoelectric effect. In literature, both corona and direct-contact
poling methods are widely used. Both methods provide a number of benefits and drawbacks. Studies on optimizing the poling conditions for one of two methods on porous PZT
ceramics [62–64] and PZT thin films [65] or composites [15, 66] can be found. However,
a comparative benchmark is lacking. An optimization of the poling process of PZTcomposites, using both corona and direct-contact poling on similar samples, is therefore
required. This would then provide a fair comparative study of both methods.
In this chapter, both poling techniques are discussed. First, the principles of directcontact poling are described. Second, the principles of corona poling are elaborated.
Finally, the influence of three experimental conditions namely the applied electric field,
the exposure time and the temperature are investigated.

4.1

Principles of direct-contact poling

Equipment used: Heinziger 10 kV power supply.
To polarize samples using direct-contact poling, an electric field is introduced through the
sample by applying a voltage directly on the sample via probes. The bottom electrode of
the sample is connected to one of the two probes. The top face of the sample needs a top
electrode, to which the other (high voltage) probe of the system is connected. When both
probes are connected, a voltage pulse is introduced, thus establishing the electric field.
The polarization set-up is schematically depicted in Figure 4.1.
The applied electric field causes the polarization vector of each single domain into
the crystallographic direction nearest to that of the applied electric field. As the field is
removed, most domains remain in the given direction, revealing the piezoelectric properties
on the macroscale. The polarization process, as occurring during direct-contact poling, is
schematically depicted in Figure 4.1.
During direct-contact poling, three parameters of the technique influence the resulting
piezoelectric properties; the contact voltage, the exposure time, and the temperature of
the sample during poling. The contact voltage over the samples thickness directly defines
the applied electric field in the sample. The higher the contact voltage, the stronger
the applied electric field in the sample. As we overcome the coercive electric field, a
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Figure 4.1: a) Schematically depicted cross section of sample before poling. b)
Schematically depicted cross section of sample during and after poling c) Schematic
overview of the direct-contact poling set-up.
stronger electric field results in more polarization vectors orientating themselves in the
direction of the applied electric field. This causes an increasing piezoelectric response at
the macroscale until all domains capable of orienting have been flipped. The piezoelectric
response can be tuned by varying the contact voltage. Though, this piezoelectric response
should saturate when the required coercive field is reached. It should be noted that
higher contact voltage are beneficial for the poling process, but considerably increase the
chances on short-circuiting. So when using direct-contact poling, short-circuiting might
occur before the coercive field is reached. Therefore, a limitation using this method is the
electric breakdown field of the material, defining the maximum applicable voltage.
Other parameters of influence to the direct-contact poling process are the exposure
time and temperature during the poling process. Certain exposure times might not be
sufficient for poling or cause damage. Additionally, different poling temperatures causes
the PZT-composites to behave differently and influence the domain wall mobility [67]. A
study on the influence of these three conditions is discussed in Section 4.3.

4.2

Principles of corona poling

Equipment used: Custom-made corona-plasma set-up.
To pole samples with the corona set-up, the corona discharge phenomenon is used. A
large DC potential, ranging from 8 to 15 kV (both negative and positive polarities), is
applied to a set of wires, the so-called corona points. This DC voltage causes an ionization
of surrounding ambient air molecules. A sample is then placed on a grounded, movable
chuck and driven underneath the wires and the ionized air. The material can have top
and bottom electrodes if desired, but it is possible to use corona poling without any top
electrode. In Figure 4.2 a schematic overview of the corona polarization set-up is shown.
As the DC potential is switched on, ions are created and accelerated towards the
sample. One should note that positive ions are the main charge carriers in the case of
positive corona discharges [68]. Those ions are trapped onto the sample surface, and
create an electric field in the sample. This electric field causes the polarization vectors
into the direction nearest to that of the applied electric field. As the field is removed,
most domains remain in the given direction, which makes the material piezoelectric. The
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Figure 4.2: a) Schematically depicted cross section of sample before poling. b)
Schematically depicted cross section of sample during and after poling c) Schematic
overview of the corona poling set-up.
process of corona poling is schematically depicted in figure 4.2. Note that the electric field
directly induced by the plasma in the ambient air is not considered for corona poling. The
electric field discussed for corona poling, is the electric field in the sample, induced by
charges on the surface.
For the process of corona poling, two poling conditions influence the resulting piezoelectric properties. These conditions are the plasma voltage and the exposure time. The
plasma voltage is indirectly influencing the strength of the applied electric field in the
sample. The higher the plasma voltage is, the more charge is built up on the surface of
the sample, resulting in a stronger electric field. A stronger electric field results in more
polarization vectors orientating themselves into the direction of the applied electric field,
causing a more significant piezoelectric response at the macroscale.
One specific advantage of corona poling, when comparing the method with directcontact poling, was observed during our experiments and found in literature. Corona
poling is non-destructive to samples, while direct-contact poling might damage the samples
[63,69]. Another advantage of corona poling is that it is possible to pole a sample without a
top electrode. Thus there is no necessity to contact individual devices for poling [65]. This
makes the method relatively fast and industrial more attractive. One should note that
corona discharges in air could produce a mixture of ions and charged clusters. Although
the chemical composition in air is not yet fully understood, it is known that reactive
species, like ozone, are created during corona discharge [70]. Both poling techniques could
achieve the same piezoelectric response, but their main working principles differ.
In order to examine the strength of the electric field in the sample, applied by a certain
plasma voltage, some measurements on the surface potential (Vs ) have been conducted.
These surface potentials of poled samples have been measured with an electrometer, immediately after corona poling. From this potential, the surface charge density and the
electric field have been determined. The surface charge density (σ) is defined by the
following formula:
σ=

εr ε0
· Vs
d
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Figure 4.3: a) The charge density and the applied electric field, induced by the
corona, on PZT-PDMS composites (thickness of 30 µm, 50 vol%), as a function of
the plasma voltage. b) The decay of the potential and electric field over time. Samples
were poled with different plasma voltages for 100 seconds at room temperature.
in which εr is the relative permittivity of the sample (εr = 30), ε0 is the absolute permittivity, d the thickness of the material, and Vs is the measured surface potential.
The resulting surface charge density and the applied electric field as a function of the
plasma voltage are shown in figure 4.3a. We see that the electric field increased linearly
to a value of 1.8 · 107 V/m. This linear increasing trend of the surface charge density
and electric field as a function of the plasma voltage was expected, since a higher plasma
voltage generated more charges. Additionally, it is found that the electric field resulting
from these plasma voltages should be high enough to pole the samples, since the values are
substantially high than the required coercive field. A few studies [20, 71, 72] and results
of hysteresis measurements on PZT-PDMS composites – later described in chapter 5 –
suggest a coercive field of 1.5 · 107 V/m for PZT-PDMS composites.
The decay of surface potential and electric field over time have been measured as well.
The results are shown in Figure 4.3b. The electric field remained high for 5 minutes,
and then slowly decayed over a matter of minutes to hours. Thus, when the plasma
is turned off, the electric field is still present. We can conclude that the electric field
remained for a considerably longer time than the actual poling time. These results showed
that the difference between plasma exposure time (being the actual poling time), and
charge exposure time (being the electric field exposure time) needed to be considered.
The influence of all poling conditions during corona poling is discussed in Section 4.3.

4.3

Influence of poling conditions

All PZT-PDMS composites used for the characterization of these two poling techniques
had an targeted thickness of 30 µm and a PZT load of 50 vol%, and were produced from
the same composite mixture. This reduces the influence of sample variation as much as
possible in order to fairly compare the influence of the poling conditions on the polarization
quality. This is characterized by measuring the piezoelectric charge constant (d33 ).
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4.3.1

Electric field

Contact poling
The influence of the contact voltage during direct-contact poling has been defined. The
effect of the contact voltage and the electric field strength on the piezoelectric charge
constant (d33 ) is presented in Figure 4.4. The highest values, resulting from the strongest
voltages, are comparable with other piezoelectric composites [73, 74] For an increasing
voltage and electric field, the d33 was increasing. The highest value for the d33 was (22.1
± 3) pC/N at a contact voltage of 700 V. A linear increase was observed up to a contact
voltage of 500 V. The increasing value for the d33 can be compared with a hysteresis curve
that grows. As the electric field increased, the polarization and hysteresis curve grows, as
shown by Chen et al (Figure 2) [75]. For increasing contact voltages above 500 V, the d33
seemed to saturate. This is mainly caused by the fact that the required coercive field was
achieved at this contact voltage. Moreover, this saturation is due to the fact that no more
domains capable of orienting themselves in the direction imposed by the electric field were
remaining, leading to a non-increasing d33 .
For relatively high contact voltages more short circuiting occurs, this is seen in the
decreasing yield of samples. Poling at a contact voltage of 700 V resulted in a few more
damaged samples compared to lower contact voltages, but achieved the highest d33 . A
contact voltage of 800 V, creating a field of 2 · 107 V/m, damaged all (five) samples. The
resulting d33 at this voltage could therefore not be measured. A trade-off needed to be
made for selecting the suitable contact voltage, for which the d33 is as high as possible and
a sufficient yield is obtained. Therefore, a contact voltage of 700 V, creating an electric
field of 1.75 · 107 V/m, has been chosen for further direct-contact poling. Hereby, the
required coercive field is most certainly reached, with a minimum of damaged samples.
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Figure 4.4: Influence of the contact voltage and electric field on the piezoelectric charge constant (d33 ) & percentage of intact samples (PZT-PDMS composites,
thickness of 30 µm, 50 vol%) for direct-contact poling. Samples were poled at a fixed
temperature of 150 °C and for 5 min, at different contact voltages
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Figure 4.5: Influence of the plasma voltage and electric field on the piezoelectric
charge constant (d33 ) & percentage of intact samples (PZT-PDMS composites, thickness of 30 µm, 50 vol%) for corona poling. Samples were poled with different plasma
voltages for 100 seconds at room temperature.
Corona poling
The resulting piezoelectric charge constant (d33 ) as a function of the plasma voltage is
shown in Figure 4.5. It can be observed that the d33 increased for an increasing plasma
voltage and electric field. The highest value achieved is (21.5 ± 2) pC/N. This is comparable with the values of the samples poled with direct-contact poling. The increase seems
to be linear up to a plasma voltage of 14 kV, and seems to saturate for higher plasma
voltages. This saturation might again be due to reaching the required coercive field at
this plasma voltage. In order to verify that the d33 is indeed saturating, measurements
with higher plasma voltage should be conducted. However, the corona poling set-up can
not provide higher voltages.
Figure 4.5 shows that no samples have been damaged during corona poling. Furthermore, higher plasma voltages of 15,3 kV did not induce more damage. Though, some
samples showed some local shorts, when the plasma voltages was set at 15.3 kV. These
shorts looked comparable with the short circuiting marks of direct-contact poling. It was
still possible to measure the d33 of these samples since it was damaged locally, but it
may indicate that this plasma voltage is too high. Therefore, a plasma voltage of 14 kV,
creating an electric field of 1.65 · 107 V/m, has been chosen for further corona poling.

4.3.2

Exposure time

Contact poling
The effect of a varying exposure time on the piezoelectric charge constant (d33 ) is presented
in Figure 4.6. It seemed that an exposure time of 20 and 50 seconds was not sufficient for a
significant d33 , whereas bulk PZT could be poled for these exposure times [76]. This could
be caused by different factors. Firstly, in a polymerceramic composite the effective electric
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field experienced by the ceramic particles is controlled by the electrical conductivity and
dielectric constants of both the polymer and the ceramic phase. The effective electric field
is always much lower than the actual applied electric field [77]. This could result in a longer
poling time requirement for composites as compared to bulk PZT ceramics [74]. Secondly,
to attain an effectively poled composite, it has been demonstrated that the poling time
should be longer than the relaxation time of the composite [32].
For exposure times longer than 100 seconds, no significant difference in the resulting
d33 for any higher exposure times was observed. Because all d33 provided values within the
range of (22.5 ± 4) pC/N. Furthermore, the exposure time seems to have no influence on
damage of the samples, since there is no significant change in percentage of intact samples
observed for exposure times longer than 100 seconds. Therefore, an exposure time of at
least 100 seconds was selected.
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Figure 4.6: Influence of the exposure time on the piezoelectric charge constant
(d33 ) & percentage of intact samples (PZT-PDMS composites, thickness of 30 µm,
50 vol%) for direct-contact poling. Samples were poled at a fixed temperature of 150
°C and contact voltage of 700 V for different exposure times.
Corona poling
The exposure time during corona poling was examined and a distinction was made between
samples poled while the charge remained on the samples, and samples poled while the
charge was almost immediately removed. Charges were removed by dipping the samples
in ethanol after poling. The effect of the exposure time on the piezoelectric charge constant
(d33 ) is presented in Figure 4.7.
It can be seen that there is no significant difference in the resulting d33 for the different
exposure times higher than 100 seconds during corona poling. All values fall within the
range of (21.9 ± 2) pC/N. These values act in accordance with the other found values.
It seems that for an exposure time shorter than 50 seconds, the d33 slightly decreases.
This trend can be observed more significantly for the samples of which the charge was
immediately removed. The d33 may be lower because the electric field has not yet reaches
the same magnitude as it has for longer exposure times, since charges have only remained
for a short while on the sample.
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Figure 4.7: Influence of the exposure time on the piezoelectric charge constant
(d33 ) & percentage of intact samples (PZT-PDMS composites, thickness of 30 µm,
50 vol%) for corona poling. Samples were poled at room temperature and with a
plasma voltage of 14 kV for different exposure times.
There is no serious difference between samples poled after which the charge remained
on the samples, and samples poled after which the charge was immediately removed. Only
a small distinction could be observed as the exposure time gets shorter. Then, the d33
reaches a higher value when the charge remains on the sample. This may be due to the
fact that the electric field is still present on the sample, which ensures a longer poling time
and reaching a slightly higher net polarization. Moreover, the exposure time appeared
to have no influence on the amount of damage done onto the samples, since there is no
change in percentage of intact samples observed for different exposure times. Therefore,
an exposure time of at least 100 seconds seemed to be the best choice.
It is interesting to note that there were differences between the resulting d33 of the two
techniques when it comes to exposure time. Whereas for direct-contact poling 20 and 50
seconds is not enough to pole a sample at all, 15 seconds of exposure time during corona
poling results in a not-fully poled sample. A likely explanation for this are the differences
between the main principles of these poling techniques.

4.3.3

Temperature

Several studies have shown that the poling temperature is a very important parameter
during the direct-contact poling process of bulk PZT ceramics [64, 78, 79]. However, the
influence of temperature during the poling processes of PZT-PDMS composites has not
been studied thoroughly. Furthermore, the temperature behaviour of the dielectric constant and hysteresis, are not known yet.
Figure 4.8a presents the impedance data of PZT-composites, providing the dielectric
constant for different temperatures. It shows that the resistance to the flow of alternating
current was constant for the measured range. This did not change for the different temperatures. When evaluating the impedance data as a function of the temperature, one
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observes a decrease in the dielectric constant from 36 to 26, as the temperature increases.
For pure PZT materials, the opposite is observed: as the dielectric constant increases
for higher temperatures in such studies [64, 79]. On the other hand, silicone polymers as
PDMS show a decrease in dielectric constant over an increase of temperature [80,81]. The
decrease in dielectric constant is supported by the change is hysteresis curves, as shown in
Figure 4.8b. It can be seen that the slope of the curve (at V=0) decreased for increasing
temperatures. This is in accordance with equation 3.4. Therefore, it can be concluded
that the dielectric constant lowered for increasing temperatures, which is mainly explained
by the presence of the polymer matrix.
Furthermore, the (P,V)-curves showed a significant difference in maximum and remanent polarization for different temperatures. The hysteresis curves and remanent polarization became smaller for increasing temperature. However, for pure PZT the hysteresis
curves saturated as the temperature increased [75, 82–84]. For pure PZT, this change
implies that higher temperatures effectively promote the movement of domain walls and
decrease the coercive field. Therefore, poling with the same electric field at higher temperatures results in a higher d33 . Or, a lower field is required for reaching the coercive
field as temperatures increase. However, no change in the width of the hysteresis curves or
increase in remanent polarization for different temperatures on PZT-PDMS composites is
observed. It is possible that the domain wall mobility of the PZT grains in the composites
increases for higher temperatures, while this is not shown by the hysteresis curves. This
could be caused by the decreasing dielectric constant as a result of the presence of the
polymer matrix, that suppressed other processes. Therefore, the best way to see what the
influence of the temperature was during poling, was to actually measure it.
The effect of poling temperature on the piezoelectric charge constant (d33 ) during
direct-contact poling is shown in Figure 4.9. The results demonstrated that the temperature influenced the domain wall mobility of the PZT, as the d33 increased for an increasing
temperature. This could be expected, since pure PZT acts the same during contact poling
for increasing temperatures [79, 85]. The temperature was increased up to 150 °C, since
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Figure 4.8: Impedance (a) and P-V curves (b) of PZT-PDMS composites (thickness
of 30 µm, 50 vol%) for different temperatures. Hysterese was measured with a voltage
of 1000V, at a frequency of 1 Hz.
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Figure 4.9: Measured piezoelectric constant of PZT-PDMS composites (thickness
of 30 µm, 50 vol%) as a function of the temperature during poling. Samples poled
by direct-contact poling, were poled for 120 seconds and a contact voltage of 700V.
the polymer matrix might degrade at higher temperatures. Therefore, a poling temperature of 150 °C is the best option for direct-contact poling. The set-up of corona poling is
unsuitable for poling at different temperatures, but Figure 4.9 showed that a comparable
value of the d33 could already be obtained at room temperature. This could be caused
by the difference between the main principles of the two poling techniques. It might be
interesting to investigate what increased temperatures during corona poling would provide.

4.4

Conclusion

The main principles of both poling techniques are now understood. It was observed that
the difference in the main principle of the application of an electric field could be the
reason for some differences in results. Nonetheless, both poling techniques were suitable
for poling and provided comparable results, if the most effective poling conditions were
used. For direct-contact poling, the best conditions were a contact voltage of 700 V, which
establishes an electric field of 1.75·107 V/m, an exposure time of at least 100 seconds, and a
temperature of 150 °C. An longer poling time had no demonstrable effect, whereas shorter
exposure times were not sufficient enough to pole the samples. A further increased electric
field only reduced the performance by degrading the composites via short-circuiting.
For corona poling, the best conditions were a plasma voltage of 14 kV, that achieves
an electric field of 1.6 · 107 V/m, an exposure time of at least 100 seconds. An increasing
poling time had no demonstrable effect on the d33 , since the resulting values were similar.
It was shown that the plasma voltage was high enough to create an electric field that could
overcome the coercive field. A further increased electric field did not degrade the samples
significantly. After comparing both, corona poling seemed the most suitable technique to
use for poling PZT-composites.
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Material characterization of 0-3
PZT-PDMS composites
In this chapter, the mechanical and (piezo-)electrical properties of PZT-PDMS (Lead
Zirconate Titanate - Polydimethylsiloxane) composites of 0-3 connectivity are discussed.
The PZT-PDMS composites were fabricated in different volume fractions by mixing the
two components. Thereafter, they were formed via stencil printing. Subsequently, the
mechanical, dielectric and piezoelectric properties were measured via numerous methods.
The differences in structures for composites with different volume fractions were studied
by investigating the cross sections with a SEM. Impedance measurements profiled the
dielectric constant of the composites as a function of frequency. Hysteresis measurements
provided insight in the electric field dependence of the polarization. Through tensile tests,
the mechanical properties, being stress-strain curves, the Young’s Modulus and the strain
at break were profiled.
The dielectric constant εr , both the piezoelectric charge constant d33 , and the piezoelectric voltage constant g33 of the PZT-PDMS composites in longitudinal direction were
measured. A theoretical model for 0-3 composites, being the Yamada model, was used
verify the experimental data. The piezoelectric charge constant d31 , and the piezoelectric
voltage constant g31 of the PZT-PDMS composites in transverse direction were profiled.
The results described in this chapter provide information on the flexibility and the
piezoelectric properties of the PZT-PDMS composites, which is most important for the
applicability in ‘flexible’ sensor applications.

5.1

Experimental procedures

 Powder analysis: prior to the sample fabrication, X-ray diffraction (XRD) was used
to analyze the crystal structure of the PZT powder. Contaminations and zirconium and
titanate ratios of the powder were investigated with a Scanning Electron Microscope
(SEM) and Energy-Dispersive X-ray spectroscopy (EDX). The size of the PZT grains
has been profiled with a laser diffraction particle size analyzer (Malvern Mastersizer2000). Those results have already been elaborated in Chapter 3.
 Structural characterization: the structures of the composites were recorded with
a SEM (JEOL JSM6010LA). Cross-sections were created by cutting the samples with
a razor blade. Then the cross-sections were covered with a thin layer of gold and
investigated in vacuum. Different electron accelerating voltages were used to obtain
images with high resolution and contrast.
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 Mechanical characterization: through tensile tests with a Universal Testing Machine (Instron 5566), the mechanical deformations during strain were recorded. The
measurements were performed at a strain rate of 0.1% min−1 at room temperature.
These measurements provided stress-strain curves, from which the Young’s Modulus
and the average strain at break for different volume fractions were derived.
 Electerical characterization: Impedance and hysteresis measurements were conducted for the electrical characterization of the PZT-PDMS composites for different
volume fractions. Impedance measurements were performed by using a LCR meter
(Agilent E4980A) over a range of 20 Hz to 106 Hz. The capacitance C (pF) and dielectric loss tan δ were then measured at 1 kHz and 1 V. The dielectric constant εr
was derived from the capacitance. Hysteresis measurements were conducted with a
ferroelectric film test system (TF Analyzer 2000) at 1 Hz for different voltages.
 Piezoelectrical characterization: prior to measuring, the samples are polarized in
the corona polarization set-up at 14 kV for 100 s. Subsequently, the piezoelectric charge
coefficient d33 (pC/N) of the composites was measured with a Berlincourt type piezometer (Piezotest PM300) at 10 N and a frequency set at 110 Hz. The piezoelectric voltage
coefficient g33 (mV·m/N) was calculated with the dielectric constant and the piezoelectric charge constant, according to Equation 2.4. Finally, the piezoelectric voltage coefficient g31 (mV·m/N) and the piezoelectric charge coefficient d31 (pC/N) were obtained
via tensile tests, while measuring the voltage resulting from the tensile deformation. For
these measurements, a mechanical testing tool (Mark-10) combined with a source meter
(Keithley 2612A) were used.1

5.2

Structural characterization

In Figure 5.1, SEM images of the cross sections of the PZT-PDMS composite microstructures are shown. These composites are processed into 0-3 composites for PZT volume
fractions of 10%, 20%, 30%, 40%, 50% and 60%.
This figure shows that on the scale of micrometers the composites appear to be homogeneous, and have similar micro-structures. Furthermore, the cross sections show that
all the composites have a relative density near to 100%, since only a few voids could be
detected. It can be noticed that as the particle volume fraction increases, the relative
density becomes higher and the inter-particle distance has shortened. A transition from a
more smooth to a rough surface is observed as the volume fraction of PZT increases from
40% to 50%. This suggests that the binder is not capable of planarizing the film.
Even though the figures mostly showed homogeneously dispersed PZT particles, clusters of multiple primary particles were observed at some locations. As the volume fraction
increased, more agglomerations were found. Furthermore, the detailed view on the composite structures showed a good adhesion of polymer matrix with the ceramic particles.
Even the composites with higher particle loadings created completed films.
The thickness of the composites varied for some volume fractions. The thickness of
the sample with a volume fraction of 30% PZT was 60 µm, while the other samples had a
thickness of 25-30 µm. This is probably caused by some difference or error in added solvent
during the fabrication. In order to have reliable measurements, some normalization to the
thicknesses of all samples was taken into account.

1

Detailed descriptions of mentioned techniques and used equipment can be found in Chapter 3.
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(a) Composite 10 vol% PZT

(b) Composite 20 vol% PZT

(c) Composite 30 vol% PZT

(d) Composite 40 vol% PZT

(e) Composite 50 vol% PZT

(f ) Composite 60 vol% PZT

Figure 5.1: SEM images of the cross-sections of all different volume fractions.
The bright coloured structures represent the PZT particles and the dark background
represents the polymer PDMS. Note that all images have a 1500x magnification,
while other SEM settings vary per image.
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5.3

Mechanical characterization

An important aspect of composites is their mechanical behaviour. Therefore, the stressstrain curves were studied. These results delivered the elastic modulus and strain at break
for different volume fractions of the PZT-PDMS composites. In Figure 5.2 the typical
stress-strain curves of PZT-PDMS composites for different volume fractions are shown.
The machine stopped the measurement automatically as the force dropped 10%. This
drop resulted from a break of the film. These measurements provided information on the
strain at break. The Youngs Modulus was calculated from the slope of these stress-strain
curves between 2% and 8% deformation, in order to consider only small deformations.
In Figure 5.2 it is shown that the strain decreased strongly with increasing volume
fraction of PZT. It can be noted that the slope of the curves was increasing as the volume
fraction of PZT increases. These observations indicate that the stress exerted on the
samples was enlarged as more PZT particles are present in the polymer matrix. This was
to be expected, since fewer PDMS remained to process the load. One should note that the
stress-strain curves of the pure PDMS and the 10-20 vol% PZT look comparable and their
slope was only slightly increased. The stress-strain curves for volume fractions above and
including 30% are drastically steeper and different. This transition is most probably due to
the percolation limit of the PZT-PDMS composites. This is a mathematical concept which
describes the formation of long-range connectivity in random systems. The percolation
threshold for PDMS is reported to be at a particle load of 20-25% [86].
The tensile tests were performed on at least three different samples for all volume
fractions of PZT, resulting in average Young’s Moduli for all different volume fractions.
These average Young’s Moduli are plotted against the volume fraction in Figure 5.3. These
multiple tensile measurements also provided an average strain at break for all different
volume fractions, which is shown in Figure 5.3.
The average Young’s Modulus for pure PDMS is (4.5 ± 1.0) MPa, which resembles
the Young’s Moduli of the 10 and 20 vol%, being (4.5 ± 0.8) MPa and (4.9 ± 1.0) MPa
respectively. For a volume fraction of 30% and higher, the Young’s Modulus starts to
6
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Figure 5.2: Typical stress-strain curves of PZT-PDMS composites for different
volume fractions.
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Figure 5.3: Average Young’s Modulus and strain at break of PZT-PDMS composites
for different volume fractions of PZT.
increase. The highest value obtained is (44 ± 4) MPa for the composites with a 60%
loading of PZT. Although the value for the Young’s Modulus increased for higher volume
fractions, it still barely approached the value of the Young’s Modulus for pure PZT, which
is 63 GPa [87]. This indicates that composites with higher loadings are flexible, stretchable
and like a silicone rubber. Moreover, it demonstrates that the mechanical behaviour is
dominated by the polymer, even as the volume fraction of the particles is higher.
The Young’s Modulus was calculated with theoretical predictions for 0-3 composites
given by Yamada [24]. In Figure 5.3 the calculated values as a function of the volume
fraction are displayed. The Yamada model only correctly predicted the values for the
lower volume fractions. The model did not consider the percolation threshold and it assumes a homogeneous distribution of particles, while this is not possible for higher volume
fractions. Thus, no good agreement with this model could be found at the higher volume
fraction regions. Other theoretical descriptions, like the reciprocal rule of mixture [88] and
Kerner’s Model for composites [89] were also considered for a theoretical approximation of
the Young’s Modulus as a function of the volume fraction. However, those models showed
to be unsuitable to explain the mechanical behaviour for the higher volume fractions. A
comparable increase in Young’s Modulus for increasing volume fraction has been observed
in other studies of mechanical properties of composites [73, 90]. A good theoretical description might be given by a finite element method (FEM). In another study by Kakavas
et al, a numerical investigation of the stress fields in polymers filled with particles was
conducted [91]. When the stress fields and polymer deformation as shown in Figure 5.a
of this paper are considered, a better theoretical description of the mechanical behaviour
might be made.
Apart from a low Young’s Modulus, all composites show an average strain at break
of at least 6%, as shown in Figure 5.3. Despite the high PZT loading of the 60 vol%
composites, a sample could still withstand a strain of 6 % before it breaks. The average
strain at break increases to around 40% as the volume fraction decreased. Again, the data
showed that the pure PDMS and the composites of 10 and 20 vol% are alike.
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From the mechanical properties of all composites for different volume fractions, it
can be concluded that the composites are still flexible and stretchable. The mechanical
properties of these composites are comparable with other piezoelectric polymers or composites [20,92,93]. Depending on the desired piezoelectric properties and minimum strain,
the ideal volume fraction can be chosen.

5.4
5.4.1

Electrical characterization
Impedance

Figure 5.4 shows the dependence of the dielectric constant as a function of frequency for
different volume fractions of the PZT-PDMS composites. From this figure we observe that
the dielectric constant rose from 5.2 to 38, as the volume percentage of PZT increased
from 10 to 60 vol%. This growth is mainly caused by the increasing contribution of the
PZT particles present in the composites, which have a higher dielectric constant than the
polymer. Since the particles in the composite are tightly packed with limited porosity, a
homogeneous particle distribution results. Even for a high volume percentage of PZT a
homogeneous layer is formed, which is confirmed by the SEM images (Figure 5.1). This
leads to the comparatively stable dielectric constant.
Figure 5.4 shows that there was marginal change in permittivity of all the composites
as a function of frequency. However, a small increase in permittivity at the lower frequency
region can be observed. Besides the fact that the system was introducing some noise at
lower frequencies, dipolar polarization caused a small increase in the dielectric constant.
This is induced by dipoles that have enough time to orient themselves in the direction of
applied electric field, because of low frequencies. However, at higher frequency, the dipoles
will hardly manage to orient themselves. Thus, a permittivity in the low frequency region
is mainly due to the interfacial and space charge polarization [67].
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Figure 5.4: Dielectric constant of PZT-PDMS composites for different volume
fractions as a function of frequency.
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5.4.2

Hysteresis

In order to understand the ferroelectric behaviour of the PZT-PDMS composites,
polarization-electric field (P,E)-curves were investigated. In Figure 5.5 a typical polarization behaviour of PZT-PDMS composites for different volume fractions as a function
of electric field is shown. Electric fields higher than 2.0 · 107 V/m could not be applied
due to dielectric breakdown. We found that the average coercive field for the PZT-PDMS
composites was 1.5 · 107 V/m. Furthermore, it can be observed that both the saturation
as the remanent polarization are increasing as the PZT volume fraction increases. For example, the saturation polarization raised to 1.8 µC/cm2 for the composites with 60 vol%
PZT. The remanent polarization for composites with this volume fraction is 1.5 µC/cm2 .
This increase of polarization is caused by the growing number of PZT particles present
in the composite. The enhancement of the polarization in PZT-PDMS composites was
not caused by increased polarization resulting from polymer infiltration, since PDMS is
simply a dielectric material instead of a ferroelectric.
We observed a difference in the increase of the remanent and saturation polarization
for different volume fractions. The increase of the remanent and saturation polarization
of the composites with lower volume fractions, 10 to 30 vol%, was only small, whereas
the remanent and saturation polarization of the composites with higher volume fractions
showed a larger increase. This is probably caused by the increased connectivity of the
piezoelectric phase for higher volume fractions [16]. From the SEM images it could be
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Figure 5.5: P-E curves of PZT-PDMS composites for different volume fractions.
Measurements were performed at an electric field of 2.0 · 107 V/m.
43

Chapter 5. Material characterization of 0-3 PZT-PDMS composites

observed that the inter-particle distances decreased for higher volume fractions of PZT,
which makes the connectivity of the piezoelectric phase a plausible cause. Moreover,
aggregation of primary particles is more likely for composites with higher volume fractions,
which increases the connectivity of the piezoelectric phase even more.
The shape of the (P,E)-curves of the 20 vol% and 60 vol% demonstrate that some
resistive leakage occurred. Therefore, consideration on the actual value of the saturation
polarization has to be taken into account. It might be a lower value. However, the (P,E)curves should be mainly used to qualitatively show the piezoelectric behaviour, rather
than quantitatively profile the piezoelectric constants.

5.5
5.5.1

Di- and piezoelectric properties
Dielectric constant

In Figure 5.6 the dielectric constant εr of the PZT-PDMS composites as a function of the
volume fraction is shown. The measured dielectric loss tan δ is plotted as a function of the
volume fraction as well. These experimental values of εr for the PZT-PDMS composites
were compared with the theoretical predictions for 0-3 composites given by Yamada [24].
The dielectric constant rose for increasing volume fractions, as already expected from the
impedance data. Furthermore, the loss factor is plotted and its value was steadily lower
than 0.025. This suggests that a dielectric layer of high quality was established. Moreover,
the data showed that the loss factor was independent on the volume fraction. Thus, the
quality of the composites as a dielectric layer was rather constant for all volume fractions.
For a theoretical comparison of the experimental data, the dielectric constant of pure
PDMS, εp = 2.64 [36] was substituted as the binder phase. The dielectric constant of
pure PZT εc = 1820 [34] was taken as the ceramic phase. With these parameters the
Yamada model fits with the optimum shape factor n = 9. This shape factor leads to a
shape aspect ratio of r = 2.8 [16, 24]. This value lies above the from the SEM images
expected value for an aspect ratio of the used PZT particles. The overestimation of the
n-value is probably due to misestimation of εr by the model at higher volume fractions.
This misestimation is conceivably caused by the fact that the Yamada Model assumes the
composite to consist of perfectly dispersed particles. However, the SEM images of the
cross-sections showed that rather agglomerations are formed. At higher volume fractions,
50% and 60%, more agglomerations are formed in comparison with the lower volume
fractions, leading to higher experimental values of εr .

5.5.2

Piezoelectric constants longitudinal direction, d33 and g33

Besides the dielectric constant εr of the PZT-PDMS composites, the piezoelectric charge
constant (d33 ) and piezoelectric voltage constant (g33 ) have been measured. In Figure
5.7, these constants are shown as a function of the volume fraction. These experimental
values of d33 and g33 for the PZT-PDMS composites were compared with the theoretical
predictions for 0-3 composites given by Yamada [24].
The maximum values of both d33 and g33 could be observed for the composites with
50 vol% of PZT, which were (22.1 ± 1.1) pC/N and (89 ± 16) mV·m/N, respectively.
The d33 of the 60 vol% composite is higher, with a value of (27.5 ± 1.0) pC/N, but the
corresponding g33 is lower, being (74 ± 22) mV·m/N. The g33 may be lower due to the
larger increase in εr than the increase of the d33 for this volume fraction. We observed that
the d33 increased as the volume fraction increased. This is supported by the increasing
polarization, measured with the hysteresis.
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Figure 5.6: Dielectric constants εr and dielectric loss tan δ of PZT-PDMS composites for different volume fractions. The dielectric constant was fitted with the
Yamada Model. The expected dielectric constant (εr ), when shape factor is 9, is
plotted as well.
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Figure 5.7: a) Piezoelectric charge constants (d33 ), and b) piezoelectric voltage
constants (g33 ) of PZT-PDMS composites for different volume fractions, fitted with
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plotted.

45

60

Chapter 5. Material characterization of 0-3 PZT-PDMS composites

The obtained experimental values for the d33 were compared with the theoretical data
as given by the Yamada model, as shown in Figure 5.7a. The theoretical values for the
d33 were calculated using Yamada’s model for high PZT content composites, in which the
piezoelectic charge constant of the ceramic phase was taken to be dc = 480 pC/N [34].
The value of the shape factor n, found as fitting parameter for the εr , is used. A fit with
the Yamada Model could be established and a poling ratio α of 0.70 was found. Again
some deviation of the theoretical modeled values at the higher volume fractions could be
noticed, but most experimental values fall on the theoretical trendline (green line, poling
ratio α = 0.75). This deviation is most likely caused by the formation of agglomerations at
higher volume fractions, which the Yamada Model does not take into account. However,
it appears possible to describe both εr and d33 of composites with the Yamada model.
In Figure 5.7b we show that no correlation could be found between the data and the
calculated values using the Yamada Model. The deviation of the experimental g33 values
from theoretical values (orange, green and blue trendlines) for the composites of 10 vol%
and 60 vol% are mainly inducing this.
The d33 of other PZT-composite materials reported values of 15 to 25 pC/N [16,19,94].
The g33 has been reported to yield a value up to 75 mV·m/N for 0-3 composites, typically
containing 50% particles [16, 19, 94]. A piezoelectric polymer like PVDF has comparable
results as well [95]. The present values, d33 = (22.1 ± 1.1) pC/N and g33 = (89 ± 16)
mV·m/N of the composites with 50 vol% PZT thus competes with the values of other
materials.

5.5.3

Piezoelectric constants transverse direction, d31 and g31

The typical generated voltage and measured stress for different volume fractions of PZTPDMS composites as response to tensile strain are shown in Figure 5.8. The samples were
stretched at a certain strain, kept in place and released again over time. These steps were
repeated, every step for increasing strain.
Once a force was applied to a sample as a result from strain, a resulting peak of voltage
was measured. This indicates that a voltage response was generated when a tensile force
was applied. The amount of generated voltage increased for increasing volume fraction.
The highest voltage that could be harvested was 0.4 V, generated by the 50 vol% PZT
composites. Even the composite with a lower particle volume fraction could generate
charges. While the force, and thus the stress on the sample was kept constant for a
second, the voltage decreased, implying a charge flow into the system. After the tensile
force was released, this charge needed to flow back into the sample. This resulted in a
negative voltage peak.
Figure 5.8 shows that an electric response to the applied strain and stress was generated. Thus, all PZT-PDMS composites, even them with lower volume fractions, could
be used in sensor applications. The results indicate that the composites could qualitatively tell that a force is exerted. However, the figure shows that the amount of generated
voltage stopped increasing while the stress enlarged. After a certain strain and stress, the
generated voltage was at a constant value, while the stress still builds up. Therefore, these
PZT-PDMS composites are not very suitable to implement in a sensor which is needed to
quantitatively measure a tensile force.
From this tensile test, the piezoelectric voltage constant (g31 ) could be directly approximated, as described in Section 3.5.2. The graphs showing the generated voltages as
a function of the force and the applied fitting to determine the values for g31 are shown in
Appendix B. The piezoelectric charge constant (d31 ) could deducted from the g31 value.
The values of both constants as function of the volume fractions are shown in Figure 5.9.
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Figure 5.9: a) Piezoelectric charge constants (d31 ), and b) piezoelectric voltage
constants (g31 ) of PZT-PDMS composites for different volume fractions.
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The maximum values of d31 and g31 were observed for the composites with 50 vol%
PZT, which are 1.36 pC/N and 5.11 mV·m/N, respectively. As the Poisson ratio and
the relation between the d31 and d33 is considered, as given in Equation 2.3, a value of
7.35 pC/N was expected. Thus, the experimental d31 values from these measurements are
lower than the values deduced from the d33 . Nevertheless, the relation between the two
operation directions can be estimated. The ratio of the two piezoelectric constants was
found to be 0.05, instead of 1/3 (Poisson ratio PZT).
Firstly, this ratio might be lower since the force on the piezoelectric particles is mostly
exerted via the polymer matrix, and not directly as in the case of bulk materials. Secondly,
this may be due to the experimental set-up, since it can be subjected to some voltage loss.
This can only be partly solved by implementing the parallel resistance. Thirdly, the d31
values measured via this tensile test could be lower, because of differences in electrode
configurations and fabrication processes. The samples that were used to measure the
d33 had gold electrodes, while the samples used to measure the d31 had silver electrodes.
Moreover, the samples used for measuring the d33 could be used directly after the gold
electrodes were sputtered on top after poling. The samples for measuring the d31 received
an UV-Ozone treatment and needed to cure in the oven at 120 °C after poling in order to
have stretchable, silver electrodes on top. These two processes might have caused some
reduction of the piezoelectric properties. Furthermore, there is a difference in symmetry
of the samples for the two direction modes, which also could induce different values.
To further understand the relation between the two operation direction modes, more
measurements should be conducted. Samples with different symmetries could be measured
in the two operation modes, and more results might provide a more clear conclusion on
the relation between the two operation modes for composites.

5.6

Conclusion

In conclusion, flexible piezoelectric PZT-PDMS composite films of 0-3 connectivity with
filler volume fractions up to 60 vol% could successfully and easily be fabricated by stencil printing. A range of important properties of these PZT-PDMS composites have been
investigated. SEM analysis of the PZT-PDMS composites showed a homogeneous distribution of PZT particles in the polymer matrix. By mechanical testing, it was shown
that the mechanical properties of the PZT-PDMS composites are mostly polymer driven.
Even the higher filler composites still possessed a low Young’s Modulus and could extend
several percentages before breaking.
The dielectric and piezoelectric properties of these composites in longitudinal direction
have been profiled and were competing with other presented materials. Furthermore, the
dielectric constant εr and piezoelectric charge constant d33 could be well described by
Yamada’s theory for piezoelectric properties for 0-3 composites. However, the model
described the piezoelectric voltage constant g33 poorly.
At last, the response of the PZT-PDMS composites to tensile forces and the resulting
piezoelectric properties in the transverse direction (d31 and g1 ) were studied. It was shown
that the response could qualitatively indicate that a force was exerted. Considering all
these investigated properties, the PZT-PDMS with a volume fraction of 50% would be
an attractive option for the use in sensor applications. The high flexibility combined
with excellent piezoelectric properties of the PZT-PDMS composites as described in this
chapter opens new ways to ‘flexible’ sensor applications.
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Chapter 6

Material characterization of highly
flexible 0-3 PZT-Ecoflex
composites
In this chapter, the mechanical and (piezo-)electrical properties of PZT-Ecoflex (Lead Zirconate Titanate - Ecoflex) composites of 0-3 connectivity are discussed. The PZT-Ecoflex
composites were fabricated in different volume fractions by mixing the two components
and formed via stencil printing. Subsequently, the mechanical, dielectric and piezoelectric
properties were measured with numerous methods.
The differences in structures for composites with different volume fractions were studied
by investigating the cross sections with a SEM. Impedance measurements profiled the
dielectric constant of the composites as a function of frequency. Hysteresis measurements
provided information on the electric field dependence of the polarization. Through tensile
tests, the mechanical properties, being stress-strain curves, the Young’s Modulus and the
strain at break were profiled.
The dielectric constant εr , both the piezoelectric charge constant d33 , and the piezoelectric voltage constant g33 of the PZT-Ecoflex composites in longitudinal direction were
measured. A theoretical model for 0-3 composites, being the Yamada model, was used
verify the experimental data. The results as described in this chapter provide information
on the flexibility and the piezoelectric properties of the PZT-Ecoflex composites, in order
to investigate the applicability for stretchable sensor applications.

6.1

Experimental procedures

 Structural characterization: the structures of the composites were recorded with
a SEM (JEOL JSM6010LA). Cross sections were created by cutting the samples with
a razor blade. Then the cross sections were covered with a thin layer of gold and
investigated in vacuum. Different electron accelerating voltages were used to obtain
images with high resolution and contrast.
 Mechanical characterization: through tensile tests with a Universal Testing Machine (Instron 5566), the mechanical deformations during strain were recorded. The
measurements were performed at a strain rate of 0.5% min−1 at room temperature.
These measurements provided stress-strain curves, from which the Young’s Modulus
and the average strain at break for different volume fractions were derived.
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 Electerical characterization: impedance and hysteresis measurements were conducted for the electrical characterization of the PZT-Ecoflex composites for different
volume fractions. Impedance measurements were performed by using a LCR meter
(Agilent E4980A) over a range of 20 Hz to 106 Hz. The capacitance C (pF) and dielectric loss tan δ were then measured at 1 kHz and 1 V. The dielectric constant εr
was derived from the capacitance. Hysteresis measurements were conducted with a
ferroelectric film test system (TF Analyzer 2000) at 1 Hz for different voltages.
 Piezoelectrical characterization: prior to measuring, the samples are polarized in
the corona polarization set-up at 14 kV for 100 s. Subsequently, the piezoelectric charge
coefficient d33 (pC/N) of the composites was measured with a Berlincourt type piezometer (Piezotest PM300) at 10 N and a frequency set at 110 Hz. The piezoelectric voltage
coefficient g33 (mV·m/N) was calculated with the dielectric constant and the piezoelectric charge constant, according to Equation 2.4. 1

6.2

Structural characterization

In Figure 6.1, SEM images of the cross sections of the PZT-Ecoflex composite microstructures, processed into 0-3 composites for PZT volume fractions of 10%, 20%, 30%,
40%, 50% and 60% are shown.
These figures show that on the scale of micrometers all composites up to 50 vol%
appear to be homogeneous and have a similar micro-structure. As Figure 6.1f shows, the
composite with a volume fraction of 60% did not form an uniform and complete layer. It
is likely that the binder could not form a complete film anymore due to the high load of
particles in the film. This should be considered when other results of the composites with
a volume fraction of 60% are analysed. Moreover, some experiments were not possible to
conduct with the composites of 60 vol%, since the films were crumbling apart.
The cross sections show that all the composites up to 50 vol% have a relative density
near to 100%, since there were not many voids detected. It can be noticed that as the particle volume fraction increases, the relative density becomes higher and the inter-particle
distance is shortened. A transition from a more smooth to a rough surface is observed as
the volume fraction of PZT increases from 40% to 50%. This suggests that the binder is
not capable of planarizing the film for a volume fraction higher than 40%.
The figures show that the PZT particles are homogeneously dispersed in the polymer
matrix. The distribution of the particles in Ecoflex seemed slightly different than the
dispersion of PZT particles in PDMS. Moreover, clusters of multiple primary particles
(agglomerations) were spotted. As the volume fraction increased, more agglomerations
were found. Furthermore, the detailed view on the structures of the composites showed a
good adhesion of polymer matrix with the ceramic particles.
The thickness of the composites varied for some volume fractions. The thickness of
the sample with a volume fraction of 50% PZT was 45 µm, while the rest of the samples
had a thickness of 25-30 µm. In order to have reliable measurements, some normalization
to the thicknesses of all samples was taken into account.

1

Detailed descriptions of mentioned techniques and used equipment can be found in Chapter 3.
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(a) Composite 10 vol% PZT

(b) Composite 20 vol% PZT

(c) Composite 30 vol% PZT

(d) Composite 40 vol% PZT

(e) Composite 50 vol% PZT

(f ) Composite 60 vol% PZT

Figure 6.1: SEM images of the cross-sections of all different volume fractions.
The bright coloured structures represent the PZT particles and the dark background
represents the polymer Ecoflex. Note that all images have a 1000x magnification,
while other SEM settings vary per image.
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6.3

Mechanical characterization

The stress-strain curves, the elastic modulus and strain at break for different volume
fractions (0% to 50%) of the PZT-Ecoflex composites were studied. PZT-Ecoflex with a
volume fraction of 60% could not be measured by tensile testing, since it fell apart when
it was removed from the substrate. In figure 6.2 the typical stress-strain curves of PZTEcoflex composites for different volume fractions are shown. The machine was set to stop
the measurement when the force dropped 10%. The Youngs Modulus was calculated from
the slope of these stress-strain curves between 2% and 8% deformation.
It can be seen that the strain decreased as the volume fraction of PZT increased and the
slope of the curves increased as the volume fraction of PZT increased. These observations
indicated that the stress exerted on the samples enlarges for higher volume fractions. Just
like the PZT-PDMS composites, the stress-strain curves of the pure Ecoflex and the 10-20
vol% PZT composites look quite similar and their slopes only slightly increased, while the
stress-strain curves for volume fractions above and including 30% are drastically steeper
and different. This transition is most probably due to the percolation limit of the Ecoflex
matrix, similar to the PZT-PDMS composites.
The tensile tests were performed on at least three different samples for all volume
fractions of PZT. These test provided values for the average Young’s Moduli and a value
for the average strain at break for all different volume fractions. These results are shown in
Figure 6.3. The average Young’s Modulus for pure Ecoflex was (0.11 ± 0.01) MPa, which
resembled the Young’s Moduli of the 10 and 20 vol%, being (0.13 ± 0.01) MPa and (0.10
± 0.01) MPa respectively. For a volume fraction of 30% and higher, the Young’s Modulus
started to increase. The highest value obtained was (1.35 ± 0.25) MPa for the composites
with a 50% loading of PZT. The Young’s Moduli of the PZT-Ecoflex composites were
30 times lower than the PZT-PDMS composites. This indicates that composites with
higher loadings are even more flexible and stretchable. Moreover, it demonstrates that
the mechanical behaviour is polymer dominated, since the Young’s Modulus of Ecoflex is
lower than PDMS and the Young’s Moduli of the resulting composites were lower as well.
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Figure 6.2: Strain-stress curves of PZT-Ecoflex composites for different volume
fractions.
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Figure 6.3: Strain-stress curves of PZT-Ecoflex composites for different volume
fractions.
The Young’s Modulus was estimated with theoretical predictions for 0-3 composites
given by Yamada [24]. In Figure 6.3 the calculated values as a function of the volume
fraction are displayed. The Yamada model only correctly predicted the values for the lower
volume fractions. The model does again not take into account the percolation threshold
and it assumes a homogeneous distribution of particles, while this is again not possible for
higher volume fractions. Therefore, no good agreement with this model could be found
at the higher volume fraction regions. A good theoretical description for the PZT-Ecoflex
composites could be made by using a finite element method (FEM) for modelling, similar
to the PZT-PDMS composites.
Apart from a low Young’s Modulus, all composites showed a larg average strain at
break, as shown in Figure 6.3. Despite the high loading of the 50 vol%, the composite
still could withstand a strain of 49%. This is an immense strain for a piezoelectric device.
The average strain at break even increased up to 225% as the volume fraction decreased.
Again, this data shows that the pure Ecoflex and the composites of 10 and 20 vol% are
alike. These results show that the PZT-Ecoflex composites could stretch almost 10 times
more than the PZT-PDMS composites. Moreover, Young’s Modulus of the PZT-Ecoflex
composites is 30 times lower than the PZT-PDMS composites. Considering the mechanical
properties, it can be concluded that these composites are some of the most stretchable
composites reported to date.

6.4
6.4.1

Electrical characterization
Impedance

Figure 6.4 shows the dependence of the dielectric constant as a function of frequency for
different volume fractions of the PZT-Ecoflex composites and pure Ecoflex. The dielectric
constant of pure Ecoflex was also measured, since the value of the dielectric constant was
not known. The value found was 2.8, which is similar to pure PDMS. Therefore pure
Ecoflex is dielectrically comparable to pure PDMS [36]. Overall, the impedance data
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of the PZT-Ecoflex composites is comparable to the impedance data of the PZT-PDMS
composites, as discussed in Chapter 5.
From Figure 6.4 we observe that, as the volume percentage of PZT increases, the
dielectric constant rises. This grow is mainly caused by the the increasing contribution
of the PZT particles present in the composites, which have a higher dielectric constant.
Since the particles in the composite are tightly packed with limited porosity, a homogeneous particle distribution results. Even for a high volume percentage up to 50 vol%, a
homogeneous layer is formed, which is confirmed by the SEM images (Figure 6.1). This
leads to the comparatively stable dielectric constant for all frequencies. And although the
SEM images of the 60 vol% of PZT demonstrate no homogeneous layer, the impedance
data shows no problems. This suggests that the composite film is probably stable enough
to withstand a few volts.
Figure 6.4 shows a small increase in permittivity at the lower frequency region. Besides
the fact that the system is introducing some noise at lower frequncies, dipolar polarization
is causing a small increase in the dielectric constant. At lower frequencies, the dipoles get
enough time to orient themselves in the direction of applied electric field, while at higher
frequencies, the dipoles will hardly be able to orient themselves. High permittivity at low
frequency region is mainly due to the inter facial and space charge polarization [67].
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Figure 6.4: Dielectric constant of PZT-Ecoflex composites for different volume
fractions as a function of frequency.

6.4.2

Hysteresis

In order to understand the ferroelectric behaviour of the PZT-Ecoflex composites,
polarization-electric field (P,E)-curves were investigated. The typical polarization behaviour of PZT-Ecoflex composites for different volume fractions as a function of electric
field is in Figure 6.5. The composites with a volume fraction of 60% could not withstand
electric fields higher than 0.75 · 107 V/m. These used electric fields were lower than those
used for measuring the (P,E)-curves of the PZT-PDMS composites. This suggests that
some difference in the dielectric stability was induced by changing the polymer matrices.
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It can be observed that both saturation and remanent polarization were increasing as
the PZT volume fraction increased. The saturation polarization raised to 0.8 µC/cm2 for
the composites with 50 vol% PZT. The remanent polarization for that volume fraction
was 0.55 µC/cm2 . This increase of polarization is caused by the growing number of PZT
particles present in the composite. The enhancement of the polarization in PZT-Ecoflex
composites is not due to any increased polarization from the polymer. This is expected
since Ecoflex is not a ferroelectric, but simply a dielectric material.
From the hysteresis measurements, the found average coercive field for the PZT-Ecoflex
composites was 0.75 · 107 V/m. This is a lower value than the PZT-PDMS composites,
and this probably should be higher. However, this is not measurable, due to dielectric
breakdown of the films. Moreover, both the values of the saturation as the remanent
polarization of the PZT-Ecoflex composites are lower in comparison to the PZT-PDMS
composites as well. We thus expect that the values of the coercive field, the saturation
and remanent polarization were probably underestimated.
Lastly, again a difference in the increase of the remanent and saturation polarization
for different volume fractions was observed. The increase of the remanent and saturation polarization of the composites with volume fractions from 10 to 40 vol% was only
small, whereas the remanent and saturation polarization of the composites with 50 vol%
PZT increased more significantly. This also caused by the increased connectivity of the
piezoelectric phase for higher volume fractions, like the PZT-PDMS composites.
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Figure 6.5: (P,E)-curves of PZT-Ecoflex composites for different volume fractions.
All (P,E)-curves, except 60 vol%, were measured with an electric field of 1.25 · 107
V/m. The PZT-Ecoflex composite with 60 vol% was measured with an electric field
of 7.5 · 106 V/m.
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6.5
6.5.1

Di- and piezoelectric properties
Dielectric constant

In Figure 6.6 the dielectric constant εr of the PZT-Ecoflex composites as a function of the
volume fraction is shown. The measured dielectric loss tan δ is plotted as a function of the
volume fraction as well. These experimental values of εr for the PZT-Ecoflex composites
were compared with the theoretical predictions for 0-3 composites given by Yamada [24].
The dielectric constant rises for increasing volume fractions and the value of the loss
factor is always lower than 0.025. This means that a qualitatively good dielectric layer has
been established, since this value is very low. Moreover, it is shown that the loss factor
is independent on the volume fraction. Thus, the quality of the composites as a dielectric
layer is not decreasing for increasing volume fractions.
For a theoretical comparison of the experimental data, the dielectric constant of pure
Ecoflex, εp = 2.8 was substituted as the binder phase. The dielectric constant of pure PZT
εc = 1820 [34] was taken as the ceramic phase. With these parameters the Yamada model
fits with the optimum shape factor n = 7.4. This shape factor leads to a shape aspect
ratio of r = 2.4 [16,24]. This value lies a bit above the expected value for an aspect ratio of
the used PZT particles. The overestimation of the n-value is mostly due to misestimating
the εr by the model at higher volume fractions.
The values for the dielectric constant and shape factor of the PZT-Ecoflex composites
are lower than the PZT-PDMS composites. This suggests that some difference in the
dielectric constant is induced by changing the polymer matrix. However, this change is
very small. The dielectric properties of the piezoelectric composites are therefore more
dominated by the ceramic particles present in the composites.
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Figure 6.6: Dielectric constants εr and dielectric loss tan δ of PZT-Ecoflex composites for different volume fractions. The dielectric constant was fitted with the
Yamada Model. The expected dielectric constant (εr ), when shape factor is 7.4, is
plotted as well.
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6.5.2

Piezoelectric constants longitudinal direction, d33 and g33

Besides the dielectric constant of the PZT-Ecoflex composites, the piezoelectric charge
constant (d33 ) and piezoelectric voltage constant (g33 ) have been measured. In Figure
6.7 these constants as a function of the volume fraction are shown. These experimental
values of d33 and g33 for the PZT-Ecoflex composites were compared with the theoretical
predictions for 0-3 composites given by Yamada [24].
The maximum values of d33 and g33 were observed for the composites of 50 vol%,
which are (22.5 ± 1.1) pC/N and (142 ± 26) mV·m/N, respectively (shown in Figure 6.7a
and 6.7b). The values of the d33 and g33 of the 60 vol% composite are drastically lowered.
This suggests that the layer was damaged during poling, or during measuring the d33 with
the piezotester. The damage is expected, since the SEM images already showed some
bad constructed films. The value for the g33 is slightly increased in comparison to the
PZT-PDMS composites. This is mostly caused by the fact that the εr of the PZT-Ecoflex
is slightly lower than the the εr of the PZT-PDMS.
The obtained experimental values for the d33 were compared with the theoretical data
as given by the Yamada model, as shown in Figure 6.7a. The theoretical values for the d33
are calculated using Yamadas model for high PZT content composites with the piezoelectic
charge constant, dc , of the ceramic phase taken to be 480 pC/N [34]. The value of the
shape factor n, found as fitting parameter for the εr is used.
When all data is included for this fit with the Yamada Model, a poor fit is established.
This is due to the deviation of the value for the 60 vol%. A slightly better fit could
be established when the data of the 60 vol% was excluded. A poling ratio α of 0.95 is
found. This is a rather high value for the poling ratio. In this case, the trend lines can
be estimated by using the Yamada model, but no perfect theoretical comparison with the
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Figure 6.7: a) Piezoelectric charge constants (d33 ), and b) piezoelectric voltage
constants (g33 ) of PZT-Ecoflex composites for different volume fractions, fitted with
the Yamada Model. Expected piezoelectric charge constants (d33 ) and voltage constants (g33 ), when shape factor (n) is 7.4 and poling ratio (α) is 1, 0.75 or 0.5 are
plotted.
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data could be made. This is most probably caused by the slightly deteriorated films and
some previously mentioned misconceptions of the Yamada model. Some difficulties with
instabilities of the PZT-Ecoflex layers need to be considered, which is indicated by the
deviations of the model, the dielectric and piezoelectric behaviour, and the slightly less
stable films that were imaged by the SEM.
In Figure 6.7b we show that there is no correlation in the data to be found by using
the Yamada Model. The deviation of the experimental g33 value from theoretical values
at the 20 vol%, 30 vol% and 60 vol% are mostly inducing this.
The piezoelectric constants for the PZT-Ecoflex composites are comparable to the
piezoelectric constants of the PZT-PDMS composites. The introduction of a new polymer
matrix did not change much, only the stability of the film could depend on the choice of
polymer matric. The piezoelectric properties are therefore more dominated by the ceramic
particles present in the composites.

6.6

Conclusion

In conclusion, highly stretchable piezoelectric PZT-Ecoflex composite films of 0-3 connectivity with filler volume fractions up to 60 vol% could be fabricated by stencil printing.
A range of important properties of these PZT-Ecoflex composites have been investigated.
SEM analysis of the PZT-Ecoflex composites showed a homogeneous distribution of PZT
particles in the polymer matrix for filler fractions up to 50%. For a volume fraction of
60%, there were some difficulties with creating an intact film.
By mechanical testing it was shown that the mechanical properties of the PZT-Ecoflex
composites were polymer driven. Even the higher filler composites still possessed a low
Young’s Modulus. The PZT-Ecoflex composites could withstand an immense strain before
breaking, up to 50% for high volume fractions, which is an unique property. The Young’s
Modulus and average strain at break indicated that PZT-Ecoflex composites were more
flexible and stretchable than the PZT-PDMS composites.
The dielectric and piezoelectric properties of these composites in longitudinal direction
have been profiled and were competing with values of other presented materials and the
PZT-PDMS composites. Furthermore, the dielectric constant εr was well described by
Yamada’s theory for piezoelectric properties for 0-3 composites. However, the model described the piezoelectric charge and voltage constant, d33 and g33 , poorly. Some difficulties
with dielectric instabilities of the PZT-Ecoflex layers need to be considered. As the di- and
piezoelectric properties were compared to the properties of the PZT-PDMS composites, it
could be concluded that the dielectric and piezoelectric properties are dominated by the
ceramic particles present in the composites.
Considering all these investigated properties, the PZT-Ecoflex with a volume fraction
of 50% could be an attractive option for the use in sensor applications. The high flexibility combined with excellent piezoelectric properties of the PZT-Ecoflex composites as
described in this chapter are very applicable and promising.
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Conclusions and recommendations
The aim of this research was to investigate the possibilities and limitations of flexible
and printable 0-3 piezoelectric composites, so that wearable and printable piezoelectric
components can be developed. First a comparative study on two commonly used poling
techniques was conducted. Furthermore, two flexible and printable 0-3 PZT-composites,
being PZT-PDMS and PZT-Ecoflex, were established, characterized and compared with
the theoretical model of Yamada.
This thesis is therefore completed with its conclusions on the research questions related
to those topics. Furthermore, a few specific recommendations are provided in this chapter,
which can be used for further investigations into the subjects addressed in this research.

7.1

Conclusions

1. What are the main principles of direct-contact poling and corona poling? And what are
the optimal poling parameters for PZT-composites during the poling process?
The main principles of both poling techniques are now understood. It was observed that
the difference in the main principle of the application of an electric field could be the
reason for some differences in results. Nonetheless, both poling techniques were suitable
for poling and provided comparable results, if the most effective poling conditions were
used. For contact poling, the best conditions were a contact voltage of 700 V, an exposure
time of at least 100 seconds, and a temperature of 150 °C. An longer poling time had no
demonstrable effect, whereas shorter exposure times were not sufficient enough. A further
increased electric field only reduced the performance by degradation of the samples.
It was shown that the plasma voltage during corona poling was high enough to create an
electric field that could overcome the coercive field. For corona poling, the best conditions
are a plasma voltage of 14 kV, an exposure time of at least 100 seconds. An longer poling
time had no demonstrable effect and a further increased electric field did not degrade
the samples significantly. After comparing both poling techniques and their outcomes,
corona poling seemed the most suitable technique, and was therefore used for poling all
the composites of this research.
2. What are the structural, mechanical and (piezo)electrical properties of 0-3 PZT-PDMS
composites for different volume fractions?
Flexible piezoelectric PZT-PDMS composites of 0-3 connectivity with filler volume fractions up to 60 vol% were fabricated by stencil printing. SEM analysis of the PZT-PDMS
composites showed a homogeneous distribution of PZT particles in the polymer matrix.
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By mechanical testing, it was shown that the mechanical properties of the PZT-PDMS
composites are mostly polymer driven. The higher filler composites still possessed a low
Young’s Modulus and could extend several percentages (at least 6%) before breaking.
The dielectric and piezoelectric properties of the PZT-PDMS composites in longitudinal direction have been profiled and were competing with other materials found in
literature. Furthermore, the dielectric constant εr and piezoelectric charge constant d33
were well described by Yamada’s theoretical model. The response of the PZT-PDMS
composites to tensile forces and the resulting piezoelectric properties in the transverse
direction (d31 and g1 ) were also profiled. It was shown that the response was quick and
qualitatively indicating that a force was exerted. Considering all these investigated properties, the PZT-PDMS with a volume fraction of 50% would be the most attractive option
for the use in sensor applications.
3. What are the structural, mechanical and (piezo)electrical properties of 0-3 PZT-Ecoflex
composites for different volume fractions?
Highly flexible piezoelectric PZT-Ecoflex composites of 0-3 connectivity with filler volume
fractions up to 60 vol% could be fabricated by stencil printing. SEM analysis of the PZTEcoflex composites showed a homogeneous distribution of PZT particles in the polymer
matrix for filler fractions up to 50%. For a volume fraction of 60%, some inhomogeneities
and difficulties with creating an intact film were found. By mechanical testing, it was
shown that the PZT-Ecoflex composites could withstand an immense strain. The higher
filler composites possessed a very low Young’s Modulus. The Young’s Modulus and average
extension at break indicated that PZT-Ecoflex composites were even more flexible and
stretchable than the PZT-PDMS composites.
The dielectric and piezoelectric properties of these composites in longitudinal direction were competing with other presented materials and the PZT-PDMS composites. Furthermore, the dielectric constant εr could be described by Yamada’s theoretical model.
However, the model estimated the piezoelectric charge and voltage constant (d33 and g33 )
poorly. Considering all these investigated properties, the PZT-Ecoflex with a volume fraction of 50% would be an attractive option for the use in sensor applications.
As the results of both PZT-composites were compared, some more general conclusions
on properties of piezoelectric composites can be drawn. Firstly, we would recommend
to select the combination of PZT-PDMS to use further for application purposes, since
PZT-PDMS composites seemed more dielectrically stable than the PZT-Ecoflex composites. However, the combination of PZT-Ecoflex could be chosen, if more stretch is desired,
because the PZT-Ecoflex composites were 30 times more stretchable. The piezoelectric
constants of both composites provided comparable values and performances. This is probably caused by the use of the same piezoceramic powder, and the fact that both used
polymer matrices were silicon rubbers with comparable dielectric constants.
Moreover, the mechanical properties were binder dominated, since the composites behave very polymer like for all volume fractions. This was maijnly observed by the fact
that the PZT-PDMS composites mechanically behaved like PDMS, while the PZT-Ecoflex
composites mechanically behaved like Ecoflex. This also verifies that the mechanical properties can be perfectly tuned by choosing the correct polymer matrix. On the other hand,
the dielectric and piezoelectric properties are dominated by the ceramic particles present
in the composites. This suggests that composites made with PZT particles in other comparable polymer matrices will have comparable di- and piezoelectric properties.
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7.2

Recommendations

 Create a model that combines FEM and the consideration of specific stress
fields within the composites.

In order to provide a theoretical description of the mechanical behaviour of composites,
this combination might work. When a good theoretical description is found, the mechanical properties of the piezoelectric composites can be predicted on forehand. Good
combinations of new PZT-composites could then be formulated, and an estimation of the
mechanical properties is then already known. As a result, measuring all the mechanical
properties again could become unnecessary.
 Investigate the possibilities of lead free piezoelectric composites.

From an environmental perspective, it is very interesting to investigate the possibilities of
composites with lead free ceramic particles. An interesting option will be KNLN piezoceramic. Besides the fact that it is lead-free, it has a lower dielectric constant, which
closes the bridge to PDMS more. An electric field applied on these composites will then
distribute more equally in comparison with PZT-based composites. This can result in
good di- and piezoelectric properties.
 Verify the expected mechanical, di- and piezoelectric properties of composites with new ceramic particle and polymer matrix combinations.

If the first two recommendations are performed, the created model can be verified. When
a few more composite combinations will extensively be studied, more may be known on the
mechanical, di- and piezoelectric properties. By comparing and combining the new data
with the results of this thesis, a good predictive description on piezoelectric composites
could be formulated.
 Perform more tensile tests while measuring the voltage.

In order to obtain more information on the working principles of the measurement method,
more tests should be performed. Similar samples as used during this research or samples
with different symmetries could both be used. This will provide more insight on how the
composites could be measured best for comparison of the two operations modes (longitudinal and transverse directions). Moreover, more measurements with the set-up will
lead to a more certain conclusion on the relation between the piezoelectric constants of
piezoelectric composites in the longitudinal and transverse directions.
 Implement the PZT-PDMS/Ecoflex composites with a volume fraction of
50% in an application.

As new challenges will come along with further implementation of one of the two studied
PZT-composites, it would be interesting to investigate the implementation. The implementation is paired with, among other things, the selection of suitable substrates, stretchable
and adhering ink, and printing designs.
 Further investigate the principles of corona poling with advanced set-up.

As a result of this research, it is now known which poling conditions led to the optimum
piezoelectric properties for PZT composites. The main working principles are now known,
but there are more things that can be clarified or measured more accurately. There are
also all interesting techniques and methods to learn more about the corona. A researcher
with a plasma background could dive deeper into these matters.
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Appendix A

Analysis of PZT powder
A.1

Size analysis

The particle size was analysed by a Malvern Mastersizer 2000 particle size analyzer
equipped with a Malvern Hydro 2000G sample dispersion unit. The particle size distribution analysis is executed using a standard operating manual mode (refractive index
2.400). The results are shown in A.1

d10 µm
d16 µm
d50 µm
d84 µm
d90 µm

Size first measurement
1.0
1.2
3.0
22.5
32.1

Size second measurement
1.3
1.7
3.2
18.0
29.3

Table A.1: Particle size distribution of the PZT powder of two measurements.

A.2

Energy-Dispersive X-ray analysis

The composition of the PZT powder was investigated by using Energy-Dispersive X-ray
(EDX) analysis. This analysis was carried out with a desktop SEM, which was also used
to study the structures of the piezoelectric composites. Since electron beam-matter interaction generates a variety of signals that carry different information about the sample,
elemental components of the PZT powder could be investigated as well. The Backscattered Electrons produced images with contrast that carries information on the electronic
structure, while the secondary electrons gave topographic information. Another type of
signal that can be used in SEMs are X-rays.
The generation of the X-rays in a SEM is a two-step process. In the first step, the
electron beam hits the sample and transfers part of its energy to the atoms of the sample.
This energy can be used by the electrons of the atoms to transfer to a higher energy shell
or to be knocked-off from the atom. If the latter occurs, the electron leaves behind a
hole, which has a positive charge. In the second step of the process, this hole attracts
the negatively-charged electrons from higher-energy shells. When an electron from such
a higher-energy shell fills the hole of the lower-energy shell, the energy difference of this
transition can be released in the form of an X-ray. This process is illustrated in Figure A.1.
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Figure A.1: X-ray generation process: First, the energy transferred to the atomic
electron knocks it off leaving behind a hole. Then, its position is filled by another
electron from a higher energy shell and the characteristic X-ray is released.
This X-ray has an energy which is characteristic of the energy difference between these
two shells. This depends on the atomic number, which is a unique property of every element. By studying the X-rays, the type of elements present in the sample can be identified.
The EDX spectrum of the PZT powder is shown in Figure A.2. The quantitative analysis
is shown in the table positioned top right in Figure A.2. The results showed that the
elements that would be expected in the material are present. No significant contaminations were found. The quantitative analysis showed a ratio that found agreement with the
expectations. The accuracy of this quantitative analysis of sample composition is affected
by various factors. The most prominent one is that some elements will have overlapping
X-ray emission peaks with other elements (e.g. Ti Kβ ≈ 4.510 keV and V Kα ≈ 4.952
keV, or Pb Mα ≈ 2.342 keV and S Kα ≈ 2.307 keV). These overlapping energy peaks were
taken into account while measuring the spectrum, and one has to consider the elements
that should be present in the sample while performing an analysis.
Furthermore, the accuracy of the measured composition could be affected by the nature
of the sample. X-rays are generated by any atom in the sample that is sufficiently excited
by the incoming beam. These X-rays are emitted in all directions, and so they may not
all escape the sample.
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Figure A.2: EDX spectrum of PZT powder. Y-axis depicts the number of counts
and x-axis the energy of the detected X-rays. The position of the peaks leads to the
identification of the elements.

A.3

X-ray Diffraction analysis

X-ray diffraction (XRD) can be used to retrieve information on the crystal structures
present in a material. Monochromatic X-rays are sent towards a sample under a certain
angle ω, over where they are scattered under a certain angle by the atoms in the material.
This process is shown in Figure A.3a.

offset

X-ray

X-ray

2θ

ω
α
d
sample

d sin α
atom

lattice plane

(b)
(a)

Figure A.3: Schematic illustration of the working principle of an XRD measurement. a) Incident X-rays under an angle ω are diffracted on a sample and leave the
sample under various angles 2θ. b) As Bragg’s law is satisfied, constructive interference occurs and much higher intensities are measured. Figure adapted from [52]
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Figure A.4: Diffractograms of PZT powder used for fabrication of the piezoelectric
composites. The peak positions are indicated.
A diffraction spectrum can be composed by measuring the beam intensities as a function of the diffracted beam direction angles 2θ. These beam intensities become higher as
more constructive interference occurs, which happens when multiple atomic lattice planes
diffract X-rays in the same manner, and Bragg’s law is satisfied. Bragg’s law is given by:
2 · d · sin α = n · λ

(A.1)

in which d is the distance between the diffracting atomic lattice planes, α is the angle of
incident X-rays, n is an integer, and λ is the wavelength of the X-ray beam. This is also
shown in Figure A.3b. The measured angles, 2θ at which much higher X-ray intensities are
detected, can be compared with literature values for the surveyed material. In such way,
the crystal orientation(s) and its/their amount of presence in a sample can be determined.
This indicates whether a material is monocrystalline, polycrystalline, or just amorphous.
The XRD data of the PZT powder is presented in Figure A.4. The measurements and
analysis were performed by Harrie Gorter. The XRD pattern and the peak list indicated
the existence of a Perovskite PZT phase. The most prominent peak at 31° corresponds to
the tetragonal crystal face. Moreover, the powder apparently exhibits two peaks at 43.8°
and 44.9°. These broad peaks actually correspond to multiple phases with varying Zr/Ti
ratios and both rhombohedral and tetragonal phases are present in the powder. The found
lattice constants of the material were: a = 4.0350 Å, b = 4.0350 Å, and c = 4.1310 Å.
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Appendix B

Voltage-Force graphs PZT-PDMS
for determining piezoelectric
constants in transverse direction
Typical measured voltage as a function of the applied force is shown in Figure B.1. This
is the raw data as a result from the measurements as described in Chapter 3. The values
of the slopes were used to calculate the piezoelectric constant in transverse directions of
PZT-PDMS composites. Those results can be found in Chapter 5.
It can be seen that the voltage generated by the tensile force, increased as the force
increased, which is expected. The generated voltage increased as the volume fraction
of PZT increased. The grow in generated voltage is mainly caused by the increasing
contribution of the PZT particles present in the composites. The raw data was fitted with
a linear fit that was not forced through zero. This slope was used to calculate the g31 ,
according to 3.10.
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Figure B.1: Voltage-Force graphs of PZT-PDMS composites for different volume
fractions. The fitted slope used to determine the resulting g31 of the PZT-PDMS
composites is displayed as well. Note that the values of the y-axis are different.
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