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1 Introduction

1.1 Problem statement

The mind does its best when the situation requires it. The same is true for scientific progress, in fact any
technological advancement stems from a need. The search for new materials has always arisen from the
need to replace the materials already used and known with others that could have better properties at lower
costs, easiness of availability and versatility. It is precisely the versatility that makes piezoelectric materials
so interesting. In fact, during the last century, these have met the needs of the moment and have enabled
the technological advancement of already known devices. Piezoelectric materials belong to the macro class
of the so called “smart materials” such as electrostrictive materials, magnetostrictive materials, shape
memory materials, electrochromic materials, phase change materials [1,2]. Smart materials are a family of
materials that are listed in the advanced materials class. These show an environment-dependent self-
accommodation and are classified according to their stimulus-dependent responses, which can be physical
(pressure, temperature, humidity, light, electric field, magnetic field), chemical (pH, CO,, etc.) or biological.
Thus, they have the intrinsic and extrinsic capacity, firstly, to respond to environmental stimuli and changes

and, secondly, to activate their functions according to these changes [3].

Nowadays, in the daily life of an average European citizen, many devices that are routinely used contain,
without the user awareness, the so-called smart materials, including piezoelectric ones. As visualized in
Figure 1.1.1, that does not pretend to be exhaustive, the use of piezoelectric ranges from well-consolidated
technologies (submarines, sonars, actuators, ultrasonic motors, transformers, micro-energy harvesting
devices, hydrophones, high-resolution ultrasonic medical imaging, accelerometers in mobile phones,
notebooks) to new frontier applications in biomedical field [4-6]; making it possible to search for enemies
on the ocean floor, observe the characteristics of unborn children, light fires on the beach, observe the

smallest details of living things, and listen to music [7].
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Figure 1.1.1 Some well-consolidated technologies and new applications of lead-free piezoelectric materials:
a) Piezoelectric-based micro blower [8]; b) A smartphone with an embedded piezo-speaker [8]; ¢) Schematics
of the bioimplantable self-powered electronic system. The flexible energy harvester mounted on a porcine
heart [11]; d) A knock sensor for automobile engine monitoring [8]; e) A smartphone featured by a ‘speaker-
less’ function based on a bone conduction mechanism [8]; f) A piezoelectric transducer [8], g) Schematics
describing the comprehensive biocompatibility of high-performance lead-free flexible energy harvester [11];
h) nanogenerators based on natural materials [10];i) A new generation 4D probe for ultrasonic scanner [9];
j) other proposed applications. It should be noted that materials used in biomedical flexible sensors, such as
natural materials like chitosan (already studied for BT-based biocomposites) [12] together with natural
Biodegradable Piezoelectric Polymers [13]are becoming increasingly important for this type of applications.

Piezoelectric materials have the capability of generating an electric charge in response to mechanical

deformation and, conversely, to generate a strain (contraction or expansion) under the application of an
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electric field. The historical development of discoveries, which consists of several crucial steps, on of
piezoelectric ceramic materials and ferroelectric effect, will be described in Chapter 2. These effects,
discovered by Curie brothers (Pierre and Jacques Curie) in the late 1880, sparked the interest in
piezoelectricity of crystals, starting from Rochelle salt, cane sugar, quartz, tourmaline and topaz. Originally,
quartz was used as resonator in SONAR devices for submarines. The ferroelectric effect, strictly related to
the piezoelectricity in polycrystals, was discovered by Valasek in 1920 in the Rochelle salt. The real
breakthrough in this field was the discovery of the ferroelectricity of Barium Titanate in 1945, a perovskite
dielectric oxide material. From this point on, it began the understanding of piezoelectric polycrystals. Then,
it came the so-called “proliferation decade” where Lead Titanate, Lead Zirconate Titanate materials were
discovered [14-16]. Since 1960, with respect to the well consolidated technologies and commercialized
devices, the market-dominant lead-based piezoceramic known as PZT (Lead Zirconate Titanate), a solid-
solution system with a general formula Pb(ZrTi1.x)O3, is still the undisputed leader, thanks to its versatility
and good electromechanical properties [17,18]. Besides, piezoceramics are cheaper to fabricate than the
piezoelectric crystals used in the first times of the development of the piezoelectric applications and can take

desired shapes (cylinders, bowls, and so on) not easily available for crystals.

Currently, needs have changed again, and the ever-increasing interest in environmental defence and
protection is driving scientific research toward the design of smart materials that respect human health and
do not pollute, while having similar or better properties than the materials to be replaced [19]. The need to
find new and eco-friendly materials that accomplish the European Union Directives are pushing the research
toward the development of new environmentally benign alternative materials to PZT. Among the recently
issued European Directives in this field, we have to take into account: RoHS (Restriction of Hazardous
Substances Directive), Ceramic Roadmap to 2050 and CO, Carbon Capture and Green Chemistry guidelines
[8,20,21,22]. The goal of replacing widespread lead-based materials is becoming increasingly stringent, due
to the high toxicity of Lead and Lead oxide for human health, the growing interest in the disposal of
processing waste products and the use of toxic raw materials, such as PbO, that is the main precursor of PZT

[22,23]. Another key point is developing new processing routes that can guarantee the reduction of CO,
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emissions, by using lower processing temperatures and that can meet the European Directives targets for
ceramics market, i.e. finding new routes free of organic solvents [24]. Among the most promising candidates
to replace the PZT system, we can find several families of lead-free materials, such as (K, Na) NbOs (KNN)-
based, (Bios, Naos) TiOs (BNT)-based, and BCZT- based piezoceramics, each with its own peculiarities. The
main characteristics, reported as strengths and weaknesses of the above-mentioned lead-free materials
compared to PZT are graphically summarized in Figurel.1.2 [25,26]. In this group, the Barium Calcium
Zirconate Titanate system, well known as BCZT , with a general formula (Bai-«Cax)(Ti1yZr,)Os, has attracted
considerable interest from the scientific community, in particular due to the high quasi static piezoelectric
coefficient for an optimal composition, BZT-50 BCT for Ba(TiosZro2)0s-(BaosCaos)TiOs solid solution,
comparable to those of the commercially available lead-based materials (600pC/N vs up to = 300 pC/N for
hard-PZT and up to = 550 pC/N for soft PZT [27-29]) . Compared to the PZT-based systems, it has a lower
density (6 g/cm® vs 8 g/cm? ) that can be suitable for acoustic applications [30]. Not less important, the
absence of volatile alkaline elements (Na,K), which are present in KNN-based system, allows better control

of the stoichiometry chosen at the design stage [26].
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Lead-free vs PZT?

T =—BLIT =BNT Ay

biocompatibility

critical raw materials

favourable processin
temperatures

thermal stability

Figure 1.1.2 Some relevant strengths and drawbacks of principal families of lead-free materials. Scores have
been attributed on the basis of reported properties. The presence of critical raw materials and
biocompatibility have also been considered. Please note that favourable temperatures mean milder
conditions [31].

Despite considerable progress in recent years, with good properties being obtained through various
processing routes, the commercialization of BCZT is still affected by certain limitations [32]. To date,
according to the current state of the art, the main open issues that can be encountered when transferring
the ceramic processing to the industrial level, can be summarized as follows: i. Decreasing the high synthesis
(up to 1300 °C) and sintering (up to 1550 °C) temperatures required for the solid-state route is absolutely
mandatory, ii. Developing water-based and environmentally friendly solid-state routes will be indispensable
in the near future for industrial scalability; iii. New insights on the formation mechanism of the BCZT
perovskite are desperately needed; iv. Finding non-toxic, alternative and scalable chemical synthesis
methods to better control grain growth and achieve a good, homogenous microstructure is crucial for
obtaining optimal final properties, v. Given the growing interest in biomedical applications, defining the

toxicological profile of this system is now of considerable importance; vi. Propose poling facilities that can be
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used for in situ XRD experiments with laboratory diffractometer as an easily available alternative to
synchrotron beam lines can be helpful to deeply study the transformations that occur in the system [29]. In
addition, ensuring reproducibility of properties for precise applications and scalability of the processing route
is one of the main goals of research and the main demand of companies [33]. Transferring knowledge on a
laboratory scale to an industrial level remains a challenge to be played in the coming years when companies
will be forced to accomplish to European Directives and to the lead-free transition. Despite of this, recently,
progresses have been achieved by some companies which realize other lead-free ceramics. Some examples
have been reported in Figure 1.1.3. On the other hand, nowadays, BCZT ceramics are not produced at

industrial scale.
a) BNT Pi Ceramics b)
wla 5 et
-- 9 &
B — Sy “’I‘:—‘“‘u
— - i L
’ \/

3 -
® - .

< Bag 4,Ca, ¢ TIO, Cerprotec d)

Figure 1.1.3 Some examples of lead-free ceramics realized by piezoceramic leader companies. a)bismuth
sodium titanate-BNT for ultrasonic transducers in the MHz range as well as for sonar and hydrophone
applications by Pl Ceramics [34]; b)SONOX® P1 LF(composition not declared) by CeramTec [35];
€)Bao.92Ca0.0sTiO3 by CerPoTech (that produces other lead-free materials as declared in the web page [36] ;
d)lead-free ceramics produced by NGK Spark Plug [37].
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1.2 Aims of the thesis

All the basic knowledge collected from the literature can help to optimize the entire processing route, the
microstructure, the poling conditions and, consequently the electromechanical properties. Given the above-

mentioned considerations, the aim of this Doctoral thesis has been here summarized in Figure 1.2.1:

Limit or avoid the f

Evaluale the
use of organic
toxicological profile cob

- Eco-friendly
(  Obtain good BCZT e

| thie vial I
| |

Figure 1.2.1 Graphical representation of the main goals of the present Doctoral Thesis.

o i. Regarding the processing by solid-state route, one of the most useful techniques to decrease the
calcination and sintering temperatures is represented by the mechanical or mechanochemical activation of
precursors by ball-milling, which can promote the synthesis of the main perovskite and improve the reactivity
towards sintering of the system in order to achieve the desired microstructural homogeneity [38—40]. For
this technique the main drawback is the contamination of the powder from the milling tools (vial and balls),
that can alter the chemical composition and change the stoichiometry chosen, having a negative influence

on the ceramic final properties [41,42]. Starting from the most studied MPB composition, we investigated
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the effect of milling tool contamination on the piezoelectric properties of the final ceramic from the vial,

using different milling tools, such as stainless steel and tungsten carbide (Chapter 5).

. ii. Alternative paths, to solid state route, that allow a better stoichiometric control, may be
represented by chemical synthesis methods, such as sol-gel techniques and its variations, through which
products with a high degree of purity and lower processing temperatures can be obtained, but for which
scalability is still difficult [43]. Hence, we propose an alternative non-toxic sol-gel synthesis -Pechini

modified type (Chapter 6).

. iii. Aiming to overcome the contamination issue and in the search of a scalable processing, we
developed a new solid-state route in isopropanol using a non-contaminating ball milling system, exploring a
poorly studied composition. We underlined the effect of mechanical activation of the precursors on the

formation temperature of the main BCZT perovskite (Chapter 7).

. ii. Nowadays, due to economic, environmental and safety reasons, the use of organic solvents at
industrial level is very limited. However, in solid-state processing of piezoceramics alcohols and ketones are
commonly used. In this respect, generating a novel environmentally friendly water-based solid-state route
through which is possible to overcome the main issues that can arise with the use of water (solubility of
carbonates, hydrolysis, demixing of the slurry) can promote the production of lead-free piezoceramics. We
managed to tackle these issues by using a combination of non-contaminating attrition ball-milling in water
and lyophilization. The synergetic effect of these combined techniques promotes the homogeneity of the
obtained powders avoiding the use of polluting organic solvents and allows the decrease of processing

temperatures, while maintaining good electromechanical properties (Chapter 8).

o iii. At the current state of the art, few works on the processes of formation and crystallization kinetics
are reported [43]. Further studies can help to have a deep knowledge of this complex pseudo-ternary system.
For these reasons, we present a formation mechanism for BCZT perovskite, the process kinetics and the

reactions that occur by using a combination of ball-milling technique and freeze drying. We highlighted the
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influence of mechanical activation of precursors compared to pristine mixed raw materials on the

reduction of perovskite formation temperature (Chapter 9).

. v. Due to the growing interest of piezoceramics for biomedical applications, such as implants and
bone regeneration and so on, it must be taken into account the toxicological profile of BCZT-based materials.
To date, this aspect has been analysed considering only specific routes and compositions [45]. A careful
analysis of the toxicological behaviour of this system, regardless of the route of process and its composition,
seems to be essential today. We analyse the toxicological profile of BCZT-based systems employing two
widely used human and environmental cellular models (A549 cell line and Saccharomyces cerevisiae),
taking into consideration the different vials used for activating the powders and exploring different

compositions (Chapter 10).

o vi. Recently, in situ XRD experiments have been performed to monitor the change of the crystal
structure of the piezoceramic as a function of the applied poling electric field [46].The same apparatus can
be used to confirm the temperature at which the ferro-para polymorphic phase transition can be observed
(Curie Point), and ferro-ferro polymorphic transitions previously measured by using dielectric measurements.
We propose an alternative poling apparatus, suitable for common laboratory diffractometer, to perform
in situ poling/temperature diffraction experiments for BCZT piezoceramics., already tested for BT-based

ceramics (Chapter 11).

1.3 Structure of the thesis

The layout of thesis is described as follows:

Chapter 1 introduces the general aims and structure of the thesis.

Chapter 2 provides an overview of piezoelectricity, starting with a historical introduction, and then continues
with a classification of piezoelectric materials as polar dielectrics, with a special focus on perovskite-type
structure ferroelectric ceramics. A brief overview of piezoelectric coefficients and commonly used
measurement techniques, specifically the resonance methods to perform electromechanical characterization
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is supplied, with a description of the alternative automatic iterative method of analysis of complex
impedance curves. An understanding of the piezoelectric effect, its coefficients and perovskite structures as

is essential for the final application.

Chapter 3 represents a current state of art in the field of BCZT piezoceramics. It begins by illustrating the
fundamentals of the system, starting from the historical evolution of the BCZT phase diagram. Furthermore,
the effect of the Morphotropic Phase Boundary (MPB) in enhancing the piezoelectric properties will be also
presented. Subsequently followed by a brief overview on the solid-state route and the influence of the
processing on the properties of BCZT ceramics. Specific focus is given to the effect of mechanical activation
and the processing temperatures reported. In addition, the state of the art concerning chemical methods
used for the synthesis of BCZT system will be present. In conclusion, the state of the art of biomedical

applications will be discussed.

Chapter 4 reports the description of the methodology used to characterise each and every step of the

processing route.

The following chapters focuses with results of different research activities obtained during this PhD program.

Chapter 5 will provide preliminary results obtained using stainless steel and tungsten carbide vials for
mechanically activate both precursors and calcined powders with particular emphasis on the effect of

contamination coming from the jar material on the ceramics final electromechanical properties.

Chapter 6 will present the results obtained by using a nontoxic Pechini modified sol-gel route as an

alternative chemical method to the solid-state route.

Chapter 7 will provide analysis and comments of the experimental results obtained on the BCZT-based
systems prepared through the widespread solid-state route, using the mechanical activation method.
Particular emphasis is given to the optimization of the milling process by using non-contaminant attrition ball
milling apparatus and isopropanol as liquid medium that leads to a strong reduction of processing

temperatures. In this section, the structure / electrical properties relationship will be deeply analysed.
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Chapter 8 will be devoted to the comments on the experimental results obtained on the BCZT-system
prepared by using an innovative environmentally friendly water-based solid-state route, using a combination
of efficient attrition ball-milling and lyophilization method. The effect on final ceramics electromechanical

properties has been also evaluated.

Chapter 9 describes the results obtained at synchrotron beam line that allowed to shed light on the formation
mechanism of BCZT perovskite. The process kinetics, the activation energy, and the reactions that occur in

the ball-milled and lyophilized precursors in comparison to unmilled raw materials were also evaluated.

Chapter 10 will focus on the evaluation of the toxicological profile, assessed on human and environmental
cellular models (A549 cell line and Saccharomyces cerevisiae), of BCZT ceramics obtained via solid-state by

using different milling tools.

Chapter 11 provides a description of in situ poling/temperature diffraction experiments setup and the results
achieved, using a common laboratory diffractometer as an alternative of synchrotron facilities, thanks to an

innovative multifunctional device.

Chapter 12 provides a general overview of the main results achieved and the future perspectives opened by

the research activities conducted during this Phd thesis.
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2 Fundamentals of the piezoelectricity in ferroelectric
ceramics

2.1 Historical introduction: The discovery of piezoelectricity and the

development of the ferro-piezoelectric ceramic materials.

The history of the development of piezoelectric materials and technologies is a revolutionary journey with
several important milestones, that changed the world forever. The discovery of the direct piezoelectric effect
that still exerts its fascination today, can be officially dated in 1880 when the Curie brothers, Pierre and
Jacques, published the results of the first experiment performed on quartz single crystal [1]. They stated that
“some crystals when compressed in particular directions show positive and negative charges on their surfaces
that are proportional to pressure and disappear when removed”. The history of piezoelectric materials
includes the work of many distinguished scientists who have made contributions that help us to understand
this complex phenomenon today. Among them, we can mention : Hankel for the term piezoelectric, Lippman
for the converse piezoelectric effect (the expansion or contraction generated by the electric field), Voigt who
formulated a comprehensive and rigorous mathematical approach to the piezoelectric effect, formulating
the theory of thermodynamic potentials associated with it, Schrodinger who, based on Debye's theory of
electrical polarisation, determined the order of magnitude of the piezoelectric constants of tourmaline and
quartz, Born who published the first theoretical calculation of a piezoelectric coefficient, that of B-ZnS, Bragg
and Gibbs who qualitatively described piezoelectric polarisation in quartz through X-ray analysis [2,3]. Each
of them and many other researchers who have come later, up to the present day, gave a contribution, as a

piece of a complex puzzle.

It is important to underline that the study and history of piezoelectricity in materials, as structured scientific
discipline, began with the Curie brothers (1880), whereas the study of the ferro-piezoelectric ceramics
began, as a structured scientific discipline, with Von Hippel’s work on the ferroelectricity of the Barium

Titanate and the understanding on why polycrystals, after application an strong external electrical field
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(poling), can show piezoelectricity (1950) [4]. Before this work, the piezoelectric ceramics were a useful but
puzzling material, whose performance contradicted what was known about piezoelectric materials at that
time. In this way, the history of the piezoelectric ceramics, a very important class of the piezoelectric
materials, is related with the phenomena of the ferroelectricity, that was discovered in 1920 by Valasek [5]
while studying the application of the piezoelectricity of La Rochelle salt to build up a high sensitivity device
to detect vibrations. This history can be summarized on a time scale by the following periods (Figure 2.1.1):
the discovery of the ferroelectricity in Barium Titanate (Second World War) [6]; the discovery of Lead-
Titanate and the explosion of ferroelectricity of complex perovskites, particularly lead titanate zirconate (PZT)
for its wide range of applications, but, also, the main lead-free materials under consideration nowadays

(1950-1965); the ceramic actuators (1965-1980) and the era of the miniaturization (1980-).
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Figure 2.1.1 Chronogram of the development of piezoelectric technology and its application [7]. Another
frame was added to the original Figure, here reported in dark blue.

2.2 The piezoelectricity and its relationship with the crystal structure.

The etymology of the term piezoelectricity is to be researched in the ancient Greek “miélewv (piézein)” that

joins the concepts of “to press” and “electron”. Electron was in ancient times the name of the amber, a
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material known for being capable to develop electrostatic charges by friction. In this point it is of utmost
importance to refresh Neumann's symmetry principle that states that: “the symmetry elements of any
physical property of a crystal must include all the symmetry elements of the point group of the crystal” [8].
The piezoelectricity is a property that requires a unique direction and, therefore, it is non-centrosymmetric.

For this reason, piezoelectricity is shown only by non-centrosymmetric crystals (Figure 2.2.1).

a) bj c)

Force induced
dipolar moment
by dizplacement of

Figure 2.2.1 Schematic of the piezoelectric effect in an ionic crystal. Some piezoelectrics crystals do not have
spontaneous polarisation, but this is induced by an external electric field or mechanical force, however, this
can only be induced in one direction. a) absence of net dipoles in the absence of a mechanical force, b) the
material is polarizable only in a specific direction in which the applied mechanical force creates dipoles by
separation of the center of positive and negative charges, c) direction in which is not possible to create
dipoles as the center of positive and negative charges remains in the same position after the application of
the force [9].

As stated above, an essential requirement for a material to be piezoelectric is the absence of a centre of
symmetry and according to the Neuman’s principle, the properties are critically related to the
crystallographic structure. It follows that when the material becomes centro-symmetrical, e.g. due to a
temperature induced phase transition with a change in crystal symmetry, the piezoelectric properties
disappear. As well-known from crystallography, crystals are classified into 32-point groups based on their
symmetry [10]. Therefore, only 20 non-centro-symmetric classes can show piezoelectric effects, as shown in

Table 2.2.1. (point group 432 is an exception).
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Table 2.2.1 Summary of Centro-symmetric and non-centro-symmetric point groups in crystals with different
symmetries [11].

Crystal system Symmetry element Centro symmetric Non-centro symmetric
Triclinic Center 1

Monoclinic Center,axis, plane 2/m 2, m

Orthorhombic Center,axis, plane mmm 222, mm?2

Tetragonal Center,axis, plane 4/m;4/mmm 4,4,442,4mm, 4,2m
Trigonal Center,axis, plane 3,3,m 3,32,3m

Hexagonal Center,axis, plane 6/m,6/mmm 6, 6 ,622,6mm, 6m?2
Cubic Center,axis, plane m3, m3m 23,43m,432

Of the 20-point groups, 10 of the crystal classes contain a unique axis where the dipole moment is oriented

in the unstrained condition, and they exhibit spontaneous polarisation, these are the pyroelectrics.

When a piezoelectric material is subjected to a mechanical stress in a specific direction of the crystal, a
separation of charges is observed, and an electrical charge is generated (polarisation) (Figure 2.2.1(b)). This
effect is known as direct piezoelectric effect. The polarisation is proportional to the stress and changes with
it. On the contrary, when an electric field is applied, a contraction or expansion is generated in the material.
This is called converse piezoelectric effect [12]. These effects, here graphically represented in Figure 2.2.2,

are respectively exploited in generators and motors [13].

The piezoelectric response to fields and forces is directly proportional to them and reversible in the linear
range up to certain values. In this regard, it has to be remarked that above this limit the relationship between

the expansion-strain and field is not linear, hysteretic and irreversible.
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As depicted in Figure 2.3.1, piezoelectric materials can be classified into several categories, based on their

origin: natural (Quartz, Rochelle salt, Tourmaline) or synthetic ones such as ceramics, polymers and

composites.

Piezoelectric Material

e

Rochelle Satt
Tourmaline

W

Polymers
f [ w
Lead Based Lead Free ;gﬂg
+ 4 - PLLA
P(VDF-TIFE)
B X J
PZT BaCaZrTio,
BNT
LINBO,
Zno
AN
KNN
ye L

Figure 2.3.1 A classification of piezoelectric materials[14].
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Lead-based and lead-free ceramic materials, like Barium Titanate (BaTiOs, BT) and its derivatives like Barium
Calcium Zirconate Titanate ((Ba Ca) (Zr Ti)Os, BCZT); like Sodium Potassium Niobate ((K Na)NbOs, KNN); like
Lead Zirconate Titanate (Pb(Zr Ti)Os, PZT), are ionic crystals with a Perovskite-type structure ABOs, in which
A and B are metallic cations and oxygen as anion like in BT (Figure 2.3.2). In addition to these there is a variety
of perovskite materials, generally indicated with the formula ABXs, suitable for many applications, where the
A cation can be mono, di or trivalent, whereas B can be a di, tri, tetra, penta or hexavalent cation and the
anion can be also a halogen, giving the possibility of a huge amount of combinations[15]. Based on the
chemical composition, to predict the stability of perovskite structures and develop new materials,
introducing other ions, it can be used the well-known Goldschmidt tolerance factor t (equation 2.1) [16] and

its implementation, as reported in the recent literature [17,18].

_ ratro
" \z2rg+ro (21)
Where 1, is the radius of the A cation, 7y is the radius of the B cation and 7y is the radius of the anion (usually

oxygen).

a)

2+
4 - Ba
s f 1 = .

e a+
L, et w Ti

Figure 2.3.2 Crystal structure of BaTiOs. (a) High temperature centrosymmetric cubic prototype lattice and
(b) Room temperature non-centrosymmetric tetragonally distorted lattice with two equivalent states. The
crystal distorsion defines the dipolar moment of the cell arising from the distance between the positive and
negative centers of charge. At high temperature (above 120°C for the BT) the lattice gains symmetry,
consequently, losing the piezoelectric activity.
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2.4 Fundamentals of polar materials and connexions between

piezoelectricity and ferroelectricity. Dielectric permittivity

To better understand the piezoelectric behaviour of ferro-piezoelectric ceramics, one must refer to the
relationship between dielectrics, piezoelectrics, pyroelectrics and ferroelectrics, graphically reported in
Figure 2.4.1. A dielectric material is an insulator which can store electric charges as it is polarisable as shown
in Figure 2.3.2, by the action of the electric field. Piezoelectric is a type of dielectric that it is also polarisable
by the action of a mechanical stress in a given (unique) crystal direction. For this the crystal must be non-
centrosymmetric. Pyroelectric is a polar material (built-in polarisation) whose polarisation changes with the
electric field (die-) or the mechanical stress (piezo-) or the temperature (pyro-). Ferroelectric is a polar
material (built-in polarisation) whose polarisation can be reversed (bi-stability) by the application of a
sufficiently high external electric field (ferro-) and changes with the temperature and disappears at the Curie
point (pyro-) or the mechanical stress (piezo-). The ferroelectric ceramics are ionic polycrystal. Based on this
relationship, it can be inferred that any ferroelectric material is a piezoelectric one, but not every

piezoelectric is a ferroelectric.

Figure 2.4.1 Schematic of the relations between the various types of dielectrics.

Marzia Mureddu — PhD Thesis in Chemical Science and Technologies



31

When a dielectric is inserted between the plates of a plane-parallel capacitor, the capacitance or ratio
between the charge stored to the voltage applied, increases compared to that of vacuum, because with the
application of the electric field, additional charges are generated due to the fact that the displacement of
charge carriers in the dielectric material charges the surfaces of the dielectric, neutralising part of the charges
stored in the capacitor, which, consequently, can store more charges, as summarised graphically in Figure

2.4.2.

Capacitor without ceramic Capacitor with ceramic

Electric Field ,E,

Polarization,P

Figure 2.4.2 Showing the polarisation of a dielectric material, e.g. a BCZT ceramic. Eo is the internal Electric
Field originated by the field-induced Polarization.

As shown in Figure 2.4.3(a), a dependence of dielectric permittivity on frequency is observed, as only the
lighter polar species can follow the higher frequencies of the field. The polarisation in the dielectric can be
explained through several mechanism following reported and graphically summarized in Figure 2.4.3(b):
space charges, orientation of dipoles, ionic and electronic displacements. As shown in Figure 2.4.2., when a
dielectric, e.g. a ferro-piezoelectric ceramic, is inserted into a plane parallel capacitor with an area of the
plates A and distance between them d, the capacitance (C) increases compared to that of vacuum (C;) that

is defined as:

Cow Q/V = A/d - & (22)
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Where Q is the charge stored in the capacitor when a voltage V is applied and g, is the permittivity of the

vacuum. The capacitance when there is a dielectric inserted gets the value of:

C-Q/V = A/d-eq=(Co/&) " € =Cp - (€a/€0) (2.3)

where g, is the absolute permittivity of the material and € = (g,/¢&p) is the relative dielectric permittivity.
Therefore, the relative dielectric permittivity has no dimensions, and it depends on the frequency of the AC
voltage applied to the capacitor (Figure 2.4.2). It can be measured in two conditions: under a constant (zero)
stress (7), low frequency or free permittivity, or under a constant (zero) strain (&%), high frequency or

clamped permittivity.
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Figure 2.4.3 Dependence of the dielectric permittivity on frequency :a)relaxations and dielectric resonances
b)different mechanisms of dielectric polarisation occurring at different frequencies[19].

Ferroelectricity: Crystallographic basis, structural phase transitions, domains

Summarizing the previous section, piezoelectrics are non-centrosymmetric dielectrics and ferroelectrics are
a class of piezoelectrics. Ferroelectrics are characterized by phase transition to the paraelectric (non-polar)
high temperature phase (centrosymmetric crystal polymorph (Figure 2.3.2(a)) taking place near the so called
Curie temperature[20] by similarity with the well know transition temperature in ferromagnetism. These
materials are also characterized by their bi-stability in the low temperature non-centrosymmetrical long-

range ordered polar state (two polar states of the crystal with identical stability (Figure2.3.2(b)), occurring
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when the crystal has a deformation that reduces its symmetry and makes it piezoelectric. Consequently, the
ferroelectricity has also a close relationship with the crystal structure and only some crystal within the 10
pyroelectric classes (Table 2.2.1) shows ferroelectricity. At the ferro-paraelectric the polarization is
completely lost (Figure 2.4.4(a)). The transition is measurable, by a thermal anomaly of the dielectric
permittivity (a maximum, called lambda curve for its shape in single crystal ferroelectrics (Figure2.4.4(b)), as
well as for the thermal variation of the cell parameters, among other techniques [4,21]. Furthermore, some
ferroelectrics show other anomalies (=relative maxima of the permittivity) at different temperatures where
ferroelectric-to-ferroelectric phase (FE/FE) transitions occur (Figure 2.4.4). The dielectric permittivity
changes with the frequency of the applied electric field in all dielectrics (Figure 2.4.3(a)) and in ferroelectrics
also changes as a function of the temperature at the polar transitions linked with their structural transitions

(Figure2.4.4).
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Figure 2.4.4 Changes in the predicted spontaneous polarization, crystal lattice parameters and anomalies in
the relative permittivity during the sequence of phase transitions in BaTiOs. The right side of the figure
illustrates the crystal structure of the cubic prototype phase and the unit cell distortions in each of the
ferroelectric phases of BaTiOs. Note that the cell-doubled orthorhombic structure is represented as a
primitive pseudo-monoclinic cell for ease of comparison with the tetragonal and rhombohedral phases[21].

Because of the characteristic bi-stability of ferroelectrics, there is the non-linearity between the spontaneous

polarisation (Ps) and the applied electric field (E), as explained in Figure 2.4.5(a) for a unit cell of the crystal

Temperature (°C)
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(Figure 2.3.2 and Figure 2.4.4) or a single domain single crystal.
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Figure 2.4.5 a) Schematic energy model to explain the existence of a hysteresis cycle in a model single-domain
single-crystal ferroelectric material: (1) and (3) are the two equilibrium states with the same value of
polarisation (P=P) in the absence of electric field. The effect of electric fields of inverse polarity on the
potential energy curve is shown in (2) and (4) and causes polarization reversal. The hysteresis cycle of
spontaneous polarisation in which 1, 2, 3, 4 states are indicated with red dots,b) Types of ferroelectric
domains and walls in between them (a) 180° domain wall, (b) 90° domain wall in a tetragonal crystal [22].

The ferroelectric crystal is in fact characterized in real life by the occurrence of ferroelectric domains (Figure
2.4.5(b)). A ferroelectric domain is a region of the crystal in which the neighbouring dipoles are aligned along
the same direction with a uniform spontaneous polarisation direction (long-range ordered polar state). The
domain configuration is built in the crystal as the electric charges at the faces of the material must be
compensated and the elastic energies must be minimized for an equilibrium state of the ferroelectric. In
ferroelectric materials, 180° path for ferroelectric domain reorientation essentially exists. Besides, allowed
by certain lattice symmetry, non-180° ferroelastic domains may also exist [22]. The motion of 180° domains
provides a reorientation of the polarization that is not accompanied by the change of dimensions in the
crystal cell, these are purely ferroelectric domains. However, the motion of non-180° domain walls (e.g. 90°
domain walls in a tetragonally distorted perovskite) as shown in (Figure2.4.5(b)) means a simultaneous
domain reorientation and change of the crystal cell dimensions, reflected in a macroscopic change of

dimensions. Such domains are ferroelectric-ferroelastic ones.

The actual ferroelectric material (multidomain single crystal or polycrystal) can be identified by its
characteristic Polarisation-Electric field (P,E) hysteresis cycle and butterfly-shaped Strain-Field (S,E) loop, that

work as the fingerprints of the material [23]. As depicted in (Figure2.4.6) for a multidomian single crystal, the
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(P,E) curve of increasing polarization from an electrostatically and elastically stable configuration (E=0, P=0)
as the field increases shows a hysteretic (the path with increasing field is not the same path as with
decreasing field) and irreversible nature (there is a remanent, permanent, polarization when the field is
removed). Similarly, there is an associated permanent strain in the (S, E) loop (Figure 2.4.6 (b)). When the
electric field changes polarity the polarization first goes to zero and subsequently to a maximum value in the

opposite sense to the previous one.
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Figure 2.4.6 (a) (P-E) hysteresis cycle of a multi-domain single-crystal or polycrystalline ferroelectric material
and plausible domain configurations corresponding to the different points marked in the cycle. The maximum
polarization is the result of the complete orientation of the polarization and its deformation by the electric
field and it is higher than the spontaneous polarization (Ps). The remanent polarization (P,) is lower than the
spontaneous polarization (Ps) as some of the domains lose their orientation when the field is removed to be
back to a minimum of elastic energy. The coercive field (E.) is the minimum field needed to activate the
polarization reversal. The strain-electric field butterfly loop is also shown. (b) the characteristic butterfly-
shaped Strain-Field loop [21].

Further information can be extracted from the hysteresis cycle by more elaborated analyses like the First
Order Reversal Curves (FORC)method[24], that gives information on the tunability and hysteresis of the ferro-
piezoelectric ceramic and that can be interpreted in terms of the microstructural defects taking into account
the Preisach model[25]. The tunability of a ferroelectric describes the ability to change its permittivity by the

electric field. This property is directly related to the non-linear variation of polarization (and implicitly of the
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permittivity) with the applied Field. The FORC method has successfully been applied to BT derivatives

ceramics, such as Ba(Zr,Ti)Os[26].

2.5 Inside a ferroelectric ceramic

Ceramics are a class of synthetic polycrystals that are solidified or densified by a high temperature thermal
treatment, called sintering. The structure of a ferroelectric polycrystalline material, as reported in Figure
2.5.1, is organized on various levels at different length scales (from mm to A): macroscopic ceramic bodies,
grains, ferroelectric domains, and crystal lattice. It should be stressed that in this complex organisation, each
level has a close relationship with the higher levels, and each type of organisation is characteristic of a certain
material feature (the domain size is dependent on the grain size of ferroelectric ceramic [27]. Owing to the
requirement of the energy minima, the grains in polycrystalline materials are always splitting into many
domains and both antiparallel 180° domains and non-180° domains (e.g. 90° domains in tetragonally
distorted, or 71° and 109°, representing the two cell diagonals, in rhombohedral distorted, perovskite
structure) are permissible. A clear example of a highly hierarchically organised domain structure is the BCZT
microstructure: system stripe-like/lamellar and herringbone patterns are considered the typical feature of
the domain configuration in the ferroelectric tetragonal phase, whereas wedge-shaped domains are typical
of rhombohedral phase, suggesting a huge variability depending on the composition [27,28]. Then, the
nanodomains are assembled in micrometre wedge-shaped and lamellar-shaped domains and their

dimensions strongly related to the grain size.
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Hierarchical structure in BCZT

Figure 2.5.1 Schematic representation of a ceramic at different length scales, showing the four levels of
dimensions determining the properties: macroscopic, ceramic microstructure, domains size and
crystallographic phase (the herringbone patterns are the consequence of the combination of two sets of
alternating 90° domains for a tetragonally distorted perovskite. In the bottom part of this image, an example
of hierarchically organised structure in BCZT ceramics is displayed[29].

These levels of dimensions in the ceramic structure visualizes the great complexity of the system, that derives
in the great challenge of the control of the properties of the ferro-piezoelectric ceramics. There are factors
at each level that affect the overall properties of the ceramic and that can be manipulated, or must be
avoided, to tailor the ceramic properties. At the crystal structure level, the composition defines possible
stable polymorphs and the possible stable coexistence of these and, ultimately, the value of the spontaneous
polarization[30]. We can also speak about volatility of components to determine point defects (vacancies
and interstitials) or extended defects (dislocations) [31]. Defects that enhances the cell polarization mobility
or fix it, giving place to so called “hard” and “soft” ferroelectrics, can also be created by small amounts (<
3at.%) of donor and acceptors dopants, among others, that also controls the polarization value [2]. As for the
domain structure, which is defined by the crystal structure and is related with the grain size, it can achieve
great complexity and there are several factors that defines their mobility[25]. Among them the point defects
of the crystal that may pin the domain walls and stop of reduce the velocity of their displacement [32]. The

intergranular stress in the ceramic is another factor affecting this mobility as it transfers to the domain walls,
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which is of primary importance for thin film polycrystals. At the level of the grain size we must consider all
factors defining the ceramic microstructure [33] as second phases, grain boundary characteristics, core-shell
structures of the grains, grain growth habit and orientation, porosity and pore size distributions, etc. Finally,
the ceramic may have undesired inhomogeneous structure including delamination or cracks with origin in
the moulding or thermal treatments, abnormal grain growth, macropores or other defects due to volatility

(intended or accidental), compositional or grain size or porosity gradients, among others.

This picture also helps to understand the intrinsic and extrinsic contributions to the piezoelectric effect.
Extrinsic contributions to the piezoelectric effect can be defined as those contributions that to do not
originate from the field induced polarization or deformation of a single domain. Typical examples are
displacement of domain walls and interphase boundaries. From the application point of view, these
contributions are important, as they are responsible for nonlinearity (field dependence of the

piezoelectricity), weak-field hysteresis, frequency dispersion of the properties, creep, and aging [34].

Under AC electric field, there are small reversible movements of domain walls that give place to the extrinsic
contribution of the piezoelectric response of the ceramic. So, it has to be pointed out that domains are not
static components, but during the application of the Electric Field they can be also subjected to reversible
transformation (from multi domain to single domain) and to the switching between two multi-domain states,

as observed for lead-free materials, like in the BCT-BZT system [35].

2.6 The poling processes of ferro-piezoelectric ceramics

The ferroelectric polycrystals, the ceramics, are isotropic materials, as the polarization in each grain, as its
crystal structure, is randomly oriented. Consequently, they are centrosymmetric, and, in principle, they
cannot be piezoelectrics. Piezoelectricity of ceramics remained as a scientific puzzle until the discovery of
ferroelectricity in the BaTiOs; perovskite took place (Von Hippel) [6] and the role of the so-called poling

process was revealed.
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To confer piezoelectric properties to the ferroelectric material it is necessary to align these randomly oriented
domains, through the poling process (Figure 2.6.1) in which an external electric field is applied. This process
is only feasible when the composition of each crystal in the ceramic is ferroelectric, because only in this case
a domain reorientation takes place under the action of the electric field. This is why piezoelectric ceramics
are properly called ferro-piezoelectric ceramics. To enhance the domains alignment a relatively high electric
field can be applied, at a temperature below the Curie temperature of the material (to avoid the loss of the
polarisation). This can be followed, to further promote the stability of the alignment by a so-called Field
Cooling (FC), which consists of maintaining the field while lowering the temperature to room temperature.
When the applied field is removed, most of crystallites remain in their aligned direction (Figure 2.4.6)[36,37].
After the poling process, the polycrystalline ceramic material is piezoelectric as a consequence of the induced
macroscopic non-centrosymmetry defined by the direction of the poling electric field. In fact, after poling,
the ceramic has a non-zero net polarisation in the absence of electric field that responds linearly to an applied
electric field or mechanical stress. The net dipole moment comes from irreversible domain wall motions, as
shown in Figure 2.4.5(b). To conclude, the result of the poling process is that any ferroelectric ceramic, as a
consequence of its bi-stability, have the net polarization of each constituent crystallite in a cone of directions,
the closest to the one of the electric field that is permitted by each crystallite structure. The sum of these
creates a non-zero net polarization (remanent polarization) in the absence of the applied electric field. This
cone of directions around the direction and orientation of the applied electric field results in a macroscopic
cylindrical symmetry for the ceramic. For this, any direction in a plane perpendicular to the field is equivalent
and this is independent of the actual crystal symmetry of the specific ferro-piezoelectric composition of the
ceramic. This is ascribed to the non-centrosymmetric 6mm point group (see Table of point groups),
containing 6 mirrow planes parallel to the direction of the applied field. This is also referred sometimes as
somm, as it can be understood as == number of mirror planes parallel to the direction of the applied electric
field. Consequently, the poled polycrystalline ferroelectric, also properly known as ferro-piezoelectric
ceramic, is not centrosymmetric any longer, but fulfils the needed condition for the appearance of the

piezoelectric response.
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Figure 2.6.1 Schematic illustration of the poling process of a ferro-piezoelectric ceramic.

The remanent polarization, P,, of the poled-ferro-piezoelectric ceramic and, consequently, the piezoelectric
performance, is always lower than that corresponding to the single-domain single crystal (P;). P, is limited by
the symmetry of the crystal structure of the ferroelectric (tetragonal: P,"*= 0.83 Ps, with six <001> equivalent
directions of P;; rhombohedal: P,"%*=0.87 P;, with eight allowed <111> equivalent directions; orthorhombic:
P,m*=0,91 P, with twelve allowed <110> equivalent directions) that defines the aperture of the cone of
allowed polarization directions [38,39]. Those solid solution systems with the so called Morphotropic Phase
Boundary (MPB), with coexistence of two symmetries in a narrow compositional range, are seeked when
optimization of the properties of the ferro-piezoelectric ceramic is desired. This increases the number of
equivalent directions of P; and, consequently, increases the P, value. It is also possible to increase P.over the
values of the classical randomly oriented ferro-piezoelectric ceramics by the processing of textured ceramic,
although it highly increases the complexity of their manufacture [40]. The energy considerations leading to

the existence of MPBs in a solid solution system like the BCZT one will be studied in Chapter 3.
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2.7 Piezoelectric coefficients and other physical properties of ferro-

piezoelectric ceramics

o Dielectric permittivity and losses

The definition of the dielectric permittivity (equations 2.2 and 2.3) must be extended with the concept of
dielectric losses when the electric field applied to the materials is an AC field. Dielectric losses express the
phase difference between the AC applied electric voltage and the resulting polarization or charge between
the capacitor plates. To consider the phase lag, the dielectric permittivity is conveniently expressed in

complex form as follow:

e=¢ —ig" (2.4)

The dielectric loss is often expressed as dielectric loss tangent (tand,) which is the ratio between the

imaginary and the real part of the dielectric permittivity.

n

&
tand, = - (2.5)
Alternatively, can be expressed as dielectric quality factor (Q,), which is essentially the reciprocal of the

dielectric loss tangent:

1

Qe = (2.6)

- tand,

e Piezoelectric Charge (or Strain) Constant:

Quasi-static piezoelectric coefficient d is the piezoelectric constant that relates the mechanical strain
generated by an applied electric field or the charge produced by the application of a mechanical stress,

described by the following equation:

strain development [m] (2 7)
" applied electric field Lv ’
short circuit charge densit
d= g 4 (2.8)

applied mechanical stress[%]

e Piezoelectric Voltage Constant:
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g voltage constant can be defined as the electric field (open circuit) generated by a piezoelectric material per
unit of mechanical stress applied. This constant can be also defined like the ratio of strain developed over

the applied charge density.

strain developed m?
g=— — =] (29)
applied charge density L C
or
open circuit electric field [ V/m
— open tric f [ / ] (2.10)
applied mechanical stress LN/m?2

The piezoelectric voltage constant (g) is related to the piezoelectric constant (d) by the relative permittivity

of the medium:

g=— (2.11)

e Electromechanical coupling coefficient:

It can be defined as the efficiency of the material in converting the mechanical energy to electrical one and
vice versa. It results from the ratio between the converted energy of one type (mechanical or electrical) and

the input energy of the second type (electrical or mechanical).

mechanical energy converted into electric ener
k% = 2 9 (212)

supplied mechanical energy

electric energy converted into mechnical ener,
k? = 2 2 (213)

input electric energy

Since complete energy conversion is not possible, the electromechanical coupling factor is always less than
unity: k < 1. This factor can be useful for directly comparing, from a piezoelectric point of view, materials with

very different efficiency values.

e Mechanical losses:

Mechanical losses are often expressed by the mechanical quality factor Q.. Mechanical quality factor gives

information on the energy that is lost, producing heat or hysteretic behaviour, when the ferro-piezoelectric
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ceramic is subjected to and AC electrical field. In analogy with the dielectric permittivity, the elastic

coefficients can be expressed in complex form as follow:

s=s"—is" (2.14)

Therefore, the corresponding quality factor is:

1 s’

Om = = (2.15)

- tandm, s

2.8 The anisotropy of piezoelectric ceramics

One of the four types of the constitutive equations describing the direct and inverse piezoelectric effect in
the linear range with respect to, i.e. the charge created or the displacement under mechanical force or

electrical field, respectively, coupled with the elastic and electrostatic effects, are:

D =dT +¢"E (2.16)
S=sET +dE (217)

Where D is the dielectric displacement (assumed to be equal to the polarisation), T is the stress, E is the
electric field, S is the deformation, d is a piezoelectric coefficient, s is the material compliance and ¢ is the

dielectric permittivity.

The quantity kept constant (zero), is indicated as uppercase apex. Superscripts like “S, T, E, D” describe an

electrical or mechanical boundary condition:
S = strain = constant (clamped)
T = stress = constant (free)
E = field = constant (short circuit)
D = electrical displacement = constant (open circuit)

Of considerable importance is the fact that piezoelectric coefficients described here vary with temperature,
pressure and frequency electric field, mechanical and electrical boundary conditions, etc., and they describe

material properties under small-signal conditions, i.e. in the linear range.
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The direct and inverse piezoelectric effect and the material properties that describe this effect are closely
dependent on the anisotropy symmetry of the material and depend on the directions in which the electric
field or mechanical force are applied (Figure 2.2.2) and the directions in which the corresponding
displacement, voltage or charge are measured. Piezoelectrics are anisotropic materials. Therefore, the
above-mentioned constitutive equations must take tensor notation to properly have a tridimensional

description of the piezolectricity.

Taking into account the vector nature of the electric field (Ek), that the permittivity and the elastic magnitudes
are tensors of second order (g'i, Sjand T;), that the piezoelectric coefficients are tensors of third order (dij)
and that the elastic coefficients are tensors of fourth order (st ), those equations became unmanageable.
Due to symmetry reasons and using the Einstein summation convention of repeated subscripts (i,k=1,2,3;
ij=a; kl=B; a,B=1,2,...6), the piezoelectric coefficients in the three-dimensional description of the material
refer to the direction of the applied electrical or mechanical force and are defined in a given crystalline using
the coordinate system. By convention, as illustrated in Figure 2.8.1. The direction of polarisation (in ferro-
piezoelectric ceramics the same as the direction of the electric poling field (Figure 2.4.6)) is the same as the
Z axis. The Cartesian directions X, Y, Z are represented by subscripts 1, 2 and 3. The shear forces or
displacements are denoted by subscripts 4, 5 and 6 when they take place, respectively, with respect to the

1, 2 and 3 axes[41].

(Z)
3
b
; -
5
)- - ‘— r 2(Y)
T
(X}

Figure 2.8.1 Conventional notation of reference axes for piezoelectric properties, in case of ceramics the 3
axes is the direction of the applied field in the poling process.
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Customarily, the first subscript indicates the direction of the electrical property (the voltage applied, or the
charge produced), whereas the second subscript gives information about the direction of the mechanical

property (stress or strain).

As piezoelectrics are anisotropic, and the mechanical forces and electrical field are tensors () the constitutive;
therefore, all physical constants are tensor quantities, necessitating the use of tensors [8]. In this way, the
complete (linearised) description of electrical, elastic and piezoelectric behaviour in matrix notation (Figure
2.8.2) for the specific symmetry of a poled ferro-piezoelectric ceramic (6mm) is then reduced. For poled ferro-
piezoelectric ceramics with 6mm symmetry, the reduced matrix has 2 independent dielectric permittivity
values (&l3,eT)), 3 independent piezoelectric coefficients (ds3,d3q,d1s) and 5 independent elastic

coefficients, which are: s£,, 55, sE, sE, sEand sE, = 2 (sf,—sE).

s (s5@EYs, 0 0 0 0 0 dy))(o
S, | @88 s5 s5 0 o0 0 0 0 &@|e
5, sl 0 0 0 0 o@D o
5 0 0 0 s; 0 0 0 d T,
SI=l0 0 0 0 s, 0 dy 0 N o,
5, 00 0 0 0 s 0 0 o,
D|l|0 0 0 00d; 0 g "0 0]|E
D, 0 0 0 d, 0 0 0 & O0]|E
D) @rap@®» 0 0 0 0 oW \E)

Figure 2.8.2 Reduced matrix for poled ferro-piezoelectric ceramics with 6mm symmetry. The colours
represent in each of the elastic.

According to the various directions of application of the stress (T) or the electric field (E) with respect to the
electric poling direction, it is possible to have three different operation modes in ferro-piezoelectric ceramics.

Table 2.8.1 summarizes them.
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Table 2.8.1 three different operation modes in ferro-piezoelectric ceramics: longitudinal operation mode,
transverse operation mode and shear operation mode.

Longitudinal operation mode (L) S3\ _[s3s ds3](Ts ds3 the deformation and electric
) (D3)_ (53) field are in (3) direction, thus

T
d33 &33 o

parallel to the polarization.
TP

Transverse operation mode (T) (51) _ [sfl dgl] (Tl) ds; the electric field is parallel to

D; dsq 853 E; the polarization (3) and the
deformation is perpendicular to

= the polarization direction (1)
Shear operation modes S5\ s‘555 dqis|(Ts dis the electric field s
N (D1) - [d15 8{1] (E1) perpendicular to the polarization
direction (1), and the relevant
l IF deformation is shear deformation
- around one of the two other

perpendicular axis.

2.9 The Heckman diagram. Losses and multifunctionality in ferro-

piezoelectric ceramics

The phenomena linking the different external forces, among them the electric fields and mechanical forces
(stress), with the responses of the material, like the electric displacement (polarization) or the displacement
(strain), were summarized in the well-known Heckman diagram (Figure 2.9.1) [20].The mechanical losses,
which correspond to the elasticity phenomena, and the dielectric losses, which correspond to the dielectric
permittivity are universally accepted, it must be pointed out that all the phenomena represented in the
diagram must have the same consideration, as they refer to energy conversion processes and no conversion
has a 100% of efficiency. Therefore, both the direct and converse piezoelectric phenomena are affected by
the corresponding piezoelectric losses [42]. This must be considered for a complete description of a
piezoelectric material and are of key importance for piezoelectric ceramics, complex systems whose

properties are governed by features at four different length scales (Figure 2.4.6).
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Figure 2.9.1 A Heckman diagram[20] representing the interrelationships between mechanical, thermal and
electrical external forces of materials and the material response to them as changes in the entropy, strain or
displacement in terms of its properties.

The piezoelectric ceramics, as they are ferroelectrics and these an exemplary group of multifunctional
materials, have numerous applications other than piezoelectricity [2,43]. Among the most important ones,
derived from their bi-stability (Figure 2.4.6), as non-volatile ferroelectric memories; due to their high
dielectric permittivity, in capacitors; due to the changes of their spontaneous polarization with temperature
(Figure 2.4.4) as pyroelectric sensors. The Electrocaloric effect and the ferroelectric electron emission are
also sources of applications in these materials. Moreover, as ferroelectrics can be processed as transparent

ceramics, they can be used by their electrooptic properties [2].

2.10 Characterization methods of the properties of ferro-piezoelectric

ceramics

As already explained above, one of the constants describing the behaviour of a piezoelectric material is the

piezoelectric charge constant. Multiple measuring methods are used to provide the value of this coefficient.
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At present, the most common measurement approaches consist of the three following methods: the
resonance method, the laser interferometry method and the quasi-static method [44]. The laser

interferometry method is based on the converse piezoelectric effect and measures the displacement of the

sample surface after the application of a voltage (AC electric field in the 10- 350 KHz range) to the electrodes
of the measured ferro-piezoelectric ceramic. This method requires the use of expensive high sensitivity laser
interferometers in an experimental set-up that must be well isolated from vibrations, as the displacements
to be measured may be in the range of nanometers [45].The quasi-static approach to measurement the direct

piezoelectric effect determines the charge released by the tested sample is comparison to that of a reference

sample, of a known piezoelectric coefficient, under the application of a relatively low frequency (100 Hz)
sinusoidal mechanical force. This is the method most commonly used as there are several commercial devices
that provides a direct reading of the charge coefficient. This reading can be mainly used for comparison
purposes with the literature when developing a processing route for a ferro-piezoceramics or a new
composition. However, there are serious limitations to use the obtained value in the design of piezoelectric
actuators or sensors [46]. Both methods are mainly used to measure ds; and can be adapted to measure ds;

piezoelectric coefficients.

2.11The resonance method.

The resonance method is based primarily on the converse piezoelectric effect, by which the application of a
low signal AC voltage creates a mechanical vibration in the ferro-piezoelectric ceramic sample. When, as a
function of the AC frequency, the vibration reaches one of the natural mechanical resonance modes
(maximum amplitude of the vibration) of a given ceramic geometry, e.g. a thin disk poled in thickness (Figure
2.11.1(a)), it undergoes a change in its electrical impedance at very precise and stable frequencies. This was
observed in in piezoelectric single crystal first (1918-1919) and in ceramics later by Walter G. Cady, American
physicist, electrical engineer and father of the modern piezoelectricity in crystals and ceramics[47,48]The

electrical impedance of the ceramic resonator (modulus and phase) changes as depicted in Figure 2.11.1(b)
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for the two main resonances, the planar extensional resonance and the thickness extensional resonance for

the thin disk in Figure 2.11.1(a).
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Figure 2.11.1 a) Thin disk-shaped ceramic resonator, b) impedance spectrum modulus and phase of the disk
resonator and c) Butterworth-Van Dyke’s equivalent circuit of the piezoelectric ceramic resonator, valid in
the vicinity of a single resonance.

Each electromechanical resonance mode defines two characteristic frequencies, resonance (f minimum 2)
and antiresonance (f maximum Z) frequencies, this are accompanied by a peak in the phase of the
impedance. Phenomenologically, this material response to the applied AC voltage is identical to the one of
an electric resonant circuit. This analogy allowed the analysis of the resonance curves to determine the

electromechanical coupling factor of the material:

k2 = fﬁ_fsz = Cl
erf 13 Cot+Cy

(218)

The resulting values of the material coefficients strongly depend on the accuracy achieved within the reading
of the frequencies and on other materials values required for the calculation of all the material coefficients.
Thus, for this type of measurement, an impedance analyser providing a very high measuring accuracy for the

resonance and antiresonance frequencies is used.
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The first standard method of characterization of ferro-piezoelectric ceramics from resonances of quartz
crystals was issued in 1961 [49]. These were updated several times and finally substituted by those of the
Institute of Electrical and Electronic Engineers (IEEE) in 1987 [50].Later, other standards procedures for

calculation of the ferro-piezoceramics, based on the 1987 ones, were issued in Japan and Europe.

The resonance, also called frequency method, is used to obtain the piezoelectric coefficient in cases where
the complete matrix of the material coefficients, including dielectric and elastic parameters, must be known.
Typically, this is the case of the modelling using numerical methods as the Finite Element Analysis[51]. The
greatest disadvantage of the resonance method is the required construction of a complete set of samples
made up of a disc, a plate, and a cylinder from the ferro-piezoelectric ceramic to be fully characterized. In
each geometry, there are specific natural mechanical resonances that can be excited. A set of coefficients
and the associated electromechanical coupling factors can be determined from the analysis of the
corresponding impedance curves at the resonance. The needed parameters of the piezoelectric ceramics to
calculate their coefficients from the knowledge of the impedance curve are, in addition to the characteristic
frequencies obtained from this, the value of the impedance at the resonance frequency, and the free
capacitance at 1 kHz, the dimensions of the piezoelectric ceramic sample (resonator) and its density.
However, standards commonly used have some well-known critical limitations and they are strictly valid only
for low-loss and high electromechanical coupling factor materials [37]. Standards provide material losses only
in terms of the mechanical quality factor (Qm = s’/s”") and the dielectric loss tangent (tand = £’/€). When the
need to characterize high loss materials (as polymers and porous ceramics) was approached, alternatives to
the standard methods of analysis of impedance curves at resonance were developed to quantify the losses
in piezoceramics. This was possible by considering all material parameters, including the piezoelectric
coefficients as complex quantities (P* =P"- iP"") [52] .One of these alternative methods have been used in this

work [53].

From the point of view of materials characterization aiming to study the potential application of a given ferro-

piezoelectric ceramic composition, the resonance method provides key information as it allows the

Marzia Mureddu — PhD Thesis in Chemical Science and Technologies



52

calculation of the figure of merit (FOM), that is the combination of materials properties of interest, for a

variety of applications (Table 2.11.1).
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Table 2.11.1 Current and future applications of piezoelectric materials, their critical figures of merit for each
type of application[54]k: electromechanical coupling coefficient, Qm: mechanical quality factor, d:
piezoelectric strain coefficient, g: piezoelectric voltage coefficient, Fr-TC: temperature coefficient of
resonance frequency, xmax/Emax: normalized strain, vmax: vibration velocity.

Applications well-established impending

Resonant or
Temperature range non-resonant well-established impending Figures of merit
Special use Resonant Aerospace, aircraft, nuclear B Op,d-g
Te = 500°C power plant or geothermal
power plant sensors
SMD piezoelectric Resonant Filter k. F,.—-TC
Sounders T¢ > 250°C Oscillator O, Fr —TC
Gyro sensor k- On
Non-resonant Acceleration sensor and d-g
HDD shock sensor
Automotive Resonant Knocking sensor and back Energy harvesting (TPMS) 0
Te=—40-125°C sonar
Non-resonant Knocking sensor Energy harvesting (TPMS) d-g
Fuel injection e Bt
Consumer Resonant Fish sonar, flow meter, and Energy harvesting (Burglar -0
Te =-20-80°C medical probe alarm), ultrasonic transducer
(data entry device), and non-
destructive testing
Ultrasonic cleaner, ultrasonic Wind blower and air ionizer k2. Oms Vs
machining tool, camera lens
autofocus (motor), power
window (motor), backlight
inverter, and high-voltage
supply transformer
Micro-mass sensor O
Non-resonant Microphone Energy harvesting (Burglar d-g
alarm)
Stove burner, lighter, buzzer, d
and vibration damping (sports
gear)
Ink jet, loud speaker, and HDD tracking and pump Kimer | Bt

camera lens module
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3 State of the Art: Hallmarks of BCZT-based
piezoceramics: from chemical fundamental to processing
route

3.1 Introduction

Nowadays, global growing concern about environment protection, scarcity of raw materials, human health,
climate change and CO; levels seem to have a sense of urgency. The scientific community, research, and
innovation are constantly moving towards the development of more sustainable processes with efficient
materials. In this regard, national and supranational institutions are trying to meet these requirements by
issuing various directives, e. g. the EU’s Restriction of Hazardous Substances (RoHS) in 2002, its revision (RoHS
2) in 2011 [1] and the Roadmap for moving to a competitive low-carbon economy in 2050 [2]. Therefore,
research and innovation are rapidly moving towards optimum processing routes for obtaining non-toxic
materials with enhanced properties. In this scenario the market for functional ceramics, such as piezoelectric
materials is affected by this environmental revolution [3]. During the last few decades, many researchers
have addressed their attention to replacing the toxic market-dominant Lead Zirconate Titanate, well known
as PZT, by developing lead-free materials with an environmentally friendly nature and benign processing
route. One of the most promising candidates is (Ba,Ca)(Zr,Ti)Os (BCZT), a modified BaTiOs-based system,
which has been widely reported due to its notable electrical properties. Unfortunately, like other lead-free
alternatives ((K Na) NbOs, KNN; (BiNaBaTi)Os, BNBT), the Achilles' heel is the non-guaranteed reproducibility
of this complex system. Besides, the high processing costs prevent the industrial scaling up. In this
perspective, assuming that the processing route constitutes a key point for obtaining high-sensitivity
piezoelectric ceramics with a pure single phase, the present review of the state of the art proposes an
overview of different solid-state routes used for processing BCZT ceramics. The fundamentals of BCZT system
and the main drawbacks for fabricating the material at industrial level will be analysed. The core of this
Chapter focuses on the main ball-milling setup used for mechanically activating BCZT precursors as oxides

and carbonates and calcined powders. Moreover, the milestones achieved during the last few years and the
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newly reported applications have been also discussed. However, as stated in Chapter 2, as a complex system,
it possesses four levels of dimensions of microstructural characteristics (ceramic, ferroelectric domain
configuration, solid solution, crystal lattice) to consider tailoring their performance. Therefore, there are

several aspects that must be considered during the ceramic development.

3.1.1 BCTZ: a Lead-free alternative to PZT system.

Many researchers have been summarizing the pros (environmentally friendly nature, availability of
precursors, non-toxic nature) and cons (difficult reproducibility, high processing temperatures, difficulties in
transferring to technology) of lead-free systems in order to be able to carry out a systematic study of these
systems and to understand which are the key points to be thoroughly investigated [4—11]. Indeed, especially
in the case of piezoelectric ceramics, there are many parameters that must be considered, such as: i) the
fundamentals of the solid solution, ii) the occurrence of secondary phases that can limit the formation of the
pure perovskite, iii) the system-specific phase transition at precise different temperatures, iv) the physical

and chemical mechanisms for obtaining good electromechanical properties [12].

The processing route plays a crucial role for obtaining pure phase powders and an optimal microstructure
leading to an enhancement of the electromechanical characteristics [13]. In fact, despite seemingly minor
aspects, all stages of processing must be carefully controlled, especially in the case of the solid-state route,
such as: i. the contamination from the vial and grinding media when the powders are activated via ball-
milling, ii. the contamination/activation from organic solvents that can influence the final product, as well as
iii. the reactions that can occur with the crucible used during the calcination and sintering steps, particularly
in high melting temperature compositions, as barium titanate (>1600° C), requiring high sintering
temperatures and long times. All these aspects modify the chemical composition of the system. In addition,
the chosen synthesis method (solid-state or sol-gel route) has an influence on the final microstructure of the
densified polycrystal in terms of the evolution of particle size throughout the material processing, which is

closely related to the final properties [14].
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Over the last decade, several reviews on BCZT-based ceramics have been reported [6,12,15-19], however a
focused review on the influence of ball milling parameters (vessel materials, ball-to-powder ratio, ball-milling
apparatus used and rotation/vibration frequencies) and processing parameters that could lead to a variation

of the synthesis/sintering temperatures is lacking.

There are challenges in the synthesis and processing of BCTZ piezoelectric ceramics that must be solved.
Stoichiometric control, especially when volatile and heavy elements are involved, the search for a
morphotropic phase boundary (MPB) composition, softer synthesis conditions, proper sintering conditions,
adequate grain size and consequently ferroelectric domain size and distribution, together with scalability and
cost are among the main challenges for their industrial transfer. Nevertheless, it is essential to know the
mechanisms which are the basis of the piezoelectricity of the system to promote actions through which
processing costs can be reduced. In this review, at first instance, the intrinsic and extrinsic contributions to
piezoelectricity in the BCZT system will be presented. Then an analysis on the influence of the processing
route, with a particular focus on the ball-milling techniques exploited for solid-state route will be provided.
Finally, the toxicity evaluation of the BCTZ system and its applications in the biomedical field, will be

discussed. The various aspects concerning BCZT will be examined using an analytical approach.

For the sake of clarity, it will be divided into several sections: (1) Critical and historical overview of the phase
diagram and pseudo MPB. (ll) The role of processing on properties, with focus on mechanical activation in
the solid-state route. (lll) Piezoelectric materials and human health: new emerging applications in the

biomedical field.

3.2 Fundamentals

3.2.1 Historical and critical overview of the phase diagram.

Although the most influential manuscript on their piezoelectricity by Liu and Ren [20], was published in the
early 2000s, BCZT ceramics were discovered in 1954, when McQuarrie and Behnke reported for the first time

the baria-calcia-titania-zirconia tetrahedron phase diagram [21]. It was during the age of the explosive
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development of ferroelectric oxide ceramics that followed the discovery of the ferroelectricity of barium
titanate [22] and that led as well to the discovery of lead titanate zirconate (PZT). BCZT was first studied as a
relevant system for capacitor applications at the time and have been studied as such ever since [21]. A planar
square section was extracted from this solid-solution system, showing at the corners the composition of
barium titanate (BT), barium zirconate (BZ), calcium titanate (CT) and calcium zirconate (CZ), respectively. It
should be noted that the materials, weighed in the desired proportions, were pre-processed by wet grinding.
This pioneering study shows that authors inspected the variation of lattice constants for the pseudo-binary
composition along the four edges. The near-edge of BaTiOs-BaZrOs and CaTiO3-CaZrOs; compositions shows
evidence of a complete formation of a solid solution, whereas all intermediate compositions contained two
separate phases. In particular, the crystalline phases of the (BaixCay) (TiiyZr,) O3 system, and their lattice
parameters determined from the X-ray powder patterns of the fired ceramic discs were identified. The values
of the lattice constants along the different sides of the square composition showed marked deviations from
Vegard's law indicating site occupancy changes, at some points [23], especially in the corner of the barium
zirconate. However, variations of Curie point temperature and ageing rate correlated reasonably well with
changes in the character of the crystal structure [23]. One year later, in 1955, this fervent activity of the two
coexisting ternary systems, viz. the systems CaTiO3-BaTiOs-BaZrO; and CaTiOs-CaZrOs-BaZrOs, was
augmented by a study of the stability of materials with perovskite-like structure [24]. The value of the Gibbs
free energy, which determines the phase stability, was related to the degree to which the ions may or not fit
into the perovskite lattice. After definition of a tolerance factor t for perovskite structure and taking the value
|t-1] as a measure of the Gibbs free energy, then the most stable combination in the (Ba, Ca) (Ti, Zr) Os
system was found to be BaZrOs; + CaTiOs. Twenty and more years later (1977), the BCZT system subject was
reconsidered by Hennings and Schreinemacher with a focus on the separated paraelectric phase of CaTiO3
that may influence the ferroelectric and dielectric properties of BCZT [25]. It was observed that the amount
of secondary phase depends on the temperature of heat treatment and subsequent cooling rate. The authors
suggested that the microstructure may affect the observed permittivity and reported also on the presence

of contamination from milling tools although they could not establish any correlation between energy
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impacts and critical temperatures. It was also recommended to consider the effect of microstructure

parameters, typically crystallite size and strain.

Interesting for the further development of ferro-piezoelectric compositions in the BCZT system are the
initiation in the late fifties and early sixties of two separated lines of research of the dielectric properties in
the BaTiO3-CaTiO; [26,27]and BaTiO3-BaZrOs; [28-31] systems, respectively. These merged in the work by
Ravez in 1999, in which to summarize their findings the authors drew the well-known quasi-ternary diagram
BaZr03-BaTiOs-CaTiOs[32]. This diagram would inspire later work on the piezoelectricity of the BCZT system,
specifically within the line of the solid solution system with end members (Bao.70Ca0.30) TiO3 and Ba(Tio.sZro.2)03
[24] The optimum piezoelectric in this system is found for the composition 0.50 (BaosCans)TiO3-0.50
Ba(Tio.sZro.2)0s, which can also be rewritten as (Bao.ssCao.1s)(Tio.90Zr0.10)03 and is commonly referred to as BCT-
50BZT or, simply BCZT. However, many other interesting compositions have also been studied outside this

specific line of the ternary diagram [33].

Simultaneously, following the parallel research line of thin films, in 1999 Toyoda and Lubis reported the
synthesis of thin films of nominal composition (Bao.s2Cao.0s) (Tio.s2 Zroos) O3 (BCsTZs) with single-phase
perovskite structure with very good dielectric performances [34]. For thin films heat-treated at 800°C, the
value of the relative dielectric permittivity and dielectric loss, were €= 1200 and tan 6=0.005 respectively,
with nonlinear coefficient a = 0.92, and break-down voltage of 980 V. A few years later, Sen and Choudhary
performed the synthesis of polycrystalline powders of (Bai-xCax) (Zro.osTio.ss) O3 (BC«TZs) with compositions
for x=0, 0.03, 0.06 and 0.09 [35]. Detailed studies of dielectric parameters as a function of temperature at 10
kHz suggested that the substitution of Ca?* ion at the Ba-site and Zr*" at Ti-site has a strong effect on the
dielectric properties of BaTiOs. It was reported that the R-T tetragonal structure of BaTiOsz can be changed to
orthorhombic structure by doping. Preliminary X-ray diffraction results suggested that R-T tetragonal
structure of BaTiOs; can be changed to orthorhombic by doping, but the evidence provided remains
questionable [35]. As mentioned above, the breakthrough article for the zBCsT- (1-z) BTZyo system,
hereinafter called BCZT system, was the 2009 article by Liu and Ren, which boosted considerably the interest

in this system thanks to the surprisingly quasi-static piezoelectric coefficient ds3 = 620 pC/N reported at the
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optimal composition (for 50BC3oT-50BTZ,0 or BCi5TZ10, hereinafter called BCZT composition) [20]. The phase
diagram of the pseudo-binary ferro-piezoelectric system was constructed and the evaluation of the dielectric
permittivity (€) versus temperature curves (T) was reported. The structures of different phases were assessed
by X-ray diffraction. The phase diagram turned out to be characterized by a so called Morphotropic Phase
Boundary (MPB) separating a ferroelectric rhombohedral R-3m R (BZT side) and tetragonal P4mm T (BCT
side) phases. The most important feature of this BCZT system, is the existence of a Cubic-Rhombohedral-
Tetragonal triple point in the phase diagram located at x = 32% and at T = 57 °C. According to the authors,
the high piezoelectricity of the MPB compositions stems from the proximity to the critical triple point.
Therefore, when a suitable Tri-critical point type MPB is designed, lead-free systems may exhibit equally
excellent or even better piezoelectricity than those Pb-based at RT [20]. Following this important report,
other authors attempted to reproduce and detail the phase diagram with high resolution. Keeble et al.
reinvestigated this BCZT system using high-resolution synchrotron X-ray powder diffraction [36]. Contrary to
previous reports of unusual rhombohedral-tetragonal phase transition, they observed an intermediate
orthorhombic Amm2 phase, isostructural to that present in the parent phase, BaTiOs, and the previously
assigned T-R transition as a T-O transition can be identified. They also reported the O-R transition coalescing
with the previously observed triple point, forming a phase convergence region. However, the SXRD evidence
to favour the orthorhombic existence at 42 °C remains difficult to attribute entirely to the Amm2. In fact, the
a/b’/c’ pseudo cubic ratio for the three lattice parameters extracted from the Supporting Information of their
paper are 1/1.0021/1.0012 respectively [36]. According to RT coexistence evaluation of tetragonal and
orthorhombic phases the same ratio holds 1:0.9914:0.9944 for the “pure” BaTiO3 compound, where in this
case the a-axis was determined to be 4.0093 A [37]. Strictly speaking on a powder crystallography basis the
reported differences, though coming from highly resolved patterns, are not making a clear conclusive
difference from a tetragonal habit. It was also demonstrated that Ca off-centring plays a critical role in
stabilizing the ferroelectric phase and tuning the polarization state in the (Bai—«Cay) (Zro.1Tios) Os with x = 0.1-
0.18 compositions [38]. The Ca off-centring effect also allowed us to shift the R—O and O-T phase boundaries
to room temperature, leading to the occurrence of electromechanical coupling factors at RT, comparable to

those of PZT, in the system over a large composition range. Nevertheless, Acosta et al. (2014) reported a
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detailed compositional study of the (1 - z) Ba (Zro.2Tio.s) Os—z(BaosCaos) TiO3 with x =0.3, 0.32, 0.35, 0.37, 0.4,
0.45, 0.5 and 0.6 compositions analysing dielectric, small signal dssand large signal ds;” properties as
functions of temperature [39]. The methodology employed allowed a complete assessment of the role of the
convergence region on the electromechanical properties. The authors posed the question whether the
convergence region is responsible for the outstanding electromechanical properties rather this is related to
the ferroelectric/ferroelectric phase transitions in the system previously denominated as MPB. They
concluded that the highest piezoelectric coefficients occur at ferroelectric—ferroelectric phase transitions and
are rather small at the phase convergence region. This behaviour is attributed to the low spontaneous
polarization related to the small distortion of the cubic perovskite at the phase convergence region [39]. Soon
after, other authors analysed the RT coexistence of phases as well as electric field driven transformation from
tetragonal to orthorhombic +rhombohedral transformation both by XRD [40] and in situ TEM [41]. Later, Yang
et al. (2016) reconstructed theoretically this BCZT system diagram by formulating a generic sixth-order
Landau free energy polynomial showing a good agreement with the experimentally measured one,
confirming the presence of the orthorhombic region [42]. After all these interesting studies, another key
unresolved point is the presence of a monoclinic phase, already observed for the PZT system, as remarked
by Cordero in his review on the factors that promote the piezoelectric effect [43]. Indeed, analysing the
relationship between the crystalline systems from a crystallographic point of view, it should be noticed the
presence of a monoclinic phase transition between the rhombohedral and orthorhombic phases, as
suggested for pure BaTiOs. This phase appears to be an adaptive nano-winned tetragonal/pseudo-
orthorhombic phase. Furthermore, this M-bridge phase would allow for a better accommodation between
the O and T domains [43]. Theoretical work soon confirmed the existence of this phases in the BCZT
composition using a large-scale atomistic scheme [44]. Besides, Liu et al. [45] constructed the three-
dimensional compositional phase diagrams this BCZT system for the relative energies per unit cell, the lattice
constants, the cell volumes and the band gaps, as functions of the Ca (up to x=0.20) and Zr (up to y=1.00)
amounts by first-principles calculations and Landau-Devonshire theory. The authors claimed that the energy
and structural parameters of the C, T, O, and R phases of BCZT become smaller on increasing the Zr content,

and the four phases eventually merge into a multiphase condition with coexisting cubic structures under Zr-
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rich conditions, indicating a phase transition from normal to relaxor ferroelectrics, characterized by
ferroelectric microdomains and nanodomains, respectively, in agreement with experimental observations
[28-31]. Similarly to what other authors did before with the BCZT composition using dielectric or Raman
spectroscopy vs. temperature measurements or combination with other techniques [40,46-48] Aredes [49]
used a multi-technique approach to investigate the temperature-induced phase transitions and phase
coexistence in ceramics of 0.44(Bao.70Cao30)TiO3-0.66Ba(Zro20Tio.s0)O3 (44BC30T-66BTZ20) composition. Results
showed that this composition presents also three-phase transitions at temperatures of 11, 41 and 84 °C,
respectively. The evidence from this study suggested that such composition presents the coexistence of the
tetragonal and orthorhombic phases in the temperature range from 41 to 71 °C. Because of all these studies,
the orthorhombic phase nowadays is considered well documented. To conclude, a summarized historical

evolution of the BCZT phase diagram is presented in Figure 3.2.1.
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Figure 3.2.1 a)Historical evolution of BCZT phase diagram: From 1954 McQuarrie and Behnke reported for
the very first time the Baria-calcia-titania-zirconia composition tetrahedron showing the plane composition
square of barium titanate (BT), barium zirconate (BZ), calcium titanate (CT), and calcium zirconate (CZ) [21];
b) Ravez 1999 pseudo-ternary phase diagram [32]; ¢) Liu and Ren -2009- Phase diagram of pseudobinary
ferroelectric system BZT- BCT. At the triple point where there is the R-T-C phase coexistence the piezoelectric
properties are excellent [20]; d) Kebble-2013 Revised Phase diagrams of BCZT solid-solutions. In this new
phase diagram an orthorhombic phase has been added [36] ;e) Acosta et al. phase diagram obtained from
the peaks of the imaginary part of the relative permittivity that confirmed the O/FE phase [39]; f) The updated
temperature-composition phase diagram using Raman and permittivity results (The solid lines are guide to
the eyes) [47] g) Calculated pseudo-binary phase diagram of BZT-xBCT, which confirmed the experimentally
obtained one. Dots corresponds to the investigated following compositions: x=0.41, 0.43360, 0.43450,
0.44750, 0.51905, 0.51913 and 0.55000 [42].

3.2.2 Overview of the pseudo MPB

The enhancement of the complex piezoelectric phenomenon in piezoceramics is essentially related to two
main contributions [50]. The intrinsic one is represented by the effect of the electric field on the crystalline
lattice, which requires the presence of crystal structure lattice non-centrosymmetric distortion (spontaneous
polarization) and it is affected by dopants, crystalline defects, phase coexistence at the MPB, FE-FE phase
transitions and the working temperature with respect to the FE-PE transition at the Curie Point. It is also
affected by the field-induced transitions between polymorphs with distinct lattice distortion (such as

polarization clock-like rotations between allowed crystal directions and polarization extension). The extrinsic
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contribution is mainly represented by the domains movement that depends also on the ceramic
microstructure (grain size determining the domain size, density and porosity determining intergranular

stresses) [51].

Considering the intrinsic factors, one of the key points is represented by the effective coexistence of one or
more phases in a, compositionally dependent, given region of the phase diagram, usually called
Morphotropic Phase Boundary (MPB). In fact, the classical approach to achieve high piezoelectricity is to
place the composition of such solid solutions in the proximity of a multi- phase range or MPB, where the
polarization direction can be easily rotated by an external stress or an electric field, resulting in a high
piezoelectric and dielectric response [52]. So, if there are two or more polymorphs there is the possibility to
have more polarization directions permitted. In this way, under and external field the polarization direction

can easily assume more allowed directions close to that of the field [43].

Before discussing the characteristics of MPB in the BCZT system, it is essential to clarify the nomenclature
used in the literature as it is substantive and not just formal. With specific reference to the BCZT phase
diagram, unlike PZT, the MPB is not normal to the x-axis (Figure 3.2.1), being strongly dependent on the
temperature. For this the region of the phase diagram of the system is more appropriated called Polymorphic
Phase Boundary [53-56], though it is reported also as conventional MPB [39,52,57-61] and Thermotropic
phase boundary (TPB) [43]. Furthermore, another term has been found for this system, the multiphase
coexistence point (MPC), which is not only a point where the FE (R, O, T) phase and the PE (C) phase coexist
but, is a point where no energy barrier exists between the three polymorphs. In this sense, some interesting
studies report a correlation between free energy AG and spontaneous polarization of a given polymorph, P,
showing the reduction in the height of the energy barrier at this tricritical point (TCP), described as isotropic
free energy surface for TCP [20]. Cordero underlined that at the TCP the thermal hysteresis of all these
transitions vanishes, indicating that the free energy is particularly flat for both changes of the magnitude and
orientation of the polarization [43]. Considering the polarization anisotropy(P), the correct reproduction of
ferroelectric phases with different symmetries implies the introduction of free energy expansion terms

anisotropic. In Figure 3.2.2(c) is shown that the minima of G (P) depend on Ban for P| | {100}, {110} and {111}
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and the angular plots of min G. When Ban > 0 the absolute minima are along {100}, reproducing the T phase,
whereas for Ban < 0 the absolute minima are along {111} characteristic of the R phase. When more phases
coexist, in the intermediate situation, at MPB, Ban =0 is isotropic [43]. This means that at the MPC there is
no energy barrier between the four phases. This situation corresponds to a flat or pan-shaped free energy
landscape, as shown in the MPB composition(Figure 3.2.2(a)) [62].This aspect differentiates the generic BZT-
BCT systems from other BT-based systems and thus provides an explanation for the high piezoelectricity for
a particular composition [63]. Although Acosta et al. provided a key study on the anisotropy energy of a sixth-
order Landau potential for the BZT-xBCT system, underlining that the anisotropy energy approaches zero
near the O-R rather than near the T-O phase boundary, the quantification of the degree of flatness of a free
energy landscape in terms of its relation to the polarization anisotropy was still unclear [39]. Later, Yang et
al. [42] tried to shed light on this open topic formulating a theoretical study in which a generic sixth-order
Landau free energy polynomial was used (Figure 3.2.2(b)). They concluded by affirming that the energy
differences (energy barrier EBs) between the stable phase and the saddle point on the minimum energy
pathway (MEP), reported as EBs and MEP, are the lowest for domain switching and polarization rotation at
the T-O phase boundary. This theory is in agreement with the experimental observations of the highest
piezoelectricity and highest elastic compliance (reported by Cordero [43] and shown in Figure 3.2.2(d).) for
this region . This study suggests that the EB can be an effective technique for measuring the degree of
polarization anisotropy and the piezoelectric property of a ferroelectric system [42]. To summarize, as
reported by Damjanovic and Rossetti, the rotation mechanism is associated with a reduction in the
crystallographic anisotropy of polarization taking place at the MPB or TCP and the weakening of first-order
phase transitions from paraelectric to ferroelectric [64]. The piezoelectricity is promoted by the presence of
a commonly called MPB in synergic action with the elastic compliance that allow for the optimal domain
orientation during the poling process thanks to the presence of a larger number of thermodynamically
equivalent states, represented by the oriented dipolar sites inside the unit cells, as well accepted for PZT

system [64].
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Figure 3.2.2 a)composition-temperature phase diagram for PZT and Gibbs free energy profiles[62];
b)1.Energy surfaces of selected compositions . On the right: the corresponding energy profiles intersected by
the (110)C plane [42].2. Distribution of energy barrier superimposed on the computed pseudo-binary phase
diagram of BZT-xBCT [42] ; c)A representation of loss of anisotropy of the spontaneous polarization in the
PZT system as a function of the increase of Ti content at the MPB. The R phase obtained with Ban < 0 changes
into T obtained with Ban >0 [43]; d)Comparison between the elastic compliances of BCTZ and PZT and paths
followed in the respective phase diagrams [43].

3.3 The role of processing on properties

3.3.1 Accurate choice of reagents

With regard to the raw materials that can be used for the synthesis of ceramic materials, a reference must
be made to the European list of the so-called critical raw materials and the criteria for determining whether
an element or rare earth can be considered as such [65, 66]. In order to define a profile for each raw material,
the Directorate-General (DG) Joint Research Centre (JRC) in cooperation with the DG for Internal Market,
Industry, Entrepreneurship and SMEs (GROWTH) have elaborated The European Commission’s (EC) Raw

Materials Information System (RMIS) to monitor trends in real time [67].
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An important but underestimated aspect that can have an influence on the overall processing route is the
choice of precursors. In their seminal work Liu and Ren used BaZrOs; instead of ZrO; [20].This aspect has been
recently taken into account by Amorin et al. [68] who underlined that the amorphization of monoclinic ZrO,
has been found to be the limiting step for the formation of pure BCZT perovskite by Mechanosynthesis.
Substituting monoclinic polymorph with BaZrOs as raw material can enhance the reaction kinetic, that can be
further promoted by the use of tetragonal ZrO; [68]. Analysing the influence of TiO, polymorph Chao et al.
demonstrated that using anatase (Dso = 532 nm, 99.99%) and or rutile (Dso = 614 nm, 99.99%) TiO, type
modifies the microstructure and electromechanical properties of BZT-50BCT. The introduction of the rutile
allotrope seems to increase the grains size from about 5-10 um to 10-20 um and, consequently, several
properties such as ds3 = 590 pC/N, k, = 0.46, £,= 2810, tand= 0.014, resulted significantly improved. On the
other hand, it has not influence on Tc and Coercitive Field [69]. Another study finds the relationship between
the purity of BaCOs used and the resulting grains size obtained of show an average grains size of 10 * 2 for
>99% and 35 + 8(um) for 299.98% powder. The authors concluded that by increasing the BaCO3 chemical
purity, the grains growth is promoted leading to enhanced properties [70]. Another preliminary study reports
the synthesis of BCZT powder starting from CaZrOs; (CZ) previously prepared using ultra-fine CaCOs. According

to the authors' findings, fine CZ powder enhanced the reaction of BaTiOs(BT) and CZ [71].

3.3.2 Industrial scalability

Another aspect to consider is the processing of the material in terms of industrial scalability (costs, CO»
emissions, availability and transport of raw materials, processing temperatures) and the possibility of
transferring basic research into real applications, depending on the material properties [72]. What is more,
the reproducibility of properties still represents a significant issue in lead-free systems, as they are complex

ferroelectrics polycrystals.
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3.4 Solid-state route as a straightforward method to produce BCZT-based

ceramics. Focus on mechanical activation of powders via ball-milling.

Solid-state chemistry in perovskite systems has been increasingly concerned with complex (e.g., deviation
from stoichiometry) and disordered systems. Specifically, non-stoichiometry in perovskite oxides and related
structures (including transition metal oxides) are of special interest not only for the diversity of the
crystallographic features, but, also, to their relevant impact on different physical properties. In the search for
an optimum stoichiometry control in developing polar electroceramics, softer conditions based on wet
chemistry methods have been employed [73]. These include several methods for the synthesis of different
type of “lead-free ceramics”. In particular, for the synthesis of BCZT ceramics are employed rather than
traditional oxide reactions: sol-gel [58,74—79], Glycine co-precipitation [61], Pechini modified reaction [80],
auto-combustion [81], hydrothermal [59,82,83], modified by introducing the use of different chelants, such
as citric acid [84]. Moreover, the use of a combined synthesis route such as the microwave-assisted
hydrothermal method offers many advantages: short reaction times, low synthesis temperature, and small
and homogeneous grain size [85—87]. On the other hand, the grain sizes of ceramics obtained from powders
processed by using these approaches, resulted excessively small, making them not suitable for polarization
when DC electric filed is applied. A significant reduction for both ferroelectric and piezoelectric properties
has been observed for systems obtained by sol-gel methods and characterized by grain size of 1.5 um [13].
Recently, it has been demonstrated that grain size in the range of 1-5 um, obtained through a combination
of mechanosynthesis and Spark-Plasma-Sintering (SPS), allow to maintain high electromechanical properties
[88]. Furthermore, if on the one hand, the BCZT systems prepared by wet chemistry approaches are
characterized by a homogenous distribution of particles sizes and lower processing temperatures; on the
other hand, the reaction efficiency (very low synthesis yields), remains its major drawback for industrial
scalability. For this reason, the solid-state route (SSR), schematically represented in Figure 3.4.1, is still the
most used and useful method to produce ceramics oxides. Firstly, the precursors are weighted in

stoichiometry proportions according to the composition chosen, then annealed to form a different new solid
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compound, step commonly called “calcination”. To obtain dense materials, the powder particles are pressed
and shaped through a process called “forming “. The as-obtained green body is heated at higher
temperatures to obtain dense ceramics. Two intermediate ball-milling steps are introduced for
homogenizing/activating the mixture and for decreasing the particle size of the calcined powder. However,
the critical dependence of the synthetic powder and ceramics on the synthesis and sintering conditions is

identified as a drawback for their processing.
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Figure 3.4.1 Graphical representation of different steps of the solid-state route.

Since the pioneering work of Benjamin and co-workers in the late 1976, the mechanical treatment of powders
by ball milling (BM) has rapidly become one of the most extensively powder processing methods used to
activate and produce solid materials [89]. In BM technique, typically, a reactor is filled with powders and
milling tools in an appropriate mass ratio, and then periodically moved by an electric motor with a fixed or
variable velocity, allowing milling tools to collide with each other and powders. The intensity of each collision,
which depends on the ball size and material (density), milling speed and ball to powder volume/weight ratio,

can be sufficient to induce particles mixing and particles size reduction accompanied by several structural
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and microstructural modifications [90]. Furthermore, grinding leads to the generation of fresh surfaces and

defects which significantly increases the overall reactivity of the system [91-93].

Hence, the ball milling technique, is expected to have an influence on the intrinsic piezoelectric contribution
via its effect on the lattice distortion and solubility limits of the precursors [44]. This could lead to a variation
in the number and amount (weight/volume percentage) of secondary phases formed after heat treatment
and, subsequently, on the temperatures at which they form, and finally on the ceramic microstructure, so

having an influence also on the extrinsic contribution of piezoelectricity [44].

In the current literature, several types of high-energy ball milling equipment have been exploited to produce
BCZT ceramic. They differ in their efficiency, milling intensity (speed) and milling materials. Principally, SPEX
shaker mills, attritor mills and planetary ball mills, reported in Figure 3.4.2, represent the most popular and
conventional ball-milling apparatus for BCZT processing by solid state route. A detailed description of these
deferent mills is available in an interesting key work [94]. Another main aspect is the material used for the
milling vial and balls, because during the collisions of the grinding medium on the inner walls of the vial, some
material could be incorporated into the powders, modifying their initial stoichiometry. Hardened stainless
steel, yttrium stabilized zirconia, zirconia, and tungsten carbide are the most common types of materials used
for the vials and grinding medium. Vial and balls made of polymers-based materials (Teflon, polycarbonates,
etc.) are, only recently, exploited for producing ceramics. In this perspective, the next paragraphs aim at
elucidating how the several grinding parameters, among them, variety of vials and balls materials, milling
speed and time , impact energy (if estimable), kind of milling apparatus, ball to powder ratio (BPR), milling
atmosphere and liquids medium, can play a crucial role into the processing of BCZT ceramics [95-97].
Furthermore, the purpose is also to highlight which issues can be encountered when using this well-
established method, drawbacks that can strongly affect the electromechanical properties of the final as

processed piezo ceramic.
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Ball to Powder weight ratio-BPR
Freguencies

Solvents

Milling atmosphere

[ Shaker ball-milling ] [ Attritor ball-milling ] [ Planetary hall—milling]

Figure 3.4.2 Different ball-milling setup reported in the literature for processing BCZT ceramics [98].

3.4.1 Impact of the vial and grinding media materials on purity of BCZT powders

In a typical synthetic protocol of BCZT, once the nominal composition is defined, an appropriate milling setup
has to be selected in order to efficiently activate the starting reagents [91]. In this step, it is strictly important
to limit, as much as possible, any contamination coming from the vial and balls materials. In fact, the
unvoluntary introduction of foreign ions could have an effect similar to that of doping (lowering or raising
the Curie Point, alteration of the chosen stoichiometry, formation of unwanted secondary phases). Even
though the BCZT system does not contain volatile elements, the desired stoichiometry can be altered if other
elements are introduced during the processing steps of the SSR [12]. This aspect was already explored in the
late 1990 by Cousin and Ross for the preparation of titanates and aluminates through mixed powders, co-
precipitation and sol-gel techniques. In this work, they concluded that the most direct method for preparing
these compounds is the reaction of a mixture of metal oxides, paying attention to particle size growth while
avoiding contamination of the grinding media and ensuring the homogeneity and purity of the powder [99].
Thakur and collaborators studied the influence of attrition ball-milling and the contamination of the powder
due to the milling media (yttria-stabilized zirconia) on the electrical properties of undoped BaTiOs. They

reported that the variation in lattice parameter, polymorphic phase transitions and changes in dielectric
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properties. For €2 h of attrition ball-milling the reduction in Curie Temperature can be explained by the
unintentional Zr-doping in Ti-site (5 %at.). After 3 h of attrition Ball-milling the Curie Point decreases from
135°C for undoped BT to 100°C, showing a relaxor behaviour; whereas the increasing in bulk conductivity can

be explained by unintentional donor-doping from the milling media (in this case Y** on the Ba-site) [100].

Since the BCZT is based on zirconium, it is not surprising that in the current literature the milling process is
usually performed using zirconia and Yttria stabilized zirconia balls [101] and vials [49,70,102,103]. Recently,
mechanochemical reactors internally covered with Teflon [97,104] and Nylon [39] have been successfully
used avoiding most of the contaminants above reported. Of course, the level of contamination depends on
the ball-milling parameters, precursors and time since absence of contamination has been reported for the

mechanosynthesis of BCZT in Tungsten Carbide grinding media for 15h of ball-milling [68,105].

Since ball milling technique allows to modulate final ceramic grains and particles size, its utilization has a
profound effect on the electromechanical properties of BCZT. First of all, a distinction must be made between
the activation of precursors prior to calcination and the destruction of agglomerates formed prior to the
sintering step (see Figure 3.4.1). Depending on the milling conditions, the mechanical treatment can induce
different modifications on the precursor by creating an intimate mixture [106], enhancing their reactivity
[97,107], and also leading to the final product (mechanosynthesis) avoiding the calcination step [68]. To this
regard, different ball-milling apparatuses are used such as [108]: attrition ball-milling [97,109,110] planetary
mills [68,111-114] horizontal ball-milling [106] and shaker ball milling [115]. Concerning the grinding media
materials, the reactants for the preparation of BCZT are often mechanically processed with WC

[68,105,116,117] and agate [57].

3.4.2 First ball-milling and calcination temperature

Although it is known that particle size reduction and precursor homogenization lead to a decrease in the
synthesis temperature, at the current state of the art, the correlation between the mechanical activation of
powders and the reduction in calcination temperature is poorly studied. In this regard, Frattini and coauthors

evidenced the influence of calcination temperature (800 - 1200 °C), on precursors previously milled using a
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planetary ball milling for 4 h zirconia into a zirconia jar. They underlined that BCZT pure phase was obtained
only above 1100°C. In this work the authors also reported in detail the secondary phases that can occur as a
function of the calcination temperature (BaZrOs, CaZrOs) [111]. In a recent interesting work of Ciomaga and
colleagues [52] it is pointed out how ball-milling conditions and synthesis temperatures can affect the final
properties of ceramics keeping all other processing steps fixed. The best properties (compromise between
good piezoelectric properties and low losses) were obtained by using a vibratory ball-milling apparatus for
60 min (d33=280 pC/N). The processing method used leads to the achievement of phase coexistence (MPB)
in the final ceramic with majoritarian orthorhombic phase (O>T) [52]. Although this is not explored in depth,
fairly low synthesis temperatures are reported in the literature, such as 1150°C/2h for powders milled for 2h
with SPEX 8000 [115]. Bai et al reported the calcination temperature of 1000 °C /4 h for the BC15TZ10 doped -
system by Bi(MgosTio.s)Os, milled for 24 h in a planetary mill [118]. In another work Bai and colleagues report
a low synthesis temperature of 1100 °C for 4h after horizontal ball milling in distilled water with zirconia balls,
not analysing neither particles size nor the effect of water on precursors, but performing a study on the effect
of second ball-milling on the final microstructure [106]. Nan et al. used a low temperature specifying the
milling conditions. They employed an attritor ball milling apparatus using ethanol as medium (zirconia balls
with 3 mm diameter and the ball-to-powder ratio 1.5:1) for 2.5 hours at the rate of 700 rpm. The powder

mixture was calcined at 1100°C for 4 hours obtaining pure BCZT system [109].
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Table 3.4.1 Ball milling apparatuses, working conditions of milling, calcination and sintering steps of the BCZT
processing and the corresponding physical and electrical parameters of the BCZT ceramics obtained. These
works have been selected among the most interesting studies on mechanical activation of precursors by ball-
milling.

Compo- BM-a t (min) TCB|¢,(°C) Clgczr SP M Tsint (°C) Tm o] % G.S. Clgczr dss Kp- Ref.
sition f (HZ) Dtime (h) Dtime (h) TO'Tcw um pC/N Qm
°C
BCisTZ;p P 30 1000 >0 BZ HYP 1450 93 76 20 >0 180 - [52]
5.8 4 2 92
BCi5TZ10 V 30 1000 T-0 BZ HYP 1450 93 96 - O>T 230 - [52]
30 4 2 87
BCisTZ10 V 60 1000 >0 BZ HYP 1450 87- 95 - o>T 280 - [52]
30 4 2 88
BCisTZ;p P 30 1200/1350 T>0 - SPS 1300 103 97 - O>T 283 - [52]
5.8 24/6 SPS 10 97
BCisTZ1p S 120 1150 - - UX 1500 71 94 10 - 350 33 - [115]
14.6 4 HP 6 85 98 20 510 80
44 -
66
BC1iTZ;p P 240 900/1200 - Bz UX 1400 - 5-15 - - - [111]
5.8 2

Legend. BM-a: ball milling apparatus. P: Planetary mill. V: Vibratory mill. S: Shaker mill (Spex). t: ball milling time. f:
ball milling frequency. T..: Temperature of calcination. D:ime: Dwell time refereed to the calcination step. CLgczr:
crystal phase of BCZT obtained after calcination. SP: Secondary phases after calcination. BZ: BaZrOs. M: Moulding
method. UX: Uniaxial, HP: Hot-Pressing. HYP: hydrostatic Pressing. Tnr: Temperature of sintering. Dtime: Dwell time
referred to the sintering step. Tn: Transition temperature corresponding to Maximum of permittivity. To and T.w: the
result of the fitting with Curie—Weiss and Curie—Weiss-modified laws. p (%) = relative density of the sintered pellet.
G.S.: Grains size. dss: quasi-static piezoelectric coefficient. Clgczr: crystal phase of the sintered BCZT. Kp/Qm:

electromechanical coupling coefficient and mechanical losses. T: Tetragonal. O: Orthorhombic.

As emerged from Table 3.4.1, despite the high energy mechanical processing to activate the precursors, the
calcination temperature resulted too high (21000 °C) if compared with wet-chemical approaches already
mentioned. According to the specific literature, to trigger any physical and chemical modifications, a
threshold dose of kinetic energy has to be transferred, which mainly depends on the mass of each ball and
milling velocity. The apparatus type and the frequency of milling indicated in Table 3.4.1 for each
composition, reveal that the powders have been subjected to impact of energy in the range of 8x103-0.1J,
2x102 — 1x102 J, 1x103 J - 0.2 J, for shaker, planetary and vibratory mills, respectively. These values have
been estimated also taking into in account different mass of balls and the equations applied in these

manuscripts [119-122].
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3.4.3 Second ball-milling and sintering temperature

Another important point is represented by the need of a second ball-milling before sintering so that the
agglomerates formed during calcination are broken up, step well described and studied for other systems
like KNN [97,114,123,124]. Regarding the BCZT system, Yan et al. [112], investigated the effect of post-
calcined dry ball milling treatment on BCZ-60 BCT (Baos:Caois) (Tio.s2Zroos) Os powder using a Fritsch
Pulverisette 7 planetary ball-milling and 45-mL Zirconia vial and Zirconia balls as grinding media for increasing
milling time (0-40 min, at 600 rpm, BPR 25:1). They obtained a significant reduction of the particle sizes
starting from an irregular morphology of 1 um to achieve regular shaped particles of 3.8 x103 um just after
10 minutes of milling processing. For further increasing milling time, particles become more uniform, but
agglomeration can be noticed. They conclude that the best dielectric and piezoelectric properties were reach
for a grain size of 12.9 um obtained with the best combination of 30 min of the second BM (2.4 x10 pm
particle size ) and an optimal inverse two step sintering method (1475°C/1300°C) [112]. The same was
confirmed by Mittal et al. [114] that used high-energy ball mill on calcined powders for obtaining good
piezoceramics without creating any undesired secondary phase in its perovskite structure. The authors
declared that the key point is selecting adequate milling parameters. In this work, contrary to the previous
one, they changed the ball-milling frequencies (100 rpm, 150 rpm, 200 rpm, 250 rpm, 300 rpm and 350 rpm)
keeping the milling time fixed for 20 h. The best di3 and K, have been reached by using a speed of 250 rpm
for an average particle size of 4.5*103 um as reported in Table 3.4.2. An increase of the milling velocity
induces a further decrease of particle sizes. In addition, by reducing the particle size to such a small scale, the
surface area of the particles begins to dominate over the volume (increasing the specific surface energy),
and, as a result, modifying its thermodynamic properties. To reach the equilibrium position, the particles
begin to agglomerate, reducing the surface energy, which shows the agglomeration of particles in the powder
milled at 300 rpm [114]. In the investigation of Di Loreto et al. [125] on post-calcination grinding, the authors
highlighted the influence of grinding intensity on BCZT powder, using zirconium balls (ball/powder weight
ratio = 10) for 6 h. The comparison between Liquid Milling (LM) and Dry milling (DM) showed that more

energetic Dry milling (DM) deteriorates the piezoelectric response: the ds; coefficient measured for the LM
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ceramic was 380 pC/N, higher compared to that obtained for the DM sample (90 pC/N). They also highlighted
that Tc depends on the grinding process of the calcined powders, 40°C-50°C for the DM sample and 96°C for
LM sample. They concluded that an intense degree of milling affects drastically the structural homogeneity.
This occurs due to a mechanically activated phase decomposition process. They detected inhomogeneity in
grains, resulting in BCZT grains, CaTiO3 nanocubes and an amorphous phase rich in Ba and Ti. The grinding
intensity of calcined BCZT powders is a key parameter for obtaining proper sintered ceramics [125]. Nan et
al. [109] consider the need of a second ball-milling to deagglomerate the powder. They treated the calcined
powder with attritor ball milling (700 rpm, 5 hours). They underlined that before being milled, the particle-
size distribution exhibits three populations, including two main peaks, one centred at around 0.20 um,
another small peak around 2.2 um, and a shoulder at ~8 um corresponding to the coarser agglomerates, with
Dso= 1.0 um and Dgo = 4.6 um. After milling, the particle-size distribution exhibits a bimodal distribution with
a main large peak centred at around 0.2 um and another small peak around 1.8 um, and with overall Dso =
0.17 um and Dgo = 0.38 um. These results show that attrition milling is essential for achieving a homogeneous
particle-size distribution by destroying the agglomerates. Bai et al. [106] used and horizontal ball milling with
Zr0O; balls to yield a calcined powder with an average particle size (Dso) of about 5 um. In order to obtain
powders with different particle sizes so that their effects on material microstructures and piezoelectric
properties could be investigated, vibratory milling and planetary milling were applied on portions of the
calcined 5/5 BCZT powder, resulting in reductions in Dsoto about 3 um and 1 pum, respectively, leading to

different grain size and relative density of the sintered ceramics.

Marzia Mureddu — PhD Thesis in Chemical Science and Technologies



80

Table 3.4.2 Ball milling apparatuses, working conditions of milling, calcination and sintering steps of the BCZT
processing and the corresponding physical and electrical parameters of the BCZT ceramics obtained. These
works have been selected among the most interesting studies on mechanical activation of calcined powders
by ball-milling.

Composition BM- BM-t TCalc.(°C) BM- BM-t M- Tsint Tm p G.S. CLBCZT d33 Kp- Ref.
a (min) Dtime (h) a (min) binder (°C) TO- % pm pC/N Qm
1° BM-f 2° BM-f (Hz) Dtime Tcw
(Hz) (h) °C
(BZT- P 600 1350 P 0-40 - 1475- 105 94 13 T-0 330 40 [112]
60BCT) 6.7 3 10 - 1300
BCo1TZos 0.02-
6
BC15TZ10 P 1200 1200 P 1200 HYP 1450 79 94 3 T 210 224 [114]
1.7 4 4.16 PVA 4
5/5BCZT H 1440 1100 V-P - UXx 1475 95 9% 32 T-0 466 - [106]
BC1sTZ1o - 4 - PVA 4
BC15TZ10 P - 1300 P 360 - 1400 96 - - T [125]
LM 4 LM - PVB 6 40 380
DM DM 90

Legend. BM-a: ball milling apparatus (1° first ball milling. 2° second ball milling). P: Planetary mill. A:
Attritor mill. H: Horizontal mill. V: Vibratory mill. LM: Liquid Milling, DM:Dry Milling. BM-t = ball milling
time BM-f: ball milling frequency. T.: Temperature of calcination. Dime: Dwell time refereed to the
calcination step. Clgczr: crystal phase of BCZT obtained after calcination. M: Moulding method. UX:
Uniaxial, HP: Hot-Pressing. HYP: hydrostatic Pressing. Tsine: Temperature of sintering. Dime : Dwell time
refereed to the sintering step. Tm: Transition temperature corresponding to maximum of permittivity. Ty
and T.y: the result of the fitting with Curie—Weiss and Curie—Weiss-modified laws. p % = relative density of
the sintered pellet. G.S.: Grains size. dss: quasi-static piezoelectric coefficient. CLgczr: crystal phase of the
sintered BCZT. K,/Qm: electromechanical coupling coefficient and mechanical losses. T: Tetragonal. O:
Orthorhombic.

The literature also contains works in which the authors employed high-energy ball milling techniques but
treated the powders at high temperatures. Syal et al. used planetary ball milling (FRITSCH, P5) for 12 h before
synthesis (1350°C for 4 h)and for 6 h prior to the sintering (1565°C for 6 h), obtaining good properties for
BCisTZ10composition (d33=512 pC/N, K,=51%,T.=104°C) [113]. In two investigations on the effect of sintering
dwell time the authors reported the use of unspecified ball-milling in combination with high processing
temperatures, 1350 °C/2h for the synthesis and 1450°C and 1500°C for the sintering, respectively [126,127].
Other authors declare the use of ball-milling always using very high temperatures, 1200°C and 1350°C [128],
long roll jar milling [70], attrition milling in combination with 1300°C and 1400°C as processing temperatures

[110].

Up to this point, scarce literature is reported on the use of attrition ball-milling for activating the precursors
and calcined powders in order to decrease the processing temperatures (calcination step and sintering step),

allowing the industrial scalability.
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3.5 Water-based solid-state routes: an urgent target for industrial scaling up

Analysing the literature, at research level the processing of BCZT precursors involves the use of organic
solvents , such as isopropanol, ethanol [126,129,130] unspecified alcohol [107,110] and acetone[113]. At
industrial scale, the introduction of organic solvents represents a limiting factor, due to economic,
environmental, and safety reasons. In this context, the growing demand from industries for more ecological
water-based routes is triggering the interest of researchers in the development of synthetic protocols based
on solvent-free routes. Unfortunately, as properly reported in the literature, there are some issues that can
be encountered when using water for processing ceramics: possible leaching of metal ions, deviations from
the chosen composition due to the solubility of carbonates in water, formation of unwanted secondary
phases, hydrolysis, demixing of the slurry due to the segregation of heavy elements as a function of the
density during the slurry drying, interactions due to the high polarity of water. As remarked in an interesting
review some approaches to overcome these drawbacks can be: adjustment of the pH value, or addition of
surfactants, and the use of spray- or freeze- drying (lyophilization) [131].So far, few articles on the use of
distilled water for processing BCZT employing a horizontal ball-milling setup have been reported [106,132].
In this respect, Kaushal and colleagues, investigated the behaviour of 50BCT untreated and di-hydrogen
phosphate surface-treated powders in aqueous suspensions monitoring their pH value for 7 days. The
authors concluded that in treated powders was detected a “negligible leaching of Ba** Ca®*,and Zr*”"[133].
In a subsequent work, the same authors explored the possibility to produce micron-sized spherical granulates
via freeze granulation in surface-treated BZT- 50BCT, concluding that the green bodies obtained after this
procedure demonstrated good sinterability and homogeneity [134]. In this respect, Acosta et al pointed out
that in both works of Kaushal et al. the BZT-50BCT was actually obtained by a two-step calcination route with

conventional ethanol processing [18].

Up to this point, the challenge of a totally aqueous-based processing of BCZT ceramics remains open.
Furthermore, these authors did not report the piezoelectric properties of the final ceramics. However, they

highlighted that processing strongly influenced the dielectric properties of the materials. It must be
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underlined that these results refer to ceramics obtained starting from calcined powders aged in water for 24

h, step not usually performed for obtaining functional ceramics.

3.6 Toxicity: biocompatibility and new applications

Over the last decades, there has been a trend to expand the use of piezoelectric ceramics in new areas of
biotechnology. The electricity has a vital role in living systems, as biological piezoelectricity, endogenous
electric fields, transmembrane potentials that enhance cellular growth and differentiation. The biological
piezoelectricity was firstly reported in 1941 in the wool by Martin [135]. In 1957, Fukada and Yasuda [136]
reported the same behaviour in bone tissue. Then, endogenous electric fields have been discovered in cardiac
and nerve tissue, demonstrating that electrophysiological microenvironment is essential for maintaining the
normal physiological activities of the human body [137]. From this moment on, researchers have tried to
reproduce these endogenous effects to repair tissues injuries as peripherical nerve and bones damages. In
this context, piezoceramics can be promising for tissues engineering [138]. Thanks to the piezoelectric effect

shown, they can promote cells adhesion and migration.

The two main features that a material must have to be employed in this field are biocompatibility and
piezoelectricity. Due to the well-known toxicity of lead-based materials that provoke neurotoxicity
pregnancy complications, attention deficit, hyperactivity and so on, new lead-free piezoceramics can be a
promising alternative in this case [139, 140]. In view of this, the BCZT system has what it takes, a high ds3
values and a theoretical good biocompatibility. Its main drawback, the relatively low Curie Point (~100 °C) -
which is still a tangible problem for technology transfer, as it reduces the operating temperature of out-of-
body devices in general (sonar, sensors and so on.) — it is not a limitation for biomedical applications, and
other new emerging innovative technologies, since under physiological conditions, the body temperature is
about 35.5-37.5 °C. With regard to the biocompatibility, a good compatibility of BCZT material with human
osteoblast and endothelial cells has been demonstrated for the most studied BCZT1510 composition [70].
The material seems promising for bone regeneration in combination with hydroxyapatite, as reported by

Manohar et al. [141]. Among other applications, outstanding importance can be attributed to BCZT thin films
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for biocompatible and flexible devices, such as BCZT-based coatings on Kapton substrate as a support for
osteogenic differentiation, obtained by PLD (pulsed laser depositing) and MAPLE (matrix-assisted pulsed-
laser evaporation) techniques [130]. In this sense, further progress has been made in developing more
sustainable, biodegradable, flexible and biocompatible substrates, such as chitosan bio composites for
sensors application[142], self-poled and bio-flexible films BCZT-based as piezoelectric nanogenerator (BF-
PNG) functionalized with polydopamine and embedded in the polylactic acid [143]. In the recent literature,
the BCZT system has been used in bio-glass-(BG)based ceramics systems to improve both the electrical
properties and bioactivity as potential electroactive materials for orthopaedic applications [144]. Other
interesting applications include bio-piezoelectric coatings for dental implants. The chewing as mechanical
input is used to produce a piezoelectric response that promotes the alveolar bone growth. Moreover, it has
been demonstrated that the BCZT/TiO, coating was non-toxic, and the proliferation of osteoblast was higher

compared to the simple TiO; coatings. What is more, a higher Ca deposition as apatite was observed.

Thanks to the sensibility of the ceramic system to low-intensity pulsed ultrasound, another interesting
application could be physical therapy, amplifying the piezoelectric effect within the system [145]. Recently,
the production of BCZT coatings on titanium surface was implemented by adding silver as antimicrobial agent
for inhibiting bacteria adhesion and proliferation that at the same time promotes the activity of osteoblasts,
being suitable for orthopaedic implants [146]. Other studies present the possibility to produce functional
BCZT-based bilayer coatings on Ti alloy for biomedical implants too [147]. In addition to in vitro studies, the
most recent literature includes the report of some relevant in vivo applications such as bio implantable
energy harvesters[148], implantable and wearable electronic devices on human and animal bodies [149] and
intravascular ultrasound transducers[150]. Another step forward is the fusion between the piezoelectric
effect and catalysis. By using piezoelectric materials, we can initiate or accelerate reactions. This feature is
triggering the interest of the scientific community towards the so called “Piezocatalytic Medicine” for tumour
therapy [151], antisepsis, biosensing, organics degradation and tissues repair and regeneration [152]. In
order to push these frontier studies towards alternative applications, some crucial key points must be deeply

investigated, such as material design, safety evaluation, scalability and standardization of processing routes,

Marzia Mureddu — PhD Thesis in Chemical Science and Technologies



84

studies on mechanisms. In fact, although the biocompatibility of this system seems to be straightforward, at
least for the absence of toxic elements, barium-based compounds can be potentially toxic depending on their
solubility due to the release of Ba%* in water environment. Therefore, on one hand compounds like chlorides,
nitrates, hydroxides and carbonates can interfere with potassium provoking gastrointestinal problems,
muscles weakness, paralysis in chronic assumption. On the other hand, insoluble barium-based compounds,
such as sulphates are safe and absolutely non-toxic [153]. In this sense, an aspect that must be considered is
the presence of foreign elements that can be introduced into the lattice during the processing route. These
ions can form other secondary compounds or diffuse into the main perovskite affecting or changing the
biocompatibility of the system [154]. For these reasons, the study of toxicity in relation to the processing
route of ceramics is a key issue and it needs to be further investigated. The behaviour of these materials
changes drastically depending on the site of application/action and the micro-environment in which they are
found, the interaction with the immune system, the possibility of interaction with assumed drugs and

different diseases.

3.7 Conclusions and insights for the future

Since BCZT ceramic can be a material that meets all new requirements and can be a valuable ally in the
discovery and development of new technologies and applications, in the near future to refine some of the

main crucial points in its production is of outstanding importance.

The complexity of the BCZT system requires further study to understand the mechanisms that lead to good
piezoelectric response and lower processing temperatures that enable industrial scaling up. Developing a
trustworthy, scalable, environmentally friendly route to obtain good properties is still a big challenge. The
complexity of BCZT system requires further studies to understand the internal mechanisms that lead to a
good piezoelectric response, such as investigations on individual synthesis step (synthesis mechanisms,

formation Kinetics), detailed information on solubility limits, stability diagrams, and surface hydrolysis.
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Furthermore, there is the need to monitor the toxicity of the system under acute and chronic conditions for
biomedical applications. Taking into account a number of key factors that have been identified as crucial to
the processing route, in addition to the choice of composition at MPB, we can mention: particle size selection
to maximise c/a ratios in the sintered ceramic, the design of sintering procedures to allow grain growth

control for optimising electromechanical properties and new scalable routes.

The purpose of this SOTA analysis is to present an overview of the BCZT system as a potential candidate to
replace the widely used toxic PZT in both established commercial technologies and as a material suitable for
new biomedical applications due to its non-toxicity and environmentally friendly nature. The review aims at
understanding if there is the possibility to overcome the disadvantages with respect to PZT system by
analysing the fundamentals of the pseudo-ternary system, the milling techniques that are available to
decrease the processing temperatures and to make the material fabrication route suitable for industrial
scaling up. In particular, it highlights how mechanical or mechano-chemical activation of precursors and
synthesised powders is a key point for developing a scalable solid-state route and reducing energy
consumption according to new EU directives. Moreover, as here reported, the BCZT material is a promising
smart material that can be used also in many emerging applications in the field of biotechnology. Further
studies on the correlation between mechanical activation and synthesis temperature are needed in the near
future. In particular, in this respect, in-depth investigations of synthesis steps are lacking. As already pointed
out, further studies on the toxicity of the system are needed to implement possible biomedical applications.

Of considerable interest is the new frontier use of this material for reducing environmental pollution.
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4 Experimental procedure applied to methodology.

A thorough understanding of the structure-property relationship is the key to fabricate environmentally
friendly piezoceramics showcasing optimal electromechanical properties. In a rigorous methodology which
allows to obtain well-densified ceramics, a deep characterization, combining different physicochemical
techniques, is mandatory. Since the ceramic processing requires many steps, previously evidenced in the
SOTA (State of the Art analysis) of this dissertation (Chapter 3.3), all of them have an influence on the
resulting properties. The characterisation, which is equally complex, must be thoroughly performed at each
stage of the manufacturing process. Laying on these bases, this Chapter describes the general methodology
adopted for the research activities of this PhD thesis and the techniques employed to characterize the
pristine materials, the intermediate products, and the final ceramics (as graphically summarized in Figure
4.1. Details on the specific methodology implemented for a particular processing route will be provided in

Chapters (5-11) on results.

s 4 '\.I
b 1.5olid state route (SSR) | Chacterization tecnigues:
2. Wet chemistry
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Figure 4.1 Methodology adopted to characterise each step of the processing route.1.Indicates that the same
ball-milling setup is used for the ball-milling after calcination.

Preliminarily, based on the phase diagram, the most promising candidate solid solutions were identified, to

achieve the desired properties. In particular, two compositions (Bao.ssCao.15) (Tio.00Zr0.10)03 and (Bao.s2Cao.0s)
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(Tio.95Zr0.05)03, shortened as BCisTZ1o and BCosTZos, respectively, were studied in this work. Materials of
selected compositions have been synthesized endeavouring different and innovative routes, such as the
modified solid-state route and the wet chemistry route, with the final goal of proposing economical,
tuneable, and scalable preparation methods for the further development of this technology. The powders
have been extensively characterized to gain information on the optimal synthesis conditions. Hence, using
this rigorous methodology the information collected is continuously feedbacked to optimize each step of the
processing route. The as-obtained powders have been then shaped into pellets, characterised, and
subsequently prepared for the electromechanical characterization with the final purpose of obtaining
microstructural and compositional features as well as on the entire set of electrical and mechanical
properties obtained by using the iterative automatic method. In this way, it was possible to correlate the

optimal processing conditions with the best microstructure and properties obtained.

4.1 Mechanical milling

As already introduced in the previous Chapter, the solid-state route is the most widely used technique for
processing ceramics. However, it requires very high processing temperatures for BCZT systems (up to 1300°C
for the synthesis and up to 1550 °C for the sintering). In this respect, to reduce the processing temperatures,
it was decided to treat both raw materials and calcined powders via ball-milling technique [1-7]. As
previously emphasized, the mechanical action of a grinding medium in high-energy ball-milling can promote
physical and chemical transformations within a solid, depending on several milling parameters (i.e. ball-to-
powders weight ratio (BPR), milling time, grinding media, solvents, atmosphere within the vial) in order to
tune the amount of mechanical energy transferred to the system, which affects the final properties of the
products. It is important to underline that in the present work this technique was limited to the mere
activation of the powders prior to calcination in the furnace and prior to sintering and should not be
considered as a mechanosynthesis [1]. This technique is widespread owing to the necessary tools are readily
available and easy to use, consisting essentially of a ball-mill apparatus (attritor, shaker, planetary and

horizontal roll), a jar, which is basically a vial that can have different inner volumes and be made of various
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materials (stainless-steel, zirconia, polymers, tungsten carbide, agate, etc.) and, as essential elements, one
or more spheres (of different weights and sizes) that can be of the same or different materials, depending on
the characteristics of the powder ( grinding media should be harder than the particles to be milled).lt should
not be underestimated that, for these materials, it is important to choose the right setup to avoid the
problem of contamination that may arise from the vial/spheres, leading to an alteration of the stoichiometry,

eventually altering the electromechanical properties.

In the present work, the impact of the contamination from the material of both jar and spheres was
evaluated. Firstly, was used a shaker mill type (3D Mix/Miller 8000 — SPEX) (Figure 4.1.1(a)), then a

laboratory-made attrition ball-milling apparatus (ABM) (Figure 4.1.1(b)).

Figure 4.1.1 Two different mills employed: a) Shaker miller type (3D Mix/Miller 8000 — SPEX) working at
875 rounds per minute (rpm), b) homemade attritor mill, working at 700 rpm.
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Two different jars were used with the Miller SPEX 8000 (stainless-steel and tungsten carbide, shown in Figure
4.1.2(a and b, respectively) and for the laboratory-made attrition ball milling apparatus (Figure 4.1.2(b)) a

vial internally coated with Teflon (Figure 4.1.2(c)).

a) b)

Figure 4.1.2 a) stainless-steel jar with one sphere made of the same material, b) tungsten carbide jar with
one sphere made of the same material, c) stainless-steel jar internally covered by Teflon, as shown in the
upper Figure, used with 3Y-TZP spheres.

The precursors were, in general, used as received (after characterising them by XRD, to ensure their purity
and check their composition) and their characteristics are listed in Table 4.1.1. It should be emphasised that
all experiments were conducted in air (the precursors used are not oxygen-sensitive), weighing the powders

after a pre-degassing (24 hours at 100°C) to remove any contamination from moisture.
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Reagent Supplier Purity declared Composition checked
by XRD analysis
BaCO; Merck, Darmstadt, >99% orthorhombic
Germany (Witherite)
BaCOs Sigma Aldrich, St. Louis, >99% orthorhombic
MO, USA, (Witherite)
CaCO3 Sigma Aldrich, St. Louis, >99% trigonal
MO, USA, (Calcite)
CaCO; Fluka >99% trigonal
(Calcite)
TiO, Merck, Darmstadt, >99% 85 wt.% anatase,15
Germany wt.% rutile
TiO, Sigma Aldrich, St. Louis, >99.9% 99 wt.% anatase,1
MO, USA, wt.% rutile
2r0, Tosoh, Tokyo, Japan, >99% monoclinic
Z2rO; Alfa Aesar >99% monoclinic

Before choosing the best ball-milling setup, a preliminary study was performed, varying the BPR and the

milling time. For the sake of brevity, in Table 4.1.2 are reported only the selected ball-milling conditions

useful to discuss the obtained results.

Table 4.1.2 Summary of the chosen setup for each BM treatment.

Stoichiometry/ Type of Milling Grinding Milling Atm BPR 1°BM 2°BM Solvent
abbreviation mill Jar medium speed

(rpm)-

Frequenc

y (Hz)
(Bao_sscao_15) Shaker SS SS 875 Air 1 6h 2-8-16 Absolute
(Tio,gzro.10)03/ SPEX 14.58 h Ethanol
BCi15TZ10
(Bao,35Cao,15) Shaker WC WC 875 Air 1 5h 2-8 h Absolute
(Tio.9Zro.10)03/ SPEX 14.58 Ethanol
BCi15TZ10
(Bao.s2Cao.08) ABM Teflon 3Y-TZP 700 Air 30 6h 3h Isopropa
(Tio_gle‘o_os)Os/ 11.7 nol
BCosTZos
(Bao.s2Cao.08) ABM Teflon 3Y-TZP 700 Air 30 6h 3h Distilled
(Tio_gle‘o_os)Os/ 11.7 Water
BCOSTZOS

Legend. 1°BM: First ball-milling before calcination step. 2°BM: Second ball-milling before the sintering step.
Stainless-steel (SS), tungsten carbide (WC), Attrition ball-mill (ABM).Atm: Atmosphere.
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4.2 Characterisation

4.2.1 X-ray diffraction (XRD)

X-Ray powder diffraction (as well as the companion techniques of neutron and electron scattering, micro
diffraction, time- and temperature-resolved scattering techniques) is one of the most useful approaches to
characterize piezo ceramics. Generally speaking, powder crystallography techniques are employed for
several purposes, such as: lattice type identification, chemical composition, phase evolution, crystallographic

texture, domain size switching, lattice strains, etc. [8][9][10].

In the present Thesis, the X-rays diffraction has been extensively used to characterize powders and ceramics

obtained after each step of the processing route for the following aims:
e assessing the geometry and symmetry of lattices;

e defining chemical nature and composition of as received precursors and checking the presence of

impurities;
o verifying the effectiveness of mechanical activation for optimizing ball-milling parameters;
e proving the formation of the desired phase and the side formation of secondary phases;

e performing in situ poling and temperature experiments for monitoring the effects of temperature

and electric field on the crystalline lattice.

The powders of tiny crystal size if distributed randomly in the sample holders, once irradiated, may conduct
to a 1-D pattern representing the 3-D projection of the reciprocal space. The location of the peaks may be
precise to a sufficient level for identifying the chemical composition of the substances responsible for the
scattering conditions recorded in the total experimental pattern | vs 20 [11]. After data recording of an X-ray
powder pattern, the Rietveld method appears as very useful for extraction of the maximum structure and
microstructure information. This approach carries out a comparison between experiment and numerical

modelling based on the knowledge of the crystal structure of each scattering phase. On the basis of
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Crystallography Information Files (CIF), archived in specific databases (some free-of-charges and other
commercial), the hypothised structure information can be expressed numerically in the reciprocal space. In
addition to phase fractions, after taking into account the convolution of the geometry and optics of the
instrument and systematic errors in the scale 2theta due to zero-offset in the model, lattice parameters,
crystallographic structure, average crystallite size and microstrain can be adjusted. The computed model
matches the experimental data according to an iterative search procedure and ends once reached the
minimization in the least-squares sense. The parameters optimized in the model accounting closely for the
experimental data allow estimating quantitative data of phase contributions and microstructure features.
While lattice parameters can be determined with a highly reliable precision, this is not so for the
microstructure parameters, since they are derived in primis from the line broadening peaks across a

sufficiently wide angular range [12].

For this work, two diffractometers have been used: Rigaku SMARTLAB with a Cu rotating anode, (Figure

4.2.1(a)) and Bruker D8 Advance diffractometer (Figure 4.2.1(b)).

Figure 4.2.1 a) Rigaku SMARTLAB with a Cu rotating anode, b) Bruker D8 Advance

The two laboratory machines have substantially similar setup, and both can be sketched according to the
figure reported below. The diffraction data obtained in the chosen conditions (step size, integration time,
angular range of 2 theta) were compared with the calculated after using the search-and-match analysis
software High Score Plus for phase identification. Other software free-of-charge for such important step can

be recommended such as QualX (qualitative analysis using powder diffraction data) [13] or FPSM(Full Profile
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Search and Match) [14]. As it was previously anticipated, all the information concerning the unit cell of a
crystal is stored in crystallography (single crystals and/or powder) according to the CIF files. Such files are
considering the space group (collection of symmetry ad geometry properties), lattice parameters of the unit
cell, occupancy of each atomic species located in their specific Wyckoff sites, in turn expressed as spatial
fractional coordinates. The latter triplet of coordinates (x, y and z) may be identified as special positions (0,
%, 1/3, % and 1/6) or simply general (that is the fractional coordinates assume real values between 0 and 1).
The quantitative phase composition and structure and microstructure parameters were determined by the
application of Rietveld refinement on the experimental pattern using the freely available MAUD (Material
Analysis Using Diffraction) software developed by L. Lutterotti and based on the Rietveld method [15]. As
stated before, this is a refinement method for structure solution available for multiphase samples firstly
reported in 1969 [16]. It uses the least squares approach to bend a theoretical line profile until it matches
the experimental data profile. In this method the weight fraction (w;) of each crystalline phase in a mixture

can be calculated from the following equation:

wi __ SiZiMVy)
Tjwj  X55i(zM;v))

(4.1)

where S;is the refined scale factor, Z; is the number of formula units in the unit cell, M; is the mass of the unit
formula and V;is the elementary cell volume. Quantitative phase analysis by the Rietveld method is based on
the normalisation condition };; w; = 1. This is valid when the mixture contains no amorphous phases [17].
The CIF file is "refined" in order to construct a new simulated profile that coincides as closely as possible with
the one obtained experimentally. The software, after completing the iterative calculation procedure, returns
as feedback the index of correspondence of the calculated pattern with the experimentally obtained one

(Rwp) together with the required crystallographic data. The selected CIFs are shown below in Table 4.2.1.

Marzia Mureddu — PhD Thesis in Chemical Science and Technologies



104

Table 4.2.1 Selected CIF files.

Name Symmetry Chemical formula Space group Database
Symbol No.
Anatase Tetragonal TiO, 141/amd:1 141 COD
Rutile Tetragonal TiO, P42/mnm 134 COD
Witherite Orthorhombic BaCOs; Pmcn:bca 62 CoD
HT Trigonal BaCOs3 R-3c 167 COD
Calcite Trigonal CaCOs R-3c:H 167 COD
Baddeleyte = monoclinic 72r0; P21/c: b1 14 CoD
BCZT (BT) Tetragonal (BaggCax )(Tisy)Zry) O3 PAmm 99 COD
Bz cubic BaZrOs; Pm-3m 6 CoD
CcT Orthorhombic CaTiOs Pbnm 62 COD

Legend. BCZT: Barium-Calcium Zirconate Titanate.BZ: Barium Zirconate. CT:Calcium
Titanate.

The quality of the agreement between the experimental and calculated data was evaluated using as
numerical criterion, the Ry, parameter (weighted-pattern factor), that is the difference between the
observation pattern and the XRD calculation [18]. We remind that the CIF file for (Ba(1-«Cax )(Ti1-y)Zr,)Os was
elaborated using MAUD program starting from the BaTiOs parental structure and according to A/B perovskite

site doping amount.
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Figure 4.2.2 Interface of the MAUD software showing the lattice parameters of the cell of BaCOs (Witherite),
the spatial group and lattice symmetry and the calculated weight contribution of the BaCOs (witherite) phase
within the analysed powder.

4.2.2 Synchrotron measurements

For the present Thesis, powder x-ray diffraction using synchrotron radiation has been employed mainly for

two purposes:

-To assess the tetragonality of BCZT perovskite at RT (25°C) as previously inferred from our laboratory

instrument (experiment performed at NOTOS beamline);
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- To conduct in situ XRD experiments following the crystalline phase evolution of precursors as a function of
the temperature. (Experiments carried out at the Swiss-Norwegian beamline BMO1 at the European

Synchrotron Radiation Facility, ESRF — Grenoble, France);

In particular, the latter appears particularly useful in order i) to ascertain the formation mechanism of the
main perovskite together with side secondary phases that can form during the heating or crystallize after
cooling; and ii) to assess the effects of combining mechanical activation of precursors and lyophilization on

the perovskite formation process.

e BL16 NOTOS beamline

The high-resolution XRD beamline operates between 4.5 and 30 KeV (Bending Magnet source) and it is
equipped with a position sensitive detector for PD Mythen (6 modules). The main elements available are:
two circles diffractometer and 10-channels Ge (111) analyser detector combined with a single point detector

without analyser (Figure 4.2.3.)

Multi Analyzer Detector
(10 Gelll crystals)

Mythen &

I lon chamber
sample stage for XAS in
transmission

Iy & I lon chambers
reference sample stage for XAS
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Figure 4.2.3. Layout of BL16 Notos beamline.

It is important to underline that the huge decrease in intensity is due to the geometry of the measurement,
at lower angles the beam path is smaller compared to higher angles and the absorption is higher. For this

measurement Si was taken as standard.

e Swiss-Norwegian beamline BM01

The high-resolution XRD Swiss-Norwegian beamline BM01 can be employed for single-crystal diffraction,
small molecules, and for macromolecular crystallography. The geometry can be summarized as follows:
mirror 1 (distance from source of 25.9 m, focusing type Rh coated Vertical collimator), Double crystal
monochromator (distance from source of 25.9 m, focusing type Si (111) Sagittally focusing) mirror 2 (distance
from source of 30.8 m, focusing type Rh coated Vertical focusing). It is installed on a bending magnet source

(dipole BM 1), it works in the range 10 - 22 keV, and is equipped with PILATUS 2M detector (Figure 4.2.4.)
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Figure 4.2.4 Schematic layout of the Swiss-Norwegian beamline BM01

4.2.3 Simultaneous thermal analysis (TG/DTA/DSC).

Simultaneous thermal analysis (STA) is a combined technique in which thermogravimetric (TG), Differential
Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC) of solid materials are performed
simultaneously in a single instrument (Figure 4.2.5). The main advantage is that the test conditions are
exactly the same for TG and DSC (atmosphere, gas flow rate, water vapour pressure on the sample, heating
rate, thermal contact between the sample crucible and sensor, radiation effect and so on). In general, the
information obtained with TG analysis can be here summarized: mass changes, temperature stability,
oxidation/reduction behaviour, decomposition, composition analysis, thermokinetics; whereas by DSC:
melting and crystallization behaviour and enthalpy, solid-solid transitions, polymorphism, degree of
crystallinity, glass transitions, cross-linking reactions, oxidative stability, purity determination, specific heat

capacity and thermokinetics. In this Thesis this technique has been used to:
e Evaluate the influence of the mechanical processing on the activation of the starting raw materials;
e Determine the activation energy for the formation of the main perovskite phase;
e Establish the kinetics of BCZT formation.

The experimental temperature ranges from 25 °C to 1200 °C, while heating rates between 1 °C min* and 30
Cmint. The studies can be carried out either in an inert atmosphere or in a tuneable flow of chemically active

gases. In particular, for this work the experiments have been conducted in air (100ml min) into alumina
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crucibles, with different heating rates, depending on the final purpose of the analysis (2-5-10 °C min),

ranging from 25°C to 1100°C.

Figure 4.2.5 TA Instruments Q600 thermobalances (TG/ATD/DSC). High sensitivity microbalance for studies
of thermogravimetric (TG), Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC)
of solid materials in general.

4.2.4 Microscopy (TEM, SEM, FESEM)

Scanning Electron Microscopy (SEM) Transmission Electron Microscopy (TEM) and Field Emission Scanning
Electron Microscopy (FESEM) [19—-21],coupled with EDS (Energy Dispersive X-Ray Spectroscopy), have been

used essentially for the main purposes listed as follows:

e Analysing the evolution of particle morphology and size throughout the whole processing

(precursors, and powders processed after each step);

e Forinvestigating freshly fractured surfaces of densified ceramics: microstructure grain size, porosity,

nature of grain boundaries (transgranular or intergranular fracture);
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e To assess the degree of homogeneity and the presence of secondary phases within grains and at
triple junctions using backscattering mode and EDS analysis, confirming the maintenance of selected

stoichiometry.

Powders and pellets were deposited on a C-based conductive tape. The powders were analysed in general
without any other treatment, whereas for the analysis of the pellets, a freshly fractured surface was required
to avoid surface alteration after exposure to air. EDS analysis was also performed to verify the homogeneity
and the composition of the powder, to assess the presence or absence of contamination and the
maintenance of the chosen stoichiometry in powders and densified ceramics until the end of the processing
route. In the literature the most widely used method to correctly relate average grain size and ceramic
properties is based on the analysis of flat, optically polished and subsequently thermally or chemically etched
surfaces. As quantitative relations between the grain size and the properties are not in the focus of our study
the grain size determination, that properly done involves the collection of a statistical sample of
measurements of typically 1000 measurements in properly polished samples was not carried out in this work.
The aspect of the fractured surface, with transgranular or intergranular character, grain morphology and
other characteristics of the ceramic microstructure provide alternative information, which is of primary

interest in the sintering study we conducted.

In particular, TEM analysis helped to clarify the particle shape of BCZT after the synthesis in the furnace and
to evaluate the distance between the rows of grains. As shown in Figure 4.2.6, different equipment was used

throughout this thesis to thoroughly investigate the system at different length scales.
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Figure 4.2.6 a) Scanning Electron Microscope (FEI Quanta 200) with variable pressure and high vacuum (High-
vacuum, Low-Vacuum and ESEM mode), equipped with EDS Microanalysis - Genesis XM2i - Apollo 10SSD
LNfree Detector; b) Phenom G2 pro desktop SEM with high brightness CeB6 electron source equipped with
optimized the backscatter electron detector (BSED) and detection chain; c) Field Emission Scanning Electron
Microscopy at ultra-high resolution with Energy Dispersive X-ray spectroscopy (FESEM-EDS), with a FEI NOVA
NanoSEM 230 FE-SEM with Apollo 10 EDAX detector; d) TEM FEI Tecnai 20 field emission 200kV S/TEM with
an X-TWIN obijective lens and high brightness field emission electron gun (FEG) optimized for analytical work
and equipped with a EDS.

Details on the preparation of the samples measured have been introduced into the experimental part of each

corresponding chapter.

4.2.5 Dynamic Light Scattering (DLS)

Dynamic Light Scattering[22-26] is a helpful technique, that in combination with microscopy can help in
analyzing the distribution of particles size during the ceramic processing. The particle size distribution of a
powder can be obtained from the DLS experimental curve and represented in different ways based on the
well-known relationships between intensity, number and volume. The preparation of the sample is a crucial
point to have data of good quality. In this work the powder has been pour in water and subjected to ultrasonic

bath for 3 minutes to have a well-dispersed suspension, then the measurement has been repeated for five
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times. The measurement was conducted at 25°C and started immediately after inserting the cuvette into the

instrument (Figure 4.2.7.)

Figure 4.2.7 Zetasizer Nano S (Malvern Instruments, United Kingdom).

4.2.6 Crucibles and Furnaces

As already mentioned in Chapter 2, one aspect that should not be underestimated is the material of the
crucibles. Given the observed interaction between the alumina crucibles and the platinum sheet, crucibles
made of yttria-stabilised zirconia were manufactured in the laboratory specifically for this thesis work and a

horizontal furnace was used for high-temperature sintering (Figure 4.2.8).
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Figure 4.2.8 a) Laboratory made yttria-stabilised zirconia crucibles used for calcination and sintering;
b)Nabertherm Horizontal Furnace 30-1700°C used for high temperature sintering.

Poling and electromechanical characterization

After the manufacturing process, the ceramic must be poled to become piezoelectric and then prepared for

the electromechanical characterization, as shown in Figure 4.2.9.
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Figure 4.2.9 Post-processing treatments.

Then, the ceramic has been attentively polished to eliminate the cork and then the electrodes have been

applied. In this work two methods have been employed:

e Conductive Ag-based paste has been manually applied and then the electrodes have been sintered

into an oven at 400°C for 1 hours (Figure 4.2.10);

e Sputtering deposition of Au electrodes have been used for in situ XRD experiments

(temperature/poling), reported in Figure 4.2.11).
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Figure 4.2.10 . a) Checking the correct deposition and the uniformity of the Ag electrodes to ensure that
b)there is no Ag residue on the edges before the further check of resistance with the multimeter; c)pellet
after electrodes sintering.

At the end of the process, the electrodes are examined to test the resistance with a multimeter. Finally, the

surface area of the electrode can be measured.
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Figure 4.2.11 a)Auto sputter coater (Agar Scientific) equipped with graphite and Au deposition system.
Automatic deposition of Au electrodes. The thickness of the layer can be modulated. b)detail of the Chamber
depositing the Au film, ¢)BCZT ceramics placed in the specimen stub lodged inside the chamber before and
after the deposition.

Each deposition method presents its own advantages and issues. On one hand, Ag electrodes deposited by
the manual method, after the sintering treatment, are more resistant than the others. On the other hand,

the thin layer of Au electrodes allowed one to perform in situ poling XRD experiments.

4.2.7 Poling apparatus

For the poling process, two different devices have been used:
e Atraditional poling apparatus (Figure 4.2.12);

e Aninnovative device, entirely designed and developed at University of Sassari (PCT/IT2023/050121.

W02023/214441) X-poll cell[27], shown in Figure 4.2.13.

The poling set-up, described in Figure 4.2.12, was used to perform the ceramic poling at a relatively high

temperature in a silicone oil bath. A step-by-step increase of the electric field procedure is required to find
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the best setup conditions, whereas the exact voltage to be applied can be known by measuring the thickness

of the sample, since electric field and voltage are linked by the following equation:

E=< (4.2)
Being E the electric field, V the applied voltage and t the thickness of the pellet. In this work the poling has
been performed by the Field cooling method: once the sample is placed inside the oil bath, the voltage is
applied until it reaches the desired temperature. Finally, the thermostat is turned off and the system cooled

to room temperature keeping the same electric field. The poling set-up is described in Figure 4.2.12.

Figure 4.2.12 a)Poling set-up: HV supply; b)Thermostatic silicone oil bath; c)Sample holder.

The poling patented cell, named X-poll system (Figure 4.2.13) was developed at the University of Sassari with
the scope of performing in situ diffraction experiments of piezoceramics during poling or during the heat
treatment using the laboratory available diffractometer. Briefly, this apparatus is composed by: i) a cell made
of acrylonitrile styrene acrylate (ASA) having a U-shape Cu electrode as upper electrode and a Cu screw as
the bottom one. This particular U shape allows the cell to ensure electrical contact and, at the same time,
keeps the sample to be targeted by the X-ray beam; ji) current generator or power supply; iiij) ARDUINO

temperature control circuit with the heating system power supply.

The current generator, or power supply, is provided by Consort BVBA, EV3330 model with a voltage range
from 300 V up to 3000 V. The EV3330 allows one to set the electric field as a function of the time controlling

the electric field speed application, choosing the current (from 0 to 300 mA) and power (from 0 to 300 W)
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values. EV3330 permits programming different methods, each with 9 steps. Each step can recall the next,

providing a flexible multiple-step function for special techniques. The method mode also allows a linear

voltage gradient to be programmed for any step as long as the current and/or power limit is not reached.

a B
e

Figure 4.2.13 Images of multifunctional apparatus X-Poll cell.a)Current generator or power supply b)3
ARDUINO temperature control circuit,4- Heating system power supply. c)X-poll cell [27].

4.2.8 Berlincourt d;; meter

As stated in Chapter 2, the most reported parameter associated to piezoelectricity is the quasi-static
piezoelectric coefficient dss. This coefficient is the most reported in a direct or inverse piezoelectric
measurement. The tests were done simply with equipment Berlincourt ds; meter (Figure 4.2.14) working at
low frequency (100 Hz). It can be used for different materials like ceramics, single crystals and polymers of
various shapes. The apparatus is composed by two probes, one in top and other in bottom, in which the

sample is placed to be measured.
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Figure 4.2.14 Berlincourt ds33 meter working at 100 Hz a)Sinocera b)CP.

In this work, an automatic iterative method proposed at CSIC [28]graphically summarized in Figure 4.2.15
has been used for the ceramic characterization. This method overcomes the issues of the high inconsistency
of the parameters obtained depending on the number of the samples to be used for the characterization and
considering the need of quantifying all material losses. This is done by considering the impedance values of
the resonance curve (apparatus shown in Figure 4.2.16) instead of just the characteristic frequencies

obtained from the resonance curves.

This new methodology: (i) allows to accurately determine all the complex coefficients of poled piezoceramics
(advantage 1), (ii) is the only that have been systematically applied to the full set of resonator geometries
(only 3) and resonance modes (only 4) needed for the full matrix characterization (advantage 2) and (iii)

contains a built-in reliability criterium for each one (advantage 3).
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Figure 4.2.15 Flow chart describing the steps of the iterative automatic method for piezoelectric
characterization at resonance: i) impedance spectrum collection, ii) calculation of R and G peaks, iii)
determination of characteristic frequencies, electromechanical coupling factor and initial material
coefficients, iv) set-up of the non-linear system of equations with impedance data and iterative resolution of
these to determine the directly obtained material coefficients for the given resonance mode, v)calculation of
derived coefficients and, finally, vi) reconstruction of the spectrum with the calculated coefficients to
determine the regression factor with the experimental spectrum as a reliability factor of these coefficients.

For the sake of clarity, it should be noted that this program uses an alternative representation of Z* or Y* as
a function of the frequency (the traditional one :(/Z/,0) plots). In this method, instead, peaks of resistance
(R) and conductance (G) values are plotted vs. frequency, being Z*=R+iX (Z= impedance, R= Resistance, X=

Susceptance) and Y*=G+iB (where Y= Admittance, G= Conductance and B= Reactance).

Basically, this method consist of 3 main steps: (i) The experimental data of complex impedance (Z*) or
admittance (Y*=1/Z*) are introduced in the program to calculate the R and G plot vs. frequency, (ii) from this
plot, the frequencies are selected automatically (maximum G value gives the resonance frequency= fs and
maximum R value gives the antiresonance frequency= fp), a peripherical interaction is performed to
determine f1and fy; (iii) in this step the experimental impedance data at these automatically selected four
frequencies are introduced into the analytical solution of the wave equation corresponding to the resonance

to set a system of four non-linear equations . At each point of the central iteration, the system of non-linear
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of equations is solved (Smit’s method with automatically selected f; and f,) and the solution compared with

the one of the previous steps, until a convergence criterion is fulfilled, and the complex coefficients obtained.

Figure 4.2.16 a)lmpedance analyser (Model HP4192A LF, 5Hz-13MHz) for measurements and calculations in
thickness and planar modes, both analysers connected to PCs with Windows XP OS; b) and c) details of sample
holder.
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5 The effect of the milling tool contamination on the
piezoelectric properties of the final BCZT ceramic

5.1 Introduction

As stated in the SOTA of this thesis, the ball milling conditions chosen to process both precursors and calcined
powders have a great influence on the final microstructure of the ceramic leading to optimal or degraded
electromechanical properties. As already pointed out, Thakur and colleagues investigated the influence of
the grinding medium (yttrium-stabilised zirconia) on the electrical properties of undoped BaTiOs,
demonstrating that the contamination due to these milling materials altered both the dielectric behaviour
and the bulk conductivity [1]. As deducible from the work of Ciomaga et al, the optimal set-up for
mechanically activating precursors is a key factor to obtain a good microstructure and properties|[2].
Furthermore, as demonstrated by Di Loreto and colleagues, a too energetic ball-milling after calcination can
lead to a decrease in piezoelectric properties [3]. Based on these premises, the influence of the jar material
and the energy transferred to the powder on the final properties was evaluated in this thesis. Firstly, a
stainless-steel jar with a Shaker ball mill (Spex8000 Mixer-Mill) was used. Subsequently, it was decided to use
a tungsten carbide vessel using the same Spex equipment. Although these preliminary results were neither
optimal nor conclusive, this step was fundamental for this thesis work because it allowed us to overcome the
problems that arose and to develop a contamination-free powder processing. For the sake of brevity, only

the most relevant results on powders and final ceramics will be presented in this section.

Since no cases have been found in the literature reporting the effects of contamination from the jar used on
BCZT ceramics, the effect of Fe contamination was assimilated to an intentional Fe-doping. In this sense, Fe3*
incorporates into the main lattice [4] leading to a cubic structure of BCZT at room temperature [5] and shifting
the tetragonal-cubic phase boundary toward lower temperature [6]. Fe3* doping in BCZT also results in a
gradual transition from typical ferroelectrics to even quantum paraelectrics [7]. All the reported works
evidenced the reduction in grains size from a maximum of 20 um until a minimum of 2 um [4]. The presence

of ferromagnetism, due to the interaction between the Fe3* ions and oxygen vacancies, represents a further
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sign of that contamination [8]. To the best of our knowledge, no works on the effect of tungsten-doping have

been reported in the recent literature.

5.2 Materials and methods

5.2.1 Materials

Ceramic powders of nominal composition (Bao.ssCao.1s)(Tio.s0Zro.10)O3 (abbreviated as BC15TZ10) were prepared
by a solid-state route starting from a stoichiometric mixture of BaCOs (Sigma Aldrich, St. Louis, MO,

USA,>99%), CaCOs (Fluka, >99%), TiO, (Sigma Aldrich, St. Louis, MO, USA>99.9%) and ZrO, (Alfa Aesar, >99%).

5.2.2 Powders and Ceramics processing

The raw materials were dried at 100°C overnight, weighted according to the nominal composition indicated
above and mixed. Once mixed, these raw materials were mechanically treated by ball-milling (BM) using a
Shaker apparatus (SPEX8000) at 875 rpm in isopropanol as liquid medium, using a stainless-steel jar and a
tungsten carbide jar for 6 h and 5 h respectively with a BPR of 1. The slurry obtained has been dried at 80°C
for 24 h. The as-obtained powder has been then calcined into a closed alumina crucible at 1200°C for 4 h
with a heating rate of 3°C/min. After the calcination step, the powder has been ball-milled with the same

apparatus and the same vial used for the first ball milling, for increasing times (0,2, 8h,16 h).

The as-obtained powders were finely ground in a mortar and mixed with few drops of polyvinyl alcohol (PVA)
solution (3 wt.%) before compacting into a disk by using a hydraulic press (220 kg/cm? for 30 min). The pellets
have been then sintered with an intermediate debinding step at 600°C for 2 h and a final plateau of 1450°C
for 2h with a heating rate of 3°C/min. The density was measured by using geometrical method. The sintered
disks were then reduced in thickness by polishing down to ~ 1mm and prepared for the electromechanical
characterization. Silver paste was attached on both surfaces of the thin disks and sintered at 400°C for 1 hour
to get the electrodes. After that, samples were poled in thickness under a field of 25 kV/cm at 40°C for 30

min in a silicone oil bath, followed by field cooling (FC) to room temperature.
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5.2.3 Structural and Microstructural Characterization

Structural investigations were conducted using a SMARTLAB diffractometer with a rotating anode source of
copper (ACu Ka = 1.54178 A) working at 40 kV and 100 mA. The spectrometer is equipped with a graphite
monochromator and a scintillation tube in the diffracted beam. Quantitative analysis of the crystalline phases
and structure determinations were performed with the MAUD software (Materials Analysis Using
Diffraction), a Rietveld extended program [10]. The fresh fracture surface morphology of the samples was
studied by using Quanta FEI 200 scanning electron microscope (SEM). Morphology on the calcined particles
was analysed using a TEM FEI Tecnai 20 field emission 200kV S/TEM with an X-TWIN objective lens and high

brightness field emission electron gun (FEG).

5.2.4 Electromechanical characterization

The quasi-static ds3 piezoelectric charge coefficient was measured with a Berlincourt dss-meter at 100Hz.
Complex impedance, modulus and phase, as a function of the frequency, the so-called resonance curve, was
measured with an impedance analyser (HP 4192A-LF) at the, electrically induced, radial extensional
resonance of the thickness poled thin disks. An automatic iterative method was used in the analysis of the
resonance curves to determine the complex electromechanical, elastic and dielectric properties of the

ceramics, together with the electromechanical coupling factor [9].

5.3 Results and Discussion: Stainless-steel jar

5.3.1 Processing and Characterization of the Powders

Microstructure and morphology of the particles upon calcination have been characterized by TEM. The
analysis confirmed the characteristic BCZT particle shape, as shown in Figure l1a. After calcination the
presence of agglomerates can be observed at low magnification (Figure 5.3.1(a)), while the boundaries of
the particulates are clear (Figure 5.3.1(b)) and the powder size from TEM image is around 500-700 nm.
Crystalline nature of the material is better evidenced at higher magnification (Figure 5.3.1(c)) where the

presence of crystalline planes can be confirmed.
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Figure 5.3.1 TEM image of calcined BCZT powders: a) BCZT particles morphology, b) necks between particles
c), d)crystalline planes.

The high crystallinity and the presence of agglomerates (up to 1.5 um), as shown in Figure 5.3.1(a) and Figure
5.3.2(a) , support the necessity to use a second ball milling step to better refine the particles sizes of the
calcined system. As shown in Figure 5.3.2(b) after only 2 h of ball-milling after calcination the necks between

the particles are broken and single particles are distinguishable (0.4 um-0.5 pm).
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Figure 5.3.2 a)In the areas indicated with red squared inserts the necks between the particles and
agglomerates formed after calcination are clearly visible, b)distinguishable particles obtained after the
second ball-milling(0.5-0.7um).

The EDX spectroscopy performed on as calcined (Oh BM) and ball-milled for 2,8 and 16-hours powders,
revealed slightly deviations of Ba and Ti from calculated atomic percentages for the specifical composition
chosen. Indeed, it can be observed an increase of Ba at. % (except for 8h of BM) and a decrease of Ti at. %
content increasing the ball milling time from 2h to 16 h (Figure 5.3.3a). It emerged that Fe contamination
(Figure 5.3.3b), coming from the stainless-steel after 16 h of ball-milling, reached almost the theoretical Ca
content (estimated to be around the 2 at. %). For the sake of clarity, residual Fe content (0.3 at. %) was

already present in the powders after the first ball milling step.
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Figure 5.3.3 EDS quantitative results. a) Theoretical and real elements atomic % deviations from the chosen
composition reported as mean values of five measurements each as a function of increasing ball-milling times
(Oh, 2h, 8h, 16 h). b) Fe contamination as a function of ball-milling time.

Due to the high level of Fe contamination detected in the powders milled for 8 and 16 hours, it was decided

to prepare the pellets only with the calcined and 2 hours ball milled powders.

5.3.2 Processing and Characterization of the Ceramics

As shown in Figure 5.3.4, the XRD patterns acquired on the densified ceramic (1450°C for 2h) presented a
tetragonal PAmm BCZT phase accompanied by secondary phases or unreacted precursors all belonging to the

system (later found to be unreacted ZrO; and CaTiOs).

It should be noted that the tetragonal distortion of the P4mm BCZT phase of the pellets prepared with
calcined powder was estimated to be about c¢/a=1.003 with c= 4.0151 A. By increasing the ball milling time
up to 2h, the tetragonality of the BCZT lattice decreases becoming cubic c¢/a= 1.000 with c= 4.0150 A. In fact,
Fe does not form other secondary phases, but diffuses into the main lattice leading to disappearance of

tetragonal distortion.
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Figure 5.3.4 Rietveld Refinement of XRD diffraction pattern of ceramics produced with calcined powder
subjected to a second ball-milling of 2h using a stainless-steel jar. Coloured bars and full coloured lines refer
to PAmm BCZT reflections(olive). *Symbol corresponds to reflection of unreacted zirconia at lower angles
and CaTiOs at higher angles respect to the main perovskite. Experimental points are indicated with blue dots.

As reported in Figure 5.3.5, both the pellets obtained showed a dense microstructure with a prevalent
transgranular fracture, reaching high density values of 5.26g/cm? corresponding to 91% of theoretical density
calculated for the specific composition. In Figure 3b, is possible to evince the presence of small grains in the
ceramics bulk (about 3-4um), whose dimensions are in perfect accordance with the literature regarding the

Fe-doped system [4].
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Figure 5.3.5 SEM micrographs of fractured surfaces of a) pellet prepared with as calcined powders and b)
pellet prepared with calcined powders ball-milled for 2 h. In Figure b is possible to note small grains (inside
the pore) of about 3-4 um.

5.3.3 Electrical Characterization

Considering the XRD results, the poling process was only performed on the pellet prepared using the as
calcined powders. The obtained electromechanical coupling factor and the frequency number of the planar
resonance, together with the regression factor (R 2) of the reconstructed to the experimental spectra ((R, G)

plot in Figure 5.3.6). Piezoelectric, elastic and dielectric coefficients, including mechanical quality factors and

dielectric loss factors, have been reported in Table 5.3.1.
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Figure 5.3.6 Equivalent representation of the impedance spectrum, (R, G) plot, used in the calculation of
material coefficients by the iterative automatic method. Symbols are the experimental data and lines are the
reconstructed peaks after coefficients calculation. Fundamental radial mode of resonance of a thin disk of
BCZT ceramics prepared with as-calcined powders. It should be highlighted that precursors were previously
treated with the same milling apparatus for 6 h (stainless-steel jar).

The electromechanical characterization evidences that the Fe contamination coming from the stainless-steel
vial leads to low piezoelectric coefficient (dis= 90 pc/N) compared to those reported for the same

composition[2] together with a low electromechanical coupling factor(K,= 14.59%).
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Table 5.3.1 Some relevant material coefficients obtained from the radial mode characterisation of BCZT
ceramics prepared with as calcined powders. M ¢'F, = sF11/551,

Properties

Density (g/cc) 5.20
Relative density (%) 90

ds3 (pC/N) 90

R? 0.9866
ko (%) 14.59
Np(kHz.mm) 2870
d’s; (PC/N) -38.2814
Qp(ds1) 204
¢t (10N m?) 9.5634
Qm 202
'35 at 1 KHz 3300
tané at 1 KHz 0.1

5.4 Results and Discussion: Tungsten Carbide jar

5.4.1 Processing and Characterization of the Ceramics

Unlike what observed for Fe contamination, XRD analysis of the ceramics prepared using a tungsten carbide
jar (Figure 5.4.1) revealed the formation of a secondary phase not belonging to the system, identifiable as
Wolframate (BaWQ,). The amount of the BaWO, tetragonal phase increasing at increasing milling time. The
pellets prepared from the as-calcined powders (without second ball milling) show a small tetragonal
distortion with ¢ = 4.0139 A and c¢/a = 1.002. With 2h of ball-milling after calcination, the lattice of the BCZT
P4mm becomes pseudo cubic with c=4.0150 A and ¢/a =1.001, but the amount of BaWO, increases to 2wt.%.
After 8 h of ball-milling, a further decrease of tetragonal distortion was observed. The main BCZT lattice
becomes perfectly cubic with c¢/a = 1.000 and c= 4.0138 A. The XRD analysis reveals a higher amount of
BaWO, tetragonal phase (about 7wt.%) and another unidentified secondary phase. Considering the absence
of tetragonal distortion, the poling process was only possible for pellets produced from calcined, unmilled,

powders. It must be underlined that due to the high conductivity the poling process resulted challenging.
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Figure 5.4.1 Rietveld Refinement of XRD diffraction pattern of ceramics produced with calcined (0h) powder
subjected to a second ball-milling of 2h and 8h using a tungsten carbide jar. Coloured bars and full coloured
lines refer to P4mm BCZT reflections(olive), and BaWO, (Wolframate-purple). *Symbol corresponds to
reflection of CaTiOs at higher angles respect to the main perovskite.Experimental points are indicated with
blue dots.

As reported in Figure 5.4.2 all the ceramics obtained using Oh (Figure 5.4.2 (a)),2 h (Figure 5.4.2 (b)), and 8h
Figure 5.4.2 (c) ball-milled powders, showed a transgranular fracture, reaching a relative density of 83, 88,

93%, respectively. As noticeable in Figure 5.4.2(b) (inside the pore) small grains were observed (about 5 um).
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Figure 5.4.2 SEM micrographs of fractured surfaces of a) pellet prepared with as calcined powders (Oh BM)
and b) pellet prepared with powders ball-milled for 2 h and 8 h. In Figure b is possible to note a small grain
inside a pore of about 5 um.

5.4.2 Electrical Characterization

As in the previous case, only the ceramic prepared with as calcined powders was subjected to the poling
process. Also for these ceramics, the obtained electromechanical coupling factor and the frequency number
of the planar resonance, together with the regression factor (R?) of the reconstructed to the experimental
spectra ((R,G) plot in Figure 5.4.3). Piezoelectric, elastic and dielectric coefficients, including mechanical

quality factors and dielectric loss factors have been reported in Table 5.4.1..

Marzia Mureddu — PhD Thesis in Chemical Science and Technologies



136

® ExpG
Reconstr. G _ 80
Exp R
0,002 - Reconstr. R
Ef R’= 9809454
@ - 60
= _
& S
o 40"
w_ -
0:001 N
- 20
Dguuu ] N I ! I N T N I ' T N T ' I N T ! I ! T N I ! I N 0
215 220 225 230 235 240 245 250 255 260 265 270 275 280

Frequency (kHz)

Figure 5.4.3 Equivalent representation of the impedance spectrum, (R, G) plot, used in the calculation of
material coefficients by the iterative automatic method. Symbols are the experimental data and lines are the
reconstructed peaks after coefficients calculation. Fundamental radial mode of resonance of a thin disk of
BCZT ceramics prepared with as-calcined powders. N.B. Precursors were previously treated with the same
milling apparatus for 5 h (tungsten carbide jar).

The electromechanical characterization evidences that the Fe contamination coming from the stainless-steel
vial leads to low piezoelectric coefficient (dss= 89 pc/N) compared to those reported for the same

composition[2] together with a low electromechanical coupling factor(Kp=7.21%).
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Table 5.4.1 Some relevant material coefficients obtain from the radial mode characterisation of BCZT
ceramics prepared with as calcined powders. M ¢'F, = sF11/551,

5.5 Conclusions

Properties

Density (g/cc) 5.07
Relative density (%) 88

ds3 (pC/N) 89
R? 0.98095
ky (%) 7.21
Np(kHz.mm) 2874.26
d's; (pC/N) -26.4448
Qp(d31) 49

¢}, M (10°°N m?) 8.9921
Qm 97.74
€35 at 1 KHz 3996
tané at 1 KHz 0.015

Results confirmed that the ball-milling set-up has a great impact on the ceramics microstructure and

electromechanical properties. The level of contamination coming from the vial material indicate that milling

tool materials have to be carefully chosen to obtain a non-contaminated starting powder. Despite the high

sintering temperatures (1450°C), these results indicate that a too energetic ball-milling leads to small grain

size in the final ceramic. BC15TZ; ceramics processed from ball-milled precursors, using two different material

jars (stainless-steel and tungsten carbide), showed not optimal electromechanical properties with a poor

d33=90 pC/N and low K,=7.21 and 14.59 %.
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6 A sustainable Pechini-modified sol-gel synthesis of
Barium Calcium Zirconium Titanate (BCioTZ15)

6.1 Introduction

As deeply discussed in Chapter 3, the whole processing route for BCZT samples, and particularly the synthesis
step, have a great influence on the ceramic final microstructure, which is closely related to the
electromechanical properties. Moreover, since the processing temperatures required for the solid-state
route are extremely high (up to 1300°C for the synthesis step and up to 1500°C for the sintering), different
strategies are needed to overcome this critical barrier. Therefore, a low temperature synthesis that consents
to allow a better stoichiometric control and to monitor/modulate the microstructure, particles and grains
size distribution, is required. In this view, the sol-gel technique can be a promising alternative, as largely

demonstrated in several works on BCZT material [1,2].

In the sol-gel technique, the ceramic precursors are mixed in solution, permitting an optimum mixing at a
lower dimensional scale (colloidal), a more homogeneous composition and a consequent better control of
particle size leading to a drastic drop of synthesis temperatures. Actually, as stated in Chapter 2, there is a
deep correlation between the electromechanical properties and the complex microstructure of the material
(ceramic structure (mm size) , ceramic microstructure (microns size) ceramic, domain configuration
(submicron size) and crystal lattice (A size), including composition (solid solution), type of crystal structure

and crystal defects, its order or disorder in the solid solution) [3].

However, these syntheses usually require expensive reagents and careful control of the procedure [4,5]. In
this sense, temperature and pH need a continuous check-up due to their strong influence on the
reproducibility of the synthesis and the solubility of metal precursors. Additionally, if not properly controlled,
their alterations can lead to the formation of solid precipitates with the consequent deviations from the
desired stoichiometry. This drawback can be solved introducing appropriated chelating and esterifying

agents.
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The chelating agent commonly used in the Pechini method is the citric acid (CA). On the one hand it is cheap,
available and permits a good control of particles morphology. On the other hand, it has a strong pH

dependency that makes more complicated to control the synthesis[4].

In the modified Pechini method other chelating agents are used: lactic and glycolic acids, and EDTA
(e(thylene)d(iamine)t(etraacetic)a(cid))([5]. The chelating agent prevents the metal segregation in the
product, which is a consequence of the interaction between the metal ions in solution, since it allows the
rate of hydrolysis of the alkoxide to be controlled by replacing a portion of the alkoxy group with the ligand.
Chelation is fundamental to the gelling process and the final compound is influenced by the structure of the
gel. [6]. EDTA, with respect to citric acid, is less sensitive to pH, has 4 carboxylic groups for polyesterification,
and in the BCZT synthesis case, limits the formation of the undesired barium carbonate [7]. Concerning the
esterifying agents, ethylene glycol is one of the most used in sol-gel synthesis, which, however, exhibits high
renal, cardiac and pulmonary toxicity due to its metabolites, such as glycolaldehyde, glycolic acid and oxalic
acid [8,9]. In contrast, the employment of glycerol as an esterifying agent, as substituted for ethylene glycol,
has several advantages, such as low toxicity, low cost, high availability and high boiling point and low vapour

pressure, like ionic liquid. It can therefore be considered a "green" reagent [10,11].

The first use of glycerol in the sol-gel synthesis was reported by Aziguli et al. [12], who highlighted the
correlation between the improvement of the electrical properties of the material and the addition of glycerol
in the synthesis. Its introduction significantly enhances the homogeneity of the microstructure and allows to

increase the grains dimensions of densified materials.

Studies on the impact of esterifying agent and of chelating agent emerge in the literature. The role of glycerol
[12] and Citric acid and EDTA are indagate [5-7,13], but there are no studies about the synthesis of BCZT
using glycerol and EDTA simultaneously . In this work, a combination of glycerol and EDTA is used to assess
whether these sol-gel agents could act in synergy to further improve final microstructure homogeneity and

control of grains growth of the BCZT processed.
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6.2 Materials and methods

6.2.1 Materials

Barium carbonate (CAS 513-77-9; 99%), calcium acetate (CAS 5743-26-0; 99%), zirconium (IV) butoxide (CAS
1071-76-7) and titanium tetraisopropoxide, or TTIP (CAS 546-68-9; 97%) were mixed in stoichiometric
proportion according to the chosen composition (Bag.ssCao.1s) (Zro.10Tio.s0) O3, BC1sTZ10. In addition, for the sol-
gel synthesis, EDTA (CAS 60-00-4; 99.4%), glycerol (CAS 56-81-5; 99.5%) and ammonia (CAS 7664-41-7) were
employed. To compare the effect of combined glycerol/EDTA, another analogous synthesis was conducted,

substituting the EDTA with citric acid (CA) (CAS 77-72-9; 99.5%).

6.2.2 Powders and Ceramics processing

Two different reactions were conducted at the same time in two different beakers: the first one starting from
barium-calcium (BC) and the second one using zirconium-titanium organic precursors (ZT). The products
obtained were subsequently merged to obtain the BCZT (Figure 6.2.1). As preliminary step, the solvent (H,0)
was heated at 60°C. Later, EDTA was added in both beaker systems and after its solubilization, barium

carbonate and calcium acetate were added in the BC beaker and zirconium butoxide and TTIP in the ZT one.
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Figure 6.2.1 Flow-chart of the synthesis process.

After 30 minutes, an ammonium solution was added to the two systems. The BC solution was gradually
poured in the ZT solution, in a controlled way, 1 hours later the ammonium addition. Subsequently, the
system was annealed at 80°C for 1 hour. To promote the BCZT gel formation, glycerol was added to the
solution, obtaining a brown gel, which was calcined in the muffle (model NEYO series 2), at 900 °C for 2 hours
with a heating ramp of 5 °C/min. Two different syntheses were conducted in this work: glycerol-EDTA

(BCZTepra) and glycerol-CA (BCZTca).

The BCZT powder obtained was then mixed with few drops of PVA solution (3% wt.) and pressed into disk-
shape pellets by using a uniaxial press (220 Kg/cm?for 30 min). The as-obtained green bodies were sintered

by using a horizontal oven (Nabertherm) with an intermediate debinding step performed at 600°C for 2 hours,
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followed by a final sintering plateau at 1400°C for 2 hours. Bulk densities were measured by employing a

geometrical method.

The sintered ceramics were then reduced in thickness by polishing down to 1 mm of thickness. The silver

paste was deposited on both main surfaces, and then sintered to obtain the Ag electrodes (400°C/1 h).

The samples were poled in thickness under an electric field of 15 kV/cm for 30 minutes at 50°C in a silicone

oil bath, followed by a field cooling to room temperature.

6.2.3 Structural and microstructural characterization

The structural (XRD) analyses were conducted by a Bragg—Brentano rotating anode diffractometer (Smartlab
Rigaku) equipped with a copper source (Cukq = 1.54178 A). Data were acquired in the 20 angular range from
10° to 120°, with a step size of 0.05 and with a fixed dwell time of 4 s. The XRD patterns were numerically

refined by the Rietveld method using the MAUD software [14].

After the poling process, the quasi-static piezoelectric coefficient (ds3) was measured using a Berlincourt dss-

meter at 100 Hz (Sinocera YE2730).

6.2.4 Electromechanical characterization

Complex impedance, modulus and phase, as a function of the frequency, the so-called resonance curve, was
measured with an impedance analyser (HP 4192A-LF) at the, electrically induced, radial extensional
resonance of the thickness poled thin disks. An automatic iterative method was used in the analysis of the
resonance curves to determine the complex electromechanical, elastic and dielectric properties of the

ceramics, together with the electromechanical coupling factor[15].

The fresh fracture surface morphology of the samples was studied by Field Emission Scanning Electron
Microscopy using a Phenom Pro G2 SEM microscope (Thermo Scientific, USA) operating at a beam voltage of

5 kV in a backscattering mode and an Electron Microscope (FEI Quanta 200).
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6.3 Results and discussion

6.3.1 Processing and characterization of the Powders

Two different syntheses were carried out in this work: glycerol-EDTA (principal route: BCZTepra) and glycerol-
CA (BCZTca). The XRD patterns of the BCZTepra and BCZTca powders are reported in Figure 6.3.1. The X-ray
diffraction pattern of BCZTepra powders shows a pure BCZT tetragonal phase (P4mm), with c¢/a= 1.004 and c
=4.025 A. The XRD analysis of BCZTca calcined powders reveals the majoritarian presence of BCZT P4mm
tetragonal phase with a low amount of impurities. In this case, the tetragonal distortion is slightly lower c/a=

1.003, with ¢ = 4.026 A.

From these analyses emerge that the effect of EDTA as a complexing agent seems to stabilise the ions in
solution better than citric acid, regardless of the esterifying agent type. Moreover, it appears that the use of
EDTA enabled a substantial improvement in the syntheses in terms of yield and of reduction of the synthesis
temperature, allowing to obtain the BCZT PAmm pure tetragonal phase at only 900°C. This result is a real
improvement in synthesis conditions, since in the literature similar systems are obtained using temperatures

starting from 1000 °C [3,16,17].
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Figure 6.3.1 Rietveld Refinement of XRD diffraction pattern of BCZTepra and BCZTca calcined powders.

Olive coloured bars at the bottom indicate the reflection of the PAmm BCZT phase. Experimental points are
indicated with blue dots. Fitting curves are reported using the same colour (solid green line). Background is

indicated in light purple.

6.3.2 Processing and characterization of the Ceramics

The Diffraction patterns of BCZTepra (BCZTeprac) and BCZTca ceramics (BCZTcac) reported in the figure 6.3.2
(Figure 6.3.2(a)) exhibit single tetragonal phase (P4mm). In the BCZTeprac pattern, the high-angle peaks result
more sharply resolved (Fig. 3b), which indicate a higher degree of crystallinity of BCZTEDTA ceramics respect
to BCZTca. Moreover, the shape of high-angle reflections is another proof of the tetragonality of the samples
obtained. The tetragonal distortion of the BCZTepra ceramics corresponds to c¢/a= 1.003 with ¢ =4.015 A, still
keeping enough lattice distortion for exhibiting a spontaneous polarisation. Instead, BCZTacceramics show a

smaller tetragonal distortion with pseudocubic lattice symmetry, with ¢/a=1.001 and c =4.022 A.
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Figure 6.3.2 a) Rietveld Refinement of XRD diffraction pattern of ceramics produced with calcined BCZTepra
powders and BCZTca powders; b) Magnification of higher angles proving the higher tetragonality of BCZTepra
ceramic. Olive coloured bars at the bottom indicate the reflection of the PAmm BCZT phase. Experimental
points are indicated with blue dots. Fitting curves are reported using the same colour (solid green line).
Background is indicated in light purple.

Representative SEM images of the fracture surfaces of sintered BCZT ceramics (Figure 6.3.3). All BCZTepra
show densities about 91% of theoretical density (5,78 g/cm3), whereas BCZTca ceramics exhibit lower
densities of 80%. BCZTepra ceramics (Figure 6.3.3 (a) and (b)) show a transgranular fracture indicating the
strengthen of grain boundaries and proper densification. However, as noticeable from SEM images reported
in Figure 6.3.3 (c) and (d), BCZTca ceramics reveal inhomogeneous microstructure with densified areas with
transgranular fracture and porous areas, revealing incomplete densification and inhomogeneous size
distribution (from 2 um to 10 um). Moreover, these images show the general morphology of the main BCZT

grains of the ceramic.
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Figure 6.3.3 Representative SEM images (secondary electrons mode) of the fracture surfaces of sintered BCZT
ceramics (FEI Quanta 200); a) and b) BCZTeora ceramics at two different magnifications; ¢) and d) BCZTca
ceramics at two different magnifications.

The SEM images of BCZTeorac (Figure 6.3.4), taken using a backscattering emission mode, the ceramics

present a homogeneous grain size distribution (10 um).
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Figure 6.3.4 Representative SEM images (backscattering mode) of the fracture surfaces of sintered BCZT
ceramics. a) and b) BCZTepra ceramics at two different magnifications. Phenom Pro G2 SEM microscope.

6.3.3 Electrical characterization

As emerges from the XRD analysis, the use of citric acid in the synthesis step leads to a decrease of tetragonal
distortion, revealing a pseudo-cubic lattice structure in BCZTca ceramics. According to these results, all the
poled BCZTca ceramics did not show any piezoelectricity after 2 h. However, the use of EDTA in combination
with glycerol leads to high values of quasi-static piezoelectric coefficient, d33 =440 pC/N (d3;=- 160 pC/N) and
high electromechanical coupling factor k,=0.40. Due to the homogeneous microstructure the mechanical
losses obtained are low as the mechanical quality factor is high (Qm= 358). In Table 6.3.1 are shown also
elastic coefficients values. The electromechanical coupling factor and the frequency number of the planar
resonance, together with the regression factor (R2) of the reconstructed to the experimental spectra ((R, G)

plot in Figure 6.3.5), as indication of the reliability of the obtained parameters, are also shown.
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Figure 6.3.5 Equivalent representation of the impedance spectrum, (R, G) plot, used in the calculation of
material coefficients by the iterative automatic method. Symbols are the experimental data and lines are the
reconstructed peaks after coefficients calculation. Fundamental radial mode of resonance of a thin disk of

BCZTepra cEramics.

Table 6.3.1 Some relevant material coefficients obtained from the Radial mode of resonance of the sintered BCZTEDTAs
ceramics.

Properties

Density (g/cc) 5.26
Relative density (%) 91

d3; (pC/N) 440
R? 0.9986
ke (%) 40.35
Ny(kHz.mm) 2898
d’s; (pC/N) -160
Qp(dsi) 435
c’¥, (10*°N m™) 9.8038
Qm 358
£33 at 1 KHz 4790
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6.4 Conclusions

As alternative path, Pechini sol-gel route seems promising for identifying an alternative synthesis method for
producing BCZT ceramics. This method also allows for stoichiometric and microstructure control leading to

good electromechanical properties.

In particular, the effectiveness of glycerol as an esterifying agent was compared to ethylene glycol, and EDTA
as a chelating agent. Their combination was also tested. To verify the impact of these reagents, two different
synthetic processes for obtaining BCZT were developed: one using ethylenediaminetetraacetic acid and one
using citric acid in combination with glycerol. Diffraction analysis of the synthesised powders showed that
EDTA promoted the formation of a pure tetragonal phase of BCZT already at 900 °C. Moreover, it was found
that the synthesis with EDTA was more efficient for obtaining ceramics with homogeneous grains size and
respect to that with citric acid. Both the proposed sol-gel routes highly reduce synthesis temperature for
BCZT currently used in conventional solid-state routes which typically needs more than 1000-1100°C for

obtaining the same phase.

The results showed that the synthesis in which a combination of EDTA/glycerol was employed leads to
promising electromechanical properties (dss= 440 pC/N; dsi= - 160 pC/N; ko= 0.40), together with low
mechanical losses, due to homogeneous and relatively dense microstructure. In addition, this approach has
demonstrated that the use of glycerol for the synthesis of BCZT is effective and able to substitute ethylene
glycol. The use of citric acid seems to favour the persistence of unreacted precursors in the final material,

affecting the product density at the end of the process.

In addition, the substitution of the ethylene glycol with glycerol makes this synthesis less toxic.

This promising property opens a new synthesis route that also provides a reduction of the synthesis
temperatures. There is room for improvement by further reduction of the potential toxicity, for example by
replacing organic precursors. Furthermore, is it important to highlight that this synthetic route suffer of poor

scalability, principally due to the restricted amount of materials obtained per synthesis step.
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7 Solid State Processing of BCZT Piezoceramics Using
Ultra Low Synthesis and Sintering Temperatures

7.1 Introduction

Ferroelectric materials are a model of multifunctionality and new applications of complex compositions with
perovskite-type and related crystal structures [1] are being investigated currently in the emerging energy
fields of harvesting [2] and photovoltaic conversion [3] or those based on the magnetodielectric effect [4]. In
the consolidated field of piezoelectric sensors, actuators, motors and other devices using electromechanical
transduction, replacing the market-dominating PZT (Lead Zirconium Titanate)-based tridimensional
perovskite has been one of the most investigated materials research topics over the last two decades [5,6].
In this respect, one of the most promising complex oxides with an alternative, lead-free composition, which
respects the human health and protects the environment, is represented by the pseudo-ternary system
BaTiO3-BaZr0s-CaTiOs [7], commonly known as BCZT (Barium Calcium Zirconate Titanate). BCZT has lower
density than PZT (below 6 g/cm?3) and piezoelectric coefficient, dss,like the best hard PZT ceramics (up to 620
pC/N [8]). An advantage of BCZT in comparison with PZT is the lower volatility of raw materials, while the
main drawback is represented by the higher synthesis (up to 1350 °C) and sintering temperatures (up to 1500
°C) required for its processing by the solid-state route [9-13]A recent review shows that, in these materials,
dielectric and piezoelectric properties are closely related to an optimized ceramic microstructure (i.e., grain
size, microporosity, etc.), that depends essentially on the fabrication process [14]. Furthermore, both raw
powder particle size and sintered ceramic grain size play a crucial role in the optimization of the BCZT

piezoceramics properties [15].

Although some efforts have been paid to the reduction of the processing temperatures by using chemical
methods of synthesis [16-18], the use of a high thermal budget currently remains as a compulsory condition
to obtain high piezoelectric coefficients in BCZT by the solid-state route [19]. BCZT is one of the most
refractory lead-free piezoelectric materials, as it is also well-known for the unmodified barium titanate. This

means that, when the solid-state route is used, the synthesis of the compound is usually carried at or above
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1300 °C, for example in the seminal work [8]. More severe synthesis conditions are not unusual in the
literature, for example, 1350 °C for 15 h in oxygen atmosphere [20]. There are a few works in which the
synthesis is conducted at low conditions of 1250 °C for 2 h [21]. Only when more reactive powders are used,
such as a previously mechanosynthesized powder by energetic milling in planetary mill for 12 h or sol-gel
derived powders, very-low synthesis conditions of 900 °C for 1 h [22] or 1000 °C for 6 h [17], respectively, are

reported.

As for the sintering conditions used by solid-state route, we can currently find reports of severe thermal
treatments as, for example, 1450-1500 °C in the mentioned seminal work [8] or 1500 °C for 4 h in air, when
using and additional mixing for 8 h after synthesis [23] or 1450 °C for 8 h in air [24]. Even when using
synthesized sol-gel powder, the sintering was reported at 1420 °C for 6 h when the powder was ball-milled

for 16 h after synthesis [17] or 1500 °C for 10 h [25].

However, ball-milling has proven to be effective in reducing the processing temperatures of electroceramics
[26,27]. What is more, attrition ball-milling is very effective in homogenizing the particle size of raw materials,
which leads to the decrease in the synthesis temperature, as previously reported for other lead-free materials
[28,29]. Furthermore, another attrition ball-milling after synthesis seems to be necessary to decrease the
sintering temperature, by reducing the initial particle size of calcined powders [30]. This is because the driving
force for sintering is inversely proportional to the particle size, as previously reported [31]. However, in the

case of BCZT piezoceramics, attrition milling for solid-state processing studies are lacking.

Within such context, the present investigation aims to analyse the effect of attrition ball-milling on the
processing temperatures, the microstructural and piezoelectric properties of the here fabricated high

sensitivity BCZT ceramics using the solid-state route.
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7.2 Materials and Methods

7.2.1 Materials

Ceramic powders of nominal composition (Baos, Caoos) (Tio.ss Zroos) O3 [32] (abbreviated as BCZT) were
prepared by a solid-state route starting from a stoichiometric mixture of BaCOs (Merck, Darmstadt, Germany,
>99%), CaCOs (Sigma Aldrich, St. Louis, MO, USA, >99%), TiO, (Merck, of nominal purity >99% composed of

85 wt.% of anatase and 15 wt.% of rutile) and ZrO, (Tosoh, Tokyo, Japan, monoclinic polymorph >99%).

7.2.2 Powder and Ceramics Processing

The raw materials were dried at 80 °C overnight, weighted according to the nominal composition indicated
above and, finally, mixed. To activate these raw materials, they were mechanically treated by attrition ball
milling (BM). For this process, to prevent contamination, a stainless-steel vial internally coated with Teflon®
was chosen. Then, the mixed raw materials were milled for 6 h at 700 rpm in isopropanol as liquid medium
with 3Y-TZP balls (d = 3 mm) with a Ball to Powder weight Ratio (BPR) of 30, according to previous adopted

approaches [28,29,33].

The as-obtained slurry was then transferred into a beaker and heated in an oven at 80 °C to eliminate the
solvent. Thermal characterization was conducted by a TG-DSC Q600 TA Instrument. Samples of mixed raw
materials and ball-milled powders for 6 h were annealed from room temperature to 1100 °C with a heating
ramp of 5 °C/min. The ball-milled powders were calcined in an electrical furnace, in air, inside a crucible

covered with a lid. The calcined powders were ground to obtain a fine particulate material.

The influence of a second attrition ball milling on the ceramic microstructure was evaluated. For this purpose,
(i) one fraction of the batch previously calcined and ground was directly sieved down to 50 um (1 BM: one
step milling process) and (ii) other fraction of the batch was attrition ball-milled again for 3 h within the same

vial formerly used and was subsequently dried and sieved (2 BM: two-steps milling process).

Disc-shape pellets from each type of powder were obtained by uniaxial pressing (3 min 1.2 tons). Likewise,

the discs of both 1 BM and 2 BM powders were sintered under the same conditions. Different sintering times
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and temperatures were explored using a heating rate of 3 °C/min. The bulk densities were determined by

the geometric method.

7.2.3 Structural and Microstructural Characterization

Structural investigations were conducted using a Bruker D8TT Advance diffractometer with a Cu anode (A =
1.54178 A) working at 40 kV and 30 mA with a graphite monochromator in a step-scanning mode from 20°
to 60° (26°), using 0.07° as step size and 2 s of integration time. For the sake of determination of secondary
phases, more detailed patterns were acquired with 0.07° step and 4 s. Ceramic microstructure
characterization of the fresh fracture surface of the pellets have been accomplished using a scanning electron
microscopy (SEM G2 pro; Phenom, Thermo Fisher Scientific, Waltham, MA, USA, operated with a beam

voltage of 5 kV).

7.2.4 Dielectric and Electromechanical Characterization

In order to measure electric properties, pellets of approximately 12 mm diameter were reduced in thickness
by polishing to a typically 1mm thickness. Silver paste was attached on both surfaces of the thin disks and
sintered at 400 °C for 1 h. After that, the conductivity of the electrodes, the DC resistance of the disk and the
dielectric permittivity and losses at 1 kHz of the samples were measured at room temperature. Samples were
poled in thickness under 10-15 kV.cm™ at 40 °C for 1 h in a silicone oil bath, followed by field cooling (FC) to

room temperature for the piezoelectric characterization.

The quasi-static ds; piezoelectric charge coefficient, which characterizes the sensor performance of the
ceramic in the poling field direction, was measured with a Berlincourt dss-meter at 100 Hz. Complex
impedance as a function of the frequency was measured with an impedance analyzer (HP 4192A-LF) at the
radial extensional resonance of the thickness poled thin disks. The impedance was plotted as Resistance(R)
and Conductance (G) vs. frequency plots. The related piezoelectric, dielectric and elastic material coefficients,
including all the losses, were determined using the software for automatic iterative analysis of R and G vs.

frequency curves [34]. The residuals for these reconstructed R and G peaks to the experimental ones,

qguantified by the regression factor (1{2), accounts for the validity of the material model for the resonance
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mode. The closer is the model to the experimental curves; the closer is B2t0 1. For the planar mode, the
complex material coefficients (P* = P’ - iP") directly determined in this analysis are the piezoelectric charge
coefficient, dsi, the dielectric permittivity, €'s3, and the elastic compliances, sti: and sf1,. Additionally, a few
other material coefficients are determined by the software from those, using well known relationships. These
allow us to analyze the performances of the ceramic as generator (piezoelectric voltage coefficient gs1) and
as energy transducer (electromechanical coupling factors (Kp, Ks1) and frequency number (N, = fi(kHz).
D(mm), where D is the diameter of the disk)). Losses can be expressed for each material complex coefficient
as loss tangent factor (tand = P"”/P’), commonly used for the dielectric coefficients, or as a quality factor (Q =

P’/P"), commonly used for the elastic coefficients.

7.3 Results and Discussion

7.3.1 Processing and Characterization of the Powders

The influence of the mechanical processing on the activation of the starting raw materials, has been
evaluated by Thermogravimetry and Differential Scanning Calorimetry (TG-DSC) measurements reported in
Figure 7.3.1. The weight loss process of BCZT mixed raw materials, as shown in Figure 7.3.1(a), can be
summarized in two main stages. At the first stage a weight loss of 2% is observed (green solid line) between
600 and 700 °C and it is associated with an endothermic peak in the corresponding DSC profile (blue solid

line). This thermal event could be correlated with the decomposition of CaCOs to CaO and CO,.
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Figure 7.3.1 Thermal analysis (green solid line is weight of powder and blue solid line is heat flow) of mixed
raw materials before a) and after b) attrition milling treatment for 6 h.

The second weight loss of around 19% occurred between 700 and 1000 °C and coincides with two
endothermic peaks. According to the literature, the first sharp endothermic peak at ~824 °C, could be due
to the reversible phase transformation a-BaCOs;—>B-BaCOs, while the second one, peaked 854 °C, is related
to the decomposition of carbonates and formation of perovskite BCZT [35,36]. The broad exothermic peak
around 1000 °C can then be ascribable to the crystallization of BCZT powders. The powder milled for 6 h,
presents interesting differences in terms of TG-DSC profiles, as showed in Figure 7.3.1(b). A first weight loss
of 4% in the temperature range of 300—400 °C can be related with the evaporation of the organic compounds

formed during the milling treatment performed using isopropanol. The endothermic peak associated with
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the first decomposition of calcium carbonates appeared at lower temperature of 474 °C, if compared with
those of the unmilled system. Interestingly, the main weight loss of 13% related to the endothermic events,
which lead to the formation of BCZT phase, occurred between 500 °C and 700 °C, temperatures significantly

lower than those achieved for the mixed raw materials.

To confirm the results of the DSC/TGA analysis, different synthesis treatments have been performed on the

ball-milled powders at the different characteristic temperatures of the milled powder.

The evolution of the crystalline phases with the synthesis temperature has been investigated by using XRD
analysis (Figure 7.3.2(a)) showing logarithmic scale intensities to highlight the occurrence of secondary weak
phases that can escape the common analysis in the linear intensity domain, as the fraction of the BCZT
perovskite is always estimated as being higher than 95% vol. The bottom pattern, corresponding to mixture
of the raw materials after 6 h milling, shows a mixture of orthorhombic Witherite BaCOs; (Pncm, a = 5.2926
A, b=8.947A1,c=6.4309 A, Vc = 304.52 A3, not far from the value of 303.80 A reported in the literature),
with an amount of ca 70.0 wt.% The residual 30.0 wt.% of the pattern was mainly TiO, in the anatase
tetragonal form. There are also traces coincident with some peaks of monoclinic ZrO, and tetragonal rutile
of TiO,, but their appreciation is deteriorated by the noise of data. In such phase, the analysis CaCOs is
missing, which was included originally under the form of Calcite. To explain this, notice that the orthorhombic
aragonite polymorph of CaCOs is reported in the literature with the same space group of witherite and having

lattice parameters a = 4.9652 A; b = 7.9636 A; and c = 5.7484 A, respectively.
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Figure 7.3.2 a) XRD diffraction patterns of the powder ball-milled for 6 h and calcined under variable time
and temperature. Symbols indicate the secondary phases that accompany the main Barium Calcium
Zirconium Titanate (BCZT) perovskite. Vertical dotted lines indicate the main BCZT perovskite reflections that
are marked with the Miller indexes for the tetragonal prototype. b) Rietveld analysis of the calcined powder
at 700 °C for 2 h, in which both BCZT and Calcium Titanate (CTO) stick patterns are shown.

The second pattern from the bottom of Figure 7.3.2(a), corresponding to the milled powder treated at 475

°C, refers again to a mixture of Witherite and anatase in similar proportion 70.0 wt.% and 30.0 wt.%, where

the lattice parameters for the orthorhombic phase evaluated this time are a = 5.3094 A; b = 8.9053 A and ¢

= 6.4444 A, Vc = 304.70 A3, respectively. The differences observed in the lattice parameters reported here
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may be ascribed to the incorporation of ions into the orthorhombic dominant lattice of pure Witherite, which
is partially destabilized with creation of various kinds of defects. Furthermore, the sharper peaks observed
with respect to the as-milled powder are due to a growth process of the diffracting domain size, accompanied

by a reduced degree of lattice disorder, affected by the thermal treatment conducted.

The main perovskite of BCZT is formed after treatment at 590 °C, as shown by the third pattern from the
bottom of Figure 7.3.2(a) (green curve). This temperature corresponds well with the main endothermic peak
of DSC analysis and the main weight loss of TGA, at 582 °C, in Figure 7.3.1(b). At this temperature some

residual raw materials (TiO2 and ZrO,), and a secondary phase (CaTiOs) can also be observed.

By increasing the temperature to 650 °C, the small amount of TiO, cannot be observed anymore, but weak
peaks attributable to monoclinic ZrO, and CaTiOs; are still observed. The XRD analysis of the powder treated
at 700 °C for 30 min (orange curve) shows weak shoulders marked with ¢ suggesting the formation of a
secondary cubic compound, which might correspond to BaZrOs; derived from ZrO, as previously reported
[22,37]. However, the 26 location of such shoulders occurs at values significantly different from those
reported in the literature (JCPDS 6-0399), leading to a cubic lattice parameter a = 4.12 A (to compare with
the known value 4.18 A). Moreover, another intermediate compound virtually disappears when increasing

the dwell time to 2 h (light green curve).

Increasing the synthesis temperature to very high temperature (1350 °C) leads to the mentioned huge weight
loss and the undesirable hard sintered powder agglomerates. After treatment at 1350 °C, the powder seems
not to be either a single-phase BCZT, although it does not contain CaTiOs and has a higher distortion than

that obtained at 590 °C (c = 4.0234 A, a = 4.0020 A, c/a = 1.005).

The reduction of the raw materials particle size leads to a decrease in synthesis temperature due to the
creation of new surfaces and higher number of contact points between the particles. Moreover, the
optimization and the particle refinement of the carbonates during their decomposition play a key role in the

reduction of synthesis temperature to the formation of the BCZT ceramic by solid-state route [38].
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As mentioned above, high-energy attrition ball milling is very effective in reducing the particle size of the raw
materials. This is evident by comparing SEM images of unmilled powders (0 h) and attrition ball-milled

powders for 6 h, as shown in Figure 7.3.3 (a) and (b), respectively.

Figure 7.3.3 Shows the SEM micrographs of a) the mixed raw materials and b) the same mixture after
activation by particles size reduction and homogenisation using attrition ball-milling and attrition ball-milled
powders.

7.3.2 Processing and Characterization of the Ceramics

The comparison of the patterns for both ceramics sintered at 1260 °C for 30 min with (2 BM) and without (1
BM) a ball milling after synthesis reveals little differences from the structural point of view (Figure 7.3.4).
However, in these two groups of samples, the density increased slightly from the sample 1 BM (4.5 g/cc) to

the sample 2 BM (4.6 g/cc).
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Figure 7.3.4 XRD diffraction patterns of the sintered ceramics, after synthesis at 700 °C for 30 min, at different
sintering times and temperatures using a single sintering plateau, with and without a second ball milling
treatment after synthesis (2 BM and 1 BM, respectively). Vertical dotted lines indicate the main BCZT
perovskite reflections.

When using a one-step sintering method (Figure 7.3.5), the increase in the temperature or time of the
sintering treatment fails to reduce the content of second phases (barium zirconate, titanium oxide, zirconium
oxide and calcium titanate together with other, most probably transient, phases, such as BaCaTiOQ,). This can

be due to the incomplete incorporation of Zr* into the B crystallographic site in this secondary phase [19].
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Figure 7.3.5 XRD diffraction patterns of the ceramics obtained by calcinating the powders at 700 °C for 30
min and subsequent sintering of the pellets at different sintering times and temperatures, using a single
sintering plateau. Vertical dotted lines indicate the main BCZT perovskite reflections. The secondary phases
that accompany the main BCZT perovskite are marked.

Previously [39], an enhanced sintering behaviour was observed in barium titanate by treatment of the
aqueous processed powder at 950 °C for 15 h or performing such a treatment during heating of the samples
up to the sintering temperature. Based on this, in light of the thermal analysis of the calcined and milled
powders where the main exothermic peak can be observed at 900 °C (Figure 7.3.1(b)), a set of two-steps
sintering experiments was conducted at 900 °C and different sintering times ranging between 1 and 4 h. The
final sintering temperature was 1280 °C. The starting powder was synthesized at 700 °C for 2 h, aiming to
enhance its homogeneity.

As shown in Figure 7.3.6, after an appropriate two-step sintering treatment (900 °C/3 h and 1280 °C/6 h) the
secondary phases, such as raw materials and intermediate compounds, volatilize or incorporate into the main

BCZT perovskite.
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Figure 7.3.6 XRD diffraction patterns of the sintered ceramics after synthesis at 700 °C 2 h using a two-step
sintering method at different sintering times and temperatures. Vertical dotted lines indicate the main BCZT
perovskite reflections. Symbols indicate the secondary phases that accompany the main BCZT perovskite.

As mentioned at the beginning, the interesting piezoelectric properties are ascribable to the main tetragonal
phase ascertained and characterized. Accordingly, Table 7.3.1 shows the lattice parameters and the ratio c/a

of the main perovskite phase.

Table 7.3.1 Rietveld analysis of the sintered ceramics after synthesis at 700 °C and 2 h under variable time
and temperature using a two-step sintering.

Cell Parameters Cell Parameters Tetragonal Main
Sintering Conditions (A) (A) Distortion Perovskite

c a c/a Phase G.P.
900°C/1h+1280°C/2 h 4.0237 4.0030 1.005 P4mm BCZT
900°C/1h+1280°C/4 h 4.0306 4.0090 1.005 P4mm BCZT
900 °C/2 h+1280°C/4 h 4.0216 4.0011 1.005 PAmm BCZT
900 °C/2 h + 1280 °C/6 h 4.0143 3.9978 1.004 PAmm BCZT
900 °C/3 h + 1280 °C/6 h 4.0235 4.0099 1.003 Single Phase PAmm BCZT
900 °C/4 h + 1280 °C/6 h 4.0205 4.0030 1.004 Single Phase P4Amm BCZT
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Figure 7.3.7 shows the SEM micrographs of the fractured surfaces of the sintered ceramics obtained from
powder calcined at 700 °C for 30 min and subsequent sintering of the pellets at different sintering times and

temperatures using a one-step sintering method.

Figure 7.3.7 Scanning electron micrographs of the sintered ceramics obtained from powder calcined at 700
°C for 30 min, and subsequent sintering of the pellets at different sintering times and temperatures, using a
single sintering plateau: a) 1150 °C for 1 h, 1 BM b) 1260 °C for 30 min, 1 BM, ¢) 1260 °C for 30 min, 2 BM d)
1280 °Cfor 2 h, 2 BM, e) 1280 °C for 4, 2 BM and f) 1300 °C for 4 h, 2 BM.

By comparing Figure 7.3.7(a,b), it is evident that insufficient sintering temperature does not allow adequate
grain growth. Furthermore, the samples (a) and (b) show an intergranular fracture, due to weak grain
boundaries.

The comparison of images in Figure 7.3.7(b,c) of sintered ceramics under the same conditions proved that
the second attrition ball milling promotes the grain growth using the same temperature. As the temperature
increases, the grain size also increases and as the time (at the same temperature) increases, the homogeneity
of grain size increases.

The underlaying mechanism of these development is the enhancement of the calcined powder reactivity
through the dispersion of agglomerates of submicron size particles, which promotes higher contact points

where the mass transport needed for the sintering is activated, confirmed by SEM analysis. By comparing

Marzia Mureddu — PhD Thesis in Chemical Science and Technologies



167

images in Figure 7.3.7(c,f), it is clear that the increase of the sintering time and temperature fails to eliminate
the secondary phases, even though grain growth is promoted (from 2 um to about 12 um) and the samples
reveal a majoritarian transgranular fracture, due to stronger grain boundaries. Figure 7.3.7(f) shows a
degraded sintering stage with intragrain porosity. Therefore, single-step sintering is not effective in
eliminating the secondary phases.

Figure 7.3.8 shows the SEM micrographs of the fractured surfaces of sintered ceramics obtained from
powder calcined at 700 °C for 2 h and subsequent sintering of the pellets at different sintering times and

temperatures using a two-step sintering method.

Figure 7.3.8 Scanning electron micrographs of the sintered ceramics obtained from powder calcined at 700
°C and subsequent sintering of the pellets at different sintering times and temperatures using a two-step
sintering method: a) 900 °C for 1 h/1280 °C for 2 h b) 900 °C for 1 h/1280 °C for 4 h ¢) 900 °C for 2 h/1280 °C
for 6 h and d) 900 °C for 4 h/1280 °C for 6 h.

As shown in Figure 7.3.8, an appropriate two-step sintering treatment promotes grain growth and allows the

amount of crystallized secondary lamellar phase to decrease, resulting in a nearly pure BCZT perovskite
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phase. The preliminary sintering step stabilizes the powder phase and promotes the decrease of secondary
phases. During this step, the porosity created by the elimination of the secondary phase promotes adequate

grain growth during the second sintering step (from about 6 um to 20 um).

7.3.3 Electrical Characterization

The electrical characterization was accomplished together with the structural one and with the
determination of grain and porosity of the sintered ceramics. This allowed us to evaluate the structural and
ceramic microstructural features that influenced the poling process of the sintered ceramics and determined
the final material properties. All this provided integrated feedback for the decision taking stage for the next
steps of the processing of the materials, aiming to get the optimal electromechanical activity of these high

sensitivity piezoceramics.

Table 7.2 shows the preliminary electrical characterization of the ceramics sintered from powder calcined
with the thermal budget of 700 °C for 30 min. The optimum sintering conditions for getting the highest
density, resistivity and ds3 piezo coefficient together with the lowest dielectric losses corresponds to a 2 BM
ceramic sintered at 1280 °C for 4 h. These sintering conditions are well below those reported in the literature
for solid-state route of processing, as explained in the introduction of this manuscript, to produce dense
solid-state BCZT ceramics. This temperature reduction depends on the reactivity of the synthesized powder
at these ultra-low conditions and reactivated by the second ball milling that aims to increase the grain size
(Figure 7.3.7) and density of the sintered ceramic (Table 7.3.2). One could think that the simple action of
increasing the sintering temperature could lead to a sample with better overall performance. Contrarily, the
XRD pattern of Figure7.3.5 and the SEM micrograph Figure 7.3.7 of the sample sintered with this higher
thermal budget show that the ceramic microstructure suffers a degradation. It shows lower density and
intergranular porosity and, besides, that the secondary phases are not eliminated, which results in lowering

the overall performance.
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Table 7.3.2 Some properties of the sintered ceramic disks, after synthesis at 700 °C for 30 min., under variable
time and temperature using a single sintering plateau.

Properties\Sintering 1150 °C 1269 °C 1280 °C 1280 °C 1300 °C

. 1h 30min 2h 4h 4h
Conditions

(1BM) (2BM) (2BM) (2BM) (2BM)

Density (g/cc) 4.34 4.60 5.02 4,78 4.41
Relative density (%) 74 78 86 81 75
Resistance (MQ) 0.6 0.4 2 30 15
Resistivity(MQ-cm) 7.2 8.3 20.9 310.7 143.8
€'T/tand 1671 3396 2306 1903 2463
(at 1kHz) 0.264 0.543 0.286 0.159 0.175
ds3 (pC/N) @ 38 52 185 189 125

1 pefore poling; ' from Berlincourt meter at 100 Hz.

The relatively low performance of the mentioned best sample in this set of experiments, specifically the low
ds3 piezo coefficient (189 pC/N) reveals the key importance of the intergranular secondary phases (Figure
7.3.5 and Figure 7.3.7) in the ceramic functionality. Table 7.3.3 shows the preliminary electrical
characterization of the ceramics sintered from powder calcined at 700 °C for 2 h and milling after synthesis
using a two-step sintering method and the optimum final sintering temperature determined previously. The
first thing that calls the attention to these results is that whereas the increase of the time at 1280 °C (from 2
to 6 h) results in an increase of density, the increase of the time at 900 °C (from 2 to 4 h) results in a decrease
of the secondary phase. A simple discussion of the properties in terms of the variation of the density is not
applicable here. The reason could be that there are two competitive driving forces in the thermal evolution
of the microstructure. On the one hand, secondary phases can be observed in samples with only one sintering
step (Figure 7.3.5 and Figure 7.3.7) and the first stages of sintering with two-step (Figure 7.3.6 and Figure
7.3.8) as pale liquid phase and crystallized lamella. These phases either volatilize or incorporate into the main
BCZT grains from the intragrain volume, mainly at 900 °C, leaving a residual porosity. On the other hand, the
reduction of the porosity and increase of grain size, mainly at 1280 °C, is more effective as the time at this
temperature increases. However, the elimination of the secondary phases seems to be completed only after
3 hat 900 °C (Figure 7.3.7) and it seems to create an increasing porosity as the time at 900 °C increases. The
densification procedure, at the last step of 1280 °C for 6 h, is limited when the sample is at 900 °C for 3 h and

4 h and their density decreases, though their porosity is constituted by micron-size porosity, which is
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homogeneously distributed. Additionally, these ceramics have a single phase BCZT composition (Figure 7.3.6
and Table 7.3.1) with homogeneous grain size above 10 um (Figure 7.3.8). Despite the ultra-low conditions
of synthesis and sintering used for their processing, their optimized structure and microstructure resulted in

the achievement of high sensitivity BCZT ceramics (dss; piezo coefficient > 400 pC/N).

Table 7.3.3 Some properties of the sintered ceramics after synthesis at 700 °C for 2 h under variable time
and temperature using a two-step sintering method.

Properties/ 900°C/1h 900°C/1 h 900 °C/2 h 900°C/3 h 900 °C/4 h
Sintering 1280°C/2h  1280°C/4 h 1280°C/6h  1280°C/6h  1280°C/6h
Density (g/cc) 4.30 4.45 4.47 4.32 4.28
Relative density (%) 73 76 76 74 73
Resistance (MQ) 5 8 9 1 2
Resistivity (MQ-cm) 58.9 80 106 13 30.7
£'T/tané 2100 2014 2158 3052 2833

(at 1 kHz) 0.326 0.282 0.262 0.511 0.251

ds3 (pC/N) 2 145 200 140 405 455

[ pefore poling; ¥ from Berlincourt meter at 100 Hz.

Resonance measurements at the planar mode of the electrically induced electromechanical resonance were
made to complete the characterization of selected ceramic samples with important piezoelectric
performance (ds3 > 150 pC/N) with the calculation of piezo-elastic-dielectric coefficients including all losses
by the iterative method (Table 7.3.4). In addition to this, and for the sake of comparison, a low density and
fine grain size ceramic (<5 um) prepared without a second ball milling from powder sintered at 700 °C for 30
min (Figure 7.3.5) and a dense ceramic (4.90 g/cc) prepared from powder synthesized at 1350 °C for 4 h and

sintered at 1450 °C were also analysed.
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Table 7.3.4 Some relevant material coefficients obtained from the Radial mode of resonance of the sintered
ceramics after synthesis at 700 °C under variable sintering method. The complex material coefficients (P = P’
+iP") are given as real part (P') and losses (piezoelectric and mechanical Q factor (P’/P") and dielectric tand
(P"/P’)). The data for the sample calcined at 1350 °C are also shown for comparison.

900 °C 900 °C 900 °C

:::t'::ir:ges\ i1h50 € 1280°c  1280°c  1h 3h 4h 1450°C
o aevy 2" 4h 1280°C  1280°C  1280°C 3h™
4h 6h 6h

R 09996 09997 09995 09998  0.9999 009975  0.9964
ko (%) 4.65 15.36 19.02 23.23 29.31 35.12 27.82
Np(kHz.mm) 2652 2740 2874 2897 2339 2559 2742
d's: (pC/N) ~9.89 363 450 557 ~99.6 21088 -68.17
Qlds1) 79 38 49 46 49 21 130
el 947 1458 1542 1498 1897 1797 1540
tand 0.026 0.029 0.022 0.021 0.020 0.078 0.013
g's1 (pC/N) ~1.18 -2.81 -3.30 -4.20 -5.93 ~6.81 5.0
cP

- 7.36 8.71 8.93 8.41 5.40 6.57 8.40
(10N m™)
Qn 208 162 197 188 120 155 157

W = sf11/st1, 1 calcined at 1350 °C for 4 h.

The fine grain ceramic with low density and secondary phases sintered at 1150 °C for 1 h is characterized by
a low k, electromechanical coupling coefficient, low ds; and gs1 coefficients, together with a low permittivity
at resonance £’§3 and a high mechanical quality factor Qm. Contrarily, the ceramic sintered at 1450 °C (ds; =

210 pC/N) has high coupling and piezoelectric coefficients, higher £’§3 and lower Qm.

Among all ceramics prepared with ultra-low synthesis and sintering treatment and a second ball milling after
synthesis, the performance of those obtained with one sintering step compares well from the mechanical

and dielectric permittivity points of view, but they have lower coupling factor and piezoelectric coefficients.

Table 7.3.5 shows a comparison of the piezoelectric coefficient (ds3) of different compositions of BCZT
ceramics prepared by different synthesis methods, such as solid-state and other synthesis routes and with
Li-doping, a well-known agent to enhance sinterability. The composition more commonly reported in the
BCZT ternary system is the (Bao.ssCao.1s) (Zro.10Tio.90) O3 (BCZT1510) while the nominal composition under study
in the present work is the (Bao.s2Cao.0s) (Zro.0sTio.ss) O3 (BCZTO805) of which scarce information exists in the

literature.
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Table 7.3.5 Comparison of the piezoelectric coefficient (dss) of different BCZT compositions prepared by
different synthesis routes. SSR = solid-state route.

Synthesis Method :y(r:;?esns :n:ltce)rmg ?;‘:: /N) Composition Reference
SSR 1200 1450 365 BCZT0805 [32]
Li-modified
SSR 1100 1250 340 BCZT0102 [40]
1450

SSR 1350 1500 620 BCZT1510 [8]
SSR 1250 1420 406 BCZT1510 [17]
SSR 1250 1400 410 BCZT1510 [21]
SSR 1250 1400 300 BCZT1010 [21]
SSR 1300 1500 330 BCZT1510 [10]
SSR 1200 1450 328 BCZT1610 [41]
Mechano-activation 900 1450 270 BCZT1510 [22]
Sol-gel 1000 1420 540 BCZT1510 [17]
Pechini 700 1275 390 BCZT1010 [16]
Hydrothermal 240 1300 164 BCZT1510 [18]

The performance of the optimized ceramics prepared with ultra-low synthesis and sintering temperatures
with two-step sintering (900 °C for 3 h and 4 h and 1280 °C for 6 h) and a second ball milling after synthesis
is characterized by higher piezoelectric sensitivity (coupling and piezoelectric coefficients) and higher
dielectric permittivity, together with and moderate dielectric losses after poling and lower mechanical quality
factor than the ceramics here prepared at 1450 °C for 3 h. Table 7.3.5 also shows that the performance of
these ceramics surpass the one of many other BCZT ceramics processed with higher temperatures. This takes
place as a result of their chemical, crystallographic and microstructural homogeneity and absence of

secondary phases.

7.4 Conclusions

A novel route of fabrication of BCZT piezoceramics, based on attrition milling in isopropanol, was developed.
The efficiency of the attrition milling for 6 h in isopropanol is evidenced by the reduction of the temperature
for the formation of the main perovskite structure, 854 °C in the unmilled powder to 582 °C for the 6 h milled

powder.
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The strong weight loss at the conventional synthesis conditions (1350 °C for 4 h) was drastically reduced by
using an ultra-low thermal budget of 700 °C for 30 min. This leads to the formation of a majoritarian
perovskite-type structure BCZT compound. However, in-depth analysis by XRD and SEM revealed that even
for synthesis at 590 °C for 15 min, some secondary phases, mainly CaTiOs, are formed simultaneously to the

BCZT compound.

The sintering temperature of 1280 °C was found optimum, well below those conventionally reported (>1400
°C), due to the high reactivity of the powder calcined at ultra-low temperature. A second attrition ball milling
after synthesis improved the grain size of the sintered ceramic body, while having little effect on the content
of secondary phases in the final ceramic. Sintering at 1280 °C for 4 h gives place to a better densification and
final properties than sintering at 1300 °C for 4 h. However, for this ultra-low sintering conditions, the best
properties obtained (dss = 189 pC/N, k, = 19%, Qm = 197) are below the expected values, because of the

persistence of secondary phases.

To enhance sinterability, two-step sintering was conducted from powder synthesized at 700 °C 2 h. By this
method, single-phase perovskite BCZT ceramic with high piezoelectric sensitivity were obtained for sintering
at 900 °C for 3 h and 900 °C 4 h, with final plateau of 1280 °C for 6 h. The best electromechanical properties
achieved were ds;3 = 455 pC/N, kp = 35%, Qm = 155. The results have been published in Materials 2023, 16(3),

945; https://doi.org/10.3390/ma16030945 .
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8 BaZr03-BaTi03-CaTiOs; piezoceramics by a water-based
mixed-oxide route: synergetic action of attrition milling
and lyophilization

8.1 Introduction

Nowadays, the mainstream to avoid contamination to the soil, adjacent water bodies and the atmosphere
when manufacturing, together with the trend to use environmentally benign raw materials and chemistry,
have generated a high interest in water-based processing routes [1]. Piezoelectrics are an important class of
electroceramics with wide range of applications, including clean and sustainable energy generation by
piezoelectric harvesting. This field of research faces the challenge of substituting traditional compositions,
which contains toxic lead-oxide, for the so-called “lead-free” compositions [2,3]. Compositions in the pseudo-
ternary system of solid solutions BaZrOs-BaTiO3-CaTiOs; (BCZT) are among those more promising for this
replacement due to their high sensitivity [4-6]. In this context, exploring environmentally friendly routes for

fabrication of lead-free ceramics becomes a considerably important issue.

The most widely used route for preparing piezoelectric ceramics is the solid-state route, also called mixed-
oxides route, which is easy to carry out and scalable for industrial fabrication. Basically, it involves four steps.
First, raw materials (oxides and carbonates) are mixed and wet milled, and the obtained slurry is dried in an
oven, aiming to get a fine particle size and homogeneous powder. The second step is the solid-state synthesis
at high temperature to form the solid solution, process also called calcination. Afterwards, the calcined
powder is wet milled again to break hard agglomerates, which prevents non-uniformity and exaggerated
grain growth. This process benefits the fourth and last step, which is the sintering at high temperature to
obtain a dense ceramic body. One of the drawbacks of the BCZT compositions are the long times of milling
(up to 24h) and the high synthesis temperature (above 1300°C) and further high sintering temperatures (up
to 1500°C) needed for its fabrication by solid state route [5,7-9,10-12]Therefore, the development of
alternative processing routes with reduced thermal budget has focused interest towards scalability to

industrial fabrication [13-17].
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Up to date, there are numerous articles in the literature dealing with different solid-state routes of preparing
BCZT by milling in diverse liquid media, such as isopropanol [17], ethanol [11,12], unspecified alcohol
[7]acetone [10],among others. However, scarce work [18,19] has been carried on in the processing of
piezoelectric ceramics by mixed oxides route in water media. Particularly with regard to BCZT ceramics,
previous reports using aqueous-based solid-state routes are lacking. One of the reasons why water is not
used as liquid media for milling is because drying a water-based slurry is much slower than drying in any other
organic solvents and, therefore, the risk of segregation of reactants as a function of the densities is higher.
Besides, the common water sensitiveness of the ceramic powders and the consequent leaching of material
components is considered a major drawback for water-based processing synthetic BCZT powders, leading to
rather elaborated formation of surface treated BCZT particles for use in ceramic fabrication via colloidal
methods (tape casting, slip casting, etc.) [20,21].The reason for the detrimental effects of water is believed
to be the instability of alkaline-earth titanates in water causing their hydrolysis. Nevertheless, BaTiOs is
produced commercially by the water-based hydrothermal synthesis [22] and there are, as well, examples in
the literature of such a kind of synthesis [23]. It seems worthwhile to test if the restrictions to use water-

based processing of BCZT could be related to the need of using prolonged milling times.

In this regard, attrition ball milling is believed to produce the finest product for a fixed energy input, and it is
a technique widely used in industry. Recently, the authors of this work have shown the feasibility of
fabrication of BCZT piezoceramics benefiting of ultra-low synthesis and sintering temperatures thanks to the

efficient attrition ball milling in isopropanol [17].

Lyophilization or freeze drying consists on the sublimation of the ice at reduced pressure in a completely
frozen sample. It is a fast-drying process, which is widely used in industry and research because of the
easiness of use, cheapness, speed and reproducibility. That is the case of food industry [24,25],
pharmaceutical industry [26], agricultural biotechnologies [27], vaccine delivery [28], microbiology [29], oral
and dental tissue engineering[30], bone tissue engineering[31], etc. Furthermore, this is a water-based drying
procedure and, therefore, an environmentally friendly process. There are examples in the literature of

ceramics prepared by lyophilization [32-38].In general terms, an aqueous suspension of the ceramic particles
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is prepared, homogenized and frozen, so as to preserve the uniformity of the suspension at all points. Such
a suspension is lyophilized, giving rise to a uniform powder, without segregation of components,
homogeneous in composition. However, to the best of our knowledge, up to date no works have been
published regarding lyophilization in the production of bulk piezoelectric materials. Only a few recent works
can be found in the literature regarding specific unidirectional porous freeze-casted piezoelectric materials,

hierarchically structured [39,40].

In this context, the use of water for wet milling in an environmentally benign processing of BCZT relies on the
one hand, on reducing the commonly used prolonged times of milling and, on the other, on using a drying
procedure that keeps homogeneity by avoiding particle agglomeration and segregation. The aim of this work
is to investigate a novel mixed oxides route of fabrication of BCZT piezoceramics, based on milling in water.
This will be done by using attrition milling combined with non-oriented-freezing and subsequent
lyophilization before calcination. The possibility of reducing the thermal budget of both the calcination and
sintering steps will also be tested. Subsequently, the effect of this route on the structural, microstructural

and electromechanical properties of the ceramics will be evaluated.

8.2 Materials and methods

8.2.1 Materials

Ceramic powders of nominal composition (Bao.s2 Cao.os) (Tio.os Zro.os) Os [7], abbreviated as BCZT0805, were
prepared by a solid-state route starting from a stoichiometric mixture of BaCOs (Merck, Darmstadt, Germany,
>99%), CaCOs; (Sigma Aldrich, St. Louis, MO, USA, >99%), TiO, (Merck, of nominal purity >99% composed of

85 wt.% of anatase and 15 wt.% of rutile) and ZrO, (Tosoh, Tokyo, Japan, monoclinic polymorph >99%).

8.2.2 Powders and Ceramics Processing

The raw materials were dried at 80°C overnight, weighted according to the nominal composition indicated
above and mixed. Once mixed, these raw materials were mechanically treated by Attrition Ball Milling (ABM)

at 700 rpm for 5-6 hours in distilled water as liquid medium. The powder mixture to be ground is placed in a
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tank of 500 ml with the grinding media. For minimum wear and contamination, media should be harder than
the particles to be ground, thus, 3Y-TZP balls (d = 3 mm) with a Ball-to-Powder weight Ratio (BPR) of 30 were
used, according to previous adopted approaches [13]and because higher slurry viscosity can reduce particle
mobility. For this process, to prevent contamination, a stainless-steel tank, internally coated with Teflon®

was chosen.

The as-obtained slurry was dried by Iyophilization. First, after the ball milling, the suspension was promptly
transferred into a beaker and frozen by immersion in a container with liquid nitrogen for about 30 minutes.
The frozen suspension was subsequently lyophilized for 24 hours in a lyophiliser (Cryodos-50, IMA-TELSTAR,
S.L., Barcelona, Spain) until completely dried. The temperature of the cold finger in this equipment is
continuously set at -50°C+2°C. The freeze-dryer chamber pressure during the entire process was 0.06+0.01
mbar. Under these conditions, according to the phase diagram of water, the water exists as vapour. At the

end of the process, a powder with a high degree of drying is obtained.

The resulting powder was calcined inside a crucible covered with a lid in an electrical furnace in air with a

heating rate of 3°C/min until 700°C.

After calcination, the powder is subjected to a second ABM in distilled water for 3 hours under the same
conditions described above for the mixture of raw materials. Size reduction by attrition is considered
relatively faster for hard agglomerates, those expected to be present in the calcined powder, thus allowing

reduction of the milling time of the calcined powder.

Disk-shape green bodies from each type of powder were obtained by uniaxial pressing (1.2 tons for 180 s)
without binder. They were also sintered in a crucible covered with a lid. Different sintering times and
temperatures were explored while keeping a constant heating rate of 5°C/min. The bulk densities were

determined by the geometric method.

8.2.3 Characterization

The influence of ball milling and lyophilization on the powders has been evaluated by Differential Scanning

Calorimetry (DSC) and Thermogravimetric Analysis (TGA). Thermal characterization was conducted in a TA
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instruments (USA) SDT Q600 Thermogravimetric Analyzer & Differential Scanning Calorimeter in air and at a

rate of 10°C/min.

Morphological characterization of the powder samples and fresh fracture surface of the sintered ceramic
disks have been accomplished by Scanning Electron Microscopy (SEM) using a Phenom Pro G2 SEM

microscope (Thermo Scientific, USA) operating at a beam voltage of 5 kV.

Powder particle size was analysed by Dynamic Light Scattering (DLS) using a Zetasizer Nano S (Malvern

Instruments, United Kingdom).

Structural investigations of powder and sintered ceramic samples were conducted using a Rigaku Smartlab
diffractometer, equipped with a rotating anode (CuKy = 1.54178 A) set at 40 kV and 100 mA. The
diffractometer is equipped with a graphite monochromator and a scintillation tube in the diffracted beam.
Measurements were performed in step-scanning mode, from 15° to 130° (26), using 0.05° as step size and 4
s of integration time at each datum. Quantitative analysis of the crystalline phases and structure
determinations were performed with the MAUD software, a Rietveld extended program [41]. The
Crystallography Information Format (CIF) files of the phases assigned in the patterns were uploaded from the
Crystallography Open Database [42]. Lattice parameters of the constituent phases were refined from the line
peak positions after allowing a correction for the zero-offset, while crystallite size and lattice disorder
contributions to the peak broadening were separated taking advantage of the wide angular diffraction range

explored.

The fresh fracture surface morphology of the samples was studied by Field Emission Scanning Electron
Microscopy at ultra-high resolution with Energy Dispersive X-ray spectroscopy (FESEM-EDX), with a FEI NOVA
NanoSEM 230 FE-SEM (Eindhoven, Netherlands). A semi-quantitative analysis of elements was accomplished
with the Apollo 10 EDAX detector (Leicester, UK) operating at a maximum voltage of 20 kV to obtain well-
resolved peaks. EDX spectra were conducted in specific regions in the interior of the grains and in triple

junctions at 10 different locations on the sample.
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To measure the electric properties, the sintered disks with a diameter of 11 mm were reduced in thickness
by polishing down to ~ 1mm. Silver paste was attached on both surfaces of the thin disks and sintered at
400°C for 1 hour to obtain the electrodes. After that, samples were poled in thickness under a field of 15
kV/cm at 40°C for 1h in a silicone oil bath, followed by field cooling (FC) to room temperature. Measurements
took place two hours after poling. Permittivity, real part and losses, was measured at 1 kHz using an
impedance analyser (HP 4262A LCR meter). The quasi-static ds; piezoelectric charge coefficient was
measured with a Berlincourt dss-meter at 100Hz. Complex impedance, modulus and phase, as a function of
the frequency, the so-called resonance curve, was measured with an impedance analyser (HP 4192A-LF) at
the, electrically induced, radial extensional resonance of the thickness poled thin disks. An automatic iterative
method was used in the analysis of the resonance curves to determine the complex electromechanical,

elastic and dielectric properties of the ceramics, together with the electromechanical coupling factor [43].

8.3 Results and discussion

8.3.1 Processing and characterization of the Powders

The DSC-TGA profiles versus the scanning temperature illustrated in Figure 8.3.1 are, mainly, characterized
by four weight loss steps, corresponding to as many endothermic events. The first endothermic peak (93°C),
with a weight loss of 0.7 wt.%, can be correlated with the evaporation of the residual water adsorbed on the
processed powders. The second thermal event, peaked around 526°C, occurred with a weight loss of 2.4
wt.%. The third endotherm started at 600°C with a further mass loss of 12 wt.% until a plateau reached at
700°C. As previously observed by attrition ball milling in isopropanol at 474°C and 582°C [13], these two
almost consecutive events, could be ascribable to the decomposition of calcium and barium carbonates,

respectively, which lead to the formation of BCZT phase.

The efficiency of the attrition ball milling on the activation of the mixture of the reactants towards the
calcinations step is evidenced by the reduction of the temperature of formation of the main perovskite

structure (blue curves) when compared with the same temperature measured at the DSC-TGA curve of the
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mere mixture of the reactants (grey lines) [17], also shown in Figure 8.3.1 for clarity sakeness. The TGA curve
of ABM powder in water (Figure 8.3.1(b), blue curve) displays a temperature of 700°C in the final plateau,
compared to the value of 1000°C observed in the curve of the mixture not subjected to ABM (Figure 1b, grey
curve). In the final processing, this testifies a reduction of 300°C, indicating a noticeable activation carried

out on the mixture of precursors.

Operated at a low rotor speed, the grinding action of the attrition milling can imitate that of a planetary or
vibratory ball mill. However, at a higher rotor speed, the much higher power input per unit volume of media
significantly increases the grinding kinetics [44]. Agitation of the grinding media is provided by a rotating
central shaft with arms inside a stationary tank. The rotating arms exert enough stirring action to force the
grinding media to move randomly through the entire tank. The rotating arms cause the irregular movements
by exerting (a) impact action on neighbouring media that collide with other media, (b) rotational (shear)
forces on the media, and (c) impact forces on the media fall into the void left by the arms. For efficient fine
grinding, both impact forces and shear forces should be present. A key to its efficiency is that the power input
is used directly for agitating media for grinding and is not used for rotating or vibrating a large, heavy vessel

in addition to the media [45].

Notwithstanding the important reduction of the temperature of the BCZT formation in the milled with
respect to the unmilled powder, it must be noted that temperatures of the pure BCZT synthesis by solid state
route currently found in the literature are above 1200°C [5,7,9-12], a value much higher than that, noticeably,
encountered after the water-based synthetic approach used here. Furthermore, this temperature can be
compared with those used for other, more reactive, synthesis methods (mechanosynthesis, sol-gel) [9, 13]

as it was already observed when attrition milling in isopropanol [17].

To extend the characterization of this activation process, the SEM images to determine the morphology of
the unmilled mixture of reactants (Figure 8.3.2(a)) show that, as expected, this is far from being
homogeneous at a few microns level, since it shows particle sizes of some 5 microns up to agglomerates of a
few tens of microns (not shown here). Likewise, the ball-milled powder dried in oven overnight at 120°C
(Figure 8.3.2(b)) is not homogeneous either, as it presents agglomerates that may affect the BCZT synthesis.
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During a conventional liquid-phase drying process in oven or at room temperature (Figure 2b), the top layer
of the liquid quickly evaporates, concentrating the particles near the surface. This develops an impenetrable
skin that prevents the remaining suspension from drying. As a result, the suspension dries at dissimilar rates
at different points. This process occurs for a long period in the case of water, which can favour the
decantation of the heavier components and, therefore, a heterogeneous composition throughout the
powder sample. Using alcohol, acetone, or similar organics, as liquid media helps reducing drying times, but

at the expense of not being an environmental benign practice.

This lack of homogeneity of the dried powder evidenced the need to find a way to even sizes of the powder

used for the BCZT synthesis.
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Figure 8.3.1 a) DSC analysis and b) TG analysis of the mixture of reactants (in grey colour) and the suspension
ball-milled for 6h, subsequently frozen and lyophilized (in blue colour).
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As shown in Figure 8.3.2(c), the detrimental effects of drying in oven are avoided by lyophilization. First, the
well-dispersed slurry must be frozen quickly, which allows preserving its volume uniformity. The subsequent
lyophilization under vacuum and low temperature allows ice being sublimated. The primary benefit of
lyophilization over liquid-phase drying is the ability to keep the suspension frozen throughout the drying
process, which avoids components segregation, leading to better homogeneity all over the powder sample.
Therefore, according to the corresponding SEM image (Figure 2c) freezing and lyophilization of the water-
based slurry provides a very fine and uniform powder, with no presence of agglomerates, which guarantees

greater homogeneity (both in particle size and in composition) than drying in oven.

Figure 8.3.2 SEM micrographs of: a)mixed raw materials; b)mixed raw materials after 6h attrition ball-milling
in water and dried in oven at 120°C; c)mixed raw materials, ball-milled in water for 6h, frozen and lyophilized

To further assess the benefits of freezing and lyophilizing the slurry just after attrition milling in water, Figure
8.3.3 shows the SEM micrographs of powder samples at higher magnification and their particle size
distribution after lyophilization at the different stages of the BCZT powder processing, prior to the sintering

of the powders.

After the first attrition ball milling in water, the as-lyophilized powder presents a homogeneous appearance
(Figures 8.3.3al1 and 8.3.3a2). The particle size distribution is monomodal and narrow, with submicronic

particles, presenting a percentile D50 (average particle size) of 600 nm (Figure 8.3.3a3).

Once calcined at 700°C (Figures 8.3.3b1 and 8.3.3b2) the particles have deformed: necks between particles

and new aggregates have formed. Therefore, a second ball milling seems mandatory. As shown in Figure
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8.3.3b3, this powder presents the former main peak with a narrow distribution of submicronic size (around
700 nm) and a new peak at about 2 microns in size. The average particle size of this distribution has increased
up to D50= 1.9 microns. The corresponding SEM images (Figure 8.3.3b1 and 8.3.3b2) corroborate this result,
since it is easy to find a great number of hard agglomerates (Figure 8.3.3b1) and small particles as well (Figure

8.3.3b2) which are dispersed by the ultrasound treatment previous to the particle size measurement.

As a consequence of the second ABM in water for 3h (Figures 8.3.3c1 and 8.3.3c2), the BCZT calcined and
milled powder presents only separated particles with a size distribution below 1 micron (Figure 8.3.3c3). The
average particle size of this distribution has decreased to Dsp = 0.5 microns, 4 times lower than the value
obtained before the second ball-milling treatment. Therefore, only easily conformable small particles to be

sintered can be observed, confirming that the aggregates produced after calcination have been broken.
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Figure 8.3.3 SEM micrographs, particle size distributions (blue curves) and cumulative particle size
distributions (grey curves) of the following powders: a)First ABM for 6h in water and lyophilization, b)after
subsequent calcination (700°C, 30 min), c)after the second ABM for 3h in water

To complete the description of the powder samples depicted, as an explanation of the DSC-TGA results
(Figure 8.3.1) and morphological analysis (Figures 8.3.2 and 8.3.3), the as-lyophilized powder, previously
subjected to 6h of ball-milling in water, was investigated by XRD. Subsequent thermal treatments and ex situ
XRD experiments were also performed. To better describe the evolution of the crystalline phase, highlighting

the presence of the minor ones, all the XRD analyses have been reported in logarithmic scale in Figure 8.3.4.
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Figure 8.3.4 . From bottom to top: XRD patterns of the BCZT precursors obtained after 6h ABM in water and
subjected to lyophilizing treatment, collected ex situ as a function of the reported calcination temperature.
Fitting curves (coloured lines) of each phase component are obtained after Rietveld refinement. The
contributing profiles of each phase are calculated on the basis of the structure (CIF files) as well as
microstructure (peak broadening shape parameters) adjusted at the end of the fit. They are displayed as it
follows: magenta line (BaCOs) s.g. Pmcn, green line (TiO,) s.g./41/amd, orange line (ZrO,) s.g. P21/c, burgundy
coloured line (CaCOs) s.g. R-3c:H, olive line (BCZT) s.g. P4Amm, cyan line orthorhombic (CaTiOs) s.g. Pbnm,
yellow line, cubic (BaZrOs) s.g. Pm-3m.

The bottom pattern refers to the as-lyophilized powders. This pattern is just composed by a mixture of the
precursors used, such as titanium dioxide (TiO,, 28 wt.%), barium carbonate (BaCOs;, 68 wt.%), calcium
carbonate (CaCOs, 2 wt.%) and zirconia (ZrO,, 2 wt.%). This confirms the selected stoichiometry and lack of

contamination of the mixture of reactants as wished for this processing step.

The formation of BCZT (tetragonal, PAmm, a= 4.0015 A, c/a=1.005, 83 wt.%) is already observed for calcined
powder at 700°C-30 min (not shown here). It should be noted the simultaneous formation of a small amount
of perovskite CaTiOs; (3 wt.%). Furthermore, the presence of zirconia can also be detected as unreacted
precursor (2 wt.%). The presence of an intermediate compound can only be inferred from the careful analysis

of the XRD pattern by a Rietveld refinement from the shoulders on each reflection of BCZT (12 wt.%). This
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secondary phase has been found to be BaZrOs. None of these secondary phases seem to be linked to the
water-based procedure used here, as they were also found in previous organic-solvent based routes [46]

[17].

The powder treated at 700°C -2h (Figure 8.3.4) shows a slightly higher amount of the same BCZT perovskite
(87 wt.%.), while the amount of BaZrOs slightly decreases (down to 8 wt.%) and the percentage of CaTiOs; and

zirconia is unmodified.

Finally, by fixing the dwell time to 2 hours, but increasing the temperature to 800°C, the amount of the BCZT
phase reaches 93 wt.%, but the cell parameters are: a= 4.0167 A, ¢/a=1.003. Also, the percentage of CaTiOs
remains almost unmodified (4 wt.%), and the formation of another, unassigned, secondary phase can be
observed (estimated 3 wt.%). BaZrO; already disappears at 800°C, due to the diffusion of Zr* into the main

lattice, as reported in literature [47].

Despite the higher conversion of the precursors into BCZT obtained at 800°C-2h, the synthesis conditions
have been set to 700°C for 2 hours. The reason clearly emerges from the XRD analysis: by increasing the
temperature, the c/a ratio shows a decrease in the tetragonal distortion (c/a), approaching to 1. This is
directly related to the magnitude of the spontaneous polarization of the unit cell, which, in turn, is related to

the potential piezoelectric activity of the final ceramic.

It is also important to highlight that the calcined powder obtained here is free of unreacted carbonates that
could decompose at higher temperatures, which could cause porosity during sintering. Moreover, the weight
loss of the calcined powder with respect to the milled precursors is higher when the synthesis is carried out
at higher temperature. Instead of being lost by volatilization, it is currently observed that the secondary
phase of the synthetic powder diffuses into the lattice and incorporates to the BCZT perovskite when
confined in the pressed pellet during the sintering step at higher temperature [47,48]. Therefore, the

presence of the unreacted zirconia and BaZrO; should not be considered an issue.
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8.3.2 Processing and characterization of ceramics

Based on previous works showing enhancement of the densification and properties of pure BaTiO3 and
ceramics based on it [17,23], two types of sintering schedule with variable times and maximum sintering
temperature of 1280°C were used: a single sintering plateau and a two-step sintering with an intermediate
plateau at 900°C. Figure 8.3.5 depicts a representative XRD pattern of ceramics after one and two-steps
sintering. This comparison shows that the two selected sintering conditions chosen, have the same effect on
the crystal structure of the ceramic material. All sintered ceramics present a majority of BCZT phase (Figure
8.3.5) with a= 4.0052 A, c/a=1.004. Residual quantities of secondary phases (<2%), which can hardly be
observed unless studied using Rietveld refinement, were mainly found in the one-step sintered samples
(Figure 8.3.5). However, the CaTiO; detected in the synthesis step (see Figure 8.3.4), cannot be observed in
any of the two types of ceramics. The XRD analysis does not appreciate sensible differences in the

characteristics of the main BCZT phase for the two types of sintering conditions chosen.
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Figure 8.3.5 XRD diffraction pattern of a ceramics sintered with one and two sintering steps with final
temperature at 1280°C. (*) Ag from electrode.
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It has been reported that the electrical properties of the BCZT system strongly depend on processing
conditions which, in turn, determine their crystallographic and ceramic microstructure [49]. The tetragonal
distortion of the BCZT ceramics here obtained is of ¢c/a=1.004, which indicates a spontaneous polarization
smaller than in the as-synthesized powder. However, the BCZT still keeps a high enough lattice distortion that

holds within the range needed for optimizing the piezoelectric response of the material.

Representative SEM images of the fracture surfaces of sintered BCZT ceramics with one and two-sintering
steps are shown in Figure 8.3.6. All ceramics sintered with one step have densities lower than 90% (Figures
8.3.6(a) and 8.3.6(b)). An appropriate two-step sintering treatment promotes reduction of the number of

pores and their size (Figures 8.3.6(c) and 8.3.6(d)).

It is also noticeable that, in all ceramics obtained in this work, the fracture is transgranular —as the second

phase is mainly located at triple points-, which indicates strong grain boundaries and proper sinterability.

The SEM images in Figure 8.3.6 have been taken using a backscattering emission mode. Typically, heavier
elements can deflect incident electrons more strongly than lighter elements and, consequently, the regions
rich in the heavier elements appear brighter. The areas marked with arrows in the SEM images of the one-
step sintered ceramics (Figure 8.3.6(b)) appear darker than the main BCZT grains, which means that such
areas are poorer in the heavy ion (barium) than the main BCZT grains. These darker areas of liquid-like
metastable phase cannot be detected by XRD analysis because of its low amount and poor crystallinity.
However, this could be confirmed by the complementary EDX compositional analysis in Figure 8.3.7. Two
representative EDX spectra, taken (a) inside one of the BCZT grains and (b) in an area that contains the darker
phase, are shown in Figure 7. The ratio between intensities of the main peaks, ascribed to O-Ka and Ti-La
signal and to Ti-Ka and Ba-La signal, changes drastically from point (a) to point (b). There is an obvious relative
decrease of the intensity of the peak that indicates the Ba content in the darker area (b), while the ratio of
the intensity of the O-Ka and Ti-La signal with respect to the intensity of the other peaks (Zr- La signal and
Ca-Ka signal), is almost unmodified. The presence of remaining Ba-La and Zr-La signal in the darker phase
analysis comes, most probably, from the excited volume below the surface from which the signals are
collected. By comparing Figure 6b (one-step sintered) to Figure 6d (after using an appropriated two-steps
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sintering procedure), it can be observed that the amount of dark areas at the triple points has diminished in
the second one. Therefore, two-steps sintering results in a major pure BCZT perovskite phase, as confirmed

by the XRD study (Figure 8.3.5).

Figure 8.3.6 Representative SEM images (backscattering mode) of the fracture surfaces of sintered BCZT
ceramics. (a,b) after one-step sintering and (c,d) after two-steps sintering with final temperature of 1280°C
for 6 h.

The sintering schedule should be designed also to enable control of grain growth. This is of foremost
importance to tailor the properties of the BCZT ceramics, as the latter are more dependent on the grain size
rather than on the densification of the ceramic [50]. Average grain size over 25 microns contribute to
decrease the piezoelectric activity. In this work, the grain size is controlled by the low sintering temperature
of 1280°C to keep a proper value, roughly 10 microns, in the range needed to promote high piezoelectric

sensitivity.
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Up to this point, the analysis of powders and ceramics samples have shown that the proposed route using
water as a solvent is as successful as any other route using organic solvents in preparing crystalline and
nominally single-phase BCZT ceramics with an appropriated microstructure. It cannot be ignored that the
electrical properties of BaTiO; are extremely sensitive to the presence of low levels of dopants (intentional
or unintentional). Minor changes in composition can be detected by variations in polymorphic phase
transition temperatures, subgrain microstructure, dielectric behaviour <200°C and/or electrical conductivity
>300°C and piezoelectric properties. It has already been shown that attrition milling of BaTiO3 powder using
YSZ milling balls has a significant effect on the dielectric and conduction properties of BaTiO; ceramics and
that this effect is related to unintentional contamination associated with the milling media and that it
increases for prolonged milling times [50]. Homovalent substituents at the B-site (Zr%, Sn**, Hf**, Ce*)
influence the transition temperature to the paraelectric phase more than those at the A-site (Ca?*, Sr?),
which are outside of the oxygen octahedra of the perovskite. The reason for this behaviour is considered that
that B-site cations have a direct effect on the octahedral distortion, whereas A-site cations have an effect
only on the strength of the Ti-O bond [51]. Among other potential problems to overcome in the processing
of BCZT, the effect of the secondary CaTiOs paraelectric phase on the dielectric properties of BaTiOs has
shown that the peak level of permittivity at the transition to the paraelectric phase decreases and the width

of the peak increases [52].

Though such effects could also be present in the ceramics here prepared, all of them are common to the
solid-state process using prolonged milling times or unappropriated sintering schedules, regardless of the
substitution of organics by water as non-toxic solvent, which is the target of this work. Keeping these issues
in mind, our processing approach was designed to avoid them. In the following we will focus on the
piezoelectric characterization of the obtained ceramics to manifest their potential application as ultrasonic

transducers.
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Figure 8.3.7 EDX spectra taken in two points of the surface, marked with asteriks in the corresponding FE-
SEM micrograph, of the one-step sintered ceramic with final temperature of 1280 °C for 6 h.

Single step sintering leads to ceramic samples with high sensitivity and low dielectric losses, with maximum
value of d33=280 pC/N, 8’53 = 2862 and tan6=0.047 at 1kHz when sintered at 1280°C/4h, which matches the
previously reported value for this composition [7,17,49]. However, the presence of secondary phases affects
their ultrasonic transduction, and the planar coupling factor is low (k,=28.10%). This is not unexpected as
uncorrelated high piezoelectric coefficient dss and low coupling factor k, have been observed in
microstructurally damaged ceramics, due to the concomitant increase of the elastic compliance at resonance
[53]. By further increasing the sintering temperature to 1300°C for 4h, there is a risk that the ceramic
microstructure suffers degradation by increase of the grain size and formation of new intergranular porosity
with subsequent reduction of the overall piezoelectric performance (ds;=224 pC/N, s’:{3 = 2920 and

tan6=0.215 at 1kHz and k,=25.00%).

In agreement with the XRD and SEM analysis of the sintered ceramics that shows the optimum crystal
structure and ceramic microstructure for two-steps sintered ceramics, Table 8.3.1 shows a better set of
piezoelectric results. ds; coefficient and the piezoelectric, elastic and dielectric coefficients, including

mechanical quality factors and dielectric loss factors are shown in Table 8.3.1. The electromechanical
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coupling factor and the frequency number of the planar resonance, together with the regression factor of
the reconstructed to the experimental spectra ((R, G) plot in Figure 8.3.8), as indication of the precision of
the obtained parameters, are also shown. This were obtained from the measurement of the radial resonance
of the poled ceramic disks from ABM powder for 6h in water, non-oriented freezed and lyophilized and
calcined at 700°C for 2h, ABM for 3h in water after calcination and after two-step sintering at 900°C for 3 h
followed by 1280°C for 6 h, aiming to enhance sinterability and to promote grain growth (Figures 8.3.6(b)

and 8.3.6(d)).

Despite the ultra-low temperature conditions of synthesis and low sintering budget used for the processing
of these ceramics, their optimized structure (Figure 8.3.5) and microstructure (Figure 8.3.6) resulted also in
the achievement of high sensitivity BCZT ceramics, combining both higher di; and k,, together with
reasonably low mechanical and dielectric losses at 1kHz and, also, for the planar resonance. All these

characteristics are illustrated by the resonance curves (as (/Z/, 8) and (R, G) plots) depicted in Figure 8.3.8.

The electromechanical characterization evidence that the water-based approach for processing BCZT0805
ceramics here developed does not limit the obtention of high sensitivity BCZT piezoelectric ceramics.
Contrarily, these results show that this is an appealing water-based and industrially scalable processing

proposal for the development of lead-free piezoelectric materials with industrial uses.
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Table 8.3.1 Some relevant material coefficients obtained from the Radial mode of resonance of the sintered
ceramics. The complex material coefficients (P = P’ + iP”) are given as real part (P') and losses (piezoelectric
and mechanical Q factor (P’/P") and dielectric tan (P"/P’)). c’lfl =st/sf .

. 900°C for 3 h followed by
Properties/

Sintering Conditions 1280°C6 h
Density (g/cc) 4.97
Relative density (%) 85

ds3 (pC/N) 320
€33 at 1 kHz 3670
tand at 1 kHz 0.036
R? 0.9998
ko (%) 31.45
Np(kHz-mm) 2759
d's1 (pC/N) -110.25
Qp(d31) 52

gl 3283
tand 0.017
g'31 (10 mV/N) -3.79
Qy(831) 452
c'}; M(10°N-m?) 8.23
Qm 163

Similarly to what was commented for the synthesis temperatures, it must be pointed out that this final
sintering temperature of 1280°C is remarkably lower than the range of temperatures currently used for solid
state processing of undoped BCZT in general (1400-1500°C) [5,7,9-12] and, in particular, of BCZT0805 without
the use of attrition milling (1450°C [7] and 1400°C [i]). Therefore, this water-based route is not detrimental
to the processing and, besides, it provides the benefit of strong reduction of the overall thermal budget of
the ceramic processing. This result takes place because of the crystallographic and microstructural
homogeneity of the ceramic and minimization of the secondary phases provided by the processing approach

explored in this work.

The sintering temperature reduction to 1280°C for obtaining the desired piezoelectric activity is a
consequence of the reactivity of the majority BCZT phase with (a= 4.0109 A, c/a=1.004) of the synthesized
powder obtained using ultra-low thermal conditions (700°C-2h) and the fine and homogeneous powder

obtained after the second ABM in water during 3h. This, in turn, is a consequence of the enhanced,
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homogeneous and reactive, powder produced by the 6h ABM in water, subsequent freezing and final
lyophilization processes. Besides, the second attrition ball milling in water media of the calcined powder

provides a fine and deagglomerated powder suitable for molding.

Summarizing, this synergetic processing route allows to control the crystal structure, grain size and,

ultimately, the properties of the sintered ceramic.
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Figure 8.3.8 Fundamental radial extensional resonance mode of a thickness poled and excited thin disk of
BCZT0805 ceramic sintered at 900°C-3h followed by 1280°C-6h. a)impedance spectrum, as (/Z/, 0) plot,
measured. b) Equivalent representation of the impedance spectrum, (R, G) plot, used in the calculation of
material coefficients by the iterative automatic method. Symbols are the experimental data and lines are the
reconstructed peaks after coefficients calculation.

8.4 Conclusions

A novel environmentally friendly mixed oxides route of fabrication of (Bao.s2Cao.0s) (Tio.95Zr0.05) O3 (BCZTO805)

lead-free piezoceramics was developed in this work.
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The synergetic effect of attrition milling in water and freezing-lyophilization processes allows to develop a
precursor powder of monomodal and narrow size distribution with average particle size of 600 nm. The high
homogeneity and reactivity of this powder, as demonstrated by the DSC-TG and FESEM analysis, allows the

use of very low thermal budget (700°C-2h) for the solid-state synthesis of BCZT0805.

After a second ball milling in water for 3h, disaggregated particles with a size distribution below 1 micron
were obtained. This fine ceramic powder allowed to achieve a reduction of the currently used sintering
temperatures from 1400-1500°C down to 1280°C. The so obtained ceramics are well sintered, homogeneous,
show transgranular fracture, grain size in the range of 10 microns and contains a major perovskite structure
with tetragonal distortion c/a= 1.004. Besides, when two-steps sintering at 1280°C-6h including a plateau at

900°C-3h was used, the ceramic densification was improved, and secondary phases were minimized.

BCZT0805 ceramics processed by the two-steps sintering have electromechanical properties that reach those
values obtained by any other processing route in organic media (d33=320 pC/N, d3;=-110 pC/N, k,=31.45 %

and Np=2750 kHz.mm, €'; =3670 and tan&= 0.036 at 1kHz).

This result demonstrates that clean and sustainable water-based processing allows the production of high-
sensitivity lead-free piezoelectric ceramics, which has a positive impact in a wide range of industrial
applications. These results have been published in Journal of the European Ceramic Society, 2024,

Vol44(5),2944-2953 https://doi.org/10.1016/].jeurceramsoc.2023.12.037.
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9 Understanding the mechanism and kinetics of the
formation of (Bao.92Cao.08) (T10.9Zr0.10) (BCZT) system
synthesized by low temperature solid—state route.

9.1 Introduction

In the field of the eco-friendly lead-free piezoceramic-based devices, fervent efforts have been addressed to
the development of materials capable to show high electromechanical properties comparable to the market-
dominant lead-based PZT [1]. Currently, as clearly evidenced in the previous chapter of this thesis work, large
interest is devoted towards a class of materials such as BCZT, due to their high promising piezoelectric
properties [2]. Among the BCZT family systems, the (Bao.s2Cao.0s) (Tio.esZro.0s), abbreviated as BCZTO805 or
BCosTZos, presents the perfect features for a synthesis study, such as a pure tetragonal phase, and optimal
electromechanical properties (d33=365pC/N, K,=48.5%, Qm=120) [3]. However, due to its high temperature
of formation under solid-state route (T > 1200 °C), does not meet the requirements set for the directive
“Ceramic roadmap to 2050” [4]. Recently, in order to modulate the kinetic of the BCZT0805 formation
process, the mechanical activation of reagents by ball-milling followed by thermal treatment, have been
quite successful for reducing the calcination temperature of the BCZT [5-7]. In particular, as reported in
chapter 7 of this thesis, lyophilization of ball milled reagents under distilled water, allow to obtain the
formation of pure BCZT0805 at only 700 °C. This temperature of calcination is comparable with that used for
sol-gel routes, with the further advantages to avoid toxic solvents [8]. Nevertheless, despite the very
important result achieved, up to our knowledge, no experimental investigation is reported on the mechanism
of the BCZT0805 formation when lyophilization step is introduced. For the sake of clarity, scarce studies and

sometimes contradictory are reported in the literature for the other BCZT stoichiometries [9].

In this work, the impact of attrition ball-milling combined with freeze-drying techniques on the overall
formation kinetics of (Baog2Cao.0s) (Tio.oZro.10) (BCZT) system, was investigated by calorimetric techniques

combined with ex situ XRD home laboratory experiments. Moreover, the solid-state reaction mechanism was
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studied in situ with high-resolution synchrotron XRD experiments carried out in the temperature range from

RT to 980 °C.

9.2 Materials and Methods

9.2.1 Materials and Powders processing

BCZT0805 powders were prepared by a solid-state route starting from a stoichiometric mixture of BaCOs
(Merck, Darmstadt, Germany, >99%), CaCO; (Sigma Aldrich, St. Louis, MO, USA, >99%), TiO, (Merck, of

nominal purity >99%) and ZrO; (Tosoh, Tokyo, Japan, monoclinic polymorph >99%).

Two different batches of powders with nominal composition (Bao.s2 Cao.os) (Tio.es Zro.0s) Were prepared starting

for the above reported precursors.

For the first batch, abbreviated as MM, the raw materials were dried at 80°C overnight, weighted according
to the stoichiometry manually mixed into an agate mortar for five minutes. The second batch, from here

indicated as ABLP, was prepared according to chapter 7 and the manuscript [8,10].

9.2.2 Materials Characterization

Thermal and calorimetric characterization was carried out by a TG-DSC Q600 TA Instrument. For this scope,
40 mg of ABLp powders were annealed from room temperature to 1100°C with heating rate of 2°, 5, 8, 10

and 15 °C/min.

Ex situ XRD measurements were conducted using a SMARTLAB diffractometer with a rotating anode source
of copper (1 = 1.54178 A) working at 40 kV and 100 mA. The instrument is equipped with a graphite
monochromator and a scintillation tube in the diffracted beam. The instrument function was determined
separately on a LaBe standard, which enables peak broadening corrections and separation of the size

dependent term from the lattice strain component in the reciprocal space.

In situ Synchrotron Radiation Powder X-ray Diffraction (SR-PXD) experiments were performed at Swiss-

Norwegian beamline BM01, ESRF, Grenoble. A high temperature and pressure resistant sapphire capillary
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was specifically employed for in situ monitoring of solid/ gas evolution. The manually mixed powder MMp
was heated from room temperature (RT, 20 °C) to 977°C at a heating rate of 19 °C/min with 10 s per point
exposure in a spinning mode. The beamline was set at a wavelength of A = 0.72002 A, corresponding to E =
17213 KeV. The mechanically activated and lyophilized powder ABLr was heated from room temperature
(RT) to 950 °C at a heating rate of 35 °C/min but using a 3s-per-temperature point exposure in spinning mode.
In this experiment, the X-ray source had A = 0.71648 A, corresponding to E = 17298.5 KeV. To convert the
two-dimension rings around the origin of the reciprocal space to a 1-D pattern of intensities vs 2, the Fit2D
software was employed [11,12]. Quantitative analysis of the crystalline phases and structure refinements
were performed with the MAUD software (Materials Analysis Using Diffraction), a Rietveld extended program
[13] selected due to its friendly graphics and convenience in up-loading CIF files. Lattice parameters of the
constituent phases were refined from the line peak positions after allowing a correction for the zero-offset.
Also, microstructure parameters can be worked out from peak broadening analysis according to its isotropic

or anisotropic dependency vs the q = 4*r/A sin(6) reciprocal space variable.

9.3 Results and Discussion

TG/DSC profiles allowed to evidence the main weight losses attributable to the decomposition of carbonates
used as precursors and associated with the main endothermic and exothermic events that lead to the
formation and crystallisation of the main BCZT perovskite, as reported in our previous works [10,14]. The
thermal evolution of unmilled MM Powders (Figure 9.3.1), from RT to 1100°C with a heating rate of 5°C/min,
presents an evident split of the main endothermic peak associated to the main weight loss, ascribable to two
distinct events, occurring at 824°C and 854°C, respectively. As reported in the literature, the first one can be
attributed to the reversible transformation of a BaCOs; orthorhombic polymorph, to BBaCOs, trigonal
one[15]. The second peak can be attributed to the formation of the main BCZT perovskite. The DSC profile of
ABLp, reported in Figure 2b appears different from the previous one, since it is not possible to clearly
individuate the split of the main peak, but only the presence of an endothermic event that can correspond

to the formation of the BCZT.
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9.3.1 Ex situ experiments
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Figure 9.3.1 a) TGA/DSC profile of manually mixed powders and b) ball-milled and freeze-dried powders.
Insets indicate the main endothermic events.

Based on the TGA/DSC analysis, several thermal treatments and ex situ XRD experiments were undertaken
to further identify the formation temperature of the main BCZT perovskite phase (M-BCZT) and undesirable
secondary phase presence. The exploration temperatures have been chosen analysing the onset and the
offset of the endothermic peak. The powders have been then annealed at 400°C, 550°C and 690°C using a
heating rate of 5°C/min and keeping the temperature fixed for 15 min. After these preliminary studies, to

simulate the synthesis step, the temperature was then increased at 700°C varying the dwell time from 30
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min to 2h. To evaluate the formation of other secondary phases higher temperatures 750°C and 800°C have

been explored keeping the dwell time fixed at 2h.

800°C/ 2h
: 750°C/ 2h
o |
L 700°C/ 2h
P
=
0 .
c 700°C/ 30min
Q
]
c

690°C/15 min

550°C/15 min

400°C/15 min

ABLp

| | | | | | | | I | | [ ([ I Il Il | BCZT PAmm

Figure 9.3.2. From bottom to top: stick pattern (olive-coloured bars) of the i) BCZT perovskite phase
(tetragonal, PAmm), ii) XRD patterns of ABL precursors obtained after lyophilizing treatment. Data points
(blue dots) collected ex situ as a function of the temperature and different dwell times. Fitting lines of each
phase component are obtained from Rietveld refinement (coloured full lines): magenta line (BaCOs) s.g. Pmcn,
green line (TiO;) s.g. 14:/amd, cyan line (ZrO:) s.g. P21/c, burgundy coloured line (CaCOs3) s.g. R-3c:H, olive line
(BCZT) s.g. PAmm, yellow line orthorhombic (CaTiO3) s.g. Pbnm, orange line cubic (BaZrOs) s.g. Pm-3m. *
indicates the presence of unknown secondary phase.

To describe better the evolution of the crystalline phase, highlighting the presence of the minor ones, all the

XRD patterns were displayed in logarithmic scale.

With reference to Figure 9.3.2, the bottom pattern refers to the freeze-dried powders, previously subjected

to 6h of ball-milling in water. In the pattern of powders treated at 400°C for 15 min, the same sequence of
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peaks is noticeable, indicating that any phase reaction yet occurs. This is confirmed quantitatively by Rietveld
refinement (see Table 9.3.1), from which it emerges that both the freeze-dried powders and those treated
at 400°C for 15 min. are composed by the mixture of the precursors used, such as anatase (TiO;) 28 wt.%,
witherite (BaCOs) 68 wt.%, calcite (CaCOs) 2 wt.% and baddeleyite (ZrOz) 2 wt.%. In conclusion, the first
thermal treatment until 400 °C does not affect substantially the weight fraction distribution of precursor
materials, except for the slight change in the average crystallite size observed for the main phase BaCOs;,

extracted from line broadening.

The formation of the BCZT (tetragonal, PAmm) starts at 550°C with a weight amount, estimated according to
the Rietveld method, to be 46 wt. % out of the total. We also observe the simultaneous appearance of a small

amount of perovskite CaTiOs (3 wt.%) as secondary phase.

At higher temperatures, namely 690°C for 15 min and 700°C for 30 min, the amount of BCZT phase increased
(88 wt.%), although the presence of CaTiOs is still evaluable (3 wt.%). Furthermore, the presence of zirconia
can also be detected as unreacted precursor (3 wt.%). From a careful analysis of the XRD pattern, the
presence of an intermediate compound can be inferred from pronounced shoulders on each reflection of M-
BCZT (from 6 to 10 wt.%). This secondary phase is assigned to BaZrOs, which disappears just at 800°C. Very
likely, as reported in literature, [5] this is prompted by the diffusion of Zr** into the BCZT lattice. In addition,
by comparing the patterns of the powders treated at the same temperature but with a longer dwell time, it
can be noted that the amount of M- BCZT perovskite increases (91 wt.%.), while the amount of BaZrOs
decreases (down to 2 wt.%). After keeping fixed the total dwell time to 2 h, but increasing the temperature,
the amount of the M-BCZT phase reaches 94 wt.%. However, it can be observed that the percentage of CaTiOs

remains unmodified with simultaneous formation of another unassigned secondary phase.

From the considerable line broadening observed for the PAmm progression peaks, we may surmise the
presence of sensible effects due to lattice microstrain in addition to the reduced size extent of coherent

domains of diffraction.
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Despite the higher conversion of the precursors into M-BCZT obtained at 750°C and 800°C, the synthesis
conditions have been set to 700°C for 2 h to avoid the formation of undesired compounds, which can be

detrimental for the subsequent sintering treatment and eventually for the piezoelectric properties.

The presence of unreacted zirconia was not considered an important issue, since it should diffuse easily into
the lattice of M-BCZT at the high temperatures reached during the subsequent final sintering step.
Nonetheless, the formation of immiscible CaTiO; terminal solid solution could alter the stoichiometry of the

M-BCZT for the desired nominal composition.

Lastly, by analysing the changes in the lattice parameters of M-BCZT, it clearly emerges that by increasing the
temperature, firstly the c/a ratio shows an increase in tetragonality from 550°C where c/a =1.004 with(
c=4.0228 A), maintaining a constant value at 650°C c/a =1.004 (c=4.0186 A), reaching c/a =1.005 (c=4.0196
A) at 690°C, c/a =1.005 (c=4.0219 A), at 700°C for 30 min, and at 700°C 2h c/a =1.005 (c=4.0206 A). Further
increasing the temperature at 750°C, c¢/a ratio slightly decreases to 1.004 (c=4.026 1A), until reaching the
minimum tetragonal distortion at 800°C with c/a =1.003 (c= 4.0283 A). The reduction in the tetragonal

distortion leads to a decrease in the spontaneous polarization.
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Phase ABL, | 400°C/15 550°C/1 | 690°C/15 700°C/ | 700°C/2h | 750°C/2h | 800°C/2h
(wt.%) min 5min min 30 min

BaCOs; 68 70 (68) 35 - - - - -

CaCOs 2 2 4 - - - - -

TiO3 28 30 (28) 13 - - - - -

ZrO; 2 2 2 3 2 2 - -

BCZT - - 46 88 83 87 92 93
BazZrOs - - - 6-8 12 8 3 -

CaTiOs - - 3 2-3 3 3 3 4
unknown 2 3

9.3.2 In situ experiments

To further confirm the effectiveness of ball-milling activation and freeze-drying on the decrease of the

formation temperature of the BCZT perovskite, we conducted in situ XRD experiment. The 2D plate image

plot of in situ SR-PXD, shown in Figure 9.3.3, reports the evolution of MM crystalline powder as a function of

the temperature. For an immediate understanding in the upper and bottom section of the graph, we report

coloured- bars corresponding to the reflections expected for each space group recognized. As easily

visualised, at RT temperature is possible to distinguish the reflections belonging to the mixture of precursors

used, such as BaCOs, CaCOs, ZrO, and TiO,. As arguable from vertical bar behaviour, at 910°C some events

have occurred, ascribable to the complete and reversible polymorphic transformation of orthorhombic

BaCOs (Pmcn) into trigonal polymorphs (R-3m and R-3c) and the formation of the M-BCZT (P4mm). The bar

sequence of such new phases formed are reported in the bottom part of the Figure 9.3.3.
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Figure 9.3.3 In situ SR-PXD measurements of the MMp mixture (2D plot). The powder was annealed from
room temperature (RT- 20 °C) to 977°C at a heating rate of 25°C min ramp rate with 10 s per point exposure
in a spinning mode. We indicate reflections of crystalline phases of manually mixed powder (MMp) with
coloured sticks as it follows: i) Top: BaCOs (orthorhombic) magenta, TiO, green line, ZrO, cyan and CaCOs
burgundy colour, respectively. ii) Bottom: BCZT olive, BaCOs (trigonal) yellow R-3m and orange R-3c bars
respectively.

To confirm the reversible transformation of BaCO; highlighted in Figure 9.3.1a, from a (orthorhombic
structure) to B (trigonal polymorph), in situ XRD pattern collected at 910°C has been compared to that
collected after annealing the MMp powder into an oven at 900°C for 15 min (followed by cooling), reported
in the upper and the bottom graph of Figure 9.3.4, respectively. Starting from the upper graph, that
corresponds to the pattern collected in situ, the Rietveld analysis assessed a small amount of BCZT P4mm
phase about 6 wt.% while confirming the change in the crystalline structure of BaCOs. In facts, at 910°C the
Pbnm (orthorhombic) structure has been completely transformed into R-3m polymorph. Later the reasons
why the R-3m (# 166 IT) space group of such high temperature polymorph may transform at least partially to

a conventional calcite type R-3c (#167 IT) polymorph will be discussed.
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The bottom pattern, referred to ex situ XRD after annealing, confirmed the reversible nature of this
transformation. Indeed, the contribution of trigonal BaCOs is not detectable, whereas witherite Pmcn
structure (magenta curve) is about 34 wt.%, coexisting with the main fraction that refers to a BCZT tetragonal
P4mm phase (c/a=1.005 and c = 4.025 A). Anatase wt.% is under 10, together with calcite and baddeleyite.
The presence of a small amount of BaTisOs and TiO; rutile formed irreversibly at high temperature(2wt.%),
in addition to calcite, can be assumed to be compatible with the experimental data. Some peaks still remain
unidentified, but they are not of considerable importance. This is clearly shown in the 2D plot, many other

secondary phases crystallize after cooling if exposed at intermediate temperatures, due to partial side

reactions.
BCZTP4mm 6 wt%
E 3wt%
TiOy 32wt%
BaCO4 R-3c+R-3m 5Twt.%
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Figure 9.3.4 in situ synchrotron high resolution measurement at 910°C for un-milled mixture showing a
complete conversion to trigonal polymorphs (R-3m and/or R-3c) and a partial occurrence of Barium Titanate
(BT)-type tetragonal structure with unreacted ZrO, and CaCOs. The bottom pattern collected with a laboratory
apparatus after heating at 900°C for 15 min and followed by cooling shows that the unreacted BaCOs returns
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to the orthorhombic polymorph structure. Some peaks, indicated with * symbol, remain unattributed. Fitting
lines of each phase component obtained from Rietveld refinement (colored full lines) magenta line (BaCO3)
s.g. Pmcen, green line (TiO3) s.g.141/amd, cyan line (ZrO;) s.g. P21/c, burgundy colored line (CaCOs) s.g. R-3c:H,
olive line (BCZT) s.g. P4mm, orange R-3m and yellow R-3c. The legends of the Figure also associate

corresponding colours.

The 2Dplot of in situ SR-PXD measurements, shown in Figure 9.3.5, reports the evolution of ABLp powders
as a function of the temperature. As in the previous Figure, in the upper and in the bottom section of the
graph are reported the coloured- bars corresponding to the reflection of each phase. As for MMp, at RT
temperature is possible to distinguish the reflections belonging to the freeze-dried precursors, such as BaCOs3,
CaCO0s, ZrO, and TiO,. At 650°C is possible to notice the disappearance of some reflection and the appearance

of new ones, imputable to the formation of BCZT phase, in accordance with bottom olive bar.
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Figure 9.3.5 In situ SR-PXD measurements of the freeze-dried ABLp powder (2D plot). The powder was
annealed from room temperature (RT) to 950 °C at a heating rate of 25°C min-1 but using a 3s-per-
temperature point exposure in spinning mode. Reflections of crystalline phases of freeze-dried ABLp are
indicated with coloured sticks, as follows: i) Top: BaCOs (orthorhombic) magenta, TiO; green line, ZrO; cyan
and CaCOs burgundy colour ii) Bottom: BCZT olive.

The following figure displays the patterns, with Rietveld fitting profiles, of samples from MMp and ABLp
batches treated at different temperatures. The temperatures have been chosen based on relevant events

that occur within the powder associated to main changes in reflections as shown in Figure 9.3.3 and Figure

9.3.5.
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Figure 9.3.6 a) In situ SR-PXD measurements of MM, and b) of the freeze-dried ABL, powder (1D plot) at

selected crucial temperatures.

Reflections of crystalline phases of freeze-dried ABL, are indicated with

coloured sticks, as follows: BaCOs (orthorhombic) magenta, TiO, green, ZrO, cyan and CaCOs burgundy colour,
BCZT olive, R-3m orange, R-3c yellow. Data points (blue dots) collected ex situ as a function of the
temperature and different dwell times and iii) fitting lines of each phase component obtained from Rietveld

refinement (coloured full lines) according to colours chosen for sticks.
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The main events that can be individuate (Figure 9.3.6(a)) concerning the MMp powders are i) the formation
of the M-BCZT and ii) the reversible transformation of orthorhombic BaCOs into trigonal structure. The
formation of BCZT perovskite with a wt.% of 0.6 indicating the beginning of nucleation of perovskite, reaching
the 3.3 wt.% at 855°C with a maximum value of 13wt.% at 988°C. It has to be underlined that the experiment
ended at this temperature preventing a further analysis at higher temperatures. The great change occurs at
829°C where BaCOs; begins to transform into the trigonal polymorph, that reaches the amount of 38wt.% at
855°C. At higher temperature of 869°C the presence of another trigonal polymorph of s.g. R-3c, can be
observed leading to a better explanation of the experimental data. Summarising, the mixed powder turns
out to be fairly inert up to 950°C except for the fact that the orthorhombic BaCOs; undergoes a trigonal
transformation around the temperature at 850°C, until completely converted .The results reported by Antao
and Hassam[16] whose transformation began at 811°C (considering the fact that the heating rate is three
times higher than that used by the authors 7°C/min) are in broadly accordance with these measurements.
However, a slow onset of a tetragonal PAmm BCZT phase at the expense of TiO,and BaCOscan be seen. The

trigonal structure of calcite (CaCOs) remains almost invariant until 964°C except for the lattice expansion.

As shown in Figure 9.3.6(b) the behaviour of ABLp powders differs from that of the MMp. The principal
events that can be found, can be summarized as follows: decomposition of CaCOs, and formation of the M-
BCZT perovskite. In the range of temperature between RT and 516°C the CaCO3; decomposes to form CaO
and CO,. The Ca0 is not detectable due to the high heating rate used. The BaCOs; phase that can be recorded
is limited to the maximum temperature of 770°C (1wt%.), as the system undergoes a total reactive
transformation in a temperature range between 620°C and 780°C until reaching 96wt.% of BCZT phase
formed. There is still a partial presence of unreacted Zirconia (1wt.%). The trend in the lattice parameters
shows an increase in the volume of the unreacted BaCOs; elementary cell, similar to previous studies.
However, simultaneously from 640°C there is a rapid growth of the tetragonal P4Amm phase (BCZT with partial
Zr** doping at B-site) whose lattice parameters are a=4.039 A, c=4.048 A at a temperature of 780°C. The
different behaviour of MMp and ALB, is confirmed also by the analysis of the quantitative evolution of

crystalline phases as function of the temperature, show in Figure 9.3.7(a) and (b), respectively.
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Figure 9.3.7 Weight percentages of crystalline phases as a function of the temperature. a) MMp powders. b)ALB,
powders.

The data acquired at RT referring to the Pmcn orthorhombic BaCO; phase are slightly different from those
reported in the literature by Antao and Hassam [16]. It should be underlined that the reciprocal space interval
in these measurements is smaller than that scanned by the authors. Furthermore, it should be emphasised
that sample capillary used has thinner walls, and the wavelength is shorter, which should ensure better
handling of absorption phenomena. The elemental cell volume of BaCOs; Pmcn at RT is relatively in agreement
with values reported in the literature [17]. The lattice parameters remain almost unaltered at 60 °C. At 120
°C is possible to notice some appreciable change on the intermediate parameter. At 188 °C, the change in
cell parameter continues, as shown also in the 1D patterns in Figure 9.3.8. It can be seen that the
intermediate lattice parameter grows faster than the a and b lattice parameters as a function of temperature.
As reported in Figure 9.3.9 the lattice volume increases to 307.6 A%at 220°C, of 312.71 A%at 425°C, of 315 A3

at 600°C with a maximum value of 321A3 at 870°C.
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Figure 9.3.8 in situ synchrotron high resolution measurement from RT to 220°C for unmilled mixture showing
a. iii) fitting lines of each phase component obtained from Rietveld refinement (colored full lines): magenta
line (BaCOs) s.g. Pmcn, green line (TiO3) s.g.141/amd, cyan line (ZrO,) s.g. P21/c, burgundy colored line (CaCOs)
s.g. R-3c:H.

As reported in Figure 9.3.9, the variation of c-axis of witherite can be observed until 870°C where the amount

of BaCOz Pmnc is about 1 wt.%.
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Figure 9.3.9 Variation of cell a) parameters a,b,c and b)volume of orthorhombic Pnmc BaCOs structure as a
function of the temperature.
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The transformation of orthorhombic BaCO3 into the trigonal polymorph can be noticed analysing the 1D

patterns evolution shown in Figure 9.3.10 in the range temperature from 829°C to 855°C.
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Figure 9.3.10 in situ synchrotron high resolution measurement from 790°C to 855°C for unmilled mixture
showing a. iii) fitting lines of each phase component obtained from Rietveld refinement (coloured full lines).
magenta line (BaCO3) s.g. Pmcn, green line (TiO3) s.g.141/amd, cyan line (ZrO,) s.g. P21/c, burgundy coloured
line (CaC03) s.g. R-3c:H, olive line (BCZT) s.g. PAmm, orange line R-3m BaCOs.

As reported in Figure 9.3.11, at 882°C the orthorhombic polymorph is totally converted into trigonal one and

the amount of BCZT reaches the 13 wt.% at 988°C.
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Figure 9.3.11 in situ synchrotron high resolution measurement from 882°C to 988°C for unmilled mixture
showing a. iii) fitting lines of each phase component obtained from Rietveld refinement (coloured full lines).
magenta line (BaCOs) s.g. Pmcn, green line (TiO>) s.g.141/amd, cyan line (ZrO,) s.g. P21/c, burgundy coloured
line (CaCOs) s.g. R-3c:H, olive line (BCZT) s.g. PAmm, orange line R-3m BaCOs, yellow line R-3¢ BaCOs.

As shown in Figure 9.3.12(a), the most pronounced change in the lattice parameter of TiO; involves the c-
direction, while the a-direction undergoes more modest positive changes. The volume of TiO; anatase

reaches a value of 139 A 3
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Figure 9.3.12 Variation of cell a) parameters a,b,c and b)volume of tetragonal TiO, Anatase structure as a
function of the temperature.

As far as the evolution of calcite is concerned, it must be remembered that, as with ZrO,, its presence in the

pattern is extremely reduced, so that the structural parameters are difficult to determine, however it is

confirmed that at high temperatures calcite retains its trigonal structure R-3c where the axes a and b remain

largely unchanged(Figure 9.3.13) but the c-axis undergoes an elongation to 17.61 A considering that it had

started from 17.06 A at RT.
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Figure 9.3.13 Variation of cell a) parameters a,b,c and b)volume of trigonal CaCOs calcite structure as a
function of the temperature.
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9.3.3 Detailed study: Attrition ball-milled and lyophilised precursors (ALB,)

From RT to 386°C (Figure 9.3.14) the as-lyophilised precursors remain almost unchanged except for the

expansion of BaCOs lattice that reaches a value of 311 A% at 400°C, starting from 304 A3. The amount of CaCO;

remains unchanged until this temperature.

Caco,
N Mo MW _386°C

=) s ; A At YV Vi VN 316°C
o
O
:E' l s - ‘n L hll [P Y 23600
i
)
= AA_ v VU D W 133°C
on
o
-
3 l Ao ‘ - AV, THGY A W VA 29°C

W W -, .h j' e .-'--ﬂ" e RT

1 ! ] ' 1

1.5 2.0 2.5 3.0 3.5 4.0 4.5
QA

Figure 9.3.14 in situ synchrotron high resolution measurement from RT to 386°C for lyophilised powders
showing a. iii) fitting lines of each phase component obtained from Rietveld refinement (colored full lines):

magenta line (BaCOs) s.g. Pmcn, green line (TiO,) s.g.l41/amd, cyan line (ZrO3) s.g. P21/c, burgundy colored
line (CaCOs) s.g. R-3c:H.

At higher temperatures, up to 567°C the CaCO3 begins to decompose until being totally undetectable. From
550°C to 574°C a small amount of BCZT is barely perceptible (Figure 9.3.15). As shown in the graph below,

indicated by arrows, at 597°C and 602°C the BCZT amount is about 0.6-1wt% (Figure 9.3.16).
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Figure 9.3.15 in situ synchrotron high resolution measurement from 452°C to 602°C for lyophilised powders
showing a. iii) fitting lines of each phase component obtained from Rietveld refinement (colored full lines):
magenta line (BaCOs) s.g. Pmcn, green line (TiO,) s.g.141/amd, cyan line (ZrO,) s.g. P21/c, burgundy colored
line (CaCOs) s.g. R-3c:H, olive line BCZT P4Amm.

In the temperature range between 608°C and 758°C the BCZT completely forms until reaching an amount of
95-96 wt% at 770°C, accompanied by almost undetectable amount of unreacted ZrO, and BaCOs(Figure

9.3.16).
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Figure 9.3.16 in situ synchrotron high resolution measurement from 608°C to 758°C for lyophilised powders
showing a. iii) fitting lines of each phase component obtained from Rietveld refinement (coloured full lines):
magenta line (BaCOs) s.g. Pmcn, green line (TiO,) s.g.141/amd, cyan line (ZrO,) s.g. P21/c, burgundy coloured
line (CaCOs) s.g. R-3c:H, olive line BCZT P4Amm.

As shown in Figure 9.3.17, like in the unmilled powders the cell of orthorhombic BaCO; expands until reaching

a value of 321 A3,
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Figure 9.3.17 Variation of cell a) parameters a,b,c and b)volume of orthorhombic Pnmc BaCOjs structure as
a function of the temperature for ALBp.

The volume of the TiO increases until reaching a maximum value of 138.6 A3 and then it drops to 136 A% and

the anatase is incorporated into the main lattice (Figure 9.3.18).
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Figure 9.3.18 Variation of cell a) parameters a,b,c and b)volume of tetragonal TiO, structure as a function of
the temperature for ALB,.

After analysing the quantitative diffraction data of phase (Figure 9.3.7) in correspondence of the most
significant temperature range suggested from the TG-DTA thermograms, it is clear that activated powders
undergo significant low temperature reactivity in comparison to un-milled mixture. For the latter
composition it appears that a fraction of thermal energy in the high temperature process is waste to assist

an inefficient orthorhombic to-trigonal transformation of witherite, without any important reaction involving
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anatase below 988 °C, the highest temperature accessed with the in situ experiment. Conversely, for the
activated mixture, the transformation reaction of BCZT occurs at about 650 °C, simultaneous to the
disappearance of the witherite Pmcn and anatase and tetragonal BCZT appearance (see relevant lattice
parameters). As it concerns the role of Calcite and baddeleyite minor phases, it is not easy to devise a precise
behaviour from the pattern evolution, given their relatively low wt.% in the mixture. However, for calcite we
were able to follow as a function of temperature an increase of the lattice parameter c, while a = b parameter
remaining approximately constant, in agreement with previous investigation (Antao and Hassam[16]) on the
100% phase. This supports indirectly the reliability and correctness of our numerical analysis. Unfortunately,
in the case of baddeleyite, monoclinic ZrO,, where we need to determine 4 lattice parameter a, b, c and B,
respectively, their determination is not so accurate since the heavy peak overlapping with the main witherite
and anatase phases. In any case, since they disappear at the later stages of the BCZT formation (whose curve
is following in a first approximation at least a Gompertz function), we may surmise CaCOs is incorporated by
witherite first to form a (Ba, Ca) COs solid solution throughout ionic diffusion. Later, upon evolution of
gaseous CO,, the remaining (Ba,Ca)O quickly reacts with anatase to form tetragonal (Ba,Ca)TiOs. From the

SR-PXRD pattern evolution it seems that baddeleyite is incorporated in the BCT matrix as well.

It is important to remind that upon the integration of the logistic Gompertz function (Figure 9.3.7(b)), we
implicitly assume the presence of two terms, the first independent from the temperature and the second
dependent. We may ascribe the independent term to the higher activity of the powders due to the
mechanical activation and lyophilization carried out. Unfortunately, there is no way to compare the reactivity

for the un-activated mixture, since the experiment was stopped just below 1000 °C.

9.3.4 Non-Isothermal Kinetics Investigation on ABLp

With the purpose to better clarify the influence of the reagents pretreatment, (attrition ball-milling and
lyophilization) on the temperature formation of the BCZT during the calcination step, calorimetric
measurements were performed at different heating rates. The measured DSC profiles of the as milled-

lyophilized sample for selected heating rates, 2, 5, 8, 10, 15 °C/min, are depicted in Figure 9.3.19(a).
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Figure 9.3.19 a)Endothermic DSC peaks versus temperature (550-750°C) of the post lyophilized powders
acquired at different heating rates of 2, 5, 8, 10, and 15 °C/min. b)Kissinger plot.

From DSC profiles, at increasing heating rates, 8[°C/min], the peak temperature, T, [°C] shifts at high
temperatures, whereas endothermic peak become sharper, characteristic of kinetically controlled

process[18]. The subscript m indicates the temperature associated to the maximum rate.

The non-isothermal activation energy, E,, for BCZT formation, was then estimated according to the Kissinger

method, as expressed below:

in(f) = tn (=5 f'(@n)) - (9.1)

Eq
RTp,
where R is the gas constant (8.314 J / mol-K), A is the preexponential factor and f'(a,,,) the first derivate of
the kinetic model f(a,;,). Plot of left-hand side of the equation 9.1 versus 1000/T, [K™] is shown in Figure
9.3.19(b). Considering that f(a,,) does not vary with 8, the value of the activation energy is calculated from
the slope of the straight line (red dots) and it corresponds to 223 kJ/mol. Despite the excellent Rp achieved
(0.99633), the activation energy estimated is limited by the fact that the Kissinger method produces a single
value of the activation energy without considering the kinetic complexity of the process [19]. A satisfactory

representation of a kinetic complex process (BCZT formation occurred almost simultaneously with the

decomposition of BaCOs) requires more than an activation energy value calculated at different extent of
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reactions a. To this purpose, the extent of conversion of a have been calculated for the DSC profiles and

shown as a function of the temperature and time in Figure 9.3.20.
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Figure 9.3.20 Normalized a-T a) and a-t b) plots corresponding to the DSC peaks. The relation between the

IT-T;]
B

formation temperature and time is provided by the following equation: t = , Where T is the formation

temperatures, while T; is the temperature at the beginning of the formation process.

The activation energy of the BCZT formation as a function of the extent of reaction was estimated by the

Kissinger-Akahira-Sunose (KAS) isoconversional model-free method which is founded on this equation:

m(£)=c- (92)

T? RTy,

where C is constant and does not depend on T and B. According to the KAS equation all curves reported in

Figure 9.3.21 have been analysed. Considering a degree of conversion in the range of 0.1-0.9, In (%) are
a
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000

plotted versus 1990 and shown in Figure 9.3.21, and the linear fitting (red solid line) resulted in the activation

a

energy (Table 9.3.2).
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Table 9.3.2 Parameters estimated by KAS method for different degrees of conversion a. R, is the Pearson
correlation coefficient. Eais the activation energy calculated by multiplying the slope for the gas constant R
(8.314 [J/ (mol K)]).

o Slope Rp Ea (kJ/mol)
0.1 -18.734 0.9944 155.754
0.2 -20.680 0.9979 171.935
0.3 -21.313 0.9977 177.198
0.4 -21.651 0.9979 180.003
0.5 -22.225 0.9977 184.781
0.6 -22.653 0.9984 188.189
0.7 -24.350 0.9989 202.445
0.8 -22.990 0.9970 191.143
0.9 -23.163 0.9962 192.575

The activation energies values estimated by the KAS method, have been then plotted versus the selected a
range 0.2-0.9 (Figure 9.3.22). An activation energy with an average value of 185 kJ/mol (+ 4 kJ/mol) was
calculated for the whole process, which resulted smaller with respect to those value previously obtained by

the Kissinger equation (Figure 9.3.19(b)).
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Figure 9.3.22 Activation energies obtained from the KAS approach, as a function of the extent of reaction a.

Despite the activation energies values indicated in Figure 9.3.22 does not vary significantly with the degrees
of conversion, it should be mentioned that for a lower than 0.3, the activation energies decrease of 30 kJ/mol.
At low heating rate it emerges clearly that the BCZT formation pass through a complex mechanism which
involves the decomposition of the solid solution composed by calcium and barium carbonates. Concerning
the activation energy estimated in this work for the BCZT formation, it is important to highlight that this value
is significantly lower than that reported in the current literature. Louaer and collaborators, upon a detailed
kinetic studies, obtained an activation energy of 386 klJ/mol for the crystallization of the 0.5 (Bag.ssCao.15) TiOs-
Ba(Zro.1Tio.s) system prepared by mechanical processing (planetary mill) of the BaCOs, CaCOs, ZrO; and TiO,
powders using ethanol as solvent[20]. Just for comparison, the activation energy for the formation of BaTiO3
and BaZrO; were estimated to be 361 kJ/mol and 290 kJ/mol, respectively, when the solid-state reaction has

been conducted under air [21,22].

Concerning the kinetic mechanism which governs the formation of the here investigated BCZT, a further
kinetic analysis, free from a model assumption and kinetic parameters, was applied to the experimental DSC
curved presented in Figure Figure 9.3.23(a).The approach used a truncated Sestak-Berggren equation here

reported:

fl@) =ca™(1—a)" (9.3)
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Tuning m and n parameters it is possible to fit different kinetic model based on determined mechanism [19].

The kinetic analysis was then based on the equation 9.4:

da

In (#) = In (cA) — 2= (9.4)
Where A is the pre-exponential factor or frequency factor. The left-hand side of the equation 9.4 was plotted
against 1/T and the best linearity is determined varying m and n parameters to obtain the maximum linear
correlation coefficient. For the experimental data introduced in the equation 9.4 (for a range of 0.1-0.9), the
m and n values were 0.712 and 0.701, respectively, obtaining the function: f(a) = ca®’*?(1 — a)%7°L. This

wan then normalized at a= 0.5 and compared with the theoretical kinetic model reported in Table 9.3.3.

Table 9.3.3 Differential form for the most frequently used mechanism of nucleation and growth models

Model Differential Form Description
Nucleation and growth models — Sigmoidal curves
Avrami-Erofeyev Al (n=1) One-dimensional growth with
interface-controlled reaction rate
Avrami-Erofeyev A2 (n=2) Two-dimensional  growth  of

existent nuclei at constant
interface rate
Avrami-Erofeyev A3 (n=3) Three-dimensional growth of
existent nuclei at constant
interface rate

n(1-o)[In(1-o)]¥/

As shown in Figure 9.3.23, the parabolic Avrami-Erofeyev models, are the function that best described the
experimental data for the BCZT formation process. The choice on the models presented in Table 9.3.3, was

made according to the lower RSS (residual sum of squares) values for A2, A3, A3.5 and A4.
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Figure 9.3.24 Comparison of ideal normalized kinetic models (dashed lines) with the f (a) function (pale blue
solid circle) obtained from the kinetic analysis of the DSC curve acquired at heating rate of 15°C/min.

The 3.5 model presented the best results for the experimental data with f = 15°C/min, and according to the
Table 9.3.3, it can be associated with a three-dimensional growth mechanism of the nuclei. This results, is
only in part in agreement with the recent result reported by Louaer and collaborators, which evidenced a
clear A3 model [20]. This further provides the fact that in the latter the formation of BCZT starting from the
decomposition of B-BaCOs at high temperature, as also corroborated by the in situ experiment performed on
the unmilled system. For the ABL, system, the a-B transformation of the BaCO3 phase did not occur because
the reagents milled were able to react at lower temperature before that polymorphic transformation should
take place. This provides an explanation why the micro mechanism of BCZT changed. Furthermore, in order
to further assess the validity of combined kinetic model here presented, the reconstruction of the

experimental curves (Figure 9.3.20(b)) has been obtained by using simulated kinetic curves with the form of:

a=1—e ®tH (9.5)

Where n is the Avrami parameter estimated from the model identified and k the apparent constant which
can be calculated starting from the pre-exponential factor A, that was determined from the following

equation:
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Eq

_ﬁEa —
A = —————eRTmax 9.6

TZaxR f1(a) ( )
The subscript max is referred to the maximum rate of the differentiate kinetic curve at the heating rated

used. Figure 9.3.24 shows the numerically simulated curves (red solid line) which, for each heating rates,

match very well the a-t curves, proving the validity of the kinetic parameters.
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Figure 9.3.25 Curved simulated (red solid line) using the kinetic parameters estimated from the combined
kinetic analysis applied to the experimental curves acquired at different heating rates.

Once the model is selected and verified, it has been used to fit the experimental XRD data reported in Figure
9.3.7, with the aim to better understand the mechanism which governs the whole process of the BCZT
formation. The master plots have been applied to both the BCZT formation and BaCO3; decomposition steps,

which occurred simultaneously.
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Figure 9.3.26 Comparison of ideal normalized kinetic models (solid lines) with the f(«) functions, obtained
from the XRD data acquired at increasing temperatures.

As shown in Figure 9.3.25, the master plots A3 and A3.5 represent the best fits for both the curves (green
triangles for the BCZT formation and magenta circles for the BaCOs; decomposition). However, the
mechanism supposed seems to vary at different extent of reaction ranging from A3 (0<a<0.5) and A3.5 (0.5<
a<1). On the other hand, a tridimensional growth mechanism has been further support. Unfortunately, no

data about the decomposition mechanism of a-BaCOs are reported in the current literature and, for this
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reason, it is not possible at moment to have a comparison. In this sense, this work represents a first attempt
this process and despite the promising result obtained, the kinetic study needs to be further corroborated

by isothermal experiments.

9.4 Conclusions

In this work, we investigated the impact of processing route on thermal behaviour of BCZT precursors (BaCOs,
CaCOs, Zr0,, TiO,). In order to characterize the decomposition products evolved and the formed compounds,
we performed in situ SR-PXD experiments. It was assessed that a preliminary mechanical treatment is
effective in reducing the BCZT temperature formation with respect to the un-milled mixture of reactants
(AT=200°C). Furthermore, the combination of attrition ball-milling and freeze drying allows to use distilled
water as liquid medium. This can be promising for industrial scaling up allowing at the same time to decrease
the synthesis temperature and to avoid the use of organic solvents. It must be highlighted that in the in situ
experiments the formation of stable ternary oxides such as CaTiOs; and BaZrOs was not noticed, maybe due
to the high heating rate and/or because these phases need longer times to crystallise during the cooling step.
As the decomposition of the barium carbonates occurred at low temperature, the polymorphic
transformation has been hampered then modifying the kinetic mechanism. To support this experimental
evidence, a combined kinetic analysis has been conducted on the DSC curves and in situ XRD data. Ther
formation of BCZT follows an A3.5 Avrami-Erofeyev kinetic model with an activation energy of 185 kJ/mol,
significantly lower with respect to the expected value. This support the thesis that the milling processing,
conducted by attritor ball milling, is crucial to activate the reactants, allowing to decrease the BCZT formation

temperature.

9.5 Appendix
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Table A 9.5.1 Evolution of lattice parameters of BaCOs as a function of the temperature in the unmilled

system MMp.
BaCO; Pnmc

Temperature(°C) | a(A) b(A) c(A) Volume(A3) Ref.

RT 5.3103 8.9122 6.4365 304.6 [16]

RT 5.2998 8.9343 6.4279 304.4 Our work
59 5.3006 8.9349 6.4383 304.9 Our work
121 5.3019 8.9364 6.4488 305.5 Our work
155 5.3033 8.9358 6.4604 306.2 Our work
188 5.3047 8.9368 6.4719 306.8 Our work
220 5.3072 8.9370 6.4851 307.6 Our work
257 5.3089 8.9348 6.4964 308.2 Our work
292 5.3123 8.9329 6.5099 308.9 Our work
298 5.3226 8.9213 6.5374 310.4 [16]

324 5.3134 8.9334 6.5183 309.4 Our work
350 5.3150 8.9328 6.5272 309.9 Our work
395 5.3204 8.9308 6.5641 311.9 Our work
425 5.3217 8.9326 6.5784 312.7 Our work
475 5.3208 8.9321 6.5708 312.3 Our work
486 5.3293 8.9275 6.6076 314.4 [16]

500 5.3218 8.9325 6.5809 312.8 Our work
550 5.3236 8.9333 6.5989 313.8 Our work
575 5.3248 8.9334 6.6103 314.4 Our work
602 5.3257 8.9339 6.6221 315.1 Our work
625 5.3264 8.9347 6.6294 315.5 Our work
650 5.3273 8.9357 6.641 316.1 Our work
674 5.328 8.9361 6.6528 316.8 Our work
691 5.3336 8.9354 6.6877 318.7 [16]

699 5.3286 8.9361 6.6639 317.3 Our work
725 5.3291 8.9397 6.6765 318.1 Our work
751 5.3297 8.9383 6.6898 318.7 Our work
777 5.3301 8.9395 6.7038 319.4 Our work
790 5.3303 8.9401 6.7116 319.8 Our work
794 5.3333 8.9417 6.7339 321.1 [16]

803 5.3302 8.9411 6.7187 320.2 Our work
816 5.3301 8.9419 6.7263 320.6 Our work
829 5.3303 8.9427 6.7341 321.0 Our work
842 5.3304 8.9446 6.7417 321.4 Our work
855 5.3312 8.9471 6.7472 321.8 Our work
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Table A 9.5.2 Evolution of lattice parameters of BaCOs as a function of the temperature in the unmilled

system MMp.
BaCOs3 R-3m BaCOs R-3c
Temperature(°C) | a(A) c(A) a(A) c(A) Ref.
813 5.2223 10.49 [16]
825 5.2212 10.49 [16]
829 5.221 10.43 Our work
842 5.220 10.47 Our work
855 5.219 10.48 Our work
869 5.218 10.51 5.22 21.02 Our work
882 5.214 10.53 5.21 21.07 Our work
896 5.209 10.56 5.21 21.13 Our work
909 5.204 10.59 5.20 21.20 Our work
923 5.198 10.63 5.20 21.26 Our work
951 5.186 10.69 5.18 21.44 Our work
964 5.184 10.73 5.17 21.55 Our work

Table A 9.5.3 Evolution of lattice parameters of BaCOsas function of the temperature in the activated system

ABLp.
BaCOs Pnmc Wt. % of | BCZT
BCZT crystallite
size(A)
Temperature(°C) | a(A) b(A) c(A) Volume(A3)
RT 5.2901 8.9423 6.4239 303.89 - -
133 5.2942 8.9488 6.4584 305.98 - -
236 5.2999 8.9477 6.4893 307.74 - -
316 5.3040 8.9490 6.5151 309.24 - -
386 5.3072 8.9483 6.5423 310.7 - -
452 5.3114 8.9481 6.5661 312.07 - -
516 5.3181 8.9457 6.5922 313.62 - -
567 5.3273 8.9374 6.6249 315.43 - -
574 5.3278 8.9375 6.6263 315.53 - -
597 5.3291 8.9383 6.6395 316.26 - -
602 5.3296 8.9379 6.6413 316.36 - -
608 5.3300 8.9380 6.6448 316.56 - -
615 5.3304 8.9379 6.6485 316.75 - -
622 5.3308 8.9377 6.6519 316.93 1.48 -
629 5.3311 8.9379 6.6553 317.12 3.3 -
636 5.3315 8.9378 6.6624 317.48 9 -
643 5.3314 8.9383 6.6623 317.48 8 158
650 5.3316 8.9391 6.6660 317.7 22 331
656 5.3314 8.9390 6.6691 317.83 40 474
662 5.3314 8.9389 6.6725 317.99 55 493
669 5.3312 8.9382 6.6756 318.1 60 510
675 5.3315 8.9382 6.6792 318.29 65 525
682 5.3314 8.9383 6.6828 318.46 69 539
688 5.3314 8.9383 6.6828 318.46 69 538
695 5.3315 8.9383 6.6894 318.78 74 570
701 5.3314 8.9377 6.6931 318.93 80 575
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708 5.3315 8.9381 6.6963 319.1 82 588
714 5.3313 8.9381 6.6993 319.23 83 600
720 5.3309 8.9383 6.7023 319.36 85 607
727 5.3306 8.9382 6.7052 319.48 87 610
733 5.3304 8.9389 6.7080 319.62 88 610
739 5.3302 8.9389 6.7106 319.73 90 610
746 5.3301 8.9383 6.7130 319.82 91 610
752 5.3302 8.9391 6.7145 319.93 92 610
758 5.3314 8.9389 6.7149 320.01 93 616
765 5.3338 8.9399 6.7120 320.05 94 622
771 5.3369 8.9425 6.7067 320.08 95-96 628
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10 Toxicology Assessment of BCZT ceramics with different
composition and prepared using different milling jars.

10.1Introduction

As stated in Chapter 3, alternative uses of piezoceramics in biomedical field, included new frontier
applications, such as piezocatalytic medicine [1], are sparking the interest of researchers in the toxicological
characterization of these materials. The main characteristics that a piezoelectric material must have to be
used for this purpose can be summarized as follows: excellent piezoelectric properties, good
biocompatibility, degradability, and targeted stimulation of the extracellular matrix. Among others, one of
the most interesting applications is tissue regeneration [2] and, in particular, bone regeneration [3]. In this
scenario, Poon et al. studied the piezoelectric properties of bulk ceramic BCZT1510 and its compatibility with
primary human osteoblast cells (HOBs) and primary human umbilical vein endothelial cells (HUVECs),
demonstrating the high potential of BCZT as a bone replacement material due to good biocompatibility and
cell proliferation and promising viability results. The authors conclude that BCZT can be successfully
employed as an electrical stimulation source for bone tissues regeneration [4]. They can also be used as
electroactive materials (ES) that simulate the electrophysiological microenvironment to promote bone
regeneration [5]. Increased Ca?* within the cell, due to the opening of voltage-gated Ca?* channels, leads to
increased expression of various growth factors that promote regeneration of damaged bone tissue.
[6].Moreover, the inverse piezoelectric effect can have an effect on bone healing by inducing microscopic
mechanical deformation of bone tissue when subjected to electrical stimulation, promoting cell
differentiation and inducing biochemical changes in microcirculation around osteoblasts. Other effects
detected concerns the increase of calcium deposition that leads to bone calcification and to the activation of
the cyclic adenosine phosphate system in bone cells by triggering enzyme activation. In general, electrical
stimulation promotes microcirculation in tissues by causing a series of cascading effects [7]. In addition, the
combination of nanocrystalline BCZT with hydroxyapatite in biocompatible piezo composites has been shown

to be useful for bone regeneration[8]. Among other applications, nontoxic BCZT-TiO; polarized coatings in

Marzia Mureddu — PhD Thesis in Chemical Science and Technologies



241

combination with low-intensity pulsed ultrasound promote calcium deposition, making them suitable for
dental implants[9]. In addition, there are reports in the literature on the effectiveness of BCZT piezoelectric
films as a suitable support for osteogenic differentiation of mesenchymal stem cells in bone marrow([10], in
nanogenerators for biomechanical energy harvesting with BCZT nanowires and nanofibers [11], in BCZT-Ag
antibacterial coatings for orthopaedic implants[12]. The interaction between these functional materials and
the human organism is rather complex and the mechanism is not yet well defined. For this reason, further
in-depth in vitro and in vivo studies are needed. In this scenario, due to the variability in processing routes
followed and the possibility of introducing foreign ions in the material, the aim of this study was to extend
the toxicological evaluation to different compositions and to evaluate the influence of different jar materials
used for the ball-milling step of the solid-state processing route. The effect of these parameters on the
viability of the A549 cells and the yeast Saccharomyces cerevisiae was evaluated. As reference, a sample

produced starting from commercial BaTiOs was used (here indicated as BCZT_3).

10.2Materials and methods

10.2.1 Materials

Ceramic powders of BCZT_1 and BCZT_2 were prepared by a solid-state route starting from a stoichiometric
mixture of BaCO; (Merck, Darmstadt, Germany, >99%), CaCOs (Sigma Aldrich, St. Louis, MO, USA, >99%), TiO,
(Merck, of nominal purity >99% composed of 85 wt.% of anatase and 15 wt.% of rutile) and ZrO, (Tosoh,
Tokyo, Japan, monoclinic polymorph >99%). BT ceramics (BCZT_3) were prepared starting from commercial
barium titanate powders (Sigma Aldrich, 99.9% trace metals basis). For BCZT_4 and BCZT_5 the following
reagents have been used: BaCOs Sigma Aldrich, St. Louis, MO, USA, >99%orthorhombic (Witherite), TiO,
Sigma Aldrich, St. Louis, MO, USA,>99.9% (99 wt.% anatase,1 wt.% rutile), ZrO, Alfa Aesar >99% monoclinic,

CaCOs Fluka >99% trigonal polymorph.
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10.2.2Powders and ceramics processing

BCZT_1 Ceramic powders of nominal composition (Bao.s2 Cao.os) (Tio.es Zro.os) were prepared according to the
powder processing described in Chapter 6. To obtain BCZT_2 (Baoss Cao.1s) (Tio.go Zro.10) the same procedure

was followed for the BCZT_1 except for the composition chosen.

BCZT_4 (Bao.ss Cao.1s) (Tio.s0 Zro.10) Was obtained by ball-milling the precursors using a Spex 8000 apparatus and
stainless-steel jar for 6h. For BCZT_5 (Bao.ss Cao.1s) (Tio.s0 Zro.10) was followed the same procedure of BCZT-4
except for the material of the vial (tungsten carbide). These procedures have been reported in Chapter 5.
The as-obtained powders were calcined at 1200°C for 4 h of dwell time, then shaped into disks and sintered

at 1450°C for 2 h in air with a heating rate of 3°C/min.

Table 10.2.1 Procedure followed to prepare powders for toxicological evaluation.

Sample name Composition BM-a Vial material Solvent
BM-h

BCZT 1 BCZT0805 ABM Teflon Isopropanol
6h

BCZT 2 BCZT1510 ABM Teflon Isopropanol
6h

BCZT 4 BCZT1510 Shaker-Spex Stainless steel ethanol
6h

BCZT 5 BCZT1510 Shaker Spex Tungsten Carbide Ethanol
5h

Legend. BM-a: Ball-milling apparatus. BM-h: Ball-milling time(h) ABM.:attrition ball-milling .

The materials under study and the reference sample (BCZT_1, BCZT_2, BCZT_3, BCZT_4 and BCZT_5) were
smashed in a mortar and sieved (0.125 mm mesh size) to obtain a uniform powder. Stocks of the powder
materials resuspended in milli-q water and 0.05% BSA (bovine serum albumin) at 2.56 g/L were prepared to
carry out the experiments. Before performing the tests, samples were vortexed at full speed and then
subjected to ultrasonication for 5 min at an amplitude of 40%. Finally, before preparing the different

concentrations used in the experiments, samples were vortexed again.

10.2.3 Toxicological assays: Experiments using the A549 cell line

The A549 human cell line (ATCC, CCL-185) was cultured in DMEM (Dulbecco’s Modified Eagle’s Medium)

supplemented with 10% FCS (fetal bovine serum) and 1% penicillin/streptomycin (Sigma-Aldrich) and
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maintained in an incubator under optimal growth conditions (95% humidity, 5% CO, and 37 °C). To evaluate
the toxicity of the materials, the neutral red uptake assay was carried out. Briefly, cells were seeded in 96
well plates at a density of 3 x 10* cells/well and, after being incubated for 24 hours, exposed to different
concentrations of the materials (6.4, 32 y 160 mg/L) diluted in DMEM supplemented with 1% FCS during 24
h. After this incubation, cells were washed with DPBS (Dulbecco’s phosphate buffered saline), and 100 pL of
a neutral red solution (40 pg/mL) were added to each well and incubated for 2.5 h protected from light. Cells
were then washed with DPBS, fixed with 4% formaldehyde for 2 min and washed again with DPBS.
Subsequently, 150 uL of an extraction solution containing 50% ethanol 96°, 49% distilled H,O and 1% acetic
acid was added to each well, and the plate was subjected to a 10 min-moderate shaking step. Finally, 100 uL
of this solution was transferred to an opaque 96 well plate, and the fluorescence was measured with a

microplate reader (BioTek Synergy HT, excitation: 530/25; emission: 645/40).

10.2.4Toxicological assays: Experiments using Saccharomyces cerevisiae

S. cerevisiae strain BY4741 was grown in liquid YPD medium (1% yeast extract, 1% peptone and 2% dextrose)
at 30 °C on an orbital shaker at 180 rpm and, after reaching exponential growth phase (0D600=1), exposed
to 160 mg/L of the materials diluted in YPD medium for a period of 2 and 24 h. To determine their effect in
the viability of this microorganism, serial dilutions of each sample were prepared and seeded on YPD agar

plates, which were incubated at 30 °C to determine the number of CFUs (colony forming units).

10.2.5 Statistical analysis

Data used for statistical analysis are presented as mean * standard deviation (SD). Performing the one-way
analysis of variance (ANOVA), followed by Dunnet post hoc test to make comparisons between every mean
to the control. Statistical analyses were performed with Prism 8.0.2 (GraphPad Prism, GraphPad Software,

Inc.). Differences were considered significant at P<0.05.
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10.3Results:

10.3.1 Viability of A549 cells exposed to the materials

The viability of the A549 cell line after being exposed during 24 h to different concentrations of the materials
(6.4, 32, 160 mg/L), was determined by neutral red uptake assay. The results obtained are shown in Figure
10.3.1. None of the compositions (including the reference sample) and jar materials caused a negative effect
on the cell viability, showing all of them a similar percentage of viable cells than that of the control (cells in

the absence of materials).

a) b)
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Figure 10.3.1 Viability of A549 cells (neutral red assay) after exposure to different concentrations of
piezoelectric materials with different compositions a)and after exposure to the same material milled in
different jars b)Results are expressed as % of control (cells in the absence of materials). Data represent the
mean of 6 biological replicates obtained in 2 independent experiments + standard deviation, SD. Differences
were established using a one-way ANOVA followed by a Dunnet post hoc test to compare each mean to the
control and were considered significant at P<0.05.

10.4Viability of the yeast Saccharomyces cerevisiae exposed to the

materials

To determine the toxicological potential of these materials, the yeast S. cerevisiae, a widely used model
organism, was used in the assays. The concentration of 160 mg/L was assessed at 2 and 24 h of exposure

time. Figure 10.4.1 shows that none of these materials, including the reference sample, caused a negative
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effect on the yeast viability at both exposure times. By the same token, the different jar materials used during

the ball milling step did not show to decrease this parameter.
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Figure 10.4.1 Colony forming units (CFUs) of S. cerevisiae cells after exposure to different concentrations of
piezoelectric materials with different compositions a)and after exposure to the same material milled in
different jars b)at two different exposure times (2 and 24 h). Results are expressed as the percentage (%) of
CFUs determined for each exposure condition using as reference value non-exposed cells condition, which
was assigned a value of 100%. Data represent the mean of at least 5 biological replicates obtained in 2
independent experiments + standard deviation, SD. Differences were established using a one-way ANOVA
followed by a Dunnet post hoc test to compare each mean to the control and were considered significant at
P<0.05. **P< 0.01, ***P< 0.001, ****P<0.0001
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Figure 10.4.2 a)A549 cell plate, b)Saccharomyces cerevisiae agar petri plate.

10.5Conclusions

The toxicological tests carried out using both model organisms showed that neither the composition of the
piezoelectric materials analysed, nor the jar materials used during the ball milling negatively affected their
viability. In conclusion, these toxicological assays reveal that the BCZT materials analysed in this study are
safe in terms of viability of A549 cells, a model of human cells, and S. cerevisiae, and a model of an
environmental organism (yeast). This could be considered a first step for further studies to confirm its use in
biomedical applications. In particular, biocompatibility with osteoblasts or chondrocytes also needs to be
thoroughly studied by evaluating cell attachment or proliferation on surfaces made with the BCZT material.
Unfortunately, regarding the concrete application of the analysed materials, as reported in Chapter 5, BCZT 4
and BCZT_5 pellets showed deteriorated piezoelectric properties due to contamination from the material jar.
However, pellets prepared from powders treated with attrition ball milling equipment and a Teflon jar
(BCZT_1), using appropriate calcination and sintering conditions, as reported in Chapter 7, achieved optimal

piezoelectric properties (dss= 455pC/N) and may be really promising for these new uses.
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Based on these preliminary results, our goal in the near future is to evaluate the toxicity of pellets prepared
according to the more environmentally friendly method described in Chapter 8 (d33=320pC/N) and to assess

the potential of these optimized materials to promote bone regeneration.
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11/n situ poling/temperature experiments using an
innovative multifunctional device: preliminary results on
BCZT ceramics.

11.1Introduction

As remarked in the previous Chapter, in situ XRD experiments can provide a lot of important crystallographic
information, useful to investigate the synthesis step [1]. Other uses include phase diagram investigations,
such as those conducted by Keeble and colleagues which exploited in situ measurements to reformulate the
structural phase diagram of the BCTZ, introducing the orthorhombic phase in addition to the rhombohedral
and tetragonal ones [2]. Since post-processing steps are of equal importance in obtaining optimal
piezoelectric properties, in situ studies can also be used to optimise the poling process. In this view, Li and
coauthors carried out electric field dependent XRD experiments using photon source and temperature in the
range of -53 °C to 120 °C on BZT-BCT piezoceramics. They conclude that the Field cooling technique was
found to be very effective in increasing ceramics performances [3]. Another use of in situ diffraction is the
evaluation of the percentage of 90° domains reorienting with the application of the Electric Field and the
observation of relaxation phenomena after its subtraction [4,5]. Using Synchrotron X-ray absorption near
edge structure (XANES) technique Munthala and his group investigated the local structure, the domain
orientation, and Ti off-center displacement in unpoled and poled BCZT ceramics retrieving the quantitative
and qualitative analysis of domain orientation and Ti off-center displacement [6]. As demonstrated by Reyes-
Montero et al, synchrotron XRD measurements together with Confocal Raman and Photoacustic study can
help in understanding the relevance of field- induced and compositionally driven phase transitions in
BCZT1510 [7]. On the one hand, all the data collected allow us to implement knowledge on these functional
materials, on the other hand, the above-mentioned measurements are difficult to perform for this type of
investigation, because they are usually carried out at synchrotron beamlines and cannot be performed
routinely with laboratory equipment. Combining multiple and alternative in situ laboratory techniques, such

as laser vibrometer, in situ quasi static method and variable temperature X-ray diffraction and dielectric
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temperature spectrum test, Zhao et al. revealed the origin of thermal depolarization of piezoceramics,
included BCZT [8]. Guo et al performed in situ XRD experiments on BCZT1015 investigating on the poling and
repoling microstructural origins. The authors conclude that the ceramic is extremely responsive to the poling
fields and that the extraordinary piezoelectricity is due to the structural instability and the elastic softening.
They observed the presence of a unique single-domain state with poling fields in the range of 3-6 kV/cm in
addition to polarization domains phenomenon [9]. Laying on this basis, our group developed a patented
multifunctional device, called X-poll cell, for in situ poling/temperature measurement customized to the
common laboratory diffractometers [10]. The principal innovation of this poling apparatus is the possibility
of heating the sample and applying the electric field and at the same time monitoring the evolution of
crystalline phases. These features can be very useful for studying lead-free piezoceramics like BCZT. As
reported in Chapter 4, the X-poll cell allows to perform the ceramic poling the material by applying an
adequate electric field (up to 30 KV/cm) in the range of temperature of 25 °C - 140°C. In order to monitor
crystalline changes as a function of the applied electric field, it is necessary to apply an electrode that does
not interfere with the signals of the perovskite lattice and that guarantees good electrical conductivity to
allow the poling process. In this aim, a thin layer of nanometric Au was applied on ceramics. To find the
optimal Au electrode thickness, avoiding the variability due to not optimal microstructure, several
preliminary tests were conducted, first on barium titanate (BT) ceramics, then the acquired know-how was
applied to BCZT ceramics. The composition selected, BCZT0805, is the same investigated for the isopropanol
(and water routes, described in Chapter 7 and 8, respectively. In addition, since it was found out that it
presented a single tetragonal PAmm crystal structure, accurately determined at synchrotron Alba facility, it
can allow an easier control of in situ poling process. This feature is a key point for the industrial production
of piezoelectric ceramics. Starting from the work of Guo et al. on BCZT1015 composition [9], we performed
in situ XRD experiments using the X-poll device and the common laboratory diffractometer in the aim of
monitoring the lattice evolution as a function of Electric Field and temperature to individuate poling

microstructural origins.
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11.2Materials and methods

11.2.1Powders and ceramics processing

BT ceramics were prepared starting from commercial barium titanate powders (Sigma Aldrich, 99.9% trace
metals basis). The powders were ground into an agate mortar for 3 minutes, then few drops of PVA binder
solution (3 wt.%) were added. The forming step was performed using a hydraulic press with 220 kg/cm? of

pressure for 30 minutes. The as-obtained green body was then sintered at 1300°C for 2h in air.

BCZT0805 ceramics were prepared according to the experimental section of Chapter 7 and Chapter 8,
summarised as follows: after being lyophilised the powder has been calcined at 700°C for 2 h, milled with
attrition ball-mill and then pressed into pellet with a uniaxial press (1.2 tons for 3 min) and the densified by

using a two-step sintering method at 900°C for 3 h and 1280°C for 6 h as final plateau.

BT and BCZT sintered pellets have been polished down to 1 mm and then annealed again (1150°C 15 min) to
remove stress and preferential crystallographic orientation. The density was then measured by using
geometrical method. In situ XRD synchrotron experiments were performed at BL16 Notos Beamline (Alba).
One selected pellet was polished and measured at the lowest energy value at which there was sensible
transmission, e.g., 21 KeV, equivalent to A = 0.59037 A (E = hc/I). The measurement was performed in
transmission without spinning, taking different 5 measurements in different points of the sample moving the
beam (800 microns x 400 microns, horizontal x vertical) to get a better average measurement and to avoid

the influence of the texture. The average measurement has been considered in the final resulting curve.

Based on previous experiments on Barium Titanate ceramics, in situ poling/temperature experiments
measurements were performed on BCZT ceramics using the X-poll cell, already described in Chapter 4 and
here reported in Figure 1. For in situ temperature measurements the pellet was used as annealed. Whereas,
for in situ poling experiments Au electrodes have been applied using an auto sputter coater (Agar Scientific)

equipped with graphite and Au deposition system.
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Figure 11.2.1 Complete setup assembled of X-Poll cell. Poling cell a) Current generator or power supply b)
Positive and negative connection cables c) between X-poll cell and current generator ARDUINO temperature
control circuit d) Connection cables e) for temperature control and poling cell Heating system power supply
f) [10].

Structural in situ and ex situ investigations were conducted using a Rigaku SMARTLAB diffractometer with a
rotating anode source of copper (A = 1.54178 A) working at 40 kV and 100 mA. The diffractometer is equipped
with a graphite monochromator and a scintillation tube in the diffracted beam and with an automatically
alignment system (Z-scan alignment). The specific set-up used for in situ temperature and poling experiments

is shown in Figure 11.2.2 a e b respectively.
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Figure 11.2.2 Set-up for in situ a) temperature and b) poling experiments. The inset image in b showing the
top view of pellet covered with Au layer. The X-poll cell is placed inside the diffractometer chamber.

For the in situ temperature and poling experiments, XRD patterns were recorded in the angular range of 15-
130° using a step size of 0.05° and 4s of dwell time. The measurement was then repeated at the same
temperature in the diagnostic range (44-46°) with 10s of dwell time. For in situ electric field experiments,
XRD patterns were collected (44-46.5°) using 10s of dwell time. Both the measurement started after about 3

minutes from reaching the set temperature and the isovoltage step, respectively.

11.3Results

BT ceramics showed a density of 5.58 g/cm?, corresponding to 93% of the theoretical density. As shown in

Figure 11.3.1, all the ceramics show a pure P4mm tetragonal structure.
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Figure 11.3.1 XRD pattern of sintered BT pellets covered with a thin layer of Au (main Bragg reflections
indicated with *). From bottom to top increasing Au layer thickness (6 nm,20 nm, 40 nm). Data points are
indicated with blue dots. Fitting lines of P4mm BT phase are obtained from Rietveld refinement (olive-coloured

full lines).

As reported in Figure 11.3.2 and Table 11.3.1, all the ceramics exhibit an evident tetragonal distortion. As

clearly shown, the Au shows the typical cubic Fm-3m structure, and it does not interfere with the XRD analysis

of the main perovskite.

Table 11.3.1 Crystallographic information obtained from Rietveld refinement of sintered BT ceramics at room
temperature after the application of Au layer of increasing thickness (6nm, 20nm, 40nm). The cell parameter
obtained for Au lattice have been also reported.

Au thickness(nm) BT PAmm BT PAmm c/a Au Fm-3m
a (A) c(A) a(A)

6 3.9972 4.0372 1.0100 4.074

20 3.9964 4.0379 1.0104 4.085

40 3.9959 4.0365 1.0102 4.036
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To assess the validity of Au layers as electrodes, the BT ceramic have been successfully poled (15KV/cm and
20Kv/cm for 30 min) reaching values of ds; = 100-140 pC/N after 2h comparable with those reported the

literature for undoped BT-based piezoceramics [11].

The as-obtained BCZT0805 pellets showed the best bulk density achieved of 5.10 g/cm? after polishing,
corresponding to 89% of the theoretical density calculated for the specific composition. All the ceramics
obtained showed a pure P4mm tetragonal phase without the presence of coexisting polymorphs or
secondary phases. The Rietveld refinement of XRD patterns revealed a small tetragonal distortion for all

reproduced ceramics (c/a= 1.004 + 0.001) with ¢ = 4.0202 A.

To further assess the tetragonality of BCZT phase, a synchrotron XRD measurement was performed, and the
subsequent Rietveld refinement confirmed the presence of pure tetragonal polymorph with a=4.0056 A and
c=4.0172 A and c/a= 1.003 + 0.001, being in good agreement with laboratory diffractometer results (Figure

11.3.2 and 11.3.3).
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Figure 11.3.2 . Rietveld fit of XRD pattern of sintered BCZT pellets at RT at different wavelengths reported in
the graph. Bottom: pattern acquired with Rigaku smart lab diffractometer. Upper: pattern acquired at
synchrotron NOTOS beamline. To facilitate the comparison the measurements have been reported in Q (A
1), reciprocal space. RT is for room temperature. Data points are indicated with blue dots. Fitting lines of
P4mm BCZT phase are obtained from Rietveld refinement (olive-coloured full lines).
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Figure 11.3.3 Magnification of diagnostic peak corresponding to 45° 2 theta. Rietveld fit of XRD pattern of
sintered BCZT pellets at RT at different wavelengths. Bottom: pattern acquired with Rigaku smart lab
diffractometer. Upper: pattern acquired at synchrotron NOTOS beamline. To facilitate the comparison the
measurements have been reported in Q (A), reciprocal space. Data points are indicated with blue dots.
Fitting lines of PAmm BCZT phase are obtained from Rietveld refinement (olive-coloured full lines).

The re-annealed pellet after polishing was subjected to increasing temperatures (40°C, 60°C, 80°C and 100°C)
but it was not possible to determine the exact Curie Point, corresponding to the transition from Tetragonal
structure to cubic one due to the too small tetragonal distortion. For this reasons, in Figure 11.3.4 is just
reported the magnification of the diagnostic peak of XRD pattern collected in situ at RT and then heated at
100°C, in which the crystalline cell transformation into cubic polymorph is evident, in perfect accordance with

the peak profiles evolution of BCZT ceramics as a function of the temperature, reported by Zhao et al [8].
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Figure 11.3.4 a) Phase evolution as a function of temperature of sintered BCZT ceramic at two different
significative temperatures (RT and 100°C); b) Magnification of the diagnostic peak at around 45°. Data points
are indicated with blue dots. Fitting lines of PAmm BCZT phase are obtained from Rietveld refinement (olive-
coloured full lines). Fitting lines of Pm-3m BCZT are obtained from Rietveld refinement (red-coloured full lines).

As reported above for the in situ poling experiments, the electrodes have been successfully applied on both
surfaces by using sputtering technique. The preliminary test conducted on BT ceramics allowed to apply an
adequate Au layer of 40 nm. As evident in Figure 11.3.5, Au peaks do not overlap the BCZT peaks, especially

at 45°, enabling the monitoring of crystalline phase evolution as a function of the Electric Field applied.
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Figure 11.3.5 XRD pattern of sintered and re-annealed BCZT disk covered with a thin layer of Au.. Fitting lines
of PAmm BCZT are obtained from Rietveld refinement (olive-coloured full lines).

Figure 11.3.6 shows the evolution, at room temperature, of the diagnostic peak at 45° as a function of the
poling electric field (0-12 kV/cm). As clearly emerges, the application of the Electric Field does not have any
influence on lattice tetragonal distortion. The only variation is imputable to the decrease in intensity of 002

crystalline family plane.
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Figure 11.3.6 Room temperature in situ electric field experiments of sintered BCZT. Magnification of the
diagnostic peak at 44-46° 2 theta. In the legend are indicated the colours corresponding to increasing Electric
Field applied. Olive bars correspond to the reflections of BCZT PAmm phase in the selected angular range of
2 theta.

During poling process, as well known, two main phenomena occur perovskite ferroelectrics with tetragonal
structure: the 180° domain reversal and 90° domain reorientation [12]. The intensity change of diffraction
peaks is attributable to 90° domains rearrangement. As inferred in Figure 11.3.6, the 90° domain
reorientation leads to an exchange of a- (200) and c-axis (002) of the tetragonal structure are exchanged
increasing the Electric Field applied. Analysing Figure in detail, it emerges that the application of the electric
field determines the preferential growth of the (002) domain, which is in agreement whit the conclusions of

other authors [13].

11.4Conclusions

This work provides a demonstration of potentialities of the X-poll cell apparatus used for measuring, for the
first time by our knowledge, BCZT lead-free ceramics in lab-scale facilities. Both in situ poling and heating

tests were successfully performed. The poling experiment allowed to monitor the 90° domains reorientation,
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whereas the heating one permitted to broadly determine the range of FE-PE transition. Due to the small
degree of tetragonality and high porosity of the sample, it was difficult to perform all the studies planned. In

the future further implementation are needed and further investigations will be provided in this direction.
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12 Conclusions e future perspective

In recent years we have witnessed a revolution in the piezoceramics market. Several companies have begun
producing lead-free materials and are working to replace the toxic lead zirconate titanate, known as PZT,
which dominates the market. The drive for change emerges from the new EU directives, such as “Restriction
of Hazardous Substances (RoHS) Directive” of 2002, its revision (RoHS 2) in 2011 and the “Roadmap for
moving to a competitive low-carbon economy in 2050” .According to these guidelines, among others, the
major goals for the near future include research and development of more sustainable materials, reduction
in the use of so-called critical raw materials, and new eco-sustainable processing routes with lower energy

budgets, suitable for industrial scalability.

Although, as pointed out in the introduction of this thesis, some market-leading companies are already
producing lead-free products, further steps are still needed for industrial production and commercialization
of the barium-calcium zirconate-titanate system, well known as BCZT. Indeed, from a careful analysis of the
state of the Art (Chapter 3), it emerged that there are still open issues to produce the system at industrial
level. Among others, we can individuate i. The difficult reproducibility due to the complexity of the pseudo-
ternary systems and the piezoceramic microstructure. ii. The scalability of processing routes proposed at
laboratory level. iii. The absence of a systematic study that relates mechanical activation of powders and the
decrease in processing temperatures. iv. Environmentally friendly processes. v. The partial knowledge of
the toxicity of the system and few non-toxic alternative chemical methods. vi. The incomplete understanding
of the formation mechanism and its kinetics, the limited availability of affordable and readily available in situ
study methods as an alternative to expensive synchrotron facilities. In this scenario, this thesis work aims to

clarify some blind spots and improve knowledge of the system under study.

The first part of this work was devoted to the analysis of the first step of the solid-state route, namely the
reagents milling process, and its effects on the ceramic properties. As described in Chapter 5, for the firsts
test, a shaker-type ball milling (Spex 8000 Mix/mill) was used, while different milling component (vial and
ball materials of stainless-steel and tungsten carbide) have been employed for comparing the effect of metal

contamination. Results of these experiments showed that the contamination coming from the milling media
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and a too energetic ball-milling can lead to a decrease in the piezo and mechanical properties of the well-
known composition BC15sTZ10 composition. Realising the great impact of the milling materials on the ceramic

electromechanical properties was a crucial starting point for the evolution of the work.

On a parallel path, aiming to get better stoichiometric control, we propose in this Thesis work an alternative
and non-toxic method to produce BCZT (BC15TZ10) ceramics compared to the solid-state route. In this view, a
Sol-gel Pechini modified synthesis was developed (Chapter 6). The first innovation concerns the substitution
of toxic ethylene glycol by innocuous glycerol. The preliminary results showed that the combination of EDTA
and glycerol allows obtaining final ceramics with good piezoelectric properties. In the future, we will conduct
further experiments to decrease processing times-temperatures making further use of this reactive process
and its flexibility to develop different compositions. Further tests are also needed to improve the quality and

microstructure of the resulting ceramic.

Concerning the mixed oxides route, in the aim of overcoming the contamination issue of the milling step, a
novel and straightforward protocol for the fabrication of BCZT piezoceramics, based on attrition-type ball
milling in isopropanol, was developed (Chapter 7). The results evidenced the effectiveness of mechanical
treatment, after only 6 h, in reducing the formation temperature of the main BCZT perovskite structure (from
854 °C in the unmilled powder to 582 °C for the 6 h milled powders). Single-phase perovskite BCZT ceramic
with high piezoelectric sensitivity were obtained using ultra-low temperatures (700°C/2h for the synthesis
and 1280 °C/6 h for the sintering as final plateau). The effectiveness of the two-step sintering method (with
an intermediate step at 900°C/3h) in achieving an optimal microstructure has been demonstrated for a
composition scarcely explored to date (Bao.s2Cao.0sTio.95Zr0.0s03 or BCsTZs). The as-obtained ceramics showed
optimal electromechanical properties comparable to those obtained using higher energetic budgets (up to

1200°C for synthesis and up to 1450°C for sintering).

The third important innovation and achievement of this thesis work, which is based on the success of the use
of attrition-type ball milling for BCsTZs, was the development of a new environmentally friendly route for the
fabrication of the same piezoceramics in water, using the same ultra-low temperatures reported above
(Chapter 8). The use of distilled water as a liquid medium for attrition ball milling treatment of precursors
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was made possible by the combined use of the freeze-drying technique, also a widely used technique in the
industry. The second attrition ball milling of the calcined powder gave place to as-processed ceramics
exhibiting a single tetragonal structure and homogeneous ceramic microstructure. After poling, the
electromechanical properties comparable with other processing routes in organic media confirming the

feasibility of this new route. These results represent a turning point for industrial scalability.

Based on the state of the art, the scientific community called for more in-depth studies on the synthesis step.
Clarifying the mechanisms and kinetics that lead to the formation of the system is a starting point for being
able to obtain the perovskite phase synthesis at lower temperatures. In this work we analysed this almost
unexplored and critical aspect (Chapter 9). /n situ synchrotron XRD measurements, as a function of the
temperature, allowed to shed light on the impact of precursors pretreatment (attrition ball-milling and
lyophilisation), on the formation of the BCZT perovskite. This study is a step toward a better understanding

of the system.

With a view to alternative uses in the biomedical field, another relevant contribution of this Thesis work was
the toxicological evaluation of the resulting materials (Chapter 10). In vitro toxicological assays performed
on the final ceramics using two representative cellular models, such as A549 cells (human adenocarcinoma
basal alveolar epithelium cells) and the yeast Saccharomyces cerevisiae, revealed the non-toxicity of the
material. These results represent the first step in demonstrating the total biocompatibility of the system. In
this regard, we will conduct new experiments on osteoblast cells to confirm the potential of this material for

biomedical applications, particularly for bone tissue regeneration.

The last section of this Thesis work (Chapter 11) is dedicated to the validation for BCZT ceramics of the
monitoring at industrial or laboratory scale, with the use of commonly available Cu-cathode conventional
diffractometers of the in situ poling or in situ heating XRD measurement with the common laboratory
diffractometer as a valid alternative to the more expensive and of more difficult accessibility, synchrotron X-
ray facilities. This was done for the tetragonal structure and high piezoelectric sensitivity BCsTZs ceramics.
For this scope, an innovative patented cell, totally developed at University of Sassari, was employed. The
preliminary results obtained showed also that this device can be a useful tool to perform in situ diffraction
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experiments of other lead-free piezoceramics. The possibilities for improving the cell and the quality of

experiments have been evaluated and are extensive and currently ongoing.

In this Thesis work viable and scalable processing routes for producing BCsTZs and BCi5TZ;10 ceramics were
developed. The energy budget has been strongly reduced considering both ball-milling times (6 h of attrition
ball-milling before calcination and 3 h before sintering) and ultra-low processing temperatures (700°C/2 h
for the synthesis and 1280°C/6h as final temperature for the sintering). Alternative, we propose a non-toxic
Pechini modified sol-gel method for obtaining BCZT powders. The eco-sustainable water-based route lays the
foundations for industrial scalability. The preliminary toxicological evaluation confirms the non-toxicity of
BCZT. With our study on the formation process of BCZT we aimed to give further insights for a better
understanding of the system that shall results in further improvements. We also think that our cell for in situ
application of electric field and temperature can be used in the future to perform in situ XRD experiments
with the common laboratory on other lead-free ceramics. To conclude, based on optimal piezoelectric
properties achieved (graphically summarised in Figure 12.1.1.) at room temperature, we can affirm that the
as-obtained materials are suitable for emerging biomedical applications. Further studies on piezoelectric and
dielectric properties as a function of frequency and temperature will be conducted in the future to assess the

material potential for other applications.
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Figure 12.1.1. Comparison of the relevant piezoelectric coefficient obtained in this Thesis work with those
reported in the literature (already shown in Table 7.3.5) for the same compositions and routes. C indicates
the calcination step; S indicates the sintering process. WET: wet chemistry, MA: Mechano-chemical
activation, SSR: Solid state route. The red insets highlight the results obtained during this thesis for the water-
based route (described in Chapter 8 and shown here in blue), the route developed using isopropanol
(described in Chapter 7 and shown here in orange) and the sol-gel route (Chapter 6 and shown here in black).
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