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Abbreviation 
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BKT bismuth potassium niobate Bi1/2K1/2TiO3 
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1 

1. Introduction 
Piezoelectrics have experienced a great deal of attention for more than half a century. Initially, 

with the discovery of ferroelectricity in polycrystalline ceramics, they were used as capacitor 

materials making use of their high dielectric constants. With the introduction of new materials, in 

particular lead-zirconate-titanate (PZT), applications spread to sonar, transducers, micro 

positioning systems and actuators amongst many others[1]. 

International efforts in removing toxic substances from everyday applications are increasing. The 

EU passed the „Waste Electrical and Electronic Equipment‟ (WEEE) and „Restriction of the use 

of certain Hazardous Substances in electrical and electronic equipment‟ (RoHS) in 2003[2]. While 

the WEEE regulates the disposal, reuse and recycling of the mentioned equipment, the RoHS is a 

necessary requirement to ensure this can be accomplished safely without endangering the 

environment or people‟s health. Mercury, cadmium, hexavalent chromium, the flame-retardants 

PBB and PBDE and, the focus of this work, lead, have been identified as a primary risk during 

recycling, disposal or just improper use. Therefore, as of June 2006, any products introduced to 

the open market may not include more than 0.1 wt.% of any one of these substances with the 

exception of cadmium where the limit is even lower than 0.01 wt.%. 

Currently, an exemption is made for piezoelectrics. However, known lead-free piezoceramics are 

not yet good enough to replace lead containing materials. While this exemption currently holds 

for almost all piezoelectric components on the market, this is subject to regular review. New 

applications using these materials can only be introduced if “elimination or substitution … is 

technically or scientifically impracticable, or where the negative environmental, health and/or 

consumer safety impacts caused by substitution are likely to outweigh the environmental, health 

and/or consumer safety benefits”[2]. This would for example likely not hold for the use of lead in 

newly invented consumer electronics. It is, therefore, desirable to find alternatives to the 

currently market-dominating lead containing piezoelectrics in all current or future applications. 

A significant research effort into lead-free alternatives to PZT began a little over ten years ago 

(Fig 1) even though the base materials have been known for more than half a century[3,4]. The 

research activities before 1990 mostly aimed at searching for the systems, whose properties are 

better than those of PZT. Increased Curie temperature or polarisation is often desirable for 

example. However, this was not meant for environmental protection but merely a search for the 

systems with improved properties over PZT. Since about 1990, the search has mostly directed to 
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improving the already known lead-free materials to the point where they might reach PZT-like 

properties due to before-mentioned legislation. 
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Fig 1: The number of publications per year on lead-free piezoceramics plotted from 1950 to 2008 

(November). 

The publications include materials based on polycrystalline ceramics, thin film and single crystals 

and cover all directly related research specifically but not exclusively processing, development, 

mechanical, electrical and structural characterization, theoretical predictions, mechanistic studies 

and applications of lead-free piezoceramics. The statistic is the result of a three-step search process. 

Firstly, citations of the papers by Saito et al.[5], Takenaka et al.[6,7], Elkechai et al. [8], Sasaki et al.[9] 

and Shrout et al.[10]. Secondly, the internet search engines of “ISI Web of Science” and 

“Sciencedirect” with keywords such as “lead-free”, “piezoelectric”, “ferroelectric”, “KNN,”, 

“BNT” and similar were used. At last, the collected papers were searched again manually for 

relevant references until a randomly selected sample of 60-70 papers revealed no relevant new 

citations. The number for 2008 may not be final since new work may not be cited yet. 

In this work, the known lead-free ferroelectric materials, bismuth potassium titanate (BKT)[11], 

bismuth sodium niobate (BNT)[4] and potassium sodium niobate (KNN)[3] are combined in such a 

way as to attempt to harness advantages from all of them whilst also eliminating disadvantages 

of the individual components. KNN by itself has a Curie temperature of nearly 400 °C but 

sintering under normal conditions, i.e. without pressure, is difficult. BNT is more easily sintered 

but the depolarisation temperature of 200 °C and a coercive field of about 7 kV/mm disqualify it 

for most applications. BKT again does not sinter well but when combined with BNT, the 

sinterability is greatly enhanced. In addition, the solid solutions lower the coercive field of BNT 

to more usable 3.5 kV/mm[12]. The three materials were combined in accordance with concepts 
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introduced in chapter 3.2.7. Ionic size, crystal structures and properties given in literature lead to 

the final choice of two mixed systems BNT-BKT and KNN-BKT, which were already known in 

literature. These were mixed in different ratios to regions of interest. Once interesting properties 

had been identified, efforts were directed to characterising the electrical and mechanical 

properties of the found materials to evaluate their suitability for different applications. 
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2. Theory and Literature 

2.1. Basics of Ferroelectrics 
The purpose of this chapter is to give background information of basics of ferroelectrics and 

related materials. Unless stated otherwise, the information given here is a brief summary of 

books by A. S. Sonin and B. A. Strukov[1], B. Jaffe, W. Cook and H. Jaffe[2], B. A. Strukov and 

A. P. Levanyuk[3] and A. J. Moulson and J. M. Herbert[4]. These can be consulted for in-depth 

study of the properties and phenomena described. 

2.1.1 Dielectrics 
Dielectrics are a class of materials comprising of gases, liquids and solids that have virtually no 

free charge carriers. When such materials are exposed to an external electric field, they are 

polarised. This polarisation can occur by several mechanisms of limited charge rearrangement. 

There are four types of polarisations. One is atomic polarisation, where electrons and nucleus of 

an atom or ion are displaced with respect to each other. Another is ionic polarisation, where 

anion and cations of a crystal shift in opposite direction to each other in the presence of an 

electric field. There are also dipole and space charge polarisations where dipoles in the material 

reorient and charges accumulate at interfaces in the material. The relationship between 

polarisation (P) and electric field (E) is given by: 

 0eP E   

Eq 1 

Where e  is the electric susceptibility and 0  is the dielectric constant or permittivity of free 

space. The electric susceptibility is a function of the material parameters incorporating the above 

mentioned polarisation mechanisms. It is always frequency-dependent and only constant at a 

given frequency for linear dielectrics. It can also be written as: 

 1e r    

Eq 2 

Where r  is the relative dielectric constant, the more commonly use material parameter in the 

field of functional ceramics. Normally, dielectrics are used simply for their insulating 

capabilities. 



 2.1: BASICS OF FERROELECTRICS 5 

Real (non-perfect) dielectric materials always have some losses arising from conductivity or 

charge redistribution via any of the before-mentioned polarisation mechanisms. 

In the search for new materials, even basic properties like the dielectric breakdown strength play 

an important role. Dielectric strength is the electric field that has to be applied to a material to 

cause electric breakdown. Generally, three types of dielectric breakdown are distinguished. 

Intrinsic breakdown happens when the current conducted through the material suddenly and 

sharply increases as a certain maximum field is reached. Thermal breakdown results when the 

conductivity of the material is high enough to cause joule heating, which in turn increases the 

conductivity consequentially leading to „thermal runaway‟ as the two effects aggravate each 

other. Discharge breakdown happening in pores or cracks in the materials is caused by the 

increased electric field in the pores due to the low dielectric constant of air as well as its lower 

intrinsic breakdown strength. 

2.1.2 Electrostriction and Piezoelectricity 
All dielectric materials experience a dimensional change when exposed to an electric field as 

depicted in Fig 2b. This change can be written as a power series in terms of the electric field or 

the polarisation[5]: 

 ...ij kij k ijkl k lS d E M E E    

Eq 3 

 ...ij kij k ijkl k lS g P Q P P    

Eq 4 

Or more simply if the tensor nature of the coefficients is ignored. 

 
2 ...S dE ME    

Eq 5 

 
2 ...S gP QP    

Eq 6 

If an applied electric field E or the equivalent polarisation P cause a strain linearly related by d 

and g only, this is called the converse piezoelectric effect (Fig 2a). The direct piezoelectric effect 

gives an electric field and a polarisation when strain is induced into the material (Fig 2a). This 
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linear relationship usually only holds true for small fields and the coefficients d and g are most 

precisely called small-signal piezoelectric strain and voltage coefficients, respectively. 

If the strain S in the material and the applied electric field E or polarisation P are related by the 

even order terms only, e. g. M and Q, the material is called electrostrictive. It follows that 

electrostrictive behaviour is independent of the field polarity. 

Electrostriction can be of particular relevance when coefficients d and g are small and the 

relative permittivity is high. Both are commonly true for ferroelectrics around the Curie point or 

the depolarisation temperature. 

 
Fig 2: a) The force exerted onto a sample induces a strain, which in turn induces a polarisation 

and electric field related by Eq 5 and Eq 6. b) In the reversed situation, the applied electric field 

induces a strain. In a cylindrical sample for typical experimental use all in-plane directions are 

symmetrically equivalent in this sample symmetry leading to identical dxy when x or y equals 1 or 

x or y equals 2. i.e. dx1 is equal to dx2 and d1y is equal to d2y. 

Strictly speaking the coefficient   is a second rank tensor, d and g are third rank tensor and Q 

and M are fourth rank[5] but their tensor nature has been ignored for the purpose of this 

introduction since it has little impact on the understanding of upcoming work. However, the 

piezoelectric coefficients and electrostrictive coefficients have a simplified labelling system, 

where the tensor is reduced to second order 6x6 matrix[6] by using the symmetry in the tensor if 

the material is regarded as torque-free and poled. The piezoelectric coefficient is written as dxy 

where x and y takes values between 1 and 6. By convention, the 3-direction is the poling 

direction and 1 and 2 are the two orthogonal directions. Numbers 4 to 6 denote the shear planes 

perpendicular to 1 to 3. For example d31 relates the field in 3-direction to the strain in 1-direction. 

For symmetry reasons, d25 is equal to d15 and d66 is always zero. 
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2.1.3 Field-Induced Phase Change Materials 
While the term field-induced phase change material describes all dielectric material to some 

degree, in this instance it is used to describe materials, where the main effect cannot be attributed 

to either typical electrostrictive or piezoelectric behaviour. In this context, the phrase 'phase 

change' means a reversible or irreversible change from for example cubic to rhombohedral 

symmetry under an applied field. This phase change can be accompanied by a change in volume 

like in the case of doped PZT[7-9]. However, this does not necessarily have to be the reason for a 

large strain response as is the case in modified Bi1/2Na1/2TiO3 (BNT) where irreversible phase 

changes accompanied by a volume change and reversible phase changes with very little volume 

change occurs[10,11]. 

2.1.4 Ferroelectricity and Antiferroelectricity 
Piezoelectric materials, where the direction of polarisation can be changed through the 

application of an external field, are called ferroelectrics. In ferroelectric materials, the unit cell 

exhibits a net permanent dipole moment. This dipole moment does not immediately translate into 

a macroscopic polarisation of the material due to the distribution of the randomly oriented dipole 

moments in the case of polycrystalline ceramics. In polycrystalline materials but also in single 

crystals, the orientation distribution of the dipole moments is not completely random on the unit 

cell level but organised in groups called domains. Domains are areas where the dipole direction 

of individual adjacent unit cells is the same. These domains have a net non-zero polarisation. A 

large number of domains arrange in such a way within the material that the macroscopic 

polarisation of the material is zero. For reasons beyond the scope of this work, this is usually 

more energetically favourable than either dipole cancellation on the unit cell level or a single 

domain state of the material[1]. While single crystals with more than one domain state are not 

single crystals in the strictest crystallographic definition, they are commonly regarded as such in 

the field of materials science. 

Kittel[12] defined the antiferroelectric state "as one, in which lines of ions in the crystal 

spontaneously polarised but with neighbouring lines polarised in antiparallel direction" even 

before experimental evidence existed[13]. The "lines" as defined by Kittel are nowadays referred 

to as sub cells of antipolar order but the general principles are unchanged. Antiferroelectric 

domains are then regions where a certain type of antipolar order exists. Antipolar domains do not 

have a net polarisation. Antiferroelectric are also defined as antipolar crystals with free energies 

comparable to polar crystals[2]. 
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While polar and antipolar materials are known to exist, there is conceivably a third group, in 

which the polarisation of the unit cell is randomly oriented with respect to neighbouring cells and 

no discernable antipolar order can be found. This is implied by the careful use of „non-

symmetrical phase‟ in some literature[3,14,15]. 

Switchable polarisation in ferroelectrics is of particular importance for any actuator, sensor and 

ferroelectric memory applications amongst others. The ability to influence the direction of 

polarisation determines the strain direction of the actuator under an electric field. This strain 

direction needs to be controllable in order for multilayer actuators to be useful. In ferroelectric 

memory the polarisation state (up or down) defines the bit zero or one. The electric field at which 

a macroscopic polarisation changes sign is called the coercive field (Ec). 

The polarisation (macroscopic and/or microscopic) of a ferroelectric or antiferroelectric only 

exists up to the Curie temperature. The Curie temperature is defined as the temperature where a 

ferroelectric or antiferroelectric phase changes to a paraelectric phase. 

When a ferroelectric material is subjected to a large electric field, it shows hysteretic behaviour 

of the strain and polarisation. A large field in this case is usually regarded as one that gives rise 

to a saturated strain and polarisation values. Sometimes, it is also regarded as the field required 

for domain switching to occur. Depending on the material, usually a value of at least twice the 

coercive field is chosen in experimental settings. 
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Fig 3: Typical saw-tooth-shaped voltage signal 

used in bipolar large field characterisation. 

The applied electric field goes linearly with time 

from zero(a) to Emax(b) and back to zero(c) 

through to E-max(e), back to zero again(f), back 

to Emax(b) where the cycle can begin again. 

Points d) and g) are relevant in conjunction 

with the strain (Fig 5) and polarisation (Fig 4) 

hysteresis where they are defined. 

In a typical ferroelectric beginning with an unpoled material (E=0, P0=0, S0=0 by definition) at 

zero field, strain and polarisation increased up to the maximum applied field (Emax) to their 

respective maximum values (Smax and Emax). On a microscopic scale, the ferroelectric domains 

are originally randomly distributed. As the field increases, domain walls move so that domains 

oriented in field direction grow at the expense of the others. When the field is now removed, 

strain and polarisation are reduced but do not return to their initial values entirely in a 

ferroelectric because only a small portion of the domains returns to their original state. These 
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new values are a remanent strain (Sr) and remanent polarisation (Pr). If an electric field in 

opposite direction is now applied the polarisation will return to zero at the negative coercive field 

(-Ec). The corresponding strain (S-min) will be at a local minimum but not usually return to its 

original unpoled value (S-min≠S0). It is also sometimes referred to as negative strain since it is 

lower than Sr. At the highest magnitude negative electric field (E-max) the strain (S-max) and 

polarisation (P-max) are reached at nearly all domains are again oriented along the new field 

direction. 
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Fig 4: Polarisation vs. large electric field. 

The polarisation goes from zero(a) to Pmax(b) at 

Emax back to Pr(c) at zero field and then 

through zero(d) at E-c and on to P-max(e) at 

E-max. It falls back to P-r(f) when the field 

returns to zero. Once a positive field is applied 

again during the second cycle, the polarisation 

goes through zero(g) at Ec to Pmax(b) and 

follows the same path again from that point 

onwards. 

Fig 5: Strain in field direction in a large electric 

field as shown in Fig 3. 

The strain goes from zero(a) to Smax(b) at Emax 

back to Sr(c) at zero field and then through 

Smin(d) at E-c and on to S-max(e) at E-max. It falls 

back to S-r(f) when the field returns to zero. 

Once a positive field is applied again during the 

second cycle, the polarisation goes through 

S-min(g) at Ec to Smax(b) and follows the same 

path again from that point onwards. 

Once the field is removed, the cycle can start again but starting from P-r and S-r instead. In an 

ideal ferroelectric, the remanent polarisation (Pr/P-r) always has the same magnitude independent 

of the last field direction and the sign of the last applied field direction. The remanent strain is 

equal in magnitude and sign independent of the last field direction (Sr=-S-r). This behaviour is 

summarised in Fig 4 (polarisation) and Fig 5 (strain) with the corresponding electric field shown 



 2.1: BASICS OF FERROELECTRICS 10 

in Fig 3. The typically low field linear behaviour described in the equations Eq 5 and Eq 6 to first 

order is found in ready-poled ferroelectrics at fields much less than the coercive field. 

2.1.5 Relaxor Ferroelectrics 
Relaxor ferroelectrics are ferroelectrics, where the Curie temperature is not clearly defined. Due 

to inhomogeneous composition, not all parts of the material depolarise at the same temperature. 

While this is usually undesirable as compositional inhomogenities also leads to strong frequency 

dependence[16], there are applications as capacitor materials since the dielectric constants and 

subsequently the capacitance are highest near the Curie temperature. This Curie temperature now 

becomes a broad temperature range. Therefore, relaxor ferroelectrics show a larger working 

temperature range than normal ferroelectrics in capacitive applications. The high dielectric 

constants over a wide range of temperatures also make these materials interesting for 

temperature-dependent high electrostrictive strain applications[17]. 

2.1.6 Perovskites and Other Ferroelectric Structures 
Current manufacturing techniques only allow polycrystalline materials to be considered for 

large-scale industrial applications. This in turn means that materials can be considered, whose 

polarity can be influenced by an external field[18]. Ilmenite, perovskite, tungsten bronze and 

bismuth-layer structure ferroelectrics are the most commonly investigated types. 

 

Fig 6: Unit cell of an undistorted perovskite structure. 

It is centred on the six-fold coordinated B-site cation 

(turquoise). The twelve-fold coordinated A-site cation 

(silver) is positioned at the corners of the cell; the six-

fold coordinated oxygen anion is located at the faces of 

the cube (red). 

The general chemical formula for a perovskite structure is ABO3. A and B are cations. The term 

complex in this context refers to structures where the A and/or B cation positions are occupied by 

more than one type of cation. The undistorted structure is described in Fig 6. For piezoelectric 

structures, non-centrosymmetric modifications of this structure are required. These modifications 

can for example be a deviation from right angle of the angles (rhombohedral), a change in the 
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cell axes in one or more directions (tetragonal and orthorhombic, respectively) or a combination 

of both (monoclinic,…). 
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Eq 7: The formula of the Goldschmidt tolerance factor. The Goldschmidt tolerance factor helps 

predict the preferential formation of perovskite type structures over other structures by simple 

geometric means. RA, RB and RO are the radii of the respective ions with the coordination numbers 

of the undistorted structure[19]. 

Initial prediction of the stability of a perovskite structure is done using the Goldschmidt tolerance 

factor (Eq 7). It is a simple geometrical relationship with tolerance factor (t) equal to unity if the 

lattice is treated as an array of close packed spheres. Although the twelve-fold coordinated radii 

used technically only apply to the undistorted cubic structure, for comparability they are used for 

the distorted structures also[20]. Since twelve-fold coordinated radii are rarely available[21], 

sometimes the nine-fold or six-fold radii are used directly or used for extrapolation[22]. The 

oxygen anion radius is usually taken as six-fold coordinated. 

The B-side ions enclosed in the oxygen octahedra can shift their positions when an external field 

is applied. Each oxygen octahedron is connected to four other oxygen octahedra since each 

oxygen ion is shared between two octahedra. The A-side ions also have limited mobility around 

their average position surrounded by 12 oxygen ions, particularly, if their ionic size is small, i.e. 

the tolerance factor below one. 
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Fig 7: The unit cell of an ilmenite structure. The example given here is lithium niobate. Lithium 

ions are shown as grey, niobium blue and oxygen red spheres. The oxygen octahedra are shaded in 

blue. 

Ilmenite has the same chemical formula as perovskite (ABO3) but each unit cell is much more 

complex as seen in Fig 7. Each unit cell consists of seven oxygen octahedra. However, not each 

oxygen ion is shared with a neighbouring oxygen octahedron. Therefore, the amount of oxygen 

octahedra per mol ABO3 (and per unit volume) is actually lower than in the case of the 

perovskite structure. This in turn provides fewer sites for ions within the octahedra to contribute 

to piezoelectric polarisation and leads to lower piezoelectric activity. Ilmenite structures form 

when the larger cation (the A-site ion if it was a perovskite structure) is too small to allow the 

formation of a perovskite structure. 

Bismuth-layer structures (Fig 8) are effectively repeating units of perovskite unit cell layers. 

Within each layer, oxygen ions are shared between adjacent oxygen octahedra like in the 

standard perovskite structure. Oxygen ions are also shared between oxygen octahedra of adjacent 

layers. Every two to four perovskite layers there is a bismuth oxide layer, which is 

ferroelectrically inactive. These bismuth oxide layers help stabilising the perovskite layer 

structure hence leading to generally higher Curie temperatures. However, like in the case of 

ilmenite not all of the ions are used up in perovskite unit cells. Therefore, it is again unlikely that 

the perovskite layer structure ferroelectrics will ever show the same amount of ferroelectric 

activity as a pure perovskite structure. 
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Fig 8: The unit cell of bismuth-layer structure with two repeating perovskite layers and the bismuth 

oxide layer. The example given here is Bi2-xPbxSr1.5Ca1.5Mn2O9-𝛅. The oxygen octahedra are shaded 

in light blue with the oxygen ions at each corner. In the centre of each octahedron sits a manganese 

ion. The larger spheres represent bismuth ions, which share their crystallographic positions also 

with lead, strontium and calcium ions[23]. 
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2.2. Bismuth Alkali Titanates 
The next two chapters will give an overview of the current state of scientific knowledge 

regarding lead-free piezoceramics. A number of previous reviews can be found in literature. 

Some cover lead-free piezoceramics in general[1-3], others focus on specific systems or 

summarise a single workgroup‟s achievements[4-7]. While there are many types of structures (for 

example bismuth-layer structures such as Bi4Ti3O12
[8,9], ilmenite such as LiNbO3

[10-12],…), which 

exhibit piezoelectricity, currently the most promising structure is of perovskite type. Within this 

structure type, current scientific work focuses mostly on two major groups. The first group is 

bismuth-alkali-titanate-based lead-free perovskites. The second is alkali-niobate-based lead-free 

perovskites. Tables with reported properties of pure and modified systems can be found at the 

end of the respective chapters due to their size. 

2.2.1 Structure and Phase Transitions of BNT and BKT 
Bismuth sodium titanate (BNT or Bi1/2Na1/2TiO3) is the building block of almost all bismuth-

based lead-free perovskites. In pure BNT, half of all A-site positions are filled with bismuth (3+) 

ions, the other half with sodium (1+) ions. The B-site positions are filled by titanium (4+) ions. 

Even though bismuth and sodium have very different charges, there is only short range but no 

long range ordering of the A-site ions[13-15]. 

Pure BNT is a relaxor-like[16] rhombohedral ferroelectric[17] at room temperature and ambient 

pressure. It has at least two more structural phase transitions between room temperature and its 

sintering temperature. However, there is not even consensus about the number of phase 

transitions 50 years after discovery[18]. Beginning at room temperature, the first and only 

undisputed phase transition temperature is 200 °C[13,17]. To avoid confusion, the transition 

temperature will always be referred to as Td independent of what its true nature might be. For the 

Curie temperature, reported values are in the vicinity of 320 °C[13,19,20]. The gamma value1 of the 

phase transition at TC is reported as 1.55, which implies relaxor characteristics[21]. Above the 

Curie temperature, there is a tetragonal phase, which is considered either ferroelastic and/or 

superparaelectric[22]. At 540 °C, this phase changes to a cubic paraelectric phase[13]. 

                                                 
1 The gamma value ( ) of a phase transition is defined by  1 1r mm

C T T
      where   is the degree 

of diffuseness, m  is the maximum dielectric constant at Tm and C is the Curie coefficient. The gamma value is 1 
for ideal ‚normal„ ferroelectrics and 2 for relaxor ferroelectrics[21]. 
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The phase between 200 °C and 320 °C merits more detailed discussion. Pronin et al.[23] propose 

that upon cooling a single crystal of BNT, smaller regions of an antiferroelectric phase appear, 

which grow in size and number. For energetic reasons, they also propose a paraelectric layer 

between differently orientated antiferroelectric regions. This theory is also supported by Sakata 

et al.[20]. Zvirgizds et al.[24] identify this phase as rhombohedral (pseudocubic) in a single crystal. 

Pseudocubic in this context means that the unit cell angles cannot be distinguished from 90° but 

other properties such as birefringence cannot be explained by a cubic symmetry. They find 

evidence, which is consistent with a ferroelectric to antiferroelectric transition but also point out 

that there are no superstructure reflexes indicating the doubling of the unit cell, which is required 

in an antiferroelectric phase. There is also a strong frequency dependence of the maximum in the 

dielectric constant at this phase transition, which is otherwise unknown in ferroelectric to 

antiferroelectric transitions. Vakhurshev et al.[13] support these results again with neutron 

scattering data and proposed the existence of the high-temperature non-polar phase with smaller 

polar regions. Polar regions in a non-polar matrix were also indicated in pyroelectric 

measurements. The coexistence of rhombohedral and tetragonal phases in the temperature range 

from 200 °C to 280 °C is suggested[18,25] and again supported through time-dependent electric 

permittivity measurements[26]. Ferroelastic properties in this temperature range have also been 

shown[27]. 

Dorcet et al.[14,28] discuss previous literature and in conjunction with TEM studies and selected 

area electron diffraction (SAED) conclude the existence of a modulated phase (explained 

here[29]) where orthorhombic sheets appear in the rhombohedral ferroelectric matrix at 

temperatures above 200 °C. Once the amount of orthorhombic phase is sufficiently large, the 

polar vectors of the remaining polar regions reorient so that neighbouring regions have opposing 

polar vectors leading to be quasi-antiferroelectric nature of the phase. They also report the 

appearance of a superstructure reflex between 200 °C and 300 °C and identify the tilt systems of 

the oxygen octahedral in the different phases. Trolliard et al.[15] then complement this work by 

reporting that the second phase transition at 320 °C is from purely orthorhombic to tetragonal. 

Jones et al.[30] report a purely rhombohedral phase up to 255 °C using powder neutron 

diffraction. A rhombohedral/tetragonal mixed phase region was found at 300 °C and 320 °C. The 

temperature range of the rhombohedral/tetragonal mixed phase region is unclear due to 

incomplete data. From 400 °C to 500 °C, a purely tetragonal phase is reported. A 

tetragonal/cubic mixed phase region was found between 500 °C and 540 °C and above 540 °C 

the structure is cubic. 
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Pure bismuth potassium titanate (BKT or Bi1/2K1/2TiO3) was first determined to be ferroelectric 

by Smolenskii et al.[31] in 1961 at the same time as BNT. Its unit cell is similar to that of BNT but 

with all the sodium ions replaced by potassium ions. It is a tetragonal ferroelectric perovskite at 

room temperature with a=0.39313 nm and c=0.3993 nm (c/a=1.016) and a Curie temperature of 

between 380 °C[31] and 437 °C[32]. Another report states a=0.3918 nm and c=0.3996 

(c/a=1.020)[33]. The Curie temperature determined from dielectric measurements shows strong 

frequency dependence. At 10 kHz, the Curie temperature is 415 °C, while 425 °C and 437 °C 

were measured at 100 kHz and 1 mHz, respectively. Below the Curie temperature, a frequency 

independent maximum of tanδ at 340 °C indicates another phase transition. Above the Curie 

temperature BKT is cubic paraelectric[32]. 

2.2.2 Preparation of Pure BNT and BKT 
Pure BNT can be synthesised as a polycrystalline ceramic[34], thin film[35,36] or as a single 

crystal[26,37]. Pure polycrystalline ceramic BNT is difficult to prepare[19,38]. When using a standard 

mixed oxide route, the stoichiometrically mixed and milled powders are usually calcined at 

around 800 °C to 900 °C for two to four hours[14,28,38]. Longer calcination times as well as 

repeated milling between multiple calcinations can improve sample quality if bismuth oxide 

vaporisation is prevented[30]. Thermogravimetric analysis of BNT powder has shown that 

bismuth oxide vaporisation occurs above 1130 °C[38]. However, to achieve acceptable densities, 

sintering temperatures of at least 1200 °C are required[5,38], which is close to its melting point of 

1225 °C Another report states 1290 °C as the melting point[37]. Therefore, loss of bismuth oxide 

needs to be suppressed, which is described in section 4.1, or compensated and temperatures have 

to be well controlled[38]. BNT-based materials, which can be sintered below 1100 °C require no 

suppression compensation of bismuth[39,40]. Temperature and time dependence of grain growth in 

BNT during sintering has been found to be relatively low[41]. 

Single phase BKT powder can be produced from the mixed and milled starting powders by 

calcinations at 800 °C for four hours followed by 950 °C for two hours. Conventional sintering 

yields single-phase perovskite ceramics, if the temperature stays below 1030 °C. Above 1030 °C, 

impurity reflexes in x-ray diffraction are witnessed up to the melting temperature of 1070 °C. 

The highest density of 93 % is achieved at 1060 °C but conductivity is high due to secondary 

phases from decomposition due to potassium and bismuth loss. Hot pressing at 1060 °C 

suppresses phase impurities and results in 97 % density ceramics with 1013 Ωcm resistivity[32]. To 

improve results of hot pressing, 0.6 wt.% excess bismuth oxide can be added, which reduces 
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microcracking. Increasing the hot-pressing time from 4 to 10 hours improves all piezoelectric 

and dielectric properties but simultaneously reduces Td and TC by up to about 20 °C. In general, 

for conventional sintering of pure BNT and BKT, reasonable sintering occurs only just below the 

melting point and well above temperatures for partial decomposition[42]. For BKT preparation via 

a sol-gel method, see section 2.2.8. 

2.2.3 Properties of BNT and BKT 
Smolenskii et al.[31] show graphs of the temperature dependence of the dielectric permittivity 

(ε/ε0=εr), the loss tangent[31] (tanδ), the linear thermal expansion coefficient (α) and the relative 

extension(∆l/l) from room temperature to 400 °C. They report having been able to pole BNT 

fully but not BKT although no specific field values are given. Nagata et al.[38] show a near linear 

increase in relative density of BNT with temperature from 90 % at 1150 °C to 98 % at 1225 °C 

with a sintering time of two hours. At temperatures above 1225 °C, the samples partially melted. 

At 1100 °C, a two-hour sintering time resulted in 87 % relative density, which can be improved 

to 96 % relative density after 100 hours. They also add excess bismuth oxide to BNT and report a 

rapid increase in Curie temperature from 332 °C in pure BNT to 351 °C with 1% excess bismuth 

oxide. Adding more than 1 mol% bismuth oxide does not increase the Curie temperature much 

further. The increase in Curie temperature is accompanied by a three order of magnitude 

decrease in resistivity from nearly 1014 Ωcm to 1011 Ωcm between 0.3 mol% and 1 mol% excess 

bismuth oxide. However, between zero and 0.3 mol% excess bismuth oxide, the resistivity 

increases from 1012 to 1014 Ωcm. It is therefore assumed that 0.3 mol% excess bismuth oxide 

exactly compensates for the loss of bismuth during sintering in this case. Suchanicz et al.[22] 

investigate the temperature-dependent real and imaginary parts of the dielectric constant (ε‟ and 

ε‟‟). The real part shows a linear increase from 80 °C up to 250 °C where the slope steepens 

peaking at 320 °C. Roleder et al. also show the time dependence of the dielectric constant at 

different temperatures here[26]. Vakhurshev at al.[13] determine a depolarization temperature of 

190 °C from pyroelectric current measurements during heating. Suchanicz et al.[25] find a second 

pyroelectric current peak at 320 °C. They also report a small but finite piezoelectric resonance 

above 200 °C[18]. Pure BNT has a coercive field of 7.3 kV/mm, which is higher than the usual 

breakdown strength in the polycrystalline ceramic and conductivity is also an issue[19]. At room 

temperature, dielectric constants between 408 (unpoled) and 780 (poled) are reported[21,35,43], 

coercive fields vary greatly between 2 kV/mm for sol-gel derived BNT and 7.3 kV/mm for BNT 

prepared by a mixed oxide route. Lower values can usually be attributed to 
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nonstoichiometry[21,35,36,41]. The only report of fully poled BNT mentions a remanent polarisation 

of 37 µC/cm²[21]. Li et al.[44] show a hysteresis of almost fully poled BNT with Pr=29.0 µC/cm² 

and EC=6.11 kV/mm. A study of the effects of sintering time and temperature variation shows 

only statistical fluctuations of the dielectric and piezoelectric properties as well as grain size[41]. 

BKT, hot-pressed at 1080 °C, is considered slightly nonstoichiometric due to its lower TC of 

410 °C but shows otherwise the best overall ferroelectric properties reported. Dielectric constant 

εs, tanδ, Pr and EC are 517, 7.1 %, 22.2 µC/cm² and 5.25 kV/mm respectively. A unipolar strain 

of 0.12 % at 8 kV/mm corresponds to a d33* of 135 pC/N. The „true‟ d33 is reported as 

69.8 pC/N[32]. Hot-pressed BKT with excess bismuth oxide shows maximum values of 764, 0.4 

and 101 pC/N for ε33, k33 and d33, respectively, and a 0.13 % maximum unipolar strain at 

8 kV/mm[45]. These improved values are the results of field cooling (poling during cooling) and 

increased grain size due to extended sintering. Sasaki et al.[33] report ε33 of ~800, a mechanical 

quality factor (Qm) of 100 as well as coupling factors kp, kt and k31 of ~0.19, ~0.38 and ~0.11, 

respectively. The phase transition at the Curie temperature (TC) of BNT and BKT is identified as 

being of second order. 

The properties of pure BNT and BKT are summarised in Tab 1 and Tab 2, which, due to their 

size can be found at the end of the chapter (pages 41 ff. and 45 ff.). It should, however, be noted 

that most of the values for both pure BNT and BKT are derived from material that was either 

hot-pressed or sintered with excess bismuth oxide since material derived via an unmodified 

mixed oxide route usually results in unacceptable quality[19,31]. Properties of the modified BNT 

can be found in Tab 3 (pages 48 ff.). 

2.2.4 BNT-BT and Related Materials 
Based on the knowledge that piezoelectric properties are increased at the morphotropic phase 

boundary between rhombohedral and tetragonal[46], Takenaka et al.[39,40] attempted to create 

similar morphotropic phase boundaries between BNT and different ratios of SrTiO3, PbTiO3 and 

CaTiO3. For several ratios of at least two of SrTiO3, PbTiO3 and CaTiO3 morphotropic phase 

boundaries between rhombohedral and tetragonal were found at 87 mol% BNT and 13 mol% 

a*SrTiO3+b*PbTiO3+c*CaTiO3 (a+b+c=1). BNT+CaTiO3 even shows a 10 °C increase in Curie 

temperature over pure BNT to 330 °C. However, the d33 is low at 50 pC/N. coupling factors kp 

and k33 of the CaTiO3 added material are also much lower than those of the other two systems. 

None of the systems showed sufficient potential as a replacement for PZT. 
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In 1991, Takenaka et al.[47] discovered the morphotropic phase boundary between BNT and 

tetragonal barium titanate (BaTiO3 or BT) at 6 mol% BT addition. They constructed a 

temperature and composition dependent phase diagram based on x-ray diffraction, dielectric and 

piezoelectric data up to 30 mol% barium titanate. It should be noted that the Curie temperature 

and depolarisation temperature of BNT in the phase diagram is reported as 25 K higher than 

previous reports[13,17,19,20]. At room temperature, the morphotropic phase boundary is clearly 

defined by a sharp increase in the dielectric constant of poled and unpoled samples to ~1600 and 

~950, respectively. Coupling factors kp, kt and k31 remain relatively constant around 0.20, 0.48 

and 0.15, respectively, up to 30 mol% BT addition to BNT, whereas k33 increases from 0.35 to 

above 0.50 near the MPB. For the depolarisation temperature, values between 100 °C and 130 °C 

are reported[43,46-49]. Preparation of BNT-BT via mixed oxide route is identical to that of BNT but 

achievable densification is higher[21,43,47,49]. 

Ranjan et al.[50] provide a detailed powder x-ray diffraction analysis for compositions around the 

MPB. They show that there are no measurable tetragonal lattice distortions or tetragonal 

superstructure reflexes in BNT-BT between the MPB (6 mol% BT) and 10 mol% BT. They 

instead claim a nearly cubic phase. Xu et al.[21], however, show clear tetragonal distortion above 

6 mol% added BT.  

The remanent polarisation (Pr) peaks at the MPB at 38.8 µC/cm²[21]. The coercive field (EC) is 

continuously reduced with increasing BT content up to its lowest value of 3.25 kV/mm at 

8 mol% BT. Compositional dependence of d33, kp, εr and tanδ is reported up to 12 mol% BT. d33, 

kp and tanδ show their optimum values of 155 pC/N, 36.7 %, and approximately 2.5 %, 

respectively, at the MPB. In contrast, the relative dielectric constant εr peaks at 8 mol% BT with 

1099[21]. This is in contradiction to the original results by Takenaka et al.[47] but no reason is 

evident. 

Xu et al.[21] also measure the diffuseness of the phase transition at Td. The gamma value of 

morphotropic BNT-BT is reported as 2.02, making it a pure relaxor, which is also reported 

here[51]. The relaxor nature is attributed to the A-site cation disorder of BNT-BT. Temperature-

dependent kp shows a drop around 80 °C and d33 and tanδ about 105 °C. Temperature-dependent 

polarisation hystereses for 0, 6 and 12 mol% BT content show a typical ferroelectric behaviour 

below 140 °C, 60 °C and 160 °C, respectively, with decreasing Ec when the temperature 

increases. Above these respective temperatures, antiferroelectric-like pinched loops or nearly 

double loops are found in all three compositions. The fact that there is always some small 

amount of hysteresis at low fields is treated as evidence that above Td a small amount of polar 
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ferroelectric material remains. Qu et al.[43] introduce up to 20 % BT in BNT and show 

continuously improved density with BT content. They claim that there is a phase coexistence 

between trigonal and tetragonal above Td. Combined with a thermal hysteresis in the dielectric 

constant, this is treated as evidence for the existence of polar micro-domains above Td. Data by 

Oh et al.[49] suffers from experimental difficulties and should not be considered. A table (Tab 4) 

listing the properties reported for pure BNT-BT can be found on pages 49ff. 

2.2.5 BNT-BKT and Related Materials 
Buhrer et al.[46] first prepared BNT-BKT in 1962 and found a minimum in the depolarisation 

temperature at 20 mol% BKT. Since this is undesirable, it was not until 1996[33] that at first a 

biphasic region was first found to centre around the same composition and with 10 mol% BKT 

content to either side. At the same time, it was shown that the phase transition at Tm is of second 

order and is considered the Curie temperature (TC). In 1999 Sasaki et al.[52] concluded BNT-

20BKT to be the morphotropic phase boundary between BNT and BKT. It should, however, be 

noted that dielectric and piezoelectric constants εr and d31 are highest at 21 mol% BKT with 1030 

and 46.9 pC/N[52]. Coupling factors kt, kp, and k31 as well as mechanical quality factor Qm are 

higher at 16 mol% BKT with 0.42, 0.31, 0.18 and 195 respectively. Remanent polarisation and 

coercive field are reported as 19.9 µC/cm² and 2.4 kV/mm[52]. 

However, while there is no dispute about the existence of the enhanced dielectric and 

piezoelectric properties at or very near BNT-20BKT, the existence and nature of the 

corresponding morphotropic phase boundary at this point is disputed. Jones et al.[53] mentioned 

previous studies that found a phase boundary at 20 mol% BKT and another with the MPB at 

14 mol% BKT[54]. Their own extensive neutron data analysis across the complete compositional 

range from pure BNT to pure BKT is the first to assign space groups to all compositions. They 

did not, however, find any room temperature MPB around 20 mol% BKT. Instead they report 

MPBs at 45 mol% and 70 mol% BKT. In a more recent report[55], 16 mol% BKT has also been 

suggested as the composition with the best overall properties. A high temperature mixed phase of 

rhombohedral and tetragonal around 20 mol% BKT found by Jones et al.[53] has recently been 

correlated with dielectric and piezoelectric data by Hiruma et al.[56]. 

Yoshii et al.[57] and Hiruma et al.[56] found an inversely linear correlation between d33 and Td for 

BNT-BKT-based systems. Therefore, the increased piezoelectric properties around 20 mol% 

BKT might simply be a result of the vicinity of the second order phase transition to room 

temperature at that point[57,58]. 
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Manufacture of BNT-20BKT necessitates lower sintering temperatures[55] compared to BNT-BT 

due to the lower decomposition temperature and melting point of BKT[32]. The higher vapour 

pressure of potassium compared to barium and sodium also needs to be addressed[58] through 

evaporisation suppression or compensation. A sintering study of BNT-BKT with 18 mol% to 

22 mol% BKT shows optimum d33 and remanent polarisation for samples sintered at 1150 °C[59]. 

However, the samples with the highest piezoelectric properties do not also automatically have the 

highest relative density. Overall, BNT-22BKT shows the higher ε33, Pr and kp of 1007, 

19.5 µC/cm² and 32.5 %, respectively, but BNT-20BKT the lowest tanδ of 1.87 %. Yang et 

al.[60], focused on optimization of processing parameters, find that d33, tanδ, εr and kp improve up 

to a maximum sintering temperature of 1170 °C, after which they decrease slightly. The best 

values were found to be 144 pC/N, 3.7 %, 893 and 0.29, respectively, at 18 mol% BKT. They 

also reported a doubling in grain size when increasing the sintering temperature from 1150 to 

1200 °C but with an overall decrease in density. The highest d33 achieved so far in pure BNT-

BKT is 192 pC/N. This was found at 22 mol% BKT with the loss of bismuth compensated[61]. 

The influence of bismuth compensation was closely investigated by Zhang et al.[62] whose results 

emphasize the importance of bismuth loss. Bismuth loss compensation gives 25-30 % higher 

remanent polarisation and d33. At the same time, the compensation appears to shift the MPB 

towards higher BKT content. Best values for uncompensated BNT-BKT were found to be 

d33=145 pC/N, TC=292 °C and kp=0.27 at 20 mol% BKT. Bismuth loss compensated BNT-BKT 

has its best properties at 23 mol% BKT with d33=207 pC/N, TC=330 °C and kp=0.30. Bismuth 

loss compensation also hinders grain growth. 

Hiruma et al.[56] also demonstrated that different properties, which are usually assumed to be 

closely related, show optimum values at different mole percentages of BKT. More precisely at 

22 mol%, BKT Smax/Emax (also called d33*), unipolar strain, ε33, EC are optimal, whereas d33, k33 

are higher at 20 mol% BKT. Yoshii et al.[57] found the d33* of BNT-22BKT and BNT-26BKT to 

be higher than that of BNT-20BKT, which is normally considered the MPB composition. The 

mechanical quality factor shows a minimum at the MPB and increases continuously with 

increasing BKT content on the tetragonal side of the MPB[52,62] and also on the rhombohedral 

side with decreasing BKT content[52]. 

The inconsistencies in the reported MPB positions, as well as dielectric and piezoelectric 

properties and in particular the phase transition temperatures, are unique to the BNT-BKT 

system. They may therefore be related to potassium with its high vapour pressure and its 

consequent loss during sintering. A small deviation in the potassium content will result in 
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significant deviations of all relevant properties. Possible variations can be anticipated by 

considering reports of compositions close to and at the MPB[52,56,57,60,61,63]. The properties of pure 

BNT-BKT are summarised in Tab 6 (pages 52ff.). 

2.2.6 BNT-BKT-BT 
Having found the regions of optimal properties in both BNT-BT and BNT-BKT, the next logical 

step may be to create a ternary phase diagram of BNT-BKT-BT (Fig 9). In 2003 Nagata et al.[64] 

investigated 12 compositions along two lines in the phase diagram connecting BNT-6BT with 

BNT-16BKT (line A) and BNT-7BT with BNT-20BKT (line B), which are both shown with red 

rings in Fig 9. The starting points of both lines in the phase diagram were chosen since they mark 

the most likely limits of the MPB regions in the BNT-BT and BNT-BKT systems as reported in 

sections 2.2.4 and 2.2.5. Curie temperature, dielectric constant εr, coupling factor k33 and 

piezoelectric constant d33 of line A vary almost linearly between the values of the endpoint 

compositions. The same holds true for Curie temperature and dielectric constant of line B. 

However, coupling factor and piezoelectric constant of line B compositions show a maximum at 

(BNT-7BT)-40(BNT-20BKT) and (BNT-7BT)-60(BNT-20-BKT) reaching 56 % and 191 pC/N, 

respectively. While the actual percentage increase over the highest end member compositions 

value is only 20 to 25 %, it comes at little to no expense to the Curie temperature or other 

reported properties. Preparation of BNT-BKT-BT is the same as that of BNT-BKT due to BKT, 

which is the limiting factor in terms of both sintering temperature and evaporisation. 

Wang et al.[65] investigate the line (1-x)BNT-xBKT-5BT up to x=0.2 and find continuous 

improvement of Td, tanδ, ε33 and continuous worsening of Qm with increasing x. kp and d33 are 

highest at x=0.05 and 0.06, respectively, but improvements are always at the expense of some 

other ferroelectric properties. 

Makiuchi et al.[66] introduce BT and BKT in a 4:1 and 2:1 ratio into BNT. In both cases d33, ε33 

and k33 increase inversely related to the depolarisation temperature while the Curie temperature 

remains reasonably constant. The depolarisation temperature drops suddenly from above 200 °C 

to around 100 °C at 25 mol% (4BT-1BKT) within a 3 mol% step and within a 6 mol% step for 

(2BT-BKT) indicating that BT is mainly responsible for the drop. BNT-4BKT-8BT shows a 

particularly stable temperature-dependent k33 of 0.45 right up to its depolarisation temperature of 

197 °C. Li et al.[44] find their highest d33 at BNT-12BKT-3BT but make no mention of the 

corresponding Td. Again, different dielectric and piezoelectric properties show optimum values 

at different, though closely grouped, (4BKT-1BT) concentrations. Chen et al.[67] compare these 
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results with BNT-x(2BKT-1BT) and find a similar maximum at BNT-7BKT-3.5BT. The MPB 

region between BNT-BT and BNT-BKT is also further refined[67]. A temperature-dependent 

phase diagram of BNT-x(2BKT-1BT) is presented here[68]. The BNT-x(2BKT-1BT) line 

intersects the MPB region suggested by Nagata et al.[64] directly. Temperature-dependent 

properties of BNT-x(2BKT-1BT) on the tetragonal and rhombohedral side, as well as within the 

MPB region, help defining the actual shape of the MPB region more precisely[4]. 
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Fig 9: The BNT rich part of the BNT-BKT-BT phase diagram with all compositions reported in 

literature[4,44,64,66-71] sorted by their respective authors. 

Shieh et al.[69] created all compositions of 60(BNT-xBKT)-40(BNT-yBT) that intersect with lines 

connecting BNT-BKT and BNT-BT MPB boundaries. Their highest achieved d33 is 295 pC/N. 

However, the phase diagram showing the places of the compositions is incorrect since they did 

not actually lie on the 6BKT-4BT line but in the positions indicated in Fig 9. 

Choy et al. use BNT-5BKT-5BT in ultrasonic wire bonding applications[70] and compressive type 

accelerometers[71], to demonstrate the potential usability of already known lead-free 

piezoceramics. 

2.2.7 Dopants, Modification and Their Effects 
It has been well established by now that most improvements of room temperature dielectric and 

piezoelectric properties of BNT-related materials are directly correlated with a reduction in 

depolarisation temperature[72]. It is therefore desirable to find dopants and modifications with 
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minimal influence on Td. Reports of improved piezoelectric properties of modified BNT or BNT-

BT without stated depolarisation temperatures are therefore of little use, all other reports BNT-

BT listing d33
[65,73-83] and kp

[65,73-79,82,84], and a corresponding Td, are summarised in Fig 10 and 

Fig 11 respectively. 

Strontium titanate (SrTiO3) was added to BNT initially in an attempt to lower the phase 

transition temperature Td
[20]. Its relaxor behaviour was studied[85] and it was used as a 

representative to investigate the influence of non-ferroelectric perovskites on BNT[85]. Hiruma et 

al.[86] report that 26-28 mol% SrTiO3 moves the transition temperature Td close to room 

temperature. This is accompanied by a large normalised strain d33* of 488 pm/V. Other reports 

mention 25 mol%[87] and 26 mol%[85] as the phase boundary mixture. 
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Fig 10: All known literature of modified BNT-BT, which contained d33 with reported Td was 

compiled[65,73-83]. The inverse relationship of Td and d33 is clearly visible. Notable exceptions are 

dopants, which replace cations with similar electronic structure i.e. Na+, K+ is replaced with Li[81] 

(and Ag+[76]) and also Ti4+ with Zr4+[83]. 

Manganese carbonate (MnCO3) addition of 0.2 wt.% reduces the Curie temperature by 25 K to 

310 °C but also improves resistivity by more than three orders of magnitude to 3x1014 Ωm[88]. Up 

to 20 at.% of sodium in BNT can be replaced with lithium before secondary phases appear. 

Resistivity is optimal at 10 at.% lithium due to the improved sinterability. Piezoelectric 

coefficient d33 as well as ε33 and tanδ all increase with lithium addition until secondary phases 

appear while EC, kp and Qm get lower[89]. Strontium modified BNT is relevant for electrostrictive 

applications due to its high electrostrictive coefficient of 0.02 m4C-2 and maximum strain of 

0.1 %[90], which is nearly as high as values in more complex systems[91,92]. Chu et al.[48] 
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investigated nonstoichiometry of BNT. Either (Bi1/2Na1/2)
2+ deficiency or excess improves d33 but 

also lowers Td, TC and ε33. A graph of d33 versus Td shows a clear inverse correlation of the two 

properties. BNT was also doped with bismuth[65], iron[93], cobalt[48], niobium[48], lanthanum[41], 

manganese[88,94], (2:1 Nb:Ni)[95] and also perovskite materials such as NaNbO3
[42,73,96-98], 

BiFeO3
[99], BiScO3

[99,100], NaTaO3
[101], Ba(Cu1/2W1/2)O3

[102] and K0.5Na0.5NbO3
[103]. If a 

depolarisation temperature is reported, it is always lower than for pure BNT. In BNT, desired 

improvements are a lower coercive field and better sintering behaviour. None of the above 

modifications produce materials, which rival the piezoelectric properties of BNT-BT and BNT-

BKT. This is why most current research focuses on these two BNT derivatives. 
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Fig 11: All known literature of modified BNT-BT, which contained kp with reported Td was 

compiled[65,73-79,82,84]. There appears to be no clear correlation between kp and Td, however, all 

modifications show lower kp than pure BNT-BT with the exception of Zr[83]. 

BNT-BT and BNT-BKT already have acceptable sintering behaviour and coercive fields that are 

less than half that of pure BNT but the depolarisation temperatures are already much lower than 

in pure BNT. Any successful doping should therefore be aimed at raising or at least maintaining 

Td without compromising piezoelectric properties. An effective dopant needs to stabilise or 

enhance the lattice distortions that make BNT-BT and BNT-BKT a stronger ferroelectric. The 

stabilising effect needs to supersede the disordering effect, which any dopant possesses and 

which is responsible for the lowering of Td during doping. Dopant-free modifications such as 

deficiency of titanium cations in BNT-BT improves d33, ε33 and worsens tanδ, excess titanium 

cations worsen all of the afore-mentioned[74]. 
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Lithium doping in small quantities provides an almost constant depolarisation temperature and 

improved sintering and with it d33, ε33 and other relevant quantities in BNT-BT[81,104,105], BNT-

BKT[105-110] and BNT-BKT-BT[111] but concentrations needed for optimal sintering also reduce 

Td
[108]. In pure BNT lithium reduces Td and Pr continuously[89]. 

Other dopants and modifications of BNT-BT include cerium[79,112,113], lanthanum[75,77,114-116], 

zirconium[82,117-119], niobium[77,120], tantalum[120], antimony[120], hafnium[83], cobalt[77,121], 

silver[76,122] and manganese[123-125]. Co-doping was done with Ce+Sn[84], Ce+La[80], Li+Sr[105] and 

Zr+Cu[126]. All improve some combination of d33, TC, ε33 by improving densification and/or 

controlling grain size and limiting conductivity. However, tanδ always increases and Td, when 

reported (compare Fig 10), always drops. There are so far no reports of kp values, which are 

significantly higher than those of pure BNT-BT (compare Fig 11). 

Mixtures with other perovskite type materials like paraelectric SrTiO3
[127], antiferroelectric 

NaNbO3
[128] and ferroelectric BiFeO3

[129] all have equivalent effects of lowering Td, which is 

surprising at least in the case of BiFeO3
[130], which increases Curie temperature of BF-PT with 

increasing BiFeO3 concentration[131]. However, at second glance, the behaviour of Td and TC can 

never be assumed to be correlated. TC of BNT-BT-BiFeO3 does in fact increase, which is, 

however, irrelevant, since the working temperature range is not limited by TC but by Td. A 

similar behaviour can be found in the KNN system doped with lithium (see section 2.3.5.1). 

BNT-BKT has been modified with manganese[132], strontium[133], cerium[134] and co-doped with 

(Fe/Zn/Mg+Nb)[68], Ce+Li[135], Sr+La[136], Li+Ag[105] and mixed with other perovskite 

ferroelectrics like KNbO3
[137] and K0.5Na0.5NbO3

[92]. Reports of BNT-BKT-BT with 

manganese[138] and cerium[139] also exist. These modifications of BNT-BKT yield no results, 

which are causally different from those of BNT-BT doping even though manganese may by 

some unverified mechanism increase Td. Unsurprising, all introduced cations different from the 

already present ones increase the relaxor behaviour of BNT-based systems, since they increase 

disorder on their respective cation sites. High concentrations of most dopants will always without 

any known exception lower Td to near or below room temperature and broaden the dielectric 

maximum peak at Tm to the point, where it stretches from room temperature to around 200 °C[85-

87,96]. At that point, the compositions with the highest dielectric response become interesting for 

capacitive applications. 

BNT-BT with KNN[140-142] and BNT-BKT with KNN[92] show extremely large bipolar and 

unipolar strain of 0.4 % to 0.45 % for compositions that have a depolarisation temperature 
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slightly above room temperature. The reason for this high strain is that the nearby phase 

transition allow for the existence of a non-polar phase within the material, which lets the material 

return to its unpoled state after each cycle. In the case of BNT-BT with KNN, The space group 

high-temperature non-polar phase has recently been identified as P4bm[143]. Each strain cycle, 

therefore, includes the strain, which is normally lost as remanent strain in ferroelectrics[144]. The 

strain response is very temperature-dependent, since it relies on the proximity of the phase 

transition[141] as long as the ferroelectric-to-non-polar phase transition temperature is above room 

temperature. Similar behaviour is also shown in BNT-SrTiO3
[86] and BNT-KN[145]. TEM studies 

of the BNT-BT-KNN system have revealed a coexistence of tetragonal (P4bm) and 

rhombohedral (R3c) space groups[146] within a single grain[147]. The tetragonal and rhombohedral 

distortions are attributed to octahedral tilting for both phases[148]. 

Improving Td and TC, however unlikely, is still desirable in all of BNT-based systems preferably 

without having to compromise ferroelectric properties. So far, the only way to increase the 

depolarisation temperature of BNT-based materials is a BT content of above 8 mol%[116,149], 

where there is no depolarisation temperature below the Curie temperature. Silver doping[76] 

might possibly stabilise the ferroelectricity of BNT-BT due to its similar electronic configuration 

to sodium and potassium like in the case of lithium (see above). Apart from those two methods, 

only zirconia doping does not reduce Td but appears not to have any improvement effect on 

dielectric and piezoelectric properties[119] either unless also combined with copper[126] or unless 

combined with BT content higher than 6 mol%[83]. A detailed comparison between many 

different dopants at the same concentration intervals is so far missing in literature. Such a report 

would help identify the most effective dopants, which could be used in such low concentrations 

that their effect on the depolarisation temperature and relaxor behaviour is minimised. The 

complexity of BNT-BKT and BNT-BT and even BNT makes doping beyond trying to improve 

physical properties (microstructure, mechanical stability, atmospheric stability) difficult. Unless 

the mechanism behind the depolarisation temperature, which is clearly independent of the type of 

dopant with few exceptions, is better understood, further doping experiments will simply be 

random dopant testing experiments. 
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2.2.8 Sol-Gel, Orientated Grain Growth and Single Crystals Bi-
Based Materials 

Aside from the standard mixed oxide route, also sol-gel-type processing has been successfully 

applied to BNT[35,36,150-154], BNT-BT[152,155-157], BNT-BKT[59] and BKT[158,159]. 

Nano-sized powders derived from sol-gel can be created by dissolving bismuth oxide and sodium 

carbonate in 70 % nitric acid. Once dissolved, ethylene glycol is added and the remaining water 

evaporated at 80 °C. A stoichiometric amount of titanium tetraisopropoxide is added and stirred 

for two hours at 70 °C. Calcination temperatures between 600 °C and 700 °C of the BNT sol for 

six hours lead to 100 to 200 nm sized crystals of BNT[150]. A report shows conductivity and very 

low remanent polarisation of 8.3 µC/cm² but a maximum polarisation of almost 30 µC/cm² 

together with a coercive field of about 2 kV/mm[36]. A steric acid gel synthesis route shows 

particle sizes of 10 to 40 nm with a calcination time of one hour at 600 °C to 800 °C[151]. 

Particles of 100 to 200 nm can also be prepared by hydrothermal synthesis at 200 °C for 24 hours 

in 12 molar sodium hydroxide[160] or potassium hydroxide[154], both of which are also reported 

here[161]. 

BNT-5BT[155] prepared via sol-gel shows nearly identical temperature-dependent dielectric 

behaviour to BNT-6BT by Takenaka et al.[47]. A 1-3 fibre epoxy composite transducer of BNT-

BT made by sol-gel method can be considered a first step towards real industrial applicability 

since its properties approach those of PZT-based transducers[156]. A report by Zhou et al.[157] 

finds a d33 of 132 pC/N, ε33 of 703, kp of 0.25 and a tanδ of 1.9 %. With the exception of the 

lower planar coupling factor, these are comparable to BNT-BT prepared by a mixed oxide route. 

(compare Tab 4 (pages 49ff.) 

Radiofrequency magnetron sputtering of BNT shows high conductivity and high dielectric losses 

while dielectric constants are on par with standard manufacturing techniques[35]. Conductivity 

and losses are attributed to oxygen vacancies. EDS2 reveals an upper limit of 2 at.% deficiency of 

the A-site ion concentration. Chemical vapour deposition[162] produces BNT thin film of up to 

162 nm thickness with dielectric constant being about half that of other fabrication techniques. 

BKT prepared by sol-gel methods is preferable to solid state sintering methods since pure BKT is 

hard to prepare via standard mixed oxide methods at all. The small particle size allows for lower 

sintering temperature and hence less decomposition due to evaporisation of bismuth and 

potassium[158,159]. Initial attempts to prepare morphotropic BNT-BKT suffer from strong 

                                                 
2 EDAX/EDS: Energy-dispersive X-ray spectroscopy (See experimental section (4.2.2) 
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dependence of the material quality with BNT to BKT ratio, which prevents reliable 

characterisation thus far[59]. 

Textured BNT ceramics can be produced by reactive-templated grain growth (RTGG) on 

platelets of Bi4Ti3O12
[163]. Here, 2 % excess sodium carbonate leads to a relative density of 92 % 

and the degree of orientation of 0.86, which was determined from XRD patterns via Lotgering‟s 

method[164]. Stoichiometric mixtures lead to a relative density of 61 % and the degree of 

orientation of 0.53. The excess sodium forms a liquid phase, which is responsible for the 

improved density. Excess bismuth oxide also improves the degree of orientation as it inhibits 

grain growth and leads to preferential growth on the larger template grains[163]. Templates of 

Sr3Ti2O7 and BaBi2Nb2O9 can be used if titanium oxide in the first case and titanium oxide and 

sodium carbonate in the second case are used in excess[165,166]. 

Grain oriented BNT-BKT has a d33, Qm and k31 of 134 pC/N, 154 and 0.31 respectively. The 

ferroelectric hysteresis displays too high a conductivity for polarisation values to be reliable, 

however. Dielectric constant parallel and perpendicular to the orientation direction are about 

2500 and 4700[167]. Templated grain growth of BNT-BT shows slight improvement of k33 and ε33 

but also 25 % higher tanδ[168]. Comparison of plate and needle-like templates shows that needle-

like template particles do not orient during casting and, therefore, do not produce any texturing 

effect[169], which is also confirmed here[170]. A maximum degree of orientation of 0.8 for BNT-

BT is achieved[171]. The influence of potassium concentration[172] and particle size of template 

and matrix grains has also been subject to investigation[173]. 

Single crystals of BNT can be easily grown via a flux or Czochralski method[37]. The 

stoichiometrically weighed powders are mixed and placed in a closed platinum crucible. 

Spontaneous crystallisation occurs during cooling in air. Unfortunately, either the starting 

temperature or the cooling rate are rarely specified[17,25-27,30]. SEM and hot stage TEM 

investigations of BNT single crystals show domain structures up to 200 °C, which return at the 

same temperature upon cooling[174]. Manganese[175] doping can improve ferroelectric properties 

with little influence on Td. 

Single crystals of BNT-BT can be grown with BT content controllable to within 5 % of the target 

concentration via spontaneous nucleation during cooling of previously calcined oxide melt. The 

melt is held for five hours at 1350 °C and then slowly cooled at 5 °C/min. Morphotropic BNT-

BT single crystals are sometimes rhombohedral and sometimes tetragonal due to minor 

compositional fluctuations. One single crystal of rhombohedral BNT-5.5BT showed 0.44 % 

strain[176] at 3 kV/mm owing to a field-induced phase transformation similar to relaxor PMN-PT. 
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With a bipolar electric driving field of 3.8 kV/mm a maximum strain of 0.85 % was achieved in 

tetragonal BNT-5.5BT[177]. Another report shows that crystals are grown via a flux or Bridgman 

method are 50 at.% barium deficient[178]. Crystals grown via a Bridgman method can reach 

several centimetres in size[179]. Inhomogeneity and compositional fluctuations can be addressed 

through a metal strip heated zone melting technique[180], the detailed procedure of which is 

described here[181]. Inductively coupled plasma (ICP) analysis revealed fully controlled barium 

and titanium ion content and about 1-2 % variation in the bismuth and sodium ion content. Top-

seeded solution growth of BNT-BT crystals revealed a low segregation coefficient3 of barium of 

0.32, which means that only 32 at.% of the barium in the melt is incorporated into the crystal[182]. 

A report of nanocrystalline BNT via recrystallisation requires further investigation[183]. 

Unlike pure BNT, BNT-3BT and BNT-8BT single crystals did not show any domain structure in 

TEM and SEM investigations[174]. Cerium doping of BNT-BT single crystals is reported to 

increase maximum and remanent polarisation but this might also be attributed to increased 

conductivity[184]. BNT-BT single crystals with varying BT content and 3 at.% zirconia addition 

show purely electrostrictive strain of 0.3 % in the rhombohedral phase and 0.45 % in the 

tetragonal phase both at a field of 5.8 kV/mm[117].  

Large BNT-BKT single crystals can be prepared by top-seeded solution growth but the actual 

composition was not verified[185]. BNT-BKT-BT single crystals reach 0.87 % strain under 

4 kV/mm bipolar load[186] and 0.24 % strain with linear behaviour[187]. 

  
                                                 
3 The segregation coefficient is the ratio between the concentration of ions in the growing crystal and that of the melt. 
I.e. it is less than unity if the concentration of a type of ion is higher in the melt than the growing crystal and above 
unity if the reverse is true. 
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2.2.9 Other Bismuth-based Ferroelectrics 
Initial attempts to prepare bismuth-based perovskite focused on Bi3+Me3+O3-type structures. 

Me3+ in this case is a trivalent small metal ion such as Cr3+, Al3+, Sc3+ and Fe3+. These do not 

form during pressureless sintering[46]. Bi1/2Na1/2ZrO3 and Bi1/2K1/2ZrO3 form perovskite 

structures[31] but there are no reports about ferroelectricity in either composition. Bismuth-layer-

structured ferroelectrics like Bi4Ti3O12 are suitable for high temperature applications since the 

reported Curie temperatures are above 400 °C and there are no depolarisation temperatures 

below that[188] but d33 is not likely to ever reach the values of perovskite type ferroelectrics[189]. 

2.2.10 Summary of BNT-Based Materials 
In conclusion it can be said that BNT-based materials are the most promising candidates to 

replace PZT in many applications. Their lower sensitivity to humidity and non-stoichiometry 

compared to KNN will likely help consistency and reliability in industrial mass production. 

Currently known drawbacks include the low depolarisation temperature and the relaxor 

behaviour. These drawbacks cannot likely be remedied by doping. Doping to improve 

microstructure, density and related properties has already seen progress. BNT-BT is likely to be 

more reliable and reproducible than BNT-BKT due to the handling difficulties of potassium. 

Some current reports still include the Curie temperature and not the depolarisation temperature 

even though the Curie temperature of BNT-based materials is irrelevant for practical 

applications. 
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2.2.12 Tables of Properties of BNT-Based Materials 

2.2.12.1 BNT (Pure) 
Tab 1: Properties of Bi1/2Na1/2TiO3 (Unmodified) 
Piezoelectric coefficients (d33[pC/N])  
 Value Chemical Composition Reference 
 93.4 

97.5 
BNT+Bi4 
BNT (HP5: 200kg/cm²) 

[1] 
 

 47-58 BNT [2] 
 70 BNT [3] 
 

Piezoelectric Voltage Coefficient (g33[mV*m/N])  
 Value Chemical Composition Reference 
 22-27 BNT [2] 
 

Calcination Temperatures ([°C]) / Sintering Times ([h, min])  
 Value Chemical Composition Reference 
 800 for 2 h BNT+Bi/ BNT (HP5: 200kg/cm²) [1] 
 900 for 4 h BNT [4-6] 
 800-900 for 2 h – 5 h BNT [2] 
 

Sintering Temperatures ([°C]) / Sintering Times ([h, min])  
 Value Chemical Composition Reference 
 1050-1225 for 5 min-100 h BNT+Bi4 [1] 
 1100/30 min BNT (HP5: 200kg/cm²) [1] 
 1120 for 1 h BNT [4-6] 
 1120-1140 °C for 0.5-2 h BNT [7] 
 1050-1200 for 1 h – 4 h BNT [2] 
 

                                                 
4  It is assumed that the purpose of excess bismuth oxide is solely to replace bismuth oxide which evaporated 
during sintering. 
5  Material was hot-pressed, not conventionally sintered. 
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Phase transition temperatures (TO-T
6/Td

7/Tc[°C])  
 Value Chemical Composition Reference 
 320 (TC) BNT [7-9] 
 200 (Td) BNT [7,8] 
 168 (Td) BNT [10] 
 200-230 (start modulated phase) 

300-320 (end of modulated phase) 
BNT [4] 

 520 (TT-C) BNT [8] 
 337 (TC) BNT+Bi4 [1] 
 314 (TC) BNT [11] 
 360 (TC) BNT [10] 
 200 (TR-(R+T))8 

340 (T(R+T)-T)8 
540 (TT-C)8 

BNT [12,13] 

 -268 (T?-R)8 
255 (TR-R+T)8 
400 T((R+T)-T)8 
500 (TT-(T+C))8 
540 (T(C+T)-C)8 

BNT [14] 

 220 (Td) 
320 (TC) 

BNT [15] 

 

Relative Dielectric Constant (ε[no units])  
 Value Chemical Composition Reference 
 ~780 (ε33) BNT [15] 
 408 BNT [10] 
 470-650 BNT (magn. sput.) [16] 
 240-245 BNT [2] 
 475 (ε33) BNT [17] 
 

Degree of diffuseness 𝛄 ([no units])  
 Value Chemical Composition Reference 
 1.55 BNT [10] 
 

                                                 
6 TO-T: refers to the phase transition between orthorhombic and tetragonal in alkali niobate-based systems. 
7 Td: refers to the phase transition between room temperature ferroelectric phase and a high temperature phase in 
BNT-based materials, which is commonly regarded as antiferroelectric or non-polar. 
8 TR-(R+T): refers to the transition temperature between phase A and mixed phase A+B where A and B can be 
R(rhombohedral), T(tetragonal) and C(Cubic). 
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Coercive Field (EC[kV/mm])  
 Value Chemical Composition Reference 
 1.4 (T=116 °C) BNT [7] 
 5.69 BNT [10] 
 6.11 BNT [17] 
 7.3 BNT [2] 
 2 BNT (sol-gel) [18] 
 3.79 BNT (magn. sput.) [16] 
 

Lattice Constants (a, c [nm])  
 Value Chemical Composition Reference 
 38.8 (cubic) BNT [7] 
 38.995 (rhomb) BNT [2] 
 

Resistivity ([Ωm])  
 Value Chemical Composition Reference 
 1012 BNT+Bi4 [1] 
 

Loss Tangent (tan𝛅[%])  
 Value Chemical Composition Reference 
 2.65 BNT [10] 
 4 BNT [17] 
 

Electromechanical coupling factor (k33[no units])  
 Value Chemical Composition Reference 
 0.43-0.47 BNT+Bi4 [1] 
 0.48 BNT (HP5: 200kg/cm²)  
 

Electromechanical coupling factor (kp[no units])  
 Value Chemical Composition Reference 
 0.159 BNT [10] 
 0.11-0.12 BNT [2] 
 0.12 BNT [3] 
 

Electromechanical coupling factor (kt[no units])  
 Value Chemical Composition Reference 
 0.43-0.47 BNT [2] 
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Relative Density ([no units])  
 Value Chemical Composition Reference 
 0.87-0.98 BNT+Bi4 [1] 
 0.99 BNT (HP5: 200kg/cm²) [1] 
 0.925 BNT [15] 
 0.94-0.95 BNT [2] 
 

Remanent Polarisation (PR[µC/cm²])  
 Value Chemical Composition Reference 
 8.0 (T=116 °C) BNT [7] 
 22 (T=190 °C, estimate) BNT [19] 
 37 BNT [10] 
 8.3 BNT (sol-gel) [18] 
 11.9 BNT (magn. sput.) [16] 
 29.0 BNT [17] 
 

Relative Density ([no units])  
 Value Chemical Composition Reference 
 0.87-98 (1100 °C – 1225 °C) BNT+Bi4 [1] 
 0.99 BNT (HP5: 200kg/cm²) [1] 
 

Mechanical Quality Factor (Qm[no units])  
 Value Chemical Composition Reference 
 85 BNT+Bi4 [1] 
 80 BNT (HP5: 200kg/cm²) [1] 
 140 BNT [17] 
 

Elastic Constant (s33
E[pm²/N])  

 Value Chemical Composition Reference 
 10.5 BNT+Bi4 [1] 
 10 BNT (HP5: 200kg/cm²) [1] 
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2.2.12.2 BKT (Pure) 
Tab 2: Properties of Bi1/2K1/2TiO3 (Unmodified) 
Piezoelectric coefficients (d33[pC/N])  
 Value Chemical Composition Reference 
 69.8 BKT (HP) [20] 
 135 (d33*) BKT (HP) [20] 
 

Piezoelectric coefficients (d31[pC/N])  
 Value Chemical Composition Reference 
 26 BKT [21] 
 

c/a-Ratio  
 Value Chemical Composition Reference 
 1.016 BKT [20] 
 1.020 BKT [3] 
 1.02 BKT [22] 
 

Loss Tangent (tan𝛅[%])  
 Value Chemical Composition Reference 
 49.0 BKT [23] 
 4.3-6.4 BKT (sol-gel) [23] 
 6.8-7.1 BKT (HP) [20] 
 

Coercive Field (EC[kV/mm])  
 Value Chemical Composition Reference 
 4.72-5.25 BKT (HP) [20] 
 2.07 BKT (sol-gel) [23] 
 

Calcination Temperatures ([°C])  
 Value Chemical Composition Reference 
 1060 for 0.5-2 h BKT [7] 
 1050 for 4 h BKT [9] 
 

Sintering Temperatures ([°C])  
 Value Chemical Composition Reference 
 1000 for 4 h and 100 h BKT [9] 
 

Relative Density ([no units])  
 Value Chemical Composition Reference 
 0.93 BKT [20] 
 0.97 BKT (HP) [20] 
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Electromechanical coupling factor (kP[no units])  
 Value Chemical Composition Reference 
 0.152 BKT [23] 
 0.091-0.177 BKT (sol-gel) [23] 
 0.15 BKT [24] 
 ~0.19 BKT [21] 
 

Electromechanical coupling factor (k33[no units])  
 Value Chemical Composition Reference 
 0.28 BKT (HP) [20] 
 

Electromechanical coupling factor (k31[no units])  
 Value Chemical Composition Reference 
 ~0.11 BKT [21] 
 

Electromechanical coupling factor (kt[no units])  
 Value Chemical Composition Reference 
 0.38 BKT [21] 
 

Dielectric Constants  
 Value Chemical Composition Reference 
 625-682 BKT [23] 
 683 BKT (sol-gel) [23] 
 517-524 BKT (HP) [20] 
 ~660 BKT [24] 
 ~800 BKT [21] 
 

Phase transition temperatures(TO-T/TFE-AFE
9/Td/Tc[°C])  

 Value Chemical Composition Reference 
 380(TC) BKT [7,9] 
 340 (T2) BKT (HP) [20] 
 415-437 (TC) BKT (HP) [20] 
 315 (Td) BKT (HP) [25] 
 

Resistivity ([Ωm])  
 Value Chemical Composition Reference 
 1013 BKT (HP) [20] 
 

                                                 
9  TO-T: refers to the phase transition between orthorhombic and tetragonal in alkali niobate-based systems. 
 TFE-AFE: refers to the phase transition between room temperature ferroelectric phase and a high temperature 
phase in BNT-based materials, which is commonly regarded as antiferroelectric. 
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Remanent Polarisation(PR[])  
 Value Chemical Composition Reference 
 14.2-22.2 BKT (HP) [20] 
 5.4 BKT (sol-gel) [23] 
 

Unipolar strain (Smax[%])  
 Value Chemical Composition Reference 
 0.12 (8 kV) BKT (HP) [20] 
 0.13 (8 kV) BKT (HP+Bi) [26] 
 

Mechanical Quality Factor (Qm[no units])  
 Value Chemical Composition Reference 
 100 BKT [21] 
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2.2.12.3 BNT (Doped) 
Tab 3: Properties of Bi1/2Na1/2TiO3 (Modified) 
Curie Temperature (TC[°C])  
 Value Chemical Composition Reference 
 268 

268 
330 

BNT+Sr+Pb 
BNT+Pb+Ca 
BNT+Ca 

[11,27] 

 

Depolarisation Temperature (Td[°C])  
 Value Chemical Composition Reference 
 Non reported   
 

Piezoelectric Constant (d33[pm/V])  
 Value Chemical Composition Reference 
 82.2 

71.6 
50.0 

BNT+Sr+Pb 
BNT+Pb+Ca 
BNT+Ca 

[11,27] 

 

Planar Coupling Factor (kp[%])  
 Value Chemical Composition Reference 
 20.3 

17.0 
13.8 

BNT+Sr+Pb 
BNT+Pb+Ca 
BNT+Ca 

[11,27] 

 

Coupling Factor (kt[%])  
 Value Chemical Composition Reference 
 44.9 

58.5 
51.3 

BNT+Sr+Pb 
BNT+Pb+Ca 
BNT+Ca 

[11,27] 

 

Coupling Factor (k33[%])  
 Value Chemical Composition Reference 
 50.6 

47.6 
37.1 

BNT+Sr+Pb 
BNT+Pb+Ca 
BNT+Ca 

[11,27] 
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2.2.12.4 BNT-BT (Pure) 
Tab 4: Properties of 94(Bi1/2Na1/2TiO3)-6(BaTiO3) 
Calcination Temperatures ([°C]) / Sintering Times ([h, min])  
 Value Chemical Composition Reference 
 800 for 1 h BNT-BT [28] 
 800 for 3 h BNT-BT [29] 
 850 for 1 h BNT-BT [15] 
 850 for 2 h BNT-BT [10] 
 

Sintering Temperatures ([°C]) / Sintering Times ([h, min])  
 Value Chemical Composition Reference 
 1200 for 2 h BNT-BT [28] 
 1150 for 2 h BNT-BT [29] 
 1180 for 2 h BNT-BT [15] 
 1200 for 2 h BNT-BT [10] 
 

Phase transition temperatures(TO-T
10/Td

11/Tc[°C])  
 Value Chemical Composition Reference 
 288 (TC) BNT-BT [28] 
 ~120 (Td, read of graph) BNT-BT [28] 
 100 BNT-BT [30] 
 13012 BNT-BT [29] 

 80-105 (Td) BNT-BT [10] 
 288 (TC) BNT-BT [10] 
 

Dielectric Constants (ε[no units])  
 Value Chemical Composition Reference 
 1580 (ε33) BNT-BT [28] 
 ~850 BNT-BT [28] 
 601 BNT-BT [30] 
 ~1650 (ε33) BNT-BT [15] 
 826 BNT-BT [10] 
 704 BNT-BT (sol-gel) [31] 
 

Coercive Field (EC[kV/mm])  
 Value Chemical Composition Reference 
 213 BNT-BT [29] 
 3.41 BNT-BT [10] 
 

                                                 
10 TO-T: refers to the phase transition between orthorhombic and tetragonal in alkali niobate-based systems. 
11 Td: refers to the phase transition between room temperature ferroelectric phase and a high temperature phase in 
BNT-based materials, which is commonly regarded as antiferroelectric or non-polar. 
12 Results questionable 
13 Results questionable 
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Piezoelectric coefficients (d33[pC/N])  
 Value Chemical Composition Reference 
 125 BNT-BT [28] 
 155 BNT-BT [10] 
 112 BNT-BT [30] 
 132 BNT-BT (sol-gel) [31] 
 

Degree of diffuseness (𝛄[no units])  
 Value Chemical Composition Reference 
 2.02 BNT-BT [10] 
 

Electromechanical coupling factor (k33[%])  
 Value Chemical Composition Reference 
 55.0 BNT-BT [28] 
 

Electromechanical coupling factor (kp[%])  
 Value Chemical Composition Reference 
 36.7 BNT-BT [10] 
 25 BNT-BT (sol-gel) [31] 
 

Relative Density ([no units])  
 Value Chemical Composition Reference 
 0.939 BNT [15] 
 

Remanent Polarisation(PR[µC/cm²])  
 Value Chemical Composition Reference 
 20 BNT-BT [28] 
 213  [29] 
 38.8 BNT-BT [10] 
 

Elastic Constant (s33
E[pm²/N])  

 Value Chemical Composition Reference 
 10 BNT-BT [28] 
 

Loss Tangent (tan𝛅[%])  
 Value Chemical Composition Reference 
 1.3 BNT-BT [28] 
 1.79 BNT-BT [30] 
 4 BNT-BT [15] 
 2.5 BNT-BT [10] 
 1.9 BNT-BT (sol-gel) [31] 
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2.2.12.5 BNT-BT (Doped) 
Tab 5: Properties of Doped BNT-BT 
Piezoelectric Constant d33  
 Value Chemical Composition Reference 
 140 BNT-BT (-BiNa) [30] 
 125 BNT-BT (+BiNa) [30] 
 149 BNT-BT+Nb [30] 
 108 BNT-BT+Co [30] 
 
Relative Dielectric Constant (ε33[no units])  
 Value Chemical Composition Reference 
 870 BNT-BT (-BiNa) [30] 
 740 BNT-BT (+BiNa) [30] 
 1230 BNT-BT+Nb [30] 
 450 BNT-BT+Co [30] 
 
Loss Tangent (tan𝛅[%])  
 Value Chemical Composition Reference 
 2.81 BNT-BT (-BiNa) [30] 
 2.12 BNT-BT (+BiNa) [30] 
 3.9 BNT-BT+Nb [30] 
 1.5 BNT-BT+Co [30] 
 
Depolarisation Temperature (Td) [°C]  
 Value Chemical Composition Reference 
 125 BNT-BT (-BiNa) [30] 
 135 BNT-BT (+BiNa) [30] 
 70 BNT-BT+Nb [30] 
 155 BNT-BT+Co [30] 
 
Curie Temperature (TC) [°C]  
 Value Chemical Composition Reference 
 210 BNT-BT (-BiNa) [30] 
 215 BNT-BT (+BiNa) [30] 
 250 BNT-BT+Nb [30] 
 245 BNT-BT+Co [30] 
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2.2.12.6 BNT-BKT (Pure) 
Tab 6: Properties of Pure BNT-BKT 
Calcination Temperatures ([°C]) / Sintering Times ([h, min])  
 Value Chemical Composition Reference 
 880-950 for 20 h BNT-BKT [3] 
 800 for 1 h BNT-BKT [21] 
 600 for 5 h + 850 for 4 h BNT-BKT [25] 
 850 for 4 h BNT-BKT [22] 
 850 for 3 h BNT-22BKT+Bi [32] 
 

Sintering Temperatures ([°C]) / Sintering Times ([h, min])  
 Value Chemical Composition Reference 
 1070-1190 for 30 min BNT-BKT [3] 
 1100-1200 for 2 h BNT-BKT [21] 
 1100-1200 for 2 h BNT-BKT [25] 
 1150 for 3 h BNT-22BKT+Bi [32] 
 

Phase transition temperatures (TO-T
14/Td

15/Tc[°C])  
 Value Chemical Composition Reference 
 174 (Td) BNT-BKT [25] 
 130 (Td) BNT-18BKT [33] 
 292 (TC) BNT-BKT [34] 
 289 (TC) BNT-BKT+Bi [34] 
 330 (TC) BNT-23BKT+Bi [34] 
 

MPB Position [BNT-xBKT]  
 Value Chemical Composition Reference 
 0.16-0.2 BNT-BKT [21] 
 0.1-0.3 BNT-BKT [3] 
 0.45, 0.7 BNT-BKT [35] 
 0.18-0.2 BNT-BKT [25] 
 0.16 BNT-BKT [22] 
 0.14-0.2 BNT-BKT [36] 
 0.2 BNT-BKT [34] 
 0.23 BNT-BKT+Bi [34] 
 

Coercive Field (EC[kV/mm])  
 Value Chemical Composition Reference 
 ~3.5 BNT-BKT [25] 
 4.9 BNT-16BKT [22] 
 

                                                 
14  TO-T: refers to the phase transition between orthorhombic and tetragonal in alkali niobate-based systems. 
15   Td: refers to the phase transition between room temperature ferroelectric phase and a high 
temperature phase in BNT-based materials, which is commonly regarded as antiferroelectric or non-polar. 
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Piezoelectric coefficients (d33[pC/N])  
 Value Chemical Composition Reference 
 240*16 BNT-26BKT [25] 
 291* BNT-22BKT [25] 
 ~290 BNT-22BKT [33] 
 157 BNT-BKT [25] 
 112 BNT-16BKT [22] 
 150 BNT-50BKT [22] 
 159 BNT-BKT [36] 
 190 BNT-BKT+Bi [32] 
 192 BNT-22BKT+Bi [32] 
 145 BNT-BKT [34] 
 190 BNT-BKT+Bi [34] 
 207 BNT-23BKT+Bi [34] 
 

Remanent Polarisation(PR[µC/cm²])  
 Value Chemical Composition Reference 
 19.5 BNT-BKT [21] 
 38.4 BNT-BKT [25] 
 66.8 BNT-16BKT [22] 
 19.5 BNT-22BKT+Bi [32] 
 10.3 BNT-BKT [34] 
 13 BNT-BKT+Bi [34] 
 21 BNT-23BKT+Bi [34] 
 

Dielectric Constants (ε [no units])  
 Value Chemical Composition Reference 
 1030 (ε33) BNT-BKT [21] 
 945 (ε33) BNT-22BKT+Bi [32] 
 635 (εr) BNT-16BKT [21] 
 630 (εr) BNT-16BKT [22] 
 891 (ε33) BNT-BKT [34] 
 945 (ε33) BNT-BKT+Bi [34] 
 1261 (ε33) BNT-23BKT+Bi [34] 
 

Degree of diffuseness (𝛄[no units])  
 Value Chemical Composition Reference 
 1.97 BNT-12BKT [37] 
 1.88 BNT-16BKT [37] 
 1.90 BNT-18BKT [37] 
 1.84 BNT-20BKT [37] 
 

                                                 
16 *: large-signal d33 value 
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Electromechanical coupling factor (k33[no units])  
 Value Chemical Composition Reference 
 0.56 BNT-BKT [33] 
 

Electromechanical coupling factor (kp[no units])  
 Value Chemical Composition Reference 
 0.314 BNT-16BKT [21] 
 0.270 BNT-BKT [21] 
 0.25 BNT-16BKT [22] 
 0.30 BNT-BKT [36] 
 0.35 BNT-22BKT+Bi [32] 
 0.27 BNT-BKT [34] 
 0.35 BNT-BKT+Bi [34] 
 0.30 BNT-23BKT+Bi [34] 
 

Electromechanical coupling factor (kt[no units])  
 Value Chemical Composition Reference 
 0.423 BNT-16BKT [21] 
 0.418 BNT-BKT [21] 
 

Relative Density ([no units])  
 Value Chemical Composition Reference 
 0.90-0.95 BNT-BKT [3] 
 0.96 BNT-BKT [25] 
 ~0.98 BNT-22BKT+Bi [32] 
 

Mechanical Quality Factor (Qm[no units])  
 Value Chemical Composition Reference 
 195 BNT-16BKT [21] 
 109 BNT-BKT [21] 
 171 BNT-16BKT [22] 
 

Loss Tangent (tan𝛅[%])  
 Value Chemical Composition Reference 
 2.77 BNT-16BKT [22] 
 1.865 BNT-22BKT+Bi [32] 
 4.1 BNT-BKT [34] 
 4.0 BNT-BKT+Bi [34] 
 5.1 BNT-23BKT+Bi [34] 
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2.2.12.7 BNT-BKT-BT 
Tab 7: Properties of BNT-BKT-BT 
Piezoelectric coefficients (d33[pC/N])  
 Value Chemical Composition Reference 
 191 BNT-12BKT-2.8BT [38] 
 148 BNT-xBKT-5BT [39] 
 134 BNT-25(4BKT-BT) [40] 
 191 BNT-14.8(4BKT-BT) [40] 
 135 BNT-22(2BKT-BT) [40] 
 149 BNT-3(4BKT-BT) [17] 
 
Remanent Polarisation (PR[µC/cm²])  
 Value Chemical Composition Reference 
 35.9 BNT-xBKT-5BT [39] 
 31.4 BNT-3(4BKT-BT) [17] 
 
Phase transition temperatures (TO-T

17/Td
18/Tc[°C])  

 Value Chemical Composition Reference 
 301 (TC) BNT-12BKT-2.8BT [38] 
 135-200 (Td) BNT-xBKT-5BT [39] 
 295 (TC) BNT-25(4BKT-BT) [40] 
 214 (Td) BNT-25(4BKT-BT) [40] 
 301 (TC) BNT-14.8(4BKT-BT) [40] 
 115 (Td) BNT-14.8(4BKT-BT) [40] 
 197 BNT-22(2BKT-BT) [40] 
 290 BNT-22(2BKT-BT) [40] 
 
Loss Tangent (tan𝛅[%])  
 Value Chemical Composition Reference 
 2 BNT-xBKT-5BT [39] 
 4.2 BNT-3(4BKT-BT) [17] 
 
  

                                                 
17  TO-T: refers to the phase transition between orthorhombic and tetragonal in alkali niobate-based systems. 
18   Td: refers to the phase transition between room temperature ferroelectric phase and a high 
temperature phase in BNT-based materials, which is commonly regarded as antiferroelectric or non-polar. 
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Mechanical Quality Factor (Qm[no units])  
 Value Chemical Composition Reference 
 84 BNT-12BKT-2.8BT [38] 
 
Electromechanical coupling factor (kp[no units])  
 Value Chemical Composition Reference 
 0.33 BNT-12BKT-2.8BT [38] 
 0.34 BNT-xBKT-5BT [39] 
 0.28 BNT-3(4BKT-BT) [17] 
 
Dielectric Constants  
 Value Chemical Composition Reference 
 1141 BNT-12BKT-2.8BT [38] 
 700 BNT-xBKT-5BT [39] 
 843 BNT-25(4BKT-BT) [40] 
 1141 BNT-14.8(4BKT-BT) [40] 
 850 BNT-22(2BKT-BT) [40] 
 1150 BNT-3(4BKT-BT) [17] 
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2.3. Potassium Sodium Niobates 

2.3.1 Introduction 
Potassium sodium niobate (KNN) is the second of the two most commonly investigated lead-free 

ferroelectric systems today, the other first one being bismuth sodium titanate-barium titanate 

(BNT-BT). KNN is the only known lead-free system with a perovskite structure, which has a 

higher Curie temperature than the commonly used lead zirconate titanate (PZT) and piezoelectric 

properties of the same order of magnitude. High chemical inertness and compatibility with 

human tissue allow for medical uses as well. Its high electromechanical coupling factor and low 

dielectric constant make it interesting for ultrasonic applications[1]. Following the work of Saito 

et al.[2,3], the research effort into KNN-based materials in fact surpassed that of BNT-based 

materials in 2005 (Fig 1, p. 2).  

A few drawbacks, however, still prevent wide scale industrial use today. KNN is made from 

volatile alkali metal compounds, which require carefully controlled manufacturing conditions 

and low reaction temperatures. Furthermore, KNN exhibits poor densification behaviour in 

pressureless sintering conditions. There is also a phase transition between two ferroelectric 

phases above room temperature. Heating above this transition temperature causes accelerated 

aging. 

2.3.2 The Structure of KNN 
Potassium sodium niobate (KNN) is a ferroelectric system with a complex perovskite structure. 

Complex in this case refers to the fact that the A-site is shared by more than one type of ion. 

KNN is a mixed system of orthorhombic ferroelectric potassium niobate (KN) displaying similar 

phase transitions (see Fig 14) to barium titanate but at higher temperatures[4,5] and orthorhombic 

sodium niobate (NN), which was originally reported as ferroelectric[6] but is in fact 

antiferroelectric[7]. KNN was first reported as ferroelectric by Shirane et al.[4], though without 

identifying the enhanced properties at the 50/50 potassium to sodium ratio. Egerton et al.[8] 

reported the first piezoelectric data and identified enhanced ferroelectric properties at the 50 % 

potassium niobate composition. 

KxNa1-xNbO3 is a complex system with several thermally induced phase transitions and 

morphotropic phase boundaries (MPBs) summarised by Ahtee et al.[9,10] as displayed in Fig 12. 

At room temperature, MPBs lie at 17.5 %, 32.5 % and 47.5 % NN content. Notable is the almost 

composition independent phase transition temperature between ferroelectric phases at ~200 °C 
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and between ferroelectric and paraelectric phases at ~400 °C. Only small substitutions of sodium 

for potassium in NaNbO3 cause a transition to ferroelectric (Region Q) from the pure 

antiferroelectric sodium niobate (Region P). 

 
Fig 12: Phase diagram of KxNa(1-x)NbO3. Regions labelled with Q, K, and L are monoclinic (or 

orthorhombic in most literature) ferroelectric, M, G is orthorhombic ferroelectric; F, H and J are 

tetragonal ferroelectric. Region P is orthorhombic antiferroelectric[9]. 

2.3.3 First Reported Results 
Egerton et al.[8] used a standard mixed oxide method for preparation of pure KNN. They calcined 

the powder at temperatures of 900 °C to 950 °C and sintered it at 1050 °C to 1325 °C. Achieved 

relative densities were between 94 % and 97 %.  

Tab 8: Some Properties of Potassium Niobate (KN) and of Sodium Niobate (NN) 
Property KN NN 
Dielectric constant ~430 ~160 
Density 4.15-4.20g/cm³ 4.38-4.40g/cm³ 
Phase transitions 220 °C, 420 °C 350 °C, 480 °C, 640 °C 
Some properties of the end members KN and NN. The morphotropic phase boundary 

(MPB) composition KNN is summarised in Tab 9 (pages 79ff.). 

The best piezoelectric properties were achieved using a sintering temperature of 1054 °C for the 

morphotropic phase boundary (MPB) 50/50 potassium sodium niobate composition. Tab 8 shows 
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some properties of the end members KN and NN. The morphotropic phase boundary (MPB) 

composition KNN is summarised in Tab 9 (pages 79ff.) due to its size. 

2.3.4 Processing 

2.3.4.1 Powder Processing 
Due to the low melting point as well as agglomeration and solubility concerns of potassium 

oxide on the one hand and the difficult densification on the other, the mixed oxide route requires 

a much higher degree of optimization of the processing conditions than PZT or BNT-BT[11,12]. In 

conventional mixed oxide processing of KNN, desirable for industrial applications, four critical 

issues are currently known. They are volatility of alkali oxides[13,14], compositional 

inhomogeneity for example when tantalum is introduced[15], phase stability at high 

temperatures[16], and most significantly poor densification[11]. The volatility can be addressed by 

introducing excess alkali metal oxides[17] and also through calcination and sintering in 

atmospheric powder[18] in sealed crucibles, where mass loss becomes negligible[16]. 

Carbonates[1,8,11,19-62] are the usual starting materials for the compounds containing alkali and 

alkali-earth metal cations since they are cheapest and available in relatively higher purity grades 

than the oxide counterparts; they completely decompose into the oxides and carbon dioxide 

during calcination. However, one of the major disadvantages is the hygroscopic nature[63] of the 

oxides and also of the corresponding carbonates[64], which makes their storage difficult and 

hinders exact determination of molar ratios during mixing. In the meantime, due to similar size 

of the anion, elements that form carbonates can also form nitrates. The nitrates normally have 

lower solubilities in water and can therefore be used in conjunction with water during milling. 

They can be also used for chemical evaporation mixing[65]. The transition metallic elements and 

rare earths elements are usually present as oxides since most do not form stable carbonates. 

Conventional ball milling of KNN is typically done in ethanol[18,20,21,26,31,34,36,41,42,47,48,51,52,58,66-86] 

or acetone[1,12,19,26,35,39,56,87-90]. Ethanol is most commonly used since it combines a reasonable 

price with low solubility of ionic materials such as oxides, carbonates and nitrates. Higher-order 

alcohols can be used to increase the viscosity and therefore reduce wear of the containers and 

milling balls, which in turn reduces contamination. Isopropanol[50,61] is slightly less expensive 

and also does not contain denaturing 19  chemicals, whereas ethanol always contains 1 % 

unspecified denaturing chemical if sold in the EU. Isopropanol and acetone are, however, more 

toxic to the environment, specifically water organisms. Water is not suitable for alkali metal 

                                                 
19 German translation: Vergällung 
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oxides and carbonates due to high solubility[12]. Methanol[12] is very toxic when it comes in 

contact with skin or when inhaled as fumes. 

The KNN powders are sensitive to stoichiometry and slight deviations in stoichiometry lead to 

many non-perovskite secondary phases. These are frequently hygroscopic, which leads to quick 

disintegration of fired samples[63]. This can be prevented by dissolving the non-perovskite phases 

with 2 % potassium carbonate solution after calcination. The perovskite phase is insoluble in 

most solvents[91]. 

Mechanically activated powders of NN do not form with grinding times of up to 30 days with a 

Fritsch Pulverisette 0 (Vibration mill) but only the carbonate decomposes[55]. A lowered 

calcination temperature of 600 °C compared to originally 750 °C to complete the reaction is 

possible, however. 

Rojac et al.[92] reported the formation of NN via mechanical activation in a Retch PM 400 

(planetary ball mill) with yttria-stabilised zirconia milling balls. Milling ball to powder weight 

ratio was 25:1. After five hours of milling partial conversion of the starting materials was seen. 

After milling for 20 hours complete conversion was reached but contamination with zirconia 

from the milling containers and balls is seen in the XRD pattern. Formation of KN and KNN via 

the same method did not occur. 

Attrition milling was reported to be more effective in improving density of KNN than planetary 

milling. By the use of attrition milling, 98.5 % of the theoretical density was obtained compared 

to a maximum of 94 % for planetary milling[82]. Rubio-Marcos et al. also used attrition milling 

but since the KNN was modified with LiTaO3 results are not directly comparable[84]. 

After calcination, a leaching process, where the reacted material was washed with a potassium 

carbonate solution followed by a rinsing step with water, was able to improve the physical and 

electrical properties by removing unwanted secondary phases[8]. A calcination temperature of 

600 °C for mechanically activated powder is amongst the lowest reported calcination 

temperatures for the KNN system[92]. Only hydrated potassium carbonate and niobium oxide 

allow an even lower temperature of 500 °C when mixed with 200 mol% urea (CO(NH2)2). For 

comparison standard calcination temperature commonly lies between 800 °C[1] and 900 °C[8]. 

2.3.4.2 Sintering 
Conventional sintering is in general the preferred manufacturing route[4,8,93] due to its simplicity 

and its readiness for commercial mass production in industry. Especially when it comes to 

device-oriented applications such as multilayer actuators, conventional sintering technique is the 
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only option as hot pressing[37,38,64,94] and spark plasma sintering[34,95] damage or completely 

diffuse the electrodes of multilayer actuators. 

KNN has a melting point of approximately 1120 °C, which limits the sintering temperature since 

abnormal grain growth and inhomogeneous melting, i.e. melting of potassium rich regions, 

occurs near the melting point[18]. Furthermore, the heating rate has a strong influence on the 

densification and planar coupling factor of KNN, which can be seen in Fig 13. Under their 

conditions, optimum properties including the highest reported theoretical density of 

conventionally sintered pure KNN at 97.6 % is achieved at a heating rate of five degrees per 

minute[11]. This is, however, a parameter that will have to be re-established for each new particle 

size and dopant choice. Commonly 94 % to 96 % of theoretical density is achieved in pure 

KNN[1,8,82]. 

 
Fig 13: Density and kp of KNN ceramics as a function of heating rate and sintering 

temperature[11] 

Hot pressing is used to overcome the poor densification of usually less than 96 % theoretical 

density of KNN[1,11,64]. Egerton et al.[38] and Jaeger et al.[37] reported that hot isostatic pressing of 

KNN is usually so effective that it yields densities of above 99 % theoretical density and a finer 

grained microstructure compared to conventional sintering although only graphic evidence was 

given. Improvements of the radial coupling coefficient kr from 0.32 to 0.48, dielectric constant 

from 290 to 420, piezoelectric constant d33 from 80 pC/N to 160 pC/N as well as mechanical 

quality factors Qm
20 increased from 130 to 240 are the most notable. On the other hand, electrical 

quality factor, resistivity, frequency constant21 and Young‟s modulus remain unaffected or only 

marginally improved. A coercive field of 0.47 kV/mm and a maximum remanent polarisation Pr 

of 33 µC/cm² and a εr of 550 is reported[94]. The coercive field is drastically lower than 

                                                 
20The mechanical quality factor is defined as: 2π*Energy stored/Energy lost per cycle 
21The frequency constant is defined as: resonant frequency*length of object 
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1.04 kV/mm[95] and 2 kV/mm[1] for conventionally sintered material while the remanent 

polarisation stays the same. 

Spark plasma sintering (SPS) is highly effective in enhancing sinterability of materials, i.e. better 

densification with minimised grain growth. It was shown that this also holds for KNN. More than 

99 % of theoretical density and grain sizes between 200 nm and 500 nm were reported[34]. 

Furthermore, the piezoelectric constant d33 of 148 pC/N is comparable to the results obtained by 

hot pressing. However, one drawback is that annealing at 900 °C for several hours is needed to 

decrease leakage currents to an acceptable level in order to fully pole the sample. Liquid phase 

sintering can produce single crystals of KNN derivatives[88] using potassium copper niobate to 

create the liquid phase. Cadmium oxide also creates a liquid phase during sintering but cannot be 

used under the regulations of RoHS or comparable regulations outside the EU[82]. 

2.3.4.3 Single Crystals, Sol-Gel and Texturing of KNN 
Single Crystals of KN and NN with low concentrations of potassium are relatively easily created 

from flux of Na2O, K2O, Nb2O5 and NaF[4,6,96] or NaBO2
[97] as solvents. KN crystals are grown 

from melt of K2O and Nb2O5 by spontaneous nucleation[98]. However, these methods are reported 

as unsuitable for growing K0.5Na0.5NbO3 crystals of reasonable quality[9]. Recently, KNN crystals 

with sodium/potassium ratios near 1:1 have been grown via self-flux method from KNN power 

in eutectic NaF/KF flux[99]. KNN[88] and Li and Ta modified KNN[88] single crystals were grown 

by solid-state crystal growth using KTaO3 seed crystals with K4CuNb8O23 as a sintering aid. This 

method overcomes difficulties in fabricating crystals with precisely controlled compositions. 

These crystals, while with controlled composition, were not of full density. Hot pressing instead 

of conventional sintering can reduce the porosity of the grown crystals[100]. The only 

piezoelectric properties for single crystal KNN currently reported are those of KNN with 5 % 

LiTaO3 grown by the Bridgeman method. Here, a Curie temperature of 426 °C and d33 value of 

405 pC/N[101], about 100 pC/N higher than comparable randomly oriented ceramics, were found. 
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Fig 14: Dielectric constant versus temperature for a single crystal of KNbO3
[5]. This shows clearly 

the three phase transitions relevant for most piezoelectric applications. Dopants can cause the 

transition at 200 °C to shift towards common operating temperatures where it might result in 

increased thermally induced aging[61]. PZT has no comparable phase transition between room 

temperature and its Curie temperature[102]. 

Radio frequency magnetron sputtering with K1/2Na1/2NbO3 targets onto a Pt0.8Ir0.2 substrate 

yields single-phase perovskite thin films with about 30 at.% deficiency in the alkali metal oxides 

while it was attempted to reduce pressure and temperature of the manufacturing process. It is 

concluded that the loss is not a result of the heat treatment but the sputtering process[103]. 

Dielectric constants of about 500 are reported[104]. Films of non-alkali deficient KNN can be 

achieved by a compositionally compensated target with K:Na:Nb ratio of 1.5:1.5:1. As a 

drawback of alkali compensation, however, long term stability and resistance to humidity are 

adversely affected[105]. Pulsed laser deposition onto SrTiO3 substrate, on the other hand, can give 

thin films of KNN with near stoichiometric composition. Sodium-rich compositions are, 

however, still better quality than potassium-rich ones[106]. Cho et al., in fact, report that high gas 

pressures during pulsed laser deposition is required to achieve thermalisation of the heavier Nb 

ions to produce stoichiometric KNN. They also report a remanent and spontaneous polarization 

of 10 µC/cm² and 17.5 µC/cm², respectively, a loss tangent of 2.5 %, coercive field of 2 kV/mm 

and a resistivity of about 1012 m [107], which is the same as the reported bulk resistivity[8]. 

Conductivity of (Li, Ta, Sb) modified KNN thin films can be reduced by three orders of 

magnitude with manganese doping[108]. Early attempts to prepare KNN via three different sol-gel 

routes, alkoxide route, oxalate and Pechini method, did not result in single-phase perovskite films 
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even at sintering temperatures of 900 °C. Stability of the precursor solutions and porosity are 

also an issue[109]. Takana et al.[110] further investigated the alkoxide route and fabricated single-

phase perovskite films. Films by chemical solution deposition need 15 mol% to 50 mol% excess 

alkali metal oxide to form single phase material and result in dielectric constants up to 900[111]. 

Chemical vapour deposition is also usable to create single phase films, however, currently with 

niobium deficiency[112]. 
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2.3.5 Influence of Dopants 
The chemical modifications of KNN can generally be divided into two groups. The first group 

attempts to improve the sintering behaviour of KNN while keeping its inherent structure and 

phase diagram unaffected. It is aimed at improving specific properties like piezoelectric or 

coupling constants. The second group utilizes shifting the orthorhombic-to-tetragonal phase 

transition found in pure KNN at 200 °C[9,10] to near or below room temperature (compare also 

phase transitions of pure KN in Fig 14). It is interesting to note that Ringgaard et al.[64] concluded 

from the investigation of various dopants[19] that processing conditions have comparable 

influence on the piezoelectric and mechanical properties of KNN to doping. This is also voiced 

by Tashiro et al.[12] and Du et al.[11]. A summary of the properties reported for modified KNN can 

be found in Tab 10 (pages 82ff.). 

2.3.5.1 Lithium-Modified KNN 
Modifications of KNN exploiting the O-T phase transition similar to Saito et al.[2], who use KNN 

+ Li, Ta and Sb and report piezoelectric constants d33 of >300 pC/N (not textured) to >400 pC/N 

(textured) and a Curie temperature of 253 °C, have seen considerable interest[46,49,80,84,113-121]. 

Before Saito et al. there were only two reports of lithium doped KNN [41,53]. Later reports usually 

investigated phase changes during minor changes in composition or tried to optimize processing 

conditions. Commonly d33 values of around 200 pC/N, with a few reaching 300 pC/N[115], and 

Curie temperatures of about 350 °C are reported. A gain of 100 pC/N in the piezoelectric 

constant normally comes with an about 100 K penalty in Curie temperature. Related sub-systems 

with variations in LiTaO3
[15,16,18,41,50,70,89,122-125], LiNbO3

[18,29,40,45,50,53,61,69,124,126-130], 

LiSbO3
[47,59,66,71,78,131-134] or just Ta[51,135,136] have been investigated in great detail regarding 

microstructure, sintering conditions and phase transition. Pure Sb2O3 doping of KNN has not yet 

been reported. The effects of the constituents originally used by Saito et al.[2] can be generalised 

as follows: Tantalum doping hinders abnormal grain growth and decreases TC and the O-T 

transition temperature. Lithium decreases the O-T transition temperature to room temperature at 

about 6 at.% A-site substitution and increased TC whilst also improving densification. It is 

possible to reach 300 pC/N and Curie temperatures above 350 °C by lithium doping only[127]. 

The effect of LiSbO3 is similar to that of LiNbO3, except 1 mol% less is required to shift the O-T 

transition to room temperature[47,131]. While Saito et al.‟s results[2] are encouraging, there are 

discrepancies regarding the MPB of KNN with LiTaO3 (LT), originally reported at 5 mol% LT, 

now reported at 6-7 mol% LT[41,50]. The so-called MPB between ilmenite LiTaO3 and perovskite 
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KNN is often stated in literature owing to the initial report[2]. However, this is technically not 

correct since this phase boundary would have to be between the ilmenite structure of LiTaO3 and 

the perovskite structure of KNN. Technically, what is commonly called the solubility limit of 

LiTaO3 in KNN is the actual LT-KNN MPB. However, there is no improvement of properties at 

that point[122]. 

It has become apparent that other issues, such as temperature stability of polarisation and 

piezoelectric properties[61,126], processing difficulties and the cost of tantalum will impede large 

scale industrial application. Hollenstein et al.[61] showed that thermal cycling across the O-T 

transition causes up to 30 % reduction of piezoelectric properties. 140 °C is needed for 

sterilisation of medical equipment. Addition of up to 6 at.% lithium decreases the temperature for 

the phase transition[69], making the problem more and more relevant. At 7 at.% lithium the 

transition temperature drops below room temperature eliminating the associated thermal 

reduction of properties. However, at that point, the lithium addition has already reduced the 

piezoelectric properties to the same level as cycling through the O-T phase transition does. 

Considering that the Curie temperature is also increased to 480 °C by the addition of 7 at.% 

lithium, this is then a material with no unwanted phase transitions over a wider range than 

PZT[45]. For vehicular applications, thermal stability down to -45 °C is needed, which is not yet 

possible in Li-doped KNN. Hollenstein et al.[50] find unipolar strain values of lithium and 

tantalum modified KNN similar to PZT. They also attempt to reproduce the high d33 reported by 

Saito et al. But, like Guo et al.[41], this has not been possible so far. 

KNN with a wide range of lithium and tantalum additions is investigated thoroughly, reporting 

optimum sintering temperatures, Curie temperatures, dielectric constants, dielectric losses, 

resistivities, d31 coefficients, coupling coefficients k31 and kp, Young‟s moduli, elastic 

compliances, electromechanical quality factor and Poisson‟s ratios of 48 different compositions 

in these systems. The aging related changes of the dielectric losses are also reported for up to 7 

years[89]. 

2.3.5.2 Copper 
Copper has been discovered as an effective sintering aid in form of K4Cu(Nb/Ta)8O23

[81] giving 

97.5 % relative density and unipolar strain of 0.09 % at 4 kV/mm[48]. The percentage of sintering 

aid should remain below 0.5 %, otherwise piezoelectric properties degrade[137]. Sintering 

temperatures as low as 950 °C are possible[138,139]. Copper sintering aids have since been added 

to various more complex KNN-based systems with equivalent effect[140,141]. In required 

concentrations, the influence of CuO on TC and TO-T is to decrease both[83]. 
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Copper improves sinterability by creating a liquid phase during sintering. Matsubara et al.[81,83] 

report d33 coefficients of 180 pC/N for KNN while TO-T drops from 204 °C to 170 °C, 200 pC/N 

for lithium doped KNN[69] and 270 pC/N for 30 % tantalum added KNN[85] using various copper 

containing alkali niobate and tantalate derivatives. 

2.3.5.3 CaTiO3 and SrTiO3 in KNN 
CaTiO3 has been shown to make electrical fatigue in LiSbO3 modified KNN almost 

undetectable[142]. It also reduces the temperature dependence of the piezoelectric properties[143] 

and improves resistance to humidity when used in small quantities[72]. 

SrTiO3 doping to KNN produces relaxor behaviour[32,33,36,41,43] with dielectric constants reaching 

up to 3000 and 5000 with SrZrO3. At the same time these ceramics provide better cycling 

stability than lanthanum doped PZT[54]. The results were nearly the same in KNN with 

BiScO3
[144]. This relaxor effect is much less pronounced when using CaTiO3

[72], where r  was 

only about 1000. 

A morphotropic phase boundary between orthorhombic and tetragonal at 4 % strontium titanate 

is reported by Guo et al.[23]. They also find d33 values below 100 and coupling factors kp between 

0.266 and 0.325 as well as a fast dropping Curie temperature with increasing strontium titanate 

content. The results are later confirmed by Wang et al.[145]. Kusumoto et al.[22] add strontium 

titanate (SrTiO3) to 6 % lithium modified KNN. Significantly reduced d33 and Curie temperatures 

are observed. Chang et al.[72] report on 0.5 % SrTiO3 added KNN. While the relative density is a 

high 98.4 %, Pr, kp, Tc and d33 are all reduced by between 5 % and 15 %. 

Purely electrostrictive behaviour is reported for 15 % strontium titanate addition and above[33]. 

Electro-optical properties of KNN with 20 % strontium titanate are measured by Kroupa et al.[32]. 

This has a pseudo-cubic structure and relaxor behaviour[43]. Mixing with up to 33 % strontium 

zirconate forms single phase relaxor ferroelectrics[54]. 

2.3.5.4 Mixture with BNT, BT and Other Titanate-Based Systems 
KNN forms orthorhombic to tetragonal MPBs with lead, barium and strontium titanate at around 

5 % of the ternary titanium oxide. KNN with barium titanate (BT) is also investigated[60]. The 

MPB was found at 6 % barium titanate. Solid solubility up to 20 % BT was shown. Piezoelectric 

properties decrease with increasing BT content. Improved density and decreased grain size for 

the same system are reported[146] and confirmed[147] but at the same time contradicted[27]. 

Bismuth sodium titanate (BNT) mixed KNN systems are orthorhombic up to 2 % BNT, 

tetragonal up to 9 % BNT and cubic thereafter. At the 2 % BNT MPB, a d33 of 195 pC/N and a 
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Curie temperature of 395 °C was reported[79]. BNT gave relaxor behaviour with a less 

temperature stable dielectric constant[148]. 

Most reports focus on NN or KN only, which are mixed with BNT, BT or BKT. Coupling factors 

of 0.15 and depolarisation temperatures of 100 °C or less are common[20,149,150]. Addition of 

bismuth and scandium oxide forms a pseudo-ternary system but the depolarisation temperature 

stays near 200 °C as the coercive field is increased[151]. KN-BT shows relaxor behaviour[152]. 

5 mol% BaTiO3 is reported to form an MPB with KNN[60] but it appears to be just another way to 

move the O-T transition (PPT22) to room temperature. Sintering is improved by formation of a 

liquid phase above 1060 °C[58] but also causing abnormal grain growth[147]. Mixtures with other 

ferroelectric systems in low concentrations like BiFeO3
[153], Bi1/2K1/2TiO3

[154], BNT[79] or BNT-

BT[155] also produce O-T PPT type behaviour and not MPBs as stated. 

2.3.5.5 Other Dopants of KNN 
Silver oxide, also in the form of Ag(Nb/Ta)O3, increases the Curie temperature of Li, Ta and Sb 

modified KNN more strongly than LiNbO3 whilst dropping the O-T transition 

temperature[121,156,157]. Replacing niobium in KNN with 30 at.% tantalum increases the 

electrostrictive effect and gives 0.11 % unipolar strain at 4 kV/mm. Manganese lowers losses and 

εr
[27] and improves Qm and kp 

[158].  

A study of 0.5 mol% alkali-earth doping showed that strontium, calcium improves sintering, and 

magnesium oxide hinders it. All decrease O-T phase transition temperatures. Barium oxide leads 

to formation of secondary phases. Magnesium reduces the relative density most out of all 

investigated dopants[19]. 

ZnO and SnO2 improve sintering. WO3, SnO2, Sc2O3 and CeO2 hinder grain growth. All but 

SnO2 also hinder densification[82]. However, another report shows that zinc oxide helps 

densification and prevents commonly occurring disintegration of KNN[159]. Zirconia impedes 

grain growth[160]. Bi2O3 appears to improve phase stability of KNN at high temperatures[161], but 

raises sintering temperatures as well. Iron oxide or lanthanum ferrite are used to lower sintering 

temperatures of pure KN[35,39,87].  

  

                                                 
22 PPT: polymorphic phase transition: a phase transition, which is composition and temperature dependent unlike an 
MPB which is independent of temperature. 
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2.3.6 Summary 
In summary, so far there are no methods for raising the O-T transition to higher temperatures, all 

dopants had the opposite effect. Few, in particular LiNbO3 and AgNbO3, increased TC allowing 

for purely tetragonal material from room temperature to beyond 400 °C but with the inherently 

lower piezoelectric properties of the tetragonal phase. Fig 15 shows the influence of the O-T 

phase transition onto d33. The highest piezoelectric properties are found when optimally sintered 

material and the O-T phase transition temperature of about 30-50 K above the working 

temperature is maintained. Mixtures with other ferroelectric systems have also not yielded 

temperature independent mixed phase regions. Texturing is currently the only way to avoid this 

complication and increase the piezoelectric properties of KNN at the same time. 
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Fig 15: The piezoelectric constant d33 is plotted against the temperature of the O-T phase 

transition for some Li-doped KNN systems[124,136]. The highest room temperature d33 values are 

found between 55 and 70 °C. Also, on the tetragonal side of the phase transition, the d33 coefficient 

drops faster with temperature than on the orthorhombic side. The large spread is due to the fact 

that the values were mostly read of graphs in the reports and also the temperature of the reported 

“room temperature” values were presumably taken at 17-30 °C depending on laboratory 

conditions around the world. 
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2.3.8 Tables of Properties of KNN-Based Materials 

2.3.8.1 KNN (Pure) 
Tab 9: Properties of K0.5Na0.5NbO3 (unmodified) 
Piezoelectric coefficients (d33[pC/N])  
 Value Chemical Composition Reference 
 80 KNN [1] 
 120 KNN [2] 
 115 KNN [3] 
 98 KNN [4] 
 70 KNN [5] 
 97 KNN [6] 
 100 KNN [7] 
 

Piezoelectric Voltage Coefficient [mV*m/N])  
 Value Chemical Composition Reference 
 12.6 (g31) KNN [1] 
 31.5 (g33) KNN [1] 
 

Poisson‟s Ratio [no units]  
 Value Chemical Composition Reference 
 0.27 KNN [1] 
 0.27 KNN [8] 
 

Phase transition temperatures(TO-T
23/Td

24/Tc[°C])  
 Value Chemical Composition Reference 
 410 (TC) KNN [1] 
 400 (TC) KNN [2] 
 420 (TC) KNN [4] 
 

Young‟s modulus [N/m²]  
 Value Chemical Composition Reference 
 1.04x1011 KNN [1] 
 

                                                 
23  TO-T: refers to the phase transition between orthorhombic and tetragonal in alkali niobate-based systems. 
24  Td: refers to the phase transition between room temperature ferroelectric phase and a high temperature phase in 

BNT-based materials, which is commonly regarded as antiferroelectric or non-polar. 
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Relative Dielectric Constant (ε[no units])  
 Value Chemical Composition Reference 
 290 KNN [1] 
 230 KNN [9] 
 475 KNN [3] 
 450 KNN [10] 
 470 KNN [9] 
 402 KNN [6] 
 420 KNN (HP) [11] 
 400 KNN [5] 
 

Coercive Field (EC[kV/mm])  
 Value Chemical Composition Reference 
 1.2 (150 °C) KNN [3] 
 1.4 (150 °C) KNN [12] 
 1.0-1.3 KNN [13] 
 0.4 KNN (HP) [14] 
 1.0 KNN [13] 
 

Resistivity ([Ωm])  
 Value Chemical Composition Reference 
 1012 KNN [1] 
 

Frequency Constant ([Hz*m])  
 Value Chemical Composition Reference 
 1.67 KNN [1] 
 

Loss Tangent (tan𝛅[%])  
 Value Chemical Composition Reference 
 4 KNN [1] 
 1.9 KNN [9] 
 6.8 KNN [15] 
 2 KNN [5] 
 5 KNN [7] 
 

Electromechanical coupling factor (k33[no units])  
 Value Chemical Composition Reference 
 0.51 KNN [8] 
 0.55 KNN [8] 
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Electromechanical coupling factor (kp[no units])  
 Value Chemical Composition Reference 
 0.34-0.39 KNN [1] 
 0.4 KNN [2] 
 0.38 KNN [3] 
 0.36-0.45 KNN [8] 
 0.45 KNN [14] 
 0.295 KNN [4] 
 0.25 KNN [5] 
 

Electromechanical coupling factor (kt[no units])  
 Value Chemical Composition Reference 
 0.41 KNN [15] 
 0.38 KNN [5] 
 

Relative Density ([no units])  
 Value Chemical Composition Reference 
 94-97 KNN [1] 
 97.6 KNN [2] 
 98.8-99.8 KNN (HP) [14] 
 97.6 KNN [3] 
 95 KNN [16] 
 

Remanent Polarisation (Pr[µC/cm²])  
 Value Chemical Composition Reference 
 12,5 (150°C/60Hz)  KNN [3] 
 32  KNN [14] 
 14-21  KNN [13] 
 8-16  KNN [7] 
 

Piezoelectric charge coefficient d31 [pC/N]  
 Value Chemical Composition Reference 
 32 KNN [1] 
 31 KNN [5] 
 

Mechanical Quality Factor (Qm[no units])  
 Value Chemical Composition Reference 
 210 KNN [2] 
 270 KNN [3] 
 130-240 KNN [8] 
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2.3.8.2 KNN (modified) 
Tab 10: Properties of K0.5Na0.5NbO3 (Modified) 
Piezoelectric coefficients (d33[pC/N])  
 Value Chemical Composition Reference 
 115  KNN100-97,CT0-3 [3] 
 230 KNN95, LT5, Na0-2 [17] 
 54  (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 103 (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 170  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 195  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 104  KNN98-BT2 [15] 
 82 - 235 Li0-7KN100-93NbO3 [6] 
 30-97  KNN90-100-ST 0-10 [6] 
 90  KNN99.5 - Sr0.5 [5] 
 110  KNN99 - Sr1 [5] 
 ~100-123  KNN91-100 – ZnO0-9 [7] 
 416 (textured) (K44Na52Li4)(Nb84Ta10Sb6) [19] 
 97 KNN+Cu [20] 
 180 (d33*) KNN+Cu [13] 
 200 KNN+Cu [21] 
 193 KNN-BT+Cu [22] 
 105-108 KNN+Mn+Cu [23] 
 194 KNN-BT+Mn [24] 
 121 KNN+Sr+Mn [25] 
 

Phase transition temperatures(TO-T
25/Td

26/Tc[°C])  
 Value Chemical Composition Reference 
 400 KNN100-97,CT0-3 [3] 
 410  KNN99.5,ST0,05 [12] 
 200  (K44Na52Li4)(Nb86Ta10Sb4)O3  [18] 
 278  (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 270  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 276  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 300  K10N90N [10] 
 358  KNN98-BT2 [4] 
 420-480  Li0-7KN100-93NbO3 [6] 
 253  (K44Na52Li4)(Nb84Ta10Sb6) [19] 
 170 (TO-T) KNN+Cu [13] 
 

                                                 
25  TO-T: refers to the phase transition between orthorhombic and tetragonal in alkali niobate-based systems. 
26  Td: refers to the phase transition between room temperature ferroelectric phase and a high temperature phase in 

BNT-based materials, which is commonly regarded as antiferroelectric or non-polar. 
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Relative Dielectric Constant (ε[no units])  
 Value Chemical Composition Reference 
 475-675  KNN100-97,CT0-3 [3] 
 760 KNN97-93, Li3-7 [26] 
 470 KNN95, LT5, Na0-2 [17] 
 ~430 K10N90N [10] 
 260-800 KNN (whole comp. range) [14] 
 45.47 [at 1MHz, 35°C]  K90N10N [9] 
 113.18 [at 1MHz, 35°C]  K80N20N [9] 
 264.77 [at 1MHz, 35°C]  K60N40N [9] 
 ~4700-5700  Li0-7KN100-93NbO3 [4] 
 402 – 1448 [at 1kHz]  KNN90-100-ST 0-10 [6] 
 576  KNN99-Cu1 [11] 
 968  KNN99-Ta1 [11] 
 994  KNN99-Al1 [11] 
 330  KNN99.5 - Sr0.5 [5] 
 500  KNN99 - Sr1 [5] 
 580  KNN99 - Ba1 [5] 
 ~200-310  KNN98-100 – KCN0-2 [13] 
 ~300-500 [at RT]  KNN91-100 – ZnO0-9 [7] 
 1570 [at 253°C]  (K44Na52Li4)(Nb84Ta10Sb6) [19] 
 1173 KNN+CaTiO3+Cu [21] 
 800 KNN-BT+Mn [24] 
 479 KNN+Sr+Mn [25] 
 

Coercive Field (EC[kV/mm])  
 Value Chemical Composition Reference 
 ~0.9 (120 °C/50 Hz)  KNN97-Pb03 [27] 
 1.2 (150°C/60Hz)  KNN100-97,CT0-3 [3] 
 1.4 (150°C/60Hz)  KNN99.5,ST0,05 [12] 
 1.18  KNN95, LT5, Na0-2 [17] 
 1.1  (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 1.6  (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 1.7  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 2.0  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 0.4-2.0  KNN (whole comp. range) [14] 
 1.0-1.3  KNN99-100 – KCN0-1 [13] 
 2.0 KNN+Cu [20] 
 0.77 KNN+Mn+Cu [23] 
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Loss Tangent (tan𝛅[%])  
 Value Chemical Composition Reference 
 1.5 [at 1MHz, 35°C]  K90N10N [9] 
 1.7 [at 1MHz, 35°C]  K80N20N [9] 
 2.2 [at 1MHz, 35°C]  K60N40N [9] 
 3.9  KNN98-BT2 [15] 
 2  KNN [5] 
 4 KNN99.5 - Sr0.5 [5] 
 5 KNN99 - Sr1 [5] 
 3.5 KNN99 - Ba1 [5] 
 ~5 – 9  KNN91-100 – ZnO0-9 [7] 
 0.5 KNN-BT+Cu [22] 
 1.6 KNN+Sr+Mn [25] 
 

Electromechanical coupling factor (kp[no units])  
 Value Chemical Composition Reference 
 0.38 KNN+Li [28] 
 0.375  KNN100-97,CT0-3 [12] 
 0.52 KNN99.5,ST0,05 [26] 
 0.43  KNN97-93, Li3-7 [17] 
 0.10  KNN95, LT5, Na0-2 [18] 
 0.23  (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 0.33  (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 0.37  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 0.29  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 0.21-0.44  KNN98-BT2 [6] 
 0.162-0.325  Li0-7KN100-93NbO3 [6] 
 0.27  KNN90-100-ST 0-10 [5] 
 0.35  KNN99.5 - Sr0.5 [5] 
 0.32  KNN99 - Sr1 [5] 
 ~0.15-0.4  KNN99 - Ba1 [13] 
 ~0.31-0.4  KNN98-100 – KCN0-2 [7] 
 0.61  KNN91-100 – ZnO0-9 [19] 
 0.37 KNN+CaTiO3+Cu [21] 
 0.43 KNN-BT+Cu [22] 
 0.43-0.47 KNN+Mn+Cu [23] 
 0.31 KNN-BT+Mn [24] 
 0.41 KNN+Sr+Mn [25] 
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Electromechanical coupling factor (kt[no units])  
 Value Chemical Composition Reference 
 0.425  KNN100-97,CT0-3 [3] 
 0.425  KNN99.5,ST0,05 [12] 
 0.38  KNN98-BT2 [15] 
 0.32-0.48  Li0-7KN100-93NbO3 [6] 
 0.21-0.41  KNN90-100-ST 0-10 [6] 
 0.4  KNN99.5 - Sr0.5 [5] 
 0.39  KNN99 - Sr1 [5] 
 0.39  KNN99 - Ba1 [5] 
 0.4 KNN-BT+Cu [22] 
 0.46-0.48 KNN+Mn+Cu [23] 
 

Relative Density ([no units])  
 Value Chemical Composition Reference 
 97.8 KNN97-Pb03 [27] 
 97.6 KNN100-97,CT0-3 [3] 
 98 KNN+Cu [20] 
 97.2  KNN99.5,ST0,05 [12] 
 98.8-99.8 KNN (HP) [14] 
 95-96.8  Li0-7KN100-93NbO3 [16] 
 

Remanent Polarisation (Pr[µC/cm²])  
 Value Chemical Composition Reference 
 ~10 (120 °C/50 Hz)  KNN97-Pb03 [27] 
 12,5 (150°C/60Hz)  KNN100-97,CT0-3 [3] 
 12.7(150°C/60Hz)  KNN99.5,ST0.05 [12] 
 11.7 (150°C/60Hz)  KNN95, LT5, Na0-2 [17] 
 6  (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 11  (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 15.5  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 17  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 15-32  KNN (whole comp. range) [14] 
 14-21  KNN98-100 – KCN0-2 [13] 
 8-16  KNN91-100 – ZnO0-9 [7] 
 19.6 KNN+Cu [20] 
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Piezoelectric charge coefficient d31 [pC/N]  
 Value Chemical Composition Reference 
 -76  KNN97-93, Li3-7 [26] 
 16.8  (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 39.3 (K44Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 57.3  (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 62.1 (K38Na52Li4)(Nb86Ta10Sb4)O3 [18] 
 30  KNN99.5 - Sr0.5 [5] 
 43  KNN99 - Sr1 [5] 
 43  KNN99 - Ba1 [5] 
 152  (K44Na52Li4)(Nb84Ta10Sb6) [19] 
 

Mechanical Quality Factor (Qm[no units])  
 Value Chemical Composition Reference 
 ~270  KNN100-97,CT0-3 [3] 
 ~50-1250  KNN98-100 – KCN0-2 [13] 
 ~100-210  KNN91-100 – ZnO0-9 [7] 
 1155 KNN+Cu [20] 
 1940 KNN-BT+Cu [22] 
 1205 KNN+Mn+Cu [23] 
 298 KNN+Sr+Mn [25] 
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3. Concepts and Required Properties 

3.1. Element Selection 
The replacement for PZT, more precisely the lead in PZT, has to satisfy a minimum number of 

conditions in order to be considered as a viable alternative: 

1. Toxicity 

2. Price 

3. Availability of materials 

4. Performance 

5. Durability 

Points one through five are briefly discussed in section 3.1.1 and 3.1.2 and the reader is also 

referred to Rödel et al.[1] for another similar discussion with a slightly different focus. It was 

attempted to minimise the overlaps in contents with Rödel et al.. This chapter is focussed more 

towards providing new and different avenues to explore in the search for alternatives to PZT. 

3.1.1 Toxicity, Price and Availability 
Non-toxicity and environmental friendliness are obviously the main reasons, why new lead-free 

piezoceramics are being developed. Though those two reasons are not mutually exclusive, they 

are not the same, either. This can easily be demonstrated at the example of CFCs27, which 

showed little or no toxicity but were later found to be devastating to the environment[2]. While 

the toxicity of lead[3] has been well established, the health and environmental safety of many 

other elements and compounds is less clear. It is for example commonly assumed that bismuth, 

being a heavy metal, is toxic. Several studies so far have shown that these concerns are 

unwarranted[4,5]. 

Environmental friendliness of a substance is not restricted to its impact when released into the 

environment during or after use. First, one would have to consider the origin of the base 

materials used. If a substance is not commonly available, mining or otherwise retrieving it might 

impact the local environment like in the case of lignite28. During production, the refinement of 

separation from the ore might require large amounts of energy or the use of other hazardous 

chemicals. Two examples would be aluminium, whose electrolytic separation from bauxite ore 

costs large amounts of energy. Gold, in itself not toxic, is separated from rock using toxic liquid 
                                                 
27 German: FCKW 
28 German: Braunkohle 



 3.1: ELEMENT SELECTION 90 

mercury. Materials with similar mining history should obviously be avoided. During the product 

life cycle, accidental destruction and improper use scenarios have to be considered, for example 

flammability, chemical reactivity and potentially toxic fumes during fires. Improper disposal, 

like waste incineration, could also lead to the release of toxic fumes. Finally, the (environmental) 

cost of recycling should be taken into account. 

Beyond environmental and health issues, the cost is an important factor to be considered when 

replacing PZT. The final cost will be determined amongst other factors by the total amount of 

available substance, ease of access to the substance and the simplicity of purification. The prize 

development will also be influenced by unpredictable factors such as previously unknown uses. 

Two prime examples for this case would be indium, which is used in liquid crystal displays. 

More importantly in the case of lead-free piezoceramics, lithium, which is required in large 

quantities for lithium ion rechargeable batteries and potentially in fusion reactors. The total 

amount of lithium available on earth is estimated to be ~14 million metric tons[6], which is only 

enough for a few tens of millions of electric cars for example. An overview of the costs per 

kilogram of 99.5 % pure oxides or carbonates is given in Fig 16. 

Material safety data sheets of elements, their oxides and carbonates in their usual valence state 

provided online by Alfa Aesar were used to compile a periodic table (Fig 16) indicating their 

toxicity. Though the final structure may not be toxic even if produced from toxic elements (like 

in the case of PZT), toxic elements may be released during manufacturing, improper use and so 

on as mentioned above. Therefore, elements indicated as toxic in the periodic table will be 

excluded from further consideration. 
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Fig 16: All potentially relevant elements in the search for new piezoelectric materials sorted into A-

site and B-site positions. 

The triangle on the top of each element box indicated the current approximate cost as listed in the 

legend. The right triangle shows the likely toxicity of the element. The information was collected 

from the Alfa Aesar website. 

3.1.2 Required Properties 
A detailed account of required piezoelectric properties for different applications is beyond the 

scope of this work. Furthermore, at the current level of development in lead-free ceramics, 

speaking of required properties in terms of numbers and limits, is probably not appropriate. Our 

ability to shape currently available lead-free systems to specific requirements is still rudimentary. 

There may be little use in creating an arbitrary list of criteria to be achieved by lead-free 

ceramics, since no one can predict the speed and destination of scientific progress. If these 

criteria cannot be achieved, alternate solutions may still be found. Besides that, any requirements 

will always be severely biased towards numbers required by currently available designs 

developed for PZT-based materials. The use of lead-free materials will require adaptations of 

current designs and components. Sometimes a new solution possibly without any piezoelectric 
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elements may even prove more suitable. A detailed discussion of required properties for current 

PZT-based designs is given in Rödel et al.[1]. 

Even before piezoelectric properties can be established, more basic factors have to be considered, 

which will also influence the choice of elements used. Some elements such as iron (and other 

transition metal ions) may result in increased conductivity especially at elevated temperatures. 

Small amounts of copper (2+) for example normally do not result in increased conductivity[7-9], 

but a small percentage may be reduced to copper (1+) during sintering, which causes increased 

conductivity in the case of for example Ba(Cu1/3Nb2/3)O3
[10,11] and Ba(Cu1/2W1/2)O3

[12].  

Somewhat closely related is the sinterability of the developed material itself, which has a direct 

impact on the conductivity and dielectric strength of the ceramic. Again, Ba(Cu1/2W1/2)O3 and 

Ba(Cu1/3Nb2/3)O3 may be taken as an example since both structures show potential, if it was not 

for the poor sintering behaviour. However, for sintering and conductivity issues there might be 

solutions through doping, which has not yet been exploited. 
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3.2. Search Concepts 
It should be evident from the review of the literature and particularly the basics of ferroelectrics 

(chapters 2.1.6, 2.2 and 2.3) that any replacement would have to be of perovskite structure. The 

elements listed in Fig 16 need to be separated into three groups now before any further 

consideration is justified, namely their potential crystallographic positions in the perovskite 

structure. 

 
Fig 17: The ionic radii[13,14] of the selected elements as well as reports of known perovskite 

structures[15]. The A-site, B-site and oxygen site ions are coloured as indicated in the legend. Some 

can be placed on either A- or B-site. Replacing oxygen is complex and sometimes dangerous and the 

release of halogen gas when incinerated not desirable. 

Looking at the periodic table in Fig 17, an initial list of usable elements can be created (Tab 11 

and Tab 12). Some elements can quickly be excluded. All actinoides are radioactive, so are 

Technetium and Polonium. Also all toxic elements (Fig 16) are excluded. Price issues will be 

disregarded until later. Precious metals (Pt, Au, Pd, Ir, Ru, Rh) are unreactive. A-site 

lanthanoides generally produce orthorhombic, centrosymmetric A3+B3+O3 perovskites; there are 

so far no reports of ferroelectric activity. 
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Choosing the right coordination number for the ions in a perovskite structure is always an 

issue[16]. In a cubic undistorted perovskite, the coordination numbers (CN) of the crystallographic 

positions are 12 for the A-site, 6 for the B-site and 6 for the oxygen site. However, often 9-

coordinated (CN9) radii are used for the A-site ions and equations adjusted[17], since 12-

coordinated radii are rarely reported. More fundamentally, the coordination numbers obviously 

depend on the distortion of the perovskite unit cell. Since the type of distortion (rhombohedral, 

tetragonal or orthorhombic) cannot be known in advance, its strong influence on coordination 

number and, therefore, ionic radius cannot factor into the prediction of new structures. The 

values in Tab 11 are all 9-coordinated due to lack of data availability of the 12-coordinated radii. 

Tab 11: Potential A-site ions, Standard 
Charge and Ionic Radii. 

Element Charge IR [CN9] 
Li 1+ ~1.0 
Na 1+ 1.24 
K 1+ 1.55 
Rb 1+ 1.63 
Cs 1+ 1.78 
Ca 2+ 1.18 
Sr 2+ 1.31 
Ba 2+ 1.47 
La 3+ 1.22 
Ln29 2+30,3+,4+30 ~1.0-1.2 
Ag 1+ 1.42 
Bi 3+ ~1.21 
NH4+ 1+ ~1.35 

 

Tab 12: All Potential B-site ions, Standard 
Charge and Ionic Radii 

Element Charge IR [CN6] 
Li 1+ 0.76 
Mg 2+ 0.72 
Al 3+ 0.535 
Bi 5+ 0.76 
Cr 3+ 0.615 
Co 2+ 0.65-0.75 
Cu 2+ 0.73 
Zn 2+ 0.74 
Fe 3+ 0.55-0.64 
Ga 3+ 0.62 
Ge 2+,4+ 0.73, 0.53 
Hf 4+ 0.71 
Ti 4+ 0.605 
Zr 4+ 0.72 
Mn 3+ 0.58-0.65 
V 3+ 0.64 
Nb 5+ 0.64 
Ta 5+ 0.64 
Ni 2+ 0.69 
Sc 3+ 0.75 
Sn 4+ 0.69 
W 6+ 0.6 
Mo 6+ 0.59 

 

A number of attempts to predict new perovskite structures beyond the use of the Goldschmidt 

tolerance factor have already been made. Li et al.[18] tried to define the area of formability four 

perovskite by investigating 197 ternary oxides. Two issues make the usability of this data 

difficult. Due to the previously mentioned lack of availability of 12-coordinated radii, they use 6-

                                                 
29 Ln: All Lanthanoides excluding La will be treated as one. 
30 Unlikely to be the final charge state during pressureless calcination/sintering. 
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coordinated radii for the A-site. Also their choice of oxygen ion radius of 1.25 A is unclear since 

the correct CN6 value is 1.38 A. Still, their argument for an upper and lower limit for the B-side 

ions based on limited size inside the oxygen octahedron seems valid. The upper limit is 

dependent on the choice of A-site ion and its radius. However, the lower limit is fixed at 0.53 A 

(CN6, ionic radius, corrected value). Lufaso et al.[19] have created a structure prediction 

diagnostic software (SPuDS), which attempts to predict the structural distortion of perovskites. 

However, it does not predict the likelihood of a perovskite structure actually forming in the first 

place. A large database of investigated perovskite structures and their ferroelectric activity is 

listed in “Ferroelectrics and Related Materials”[15] (translated from Russian), which, even though 

not current any more, can help identify likely and unlikely candidates. Ab inito density functional 

theory is still not reliable enough for regular use[20] though the scientific progress is rapid. 

Unfortunately, the relativistic nature of the electron orbitals of heavy elements still prevents 

precise calculations. Yan et al.[21] propose a dimensionless factor containing differences in 

electronegativity, mass and radius of replacing ions that corresponds with improved kp and k33. 

3.2.1 High Temperature BiMeO3-PbTiO3 Analogue 
The Curie temperature of lead titanate (PbTiO3, PT) has been shown to increase when mixed 

with Bi+3(Me3+)O3 where Me is a single or a combination of at least two ions occupying the B-

site with overall average +3 charge[22,23]. The effect of BiMeO3 is to further distort the tetragonal 

structure of PT, if Me contains a Jahn-Teller (JT) active ion[24] like for example Fe[25] or Zn[26-28] 

as opposed to non-JT active Mg[26,29]. Unfortunately, this distortive effect of BiMeO3 appears 

limited to PT, likely due to the electronic similarity of Pb2+ and Bi3+, which might further favour 

distortions. In own experiments using Bi(Zn1/2Ti1/2)O3 and Bi(Zn2/3Nb1/3)O3 (Zn: JT active) 

combined with barium titanate, only continuous reduction in ferroelectric properties with 

increasing BiMeO3 content was discovered. No relevant difference compared to Bi(X,Y)O3-BT 

where X is Mg or Li (both not JF active) and Y is Ti, Zr, Ta and Nb was found. 

The region of stability of the single phase perovskite structure was also limited to 20-30 % 

BiMeO3 addition unlike in BiMeO3-PT. Results were generally equivalent to the ones reported 

here[30,31]. The region of stability appears much larger in the case of BiFeO3-BT[32]. 

Bi(X,Y)O3 with orthorhombic KNbO3, tetragonal Ba(Cu1/2W1/2)O3
[12], Ba(Cu1/3Nb2/3)O3

[10,11] and 

Ba(Cu1/3Ta2/3)O3 did not form single phase perovskites at any mixture during own experiments, 

likely because BaWO4 and Bi2NbO5 are more favourable structures. It may still be possible to 
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stabilise the BiMeO3-BT structures by replacing some of the Bi3+ ions with La3+ ions, which 

have a larger ionic radius. It will have to be determined, which of the effects of lanthanum will 

dominate. Its ability to stabilise the perovskite structure of BiMeO3
[33] on the one hand competes 

with its negative impact on tetragonality[34]. Furthermore, a multistep calcination process of the 

precursor materials with similar reactivity could reduce the formation of unwanted phases. 

Considering the discussion above, there are still a few roads to be explored. As a direct 

equivalent to BiFeO3-PbTiO3, Ba(Fe1/2Nb1/2)O3, containing JT-active iron and ferroelectrically 

active niobium, might be added to BaTiO3 to increase the tetragonality of BaTiO3 and 

subsequently raising its Curie temperature without the instability introduced by the bismuth ions 

(Fig 20). Targeting BKT instead of BT as a tetragonal starting material may also be possible 

analogous to BiMeO3-PT. The compositions shown in Fig 18 may be used to increase the Curie-

temperature of BKT and maintain its tetragonal structure. 

 
Fig 18: The Bi(Cu,Y)O3 structures are analogues to Ba(Cu,Y)O3. They can be combined with BKT 

and (Bi0.85La0.15)FeO3 as shown. 

There are as of now no reports about these structures. (Bi0.85La0.15)FeO3 is reported as a single 

phase ferroelectric producible by a standard mixed oxide route with pressureless sintering[35]. 

All structures with Jahn-Teller active ions will always have a potential for increased conductivity 

due to usual multitude of oxidation states of transition metals. However, their potential for 

increasing unit cell distortions may outweigh this drawback since tetragonal non-

centrosymmetric (Pb-containing) perovskites with c/a ratios of 1.23 have been reported[36]. 

  

Bi1/2K1/2TiO3 

Bi(Cu
2/3

Ta
1/3

)O
3
 

Bi(Cu
2/3

Nb
1/3

)O
3
 

 

Bi(Cu
3/4

W
1/4

)O
3
 

(Bi0.85La0.15)FeO
3
 

 



 3.2: SEARCH CONCEPTS 97 

3.2.2 Barium Copper Tungstenate 
Ba(Cu1/2W1/2)O3

[12] is a barium perovskite with a very high tetragonality with a reported c/a ratio 

of 1.1131. Its high tetragonality is a result of the copper (see section 3.2.1). It can be seen in Fig 

19 that the tungsten ion in Ba(Cu1/2W1/2)O3 sits in an undistorted oxygen octahedron. 

 

 

 

Fig 19: 3D crystal structure of Ba(Cu1/2W1/2)O3 generated with Diamond 3.2a and POV-Ray from 

powder diffraction data. The Barium atoms are white, Oxygen red, tungsten black and copper blue. 

The oxygen octahedra are highlighted. The 18 % longer diagonal of the copper oxygen octahedron 

compared to the other two directions can be seen. The oxygen octahedron around tungsten is 

undistorted. 

There are, as of now, no reports about possible ferroelectric activity since the material cannot be 

sintered and its conductivity is too high. However, similar materials like Ba(Cu1/3Nb2/3)O3
[10,11] 

and likely Ba(Cu1/3Ta2/3)O3 have been shown to possess (minor) ferroelectric activity and 

conductivity can be addressed with the sintering temperature and sintering aids[37]. The low 

ferroelectric activity may be attributed mostly to the almost undistorted niobium/tungsten 

environment as most of the distortion arises from the Cu2+ oxygen octahedron. Since all 

Ba(Cu,Y)O3 materials consist of repeating layers of undistorted and distorted octahedra, higher 

ferroelectric activity may be induced by introducing ferroelectrically active ions (Nb, Ti, Ni) into 

the distorted layers normally occupied only by copper. Due to the periodicity of the structure, the 

octahedra would remain partially distorted assuming a single-phase structure can be achieved. 

The compositions in Fig 20 may be used in the combinations indicated by the arrows. Each 

combination utilises the tetragonal distortion of at least one of the end members and introduces 

ferroelectrically active ions into the JT-distorted environment of the other end member. 

                                                 
31 Own reproduced value: c/a=1.09 
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Fig 20: Possible combinations of materials that force ferroelectrically active ions into distorted 

octahedra of tetragonal crystal systems due to mismatch of the B-site ion ratios. 

The structure of BaFe1/2Nb1/2O3 is not reported in literature but will likely form a perovskite 

structure. The cubic structures[38] show no JT-distortion but contain only ferroelectrically active 

ions. 

Due to the likelihood of undesired phases becoming dominant, the attempt was made to separate 

bismuth (Fig 18) and barium (Fig 20) containing materials32. Minimising the number of different 

ions used will increase the chances of successfully preparing single-phase materials. Limiting the 

number of ions also reduces the frequency dependence. 

  

                                                 
32 Own experiments showed that mixing Ba(Cu1/2,W1/2)O3 with Bi(Cu2/3,W1/3)O3 does not produce single-phase 
materials at any ratio. 
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3.2.3 Ion Replacement in Known Systems 
Some known lead-free ferroelectric systems like (Bi1/2Na1/2)TiO3 and (Bi1/2K1/2)TiO3 were 

logically derived from existing systems like PbTiO3 or BaTiO3 proving the successfulness of 

replacing a single ion with a combination of two or more ions with an equal average charge[39]. 

There are still multitudes of systems that remain unexplored or unreported (Fig 21). 

 
Fig 21: Materials based on ion replacement of currently known ferroelectric systems. 

The original of perovskite (left) were known since before 1900. Replacement of the A-site cation led 

to the discovery of BNT and BKT (centre) in 1964. Similar substitution of the B-site cation may 

produce further ferroelectric materials (right). 

While any combination of ions with the average charge of the ion to be replaced would possibly 

form a perovskite structure, some are known for their ferroelectric activity, which is likely linked 

to their polarisabilities[40]. The reported polarisabilities are restricted to the dielectric case but 

their values suggest, which ions are easily shifted off-centre from their B-site positions. The best 

candidates are highlighted in red in Tab 12. The second most relevant parameter is the average 

B-site ion radius (T-factor with constant A-site ion radius) 

To verify this concept, the niobium in KNbO3 was replaced giving K(X,Y)O3 where X is Ti4+ 

and Zr4+ and Y is W6+ and Mo6+. Under standard calcination conditions (800°C/3h) none formed 

perovskite structures in own investigations. This failure can be attributed to the low reactivity of 

tungsten, the high vapour pressure of Molybdenum and the generally high tolerance factor of 

1.04 of these systems (KNbO3=1.05) since pure KNbO3 is difficult to prepare as a single-phase 

material. It is therefore proposed that the same concept should be explored with K0.5Na0.5NbO3 
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and NaNbO3 (Fig 22). The following steps might improve chances for success: unwanted 

secondary structures need to be identified. If they are the result of preferential reaction of two or 

more compounds, precursors can be prepared and a two-step calcination process may improve 

phase purity. The sodium to potassium ratio can be varied continuously and lower potassium 

content may increase the chance for successful sintering/densification and generally promote a 

more stable perovskite structure. 

 
Fig 22: Proposed replacement of Nb5+ in KNN with a combination of Ti4+, Zr4+ and W6+, Mo6+. 

Molybdenum may be unsuitable for conventional sintering due to its high vapour pressure. 

3.2.4 Doping to Raise Phase Transition Temperatures 
The effect of doping to improve sintering and conductivity is already covered in the respective 

chapters of the literature reviews of KNN (section 2.3.5) and BNT (section 2.2.7). However, 

some elements have thus far been mostly ignored. Silver is clearly too expensive to be used as a 

primary A-site ion but as a dopant its role should be further investigated since it is besides 

lithium the only element, where increased Curie/depolarisation temperatures are reported in 

BNT. 

A conclusion from the literature review of BNT and KNN was that in order to increase the Curie 

temperature of BNT- and KNN-based materials, ions with similar electronic structures need to be 

used. In the case of K+ and Na+, Ag and Li were already mentioned but rubidium and caesium 

have not been reported. Both are highly reactive and must be handled with caution. Their ionic 

radii are too large to form perovskite structures with B-side niobium. However, small amounts 

may be incorporated into KNN- and BNT-based materials to promote structural distortions. 

Furthermore, since the upper limit of the A-site ion is dependent on the size of the B-site ion[15], 

previously disregarded ions can now be considered as B-site ions. In particular Bi5+ may be 

stable in this environment due to the reactivity of rubidium and caesium. The Goldschmidt 
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tolerance factors of CsBiO3 and RbBiO3 would be 1.07 and 1.02 respectively. CsBiO3 may have 

to be modified with K+ or Rb+ to improve formability. 

Finally, NH4
+ has an ionic radius between K+ and Na+ but since it cannot be used in conjunction 

with a standard mixed oxide route, there are no reports thus far. 

Similarly, Sn4+ may replace Zr4+ and Ti+4 with ionic radius directly between Ti4+ and Zr4+ and 

close to the much more expensive Hf4+. 

3.2.5 Broadening of the Phase Regions and Transition in BNT 
In Zhang et al.[41] it has been shown that high strain electrostrictors may be an alternative to 

ferroelectrics in some situations where non-linearity is less important and energy dissipation has 

to be minimal. A very good starting point for high strain electrostrictors appears to be the non-

polar phase of BNT-based systems. Further broadening may be achieved by introducing a larger 

variety of ions partially replacing the KNN-BKT. Influence of A-site doping on this broadening 

is not reported but Zr4+ and Ta5+ could partially replace Ti4+ and Nb5+ though Nb2O5 and Ta2O5 

should be pre-reacted[42]. 

Similarly, a large strain was reported in the region of the ferroelectric-to-non-polar transition. To 

make it more useful, the transitional region between the ferroelectric and non-polar phase has to 

be extended from below room temperature to the desired working temperature. KNN-BKT 

doping has already been shown to be a first step in approaching this goal[43]. Analogous to the 

increased temperature range of the electrostrictive phase, the broadening of the transitional 

region may also be achieved by making the material even more heterogeneous through the 

introduction of small concentrations of a number of different ions. 

3.2.6 Morphotropic Phase Boundaries 
From Rödel et al.[1] it is clear that once suitable rhombohedral, tetragonal and orthorhombic end 

members have been identified, an MPB compositions of two of them might further improve the 

ferroelectric properties.  

Most of the bismuth containing materials proposed in sections 3.2.1 and 3.2.3 are likely to be 

rhombohedral or monoclinic due to the small ionic radius of bismuth. The barium-containing 

compositions in Fig 20 have a high chance of being tetragonal. The structure of the KNN and 

BNT/BKT derived systems in section 3.2.3 are anyone‟s guess. If not all suggested systems 

prove to be single-phase perovskites, however, this does not rule them out entirely since 

compositions containing BKT, KN and BiFeO3 have shown that the MPB materials often prove 
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more stable than their respective end members do. This is not surprising simply because the 

tolerance factors of the MPB compositions are nearer to one than either end members. 

Once a few new materials have been developed and their room temperature phases and phase 

transitions have been identified, different crystal structures may be combined to find 

morphotropic phase boundaries. It should, however, be noted that the actual properties of pure 

new end members cannot be estimated at all if mixed with large quantities of known ferroelectric 

end members. For example mixing the Bi(X,Y)O3 systems into BNT is likely only to reduce the 

properties of BNT as described in the literature review of bismuth alkali titanates and will tell 

nothing about Bi(X,Y)O3. This is already reported for BiFeO3-BT[32], which also shows clearly 

that BiFeO3-BT shows no linear trend of the properties between BiFeO3 and BT. It will have to 

be determined on a case by case basis, whether a morphotropic phase boundary is identified first 

or the sinterability and conductivity of the end members addressed with doping first. Combining 

more than two different crystal structures is discussed in section 3.2.7. 

3.2.7 Combining Bismuth Alkali Titanates and Alkali Niobates 
BNT-BT, BNT-BKT and KNN are all materials, which likely owe their properties to the 

morphotropic phase boundary. In BNT-BT and BNT-BKT the phase boundary is between 

rhombohedral BNT and tetragonal BT or BKT. KNN consists of orthorhombic KN and 

orthorhombic NN. Combining the rhombohedral, tetragonal and orthorhombic systems may 

further increase lattice instability and hence further maximise the effect of the MPB on 

ferroelectric properties. The quasi-ternary phase diagrams of BNT-BT-KNN and BNT-BKT-

KNN are shown in Fig 23 with all reported MPB marked. This concept already exists and is 

discussed in the literature review in section 2.2.7 and 2.3.5.4. 
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Fig 23: The two quasi-ternary phase diagrams of BNT-BKT-KNN are shown on the left and BNT-

BT-KNN on the right. All reported MPBs (Takenaka 1991[44], Sasaki 1999[45], Guo 2004[46], Choi 

2007[47], Zuo 2007[48], Zuo 2007 (2)[49], Zhang 2007-08[41,50-52] and Kounga 2008[53]) are marked in red. 

The unreported phase transition, which is necessary to complete the picture, is marked in yellow. 

Previous in-group work is marked as dotted lines[41,50-53]. The investigation of this work is marked in 

blue connecting BNT-20BKT[45] and KNN-3BKT[49]. The letters o, r, t and c denote the 

orthorhombic, rhombohedral, tetragonal and cubic phase regions between MPBs. 

3.3. Summary 
This chapter provides a few currently unexplored avenues to finding new ferroelectrics with little 

relation to BNT and KNN-based systems. To overcome some of the drawbacks of current 

systems, doping with elements with related electronic structures is likely the only way to increase 

phase transition temperatures while maintaining the ferroelectric properties. The Jahn-Teller 

effect is used to provide highly distorted crystal structures, Also, the usage of ferroelectrically 

active ions was maximised wherever possible. It is always important to remember that the 

number of different ions determines the frequency dependence of the material. On the other hand 

under the right circumstances a larger number of different ions may actually be desired. If 

properties found only near the transitions need to be accessed over a wider range of temperatures, 

broadening/smearing out the phase transition may be desirable. Morphotropic phase boundaries 

of three or known ferroelectrics with three different crystal structures (rhombohedral, tetragonal 

and orthorhombic) are proposed to further maximise the phase instabilities and, therefore, 

ferroelectric properties at that triple point. The search for this triple point should be found 

somewhere along the line connecting two MPB between the three compositions in the phase 

diagram as indicated in Fig 23. This last idea was investigated in the experimental part of this 

thesis.  
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4. Experimental Techniques 

4.1. Powder and Ceramic Processing: 
The ceramic powders were prepared by weighing the stoichiometric amount of the oxides or 

carbonates of the constituent elements. All powders were ordered from Alfa Aesar GmbH und 

Co. KG, Karlsruhe, Germany. Tab 13 shows the type of powder used for each element as well as 

purity and order code. One hundred per cent purity of the powders was assumed when 

calculating the required weight of the powders used to prepare the 40 g batches of the desired 

composition. Compensating for different degrees of purity would lead to excess ions intended for 

either the A-site or the B-side of the perovskite structure. A SBC 32 balance (Scaltec, Göttingen, 

Germany) was used to weigh the powders to the nearest milligram. 

Tab 13: Chemicals Used in Ceramic Processing 
Element Chem. formula Purity [%] order code 
Bi Bi2O3 99.98 44657 
K K2CO3 99.00 12609 
Na Na2CO3 99.50 11552 
Ti TiO2 99.90 39953 
Nb Nb2O5 99.90 11366 
The weighed-in powders were placed in milling containers cut from a block of Nylon 6-6 

together with a 1:2:2 weight ratio of 10 mm, 5 mm and 3 mm diameter yttria-stabilised zirconia 

milling balls (Mühlmeier GmbH, Bärnau, Germany). The milling ball to powder ratio was 

always 10:1 in weight. The powders were milled in a planetary ball mill (Pulverisette 5, Fritsch 

GmbH, Idar-Oberstein, Germany) with 99 % pure naturalised ethanol as the milling medium for 

24 hours at 180 rpm. Even though the wear of the nylon milling containers is much higher than 

of comparable stabilised zirconia containers, it is assumed that the worn off container material is 

purely organic and will burn off during calcination and sintering, respectively. It should therefore 

not contaminate the powders. 

Afterwards the powder was separated from the milling balls and dried at 90 °C for 24 hours. 

They were then homogenised in an agate mortar (Carl Roth GmbH, Karlsruhe, Germany) and 

placed in an alumina crucibles with 99.8 % alumina phase. The high alumina content of the 

crucible is important since sodium and potassium ions readily infiltrate the silicate glass phase 

used during the sintering of the crucible and lower the glass transition temperature below the 

required calcination or sintering temperature. The crucibles were covered with close fitting 
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alumina plates. All alumina-based lab equipment was ordered from Buntenkötter Technische 

Keramik GmbH, Neuss, Germany. 

The powders were calcined in covered alumina crucibles with a heating rate of 5 K per minute 

and a holding time of three hours at 800 °C in a furnace (L9/KM, Naberterm GmbH, Lilienthal, 

Germany). They were allowed to cool naturally in the furnace afterwards. 

The second 24-hour milling step at 250 rpm was done in 30-minute intervals with a 10-minute 

break between each interval to prevent overheating of the milling containers due to friction. 

After a second drying and homogenisation step, disk shaped samples of 10 mm diameter 

weighing approximately 0.33 g each were hand-pressed in a custom-made pressing die. Then 

they were vacuum-sealed in flexible latex rubber protective bags to protect against contamination 

from mineral oil of the cold isostatic press (KIP100, Paul-Otto Weber GmbH, Remshalden, 

Germany) with a 50 mm pressing stamp. 700 kN of force translating to a pressure of 356 MPa 

was exerted for 90 seconds and then manually released over a period of 90 seconds. 

The samples were then placed in a self-made sintering setup. The sintering setup, which can be 

seen in Fig 24, comprises of a polished and lapped thick alumina plate, approximately 1 cm high 

alumina pipes of 12 mm inner diameter with polished and lapped rims and heavy polished and 

lapped alumina lids. The lapped contact surfaces provide a tight fit between the separate parts 

and are intended to minimise the evaporisation of bismuth and potassium during sintering. Five 

disk shaped green bodies of equal composition were stacked on top of each other inside the 

alumina pipes on the alumina plate. The green bodies were separated by a thin layer of calcined 

and milled powder of the same composition. The whole stack of disks inside the pipes was also 

surrounded on all sides by a large quantity of calcined and milled powder of the same 

composition, also called atmospheric or sacrificial powder. The purpose of this powder is to 

saturate the atmosphere inside the sintering setup with the correct concentration of elements and 

hence prevent the evaporisation of elements from the pressed green bodies themselves. The self-

made sintering setup required only about 30 % of the atmospheric powder compared to the 

smallest commercially available crucible and sealed more tightly. The so-arranged samples were 

sintered in another furnace (L16/14, Naberterm GmbH, Lilienthal, Germany) at 1100 °C for 

three hours with a 5 K per minute heating and cooling rate. 
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Fig 24: The self-made sintering setup, comprising of the alumina plate, alumina pipes and alumina 

lids, is shown in its disassembled state. All contact surfaces were lapped and polished to minimize 

the gaps at the contact surfaces. The stacked samples that are baked into the atmospheric powder 

after sintering can also be seen at the front. 

After the atmospheric powder was removed, the samples were manually ground using silicon 

carbide abrasive powder of 320, 600 and 1000 grid used consecutively as needed. The final 

thickness was always between 0.6 mm and 0.7 mm. 

The samples were then polished in a twin wheel polishing machine, (Phoenix 4000 DUO, Jean 

Wirtz GmbH (now Buehler GmbH), Düsseldorf, Germany) at 180 rpm with diamond polishing 

paste of 15 and 6 micron particle size if used for Sawyer tower type strain and polarisation 

measurements, reflex geometry x-ray diffraction or density determination. Samples used in high 

frequency dielectric measurements were polished down to 1 µm particle size and samples used 

for high-resolution electron microscopy were polished to 0.25 µm. Afterwards the samples were 

cleaned in an ultrasonic bath inside a beaker filled with pure acetone and then again in 

isopropanol. 

Pure silver electrodes were created with a sputtering device (SCD 040, Balzers Union, Balzers, 

Liechtenstein) using a 60 mA current for 210 seconds. Electrode materials sputtered on to the 

edge of the sample were removed by hand using 1000 grid sandpaper. 
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4.2. Structure and Microstructure 

4.2.1 Density 
Based on the ASTM standard C20-00 (2005)[1], the samples were placed in distilled water and 

then a vacuum was drawn for about 15 to 30 minutes to remove air from the surface of the 

sample. Modified Sartorius Basic analysis scales allow weighing the samples in water and in air 

without having to reset the scale. An analogue thermometer was used to record the temperature 

of the distilled water each time. Deviation from the ASTM C20-00 (2005) was necessary because 

the samples are water sensitive, which prevented normally required boiling for the 2 hours and 

submersion in water for 12 hours. 

The relative density was calculated by dividing the actual density by the theoretical density. The 

theoretical density of each composition is the average mass per unit cell divided by the unit cell 

volume as determined from x-ray powder diffraction (section 4.2.3). 

4.2.2 High-Resolution Electron Microscopy 
Samples used for high-resolution electron microscopy (HREM) investigations of the 

microstructure were polished to 0.25 micron. To expose the microstructure, thermal etching at 

900 °C for 30 minutes or chemical etching was done. The etching medium in the second case 

was concentrated hydrochloric acid with 3 to 5 drops of hydrofluoric acid per 500 ml. The 

etching times were determined for each sample individually by inspecting the etched surface 

with an optical microscope. Samples for fracture surface inspection were prepared by cutting a 

small notch into the edge of the disk shaped samples with a razor blade. A crack was then 

allowed to grow slowly starting from the notch by putting the sample under tension. 

The samples were then glued onto the aluminium sample holders with double-sided conductive 

carbon sticky tape and sputtered with gold-palladium for 60 seconds with a 60 mA current. 

The electron microscope used for HREM investigations was a XL30 FEG (FEI/Phillips, 

Eindhoven, Netherlands) with backscattered electron (BSE) and energy-dispersive x-ray modules 

and controller software version 7.0 released 14.12.2004. 

Pictures of the etched microstructure were loaded into Lince (version 2.4.2b)[2] to measure the 

average grain size and standard deviation of the grain size. After setting the scale accurately, 

lines are drawn randomly across the microstructure image and then the types of boundaries (e.g. 

grain boundary, triple boundary, pore boundary,...) are marked along these lines. Using the data 

of at least 200 grains, the program can then calculate the desired grain size parameter. 
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The back scattered electron modus was used to enhance visibility of the microstructure and to 

scan for compositional inhomogeneity. The EDS module was used to validate the approximate 

composition of the samples to check against errors during powder processing. Its absolute 

compositional accuracy of about 5 % is lower than the compositional variations between 

samples. It is, therefore, not exact enough to determine evaporisation losses or similar systematic 

errors in composition. 

4.2.3 X-Ray Diffraction 
X-ray powder diffraction in transmission geometry was done on the calcined and milled powders 

and on fully sintered samples. The sintered samples were crushed into powder in agate mortar. 

An old damaged mortar was used since crushing sintered samples might damage the polished 

surface of the mortar. The powder was held in the sample holder between two sheets of 

amorphous organic film and glued with non-crystallising glue to prevent diffraction reflexes 

from anything but the powder sample. The powder x-ray machine (Stadi P, Stoe & Cie GmbH, 

Darmstadt, Germany) was set to an angular resolution of 0.03° and the scanning range was set 

from 10° to 90° using CuKα1 radiation The exposure time per sample was 4 hours, which was 

divided into two distinct scans to identify occasional variations in background intensity arising 

from the machine. 

X-ray diffraction in reflective geometry of poled samples was done using a D8 Advanced 

(Bruker AXS GmbH, Karlruhe, Germany) running DIFFRACplus software version 2.4. To avoid 

back switching due to mechanical pressure, the sputtered silver electrodes were not removed with 

sandpaper and the ultrasonic bath was not used for removing the silicon oil after poling. The oil 

was instead removed by washing the samples in fresh isopropanol repeatedly. It was then let dry 

without wiping the surface with a cloth. Using the penetration depth of CuKα1 radiation into 

metallic silver and the estimated sputtered thickness, it was estimated that the signal 

contributions from the silver electrode and the sample itself would be at most equal in 

magnitude. Diffraction reflexes from the silver could therefore be eliminated from the diffraction 

profile at a later stage. This, however, proved unnecessary due to the small contribution from 

silver. 

The resulting patterns were refined with the „GSAS‟ x-ray pattern refinement software (released 

20.04.2006)[3] using the „EXPGUI‟ (version 1.8, released 30.04.2006) graphical user interface[4]. 

The wavelength of the CuKα1 radiation was always taken to be 1.54056 A. 
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In order to avoid “runaway” of single types of ions from their crystallographic sites, the 

displacement of A-site ions (K1+, Na1+ and Bi3+) from their A-site centre position was limited to 

concurrent and equal displacement of these ions. The B-site ions (Ti4+ and Nb5+) were 

constrained in a similar manner. 

4.2.4 Transmission Electron Microscopy 
All the transmission electron microscopy studies were carried out by Ljuba Schmitt in the 

workgroup of Joachim Kleebe (Geomaterialwissenschaften, Material- und Geowissenschaften, 

TU Darmstadt, Germany). 

Sintered samples were polished down to a thickness of 120 µm. Then disks of approximately 

3 mm were drilled out. Afterwards a dimple grinding step (Mod. 656, Gatan GmbH, München, 

Germany) down to 15 µm was followed by an ion beam milling step (Mod. 600, Gatan GmbH, 

München, Germany) resulting in a final thickness of approximately 10-100 nm. Sputtered carbon 

was used to provide a conductive layer against static electricity build-up under the incident 

electron beam. 
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4.3. Large-Signal Electrical Measurements 

 

Fig 25: Diagram showing the extended Saywer-Tower setup used for large-signal electrical 

characterisation. 

Grey frames are parts that require user input during setup. The dotted frames show parts that are 

not modified during the experiment. Black lines are high voltage wires, dotted lines are signal 

carrying wires. The high voltage amplifier provides a scaled down reference output signal to the 

first channel of the oscilloscope, the measurement bridge supplies the axial strain signal into 

channel 3 and the radial signal into channel 4. Channel 2 records the voltage drop across the 

measurement capacitor. 

The Sawyer-Tower circuit (Fig 25) is essentially a voltage source connected across two 

capacitors in series, the sample and the 15 µF measuring capacitor. Since the capacitance of the 

sample is much smaller than that of the measuring capacitor and the charge transfer onto both 

capacitive elements is equal, the actual voltage drop across the measuring capacitor is minimal 

and can be measured safely. The capacitance of the samples can then be calculated using Eq 8, 

which in turn gives the polarisation of the sample according to Eq 9. An impedance converter is 

connected between the capacitor and the oscilloscope. In the event of an electric breakdown of 

the sample, the impedance converter protects the expensive oscilloscope from the high voltage 

then applied fully across the measuring capacitor. 
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Eq 8 

* *sample sample total capacitor capacitorsample sample
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Eq 9 

The electrical measurements were all done on disk shaped samples with a thickness to diameter 

ratio of 1:10 or less, so that the edge effect of the electric field can be neglected and the samples 

can hence be assumed to be parallel plate capacitors. The sample is always submerged in silicon 

oil (AK35 or AK150, Wacker-Chemie GmbH, München, Germany) with a breakdown strength 

of above 15 kV/mm under optimal conditions. AK35 was used whenever possible due to its 

lower viscosity but AK150 was required for temperatures above 200 °C because AK35 would 

decompose within minutes releasing toxic fumes in the process. Temperature-dependent 

measurements were done in a heated oil bath (Proline P8, Lauda GmbH & Co. KG, Lauda-

Königshofen, Germany). 

Strain sensors extend the Sawyer-Tower setup. Three different configurations of strain sensors 

were used. For temperature-dependent measurements a linear variable differential transformer 

(LVDT) strain sensor with 20 nm resolution (Mod W1T3 or equivalent, Hottinger Baldwin 

Messtechnik GmbH, Darmstadt, Germany) in conjunction with a two channel measurement 

bridge (AB12 or equivalent, Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany) was 

used. Volume changes during a measurement cycle at room temperature were done using two 

additional radially attached LVDT sensors concurrently with the axial sensor. The radial setup is 

shown in Fig 26. 
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Fig 26: Picture of the radial strain setup build in-group by Emil Aulbach. 

Similar to all strain sensor setups, the top electrode (cathode) is connected to the axial strain sensor 

and electrically insulated by a few centimetres of alumina. The radial sensors have to touch the 

middle of the edge of the sample. The height of the bottom electrode (anode) can be adjusted 

accordingly. The sample is held in place by the axial strain sensor in the centre of the disk-shaped 

sample. The two radial strain sensors each record the strain from the centre of the sample to the 

edge. The average of the two radial signals was used to calculate the radial strain across the 

diameter of the sample in per cent. The axial sensor signal is used to determine the axial strain 

across the thickness of the sample in per cent. The sum of the two signals, therefore, gives the 

absolute volume change in per cent. 

At room temperature, an optical non-contact displacement sensor and analogue output 

(D63+A1+H+LNPQ, Philtec, Inc. Annapolis, MD, USA) in axial (33) direction was used since it 

provides the best resolution of 4 nm to 15 nm depending on conditions. 

The natural frequency of the optical setup was experimentally found to be about 3 kHz. For this, 

a standard PZT samples was driven with a single rectangular pulse. The wave-like overshooting 

signal can then be easily read off at the beginning of the peak of the pulse and its frequency 

determined. Reliable large-signal strain measurements should hence be possible up to about one 

order of magnitude less. The LVDT sensors in comparison were limited to about 100 mHz due to 
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contamination with silicon oil as well as its higher measurement tip weight coupled with a 

weaker preload spring. 

All Sawyer-Tower circuits were driven by a function generator (33220A, Technologies 

Deutschland GmbH, Böblingen, Germany) whose signal is amplified 2000 times by a high 

voltage amplifier (20/20C, TREK Inc., Medina, NY, USA), which provides a maximum output 

voltage of 20 kV and a maximum output current of 20 mA and a slew rate33 of 450 V/µs. All data 

was recorded with an oscilloscope (DS06014A, Agilent Technologies Deutschland GmbH, 

Böblingen, Germany). 

The applied signal for unipolar and bipolar measurements was in each case saw-tooth shaped as 

shown in Fig 27 and the amplitude adjusted to the thickness of the sample to give the desired 

maximum electric field (Emax). 
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Fig 27: Typical zigzag or saw tooth shaped voltage signal used in bipolar (a) and unipolar (b) large 

field characterisation. 

a) The applied electric field goes linearly from zero to Emax, back through zero(c) to E-max and back 

to zero again where the cycle can begin again. In a large-signal characterisation, this cycle is 

repeated at least twice and the second cycle, therefore, starts with the samples poled in the 

opposite direction. b) The unipolar signal is a phase-shifted version of the bipolar cycle by 270°, 

offset by ½ Emax, with half the peak to peak amplitude and twice the frequency. The frequency 

doubling is required so that the signal ramps are the same. 

 
 

                                                 
33 The ‚slew rate„ is the highest rate of change of voltage with time achievable by the amplifier 
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All recorded data was imported from the oscilloscope into OriginPro 7.5 SR6 and converted 

according to the following equations: 

[ ] * 1[ ] [ ]sample HVE kV mm f CH V d mm  

Eq 10 

 2 2[ ] [ ]* 2[ ] [ ] 100sample capacitor sampleP C cm C F CH V A mm   

Eq 11 

[%] 3[ ]*100* [ ] [ ]sample MBS CH V f V mm d mm  

Eq 12 

[%] 4[ ]*100* [ ] [ ]Rsample MBS CH V f V mm w mm  

Eq 13 

The symbols mean the following: E=electric field, P=polarisation, S and SR are axial and radial 

strain, C=capacitance, CH1-4 are the oscilloscope channels. A, d and w are area, thickness and 

diameter of the sample and fMB and fHV are the conversion factors of the measurement bridge 

and the high-voltage amplifier, respectively. The units are given in the brackets. 

The energy content of a unipolar or bipolar cycle was determined by integrating the area of the 

polarisation versus electric field hysteresis using origin. 

In order to extend the range of frequencies achievable by the high voltage amplifier, the sample 

diameter was reduced to ~3.8 mm by drilling out disk shaped pieces from the original samples. 

Since this reduces the ratio of diameter to thickness and damage on the edges of the electrodes 

and samples, the polarisation values can only be compared for different frequencies of the same 

sample. 
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4.4. Small-Signal Electrical Measurements 

4.4.1 Small-Signal Piezoelectric Constant 
All reported small-signal d33 values were measured with a piezoelectric ceramic d33 calibrator 

(YE2730, Sinoceramics, State College, PA, USA) with 5 % accuracy, 110 Hz and 0.25N force. 

Unless stated otherwise, values were taken 24 h after poling. 

4.4.2 Temperature-Dependent Impedance Spectroscopy 
Temperature-dependent impedance spectroscopy was done between room temperature and 

500 °C34 in a custom built vacuum temperature control chamber (Internal design number: 7505-

06, Cryovac GmbH und Co. KG, Troisdorf, Germany) with a temperature range from room 

temperature to 1100 °C and an achievable vacuum of 10-09 bar . Two LCR35 meters (4284A and 

4285A, Hewlett-Packard GmbH, Böblingen, Germany) covering the frequency ranges 20 Hz to 

75 kHz and 75 kHz to 20 MHz respectively were used as measurement bridges. These devices 

were set to measure the capacitance (C) and loss (δ). Starting from 100 Hz readings were taken 

every order of magnitude up to 1 MHz every 1 K. The recording software was programmed with 

Lab View (National Instruments Germany GmbH, München, Germany) in-group by Gundel Fliß. 

If the sample is purely capacitive (not inductive, not conductive), which is the case for 

piezoelectric ceramics at the measured frequencies, tanδ is equal to δ for small losses. 

The relative dielectric constant (εr) is calculated using Eq 14: 

0

*sample

r

C d

A





 

Eq 14 

Where ε0 is the permittivity of free space and equals to 8.85x10-12F/m. d and A are thickness and 

area of the sample. 

                                                 
34 At the time of measurement, the accuracy of the temperature sensor had not yet been verified. With a temperature 
sensor in place of the sample, it was later found that the sample temperature was in fact lower and the temperature 
difference highly dependent on the vacuum pressure. The approximate gradient between real and recorded 
temperature was ~1/1.25 starting at room temperature. The peak temperature of 500 °C was therefore actually more 
or less 400 °C. 
35 LCR meters measured the complex impedance of a material, the name is derived from the inductance (L), 
capacitance (C) and resistance (R) that make up the complex impedance. 
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4.4.3 Low Frequency Impedance Spectroscopy 
A low frequency impedance spectrometer (1260A, Solatron Analytical, AMETEK GmbH, 

Meerbusch, Germany) was used at the same frequencies used during frequency-dependent large-

signal measurements to record the dielectric constants. 
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4.5. Ferroelastic Measurements 

4.5.1 Sample Preparation 
8 to 9 g of calcined and milled powder were hand-pressed in a pressing die with 2.5 cm diameter 

and isostatically pressed for three minutes with an offloading ramp of three minutes. Preparation 

was otherwise as described in section 4.1. The resulting cylinder with about 14 mm diameter was 

ground, polished and lapped down to 6 mm height with a maximum surface parallelity deviation 

of 0.5 %. Then, cylindrical samples of 5.88 mm diameter were drilled out of the large cylinder 

with a diamond drip tip. To minimise damage to sample edges, the sample was glued to a glass 

plate with resin and a microscope glass slide was glued onto the top surface. The drilling 

progress was manually kept below 0.2 mm/min and further reduced at the glass-to-ceramic 

interfaces. However, only 1 in 3 samples survived the drilling process with sufficient quality 

sample edges. 

4.5.2 Measurement Procedure 
The temperature-dependent differential dilatometer for ferroelectric testing was custom-built in-

group by Emil Aulbach. The sample-testing environment is diagrammed and described in Fig 28. 

The force onto the setup is provided by a 10 kN (max) screw-driven load frame (Z010, Zwick 

GmbH und Co. KG, Ulm, Germany) via the alumina tubes on each end. The load frame can be 

either of load or displacement controlled. The alumina rods connected to the LVDT were pressed 

to their respective tungsten carbide surfaces by leaf springs with the force of less than 1 N. 

The precise measurement procedure for each sample begins by annealing the sample at 450 °C 

for 15 minutes. Afterwards the sample was allowed to cool to room temperature, and then 

cleaned in an ultrasonic bath in isopropanol. The tungsten carbide surfaces and the sample 

surfaces were carefully cleaned with an air duster. After placing the sample in the machine and 

aligning it with an alumina fixture36, a pre-load of less than 10 N was set. The setup was then 

carefully tapped to allow all pieces to settle into their final positions. Heating was done under a 

preload of 15 N at a rate of 2 K/min. 15min holding time at the desired temperature still under 

preload was necessary to wait out thermal drift. Beginning at 100N, the load was increased to 

10.32 kN at the rate of 100 N/s and decreased at the same rate down to 100 N again. This cycle 

was repeated twice more. The results were recorded by the testing machine software (TestXpert 

9.01, Zwick Gmbh und Co KG, Ulm, Germany). 
                                                 
36 Since the setup was at an early stage of development when the readings were taken, there is an increased error due 
to the risk of misalignment. 



 4.5: FERROELASTIC MEASUREMENTS 121 

 
Fig 28: Schematic drawing of the ferroelastic testing setup[5]. 

The sample rests on a lapped tungsten carbide disk with a thermocouple directly beneath. The 

disc is in direct contact with an alumina measurement rod connected to an LVDT sensor. On top 

of the sample a tungsten carbide conical bearing is placed to compensate for the possibly non-

parallel sample surfaces due to the polishing process. The bottom of the conical bearing is also in 

direct contact with an alumina measurement rod connected to an LVDT sensor. This whole setup 

is centred, aligned and held in place by an alumina alignment fixture. When axial compressive 

stress is exerted onto the whole setup, the difference of the two LVDT sensor readings is used to 

calculate the strain of the sample. The top and bottom electrical connection were connected to 

allow charge transfer. The setup was heated by a split furnace (TL800, Thermal Technologies 

GmbH, Bayreuth, Germany) as shown above. The arrows show, where force was applied via 

hollow alumina rods (22 mm/19 mm outer/inner diameter). 

Measurements were done in 25 K steps starting at 25 °C up to 150 °C, 200 °C was also recorded. 

The same sample was reused each time for consistency and a room temperature cycle at the 

beginning and end of use of the sample was taken to check for degradation. At each temperature 

step, the whole measuring cycle was run also without a sample. This gives the contribution to the 

dilation inherent in the setup. It was found to be purely linear and without hysteresis across the 

entire measured temperature range. 
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5. Experimental Results 

5.1. Nomenclature 
The produced materials were mixtures of two reported MPB compositions in the BNT-BKT-

KNN phase diagram, 80BNT-20BKT[2] and 97KNN-3BKT[4]. 79BNT-21BKT and 81BNT-

19BKT were also mixed with KNN-3BKT to investigate ‚off-MPB„ behaviour. The following 

formula describes the prepared compositions: 

100 100 100 100(1 )[(1 ) ] [0.97 0.03 ]Y X X YBNT BKT KNN BKT      

Eq 15 

Where X was either 19, 20 or 21 and Y is varied between 0 and 100 in different step sizes. The 

mixtures are written as X;Y. Therefore, 80BNT-20BKT for example is 20;0, 97KNN-03BKT is 

20;100 and 81BNT-19BKT-2(97KNN-03BKT) is 19;2. 

 
Fig 29: The BNT-BKT-KNN phase diagram (a) with the investigated line of compositions 

highlighted in blue. On the right (b), the matrix of investigated compositions near the BNT-BKT 

MPB is displayed with position and nomenclature. The MPBs are marked in red, one unreported 

MPB is marked in yellow. 

As a result of the first experiments (chapter 5.2), the line shown in Fig 29, the line was extended 

to a 10 composition matrix (3 x 3 +20;0.5) at the BNT-BKT rich end of the line to investigate the 

properties of the compositions surrounding 20;1. For the remainder of this work, these 10 

compositions will be referred to as the “matrix compositions” or “all compositions” since the 

remaining compositions were not investigated beyond their density and preliminary large and 

small-signal strain and polarisation.  
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5.2. Broad Composition Search 
Initially, two lines of compositions were investigated, the first one connecting BNT-20BKT with 

KNN, the second one connecting BNT-BKT with KNN-BKT. The first line proved to have poor 

sintering behaviour for >50 mol% KNN. Since the difference between both lines diminishes with 

proximity to the BNT-20BKT, the first line was dropped from the investigation. The result of the 

search by use of bipolar large-signal and small-signal properties is shown in Fig 30. The region 

20;0-20;10 is magnified in Fig 31, where unipolar large-signal data is also included. 

0 10 20 30 40 50 60 70 80 90 100

0.05

0.10

0.15

0.20

0.25  Bipolar Strain at 6 kV/mm
 Piezoelectric Coef. d33 [pC/N]

Composition: 20;X

St
ra

in
 [%

]

1

10

100

Piezoelectric C
oef. d33  [pC

/N
]

 
Fig 30: The results of the broad composition search. Bipolar strain at 6 kV/mm of compositions 

between 20;0 and 20;100 in 10 mol% KNN-BKT steps across the whole phase diagram (Fig 29a) 

were measured. The regions 20;0-20;10 and 20;90-20;100 were then refined in the second step with 

1 mol% KNN-BKT and 2 mol% KNN-BKT steps, respectively. 

Starting at 20;0, the bipolar and unipolar strain at 6 kV/mm are 0.172 % and 0.125 % with a 

corresponding small-signal d33 of 125 pC/N. At 20;1, the bipolar and unipolar large strain are 

nearly identical at 0.250 % and 0.248 % respectively with a small-signal d33 of 25 pC/N. 

Between 20;02 and 20;10, unipolar and bipolar large strain are identical and, together with small-

signal d33 decrease continuously to 0.072 % and 4 pC/N at 20;10. Between 20;20 and 20;30 the 

large strain drops from 0.072 % to 0.035 % and remains there or below up to 20;90 with a 

minimum of 0.023 % at 20;50. The small-signal d33 between 20;10 and 20;90 fluctuates between 

8 pC/N and the minimum of 1.5 pC/N at 20;60. 
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The region 20;90-20;100 has a peak bipolar and unipolar strain of 0.2 % and 0.1 % at 20;96 and 

a peak d33 at 20;98 of 106 pC/N. 20;100 (pure KNN-BKT) was found to have 0.13 % and 0.01 % 

bipolar and unipolar strain and a d33 of 65 pC/N. 
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Fig 31: The refinement of the region 20;0 to 20;10. Bipolar and unipolar strain at 6 kV/mm of 

compositions between 20;1 and 20;8 in 1 % KNN-BKT and the previous data points at 20;0 and 

20;10. 

As a result of the refinement in the region 20;0 to 20;10, composition 20;1 was identified as 

having the highest unipolar and bipolar strain values overall. To investigate this behaviour 

further a 3x3 matrix of compositions X;Y centred on 20;01 (X: 19, 20, 21 and Y: 0, 1, 2) and also 

composition 20;0.5 were prepared as shown in Fig 29b. 
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5.3. Structure and Microstructure 

5.3.1 Density 
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Fig 32: Relative density of the investigated compositions. The inlay (red) shows the marked area of 

the graph expanded. A general downwards trend in density to both sides of 20;4 can be seen.  

The relative densities of all compositions up to 20;80 are shown in Fig 32. From the inset figure 

in Fig 32, 1 mol% KNN-BKT already increases the relative density by about 2.5 % on average. 

Further addition of KNN-BKT has no further improving effect. The relative density of 

compositions up to X;10 was always above 95 %, exact values of compositions up to 

composition X;2 are given in Tab 14 (page 138). The highest relative density was found at 20;4 

with 98.7 % closely followed by 20;1 with 98.5 %. Between 20;20 and 20;80, the relative density 

fluctuates between 91 % and 94 % with a general downwards trend towards higher KNN-BKT 

content. Non-matrix compositions (i.e. above 2 mol% KNN-BKT) were not further investigated 

from this point onwards due to generally low strain and poor sinterability. 
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5.3.2 Powder Diffraction 
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Fig 33: The diffraction patterns of all 10 matrix compositions after calcination and milling. All 

patterns show cubic perovskite structures. The 19;2, 20;0 and 20;2 show traces of a secondary 

phase at 30.3°, the others are single phase. The inlay shows the area between 39° and 48° where the 

first peak is the (111) reflex and the second (200) reflex. 
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Fig 34: The diffraction patterns of all 10 matrix compositions crushed after sintering. All patterns 

show cubic perovskite structures. There are no more traces of secondary phases at 30.3°. The inlay 

shows the area between 39° and 48° where the first peak is the 111 reflex and the second 200 reflex. 
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The data plots in Fig 33 show all diffraction patterns and a magnification of the 111 and 200 

reflex in the insets. The diffraction patterns of all 10 calcined powders were successfully fitted 

with space group Pm3m , since none of the reflexes showed any distortions. Some compositions 

show a small secondary phase as a reflex at 30.3°. Except for the zero point offset and the unit 

cell length, all fitting parameters were equal within the limits of the equipment and Rietveld 

refinement method. Patterns of the sintered and crushed samples are shown in Fig 34. The 

slimmer peak width of the patterns is a result of the annealing process done to reduce the internal 

stresses. All 10 patterns show no evidence of a secondary phase anymore. The patterns were 

again Rietveld-fitted with space group Pm3m . 

The variations in unit cell lengths of all 10 compositions in their calcined and in their sintered 

state are graphically represented in Fig 35a) and b) respectively and can be compared to the 

variation in the Goldschmidt Tolerance Factor (Fig 35c). In the case of the calcined powder the 

composition 19;Y shows the lowest unit cell length at Y=0, which increases steadily with 

increasing KNN-BKT content. Composition 20;1 shows the lowest unit cell length of the 20;Y 

line and the unit cell length increases towards both higher and lower KNN-BKT content. The 

21;Y line shows the present trend of the 19;Y line. 

The unit cell lengths of the sintered materials 19;Y and 20;Y show the same trends as in the case 

of the calcined powders but less pronounced. The 21;Y line shows a constant unit cell length 

within the error margin of 0.002 A. All unit cell lengths are shifted to higher values when 

moving from the calcined to the sintered material. The exact unit cell length values of both 

calcined and sintered materials and their corresponding tolerance factors are summarised in Tab 

14 (page 138). 
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Fig 35: a) The unit cell length a of the calcined 

and milled powder vs. composition X;Y. b) The 

unit cell length a of the sintered and crushed 

samples vs. composition X;Y. c) The t-factor of 

each composition calculated from the average 

ionic radius of A- and B-site. The A-site ion 

radii were taken as 12-fold coordinated and the 

Bi-radius estimated at 1.35 A 

5.3.2.1 Patterns of Bulk Samples after unipolar electrical load 
Unlike the powder diffraction patterns, which were recorded in transmission geometry, the 

diffraction patterns of the bulk samples were collected in reflective geometry. The collected 

patterns are shown in Fig 36. Splitting in both (111)pc and (200)pc indicates that the initially 

existing pseudocubic phase evolves into a mixed phase of rhombohedral and tetragonal on the 

application of an electric field. The reflexes at 22.6° and 29.2° arise from traces of silicon oil on 

the surface as well as the modelling clay used to hold the sample in position. The height ratio of 

the 200 and 002 reflexes is reversed when going from the19;0 to 19;1 composition (Fig 36a) . 

Similar behaviour is seen between 20;0 and 20;0.5 and back again between 20;0.5 and 20;2 with 

the reflex heights of 200 and 002 being exactly equal for 20;1(Fig 36b). The 21;Y 200 reflex 

splitting increases with increasing KNN-BKT content (Y) (Fig 36c). 

The 111 reflex remains unchanged in the case of the 21;Y with KNN-BKT content. The 111  

reflex can be seen as a small broad shoulder to the left (towards lower angles). For the 20;Y line, 

all 111 reflexes are similar except the 20;1 reflex, which is lower and has a comparatively higher 

111  reflex. For the 21;Y materials the ratio of the 111  reflex and the 111 reflex increases with 

increasing Y. 
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Fig 36: Diffraction patterns of a) 19;Y, b) 20;Y and c) 21;Y after unipolar load of 6 kV/mm for 15 

seconds. The inlay shows the splitting of the 111 (pseudocubic) reflex at about 40°. The splitting of 

the 200 (pseudocubic) reflex at 45° is smaller and can only be seen as asymmetric broadening or a 

small shoulder at lower angles. The origin of the splitting is a mixed phase of rhombohedral and 

tetragonal perovskite structures. Phase ratios cannot be determined since the degree of orientation 

is unknown. Impurity peaks at 22.6° and 29.2° are silicon oil from the poling and modelling clay 

from the sample holder. 
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5.3.3 Scanning Electron Microscopy 

 
Fig 37: Typical microstructure of a polished and chemically etched BNT-BKT-KNN-BKT sample of 

composition 19;2 recorded in BSE mode with a voltage of 20.0 kV. 

SEM pictures were taken of all 10 compositions. In order to determine the grain size, the 

polished surface of the sample was chemically etched to expose the microstructure. Etching 

times fluctuated between five seconds and two minutes independent of composition. The etching 

was inhomogeneous for most compositions and topographic imaging using BSE mode was used 

to enhance the grain boundary contrast in those cases. Fig 37 shows a representative image of the 

microstructure of a KNN-BKT added BNT-BKT composition. 
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Fig 38: Fracture surfaces of compositions a) 20;0, b) 20;0.5, c) 20;1, d) 20;2 recorded in SE mode at 

20.0 kV. 

The grain sizes are tabled in Tab 14 (Page 138). Composition 21;2 disintegrated without a 

sufficient time window where the microstructure was exposed enough to have sufficient contrast 

of the microstructure. Composition 21;1 showed the same behaviour. However, a small number 

of etched grains (less than 100) were recorded and, therefore, not enough to accurately determine 

the average grain size. Thermal etching proved unsuitable since the volatile elements bismuth 

and potassium grow small needle like crystals on the surface during cooling, which cover the 

underlying microstructure fully. Generally, the grain sizes of compositions from pure BNT-BKT 

compositions 19;0 and then to 21;0 were between 0.6 and 0.7 µm, while the grain sizes of the 

KNN-BKT added materials were around 0.5 µm. 
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Fig 39: The fracture surface of a sample of composition 20;0.5 showing the void left by an abnormal 

elongated grain of at least 6 µm length. 

Visual inspection of the fracture surfaces (Fig 38) shows an increase in the bimodality of the 

grain size distribution with increasing KNN-BKT content. Irregular crystal shapes as well as a 

dense microstructure is found in all cases. The ratio of intragranular to intergranular fractures 

increases with increasing KNN-BKT content. 

All compositions showed an even distribution of unusually elongated large grains throughout the 

bulk of the sample. An image of the space left by a grain that broke out of the fracture surface of 

a 20;0.5 composition sample is shown in Fig 39. These grains were approximately ten times 

larger than the average grain size. Energy dispersive x-ray analysis revealed no compositional 

deviation from the remaining bulk.  

  



 5.3: STRUCTURE AND MICROSTRUCTURE 135 

5.3.4 Transmission Electron Microscopy 
TEM images of the compositions 20;0, 20;0.5, 20;1 and 20;2 were recorded to investigate the 

structure evolution between the ferroelectric 20;0 and non-ferroelectric 20;2. Fig 40 shows a 

microstructure overview of composition 20;1 which is representative of the other compositions 

as well. The microstructure is dense and consists of irregularly shaped grains of less than 1 µm. 

The contrast of the grains increases with increasing KNN-BKT content. Long rectangular grains 

were also seen randomly distributed throughout all samples of all 4 compositions. 

 

 

 

Fig 40: TEM image of the microstructure of composition 20;1. The high contrast of some grains is a 

result of them being oriented to meet to Bragg conditions. 

Fig 41 and Fig 42 show the bright-field (BF) micrographs of compositions 20;0 to 20;2 The inset 

depicts the selected area electron diffraction (SAED) pattern. The selected grain in each case is 

the one showing high contrast. For each composition, two orientations are shown. To expose 

tetragonal superstructure reflections the [001]c or [111]c orientation was selected and to expose 

the rhombohedral superstructure reflexes the [011]c zone axis was selected. In all samples both 

½{ooe} and ½{ooo} reflexes were found in their respective orientations. Selected area electron 

diffraction along the [111]c zone axis show streaking of ½{ooe} superstructure reflections, due to 

a0a0c+ octahedral tilting. This is visible in the inset of Fig 41 (composition 20;0.5). Streaking of 

½{ooe} superstructure reflections along three different directions is visible, due to three 

tetragonal orientational variants[5]. Rhombohedral ½{ooo} superstructure reflections showed no 

such streaking. 
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Fig 41: TEM images of single grains of 20;0 (top) and 20;0.5 (bottom). The high contrast grains are 

oriented as shown in the inlays. On the left, the orientation ([001]c or [111]c) is such that it displays the 

½{ooe} superstructure reflexes (marked in inlay). On the right, the [011]c orientation is used to show the 

½{ooo} reflexes (marked in inlay). 
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Fig 42: TEM images of single grains of 20;1 (top) and 20;2 (bottom). The high contrast grains are 

oriented as shown in the inlays. On the left, the [001]c orientation is such that it displays the ½{ooe} 

superstructure reflexes (marked in inlay). On the right, the [011]c orientation is used to show the ½{ooo} 

reflexes (marked in inlay). 
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Fig 43: SAED pattern of sample 20;1 along [001]c zone. The splitting along [100] is marked with a 

red rectangle and zoomed in. 

The reflex splitting along the [001]c zone (Fig 43) showed reflex splitting due to the existence of 

a 90° a-c domain configuration, which was used to approximate the c/a ratio to 1.01 0.003  for 

composition 20;1. EDS of the long rectangular grains revealed no compositional difference 

within the measurement tolerances compared with the typical grains. To discount the effect of 

aging onto the crystal structure, a sample of 20;1 was deaged at 500 °C for 30 minutes with a 

2 K/min heating and cooling ramp. Although the contrast increased, the superstructure reflections 

½{ooe} and ½{ooo} remained present. A miniaturisation of the domain configuration was 

visible. 

5.3.5 Summary of Structure and Microstructure Parameters 
The structure and microstructure parameters, absolute density, relative density, unit cell length, 

tolerance factor and grain size are given in Tab 14 for reference and completeness. 

Tab 14: Summary of Structure and Microstructure Data 
Composition. Density 

(abs.)  
[g/cm²] 

Density 
(rel.) 
[ %] 

Unit cell  
Length [A] 
(Calcined)  

Unit cell  
Length [A] 
(Sintered)  

Tolerance 
Factor 

Grain Size 
[µm] 

Std. Dev. 
[+/-µm] 

19;0 5.74 96.0 3.8866(8) 3.8983(1) 0.9445 0.7 0.1 
19;1 5.83 97.4 3.8902(0) 3.9004(3) 0.9451 0.5 0.1 
19;2 5.82 97.7 3.9010(7) 3.9076(0) 0.9458 0.5 0.1 
20;0 5.70 95.3 3.8986(8) 3.9002(5) 0.9452 0.7 0.1 

20;0.5 5.70 95.2 3.8937(6) 3.8973(8) 0.9456 0.5 0.1 
20;1 5.90 98.5 3.8903(9) 3.8968(3) 0.9459 0.5 0.1 
20;2 5.76 96.7 3.8971(1) 3.9036(5) 0.9465 0.5 0.1 
21;0 5.70 95.3 3.9025(1) 3.9025(1) 0.9460 0.6 0.1 
21;1 5.86 98.0 3.8944(6) 3.9033(1) 0.9466 0.8 0.51 
21,2 5.74 96.4 3.8933(6) 3.9015(7) 0.9472 ?2 ?2 

1too few intact grain 
2etching failed 
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5.4. Room Temperature Electrical Results 

5.4.1 Bipolar Strain 
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Fig 44: Bipolar Strain hystereses of a) 20;0, b) 20;0.5, c) 20;1 and d) 20;2 for fields of 4 kV/mm 

(black), 6 kV/mm (red) and 8 kV/mm (blue).  

The bipolar strain at room temperature was recorded for all 10 compositions with maximum 

electric field of 4, 6 and 8 kV/mm. A typical strain evolution with increasing KNN-BKT content 

at the example of 20;0 to 20;2 is shown in Fig 44 with the corresponding polarisation hystereses 

in Fig 45. All Sawyer-Tower-type results were recorded at 55 mHz unless explicitly stated 

otherwise. 

Fig 44a) shows a typical ferroelectric butterfly-shaped strain loop of pure BNT-BKT (20;0). The 

maximum bipolar strain is 0.16, 0.27 and 0.33 % at 4, 6 and 8 kV/mm. Fig 45a) shows typical 

ferroelectric polarisation hystereses of pure BNT-BKT (20;0). The polarisation loops tend to 

saturation at or above 6 kV/mm. Maximum and remanent polarisation are 32.9 and 25.7 µC/cm² 

at 4 kV/mm respectively, 40.7 and 30.7 µC/cm² at 6 kV/mm and 42.9 and 32.9 µC/cm² at 

8 kV/mm. The coercive field is 2.4 kV/mm, recorded from the 8 kV/mm polarisation loop. Fig 

44b) and Fig 45b) show the strain and polarisation hystereses of 20;0.5 at 4, 6 and 8 kV/mm. The 

shapes of the strain and polarisation loops are almost identical to the composition 20;0 loops. The 
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maximum bipolar strain values increase to 0.2, 0.31 and 0.35 % with the corresponding 

maximum and remanent polarisation value of 29.0 and 21.7 µC/cm² at 4 kV/mm, 40.2 and 

29.3 µC/cm² at 6 kV/mm and 43.8 and 32.8 µC/cm² respectively. The coercive field of 20;0.5 is 

2.77 kV/mm taken from the 8 kV/mm measurement cycle. 
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Fig 45: Bipolar polarisation hystereses of a) 20;0, b) 20;0.5, c) 20;1 and d) 20;2 for fields of 

4 kV/mm (black), 6 kV/mm (red) and 8 kV/mm (blue). 

Fig 44c) shows the strain hystereses of 20;1 at 4, 6 and 8 kV/mm. The strain during increasing 

field follows a nearly parabolic shape centred on the coercive field of +1.05 kV/mm up to about 

5.5 kV/mm where the strain begins to level off. The 4 kV/mm cycle never reaches the levelling 

part of the curve. The maximum strain is 0.12, 0.38 and 0.45 % at 4, 6, and 8 kV/mm, 

respectively. When the field is reduced, the return path of the strain curve originally follows an 

approximate horizontal parabolic path down to about 1 kV/mm from which point onwards the 

strain almost linearly drops back to zero. The strain hysteresis is larger at 6 and 8 kV/mm and the 

linear segments of the strain path are shorter than in the ferroelectric case. The maximum 

negative strain at the coercive field is reduced from the 0.12 % of 20;0 and 20;0.5 to less than 

0.02 % in composition 20;1 at 8 kV/mm. Values for lower fields are below the experimental 

error. The polarisation of 20;1 (Fig 45c) shows a nearly linear increase with increasing field 

before levelling off at 6 kV/mm. The return path shows a double-loop shape similar to an 

antiferroelectric hysteresis (pinching) but for fields below 0.3 kV/mm, the polarisation follows a 
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linear slope parallel to the rising slope but in opposite direction. The 4 kV/mm polarisation 

hysteresis shows no double-loop return path. The remanent polarisation is 4.2, 6.0 and 

7.3 µC/cm² for 4, 6, and 8 kV/mm and the maximum polarisation 23.5, 39.6 and 42.6 µC/cm² 

with a coercive field of 1.2 kV/mm (8 kV/mm loop). 

19;0
19;1

19;2
 20;0

20;0.5
20;1

20;2
 21;0

21;1
21;2

100

200

300

400

500

600

700 a) 4 kV/mm

 

 Unipolar
 Bipolar

N
or

m
. S

tr
ai

n 
[p

m
/V

]

Composition
 

19;0
19;1

19;2
 20;0

20;0.5
20;1

20;1
 21;0

21;1
21;2

100

200

300

400

500

600

700 b)

N
or

m
. S

tr
ai

n 
[p

m
/V

] 6 kV/mm  Unipolar
 Bipolar

Composition
 

19;0
19;1

19;2
 20;0

20;0.5
20;1

20;2
 21;0

21;1
21;2

100

200

300

400

500

600 c)

N
or

m
. S

tr
ai

n 
[p

m
/V

] 8 kV/mm

 

Composition

 Unipolar
 Bipolar

 

19;0
19;1

19;2
 20;0

20;0.5
20;1

20;2
 21;0

21;1
21;2

100

200

300

400

500

600

700
d)Bipolar

Composition

 4 kV/mm
 6 kV/mm
 8 kV/mm

N
or

m
. S

tr
ai

n 
[p

m
/V

]

 
Fig 46: a), b) and c) show the maximum unipolar and bipolar normalised strain values of all 10 

compositions at 4, 6 and 8 kV/mm, respectively. d) shows a comparison of the bipolar strain values 

of all compositions at these three field strengths. The values were normalised to their maximum 

electric field in each case for better comparison. 

The strain (Fig 44d) and polarisation (Fig 45d) of 20;2 are systematically similar to 20;1 but the 

strain curves never level off at high fields and the return path is now only parabolic down to 

about 2.7 kV/mm. The linear section of the return path does not extend to zero field value but is 

followed by a vertical parabolic section below 2 kV/mm. The maximum strain is 0.09, 0.24 and 

0.37 % at 4, 6, and 8 kV/mm. The negative strain is again 0.02 % for 8 kV/mm and below the 

experimental error for lower fields. The polarisation loops have much less pronounced double 

loop return paths at the equivalent maximum applied fields. The linear part of the polarisation 

return-path starts already at 2 kV/mm. The maximum and remanent polarisation values are 21.3 

and 3.8 µC/cm² at 4 kV/mm, 32.6 and 4.3 µC/cm² at 6 kV/mm and finally 39.8 and 6.2 µC/cm² at 

8 kV/mm with the coercive field of 1.1 kV/mm. 
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The shape of strain and polarisation loops of the remaining six compositions can be 

systematically related to the 20;Y series shown in Fig 44 and Fig 45. The 19;Y series and 21;0 

and 21;1 compositions all show typical ferroelectric butterfly-shaped strain hystereses similar to 

20;0 and 20;0.5. The bipolar strain values of all 10 compositions are summarised in Fig 46. They 

were normalised to the applied field for better comparison. The maximum and remanent 

polarisation and the coercive fields are summarised in Fig 47. 
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Fig 47: The maximum and remanent polarisation values at a) 4 kV/mm, b) 6 kV/mm and c) 

8 kV/mm. The coercive field37, collected from the 4, 6 and 8 kV/mm polarisation hystereses is 

summarised in d). Since the coercive field is always at or below 3 kV/mm, the 6 and 8 kV/mm data 

gives true values, while the 4 kV/mm is only collected to aid later discussions. 

The 19;Y series (Fig 46 and Fig 47 on the left) shows unsaturated strain and polarisation 

hystereses at 4 kV/mm saturated ones at 6 and 8 kV/mm. The negative strain remains nearly 

constant with increasing KNN-BKT content while the total bipolar strain increases. The 

remanent polarisation drops from 19;0 to 19;1 and increases again to 19;2 while the maximum 

polarisation increases continuously for field strengths of 6 and 8 kV/mm. 4 kV/mm values are 

unsaturated. The coercive field continuously decreases. 19;0 shows the highest coercive field of 

                                                 
37  The measurement of the coercive field requires saturation of the polarisation hystereses. Conventionally a 
maximum electric field of twice the coercive field is assumed necessary. 
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all compositions at 3.03 kV/mm. From 19;0 to 19;2 the maximum polarisation remains nearly 

constant, while coercive field and remanent polarisation continuously decrease for all maximum 

field strengths. 
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Fig 48: The strain and polarisation of composition 21;2 at fields of 4, 6 and 8 kV/mm.  

The 21;Y series (Fig 46 and Fig 47 on the right) shows a continuous reduction in negative strain 

with increasing KNN-BKT content. The maximum bipolar strain is highest at 21;1 for all fields. 

The composition 21;2 (Fig 48) shows characteristics lying exactly between the 20;0.5 and 20;1 

type. The strain hysteresis still shows large negative strain but no linear regions. Its polarisation 

hysteresis already shows pinching but the pinching of the return path is less pronounced and is on 

the other side of the zero-field line compared with 20;1 and 20;2. 
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5.4.2 Unipolar Strain 
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Fig 49: The unipolar strain of compositions a) 19;Y, b) 20;Y and c) 21;Y at 4 kV/mm is shown on 

the left. Their corresponding polarisation hystereses are shown in d), e) and f) on the right. 

At room temperature the strain behaviour of all 10 compositions can be divided into two 

categories. All 19;Y as well as 20;0, 20;0.5, 21;0 and 21;1 shows strain behaviour characteristic 

of normal ferroelectric materials with rising and falling strain paths symmetric across the line 

connecting minimum and peak strains values. Their polarisation hystereses are of the same 

shape. 

The unipolar maximum strain of 19;Y shows a continuous increase from 0.075 over 0.095 to 

0.118 % at 4 kV/mm with increasing KNN-BKT content. The polarisation of 7.5µC/cm² at 19;0 

first decreases to 6.3 µC/cm² at 19;1 and increases again to 8.8 µC/cm². 
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Between 20;0 and 20;0.5 the maximum strain increases from 0.094 to 0.106 % with the 

maximum polarisation going up from 5.9 to 7.6 µC/cm². 19;0 and 19;1 show almost identical 

properties with 0.113 and 0.118 % maximum strain and 8.8 and 9.5 µC/cm² maximum 

polarisation. 

20;1 and 20;2 belong to the second category, which shows a more non-linear strain behaviour 

and no symmetry. Their rising strain flank increases more slowly at low fields and more quickly 

at high fields compared with materials of the first category. Their maximum strain values are 

0.123 and 0.090 %. The corresponding polarisation hystereses show much higher Pmax values of 

19.2 µC/cm² and 21.0 µC/cm² at 4 kV/mm compared with materials from the first category and 

they are non-symmetrical. 
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Fig 50: Normalised unipolar strain values at 4, 6 and 8 kV/mm. 

Composition 21;2 shows intermediate behaviour in both strain and polarisation. The strain 

hysteresis is still nearly symmetric but already shows a slow rising flank at low fields and a fast 

driving flank at high fields peaking at 0.126 %. The polarisation, while still nearly symmetric, is 

already much higher with Pmax= 13.9 µC/cm². 

The normalised unipolar strain values at 4, 6 and 8 kV/mm are collected in Fig 50. The 

normalised strain at fields of 6 and 8 kV/mm shows identical trends within the 19;Y, 20;Y and 

21;Y series. However, the absolute values of 19;Y as well as 20;1 and 20;2 approximately double 

when going from 4 to 6 kV/mm or 4 to 8 kV/mm. 21;Y the smallest variation in normalised 

strain with the maximum applied field. Unipolar polarisation values at 6 and 8 kV/mm were not 

collected due to conductivity from an equipment defect. Comparison of unipolar and bipolar 

normalised strain values in Fig 46 (Page 141) shows a constant ratio of approximately 1:1.4 

between unipolar and bipolar strain at 4, 6 and 8 kV/mm for all compositions but 20;1 and 20;2, 

meaning that the bipolar strain is always 40 % larger at any given field than the unipolar value. 

The ratios in the case of 20;1 and 20;2 are ~1:1. 21;2 again shows intermediate behaviour with 

the ratio of 1:1.2. 
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Fig 51: Strain versus the square of the polarisation for a) 19;Y, b) 20;Y and c) 21;Y. Since 20;1 and 

20;2 show a higher polarisation, d) shows 20;Y with a larger scale. 

The unipolar strain versus the square of the polarisation up to 4 kV/mm is shown in Fig 51. It 

shows non-linear behaviour for all compositions except 20;1 and 20;2. Compositions 20;1 and 

20;2 show nearly linear behaviour with a slope (the electrostrictive coefficient Q33) of 

0.0266 m4C-2 and 0.0234 m4C-2. The degree of linearity was assessed by fitting each S vs. P² 

curve with Eq 16: 

 

( ) * bS P a x  

Eq 16 

where „a‟ is fitting parameter. „b‟ varies between 0.5 for a purely quadratic and 1 for a purely 

linear relationship between strain and the square of the polarisation. The results are listed in Tab 

15. The corresponding error is only the uncertainty in the fitting parameter „b‟. Due to the 

hysteresis, the relative error increases continuously towards higher „b‟ values to up to about 5 %. 

The 19;Y series has a minimum at 19;1 of 0.546. The 20;Y series shows a continuous increase 

towards higher Y. 20;0 and 20;0.5 as well as 20;1 and 20;2 are close to each other, respectively. 

20;2 shows the highest values of all materials at 0.844, while 20;0 shows the lowest at 0.523. The 
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21;Y series also increases continuously with increasing Y. 21;1 is the only composition, whose 

„b‟ value of 0.647 is not either below 0.6 or above 0.8 unlike all others.  

Tab 15: Results of Exponential Fit of the S(P²) Graphs Shown in Fig 47. 
Composition „b‟ value of S(P²)=a*xb Error (+/-) in „b‟ 
19;0 0.57528 0.00367 
19;1 0.54613 0.00245 
19;2 0.58804 0.00287 
20;0 0.52315 0.0032 
20;0.5 0.54355 0.00365 
20;1 0.82333 0.00054 
20;2 0.84439 0.00298 
21;0 0.5531 0.00356 
21;1 0.57641 0.00355 
21;2 0.64668 0.0031 

The graphs in Fig 51 were fitted with the following function: 2( ) * bS P a x  

where „a‟ and „b‟ are the constants to be determined. The constant „a‟ is 

purely a fitting parameter of no intrinsic value. The „b‟ constant is between 

0.5 for purely quadratic and 1.0 for purely linear strain vs. polarisation 

behaviour.  

The value of the „b‟ parameter can only be used to estimate how ferroelectric or electrostrictive a 

certain material is. It should not be assumed that a value of 0.75 corresponds to a 50:50 ratio of 

electrostrictive and piezoelectric behaviour. 

5.4.3 Energy Content 
The energy content/loss of the polarisation hystereses of all 10 compositions was determined by 

integrating the area of the polarisation versus electric field curve. Unipolar values were recorded 

at 4 kV/mm, bipolar values at 4, 6 and 8 kV/mm. The results are visualised in Fig 52, exact 

numbers can be found in Tab 16. The 20;Y series shows a maximum loss of 214 kJ/m³ for one 

unipolar cycle at 20;1 followed by 20;2 with 161 kJ/m³. All other compositions show unipolar 

loss values between about 50 to 85 kJ/m³ with the exception of 21;2 with the value of 130 kJ/m³. 

19;1 shows a minimum in the energy content for unipolar 4 kV/mm as well as 4 and 6 kV/mm 

bipolar cycles. The 8 kV/mm energy content decreases continuously with increasing Y. 

The 21;Y series shows continuously decreasing bipolar energy loss at all field strengths with 

increasing Y. Continuously increasing unipolar energy loss with increasing KNN-BKT content is 

found at the same time. 
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Fig 52: The energy content of the unipolar 4 kV/mm polarisation hysteresis are shown in red. The 

energy content of the bipolar 4, 6 and 8 kV/mm polarisation hysteresis are shown in black, green 

and blue, respectively. Please note the large difference of the unipolar scale between 40 and 

220 kJ/m³ and of the bipolar scale from 500 to 5000 kJ/m³. 

 

Tab 16: Energy Content of Polarisation Hystereses 
Composition Unipolar [kJ/m³] Bipolar [kJ/m³] 
 4 kV/mm 4 kV/mm 6 kV/mm 8 kV/mm 
19;0 68.58 1650 3260 4200 
19;1 52.25 1420 2910 4020 
19;2 83.45 1880 2970 3770 
20;0 49.38 2640 3840 4510 
20;0.5 73.38 2490 3750 4930 
20;1 214.34 634 1920 2404 
20;2 161.64 495 1070 1710 
21;0 83.42 1830 3050 3900 
21;1 83.26 1480 2550 3490 
21;2 129.68 1120 2040 2730 
The energy content of one cycle of the unipolar and bipolar polarisation hystereses was measured 

by integration of the polarisation versus electric field cycle. 
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5.4.4 Small-Signal d33 

 

19;0
19;1

19;2
 20;0

20;0.5
20;1

20;2
 21;0

21;1
21;2

0

25

50

75

100

125

Sm
al

l s
ig

na
l d

33
 [p

C/
N]

Composition (X;Y)

 <1 Hour
 24 Hours

 

 

Fig 53: Small-signal d33 as a function of composition directly after poling and after 24 h. 

The small-signal d33 values were recorded directly after poling at 8 kV/mm and again after the 

standardised 24-hour aging. All compositions show a continuous drop with increasing Y in their 

respective series after aging. Initially, the values of 19;1 is highest overall at 121 pC/N. 

However, it drops by 33 % to 80 pC/N within 24 h. 19;2 also drops 33 % within 24 h from 

42 pC/N to a final value of 28 pC/N. All other compositions lost between 7 and 15 % of their d33 

value within 24 h. After 24 h, only 20;0 and 20;0.5 show values above 100 pC/N with 107 pC/N 

and 105 pC/N, respectively; directly after poling 115 pC/N and 113 pC/N were measured. They 

are closely followed by 19;0 and 19;1 with 97 pC/N and 80 pC/N and 21;0 and 21;1 with 

95 pC/N and 80 pC/N, respectively. The time-dependent variations seen for 20;1 and 20;2 as 

well as the minor increase from 20;1 to 20;2 are below the accuracy of the equipment and, 

therefore, within the experimental error. Their final values are 12 pC/N and 14 pC/N. 21;2 also 

shows a low value of 11 pC/N. Directly after poling, 19;0, 21;0 and 21;1 have d33 values around 

100 also with 110, 111 and 95 pC/N each. 
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5.4.5 Radial Strain 
Concurrently with the axial strain, the radial strain of the disk shaped samples of all 10 

compositions was recorded under bipolar electrical load of 4, 6 and 8 kV/mm. The result of the 

8 kV/mm run is shown in Fig 54 for the 19;Y series, in Fig 55 for the 20;Y series and in Fig 56 

for the 21;Y series. The description of the axial strain curves was already done in section 5.4.1. 

The sum of the axial and twice the radial strain in per cent is the volume change also in per cent. 
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Fig 54: The axial and radial strain of the 

composition series 19;Y recorded with an 

8 kV/mm bipolar electric field. The axial strain 

is shown in black, the radial strain in red. The 

blue curve shows the volume change in per cent, 

which is the sum of the axial and twice the 

radial signal.  

The shape of the radial strain curve is identical for all compositions of the 19;Y series. The radial 

strain of each sample is as a first approximation the inverted and halved signal of the axial strain. 

However, the volume change shows a hysteretic path, which illustrates the deviation from this 

first approximation. The volume change (defined as zero with no applied field) is largest at the 

highest applied field with 0.064 %, 0.065 % and 0.065 % for 19;0, 19;1 and 19;2 respectively. 

The error, in this case due to drift of the sensor, is about 0.005 percentage points. This drift in the 

axial signal is a result of the continuous flow of silicon oil down the sample holder and, 

therefore, induced a small thermal drift in the axial signal only. The oil was at a different 
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temperature to the temperature of the room, since it was stored in a different part of the building. 

The relative volume change then decreases almost linearly when the field is reduced. If the field 

direction is reversed, the samples initially contract linearly and then approximately quadratically 

before expanding again first quadratically then linearly along most of the way towards the 

maximum at the maximum applied field. 
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Fig 55: The axial and radial strain of the composition series 20;Y recorded with an 8 kV/mm 

bipolar electric field. The axial strain is shown in black, the radial strain in red. The blue curve 

shows the volume change in per cent, which is the sum of the axial and twice the radial signal.  

The description of the radial strain and volume change hysteresis shapes of compositions 20;0 

and 20;0.5 is identical to the 19;Y series description with the Vmax value of 0.066 % and 0.060 %. 

Composition 20;1 shows an even higher similarity between the axial strain and twice the inverse 

of the radial strain. This is expressed in the volume change with its much narrower hysteresis 

with much less volume contraction but about the same maximum volume expansion as the other 

two at 0.66 % at Emax. Furthermore, the parts of the volume hysteresis that were described as 
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linear in the case of the 19;Y compositions are now also nonlinear. Composition 20;2 finally 

shows no volume hysteresis at all and neither any volume contraction. The volume change is 

quadratic at first and almost levels out at higher fields. Its maximum volume change of 0.03 % is 

half that of the previous composition even though the axial strain is comparable. 
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Fig 56: The axial and radial strain of the 

composition series 21;Y recorded with an 

8 kV/mm bipolar electric field. The axial strain 

is shown in black, the radial strain in red. The 

blue curve shows the volume change in per cent, 

which is the sum of the axial and twice the 

radial signal. 

The shape of the volume hysteresis of 21;0 is comparable to that of 19;0 as described above. Its 

maximum volume change at the maximum applied field is 0.062 %. The composition 21;1 shows 

a slightly broader hysteresis at low fields and almost no hysteresis at higher fields with a Vmax of 

0.051 %. The composition 21;2 finally shows the largest volume hysteresis area of all 10 

compositions. This is, however, not due to increased volume contraction or expansion but the 

expanded volume returns more slowly at high fields and faster at lower fields during reduction of 

the applied field than in the other compositions. 
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Fig 57: The maximum volume expansion in per cent as a function of composition and electric field. 

The larger errors of the 4 kV/mm values are due to asymmetry of the axial strain curve. 

The maximum positive volume change (expansion) values (Vmax) at Emax values for all 10 

compositions and Emax of 4, 6 and 8 kV/mm are graphically summarised in Fig 57. The 

maximum volume contraction values were below the resolution of the equipment. The Vmax 

values at 4 kV/mm are so low that the absolute error is the same magnitude as the value of Vmax 

at 19;0. Furthermore, a small asymmetry of the axial strain (near the detection threshold of the 

equipment) adds another about 0.005 percentage points to the error of the 4 kV/mm values. The 

trends of the maximum volume changes described above for 8 kV/mm maximum field hold true 

for lower fields also in the case of the 19;Y and 20;Y series as well as 21;1 and 21;2. The 21;Y 

series shows a continuous almost linear increase of Vmax with increasing KNN-BKT content (Y) 

at 4 kV/mm maximum applied field. With increasing maximum applied field, the Vmax values of 

21;0, however, increase faster than those of 21;1 and 21;2. At 6 kV/mm, the values of 21;0 and 

21;1 are almost the same and at 8 kV/mm, the 21;0 value directly in between the values of 21;1 

and 21;2. The value recorded for composition 19;1 is the average value of the positive and 

negative field value since there was a strong asymmetry. 
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5.5. Temperature-Dependent Properties 

5.5.1 Strain and Polarisation at Elevated Temperatures. 

5.5.1.1 Strain and Polarisation Hystereses Shapes at Elevated Temperatures 
The temperature-dependent strain and polarisation of all 10 compositions were recorded. A saw-

tooth shaped signal with the maximum field strengths of 4 kV/mm was applied to frequency of 

55 mHz. At each temperature step the sample and the sample holder, which was only partially 

submerged in temperature controlled silicon oil, was left to rest for around 5 to 15 minutes. 

During this time, the different materials, the sample holder with the strain sensor was made of, 

were allowed to reach thermal equilibrium to minimise thermal drift during the measurement. 
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Fig 58: The bipolar strain evolution at 4 kV/mm recorded at 50, 75, 100 and 150 °C for 

compositions a) 20;0, b) 20;0.5, c) 20;1 and d) 20;2. 

Measurements were repeated as needed until the thermal drift between the beginning and the end 

of the cycle was approximately less than 5 % of the maximum recorded strain in the mentioned 

cycle. During the measurement, the temperature of the convecting oil was within 1.5 K of the 

target temperature. 

The strain and polarisation were recorded in 12.5 K steps between room temperature (25 °C) and 

100 °C. Between 100 °C and 200 °C, the step size was 50 Kelvin. The resulting bipolar strain 
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curves of compositions 20;0, 20;0.5, 20;1 and 20;2 can be found in Fig 58; their corresponding 

polarisation hysteresis in Fig 59. The four temperatures and compositions shown were selected 

because they cover all possible shapes and types of the strain and polarisation hystereses, which 

can also be found in the other materials and at other temperatures as well. 
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Fig 59: The bipolar polarisation evolution at 4 kV/mm recorded at 50, 75, 100 and 150 °C for 

compositions a) 20;0, b) 20;0.5, c) 20;1 and d) 20;2. 

In this section, only the shape evolution is discussed. The bipolar strain hysteresis of 20;0 (Fig 

58a) keeps its typical room temperature shape at 50 °C but with increased positive and negative 

strain. At 75 °C, positive and negative strain is again increased and the linear parts of the strain 

path become fewer and shorter. At 100 °C, the positive strain is highest while the negative strain 

has almost disappeared. The hysteresis shape is comparable to that of 20;2 at room temperature. 

The strain hysteresis at 150 °C shows reduced positive strain, no negative strain and less 

hysteretic behaviour. The evolution of the shape of the bipolar strain curve of 20;0.5 (Fig 58b) is 

identical to that of 20;0 but all changes happen more gradually over a wider range of 

temperatures, which is further described in section 5.5.1.2 through 5.5.1.4. However, unlike in 

the previous case, the positive strain continuously increases while the negative strain 

continuously decreases for all displayed the strain curves. The strain curves of 20;1 and 20;2 (Fig 

58b and c) keep their room temperature strain hysteresis shapes at 50, 75, 100 and 150 °C. Their 
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maximum strain continuously decreases with temperature and so does their hysteretic behaviour, 

i.e. the width/area of the hystereses becomes smaller. 

The shape of the polarisation hysteresis of 20;0 (Fig 59a) at 50 °C is identical to the room 

temperature hysteresis. At 75 °C, the polarisation hysteresis of 20;0 shows slight pinching but 

still remanent polarisation similar to composition 20;1 at room temperature. At 100 °C, the 

pinching becomes more pronounced and the remanent polarisation small like in the case 

described for 20;2 at room temperature. At 150 °C, the polarisation increases nearly linearly with 

the electric field. At 1 kV/mm field strength, the slope of the gradient between polarisation and 

electric field flattens out. 

The polarisation of 20;0.5 (Fig 59b) shows a similar temperature-dependent evolution to 20;0 

with all characteristic changes shifted upwards by about 25 K. In addition, all changes happen 

more gradually with temperature. At 75 °C, the room temperature shape is still maintained. The 

pinching at 100 °C has not yet crossed the zero field value. The hysteresis at 150 °C has about 

twice the width of composition 20;0 at the same temperature. 

The polarisation hysteresis of 20;1 and 20;2 (Fig 59c and d) maintain their room temperature 

polarisation hysteresis shapes at 50 °C and 75 °C. The polarisation changes almost linearly with 

increasing electric field with a narrow hysteresis, which becomes narrower with increasing 

temperature. At 100 °C and 150 °C, the gradient of the slope of the polarisation is flatter for 

fields below 1 kV/mm. 

All compositions show a small increase in maximum polarisation with temperature beginning at 

75 °C. Compositions 19;Y and 21;Y all follow the strain and polarisation evolution described in 

the case of 20;0. However, the „transition‟ temperatures between the different strain and 

polarisation curve types are different in each case as summarised below. 
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5.5.1.2 Temperature-Dependent Maximum Strain 
A summary of the temperature-dependent maximum strain for all 10 compositions, including 

data from all temperature steps, can be found in Fig 60, Fig 61 and Fig 62 for composition series 

19;Y, 20;Y and 21;Y, respectively. The corresponding remanent and maximum polarisation 

values are presented in Fig 63, Fig 64 and Fig 65 as well as the coercive field values in Fig 66. 

The maximum unipolar and bipolar strain values of 19;0 (Fig 60a) to 19;2 (Fig 60a) have some 

basic characteristics in common. Unipolar and bipolar strain increases continuously from their 

respective room temperature values up to a certain temperature, whilst the difference between 

them continuously decreases. The maximum unipolar and bipolar strain is always reached just 

before they become identical. The apparent drop between 25 °C and 37.5 °C in 19;0 is a result of 

uncontrollable non-linear thermal drift due to fluctuating cooling water temperature. The change 

in slope at 50 °C in composition 19;1 occurs because the samples had to be replaced at 37.5 °C 

and new samples show a slightly higher strain for the first 5 to 10 bipolar cycles. 
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Fig 60: Temperature-dependent unipolar and 

bipolar maximum strain of compositions a) 

19;0, b) 19;1 and c) 19;2. 

The minor separation of unipolar and bipolar strain at above 150 °C is also a result of non-linear 

thermal drift. For unipolar measurements, the strain was always measured between the zero field 

value and the maximum. For the bipolar strain, always the highest and lowest values were taken 

from one side of the strain hysteresis. Even if there was no actual negative strain contribution, the 
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lowest value was sometimes lower than the value at zero field. This maximum deviation of 0.01 

percentage points should be considered the maximum achievable accuracy of the experiment. 

Composition 19;0 reaches its maximum strain of 0.29 % at 87.5 °C, composition 19;1 reaches 

0.35 % at 75 °C and composition 19;2 reaches 0.26 % at 50 °C. After these respective maximum 

unipolar and bipolar strain remains equal and continuously decrease together until they reach 

0.21 %, 0.16 % and 0.12 % at 200 °C, respectively. 
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Fig 61: Temperature-dependent unipolar and bipolar maximum strain of compositions a) 20;0, b) 

20;0.5, c) 20;1 and d) 20;2. 

The bipolar and unipolar strain of compositions 20;0 (Fig 61a) shows the same type of behaviour 

as already discussed for compositions 19;Y. The highest strain is found at 87.5 °C at 0.34 %, 

which is reduced to 0.16 % at 200 °C. 

The bipolar strain of composition 20;0.5 (Fig 61b) shows a much less defined broader maximum. 

The highest bipolar strain remains constant at 0.21 % between 87.5 °C and 150 °C. The unipolar 

strain peaks at 150 °C with 0.20 % and a strain of 0.17 % at 200 °C. Unipolar and bipolar strain 

of composition 20;1 are always identical at every temperature step and within the error margin of 

the experiment. The apparent increase from the room temperature value of 0.12 % to the 

maximum value of 0.13 % at 75 °C and its return to 0.11 % at 200 °C is only twice the assumed 
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maximum accuracy of the experimental setup. The corresponding values for composition 20;2 

are 0.9 % , 0.11 % and 0.8 % at room temperature, 75 °C and 200 °C. 
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Fig 62: Temperature-dependent unipolar and 

bipolar maximum strain of compositions a) 

21;0, b) 21;1 and c) 21;2. 

The unipolar and bipolar strain of compositions 21;0 to 21;2 is shown in Fig 62a to c. Even 

though they are similar to composition 20;0 in the general strain shape evolution, the maximum 

of the bipolar strain is always at a 25 K lower temperature than the maximum of the unipolar 

strain. In all other materials, these maxima are at most 12.5 K apart. The maximum bipolar strain 

values of 21;0, 21;1 and 21;2 are 0.22 %, 0.21 % and 0.18 % at 75 °C, 62.5 °C and 50 °C, 

respectively, and the maximum unipolar strain is 0.19 %, 0.18 % and 0.17 %. At 200 °C, 

unipolar and bipolar strain values are equal and 0.15 %, 0.15 % and 0.13 % for compositions 

21;0 to 21;2. 
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5.5.1.3 Temperature-Dependent Remanent and Maximum Polarisation 
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Fig 63: Temperature-dependent maximum and 

remanent polarisation of compositions a) 19;0, 

b) 19;1 and c) 19;2. 

The temperature-dependent evolution of the remanent and maximum polarisation of 

compositions 19;0 to 19;2 can be found in Fig 63. The maximum polarisation of composition 

19;0 increases continuously up to its maximum value of 25.7 µC/cm² at 75 °C. It then decreases 

continuously to 24.5 µC/cm² at 200 °C. The remanent polarisation increases continuously to its 

maximum value of 15.1 µC/cm² at 62.5 °C. The lowest value of 1.5 µC/cm² is found at 125 °C. 

At higher temperatures, an increased conductivity of the sample causes an apparent increase in 

the remanent polarisation. It can be assumed that the maximum polarisation actually decreases 

more quickly with temperature, but this cannot be seen due to the superimposed conductivity 

contribution. This conductivity contribution is found in all samples at 125 °C and above. 

Therefore, for better comparability, the remanent polarisation value at 125 °C will always be 

selected. 

Composition 19;1 (Fig 63b) shows the same general behaviour as the previous composition. The 

highest maximum polarisation of 36.5 µC/cm² is found at 75 °C. However, if the measurement 

artefact due to the sample replacement is ignored, the actual maximum is likely at 62.5 °C. The 

corresponding remanent polarisation at 62.5 °C is 24.8 µC/cm². Again, lower temperature values 

are the result of the sample replacement. The minimum remanent polarisation of 0.9 µC/cm² is 

found at 125 °C. The maximum polarisation at 200 °C is 28.3 µC/cm². 
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Composition 19;2 (Fig 63c) shows no initial increase of the maximum and remanent polarisation 

at low temperatures but the highest maximum and remanent polarisation values of 32.2 µC/cm² 

and 22.9 µC/cm² are found at 25 °C. The lowest remanent polarisation at 125 °C was below 

0.02 µC/cm², which is the signal-to-noise ratio limiting the experiment. It is therefore assumed to 

be zero. The maximum polarisation at 200 °C is 26.2 µC/cm². 
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Fig 64: Temperature-dependent maximum and remanent polarisation of compositions a) 20;0, b) 

20;0.5, c) 20;1 and d) 20;2. 

Remanent and maximum polarisation of compositions 20;0 to 20;2 are found in Fig 64. 

Compositions 20;0 and 20;0.5 showed the same general behaviour as previously mentioned for 

compositions 19;Y. For composition 20;0 (Fig 64a) highest maximum polarisation of 

35.5 µC/cm² is found at 87.5 °C, its highest remanent polarisation of 23.9 µC/cm² at 62.5 °C. 

The lowest remanent polarisation at 125 °C is found to be 0.65 µC/cm² and the maximum 

polarisation at 200 °C is 28.9 µC/cm². 

Composition 20;0.5 (Fig 64b) shows the steady almost linear decrease of the remanent 

polarisation from its highest value of 21.0 µC/cm² at 32.5 °C to 3.8 µC/cm² at 125 °C. The 

maximum polarisation peaks at 62.5 °C with a value of 31.2 µC/cm². Conductivity causes an 

apparent increase of the maximum polarisation above 125 °C with a final value of 32.5 µC/cm², 

which is likely at least 10 % lower if the conductivity contribution could be removed. 
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Composition 20;1 and 20;2 (Fig 64c and d) shows a nearly constant maximum polarisation of 

between 22.4 µC/cm² and 24.5 µC/cm² and between 20.3 µC/cm² and 22.2 µC/cm² respectively. 

Both show a continuous linear decrease of the remanent polarisation between room temperature 

and 125 °C, after which there is again a conductivity contribution seemingly causing an increase. 

The minimum remanent polarisation of both composition 20;1 and 20;2 is zero within the signal-

to-noise error margin. 
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Fig 65: Temperature-dependent maximum and 

remanent polarisation of compositions a) 21;0, 

b) 21;1 and c) 21;2. 

Compositions 21;0 to 21;2 have their remanent and maximum polarisation as a function of 

temperature presented in Fig 65. The highest maximum polarisation of all three is found at 

32.5 °C with 30.7 µC/cm², 29.5 µC/cm² and 28.9 µC/cm² in order of ascending KNN-BKT 

content. The highest remanent polarisation values of 21;0 and 21;1 are also found at 32.5 °C with 

21.1 µC/cm² and 17.9 µC/cm², respectively. The highest value of 21;2 is found at room 

temperature. The lowest remanent polarisation values of 2.2, 2.1 and 1.8 µC/cm² are found at 

125, 100 and 100 °C for compositions 21;0, 21;1 and 21;2, respectively. The values of the latter 

two at 125 °C already show some conductivity contribution. The maximum polarisation values 

of all three in order of ascending KNN-BKT content are 30.1, 29.9 and 28.3 µC/cm². 
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5.5.1.4 Temperature-dependent Coercive Field 
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Tab 17: Large-Signal Depolarisation 
Temperature 
Composition Temperature of 

steepest drop in EC 
19;0 87.5 °C 
19;1 75 °C 
19;2 32.5 °C 
20;0 62.5 °C 
20;0.5 75 °C* 
20;1 None 
20;to None 
21;0 50 °C 
21;1 50 °C 
21;2 None 
* drop is almost steady 

Fig 66: Temperature-dependent coercive field of 

a) 19;Y, b) 20;Y and c)21;Y. The temperature, 

where the largest change in the coercive field 

occurs, is listed in Tab 17 on the right. 

The temperature-dependent coercive field is shown in Fig 66 for all 10 compositions. All 

compositions except 20;1, 20;2 and 21;2 show an initial gradual decrease in the coercive field 

from their respective room temperature values followed by a steep drop after which the coercive 

field slowly approaches a minimum at 125 °C. The temperature where the deepest drop begins 

are listed in Tab 17. They correspond to the depolarisation temperature of the composition. 

Compositions with the coercive field of nearly 2 kV/mm or above all show this sudden drop in 

the coercive field value with the exception of 20;0.5 which shows a more gradual decrease 

comparable to the one found in 20;1 and 20;2 which is also seen in 21;1 and 21;2. Values above 

2 kV/mm should not be considered actually a coercive field values since the maximum applied 

field was only 4 kV/mm. Similarly, values below 0.5 kV/mm should be viewed with caution 

since conductivity at higher temperatures broadened the polarisation hysteresis. The signal-to-

noise ratio is highly dependent on the angle of intersection of the polarisation curve and zero 

field line, which makes values below 0.5 kV/mm unreliable.  
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5.5.2 Temperature-Dependent Remanent Strain 

25 50 75 100 125 150
0.00

0.05

0.10

0.15

0.20

0.25

St
ra

in
 [%

]

Temperature [°C]

 19;0
 19;1
 19;2

a)

 
25 50 75 100 125 150

0.00

0.05

0.10

0.15

0.20

0.25 b)

St
ra

in
 [%

]

Temperature [°C]

 20;0
 20;0.5
 20;1
 20;2

 

25 50 75 100 125 150
0.00

0.05

0.10

0.15

0.20

0.25 c)

St
ra

in
 [%

]

Temperature [°C]

 21;0
 21;1
 21;2

 

Fig 67: The remanent strain of a) 19;Y, b) 20;Y 

and c) 21;Y as a function of temperature. 

The remanent strain for all 10 compositions was recorded as a function of temperature and is 

shown in Fig 67. Before each measurement, the sample was depoled at 450 °C for 15 minutes. 

The first two cycles were recorded at 4 kV/mm. The remanent strain, as reported, is the value 

when the electric field returns to zero for the first time after the first half of the cycle. 

Compositions 19;0 and 19;1 (Fig 67a) first show an increase in the remanent strain between 

25 °C and 50 °C, after which the remanent strain continuously decreases reaching zero at 100 °C. 

Composition 19;2 shows no initial increase in the remanent strain but a continuous decrease to 

zero at 75 °C. Initially, the remanent strain values at room temperature are 0.13 %, 0.25 % and 

0.15 % for compositions 19;0 to 19;2. 

Compositions 20;0 and 20;0.5 (Fig 67b) start off at 0.24 % and 0.18 % at room temperature and 

continuously decrease to zero at 100 °C and 125 °C, respectively. Compositions 20;1 and 20;2 

show no remanent strain at or above room temperature. 

Compositions 21;0 to 21;2 (Fig 67c) initially show remanent strain of 0.12 %, 0.08 % and 0.03 % 

at room temperature. Compositions 21;1 and 21;2 show small increase in the remanent strain 

between room temperature and 50 °C. Afterwards, all 3 compositions show continuous decrease 

in remanent strain reaching zero at 125 °C, 100 °C, and 75 °C for compositions 21;0 to 21;2, 

respectively. 
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The graph of composition 21;0 at room temperature (Fig 68) shows the strain behaviour, which is 

typical for all compositions and temperatures where the remanent strain is non-zero. The first 

cycle (shown in black) is the one, from which the remanent strain value was taken (bottom blue 

dot). 
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Fig 68: The first two strain versus electric field cycles recorded at room temperature for 

composition 21;0. The blue dots show the remanent strain values after 1/2 of a cycle (lowest), one 

full cycle (middle) and after two full cycles (top). 

In all investigated compositions, which show a remanent strain, the remanent strain recorded 

after the first half cycle is lower than the value after a complete cycle or after two complete 

cycles. The example of 21;0 at room temperature shows 0.12 %, 0.17 % and 0.19 % at the 

mentioned cycle fractions. Furthermore, all these compositions show a much larger strain 

hysteresis during the second half of the first cycle in particular with a bipolar strain usually 50 % 

larger than found during the 2nd cycle. The remanent strain value after 2 cycles could not be 

evaluated reliably in most compositions, since the strongly asymmetric strain curves do not allow 

the detection of thermal drift and other measurement artefacts. 
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5.5.3 Temperature-Dependent Ferroelastic Properties 
The ferroelastic properties of compositions 20;0 to 20;2 were investigated as a function of 

temperature between room temperature and 150 °C with the step size of 25 K. Before each 

measurement, the samples were annealed at 450 °C for 15 minutes. After the 200 °C step, each 

sample was measured again at room temperature to ensure, that no sample degradation had 

occurred. The results are shown in Fig 69 to Fig 72 for compositions 20;0 to 20;2 with the 

exception of the 200 °C step. A graphical summary of the maximum and remanent strain as well 

as the energy dissipated during one cycle can be found in Fig 73. 
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Fig 69: Compressive strain versus applied stress at temperatures of 25 °C to 150 °C in steps of 25 K 

for composition 20;0. 

Composition 20;0 (Fig 69) shows a typical ferroelastic stress versus strain curve at room 

temperature. However, the onset stress38, where ferroelastic switching begins, as well as the 

coercive stress, cannot be reported, since the changes in the gradient are too small to reliably 

determine the inflection point38, which defines the coercive stress. It is likely that the onset 

stress38 is too close to the maximum applicable stress and, therefore, the inflection point cannot 

be seen. At 50 °C, the return path of the strain curves for stresses above -50 MPa and the 

remanent strain is reduced. At 75 °C, the strain versus stress hysteresis is fully closed for stresses 

above -50 MPa but hysteresis is still visible between -375 MPa and -50 MPa. Between 100 °C 

and 150 °C the return path of the stress strain hysteresis becomes more and more linear and the 

area of the hysteresis smaller. At 150 and 200 °C, there is no more hysteresis and only purely 
                                                 
38 A description, how the onset stress and coercive stress are determined can be found in Webber et al.[6]. 
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linear strain behaviour. The curvature of the strain path for stresses above -25 MPa is a result of 

sample misalignment, since the equipment was in an early stage of development, and/or dust was 

present on the sample surfaces. 
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Fig 70: Compressive strain versus applied stress at temperatures of 25 °C to 150 °C in steps of 25 K 

for composition 20;0.5. 

Composition 20;0.5 (Fig 70) shows a wider stress-strain hysteresis at room temperature with a 

larger remanent strain. The inflection point corresponding to the coercive stress can be seen 

between approximately -200 MPa and -300 MPa. Otherwise, the evolution of the shape with 

temperature is identical to composition 20;0 except that the area of the loop is larger in each case. 
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Fig 71: Compressive strain versus applied stress at temperatures of 25 °C to 150 °C in steps of 25 K 

for composition 20;1. 

Composition 20;1 (Fig 71) shows all significant changes in the shape at higher temperatures 

compared to 20;0.5. The loop is still not fully closed at 75 °C; there is remanent strain. Also, 

there is still a small hysteresis at 150 °C. The behaviour at 200 °C is, however, purely linear. 
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Fig 72: Compressive strain versus applied stress at temperatures of 25 °C to 150 °C in steps of 25 K 

for composition 20;2. 

Composition 20;2 (Fig 72) still shows remanent strain at 100 °C and hysteretic behaviour at 

150 °C. The stress strain curves at 200 °C is again completely linear. 
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A graphical summary (Fig 73) of the actual values of the previously described stress strain 

hystereses shows that the maximum strain at room temperature decreases continuously 

from -0.72 %, -0.77 %, -0.72 % and -0.75 % for compositions 20;0 to 20;2, respectively 

reaching -0.57 %, -0.42 %, -0.50 % and -0.40 % at 200 °C. The remanent strain values at room 

temperature are -0.14 %, -0.18 %, -0.19 % and -0.24 % in order of ascending KNN-BKT content 

and linearly reaches zero at 75 °C, 75 °C, 100 °C and 125 °C. 
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Fig 73: Summary of the maximum and remanent strain and the energy dissipated during the cycle 

for compositions 20;0 to 20;2. 

The energy dissipated during one stress strain cycle between 25 MPa and 385 MPa is highest at 

room temperature with 430 kJ/m³, 490 kJ/m³, 450 kJ/m³ and 440 kJ/m³ for compositions 20;0 to 

20;2 in ascending order. The energy dissipation per cycle of compositions 20;0 and 20;0.5 

reduces to 22 kJ/m³ and 21 kJ/m³ at 150 °C then remains almost constant with 19 kJ/m³ and 

13 kJ/m³ at 200 °C. In compositions 20;1 and 20;2, however, the energy dissipation is still twice 

as high at 150 °C with 55 kJ/m³ and 45 kJ/m³ compared to the 200 °C value of 21 and 15 kJ/m³. 
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5.5.4 Temperature-Dependent Permittivity and Loss 
The loss and capacitance for all 10 compositions were recorded as a function of temperature and 

frequency. From the capacitance, the material parameter „relative permittivity‟ was then 

calculated. The programmed temperature range was originally between room temperature and 

500 °C. However, subsequent investigation with a thermocouple revealed that the actual 

temperature at that position of the sample was accurate at room temperature but was in fact 

0.20 K lower per 1 K increase recorded. Since the deviation was linear, the actual temperature 

range was up to approximately 400 °C only. The results are shown in Fig 74, Fig 75 and Fig 76 

for compositions 19;0 to 19;2, 20;0 to 20;2 and 21;0 to 21;2. 

0 100 200 300 400

1000

2000

3000

4000

5000

6000

Pe
rm

itt
iv

ity
 [n

o 
un

its
]  19;0

Temperature [°C]

 1 MHz
 100 KHz
 10 kHz
 1 kHz

 
0 100 200 300 4000.00

0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20

 1 MHz
 100 KHz
 10 kHZ
 1 kHz

Lo
ss

 [n
o 

un
its

]

 19;0

Temperature [°C]  

0 100 200 300 400

1000

2000

3000

4000

5000

6000

Pe
rm

itt
iv

ity
 [n

o 
un

its
]  19;1

Temperature [°C]

 1 MHz
 100 KHz
 10 kHz
 1 kHz

 
0 100 200 300 4000.00

0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20

Lo
ss

 [n
o 

un
its

]  1 MHz
 100 KHz
 10 kHZ
 1 kHz

 19;1

Temperature [°C]  

0 100 200 300 400

1000

2000

3000

4000

5000

6000

Pe
rm

itt
iv

ity
 [n

o 
un

its
]  19;2

Temperature [°C]

 1 MHz
 100 KHz
 10 kHz
 1 kHz

 
0 100 200 300 4000.00

0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20

Lo
ss

 [n
o 

un
its

]

 1 MHz
 100 KHz
 10 kHZ
 1 kHz

 19;2

Temperature [°C]  
Fig 74: The dielectric permittivity and loss for compositions 19;0 to 19;2 from room temperature to 

400 °C recorded every order of magnitude between 1 kHz and 1 MHz. 
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Fig 75: The dielectric permittivity and loss for compositions 20;0 to 20;2 from room temperature to 

400 °C recorded every order of magnitude between 1 kHz and 1 MHz. 
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Fig 76: The dielectric permittivity and loss for compositions 21;0 to 21;2 from room temperature to 

400 °C recorded every order of magnitude between 1 kHz and 1 MHz. 

Since there are a lot of similarities, compositions 19;0 to 19;2 (Fig 74) will be used to describe 

all the relevant features common to all compositions of the permittivity versus temperature and 

the loss versus temperature graphs. Looking at the permittivity graphs of composition 19;0, a 

gradual increase in the permittivity with temperature can be seen at first. At 65 °C, there is a 

sudden jump in the permittivity with the corresponding jump in the dielectric loss, which 

corresponds to the depolarisation temperature (Td). In composition 19;2, no such jump is visible. 

However, independent of whether a depolarisation temperature can be identified, all 10 

compositions show a local maximum/peak between about 70 °C and 110 °C labelled T2. This 

local maximum shows a frequency dispersion and is also accompanied by a frequency dispersive 

maximum in the dielectric loss. This local maximum is followed by the absolute maximum 
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permittivity (εM) at the temperature (TM) between about 220 and 300 °C. This temperature as 

well as the absolute value of the permittivity is almost completely independent of frequency. The 

loss values decrease and remain low above T2 and to just above 200 °C first the 1 kHz dielectric 

loss rises sharply, followed by the 10 kHz and 100 kHz loss at higher temperatures owing to 

increasing conductivity. Similarly, the deviation of the 1 kHz dielectric permittivity at 

temperatures above 300 °C, which even shows as a local maximum in compositions 19;1 (Fig 

74), 20;2 (Fig 75) and 21;2 (Fig 76), is just an artefact due to equipment limitations. The actually 

temperatures of Td, T2, TM as well as the room temperature loss, room temperature dielectric 

permittivity and the maximum permittivity, all collected from the 1 kHz measurement, can be 

found in Tab 18 below. 

Tab 18: Summary of Temperature-Dependent Permittivity and Loss Data 
Composition Td [°C] T2 [°C] Loss [%] TM [°C] ε(RT) [rel.] εM [rel.] 
19;0 64.9 78.8 4.5 259 960 4769 
19;1 35.2 74.8 5.2 260 1219 4476 
19;2 -- 68.9 5.0 230 1607 4210 
20;0 57.6 84.9 4.8 277 1051 4698 
20;0.5 27.2 109.9 4.3 303 1470 4721 
20;1 -- 101.0 4.4 266 1063 5066 
20;2 -- 72.0 5.4 252 1627 3999 
21;0 -- 108.8 4.2 237 1082 4977 
21;1 -- 93.9 4.6 227 1453 4716 
21;2 -- 84.9 4.6 224 1329 4586 
-If Td is not reported, it was below the minimum temperature of the setup (room temperature). 

-All values were collected from the 1 Hz measurement cycle. 

The depolarisation temperature is reduced with the introduction of KNN-BKT, similarly the 

temperature T2 with the exception of 20;0, which is lower than the others of its series. The loss 

varies randomly between 4.2 and 5.2 %. TM 

decreases with KNN-BKT content again with 

the exception of composition 20;0. For pure 

BNT-xBKT the room temperature dielectric 

permittivity increases with increasing BKT 

content. TM is highest at BNT-20BKT content 

independent of KNN-BKT content and drops 

off towards either higher or lower xBKT 

content (Fig 77). 
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Fig 77: Variation of TM with composition 
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5.6. Frequency-Dependent Large-Signal Behaviour 
The frequency dependence of the bipolar large-signal strain and polarisation for frequencies up 

to 500 Hz was investigated. Since it had previously been determined that the natural frequency of 

the optical strain sensor was approximately 3000 Hz, it can be assumed that the setup will 

provide accurate measurements in the selected frequency range. Depending on the maximum 

polarisation of the samples investigated, the setup was also limited to between 250 Hz and 

500 Hz by the current limit of the power supply. Whether such a limit is reached, can be 

identified by comparing the input and control signal of the power supply. If a deviation was 

found, the sample surface area was reduced to about one quarter of the original size by drilling 

out disk-shaped samples of 3.8 mm diameter. Since that reduces the diameter to thickness ratio to 

below 10:1, the absolute polarisation values given should not be considered, but rather the 

change with frequency. All measurements were done with a maximum field of 4 kV/mm. The 

dielectric permittivity of each sample was recorded at the same frequencies except 50 mHz. 

Again, for the reasons given above, only relative values should be considered. 

5.6.1 Bipolar Strain 
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Fig 78: Bipolar large-signal strain evolution with frequency at 4 kV/mm for compositions 20;0 and 

20;2 between 1 Hz and 500 Hz. 

The strain evolution with frequency for the ferroelectric and non-ferroelectric materials is shown 

at the example of composition 20;0 and 20;2 in Fig 78. In the case of composition 20;0 the total 

strain decreases by 600 % between 1 Hz cycle and the 500 Hz cycle. The ratio of positive to 

negative strain remains constant with frequency. The general shape is maintained with the 

exception of the increasing electric field value of the minimum strain (maximum negative strain). 
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The turning points at the maximum and minimum strain values become more rounded with 

increasing frequency. 

Composition 20;2 represents the typical strain behaviour of the non-ferroelectric compositions. 

Its maximum total strain decreases by only 50 % between 1 Hz and 500 Hz. The strain path on 

the rising flank of the electric field remains flatter at low fields strengths when the frequency 

increases. The shape of the return strain path from the maximum field value to zero is 

independent of frequency. Both effects in combination lead to a larger area of the strain 

hysteresis at higher frequencies. 

5.6.2 Polarisation 
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Fig 79: Bipolar large-signal polarisation evolution with frequency at 4 kV/mm for compositions 

20;0 and 20;2 between 1 Hz and 500 Hz. 

The frequency evolution of the polarisation of composition 20;0 and 20;2 between 1 Hz and 

500 Hz is shown in Fig 79. With increasing frequency the polarisation loop of composition 20;0 

flattens. Maximum and remanent polarisation decreased by 350 and 500 %, respectively, 

between 1 Hz and 500 Hz. The coercive field also visibly increases with frequency but since the 

maximum electric field is less than twice the coercive field no absolute values can be cited. 

The shape of the polarisation hysteresis of composition 20;2 remains unchanged with increasing 

frequency. Maximum and remanent polarisation decreased proportionately by 25 % between 

1 Hz and 500 Hz. 
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5.6.3 Bipolar Strain Versus Square of Polarisation 
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Fig 80: Strain vs. square of polarisation evolution with frequency at 4 kV/mm for compositions 20;0 

and 20;2 between 1 Hz and 500 Hz. 

The strain versus the square of the polarisation was plotted as a function of frequency to 

investigate differences in the strain evolution compared to the polarisation evolution. The graphs 

in Fig 80 shows the behaviour of compositions 20;0 and 20;2, which is exemplary for the 

ferroelectric and non-ferroelectric materials investigated. Composition 20;0 shows a hysteresis, 

which is symmetric along the line connecting the lowest and highest square of polarisation value. 

This symmetry is broken at 25 Hz. While the shape of the return path is maintained, the rising 

path (lower path) becomes more linear. This behaviour is maintained at higher frequencies. 

Composition 20;2 shows that the hysteresis is reduced between 1 Hz and 25 Hz. There is no 

measurable hysteresis at 100 Hz. The slight hysteresis at 500 Hz may be an equipment limitation. 

The slope of the line fitted through all graphs, which corresponds to the electrostrictive 

coefficient, is constant with frequency for compositions. 
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5.6.4 Summaries of Frequency-Dependent Strain and 
Polarisation 

The frequency-dependent large-signal strain behaviour of all 10 compositions is summarised for 

frequencies between 50 mHz and 500 Hz on the left of Fig 81 to Fig 83 combined with the low 

frequency permittivity. The right side of Fig 81 to Fig 83 show the corresponding maximum and 

remanent polarisation and the coercive field. The data for composition 19;1 was replaced with an 

earlier dataset, since the original sample was later found to be defective. 

All compositions show a different degree of frequency dependence of the measured quantities. 

Since the behaviour of most compositions is qualitatively similar, not all compositions will be 

described in detail but only their deviations from the behaviour of composition 19;0 will be 

pointed out. A quantitative description of the results is given later. 

Composition 19;0 (Fig 81) shows a proportional decrease of the total and the positive strain with 

frequency relative to one another. The positive and the total strain show a logarithmic decrease 

with frequency, i.e. linear with the logarithm of the frequency. Maximum and remanent 

polarisation also decrease in the same fashion. The low frequency permittivity also shows a 

logarithmic decrease for frequencies above 5 Hz. Below 5 Hz, the measurement was influenced 

by conductivity. The coercive field initially increases with frequency and then drops off again at 

higher frequencies. 

Compositions 19;1 and 19;2 show equivalent behaviour. The non-linear increase in the 

maximum and remanent polarisation as well as the coercive field and permittivity in composition 

19;2 are again conductivity artefacts. 

Compositions 20;0, 20;0.5 (Fig 82) and 21;0 (Fig 83) also show the same general behaviour in 

all measured quantities. Composition 21;1 (Fig 83) shows a purely logarithmic increase of the 

coercive field with frequency across the measurement range. All other quantities vary as 

described above for the other compositions. 

Compositions 20;1 and 20;2 (Fig 82) as well as 21;2 (Fig 83) show a nearly frequency 

independent (very small) remanent polarisation above 25 Hz. The higher remanent and 

maximum polarisation values of the latter two compositions and composition 19;2 are 

conductivity artefacts due to an electric breakdown in the strain sensor, which caused the leakage 

current and which could not be repaired in time. 
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Fig 81: The frequency dependence of permittivity, positive and total bipolar strain of compositions 

19;0, 19;1 and 19;2 are shown on the left. On the right, the frequency dependence of the maximum 

polarisation, remanent polarisation and the coercive field is shown. 

The quantitative analysis of the strain and polarisation revealed purely logarithmic behaviour 

with frequency if conductivity artefacts are excluded. The coercive field also linearly increases 

with the logarithm of the frequency, for as long as the coercive field is less than half the 

maximum applied field. In order to quantify the changes with frequency, the percentage of the 

total strain, maximum polarisation and remanent polarisation remaining at 100 Hz was calculated 

with respect to be 1 Hz values. This quantity is summarised in Tab 19. 

Composition 19;0 shows 21 % of the strain measured at 1 Hz is still remaining at 100 Hz. At the 

same time 35 % of the maximum polarisation and 24 % of the remanent polarisation remain. 

Composition 19;1 and 19;2 show 25 % and 39 % of the strain remaining combined with a 

remaining maximum polarisation of 46 % and 56 % and the remanent polarisation of 35 % and 

45 % each. 
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Fig 82: The frequency dependence of permittivity, positive and total bipolar strain of compositions 

20;0, to 20;2 are shown on the left. On the right, the frequency dependence of the maximum 

polarisation, remanent polarisation and the coercive field is shown. 

Between composition 20;0 and 20;0.5 there is a drop in total strain, maximum polarisation and 

remanent polarisation from 29 %, 50 % and 41 % to 21 %, 48 % and 31 % remaining at 100 Hz, 

respectively. Between composition 20;1 and 20;2, the total strain increases from 29 % to 63 % 

with the corresponding increase in maximum polarisation from 79 % to 87 % remaining at 

100 Hz compared to the respective 1 Hz values. Composition 20;1 shows that the remanent 

polarisation at 100 Hz is 94 % of the value measured at 1 Hz. The remanent polarisation of 

composition 20;2 is too low to make an accurate assessment of a frequency stability. 
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Fig 83: The frequency dependence of permittivity, positive and total bipolar strain of compositions 

21;0, 21;1 and 21;2 are shown on the left. On the right, the frequency dependence of the maximum 

polarisation, remanent polarisation and the coercive field are shown. 

Composition 21;0 shows the highest remaining total strain, maximum polarisation and remanent 

polarisation of all pure BNT-xBKT materials. The maximum and remanent polarisation again 

increased with increasing KNN-BKT content. The values of composition 21;2 were still 

influenced by conductivity at 1 Hz. Therefore, the interval between 5 Hz and 500 Hz was taken 

instead. Composition 21;1 shows the highest frequency stability, i.e. the largest remaining strain 

after a two order of magnitude frequency increase of all ferroelectric compositions. When the 

conductivity artefacts are removed composition 21;2 shows the highest remaining strain out of 

all ferroelectric and non-ferroelectric compositions at 69 % accompanied by at least 87 % and 

82 % remaining maximum and remanent polarisation. 
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Tab 19: Change in Strain and Polarisation with Frequency 
Composition Total strain 

at 100 Hz  
[% of 1 Hz value] 

Maximum  
polarisation at  
100 Hz [% of 1 Hz  
value] 

Remanent  
polarisation at  
100 Hz [% of 1 Hz 
 value] 

19;0 21 35 24 
19;1 25 46 35 
19;2 39 56 45 
20;0 29 50 41 
20;0.5 21 48 31 
20;1 29 79 94 
20;2 63 87 78* 
21;0 55** 64 53 
21;1 62 78 78 
21;2 69 87*** 82*** 
* The absolute values are so close to zero that the error is +/- 25 percentage points. The actual 

value is likely between 90 and 100 %. 

** 250 mHz to 25 Hz range selected due to measurement artefact at 1 Hz. 

*** The low frequency conductivity causes the 1 Hz Pmax and Pr to be artificially increased, which 

in turn makes the ratio with the respective 100 Hz values to be lower than they otherwise should 

be. Therefore, the interval between 5 Hz and 500 Hz was taken instead. 

The summary of the results in Tab 19 shows that the pure BNT-xBKT materials are most 

strongly frequency-dependent. The remaining strain and polarisation is lowest in composition 

19;0 and increases as a function of increasing xBKT content and increasing KNN-BKT content 

for all ferroelectric compositions. In the ferroelectric compositions, the remanent polarisation 

always decreases faster with frequency than the maximum polarisation. The remanent 

polarisation of the non-ferroelectric compositions 20;1, 20;2 and 21;2 appears almost 

independent of frequency. However, since the remanent polarisation of the three materials is only 

3 to 5 times higher than the signal-to-noise ratio of the equipment, this cannot be said with 

certainty. 
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6. Discussion 

6.1. Concepts for the Development of New Lead-
Free Ferroelectrics 

In chapter 3.2, a number of considerations and concepts were introduced, which can form the 

basis of a search for new lead-free ferroelectrics. Some general considerations, such as toxicity, 

material availability and price provide a convenient start towards limiting the element choices 

before more complex investigations are required. 

The choice of starting materials according to the above-mentioned criteria should be regularly 

subjected to re-evaluation. Misconceptions, such as the previously perceived toxicity of bismuth, 

are likely not unique. Already much more difficult is the decision whether a material should be 

considered hazardous or not. Silver and copper as well as their respective oxides are, for 

example, considered non-toxic but almost all other silver salts are toxic and the usage of copper 

in cookware is hazardous to children. 

Based on this choice of elements, a number of search concepts were introduced. High 

temperature BiMeO3-PbTiO3 materials have shown the potential of bismuth and Jahn-Teller 

active ions in improving phase transition temperatures. While it was found that simply replacing 

lead with barium is not a viable solution, restricting oneself to either two barium or two bismuth-

based end members may yet prove successful. 

The potential of barium copper tungstenate and barium copper niobate has not yet been fully 

investigated. The conductivity of copper and similarly its poor sinterability is often mentioned as 

the limiting factor. This conductivity is the result of some Cu1+ found in the material, which Cu2+ 

that was reduced during sintering. Similar issues are also found in BiFeO3-PbTiO3 (Fe3+ with 

some Fe2+)[1], where they are frequently the focus of research purely because its relation with 

PbTiO3 makes it appear more appealing. There is only been one serious attempt to address these 

issues in barium copper niobate so far[2], which already proved the existence of ferroelectricity in 

barium copper niobate. 

A number of unexplored avenues have been presented to create further lead-free perovskite 

structures by replacing single ions in a non-lead-free material such as BNT with a combination of 

other ferroelectrically active or Jahn-Teller active ions. 

Doping to increase the phase transition temperatures of existing materials is a futile exercise in 

most instances, since the materials with the highest purity will also usually have the highest 
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phase transition temperatures. To overcome this issue, doping materials have to be selected, 

which form or would form compositions with similar structures with higher phase transition 

temperatures, if they existed. 

Identifying morphotropic phase boundaries between newly developed materials and already 

known similar systems is the logical next step in enhancing ferroelectric properties. Preliminary 

investigations into combining Bi(X,Y)O3 with BaTiO3, Ba(Cu1/2W1/2)O3, Ba(Cu1/3Nb2/3)O3 have 

revealed a number of conditions, which would increase the success rate of such an endeavour. 

The number of different ions should be as few as possible to reduce likelihood of secondary 

phases and to minimise relaxor-type behaviour. Choosing new end members, which are stable on 

their own account increases the likelihood that a large percentage of the newly developed MPB 

composition can consist of the new end members, when mixed with known ferroelectric end 

members. The tolerance factor of the new end members should be chosen to be as close to 1 as 

possible since end members with particularly low or particularly high tolerance factors will form 

MPBs with only a small percentage of the new end member in the MPB composition. 

6.2. The MPB-to-MPB Search 
One aim of this work was to find out, whether the concept of the triple MPB introduced in 

section 3.2.7, could be verified. To approach this triple MPB between rhombohedral BNT, 

tetragonal BT and orthorhombic KNN, the line in the pseudo-ternary phase diagram (Fig 29, p. 

123) connecting the already known morphotropic phase boundary compositions BNT-BKT 

(20;0) and KNN-BKT (20;100) was investigated. 

The broad composition search revealed the central region of this line between 20;20 and 20;90 

shows no large field strain or small-signal d33 to speak of. X-ray powder diffraction showed no 

deviation from pseudocubic in any composition between 20;0 and 20;90. Between composition 

20;91 and 20;100 only a tetragonal and orthorhombic mixed phase was found. It was therefore 

concluded that this triple MPB would not be found along this line in the phase diagram. 

However, since composition 20;1 showed the largest bipolar strain known for BNT-BKT-based 

materials, it was further investigated as a candidate for replacing PZT in certain applications. 

Moreover, it shows a transitional behaviour between ferroelectric composition 20;0 and non-

ferroelectric composition 20;2, which also merited further investigation. 

Therefore, a matrix of 10 compositions surrounding 20;1 was created and produced to give a 

clearer picture of the behaviour of composition 20;1 with respect to its surrounding. 
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6.2.1 Processing and Storage 
The processing route was continuously modified and improved throughout the course of the 

experiments. Initially milling was done at 180 rpm with the powder to milling ball ratio of 1:5. 

This ratio was later decreased to 1:10 and 10 mm milling balls were added to the 3 and 5 mm 

milling balls to break up large lumps of carbonate and oxides, which were previously found in 

milled powder. This improved reproducibility within a single sample batch and reduced the 

amounts of secondary phases previously found. This was attributed to a higher compositional 

homogeneity due to improved mixing. 

An increase in milling speed to 250 rpm increased the dielectric breakdown strength of the 

ceramic from between 4 and 6 kV/mm to between 6 and 8 kV/mm, which could be attributed to 

better sintering due to the smaller grain size. 

The cylindrical pressing die was replaced with a custom made model with a very slightly larger 

diameter on one end of the die than the other, which allows removal of the green body without 

damaging the edges via the larger diameter opening. This greatly reduced the sample edge 

quality and consequently the reliability during high field measurements. 

Potassium carbonate was eventually stored at a temperature of 90 °C to minimise the absorption 

of moisture, which improved the reproducibility between different powder batches. Batches 

produced from newly acquired potassium carbonate and older remaining potassium carbonate 

were also more comparable once this change had been introduced. These results suggest that the 

potassium carbonate contained a significant and constantly changing amount of moisture, before 

this change was introduced. 

Long-term storage of the sintered and electroded samples in air proved unsuitable. After 4 to 8 

weeks the initial dielectric breakdown strength dropped from around 8 kV/mm to around 

4 kV/mm. Storage of the samples submerged in silicon oil proved more successful. However, it 

did not completely prevent sample degradation. The heating step at above 200 °C for 3 to 5 

minutes proved successful in restoring the original dielectric breakdown strength. It is assumed 

that this is the result of moisture absorption possibly due to small amounts of unreacted 

potassium within the sample. 10-15 samples of different BNT-BKT-KNN-BKT compositions 

were submerged in water to test this assumption. After a few months, several had decomposed 

into powders and after one year only one sample remained visually intact but disintegrated when 

touched firmly. Since the BNT-BKT-KNN-BKT powder itself appears non-soluble in water, the 

cause of the reduced dielectric breakdown strength and the sample disintegration is likely a 

soluble secondary phase at the grain boundaries.  
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6.2.2 Structure and Microstructure 
The structure and microstructure of the 10 compositions 19;0 to 21;2 was investigated using 

powder x-ray diffraction in transmission geometry, x-ray diffraction of the bulk sample in 

reflective geometry, as well as transmission electron microscopy and scanning electron 

microscopy. 

6.2.2.1 X-ray Diffraction 
The hard sphere model, which is the basis of the calculation of the Goldschmidt tolerance factor, 

suggests a linear increase in the unit cell length with increasing xBKT and y(KNN-BKT) 

proportional to the calculated tolerance factor. Therefore, composition 19;0 would have to have 

the smallest and composition 21;2 the largest unit cell length, like shown in Fig 35 (p. 130). 

The actual trends in the unit cell lengths with composition deviate strongly from this suggested 

hard sphere model. The exception are compositions 19;0 to 19;2, which show the expected 

increase in unit cell length with KNN-BKT content. Between the calcined powder and the bulk 

sample there is a large increase in unit cell length visible for all compositions. This increase in 

unit cell length can be explained by unreacted potassium still present in the calcined powder, 

which gives rise to the impurity reflex at 30.3°. This impurity reflex consequently disappears 

during sintering, which means that the unreacted potassium with the large ionic radius is now 

incorporated into the perovskite phase. 

Regarding line 20;0 to 20;2, there is also a minimum in the unit cell length at composition 20;1. 

A similar minimum can be found on line 21;0 to 21;2 at composition 21;2. 

Normally, the unit cell length of a material changes monotonously with changing composition. 

At a phase transition, this may change[3]. It is, therefore, an indication that a change in structure 

exists at compositions 20;1 in the 20;Y series and at or beyond composition 21;2 in the 21;Y 

series. However, since this is only a weak indication of a phase transition and there were no other 

detectable differences in the diffraction patterns, this conclusion should be viewed with caution. 

Also, this conclusion only applies to the sintered material, since the amount of secondary phase 

in the calcined powder is clearly not constant across the 10 compositions, since not all show an 

impurity reflex of equal magnitude. 

The x-ray diffraction patterns collected from the surfaces of poled samples in reflective geometry 

show the existence of a mixed phase of tetragonal and rhombohedral perovskite type structures. 

The changes in relative reflex intensity as a function of KNN-BKT content are just the result of 

different degrees of orientation achieved by the poling process. This mixed phase of tetragonal 

and rhombohedral perovskite type structures is found in all 10 investigated compositions, which 
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suggests that the mixed phase region of pure BNT-BKT extends at least between 19 mol% and 

21 mol% BKT. 

6.2.2.2 Microstructure and TEM 
The average grain sizes for pure BNT-BKT compositions (19;0 to 21;0) and composition 20;0.5 

show an average grain size of 0.7 µm. All other compositions, which contain at least 1 mol% 

KNN-BKT, show an average grain size of 0.5 µm. The fracture surfaces of compositions 20;0 to 

20;2 show highly faceted grains with polyhedral shapes. This suggests that the microstructure is 

mainly a consequence of solid-state sintering with a high density[4]. 

Compositions with 1 mol% or more KNN-BKT also show a bimodal grain size distribution, 

which implies that KNN-BKT acts as a grain growth inhibitor in BNT-BKT. This theory is 

further supported by the increase in relative density between the KNN-BKT free compositions 

and the ones containing at least 1 mol% KNN-BKT, since grain growth suppression frequently 

leads to better densification[4,5]. 

Large rectangular grains are distributed evenly throughout the bulk of the sample. Initially it was 

thought that these might be grains with a higher KNN content, since a similar effect is reported in 

KNN[6]. However, TEM and SEM both show the existence of these grains also in the 

compositions not containing any KNN-BKT. EDS also showed no compositional abnormalities 

of these grains. The origin of these large rectangular grains can therefore not be conclusively 

explained. 

TEM investigations were done on compositions 20;0 to 20;2. Visual inspection of the 

microstructure overview shows that the grain size determined by SEM is accurate. The 

bimodality of the grain size distribution is also confirmed by the TEM overview image. 

The increase in contrast to the bright-field micrographs with increasing KNN-BKT content 

suggests an increase in the number of domains present within the material. At the same time, the 

streaking of the ½{ooe} tetragonal superstructure reflections shows the existence of the lamellar 

domain structure with a domain size of only 1 to 2 nm. 

Superstructure reflexes prove the existence of a rhombohedral and tetragonal mixed phase. The 

intensity of the reflexes is sample thickness dependent and cannot be seen as a possible increase 

or decrease in phase ratios with composition. With the exception of the larger c/a ratio of the 

tetragonal phase, there are no notable differences seen in the TEM investigation compared with 

the similar BNT-BT-KNN system[7-10]. The two space groups to be assigned to the rhombohedral 

and tetragonal phases are, therefore, most likely also R3c and P4bm due to the same octahedral 

tilting a-a-a- and a0a0c+ respectively, which was reported for the BNT-BT-KNN system[11]. The 
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fact that the mixed phase cannot be seen in the original, not yet electrically cycled, materials, 

may be attributed to the complex internal stress state of the un-cycled sample. However, TEM 

investigation clearly proved that the mixed phase seen in the electrically cycled samples is 

already present in the original un-cycled state. This is also supported by similar results in the 

BNT-BT-KNN system[12]. 

6.2.2.3 Density 
The calculation of the relative density from x-ray powder diffraction results and the Archimedes 

method showed that the introduction of 1 mol% KNN-BKT into BNT-BKT visibly improves the 

relative density by approximately 2.5 percentage points. A one percentage point error is assumed 

due to the necessary deviation from ASTM C20-00 (section 4.2.1). The solubility of potassium 

and sodium during submersion in water will also affect the values of the absolute density since 

small amounts of potassium and sodium may still exist in the form of secondary phases beyond 

the detection limit of X-ray powder diffraction. Interpolation of the data suggests that between 

1 mol% and 4 mol% KNN-BKT provides optimum density. 

1 mol% KNN-BKT has only negligible effect on the relative ratios of sodium, potassium, 

bismuth and titanium in pure BNT-BKT compared to the step size between BNT-20BKT and 

BNT-21BKT. Since there is almost no change in relative density with BKT content in BNT-

BKT, it is, therefore, an indication that the densification effect arises from the addition of KNN. 

Further experiments using only KNN or even K0.2Na0.8NbO3 to keep the ratio of Na+ to K+ 

constant would be necessary to fully verify this. 
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6.3. Room Temperature Electrical Properties 
The introduction of KNN-BKT into BNT-BKT leads to significant changes in the room 

temperature properties, as well as the temperature and frequency dependence of the investigated 

compositions. The introduction of KNN-BKT causes the high-temperature non-ferroelectric 

phase to move towards room temperature. The evolution of the composition series 20;0 to 20;2 

shows both extremes. Composition 20;0 behaves as the normal relaxor-ferroelectric at room 

temperature. Composition 20;0.5 shows unexpected results in many measurements and will be 

excluded from the general discussion. The possible origin of this unexpected behaviour will be 

discussed separately later. 

6.3.1 Large Field Strain and Polarisation Behaviour 
At 1 mol% KNN-BKT (20;1), a giant strain response can be induced in the material by an 

electric field. Unlike in the case of the normal ferroelectric 20;0, the strain response shows non-

linear behaviour throughout the strain cycle at any given field strength. The largest strain 

contribution is induced between 4 kV/mm and 6 kV/mm. This phenomenon is already well-

documented in BNT-BT-KNN[11] and other BNT-based systems[13]. In the case of the presented 

BNT-BKT-KNN-BKT system, composition 20;1 shows a large strain at 6 kV/mm already, while 

the equivalent BNT-BT-KNN system requires 8 kV/mm for a similarly large strain. 

Composition 20;2 still shows a large strain response at 8 kV/mm. The maximum strain at 

6 kV/mm is, however, already reduced, which suggests that the onset field for inducing the giant 

strain response has moved to above 6 kV/mm. 

This can be easily verified when comparing the polarisation hysteresis of compositions 20;1 and 

20;2 at 6 kV/mm (Fig 44, p. 139 and Fig 45, p. 140). Composition 20;1 shows the 

antiferroelectric-like double loop behaviour at 6 kV/mm. This double loop behaviour is the result 

of a field-induced non-ferroelectric-to-ferroelectric phase transition[14]. Due to the fact that this 

type of double loop behaviour is commonly seen in antiferroelectric-to-ferroelectric transition in 

lead containing antiferroelectrics[15] and due to the initial literature report on BNT-BT[16], the 

non-ferroelectric phases in BNT-BKT derived systems sometimes are considered 

antiferroelectric. Recent Raman investigations, however, show no antiferroelectric properties in 

the case of BNT-BT[17] and the non-ferroelectric phase is currently just considered nonpolar. 

Composition 20;2 shows almost no double loop behaviour at 6 kV/mm but some at 8 kV/mm. 

Unlike in an antiferroelectric material, the polarisation loops of composition 20;1 and 20;2 show 

no sudden increase in polarisation at a certain onset field. The double loop is only a result of the 
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way the material depolarises, when the electric field strength is reduced continuously. Most of 

the polarisation is maintained down to a certain electric field strength, which is 1 kV/mm in the 

case of composition 20;1 and 3 kV/mm in the case of composition 20;2. This is similar to what is 

reported for antiferroelectric materials, but no decisive evidence for antiferroelectricity has been 

reported yet. 

 

The large-signal unipolar strain at 4 kV/mm was recorded for all 10 compositions. The graphs in 

Fig 49 (p. 144) show that the ferroelectric and non-ferroelectric compositions are easily 

distinguished by the shape of the polarisation and strain hystereses. The strain and polarisation of 

the ferroelectric materials are relatively linear with small symmetric hystereses. Composition 

20;1 shows the highest unipolar strain and polarisation, which is closely followed by 

composition 19;2. However, the strain and polarisation of composition 20;1 and 20;2, and to 

some degree 21;2, are not linear, which would make them unsuitable for applications, which 

require a linear strain response. The plot of the strain versus polarisation squared (Fig 51, p. 146) 

can be used to assess the dependence of polarisation and strain with respect to one another. The 

function S(P²)=a*xb can be used to assess whether the composition is ferroelectric or 

electrostrictive. A „b‟ value of 0.5 and 1 defines perfectly piezoelectric and perfectly 

electrostrictive behaviour, respectively. Composition 20;0 shows the highest degree of linearity 

between polarisation and strain and composition 20;2 the highest degree of quadratic behaviour. 

The intermediate behaviour of composition 21;2 is also best seen in the parameter since it is the 

only composition whose „b‟ parameter is neither below 0.6 (piezoelectric) nor above 0.8 (almost 

fully electrostrictive). The presented „b‟ parameter values between 0.5 and 1 can be used to 

categorise the developed compositions. However, they should not be used to determine a ratio 

between ferroelectric and electrostrictive contributions to the strain. As mentioned in the chapter 

“Basics of Ferroelectrics”, all dielectric materials are inherently electrostrictive. This 

electrostrictive effect cannot be eliminated but can only be dominated by a large piezoelectric 

effect. Even accepted purely piezoelectric materials will therefore never show a „b‟ parameter of 

exactly 0.5. 

The summaries of the normalised strain, polarisation and coercive field (Fig 46, p. 141 and Fig 

47,p. 142) show that the unipolar and bipolar strain always increases and the coercive field39 

                                                 
39 The coercive field value of composition 19;2 at 4 kV/mm poling field does not follow this trend. It is an expected 
measurement artefact since the true coercive field is too close to the poling field and the materials are therefore not 
fully poled. 
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always decreases with increasing KNN-BKT content, as long as the material remains a pure 

ferroelectric. 

The highest normalised strain is found in composition 20;1 at 6 kV/mm. The unipolar value of 

620 pm/V is 11 % higher than the 560 pm/V[11], which were reported for the giant strain response 

in BNT-BT-KNN at 8 kV/mm. The bipolar value of 635 pm/V is only surpassed by textured 

doped KNN in the field of lead-free piezoceramics[18]. For comparison the unipolar and bipolar 

value of pure BNT-BKT were measured at 300 and 475 pm/V. Pure BNT-BT shows the unipolar 

value of 240 pm/V[11]. 

Composition 21;2 (Fig 48, p. 143) is the only material out of the 6 „off-MPB‟ compositions 

(19;Y and 21;Y), whose bipolar strain and polarisation hysteresis suggest that the material is 

approaching the ferroelectric to non-ferroelectric phase boundary. However, it does not show a 

giant strain response at room temperature. It then shows more ferroelectric characteristic than 

composition 20;1. For example its remanent polarisation is still about 50 % of the maximum 

polarisation while composition 20;1 only shows about 12 %. 
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Fig 84: The polarisation hystereses of compositions 21;2, 20;1 and 20;2 were used to identify the 

exact polarisation hysteresis shape required for the induction of a giant strain response. The black 

dotted line marked the beginning of the field region where the most amount of depolarisation 

occurs. The red dotted line marked the end of the region where the most amount of depolarisation 

occurs. 

The polarisation hystereses in Fig 45 are of the three compositions, which show pinching in their 

polarisation hystereses. This pinching is the result of rapid depolarisation within a certain field 

region. Since composition 20;1 shows the highest strain response of the three compositions, 

which show a pinched polarisation hysteresis, the conditions for the giant strain response can be 

identified as follows. The material needs to depolarise as much as possible before the field 

returns to zero. This allows the material to begin its new strain cycle as if it were a virgin 

(poling) cycle[19]. The second condition is that this region of depolarisation needs to be at the 

lowest possible electric field strength. Since the region of depolarisation marks the field range, in 

which this field-induced ferroelectric phase returns to the zero field non-ferroelectric phase. It is 

reasonable to assume that the field of equal or higher strength is required to induce the mentioned 
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ferroelectric phase in the first place, even though this onset field cannot be seen on rising flank of 

the polarisation curve as it would be in an antiferroelectric material. Therefore, if the field region 

of depolarisation moves to higher field strengths, eventually the ferroelectric phase cannot be 

fully induced anymore at fields below 8 kV/mm. Composition 20;2 shows this phenomenon. Its 

polarisation does not reach saturation levels at 8 kV/mm unlike composition 20;1. 

Composition 21;2 does not satisfy the first criterion. It only partially depolarises when the field is 

removed. It can therefore not begin from its unpoled „virgin‟ state when the field is reapplied and 

the recoverable strain is reduced. The issue of recoverable strain will later be further discussed 

using temperature-dependent results. 

6.3.1.1 Energy Content/Loss 
The energy content/loss of all 10 compositions was calculated from their polarisation hystereses 

at 4, 6 and 8 kV/mm for bipolar load and at 4 kV/mm unipolar electric load. The energy lost 

during a single bipolar field cycle generally decreases as the composition series moves through 

the ferroelectric to non-ferroelectric phase boundary. This behaviour is most clearly shown in 

composition series 20;Y. The energy content of the ferroelectric materials is reduced with 

increasing KNN-BKT content as long as the material is fully poled. The deviation seen in 

composition 20;0.5 will be discussed later. 

The energy lost during a unipolar large field cycle shows a maximum at composition 20;1, which 

is a composition that shows the field-induced phase transition at very low fields. This maximum 

can be explained by the cycling through the field-induced phase transition, which appears to have 

significant energy loss associated with it. This maximum in the unipolar energy content is, 

therefore, one of the most precise ways to identify the compositions showing a field-induced 

phase transition during a compositional search process. 

The unipolar energy loss of composition 20;1 is nearly three times higher than the average 

energy loss of their purely ferroelectric compositions during the same cycle. This will require the 

applications for this material to be well-cooled or non-continuous usage scenarios. The decrease 

in unipolar energy loss seen between composition 20;1 and 20;2 suggests that compositions with 

higher KNN-BKT content may be more suitable for continuously operating systems. 

Alternatively, composition 19;2 shows nearly one third of the energy loss but almost the same 

unipolar strain as composition 20;1 at 4 kV/mm. Furthermore, its strain behaviour is also linear, 

as expected for a ferroelectric. The energy lost during one unipolar cycle of the ferroelectric 

compositions is between 60 % and 180 % higher than that of a soft commercial PZT sample40 

                                                 
40 Data courtesy of Julia Glaum 
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(PIC151, PI Ceramics, Lederhose, Germany), which shows a value of 30 kJ/m³ under the same 

conditions. This means that BNT-BKT-based lead-free piezoceramics will likely always require 

an improved thermal design compared to current component designs. 

6.3.2 Small-Signal d33 
The small-signal d33 versus composition is an ideal way of identifying the materials, which are 

capable of showing a field-induced giant strain response. During the initial search process, a step 

size of 1 mol% KNN-BKT is necessary to identify the compositions with a potential for the field-

induced giant strain response. Since the small-signal d33 does not require the sample to survive 

large field strain and polarisation measurements but only a poling process, it can be used to 

search a larger number of compositions without having to optimise sintering conditions as much. 

The necessary poling process is less demanding of sample quality. Starting from purely 

ferroelectric BNT-xBKT, the composition showing the giant strain response will be the one 

within 0 to 1 % KNN-BKT of the lowest KNN-BKT content that reduces the small-signal d33 to 

below approximately 20 % of the value found in the pure BNT-xBKT. 

6.3.3 Radial Strain 
Axial and radial strain were collected simultaneously for all 10 compositions at room 

temperature applying a maximum electric field strength of 4, 6 and 8 kV/mm. The purpose of 

this was to determine, whether the field-induced phase transition responsible for the giant strain 

response in composition 20;1 is the result of a volume change associated with the mentioned 

phase transition. 

The 8 kV/mm bipolar strain cycle of composition 20;1 (Fig 55, p. 151) reveals that there is no 

significant difference in the volume at any field strength when compared with the ferroelectric 

compositions. Composition 20;2 also shows no such feature. 

The data for composition 20;1 and 21;2 (summarised in Fig 57, p. 153) suggests that a material, 

which is closest to the field-induced phase transition, also shows the highest increase in volume 

at 8 kV/mm. However, if these values are set in relation to the corresponding axial strain at 

8 kV/mm (Fig 85), it can be deduced that for the ferroelectric compositions the ratio of 

maximum volume change to maximum axial strain is constant at approximately 30 %. The 

relative volume contribution decreases in fact as the ferroelectric nature of the material is lost in 

composition 20;1 and 20;2. It can therefore be concluded that the opposite of the proposed 

hypothesis is true. Not only is there no increase in volume responsible for the giant strain 
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response of composition 20;1 but the volume contribution is actually lower in the non-

ferroelectric materials than the ferroelectric ones. 
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Fig 85: The ratio of the maximum volume increase relative to the maximum strain plotted as a 

function of composition at 8 kV/mm with the combined error of both values. 

Composition 20;2 shows no field-dependent volume hysteresis and composition 20;1 only shows 

a very small volume hysteresis compared to the purely ferroelectric materials. This suggests that 

the volume hysteresis is the result of the ferroelectric domain switching process, which causes a 

small volume contraction during back switching at the coercive field. 

6.3.4 Composition 20;0.5 
Composition 20;0.5 shows the behaviour expected for undoped BNT-BKT. Similar behaviour 

can be found in PZT, where a small amount of doping is occasionally required to achieve, what 

is commonly considered the standard behaviour of undoped PZT. In the case of PZT, this is 

usually explained predominantly as acceptor or donor behaviour of the impurities of the starting 

materials[20]. BiFeO3-PT can also show this effect[21]. In BF-PT, small amounts of La-doping can 

reduce the maximum and remanent polarisation although it is generally accepted that the pure 

BF-PT always shows lower values than the doped material[22]. The increase in depolarisation 

temperature between composition 20; and 20;0.5 may also simply be the result of a systematic 

deviation during processing. Since the same calcination and sintering containers were used every 

time to reproduce the same composition it may simply be that the container of composition 

20;0.5 sealed more tightly or less tightly and, therefore, prevented or supported bismuth and 

potassium evaporisation more readily than the other containers. Such potential non-stoichiometry 

has been shown to improve ferroelectric properties[23,24]. 
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6.4. Temperature-Dependent Properties 

6.4.1 Large Field Strain and Polarisation 
The large field strain and polarisation was recorded for all 10 compositions between room 

temperature and 200 °C with the maximum field of 4 kV/mm. It was shown that all 

compositions, which are ferroelectric at room temperature, show a giant strain response even at 

4 kV/mm at their respective depolarisation temperatures. The depolarisation temperature in this 

case is considered the temperature, where the remanent polarisation shows its steepest drop 

during the 50 mHz measurement cycle. Equivalently, this is the temperature, where the coercive 

field decreases the most. 

 
Fig 86: Phase diagram deduced from the matrix of the 10 investigated compositions. The polar 

phase (white) and the non-polar phase region (green) are shown at room temperature. The room 

temperature ferroelectric and non-ferroelectric nature of the compositions is denoted by the blue 

and red colour respectively. The transitional materials 20;1 and 21;2 are coloured according to 

which type of behaviour dominates at room temperature. At 75 °C, this region encompasses more 

compositions as shown in light green. 

The temperature-dependent giant strain response of composition 19;0, 19;1 and 20;0 is 

approximately 50 % higher than the one found in compositions 21;0 to 21;2. It was previously 

determined that the same phenomenon is seen in in pure BNT-BT[25], where the material on the 

tetragonal side of the MPB shows less pronounced giant strain. Even though the tetragonal phase 
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in composition 21;0 is not seen in the powder x-ray measurements, the behaviour is similar to the 

one found in tetragonal BNT-9BT. 

Compositions 20;1 and 20;2 show almost no temperature dependence of the unipolar and bipolar 

strain between room temperature and 200 °C, which makes them candidates for actuator 

applications in this temperature range. However, since they are not piezoelectric, the relationship 

between the electric field and their resulting strain is not linear but quadratic at all temperatures. 

Compared to BNT-BT[25] and KNN doped BNT-BT[26], the investigated BNT-BKT-KNN-BKT 

compositions all show lower conductivity onset temperature of between 100 °C and 125 °C, at 

which the conductivity of the sample becomes significant enough to affect the polarisation 

measurements at 50 mHz. Pure BNT-BT shows this issue first at 150 °C and for KNN doped 

BNT-BT this is reported only at 200 °C. 

The remanent strain of all 10 compositions was investigated as a function of temperature. The 

remanent strain disappears at the temperature, where the giant strain response is found. This is 

also the temperature, where the unipolar and bipolar strain curves fully overlap. 
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Fig 87: Remanent and total strain vs. temperature (4 kV/mm) for composition 20;0 

This further supports the assumption that the giant strain response is the result of a depolarisation 

process within the sample, which allows the sample to return to almost its initial state. 

Ferroelectrics at room temperature exhibit a remanent strain once poled. If the total strain (i.e. the 

strain shown by a virgin ferroelectric sample when the field is first applied) is plotted against 

temperature (Fig 87, black squares), it is found to be nearly identical for all ferroelectric BNT-

BKT compositions. It continuously decreases with increasing temperature. The remanent strain 

(Fig 87, red circles) also continuously decreases with increasing temperature but more quickly. 

The giant strain response is found at the temperature, where the remanent strain completely 

disappears, which in turn provides a maximum recoverable strain at this temperature. 

During the investigation of the remanent strain with temperature, it was also discovered that the 

strain response during approximately the first three bipolar field cycles is much larger than the 
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one seen after three more cycles. This phenomenon is seen in all investigated ferroelectric 

compositions and at all temperatures where the remanent strain is present. This may be an 

extreme form of fatigue but its origin was not further investigated. This effect can be restored in 

the same sample if the sample is unfatigued at 400 °C for only a few minutes. The phase diagram 

constructed from the temperature-dependent and room temperature large and small-signal 

behaviour is shown in Fig 86. It was also shown in Fig 68 (p. 165) that the remanent strain 

increases in composition 19;0 amongst others between room temperature and 37.5 °C. This 

unusual effect can be explained by the fact that the remanent strain would still increase 

significantly after one or more cycles (Fig 69, p. 166), which is not the case at higher 

temperatures. Therefore, the values at higher temperatures are almost the total achievable 

remanent strain whereas the room temperature values are not. 

6.4.2 Temperature-Dependent Ferroelastic Properties 
An investigation of the temperature-dependent ferroelastic properties of compositions 20;0 to 

20;2 revealed unusual effects. It was found that the ferroelastic properties at room temperature 

are almost independent of KNN-BKT content. Even composition 20;2, which shows no remanent 

strain in large field strain measurements, shows strong ferroelastic behaviour at room 

temperature. At elevated temperatures, all materials eventually show no remanent strain 

anymore. However, before the ferroelastic behaviour disappears completely at around 200 °C, 

there is a temperature range, where a closed stress-strain loop is seen. This behaviour is the result 

of a stress-induced ferroelastic phase. The same behaviour is also found in pure BNT-BT where 

it is attributed to a stress-induced phase transition between nonpolar non-ferroelastic tetragonal 

space group P4/mmm and the polar ferroelastic tetragonal space group P4mm[27]. It is proposed, 

that the same holds true for the BNT-BKT-KNN-BKT system. 

6.4.3 Temperature-Dependent Permittivity 
The temperature-dependent permittivity and loss at frequencies between 1 kHz and 1 MHz was 

used to identify phase transitions and the depolarisation temperature. It was found that there are 

two phase transitions, one at T2 and one at TM, which are nearly independent of KNN-BKT 

content. The depolarisation temperature Td is also fully independent of T2. The measured 

depolarisation temperatures are lower than the temperatures reported, where the remanent 

polarisation almost disappears during the large field electrical measurements. This is expected, 

since during the large field electrical measurement cycle, the material only has a short time to 
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depolarise and will therefore show remanent polarisation up to higher temperatures during 

cycling. 

Since the depolarisation process is time-dependent and this time-dependence is a function of 

temperature, a sample at elevated temperatures may still show remanent polarisation during the 

50 mHz large field polarisation cycle since it does not have enough time to fully depolarise at 

that measurement frequency. The temperature ramp of the temperature-dependent dielectric 

measurement on the other hand was approximately 2 K per minute, which allows more time for 

the sample to depolarise at any given temperature. 

The time-dependent small-signal d33 measurement also showed that this slow depolarisation is 

even significant at room temperatures. 

The independence of T2 and TM from composition can also be directly correlated with the 

composition-independent but temperature-dependent ferroelastic behaviour. The phase at 

temperatures below T2 shows normal ferroelastic behaviour. The phase between T2 and TM is 

nonpolar and non-ferroelastic that can be converted into a ferroelastic phase through stress or 

into a ferroelectric phase through the application of an electric field. The stress-induced 

ferroelastic phase and the field-induced ferroelectric phase are most likely identical[27]. 
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6.5. Frequency-Dependent Properties 
The frequency-dependent large-signal bipolar strain and polarisation behaviour was recorded for 

all 10 compositions. The results show that the frequency dependence of the materials is much 

higher in the ferroelectric compositions than in the non-ferroelectric compositions. The 

ferroelectric compositions show that at most 50 % of the strain and polarisation found at 1 Hz is 

still remaining at 100 Hz. The non-ferroelectric compositions and even the intermediate 

composition 21;2 maintain around 80 % of their 1 Hz strain and polarisation at 100 Hz. This 

frequency dependence can be directly correlated with the measured energy dissipation per 

bipolar cycle. Materials with a large energy loss also show a significantly higher frequency 

dependence. This suggests that the frequency dependence is mainly due to the slow domain 

switching process in BNT-BKT-based materials. This conclusion also means that the frequency 

dependence of the ferroelectric and non-ferroelectric materials would be reversed under unipolar 

large field conditions. As is the case in PZT-based materials and in BNT-BT[25], the coercive 

field increases with frequency. The results suggest that BNT-BKT-based ferroelectric materials 

are unsuitable for any frequency-dependent bipolar applications. 

The frequency-dependent strain versus the square of polarisation evolution also supports the 

theory of the slow domain switching process. It can be seen that as the frequency increases that 

electrostrictive behaviour of the ferroelectric and non-ferroelectric materials becomes more and 

more dominant. Composition 20;2 was shown to be almost but not fully electrostrictive at room 

temperature with a „b‟ parameter of 0,8441. At 25 Hz and above, composition 20;2 becomes 

perfectly electrostrictive with a „b‟ parameter of 0.98. 

  

                                                 
41 The function S(P²)=a*xb can be used to assess the degree to which the material is ferroelectric or electrostrictive. 
A „b‟ value of 0.5 and 1 defines perfectly piezoelectric and perfectly electrostrictive behaviour respectively 
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7. Conclusion 
The purpose of this work was to develop new lead-free ferroelectrics, which may eventually 

replace PZT, the predominantly used ferroelectric material today. A number of concepts were 

developed with the purpose of broadening the selection of currently known lead-free 

ferroelectrics. Some initial concepts were later disproven by experiment. The results of these 

experiments were used to refine the initial concepts into the concepts presented and present 

number of new potential candidates for investigation. 

 

The concept of combining two ferroelectric materials, which are both already morphotropic 

phase boundary compositions, in order to further increase the ferroelectric properties was studied 

in detail. The two base compositions chosen were BNT-BKT[1] (80Bi0.5Na0.5TiO3-

20Bi0.5K0.5TiO3) and KNN-BKT[2] (K0.5Na0.5NbO3-Bi0.5K0.5TiO3). Both are morphotropic phase 

boundary compositions in the pseudo-ternary phase diagram of orthorhombic KNN, 

rhombohedral BNT and tetragonal BKT. 

 

The study of BNT-BKT-KNN-BKT revealed the presence of a giant strain response owing to a 

non-polar-to-ferroelectric field-induced phase transition. The magnitude of this giant strain 

response translates to a unipolar normalised strain of 620 pm/V, which is 11 % higher than 

previously reported values[3] of BNT-BT-based materials using the same general concept of 

combining MPB compositions. This is mainly due to the lower onset field of the nonpolar-to-

ferroelectric phase transition of the BNT-BKT-based systems compared with the BNT-BT-based 

material, which allows for a 6 kV/mm driving field compared to 8 kV/mm in previous reports. 

The lower maximum electric field requirement is also important for the development of 

multilayer actuators since the size of inactive regions inherent in the multilayer design is 

proportional to the maximum applied field. 

 

The compositional matrix centred on the giant strain composition was used to find a convenient 

and precise way of searching for further materials of this type using easily obtained small-signal 

d33 values. This search can then be improved by evaluating the large-signal polarisation 

behaviour with composition. The condition for a maximal strain response is a high depolarisation 

at the lowest possible non-negative field strength during the large field polarisation cycle. This 

allows the material to utilise the total strain, some of which is normally tied up in the form of 
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remanent strain in normal ferroelectrics. In agreement with results of an investigation into BNT-

BT based materials, the highest strain response is found using the MPB composition of the base 

composition BNT-20BKT or BNT-6BT. The predominantly tetragonal „off-MPB‟ compositions 

based on BNT-21BKT show a less pronounced giant strain. 

 

The temperature-dependent ferroelastic and ferroelectric properties were successfully associated 

with the temperature-dependent dielectric properties. The phase regions for ferroelectric and non-

polar as well as ferroelastic and non-ferroelastic could be correlated with the Td, T2 and TM phase 

transition temperatures, which separate the ferroelectric and ferroelastic phase regions from the 

non-polar and non-ferroelastic phase regions. 

 

The developed materials show a range of useful features, which make them interesting for 

various applications. The highest overall unipolar and bipolar strain provided by composition 

20;1 makes it a potential candidate for room temperature actuating applications. Since the 

material is non-polar at room temperature, depolarisation at higher temperatures is not an issue. It 

is therefore ideally suited for medical applications where high temperature sterilisation 

procedures prevent the use of other lead-free materials such as Li-modified KNN[4]. 

The highest strain at 4 kV/mm with linear behaviour is provided by composition 19;2. Its 

temperature dependence limits its usability to room temperature, however. 

Almost temperature and frequency independent behaviour at 4 kV/mm is provided by 

compositions 20;1 and 20;2 between room temperature and 200 °C and 50 mHz to 500 Hz. Out 

of the two materials, 20;1 shows a generally slightly higher strain and composition 20;2 the 

better frequency and temperature stability. 

 

The actual nature of the non-polar-to-ferroelectric phase transition and the mechanism behind it 

are still not yet fully understood. Field-dependent TEM investigations are a promising approach 

in shedding more light on this subject[5]. The unipolar frequency dependence of the compositions 

cannot be correlated to the measured bipolar frequency dependence. Unipolar frequency 

dependence of materials around the non-polar-to-ferroelectric phase transition has not yet been 

reported for any material but merit further attention. 
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