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INTRODUCTION

1.1 PIEZOELECTRIC EFFECT

The piezoelectric effect was discovered in 1880 by Pierre and Jacques Curie [1]
who found that single crystals of certain materials such as quartz, tourmaline
and zinc blende possess the ability to generate an electric potential in response
to an applied mechanical stress. The German physicist Wilhelm G. Hankel gave
this phenomenon the name “piezoelectricity” [2]. The crystallographic
requirement for a material to exhibit piezoelectricity is the absence of
centrosymmetry [3]. Although the prefix "piezo"” implies the application of
pressure for the effect to occur, the effect is also reversible giving rise to the
converse piezoelectric effect. In the converse effect, the application of an
electrical potential across a piezoelectric material result in an elastic strain in
the material. In general, the piezoelectric effect occurs only in non- or barely
electrically conductive materials, i.e. semi-conductors. Otherwise, with a high
intrinsic conductivity, it will not be possible to achieve a sufficient and lasting
charge separation. Piezoelectric materials can be divided into two main groups:
single crystals and polycrystalline ceramics. The best-known piezoelectric
material in the single crystal group is quartz (SiO), trigonal crystallized silica
which is known as one of the most common crystals on the earth’s surface. In
the polycrystalline ceramics group, a typical piezoelectric material is barium
titanate (BaTiOs3), an oxide of barium and titanium [3], but the most frequently




1. INTRODUCTION

used piezoceramics is the chemically more complex lead-zirconium-titanate
(Pb[Zr4Ti1-]03) or PZT [3].

Polycrystalline ceramics consist of randomly oriented micron-sized crystallites.
Each crystallite is further divided into tiny “domains,” or regions having similar
dipole arrangements [4]. The overall effect of randomly oriented polar
domains is an initial lack of piezoelectric behavior. However, the material may
be induced to exhibit macroscopic polarizationin any given direction by
subjecting it to a strong electric field, as shown in Figure 1.1. Such inducible
materials are termed ferroelectric. Polarization is accomplished by applying a
field higher than the internal coercive field (for common piezoelectric
approximately 10-20 kV/cm) [5,6] across electrodes deposited on the outer
surfaces of the sample. Once polarized, the ferroelectric material will remain
polarized until it is depoled by an opposite field or by heating it to a
temperature above its Curie temperature. At the Curie temperature the crystal
structure changes from a non-symmetrical (piezoelectric) to a symmetrical
(non-piezoelectric) form. When the temperature is above the Curie
temperature, each perovskite crystal in the ceramic element has a simple cubic
symmetry with no dipole moment. At temperatures below the Curie point,
however, each crystal has a tetragonal or rhombohedral symmetry and a dipole
moment. As the poling process puts the domains into a non-equilibrium
configuration, the piezo properties will fade in time when the material is used
at higher temperatures closer to the Curie temperature.

BEFORE POLARIZATION AFTER POLARIZATION

Figure 1.1 - Schematic diagram of the alignment of domains due to poling. [2]
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1.1 PIEZOELECTRIC EFFECT

We now can try and quantify the piezo-electric effect, linking the polarization
of the material to the imposed mechanical load. As the piezoelectrical
properties reflect the necessarily anisotropic atomic arrangements in the
crystal structure they are anisotropic by default, so the relation requires a 3rd
order tensorial relationship [3]

Pi == dUTJ (1.1)

where the piezoelectric charge constant, dj (C/N), links the polarization
( P; (C/m?)) generated per unit of mechanical stress (Tj (Pa)) [1]. The

piezoelectric charge coefficients for the direct and converse effect are
thermodynamically identical, and the sign of the response is dependent upon
the vector of either the mechanical or the electric field. The tensor notation
can be quite complex but due to symmetry constraints in most piezoelectric
systems a full tensor notation is not always necessary, but the dependence can
be reflected in two scalar parameters for most common loading configurations
e.g. ds3 or ds1. The first subscript gives the direction of the charge motion
associated with the applied stress. The second subscript gives the direction of
mechanical stress. The piezoelectric coefficient dz3 describes the generation of
electric charge along the 3-axis in response to applied stress along the same 3-
axis, without the presence of any other stresses. On the other hand, the
piezoelectric coefficient ds;1 describes the generation of electric charge along
the 3-axis in response to stress applied along the orthogonal 1-axis (or 2-axis),
under similar conditions.

As already stated earlier, the temperature dependence of piezoelectric
coefficients is extremely important when designing novel piezoelectric
ceramics [7-9]. If a material has a Curie temperature significantly higher than
room temperature, it suggests that a substantial amount of thermal energy is
needed to disrupt its non-centrosymmetric state. As a result, the piezoelectric
signal at room temperature is expected to be weak.

As discussed in a large number of publications [10-15] the magnitude of
piezoelectric properties at room temperature may have to be sacrificed in
order to achieve ceramics with a high T, i.e ceramics which can be used over a
wide temperature domain. The thermal dependence of the piezoelectric

11



1. INTRODUCTION

coefficients is linked to a number of factors, namely the intrinsic and extrinsic
contributions. The intrinsic effect is dominated by distortions of the lattice. The
temperature dependence of the intrinsic piezoelectric response can be
approximated using Landau theory [16]:

d = ¢&y5.QPF; (1.2)

Where electrostriction coefficient (Q) is largely temperature independent [22],
but the polarization (P, ) and permittivity ( ge,) demonstrate strong
temperature dependence.

Extrinsic contributions are often described as having the most profound effect
on piezoelectric properties. The dominant extrinsic effect is related to the
domain structure, in particular to the density and mobility of the domain walls.
These are frequency, field and time dependent, nonlinear and lossy. Therefore,
an understanding of and the ability to control the spatial mobility and clamping
of the domain structure is important for any piezo-electrical system. As domain
wall motion is a thermally activated process, the extrinsic effect increases with
temperature [17-20].

As mentioned above the piezo-electrical response depends on temperature
and (for polycrystalline materials) on poling conditions. However, the piezo
electrical response can also be modified and improved by changing the
chemical composition of the material. This can be done by replacing some of
the atoms of the base material (substitutional atomic alloying with doping
levels of up to 5 %), or by replacing some of the unit cells by unit cells of a
different material (‘unit cell’ alloying in which at least two different metallic
atoms and the corresponding oxygen atoms are added to the base structure).
In the first case the changes at microstructural level are modest and the
improvement in properties is primarily due to strengthening of the internal
electrical field. In the second case, phase boundaries between the two parent
ceramics may lead to new microstructural features which facilitate the
accommodation of the elastic strains upon activation of the anisotropic
piezoelectric effect, resulting in higher piezo-electric charge constants. The
doping and alloying strategies will be discussed in section 1.3

12
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1.2 BIFEO3 AS A PIEZOELECTRIC MATERIAL

The perovskite BiFeOs; (BFO) was discovered in the late 1950s [21]. BFO
crystalizes in a perovskite type structure (Figure 1.2a), in particular in a
rhombohedral structure belonging to the R3c space group (a - phase shown
on Figure 1.2b) as determined by Michel in 1969 [22], which differs from
earlier interpretations classifying it as to belonging to the R3m space group.
The BiFeO3; compound has a Neel temperature, Ty, of 370 °C and a ferroelectric
Tc of 825 °C which has led to its wide use in binary compounds [23]. Around
the T¢, a ferroelectric-paraelectric phase transition appears into the 8 phase
which is followed by a sudden volume contraction [24]. Before this
ferroelectric transition, BFO shows a very large spontaneous polarization (P =
90-100uC/cm?) [25,26] in the pseudocubic [111] direction. Despite extensive
research, there is still not agreement about its crystal structure in the

temperature range surrounding T¢, during the o — § phase transition [24,27,28].

a=5581A c=13.877A

@®si
.Fe
[ X

Figure 1.2 - a) perovskite type structures material is any material with
a crystal structure having the formula ABOs (red spheres - oxygen), b) R3c
crystal structure of BiFeOs

Although other techniques have also been employed, solid state synthesis is
the most commonly used method for synthesizing BFO. In the solid-state route
Bi;03; and Fe;03 powders (in their stoichiometric ratio) are reacted at a
temperature in the range of 750-830 °C to form BFO. The potential reactions
can best be visualized in the Bi;03-Fe;03; phase diagram which was first
investigated in detail by Maitre et al. [29] in 2004 and supplemented and

13



1. INTRODUCTION

summarized by Palai et al. [30] in 2008 (Figure 1.3). As is visible in the phase
diagram, except for the perovskite bismuth ferrite phase, two other stable
phases exist: mullite BizFe4O9 and sillenite BizsFeO3z9. The main reason for the
formation of the secondary phases mullite and sillenite are local variations the
reaction path [31] associated with the large difference in the diffusion
coefficient of iron and bismuth ions [32] (as illustrated in Figure 1.4).

1100

1000

(e}
o
o

Temperature (°C)

100
205 Mole % Fe,O, Fe,0,

Figure 1.3 - Phase diagram Bi;03-Fe;03 system [30]
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Bisfe 039

a sillenite
Fe,0, core
) :.‘ / BiFeOs \ Fe,?,core

@ @ < perovskite \ BiFeO,
N v
e Ly 41y SRS
ex B —
BizF ;_‘t°9 HYPOTHETICAL
e END OF REACTION
BizFe 0o BisFe 0o
mullite mullite crystals BiFeO;

Fe,0, core

At N
> 4
>
BiFeOs / )
\ perovskite / Bi,Fe,Os Bi,sFeO3q
BixFeOsg

sillenite
REALSITUATION

Figure 1.4 - Schematic diagram of the reaction paths in the solid-state
synthesis of BiFeOs. (a) Hypothetical end of the reaction and (b) experimental
situation for practical conditions. [31]

1.3 ELEMENTAL DOPING

In the following we will discuss A-site, B-site and oxygen substitution of BFO
and give specific examples for each case [33].

The process of A-site substitution involves the replacement of Bi3* ions with
other ions. As the electronic levels of A-site ions are distant from the Fermi
level, A-site substitution can indirectly impact the band structure. This impact
can be observed in terms of the control of band width and band filling. If A-site
substitution is carried out using ions with a smaller ionic radius, it may lead to
more buckling in the Fe-O-Fe bond angle [34] resulting in a higher electrical
resistivity. Also, other physical properties can be manipulated through carrier
doping. For instance, when divalent ions are inserted to replace trivalent A-site
ions, a high-T¢ piezoelectricity and a colossal magnetoresistance can be
induced. Substituting Bi3+ with divalent ions such as Ca2* [35] and Sr2+[32] can
result in novel conducting states of acceptor-doped BFO, provided other
dopants like oxygen vacancies are not produced. The control of band filling

15
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introduces hole carriers, while substitution with Ce4+ ions [36] results in the
introduction of electron carriers.

B-site substitutions in BFO refer to the replacement of Fe3* ions with other
transition metal ions. The electronic structure of BFO is strongly related to the
d orbital state of the Fe3+* ion, so substitutions can significantly influence the
physical properties by altering the electronic structure near the Fermi level.

When considering B-site substitution, it is important to determine whether the
dopantions produce ordered or random structures. This factor is related to the
ionic radius of the dopant ion.

Ordered structures are beneficial because they stabilize the crystal lattice and
improve the materials' functional properties. In contrast, random distributions
lead to the formation of defects, which can degrade the materials' properties.
Therefore, it is important to carefully consider the choice of dopant ions and
their ionic radius when making B-site substitutions in BFO.

B-site doping usually has been applied to BFO to reduce leakage currents. For
example, doping BFO with Ti** has been shown to reduce leakage current by
over three orders of magnitude [37]. This is because Ti%+ ions can introduce
oxygen vacancies and compensate for naturally existing oxygen vacancies in
BFO, leading to a reduction in the concentration of defects that contribute to
the leakage current. Doping with Ni2* [38] can increase the electrical
conductivity of BFO by over two orders of magnitude. This is due to the fact
that Ni2* can donate electrons to the conduction band of BFO, increasing its
carrier density and hence its conductivity. Similarly, doping with Cr or Mn has
been shown to greatly reduce leakage currents in BFO films [39]. This is
because Cr or Mn ions can act as acceptors, reducing the concentration of
oxygen vacancies and thereby suppressing the formation of defects that
contribute to leakage current. Overall, B-site doping of BFO with different
transition metal ions can significantly modify its electronic and magnetic
properties and reduce the leakage current, which is important for the
development of high-performance electronic devices based on BFO.

Apart from elemental doping in which only small fraction of one of the
elements of the initial material substituted, it is also possible to dope with
significant amount of two or more other elements or even a different functional
ceramic which can even lead to phase changes and microstructure and activate
different effects.

16
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1.4 MORPHOTROPIC PHASE BOUNDARIES AND UNIT CELL DOPING

A morphotropic phase boundary (MPB) is defined as a practically temperature
independent phase boundary between two different crystal symmetries. While
the original broader definition was “phase transitions due to compositional
changes” [40], now the common parlance amongst researchers refers to MPB
as a phase boundary that “separates tetragonal symmetry from rhombohedral
symmetry by varying the composition in ferroelectrics” [41]. MPBs are
frequently found in perovskite solid solution compositions and are the main
component of the bulk of industrial electroceramics. Because of the higher
polarizability caused by the interaction between two different crystallographic
symmetries, there is a noticeable improvement in the dielectric and
piezoelectric properties in this region. The property optimization using MPBs
is used in the commercially dominating PbZrO3-PbTiO3z (PZT) system [42].

BFO has also been used to form solid solutions with satellite tetragonal end
members in order to engineer an MPB to increase ferroelectric and
piezoelectric properties [42].

The MPB composition in the BiFeO3;-PbTiO3 system (adding both Pb and Ti
atoms to the base BFO system) offers a high Curie temperature (635 °C) [43],
but are extremely hard to pole due to the large spontaneous strain, and the
conductivity due to p-type defects is too high for high temperature
applications. On the other hand, other tetragonal end-members result in the
breakdown of long-range order, a reduction in T, and the onset of relaxor
behavior. As a general rule, increasing the number of cations in a solid solution
tends to further undermine polar coherence and deepen the relaxor nature;
however, incorporation of PbTiO3 in nano-polar systems tends to overcome the
loss of coherence and favors the formation of long-range polar order. As stated
above the large tetragonal distortion (c/a ratio 1.18) for BiFeO3-PbTiO3 solid
solutions results in a large coercive field of Ec >100kV/cm, making such
materials difficult to be fully poled [44].

17
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900 - Morphotropic phase boundary with both
g tetragonal and rhombohedral phase present _—f
800- } T o
700- T, & / 1
600 e 4
500 :} o % Tetragonal /Rhombohedra!-
_~
08 400 (P4mm) % (Racay )
_n—
— /

300 // :
- .

0 10 20 30 40 50 60 70 80 90 100
BiFeO, conc. wt. %

Figure 1.5 - Phase diagram of BiFeO3-PbTiO3 [45]

While binary system combinations offer many opportunities for property
optimisation, the barely explored ternary systems may hold even more
interesting opportunities.

The ternary approach is stimulated by the ternary alloys design for PZT-
relaxors. The schematic phase diagram at RT for this system shown in
Figure 1.6. Relaxor-PT piezoelectric materials, such as Pb(Zni;3Nb2/3)0s3-
PbTiO; (PZN-PT) and Pb(Mgi/3Nb2/3)03-PbTiOs (PMN-PT) [46], exhibit a
morphotropic phase boundary (MPB) between the tetragonal and pseudocubic
phases. In contrast, PbZrOz and PbTiO3 have their MPB between the tetragonal
and rhombohedral phases [42], while the PZN-PMN system shows no MPB The
unique advantage of combining these materials in a ternary system is that it
allows for the possibility of achieving a point where the two MPBs intersect,
potentially resulting in a significant enhancement of material properties.

18
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Relaxor
Pb(B, B,)O,

Pseudo-cubic
(Rhombo)

Tetragonal

Rhombo

PbZrO, MPB-| PbTiO,

Figure 1.6 - Schematic ternary phase diagram (at room temperature) showing
different phase behaviours for the binary subsystems [46].

For BFO based systems the example of BiFeO3;-PbTiO3-(Ki,2Bi1,2)TiO3 in
which the largest weak-field ds3 is located virtually mid-way between the
BiFe03;-PbTiO; MPB composition and the pseudo-cubic region of BiFeOs-
(K1/2Bi1/2)TiO3 [43] offers a high Curie temperature and a high ds3 alternative
to PZT.

1.5 QUENCHING

Tuning the properties of ferroelectric and piezoelectric materials through
chemical modifications has been researched extensively. In comparison, the
effect of (thermal) processing conditions on their properties has been studied
less with attention going primarily to the determination of the sintering
temperature leading to the highest density. However, tailoring the cooling rate

19
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when lowering the temperature can be an attractive route to preserve
desirable high temperature states and tune properties.

The quenching method, i.e a forced rapid cooling from a high temperature
above or near the Curie temperature to room temperature, has shown
potential in the literature as a tool to tailor the electromechanical properties
and phase transitions in different ferroelectric and related materials. For
example, quenching SryBa;.xNb,0¢ has been found to reduce disorder at the A-
site, resulting in sharper phase transformations, reduced relaxor
characteristics, and increased phase transition temperature.

In BFO, quenching has been a valuable method for minimizing the formation
of the Bi- and Fe-rich secondary phases [23], which have been persistently
observed in BFO ceramics processed by conventional mixed-oxide route.
Additionally, quenching has been used to tailor the behaviour of charged point
defects [47], particularly in terms of domain-wall pinning effects. These studies
have provided invaluable information on the hardening behaviour of BFO,
making it possible to truly unveil the effect of point defects on the switching
and sub switching properties of BFO, and even atomistic details of domain
walls. Furthermore, quenching may prevent the formation of spurious satellite
phases. In a recent study [48], the piezoelectric properties of BFO were
enhanced by modifying the heat-treatment process to avoid the intermediate
temperature range where secondary phases tend to form. As a result of these
modifications, the direct piezoelectric sensor coefficient dzz was significantly
improved, increasing from 120 to 250 pC/N (Figure 1.7a).

Apart from quenching also annealing (i.e. isothermal holding at a fixed
temperature) may be used to tune properties, such as in a recent study on the
the effect of annealing on the piezoelectric properties of quenched
NaosBiosTiO3-BaTiOz (NBT-BT) ceramics [49], which was shown to control the
presence of the non-uniform domains in the ceramics formed by quenching.
Another study investigated the effect of annealing on the piezoelectric
properties of NBT-based ceramics quenched from different cooling
temperatures. They found that the piezoelectric coefficients thermal stability
of the ceramics could be significantly improved by annealing at temperatures
above 800 °C after quenching [50]. However, after subsequent annealing a
decrease in piezoelectric coefficient was observed (Figure 1.7b). The
improvement in piezoelectric properties was attributed to the completion of
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the formation of the perovskite structure and the relaxation of residual
stresses.
a) 1

b) -
Quenching

Temperature
Temperature

Annealing

dg = 140 pCIN

quenched furnace cooled
dy = 250 pCIN d, ~ 120 pC/N

T T T T T
Time Time

Figure 1.7 - a) piezoelectric properties of BFO-BT ceramic after quenching and
furnace cooling [48] and b) piezoelectric properties of NBT-based ceramics
after quenching and annealing [50]

Overall, while chemical modifications remain an attractive option to tailor
material properties, the quenching and annealing method also offers
promising avenues for optimizing the ferroelectric and piezoelectric
properties.

1.7 THESIS OUTLINE

The goal of the research described in this thesis is to improve the piezo- and
electrical properties of bismuth ferrite-based (BFO) piezoceramics at room and
elevated temperatures. To that aim, each chapter addresses a different
scientific question, and the answers together build up a more complete
understanding of the problem in use of BFO-based piezoceramics and ways to
improve their properties by using different approaches.

The main goal of Chapter 2 was to identify problems in the synthesis, as well
as the shortcomings and limitations of BFO piezoceramics. Determination of
the optimal values for temperature and time in the synthesis and sintering of
BFO ceramics formed the first focus of the study. The second aim of this study
was to investigate the contribution of oxygen vacancies to the high electrical
conductivity of BFO by conducting electrical conductivity measurements on
samples cooled under different oxygen potentials.
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Chapter 3 describes a method to determine the best estimate of piezoelectric
properties of conductive piezo-materials by placing them in a non-conductive
matrix and to reach a fully poled state of the BFO particles when poling the
particulate composite. To this aim the permittivity of the matrix should be
matched to that of the ceramic particles, in order to fully polarize the ceramic
and accurately measure the true values of the piezoelectric properties of
(ceramic) BFO by extrapolation of the data for the composites with different
filling fractions.

In chapter 4 the effect of titanium and cobalt doping on electrical conductivity
and piezoelectric properties is studied. The main goal is to reduce oxygen
vacancies, the presence of which was studied in Chapter 2, while maintaining
good piezoelectric properties. The work focussed on determining the
(opposing) effects of Cobalt and Titanium as well as a search for any synergetic
effects due to dual doping.

In chapter 5, we investigated the potential of BFO-rich bulk piezoceramics,
specifically the BiFeO3-PbTiO3-SrTiOz system, for high-temperature
applications. The goal of the study was investigate and optimize the
piezoelectric properties of BFO-rich bulk piezoceramics, specifically focusing
on the effects of dual (‘unit cell’ doping) with PbTiO3 and SrTiOz on the Curie
temperature, crystal structure, and temperature stability of piezoelectric
properties in relation to the distance to the triple point MPB composition. Also,
the study aims to determine the effect of temperature (following different
thermal treatments) on the piezoelectric properties of the most promising
ternary systems.

In chapter 6 the effect of various heat treatments on the piezoelectric
properties of the BiFeO3-PbTiO3-BigsLiosTiO3 ternary system was investigated.
The goals of this study are to investigate the effects of thermal processing
conditions, including quenching and annealing, on the final properties of the
material. This includes studying the temperature dependence of the electrical
conductivity and piezoelectric charge constant. The aim is to identify optimal
properties and evaluate the suitability of the new material for high
temperature sensors.

The thesis ends with a Summary in which the main findings of the research are
compiled.
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CONTROLLING THE OXYGEN DEFECTS
CONCENTRATION IN A PURE BIFEO3; BULK CERAMIC

ABSTRACT

BiFeOs is a multiferroic material with a perovskite structure which has a lot of potential for use in
sensors and transducers. However, obtaining pure single-phase BiFeOs ceramic with a low
electrical conductivity via solid state reactions remains a problem that limits its application. In this
work, the suppression of secondary phases in BiFeOs was studied by varying the compositional
parameters and the sintering temperature. The addition of 1% Biz03 to the stoichiometric
precursors mixture prevented the formation of secondary phases observed when sintering
stoichiometric precursors. The phase pure ceramic had a p-type conductivity and a 3 decades lower
electrical conductivity as measured by impedance spectroscopy. Annealing of optimally synthesized
material at different partial pressures of oxygen in an oxygen-nitrogen gas atmosphere showed
that the reason for this type of conductivity lies in the high concentration of defects associated with
oxygen. By annealing in various mixtures of nitrogen and oxygen, it is possible to control the
concentration of these defects and hence the conductivity, which can go down another 2 decades.
At a pO2< 10 % the conductivity is determined by intrinsic charge carriers in the material itself.

This chapter has been published in Materials 15, 19 (2022)
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2. CONTROLLING THE OXYGEN DEFECTS CONCENTRATION IN A PURE BIFEO3 BULK CERAMIC

2.1 INTRODUCTION

Bismuth ferrite (BiFeOs3), and the solid solutions based on it, are promising
multiferroic materials for use in sensors and transducers due to its high Curie
temperature, T¢, of 825 °C[1]. In principle, this allows for the possibility of
using it as a lead-free high-temperature piezoceramic [2]. Although bismuth
ferrite was discovered already in the late 1950s, obtaining it in a single phase
form remains a challenge due to the easy formation of the stable secondary
phases of Sillenite (BizsFeQ39) and Mullite (BizFesOq) [3]. The presence of these
secondary phases leads to large electrical leakage currents, which imposes
serious restrictions on its use in actual sensor applications. Due to the high
coercive field required to pole this material, it is important to increase its
insulating properties [4]. Therefore, before studying the electrical properties,
it is necessary to obtain high-density ceramics as free from secondary phases
as possible. In previous works, various methods of obtaining pure bismuth
ferrite were used, such as solid-state synthesis [5,6], rapid liquid reaction [7],
mechano-chemical activation [8], wet-chemical methods [9] as well as others.
But the formation of secondary phases could not be avoided in any of them. To
eliminate secondary phases present after synthesis, leaching in nitric acid [10]
was proposed, which shows good results, but probably leads to uncontrolled
changes in the composition of the material which will impact the defect
chemistry. Given the versatility and cost-effectiveness in the synthesis of
inorganic solid materials [11] and the recent developments of the method [12-
15], in this work solid state sintering at different temperatures and using non-
stoichiometric powder mixtures is employed to try and synthesize phase pure
BiFeOs.ceramic samples.

For pure and impure material alike the defect configuration of bismuth ferrite
is very dependent on sample preparation [10], which of course affects the
conductivity of the material. However, the nature of defects is mainly studied
theoretically [16],[17],[18]. As shown in previous works the high temperature
sintering of Bi-based systems can lead to the creation of oxygen vacancies by
the release of electrons [19]. The increase in oxygen vacancies can also induce
a change in the valence state of Fe3+. If the released electrons bind with the Fe3+
ions in the system, a charge transformation from Fe3+ to Fe2* will take place.

The oxygen defect nature and level are probably not only affected by the
obvious sintering conditions but also by the annealing environment, in
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particular the oxygen partial pressure, during high temperature processing.
But no systematic studies of the oxygen partial pressure, pO,, during high
temperature processing on the electrical conductivity can be found in the
literature; this may be due to the notorious difficulty of obtaining phase-pure
bulk BiFeOs ceramics with low leakage currents and thermal instability of this
phase at higher temperature which makes it difficult to reproduce the results
due to changes in the sample during the annealing process. Furthermore,
annealing samples at high temperatures under well-controlled oxygen levels is
non-trivial and requires special equipment usually not available in most
laboratories.

Electrical impedance spectroscopy is a useful approach to study the electrical
properties of electroceramics including ferroelectrics [20]. The impedance
data can be used to calculate the DC conductivity, to distinguish between long
range polarization and charge carrier diffusion processes. Also, the impedance
data can be presented in the form of an electrical modulus, which gives more
information about the short-range polarization processes in the material. The
electrical modulus can give an insight into the dielectric processes occurring
inside the material [21]. The low frequency side of the peak in electrical
modulus represents the range of frequencies in which the charge carriers can
move over a long distance (charge carriers can perform successful hopping
from one site to the neighbouring site). The high frequency side of the electric
modulus represents the range of frequencies in which the charge carriers are
spatially confined to their potential wells, and thus can only make localized
motions inside the well. The frequency at which the peak occurs is an
indication of the transition from long-range to short-range conduction.
Asymmetrical behavior of the electrical modulus peak demonstrates non-
Debye-type relaxation phenomena which are in good agreement with the
observations from the conductivity spectrum. An increase in the frequency of
the peak is consistent with an increasing activation energy of conductivity
representing long-range movement. Although the impedance spectra or
electrical modulus do not uniquely specify the nature of the observed
polarization and conductivity phenomena, it is possible to obtain the
correlation between of certain types of defects and conductivity or polarization
by comparing differently processed or annealed samples and infer the
mechanism.
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The present work is devoted to optimization of making pure BiFeO3 ceramics
by classic solid-state reaction for subsequent investigations of the defect
chemistry. The effect of the calcination temperature on phase formation is
studied. Furthermore, the influence of excess Bi»03 addition is investigated.
Impedance spectroscopy on the as-made ceramics is performed to investigate
the influence of phase purity on the electrical properties. Furthermore, to vary
and control the concentration of oxygen related defects, optimally sintered
samples were annealed in nitrogen-oxygen gas mixtures with different oxygen
concentrations during heating, holding at 750 °C and subsequent cooling to
room temperature. The oxygen concentration was maintained throughout the
entire experiment.

2.2 EXPERIMENTAL PROCEDURE

BiFeO3z samples with and without 1 mol% excess Bi»0z were prepared by a
solid-state reaction from pre-milled Bi»03 and Fe;03 powder in the appropriate
ratios. Milling was performed using 2 mm Y,03-stabilized ZrO; balls in hexane
using a Retsch PM100 planetary ball mill. The powders were dried and calcined
at a range of temperatures between 700 and 825 °C in air for 1 h with a heating
rate of 600 °C/h. The reacted powder with an average particle size of 1 um was
ground again and cold pressed into pellets using an uniaxial press. After that,
the samples were sintered at temperatures between 750 °C to 850 °C in air for
1 h at a heating rate of 600 °C/h. (see Figure 2.S1 of the Supporting
Information for an photograph of a typical sample). The block diagram of the
sintering experiments is shown in Figure 2.S2 of the Supporting Information
section.

Optimally sintered samples (1% excess Bi»03 and sintered at 750 °C) were then
annealed in a quartz tube furnace at 750 °C for 1h in a mixture of pure nitrogen
and oxygen gases with different oxygen fraction (100%, 20%, 10%, 1%). The
flows were controlled by Bronkhorst Nederland mass flow controllers of type
F-201CV-20-RAD-22-V. The N, and O, were supplied by Linde, the Netherlands,
and were of quality 5N. Nitrogen was filtered for hydrocarbons, water and
oxygen. Oxygen was filtered for hydrocarbons and water. The filters were
supplied by Messer Griesheim, Germany. The flows for the different annealing
were as follows:
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02 (%) | N2 flow (ml/min) | Oz flow (ml/min) | Total flow (ml/min)
1 2970 30 3000

10 225 25 250

20 200 50 250

100 0 250 250

In order to achieve 1% oxygen concentration in the gaseous atmosphere in the
quartz tube furnace, the nitrogen gas flow had to be increased to 2970 ml/min,
because the lowest controlled setting for the oxygen mass flow controllers was
20 ml/min. The other experiments were carried out at a lower total gas flow in
order to reduce gas consumption. The gas conditions were maintained during
heating, holding and cooling. The block diagram for the annealing environment
experiments is given in Figure 2.S3 in the Supporting Information section.

Phase purity of the crushed BiFeO3; samples was analysed by X-ray diffraction
analysis using a Rigaku Miniflex 600 tabletop diffractometer and Cu Ko
radiation at room temperature. The density was determined by the
Archimedes’ method in water. The microstructures of sintered ceramics were
investigated using scanning electron microscopy (SEM), using a Jeol JSM-
7500F field emission scanning electron microscope. For electrical
measurements, gold electrodes were deposited on the ceramics by DC
sputtering using a Quorum Q300T sputter coater. Electrical measurements
were performed with a Novocontrol Alpha Dielectric Analyser in the frequency
range from 1 Hz to 10 MHz at temperature from 25 to 200 °C. This temperature
range was chosen such that a sufficiently wide temperature window is
available to determine activation energies, but the upper temperature is low
enough not to change the defect concentration during the electrical
measurements. The complete reversibility was verified by measuring the
conductivity during a complete heating up and cooling down cycle.

The DC conductance was calculated by fitting the low-frequency conduction
region using Jonscher’s power law[22]:

0=0pc + Aw" (2.1)

where o - total conductivity, opc - the direct current conductivity of the sample,
Awn - pure dispersive component of AC conductivity having a characteristic of
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power law in terms of angular frequency w and exponent n, and A is a constant
which determines the strength of polarizability. All measurements were
conducted in air.

2.3 RESULTS AND DISCUSSION

Figure 2.1 shows the X-ray diffraction patterns of BiFeOs; ceramics using
stoichiometric starting powder calcined at different temperatures. In all
samples, the major phase is the perovskite bismuth ferrite, but all samples
contain substantial concentrations of the two secondary phases: one rich in
bismuth - BizsFeO39 and one iron rich - Bi>Fe409. By comparing the intensity of
the most intense peaks of the secondary phases with the major peak of the
bismuth ferrite (110) (Figure 2.2) the amount of each secondary phase
present in each sample could be estimated. The peaks of BiysFeO39 decrease
with increasing synthesis temperature, while the peaks of BizFes09 increase.
This may be due to the loss of bismuth during the synthesis. The lowest
concentration for both secondary phases was obtained for the sample calcined
at 750 °C.
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Figure 2.1 - X-ray diffraction patterns of bismuth ferrite synthesized at
different temperatures using stoichiometric starting material.
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Figure 2.2 - Comparison of intensities of secondary phases with the major
peaks of bismuth ferrite for sample produced with a stoichiometric precursor
(a - BizsFeOsq, b - BizFe409).

Figure 2.3 shows the relative density and the SEM micrographs of the fracture
surfaces of the samples prepared by for stoichiometric precursors. For each
temperature 10 samples were prepared. SEM micrographs clearly show an
increase in grain size with increasing sintering temperature. At temperatures
above 825 °C, the morphology of the samples is radically different, which is due
to the proximity to the melting point of BisFeOszo [1]. When sintering at
temperatures of 825 and 850 °C, two separate microstructures can be observed
to coexist: square cuboid particles and smooth shapeless crystallites. The
shapeless crystallites can be attributed to bismuth ferrite and the bismuth-rich
phase. The square cubic crystallites are likely to be an iron-rich phase that has
a high melting point [23]. A maximum average density of 95% has been
observed for the samples sintered at 775 °C.
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Figure 2.3 - SEM micrographs of structure and density values for ceramics
sintered from stoichiometric precursors at different temperatures.

Clearly, bismuth ferrite obtained from stoichiometric precursors contains a
high amount of secondary phases. Therefore, 1% excess of bismuth oxide was
added to the precursors to compensate for the loss of Bi which might occur
during the sintering process to increase the phase purity of bismuth ferrite.
The XRD pattern of the sample calcined and sintered from the stoichiometric
precursors (Figure 2.4a) shows both secondary phases BizsFeO39 and BizFe40o.
But in the XRD pattern of the sample with excess bismuth (Figure 2.4b) these
secondary phases and their diffraction peaks are not detectable at the level of
background noise.
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Figure 2.4 - X-ray diffraction analysis of samples prepared with and without
the addition of extra bismuth. (a - Equal amounts of iron and bismuth in the
precursor; b - 1 mol% extra bismuth oxide added to precursor).

Figure 2.5 shows the results of impedance data for different temperatures for
the stoichiometric and Bi-enriched samples that correspond to the XRD
patterns shown in Fig. 4. From these spectra, two processes which contribute
to electrical conductivity are noticeable. While the nature of these processes is
still under discussion, there is a noticeable decrease in the conductivity of the
phase pure sample when compared to the sample that contains secondary
phases. This may be associated with a decrease in the concentration of bismuth
and oxygen vacancies with the addition of extra bismuth, or the absence of easy
conductivity path via the secondary phases.
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Figure 2.5 - AC Conductivity measurements (a - from stoichiometric
precursor BiFeOs, b - from 1% Bi,03 enriched precursor BiFe0O3).
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In Figure 2.6 the Arrhenius plot is given for the DC conductivity using samples
prepared from the stoichiometric and non-stoichiometric precursors. The DC
conductivity in the phase pure sample synthesized from the non-
stoichiometric precursor is significantly lower than the conductivity of the
samples containing secondary phases. It is clearly visible from Fig. 6 that for
both materials the conductivity is a thermally activated process with a similar
activation energy of about 0.25 eV. This strongly suggests that the conductivity
mechanism for both samples is of the same nature.

Investigation of the effect defect concentration on electrical conductivity was
performed by annealing pure BiFeO3 ceramic samples in gasses with different
oxygen content. As shown in Figure 2.6a, a decrease in conductivity with
decreasing oxygen concentration in the gas environment during annealing can
be observed, which is not surprising for a material demonstrating p-type
conductivity. It should be noted that the conductivity decreases very rapidly
with a relatively small decrease in oxygen in the gas mixture. The activation
energy of that conduction mechanism increases with a decrease of oxygen
pressure leading to much higher values than for the as-sintered samples.

The oxygen vacancies involved in conduction mechanism may be associated
with the volatility of Bi»03:

2Bik; +30% - 2V" 5 + 3V} + Bi, 04 (2.2)

nr

where Bip; - Bi position occupied by Bi, 0¥ - O position occupied by O, V'"'; -
bismuth vacancy, V,; - oxygen vacancy. The hole concentration was controlled
by annealing and can be described by the following reaction:

2V5 + 0, - 208 + 4k (2.3)

where h' - electronholeand e’ - free electron. As the oxygen concentration in
the atmosphere decreases, the balance shifts to the left, reducing the
concentration of free charge carriers, and as a result, the overall conductivity.
This behaviour is confirmed in the experiments, confirming the p-type
conductivity in the material. Hole conduction behaviour in BiFeOs-based
ceramics was previously attributed to oxidation of Fe3* to Fe#* [24]. However,
excess Bi;03 was introduced in the starting materials of BFO to suppress its
volatility during processing. The Bi non-stoichiometry can further lead to
significant change of conduction behaviour. As a result, the oxygen loss can be
compensated by electrons:
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208 = 2V5 + 0, + 4e’ (2.4)
leading to an n-type conductivity which is not observed here.

As shown in Figure 2.6a samples that were annealed at different partial
oxygen pressures show two trends in conductivity (from RT till around 100 °C
and from 100 °C to 200 °C). This can be explained by the fact that the
concentration of carriers generated by impurities is much higher than that of
thermally generated intrinsic carriers at temperatures below 100 °C, and the
effect of mobility reduction caused by electron-phonon collisions is small. The
concentration of charge carriers generated from impurities weakly depends on
temperature, and the slope can be explained by the change in their mobility
during heating, and therefore the electronic conductivity decreases slightly
when cooled due to the low mobility of these charges. Samples not having
received this post-synthesis annealing treatment do not show this dual
conduction behaviour, most likely due to the very high concentration of charge
carrier impurities. The activation energy of conduction increases for annealed
samples due to a decrease in the concentration defects or compensation of free
charge carriers.

Figure 2.6b shows the pO, dependence of DC conductivity for the phase pure
BFO. As can be seen, for the region pO, greater than 0.1 atm, the total
conductivity exhibits a positive slope when plotted against the oxygen
concentration, which reflects the hole contribution. For low oxygen
concentrations the conductivity becomes independent of the oxygen
concentration, which indicates an increased contribution of the ion conduction
[24].
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Figure 2.6 - Conductivity of BFO samples prepared and annealed in different
atmospheres: a) Arrhenius plot of DC conductivity as a function of inverse
temperature for reheated samples after annealing and linear cooling from
750°C and b) DC conductivity measured in air over the temperature range from
25 till 200 °C for samples synthesized from non-stoichiometric precursors for
various oxygen partial pressures during high temperature processing.
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A comparison of the impedance with the electric modulus data allows the
determination of the bulk response in terms of localized or non-localized
conduction [16]. In Figure 2.7a, the imaginary part of electrical modulus and
imaginary part of impedance as a function of frequency at 200 °C are shown.
The overlap of the peak positions of the M” and Z” curves is evidence of
delocalized or long-range relaxation [16]. However, for the present the peaks
do not overlap perfectly but are very close, suggesting that conduction contains
components from both long-range and localized relaxations. Figure 2.7b
shows the electrical modulus and impedance peak frequency as a function of
pO0: at a fixed measurement temperature 200 °C. As can be seen, the frequency
shift for the electrical modulus and impedance does not change with a change
in the oxygen concentration, which can serve as an indirect confirmation of the
assumption that oxygen related defects dominate the conductivity of the
obtained samples and the contribution of other conductivity mechanisms is
small. In other studies, this is presented as evidence of a long-range
conductivity range for free oxygen vacancies [25,26]. The dependence of the
maximum frequency of the peaks of the electric modulus and impedance on
p02is in complete agreement with the inferred dependence of the conductivity
on defects and the actual lattice.

As stated earlier, measurements were made at temperatures below 200 °C to
ensure that the defect population remains the same and only reflects the state
resulting from the annealing condition (annealing at a temperature of 750 °C
followed by linear cooling under controlled oxygen partial pressure). Given
that thermal cycling in air up to a temperature of 200 °C does not change the
conductivity, we indirectly established that the defect state in the samples was
established at a temperature between 750 °C and 200 °C. Our experiments
were not set up to properly establish the exact conditions at which the defect
state reached its ‘frozen’ state, nor could it be establish whether the ‘frozen’
state was determined by thermodynamics or kinetics. The frozen state
obtained at a partial oxygen pressure below 0.1 atm shows a purely ionic
nature, which shows us that the generation of oxygen vacancies defects has
reached saturation point with the concentration of charge carriers remaining
the same. This fully confirms our assumption that the nature of the high
conductivity is associated with oxygen vacancies.

41



2. CONTROLLING THE OXYGEN DEFECTS CONCENTRATION IN A PURE BIFEO3 BULK CERAMIC

a) 200 °C 20% O,
3,5x10° e s SEE—
o i | O
| I L 3 Nt
[ ] 3,0x10
g 3,0x10° / - 9
[ ] | AW | =
\o_/ / ./ LS =}
/ \ i -
8 25x10° 4 ./ \ 2,5x10° &
c /| m [ ] \ >
3 [\ . 2
- -3
8_ 2,0x10° " oa n \_ 2,0x10% 5
£ - / VN @
— o \ u L
—
O 15x10° 1 n LI L 15x10° ©
e b / / VN £
© \ ] @
[=3 L | L} \ a
> / / \ .\ 3
s 1,0x10° . - ] F1,0x10° 2
‘m ©
= / ./ \. " c
=) ] £
I s | /) \. L | 43
£ 5,0x10 ,./-./. . By g gmmt 50x10 g
o [ § -
| N [ |
1
n n
00 ARNETT 11 T TT EEPETRY

- rrr—
10° 10t 10? 10° o* 10° 10°
Frequency (Hz)

b)

1007 T T T TR0t
10° 5 - 10°
~ N
L Z
3 ° %
£ n gl
o . N
102 7 - 10?

[ )
L J
10! +———y —_— —————————1— 10"
1072 107 10°
pO, (atm)

Figure 2.7 - Results of impedance spectroscopy analysis for data measured at
200 °C: a) impedance and electric modulus spectroscopic plots for samples
annealed in 20% O2; b) electrical modulus peak and impedance peak frequency
as a function of pO;
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2.4 CONCLUSIONS

Pure BiFeO3; with a relatively low electrical conductivity can be obtained by
conventional solid-state sintering at 750 °C starting from a non-stoichiometric
composition of precursors. Adding 1% excess of Biz03 compensates for the loss
of bismuth during synthesis and sintering. The absence of secondary phases
resulted in a reduction of the electrical conductivity by more a factor 1000.
Annealing pure BiFeOs in mixtures of nitrogen and oxygen gases at various
oxygen partial pressures reduced the conductivity further. Hence control of the
oxygen partial pressure in the atmosphere during high temperature processing
is a novel tool to manipulate the oxygen-related defects, which play a major
role in the conductivity of BiFeOs. In case the oxygen concentration in the
gaseous environment is below 10% the conductivity seems to be determined
by other intrinsic charge carriers.

2.5 SUPPORTING INFORMATION

Figure 2.S1 - Photo of the sample after electrical measurement with gold
electrodes
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Figure 2.S2 - Block diagram of the synthesis and sintering of BiFeO3 and its
subsequent analysis to optimize the preparation process
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Figure 2.S3 - Block diagram of the synthesis and sintering of bismuth ferrite
and subsequent annealing, to study the effect of oxygen defects on conductivity
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ESTIMATING THE TRUE PIEZOELECTRIC PROPERTIES
OF BIFEO3; FROM MEASUREMENTS ON BIFEO3;-PVDF
TERPOLYMER COMPOSITES

ABSTRACT

BiFeOs is an interesting multiferroic material with potential use in sensors and transducers.
However, the high coercive field and low dielectric strength of this material make the poling process
extremely difficult. Poling becomes a lot easier if the ceramic particles are incorporated in a non-
conductive polymer with comparable dielectric properties. In this work, unstructured composites
consisting of BiFeOs particles in a non-piezoactive PVDF terpolymer matrix are made with a
ceramic volume fraction ranging from 20 to 60 %. The highest piezoelectric charge and voltage
constant values (dss = 31 pC/N and gs3 =47 mV-m/N) are obtained for a BiFeOs-PVDF terpolymer
composite with a volume fraction of 60 %. The Poon model is chosen to analyse the volume fraction
dependence of the dielectric constant while the modified Yamada model is used to analyse the
piezoelectric charge constant data. It is concluded that the maximum possible piezoelectric
constant for bulk BiFeOs can be as high as 56 pC/N.

This chapter has been published in Journal of Journal of Alloys and Compounds 868: 159186 (2021)

49



3. ESTIMATING THE TRUE PIEZOELECTRIC PROPERTIES OF BIFEO3 FROM MEASUREMENTS ON BIFEO3-PVDF TERPOLYMER

COMPOSITES
3.1 INTRODUCTION

BiFeOs, also called Bismuth Ferrite or BFO, like many piezoelectrics,
crystallises with a distorted rhombohedral perovskite-type structure and was
first discovered in the late 1950s by Royen and Swars [1]. However, interest in
this material only rose in the early 2000s due to the high Curie temperature
(~825 °C [2]) and the high spontaneous polarization: 50-60 pC/cm? in thin
films [3], ~100 uC/cm?2 in single crystals along the [111],. direction [4] and 45
uC/cm2in bulk ceramics [5]. But studies on the piezoelectric properties of bulk
ceramics of BiFeOs never yielded the high values reported for the thin films
(120 pm/V [6])and its true potential was never demonstrated. This is largely
due to the problems of electrical leakage and phase purity, which created
difficulties in realising the potential maximal properties of bulk BiFeOs. The
presence of secondary phases in BiFeOs; leads to large electrical leakage
currents, which impose serious restrictions on its industrial use. Furthermore,
large leakage currents become increasingly prohibitive at high fields. Thus, due
to the high coercive field required to pole BiFeOs3, it is important to increase its
insulating properties to reduce the leakage currents [7].

One way to prevent leakage and short circuiting is to incorporate BiFeOs3
particles into a non-conductive matrix, such as another ceramic [8,9] or a
polymer [10-13]. The dielectric properties of different composite films of
BiFeOs3-PVDF (with BiFeO3 concentrations ranging from 13 to 34 vol%) were
found to increase with increasing filler content [14]. Composites of one-
dimensional (1D) multiferroic BiFeO3 and poly(vinylidene fluoride-
trifluoroethylene) (P(VDF-TrFE)) composites showed coexistence of electric
and magnetic hysteresis for the composite materials at room temperature [15].

While the intrinsic piezoelectric properties of granular BiFeO3z can in principle
be derived from the volume fraction dependence of the piezoelectric
properties of BiFeOs-polymer composites, the analysis is only valid if the
dielectric constants of the polymer and the piezoceramic are almost equal.
Since BiFeOs3 ceramics have a relatively low value for the dielectric constant in
comparison to other piezoelectric ceramics, this opens up possibilities for
selecting a polymer matrix with a comparable dielectric permittivity. Hence in
this work a relaxor polymer, polyvinylidene difluoride with tri-fluoroethylene
and chlorofluoroethylene copolymers (P(VDF-TrFE-CFE), or in-short a PVDF
terpolymer), with a high dielectric constant and without any piezoelectric
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properties itself (even cast film 150 um thick polarized at 350 kV/cm field for
20 minutes showed no piezoelectric response), is chosen as the matrix material.
To minimize the contribution of particle-to-particle connectivity to the
properties the work focusses on so-called 0-3 composites where the particles
are homogeneously dispersed in the polymer matrix with minimal particle-
particle contact. The volumetric dependence of the dielectric and the
piezoelectric properties of the composites is then analysed in detail to
determine an accurate estimate of the intrinsic piezoelectric properties of
BiFeOs in granular form.

3.2 EXPERIMENTAL PROCEDURE

3.2.1 Composite manufacturing

Based on extensive synthesis trials single phase BiFeOs; powder was obtained
by solid state synthesis from pre-milled Bi»03 and Fe;03 in equal proportions
with 1 at% excess Bi, as described previously [16]. This mixture of oxides was
calcined at 750 °C for 1 h. The agglomerated powder was then dry milled using
2 mm yttria stabilized zirconia balls for 5 h by using a planetary ball mill. The
particle size distributions of the milled powder in an aqueous solution as
measured by a laser diffraction analyser were found to be d(10) = 0.67 pm,
d(50) = 1.44 pm, and d(90) = 2.83 um (d(X) signifies the point in the size
distribution, up to and including which X% of the total volume of material in
the sample is ‘contained’. Therefore, d(50) is the size below which 50 % of the
particles lie in the distribution). The powder was dried in a circulating air oven
at 220 °C for 24 h prior to the experiment to avoid moisture adsorption. Phase
purity of the powders was checked by X-ray diffraction analysis using a Rigaku
miniflex600 tabletop diffractometer and Cu Ka radiation.

To produce the BiFeOs; - polymer composites, solutions of polyvinylidene
difluoride with tri-fluoroethylene and chlorofluoroethylene copolymers
(P(VDF-TrFE-CFE)) (obtained from Piezotech Arkema) in dimethylformamide
(DMF) were prepared. For low volume fractions of filler particles (< 30 vol%)
a solution of 20 wt% P(VDF-TrFE-CFE) in DMF was used while for higher
volume fractions a 13 wt% solution was used. The BiFeOs3 particles were mixed
into this solution using a Hauschild DAC 150 FVZ planetary speed mixer at 750
rpm for 5 minutes. The mixture formed a viscous liquid that was degassed
before casting on a glass substrate for the preparation of the thin films. Cast
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composites were dried in a vacuum oven at 60 °C for 1 hour before annealing
at 100°C for 1 hour. The final thickness of the dried samples varied between
120 and 160 pum. Once annealing was completed, a number of discs (12 mm
diameter) were cut from the composite for electrical testing. Finally, gold
electrodes of 10.9 mm diameter were deposited on both sides of the composite
samples with a magnetron sputtering apparatus (Balzers Union, SCD 040).

3.2.2 Measurement procedures

Scanning Electron Microscope (SEM) images were taken using a Jeol JSM-
7500F field emission scanning electron microscope. Prior to SEM
measurements a thin (15 nm) layer of gold was deposited on the sample. In
order to examine the cross sections of the composites they were first frozen in
liquid N2 to obtain a brittle fracture mode.

Electrical measurements were performed using a Novocontrol Alpha Dielectric
Analyzer in the frequency range from 1 Hz to 10 MHz at temperatures from -
50 to 120 °C at a fixed potential difference of 1 V. The piezoelectric constant,
d33, measurements were performed with a high precision PM300 Piezometer
from Piezotest Piezosystems, at 110 Hz and a static and dynamic force of 10
and 0.25 N respectively. At least 4 samples of each composite were tested.
Inter-sample variability was found to be modest (0.5 pC/N).

3.3 RESULT AND DISCUSSION

3.3.1 Phase purity of BiFeO3

Figure 3.1 shows the Rietveld refined XRD patterns of the BiFeO3 ceramic
powder. The material crystallises in a rhombohedral perovskite structure type
with space group R3c. The refined unit cell parameters of a = 5.57564(7) A and
c=13.8626(2), arein good agreement with the values reported in the literature
[17]. The sample also contains minor amounts of the bismuth-rich phase,
BizsFeOs9 (0.9 wt%), and the iron-rich phase ,Bi;Fe409 (1.4 wt%) (for more
details see Figure 3.1S), which are formed due to the addition of extra bismuth
and evaporation of bismuth oxide during the calcination process as indicated
in the previous work [16].
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Figure 3.1 - Rietveld refined XRD patterns of the calcined BiFeO3 ceramic
powder. R-Bragg for the main phase is 3.21 %.

3.3.2 Microstructure of composites

Figure 3.2 shows scanning electron microscope images of the cross-section of
BiFeO3-PVDF terpolymer composites. Piezoceramic particles appear to be
homogeneously distributed in the polymer matrix and only show minor
degrees of agglomeration for composite with 20 and 30 vol%, as shown by the
porous agglomerates on Figure 3.2b and 3.2c. No signs of sedimentation
problems were encountered. Although dark fissure-like zones in the
micrographs appear due to the uneven height of the cross-section created by
inducing brittle fracture, no microcracks were present in the as-produced
samples. The average particle size as determined by SEM corresponded well
with the results obtained from particle size analysis.
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Figure 3.2 - SEM picture cross-section of BiFeO3;-PVDF composites: a) 20 vol%;
b) 30 vol%; c) 40 vol%; d) 50 vol%; e) 60 vol%
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3.3.3 Dielectric and electrical properties of the constituent materials

Samples of pure polymer and BiFeOs; ceramics were prepared to determine the
dielectric constants of the polymer and BiFeOs. PVDF terpolymer films with a
thickness of around 200 um were prepared by the same method as for the
composites. BiFeO3 bulk ceramics were sintered at a temperature of 775 °C for
1 hour (details in [16]). Figure 3.3 shows the temperature dependence of the
dielectric constant of the polymer (a) and BiFeOs (b) at different frequencies.
It can be seen in Figure 3.3a that, due to its relaxor nature[18], the PVDF
terpolymer film demonstrates a strong and clearly non-linear dependence of
the dielectric constant on temperature and frequency with a maximum value
at around 25 °C. In contrast, the dielectric constant of BiFeO3; (Figure 3.3b)
increases linearly with temperature due to an increase in the conductivity of
the sample. Since measurements of the piezoelectric charge constant of the
composites were carried out at 25 °C and a frequency of 100 Hz, we are
particularly interested in the difference in dielectric strength of the two
materials at this frequency and at this temperature. As can be seen in the
Figure 3.3 at this temperature and this frequency, the values of the dielectric
constant of BiFeOs and the polymer are 85 and 61 respectively leading to an
unusually small mismatch between the polymer matrix and the ceramic filler
particles when compared to other piezoelectric ceramic-polymer composites.
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Figure 3.3 - Dielectric constant as a function of the temperature: a) PVDF
terpolymer film and b) sintered BiFeOs bulk ceramic
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Figure 3.4 shows the temperature dependence of the DC conductivity for both
the polymer and the bulk ceramic. The electrical conductivity of BiFeO3
increases almost linearly with temperature, while the conductivity of the
polymer rises sharply over the temperature region of 10-50 °C and then
increases more linearly. Such a sharp increase in conductivity over a limited
temperature range can be explained by the relaxor phase transition [19]. The
origin of the high dielectric response of this class of terpolymers is its
ferroelectric phase and the polar nanodomains. The former is responsible for
almost frequency independent dielectric maxima (sharp phase transition),
while the latter leads to a strong frequency dependence of dielectric spectra
(relaxor phase transition). Such a ferroelectric relaxation is associated with
short segmentation mobility in the nanodomains [20]. Considering that there
are no free protons in our polymer, the conductivity is most likely associated
with the transfer of ions by induced segmental dynamics in the nanodomains,
[21].
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Figure 3.4 - DC conductivity PVDF-terpolymer film and bulk BiFeO3 ceramic
as a function of the temperature
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3.3.4 Dielectric and electrical properties of the composite materials

Figure 3.5 shows the dielectric measurements of the composite with a 50 vol%
BiFeOs (Other samples show similar behavior; this concentration is chosen as
to analyse the material behaviour because of its optimal properties and
uniform microstructure). It can be seen that the temperature response is
similar to that observed for a pure polymer. At low temperatures, the dielectric
constant is most notably changed by the ceramic filler which increases the
dielectric constant from a value of 5 for the pure polymer to a value of 20 for
this composite. The relaxation peak at higher temperatures is less pronounced
than for the pure polymer due to the linear temperature behaviour of the
dielectric constant of the BiFeOs.

| 1 | 1 | | 1 |
80 + -
& 60 - i
® ]
c
(@]
(&
Q2 s 100 Hz
4340_ 1 KHz ]
< A w10 kHz
A = 100 kHz
s 1 MHz
20 =
rrrrrrrrrrrrrrrrrqrrreq et
-75 -50 -25 0 25 50 75 100

Temperature (°C)

Figure 3.5 - Dielectric constant of 50 vol% BiFeO3-PVDF terpolymer
composite as a function of temperature
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To fit the temperature dependent dielectric constant of the composites
multiple models (as presented in Table 3.1) are available. Figure 3.6a shows
a comparison of these models with the experimental results. All models lead to
a linear behavior up to 35 °C, which corresponds to the dielectric peak
temperature for the polymer. Above this temperature, all models show a
deviation in the prediction of the dielectric constant. The Poon and Shin model
was identified as the most optimal for the current dataset. This model shows
good results over the entire temperature and frequency range (Figure 3.6b),
as well as for different concentrations of ceramic filler (Figure 3.6c).

Table 3.1 - Dielectric constant approximation models for 0-3 composites. The
subscript c refers to the ceramic filler particle, the subscript p refers to the
polymer matrix and the parameter v refers to the volume fraction.

Model Equation

Maxwell-Garnett [22] e — 2ep +&c+2v(e. — &p)
ST TP 2, e — V(e — &)

nv(ec—&p)

Yamada [23 —

[ ] geff - Sp(l + n£p+(1—v)(sc—£p))
Lichtenecker [24] In (eo57) = (1 —v)In (g) +vIn (&)
Jayasundere [25] e(l—v) +ey

Eeff = 1-v)+y

3e,v g, — €
yz—p(1+3VM)
2e, + & 2e,+ €,
Poon [26] V(e — Sp)
Eeff = & F g+ 2e, —v(e, — €
v+ (1-v) < pgg(c p)
p
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Figure 3.6 - Comparing different theoretical models for ceramic-polymer
composites: a) comparison of the predicted dielectric constant versus the
measured value; b) comparison of the predicted dielectric constant against the
measure value as a function of the frequency for the Poon model; c)
comparison of the predicted dielectric constant against the measure value as a
function of the volume fraction for the Poon model

Figure 3.7 shows in more detail the approximation of the experimental data
for the 50 vol% composite using the Poon model. It can be seen that the
predicted behaviour matches the recorded values rather well with only minor
deviations above 35 °C which may be attributed either to the polymer matrix
behaving marginally different due to the constraining effect of the ceramic filler
particles or some inter-particle connectivity not accounted for.
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Figure 3.7 - Fitting of the temperature dependence of the dielectric constant
at 1 kHz for the 50 vol% BiFeO3-PVDF composite to the Poon model using the
data from Figure 3.3

3.3.5 Poling study

The effect of poling field and temperature on the piezoelectric charge constants
of the BiFeOs; -PVDF terpolymer composites is shown in Figure 3.8. The
electric field was kept constant at 250 kV/cm while investigating the effect of
temperature, and temperature was held constant at 60 °C during the electric
field magnitude study. All samples were polarized for 20 minutes. As can be
seen in Figure 3.8a, as the field increases to 225 kV/cm, the piezoelectric
charge constant also increases and then stabilizes abruptly. This is a clear
indication that the sample is optimally polarized at a field of 225 kV/cm. The
decrease in the piezoelectric constant at a field of 275 kV/cm is attributed to
damage to the electrodes during polarization. As shown in Figure 3.8b, a
modest increase in dz3 with poling temperature is observed.
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The observed optimal poling temperature can be explained on the basis of the

competing temperature dependences of the DC conductivity [27] and that of

the dielectric constant of the polymer matrix.

3.3.6 Piezoelectrical properties

The piezoelectric charge constant (ds3) of the composites as a function of the

BiFeOs volume fraction is shown in Figure 3.9a. As expected, with an increase

in the volume fraction of BiFeQs, the piezoelectric constant also increases. The

maximum value of dzz at 60 vol% is 31 pC/N. Since the dielectric constant of

the matrix material (about 61 at room temperature) is very similar to that of
BiFeO3 (about 85), the field distribution in the composite should be rather
uniform and the piezoelectric constant should grow almost linearly with

increasing ceramic loading. The piezoelectric voltage constant (gzz) is

proportional to the piezoelectric charge constant and inversely proportional to

the dielectric constant, and because the dielectric constants of the matrix and

the filler differ insignificantly, gz3 should also grow almost linearly with

increasing ceramic content. The maximum value of the piezoelectric voltage

constant experimentally measured at 60 vol% is 47 mV-m/N. Table 3.2

presents the ceramic volume fraction, permittivity, piezoelectric charge and

piezoelectric voltage constants of our composite compared with composites
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and ceramics reported by others. As the value of the dielectric constant is low
compared to that of PZT or different composites, the measured piezoelectric
voltage constants of the present composites are quite high and compare
favorably with those of other composites. Due to the fact that the dielectric
constant is higher than that of other composites, devices based on this family
of composites will have a higher capacitance, which expands the frequency
range (Reducing the cutoff frequency at low frequencies) of applications and
makes the BiFeO3-PVDF terpolymer composite a promising material for sensor
applications.

Table 3.2 - Comparing piezoelectric properties of 0-3 ceramic-polymer
composites. A volume percent of 100 indicates the pure material.

Material \(Iojol)u e &(-) | dss(pC/N) g33 (mV-m/N)
BiFeOs ceramic [5] 100 - 45 -
PZT507 [28] 100 3950 875 25
PVDF [29] 100 12 23 220
PT-PEO [27] 30 21 7.5 40
KNLN-Epoxy [30] 60 48 32 75
PZT-Epoxy [30] 60 48 18 42
BT-Epoxy [30] 60 47 10 24
KNLN-PU [30] 60 65 29 50
PZT-PU [30] 60 50 12 27
BT-PU [30] 60 40 4 11
PT-PEI [31] 30 10 4 45
BiFeO3-PVDF [this work] 60 80 31 47

3.3.7 Piezoelectrical properties

Since incorporation of BiFeO3 particles in the polymer matrix selected allowed
us to increase the electric field for poling, it opened up the possibility to
indirectly measure the maximum or intrinsic piezoelectric properties of the
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granular BiFeOs particles. In order to extract the piezoelectric constant of
ceramics from the effective piezoelectric constant of the 0-3 BiFeOs;-PVDF
terpolymer composites measured, we used Yamada’s model:

nvaeerrdssc

d3z = (3.1)

nseff+£c—seff
Where v is again the filler volume fraction, « is the poling efficiency and &,5f is
the effective dielectric constant. The Yamada model also incorporates shape
anisotropy effects of the particles by the parameter n. If n = 3, the particles are
spherical while n > 3 reflects elongated particles. The Yamada model has been
modified in part to account for changes in the effective dielectric constant as
described by the Poon model.

Based on the poling results obtained the poling efficiency, a, was chosen as 1.
Since, in our model, the actual value of n does not matter much, and almost
equal final results of the piezoelectric constant (with a deviation of 3 pC/N) are
obtained for 3 <n <10the value for the shape factor, n, was chosen as 3, since
this corresponds to a spherical shape of the particles, which is the closest to the
morphology of our particles.
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Figure 3.9 - ds3(a) and gs3(b) values for BiFeO3-PVDF terpolymer composites
with fitted theoretical model predictions according to the Yamada model

If we assume that this model is valid up to 100 vol% loading, we predict that
the piezoelectric charge constant of ideally poled granular BiFeO3 could be as
high as 56 pC/N, which is 25 % higher than highest observed bulk value shown
(~45 pC/N) in recent studies [32]. Assuming that routes for non-leaking
BiFeOs3 bulk ceramics will be found in future, the combination of the predicted
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high value for the piezoelectric voltage constant gzz of about 80 mV-m/N, and
a high Curie temperature (~825 °C [2]) , would make BiFeOsa truly attractive
material for high-temperature sensors.

3.4 CONCLUSIONS

Embedding BiFeO3 granular material in a non-conducting PVDF terpolymer
having a comparable dielectric constant allowed for proper poling of the
BiFeOs; particles and a correct interpretation of the volume fraction
dependence of the dielectric and piezoelectric properties of the composites
made. By combining the Poon model for the dielectric properties and the
Yamada model for the piezoelectric properties, the piezoelectric charge and
voltage constants of granular BiFeOs could be determined and were found to
be as high as 56 pC/N for ds3; and 80 mV-m/N for gzs. These values, in
combination with the high Curie temperature, reconfirm the great potential of
BiFeOsas a high temperature sensor material.

3.5 SUPPORTING INFORMATION
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Figure 3.1S - Details and results of the Rietveld refined XRD pattern of the
calcined BiFeO3 ceramic powder. Numbers in brackets indicate the standard
deviation on the digit immediately preceding them
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65



3. ESTIMATING THE TRUE PIEZOELECTRIC PROPERTIES OF BIFEO3 FROM MEASUREMENTS ON BIFEO3-PVDF TERPOLYMER

COMPOSITES

REFERENCES:

[1]

P. Royen, K. Swars, Das System Wismutoxyd-Eisenoxyd im Bereich von 0
bis 55 Mol% Eisenoxyd, Angew. Chemie. 69 (2007) 779-779.
https://doi.org/10.1002 /ange.19570692407.

R. Palai, R.S. Katiyar, H. Schmid, P. Tissot, S.J. Clark, ]. Robertson, S.A.T.
Redfern, G. Catalan, J.F. Scott, B phase and y-f3 metal-insulator transition
in multiferroic BiFe 03, Phys. Rev. B - Condens. Matter Mater. Phys. 77
(2008) 1-11. https://doi.org/10.1103 /PhysRevB.77.014110.

J. Wang, ].B. Neaton, H. Zheng, V. Nagarajan, S.B. Ogale, B. Liu, D. Viehland,
V. Vaithyanathan, D.G. Schlom, U. V. Waghmare, N.A. Spaldin, K.M. Rabe, M.
Wuttig, R. Ramesh, Epitaxial BiFeO3 multiferroic thin film
heterostructures, Science (80-. ). 299 (2003) 1719-1722.
https://doi.org/10.1126/science.1080615.

J. Yu, J. Chu, Progress and prospect for high temperature single-phased
magnetic ferroelectrics, Chinese Sci. Bull. 53 (2008) 2097-2112.
https://doi.org/10.1007 /s11434-008-0308-3.

L. Liu, T. Rojac, J. Kimpton, ]. Walker, M. Makarovic, ].F. Li, ]. Daniels, Poling-
induced inverse time-dependent microstrain mechanisms and post-
poling relaxation in bismuth ferrite, Appl. Phys. Lett. 116 (2020).
https://doi.org/10.1063/5.0002235.

H. Zhuy, Y. Yang, W. Ren, M. Niu, W. Hu, H. Ma, ]. Ouyang, Rhombohedral
BiFeO3 thick films integrated on Si with a giant electric polarization and
prominent piezoelectricity, Acta Mater. 200 (2020) 305-314.
https://doi.org/10.1016/j.actamat.2020.09.022.

J. Wu, Z. Fan, D. Xiao, ]. Zhu, ]. Wang, Multiferroic bismuth ferrite-based
materials for multifunctional applications: Ceramic bulks, thin films and
nanostructures, = Prog.  Mater. Sci. 84 (2016) 335-402.
https://doi.org/10.1016/j.pmatsci.2016.09.001.

A. Hussain, M.A. Qaiser, ]. Zhang, S.T. Zhang, Y. Wang, Y. Yang, Z. Liu, G.
Yuan, High-temperature piezoelectric properties of 0-3 type
CaBi4Ti4015:x wt%BiFeO3 composites, J. Am. Ceram. Soc. 100 (2017)
3522-3529. https://doi.org/10.1111/jace.14879.

66



REFERENCES:

[9] M.A. Qaiser, A. Hussain, ]. Zhang, Y. Wang, S. Zhang, L. Chen, G. Yuan, 0-3
type Bi3TaTi09:40wt%BiFeO3 composite with improved high-
temperature piezoelectric properties, J. Alloys Compd. 740 (2018) 1-6.
https://doi.org/10.1016/j.jallcom.2017.12.365.

[10] K. Yoshiyama, M. Mori, M. Hagiwara, S. Fujihara, Effect of particle size and
morphology on the performance of BiFeO3-PDMS piezoelectric
generators, CrystEngComm. 22 (2020) 2919-2925.
https://doi.org/10.1039/d0ce00067a.

[11] S. Moharana, R.N. Mahaling, High performance of hydroxylated
BiFeO3/polystyrene composite films with enhanced dielectric constant
and low dielectric loss, ]. Aust. Ceram. Soc. 56 (2020) 751-760.
https://doi.org/10.1007 /s41779-019-00393-9.

[12] S. Dash, R.N.P. Choudhary, M.N. Goswami, Enhanced dielectric and
ferroelectric properties of PVDF-BiFeO3 composites in 0-3 connectivity, .
Alloys Compd. 715 (2017) 29-36.
https://doi.org/10.1016/j.jallcom.2017.04.310.

[13] M.K. Mishra, S. Moharana, R.N. Mahaling, Enhanced dielectric properties
of poly(vinylidene fluoride)-surface functionalized BiFeO3 composites
using sodium dodecyl sulfate as a modulating agent for device
applications, ].  Appl Polym. Sci. 134 (2017) 1-9.
https://doi.org/10.1002/app.45040.

[14] A. Kumar, K.L. Yadav, Enhanced magnetocapacitance sensitivity in BiFeO
3- poly(vinylidene-fluoride) hot pressed composite films, ]. Alloys Compd.
528 (2012) 16-19. https://doi.org/10.1016/j.jallcom.2012.02.125.

[15] S. You, C. Liu, H. Liu, X. Yu, S. Li, W. Liu, S. Guo, X. Zhao, The preparation
and characterization of 1D multiferroic BFO/P(VDF-TrFE) composite
nanofibers using electrospinning, Mater. Lett. 130 (2014) 157-1509.
https://doi.org/10.1016/j.matlet.2014.05.118.

[16] A.Y. Tuluk, T.R. Mahon, S. van der Zwaag, P. Groen, BiFeO3 synthesis by
conventional solid-state reaction, 2019 IEEE Int. Symp. Appl. Ferroelectr.
ISAF 2019-Proc. (2019) 3-6. https://doi.org/10.1109/ISAF43169.2019.9
034976.

[17] G. Catalan, ].F. Scott, Physics and applications of bismuth ferrite, Adv.
Mater. 21 (2009) 2463-2485. https://doi.org/10.1002 /adma.200802849.

67



3. ESTIMATING THE TRUE PIEZOELECTRIC PROPERTIES OF BIFEO3 FROM MEASUREMENTS ON BIFEO3-PVDF TERPOLYMER

COMPOSITES

[18] Y. Wang, S.G. Lu, M. Lanagan, Q. Zhang, Dielectric relaxation of relaxor
ferroelectric P(VDF-TrFE-CFE) terpolymer over broad frequency range,
IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 56 (2009) 444-449.
https://doi.org/10.1109/TUFFC.2009.1063.

[19] A. Pramanick, N.C. Osti, N. Jalarvo, S.T. Misture, S.0. Diallo, E. Mamontov, Y.
Luo, J.K. Keum, K. Littrell, Origin of dielectric relaxor behavior in PVDF-
based copolymer and terpolymer films, AIP Adv. 8 (2018).
https://doi.org/10.1063/1.5014992.

[20] H.M. Bao, J.F. Song, J. Zhang, Q.D. Shen, C.Z. Yang, Q.M. Zhang, Phase
transitions and ferroelectric relaxor behavior in P(VDF-TrFE-CFE)
terpolymers, Macromolecules. 40 (2007) 2371-2379.
https://doi.org/10.1021/ma062800l.

[21] Q. Liu, X. Yin, C. Richard, ].F. Capsal, Influence of the crystallization on the
molecular mobility and ionic DC conductivity behaviors of relaxor
ferroelectric P(VDF-TrFE-CTFE) terpolymers, ]J. Polym. Sci. Part B Polym.
Phys. 54 (2016) 1645-1657. https://doi.org/10.1002/polb.24068.

[22] C.W.Nan, Comment on “Effective dielectric function of a random medium,”
Phys. Rev. B - Condens. Matter Mater. Phys. 63 (2001) 5-7.
https://doi.org/10.1103 /PhysRevB.63.176201.

[23] T. Yamada, T. Ueda, T. Kitayama, Piezoelectricity of a high-content lead
zirconate titanate/polymer composite, J. Appl. Phys. 53 (1982) 4328-
4332. https://doi.org/10.1063/1.331211.

[24] F. Carpi, D. De Rossi, Improvement of electromechanical actuating
performances of a silicone dielectric elastomer by dispersion of titanium
dioxide powder, IEEE Trans. Dielectr. Electr. Insul. 12 (2005) 835-843.
https://doi.org/10.1109/TDEL.2005.1511110.

[25] N. Jayasundere, B. V. Smith, Dielectric constant for binary piezoelectric 0-
3  composites, J. Appl. Phys. 73  (1993) 2462-2466.
https://doi.org/10.1063/1.354057.

[26] Y.M. Poon, F.G. Shin, A simple explicit formula for the effective dielectric
constant of binary 0-3 composites, J. Mater. Sci. 39 (2004) 1277-1281.
https://doi.org/10.1023/B:JMSC.0000013886.21054.e4.

68



REFERENCES:

[27] H. Khanbareh, S. van der Zwaag, W.A. Groen, Piezoelectric and pyroelectric
properties of conductive polyethylene oxide-lead titanate composites,
Smart Mater. Struct. 24 (2015) 45020. https://doi.org/10.1088/0964-
1726/24/4/045020.

[28] V.L. Stuber, D.B. Deutz, ]. Bennett, D. Cannel, D.M. de Leeuw, S. van der
Zwaag, P. Groen, Flexible Lead-Free Piezoelectric Composite Materials for
Energy Harvesting Applications, Energy Technol. 7 (2019) 177-185.
https://doi.org/10.1002 /ente.201800419.

[29] Piezoelectric  Film | PVDF  Film | Piezotech, (n.d.).
https://www.piezotech.eu/en/Applications/piezoelectric-film/
(accessed November 25, 2020).

[30] V.L. Stuber, T.R. Mahon, S. van der Zwaag, P. Groen, The effect of the
intrinsic electrical matrix conductivity on the piezoelectric charge
constant of piezoelectric composites, Mater. Res. Express. 7 (2019).
https://doi.org/10.1088/2053-1591/ab5bb3.

[31] H. Khanbareh, M. Hegde, ]J.C. Bijleveld, S. van der Zwaag, P. Groen,
Functionally graded ferroelectric polyetherimide composites for high
temperature sensing, ]. Mater. Chem. C. 5 (2017) 9389-9397.
https://doi.org/10.1039/c7tc02649h.

[32] T. Rojac, M. Makarovic, J. Walker, H. Ursic, D. Damjanovic, T. Kos,
Piezoelectric response of BiFeO3ceramics at elevated temperatures, Appl.
Phys. Lett. 109 (2016). https://doi.org/10.1063/1.4960103.

69



3. ESTIMATING THE TRUE PIEZOELECTRIC PROPERTIES OF BIFEO3 FROM MEASUREMENTS ON BIFEO3-PVDF TERPOLYMER

COMPOSITES

70



TUNING PIEZOPROPERTIES OF BIFEO3; CERAMIC BY
COBALT AND TITANIUM DUAL DOPING

ABSTRACT

Bismuth ferrite is a potentially interesting lead-free piezoelectric material for use in high
temperature applications due to its high Curie temperature. However, the high coercive field and
high leakage currents of pure BiFeO3 (BFO) prevent reaching its theoretical performance level. The
classic approach in tailoring piezo ceramics properties to their desired use conditions is the use of
doping. In this work, we produce bulk BFO piezoceramic by the conventional sintering method with
single element doping with cobalt (0.125-3 at%) or titanium (1-5 at%) and dual doping (Co and Ti
added simultaneously). Cobalt doping reduces the required field for poling, but also increases the
leakage currents. Titanium doping reduces the leakage currents but destroys the piezoelectric
properties as the coercive field strength cannot be reached. However, when both elements are used
simultaneously at their appropriate levels (0.25 at% each) a piezoelectric ceramic material is
obtained requiring a low field for full poling (9 kV/mm) and showing excellent room temperature
performance such as a d33 =40 pC/N, a dielectric constant in the region of 100 and dielectric losses
less than 1%.

This chapter has been published in Journal of Applied Physics 131, 21 (2022)
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4.1 INTRODUCTION

For a long time, piezoelectric sensors have been regarded as the most efficient
devices for measuring pressure, acceleration and stress at room temperature.
For example, piezoelectric ceramic sensors offer significant advantages over
other non-destructive testing methods such as: low cost, ease of operation and
the ability to conduct in-operando measurements[1], but this advantage
disappears when the sensor is exposed to high temperatures. The widespread
use of piezoelectric ceramics in various applications has become possible due
to property tuning via the use of donor or acceptor dopants[2]. Currently most
piezoelectric sensors are based on a modified PZT with the chemical formula:
PbZr«Ti1x03, which is one of the most widely studied systems from a
fundamental and functional point of view but is also a system with no high
temperature application potential. PZT is a perovskite ferroelectric with a
cubic symmetry above its Curie temperature and with tetragonal, monoclinic,
or rhombohedral distortion in the polar state at lower temperatures,
depending on its composition [3]. The ferroelectric or piezoelectric
characteristics of the PZT can be tuned towards “hard” or “soft” characteristics
by proper doping. The terms “soft” and “hard” PZT ceramics refer to minimal
field required to achieve a permanently poled state which in itself depends on
the mobility of dipoles or domains, as well as the behaviour of polarization and
depolarization. “Soft” PZTs are obtained by doping with donor ions such as La+*3
and W+é (for site A) and Nb+5, Sb*5 (for site B), which leads to the creation of
vacancies at site A in the lattice [4]. The characteristic features of attractive
poling elements are those leading to a relatively high mobility of the domain
walls and, as a consequence, a “soft” ferroelectric behaviour (easily
polarizable). The advantages of “soft” PZT materials are thus their large
piezoelectric charge constant, moderate dielectric constant and high coupling
factors, which makes them interesting for actuators, sensors such as
conventional vibration sensors, ultrasonic transmitters and receivers for flow
or level measurements, electroacoustic applications such as sound transducers
and microphones[5] . “Hard” PZT is doped with acceptor ions such as K+, Na+*!
(for site A) and Fe*3, Al*3, Mn*3 (for site B), creating oxygen vacancies in the
lattice[6]. Such PZT materials can be subjected to high electrical and
mechanical stresses, without a change in performance, hence showing good
stability. This makes “hard” PZT materials suitable for high power and high
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frequency applications. Other advantages of “hard” PZT ceramics are a
moderate dielectric constant value, large piezoelectric coupling factors and low
dielectric losses, which facilitate their further use in the resonant mode only
with low internal heating of the component. “Hard” PZT based piezoelectric
elements are used for ultrasonic cleaning, ultrasonic processors, in biomedical
fields, in transducers, hydroacoustic technologies, etc. The large difference in
physical properties between “soft” and “hard” groups is mainly due to the
contribution of the motion of the domain wall [2,7], and not so much to a
change in the crystal lattice values. However, the mechanisms of hardening and
softening are not fully understood.

Irrespective of the doping element used to tune the properties of PZT-based
piezoelectric sensors, their maximal operating temperatures are around 260 °C
or lower due to the intrinsic PZT transformation temperature and the modest
effect of doping at that temperature range[8]. Therefore, considerable efforts
are now aimed at developing new (i.e. non PZT based) materials that can satisfy
the growing demand for piezoelectric elements with an operating temperature
in the range of 350-600 °C. One such material is BiFeOs; (BFO), with an
exceptionally high Curie temperature, T¢, of 825 °C [9] and the added benefit
of having a lead-free composition. This high T¢ makes BFO an ideal candidate
for use as a high temperature lead-free piezoceramic[l]. Unfortunately,
research on bulk ceramics of BFO has not been very successful and did not
demonstrate a high piezoelectric coefficient. This was largely due to the
problems of electrical leakage and phase purity, which created difficulties in
realising the potential of bulk bismuth ferrite.

As with PZT, one of the ways to solve these problems is to tune the properties
of bismuth ferrite by doping. Macroscopic hardening of the ferroelectric
behaviour of the BFO doped up to 3 at% by Co was recently shown by
Makarovic et al[10]. In this work, it was shown that the assumptions about the
p-type conductivity are correct and the main reason for the hardening is an
increase in the concentration of Core-Vo pinning centers. This mechanism has
clear parallels with those in acceptor doped ("hard") PZT. Continuing the
analogy with PZT, it can be assumed that doping with donors such as Ti**
should lead to softening of the BFO piezoelectric ceramics due to a decrease in
the concentration of pinning centers. No increases in piezoelectric properties
and softening were shown for Ti doped BFO, but only a decrease in tan 6 with
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an increase in the amount of Ti substitution, and this is explained by the
assumption that Fe?* ions (the predominant cause of high tan § in BFO) were
not formed due to Ti doping[11,12].

To study the mechanisms of hardening and softening of BFO ceramic, two types
of dopants, cobalt and titanium, were chosen. Cobalt concentrations of 0.125,
0.25 and 0.5 at% were chosen since the concentration of cobalt close to 0.2 at%
leads to an improvement in the ferroelectric and insulating properties of
ceramics[10,13,14]. Higher dopant concentrations up to 3 at% Co have also
been tested to ensure that there is an upward trend in conductivity. During the
study, it was noticed that doping with cobalt reduces the required poling field
to obtain piezoelectric properties in BFO.

To investigate the effect of donor doping on the piezoelectric properties of
BFOs, titanium concentrations from 1 to 5 at% were chosen. When studying
the insulating properties of BFO doped with titanium, at higher titanium
concentrations, the leakage currents are steadily increasing[11,15].

Also, the effect of dual doping of cobalt and titanium is investigated and the
concentration of doping in this case was selected based on the best results of
previous experiments. The study has shown that dual doping, with the right
concentration selection, allows us to combine the positive effects separate
dopants.

4.2 EXPERIMENTAL PROCEDURE

BiFeOs samples were prepared by a conventional solid-state reaction using
analytical grade commercially supplied raw materials: Biz03 (99.99% purity),
Fe;03 (99.95% purity), Ti02(99.99% purity) and Co0203 (99.9% purity). All
powders were weighed and grounded separately before mixing. Cobalt doping
levels were varied between 0.125-3 at%. Titanium doping levels were varied
between 1-5 at%. Based on results of the Co and Ti doped systems dual doping
levels were chosen as 0.25-0.25, 0.5-0.5 and 0.25-1 at% Co-Ti. Grinding and
mixing processes were performed in isopropanol using yttria-stabilized ZrO;
balls. The particle size distributions composition of the milled powder is in the
range of 0.5-1 microns according to the SEM images. The powders were dried
and calcined at 775°C for 1 h and a heating rate of 600°C/h. Then the calcined
powders were reground, granulated by mixing with 2 wt% QPAC 40 binder,
and uniaxial pressed into disks (13 mm in diameter and 1 mm in thickness)
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under 200-250 MPa. The pellets were sintered at 800-850 °C for 1 h,
depending on their composition. Sintering temperatures were optimized to
achieve the best density for a fixed sintering time of 1 h.

Scanning Electron Microscope (SEM) images of fracture surfaces were taken
using a Jeol JSM-7500F field emission scanning electron microscope. Prior to
SEM measurements a thin (15 nm) layer of gold was deposited on the sample.
Grain size measurement based on SEM images and manual evaluation of
typically 25 grains. To determine the phase purity of the various BiFeO3
systems X-ray diffraction studies with Cu Ka radiation at room temperature
were done using a Rigaku Miniflex 600 diffractometer. Given the absence of
open porosity, the density was determined by the Archimedes’ method in an
aqueous medium.

Polarization-electric field hysteresis loops were measured at room
temperature by a Radiant precision ferroelectric analyzer at 5 Hzand up to 110
kV/cm (4-5 kV depends on sample thickness and dielectric strength of
samples). For this, gold electrodes were deposited on the ceramics by
magnetron sputtering method. The samples were poled under a DC electric
field of 60-110 kV/cm for 20 min in silicone oil at room temperature (Due to
the risk of electrical breakdown at higher temperatures). The electrical
properties of the piezoceramic were measured at room temperature using an
Agilent 4263B LCR meter at 1 kHz and 1 V, while the piezoelectric properties
were measured using a PM300 Berlincourt-type piezometer from Piezotest
with a static force of 10 N and a dynamic force of 0.25 N peak-to-peak with
sinusoidal excitation at 110 Hz.

4.3 RESULT AND DISCUSSION

4.3.1 MICROSTRUCTURE

Figure 4.1 shows SEM images of BFO ceramics, pure and doped with cobalt,
titanium, or both, with relative densities reported as well. Macro pores are
absent in all obtained ceramics. As can be seen from Figure 4.1a, low
concentrations of cobalt (up to 1 at%) negatively affect the density of ceramics
and increase the average grain size. At higher concentrations, the density of the
ceramic increases with respect to the undoped BFO.
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Figure 4.1 - SEM images of fracture surface and relative density in comparison

to pure BFO ceramic of representative a) Co doped; b) Ti doped; c) dual doped
BFO samples.
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In contrast, low concentrations of titanium reduce the grain size, while high
concentrations of Ti negatively affect the density of the ceramic (Figure 4.1b).
This effect might be associated with an increase in the concentration of oxygen
vacancies, which is reported to favorably affect the sintering and growth of
ceramic grains[16].

Figure 4.1c shows the microstructure in dual doped samples. The effect of
titanium on the microstructure of the samples dominates over the effect of
cobalt since the grain size decreases in the same way as in the case of doping
with titanium only.

4.3.2 CRYSTAL STRUCTURE

Figure 4.2a shows selected X-ray diffraction patterns of BiFeOsz ceramic
powder doped by Co, Ti or both. All materials crystallize in the form of a
rhombohedral perovskite structure with space group R3c. According to the
result of Rietveld's refinement (Figure 4.1S), all systems are practically free of
secondary phases. The concentration of the secondary phases of undoped BFO
is below 2 wt%, and even lower for the doped systems. Addition of these
dopants does not affect the crystal structure, which is reflected in the absence
of obvious changes in lattice parameters shown in Figure 4.2b. The differences
in peak intensity between the various samples can be attributed to texturing
and differences in grain size for differently doped samples.
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Figure 4.2 - a) X-ray diffraction pattern of the sintered BiFeO3 ceramic with
different dopants and concentrations and b) unit cell parameters of their R3¢
structure in hexagonal representation obtained by Rietveld refinement
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4.3.3 FERROELECTRIC

As shown in many other works on bismuth ferrite[10,13,17], undoped bismuth
ferrite has a high coercive field and demonstrates a pinched ferroelectric loop.
In our case, as shown in Figure 4.3, the ferroelectric loop is clamped and only
opens when a high field of 120 kV/cm in combination with a high temperature
is reached. This may be due to an increase in the mobility of defects at elevated
temperatures. A pinched hysteresis loop is often observed when the state of a
ferroelectric domain wall is characterized by random internal electric fields. In
our case, this may be due to the high oxygen vacancy content which forms
defective dipoles.

Ferroelectric hysteresis loops for pure and cobalt-doped ceramics are shown
in Figure 4.4a. All loops, except for pure BFO, have a pinched shape
characteristic of BFO ceramics [13,14]. The addition of cobalt in our case does
notlead to the hardening of BFO, as happens in the case of PZT, but rather leads
to the opposite effect.

Figure 4.4b shows that the leakage currents increase with an increase in the
cobalt concentration, which can also be associated with an increase in the
concentration of oxygen vacancies. Several published experimental and
theoretical studies demonstrate that unmodified BFO-based ceramics exhibit
p-type (Fe**) conductivity when sintered in air[13,18-21]. According to a
recent defect chemical model[22], an increase in electrical conductivity in the
range of 0.125-3 at% Co (see Figure 4.4b) can be explained by an increase in
the concentration of electron holes (Fet* +). Samples with a doping
concentration of 1.5 and 3 at% Co show electrical breakdown at fields above
10 kV/cm. The results show that Co acts as an acceptor dopant according to the
defect response in equation (3.1), where the Co2* acceptor replacing the Fe3+
position in BFO is supposed to compensate for the charge with oxygen
vacancies (V;°).

2C00 — 2C0', + 205 + V5° (4.1)
Considering that the concentration of V;* is closely related to the valence state

of Fe, an increase in the concentration of V,* due to doping with Co will
increase the p-type conductivity.

Leakage currents and ferroelectric loops of titanium-doped samples are shown
in Figure 4.5. For all concentrations, the loops do not open, not even for the
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highest field values of 150-160 kV/cm. If we consider the softening and
hardening mechanisms inherent in PZT we would expect to see the opposite
result when doping with a donor such as titanium. But as we can see, all
ferroelectric and piezoelectric properties disappear. Leakage currents for Ti
doped samples decreases until reaching a minimum at 2 at% Ti concentration,
and then increase back with a subsequent increase in Ti concentration (till 5
at%), but still lower than undoped samples. This may be the result of a
significant reduction in oxygen vacancies and the prevention of Fe** formation.
Consequently, the dominant charge compensation mechanism in Ti** doped
BFO is the filling of oxygen vacancies [12], although the creation of some Fe2+
ions or Fe3* vacancies cannot be ruled out. Oxygen and iron ions are usually
immobile at room temperature. lonic conduction supported by the field can be
due to the transfer of electrons between neighboring Fe2* and Fe3* ions in a
strong field, so that the Fe2* ions actually jump forward against the applied field.

The above results may be further evidence that oxygen vacancies are the main
cause of the high leakage current in undoped BFO, and doping with higher
valence ions reduces DC conductivity. However, this result can also be
associated with a change in the microstructure, since the grain size decreases
with titanium doping, which can also lead to a decrease in conductivity.

Ferroelectric loops and leakage currents of samples doped with cobalt and
titanium are shown in Figure 4.6. At low concentrations of titanium and cobalt,
it is possible to combine the positive aspects of both dopants: a decrease in the
coercive field, due to cobalt, and a decrease in leakage current due to titanium.
With an increase in the titanium concentration, the leakage currents decrease
even more, but this also leads to a strong increase in the coercive field. For a
sample with 0.5-0.5 at% Co-Ti, it can be seen that the effect of cobalt to increase
conductivity dominates over the effect of adding titanium.
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4.3.4 PIEZOELECTRIC

Table 4.1 shows the piezoelectric and electrical properties of undoped and
doped BFO samples. All samples were polarized at the maximum field (Ep) at
which no electrical breakdown occurs yet. As always, the piezoelectric
properties of materials are dependent on their insulating properties which
limit the maximum poling field that can be applied.
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Thus, the low piezoelectric properties of undoped BFO can be explained by the
high coercive field and the inability to reach it due to high leakage currents.
Increasing the temperature during poling greatly increases the risk of electrical
breakdown and cannot be used due to damage of samples. As we can see, with
an increase in the concentration of cobalt, due to an increase in leakage current,
the dielectric strength of the material also decreases, which leads to a decrease
in the maximum field E, that can be applied. However, at low concentrations of
cobalt, this did not interfere with the successful polarization of the ceramics
and led to a piezoelectric coefficient of 43 pC/N being achieved for samples
with 0.25 at% Co.

On the other hand, doping with titanium at low concentrations increases the
dielectric strength of the samples in comparison with that of undoped BFO. But
even with a polarization at 130 kV/cm, piezoelectric properties were not
obtained. With a subsequent increase in the concentration of titanium, the
dielectric strength still decreases, but at higher concentrations compared to
cobalt.

The results obtained are inconsistent with the typical behavior of piezoelectric
ceramics upon doping with donors and acceptors and demonstrate opposite
results, such as softening upon doping with a donor and hardening upon
doping with an acceptor. In this regard, the results with samples doped with
cobalt are of particular interest, since, despite the fact that leakage currents
inevitably increase, the piezoelectric properties increase significantly.
However, with a further increase in the concentration of cobalt, piezoelectric
constant again decreases to zero, because we cannot impose a polarization
field higher than the coercive field. An increase in piezoelectric properties by
doping BFO with Co can be described as a softening of piezoelectric ceramics
and a decrease in the coercive field, which some authors associate with an
increase in the mobility of domain walls with an increase in their
conductivity [23]. Whereas Ti doping, which reduces all types of conductivity
and reduces the grain size of the ceramics, leads to a result where the coercive
field increases even more, which completely destroys the effective
piezoelectric properties.

Dual doping with cobalt and titanium, while maintaining the effect of reducing
the required field to obtain piezoelectric properties, also reduces the dielectric
loss of the resulting ceramic. The proposed explanation is that cobalt
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presumably binds oxygen vacancies near the domain walls, increasing their
conductivity and hence mobility. Whereas titanium evenly distributed
throughout the sample reduces the overall conductivity of the BFO. By
optimizing the concentration of both dopants, we managed to achieve a
piezoelectric constant of 40 pC/N with dielectric losses below 1%

Table 4.1 - Summary of piezoelectric and electrical properties at room

temperature
Composition E; (kV/cm) | dzz3 (pC/N) | &(-) tan &(-)
BFO 100 9 80 0.005
BF0 0.125 at% Co 60 40 70 0.008
BFO0 0.25 at% Co 60 43 80 0.017
BFO 0.5 at% Co 60 36 80 0.033
BFO 1.0 at% Co 30 - 80 0.166
BFO 1.5 at% Co 10 - 100 0.458
BFO 3.0 at% Co 10 - 130 0.939
BFO 1 at% Ti 130 1 100 0.006
BFO 2 at% Ti 110 1 110 0.006
BFO 3 at% Ti 60 - 110 0.007
BFO 5 at% Ti 60 - 115 0.007
BFO0 0.25-0.25 at% Co-Ti 90 40 95 0.009
BFO0 0.25-1 at% Co-Ti 90 2 100 0.014
BFO 0.5-0.5 at% Co-Ti 90 5 100 0.018

These results show that the correct manipulation of defects in the BFO
ceramics allows tuning the piezoelectric and electrical properties, which in the
future may allow the use of these ceramics at elevated temperatures conditions
given its high Curie temperature in case the high electrical conductivity at high
temperatures can be mitigated.
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4.5 CONCLUSIONS

In this work, we studied the effect of doping BFO with cobalt and titanium on
the electrical conductivity and piezoelectric properties. We found that doping
with cobalt leads to a decrease in the coercive field of the piezoelectric ceramic
and an increase in electrical conductivity. This effect is presumably associated
with an increase in the concentration of oxygen vacancies due to the acceptor
nature of doping. The decrease in the coercive field of the piezoceramics makes
it possible to achieve the maximum possible piezoelectric constant in the
region of 43 pC/N with a relatively small polarizing field in the region of 60
kV/cm.

Doping with titanium leads to a decrease in conductivity, which can be
explained by a decrease in the concentration of oxygen vacancies. Also, doping
with titanium significantly reduces the piezoelectric properties of BFO.

Dual doping with cobalt and titanium combines the positive effects of both
dopants, such as a decrease in the coercive field for polarization, and an
increase in the insulating properties of the material. When both elements are
used simultaneously at their appropriate levels (0.25 at% each) a piezoelectric
ceramic material is obtained that requiring a low field for full poling (90 kV/cm)
and showing excellent room temperature performance such as a ds3 = 40 pC/N,
a dielectric constant in the region of 100 and dielectric losses less than 1%.
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4.6 SUPPORTING INFORMATION

Table 4.1S - Results of Rietveld's refinement of pure and doped BFO samples

System a(d) b(A) c(A) Volume (A3) | Bragg R
factor

BFO 5.58123(2) 5.58123(2) 13.87698(1) | 374.356(4) 5.83
0.125 at% Co 5.57531(24) | 5.57531(24) | 13.87268(72) | 373.447(30) | 2.29
0.25 at% Co 5.58169(13) | 5.58169(13) | 13.88015(64) | 374.504(21) | 2.68
0.5 at% Co 5.57957(8) 5.57957(8) 13.86793(36) | 373.891(12) | 1.06

1 at% Co 5.58578(8) 5.58578(8) 13.88686(36) | 375.234(12) | 8.69
1.5 at% Co 5.58123(7) 5.58123(7) 13.87851(27) | 374.398(10) 6.98

3 at% Co 5.57419(4) 5.57419(4) 13.85378(18) | 372.789(6) 0.65

1 at% Ti 5.58883(4) 5.58883(4) 13.88907(16) | 375.704(6) 2.18

2 at% Ti 5.59455(7) 5.59455(7) 13.89853(30) | 376.730(11) | 0.62
3at%Ti 5.59217(10) | 5.59217(10) | 13.89302(45) | 376.260(16) | 9.62

5 at% Ti 5.58452(15) | 5.58452(15) | 13.84841(66) | 374.026(23) 1.28
0.25-0.25 at% | 5.58389(10) | 5.58389(10) | 13.88652(39) | 374.972(14) | 2.61
Co-Ti

0.5-0.5at% Co-Ti | 5.58314(12) | 5.58314(12) | 13.87736(42) | 374.539(11) | 1.73
0.25-1 at% Co-Ti | 5.58244(18) | 5.58244(18) | 13.86805(57) | 374.278(23) | 0.84
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Table 4.2S - Average grain size and density of pure and doped BFO samples

Composition Gra.lin size | Density Relat.ive
(microns) (g/cm3) Density (%)
BFO 2 7.9 95
BF0 0.125 at% Co 3.8 7.6 91
BFO 0.25 at% Co 3.8 7.8 94
BFO 0.5 at% Co 3.7 7.8 94
BFO 1.0 at% Co 5.7 7.8 94
BFO 1.5 at% Co 3.8 7.9 95
BFO 3.0 at% Co 3.1 8.0 96
BFO 1 at% Ti 1.0 8.0 96
BFO 2 at% Ti 1.1 8.1 97
BFO 3 at% Ti 0.6 7.8 94
BFO 5 at% Ti 1.1 7.5 90
BFO0 0.25-0.25 at% Co-Ti 1.76 7.6 91
BFO 0.5-0.5 at% Co-Ti 1.63 7.6 91
BFO 0.25-1 at% Co-Ti 0.82 7.6 91
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Figure 4.1S - Rietveld refinement of the XRD pattern of undoped BFO.
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EXPLORING THE BIFEO3-PBT1O3-SRTTO3 TERNARY
SYSTEM TO OBTAIN GOOD PIEZOELECTRIC
PROPERTIES AT LOW AND HIGH TEMPERATURES

ABSTRACT

In this work we investigated the piezoelectric properties of BiFeOs-rich (1-(y+x))-BiFeOs3-y-PbTiO3-
x-SrTiOz (0.1 < x < 0.35; 0.1 <y < 0.3) bulk piezoceramics as this system could potentially lead to
bulk piezo electric ceramics suitable for high-temperature applications. Samples with various levels
of PbTiOs and SrTiOs were prepared via a conventional solid-state route. X-ray diffraction
confirmed a pure perovskite phase for the compositions explored without secondary phases. It was
found that the addition of comparable levels of PbTiO3 and SrTiOs to the BiFeO3 ceramic resulted
in higher piezoelectric properties compared to those of the pure BiFeOs and binary systems. The
Curie temperature was significantly reduced by dual doping, with SrTiO3 and PbTiO3 additions
resulting in comparable Curie temperature depressions. The locations of the phase boundary
between the cubic, pseudocubic and rhombohedral crystal structure was determined. The highest
piezoelectric properties ds3 of 250 pC/N at room temperature were obtained for samples with the
composition x=0.3, y=0.25, i.e. close to the cubic-pseudocubic phase boundary in the phase diagram.
The temperature dependence of the piezoelectric properties varied depending on the previous
thermal history, yet an appropriate heat treatment resulted in almost temperature stable dsz value.
The ceramic with the lowest temperature sensititvity and a high Curie temperature of 350 °C was
found for x=0.1, y=0.2 with dss of 60 pC/N at RT and 71 pC/N at 300 °C (after poling at 60 kV/cm
and a stabilizing heat treatment). However, the materials developed were still unsuitable for
applications at high temperatures due to a common?? rapidly increasing electrical conductivity
with temperature.
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5.1 INTRODUCTION

Piezoelectric sensors have long been the most efficient devices for generating
and measuring dynamic forces, below or not too far above room temperature.
For example, conventional ultrasonic echography measurements of the wall
thickness of pipes and tanks offer an advantage over other non-destructive
testing methods such as: low cost, ease of operation and the ability to conduct
in-operando measurements [1]. Piezoelectric sensors are already well
established for this type of application but are limited to operating
temperatures of up to 260 °C [2] due to most devices relying on the ubiquitous
piezoelectric ceramic lead zirconate titanate or PZT. Therefore, considerable
efforts are now aimed at developing materials that can satisfy the growing
demand for piezoelectric elements with an operating temperature in the range
of 350-600 °C.

One such material is BiFeOs; (BFO), which has an exceptionally high Curie
temperature, Tc, of 825 °C [3] and the additional benefit of being lead-free in
composition. This high T¢ makes BFO an ideal candidate for use as a high
temperature lead-free piezoceramic [1]. Unfortunately, research on bulk BFO
ceramics was not as successful as it did not demonstrate high piezoelectric
coefficients and had serious temperature issues. This was largely due to the
high electrical conductivity at temperatures >200 °C, which limits the use of
this material in real devices.

For high temperature applications in actuators, transducers, sensors, and so on,
solid state solutions of BiMeO3-PbTiO3 with a perovskite structure have been
proposed as more sensitive prospective compositions due to their high Curie
temperatures (Tc), especially those systems near morphotropic phase
boundaries (MPB). For example, BiScO3-PbTiO3z (BS-PT) system was once
expected to be the substitute for PZT for high temperature applications due to
the excellent performance near its MPB. However, the high cost of the raw
material Sc203 made it unsuitable for commercial applications [4]. Also widely
studied is the BiFeOs - PbTiO3; (BFO-PT) system, which had the highest T¢ (T¢
at MPB, around 630 °C) in the family of binary piezoceramics based on PT.
However, it was difficult to obtain mechanically strong BFO-PT ceramics due
to the negative temperature coefficient of expansion and the high tetragonality,
as in the case of pure PT ceramics [5]. In addition, the large tetragonal

92



5.1 INTRODUCTION

distortion (c/aratio 1.18) for BFO-PT solid solutions results in a large coercive
field of Ec >100kV/cm, making it difficult to have them fully poled [6].

[t has been reported that the reduction of Ec and c/a of BFO-PT ceramics could
be achieved by the substitution of large cations [7] to weaken the
hybridization [8] between Pb2+/Bi3* and 0% ions as well as strengthening the
ferroelectric activity of B-site cations.

Popular strategies for improving piezoelectric response reported in the
literature include chemical modification (doping of elements, substitution or
formation of new solid solutions) to reduce tetragonality, which can be
achieved by replacing large cations to expand the a-axis and weakly ferroactive
cations to shorten the c-axis. For example, the introduction of La, Ca, Ba, Sr into
the A site, Ga, Al, Ta, Nb into the B site or the combination of PbZrOs3, BaZrOs,
BaTiO3 with BFO-PT will lead to a significant decrease in the c/a ratio and a
significant improvement in piezoelectric properties and in particular their
mechanical stability. Most recently, BFO-PT-based ternary solid solutions, such
as BFO-PT-BT, BFO-PT-BZ, and BFO-PT-BZT have attracted great attention.
Preliminary experiments showed high piezoelectric properties up to 300-400
pC/N (at room temperature), with a Curie temperature of about 300-400 °C.
However, these piezoceramics generally have a high coercive field up to 60-
100 kV/cm, which creates difficulties in fully activating the piezoelectric
properties upon poling.

The current study adopted the method of site engineering, this time
introducing SrTiOz (ST) into the BFO-PT system, forming a ternary system.
Despite the fact that ST itself does not possess piezoelectric properties at room
temperature, it can still stabilize BFO-PT structures and decrease conductivity
at RT and elevated temperature. Furthermore, solutions of BFO-ST were
reported to have different structures at varying BiFeOsz contents, e.g.,
rhombohedral between 100 and 65 mol%, pseudocubic between 67 and 20
mol% and cubic below 20 mol% of BFO [9]. The introduction of Sr2* in the A
site, greatly influences the Pb/Bi-0 bonding interaction and thus provides the
additional flexibility to tailor the dielectric, piezoelectric and mechanical
properties of BFO-PT- based solid solutions.

It is well known that BFO-PT and BFO-ST both can form solid solutions near
the morphotropic phase boundary (MPB) region [9]-[12]. It is widely known
that all functional properties of piezo materials with compositions near the
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MPB region increase due to the coexistence of two phases. For BFO-PT the two
phases in equilibrium are tetragonal and rhombohedral, for BFO-ST they are
rhombohedral and cubic. For BFO-PT a continuous solid solution across its
entire composition range, with a rhombohedral-tetragonal MPB at 0.7-0.8 BFO
has been reported.

The formation of ternary solid solutions provides additional degrees of
freedom in the material design to improve the comprehensive properties and
to meet various materials requirements.

In the present study, bulk ceramics with pseudo-ternary compositions of (1-
(y+x))BFO -y * PT -x * ST (0.1 < x=< 0.35; 0.1 < y < 0.3) were explored to
obtain a combination of a high Tc and good piezo properties up to elevated
temperatures. The ceramics were prepared by a conventional powder
sintering method. The objectives of this study were: (1) to obtain high-strength
piezo ceramics with a low electrical consductivity at room temperature and a
suitable coercive field for complete polarization, (2) to study the softening
effect of ST on BFO-PT ceramics and determine the position of the phase
boundary, and (3) to study the temperature dependence of the piezoelectric
and electrical properties for the most promising systems.

5.2 EXPERIMENTAL PROCEDURE

BiFe03-PbTiO3-SrTiO; (BFO-PT-ST) samples were prepared by a conventional
solid-state reaction process using analytical-grade powders as raw materials:
Bi,03, Fe;03, PbO, TiO; and SrCOs. All powders were ground separately before
weighing and mixing. Grinding and mixing were performed using yttria
stabilized ZrO; balls in isopropanol medium in polypropylene containers. The
powders were dried and calcined at 775 °C for 1 h using a heating rate of
600 °C/h. After slow cooling the calcined powders were reground, granulated
by mixing with 2 wt% QPAC 40 binder, and RT pressed uniaxial into disks (13
mm in diameter and about 1 mm in thickness) using a compaction pressure of
200-250 MPa. The final synthesis and sintering were performed at 1025, 1050
or 1075 °C for 1 h, depending on the system composition. Sintering parameters
were optimized to achieve the highest density. In total 15 different
compositions were explored.

Scanning Electron Microscope (SEM) images were taken using a Jeol JSM 7500F
field emission scanning electron microscope. Prior to SEM measurements a
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thin (15 nm) layer of gold was deposited on the sample. To determine the
phase purity X-ray diffraction studies with Cu Ka radiation were done using a
Rigaku MiniFlex tabletop XRD analyser. X-ray diffraction studies with Cu Ka
radiation were done using a Bruker D8 Discover diffractometer at elevated
temperatures. Scans were recorded at set temperatures: RT, 200 to 700 °C in
steps of 25 °C for chosen systems. The density was determined by the
Archimedes’ method in an aqueous medium.

For electrical characterization, the samples were polished, coated with silver
paste (DuPont 5220) and fired at 150 °C for 20 min. Polarization-electric field
hysteresis loops were measured at room temperature by a Radiant precision
ferroelectric analyzer. The samples were poled under a DC electric field of 20-
80 kV/cm for 20 min in silicone oil at room temperature. After aging for 24 h,
the piezoelectric constant d33 was measured with a quasi-static piezoelectric
d33 meter. The Curie temperature was determined indirectly by determining
the depolarization temperature. The electrical properties of samples at room
temperature were measured using an Agilent 4263B LCR meter at 1 kHz and
1V.

Measurements of the high-temperature piezoelectric constant were carried
out by a direct method using a laboratory setup from Kistler Instrumente AG
at their lab in Winterthur. To this aim samples were clamped between two
Al;03 discs with static preload of 1 MPa (100 N). To measure the piezoelectric
response a dynamic load of 0.1 MPa (10 N) with a frequency of 1, 2, 5, 10, 20,
50, 100 Hz was applied. Such measurements were performed at 22, 50, 100,
150, 200, 250, 300, 350 °C. When changing the temperature either during
heating or cooling, the preload was removed. Up to 5 temperature cycles up to
increasing maximum temperatrures have been performed to check the
stability of the temperature dependency of the properties.

5.3 RESULTS

5.3.1 MICROSTRUCTURE AND CRYSTAL STRUCTURE

Figure 5.1 show two illustrative SEM images of a fresh fracture surface for the
0.6BF0-0.2PT-0.3ST ceramic. The surface features of the broken granules
shows equiaxed grains and randomly oriented domains and it can be seen that
they have rather large dimensions of more than 100 nm. The grain size was
determined from SEM images measuring a large number of grains. The
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microstructure of ceramics does not depend much on the composition as
shown in Supporting Information Figure 5.18S. All binary and ternary ceramics
produced in this work exhibit an average grain size of about 4-7 um. An earlier
study on BFO-PT ceramics reported a grain size of about 1 pm [1], while single-
phase BFO sintered to a fully dense state could have a grain size of 10 pm [2].
The increase in the grain size in the ternary system with respect to the binary
system might be due to a decrease in tetragonality upon the addition of ST. The
relative density of the samples made was at least 97%. No correlation between

sintered density and composition was observed.

Figure 5.1 - (SEM) images of a fractured 0.6BiFe03-0.2PbTi03-0.3SrTiO3
ceramic after sintering

Table 5.1 shows the unit cell parameters for all obtained compositions. The
material crystallises in a rhombohedral perovskite structure type with space
group R3c at low SrTiOs concentrations and undergoes a change to a
pseudocubic structure at high concentrations of SrTiOs. All ceramics are found
to exhibit a single-phase perovskite structure with no detectable secondary
phases, indicating that the BFO-PT-ST have formed a stable ternary perovskite
solid solution. All systems could be classified into 3 possible types: cubic (C),
pseudocubic (PC) and rhombohedral (Rh). We will consider a system to be of
the rhombohedral type when the rhombohedral angle y:, is less than 89.95; of
the pseudocubic type when ym is close to 90 degrees but piezoelectric
properties are still present; of the cubic type when y is 90 degrees and there
are no piezoelectric properties. It can be seen from the obtained data that the
addition of ST increases the symmetry of the unit cell.
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[t can be assumed that there should be a morphotropic phase boundary (MPB)
or polymorphic phase boundary (PPB) region in the BFO-PT-ST ternary system.
It is located at the edge of the compositional domain where we have detected
the pseudocubic crystal structure ( 0.45BF0-0.20PT-0.35ST; 0.50BFO-0.15PT-
0.35ST; 0.40BF0-0.25PT-0.35ST).

Table 5.1 - Unit cell parameter in hexagonal and tetragonal representation (C
- cubic, PC - pseudocubic, Rh - rhombohedral, an, am, cn, Y - unit cell
parameters in h-hexagonal and rh-rhombohedral representation)

Composition Type | an(A) | cu(A) | am(A) | ym(deg)

I 0.40BF0-0.20PT-0.40ST C 5.634 13.802 | 3.9846 90.001

0.45BF0-0.20PT-0.35ST PC 5.635 13.803 | 3.9846 89.998

0.50BF0-0.20PT-0.30ST PC 5.637 13.809 | 3.9861 89.995

0.55BF0-0.20PT-0.25ST PC 5.635 13.811 | 3.9862 89.991

0.60BF0-0.20PT-0.20ST PC 5.637 13.813 | 3.9864 89.984

0.70BF0-0.20PT-0.10ST Rh 5.631 13.861 | 3.9881 89.810

0.80BF0-0.20PT-0.00ST* | Rh 5.624 13.904 | 3.9891 89.645

II | 0.70BFO-0.00PT-0.30ST* PC 5.597 13.727 | 3.9594 89.952

0.55BF0-0.15PT-0.30ST PC 5.635 13.811 | 3.9862 89.991

0.50BF0-0.20PT-0.30ST PC 5.637 13.809 | 3.9861 89.995

0.45BF0-0.25PT-0.30ST PC 5.636 13.804 | 3.9848 89.997

0.40BF0-0.30PT-0.30ST PC 5.641 13.808 | 3.9859 89.995

[II | 0.40BFO-0.25PT-0.35ST C 5.639 13.811 | 3.9856 90.00

0.50BF0-0.15PT-0.35ST PC 5.635 13.811 | 3.9862 89.991

0.55BF0-0.10PT-0.35ST C 5.641 13.813 | 3.9863 90.00

0.60BF0-0.15PT-0.25ST PC 5.637 13.813 | 3.9864 89.984

0.50BF0-0.25PT-0.25ST PC 5.636 13.813 | 3.9867 89.989

0.70BF0-0.10PT-0.20ST Rh 5.635 13.829 | 3.9872 89.932

0.70BF0-0.10PT-0.10ST Rh 5.631 13.861 | 3.9881 89.810
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5.3.2 PIEZO- AND FERROELECTRIC PROPERTIES AT ROOM TEMPERATURE

Figure 5.2 shows the dependence of ds3; at room temperature on the
composition. It can easily be seen that an increase in piezoelectric properties
occurs upon transition from a pseudocubic to a cubic crystal structure at a ST
concentration of about 0.3. With a further increase in the ST concentration,
although the transition from the pseudocubic to cubic phase does not occur yet,
the piezoelectric properties decrease.

0.6

10F M 250 pC/IN

0.6

0.0

0.4 0.6 0.8 1.0
BiFeO,

Figure 5.2 - Values for the piezoelectric constant at room temperature for the
ternary diagram of BFO-PT-ST (square - pseudocubic PC; triangle -
rhombohedral Rh; circle - cubic C)

Figure 5.3 shows the variation of the Curie temperature with compositions in
the BFO-PT-ST system. From Figure 5.3, it is evident that the Curie
temperature decreases with decreasing BFO level. The range of Curie
temperatures measured for these ternary systems is rather wide compared to
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those of modified PZT systems. The composition near the phase boundary
showed a low Curie temperature down to 30°C, while as the concentration of
ST decreases, it rises quite rapidly up to 600 °C at 0.1 mol ST. The difference in
the contour plot between Figure 5.2 and 5.3 (Especially for high
concentrations of BFO) can be rationalized by taking into account that for some
compositions it was not possible to measure the piezoelectric constant, due to
difficulties in prior polarization, as some BFO-based piezoceramics had a high
coercive field, which made proper poling impossible. It should be pointed out
that piezoelectric properties in samples depend not only on the
crystallographic structure and composition, but also on the polarizability of the
material. A proper analysis of compositional effects requires that proper poling
has been achieved in all samples. In the present work all poling was done at
room temperature with a maximum field strength of 50 kV/mm. The poling
aspect will be further discussed in the Discussion section.

from 25 | [} till 800 T_(°C)
~ 0.6

BiFeO,

Figure 5.3 - Isothermal map of Curie temperatures with various compositions
in BFO-PT-ST ternary system (square - pseudocubic PC; triangle -
rhombohedral Rh; circle - cubic C)
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Figure 5.4 shows the correlation between the piezoelectric constant at room
temperature and the Curie temperature for the ternary compositions explored
As can be seen from Figure 5.4, there is a clear and seemingly unique
correlation between the Curie temperature and the piezoelectric properties
over the composition ranges explored. To put these values into perspective the
figure also shows the piezoelectric charge constants of commercial high-
temperature piezoceramics: lead-based and lead-free. Although lead-based
piezoceramics have high piezoelectric properties, they are limited to about
200-300 °C, while lead-free ceramics allow this barrier to be exceeded by
sacrificing high piezoelectric properties. For some concentrations the ternary
systems obtained in this study can compete with commercial materials.

600 T T T T T T T T |
* > Rhombohedral ternary BF-PT-ST
500 0 pseudocubic ternary BF-PT-ST
®m | ead based piezoceramic [16]
* Lead free piezoceramic [17]
4007 " approximation for BF-PT-ST

33 (PC/N)
w
8

© 200 - -
100 - .
0 - |
T T T T T T T T T
0 200 400 600 800
Tc (°C)

Figure 5.4 - Relationship piezoelectric properties at room temperature and
Curie temperature.
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Resistivity (Ohm cm)
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- 3.5x10°
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2.3x10°
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Figure 5.5 - Electrical resistivity at room temperature for ternary diagram of
BFO-PT-ST. The symbols correspond to the crystal structure as listed in
Figure 5.3.

Figure 5.5 presents the electrical resistivity values at room temperature for
the compositions studied in the BFO-PT-ST system. At room temperature, all
samples have a high resistivity in excess of 2. 109 Ohm.cm. The variations
between the various samples show no obvious correspondence to crystal
structure and may be due to slight variations in sintering temperature,
precursor stoichiometry, presence of impurities, or moisture that occurred
during laboratory sample preparation.
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Figure 5.6 - Polarization-electric field (P-E) hysteresis loop of the BFO-PT-ST
sintered ceramics with a) a fixed PT concentration (0.2PT) and b) a fixed ST
concentration (0.3ST)
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It was noted earlier that the piezoelectric properties depend not only on the
composition and coupled to this to the Curie temperature, but also on the
poling ability of the samples. Hence it is important to determine the coercive
field for the newly synthesized ceramics. Figure 5.6 shows P-E hysteresis
loops measured at 5 Hz at room temperature for ceramics with different
concentrations of ST or PT. The difference in the resulting changes in the
ferroelectric properties is obvious. With an increase in the ST concentration at
a fixed PT concentration, the remnant polarization does not change, while the
coercive field strongly decreases with an increase in the ST concentration, till
it disappears at ST = 0.4. In contrast, the PT concentration not only affects the
coercive field, but also the remnant polarization and the shape of the hysteresis
loop. The polarization value is more gradually saturated with increasing
electric field. A possible reason for this broad transition is the distribution of
the locally required electric field to complete the switching mechanism, due to
the coexistence of rhombohedral and tetragonal phase at pseudocubic region.
The coercive field in this case varies non-linearly with the change in the PT, but
it behavior is consistent with that of the Curie temperature.

5.3.3 PERFORMANCE AT ELEVATED TEMPERATURES

The effect of temperature on the piezoelectric charge constant (ds3) values of
three fully polarized ceramic (0.8-x)BFO-0.2PT-xST (x=0.1, 0.2 and 0.3)
ceramics, measured in-situ, is shown in Figure 5.7. These compositions were
chosen to study the temperature behaviour of ceramics with significantly
different Curie temperatures (T 600 °C for x=0.1; Tx450 °C for x=0.2;

«*350 °C for x=0.3). For each material the temperature dependence is
measured in the pristine state and in three aged states (see section 5.2 and the
captions). All measurements per composition were done successively on one
sample each.

As the temperature increases, for the three studied compositions the
piezoelectric response ds3 also increases, with the temperature dependence
being strongest for the highest ST concentration. It should also be noted that
the temperature dependence of ds; decreases during subsequent
measurement cycles. This may indicate some changes in the defect structure in
the samples during annealing leading to stabilization of the piezoelectric
properties. Interestingly the dsz; value continuously increases with
temperature except for one case (Figure 5.7c, 2nd annealing run) where the ds3
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drops between 300 and 350 °C. This special behaviour will be explained in the
Discussion.

Thermal stability was also determined by measuring ds3 at a fixed temperature
of 300 °C as a function of the holding time. The results are shown in Figure 5.8.
As can be seen, for all three compositions, d33 remains stable up to around 4
10% seconds and then starts to decrease. The most stable ceramic is the one
with the lower ST concentration, probably because it has the highest Curie
temperature of 600 °C.

a
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Figure 5.7 - Temperature dependence of the piezoelectric properties of the
(0.8-x)BF0-0.2PT-xST ceramics for: a) x=0.1
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Figure 5.7 (continued) - Temperature dependence of the piezoelectric
properties of the (0.8-x)BFO-0.2PT-xST ceramics for : b) x=0.2 ; c) x=0.3
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Figure 5.8 - Dependence of piezoelectric constant dz3 on holding time at 300°C
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Figure 5.9 - Temperature dependence of electrical resistance for (0.8-x)BFO-
0.2PT-xST ceramics
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Finally, Figure 5.9 shows the temperature dependence of the electrical
resistance of the three materials studied in more depth. At room temperature,
all samples exhibit comparable high-resistance characteristics, which
decreases rapidly as temperature increases. The temperature dependence did
not seem to depend on composition and compares with that of pure BFO [3,4].
This observed low resistance at high temperatures restricts the suitability of
this type of material for applications as the amplifying electronic circuitry
cannot work effectively with such conductive materials. The high electrical
losses originated from defect genetation at elevated temperatures ultimately
constrain the overall performance of the material. Therefore, the low
resistance at high temperatures remains a critical issue that needs to be
addressed in future studies.

To determine the effect of temperature on the defect dipoles and the internal
bias field, the S-E loops of the poled 0.6BF0-0.2PT-0.3ST ceramics were
measured at successively higher temperatures and the results are shown in
Figure 5.10 for temperatures up to 125 °C (holding time 15 min). This effect
is reversible and after cooling to RT we got the asymmetric behaviour again
(cooling is slow). With increasing temperature, the shape of the S-E loops
gradually changes from the initial asymmetric shape to a symmetric shape; The
symmetric shape being the regular shape for poled ceramics. The above results
indicate that the defect dipole effect weakens with increasing the temperature.
The reason is mainly due to the oxygen vacancies having a large energy to
migrate at high temperature, resulting in the rearrangement of defect dipoles
in the direction of the applied electric field. In this case, the defect dipoles of
the poled ceramics decouple, and the internal bias field disappears, resulting
in asymmetrical S-E loops. In future studies, it would be useful to study this
effect at higher temperatures and the reversibility at faster cooling rates. In the
experiments of Figure 5.10 the temperature circuit was limited by the
capability of the measuring setup.
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Figure 5.10 - Bipolar strain curves of the 0.5BF0-0.2PT-0.3ST ceramic
measured at different temperatures

5.4 DISCUSSION

BFO-PT-ST was fabricated across the compositional space with the intention of
replicating the MPB observed in PZT. The perovskite structure was formed
across the entire compositional space with the absence of secondary phases.
As can be seen from Table 5.1, the BiFeOs-rich end of the phase diagram
belonging to the rhombohedral phase was indexed to the R3c space group. The
phase changed from pseudocubic to cubic as the concentration of BFO in the
solution decreased. Similar to PZT [12], the piezoelectric properties
significantly increase upon transitioning from the pseudocubic phase to the
cubic phase, as opposed to the transition from the pseudocubic phase to the
rhombohedral phase. As expected, this also reduces the giant tetragonality
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1.18 [5] and the electric coercive field of the system near the MPB, which
hinders its use in applications. Possible explanation is an increase in polling
efficiency due to a decrease in the coercive field with decreasing amount of BFO
in system.

The ferroelectric Curie temperature was in wide range between 30-650 °C
across the entire phase diagram as can be seen in Figure 5.3, the
depolarization temperature was also largely commensurate with the Curie
temperature. High temperature stability is recorded for dsz until 20-50 °C
below T¢. Figure 5.4 shows that all compositions fit a simple and unique
relationship between the piezoelectric properties (at room temperature) and
the Curie temperature very well. It should be noted that, according to the
Landau theory [6], if the system experiences a second-order phase transition,
all secondary parameters (dielectric permittivity, piezoelectric coefficient)
increase a lot. This also explains the absence of a jump during the transition
from the rhombohedral phase to the pseudocubic one, since this is a first-order
phase transition.

Based upon this preliminary research into the BFO-PT system [11][12][15] it
was hypothesized that the partial substitution of ST may reduce long-range
non-centrosymmetric structural order and enhanced piezoelectric
performance. This could provide an explanation for the potential relationship
between the increase in properties with similar ST and PT contents. Moreover,
the influence of the relative concentrations of ST and PT on the crystal
structure and the resultant piezoelectric properties merits further
investigation.

The selected compositions for the ds3 test at elevated temperatures
demonstrated an increase in the magnitude of the dsz coefficient as the
temperature increases, consistent with the Landau theory [6]. The ds3
coefficient exhibited strong temperature dependence, as depicted in
Figure 5.7 for compositions in the vicinity of the MPB. The increase of the
piezoelectric charge coefficients dzz with increasing temperature is observed
in many ferroelectrics including barium titanate and PZT [10,11]. Such an
increase has also been reported in the binary BiScO3z-PbTiOz solid solutions
[12].

The ternary system with the highest ST content displayed a prominent peak
(i.e., the d33 coefficient increased by two times compared to room temperature)
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in piezoelectric properties at 300 °C. This observation was attributed to a
phase transition, as the Curie temperature for this sample was determined to
be in the region of 350 °C.

Based on the obtained data, it is concluded that the sample 0.7BFO-0.2PT-0.1ST
can be utilized up to a temperature of 350 °C, 0.6BFO-0.2PT-0.2ST up to 150-
200 °C, and 0.5BF0-0.2PT-0.3ST only at room temperature. Atthese maximum
use temperatures, the ds3 coefficient does not vary by more than 10%. But in
contrast to PZT the depolarization temperature is relatively high and
approaches the phase transition temperature. The unusual enhancement of the
dzz which we observe at 250-300 °C in the 0.5BF0-0.2PT-0.3ST ceramics can
be practically useful. These findings provide important insights for the
selection of appropriate compositions for piezoelectric applications under
varying temperature conditions. However the risk of depolarization in the
vicinity of a phase transition can be a strong obstacle for practical applications
at such high temperatures.

In practical applications, the repeatability of the material's d3z during thermal
cycling is maybe even more significant than the magnitude of its change. After
several annealing cycles, as shown on Figure 5.7, not only ds3 at room
temperature decreased, but also the temperature dependence became weaker.
As for example for the sample 0.6BFO-0.2PT-0.2ST: in the first annealing cycle,
noticeable changes in ds3 occur upon reaching a temperature of 150 °C, while
during the second or third cycle this occurs already in the region of 200-250 °C.
And for a sample 0.5BF0-0.2PT-0.3ST: during annealing up to 300 °C, the ds3
curves did not change, apart from after the 3rd cycle, when the temperature
exceeded 350 °C (which is presumably higher than the Curie temperature).
Hence in the fourth cycle the piezoelectric response was significantly reduced.
However, once this treatment was received the sample became more stable
and showed no peaks in ds3 at 300 °C. Similar results are seen when analyzing
the bipolar strain curve; as the sample is heated, the stress asymmetry
vanishes. This effect can presumably be explained by the domain pinning by
oxygen defects similar to what occurs in hard-PZT ceramics [13-15]. When, at
elevated temperatures, oxygen defects become more mobile and start
concentrating on domain walls, thereby reducing the dipole moment (as a
consequence of ds3) but also preventing reorientation of domains (domain
pinning) at lower temperatures, which leads to stabilization of d3s. As can been
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seen from Figure 5.8 is interesting that the decrease in piezoelectric
properties at elevated temperatures does not occur immediately, but after
some time. It is possible that defects need time to diffuse to the domain walls
and accumulate before a noticeable effect appears.

Although for all materials synthesized the electrical conductivity was high and
adequate for use in sensors, the observed high electrical conductivity of the
studied material at elevated temperatures, as shown on Figure 5.9, remains
problematic. Varying the ST level had no noticeable effect on the temperature
dependence of conductivity. Consequently, this makes the material unsuitable
for high-temperature applications where stability and low electric conductivity
are key factors. The high electrical conductivity may have originated from
intrinsic defects or impurities present in the material. Further studies may be
conducted to elucidate the origin of the high electrical conductivity, and
potentially mitigate this undesired effect in the material.

5.5 CONCLUSIONS

BiFeOs-rich BiFeOs-PbTiO3-SrTiO; bulk piezoceramics with a perovskite
structure can be made using a conventional solid-state process with
density >97%. In perovskite BiFeO3 ceramic - PbTiOs and SrTiOs were well-
soluble at least until 35mol%; no secondary phases were discovered. For
samples close to the cubic-pseudo cubic phase boundary in phase diagram, the
highest piezoelectric properties at room temperature are obtained. The Curie
temperature is significantly reduced as a result of dual doping, and the
relationship between it and BiFeOs level is almost linear. Both SrTiO3 and
PbTiO3 additions result in comparable Curie temperature depressions. For all
compositions investigated, a unique relationship between T. and d33 was found.
Compared to pure BiFeO3 and binary systems, dual doping with PbTiO3; and
SrTiOz added at comparable levels results in significantly higher piezoelectric
properties. It is discovered that the temperature dependence varies based on
the previous thermal history. When an earlier heat treatment is done at a
temperature higher than the used temperature, the temperature dependence
decreases and stabilizes. For 0.6BiFe03-0.2PbTi03-0.2SrTi03, the combination
of a high T¢ and an appropriate heat treatment result in superior stable dz3
value of 90 pC/N ar room temperature (120 pC/N at 300 °C). But the material
is still unsuitable for applications at high temperatures because the electrical
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conductivity rises so quickly with temperature. The SrTiOz and PbTiO3 level
seems to have no effect on the temperature dependency of conductivity. Future
research should focus on these areas to gain a deeper understanding of the
BiFe03-PbTiO3-SrTiO3 ternary system and its potential applications.

5.6 SUPPORTING INFORMATION

SEM

Figure 5.1S - (SEM) images of a fractured a) 0.7BiFe03-0.2PbTi03-0.1SrTiOs3;
b) 0.7BiFe0s-0.1PbTi03-0.25rTiOs ; and c) 0.6BiFe03-0.2PbTi03-0.2SrTiO3
ceramics after sintering.
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CONTROLLING THE PIEZOELECTRIC PROPERTIES IN
BULK BIFEO3-PBT103-1L15B15 511035 CERAMIC BY
QUENCHING AND ANNEALING

ABSTRACT

Chemical modification is the main way to control the ferroelectric and piezoelectric properties of
piezoceramic, but it is also known that their properties can be varied using a heat treatment.
Quenching can be a valuable technique not only to minimize the formation of secondary phases as
shown in previous studies on bismuth ferrite, but also to increase the piezoelectric and ferroelectric
properties by stabilizing the high temperature phases. In the present work, we study the effect of
quenching and annealing on the ferroelectric and piezoelectric properties at room and elevated
temperatures of a new ternary BiFeOs3-PbTiOs-LiosBiosTiOs bulk piezo ceramic. While sacrificing
part of the maximally obtainable piezoelectric constant value, using an optimal heat treatment
retention of good properties up to 600 °C was achieved. The quenching and annealing process are
completely reversible and can be used in combination with additional chemical modifications to
tailor the properties of this new high-temperature piezoelectric ceramic to the intended use
conditions. Unfortunately, no completely satisfying physical explanation of the many interesting
observations was found, but all experimental results point into the direction of unusual defect
behavior in this novel ternary system.
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6.1 INTRODUCTION

Electro-mechanical interactions between charged point defects and domain
walls (DW) play a key role in controlling the functional properties of bulk and
thin-film ferroelectrics. Since the discovery of the presence and role of
conducting domain walls in thin films of bismuth ferrite, it has been suggested
that local conductivity increases with the presence of charged point defects [1].
Various types of defects have been proposed to maximize the effect, including
oxygen vacancies, bismuth vacancies, holes and electrons, highlighting the key
role of defect chemistry and hence the material preparation processes (such as
annealing temperature and cooling rate, as well as annealing atmosphere)
[2][3]. In previous studies on BiFeO3 (BFO) thermally treated in air, it was
shown that in this material the dominant defects at the domain walls are
electron holes and bismuth vacancies. A reasonable assumption is that
accumulated defects will lead to DW pinning effects affecting DW dynamics,
such as displacements over short distances under the action of an applied
electric field. It is possible that this mechanism will differ from that in
prototype ferroelectrics, such as acceptor-doped hard Pb(Zr,Ti)O3 (PZT) and
BaTiOs3, in which strong attachment of DW is controlled by the acceptor-
oxygen-vacancy defect complexes [4][5][6]. In addition to the type of defects,
the pinning of DW is highly dependent on the spatial distribution of the defects
[7,8]. Lacking evidence at the atomic level, macroscopic data on polarization
switching in hard ferroelectrics based on PZT [9] and BiFeO3 [10] suggest that
the degree of defect ordering can be controlled by the cooling rate from the
high temperature annealing stage. It was proposed that quenching (i.e. fast
cooling) the sample from a temperature above the Curie temperature (Tc)
maintains the high temperature disordered state of the defects, while slow
cooling promotes ordering of defects. This hypothesis is confirmed by a
number of works on quenching of BiFeO3-based piezoceramic [11][12], which
show an increase in piezoelectric properties and a decrease in the coercive
field in bulk samples after quenching from above the Curie temperature.

Quenching in itself is a classic tool for constructing phase diagrams [13], in
addition to being widely used in heat treatment in the production of ferrous
sheet metal and machined components and is used to tailor the general and
local hardness respectively [14,15]. For non-transforming metals and non-
metallic ceramic and polymeric materials, quenching is mainly used to retain
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the high temperature phase and to prevent undesirable phases from forming
during cooling. Quenching is not widely used as a treatment option to control
ferroelectric or piezoelectric properties of piezo ceramics, where property
optimization is done more commonly via chemical modifications. The
preference for chemical modification route is primarily due to the problems
related to thermally initiated stresses leading to microcracks and failure of
quenched ceramics [16,17]. Despite the obvious disadvantages, the quenching
method, apart from being cheap and versatile, could be a promising tool for
tailoring electromechanical properties and phase transitions in various
ferroelectric and related materials. A recent work demonstrated that
quenching from high sintering temperatures is beneficial in significantly
increasing the thermal depolarization temperature in NagsBiosTiO3 [17]. In
earlier studies on BFO ceramics, the quenching method was used for two
different reasons. The first is to effectively avoid an unstable region in the
phase diagram. Quenching has been found to be a valuable technique to
minimize the formation of secondary phases rich in Bi and Fe, which are
commonly observed in BFO bulk ceramics synthesized via conventional
processing [18-20]. The second reason relates to the behaviour of charged
point defects, in particular in relation to domain wall pinning, in which
quenching was used to tune the distribution of defects [21]. The results showed
the reason for the hardening behaviour of BFO, which made it possible to truly
reveal the influence of point defects on the switching properties of BFO and to
provide insight even on the atomistic details of domain walls [22]. Quenching
also has provided a new paradigm for improving the piezoelectric properties
of BFO-based systems. As an example, the piezoelectric charge constant of
BiFeO3;-BaTiO3z-based (BFO-BT) ceramics is significantly enhanced by the
quenching process compared to the non-quenched state (commonly referred
to furnace cooling, slow cooling, as-sintered) [17,23]. Therefore, a quenching
process is found to be one of the successful methods to improve
piezoelectricity in BFO-based systems, and this has led to further research on
the effect of quenching processes, such as quenching temperature and cooling
rate.

There is a wide variety of BFO-base systems, but it is well known that systems
which form a solid solution at or near the morphotropic phase boundary (MPB)
region [24], generally have the best properties including the highest
piezoelectric constants. One such system is the MPB composition in BiFeO3;-
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PbTiO3 which offers a high Curie temperature (T. = 635 °C), but which is hard
to pole without cracking due to the large spontaneous strain. Furthermore,
their p-type conductivity is too high for high temperature operation. On the
other hand, other tetragonal end-members result in the breakdown of long-
range order, a reduction in T¢, and the onset of relaxor behavior. As a general
rule, increasing the number of cations in a solid solution tends to further
undermine polar coherence and deepen the relaxor nature [25]; however,
incorporation of PbTiOz in nano-polar systems tends to overcome the loss of
coherence and favors the formation of long-range polar order. This can be
clearly seen in the example of BiFeO3;-PbTiO3-(KosBios)TiOz in which the
largest weak-field ds3 is located virtually mid-way between the BiFeO3;-PbTiO3
MPB composition and the pseudo-cubic region of BiFeO3-(KosBios)TiO3 [26].

In order to address the problem of the BiFeO3-PbTiO3 system's high electrical
conductivity and prevent spontaneous sample destruction during the phase
transition due to the substantial volume difference between the tetragonal and
cubic phases, the addition of a third component, LiosBiosTiO3, was made. With
this approach we do not introduce new elements at the B position, but only
introduce aliovalent doping at the A position of the perovskite structure, which
must locally compensate for electrical charges. , Due to the large difference in
the ionic radii of bismuth (lead) ions and lithium ion, doping with a lithium
based titanate lead to reduced local stresses in the structure that will reduce
the macroscopic stresses in the material in general.

The main goal of this work was to study the effect of quenching and annealing
on the piezoelectric properties of the most promising BFO ternary alloy of this
latter type: 0.60BiFe03-0.25PbTi03-0.15LiosBiosTiO3. The idea of rapid cooling
is to maintain the randomized defect structure at the high temperature (above
T¢) and to prevent (or control) the defect ordering on domain walls formed at
temperature below T. The mechanisms responsible for the observed
quenching effects in BFO-based ceramics are related to the role of oxygen
vacancies similar to the better-known mechanism of domain stabilization in
acceptor-doped ferroelectric ceramics (e.g., BaTiOs and PZT) involving a
dipolar ion-oxygen acceptor vacancy [27-29]. This concept has used to study
hardening-softening transitions in PZT ceramics [8]. However, no detailed
study of this transition in BFO-based ternary ceramics has been reported in the
literature yet. The ability to reverse the quenching effect by a subsequent heat
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treatment has also not been studied in previous works, but could be an
important aspect when studying the possibility of using this ceramic at
elevated temperatures. The study of various heat treatments (such as
quenching and annealing) for piezoelectric materials can open up new
possibilities in tuning of their final properties. Such studies indirectly also
deepen the understanding of the interaction of point defects and domain walls
in ferroelectric materials.

6.2 EXPERIMENTAL PROCEDURE

BiFeOs-BiosLiosTiO3-PbTiO; (BFO-BLT-PT) samples were prepared by a
conventional solid-state reaction using analytical-grade commercially supplied
raw materials: Bi»03, Fe;03, TiO2, PbO and Li»COs3. Dried powders were weighed
and ground separately before mixing. The BiosLiosTiO3 and PbTiO3 levels were
fixed at 0.15 and 0.25 respectively. Hence the final composition can be written
as 0.60BiFe03-0.25PbTi03-0.15LiosBiosTi03. Grinding and mixing processes
were performed in isopropanol using yttria-stabilized ZrO; balls. The particle
size distributions of the milled powder are in the range of 0.5-1 microns
according to SEM images. Mixed powders after drying were calcined at 800°C
for 1 h using a heating rate of 600°C/h. Then the calcined powders were
reground, granulated by mixing with 2 wt% QPAC 40 binder, and uniaxially
pressed into disks (13 mm in diameter and 1 mm in thickness) under 200-250
MPa. The pellets were sintered at 1025 °C for 1 h using a heating and cooling
rate of 600°C/h. The sintering procedure is shown in detail in Figure 6.1S of
the Sl section.

Scanning Electron Microscope (SEM) images were taken using a
Jeol JSM-7500F field emission scanning electron microscope. Prior to SEM
measurements a thin (15 nm) layer of gold was deposited on the sample. To
determine the phase purity X-ray diffraction studies with Cu Ka radiation were
done using a Bruker D8 Discover diffractometer. Scans were recorded at set
temperatures: RT, 200° to 700 °C in steps of 25 °C and again at RT after cooling
down by switching off the heating. The density was determined by the
Archimedes’ method in an aqueous medium.

Polarization-electric field hysteresis loops were measured at room
temperature using a Radiant precision ferroelectric analyzer. The electrical
properties of samples were measured at room temperature using an Agilent
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4263B LCR meter at 1 kHz and 1 V. For these measurements, silver electrodes
were applied on the ceramics by firing silver paste at 150 °C. For the actual
research, electrode coated samples were thermally treated by gradual heating
to a predetermined temperature of 600-750 °C, temperature stabilizing for 30
minutes and then abrupt cooling in air or other media (silicone oil, ceramic
plate, liquid nitrogen) to vary the cooling rate. Cooling rate variations were
achieved in the range from 0.1 °C /s (furnace cooling) to 50-80 °C/s (metal
contact). The process of quenching of the samples are shown in detail in
Figure 6.2S in the SI section. After dielectric measurements, the samples were
polarized under a DC electric field of 70 kV/cm for 20 min in silicone oil at room
temperature. After aging for 24 hours at ambient laboratory conditions, the
piezoelectric constant ds; was measured with a PM300 Berlincourt-type
piezometer from Piezotest with a static force of 10 N and a dynamic force of
0.25 N peak to peak with sinusoidal excitation at 110 Hz. Samples were then
annealed by placing them in a preheated furnace at temperature of 150 to
600 °C for a period of 7 minutes up to 2 weeks. After annealing and air cooling,
the dielectric and piezoelectric parameters at room temperature were
measured again.

6.3 RESULTS

6.3.1 MICROSTRUCTURE AND CRYSTAL STRUCTURE

Figure 6.1 shows the microstructure of a polished sample after chemical
etching. The grain size is approximately 2-3 microns. Ferroelectric and
ferroelastic domain walls are partially visible, but the resolution is too small to
properly show the domain size of 50-100 nm. The microstructure of the
quenched and annealed samples does not differ from that of the as-sintered
sample and are shown in the Supporting Information Figure 6.3S for the sake
of completeness.
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Figure 6.1 - SEM picture of a polished as-sintered sample after chemical

etching. The encircled regions show the domain structure.

The XRD pattern is shown in Figure 6.2 for three samples: 1) as-sintered which
was oven cooled (i.e. cooling rate 0.05 °C/s) from 700 °C, 2) oil quenched (i.e.
cooling rate 60 °C/s) from 700 °C and 3) annealed for 12 hours at 450 °C after
oil quenching. The figure shows that two phases, rhombohedral and tetragonal,
are coexisting (some non-overlapping peaks were marked on figure). The
diffraction peak at 37 degrees (marked with blue circle) is an artefact and is
associated with the aluminum sample holder material. No peaks belonging to
secondary phases were found indicating good solubility of all components and
the formation of a solid solution. Upon annealing of the quenched sample, the
peaks change in intensity, but no change in the peak position (i.e. the crystal
structure) is observed.
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Figure 6.2 - X-ray diffraction patterns of the as-sintered, oil quenched from
700 °C and 12 h, 450 °C annealed after oil quenching samples

6.3.2 INFLUENCE OF TEMPERATURE ON THE CRYSTAL STRUCTURE

Figure 6.3 shows the evolution of the rhombohedral into the cubic phase as
evidenced by the (associated) (211)¢ peak for the same three sample
conditions used in Figure 6.2. This peak was chosen for the following reasons:
a relatively high intensity while being located at a high angle, and no strong
overlap with peaks of tetragonal phase. Both the curves of the peak position
and the average peak width indicate that the phase transition occurs over a
temperature range of 600-625 °C. The peak position curves for the quenched
and annealed samples show an unexpected plateau between 500 and 575 °C
but are otherwise linear. The peak position curve of the as-sintered material
only shows a linear temperature dependence up to the transformation
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temperature. Figure 6.3a also shows that the peak position changes markedly
upon quenching, but that annealing has no effect on the peak position. This is
in contrast with Figure 6.3b which shows that the reduction of the peak
position due to quenching is partially reverted by the annealing treatment.
FWHM plotted after deconvolution of the recorded peak. The unit cell
parameter shown in Figure 6.3c and 6.3d is almost identical for all three
samples, and also show a phase transition in the temperature range of 600-
625 °C. The interpretation of the observed changes is discussed in the
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Figure 6.3 - a) Peak position; b) full with at half maximum of (211) cubic
reflection; ¢) and b) unit cell parameter a and ¢ of R3c phase depending on
temperature for samples as-sintered, oil quenched from 700 °C and annealed
12 hours at 450 °C
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6.3.3 THE EFFECT OF THE PRE-QUENCHING TEMPERATURE ON THE FERROELECTRIC
PROPERTIES

To study the minimal annealing temperature required to mobilize the defects,
the P-E hysteresis loops were obtained for the as-sintered condition and for
oil-quenched (silicon oil at room temperature) samples quenched from
different temperatures. These P-E hysteresis loops are shown in Figure 6.4.
The well-saturated loops for samples quenched from temperatures from 650
to 750 °C demonstrate remnant polarization in range of 20-25 pC/cmz?, but
there is no visible trend in the change of the maximum and remnant
polarization values depending on quenching temperature for this temperature
range. But there is a clear trend in the reduction of the coercive field from 42
kV/cm to 40 kV/cm with an increase in the quenching temperature from 650
to 750 °C. At quenching temperatures below 650 °C, we no longer observe
saturated ferroelectric hysteresis loops. The transition temperature of around
625-650 °Cis a bit higher than the transition temperature, 600-625 °C obtained
from high temperature XRD data (Figure 6.3). Nevertheless, we believe that
the phase transformation is responsible for opening the P-E loop.
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Figure 6.4 - Ferroelectric hysteresis of samples quenched from different
temperatures in silicone oil.
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The P-E hysteresis loop obtained for the sample oil quenched from 700 °C and
poled at 70 kV/cm for 20 min at room temperature is shown in Figure 6.5,
which exhibits a bias field (Piezoelectric charge constant after poling reached
95 pC/N). This clearly indicates the presence of a sufficient number of defects
that participate in polarization [30]. This result may indicate a hardening-
softening transition similar to acceptor doped PZT [8].
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Figure 6.5 - Typical ferroelectric hysteresis loop after poling at 70 kV/cm for
an oil quenched sample quenched from 700 °C.

For indirect determination of the transition temperature to the paraelectric
state, the thermal depolarization of ds;3; was measured, and the results are
shown in Figure 6.6. It can be seen that both for the as poled and for the
annealed samples, a rapid depolarization occurs at a temperature above 600 °C
and an approximate transition lies in the region of 625-650 °C. It can also be
seen that for as-poled sample, a smooth decrease in the piezoelectric constant
ds3 occurs at temperatures above 125-150 °C. This effect is studied in more
detail in section 6.3.5
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Figure 6.6 - Effect of thermal depolarization on ds; values of poled samples
after poling and after annealing at 450 °C measured ex situ (at room
temperature after heating up till target temperature for 15 min)

6.3.4 EFFECT OF COOLING RATE DURING QUENCHING FROM 700 °C ON FERROELECTRIC
PROPERTIES

In Figure 6.7a the P-E loops up to 80 kV/cm are shown for various cooling
rates from a fixed annealing temperature of 700 °C. The figure shows that for
cooling rates higher than 10 °C/s the P-E loops open up at a coercive field of
about 50 kV/cm. At lower cooling rates the P-E loops do not open up properly.
As shown in Figure 6.7b the remnant field strength shows an increase with
increasing the cooling rate and the polarization for a cooling rate slower than
0.2 °C/s the ferroelectric loop will not differ from that for the as-sintered
sample. Data do not allow draw conclusion on the dependence of remnant
polarization on cooling rate. All measurements shown in Figure 6.7 were
successively performed on a single sample with the return of its original
properties (as-sintered) upon annealing at 450 °C for 12 hours.
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6.3.5 EFFECT OF POST-QUENCHING ANNEALING ON PIEZOELECTRIC AND ELECTRIC
PROPERTIES

If the sample is quenched from 700 °C at a rate of around 50 °C/s and
subsequently poled at a field of 70 kV / cm, the material is piezoelectrically
activated and values of ds; of 95 pC/N (at room temperature) are achieved.
Figure 6.8 shows the dynamics of changes in the (room temperature)
piezoelectric and dielectric properties of optimally quenched samples upon
subsequent isothermal annealing in air at different temperatures (a) 150 °C, b)
300 °C, ¢) 450 °C and d) 600 °C). We observe that a noticeable decrease in the
piezoelectric property values occurs upon annealing at 300 °C or higher
temperatures. Interestingly, the actual temperature does not affect the final
value of the piezoelectric constant, which reaches a value of 63 pC/N, but only
affects the kinetics of the change. All high temperature annealed samples
eventually reach the same piezoelectric property value, which we consider to
be the thermodynamically meta-stable state (intermedium) for our material.

Finally, we performed a number of successive annealing treatments at different
temperatures to get a better insight into the apparent intermedium state
leading to a ds3 of 63 pC/N. To this aim a sample was first annealed at 150 °C
for times up to 20.160 minutes (i.e. 2 weeks), subsequently at 300 °C again for
times up to 20,160 minutes (i.e. 2 weeks) and finally 2 weeks at 450 °C; and the
piezo and dielectric properties were measured intermittently. The results are
shown in Figures 6.9a-c for the ds3, the dielectric constant and the tan 6
respectively. The figure clearly shows that in the case of successive annealing
the final values for ds; and the dielectric constant finally obtained, 63 pC/N and
225 respectively, are the same as those for the samples directly annealed at
450 °C, but that the total annealing time required was considerably longer. It
should be especially noted that no matter what the temperature history of the
sample, if the depolarization temperatures are not reached, the piezoelectric
properties of the material will be in the region of 63 pC/N.
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Figure 6.8 (continued) - Effect of post annealing at ¢) 450 °C and d) 600 °C on
piezoelectric and dielectric properties of sample. Symbol colour corresponds
to the colour of the parameter mentioned on they Y-axes. Dashed line shows
the stable value of piezoelectric constant at 63 pC/N.
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Figure 6.9 - a) Piezoelectric charge constant (Dashed line shows the stable
value of piezoelectric constant at 63 pC/N) and b) dielectric constant of
quenched sample depending on total time at annealing temperature 150 °C,
150+300, and 150°C +300°C +450°C (detailed thermal history shown on Figure

6.4S)
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Figure 6.9 (continued) - c) dielectric losses of quenched sample depending
on total time at annealing temperature 150 °C, 150+300, and 150°C +300°C
+450°C (detailed thermal history shown on Figure 6.4S)

6.3.6 REPEATABILITY OF THE QUENCHING-ANNEALING CYCLE

Figure 6.10 shows the results of measurements of ferroelectric hysteresis
loops after multiple quenching cycles from 700 °C in oil and subsequent 12
hours annealing at 450 °C at which conditions the piezoelectric properties
should reach a plateau. It can be seen that the remnant polarization of the
material decreases with each subsequent quenching cycle. The result obtained
is similar to the result of the fatigue phenomenon for piezoelectric materials
[31], but in contrast to it, the original polarization value is not restored when
the sample is re-annealed at a temperature above the Curie temperature [27].
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Figure 6.10 - P-E loops after multiple cycles of quenching from 700 °C in oil
with subsequent 12 hours annealing in air at 450 °C

However, as can been seen from Figure 6.11 the piezoelectric properties,
unlike the remnant polarization, of the material practically do not change after
multiple annealing and quenching cycles.
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6.4 DISCUSSION

6.4.1 “QUENCHING” EFFECT MECHANISM

The primary explanation of quenching may be the transformation of
ferroelectric domains during cooling into a certain quasi-stable state, not
associated with surrounding defects [8]. Based on the fact that the cooling rate
should exceed a certain value (higher than 10 °C/s) to open ferroelectric loops
as shown on Figure 6.7b, it can be assumed that defects that are free at high
temperatures, have a limited lifetime before they take a more
thermodynamically stable position near the domain walls. The transition from
a closed ferroelectric hysteresis loop to an open loop occurs only upon
quenching from a temperature of 650°C and higher, so it can be assumed that
the phase transition from the ferroelectric state to the para-electric state plays
an important role in the formation of this effect [11,23]. It is shown indirectly
by the thermal depolarization curve of dsz that all the piezoelectric properties
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of the material disappear when heated above 650 °C as a result of the phase
transition in material (Figure 6.6). [t should be remembered that the actual in-
situ high temperature XRD data show that the phase transition does occur at a
slightly lower temperature (600-625 °C). We have no real physical explanation
for the observed temperature difference and blame it on instrumental issues.
But it is also worth noting that there is no noticeable change in the
crystallographic structure of the samples directly after quenching from 700 °C
and after subsequent annealing at 450 °C while the difference in piezoelectric
behaviour is extreme. Only for the sintered sample a slight phase shift of the
(211) peak is observed at room temperature. As shown in Figure 6.3b, all
samples achieve a similar full width at half maximum at high temperature,
which indicates a diffusive phase transition at temperatures above 600 °C,
which correlates well with the presence of a minimally required quenching
temperature, while the width depends on the temperature history of the
sample. The synthesized sample has the largest peak width at room
temperature, and the quenched sample has the smallest. While the width of the
peak may be responsible for the internal stresses accumulated in the ceramic,
it is not typical to have a lower stress in the quenched samples [32].

6.4.2 ANNEALING AFTER QUENCHING

During subsequent annealing, two potentially competing processes may occur.
One of which is the reorientation of unstable domains, and the second is the
diffusion of defects to the domain walls, which, as a result, bind them. This may
explain the decrease in the piezoelectric response upon subsequent annealing
to a certain stable value. But it cannot explain the fact that the piezoelectric
constant value at the intermediate state does not depend on the annealing
temperature. Another assumption is that the change in the piezoelectric
properties may be caused by a change in the dielectric constant of the material
during annealing due to the binding of mobile charges. Since the piezoelectric
constant is directly proportional not only to the polarizability but also to the
dielectric constant, then, at a constant polarizability and with a decrease in the
permeability, the piezoelectric constant of the material can be reduced [33].
Contrary to this expected correlation it was noticed (Figure 6.8a) that a
decrease in dielectric losses occurs also upon low-temperature annealing
while the piezoelectric constant remains more or less constant. High dielectric
losses after quenching are presumably associated with the generation of free
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charge carriers, which, upon subsequent annealing, form dipole complexes or
recombine [17]. Therefore, it can be assumed that annealing mainly affects free
charge carriers, and not bound dipoles.

Figure 6.6 shows the thermal depolarization curves obtained in our work. The
main difference between results obtained in our work and the usual published
depolarization curves for piezoelectric ceramics [34] is that after annealing
above a certain temperature (100-150 °C), the samples transform into an
intermediate state, which is characterized by a lower yet significant value for
the piezoelectric constant (Figure 6.12). This is different from depolarization
curves for conventional piezo ceramics, for which the value decreases to zero
during long enough annealing.

So during annealing, the quenched state of the more mobile domain walls and
point defects is destroyed, and the material pass into an intermediate state, in
which the coercive field is much larger. Therefore, poling of the samples is
possible only in the quenching state. Value of piezoelectric charge constant of
intermediate state does not depend on the annealing temperature as shown in
Figure 6.7, and an increase of this temperature only accelerates the process of
transition to this state as long as the depolarization temperature is not

exceeded.
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Figure 6.12 - d33 values of poled samples depends on annealing temperature
[34]
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6.4.3 REVERSIBILITY OF THE QUENCHING-ANNEALING

As shown in section 6.3.6, the effect of quenching and annealing can be
reversed. Re-quenching of re-annealed samples fully restores the quenched
state, while subsequent annealing brings the sample to an intermediate state
again. These cyclic changes in both electrical and piezoelectric parameters
indirectly indicate a change in the mobility of domain walls and point defects.
The absence of a change in the piezoelectric parameters in cycles shows the
complete reversibility of this transition. Based on the reversibility of the
quenching, we can assume that it is associated with defects and a similar
hardening mechanism as that which occurs in acceptor-doped PZT [35], is
involved. The mechanism of precipitation hardening [36] as a result of the
formation of secondary phases can be considered as being unlikely due to the
fact that no secondary phases after quenching could be detected in XRD. The
effect of fatigue of ceramics during repeated reproduction of the effect cannot
be directly explained by defects and phase transition and can be caused by
microcrakes arising from aggressive impact on ceramics.

6.5 CONCLUSIONS

Piezoelectric properties of BiFeOs-BiosLiosTiO3-PbTiOs ceramic can be
changed by thermal processing. Good properties at room temperature can be
obtained by sufficiently fast cooling from temperature above phase transition
temperature (T > 650 °C). The cooling rate is essential in this process and must
be above a certain threshold (In our study, above 10 °C/s).

The non-equilibrium state can be mediated by proper annealing, shifting
material to an unusual but clearly identifiable intermediate state. The
transition to intermediate state occurs spontaneously at annealing
temperature above 150 °C. An increase in annealing temperature leads to an
acceleration of this transition but not to a change in final properties. For this
ternary system it is possible to distinguish 3 states obtained for this material:
quenched (full polarization), intermediate and depoled, while for common
piezoceramics there is only a poled and depoled state. Thermal depolarization
takes place when annealing at T > 650° C

Although the nature of this effect is not fully understood, all observed changes
can be attributed to defect reorganisation. The nature of the defects has not
been investigated here. Our assumption is that this effect is related to the

137



6. CONTROLLING THE PIEZOELECTRIC PROPERTIES IN BULK BIFEO3-PBTIO3-L10.5B10.5TIO3 CERAMIC BY QUENCHING AND

ANNEALING

uniform distribution of point defects over the sample during quenching and the
subsequent movement of these defects to domain walls that connect them
during tempering. This is supported by the fact that this effect is completely
reversible, if we properly reheat and adequately quench the ceramic again, we
will release the domains and we can bind them again when annealed. For
further research, it would be useful to find another mechanism for controlling
the distribution of defects and study the processes on the domain walls in-situ.

6.6 SUPPORTING INFORMATION
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Figure 6.1S - Temperature profile of sintering procedure (The first plateau is
binder burning, the second plateau is sintering process)
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Figure 6.2S - Temperature profile of quenching procedure (Cooling time and
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Figure 6.3S - SEM picture of a polished a) quenched and b) annealed sample
after chemical etching (both samples over etched)
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SUMMARY

The main objective of the research as described in this thesis was to enhance
the piezo- and electrical properties of bismuth ferrite-based (BiFeOs; or BFO)
piezoceramics at room and elevated temperatures, using both chemical and
physical approaches.

Chapter 1 gives a BFO-focused introduction into the field of piezoceramics. It
describes the physical origin of the piezoelectric effect and the complex
interplay between the intrinsic properties of a material and the poling
conditions in case of bulk piezoceramics. The chapter ends with the
formulation of the sub-aims of the work.

In Chapter 2 I successfully achieved the suppression of secondary phases in
BFO through a careful analysis of all aspects of the synthesis. Adding 1% Bi»03
to the precursors mixture and optimizing process temperatures resulted in the
formation of a phase-pure ceramic with significantly lower electrical
conductivity compared to the untreated material. To gain a deeper
understanding of the factors influencing the (intrinsic) electrical conductivity
of the optimized BiFeO3 material, dedicated annealing experiments in different
oxygen-nitrogen gas atmospheres were performed. The results revealed that
the high conductivity of the material is related to the concentration of defects
associated with oxygen. It was also found that by carefully controlling the
partial pressure of oxygen during annealing, the concentration of defects and
the resulting conductivity of the material can be further fine-tuned. In
particular, at lower partial pressures of oxygen (pO2 < 10%), the conductivity
of the material is primarily determined by intrinsic charge carriers,
highlighting the significance of oxygen concentration in modulating the
electrical behavior of BFO ceramics. The ability to control the conductivity of
BFO ceramics through specific annealing conditions and controlled oxygen
concentration opens up exciting possibilities to tailor their properties to meet
specific requirements in different applications.

Chapter 3 focuses on the use of unstructured composites of BFO particles in a
non-conductive PVDF terpolymer matrix for improving the local poling
conditions by significantly reducing the overall leakage current and to evaluate
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the piezoelectric properties of well-poled BFO ceramic particles. In this
chapter, we systematically varied the volume fraction of BFO in the composites
and carefully measured the piezoelectric charge constants to explore the
relationship between volume fraction and performance. We discovered that
the composites with a 60% volume fraction of BFO particles exhibited the
highest piezoelectric properties, with a dsz value of 31 pC/N and a gz3 value of
47 mV-m/N after poling under extremely high electric field of 200 kV/cm. To
gain a understanding a relationship of the volume fraction dependence of the
dielectric constant and piezoelectric charge constant, we employed various
analytical models, including the well-known Yamada models and modified
Poon models. These models provided valuable insights into the complex
interplay between the fraction of ceramic in the composite and its piezoelectric
behavior. By extrapolation of the obtained result this study suggested that the
maximum possible piezoelectric constant for fully poled bulk BFO in theory
could reach a value around 56 pC/N.

In Chapter 4 the impact of cobalt and titanium doping on the electrical
conductivity and piezoelectric properties in BFO synthesized with the protocol
presented in Chapter 2 was investigated. Our findings revealed that cobalt
doping leads to a decrease in the coercive field of the piezoelectric ceramic and
an increase in the electrical conductivity, which could be attributed to the
acceptor nature of cobalt doping, resulting in an increased concentration of
oxygen vacancies in the material. In contrast, titanium doping resulted in a
decrease in electrical conductivity, possibly due to a decrease in the
concentration of oxygen vacancies but leads to the disappearance of
piezoelectric properties of BFO. Interestingly this study also revealed that dual
doping with cobalt and titanium at appropriate levels, specifically 0.25 at%
each, resulted in a synergistic effect. The dual-doped material exhibited a
decrease in the coercive field for polarization, similar to that for cobalt doping,
and a decrease in the conductivity, similar to that due to titanium doping. The
resulting piezoelectric ceramic material showed an excellent room
temperature performance with a piezoelectric constant (dss) of 40 pC/N, a
dielectric constant in the range of 100, and low dielectric losses of less than 1%.

In Chapter 5 it was demonstrated that newly conceived BFO-rich BiFeOs-
PbTiO3-SrTiOz bulk piezoceramics can be synthesized successfully using a
conventional solid-state process resulting in a density of >97%. Both BiFeOs-
SrTiOz and BiFeO3-PbTiO3 systems contain the MPB region which leads to a
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triple point MPB in the resulting ternary system. Samples near the cubic-
pseudo cubic phase boundary (possible triple point MPB region) exhibit the
highest piezoelectric properties at room temperature with piezoelectric
constants reaching a value of 250 pC/N. However, the Curie temperature is
significantly reduced due to unit cell dual doping with PbTiO3z and SrTiOs, and
an exponential relationship is observed between the Curie temperature and
the piezoelectric property dzs. The study also found that the temperature
dependence of piezoelectric properties varies with the thermal history of the
samples. Heat treatment at a temperature higher than the use temperature
results in decreased piezoactivity but also stabilized the temperature
dependence. For the composition of 0.6BiFe03-0.2PbTi03-0.2SrTi03, a
combination of a high Curie temperature and an appropriate heat treatment
resulted in a superior stable piezoelectric coefficient (ds3) value of 90 pC/N at
room temperature and a value of 120 pC/N at 300 °C. However, the material
still showed a rapid rise in electrical conductivity with temperature, which is
unaffected by the levels of SrTiO3; and PbTiOs; doping. Future research should
focus on gaining a deeper understanding of the electrical conductivity at
elevated temperatures for the BiFeOs-PbTiO3-SrTiO3 ternary system to open
this system for potential applications.

In Chapter 6, we investigated the impact of a post-synthesis heat treatment on
the piezoelectric properties of the most promising BiFeO3-BiosLiosTiO3-PbTiO3
ceramic developed in Chapter 5. We observed that the rate of cooling from
temperatures above the phase transition temperature (T > 650 °C) played a
critical role in obtaining favorable properties at room temperature.
Specifically, we observed that a cooling rate of above 10 °C/s resulted in a
decrease in the coercive field to 45 kV/cm, which allowed effective poling,
resulting in a relatively high piezoelectric constant of around 95 pC/N. We
discovered an unusual intermediate state after annealing at temperatures
above 150 °C but lower than 600 °C with a quasi-stable piezoelectric constant
of around 63 pC/N. Regardless of the thermal history of the sample, provided
the depolarization temperature (around 650°C) is not exceeded, the
piezoelectric properties of the material (at room temperature) will be around
63 pC/N. This intermediate state exhibited the presence of a non-equilibrium
state that could be mediated and reversed through proper quenching and
annealing. We hypothesize that the uniform distribution of point defects
during quenching and their subsequent movement to domain walls during
annealing could be responsible for this phenomenon. However, the exact
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nature of these defects and the processes occurring at the domain walls require
further investigation.

In conclusion, using a combination of chemical and thermal modifications, it
was possible to obtain a piezoelectric ceramic based on BFO with high (even
exceeding the theoretical prediction for pure BFO shown in chapter 3)
piezoelectric properties at room temperature of 63 pC/N, a high depolarization
temperature above 600 °C, and stable and only weakly temperature dependent
properties.
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Het belangrijkste doel van het onderzoek zoals beschreven in dit proefschrift
was om de piézo- en elektrische eigenschappen bij kamer- en verhoogde
temperatuur van piézo-keramiek op basis van bismutferriet(BiFeO3 or BFO)
te verbeteren, daarbij gebruikmakend van zowel chemische als fysische
processen.

Hoofdstuk 1 geeft een inleiding tot het gebied van piézo-keramiek met
specifieke aandacht voor BFO-gebaseerde systemen. Het beschrijft de fysische
oorsprong van het piézo-elektrisch effect en het complexe samenspel tussen
de intrinsieke eigenschappen van een materiaal en het polariseergedrag in het
geval van bulk piézo-keramieken. Het hoofdstuk sluit af met het formuleren
van de sub-doelen van het onderzoek.

In hoofdstuk 2 wordt beschreven hoe de vorming van secundaire fasen in BFO
voorkomen kan worden door aandacht te besteden aan alle aspecten van de
synthese. De toevoeging van 1% Bi»0O3; aan het precursor mengsel en de
optimalisatie van de procestemperaturen leidden tot de vorming van een fase-
puur keramiek met een belangrijk lagere waarde voor de elektrische
geleidbaarheid dan die van normaal geproduceerd materiaal. Om een beter
inzicht te krijgen in de factoren die een rol spelen in de intrinsieke elektrische
geleidbaarheid van het geoptimaliseerde BFO materiaal, werden specifieke
gloeiproeven gedaan in diverse zuurstof-stikstof gasmengsels. De resultaten
lieten zien dat een hoge elektrische geleidbaarheid gerelateerd is aan de
aanwezigheid van zuurstof-defecten. Ook werd gevonden dat door verlaging
van de zuurstof partiaaldruk in het gasmengsel de concentratie van defecten
en daarmee de geleidbaarheid verder gestuurd kon worden. Bij een zuurstof
concentratie lager dan 10% wordt de geleidbaarheid vooral bepaald door de
intrinsieke ladingsdragers. De mogelijkheid om de geleidbaarheid van BFO
keramiek te sturen middels een juiste combinatie van zuurstofpotentiaal en
temperatuur biedt de mogelijkheid om BFO met verschillende eigenschappen
voor specifieke toepassingen te realiseren.

Hoofdstuk 3 richt zich op het gebruik van ongestructureerde composieten van
BFO deeltjes in een niet-geleidende PVDF terpolymere matrix om door
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verlaging van de lekstromen te komen tot verbeterde lokale poling condities
van afzonderlijke deeltjes, en om zo de eigenschappen van perfect
gepolariseerde BFO keramische deeltjes te kunnen bepalen. In dit hoofdstuk
varieerden we de volume fractie BFO en bepaalden de piézo-elektrische
ladingsconstante om zo de relatie tussen beide nauwkeurig te bepalen. We
ontdekten dat composieten met een volume fractie van 60% BFO deeltjes, na
polen onder een extreem hoog veld van 200 kV/cm, de hoogste piézo-
elektrische eigenschappen hadden met een d3z waarde van 31 pC/N en een gz3
waarde van 47 mV.m/N. We gebruikten verschillende analytische modellen
zoals het Yamada en het Poon model, om de volume fractieathankelijkheid van
de di-elektrische contante en de piézo-elektrische constante en hun
onderliggende interacties beter te begrijpen. Door extrapolatie bepaalden we
dat de waarde van de piézo-elektrische constante van perfect gepolariseerde
chemisch zuivere BFO deeltjes 56 pC/N zou moeten zijn.

In hoofdstuk 4 wordt het effect van doping met Kobalt en Titanium op de
elektrische geleidbaarheid en de piézo-elektrische eigenschappen van het BFO
gesynthetiseerd via het protocol beschreven in Hoofdstuk 2, gepresenteerd.
Onze metingen lieten zien dat doping met Kobalt leidt tot een afname in het
coércief veld en een toename in de elektrische geleidbaarheid. Dit is een gevolg
van het donor-karakter van Kobalt wat een verhoogde concentratie van
zuurstof defecten induceert. Doping met Titanium daarentegen gaf een
verlaging van de elektrische geleidbaarheid, mogelijk als gevolg van het
verdwijnen van zuurstof defecten, maar zorgde er ook voor dat het BFO zijn
piézo-elektrische eigenschappen verloor. Het onderzoek liet ook zien dat
gelijktijdig legeren van BFO met gelijke hoeveelheden Kobalt en Titanium (0.25
at % elk) een synergistisch effect had. Het ‘dual doped’ materiaal had zowel een
lager coércief veld als een lagere elektrische geleidbaarheid. Het materiaal
heeft bij kamertemperatuur uitstekende eigenschappen zoals een ds3; van 40
pC/N, een di-elektrische contante rond de 100 en lage di-elektrische verliezen
van minder dan 1 %.

In hoofdstuk 5 wordt een nieuw-bedacht BFO-rijk ternair BiFeOs;-PbTiOs3-
SrTiOz systeem gepresenteerd. Het materiaal werd gesynthetiseerd via een
conventioneel vaste stof proces en bereikte een dichtheid groter dan 97%.
Zowel de binaire BiFeO3-SrTiOz als de BiFeO3-PbTiO3z systemen bevatten een
morphotrope fase grens (MPB) hetgeen zou moeten leiden tot een MPB triple
point (en dus superieure piézo eigenschappen) in het ternaire systeem.
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Preparaten met een samenstelling nabij de kubisch/pseudo-kubisch fase grens
en het triple point gaven de hoogste waardes voor de piézo-elektrische
constante van 250 pC/N bij kamertemperatuur. Helaas leidde het legeren van
BFO met zowel PbTiOs3 als SrTiO3 niet alleen tot hogere waardes van de piézo-
elektrische constante ds;3; maar ook tot een sterke verlaging van de Curie
temperatuur resulterend in een exponentiele relatie tussen beide. Eveneens
werd ontdekt dat de temperatuur afthankelijkheid van de piézo-elektrische
eigenschappen verandert met de voorafgaande warmtebehandeling. Een
warmtebehandeling bij een temperatuur die hoger is dan de beoogde
gebruikstemperatuur geeft weliswaar een lagere piézo activiteit maar tevens
een lagere temperatuur afhankelijkheid. Bij een samenstelling van 0.6BiFeO3-
0.2PbTi03-0.2SrTi03 werd na een passende warmtebehandeling een hoge
Curie temperatuur in combinatie met een vrijwel temperatuur onafhankelijke
en stabiele piézo-elektrische contante verkregen met ds; waardes van 90 pC/N
bij kamertemperatuur en 120 pC/N bij 300 °C. Helaas vertoonde de elektrische
geleidbaarheid nog steeds een hoge temperatuur afhankelijkheid,
onafhankelijk van het SrTiO3; en PbTiO3; percentage. Nader onderzoek naar
deze veranderbare temperatuur afhankelijkheid van de piézo eigenschappen
van dit ternaire systeem is nodig om de grote potentie van het materiaal voor
daadwerkelijke toepassingen te kunnen ontketenen.

In hoofdstuk 6 onderzochten we het effect van warmtebehandelingen op de
piézo-elektrische eigenschappen van het meest veelbelovende ternaire system
(BiFeO3-BiosLiosTiO3-PbTiO3) ontwikkeld in hoofdstuk 5. We ontdekten dat
de afkoelsnelheid van een temperatuur boven de fasegrens (T > 650 °C) tot
kamertemperatuur een belangrijke rol speelt voor het verkrijgen van gunstige
eigenschappen. We ontdekten dat een afkoelsnelheid groter dan 10 °C/s
resulteerde in een afname van het coércief veld tot 45 kV/cm waardoor
effectievere poling en betere eigenschappen zoals een ds3 van 95 pC/N bij
kamertemperatuur mogelijk werden. Tevens ontdekten we het bestaan van
een ongebruikelijk en stabiele tussentoestand met een dzz van 63 pC/N na
gloeien bij een willekeurige temperatuur tussen 150 en 600 °C, en de restrictie
dat de temperatuur niet boven de depolarisatie temperatuur van 650 °C komt.
Deze niet-evenwichts tussentoestand kan reversibel opgeroepen en
uitgeschakeld worden door passende afschrik- en gloei-behandelingen. We
stellen de hypothese dat deze tussentoestand het gevolg is van een uniforme
verdeling van puntfouten door het afschrikken en hun migratie naar
domeinwanden tijdens de gloeibehandeling. Meer onderzoek naar de exacte
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aard van deze defecten en hun interactie met, en stabilisatie van de
domeinwanden is nodig.

Afsluitend: door gebruik te maken van chemische en fysische processen ben ik
er in geslaagd om een BFO-gebaseerd piézo-elektrisch keramiek te maken, met
goede piézo elektrische eigenschappen op kamertemperatuur ( ds;= 63 pC/N),
hoger dan die van zuiver BFO, een depolarisatie temperatuur boven de 600 °C,
een prima stabiliteit en een ongebruikelijk lage temperatuurafhankelijkheid
van de piézo ladingsconstante.
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OCHOBHOI METOW JOCTi/pKEHHs, OINMCAHOrO B Wik Jaucepranii, 6yJo
IIOKpalleHHd 1'€30- Ta eJIeKTPUYHHUX BJIACTUBOCTEH I1'€30KepaMiky Ha OCHOBI
deppity BicmyTa (BiFeO; a6o BFO) npu kimMHaTHI# Ta mnigBuieHin
TeMIepaTypax, BUKOPUCTOBYIOYH SIK XiMiuHi, Tak i pizuyuni migxoau.

Po3ain 1 pae BeTynm, cnpsaMoBaHMM Ha BUKPUTTA posi BFO y ranysi
1'e30KepaMiku. BiH onucye ¢pisnuHe noxo pKkeHHs 11'€30e1€eKTPUIHOT0 ePeKTy
Ta CKJ3AHY B3aEMOJi0 MK BHYTpILIHIMU BJIACTUBOCTAMU MaTepialy Ta
yMOBaMHU moJjspisanii y BuUmagky o6'eMHoi n'e3okepamiku. Posgin
3aKiH4y€eTbCcsA GOPMYJIIOBaHHAM NifLijseil po6oTH.

Y po3aisi 2 MeHi Basocst JOCATHYTH NPUrHiYeHHs1 BTOpUHHUX pa3 y BFO 3a
JOIIOMOTOI0 peTeJIbHOI0 aHasli3y BCix acnekTiB cuHTe3y. JlogaBaHHA 1% Bix03
J0 cyMili npekypcopiB Ta ONTHMi3alid TeMIlepaTyp NpoLecy IpU3Beau L0
¢dbopmyBaHHs $a30BO-4UCTOI KepaMiKM 3 3HAYHO HIKYOK €JIEKTPHUYHOIO
NpoBiAHICTIO, MOPiBHAHO 3 HeMofidikoBaHUM MaTepiaysoMm. s raubiuoro
po3yMiHHA aKTOpiB, L0 BIJIMBAOTb Ha (BHYTPILIHIO) eJIeKTPUYHY
npoBifHicCTL onTuMizoBaHoro MaTepiany BiFeOs, 6y.iu npoBefeHi crenianbHi
eKCIeprMeHTH 3 BiANaJl0BaHHAM B pIi3HUX aTMocdepax KHCHIO-a30Ty.
PesysnbTaTH MOKasa/d, 10 BHUCOKA NPOBiAHICTD MaTepiasy MoOB'd3aHa 3
KOHILleHTpaIlji€w nedeKTiB, acoLiiioBaHUX 3 KUCHEM. Bysio Takox 3Hal/EHO,
10 LJIAXOM PeTeJbHOTO KOHTPOJIO MapLiaJIbHOTO TUCKY KHUCHIO Iij, 4ac
BiANa/II0BaHHS MOXKHa NoJaJblile HaJallTyBaHHs KOHLleHTpaLii fedeKTiB Ta
BiZMOBiAHOI NMpOBiAHOCTI MaTepiasy. 30KpeMa, NPU HMXYUX NapLiaJbHUX
ThCKax KUCHIO (pO; < 10%), npoBijHiCTb MaTepiaJy B OCHOBHOMY
BU3HAYa€TbCA BHYTPIIIHIMU HOCIAMM 3apdapy, 110 HiJKpec/aro€ 3HaYeHHHA
KOHLIEHTpallil KUCHIO B MOAYJ/II0BaHHI eJleKTpUYHOI NoBeZiHKU KepaMiku BFO.
3/ aTHICTb KOHTPOJIOBAaTH NpoBiAHiIcTb KepaMikn BFO 3a pgomomororo
cnequivHUX yMOB BiANa/OBaHHS Ta KOHTPOJIO KOHLEHTpalii KHCHIO
BiIKpUBAE INPOKi MOXK/IMBOCTI HAJIALUITYBaHHSA BJIACTUBOCTeN MaTepiany AJjs
33/10BOJIEHHA KOHKPETHUX BUMOT Y Pi3HUX 3aCTOCYBaHHAX.

Po3ain 3 30cepeKyeTbCsl HA BUKOPUCTAHHI HECTPYKTYPOBAaHUX KOMIIO3UTIB
34yacTuHOK BFO B HenpoBiaHi#l MaTpuui TepnojaiMmepy PVDF g4 nosinieHHsA
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JIOKaJIbHUX yMOB MNoJfApi3alii UIJIAXOM 3HAaYHOrO 3HWKEHHS 3arajJbHUX
CTpyMiB BUTOKYy Ta OLIHKHA I'€30eJIEKTPUYHUX BJIACTUBOCTENH J06pe
M0JITIPU30BaHUX YaCcTUHOK KepaMiku BFO. Y nbomy po3zii My cucTeMaTHUYHO
3MiHIOBasiM 06'eMHy 4yacTky BFO B kommnosuTax i peTesibHO BUMiproBaJu
I1'€30€eJIEKTPUYHI 3aPAA0Bi KOHCTAHTH, 11106 JTOC/IiIUTH 3B'130K MiK 06'€MHOI0
YaCcTKOI Ta IM'€30eJeKTPUYHUMU BJIACTUBOCTSIMH. MU BHUSBWJIH, L0
KOMIIO3UTH 3 60% 06'€eMHOI0 YacTKo 4YacTUHOK BFO BuABWIM HaWBUIL|
'€30€eJIEKTPUYHI BJAAaCTUBOCTI, 3 BesinurHO10 d33 31 pC/N i BestnuuHOO g33 47
mV-m/N nic/s1 nosisipusauii niJy BACOKUM esieKTpu4HUM noJieM B 200 kV/cm.
[ po3yMiHHSA 3a/1eXKHOCTI Bif 06'€MHOI 4YaCTKU JlieJIeKTPUUHOI KOHCTAHTU
Ta M'€30€JIEKTPUYHOI 3aps/l0BOI KOHCTAaHTH MU BUKOPUCTOBYBaJd pi3Hi
aHaJMiTU4YHI MoJesi, BKJIW4Yaw4dMu Bigomi mozeni fAMaau Ta moaudikoBaHi
mogedi [lyna. Lli Mmogeni fanu wiHHI ySIBJIEHHS NP0 CKJAAAHY B3aEMOJiI0 MixX
YaCTKOK KepaMiKuM B KOMIIO3UTI Ta II M'€30eJIeKTPUYHOI NOBEiHKOIO.
[ln1sxX0M eKCTpanoasLii OTpUMMaHUX pe3yJIbTaTiB Lie JOCAiKeHHs HaTSIKa€E Ha
Te, 1[0 MaKCUMaJibHa MOXJIMBA N'€30e/IeKTPUYHA KOHCTAaHTa [AJs1 MOBHICTIO
noJisipu3oBaHoro 06'eMHoro BFO B Teopii Moxe JoCArTH 3HaUeHHS GJIU3bKO
56 pC/N.

Y Po3pini 4 6yJsi0 A0CAi)KEeHO BIJIMB [0/aBaHHs KOOGa/lbTy Ta TUTAHY Ha
eJIEKTPUYHY MPOBiAHICTL Ta M'€30eyieKTpUYHi ByacTtuBocti B BFO,
CHHTE30BaHOMY 3a IPOTOKOJIOM, IpeAcTaBaeHUM y Po3aii 2. Hai 3Haxigku
MoKasaji, W0 JoJaBaHHS KO0aJbTy NpPHU3BOAUTH [0 3HUXKEHH:
KOEPLUUTHUBHOIO TOJIs1 M'€30€JeKTPUYHOI KepaMmiku Ta 36iabLIeHHSA
eJIEKTPUYHOI TNPOBIAHOCTI, 1[0 MOXe OyTH IMOB'SI3aHO 3 aKLENTOPHOIO
NPUPOAOI0 AOMiHra KOOANbTA, 110 MPU3BOAUTD 0 30i/blIIeHHS KOHIeHTpaLii
BaKaHCid KHUCHIO B Marepiani. Ha nmporuBary npoMy, foJaBaHHS TUTaHY
MpU3BEJIO [0 3HWKEHHA eJIeKTPU4YHOI NPOBIAHOCTI, MOXJIMBO, Yepes
3MeHILIeHHd KOHIEHTpalil BaKaHCI KHUCHIO, ajie MpU3BeJo 0 BTpaTu
n'e30esieKTpUYHUX BiaacTuBocTted BFO. llikaBo, 110 1le AOCaiKeHHS TaK0X
MokKasaJio, 110 NoJBiliHe J0JaBaHHS KOOGA/JbTy Ta TUTAHY Ha BiJIMOBIIHUX
piBHsX, cienudivHo mo 0.25 aT.%, npu3BOAUIIO A0 CUHEPTeTUYHOr0 eEKTY.
Marepiaz 3 noABIAHMM [10/laBaHHAM BUSBUB 3HU>KEHHS KOEPLIUTUBHOTIO M0JI
JUis moJsisipy3anii, mofi6bHe A0 TOro, sIK JJs J0JaBaHHsS KOOGaJbTy, Ta
3HWKEHHS MPOBiHOCTI, MO/[i6HE JI0 TOTO, 1[0 CIOCTePiraeThCs NpH 0JjaBaHHi
TUTaHy. B pe3ysbTaTi n'€30e/leKTPUYHUN KepaMiuHHUU MaTepias BUSBHUB
BiIMiHHY TPOAYKTHUBHICTb MPH KiMHATHIN TeMIlepaTypi 3 I1'€30eJIeKTPUIHOI0
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koHcTaHTO!O (d33) 40 pC/N, ZiesleKTPUYHOI KOHCTAHTOIO B Jliana3oni 100 Ta
HU3bKUMU JlieJIEKTPUUHUMU BTpaTamMu MeH1ie 1%.

Y posaini 5 6ysio NpoJeMOHCTPOBAHO, 10 HOBOCTBOpPeHi 6araTi Ha ¢eppiT
BicmyTy kepamiku BiFeO3-PbTiO3-SrTiOz MoKy Th 6yTH YCIIIIHO CUHTE30BaHi
3a I0NIOMOTrO0I0 TpaJuLiHHOro TBepA0oPa3HOIo NpoLecy, 10 NPU3BOAUTD [0
BilHOCHOI KoMmakTHOCTI > 97%. 06uaBi cucteMu BiFeOs-SrTiOs Ta BiFeOs-
PbTiO3z MicTaTh o6s1acTh MopdoTponHoi rpanulli ¢as (MI'®), o npu3BOAUTH
o TpiliHoro ToykoBoro MPB y BuxifgHiii TepHapHilt cucTemi. 3pa3ku 6ins
Mexi Kyb6iyHoi-niceBLoKy6iuHOI $pas3u (Mox/IMBa 06/1aCTh TPIKHOTO TOYKOBOI'O
MI'®) nposiBAAIOTh HAWBUIII I1'€30€JIEKTPUYHI BJACTUBOCTI IPU KiMHATHIN
TeMIlepaTypi 3 N'€30eJIeKTPUYHUMHU KOHCTAaHTaMHy, 110 JOCATAIOTh 3HAaYeHHs
250 pC/N. IIpoTe, TemnepaTypa Kropi 3HaUHO 3HMKYEThCA Yepe3 MO/BiliHE
nonaaBaHHsA PbTiOs Ta SrTiOs, i ciocTepiraeThcsl eKCOHEHI[iaIbHUM 3B 130K
M TeMmmnepatypoo Kiopi Ta mn'€e30e/eKTpUYHOI0 BJIACTUBICTIO d3s.
JocnipkeHHA  TakoX  IOKasajo, 110  TeMIepaTypHa  3aJIeXHICTb
'€30eJIeKTPUYHHUX BJIACTUBOCTEMN BapilOETHCSA 3 TEPMiUHOI0 icTOpi€0 3pasKiB.
TepmiuHa o06pob6ka mnpu TeMmiepaTypi BHULIIHA, HiX TeMIepaTypa
BUKOPUCTAHHS], NPU3BOAUTbL A0 3HMKEHHS M'€30aKTHUBHOCTI, aje TaKOX
CTabini3ye TeMnepaTypHy 3anexHicTb. [ komnosunii 0.6BiFe03-0.2PbTiOz-
0.2SrTiO3 komb6iHalis BUcokol TeMmepaTtypu Kiopi Ta BiinoBifHa TepMiuHa
00po6Ka NpH3BeJia 10 BUHATKOBO CTAabi/IbHOT0 3HAaYeHHS 11'€30eJIeKTPUYHOT0
koedinienTy (ds3) 90 pC/N npu KiMHATHIN TeMmmnepaTypi Ta 3HadeHHsd 120
pC/N mpu 300 °C. OgHak MaTepias Bce Ie MOKa3yBaB CTPiMKe 3pOCTaHHA
€JIEKTPUYHOI MPOBIAHOCTI 3 TeMIlepaTypolo, siKke He 3aJIeXKUThb BiJ, piBHIB
fogaBaHHsA SrTiOz Ta PbTiO3. MaitbyTHi JociipkeHHS TOBUHHI OyTH
cupsiMoBaHi Ha rJyMbuie poO3yMiHHA eJIeKTPUYHOI MNpOBiAHOCTI mHpu
niBULIEHUX TeMIlepaTypax s TepHapHoi cucteMu BiFeO3-PbTi03-SrTiOs,
106 BiIKPUTH 110 CUCTEMY [JIsI MOTEHLiMHUX 3aCTOCYBaHb.

Y pospini 6 MU JocaifpKyBaJu BIUIUB MIC/JASCHHTE3HOrO TEIJIOBOTO
06po6/IeHHs Ha N'€30eJIeKTPUYHI BJIACTUBOCTI HaMb6ibiml  06iLs04voi
kepaMiku BiFeOs3-BiosLiosTi03-PbTiOs. Mu crocrtepirasm, 1o MBHAKICTb
OXOJIO/PKEHHSI 3 TeMIlepaTyp BUlle TeMmiepaTypu ¢asoBoro nepexony (T >
650 °C) Bizirpae KpUTUYHY POJIb ¥ AOCATHEHHI COPUSTIMBUX BJIACTUBOCTEN
npU KiMHaTHIA TeMnepaTypi. 30kpeMa, MU CHOCTepirajiu, 10 HIBUJKICTb
oxoJiokeHHs 6iabiie 10 °C/c npu3BoAuIa 10 3HWKEHHS KOEPIUTUBHOTO
noJist 70 45 kV/cm, 1o 703BosinI0 epeKTHBHE NOIAPU3YBaHHS, TPU3BOASYN
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CTnCIni BUK/IALA

JI0 BiTHOCHO BMCOKOI IT'€30€JIeKTPUYHOI KOHCTAHTH 6yin3bko 95 pC/N. Mu
BUSIBUJIM He3BUYAWHUM NPOMIKHUU CTaH Micjasd BiJNajiOBaHHA [pHU
Temnepatypax Buiie 150 °C, ane Hwmwxue 600 °C 3 kBasi-cTabibHOIO
'€30€eJIEKTPUYHOI0 KOHCTaHTOMW 61n3bKo 63 pC/N. HesanexHo BiJ| TenyioBoi
icTopii 3paska, 3a yMOBH, 1110 TeMIepaTypa AenoJspusanii (61u3bko 650°C)
He MepeBUIlleHa, IT'€30eJeKTPUYHI BJACTHBOCTI MaTepiany (nmpu KiMHaTHIiH
TemnepaTtypi) 6yayTb 6su3bko 63 pC/N. Lleli mpoMi>XKHUM CTaH BUSIBUB
MPUCYTHICTh HEPiBHOBAXKHOT'O CTaHY, SIKMW MOXHA OyJi0 peryJioBaTH Ta
3MiHIOBAaTU Yyepe3 HaJleXXHe raciHHA Ta BifnaiwoBaHHA. MU pobUMO rinoTesy,
10 piBHOMipHe PO3MOiJeHHS TOYKOBMX JAedeKTiB Mij 4ac raciHHg Ta ix
NoJaJblINN PyX A0 JJOMEHHHUX CTIHOK MiJ 4Yac BiJila/l0BaHHS MOXYTb OYTH
BigmoBizanbHi 3a e sBuUie. OJHAaK, TOYHA TpUpPoa IUX AePeKTiB Ta mpoiiecy,
1o BifOyBalOTbCS Ha JOMEHHHUX CTiHKax, NOTpPebGyHTh MNO0JAJbILIOr0
JOCJIiIP>KeHHS.

Y BHCHOBKY, BUKOPHUCTOBYIOUM KOMOiHALlil0 XiMiYHMX Ta TeNJOBUX
Mozaudikalili, HaM B/laJ0Csl OTPUMATH 11'€30e/IeKTPUYHY KepaMiKy Ha OCHOBI
BFO 3 BUCOKMMU (HaBiTb epeBUILYIOYH TEOPETUUHUN NPOTHO3 JIJIs1 YUCTOTO
BFO, nokazanuii y po3iii 3) m'e30e/IeKTPUYHUMHU BJIACTUBOCTSMU IPH
kiMHaTHIN TeMnepaTypi 63 pC/N, BUCOKOIO TeMIlepaTypow JAemnosispusadii
noHaf 600 °C, i cTabiibHUMMU Ta JiMlile C1a6KO0 3aJeKHUMU BiJl TeMIepaTypH
BJIACTUBOCTSIMH.
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