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Abstract

This thesis introduces three state-of-the-art piezoelectric composites developed in the work
together with their fabrication, properties and future prospects. The investigated materials were
printable ceramic-polymer composite Pb(ZrTi)O3-P(VDF-TrFE) and ultra-low temperature
fabricated all-ceramic upside-down composites Pb(ZrTi)O3-LiMoO4 and Pb(ZrTi)O3-TiOx. In
upside-down composites the proportions of filler and matrix are “upside-down” in relative to
traditional composites, since the fraction of filler is remarkably high (over 75 vol.%).

The PZT-P(VDF-TrFE) on a polymer substrate showed an increasing piezoelectric response
with increasing filler (PZT) loading until 50 vol.%, after which its properties collapsed. By
adjusting the filler content and by adding a surfactant treatment to the filler particles, better film
quality and dispersion was achieved. Further enhancement was enabled by reinforcing the
polymer substrate with a thin steel foil or by using thin metallic substrates. These resulted
piezoelectric charge coefficient d31 that was about 9.8 and 4.3 times the d31 of the samples on pure
polymer, respectively. These improvements together with flexibility of the structures open up new
possibilities in application design.

The PZT-LiMoO4 was fabricated at room temperature and at 120 °C, while PZT-TiOx required
at least 300 °C to produce high quality samples. Both composites showed remarkably high
piezoelectric charge d33 and voltage g33 coefficients (84 pC/N and 33 mVm/N and 150 pC/N and
49 mVm/N, respectively). These results were the highest reported in the literature for composites
with such low fabrication temperatures. The PZT-TiOx was also demonstrated as a charge mode
acceleration sensor, which showed sensitivities comparable to commercial sensors. The upside-
down method was found suitable for piezoelectric composites and resulting high performance,
thus these results pave the way for utilizing ultra-low temperature fabricated composites in
piezoelectric applications in future.

Keywords: composites, dielectrics, ferroelectrics, P(VDF-TrFE), piezoelectrics,
printing, PZT, sensors, ultra-low temperature
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Tiivistelmä

Tässä tutkimuksessa kehitettiin kolme uutta pietsosähköistä komposiittimateriaalia ja tutkittiin
niiden valmistusta, tärkeimpiä ominaisuuksia sekä mahdollisia tulevaisuuden sovelluksia. Tut-
kittavana olivat painettava keraami-polymeeri komposiitti, Pb(ZrTi)O3-P(VDF-TrFE) ja erittäin
matalassa lämpötilassa valmistettavat täyskeraamikomposiitit Pb(ZrTi)O3-LiMoO4 ja
Pb(ZrTi)O3-TiOx. Täyskeraamikomposiitit valmistettiin uudella "upside-down" –menetelmällä,
jossa täyteaineen määrä on niin korkea (yli 75 til.%), että täyte- ja matriisimateriaalien keskinäi-
sen suhteen voidaan sanoa olevan ”nurinpäin” tai ”upside-down” verrattaessa perinteisiin kom-
posiitteihin.

PZT-P(VDF-TrFE) valmistettiin polymeerialustalle ja sen pietsosähköinen vaste kasvoi täy-
teaineen (PZT) määrän kasvaessa noin 50 til.% asti, minkä jälkeen sen ominaisuudet romahti-
vat. Säätämällä täyteaineen määräksi 48 til.% ja lisäämällä sille pinnoitekäsittely, saatiin valmis-
tettujen kalvojen laatua parannettua. Tämän lisäksi pietsosähköinen varauskerroin d31 kasvoi,
kun polymeerialusta joko vahvistettiin teräskalvolla (9,8-kertaiseksi) tai korvattiin ohuella
metallikalvolla (4,3-kertaiseksi). Edellä esitetyt parannukset ja saavutetut tulokset avaavat uusia
mahdollisuuksia pietsosähköisten sovellusten ja komponenttien suunnitteluun.

PZT-LiMoO4 valmistettiin sekä huoneenlämmössä että 120 °C lämpötilassa, kun taas PZT-
TiOx vaati vähintään 300 °C lämpötilan. Molemmista komposiiteista mitattiin korkeat pietsosäh-
köiset varaus- d33 ja jännitekertoimet g33 (84 pC/N ja 33 mVm/N sekä 150 pC/N ja 49 mVm/N).
Nämä olivat korkeimpia arvoja, joita on kirjallisuudessa raportoitu näin matalissa lämpötiloissa
valmistetuille komposiiteille. PZT-TiOx komposiitista valmistettiin myös varausmoodin kiihty-
vyysantureiden prototyyppejä, joiden herkkyys oli verrattavissa kaupallisiin komponentteihin.
Saavutetut tulokset viitoittavat ultra-matalassa lämpötilassa valmistettujen komposiittien tietä
tulevaisuuden pietsosähköisiin sovelluksiin.

Asiasanat: anturit, dielektri, ferrosähköinen, komposiitti, P(VDF-TrFE),
painotekniikka, pietsosähköinen, PZT, ultra-matalan lämpötilan valmistus





 

“What is a scientist after all?  
It is a curious man looking through a keyhole, the 

keyhole of nature, trying to know what's going on”  
 

Jacques Yves Cousteau 
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List of definitions, abbreviations and symbols 

Definitions and abbreviations 

ABO3 Chemical formula of perovskite structured materials 

AC Alternating current 

BaTiO3  Barium titanate, a piezoelectric compound 

BaZrxTi1−xO3 Barium zirconate titanate, piezoelectric compound 

CS Cold sintering, a method to fabricate ceramic materials in ultra-

low temperatures 

DC Direct current 

FOM Figure of merit 

IoT Internet of Things, a network of physical objects that are 

embedded with sensors, software and other technologies for 

connecting and exchanging data with other devices and 

systems over the Internet 

KNN K0.5Na0.5NbO3, Potassium sodium niobate, a piezoelectric 

compound 

LMO LiMoO4, Lithium molybdate, an electroceramic 

NA Neutral axis 

NBT Na0.5Bi0.5TiO3, sodium bismuth titanate, a piezoelectric 

compound 

PLLA Poly-L-lactic acid, a piezoelectric polymer 

PVDF Poly(vinylidene fluoride), a piezoelectric polymer 

P(VDF-TrFE) Poly(vinylidene trifluoro ethylene), a piezoelectric co-polymer 

PZT Lead zirconate titanate, a piezoelectric PbZrxTi1−xO3 compound 

PZ26 Commercial lead zirconate titanate, type 26 

PZ29 Commercial lead zirconate titanate, type 29 

RTD Room-temperature densification, a method to fabricate ceramic 

materials at ultra-low temperatures 

TiO2 Titanium dioxide, crystalline 

TiOx Titanium oxide, amorphous 

TrFE Trifluoro ethylene, a piezoelectric polymer 
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Symbols 

D Dielectric displacement 

d33 Piezoelectric charge coefficient, longitudinal piezoelectric 

coefficient (response parallel to the direction of stimulus) 

d31 Piezoelectric charge coefficient, transversal piezoelectric 

coefficient (response perpendicular to the direction of stimulus) 

dh Hydrostatic piezoelectric coefficient 

E Electric field 

e Piezoelectric stress-electric field coefficient 

EC Coercive field, electric field that is high enough to switch polar 

domains in a ferroelectric compound 

Ei Young’s modulus of ith layer in multi-layered cantilever 

Êi Effective Young’s modulus of ith layer in multilayered 

cantilever 

g33  Piezoelectric voltage coefficient, (response parallel to the 

direction of stimulus) 

g31  Piezoelectric voltage coefficient, (response perpendicular to the 

direction of stimulus) 

h Piezoelectric strain-electric field coefficient 

l Sample length 

Le  Effective length of cantilever 

Pr Remanent polarization, the remaining polarization level in a 

ferroelectric after application of an external electric field 

Ps Spontaneous polarization 

Psat Saturation polarization, maximum amount of polarization that 

is formed in a compound due to applied electric field 

r  Radius of gyration 

S Strain 

t Sample thickness 

tan δ Dielectric loss tangent 

TC Curie point, temperature where ferroelectric phase transforms 

into paraelectric phase 

Y Youngs’ modulus of a material 

V Voltage 

vol.% Volume ratio of a material  

w Sample width 
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z Location of a material layer relative to neutral axis 

εr Real part of relative permittivity 

σ Stress 

σcr Critical stress for buckling 

ν Poisson’s ratio 
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1 Introduction 

In our everyday life we are surrounded by a huge variety of different kinds of 

materials, both organic and inorganic. Many of them are formed by nature, but 

some are also synthesized or shaped by human designs, especially in the modern 

surroundings with all the electronics and gadgets. Different materials are needed 

for their varying properties, some are soft or lightweight while others are 

transparent or conductive. One very special and versatile material group is 

piezoelectric materials (or piezoelectrics). They have the unique property of being 

able to transform a mechanical signal (stress) into electrical (charge) and vice versa 

[1]. There are numerous sensor, actuator and energy harvesting applications 

developed utilizing this piezoelectric effect in materials [1]–[3]. These piezoelectric 

applications include everyday life devices such as doorbell buzzers, image 

stabilizers in cameras and fuel pumps and igniters in vehicles. The reversibility of 

the piezoelectric phenomenon also makes piezoelectrics especially usable in 

numerous ultrasound imaging and radar applications, because the same component 

or element can be used both for transmitting and receiving signals. Maybe the most 

well-known of such applications are medical ultrasound imaging systems, 

underwater sonars and reversing radars in vehicles  

Sometimes material which alone could fulfill all the requirements and needs of 

an application cannot be found. This is where composites come into play. In 

composites the desired features of two or more constituents (fillers and matrix) are 

combined into a new material with a unique collection of properties [4], [5]. Many 

devices and instruments in the modern world would not exist without composites. 

Several commonly known composites’ applications can be found, for example, in 

sports and vehicles, where extreme toughness and lightness of weight are realized 

with combinations of carbon fibre composites in ice hockey sticks and Formula 1 

cars [6], [7]. Electronic composites combine not only mechanical but also electrical 

properties, enabling components with totally new features such as flexible sensors 

and antennas together with component integration directly on circuit boards, 

substrates or even inside building elements [8]–[12]. Composites usually have their 

own application areas where their performance is further being optimized. One of 

the recent driving forces in the development of electronic materials is the growth 

of the Internet of Things (IoT), but even more so the increased need for sensor and 

energy harvester applications in such areas [13]. For example, body- and structure 

health monitoring are especially inspiring the development of piezoelectric 

composite materials [11], [14]. These application areas have also created an ever-
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growing demand for properties such as high sensitivity, flexibility, robustness, 

lightness of weight, wearability and large area manufacturing capabilities. 

Furthermore, it is not only the combination of desired properties that drives the 

development of composites, but also the environmental awareness among 

consumers and the international agreements and legislations resulting from these 

that are pushing the development of new materials [15], [16].  

1.1 Piezoelectric ceramic-polymer composites 

The versatility of piezoelectric material and the processability of polymers can be 

paired in so called ceramic-polymer composites, where ceramics are usually used 

as the filler and contribute the desired functional properties while polymers are used 

as a “passive” matrix that keeps the material together. This combination also 

enables fabrication methods such as molding and printing which give a wide range 

of freedom to the mechanical and electrical designs [1], [4], [5], [17]. Moreover, 

printing techniques enable the usage of temperature sensitive, flexible and 

lightweight substrates (papers and polymers), large area fabrication methods and 

low costs, especially when high-volume manufacturing is desired [18]–[20]. In 

certain applications the combination of soft polymers and hard ceramics also results 

in good acoustic matching with the human body and with piezoelectric materials, 

offering a high sensitivity and energy transformation (generation of electric 

potential). All these characteristics meet nicely the requirements of many sensor 

applications, including energy harvesting and particularly in wearable electronics 

[14], [17], [21].  

Ceramic-polymer composites have been continuously studied and developed 

for decades, starting from the 1970s, revealing a high complexity in optimizing the 

composite properties while highlighting the versatility of these materials [1], [4], 

[5], [14], [17], [21]. Some of the most promising ceramic-polymer piezoelectrics 

have been developed by combining piezoelectric ceramic with piezoelectric or high 

permittivity polymers such as poly(vinylidenefluoride) (PVDF) [17], [22], [23]. 

Despite the good results in material development and the fact that the composites 

possess attractive sensor properties, the properties of ceramic-polymer composites, 

and composites in general, are always the result of compromises. For example, the 

piezoelectric charge coefficients might be reduced to the level of a small percentage 

of that of a bulk piezoceramic, while a high flexibility of the material is enabled. In 

ceramic-polymer composites this is mostly due to the great dissimilarities of the 

mechanical and electrical properties of the combined materials. In addition, there 
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are a few other related factors having an impact on the overall performance of 

composites: the limited amount of piezoelectric ceramic filler that can be used to 

produce high-quality structures, the dispersion of the filler particles and the quality 

of the electrical and mechanical coupling of the hard filler and soft matrix materials. 

Also, when dealing with polymer-based materials, one should keep in mind the 

softening and melting temperatures of polymers that limits the working temperature 

of the components made with these composites. All these characteristic properties, 

which lower the piezoelectric response in the material, need to be taken into 

account or minimized in the development of ceramic-polymer composites.  

The characteristics and complexity of ceramic-polymer composites were 

observed and studied in the research of this thesis. Results of the printable ceramic-

polymer composites in Chapter 4 describe the effects of filler concentration, 

particle pre-treatment and electrical and mechanical mismatch on the 

electromechanical properties of the composite. Interestingly, the results show also 

how the substrate layers affect the effective piezoelectric coefficients in bending 

mode, increasing the piezoelectric response and enabling a more optimized 

performance. 

1.2 All-ceramic and low temperature upside-down composites  

Instead of ceramic-polymer, composites may also be ceramic-ceramic (all-ceramic) 

or glass-ceramic type. These fully inorganic material combinations can offer utmost 

temperature stability (higher operating temperatures) and compared to the ceramic-

polymers the electrical and mechanical coupling is better, since the filler and matrix 

materials are electrically and mechanically more similar [24]–[28]. However, the 

fabrication temperatures are often very high (>>900 °C) or the properties of these 

composites are seriously compromised due to the usage of additives, as reported 

for example by E. R. Nielsen in her thesis on lowering the sintering temperature of 

PZT compounds [29]. The all-ceramic composites are also hard and brittle, like 

ceramics in general, which limits their integrity in electronics. 

In order to reduce the fabrication temperatures of piezoelectric ceramics a 

group of all-ceramic composites has previously been developed. These composites 

consist of the functional ceramic and additives like salts, oxides, or glasses, which 

are utilized as “low temperature” fluxes to enhance so called liquid phase sintering 

bringing the fabrication temperatures down to about 750–1075 °C [29]–[38]. 

However, as sustainability and environmental awareness gains increasing 

importance, recently there has been great interest in developing fabrication 
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methods for ceramics even at temperatures below 600 °C or in so-called ultra-low 

temperatures [10]. As an outcome of this research, new approaches in fabrication 

referred to as “room-temperature densification” (RTD), “cold sintering” (CS), 

“warm press” and “reactive hydrothermal liquid phase densification” have been 

developed [39]. With these methods a large number of materials, including dense 

samples of ferroelectric and piezoelectric compositions (for example, BaTiO3, 

K0.5Na0.5NbO3 [KNN], Na0.5Bi0.5TiO3 [NBT], PbZrxTi1−xO3 [PZT], SrTiO3), have 

been fabricated [40]–[45]. Yet these methods (excluding RTD) still require an 

additional sintering step at high temperatures (900 °C or more) to enable their 

functional properties [38]–[43]. Thus, fully crystalline piezoelectrics have not been 

realized directly with these fabrication methods, but they can be used to enhance 

the compaction of ceramics before the actual sintering step. 

Furthermore, the research into ultra-low temperature fabrication has also 

inspired development of a new type of all-ceramic composite. In this novel method, 

the fabrication temperature is maintained below 400 °C and the amount of filler 

material can be extraordinarily high (over 75 vol.%), making the filler to matrix 

ratio almost inverted when compared to traditional composites. Hence, the 

developed materials are called upside-down composites [46]–[49]. A schematic 

illustration of upside-down fabrication method is presented in Figure 1. In upside-

down composite fabrication the compaction of an upside-down composite is 

enhanced by using multimodal sized filler particles and by introducing the matrix 

material as a gel (hydrothermal synthesis) or saturated solution (Figure 1a). The 

filler and matrix material phases are first weighted and mixed (Figure 1b), then 

transferred into a mold (Figure 1c) and then the densification is conducted by 

applying pressure and heat simultaneously to the mold in a hydraulic press (Figure 

1d). The temperature used in the pressing is selected based on the components that 

are to be removed or the reactions that are to be enabled in the matrix material. For 

example, if the matrix is based on water soluble ceramic, the temperature used is 

around 100 °C where the boiling point of water (solvent) is reached. Alternatively, 

if the matrix material is an organometal compound, the temperature is selected near 

to the reaction temperature where the organic components are decomposing (for 

example 200–350 °C). Since this composite type can maximize the amount of filler 

and the phase purity of filler is not compromised due to the ultra-low temperatures 

(no diffusion occurring at high temperatures) (Figure 1e), the properties of an 

upside-down composite are not compromised as much as in other ultra-low 

temperature all-ceramic composites or ceramic-polymer composites. 
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The characteristic properties of upside-down composites are interesting also 

among piezoelectric materials, since the phase purity and the amount of filler as 

well as the higher permittivity and Young’s modulus of the matrix (compared to 

polymer) hugely affect the effective piezoelectric response of the composite. 

Moreover, being all-ceramic, the temperature stability of the composite is much 

higher than in ceramic-polymer. This thesis introduces the properties of two novel 

piezoelectric upside-down composites in Chapter 5. One of these composites is 

bound with a saturated solution of lithium molybdate (LMO) and one with a 

hydrothermally synthetized titanium oxide precursor (TiOx) gel (Papers IV and V). 

The latter material was also tested in an acceleration sensor setup to demonstrate 

the composite’s potential in sensor applications. Both piezoelectric all-ceramic 

composites possess high piezoelectric properties comparable even with some 

ceramic piezoelectrics. 

 

Fig. 1. Schematic illustration of upside-down composite fabrication. a) Selection and 

preparation of filler (multimodality) and matrix (saturated solution or gel) materials, b) 

weighting and mixing the selected compounds (filler to matrix ratio), c) transferring the 

mixture into mold, d) compacting the composite in a hydraulic press and 

simultaneously reacting the matrix material into required phase and evaporating excess 

solvents such as water with heat, and e) finished densified upside-down disc with high 

filler to matrix ratio. 
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1.3 Objectives and outline of the thesis 

The objective of this thesis was to study and characterize state-of-the-art 

piezoelectric ceramic-polymer and ceramic-ceramic -type composites. The 

characterization is focused on the electrical and electromechanical properties and 

the potential of the materials is also evaluated. Suitable applications are suggested 

for all the composites studied. 

Chapter 2 first concentrates on piezoelectricity and some central concepts 

related to it, such as ferroelectricity. The rest of this chapter is dedicated to the 

introduction of some of the important and relevant piezoelectric composites. The 

main focus is on 0-3 connected composites, since the materials (especially ceramic-

polymer composites) investigated in the work typically have this connection type. 

The essential experimental techniques and methods used in the thesis are presented 

in Chapter 3. Chapter 4 presents and discusses the main results of the thesis research. 

Sections 4.1–4.3 discusses the properties of printable piezoelectric ceramic-

polymer composites with different ceramic filler loading levels (Paper I) and the 

effect of a surfactant treatment for filler particles on the electromechanical 

properties (Paper II). Lastly the studied ceramic-polymer composite was printed 

directly on metallic substrates and its properties were investigated, and the effect 

of substrate is discussed (Paper III). In Sections 4.4–4.5, two fabricated 

piezoelectric all-ceramic composites utilizing the so called “upside-down” method 

are explained. Here a high amount of filler (>70 vol.%) was used, while the amount 

of matrix was minimized. The resulting samples were disc shaped and the 

functional ceramic filler in both composites was the same piezoceramic 

(commercial lead zirconate titanate, PZ29), while the matrix material was either 

water-soluble ceramic (lithium molybdate, LMO) (Paper IV) or organometallic 

titanium oxide precursor (TiOx) (Paper V). The first composite was fabricated at 

room temperature and the latter one below 400 °C, in which the precursor began to 

transform into inorganic titanium dioxide (TiO2). The effect of different matrix 

materials and the electromechanical properties of the composites are discussed and 

compared with other inorganic piezoelectric composites. Chapter 5 summarizes the 

results of the thesis work and conclusions are drawn from different studied 

composites. Lastly, the future prospects of these composites in electronics and 

materials research are briefly discussed.  
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2 Piezoelectric theory and materials 

The following sections give first a general background to piezoelectricity as a 

phenomenon and a short historical review. Next the closely connected phenomena 

and the related terms and quantities are introduced. Finally, some important 

piezoelectric materials and their properties (ceramics and composites) are 

introduced finalizing the theoretical background for this thesis. This section is 

focused specially on the materials related closely to the thesis research i.e. lead 

zirconate titanate, polyvinylidene trifluoro ethylene [P(VDF-TrFE)] and 

composites containing these materials.  The measurement techniques and methods 

used in the thesis research can be found in Chapter 3.  

The ability of a crystalline material to transform a mechanical stress into 

electrical charge is called piezoelectricity, and the word itself originates from the 

Greek words “piezein” and “ēlektron”, which stand for pressing or squeezing and 

amber (an ancient source of electric charge) [2]. When a charge is generated in the 

material due to an applied mechanical stress to the material’s structure, the effect is 

often called a direct piezoelectric effect. Piezoelectricity is also a reversible 

phenomenon i.e. it can be utilized as a converse or indirect effect, where a 

mechanical deformation or strain is generated in material in consequence of an 

applied electric field. In more detail, the piezoelectric charge is generated when 

applied stress causes displacement of ions in a material’s non-centrosymmetric 

crystal structure resulting in a net polarization [1], [2]. In symmetric materials, the 

charges generated by ion displacements are neutralized due to the symmetry of the 

crystal structure, thus not all crystalline materials may possess a piezoelectric 

nature. Crystalline materials are divided into a total of 32 crystal classes of which 

21 are non-centrosymmetric and 20 are piezoelectric [1], [2]. Statistically this 

means that only about 30% from several millions of known materials belong to the 

non-centrosymmetric class [3]. Nevertheless, only hundreds of these materials 

show piezoelectric activity high enough for practical applications making the 

variety of piezoelectric materials relatively small in electronics. Thanks to the 

versatile nature of electromechanical interaction in piezoelectric materials, the 

phenomenon has been utilized in an ever-growing number of applications from fuel 

igniters and phonograph pickups to sonars, medical imaging systems, active 

vibration control, micropositioning and energy harvesters [1], [3], [50], [51]. 
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2.1 Background and short history 

The following section present some of the main events that have led to development 

modern piezoelectric materials and applications, and it is mainly based on the books 

Piezoelectricity: An introduction to the theory and applications of 

electromechanical phenomena in crystals by W. G. Cady [2] and Piezoelectric 

ceramics by B. Jaffe, W. R. Cook and H. Jaffe [1].  The piezoelectric phenomenon 

has been studied as a separate material property starting from 1880, when Curie 

brothers Jacques and Pierre discovered (apart from ancient observations by the 

Greeks) and reported the first electrification of a material under stress, which was 

distinct from the somewhat similar effect of friction-generated static charge.  The 

first piezoelectric materials identified were natural crystals such as tourmaline, 

quartz, topaz, cane sugar and Rochelle salt. After discovery of the phenomenon, it 

took tens of years for scientists and engineers to utilize the piezoelectric effect and 

develop usable applications. After the Second World War the piezoelectric 

materials and electronics were mature enough to make their breakthrough into a 

multimillion-dollar industry with applications such as underwater sonars, medical 

imaging systems and accelerometers. The huge technology leap was partly due to 

the discovery of piezoelectricity in ceramics (inorganic polycrystalline materials). 

Earlier the piezoelectric effect was found to be obscure due to its complicated 

description as a property of a low symmetry of individual (single) crystals, thus 

fabrication of synthetic piezoelectrics was extremely difficult [1], [3]. In contrast, 

ceramic fabrication offered a much easier and cheaper way to realize piezoelectric 

materials at an industrial level. 

Preceding the utilization of piezoelectricity of ceramics, scientists first found 

that some ceramics had a very high dielectric constant and that there was a special 

phenomenon behind it, which was named as ferroelectricity [1], [3]. 

Ferroelectricity describes the switchability of the direction of a materials’ electric 

dipoles when it is exposed to an external electric field. Ceramics consist of several 

randomly oriented crystals (grains). In piezoelectric ceramics this also means that 

the polarized areas (domains) inside these grains are randomly oriented, so that the 

total macroscopic spontaneous polarization (Ps) is cancelled out, and the 

piezoelectricity is lost (similarly as in centrosymmetric materials). Nevertheless, if 

this ceramic material is also ferroelectric, the polarization in the grains can be 

switched to develop a macroscopic net polarization and the resulting 

piezoelectricity can be utilized [3]. The process to switch the polarization in the 

crystalline material is called poling and it includes the use of a high electric field. 
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The first piezoelectric ceramics were barium titanate (1940’s) and lead based lead 

niobate (1952), and most importantly followed by the lead zirconate titanate solid 

solutions (1950’s), which still are one of the golden standards in piezoelectric 

materials used in the field of electronics [1], [52]. 

2.2 Ferroelectricity and poling 

Ferroelectricity as a material property can be shortly described with two main 

features: a ferroelectric is a dielectric material that has at least two orientation states 

(or domains) and these can be switched with a suitable external electric field to 

change from one state (or direction) to another [53], [54]. 

Ferroelectricity or switchable spontaneous polarization and its magnitude in a 

material is highly dependent on crystal asymmetry, chemical content and the 

interactions of the constituent elements [1], [2], [54]. For a crystalline material to 

be ferroelectric it needs to have a unique polar axis in its crystal structure in the 

unstrained condition. From the 20 non-centrosymmetric crystal classes, mentioned 

earlier, only 10 are polar classes and possess a possibility for a ferroelectric nature 

[1], [55]. As a consequence, all ferroelectrics are also piezoelectric, but not all 

piezoelectrics are ferroelectric. The ferroelectric phase (switchable polar crystal 

structure) is formed in material when it is cooled from a high temperature 

paraelectric (nonpolar) phase. While cooling, the crystal structure generally 

deforms in the direction of the polar axis resulting in formation of spontaneous 

polarization. To minimize the electrical and mechanical energies, involved in the 

deformation, regions (or volumes) with uniform polarization called domains are 

formed in the material [1], [3], [55]. Domains are restricted by domain walls, and 

they are distinguished by the difference in the polarization directions relative to 

neighboring regions e.g. if the polarization directions are antiparallel, thus the angle 

between them is 180°, the domains are called “180° domains” [5], [54]–[56]. A 

schematic presentation of a polycrystalline material’s domain structure is shown in 

Figure 2. The temperature where material transforms from the high temperature 

paraelectric phase to the low-temperature ferroelectric phase is called the Curie 

point or Curie temperature (TC) [1]–[3]. The useful temperature region of 

piezoelectrics is limited to well below this temperature to ensure that the material 

has the desired properties in applications [1], [5]. 

Ferroelectricity is seldom directly utilized in applications, e.g. in ferroelectric 

memories, but the derivative characteristics like high permittivity, pyroelectric and 

piezoelectric response of ferroelectric materials makes them usable in a wide range 
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of applications [5], [54]. It is an especially important property in piezoelectric 

ceramics, (and composites) since they consist of randomly oriented crystalline 

grains, which themselves consist of different sized domains, or regions with 

uniform polarization (see Figure 2a). Without texturing the net polarization in these 

ceramics is close to zero, thus the piezoelectric effect is cancelled at the 

macroscopic scale. To enable piezoelectricity or to build-up a non-zero net 

polarization, the ceramics need to be ferroelectric and the polarizations in the 

grain’s domains must be switched by using an external electric field in the poling 

process which orientates the domains [1]. The field required to switch the 

polarization vectors is called the coercive field (EC) and it is limited by the 

breakdown field of the material. Other parameters of poling, which contribute to 

the polarization switching and efficiency of the process are temperature, time and 

frequency [1], [3] [57], [58]. Nevertheless, even after careful poling of a 

ferroelectric ceramic some domains turn back towards their original orientation, 

while the majority remain aligned close to the direction of the used poling field 

(Figure 2b). The net polarization that remains in the desired direction in ceramic 

after the process is called remanent polarization (Pr) [59]. Whereas the maximum 

polarization that is achieved at the maximum applied external electric field is called 

saturated/saturation polarization (Psat).  

 

Fig. 2. Schematic examples of grain and domain structures in a) unpoled and b) poled 

ferroelectric polycrystalline material. The structure has 90° and 180° domain walls, and 

the structure is deformed from the original state shown in a) as a result of domain 

switching and growth shown in b). 
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2.3 Electrostriction 

Electrostriction is another phenomenon, in which a deformation occurs in a 

material due to an applied electric field. Because it is closely related to 

piezoelectricity it is important to distinguish between these two phenomena. In 

electrostriction, the direction of the deformation is independent of the polarity of 

the applied electric field, its magnitude is roughly proportional to the square of the 

field amplitude and it is (weakly) present in all insulating materials [1], [2], [5]. In 

contrast, the piezoelectric effect is almost linearly proportional to the electric field 

and the direction of the deformation is relative to the applied polarity of the field 

as well as the polarization direction of the material. Thus piezoelectric material 

must have a polar axis (net polarization) in its structure. Despite the fact that 

electrostriction is generally very weak in materials, there are some high permittivity 

ceramics in which this effect is large enough to also be interesting from the 

application point of view [1], [2], [5], but these are not within the scope of this 

thesis.  

2.4 Piezoelectric terms and coefficients 

The linear dependence between applied mechanical stress σ and resulting dielectric 

displacement D, or the applied electric field E and resulting strain S (direct and 

converse piezoelectric effect, respectively) is described by the piezoelectric charge 

coefficient, d and its value depends strongly on the direction of the σ, D, E and S. 

The equations for direct and converse effects, respectively, can be expressed with 

equations [3] 

 𝐷 𝑑 𝜎  (1) 

and 

 𝑆 𝑑 𝐸 , (2) 

where subscripts i, j and k implement directions in three dimensional space, thus 

they may have values of 1, 2 and 3. As can be noticed from the equations, the D 

and E are first rank tensors while σ and S are second rank tensors, thus the resulting 

coefficient d is a third rank tensor. Generally, the piezoelectric coefficients are 

shortened into matrix form of dkm, where k denotes the vectors (direction) of 

dielectric displacement Dk or electric field Ek and m corresponds to the second rank 

tensor components of the mechanical stress σm or strain Sm. The values of these 
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indices can be reduced into k = 1...3 and m = 1...6, and in piezoelectric materials 

the polarization direction is commonly defined in parallel to axis 3 [3], [5]. For 

example, a piezoelectric coefficient d33 corresponds to a piezoelectric effect where 

both the dielectric displacement (or electric field) and the stress (or strain) are in 

parallel to the direction of the net polarization. (Figure 3) The same indexing 

method is used for all piezoelectric coefficients (often referred to as constants) [1], 

[3], [5]. It is also worth mention that even though the d-coefficient is called a charge 

coefficient, if the piezoelectricity has been measured utilizing converse 

piezoelectric phenomena, its units are in the form of strain/electric field as pm/V 

which corresponds to the common unit pC/N used with the direct piezoelectric 

phenomenon. 

Another piezoelectric coefficient, called the voltage coefficient g, is used 

specially to describe the properties of piezoelectric materials in transducers, and 

high g values are desirable in applications such as acoustic pick-ups and energy 

harvesters [1], [60]. It gives a relation between the applied stress and generated 

voltage. It is defined with the coefficient d and permittivity ε by equation 

 𝑑 𝑔 𝜀. (3) 

As can be seen from the Equation 3 above, due to its relation with the charge 

coefficient, the voltage coefficient is also dependent on the direction of the applied 

mechanical stress or electric field and dielectric displacement and strain. Since the 

voltage coefficient is inversely related to permittivity, high values of g may be 

achieved even with materials with only a modest piezoelectric charge coefficient, 

but with very low permittivity. Such materials are found among piezoelectric 

polymers and ceramic-polymer composites. The g in polymeric piezoelectrics can 

be comparable or even higher than in some piezoelectric ceramic compounds [5], 

[52], [61]–[63]. 

Even though the above presented piezoelectric coefficients define the 

transformation between mechanical and electrical energy in a material, it should 

not be confused with energy transformation. The coefficient to describe the 

energies involved in piezoelectric transformation is called the piezoelectric 

coupling coefficient k and it is a central parameter in materials for energy harvesting 

applications, thus it defines how large a fraction of mechanical energy is converted 

into electrical energy (or vice versa) [1]. In addition, there are two less commonly 

used piezoelectric terms e and h, which describe the relation between stress and 

electric field, and strain and electric field, respectively. 
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Fig. 3. Labelling of reference axes and planes in piezoelectric coefficients. Numbers 

next to arrows correspond to axes and numbers in brackets to planes. P is vector of the 

net polarization (Modified from [5]). 

The characteristics of ferroelectricity and polarization change can be investigated 

by cycling an electric field across a material as a function of frequency and 

amplitude. In ferroelectric materials these measurements result in a hysteresis loop. 

An example of a typical ferroelectric hysteresis loop is shown in Figure 4. As can 

be seen from the figure, the polarization change is non-linear and the maximum 

polarization, that is the saturation polarization (Psat), is achieved at maximum field. 

The remanent polarization is determined at the intersection of the polarization curve 

and the y-axis (electric field is zero). The coercive field is found at the point, where 

the polarization curve crosses the x-axis, thus the polarization direction is switched 

from the original direction. The area enclosed by the polarization curve corresponds 

to the energy dissipated in switching of the polarization. If this area is large, the 

material has high losses and it more resembles a resistor than a purely insulating 

dielectric material. In ferroelectric composites these kinds of wide area, roundish 

polarization curves can indicate poor sample quality, thus poor dispersion of filler, 

internal cracks or other inhomogeneities in the structure between the sample’s 

electrodes. All these increase the tendency for breakdown not only in ferroelectric 

measurements but above all in the poling process. There are also several further 

characteristics such as the energy dissipated in switching of the polarization and 

the energy stored into the material that can be derived from the hysteresis curve of 

a dielectric material; these are especially important when characterizing energy 

storage materials or capacitors [64]. 
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Fig. 4. A graphical presentation of a typical ferroelectric hysteresis loop. 

2.5 Piezoelectric materials 

Since the discovery of the piezoelectric effect a huge number of piezoelectrics have 

been found and engineered, which has made them one of the most widely used and 

multifunctional materials in electronics. Especially, piezoceramics have had a great 

impact on the development of these materials as well as on the number of 

applications related to them. They are widely used in actuators, sensors and 

transducers, from igniters and force sensors to fine precision print heads, fuel 

injectors, sonars, echograms, medical imaging systems and energy harvesters [1], 

[3], [51], [65]–[68]. One of the first piezoelectric ceramics found and still widely 

used is barium titanate and thanks to its relatively easy fabrication, its chemical 

stability, effective transformation of energy between mechanical and electrical 

energies (high coupling coefficient) as well as its good piezoelectric coefficient, it 

is still used in many applications [1], [3], [5] and the research for enhancing its 

properties is still on-going [69]. Another important ceramic is based on lead and is 

called lead zirconate titanate (PZT). Even though the first lead zirconate titanate 

based piezoelectrics were already developed in the 1950’s and despite the fact that 

lead is now viewed as a hazardous substance, PZT compounds have remained one 

of the most important and widely used piezoelectric solid solutions and their 

properties are commonly used as a benchmark for other compounds [52], [70]. 

Both compounds mentioned above are examples of piezoceramics belonging 

to the perovskite oxide ABO3 structure family. Due to the high piezoelectric 

response in perovskites, they are widely used as active fillers in composites 

bringing the desired functionality to the material. In the chemical formula, the A 
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and B-site ions may vary, but in stoichiometric compositions their charges are 

always compensating the three oxygen ions (O2−). The parental unit cell of 

perovskite crystals can be considered as a cube having large cations in the corners 

(A-sites), a smaller cation in the center of the cube (B-site) and oxygen ions located 

on the center of the cube faces forming an oxygen octahedron [5], [52]. A simplified 

schematic presentation of this structure is shown in Figure 5. The symmetric 

location of ions results in zero net polarization and these kinds of structures and 

material phases are called paraelectric. As mentioned earlier, the piezoelectricity 

is paired with the structural properties, like the non-centrosymmetry in crystals. In 

piezoelectric materials the paraelectric phase is generally a high temperature phase 

and when the material is cooled to a certain temperature the crystal structure distorts 

and transforms into different geometries. For example, when barium titanate is 

cooled from temperatures above 130 °C (transition temperature of barium titanate 

[1], [5]) to room temperature its unit cell elongates along one of its unit cells axes 

and the center ion in the B-site shifts from the center as in Figure 5b. Due to the 

displacement of the B-site ion, the net polarization becomes non-zero, thus a 

spontaneous polarization (Ps) is formed [2], [5]. When a mechanical stress is 

applied to this structure, the resulting strain and ion displacements lead to a change 

of dielectric displacement (change in polarization), which can be electrically 

measured, thus the transformed non-centrosymmetric phase is piezoelectric.  

 

Fig. 5. Schematic presentation of a) a cubic centrosymmetric and paraelectric 

perovskite unit cell with a B-site ion in the center enclosed by an oxygen octahedron 

(light red) and b) a tetragonal (distorted cube) piezoelectric perovskite unit cell, where 

B-site ion is displaced from the symmetry center making the unit cell non-

centrosymmetric. Black arrow is showing the direction of the polarization vector (Ps) of 

the cell. 
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Barium titanate is rather simple structured perovskite since it has only one type of 

ions in its A- and B-sites. Lead zirconate titanate on the other hand consists of two 

perovskite compounds lead titanate (PbTiO3) and lead zirconate (PbZrO3), thus it 

is a solid solution. The following description of PZT as piezoelectric compound is 

based on the work and descriptions by B. Jaffe et al. and D. Damjanovic [1], [52] 

and it gives a short introduction to this piezoelectric solid solution that was used as 

active filler in the studies of this thesis.  

PbTiO3 as pure composition is not commercially utilized as piezoelectric 

material due to its tendency for mechanical fracture in sintering process (large 

spontaneous strain and thermal expansion anisotropy) and its difficulty to be poled 

(low resistivity and high coercive field). Lead zirconate as pure composition on the 

other hand is antiferroelectric and therefore not piezoelectric. However, these two 

compounds are soluble in all proportions [Pb(Zr1–xTix)O3]. At specific 

compositional range in PZT there is nearly temperature independent boundary 

between two material phases: tetragonal and rhombohedral [1], [52]. Such 

boundaries in solid solutions are called morphotropic phase boundary (MPB) and 

PZT solid solutions at this type of compositional region are possessing remarkably 

high piezoelectric coefficients. The reasons for the enhancement in piezoelectricity 

in these compositions are not fully understood in literature and there is currently no 

clear consensus on this problem [52]. However, it is generally agreed that PZT 

compositions at MPB region can be more efficiently poled which has a direct 

impact on piezoelectric response [1], [52]. Even though the PZT solid solutions are 

possessing very good piezoelectric properties, they are rarely used as pure form in 

applications. This is because during the years of extensive research on PZT 

compounds many dopants and additives have been found to further improve and 

optimize their performance for specific applications. For example, creating Pb 

vacancies by substituting ions on A or B-sites, the PZT was found to have improved 

resistivity, small ageing, higher piezoelectric coefficients, higher losses, lower 

coercive field and lower mechanical quality factor [1], [52]. All these are desired 

properties for wide range of sensors (for example accelerometers and pressure 

sensors). This type of “doped PZT” is called soft and the typical donor cations, that 

are used in these, are La3+ (A-site) and Nb5+ (B-site). The common properties of a 

hard PZT are typically opposite when compared to a soft PZT: lower permittivity 

and dielectric loss, higher mechanical quality factor and higher coercive field and 

lower resistivity (difficult poling and depoling) [1], [52]. The change in properties 

in these origin from oxygen vacancies, which are created by using acceptor dopants 

such as K+ (A-site) and Fe3+ (B-site).  Hard PZT compounds are found for example 
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in underwater applications, high voltage generators and welding devices [1], [52]. 

The PZT composition used in this thesis study is called PZ29 (Ferroperm 

Piezoceramics A/S & Meggitt, Denmark) [63]. It is described as “soft PZT” by the 

manufacturer, thus it is a PZT solid solution that is doped with at least one element. 

The precise composition is not available from the manufacturer. 

Not all piezoelectrics are inorganic materials. There are also various organic 

polymers, such as nylon, Poly-L-lactic acid (PLLA), poly(vinylidene fluoride) 

(PVDF) and its co-polymers and nanocellulose, which are piezoelectric [23], [71], 

[72]. The mechanism that causes the piezoelectricity in piezoelectric polymers is 

slightly different from that in piezoelectric ceramics or crystalline materials. 

Piezoelectric polymers are semicrystalline, which means that the crystalline polar 

polymer chains or lamellas are bound together by an amorphous matrix [23], [73]–

[75]. Now when an external mechanical stress is applied in the direction of the net 

polarization to extend (or vice versa) the material, the change of dimensions occurs 

mainly in the amorphous phase of the polymer. This leads to redistribution of the 

polar chains (and the polarization) in a larger volume than in the original state, thus 

the net polarization is reduced, unlike in piezoceramics. The piezoelectric charge 

generation of these two different material groups is schematically illustrated in 

Figure 6. 

Of all the piezoelectric polymers, VDF and its copolymer with 

trifluoroethylene (TrFE) are the most utilised since they offer relatively high 

permittivity and piezoelectric response over other polymers. The polymer chains in 

VDF and its copolymers have four different conformations and the ferro- and 

piezoelectric ordering is called beta (β) phase (or Form I) [22], [73], [76]. In pristine 

PVDF the beta phase is introduced by straining, which means that an extra 

treatment is needed after the polymer synthesis to enable piezoelectricity. In the 

copolymer of VDF and TrFE with a molar ratio around 56/44, the conforming of 

polymer chains is favouring the beta phase directly after synthesis [22], [76]. For 

unstretched PVDF and P(VDF-TrFE) copolymers a poling process is needed as a 

post treatment to direct polarizations or domains and enhance the beta phase 

formation before the piezoelectricity can be macroscopically utilised [22], [23], 

[73]. In P(VDF-TrFE), the content of TrFE also affects to the transition 

temperatures of the copolymer and for example the Curie temperature changes from 

about 65 °C to 105 °C when the amount of TrFE changes from 50 to 30 mol.%, 

which might affect to utilization of the material, if high operation temperatures are 

needed [22], [77], [78]. Due to its special ability to conform into piezoelectric phase 
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and processability, the P(VDF-TrFE) with 56/44 molar ratio was selected as the 

polymer phase in the printable composite studies of this thesis. 

 

Fig. 6. Piezoelectricity in polymer and ceramic material. a) & c) Polar crystalline polymer 

lamellas (ovals with arrows) distributed in amorphous matrix. b) & d) Intrinsic 

piezoelectricity in crystalline (ions with bonds) piezoelectric material. Ps is the 

spontaneous polarization, P is net polarization in material and ΔP the change in 

polarization. In a) and b) there is no external stress and in c) & d) images there is an 

external stress applied along the polar axis. In c) the stress causes negative change in 

polarization (ΔP<0), thus reduces the polarization (P) in polymer, while in crystalline 

piezoelectric material d) the change of polarization is positive (ΔP<0) and total 

polarization (P) increases, thus the sign of piezoelectric coefficient is opposite in these 

two material types. 

2.5.1 Connectivity in composites 

Along with naming composites with the material types being combined, there is 

another more detailed method to categorize them. That is by describing the 

connectivity of the matrix and filler materials, thus giving more details about the 

composite structure. The connectivity explains how the different material phases 

are distributed and it is based on numbers from 0 to 3 [79], [80]. For example, if 

the filler particles are randomly dispersed and have no direct contact between each 

other, they have connectivity of 0, while connectivity of 3 would be true in the 

material surrounding the filler particles having connections in all three directions. 

The composite as whole would be then having a connectivity of 0-3. The direct 
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contact might also be true in one or two directions resulting in composites with 

connection of, for example, 1-3 (an array of filler columns in continuous matrix 

phase) or 2-2 (two phases of plates stacked) [80]. Figure 7 shows schematics of 

composites with the aforementioned connections. In total there are 10 different 

variations of connectivity types. The ceramic-polymer composites studied for this 

thesis are all basically having the 0-3 connectivity and this is verified in the studies 

from the microscopy images of each composite’s cross-sections.  

 

Fig. 7. Schematic presentation of three different connection types (0-3, 1-3, 2-2) in 

composites. Grey color represents filler and white matrix phase. 

2.5.2 Solution processed 0-3 composites 

There are several methods to synthesize 0-3 connected composites and one versatile 

method is called solution processing or solution mixing. In this method the polymer 

phase is dissolved in suitable solvents and the inorganic filler is either added as a 

fine powder or first blended with solvents and possible additive materials, and then 

added to the dissolved matrix after which the final mixing is performed. After 

mixing, the composite can be realized as films for example by using electro 

spinning, casting, spin coating and screen- or stencil printing [77], [81]–[89]. After 

formation of the film, it is cured, thus the solvents are evaporated from the 

composite at temperatures generally below 200 °C. Furthermore, the use of 

thermally sensitive substrates and fully printable structures can be enabled by 

realizing the electrode layers with low temperature materials (for example metal or 

carbon loaded inks, paints or epoxies) [4], [17], [21], [87]–[92]. The ceramic-

polymer films are generally reported to be suitable for sensor [17], [74], [85], [88], 

[90], [92]–[94] and energy harvester [95]–[97] applications. They have 

characteristic mechanical and electrical properties such as flexibility, lightweight, 
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low effective permittivity and relatively high effective piezoelectric dkm and gkm 

coefficients [4], [12], [17], [94], [98]. However, there are a couple of issues to be 

considered before the desired transducer properties are achieved in piezoelectric 0-

3 composite films. First is the dispersion and the coupling of the hard and heavy 

ceramic particles into soft polymer matrix. Second is the poling process, which 

plays a key role in all polycrystalline ferroelectrics. In the latter issue, also the 

aforementioned difference in piezoelectric coefficient signs between polymers and 

ceramics should not be forgotten. 

Homogenous distribution of ceramic particles and prevention of agglomeration 

becomes more and more difficult when the volume fraction of filler is increased. 

For example, many generally known mixing rules, which can be used for designing 

the suitable dielectric properties for the composites, are accurate only up to about 

30 vol.% filler content. This is due to changes in composite connectivity (for 

example, mixed 0-3 and 3-3 instead of pure 0-3) by agglomeration or sedimentation 

of the ceramic inclusions and increased porosity [17], [99]. To enhance dispersion 

and also transmission of the applied force via the soft polymer matrix to the hard 

ceramic, the surface of the filler particles can be functionalized with surfactants 

such as silanes, amines and fatty acids or through treatments like hydroxylation 

[81], [83], [100]–[106].  

Surface treatments also impact on the electrical properties of the composite, 

and they can be used to reduce unwanted electrical interfacial effects, which affect, 

for example, the poling of the composites. In poling, the external electric field, 

which aligns the polarizations, should be well coupled to all the phases in the 

material. In 0-3 composites very large difference (in a range of several order of 

magnitudes) in permittivity and especially in conductivity between the filler and 

matrix results in poor electric field coupling to the filler, and raises oppositely 

directed regions polarization at the material phase interfaces inside the composite 

[57], [78], [107]–[110]. This polarization mechanism that is originated from the 

high contrast of the permittivity and conductivity of the combined materials and 

application of an electric field is generally called “interface” or “Maxwell-Wagner-

Sillars” polarization [111], [112]. Regardless of the possible surfactant treatment 

used, these two factors, if neglected, may affect negatively on the efficiency of the 

poling. In addition, the outcome of poling is also affected by the sign of the 

piezoelectric response in the combined material phases (as discussed in Section 2.5 

and Figure 6), thus the piezoelectric response can be internally cancelled. 

Depending on the film fabrication conditions, the d31 in PVDF and P(VDF-TrFE) 

(molar ratios 70/30 and 56/44) are about 17.5–28 pC/N and 6.2–22 pC/N, 
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respectively [22], [73], [78], [82], [113]–[115], while d31 is around –(175–243) 

pC/N in soft PZT [63], [78], [116]. In the 0-3 composites, the sign of the 

piezoelectric coefficient is reported to be similar to that in bulk ceramics, when the 

filler amount is over 40 vol.%. To overcome the charge cancelling, different poling 

processes have been proposed and investigated to enable separate poling of the 

matrix and filler [57], [58], [75], [78], [84], [86], [117]. In these processes, the 

lower Curie point of PVDF and its copolymer is utilized to pole only the ceramic 

inclusions at elevated temperatures and then the polymer matrix can be poled in the 

opposite direction at a temperature under the TC by using either a direct voltage 

with lower amplitude or an alternating voltage at a suitable frequency. In AC poling 

the interface effects, or the relaxation time of the interface polarizations and their 

effect on electric field coupling, are utilized. By setting the frequency in such a way 

that the AC period is much shorter than the relaxation time of the interface 

polarization between matrix and filler particles, the AC field is not coupled to the 

filler or else its strength is remarkably lowered. In the optimum case the applied 

voltage is then not affecting the polarization of ceramic inclusions. With PZT 

inclusions in a PVDF or PVDF-TrFE matrix 10 Hz (100 ms period) is commonly 

used, since the relaxation time of the interface polarization in these composites is 

reported to be substantially longer [57], [74], [78], [108], [118]. The reinforcement 

in piezoelectric coefficients due to separate poling of the material phases is large in 

composites with low filler content i.e. 30 vol.% or less (with PZT filler) [74], [75], 

[118], [119]. However, with the filler content above 40 vol.% the ceramic particles 

may partially be depoled and the effective piezoelectric response correspondingly 

decreased [58], [78], [117]. Regardless the used poling method (parallel or anti-

parallel direction), the effective dkm coefficients reported for the discussed ceramic-

polymer composite films remain below 10% of those of the bulk piezoceramics 

[58], [75], [77], [78], [84], [117], [119]–[121]. In addition to reinforcement of the 

piezoelectric response in PVDF-based ceramic-polymer composites, separate 

poling of the combined material phases can also be used for removing some noise 

in piezoelectric sensor applications. Piezoelectric materials are often also 

pyroelectric due to their polar crystal or dipole structure (organic materials) and 

any temperature fluctuations cause generation of charges or noise to the 

piezoelectric signal, which in some cases, like in sensors, might be noteworthy [1], 

[23]. Now, since the sign of the pyroelectric coefficients on the PVDF-based 

polymers and piezoceramics are similar, utilizing anti-parallel poling the noise 

generating pyroelectric effect can be compensated in composites while the 

piezoelectric effect is being reinforced. Similarly, using parallel poling of the two 
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composite phases, the pyroelectric effect can also be optimized and the 

piezoelectric effect compensated for pyroelectric applications [58], [75], [117], 

[118]. 

In spite of the aforementioned investigations, in this thesis research the 

antiparallel poling of phases was not investigated, thus more traditional parallel DC 

voltage poling was utilized. This was done for two reasons. Firstly, with anti-

parallel poling there is still a risk of depoling of phases during the second poling 

step which makes the process more sensitive for failures. Secondly, as 

aforementioned, in the ceramic polymer composites with 40 vol.% or higher filler 

content the antiparallel poling has been reported to have little effect on the level of 

piezoelectric response due to the ceramic particles’ tendency for partial depoling in 

the second poling step [58], [78], [117] and the best properties in the Paper I were 

measured with filler amounts of 40 vol.% or higher.  

2.6 Piezoelectric ceramic-ceramic composites 

As previously mentioned in Section 1.2. the composites in this thesis consisting 

only of inorganic elements are referred to as all-ceramic composites. Next a very 

different kind of all-ceramic compounds are introduced to bring a broader view on 

the properties and the fabrication methods of these composites.  

The first group of all-ceramic composites to be introduced are the liquid phase 

sintered ceramics, mentioned also in the Section 1.2. These are typically sintered at 

well above 700 °C, where the added low temperature melting compounds work as 

fluxes introducing a liquid phase to the sintering process. The amount of the 

secondary phase created by the used additives (amorphous or glassy) can be from 

less than 1 wt.% to about 10 wt.% of the composite. Generally used compounds are 

for example Cu2O, LiNbO3, LiBiO2, Li2CO3∙Bi2O3∙CuO, LiF, Nb2O5, PbO, ZnO 

and 4PbO‧B2O2 [29], [32], [35], [36], [122]. However, special care must be taken 

when these materials are added to the functional ceramics, since additives may 

easily cause formation of unwanted impurity phases at these temperatures, which 

again can seriously degrade the electrical properties. The phase purity is especially 

important in piezoelectric materials, because the charge generation mechanism is 

strongly dependent on the crystal structure of the material. In addition, the high 

temperatures cause limitations such as integration with temperature sensitive 

materials or low temperature melting metals. However, high density (>90%), even 

close to the maximum relative density of the functional compound, as well as 

relatively high piezoelectric charge coefficients and permittivity can be achieved 
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[29]–[38], [123]. For example, d31 and relative permittivity of a hard PZT (PZ26) 

sintered with Cu2O/PbO additives between 750–950 °C are reported to be –(33–91) 

pC/N and 544–1075, respectively, which are 26–70% and 41–81% of those of 

conventionally sintered PZT at 1300 °C [36]. As another example, Sr(K0.25, 

Nb0.75)O3 doped PZT, with 1 wt.% of CuO and LiBiO2 as fluxes sintered at 900 °C, 

the d33 and relative permittivity of 415 pC/N and 1235, respectively, have been 

reported [33]. These correspond to 60% and 88% of the same unfluxed 

piezoceramic compound values sintered at 1250 °C, respectively.  

Besides saving energy in fabrication, one of the goals for developing liquid 

sintered composites is to lower the fabrication costs. Bulk ceramics are sintered at 

very high temperatures and if the electrodes are co-fired with the ceramic, the 

electrode material also needs to withstand these temperatures. Platinum is one of 

the high temperature metals which does not easily react with the ceramic 

compositions in the sintering process, thus it is not creating extra phases, but it is 

very expensive. Instead, aluminum or silver are much less expensive, but their 

melting temperatures are very low (660–960 °C) when compared to bulk ceramic 

sintering temperatures (>1000 °C). Another reason for reducing sintering 

temperatures is to prevent or minimize the loss of volatile elements (like lead in 

PZT) in fabrication or extra phases being created by reactions with electrode or 

substrate materials. Furthermore, the above-mentioned liquid phase sintered 

composites can be modified into printable pastes by mixing them with organic 

additives. These pastes then enable the usage of printing methods in ceramics 

fabrication. Printable pastes can be applied onto high temperature substrate 

materials like Al2O3 and Si wafers and sintered. Several printable piezoelectrics 

have been realized as thick films, which are in general films with thicknesses 

between about 1 to 100 µm. The properties of PZT thick films fabricated on rigid 

substrates (like alumina or silicon) have been reported by several groups and the 

piezoelectric d33 and εr of films sintered at 850–950 °C varies between 18–123 

pC/N and 160–970, respectively [124]–[128]. The electromechanical properties of 

these materials are substantially lowered (d33 about 33% of bulk value), which is 

due to the reactions with electrode metals or substrate material, the amount of 

porosity and the so-called clamping effect. The clamping effect can generate extra 

stress in the piezoelectric film which in turn can notably constrain the piezoelectric 

effect, thus lowering the performance of the material, especially in film materials 

[87], [129]. In the direct piezoelectric effect this means that the charges generated 

by d33 and d31 are summed and since these coefficients have opposite polarity, they 

are compensating each other. Without a substrate the piezoelectric material can be 
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unconstrained in all directions, thus the dimension changes can occur without 

external resisting force. Also lead-free piezoelectric films such as BaTiO3, 

BixK1−xTiO3, BixNa1−xTiO3 and K0.5Na0.5NbO3 -based composites have been 

investigated and the corresponding electromechanical properties in these vary 

between 44–105 pm/V (d33) and 150–670 (εr), respectively, while the sintering 

temperatures were from 900 to 1100 °C, which is slightly higher than with lead 

based compounds [10], [130]–[134]. 

Aside from inorganic additives, air or pores can also be used as inclusions in 

all-ceramic materials. The porous piezoceramics form a special composite group, 

where, in contrast to all other piezocomposites, the density is not maximized. 

Instead, high porosity is pursued while controlling the amount, size, and 

distribution of the pores [135]. In these composites the ultimate goal is to modify 

the high acoustic impedance (Za) of sensor materials to better match with soft and 

low impedance materials (for example water in hydrophones and human tissue in 

medical imaging) and to lower the effective permittivity [136], [137]. The huge 

difference in acoustic impedance (more than one magnitude) causes reflection of 

signal/energy and poor coupling of the incoming signal in the acoustic sensors, but 

by designing a gradual change of acoustic impedance by increasing porosity in the 

sensor, for example by using layers of different porosity piezoceramic [138], the 

signal receiving efficiency can be improved. The piezoelectric properties to be 

enhanced via engineered porosity are voltage coefficients (by lowering εr) and the 

general figure of merit (FOM) for piezoelectric transducers, which is defined by 

multiplying the piezoelectric charge coefficient dkm (Equation 2) with the voltage 

coefficient gkm (Equation 3). Furthermore, the introduction of porosity decreases 

the radial electromechanical coupling factor and piezoelectric charge coefficient 

(d31) resulting in a cleaner signal in thickness mode (d33), thus increasing the 

hydrostatic charge coefficient (dh) and sensitivity of sensors especially in 

hydrophone applications [60], [135]. The porosity (density) in the composites can 

be controlled by setting the ratio of pore forming agents to the ceramic particles 

along with the sintering temperature (800–1200 °C) and the composites can be 

fabricated by compressing into discs or by casting and laminating into films [135]–

[141]. The inclusions are usually organic and while burned in the sintering process, 

they leave pores in the ceramic matrix and the level of designed porosity can be 

even as high as 90 vol.% [136]. Composites with porosity higher than about 30% 

generally possess a mixture of 0-3 and 3-3 or only 3-3 connectivity, due to the 

difficulty of achieving a high number or large sized pores while maintaining 0-3 

connectivity in the composite [67], [136], [140], [142], [143]. The properties of 
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porous PZT composites vary with the amount of porosity and the type of 

connectivity. With porosity up to ~30 vol.% the d33, g33 and εr vary from 212–598 

pC/N, 31–80 mVm/N and 840–1860, respectively. The acoustic impedance with 

the same maximum porosity is from 7.2 to 20.1 Mrayl. Smaller Za is achieved with 

higher porosity and the lowest numbers reported are between 1.9 and 4 Mrayl, with 

porosity from 53 to 72 vol.% [137], [140], [141]. These values are very close to the 

acoustic impedance of human tissue and water (1–2 Mrayl). 

  When the fabrication temperatures of all-ceramics decrease below 130 °C, 

there are very few different compounds being reported and the temperature range 

becomes close to that of ceramic-polymer composites. However, these 

temperatures are achieved with composites having cement matrixes. Ceramic-

cement composites are studied especially for structural health monitoring and 

“smart structures”, which includes sensors, energy harvesters and actuators 

embedded in structural materials like concrete [11], [144]. The fabrication of a 

cement-based composite can be as simple as mixing the powdery components with 

water, casting the resulting slurry into a mold and letting the cement harden in a 

humid environment. The hydration of the cement plays a key role, and the 

hardening of the composite can take several days depending on the type and amount 

of cement used [144], [145]. Also, due to the characteristics of cements, the 

dielectric losses of these composites are high (between 10–80% at 1 kHz) even with 

a very high filler ratio (from 50 to 70 vol.%) [145]–[147]. Together with porosity, 

the poling of the piezoceramic inclusions becomes ineffective resulting in reduced 

performance (d33 generally between about 3–10% of bulk ceramics values) [144]–

[146], [148]. Polymeric and conductive additives like PVDF or carbon black as 

well as the use of nanosized filler or extra phase particles have been reported to 

improve density and poling, thus increasing d33 up to 30%, 150% and 205% (PVDF, 

carbon addition and extra phase, respectively) with cement bound composites [147], 

[149]–[151]. With extra phase as an additive, a maximum of about 30% of the bulk 

piezoceramic d33 values has been reported [150]. The acoustic impedance of these 

composites is being engineered to match with concrete (9–11 Mrayl). Generally, 

this acoustic impedance area is achieved by using 50–70 vol.% piezoceramic fillers 

[144], [149], [152], [153]. The d33, g33 and εr reported for cement -based composites 

with PZT filler from 60 to 80 vol.% are 7–54 pC/N, 4–46 mVm/N and 37–202, 

respectively. The highest values were achieved with 80 vol.% filler content, apart 

from permittivity where the highest value was reported for 60 vol.% of PZT with 1 

vol.% of PVDF [124], [144], [146], [147], [151], [154], [155]. For lead-free cement 

composites with 50–60 vol.% of BaTiO3, (Bi0.5Na0.5)TiO3 and BaZrxTi1−xO3  based 
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fillers the same properties are reported to be 10–61.5 pC/N, 4–56 mVm/N and 64–

340, respectively [145], [149], [153], [155]. 

Even though the all-ceramic composites introduced above represent very 

different types of piezoelectrics, the upside-down composites developed for this 

thesis research have several similarities. The filler ceramic used is the well-known 

PZT compound, the fabrication temperatures are similar to that of cement -based 

composites and the electromechanical properties are comparable even with some 

of the high temperature fabricated liquid phase sintered compositions. Yet, none of 

the introduced materials combine all the properties (at the same level) like the 

composites developed in this thesis. Thus, the piezoelectric upside-down 

composites represent a unique type of all-ceramic materials and the performance 

(d33 and g33) of these materials is comparable with or even beyond the state-of-the 

art piezoelectric composites.   
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3 Experimental techniques and methods 

The synthesis and fabrication methods of the composite materials studied for this 

thesis are presented along with the measurement techniques, which were used in 

the characterization. 

3.1 Formulation of piezoelectric composite ink 

The composite ceramic-polymer inks were formulated by using a commercial 

piezoelectric lead zirconate titanate ceramic PZ29 from Ferroperm Piezoceramics 

A/S & Meggitt (Denmark) as a filler and a piezoelectric copolymer P(VDF-TrFE) 

56/44 mol.% (Solvay-Solexis, France) as matrix material. First, the P(VDF-TrFE) 

powder was dissolved in dimethylformamide (DMF) (>99%, Fluka, Switzerland) 

to result in a clear 20 wt.% solution. Next, for the inks in Paper I, 10 g of PZ29 with 

an average particle size of 1.2 µm (determined with laser diffraction analyzer 

Beckman Coulter LS 13320 USA), was added to the 20 wt.% P(VDF-TrFE) 

solution in order to prepare solutions containing 30, 40, 50, 60 and 70 vol.% of PZT 

in dry solids. After this, 10 g of 2-(2-butoxyethoxy)-ethylacetate (>99%, Sigma-

Aldrich, Germany) and 30 ml acetone was added to each solution batch to decrease 

the viscosity to a suitable level for milling. The resulting solutions were thoroughly 

mixed in a ball mill using nylon milling jars and 5 mm agate milling balls for 18 

hours. Along with mixing, the ball milling was breaking agglomerates in the filler 

particles. After the milling, viscosity of the inks was adjusted for printing by 

evaporating the acetone and excess of other solvents using a drill mixer and a hot 

plate. Finally, the inks were collected and used for printing of the samples. In Papers 

II and III, the formulation of the ink was made similarly as described for the inks 

in Paper I, but only one ink with a fixed concentration was prepared. Furthermore, 

a surfactant Malialim™ AAB-0851 (NOF Co., Japan) was added to the ceramic 

PZ29 filler with 20 ml acetone and mixed in the ball mill for 16 hours before it was 

added to the P(VDF-TrFE) solution and the final mixing (16 hours) was conducted. 

The amount of filler in the ink used in these papers was set slightly below 50 vol.% 

(48 vol.%) according to the results from Paper I. The amount of surfactant was 

calculated based on the specific surface area of the PZ29 particles (4 m2/g) and the 

surface area of one repeating unit of the surfactant polymer (0.45 nm2). This was 

done in order to minimize the amount of surfactant while having a single molecule 

layer as an average on top of the ceramic particles. 
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3.2 Fabrication of the composite ink samples 

The printed samples (Papers I–III) all had a parallel plate capacitor structure 

(Figure 8). Top and bottom electrodes were made with a silver ink 5064H (DuPont, 

USA) by screen-printing through a 180 mesh steel screen and curing them for 15 

minutes at 120–130 °C. In Paper III the bottom electrode was not used because the 

substrate itself was conductive (50 µm thick brass or steel). To improve the 

adhesion of the composite ink to the metals, foils were carefully sanded and cleaned 

before printing the composite layer. In Papers I and II the substrate was a 100 µm 

thick PET film. The composite layers were manually printed using 90 µm 

polyimide (Paper I) or 200 µm thick stainless-steel stencil (Papers II and III) and a 

doctor blade. After each print, the composite layer was allowed to settle for 20–30 

minutes, after which the curing was finalized at 125 °C for 30 minutes to ensure 

the evaporation of the solvents. Usually, two layers were enough to result in the 

desired thickness (30–60 µm) for the samples. After curing, the sample films were 

laser cut (LPKF Proto Laser U3, LPKF Laser & Electronics AG, Germany) into 

smaller rectangular shaped cantilevers (7–10.5 mm wide, 10–12 mm long). This 

geometry, where a piezoelectrically active layer is combined with a passive layer, 

is called “unimorph”. After cutting, the samples were poled with a DC electric field 

at room temperature for one hour. The maximum field in Paper I and Paper II 

samples was 15 V/µm. The poling field was increased to 18 V/µm in Paper III due 

to increased breakdown strength and sample quality, while in Paper II a lower field 

was maintained to enable comparison of results between Papers I and II. Before 

piezoelectric measurements in Papers I and II, an additional stainless-steel foil was 

fixed with a cyanoacrylate glue on the bottom of the samples to increase the 

resonance frequency of the cantilever samples to ensure resonant-free measurement 

results. 
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Fig. 8. Printed sample structure. Electrode layer is on top and below the composite layer 

and steel layer corresponds to the (glued) reinforcement of substrate that was done for 

the samples in Paper II. 

3.3 Fabrication of piezoelectric upside-down composites 

The upside-down method is being introduced and illustrated earlier in Introduction 

(Section 1.2) while this section complements it by describing the details of the total 

sample preparation process. For fabricating an upside-down composite, the filler 

particles must have a multimodal particle distribution to enhance the packing ratio 

of the powders.  The original particle size of a commercial PZT powder (type PZ29, 

Ferroperm Piezoceramics A/S & Meggitt, Denmark) was increased by sintering 

pressed ceramic pellets at 1200 °C for 4 hours. The evaporation of lead from the 

compacts was minimized by covering the pellets with loose PZT powder during the 

heat treatment. The resulting hard pellets were crushed and sieved through screens 

with 180 and 400 µm openings. The resulting powders were collected and the final 

filler powder mixture contained 90 wt.% of sieved particles and 10 wt.% original 

sized (6 µm) particles. As earlier, the particle sizes were determined with an LS 

13320 laser diffraction analyser. The next steps were conducted on the basis of the 

used matrix materials. 

In LMO bound upside-down PZT composites (Paper IV), the filler particles 

were coated with saturated LMO water solution through precipitation and mixed 

with powdery LMO in the volume ratio of 1:9. First, the amount of LMO (0.645 g) 

required for coating 10 g of PZT filler with a 20 nm layer was calculated by using 

the specific surface area of the filler particles. Next it was dissolved in 10 ml of 

deionized water followed by the addition of 10 ml of 1,2-butabediol (>98%, Fluka, 

Germany). Then the filler particles were mixed into the aqueous solution and the 
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excess water content was evaporated using a hot plate while continuously mixing 

the slurry. After evaporation of water, the temperature was increased and most of 

the 1,2-butanediol was removed resulting in a thick paste, which was then spread 

evenly on a Petri dish and dried in a laboratory oven at 150 °C for 18 hours. The 

LMO powder that was mixed with the coated PZT was first milled in a ball mill 

and then sieved through a screen with 25 µm openings. The pressing of disc 

samples was conducted after careful mixing of the filler and matrix powders. For a 

typical sample, 1 gram of the composite powder was dispersed in 0.5 ml of 

saturated aqueous LMO solution and transferred into a cylindrical steel mold with 

a 10 mm diameter cavity and then pressed at 250 mPa at room temperature to 

produce disc shaped samples. After pressing, the discs were dried in a desiccator at 

room temperature for 48 hours or alternatively in a laboratory oven at 120 °C for 

18 hours for a faster processing time. 

In Paper V, the PZT particles were mixed with organotitanate based TiOx -

precursor gel. The TiOx -precursor was synthetized with titanium-di-isopropoxide-

2-acetoacetate (75 wt.% of isopropanol, 13.2 mL, Merck kGaA, Germany), 2-

methoxyethanol (99.3%, 50 mL, Merck kGaA, Germany) and ethanolamine (99%, 

5 mL, Merck kGaA, Germany) by controlled mixing and temperature. To prevent 

oxygen from affecting the process, the three-necked round-bottom flask, used to 

mix the reagents, was flushed with nitrogen flow for two minutes prior to the 

mixing and temperature treatments. The following temperature profile was used: 

80 °C for 2 h, 120 °C for 1 h, 80 °C for 2 h and 120 °C for 18 h. The resulting gel-

like TiOx solution was then cooled and stored in a refrigerator at 5 °C prior to use. 

To prepare a TiOx bound composite, 1 gram of PZT was carefully mixed with 0.2 

g of the TiOx -precursor and pressed at 250 mPa. After reaching 250 mPa, the mould 

was heated to 200–350 °C in order to remove the organics from the TiOx -precursor 

and then cooled down to room temperature. The pressure was held constant during 

the heat treatment. 

For finalizing the upside-down composite samples, a low temperature silver 

ink 5064H (DuPont, USA) was used to apply electrodes on the top and bottom 

surfaces of the samples in both studies (Papers IV and V). 
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3.4 Thermal, mechanical, and electrical characterization  

3.4.1 Microscopy analysis of samples  

For microstructure analysis, the printed samples (Papers I, II) were cut into 4–5 

pieces along the shortest dimension of the rectangular cantilevers. These were 

stacked and cast with epoxy in a mold. The resulting epoxy pellets had the cross-

section of the composite samples on top of the pellet. Then the pellets were polished 

with fine wet sandpapers (from P800 to P2000) and finalized with 3 µm and 1 µm 

diamond polishing suspensions. Prior to the imaging a thin carbon layer was 

sputtered on top of the samples to discharge the surface when imaging with an 

electron microscope. Microstructural analysis and imaging were then conducted 

with a Field Effect Scanning Electron Microscope (FESEM, Zeiss Ultra Plus, 

ZEISS SMT AG, Germany). The thickness of the printed structures was also 

investigated with a polarized light microscope, using similar samples as described 

above. In addition, cross-section samples next to the printed top electrode (outside 

of the area sandwiched by the top and bottom electrodes) were also used. 

In the case of upside-down composites (Papers IV and V), the samples were 

fractured for microstructure analysis (Zeiss Sigma, ZEISS SMT AG, Germany) and 

also samples with a polished cross-section were made. In addition, the LMO 

coating of PZT particles (Paper IV) and the crystallinity of the titanium oxide 

matrix (Paper V) were analysed with a scanning transmission electron microscopy 

(JEOL JEM-2200FS, Jeol USA Inc., USA). In the analysis of crystallinity, the 

samples were ion polished (JEOL IB-19520CCP, Jeol Ltd., Japan) prior to the 

analysis to finalize the polishing of the surface. 

3.4.2 Simultaneous thermal analysis 

All the thermal analyses of the thesis research were made with a simultaneous 

thermal analysis (STA) device (J9 Jupiter, Netzsch, Germany), which consisted of 

simultaneous measurement options for differential scanning calorimeter (DSC) and 

thermogravimeter analysis (TGA). In Paper II, the amount of inorganic filler in the 

surfactant treated ceramic-polymer ink was determined with the TGA signal by 

burning the organic compounds from a cured ink sample. The temperature profile 

used was: 10 °C/min heating to a maximum of 550 °C in 20 ml/min flow of both 

air and nitrogen. Also, in Paper II, the melting temperature and crystallization of 

the matrix copolymer in the ink composites, both with and without surfactant were 



50 

investigated using the DSC signal data from cured and 4.5 mm diameter laser cut 

samples on a PET substrate. The temperature profile in these measurements was: 

10 °C/min heating to a maximum of 200 °C in 20 ml/min gas flow (air and nitrogen). 

The crystallization level was analyzed by comparing the energies related to the 

endothermic peak near the known depoling or phase transition temperature (56 °C) 

of the 50/50 mol.% P(VDF-TrFE) copolymer matrix. 

3.4.3 Measurement of mechanical properties 

For the piezoelectric analysis of printed piezoelectric composites, the Young’s 

modulus of the different material layers was measured using a tensile stress testing 

stage (Linkam TST350, Linkam Scientific, UK). To ensure the high quality of the 

measurements, the measurement parameters were determined according to 

European Standard ISO 527-3:1995 “Test conditions for films and sheets” [156]. 

The used sample shape was similar to the generally used “dog bone” shape 

(“Specimen type 5” in the standard), which is meant for films less than 1 mm in 

thickness. The shape was scaled into a maximum length and width of 100 mm and 

12 mm (matching the width of the clamps), respectively, to fit into the measurement 

device. The width of the narrowest part of the specimen was 6 mm. All the substrate 

materials used in Papers I–III (PET, brass and steel foils) were measured separately. 

For determination of the modulus of the composite layer, cured printed samples of 

the composite ink on the PET film were measured. The bottom electrode (silver ink) 

in these samples was not taken into account as it was much thinner than other layers 

and therefore its effect was considered neglectable. Thus, for calculation this 

structure was assumed to have only two parallel layers of similar length and width 

(PET and composite). The modulus of cured composite ink was calculated by 

utilizing the measurement result from the sole PET film, the PET film with 

piezoelectric layer and the measured layer thicknesses by using the equation  

 𝑌 𝑌 𝑡 𝑌 𝑡 𝑡⁄ ,      (4) 

where YP, YS, Ytot are the Young’s modulus of piezoelectric layer, substrate and the 

total structure, respectively and tP, tS and ttot are the thicknesses of piezoelectric 

layer, substrate and total structure. 
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3.4.4 Stiffness and buckling of multi-layered cantilevers 

In Papers II and III a mechanical phenomenon called “buckling” is discussed along 

with the enhanced piezoelectric properties of cantilevers with stiffer substrates. 

This effect can be described as a sudden collapse of mechanical structure under 

loading. The critical stress which causes a structure to buckle is proportional to its 

stiffness, that is the combination of the mechanical properties and dimensions of 

all the layers in the structure. In cantilevers with a printed top layer the evaporation 

of solvents in the curing process causes internal stresses to the structure and lowers 

the load needed for buckling. This “pre-stress” can be seen as curvature of the 

whole structure after cantilever fabrication if the substrate has a low Young’s 

modulus, as in the case of polymer films. The following equations were used when 

evaluating the stiffnesses and critical force for buckling in cantilevers 

(mechanically ideal) with different substrates. 

A material layer in a multilayer beam, having layers whose width is more than 

five times larger than the thickness, shows an effective Young’s modulus of [157] 

 𝐸 𝐸  / 1  𝜐 , (5) 

where Êi, Ei and νi are the effective Young’s modulus, the Young’s modulus and the 

Poisson’s ratio of ith layer respectively. 

Location of the neutral axis (NA) in the cantilever structure in relation to the 

bottom of the substrate is defined by equation 

 𝑁𝐴 Σ  𝐸 𝑤 𝑧 𝑧 / 2 Σ 𝐸 𝑤 𝑧 𝑧  (6) 

where wi and zi are the width and the location (relative to the bottom of the 

cantilever) of ith material layer, respectively. The critical stress for buckling in a 

multilayered cantilever (having one end fixed and one free) was calculated by 

equation [158] 

 𝜎  𝜋 𝐸  / 𝐿  / 𝑟 ,  (7) 

where Etot, Le and r are the total effective Young’s modulus, effective length and 

the radius of gyration of the beam, respectively. In the measurement setup used in 

the study, the effective length was double the length of the cantilever free end, 

which then corresponds to the situation where the column would be pinned from 

both ends. 
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3.4.5 Dielectric measurements 

To analyse the sample’s response to an external electric field and the phase 

transition in the composites, the dielectric properties were measured by using LCR 

meters HP 4284A (Agilent Technologies, USA) in Papers I–II, IV and V, and 

E980AL (Keysight Technologies, USA) in Papers II and III. The measurement 

amplitude was 1 Vpp and the capacitance and loss tangents at frequencies from 1 

kHz to 1 MHz were recorded by using a LabView based control software 

programmed by the author. In measurements with variable temperatures (Papers II 

and IV), the measurement setup was set inside a programmable oven and both the 

LCR meter and oven were controlled via the LabView software. Due to the 

geometry of all the studied samples, the relative permittivity was calculated by 

using a generally known equation for the capacitance of parallel capacitors, which 

is based on the sample’s area and thickness. The results from the LCR meters were 

also used for composite quality inspection and especially high porosity and 

electrically shorted samples (in printed composites) were removed from further 

measurements.  

3.4.6 Ferroelectric measurements 

Knowledge of the ferroelectric properties is essential for polycrystalline 

piezoelectric materials such as composites. According to the results from these 

polarization vs. electric field (P-E) measurements, the suitable poling electric field 

and the high field response of the material may be obtained. A high voltage 

ferroelectric tester Radiant RT6000HVS (Radiant Technologies, USA) was used in 

Paper I, while a Precision 10kV HVI-SC (Radiant Technologies, USA) was utilized 

in Papers II–V. The hysteresis loops, remanent polarization, coercive electric field 

and leakage current were measured at 2.5 Hz (Papers I–III) and 10 Hz (Papers IV 

and V) frequencies using a standard bipolar triangular waveform up to electric 

fields of 28–34 V/µm (Papers I–III) and 2–3 V/µm (Papers IV and V). The all-

ceramic composite samples (Papers IV and V) were measured while immersed in 

silicone oil, unlike the printed composite samples which were measured in air, to 

prevent any electrical breakdowns at the sample edges. 
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3.4.7 Piezoelectric measurements 

The converse piezoelectric effect was utilized in the characterization of all the 

composites. This setup consisted of a laser-doppler vibrometer (OFV-552, Polytech 

GmbH, Germany) for measuring the dimension change with high precision, and a 

signal generator with a high voltage amplifier to apply a sinusoidal measurement 

signal to the samples. The applied voltage levels were kept small, less than 8% 

(Papers I–III) and less than 15% (Papers IV and V), relative to the poling voltage 

to avoid any depoling or breakdown. The piezoelectric coefficient was calculated 

based on the measured strain (or displacement in cantilevers) relative to the applied 

electric field, hence the unit when reporting piezoelectric coefficients from these 

measurements was pm/V (corresponding to pC/N of direct piezoelectric effect 

measurements). 

In addition, a piezometer (Piezo d33 Test System, APC International, Ltd., USA) 

was utilized with all-ceramic composites for the rapid determination of 

piezoelectricity in the samples. The measurement method in this device is based on 

the direct piezoelectric effect and the so called “quasi-static” or “Berlincourt” -

method, where an alternating force is applied to the sample via an adjustable clamp 

and the generated charge is measured. The frequency and force applied by the 

piezometer to the sample was 110 Hz and 0.25 N, respectively. The meter gave the 

d33 values directly in pC/N (charge density per stress). This method was used only 

as the first estimation for the upside-down composites piezoelectric coefficient as 

it was not as sensitive or accurate as the converse method with a vibrometer or an 

interferometer.  

The calculation of effective transverse piezoelectric coefficient (d31eff) of the 

unimorph cantilevers in Papers I–III was based on the constitutive and well-known 

equations derived by Steel et al. [159] and Smits and Choi [160] and the notations 

by Wang and Cross [66], who have also further discussed and studied the details of 

piezoelectric bi- and unimorph ceramic cantilevers with varying substrate materials 

(metal and polymer). The equation applied in the calculation is 

 𝑑
∗

 ,  (8) 

where A = ES/EP, B = tS/tP, S is the displacement of the free-end of the cantilever, L 

is the length of the cantilever, V0 is the applied voltage, ES, EP, tS and tP are the 

Young’s modulus and the thicknesses of substrate and piezoelectric layers, 
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respectively. For this equation to be valid in the calculation of the effective 

transversal piezoelectric coefficient the following boundary conditions must be met: 

– the unimorph cantilever is fixed from one end and free at the other end, 

– the thickness of the cantilever is very small compared to its length, 

– the combined material layers are assumed perfectly elastic and homogeneous, 

– bonding of these layers is firm i.e. no slipping is assumed to happen between 

the layers, 

– all the deformations are small, elastic and occurs on the plane normal to the 

cantilever surface. 

3.4.8 Acceleration sensor characterization 

In Paper VI, the piezoelectric all-ceramic composite was also evaluated by 

characterizing its performance in a simple in-house designed compression mode 

sensor setup (Figure 9). In the setup, the sample disc (with 10 mm diameter) is 

placed between external electrodes, which are clamped in contact with the sample’s 

top and bottom electrodes via a pre-stressing system. The pre-stressing force was 

applied by squeezing a silicone pad with a M5 screw approximately 1.5 turns (~1 

mm), which corresponded to 28 N force (±8%). 1.30 g (12.75 m/s2) sinusoidal 

acceleration from 30 Hz to 1000 Hz was applied to the sensor jig by a shaker 

(Minishaker, Brüel&Kjær, Denmark) and the generated charge was measured via a 

charge amplifier and oscilloscope. 

 

Fig. 9. Acceleration sensor setup for TiOx bound all-ceramic upside-down composite. 
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4 Results and discussion 

The main results obtained in this thesis are introduced and discussed in this chapter. 

More details on the results, can be found in the related original publications of 

Papers I–V. 

4.1 Properties of stencil printed PZT-P(VDF-TrFE) ceramic-polymer 

composites and effect of filler loading 

As previously discussed, the amount of filler material is one of the most important 

parameters in composites because in most cases it defines the level of functional 

properties (piezoelectricity). Moreover, it has a strong influence on the mechanical 

properties which, especially in ceramic-polymer composites, are greatly affected 

by the filler-matrix ratio. In addition, the distribution of the filler also plays a key 

role since it is closely related to the quality of the fabricated films. To investigate 

these main factors, composite inks with filler (PZT) amounts of from 30 to 60 vol.% 

were investigated. 

The quality of the printed composite layers was investigated by visual 

inspection during which no cracking was observed in the samples. In Figure 10 the 

relative permittivity and loss tangent of the developed composites are plotted as a 

function of the filler amount along with values calculated by using two well-known 

mixing formulas for ceramic-polymer composites: Lichtnecker and Effective 

Medium Theory. The measured relative permittivity varied from 37 to a maximum 

of 69 at 1 kHz with the content of PZT from 30 to 50 vol.%, respectively (Figure 

10a). After 50 vol.% the permittivity decreased and finally collapsed at 70 vol.% to 

the same level as with 30 vol.% filler content. 
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Fig. 10.  a) Relative permittivity and b) loss tangent of PZT-P(VDF-TrFE) with filler 

loading between 30 to 70 vol.% at frequencies from 1 to 1000 kHz. (Adapted, with 

permission, from Paper I © 2015 Elsevier Ltd.). 

The loss tangent was found to decrease with increasing amounts of filler and 

slightly lower losses were measured from the composites with more than 50 vol.% 

filler at frequencies above 1 kHz (Figure 10b). With the support of FESEM analyses 

from the cross-sections of the composites, both changes observed in the dielectric 

properties were confirmed to result from increased porosity and agglomerates in 

the composites with 60 and 70 vol.% of PZT. The mixing formulas showed good 

accuracy for approximating the permittivity and loss tangent values for composites 

up to about 50 vol.% of filler. Beyond this loading level, the calculated values 

started to diverge substantially, which is understandable due to the found defects in 

these composites: increased porosity, poor dispersion of filler and loss of 0-3 

connectivity. As a result from these analyses, composite samples with 60 and 70 

vol.% PZT were discarded from the high voltage and piezoelectric measurements.  

In polarization vs. electric field measurements the composites with 30 to 50 

vol.% of PZT showed clear ferroelectric behavior in the form of hysteresis curves. 

The remanent polarization as a function of maximum electric field can be seen in 

Figure 11. The 30 vol.% composite was found to have much smaller remanent 

polarization compared to the results from samples with higher filler concentrations. 

40 and 50 vol.% loaded composites showed similar Pr values up to 22 V/µm, after 

which the higher vol.% of PZT resulted in higher remanent polarization (maximum 

of 4.8 µC/cm²). During these measurements it was also observed that 40 vol.% 

samples had a smaller tendency for breakdowns than samples with higher amount 

of filler ceramic. Due to this it was concluded that the problems in microstructure 

and the overall film quality started to emerge already with 50 vol.% filler loading. 



57 

Fig. 11. Remanent polarization of composites as a function of electric field with 30–50 

vol.% of PZT. (Adapted, with permission, from Paper I © 2015 Elsevier Ltd.). 

All the developed composites (30–50 vol.% PZT) showed a piezoelectric response 

when an external electric field was applied to the clamped cantilever samples. As 

mentioned earlier, a 50 µm thick stainless-steel foil was glued to the bottom of the 

samples prior to the piezoelectric measurements to increase the resonance 

frequency of these samples. The displacement of the cantilevers’ tip due to 

electrical actuation showed linear dependence on the electric field amplitude, thus 

piezoelectricity was the dominant effect generating the movement. Furthermore, 

the d31 calculated from these displacements increased with increasing amounts of 

filler in the composite. The highest response was detected with 50 vol.% loading 

and it decreased almost linearly from 17 pm/V to 4.3 pm/V when the amount of 

filler decreased from 50 vol.% to 30 vol.%, respectively. The achieved d31 was 

higher than that reported earlier with similar ceramic-polymer composites and, 

together with the flexibility and lightness of weight of the cantilever structure, the 

composite with 50 vol.% filler loading showed potential for piezoelectric 

applications. Nevertheless, due to the problems found in high voltage 

measurements and poling, it was concluded that the dispersion of filler particles 

needed to be improved and the filler loading should preferably be slightly below 

50 vol.%. 
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4.2 Effect of surfactant and reinforcement of substrate on the 

properties of PZT-P(VDF-TrFE) ceramic-polymer composite 

Next, a similar composite as in Paper I but with an additional surfactant treatment 

on the filler particles was introduced and its properties were compared with the 

previous version of the composite. Another difference between the composites in 

Paper I and Paper II was the amount of filler, which was adjusted slightly under 50 

vol.% (48 vol.%) as suggested in Paper I. The reinforcement of the polymer 

substrate, that was originally used only to increase the resonance frequency of 

cantilevers in piezoelectric measurements, was found to have a great impact also 

on the effective piezoelectric properties. This was not considered or detected with 

the first version of the printable composite because, despite the fact that the 

calculated piezoelectric coefficients were high, they were not exceptionally high. 

However, the internal stresses caused by shrinking of the composite ink in curing 

was found to have the ability to cause notable mechanical deformation in the 

cantilever, especially when the structure was further stressed via the converse 

piezoelectric effect in electrical actuation.  

The amount of surfactant was adjusted to ideally coat the ceramic particles with 

a single molecule layer of the additive, as explained in Section 3.1. Adding extra 

phase to a composite material can introduce harmful effects but, as was first seen 

in the cross-hatch tape peel test, the adhesion was not affected by the modification 

of the ink. Furthermore, the thermal properties, measured with STA, showed no 

detectable difference between the composites with or without surfactant in either 

co-polymer crystallization or melting temperature. The crystallization of the 

P(VDF-TrFE) is especially important in this composite, since it directly affects the 

ferro- and piezoelectricity of the copolymer phase. However, a clear difference 

between the two composites was found in their microstructures. Figure 12 shows 

typical FESEM images from the cross-section of the two composite versions and 

the white arrows highlight the different material phases as well as the detected PZT 

agglomerates. From these images it was clearly seen that the surfactant treated PZT 

particles formed only a few, or no, agglomerates and their distribution was highly 

homogeneous, unlike in the older composite with 50 vol% PZT. Thus the surfactant 

improved the 0-3 connectivity and quality of microstructure of the cured composite. 
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Fig. 12. Backscattering FESEM images of cured composite samples a) with surfactant 

(48 vol.% of PZT) and b) without surfactant (50 vol.% of PZT). Agglomerates and material 

phases are marked with white arrows. Scale bar is 3 µm. (Reprinted, with permission, 

from Paper II © 2020 Elsevier Ltd.). 

The effect of surfactant was also clearly observed in the dielectric properties. The 

relative permittivity and dielectric loss tangent of the surfactant-treated 48 vol.% 

PZT-PV(VDF-TrFE) composite and the 50 vol.% composite without surfactant are 

plotted in Figure 13.  

 

Fig. 13. Dielectric properties of PZT-P(VDF-TrFE) composites with (48 vol.% of PZT) and 

without surfactant (50 vol.% of PZT). (Adapted, with permission, from Paper II © 2020 

Elsevier Ltd.). 

The relative permittivity of the surfactant treated composite was about 18% smaller 

at 1 kHz, while the loss tangent was also decreased by about 16%. Despite the 
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enhanced distribution of the ceramic filler and improved film quality, the decrease 

in both of the dielectric properties was somewhat expected due to the compositional 

differences between the two composites. Firstly, there was a slightly smaller 

amount of filler ceramic in the new composite. Secondly, the polymeric surfactant 

replaced about 2.5 vol.% of P(VDF-TrFE), which is known for its high permittivity 

among polymers. As a third effect, the surfactant passivates the ceramic particle’s 

surface. This limits the introduction of residual ions by the ceramic filler and 

restricts the mobility of the charge carriers in the polymer matrix. This again leads 

to a decrease in interface polarization and lowers the effective permittivity of the 

composite [83], [112], [161], [162]. The decrease in dielectric loss was a 

consequence of the general enhancement (decreased number of agglomerates and 

voids and better dispersion of filler) in cured layer quality, detected in the FESEM 

images. In P-E measurements, the composite with surfactant showed 12% lower 

(3.36 µC/cm² in 3 V/µm electric field) remanent polarization compared to the 

samples made with earlier ink (3.76 µm/cm²). A similar decrease in remanent 

polarization has been reported previously with other surface modified ceramic-

polymer composites and it has been linked to the lowering of interfacial and space 

charge polarizations [83], [161], [162]. Thus, the results from P-E measurements 

also supported the conclusion about decreased interface polarization in composites 

with surfactant treated filler. 

In the piezoelectric measurements, the samples with surfactant coating showed 

a transversal piezoelectric coefficient of −5.1 pm/V as an average, which was 

consistent with results reported by other research groups for similar parallel poled 

45 and 51 vol.% loaded PZT-P(VDF-TrFE) composites. However, after gluing the 

reinforcing steel foil to these samples, the observed effective d31 was increased. The 

results from the cantilever’s tip displacement as a function of applied voltage for 

these two sample structures are shown in Figure 14. 
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Fig. 14. The displacement of the cantilever tip as a function of applied voltage at 15 Hz 

and 60 Hz. The stiffer (reinforced) substrate has smaller displacement amplitude, but 

the relative bending of the structure or piezoelectric response is higher. (Adapted, with 

permission, from Paper II © 2020 Elsevier Ltd.). 

As can be seen in Figure 14, the displacement of the sample’s tip decreased 

significantly when the steel foil was added to the substrate. This is due to the 

increased bending stiffness of the whole cantilever. However, calculation of the d31 

revealed that the piezoelectric response actually increased about 9.8 times from 

−5.1 to −56 pm/V, corresponding to about 23% of the d31 of bulk PZ29 ceramic 

(−240 pm/V). This increase was not expected and such an effect had not been 

reported or studied previously with printed ceramic-polymer piezoelectric 

composites. With ceramic piezoelectric uni- and bimorphs Wang et al. [163] had 

studied the usage of substrates with different stiffnesses. According to their studies, 

the blocking force of a unimorph increases with the increasing Young’s modulus of 

the substrate, but still enhancement to the piezoelectric coefficient was not 

observed. The piezoelectric unimorphs with ceramic-polymer composite are 

mechanically very different from bulk ceramics, which restricts the comparison of 

these two materials. To find out the reason(s) for the increased piezoelectric 

response in the reinforced cantilevers with ceramic-polymer composite, the 

samples were carefully compared before and after gluing the steel foil. It was 

noticed that after curing the printed samples were deformed in the out-of-the plane 

direction due to the internal forces caused by the shrinking of the composite layer 
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during curing. Two effects were suggested which are both related to the 

deformation and gluing of the steel foil. First, the sample structure without 

reinforcement might suffer from buckling; an effect where the structure is suddenly 

collapsed under a critical axial load. After calculating the stresses causing the 

curving of the sample and the critical load/stress for buckling, it was concluded that 

buckling was very likely taking part in cantilevers with only a polymer substrate. 

As the rigidity of the cantilever is substantially decreased due to buckling, the 

piezoelectric elements’ ability to transform its strain into deflection of the tip is also 

decreased. Thus, the tip displacement observed is smaller than that which the 

piezoelectric layer could actually generate. The buckling effect was not considered 

in the calculation of d31 from cantilevers bending and the system was assumed to 

remain linear in the electromechanical measurements. This can further lead to an 

underestimation of the piezoelectric coefficient of the piezoelectric layer. However, 

when the structure is reinforced with a steel foil, its bending stiffness is increased 

about 7 times, resulting also in a similar increase to the critical stress for buckling. 

Thus, after reinforcing the buckling did not affect the mechanics of the structure in 

measurement and the equation for d31 is more accurate. The second effect, that was 

considered, is pre-stressing of the piezoelectric composite layer caused by the 

change in the internal stresses when the unimorph cantilever is straightened while 

gluing the steel reinforcement. The anisotropic and isotropic stresses have earlier 

been discovered to greatly increase the effective piezoelectric d31 coefficients in 

pre-stressed actuators [164], [165].  

The surfactant modified composite cantilevers showed 2.30 times higher (−56 

pm/V vs. −17 pm/V) d31 than similar composite without surfactant (Paper I). This 

can be understood via enhanced mechanical coupling through the molecular bonds 

between the surfactant-matrix and surfactant-filler interfaces and the improved 

distribution of particles or 0-3 connectivity in the composite. Similar performance 

enhancing effects with surface modifications, but not as high an effect in 

piezoelectricity as reported in Paper II, have also been reported earlier by other 

research groups with different surfactants [83], [166]. The further increase in d31 

after reinforcing the PET substrate was found to be very interesting and the 

achieved high piezoelectric coefficient promising for enabling high performance 

flexible piezoelectric applications. 
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4.3 Piezoelectric performance of ceramic-polymer composite 

cantilevers with thin metal substrates 

Inspired by the positive effect of substrate reinforcement on the piezoelectric 

properties of the printable ceramic-polymer composites, a similar composite (48 

vol.% surfactant treated PZT and P(VDF-TrFE) matrix) was also directly printed 

and cured on thin stainless steel and brass substrates, and their electromechanical 

properties were studied (Paper III).  

The changed substrate material did not have any major effect on the fabrication. 

Furthermore, the samples had good adhesion to the substrates which was 

investigated with the peel off test. Also, the dielectric properties were very much 

the same as those achieved with the similar P(VDF-TrFE)-PZT composite in Paper 

II, which indicated that these two composites were similar. The relative permittivity 

and loss tangent of the samples on steel and brass foils in the frequency range of 

100 Hz–1 MHz can be seen in Figure 15. 

 

Fig. 15. The relative permittivity and dielectric loss tangent of P(VDF-TrFE)-PZT 

composite on stainless steel and brass foils at frequency ranges from 100 Hz to 1 MHz. 

Grey shadings present the maximum and minimum values. (Reprinted, with permission, 

from Paper III © 2022 Authors). 

The lowering of permittivity and the increase in dielectric losses in the frequency 

range from about 40 kHz to 1 MHz was recognized to be a consequence of 

relaxation of the so called β1 in the copolymer. The transition behavior and 

dielectric properties of different P(VDF-TrFE) copolymers has been 

comprehensively studied by T. Yagi et al. [76]. 
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The remanent polarization measured from the cantilevers with metallic 

substrates was close to that measured with polymer substrate samples. The brass 

substrate samples showed a slightly higher response than samples with a steel 

substrate having Pr of 1.7 µC/cm² and 1.6 µC/cm² under 19 V/µm electric field, 

respectively. However, there was a clear change in breakdown field. In the 

ferroelectric measurements, which are made with high electric field values, the steel 

substrate samples had an increased tendency to have breakdowns in fields close to 

20 V/µm. With a brass substrate this was not seen so often, but still the breakdown 

field was lower than that observed earlier with samples on a polymer substrate. The 

metal substrates were slightly curved after the pre-treatment with sandpaper and 

they were also more difficult to straighten on the printing plate (porous aluminium 

suction plate) prior to printing. This was likely to cause lower print quality with 

brass and steel substrates and resulted in some thinner areas of the final cured 

composite layer, which had a lower breakdown strength. Still, these possible 

defects from fabrication did not affect the low signal measurements or the dielectric 

properties, as the permittivity and losses were comparable with the polymer 

substrate cantilevers. 

All samples showed linear dependence on the applied electric field when the 

cantilevers were actuated, thus the piezoelectric effect dominated displacement of 

the cantilever tip. Cantilevers with a brass substrate showed higher displacement as 

can be seen in Figure 16.  

 

Fig. 16. Displacement of cantilever tips measured with vibrometer in varying electric 

field. Shaded areas represent the variation between measured samples. (Adapted, with 

permission, from Paper III © 2022 Authors). 
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The differences in these slopes can be understood by consideration of the different 

stiffnesses of the substrate metals (Young’s modulus of 110 GPa vs. 195 GPa for 

brass and steel, respectively). The d31eff , calculated with Equation 8, was −17 pm/V 

and −22 pm/V for samples on brass and steel, respectively, thus the unimorph 

cantilevers with stiffer substrate showed about 30% higher response. Furthermore, 

both were substantially higher (up to factors of 3.3 and 4.3, on steel and brass 

respectively) than those reported earlier for similar ceramic-polymer composites 

on polymer substrates (in Paper II, −5.1 pm/V) and as free-standing films by R. 

Zheng et al. (−4.6 pm/V) [78]. The composite was printed directly on the metal and 

no additional reinforcements were made to the sample structures after curing of the 

composite. Thus, there were no changes to the internal stresses after curing and the 

only difference between these cantilevers was the stiffness of the substrate. The 

critical stress on the top layer (printed composite) to cause buckling was calculated 

to be 0.30 and 0.49 mPa for brass and steel substrates, respectively. The acquired 

effective d31 and the critical stresses for cantilevers with brass, steel, PET and steel 

reinforced PET can be seen in Figure 17. The difference in critical stress between 

PET and brass substrate cantilevers is not large due to the slight difference in 

sample dimensions, making PET stiffer than what it would be with the same 

dimensions as with brass and steel substrates. However, the difference in d31 is 

notable indicating that even a slight variation in stiffness is still remarkable in 

piezoelectric properties. Steel reinforced cantilevers were the stiffest of all the 

investigated sample structures, thus even a plain steel substrate was not reaching 

such stiffness and the piezoelectric coefficient of the reinforced cantilevers was 

more than double. Nevertheless, it should be kept in mind that reinforced samples 

might be internally prestressed when the reinforcing steel layer is glued beneath a 

PET substrate, which might also play a role in enhancement of the effective 

piezoelectric response. Thus, the extremely high piezoelectric coefficient in the 

case of reinforced cantilevers can be the result of more than just one effect in a 

cantilevers structure. 
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Fig. 17. Effective piezoelectric d31 and critical stress for buckling in studied unimorph 

cantilevers with different substrates: PET, reinforced PET (Paper II) and metallic (Paper 

III). Error bars show the minimum and maximum values among the measured samples. 

(Reprinted, with permission, from Paper III © 2022 Authors). 

The effective piezoelectric voltage coefficient was also calculated for both 

structures and g31 values of −31 mV/mN and −40 mV/mN were obtained for 

composite on brass and steel foils, respectively. The high piezoelectric charge and 

voltage coefficient make these structures interesting for sensing or energy 

harvesting applications. Also, it is suggested that the effect responsible for the 

improved d31 with increasing stiffness of the substrate material requires further 

studies to fully understand its origin and to utilize the effect optimally in electronic 

applications. 

4.4 Properties of PZT-LMO upside-down piezoelectric composite 

In Paper IV, the first ever piezoelectric upside-down composite was fabricated at 

room temperature with lithium molybdate and lead zirconate titanate and its 

electromechanical properties were characterized. The LMO was selected as matrix 

due to its excellent wetting capability of PZT particles, its suitability for room-

temperature fabrication and its low dielectric losses. The PZT compound PZ29 was 

selected because it has high piezoelectric properties and because it had also been 

used successfully by the author as a filler in other piezoelectric composites (Papers 

I–III). 

In Figure 18 the dielectric properties of the developed composite can be seen 

as a function of frequency from 100 Hz up to 1 MHz (Figure 18a) and in 
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temperatures from 20 °C to 270 °C (Figure 18b). A drop in relative permittivity 

from about 250 to 200 was observed with increasing frequency which is typical 

behaviour of an electroceramic material, showing the relaxation of different 

polarization mechanisms. Similarly, as in the ceramic-polymer composites, the low 

relative permittivity of LMO, which is less than one percent of PZ29, facilitates the 

accumulation of charges and generation of interfacial polarizations. These charges 

were regarded as especially important contributors to the dropping of the 

permittivity. Despite the low permittivity of LMO and the observed porosity in 

SEM analysis (~10%), the permittivity of the developed composite within the 

measured frequency range was still relatively high, about 10% that of bulk PZ29. 

This, on the other hand, was due to the high filler loading (~75 vol.%), which is a 

characteristic property of upside-down composites. The measured loss tangent 

followed the characteristics of permittivity settling to a nearly constant level of 

0.015 (standard deviation ±3%) at 100 kHz–1 MHz. The results as a function of 

temperature (Figure 18b) show increases in both dielectric properties and were 

understood to be a result of increasing conductivity up to about 220 °C. The 

anomalies around 250 °C were accounted for by the ferroelectric-to-paraelectric 

phase transition of PZT (TC = 235 °C). When the dielectric properties were 

compared with other very low temperature fabricated composites such as ceramic-

polymers or ceramic-cements, the developed composite displayed one of the 

highest permittivity values, while maintaining a low level of dielectric losses, as 

expected due to the characteristics of the two combined materials. 

Fig. 18. Dielectric properties of unpoled PZT-LMO composite as a function of a) 

frequency and b) temperature. (Reprinted under CC BY-NC-ND 4.0 licence from Paper 

IV © 2019 Authors). 

The ferroelectric nature of the composite was observed in P-E measurements (inset 

in Figure 19) and the remanent polarization measured at maximum 2 V/µm electric 
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field showed 0.8 µC/cm2 (±7%, variation between samples), which is about 3% of 

the value for bulk PZ29. The electric breakdown at the samples’ edges limited the 

maximum usable electric field in the measurements and no saturated hysteresis 

curve could be measured from the PZT-LMO composite. Despite the limited 

maximum electric field, the composite was successfully poled and the piezoelectric 

effect was easily observed from the samples utilizing direct and converse 

piezoelectric effects. In the Figure 19, the averaged results from converse 

piezoelectric d33 measurements are shown at frequencies from 10 Hz to 480 Hz. 

Similarly, as in the dielectric measurements, there is a drop in the values at low 

frequency to those at higher frequency. This was considered to be a consequence 

of the change in electric field coupling, which is slightly better in lower frequencies 

due to the higher permittivity of the composite, as observed in the dielectric 

measurements. The average d33 in the used frequency range was about 93 pm/V in 

the converse piezoelectric measurement. This is one of the highest among 

piezoelectric composites fabricated at ultra-low temperatures.  

 

Fig. 19. Piezoelectric charge coefficient d33 of PZT-LMO all-ceramic composite as a 

function of applied electric field frequency and hysteresis curve from P-E 

measurements (inset). (Reprinted under CC BY-NC-ND 4.0 licence from Paper IV © 2019 

Authors). 

To compare the properties of the developed composite with other piezoelectrics and 

to assess its usability in sensor applications, the piezoelectric voltage coefficient 

g33 was calculated for the composite. For an illustrative comparison of the 
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piezoelectric sensor properties the g33, d33 and fabrication temperature of the 

developed upside-down composite and a wide variety of piezoelectrics are plotted 

in Figure 20. As can be seen in the figure, the PZT-LMO has a voltage coefficient 

comparable with the best performing high temperature ceramics, while the highest 

g33 is found from ceramic-polymer composites due to their very low permittivity 

(Figure 20a). However, the PZT-LMO outperforms these composites when 

comparing their d33 values and, being all-ceramic, it has a much wider operating 

temperature range than polymer-bound materials. Figure 20b shows the d33 

normalized with fabrication temperature, which gives a wider perspective on the 

ratio of piezoelectric activity to energy usage in fabrication, revealing further 

potential of the developed composite. The investigated PZT-LMO composite 

outperforms all other low or ultra-low temperature fabricated composites and, due 

to the ultra-low temperature fabrication, there is no risk of compromising the phase 

purity of the ceramics and losing the desired properties. 

 

Fig. 20. Comparison of piezoelectric sensor materials. a) Piezoelectric charge and 

voltage coefficients of composites as well as some single and polycrystalline ceramics, 

and b) piezoelectric charge coefficient divided by the fabrication temperature of the 

corresponding materials. (Reprinted under CC BY-NC-ND 4.0 licence from Paper IV © 

2019 Authors). 

Furthermore, all the properties introduced and the fabrication temperature of the 

developed composite as well as the selected piezoelectric compounds are collected 

in Table 1. From Table 1 it can be summarized that the relative permittivities of 

ceramic-polymer and cement bound composites are all between 38 and 300 (at 1 

kHz), while the highest values (εr = 140–3600) are found amongst sintered ceramics 

and single crystals. However, the piezoelectric coefficient does not show as high 
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difference between these material groups, which can be seen as smaller differences 

in piezoelectric voltage coefficient (g33). Due to low relative permittivity of PVDF, 

compared to ceramics, it is showing the highest g33 of −207 mVm/N. This value is 

followed by ceramic-polymer and cement bound composites with g33 of 21–99 

mVm/N, which is at the level of many sintered ceramics having g33 between 10–37 

mVm/N. Interestingly, the developed PZT-LMO is the only material that can be 

fabricated below 120 °C while having low dielectric losses and high piezoelectric 

d33 and g33 (0.051, 84 pC/N and 33 mVm/N, respectively). 

Table 1. Dielectric and electromechanical properties of piezoelectric materials. 

(Adapted, with permission, from Paper IV © 2019 Authors). 

Compound 
εr 

(1 kHz) 

tanδ 

(1 kHz) 

d33 

(pC/N) 

g33 

(mVm/N) 

Fabr. T.  

(°C) 

Ref. 

PZ29 2900 0.019 575 22 1280 [63] 

PZT-LMO 290 0.051 841 33 22 Paper IV 

PC-PZT0.5-PVDF0.5% 105 0.25 24 26 60 [146] 

PC-PZT0.8 nano 131 - 54 46 60 [151] 

PC-PZT0.5 620 µm 176 0.79 26 17 60 [155] 

PC-PZT0.5 300 - 55 21 65 [148] 

PVDF-PZT0.7 cold pressed 47 - 41 99 22 [167] 

PVDF-PZT0.8 hot pressed 70 - 31 50 150 [167] 

PVDF-PZT + CNT0.8% 112 0.71 38 38 120 [168] 

PDMS-PZT0.5 38 0.018 25 74 110 [169] 

PVDF 12–15 0.018 −(22–35) −(207–264) - [61], [62] 

PNZ 001 single crystal 3600 0.0008 1100 35 1200 [170] 

PNZ 111 single crystal 900 0.012 83 10 1200 [170] 

KNN + ZnO 652 0.033 117 20 1100 [171] 

NBT + Mn0.1% 140 - 16 13 1100 [172] 

PZT + 4PbO‧BO3 1050 0.018 340 37 1000 [37] 

PZT-SKN + LB + CuO 1235 0.018 415 38 900 [33] 

PSZT + PbTiO3-BiZT-BF 760 0.007 241 36 1050 [173] 

PZT microwave sintered 1600 0.003 420 30 1100 [174] 

PZT, CS + 700 °C2 917 0.027 80 10 700 [44] 

1d33 measured with vibrometer at 110 Hz, 2cold sintered (CS) and annealed  

Note: PC = Portland cement, CNT = carbon nanotube, PDMS = poly(dimethyl siloxane), PNZ = 

Pb(Zn,Nb)O3, KNN = (K,Na)NbO3, NBT = (NaBi)TiO3, SKN = Sr(K,Nb)O3, LB = LiBiO2, BiZT-BF = 

Bi(Zn,Ti)O3-BiFeO3, PSZT = PbSrZrxTi1−xO3. 
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4.5 Properties of TiOx bound all-ceramic upside-down composite 

Encouraged by the results of PZT-LMO, new materials for the matrix in upside-

down composites were researched. The fact that in upside-down composites the 

matrix phase forms only a very thin layer between the filler particles lead to an 

investigation of thin film processes and so called “soft solution processing”. The 

precursors used in this method were also found to be interesting from the composite 

fabrication point-of-view, thus it seemed possible that the upside-down composite 

and soft solution processes could be combined. An organotitanate precursor gel was 

selected for further testing since its reaction temperature is low (~400 °C) and the 

resulting titanium oxide is generally known as a good dielectric and low loss 

material. Furthermore, TiO2 is not water soluble, which in the case of LMO bound 

upside-down composite might cause notable sensitivity to humidity changes and 

might cause restrictions. The effect of humidity was not studied in the Paper IV, 

thus the assumption is only based on the properties of LMO. Because the filler 

ceramic was kept as the same PZT (PZ29) as that used in Paper IV, it was possible 

to compare the measured properties of the new upside-down composite to the 

previous one (Paper V). 

To investigate the effect of fabrication temperature on the composite (mainly 

on the reaction of TiOx), temperatures from 200–350 °C were tested, while keeping 

the compressing pressure constant (250 MPa). The densities of the samples varied 

between 83–86% of theoretical density (taking into account the composition), 

which were 4–5% less than in the LMO bound composites. The dielectric properties 

as a function of fabrication temperature are shown in Figure 21. The relative 

permittivity increased from 190 to 280 (at 1 kHz, ±15% standard deviation) when 

the fabrication temperature increased from 200 °C to 300 °C, after which it became 

almost constant. The increment in permittivity in this temperature range is due to 

the more complete decomposition of organics in the TiOx sol-gel and the formation 

of inorganic titanium oxide at higher temperatures. The loss tangent saturated a bit 

earlier at 250 °C to a level of about 0.022. The level of relative permittivity was 

reasonable taking into account the theoretical densities of the samples and the fact 

that TEM microstructural analysis showed no crystalline phase of titanium oxide, 

thus the matrix was amorphous. The relative permittivity of amorphous (anatase 

phase) TiO2 is reported to vary between 14–19 (for high temperature fabricated 

crystalline rutile phase this is about 64), which is only about 1% of the relative 

permittivity of PZ29, the filler ceramic [175], [176]. The samples fabricated at 300, 

325 and 350 °C were regarded as being the best in terms of quality and dielectric 
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properties. The relative permittivity of the samples from these batches are plotted 

as a function of frequency in Figure 21b. 

 

Fig. 21. Dielectric properties of unpoled piezoelectric TiOx bound upside-down 

composites as a function of a) fabrication temperature and b) frequency. (Reprinted 

under CC BY 4.0 licence from Paper V © 2021 Authors). 

All these samples showed similar behavior: the permittivity decreased with 

increasing frequency. The dependence is a consequence of the polarization 

mechanisms present in this frequency range. The effect of interface polarization 

was suggested to be pronounced, since the relative permittivity of amorphous TiOx 

is only about one percent of the filler ceramic’s value, enhancing the accumulation 

of charges on the material’s interfaces. Thus, increased permittivity at low 

frequencies is expected to be due to polarization occurring at the material interfaces. 

Compared to the LMO bound PZT composite, the permittivity at 1 kHz is 27% 

higher and the dielectric losses are slightly smaller. Furthermore, the decrease in 

permittivity within the frequency range from 100 Hz to 10 kHz is smaller. This is 

a result of the higher permittivity of matrix material and a smaller contrast in 

permittivities of matrix and filler (permittivity of LMO is about 1/6 of the 

amorphous TiOx), thus a smaller effect of interface polarization in the TiOx bound 

composite. 

The results from P-E measurements at 3 kV/mm (10 Hz), which are plotted in 

Figure 22, show similar results to those observed in LCR-measurements. The 

remanent polarization increased with increasing fabrication temperature until it 

reached 1.60 µC/cm2 (±0.09 standard deviation) at 275 °C. Above this temperature, 

the Pr saturated within the standard deviation between individual samples of each 

batch. Due to the limitation on maximum electric field, no saturated P-E curves 

were observed with the samples (Figure 22 inset). The highest usable electric field 
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in the P-E measurements and in poling of the samples was around 3.5 kV/mm, after 

which the risk of breakdowns increased severely. However, compared to the PZT-

LMO, a 1 kV/mm higher electric field could be used in this case, which resulted in 

100% higher remanent polarization. This indicates that the PZT bound with TiOx 

can be more efficiently poled with an external electric field, thus providing better 

alignment of polarizations in the composite and a higher piezoelectricity. 

 

Fig. 22. Remanent polarization in PZT-TiOx fabricated at temperatures from 200 °C to 

350 °C at maximum electric field of 3 kV/mm. Inset: Typical P-E loop of a sample 

fabricated at 350 °C measured at 10 Hz frequency in 2 kV/mm (smaller loop) and 3 kV/mm 

(larger loop). (Reprinted under CC BY 4.0 licence from Paper V © 2021 Authors). 

The best performing samples, i.e. those fabricated at 300, 325 and 350 °C, were 

selected for poling and further tests for estimation of piezoelectricity of the 

composite. The d33 measured via the direct piezoelectric effect varied from 143 to 

158 pC/N within the selected sample batches, and the samples fabricated at 325 °C 

represented the minimum, while the 300 °C and 350 °C fabricated composites were 

closer to each other (~4.5% difference in averages). Compared to the LMO bound 

upside-down composite this is 78% higher on average, thus confirming the 

observations in the P-E measurements about better alignment of dipoles in 

composite with TiOx matrix. In converse piezoelectric measurement the samples 

showed a stable response in the measured frequency range (30–480 Hz) and the 

average d33 was between 114 and 131 pm/V (corresponding to pC/N). The reason 

for the smaller piezoelectric coefficients obtained in the converse method (15−20% 

at 110 Hz) were understood to originate from the differences between these two 
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measurement methods [177]. Firstly, with “piezometers”, or commercial 

Berlincourt -meters with fixed frequency and AC load, the geometry of the jaws or 

clamps applying the force to the sample in direct measurements can cause extra 

stresses and uneven loading depending on the sample placement and used force. 

This can have a great effect on the generation of charges and measured d33. Thus, 

the measured property is influenced by pre-stressing [178]. Secondly, the preload, 

that keeps the sample in place in the measurement is not monitored and can vary 

between samples causing extra variance in results. Thirdly, the fixed frequency of 

the applied force can be close to some of the sample’s resonances, affecting the 

piezoelectric response. Fourthly, the meter relies on a calibration, which is made 

with a standard piezoelectric sample, that is in resonance when placed in the meter. 

Some of the aforementioned issues in the direct piezoelectric measurement method, 

like the uneven loading, can be avoided or minimized with careful calibration, 

sample placement and using thicker samples, such as these TiOx-PZT composites. 

However, with the converse method the possible resonances of the sample can be 

avoided since several frequencies may be used, thus resulting in more knowledge 

about a sample’s behavior as a function of frequency and in some cases better 

accuracy. On the other hand, in this method the fixing of the sample and electrical 

contacts may constrain the sample, thus the measurement might not be totally 

stress-free. In addition, the porosity of the samples may decrease the coupling of 

the electric field to the piezoelectric phase, which both again may interfere with the 

accuracy of the defined d33 coefficient. Taking these all into consideration, the 

measured d33 (131–158 pC/N, maxima of direct and converse measurements) and 

the differences between the measurement methods are reasonable. Thus, the usage 

of the two methods complement each other giving wider understanding of the 

materials’ performance. The piezoelectric properties of the developed TiOx-PZT 

composites were further investigated by calculating the voltage coefficient using 

d33 from direct measurement and relative permittivity (poled samples) at 100 Hz 

for the samples fabricated between 300 and 350 °C. The average g33 was 49 

mVm/N (~5% variation between the samples). Compared to LMO bound upside-

down composite, results with TiOx bound PZT showed nearly 50% improvement, 

as expected, despite higher permittivity and slightly lower relative density, due to 

much higher d33 (84 pC/N vs. 158 pC/N, PZT-LMO vs. PZT-TiOx, respectively). 

The piezoelectric coefficients d33 and g33 of the PZT-TiOx were also compared with 

other piezoelectric ceramics and composites. This comparison is visualized in 

Figure 23. The numeric values of the piezoelectric coefficients, dielectric properties, 

fabrication temperature and relative density of both upside-down composites and 
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other materials used in comparison can be found in the Table 2 [33], [44], [146], 

[151], [155], [167], [168], [179]–[183]. From the figure it can be seen that the 

achieved charge coefficient is higher than that found in all other ultra-low 

temperature fabricated composites (all-ceramic or ceramic-polymer), and it was 

close to the values reported for some liquid phase sintered piezoceramics. 

Nevertheless, the PZT-TiOx outperformed these liquid phase sintered 

piezoceramics with the high g33. Moreover, even most of the low permittivity 

ceramic-polymer composites show lower voltage coefficients. Thus, the developed 

upside-down composite exhibit electromechanical properties that currently cannot 

be found among other low or ultra-low temperature materials. Additionally, from 

the Table 2 it can be concluded that even though the relative densities obtained with 

PZT-TiOx at 300–350 °C (85–86%) were slightly lower than with LMO bound 

upside-down composite at 22 °C (88%), the decrease in dielectric loss tangent was 

up to 59% (from 0.051 to 0.021). Furthermore, ceramics sintered at high 

temperatures show even higher relative densities (93–97%), but the dielectric 

losses were at similar level (0.007–0.035). Lastly, the highest loss tangent values 

can be found among cement and PVDF bound composites (0.25–0.79). 
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Fig. 23. Comparison of electromechanical properties (d33 and g33) of low and ultra-low 

temperature fabricated materials. The fabrication temperature ranges of 850–1100 °C, 

around 300 °C and 60–150 °C are marked with red, blue and green symbols and similarly 

colored areas, respectively. * additives: CuO 0.3 wt.%, ** additives: CuO 0.5 wt.%, nano 

= PZT nanoparticles. (Adapted under CC BY 4.0 license from Paper V © 2021 Authors). 
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Table 2. Electromechanical properties of developed composites and other low and 

ultra-low temperature fabricated materials. 

Compound 
Fabr. T. 

(°C) 

εr 

(1 kHz) 

tanδ 

(1 kHz) 

d33 

(pC/N) 

g33 

(mVm/N) 

Relative 

density (%) 

Ref. 

PZ29 1280 2900 0.019 575 22 - [63] 

PZT-LMO 22 290 0.051 84 33 89 Paper IV 

PZT-TiOx 200 1881 0.054 - - 86 Paper V 

PZT-TiOx 250 1951 0.024 - - 86 Paper V 

PZT-TiOx 275 2491 0.024 - - 86 Paper V 

PZT-TiOx 300 3301 0.022 158/1312 47 85 Paper V 

PZT-TiOx 325 3411 0.022 143/1142 47 88 Paper V 

PZT-TiOx 350 3301 0.021 151/1262 52 86 Paper V 

BTO rHLPD 240 11003 - 84 8.6 86.8 [179] 

PZT CS 300 2033 - 4 2.2 89 [44] 

PZT CS 700 10003 - 80 9 91 [44] 

PZT CS 900 13243 - 197 17 99 [44] 

0.98PZT-0.02SKN 850 1130 0.035 306 31 93.4 [33] 

PZT nano +ZnO 900 1250 - 163 15 93 [181] 

PZNT +MnO2 +CuO 900 1090 0.012 228 24 97 [182] 

0.8PZT-0.2PZNN +MnO2 

+CuO 

920 870 - 205 27 - [183] 

0.875PZT-0.125PZNN +MnO2 

+CuO +Al2O3 

920 1345 0.01 345 29 - [183] 

0.8PZT-0.2PZNN +MnO2 

+CuO 

920 778 - 255 37 - [183] 

PZT +additives  1050 760 0.007 241 36 - [173] 

PZT-PVDF, 80/20 vol.% 150 70 - 31 50 - [167] 

PZT-PVDF, 50vol.% +CNT 120 112 0.71 38 38 - [168] 

PZT-PC, 50/50vol.% 65 300 - 48 18 - [180] 

PZT-PC, 80/20 vol.% 60 131 - 54 47 - [151] 

PZT-PC, 50/50vol.% 60 176 0.79 26 17 - [155] 

PZT-PVDF-PC, 50/5/45 vol.% 60 106 0.25 24 26 - [146] 

1measured at 100 Hz, 2measured with vibrometer at 110 Hz, 3measured at 10 kHz.  

Note: rHLPD = reactive hydrothermal liquid-phase densification, CS = cold sintered and annealed,  

SKN = Sr(K0.25,Nb0.75)O3, ZnO = Zinc oxide, MnO2 = Manganese oxide, CuO = copper oxide,  

PZNT = Pb((Zn1/3Nb2/3)0.20 (Zr0.50Ti0.50)0.80)O3, PC = Portland cement, CNT = carbon nanotube. 

As a final benchmark for the developed composite, its sensitivity as a functional 

element in an acceleration sensor was investigated. In Figure 24 the charge 

generation with normalized acceleration applied to the sensor is plotted as a 

function of frequency. It was observed that all samples showed similar, small 
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frequency dependence which was suggested to be a possible artefact from the 

sensor setup. The pre-stressing of the piezoelectric element might have some 

mechanical resonances in the measured frequency range. In addition, the alignment 

of the element as well as the level of applied pre-stress probably had some 

variations due to human error (maximum of about ±8% in tightening of the pre-

stressing screw). The charge mode acceleration sensor setup is presented in Figure 

25. The highest 9.80 pC/g (±0.5 pC/g) was achieved with the samples fabricated at 

300 °C, while the sample batches fabricated at higher temperatures showed about 

15% lower response. These 300 °C samples also showed a higher response in 

dielectric and ferroelectric measurements. Furthermore, it should be noted that 

these un-amplified sensitivities were comparable to some commercial acceleration 

sensors. Naturally there is room for optimization and improvements in the sensor 

setup, however, the achieved results showed the high potential of the developed 

material in piezoelectric sensor applications.  

 

Fig. 24. Measured sensitivity (acceleration normalised charge sensitivity, g = 9.81 m/s²) 

of the PZT-TiOx composite fabricated at 300, 325 and 350 °C in frequency range from 10 

to 1000 Hz. Error bars show the standard deviation in the measurements. (Adapted 

under CC BY 4.0 license from Paper V © 2021 Authors). 
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Fig. 25. Acceleration sensor setup used in the sensor sensitivity measurements. a) a 

schematic image of the setup and b) a photo of the setup.  
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5 Conclusions 

The main objective of this thesis was to develop piezoelectric composites beyond 

state-of-the-art and investigate their properties. More specifically, printable 

ceramic-polymer and all-ceramic ultra-low temperature upside-down composites 

were realized and analyzed. The following paragraph brings out the most important 

findings obtained during this thesis work. 

The printable piezoelectric PZT-P(VDF-TrFE) composites with 30 to 70 vol.% 

filler contents were successfully fabricated on PET substrates and characterized. 

With PZT loading less than 60 vol.% all compositions showed clear ferroelectric 

and piezoelectric behavior. The simple one phase contact poling method resulted in 

parallel polarizations of filler and matrix phases. The maximum electromechanical 

properties were achieved with steel foil reinforced unimorph cantilevers having 50 

vol.% filler particles. The d31eff, εr and Pr obtained with this composition were −17 

pm/V, 48 (at 1 kHz) and 4.8 µC/cm2, respectively. Furthermore, the results 

suggested that slightly less than 50 vol.%, would be a more suitable loading level 

for more optimal performance of the composite. 

The surfactant treatment of filler particles in PZT-P(VDF-TrFE) composite and 

reinforcement of the fabricated unimorph cantilevers both enhanced the 

piezoelectric response as observed in the study. The surfactant decreased the 

interfacial polarizations, relative permittivity and dielectric losses, while the 

composite film quality improved and the usage of higher electric fields in P-E 

measurements and poling was enabled. Compared to the results mentioned above, 

the surfactant treatment improved the distribution of filler particles and resulted in 

about 330% increase in the d31eff. Reinforcing the polymer substrate by gluing a 

stiff steel foil to the fabricate unimorph cantilevers increased the d31eff 10 times 

(−56 pm/V) compared to the situation prior to reinforcement. This was suggested 

to be the result of increased internal stiffness of the cantilever and hindering or 

preventing buckling of the cantilever structure having a low Young’s modulus PET 

substrate. Thus, the considerably increased stiffness improved electromechanical 

performance of the unimorph cantilevers in the bending motion. It was suggested 

that thin metal foils could be used with polymeric substrates to optimize the 

piezoelectric response of the printed ceramic-polymer composite. 

The thin brass and steel substrates were also used successfully as substrates for 

the printable PZT-P(VDF-TrFE) composite. These substrates resulted in higher 

bending stiffness and critical stress for buckling, and the d31eff was higher by factors 

of 3.3 and 4.3, respectively, when compared to cantilevers with PET substrates. 
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Thus, the effective transverse piezoelectric coefficient was found to increase with 

the stiffness of the metal substrate (steel vs brass). These results suggested that by 

careful design (selecting a thin enough substrate and its Young’s modulus 

accordingly), the effective piezoelectric performance of a printed ceramic-polymer 

unimorph cantilever can be enhanced. The low permittivity of the studied 

piezoelectric composite, in addition to the improved performance, gives this 

material and structures a high potential for sensing or energy harvesting 

applications. In future, it would be interesting to study the reinforcement effect 

further to optimize the substrate selection (Young’s modulus and thickness) and to 

realize the full potential of the improved performance with printable piezoelectric 

composites. 

The first ever piezoelectric upside-down composite was successfully fabricated 

by using water-soluble lithium molybdate ceramic as a matrix and PZT as filler. 

Utilization of LMO in the composite enabled fabrication at room temperature while 

the fabrication could be accelerated by using a 120 °C temperature. The relative 

permittivity and piezoelectric charge and voltage coefficients d33 and g33 were 290 

(at 1 kHz), 84 pC/N and 33 mVm/N, respectively, outperforming many 

piezoelectric composites and even some piezoceramics. The high filler loading (75 

vol.%), good wetting and dielectric properties of LMO were suggested to be mainly 

responsible for the observed high performance. Thus, the upside-down method was 

found to be suitable for piezoelectric composite fabrication and the selected 

material combination to be very interesting for piezoelectric applications. 

The upside-down fabrication method was developed further as the LMO was 

replaced with an organometallic titanate. The optimum temperatures resulting from 

the PZT-TiOx composite were from 300 to 350 °C, at which the organometal reacted 

and formed an inorganic amorphous matrix phase. Higher electric fields could be 

used in measurement and poling of this composite than with the PZT-LMO 

composite. In addition, since TiOx is not water soluble like LMO, the TiOx bound 

upside-down composite is less sensitive to humidity changes, which is likely to 

increase its reliability in applications. The piezoelectric properties d33 and g33 were 

150 pC/N and 49 mVm/N, respectively. The potential of this composite as a 

piezoelectric element was tested in an acceleration sensor setup. The PZT-TiOx 

elements showed a maximum sensitivity of 9.80 pC/g without amplification, thus 

the composite was found to demonstrate a high performance and great potential in 

piezoelectric applications.  

Both piezoelectric upside-down composites showed high potential: processing 

temperatures are very low (no effects on functional ceramic phase purity), the 
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composites are thermally more stable than polymer-ceramics (no polymer phase) 

and the resulting elements showed high performance even when compared to bulk 

materials. With these composites, further investigations on binder materials would 

be very interesting, as it would probably enable new material combinations and 

even more optimized application specific performance.  

As a final conclusion, the investigated composites and the research made 

during this thesis pave the way for new, high performance piezoelectric composites 

to be utilized in a wide range of applications for example as light-weight flexible 

printed sensors and as a sustainable low energy alternative for traditional 

piezoelectric components. 
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