
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Electromechanical Fatigue Process  
of Lead-Free Alkali Niobate Piezoceramics 

 
 
 
 
 
 
 
 
 
 

March 2016 
 
 
 

Alexander Martin



 

 

  



 

Table of contents 

1 Introduction ..................................................................................... 1 

2 Theoretical background and state of the art ................................. 5 

2.1 Electroceramics ........................................................................................... 5 

2.1.1 Dielectric ceramics ............................................................................... 5 

2.1.2 Piezoelectric ceramics ......................................................................... 6 

2.1.3 Ferroelectric ceramics .......................................................................... 8 

2.2 Lead free alkali niobate ceramics .............................................................. 8 

2.2.1 Doping of NKN .................................................................................... 12 

2.2.2 Point defects ....................................................................................... 13 

2.3 Fatigue processes ..................................................................................... 15 

2.3.1. Fatigue under DC and unipolar AC field ........................................... 18 

2.3.2. Fatigue under bipolar AC field ........................................................... 21 

2.4 Fracture mechanics ................................................................................... 24 

2.4.1 Vickers indentation fracture (VIF) method ........................................ 26 

3 Methods used for sample preparation and characterization ...... 28 

3.1 Ceramics processing and firing ............................................................... 28 

3.2 Fatigue experiments .................................................................................. 29 

3.2 Impedance method .................................................................................... 29 

3.3 X-ray Diffraction (XRD) .............................................................................. 31 

3.4 Mechanical properties ............................................................................... 35 

4 Electromechanical fatigue process under DC field ..................... 39 

4.1 Experimental procedure ........................................................................... 39 

4.2 Results and Discussion ............................................................................ 41 

4.3 Conclusion ................................................................................................. 54 

5 Electromechanical fatigue process under unipolar AC field ...... 56 

5.1 Experimental procedure ........................................................................... 56 

5.2 Results ....................................................................................................... 58 

5.3 Discussion ................................................................................................. 68 

5.4 Conclusion ................................................................................................. 78 

6 Crack Propagation during unipolar AC field ............................... 79 

6.1 Experimental procedure ........................................................................... 79 

6.2 Results and Discussion ............................................................................ 80 

6.3 Conclusion ................................................................................................. 85 



 

7 Electromechanical fatigue process under bipolar AC field ........ 86 

7.1 Experimental procedure ........................................................................... 86 

7.2 Results ....................................................................................................... 88 

7.2.1. Effect of voltage .................................................................................. 88 

7.2.2. Effect of pressure ............................................................................... 89 

7.2.3. Effect of temperature .......................................................................... 92 

7.3 Discussion ................................................................................................. 94 

7.4. Conclusion ................................................................................................. 98 

8 Summary and conclusion ............................................................. 99 

References ......................................................................................... 102 

Acknowledgements .......................................................................... 109 

 



 

 

  



1 
 

 

1 Introduction 
 

Electroceramics are used in a very broad range of functional ceramics, making them 

important materials for the industry. By forming the materials for the majority of 

electronic applications, such as capacitors, actuators, and sensors, electroceramics 

command a large market. In 2015, the export sales in Japan were about 4 trillion Yen 

(~ 30 billion $). Figure 1.1 (a) and (b) show how these sales numbers are separated in 

different areas of electroceramics. 

 

    

Figure 1.1: Market share of different electroceramics (a) and conversion parts (b). Numbers taken 
from 1 

 

The major focus of this study dealt with piezoceramics, which belong to the area of 

conversion parts and are further separated into three main subgroups, which are 

shown in Figure 1.1 (b). It should be noted that the subgroup of actuators not only 

contains the sales of piezoelectric actuators. However, these figures give a good 

insight on the whole market of piezoceramics. The advantages of those materials are 

their high efficiency, unlimited resolution and ultrahigh accelerations.2–4) For this 

reason, they can be found in many different applications such as fuel injectors, 

nanopositioners and pulse drive motors, which involve the coupling of mechanical 

strains with high electric AC fields. Under these conditions the material is susceptible 

to changes in their characteristics. It was shown that lead zirconate titanates 

(abbreviated as PZT) decrease in piezoelectric and dielectric properties after a certain 
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amount of electric cycles. Electric cycles can be applied as unipolar, bipolar or 

sesquipolar. Depending on the kind of the electric field, different processes can be 

deduced as the main reasons for these degradations. In case of bipolar and 

sesquipolar fatigue, domain pinning is the major process. Space charge accumulation 

occurs during unipolar cycling, and describes the shift of space charges due to a 

depolarization field and their accumulation at the grain boundary. In all three cases, a 

second and more critical process can occur, which is micro crack formation. Not only 

causes it a decrease in the electric and piezoelectric properties, but also additional 

degradation in the mechanical strength5,6). More information about the occurring 

processes that lead to these changes can be deduced from fatigue experiments. Given 

the widespread use of PZT in industrial applications, most fatigue studies published in 

the scientific literature deal with lead-based materials. Detailed reviews were given by 

Genenko et al. and by Lupascu and Rödel for bulk PZT6,7).  

Nevertheless, a major problem is the lead contained in these materials, which 

volatilizes during calcination and sintering. It ends up mainly in the form of hazardous 

lead oxide in the environment. In 2003, the European Union (EU) included in its 

legislation PZT as a material to be substituted by safer materials in electric and 

electronic equipment. This led to an acceleration in the research and development of 

lead-free alternatives over the past few years. In 2004, the research of Saito et al. 

showed a highly promising alternative in sodium potassium niobate-based ceramics 

with the general chemical formula of NaxK1-xNbO3 (abbreviated as NKN). The 

piezoelectric coefficients dij of NKN ceramics are relatively low compared with those 

of PZT, but the Curie temperature is comparatively high (TC = 420 °C).7,8) Pure NKN 

undergoes a polymorphic phase transition from orthorhombic to tetragonal structure at 

temperatures of about 200 °C (TO-T). By doping NKN ceramics with Li [Lix(Na0.5K0.5)1-

xNbO3] (abbreviated as LNKN), the orthorhombic-tetragonal phase transition 

temperature decreases even further and at Li contents in the range 0.05 < x < 0.07, 

the polymorphic phase boundary between orthorhombic and tetragonal phases is 

stabilized at room temperature.  
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Figure 1.2 (a) and (b) show a collection of values from the literature for different 

piezoelectric materials and their respective piezoelectric coefficient d33 and permittivity 

ɛ. Both values are shown as a function of the relative Curie temperature.  

 

  

Figure 1.2: Various values of piezoelectric coefficient d33 and permittivity ɛ as a function of Curie 

temperature TC. Values were taken from 8–11) 

 

Figure 1.2 (a) shows the aforementioned points about the d33 value of NKN compared 

to PZT. Overall, NKN-based ceramics have lower piezoelectric coefficients, but by 

taking the Curie temperature into account, they are on par with PZT. BNT-based 

ceramics possess lower piezoelectric coefficients and Curie temperatures compared 

to PZT and NKN-based materials. From Figure 1.2 (b) can be concluded, that NKN 

ceramics and consequently LNKN ceramics have a lower permittivity ɛ than PZT and 

therefore do not generate much heat during application.12) Furthermore, LNKN 

ceramics can be cofired with Cu13), have high piezoelectric properties and Curie 

temperature (TC = 460 °C).14,15) Therefore, these materials are promising for industrial 

applications, such as multilayer actuators under high temperature conditions. Although 

NKN-based ceramics were extensively studied since 2004, only a few publications 

dealt with the fatigue behavior of alkali niobate ceramics.16–21)  
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The influence of mechanical degradation has not been observed in any of these studies. 

Before observing the mechanical degradation, it is important to know the mechanical 

properties of NKN based ceramics.  Only a few publications were published with 

mechanical properties of NKN ceramics as the focus of attention.22–24) To determine 

the mechanical properties of ceramic materials in general, flexural tests have proven 

to be the most reliable. Besides the usual factors for the mechanical strength, such as 

grain size and porosity, piezoelectric materials have a complex electro mechanical 

coupling relationship. Therefore, the strength of piezoelectric materials is affected by 

the strength and direction of an applied electric field. In order to estimate the flexural 

strength of piezoceramics, these factors need to be considered. In the case of PZT, if 

an external electric field is applied, the flexural strength decreases.25,26)  

For the above mentioned reasons, this work has the following objectives: 

1 Determination of mechanical properties of lead-free alkali niobate ceramics 

2 Influence of different electric field conditions 

 2.1 DC-field 

 2.2 unipolar AC-field 

 2.3 bipolar AC-field 

3 Observation of fatigue behavior under harsh environments, such as high 

pressure and temperature 

 

These points will then give information about NKN-based ceramics and whether or not 

these materials can be applied in industrial application. 
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2 Theoretical background and state of the art  
 

In this chapter, the theories behind ferroelectricity and piezoelectricity are discussed 

briefly. The information used can be found in detail in references 8–11. Furthermore, a 

summary of lead-free alkali niobate piezoelectric materials is given as well as an 

overview of the literature in the field of fatigue. 

  

2.1 Electroceramics 

Ferroelectric materials are a specific subclass, which combine dielectric and 

piezoelectric characteristics in addition to ferroelectric characteristics. Figure 2.1 

shows the subclasses of dielectrics and the relationship between the aforementioned 

classes.  

 

Figure 2.1: Subclasses of dielectrics and examples of their application. Taken from 27) 

 

2.1.1 Dielectric ceramics 

Insulators and dielectrics can be defined as materials with high electric resistivity. In 

practice, most of these materials are solid, such as ceramics, glass, plastics, and the 

oxides of various metals. Whereas insulators are primarily used for shielding 
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conductive elements, dielectrics have a wide variety of uses. The reason is that if an 

electric field is applied onto an ideal dielectric material, no charge transportation occurs. 

Instead, charge displacements in the material shift relative to each other, thereby 

acquiring a dipole moment and polarize the material. This induced polarization can be 

subdivided into 4 different variations:  

 Atomic polarization: relative shift of the electron cloud to the positive nucleus 

 Ionic polarization: displacement of ions from their initial position 

 Dipolar polarization: existing dipoles are aligned to the electric field 

 Space charge polarization: free charge carrier are separated in certain regions    

For better understanding, we consider a dielectric material, which is placed in between 

two parallel placed plates. If a voltage is applied onto this set-up an electric field E as 

well as dielectric displacement D emanates from these electrodes. The relationship 

between both physical quantities is defined by the equation: 

 𝐷𝑖 = 𝜀0𝜀𝑖𝑗 ∙ 𝐸𝑗 + 𝑃𝑗 (2.1) 

with P as the polarization,  𝜺𝟎  and 𝜺𝒊𝒋 as the permittivity of the vacuum and material, 

respectively. The subscripts describe the direction of the physical quantity in a 3-

dimensional Cartesian space. The permittivity of the material describes the charge 

stored on an electrode slab during application of a voltage and the permittivity of the 

vacuum describes the charge stored on a set of identical electrodes separated by 

vacuum. The latter is a natural constant and has a value of 𝜺𝟎 = 8.85 ∙ 10−12 F
m⁄ .  

 

2.1.2 Piezoelectric ceramics 

Besides polarization, the displacement of charges can also cause deformation, which 

is called electrostriction. It is a phenomenon which is present very weakly in all 

materials, but only observable in isolating materials, because in conductive materials 

electric fields are shielded by free charge carriers. The deformation S is hereby 

proportional to the applied electric field E. In materials with special crystal structure, 

the piezoelectric effect can also occur besides electrostriction. 

In nature, solid materials appear in crystalline as well as in non-crystalline (amorphous) 

form, whereas the former possesses higher binding forces between the atoms. 
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Crystals can be thought of as an array of smaller crystals, called unit cells. Such a unit 

cell is the smallest unit of volume that contains all of the structural and symmetry 

information of the lattice. Most of the materials are polycrystalline, meaning they 

consist of crystal areas of varying sizes called grains. Depending on their geometry, 

crystals are commonly classified into seven systems. These systems can again be 

subdivided into point groups (crystal classes) according to their symmetry with respect 

to a point. There are 32 such crystal classes and 11 possess a center of symmetry. 

For all 32 systems, mechanical stress σ causes a proportional strain S. However, for 

the 21 non-centric crystal classes, all except one additionally create an electric charge 

when subject to stress σ. This characteristic is called the direct piezoelectric effect. In 

terms of dielectric displacement, the equation changes to the following: 

 𝐷𝑖 = 𝜀0𝜀𝑖𝑗 ∙ 𝐸𝑗 + 𝑑𝑗𝑘 ∙ 𝜎𝑘 (2.2) 

Moreover, if an electric field is applied to a piezoelectric material a certain strain S can 

be measured and is called the inverse piezoelectric effect.  

 𝑆𝑖 = 𝑑𝑖𝑗 ∙ 𝐸𝑗 (2.3) 

In both cases, the proportional constant is the piezoelectric coefficient 𝒅𝒊𝒋 . A high 

piezoelectric coefficient is desirable for materials intended to develop motion or 

vibration, such as sonar or ultrasonic cleaner transducers. Furthermore, the 

piezoelectric effect can be described with the electromechanical coupling factor k. It 

measures the fraction of the electrical energy converted to mechanical energy and vice 

versa. The relationship can be described by the following equations: 

 
𝑘𝑖𝑗

2 =
𝑜𝑢𝑡𝑝𝑢𝑡 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 (𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙) 𝑒𝑛𝑒𝑟𝑔𝑦 

𝑖𝑛𝑝𝑢𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 (𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙) 𝑒𝑛𝑒𝑟𝑔𝑦
 (2.4) 

Typical values of kij are 0.4 – 0.5 for lead free piezoceramics, such as barium titanate 

and alkali niobate ceramics and 0.5 - 0.7 for PZT. 
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2.1.3 Ferroelectric ceramics 

A further subdivision of piezoelectric materials are ferroelectrics. In polar crystals, 

ferroelectricity is defined as the reversibility of the direction of the spontaneous 

polarization PS by means of an applied electric field. Since it requires polarity in a 

crystal, it can occur only in 10 of the 20 previous non-centric crystal classes, because 

they contain a spontaneous polarization in the unstrained condition. As with grains, 

which represent a uniform collection of one unit cell, domains exist in ferroelectric 

materials which consist of a uniform polarization direction. Moreover, neighboring 

domains with different preferential directions are separated by domain walls. Hereafter, 

the details of ferroelectric characteristics will be explained on the basis of lead-free 

alkali niobate ceramics and their perovskite structure, to which for example BaTiO3, 

PbTiO3 and KNbO3 belong.  

 

2.2 Lead free alkali niobate ceramics 

Figure 2.2 shows the perovskite structure, which is an example of a unit cell capable 

of a spontaneous polarization PS. The perovskite structure has the structural formula 

of ABO3. In this case, ions on the A side consist of large metal cations such as K, or 

Pb, whereas ions on the B side are mostly small cations such as Nb5+ or Ti4+. 

 

 

Figure 2.2: Unit cell of perovskite structure and dipole formation underneath Curie temperature. 
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Matthias et al. firstly reported the ferroelectric character of the mixed solution of 

NaNbO3 and KNbO3, by measuring the dielectric properties over a certain temperature 

range.28) Since then, the solid solution NaxK1-xNbO3 (abbreviated as NKN) was well 

studied regarding crystal structure, processing as well as dielectric, ferroelectric and 

piezoelectric characteristics. The phase diagram is depicted in Figure 2.3.  

 

 

Figure 2.3: Phase diagram of KNbO3 and NaNbO3.Taken from8).
 

 

Noteworthy is that the substitution of K ions with Na ions, does not change the phase 

transition temperatures significantly, except for the orthorhombic-rhombohedral 

transition at negative temperatures. This fact is represented by the two nearly 

horizontal lines at about 200 °C and 400 °C. The latter represents the Curie 

temperature TC. By heating the material over this temperatures, the material has a 

cubic structure and shows no piezo- or ferroelectric properties. This state is called 

paraelectric. If the temperature is lowered underneath this temperature, the crystal 

structure deforms depending on the material composition. In case of NKN, the material 

transforms first into a tetragonal structure at temperatures around 420 °C. A phase-

transformation from tetragonal to orthorhombic TO-T occurs at around 200 °C. Both 

phases show piezo- and ferroelectric characteristics. The phase diagram is comprised 

of another ferroelectric monoclinic region and an orthorhombic antiferroelectric region. 

These antiferroelectric phases are found in Na-rich compositions since NaNbO3 
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possesses an orthorhombic antiferroelectric phase at room temperature. Two electric 

field-enforced phases with a rhombohedral and a monoclinic structure with ferroelectric 

properties also exist at low temperatures. 

In case of a ferroelectric phase, the B-ion shifts from its central position, thereby 

forming a spontaneous polarization PS and conclusively domains and domain walls. 

Domains are areas of a number of crystals with the same polarization orientation, 

which are separated by domain walls. For tetragonal and orthorhombic phases, the 

spontaneous polarization PS points in the [001] and [010]-direction, respectively. Thus, 

6 equivalent orientations exist for the tetragonal and 12 for the orthorhombic phase. 

Depending on the crystal structure, these polarizations can orientate in different angles 

to each other: 

 Tetragonal: 90 ° and 180 ° 

 Orthorhombic: 60°, 90 °, 120 ° and 180 ° 

 Rhombohedral: 71°, 109° and 180° 

Domains can have the same angle differences to each other as polarizations. Figure 

2.4 shows the domain structure of Li-doped NKN ceramics (LNKN), which possess a 

mix of orthorhombic and tetragonal structures. The picture shows 60°, 90°, 120° and 

180° domain walls.  

    

 

Figure 2.4: SEM image of the etched surface of LNKN with different domain walls. 
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Through the application of electric fields, domains as well as domain walls can be 

rearranged, which leads to the ferroelectric hysteresis loops P(E) and S(E). Figure 2.5 

shows an example of a P(E) and S(E) loop. At first, the orientation of grains and 

domains are statistically distributed in a ferroelectric ceramic. Hence, the macroscopic 

polarization and strain is zero. An applied electric field increases the polarization and 

aligns the domains in the direction of the field. As the electric field increases, more and 

more domains will switch in the direction of the field and the polarization increases 

further. During this process, domains with the favorable orientation will grow at the 

expense of not favorable orientated domains. This behavior changes, if the majority of 

the domains are aligned in one direction and the material reaches a point of saturation 

PS (A→B). With the decrease in field strength, the domains will start to switch back. 

However, the material will retain most of its polarization at zero field, called the 

remanent polarization Pr (B→C). Equally, the material will remain a certain 

macroscopic strain called the remanent strain Sr. If a negative electric field is applied, 

the polarization decreases and reaches zero at the coercive field EC (C→D). If a 

negative electric field is applied even further, the domains will be aligned up to another 

saturation point (D→E). Removing the negative electric field resolves in a poled 

sample with negative polarization, but with positive remanent strain (F). For this reason, 

the S(E)-loop is also called the butterfly loop with minima at the coercive fields ±EC. 

  

 

Figure 2.5 Schematic representation of a P(E) and S(E)-loops of ferroelectric materials. 

 

During the alignment of the domains two different processes appear, which are called 

intrinsic and extrinsic contribution. The former one describes the volume change of the 
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unit cell if an electric field is applied. Domain switching of 180 ° and non-180 ° domains 

are called the extrinsic contribution.  

 

2.2.1 Doping of NKN 

Since Matthias et al., extensive research showed that the composition of NaxK1-xNbO3  

near x = 0.5 has superior piezoelectric and ferroelectric properties as well as a high 

Curie temperature.9,29–32)  For these reasons, the material is considered a leading lead-

free candidate. In 2004, Saito et al. strengthened the idea of NKN ceramics as highly 

promising candidate by adding dopants such as Li, Ta, and Sb.7) As a result, 

piezoelectric properties were improved significantly. Further studies, tried a large 

number of dopants on both A and B sites as well as different solid solutions in order to 

improve the piezoelectric properties of NKN14,15,33–38). Ahn et al. studied the 

dependence of the piezoelectric coefficient d33 from the transition temperature TO-T
36). 

It was shown, that the d33 value increases with decreasing transformation temperature. 

Moreover, the study showed that the Curie temperature TC increases with increasing 

dopant, whereas the transformation temperature decreased.  

Owing to the high cost of Ta and the toxicity of Sb, simple Li-doped NKN 

[Lix(Na0.5K0.5)1−xNbO3] (LNKN) ceramics are still very popular. Guo et al. studied the 

effect of lithium doping on the piezoelectric properties of NKN by synthesizing the 

samples Lix(Na0.5K0.5)(1-x)NbO3 (LNKN), for x varying between 0.00 and 0.20.14) They 

observed the presence of a morphotropic phase boundary (MPB) between the 

orthorhombic and tetragonal phase in the range 0.05 < x < 0.07. Additional confirmation 

for a MPB was given by a sharp peak in piezoelectric properties (d33 = 235 pC/N, kp = 

44%) in this composition range. Du studied the effect of the poling temperature on the 

same lithium-doped MPB compositions (x = 0.05, 0.06, 0.07) and found that a 

significant improvement in piezoelectric properties can be achieved if poling is done at 

orthorhombic to tetragonal transition temperature TO-T.37)  

In addition, Li improves sinter ability, which is a general problem for pure NKN ceramics. 

Note that only hot-pressed samples can be sufficiently densified.29,39) Besides Li, MnO2 

increases the density of materials, because it inhibits grain growth during sintering. 

Different amounts of sintering additives CuO and MnO2 were also tried to suppress the 

volatilization of Na2O by decreasing the sintering temperature.40) It was found that the 
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addition of 2 mol% CuO and 0.5 mol% MnO2 reduces the sintering temperature to 

950 °C and improves the piezoelectric properties with increased d33 value from 220 

pC/N to 248 pC/N. Furthermore, hardening of ferroelectric properties can be detected 

owing to the formation of oxygen vacancies.41) 

High temperature applications of piezoelectric materials require not only high Curie 

temperatures, but also good thermal stability between room and Curie temperature. 

NKN-based ceramics seems to be an excellent candidate for high temperature 

applications with TC being close to 420 °C, but at the same time the presence of TO-T 

gives rise to discontinuity in piezoelectric properties. Peaks in the coupling coefficient 

kp and permittivity ɛ can be seen clearly at the phase transition temperatures. To solve 

this problem, Ahn et al. studied the variation in kp-temperature slopes in the solution 

of NKN with BaTiO3. In comparison, the slopes of both materials are opposite to each 

other and thus the combination of these two compositions compensate the effect of 

fluctuations in piezoelectric properties with temperature38). 

 

2.2.2 Point defects 

Crystals contain two major categories of defects: “point” defects and “line” defects. The 

understanding of line defects, such as dislocations, is qualitative and thus this chapter 

focuses only on point defects occurring in ceramics. 

Point defects occur when atoms are missing (= vacancies), occupy the interstices 

between normal sites (= interstitials) or are of foreign nature. The literature 

distinguishes between two major defects. Schottky defects, consist of unoccupied 

anion and cation sites, which are called vacancies. These vacancies are formed 

in stoichiometric units, to maintain an overall neutral charge in the ionic solid. These 

vacancies are free to move as their own entities. Frenkel defects are misplaced ions, 

which form when an atom or smaller ion (usually cation) leaves its place in the lattice. 

As a result, besides creating a vacancy, the misplaced ion also becomes 

an interstitial by lodging in a nearby location. Frenkel defects depend on the existence 

of empty spaces in a crystal lattice that can accommodate displaced ions. Especially 

for electroceramics, these defects are of crucial significance. Moreover, these effects 

are caused through the introduction of foreign ions and need to be studied. To 

exemplify this fact, we use MnO2 doped NKN ceramics. In this case, Mn-ions will take 
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the place of the Nb-ion on the B site. Due to the fact that Mn possess a lower charge 

than Nb, Mn-ions are called acceptors and will have an effective negative charge. This 

negative charge can be compensated by a positively charged oxygen vacancy or an 

interstitial positively cation or hole. The chemical equation can be expressed as 

 𝑀𝑛2𝑂3 ↔ 2𝑀𝑛𝑁𝑏
′ + 3𝑂𝑂 + 𝑉𝑂

∙∙ (2.5) 

Kröger and Vink introduced a convenient notation for describing a defect and its 

effective electrical charge relative to the surrounding lattice. These effective charges 

are to be distinguished from the real charges on an ion. A defect that carries an 

effective single positive electronic charge bears a superscript dot, as shown by the 

oxygen vacancy 𝑉𝑂
∙∙. A defect with an effective negative charge bears a superscript 

prime, as shown by 𝑀𝑛𝑁𝑏
′ . Moreover, 𝑀𝑛𝑁𝑏

′  has a subscript which signalizes that Mn 

occupies the site of Nb. 
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2.3 Fatigue processes 

Fatigue is a term most commonly associated with mechanical cyclic loading leading to 

failure of materials. In the case of fatigue due to electric cycling, the change in 

ferroelectric and piezoelectric properties as well as the mechanisms that lead to 

deteriorating properties are altogether different. Ferroelectric ceramics are subject to 

electrical, mechanical or electromechanical cycling over time. The mechanisms that 

lead to fatigue are mostly due to defects such as mobile vacancies, electrons or holes. 

Figure 2.6 shows the different effects of these defects.  

 

 

Figure 2.6: Schematics of the microstructural mechanisms for domain wall pinning according to scale. 

 

Carl and Härdtl proposed three mechanisms to describe microscopically the defect-

induced stabilization of the domain-wall structure in ferroelectrics42). In principle, they 

differ in the location of the defects that stabilize the domain configuration: 

a) Volume effect 

Especially in aged samples, point defects have the possibility to form defect dipoles. 

During the application of an electric field, defect dipole moments cannot be rotated in 

such a diffusionless process. Therefore, this unswitchable defect symmetry, and the 

associated defect dipole moment, provide a restoring force or a reverse internal field 

favoring a reverse domain switching when electric field is removed.43,44) 
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b) Domain wall effect 

Defects diffuse in the course of time into the domain walls and fix their position. The 

driving forces may be elastic (neutralization of internal stresses) or electric 

(compensation of electric charges, e.g. by valency changes of the foreign atoms).45)  

c) Grain boundary effect 

This effect describes the accumulation of space charges, such as ions, electrons or 

vacancies. Figure 2.6 c) shows there are 3 major processes that are included in the 

grain boundary effect. Two processes occur, when an electric field is applied onto the 

sample. Space carriers drift according to the field’s direction and accumulate not only 

on the grain boundary (= first process), but also to interfaces between dissimilar 

phases, such as secondary phases or electrodes (= second process). The third 

process is caused by a depolarization field. For better understanding, this process is 

schematically represented in Figure 2.7 (a) – (c).  

  

 

Figure 2.7: Schematics of space charge carrier accumulation near the grain boundary during fatigue 
process. Taken from 20)  

 

During the application of a DC or unipolar AC field, domains align according to the 

applied field. However, slight mismatches between domains near the grain boundary 

can lead to formation of charges σ.  In the literature, the electric field between the 

positive charge σ+ and the negative charge σ- is referred to as local depolarizing field 

Edepol (Figure 2.7 a). The application of an electric field increases the size of domains 

in favorable direction and conclusively increases Edepol. Mobile space charge carriers 

start drifting to compensate the depolarization field (Figure 2.7 b). This charge carrier 
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drift results in the internal bias field Ebias, which has the same direction as the external 

field Eext (Figure 2.7 c).20,46)  

However, besides these three microscopic mechanisms, macroscopic changes in form 

of mechanical degradation can occur. Mechanical degradation is divided in mechanical 

degradation in the sample and degradation in the interface between sample and 

electrode and the electrode itself. Figure 2.8 shows the first case, in which cracks form 

in the ceramics due to mismatches of domains in neighboring grains. 

 

 

Figure 2.8: Schematic representation of micro crack formation due to mismatch in the domain 
structure between neighboring grains. 

 

As mentioned before, the application of an electric field onto piezoelectric can strain 

the material. Depending on the orientation of the initial domains compared to the 

direction of the applied field, this strain can be of various dimensions. Thus, 

neighboring grains experience a different strain, which causes internal stresses at the 

grain boundary and at worst micro crack formation. The second case, describes the 

detachment of the electrode from the sample and the third case characterizes crack 

formation in the electrode itself. The latter processes are not critical to the mechanical 

strength of the ceramics. However, internal cracks as descript in the first case are 

especially severe for the mechanical strength of the material.  

In the following chapters, the different fatigue mechanisms will be discussed on the 

basics of different fatigue conditions as well as NKN ceramics. 
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2.3.1. Fatigue under DC and unipolar AC field  

The fatigue mechanisms between an applied DC and unipolar AC field do not differ 

much and will be discussed together for this reason. Piezoelectric samples are 

especially during polarization exposed to a DC field for a certain amount of time. In 

contrast, a unipolar AC field is applied during application. In both cases characteristic 

changes of the ferroelectric hysteresis occurs as shown in Figure 2.9. 

 

 

Figure 2.9: P(E) and S(E) – hysteresis loops before (solid line) and after fatigue (dashed line) under 
DC and unipolar AC loading.  

 

In general, the fatigue effect is a pronounced asymmetry in S(E) – hysteresis loops, 

and a shift of P(E) – hysteresis loops. Usually, the switchable polarization and unipolar 

strain are hardly changed, but, for PZT, sinusoidal electric loadings up to 109 cycles 

were found to decrease the maximum unipolar strain and the piezoelectric coefficient 

d31.46–48) For non-commercial lead-free ceramics of the composition 

0.94(B0.5Na0.5)TiO3 – 0.06BaTiO3 about 35% of the switchable polarization is lost after 

104 cycles already.49) In both lead-based and lead-free materials the cycling procedure 

leads to a larger maximum strain under electric fields with the same polarity. Besides 

a horizontal shift, P(E) hysteresis loops can also shift in vertical direction, which is 

called offset polarization. In general, all the measured effects are attributed to the 

depolarization field. Offset polarization was defined by Nuffer et a/.50), and was 

explained by the Landau-Devonshire theory for electrostrictive materials, where strain 

is proportional to the square of total polarization.  Technically, this is only fully 

applicable in cases of single domains near the Curie temperature.  As modelled by 

Lupascu  et al.,  a  curve  fit  develops  asymmetry  only  when  an  offset  polarization 
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is applied and not when combinations of two volume sets of switchable and 

nonswitchable polarizations within a material are considered for a given domain.6) This 

indicates that an increasing polarization offset alone leads to the observed asymmetry.  

Few scientific  papers  have  addressed  the  fatigue  behavior  of  NKN  materials and  

the processes that lead to fatigue.16–21) Yao et al. showed that, by modifying 

(K,Na,Li)(Nb,Ta)O3 ceramics with CaZrO3, nanodomains can form and increase 

temperature stability as well as resistance to unipolar fatigue.21)  The same results were 

obtained in a few other papers; whereby the authors doped NKN-LiSb with CaZrO3
21) 

or Sm2O3
18). Patterson et al. doped NKN materials with CuO and found a significant 

decrease in unipolar fatigue behavior. Acceptor doping increased the amount of 

oxygen vacancies and the possibility of accumulation on grain boundaries was 

enhanced.19) The domain structure changes during the application of a unipolar field 

over a certain amount of cycles, as shown by Tsurekawa et al., who observed these 

changes via piezoresponse force microscopy (PFM).16) Polarized MnO2 doped LNKN6 

samples were fatigued under a unipolar field of 30 V/mm at the resonance frequency 

of about 160 – 170 kHz. Piezoelectric properties, as well as the polarization of the 

domains decreased after 108 cycles. In addition, the domain width and length started 

to increase after the same number of cycles. 

Besides electrical effects in the sample, cracks can also form during polarization.51–56) 

Through the alignment of non-180° domains during polarization, stresses in between 

the different grains occur, which can lead to micro crack formation. Micro crack 

formation is dependent on the grain size51,52,56), tetragonality of the unit cell53), 

porosity54) the electric field as well as time55,56). Moreover, during the application of a 

unipolar AC field, cracks can form and propagate. On PZT, many studies have shown 

that cracks form and propagate in piezoelectric ceramics under cyclic electric fields57–

63) in dependence of grain size57), and temperature48,60). Jiang et al. tested lanthanum 

doped lead zirconate titanate (PLZT), which showed no crack formation for samples 

with small grain sizes (= 5µm), but formed cracks at larger grain sizes (≥ 10 µm). The 

significance of fatigue, indicated by the beginning and magnitude of the decreasing 

electrical properties, increased with increasing grain size. The major cause for this 

behavior was the incompatible large deformations, resulting from the anisotropic 

piezoelectric coefficients.  
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A theoretical approach was derived from the results, and a formula for a critical grain 

size lC was introduced.57) 

  
𝑙𝑐 =

2𝑔𝑏

𝐸𝑉
 =

2𝑔𝑏

3𝑌 ∙ [(𝑑33 − 𝑑31)𝐸]2
 (2.6) 

 where EV is the anisotropic volume energy, Y the Young’s modulus, d33 and d31 the 

piezoelectric coefficients, E the applied electric field and gb the fracture surface energy 

of the grain boundary. For PLZT the critical grain size was estimated to be 7 µm, which 

was consistent with the obtained experimental results. Cracks are in so far critical to 

the electric properties, as they represent an area with a very low permittivity ɛ 

compared to the rest of the sample. Thus, the electric field in the sample is 

inhomogeneous and mostly concentrated at the crack tip. Schneider et al. showed a 

decrease in the electric potential over the crack length by means of an atomic force 

microscopy (AFM) in Kelvin probe mode (KPM). The highest loss of the electric 

potential was measured at the half length of the crack.64) Furthermore, with increasing 

crack opening the loss in potential increases. Therefore, if the crack reaches a certain 

length and width, the electric field in certain areas will be significantly smaller than the 

applied field. As a consequence, domain switching is inhibited in these areas and the 

macroscopic coercive field is increased.  

Wang et al. observed the influence of temperature on the fatigue behavior of PZT. It 

was shown that fatigue tests performed under electric field levels below the coercive 

field value, no mechanical degradation occurs. On the other hand, larger electric field 

values cause degradation, which is an increasing function with increasing electric field 

strength or decreasing temperature. Again, the major reason for degradation was 

attributed the electrically induced stresses caused by internal anomalies. Hill et al., 

found the same relationship between temperature and fatigue behavior. The formed 

cracks are mostly find close to the electrode.48,57)  

By applying a small mechanical uniaxial stress onto piezoelectric materials, the strain 

per applied electric field unit increases. Kerkamm et al. showed that the piezoelectric 

coefficient d33 as well as strain S had maximum values if a preload of about 35 – 40 

MPa was applied on soft-doped PZT multilayer actuators. Compared to no preload, 

the strain and piezoelectric coefficient showed increased values by about 6 % and 

16 % respectively.65) For fatigue under unipolar AC-fields, Wang et al. observed the 
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influence of a mechanical preload. It was shown that with increasing pressure, fatigue 

occurred at a decreasing number of cycles.66)   

 

2.3.2. Fatigue under bipolar AC field 

Bipolar AC fields and the related fatigue mechanisms are most important for 

ferroelectric applications. The consequential characteristic changes of the ferroelectric 

hysteresis are shown in Figure 2.10. 

 

 

Figure 2.10: P(E) and S(E) – hysteresis loops before (solid line) and after fatigue (dashed line) under 
bipolar AC loading. 

 

In  bipolar  fatigue,  the  permanent  effects  are  tied  to  reduction  in  strain  and 

switchable  polarization  simultaneously,  implying  a  reduction  of the  mobility  of  90° 

domain walls. In contrast to unipolar and DC loading the degradation of remanent large 

and small signal values is severe if the applied electric field is bipolar. The P(E) 

hysteresis loops in PZT show strong degradation of maximum and remnant 

polarization. Asymmetric changes can appear, but are not as significant as in DC or 

unipolar fatigue. Lupascu  proposed that piezoelectric  fatigue  could  be  explained by  

a  common mechanism that reduces switchable polarization and strain simultaneously 

by focusing in a  mechanism that could  possibly  suppress  90°  domain  switching. 

These obstacles would inherently need to grow during the fatigue cycling process in 

order to make sense. After 2 EC bipolar fatigue of PZT samples, the application of an 

increased electric field of  4 EC  lead to an restored hysteresis  loops with approximately  

full  values  of remanent and maximum polarization.67) Fatigue-lowered maximum and 

remanent polarization values are surpassed by the application of higher fields but the 
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decreases are not removed permanently. The origin of bipolar fatigue still remains 

controversial to this day, and many models have been proposed. The most widely 

observed mechanism is domain wall pinning, which is shown in Figure 2.6 (b).68) In 

2015, Guo et al. showed for the first time the in-situ observation of domains during 

bipolar fatigue in [(Bi0.5Na0.5)0.95Ba0.05]0.98La0.02TiO3.69) These observations 

complemented the domain wall pinning effect, by verifying a novel fatigue mechanism 

of domain fragmentation. TEM images showed, that with increasing bipolar cycles the 

domains fragmented into smaller nanodomains and the grain showed an increased 

domain wall density. Furthermore, the domain walls were gradually pinned and 

became less mobile during cycling. In general, oxygen vacancies are widely 

considered to lead to domain wall pinning. However, most of the time various fatigue 

mechanism occur at the same time. Verdier et al. observed commercial PZT, which 

decreased its remanent polarization and coercive field.70) Impedance measurements 

as well as P(E) hysteresis loops were recovered after the sample were annealed at 

600 °C. They explained this fact through the growth of a non-ferroelectric layer or 

passive layer. The passive layer occurs due to an increasing amount of defects or 

doping due to inclusion of material from the electrode.71) Lee et al. also reported the 

existence of a passive layer in Pt/PZT/Pt thin films after fatigue.72) By measuring the 

permittivity close to the electrode, they showed that the permittivity at the PZT/PT 

interface decreased with increasing fatigue. The dielectric permittivity of the bulk PZT 

film remained constant.  

Micro crack formation is more pronounced in bipolar fatigue than in DC or unipolar 

loading. The reason is the mostly due to the bipolar electric field, which concludes in a 

large strain difference between negative and positive polarized materials. Micro crack 

formation during long-term cyclic loading is a major mechanism of fatigue generation 

and is mostly induced by bipolar electric fields with amplitudes high enough to induce 

polarization switching.63) It was reported that severe crack growth mostly originates 

near the electrode73), but pre-existing micro cracks and pores74), secondary phases60), 

as well as the relief of residual stresses75) can serve as additional sources for crack 

growth. Luo et al. observed the bipolar fatigue behavior for 0.94(B0.5Na0.5)TiO3 – 

0.06BaTiO3 under 6 kV/mm (≈2 EC).49) A decrease of polarization and strain, was 

observed, and most of the degradation occurred within 104 cycles. Micro cracks were 

found near the electrode, which contributed significantly to the degradation of the 

ferroelectric properties and to the increase of the coercive field. Overall, the remanent 
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polarization decreased by 50 % and the coercive field increased for 22 % after 106 

cycles. Balke et al. showed via PFM measurements the difference in the thickness 

profile of PZT samples with different attached electrodes after bipolar fatigue.76) PZT 

with Pt electrodes showed micro cracks underneath the electrode, which affect the 

internal electric field distribution. Micro cracks effectively screen the applied electric 

field and protect the remainder of the sample bulk from further domain wall pinning. In 

contrast, PZT samples with Ag electrodes showed fatigue in the entire volume of the 

sample. Nevertheless, P(E) hysteresis loops showed a stronger degradation of the 

remanent polarization in the samples with Pt electrodes, which should imply that micro 

cracks have a more severe effect on the fatigue behavior. 

By combining mechanical preloads during fatigue under bipolar AC-fields, increased 

fatigue resistivity was observed by Yang et al.77). As mentioned above piezoelectric 

degradation in the fatigue process is due to domain pinning caused by point defects. 

Mechanical loads up to 60 MPa suppress non-180° domain switching and micro 

cracking in multilayered PZT. 
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2.4 Fracture mechanics 

The most serious cause for an instrument or material to fail is by fracture. It is therefore 

important to analyze and understand the causes for fracture to occur, in order to build 

a safe and reliable machine. A difficulty hereby is the estimation when and how a 

certain component will break. Fracture depends on the environmental conditions, the 

form of the component and type of loading, such as static, cyclic and creeping stress. 

In reality, most of the time a mix in between these types and conditions are present. 

Fracture mechanics is dealing with the problem of describing the lifetime or load-

bearing under different conditions.  

Fracture is defined as the breaking of atomic bonds and the resulting macroscopic 

separation of the solid material. This can lead to the formation and propagation of 

cracks on a micro- as well as macroscopic level. The loss of stability is reached after 

cracks reach a critical length and can be of brittle and ductile nature. Ceramics show 

generally brittle fracture, which means that no deformation or small deformation in 

close vicinity at the crack tip occurs. Two characteristic fracture surfaces occur in brittle 

materials, which are shown in Figure 2.11. 

 

 

Figure 2.11: Schematic representation of transgranular (a) and intergranular fracture (b) 

 

Each material has a theoretical cohesion strength, which depends on the binding 

forces between the atoms and temperature. This theoretical value is never reached, 
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due to defects in the material which enhance crack propagation. Crack propagation 

can either be stable (energy input) or instable (energy output). For instable crack 

propagation, Griffith assumed that the saved elastic strain energy decreased 

significantly more than the surface energy to form an increased crack surface. If both 

energies are in an equilibrium, one can estimate the critical stress σC necessary for 

instable crack propagation. 

 

𝜎𝑐 = √
2𝑔𝑝𝑐𝑌

𝜋𝑎
 (2.7) 

where gpc is the fracture surface energy, Y the Young’s modulus and a the crack length. 

One problem with the criteria of Griffith is the fact that it is difficult to compare samples 

to each other. For this reason the stress intensity factor K was introduced to determine 

and compare the fracture toughness of different brittle materials. K describes the 

strength of the tension field at the crack tip and can be estimated by following equation. 

 𝐾 = 𝜎√(𝜋𝑎)𝑓 (
𝑎

𝑊
) (2.8) 

where σ is the stress, a the crack length and 𝒇 (
𝒂

𝑾
)  a dimensionless correction 

parameter, which describes the relationship between crack configuration and sample 

dimensions. Instable crack propagation only occurs if K reaches a critical value, called 

fracture toughness KC. The fracture toughness is determined during experiments and 

can be used to compare different materials. Furthermore, KC gives also information 

which stress condition had an effect on the crack. There are three testable modes, 

which are shown in Figure 2.12.  

 

 

Figure 2.12: Crack opening modes taken from 78) 
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For applying KC on a component, it is important to determine to most critical mode for 

the material. In case of ceramic materials, tensile stress is the most critical and thus, 

usually KIC is used to evaluate the fracture toughness. 

Different methods can be applied to observe and determine the stress intensity factor 

K. Three of the most commonly used methods are the single edge V notched beam 

(SEVNB) method, the compact tension (CT) method and the Vickers indentation 

fracture (VIF) method.  Compared to the other methods the VIF is easy to perform and 

repeatable on multiple samples. No specific sample dimensions or preparation is 

needed, which is usually a problem for ceramic samples. Furthermore, the VIF method 

gives information about anisotropic crack propagation in the material. For these 

reasons, we decided to use the VIF method for testing the fracture toughness in this 

work.  

 

2.4.1 Vickers indentation fracture (VIF) method 

The VIF method was developed to estimate the fracture toughness of ceramic 

materials by measuring the lengths of cracks caused from Vickers indents. The 

schematic concept of Vickers indentation and conclusive crack propagation are 

schematically represented in Figure 2.13. 

 

 

Figure 2.13: Schematic representation of Vickers indentation and the formed dimensions of cracks. 

 

The method has recently received much attention for measuring the fracture toughness 

of biomaterials. Many different equations exist in the literature for determining the 
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fracture toughness. In our case, the VIF fracture toughness KC is calculated using the 

equation within the guidelines of the Japanese Standard Association, which was 

derived from the original concept by Lawn et al. 79,80): 

 𝐻 =
𝐹 ∙ sin(𝛼/2)

𝑑2
 (2.9) 

 𝐾𝐶 = 0.018√(
𝑌

𝐻
)

𝐹

𝑐
3

2⁄
 (2.10) 

where F is the applied load, Y is Young’s modulus, H is the hardness, d the diagonal 

length of the indented pyramid base and c is the length of the surface trace of the half 

penny crack measured from the center of the indent. The value α is the angle of the 

Vickers indentation pyramid, which is 136°. In addition Park and Sun developed a 

concept to estimate KIC for ferroelectric materials81,82). 

 𝐾𝐼𝐶 = 0.0113
𝑑√𝐹 ∙ 𝑌

𝑐
3

2⁄
 (2.11) 

where c is the length of the surface trace of the half penny crack measured from the 

center of the indent, d the diagonal length of the indented pyramid base, F the applied 

indentation load, and Y the Young’s modulus.  

The fracture toughness measured via indentation tests has the advantage of being the 

easiest method for ceramic samples. However, the measured value KC can only be 

compared to fracture toughness values estimated with the same procedure. 

Furthermore, internal stresses in the sample are likely to distort the actual value. 

Therefore, the measured values via VIF have to be critically examined. Both equations 

(2.10) and (2.11) were used to determine the respective values.  
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3 Methods used for sample preparation and 

characterization 
 

In this chapter the experimental procedures as well as the material which were used 

throughout this work are described in general.  

3.1 Ceramics processing and firing 

All ceramic samples were synthesized by a mixed-oxide route. The starting powders 

K2CO3, Na2CO3, Nb2O5 (99.9%) and Li2CO3 (99.8%) were dried separately at 120 °C 

for at least 4 h to remove moisture. The MnO2 powder was stored at room temperature. 

After weighing and mixing the powders prior to the respective composition, they were 

milled with ZrO2 - balls for 16 h. Afterwards, calcination was carried out at 910 °C for 

10 h and a second milling step for 16 h was performed. Before using the finished 

powders, they were stored at 120 °C for 4 h more. At first, the calcined powders were 

pressed uniaxially at 10 MPa for 0.5 min and at 75 MPa for 1 min. The green bodies, 

were then inserted in a PU tube in which a vacuum was generated. The samples were 

than cold isostatically pressed at 300 MPa for 2 min into the required shape. The 

pressure was slowly decreased with a rate of 20 MPa/min. All samples were sintered 

at T = 1082 °C for 0.5 h with a heating and cooling rate of 3 °C/min. Surfaces were 

coated with silver and annealed at 700 °C for 5 min. Subsequently, the samples were 

poled in silicon oil under an applied electrical field of E = 3 kV/mm for 30 min. The 

poling temperature depended on the composition, but all samples were cooled down 

to 40 °C with the electric field still switched on. 
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3.2 Fatigue experiments 

For the fatigue tests, a custom-made experimental setup was used, which is shown in 

Figure 3.1.  

 

 

Figure 3.1: Experimental set-up for fatigue experiments. 

 

A silicone oil bath was attached onto a compression testing machine (Universal testing 

machine EZ-LX, Shimadzu, Kyoto, Japan) to apply a certain force to a sample. The 

maximum force that can be applied is 2 kN. Furthermore, the silicone oil bath prevents 

arcing and enables the control of temperature during the experiments. By using a 

multifunction generator (Multifunction Synthesizer WF 1943A, NF Corporation, 

Yokohama, Japan) and an amplifier (Model 610D, TRek Inc, New York, USA), the 

samples could be electrically fatigued. The set-up allows for a maximum applied 

Voltage of 10 kV and maximum frequencies up to 4 kHz.  

 

3.2 Impedance method 

In order to measure piezoelectric coefficients, resonant and antiresonant frequency 

measurements were used. Hereby, the natural resonances of the sample are 

stimulated by a small electrical AC field. In the area of the mechanical resonance 

frequency, the impedance is minimized, which is called resonance frequency fr. On the 
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other hand, for applied frequencies above this value, the mechanical branch becomes 

inductive and reaches a maximum in impedance, which is called antiresonance 

frequency fa. Piezoelectric ceramics show numerous resonance and antiresonance 

frequencies distributed over the spectrum, due to coupling of the direct and inverse 

piezoelectric effect. Depending on the sample dimensions, different values can be 

calculated. For example, a thin rectangular sample is suitable to measure the coupling 

factor k31, the elastic compliance s11 and the piezoelectric coefficient d31. A rectangular 

rod is used to measure k33, s33 and d33. Figure 3.2 shows an example for a measured 

impedance spectrum with fr and fa. 

 

 

Figure 3.2: Example for an impedance spectrum of a LNKN sample near a fundamental resonance. 

 

Besides the impedance spectrum, also the phase angle θ is obtained via the 

measurement. This value gives a good overview of how well the sample is polarized. 

The higher the maximum phase angle, the more domains are aligned in the same 

direction. With the values from the impedance measurement, the elastic compliance 

can be calculated with the following equation: 

 
2𝑓𝑟 ∙ 𝑙 =

1

√𝜌 ∙ 𝑠𝑖𝑗
𝐸

, 
(3.1) 
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where ρ is the density of the sample and l is the controlling dimension. In case of a 

thin rectangular samples, the value correspond to the length of the sample and the 

measured elastic compliance would be 𝒔𝟏𝟏
𝑬 . In a ceramic rod, where the electrodes are 

far apart, the controlling dimension would be the height and 𝒔𝟑𝟑
𝑬  can be obtained. The 

coupling factor k31 can be evaluated using equation 

 𝑘31
2 =

𝜋
2 (

𝑓𝑎

𝑓𝑟
) tan [

𝜋
2 (

𝑓𝑎 − 𝑓𝑟

𝑓𝑟
)]

1 +
𝜋
2 (

𝑓𝑎

𝑓𝑟
) tan [

𝜋
2 (

𝑓𝑎 − 𝑓𝑟

𝑓𝑟
)]

 (3.2) 

and for k33  

 𝑘33
2 =

𝜋

2
(

𝑓𝑎

𝑓𝑟
) tan [

𝜋

2
(

𝑓𝑎 − 𝑓𝑟

𝑓𝑟
)] (3.3) 

The piezoelectric coefficient can then be calculated, using the evaluated values of the 

coupling factors and elastic compliances.  

 𝑑31
2 = 𝑘31

2 𝑠11𝜀33, (3.4) 

 𝑑33
2 = 𝑘33

2 𝑠33𝜀33, (3.5) 

where ɛ33 is the permittivity at a frequency f = 1 kHz, which can be obtained by dielectric 

measurements.  

 

3.3  X-ray Diffraction (XRD) 

The physical background is based on the diffraction of X-rays at the structured lattices 

of the material. Diffraction occurs, if the distance of the lattice is in the same dimension 

as the wavelength of the ray. The wavelength of X-rays is about 1 pm to 10 nm and is 

therefore useful for the interaction with the lattice. The x-rays are diffracted at the 

electron cloud and the out coming waves interfere with each other. The interference 

can be of constructive or destructive nature, depending on the incidence angle and 

distance between the atoms. If constructive interference occurs, a peak can be seen 

in the measured spectrum. X-ray diffraction data were obtained by an X-ray 

diffractometer (X’Pert Pro, PANalytical, Almelo, Netherlands) with a Bragg-Brentano 

configuration. Hereby, the sample is put on one axis of the diffractometer and tilted by 
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an angle θ while a detector rotates around it on an arm at 2θ. The radiation source is 

of CuKα1, with a wavelength of 1.54 Å. 

XRD was primarily used to evaluate the domain configuration and the phase 

composition. The former was obtained by measuring the domain switching fraction ηhkl. 

Depending on the crystal structure, the equation changes. For example, η002 for 

tetragonal and η200 for orthorhombic need to be determined with following equations:  

 
𝜂002 =

𝑅002

𝑅002 + 2𝑅200
−

1

3
 (3.6) 

 
𝜂200 =

𝑅200

𝑅200 + 𝑅020
−

1

2
 (3.7) 

where Rhkl is the ratio of the intensity of the peak hkl to the intensity of an unpoled 

sample. To determine the peak intensity, a Lorentzian fit was carried out. The idea is 

that the volume of domains with a certain crystallographic pole is a fraction of the total 

volume of all possible domain states. Furthermore, it is known that the intensity of a 

peak is proportional to the volume of the diffracting material.27,28)
  

Figure 3.3 shows how the intensity changes independently of the sample’s composition 

from the unpoled to the poled state.  

 

 

Figure 3.3: X-ray diffraction of NKN between 2Θ = 44.5 – 46.5, with peak intensity shifts of 200 and 
020 before and after poling. 
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The intensity of the 020 peak decreases after poling, whereas the intensity of the 200 

peak increases. In this case, domain reorientation occurred in the material during 

poling, where the crystal structure acquired a preferential orientation of 200.  

By comparing the peak intensities, it is further possible to determine electric-field-

induced structural phase transformation. Hereby, the peak intensities from 44° to 47° 

were used to evaluate the percentage of the tetragonal phase FT with the following 

equations83): 

 𝐼𝑆𝑚𝑎𝑙𝑙−𝐵𝑟𝑎𝑔𝑔 = 1
3⁄ 𝑆𝐼𝑇 + 2

3⁄ 𝑆𝐼𝑂 (3.8) 

 𝐼𝐿𝑎𝑟𝑔𝑒−𝐵𝑟𝑎𝑔𝑔 = 2
3⁄ 𝑆𝐼𝑇 + 1

3⁄ 𝑆𝐼𝑂 (3.9) 

 
𝐹𝑇 =

𝑆𝐼𝑇

𝑆𝐼𝑇 + 𝑆𝐼𝑂
 (3.10) 

With ISmall-Bragg and ILarge-Bragg as the intensities of the peaks with small and large Bragg 

angles and SIT and SIO as the sums of the peak intensities for tetragonal and 

orthorhombic phases, respectively. However, by using only equations (3.6) to (3.10), 

it is not possible to distinguish if changes in the peak intensities were due to a phase 

transformation, or further polarization of the sample, as both mechanisms can change 

the intensity of the peaks. For this reason, phase composition was evaluated using 

additional Rietveld refinements. Hugo Rietveld devised this technique to 

characterize crystalline materials. Many aspects of the material’s structure is 

dependent on the height, width and position of the measured peaks. The Rietveld 

method uses a least squares approach to refine a theoretical line profile until it 

matches the measured profile. In our case, we refined the collected data using the 

software FULLPROF.84) X-ray diffraction also allows the evaluation of the lattice 

parameter of the perovskite structure. By looking at different Rietveld refinements in 

the literature, better reliability factors can be achieved by describing the perovskite 

structure of the two phase system (orthorhombic/tetragonal) as a monoclinic one, as 

shown by Hatano et al.85). To determine the lattice parameters, the same assumption 

was made.  
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The first equation describes the calculation of the distance d between the lattice in the 

monoclinic system: 

 1

𝑑2
=

1

sin2 𝛽
{

ℎ2

𝑎2
+

𝑘2 sin2 𝛽

𝑏2
+

𝑙2

𝑐2
−

2ℎ𝑙 cos 𝛽

𝑎𝑐
} (3.11) 

Whereas, a, b and c are the lattice parameters and β is the angle between the a and 

c axis. The miller indices h, k and l, which we focused on are 020, 200, 002, 222, 222̅ 

and the corresponding distances d(200), d(002), d(222), d(22�̅�) are described in the 

following equations: 

 1

𝑑(020)
=

2

𝑏
 (3.12) 

 1

𝑑(200)
=

2

𝑎 ∙ sin 𝛽
 (3.13) 

 1

𝑑(002)
=

2

𝑐 ∙ sin 𝛽
 (3.14) 

 1

𝑑(222)2
−

1

𝑑(222̅)2
=

16 cos 𝛽

𝑎𝑐 ∙ sin2 𝛽
 (3.15) 

In equation (3.15) it is further possible to replace the product with equation (3.13) and 

(3.14), which results in: 

 1

𝑑(222)2
−

1

𝑑(222̅)2
=

4cos 𝛽

𝑑(200) ∙ 𝑑(002)
 (3.16) 
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By converting the equations, it is possible to describe the lattice parameters and angle 

with the following equations: 

 
cos 𝛽 =

𝑑(200) ∙ 𝑑(002)

4
{

1

𝑑(222)2
−

1

𝑑(222̅)2
} (3.17) 

 
𝑎 =

2 ∙ 𝑑(200)

sin 𝛽
 (3.18) 

 
𝑐 =

2 ∙ 𝑑(002)

sin 𝛽
 (3.19) 

 𝑏 = 2 ∙ 𝑑(020) (3.20) 

The lattice parameters were used to measure the tetragonality c/a, which is an 

important indicator for micro crack formation during the application of an electric field. 

 

3.4 Mechanical properties 

If mechanical forces are applied onto a material, a reversible deformation takes place, 

which is called elasticity. At higher forces a permanent deformation can occur, but has 

only a minor importance for ceramics at lower temperatures. More important is the fact 

that ceramics will break if a sufficient force is applied to them. The resistance against 

forces, which can break the material, is called the mechanical strength. Ceramic 

materials show an elastic behavior to an outside applied force. In the linear case of 

tensile stress, the elastic deformation is proportional to the applied force and can be 

described by the Hooke’s law: 

 𝜎 = 𝑆𝑌 (3.21) 

with σ as the tensile stress, S the strain and Y the Young’s modulus. Different methods 

exist to estimate the Young’s modulus. In our case, the Young’s modulus as well as 

other material constants were evaluated via the ultrasonic wave velocity method. 

Ultrasonic waves belong to mechanical oscillations, which means that they transport 

mechanical energy in the material. To simplify matters, forces in between the lattice 

elements can be pictured as springs, which represent the elastic restoring force.  The 

oscillation propagates from atom to atom and has wave like character. There are many 

different possibilities how ultrasonic waves can propagate in a material. The two most 
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important ways are the longitudinal waves and transverse waves.  In longitudinal 

waves, oscillation and propagation have the same direction whereas in transverse 

waves the oscillation is perpendicular to the propagation.  The latter can only propagate 

in media hat can transfer shear forces. For this reason, these waves cannot propagate 

in liquids and gases and a special couple medium with high viscosity is needed to 

transfer the ultrasonic waves from the generator into the material. By using an 

ultrasonic pulser-receiver (Ultrasonic pulser-receiver 5072PR, Olympus Corporation, 

Tokyo, Japan) and oscilloscope (Digital oscilloscope DS-8822P, Iwatsu Electric 

Corporation, Tokyo, Japan), the longitudinal vL and transverse vS acoustic wave 

velocities were measured to determine the Young’s modulus Y33 and Poisson’s ratio 

σ. The equations are:    

 𝑌33 = 3𝜌𝑣𝑆
2

𝑣𝐿
2 −

4
3

𝑣𝑆
2

𝑣𝐿
2 − 𝑣𝑆

2 , (3.22) 

 𝜎 =
1

2
(1 −

1

(𝑣𝐿/𝑣𝑆)2 − 1
), (3.23) 

where ρ is the density of the sample. The subscript of the Young’s modulus describes 

the relation between the electrical and mechanical quantities. For example, if an 

electric field is applied in thickness direction (3) the strain would be measured in the 

same direction (3).  

If the stress that is applied to the material reaches a certain value, cracks form and 

propagate which lead to breaking of the material or at least influence the mechanical 

strength. This stress can be determined experimentally or theoretically, whereby the 

real values are considerably lower than the theoretical ones. Moreover, the 

experimentally determined values are not constant and depend on the size of the 

measured sample as well as the microstructure. Particularly the porosity has a 

significant impact on the mechanical strength. There are several measuring methods 

to determine the mechanical strength of ceramic materials. With regards to effort and 

accuracy, bending tests are given the preference. In our case 3-point bending tests 

were used to estimate the flexural strength. 

  



37 
 

 

Figure 3.4 shows the experimental set-up of the 3-point bending tests. The instrument 

used was an Instron 5582 (Instron, Boston, USA) with a load cell capacity of 5 kN. 

 

 

Figure 3.4: Experimental set-up of 3-point bending tests, with LNKN6 sample. 

 

For all experiments, the samples had a length l of 10 mm and a width w of 2 mm. The 

thickness t changes, depending on the experiment and is stated in more detail in the 

experimental procedure section of the respective chapters. The flexural strength was 

estimated using equation: 

 𝜎𝑓 =
3𝐹𝑙𝑆

2𝑤𝑡3
 (3.24) 

where, F is the force when the samples breaks and lS the support span of the 

experimental set-up, which was 8 mm in our case. The analysis of bending tests 

usually takes place with statistical methods. Especially meaningful is the Weibull-

statistic, which can be described with the following equation: 

 𝐹 = 𝑒𝑥𝑝 [−𝑉 ∙ (
𝜎

𝜎0
)]

𝑚

 (3.25) 

Hereby is F the probability of the material to fail, V the volume of the sample, σ the 

measured bending strength, σ0 and m are considered material constants. σ0 describes 

the bending strength at which 62.5% of the samples will probably fail. The Weibull 
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modulus m describes the dispersion range of the measured strengths. The higher this 

value the lower the dispersion and the more accurate the results. For ceramic materials, 

this value usually ranges from 5 to 20. To solve equation (3.25) it is necessary to 

transform it into equation: 

 𝑙𝑛𝑙𝑛 (
1

𝐹
) = ln (𝜎) − 𝑚𝑙𝑛(𝜎0) (3.26) 

The measured values from the bending tests, will then be sorted according size and 

lnln[1/(1-F)] is plotted against ln(σ). F for the i-th value is for N in total measured values 

F = 1-i/(N+1). An example for a Weibull statistic is shown in Figure 3.5: 

 

 

Figure 3.5: Weibull statistic of Li0.06(Na0.47K0.47)NbO3. 

 

The slope of the function represents the Weibull modulus m and σ0 can be calculated 

by equating the linear function to zero.  
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4 Electromechanical fatigue process under DC field 
 

In this chapter, we discuss the influence of the polarization field and domain structure 

on the piezoelectric and mechanical properties of NKN-based ceramics. For this 

purpose, differently poled Lix(Na0.5K0.5)1-xNbO3 ceramics have been observed by 

means of 3-point bending tests. Best results were achieved with Li0.02Na0.49K0.49NbO3, 

with a flexural strength of 115 MPa in unpoled state. This value was maximized at a 

90° domain switching fraction η of about 20% to 134 MPa. Other compositions showed 

similar behavior, which led to the idea that domain switching can be used to enhance 

the mechanical properties of NKN ceramics. Internal stresses induced via domain 

reorientation might be the cause of this phenomenon and was examined in this study. 

 

4.1 Experimental procedure 

Ceramic samples with the composition of Lix(Na0.5K0.5)1−xNbO3 (x = 0 – 0.06) were 

synthesized by a mixed-oxide route, which is described in chapter 3.2. Disks (diameter 

d = 10 mm; height h = 1 mm) and bars (area A = 6 x 6 mm2; length l = 10 mm) were 

manufactured for acoustic wave-velocity tests and for bending and indentation tests, 

respectively. The rectangular shapes for the bending tests were then cut, ground, and 

polished into bars of different dimensions (area A = 2 x 2 mm2; length l = 10 mm). The 

bulk densities were determined via the Archimedes method. For the poling treatment, 

all the samples were sputtered with gold electrodes and afterwards poled in silicon oil 

under applied electrical fields E of 1, 2, and 3 kV/mm for 30 min. The temperature T is 

75 °C for the compositions with x ranging from 0.02 to 0.06 and 150 °C for the pure 

NKN (x = 0) samples. By using different temperatures on the different compositions, 

the respective maximum piezoelectric properties could be obtained. The piezoelectric 

constant d33 was estimated using a Berlincourt-type quasistatic meter (Quasistatic 

meter ZJ-6B, H.C. Materials Corporation, Bolingbrook, USA) at 110 Hz. The 

electromechanical coupling coefficients kp and k31 were determined by resonance and 

antiresonance methods based on IEEE standards using an impedance analyzer 

(Impedance analyzer 4294A, Agilent Technologies, Santa Clara, USA). Before the 

samples were used for mechanical tests, gold electrodes were removed via polishing. 

Afterwards, by using equations (3.22) and (3.23), the Young’s modulus Y33 and 

Poisson’s ratio σ were determined.  
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3-point bending tests were carried out using an Instron 5582 (Instron, Boston, USA) 

with a load cell capacity of 5 kN and a crosshead speed of 0.1 mm/min. To quantify 

the average bending strength and reliability of each composition, the flexural strength 

data for each material is fit to a Weibull distribution, which is described in chapter 3.4. 

15 samples were tested for each composition and poling condition, including the 

unpoled case as well.  

For the indentation tests, the samples had a dimension of 6 x 6 x 4 mm3 and were 

poled under 3 kV/cm, Au electrodes were removed by polishing, and all the surfaces 

were indented with a 196 N load. The resulting intendations were photographed by 

laser microscopy, and the dimensions measured to estimate Vickers hardness with 

equation (2.9). The cracks emanating from the corners of the Vickers indents were 

used to estimate the fracture toughness KIC and KC, equations (2.10) and (2.11). 

The domain orientation was characterized by X-ray diffractometry (XRD) using 

equations (3.6) and (3.7). The total scanning range was from 20 ° to 105 ° with a step 

width of 0.017°. 
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4.2 Results and Discussion 

The samples were observed via SEM and representative microstructures for the 

materials are shown in Figure 4.1  (a) - (d).  

 

    

    

Figure 4.1: SEM images of the microstructure of NKN (a), LNKN2 (b), LNKN4 (c) and LNKN6 (d). 

 

From the SEM images, the influence of Lithium can be obtained. NKN showed larger 

grains surrounded by smaller grains. At a Li-content of x = 0.02 these grains seem to 

have disappeared and grew even further with increasing Lithium. The different sizes 
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that were displayed in these images were measured and summarized. The basic 

physical characteristics of the compositions are given in Table 4-1.  

Table 4-1: Physical characteristics of the modified NKN compositions. 

Composition Abbreviation 
Grain size l 

(µm) 
Density ρ 

   Absolute(g/cm³) Relative (%) 

Na0.5K0.5NbO3 NKN 1.1 – 8.4 4,21 ± 0,04  94 

Li0.02Na0.49K0.49NbO3 LNKN2 3.2 – 8.1 4,30 ± 0,05  95.5 

Li0.04Na0.48K0.48NbO3 LNKN4 7.7 ± 1.5 4,26 ± 0,04  95 

Li0.06Na0.47K0.47NbO3 LNKN6 8.6 ± 1.4 4,29 ± 0,05  95.5 

 

Based on the composition, the bulk densities of the samples varied between 4.21 and 

4.30 g/cm. The microstructural developments in different compositions were affected 

by the amount of Li. For the pure NKN and LNKN2 samples, a bimodal grain size 

distribution was observed. Both compositions showed coarse grains of about 8 µm size.  

Smaller grains had average sizes of 1.1 µm for NKN and 3.4 µm for LNKN2. At 4 mol% 

Li, the grain size distribution became unimodal. LNKN4 and LNKN6 had large grains 

with an average size of 7.7 ± 1.5 and 8.6 ± 1.4 µm, respectively. The obtained grain 

growth could be attributed to the improved sinter ability owing to the presence of Li.15)  
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Figure 4.2 shows the XRD patterns for each composition.  

 

 

Figure 4.2: X-ray diffraction (XRD) patterns of modified NKN samples. 

 

Noticeable are the peaks at about 2θ ≈ 45°, which are usually used as evidence of the 

phase transition in the literature. More data on the phase transition behavior of Li-

modified NKN ceramics were collected from peaks at higher angles (Figure 4.3).86)  

 

 

Figure 4.3: X-ray diffraction (XRD) patterns of modified NKN samples at higher angles. 
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Analysis of the patterns shown in Figure 4.3 revealed that two peaks occurred at 

approximately 84° for NKN ceramics with Li content ranging from 0 to 4 mol%. These 

peaks tend to merge into one single peak with increasing Li content. This was shown 

in the XRD pattern of LNKN6, which indicated a predominant tetragonal phase. Further 

investigations of the peaks between 99 to 103° showed that the intensity of the peak 

near 100° decreased with increasing amount of Li. This implied a change in the lattice 

parameters from orthorhombic to tetragonal. Nevertheless, the peak of LNKN6 is 

widely broadened, representing the coexistence of orthorhombic and tetragonal 

phases. 

By comparing the peak intensities from 44° to 47°, it is further possible to determine 

the percentage of the tetragonal phase FT, which were calculated with equations (3.8) 

to (3.10). In addition, these results were compared to values extracted from Rietveld 

refinements. Unpoled samples were observed, due to the fact that poling changes the 

peak intensities and alters the results. Figure 4.4 (a) and (b) show the results for 

different Lithium content. 

 

     

Figure 4.4: Percentage of tetragonal phase FT (a) and weight percentage wt% (b) of unpoled NKN-

based samples as a function of different Lithium content. 

 

In both cases it was shown that the percentage of tetragonal phase increased with 

increasing Lithium content. NKN had a FT of about 0%, whereas at = 0.02 – 0.04 a 

tetragonal percentage of about 20 % seemed to be included in the material. At x > 0.04 

a significant increase to about 75 % of the tetragonal phase is observed. In contrast, 
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almost no tetragonal phase was observed for x = 0 – 0.04 after Rietveld refinement 

(Fig. 4.4 (b)). At Lithium contents of 0.06 the weight percentage wt% was about 85 %. 

Taken the predominant tetragonal characteristics at higher angles of the XRD patterns 

into account, as well as the higher estimated percentage of tetragonal phase, samples 

with a Li content of 0.06 were treated as tetragonal materials for the additional analysis 

of the domain orientation.  

Figure 4.5 shows the results of the 90° domain switching fraction. As for compositions 

with Li content ranging from 0 to 4 mol%, equation (3.6) was used for calculating the 

fraction. Owing to the tetragonal characteristics, the 90° domain switching fraction of 

LNKN6 was calculated using equation (3.7). The graphs revealed an increasing 

fraction with increasing poling field. Hence, at high poling fields E, the volume of 

aligned domains in the poling direction increased.  

 

 

Figure 4.5: Variation of the 90° domain switching fraction η of different compositions as a function of 
the applied field E. 

 

As mentioned earlier, the 90° domain switching fraction η depends on the present 

phase. X-ray observations showed that, except for NKN, no pure orthorhombic or 

tetragonal phase existed in the compositions used.  Thus, the calculated results could 

not be treated as absolute values and a direct relationship between the domain 

structure and amount of Li was not found. However, the results were used as relative 

values in the discussion to predict certain tendencies.  
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A similar behavior was seen for the piezoelectric properties, represented by the 

coupling factors k31 and kp. This is illustrated in Figure 4.6 (a) and (b). Both values 

showed a positive progress with increasing poling fields. Furthermore, the piezoelectric 

properties were also enhanced with an increasing amount of Li, which is consistent 

with other published data.14,15)  

 

           

Figure 4.6: Influence of poling field E on the coupling factor k31 (a) and kp (b) for different 
compositions. 

 

As in the figures shown above, the 90° domain switching fraction and coupling factors 

linearly increased with increasing poling field. This indicates that aligned domains in 

the poling direction contribute to the piezoelectric properties. However, the properties 

of piezoelectric materials consist of intrinsic and extrinsic contributions, which could 

not be distinguished via XRD or resonance and antiresonance methods. If an electric 

field or mechanical load is applied to a sample, domain reorientation takes place and 

ions are initially oriented to the polarization direction. As a consequence, the lattice is 

distorted microscopically and the sample is strained. This case is referred to as the 

intrinsic or volume contribution and is followed by a 90° domain wall rearrangement. 

This domain wall motion also contributes to the total strain of the sample and is called 

extrinsic contribution. Owing to the fact that the strain consists of two contributions of 

varying values, the piezoelectric and mechanical properties are also affected.87,88)  

Kobayashi et al. showed that, for NKN ceramics, the extrinsic contribution changes 

with varying Li content. A significantly higher contribution can be found for LNKN 
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ceramics with a Li content of 3 – 4 mol%. As for compositions with 0 – 2 mol%, the 

value was larger than that of samples with 6 – 8 mol%.88)    

Figure 4.7 (a) and (b) show respectively Young’s modulus Y33 and Poisson’s ratio σ as 

functions of poling field. The values were calculated using equations (3.22) and (3.23). 

Additional data from Table 4-1 was required to analyze Y33.  

 

         

Figure 4.7: Young’s modulus Y33 (a) and Poisson’s ratio σ (b) for different compositions and poling 
fields E 

 

With equation (3.22), it can be concluded that Y33 is proportional to the density of the 

material. However, NKN with the lowest density had a higher value than LNKN6. Hence, 

it can be suggested that Li had an effect on the elastic properties of the material and 

lowered Y33. Additionally, Y33 decreased whereas σ increased with increasing poling 

field. One possible solution was found by Ogawa et al., who suspected domain 

switching as the cause of changes at different poling fields. Furthermore, a minimum 

in Y33 due to domain clamping was observed by this group. They showed further that 

materials with a low coupling factor kp have relatively low Y33 and high σ.89) In the case 

of NKN ceramics, the domain clamping effect was not observed. However, even 

though the other results were not confirmed absolutely, the same tendency was 

examined. In particular, if the elastic constants and coupling factors of NKN and LNKN6 

are compared, this tendency can be observed. As for pure NKN, the elastic modulus 

was determined to be 99.6 ± 1.6 GPa, which is slightly lower than the literature data of 

104 GPa.29,30) The difference was associated with different density values. 
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Figure 4.8 (a) and (b) show flexural strength σ0 and Weibull modulus m for each 

composition as function of poling field, respectively. In the unpoled state, LNKN2 

showed the highest mechanical strength σ0 of 115 MPa.  

 

           

Figure 4.8: Dependence of flexural strength σ0 (a) and Weibull parameter m (b) on the poling field E 
for different compositions. 

 

For further information, the results of the bending tests were compared with the 

physical characteristics shown in Table 4-1. Due to the complex electromechanical 

coupling relationships and the non-linearity associated with the domain wall motion in 

piezoelectric ceramics, the mechanical strength depends on many factors, such as 

loading type and direction90,91), microstructure92–94), phase composition95,96) and 

polarization state90,97). Loading type and direction were equal for each sample, so the 

main focus was on the latter factors. Knudsen describes how the porosity and grain 

size of a material affect the mechanical strength of brittle materials. The porosity has 

a more significant effect on the material strength than the grain size.94) Although the 

microstructure and density did not differ substantially from each composition, the 

variation in the density had to be taken into account. The influence of the Li content on 

the flexural strength was found by comparing NKN with LNKN6. Even with less density, 

NKN showed higher mechanical strength, which indicated that the toughness of alkali 

niobates decreased with increasing Li content. This solution was consistent with the 

results obtained from the ultrasonic wave velocity experiments.  As mentioned before, 

phase composition as well as polarization state are also factors that need to be taken 
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into account. Figure 4.9 (a) and (b) shows the influence of the phase composition on 

the flexural strength of unpoled samples, as well as the percentage difference in 

flexural strength between the unpoled and poled samples as a function of 90° domain 

switching fraction η.  

 

    

Figure 4.9: Flexural strength as function of the tetragonal phase (a) and change of the flexural strength 
plotted against the 90° domain switching fraction η (b). 

 

Figure 4.9 (a) shows the flexural strength as a function of the percentage of the 

tetragonal phase. With increasing tetragonal phase the flexural strength decreased. 

The few results suggest a maximum flexural strength at about 25 %. However, the 

densities of the different materials is not considered in the results. Due to a lower 

density in NKN compared to the other compositions, it is possible that the actual 

flexural strength of NKN is significantly higher. It can therefore be concluded that the 

orthorhombic phase showed improved mechanical properties over the tetragonal 

phase in case of alkali niobate based ceramics.  

By poling the samples, the flexural strength was improved for most of the compositions 

at a certain poling field. However, the flexural strength decreased for each material, 

except for LNKN6, after exceeding a certain value. In the case of LNKN4, σ0 decreased 

with increasing poling field. More detailed information was obtained from comparing 

the domain switching fraction and the changing flexural strength. As a result, some 

samples were improved by about 10 to 30% with increasing poling field and domain 

switching fraction. Notably, this enhancement was found in most of the materials for a 
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domain fraction of about 20 – 30%. In particular, LNKN4 showed no improvement of 

the mechanical properties and only a negative progress with increasing poling field. 

The Weibull factor m, had a minimum scatter of strength (maximum value of m) for all 

samples at E = 0 kV/mm. Poled samples showed a decreasing tendency of m with 

increasing poling field.  

Several publications discussed the effect of the electric field on the mechanical 

properties of PZT. Crack formation and propagation in bulk samples can appear during 

the poling process.51–55) Larger grain sizes, increased porosities and piezoelectric 

coefficients usually lead to a higher probability of cracking. From these points alone, 

no significant difference should be noted between LNKN4 and LNKN6. As mentioned 

earlier, two processes take place during poling, which both lead to mechanical tensions 

in neighboring grains and consequential crack formation. However, studies show that 

these tensions are also able to increase the mechanical properties.26,82,98–100) These 

tensions can be the result of the earlier mentioned intrinsic and extrinsic contributions. 

Fu and Zhang discussed in their work how both contributions change the flexural 

strength of the material.26) They derived a nonlinear relationship between the electric 

force on a domain wall and the applied electric field based on the domain wall kinetic 

model. Due to the nonlinear behavior, domain wall displacement and internal stress 

are also in a nonlinear relationship with the applied electric field. Hence, the internal 

stress field may assist or resist the applied mechanical load to fracture samples. 

Whereas the strength of the internal field is dependent on the ratio between intrinsic 

and extrinsic contribution. A higher extrinsic contribution leads to higher internal 

stresses.  As mentioned earlier, this contribution has a maximum at approximately 4 

mol% Li. Hence, the increased domain wall motion led to a higher internal stress field, 

a lower fracture strength in LNKN4 and consequential crack formation. However, for 

the other compositions, the extrinsic contribution is relatively small, thus leading to 

better mechanical properties.  
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Figure 4.10 shows the fracture cross section after bending tests of LNKN4 and LNKN6, 

poled under an electric field E of 3 kV/mm. The arrow in the figure represents the poling 

direction, and the samples shown serve as references for each composition.  

 

 

Figure 4.10: Fracture cross section after bending tests of LNKN4 and LNKN6, poled under an electric 
field E = 3 kV/mm 

 

Whereas a straight crack can be found for LNKN6, the crack in LNKN4 propagated in 

a curve. Hence, samples with improved flexural strength generally showed the same 

cracking behavior as LNKN6. Samples with decreased flexural strength mainly acted 

like the LNKN4 sample shown. This was seen as an indicator of crack formation, mainly 

perpendicular to the poling direction.  

Indentation tests gave more information about the phenomenon in NKN-based 

ceramics. It was shown that the mechanical properties are anisotropic after poling took 

place. Since the specimens are poled through the thickness, Vickers indents are 

isotropic on the electrode surface and anisotropic on the other surfaces.  
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Figure 4.11 shows the indentation-induced cracks for the isotropic and anisotropic 

planes.  

 

  

Figure 4.11: Indentation-induced cracks for the isotropic and anisotropic case. 

 

From this figure, it can be seen that the indenting crack length increased perpendicular 

to the poling direction and decreased parallel to it. This result is consistent with the 

studies on PZT. 82,98–100) The hardness of the different materials was determined and 

the effect of Li observed. Figure 4.12 shows the hardness as a function of different Li-

content. 

 

 

Figure 4.12: Hardness values from Vickers indentation tests as a function of Li-content. 
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The measurements implied that the hardness showed an increasing tendency with 

increasing Li content. Hardness is like the flexural strength dependent on the grain size 

and porosity of the sample. In this case, porosity seemed to be most pronounce as the 

hardness increased with increasing density. An influence of Li on the hardness can 

therefore not be made.  

With the values of hardness and equation (2.10) the fracture toughness KC could be 

determined. Figure 4.13 (a) and (b) summarize the resulting KIC and KC values for all 

materials. 

  

   

Figure 4.13: Influence of Li content on the fracture toughness KIC (a) and KC (b) of different surfaces. 
Parallel and perpendicular direction are subjected to the poling direction. 

 

It is evident by comparing the fracture toughness KIC and KC, which were obtained 

using different equations, that KC shows larger variation in its value, making it more 

sensitive for these calculations. Thus, changes in the material are more obvious when 

comparing the KC value. In the isotropic case, both fracture toughness KIC and KC 

became maximum at a Li content of 4 mol%. Furthermore, LNKN4 experienced no 

recognizable improvement in the poling direction. KC even shows a decrease for crack 

propagation parallel to the poling direction. Further, the fracture toughness KIC and KC 

decreased considerably in the perpendicular direction.  The other compositions 

experienced a lower fracture toughness vertically as well. But in contrast to LNKN4, 

the other materials showed a significant improvement in parallel direction. This 
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anisotropic behavior is attributed to the internal stress due to the extrinsic and intrinsic 

processes. Another factor that cannot be excluded is the micro crack formation.55)    

Another indicator of these processes can be found in the results of the Weibull modulus 

m. At higher electric fields, the crack formation and propagation are more likely to 

occur.55) Hence, the variation of the resulting flexural strengths increased and the 

Weibull modulus m decreased eventually. In PZT ceramics, the flexural strength 

usually decreased by applying an electric field. Nevertheless, NKN ceramics showed 

improved mechanical strength at a 90° domain switching fraction of about 20 – 30%. 

 

4.3 Conclusion 

The effects of domain switching on the mechanical and piezoelectric properties of 

doped alkali niobate (NKN) based piezoelectric ceramics were examined. NKN 

ceramics with different amounts of Li were poled under different electric fields. Owing 

to increasing 90° domain switching with increasing poling field, the piezoelectric 

properties were enhanced. Nevertheless, the extrinsic contribution in the form of 

domain wall motion especially in the case of LNKN4 must not be excluded. Young’s 

modulus Y33 and Poisson’s σ ratio were measured via ultrasonic velocity tests. Y33 

decreases and increases with increasing poling field. These results are consistent with 

findings from other piezoelectric materials such as PZT. A novelty obtained from our 

results is the improvement of the flexural strength at lower poling fields. Three-point 

bending tests were carried out to determine the flexural strength of NKN-based 

ceramics. The compositions, except for LNKN4, showed a relatively constant behavior 

with increasing poling field. The results indicated that domain wall motion is a critical 

factor and likely decreased the mechanical properties of LNKN4. For the other 

compositions, mainly due to the volume contribution, internal stress fields are formed, 

which enhanced the mechanical strength at a domain fraction of about 20 – 30%. 

Nevertheless, after exceeding a certain value, these internal stresses also caused 

crack formation and propagation. Indentation tests confirmed these ideas by showing 

the anisotropic behavior of the fracture toughness after poling. Whereas the cracks 

parallel to the poling field became shorter, an elongation was found perpendicular to 

the poling direction. In addition, LNKN4 showed the highest decrease in the fracture 

toughness, which might have led to the decrease in the flexural strength. The fracture 

cross section showed that the crack propagation had a curve like behavior. These facts 
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indicated that failure of the LNKN4 samples happened owing to the loss of the fracture 

toughness in perpendicular direction. In conclusion, the poling induced mechanical 

properties led to an increase and decrease of the flexural strength, respectively. It 

seemed possible that the variation of the intrinsic and extrinsic contributions could have 

been the main reason. Both processes led to internal stresses in the sample, which 

can improve or decrease the mechanical strength. Especially domain wall motion led 

to critical internal stresses and mainly decreased the mechanical properties.  
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5 Electromechanical fatigue process under unipolar AC 

field 
 

Influence of different DC fields showed, that LNKN6 had the highest piezoelectric 

properties and had the second highest mechanical properties. For this reason, the 

unipolar fatigue behavior of pure Li0.06Na0.52K0.42NbO3 (LNKN6-a) and the same 

compound with additives (LNKN6-b) was observed. Unipolar cycling was performed 

between room temperature and 150 °C under a high unipolar electric field of 4 kV/mm. 

LNKN6-a fatigued under crack formation throughout the examined temperature range 

and the switchable polarization 2Pr decreased for 20 % (= 2µC/cm2) at 150 °C. In 

contrast, mechanical degradation was not observed in LNKN6-b, but a decrease of 

2Pr by 15 % (= 3.2 µC/cm2) was observed at 150 °C. Noteworthy is the fact that at 50 

°C, fatigue-free behavior was observed for LNKN6-b over at least 106 cycles. The 

influence of phase transition on this fatigue-free behavior was discussed.  

 

5.1 Experimental procedure 

Two different materials were used for the fatigue tests: Li0.06Na0.52K0.42NbO3 (LNKN6-

a) and Li0.06Na0.52K0.42NbO3 with additives: 0.65 mol% Li2CO3, 1.3 mol% SiO2, 0.2 

mol% MnCO3, 0.5 mol% SrCO3, and 0.5 mol% ZrO2 (LNKN6-b). More information 

about the materials can be found in 101). The ceramic samples were cut and ground 

into rectangular bars with a thickness of about 0.6 mm, a width of 2.1 mm, and a length 

of 10.5 mm. The larger surfaces were coated with silver and annealed at 700 °C for 5 

min. Subsequently, the samples were poled in silicon oil under an applied electrical 

field of E = 3 kV/mm for 30 min and a temperature of 100°C for LNKN6-a and 150 °C 

for LNKN6-b. The samples were cooled down to 40 °C with the electric field still 

switched on.  

To apply the cyclic electric fields, the samples were placed between a metallic needle 

and electrode. To avoid arcing, this set-up was immersed in a bath of silicon oil. A 

function generator (Multifunction Synthesizer WF 1943A, NF Corporation, Yokohama, 

Japan) connected to an amplifier (Model 610D, TRek Inc, New York, USA) was used 

to apply a sinusoidal unipolar signal with a frequency of 50 Hz onto the samples for up 

to 106 cycles. The amplitude during these fatigue tests was 4 kV/mm; this is 

approximately four times the coercive field Ec for LNKN6-a and approximately 3 times 

that for LNKN6-b. The fatigue tests were performed at selected temperatures between 
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room temperature and 150 °C. Care was taken that the applied electric field was 

aligned in the same direction as the polarization field of each sample. The temperature 

of the sample during the electric fatigue test was measured by using a temperature 

sensor (Keyence thermosensor, Osaka, Japan). To obtain reliable results for long-time 

changes in material characteristics after fatigue tests, 4 samples were tested under 

each temperature and additional experiments were performed after 48 h. P(E) 

hysteresis loops were determined with a ferroelectric tester (TF Analyzer 2000, aixAcct, 

Aachen, Germany) at room temperature. The piezoelectric strain constant 𝒅𝟑𝟑
𝑺  was 

measured via laser Doppler vibrometer (DemodulaterAT3600, Graphtec, Yokohama, 

Japan). The measuring frequency and electric field was 1 kHz and 0.5 kV/mm, 

respectively. 

3-point bending tests were carried out using an Instron 5582 (Instron, Boston, USA) 

with a load cell capacity of 5 kN and a crosshead speed of 0.1 mm / min. To quantify 

the average bending strength and reliability of each composition, the flexural strength 

data for each material is fit to a Weibull distribution, with 15 samples for each 

composition and fatigue condition, including the poled case as well.   

For X-ray diffraction data the silver electrodes were polished off, and the data were 

obtained by an X-ray diffractometer (X’Pert Pro, PANalytical, Almelo, Netherlands) with 

a Cu Kα1 radiation source. Step mode measurements contained step width of 0.017° 

and the total spectrum between an angular interval from 10° to 100° was collected at 

room temperature. The collected data was refined, using the XRD Rietveld method 

supported by the software FULLPROF.84) We modeled both materials, using space 

groups P4mm with coexisting Amm2 and used the Pseudo-Voigt function to define the 

profile shape. Two samples for each composition and temperature were further used 

for SEM evaluations. The surfaces vertical to the poling directions of the samples were 

mechanically polished with SiC powder (#600–#2000) and finished by polishing with 

colloidal silica. To reveal domain structures, the polished samples were chemically 

etched for about 45 min with a mixture of HF:HCl:H2O = 1:1:18 by volume. A thin layer 

of Au/Pd was sputtered onto the samples to avoid charging; then, domain 

configurations were observed using a SEM system (JSM-7001F, JEOL, Tokyo, Japan) 

at an acceleration voltage of 5 kV. 
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5.2 Results 

At first, certain properties of the two materials are compared to each other. The x-ray 

diffraction (XRD) pattern of LNKN6-a and LNKN6-b are shown in Figure 5.1. The 

microstructure was observed via SEM and is shown in Figure 5.2 (a) and (b). 

   

 

Figure 5.1: X-ray diffraction of LNKN6-a and LNKN6-b. 

 

   

Figure 5.2: SEM images of the microstructure of LNKN6-a (a) and LNKN6-b (b). 

 

(a) (b) 
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As shown by the patterns, both samples do not differ much from each other. However, 

Rietveld refinement showed the difference in phase composition. Furthermore, 

different grain sizes can be observed for both samples, with LNKN6-b having a reduced 

grain size compared to LNKN6-a.  Table 5-1 compares the weight percentage wt% of 

the tetragonal phase (P4mm) to the orthorhombic phase (Amm2) in both materials 

before and after poling, as well as the grain size and different piezoelectric properties.  

Table 5-1: Weight percentage of tetragonal phase and piezoelectric properties of LNKN6-a and 
LNKN6-b. The calculated R values of the Rietveld refinement were about Rwp = 28 and Rexp = 6.9. 

Material Condition 
wt% 

tetragonal 
phase (%) 

d31 
(pC/N) 

k31  

(%) 
Qm 

Y11x1010 
(N/m2) 

Grain 
size 
(µm) 

LNKN6-a 
Unpoled 85.5 ± 2.5 \ \ \ \ 

9 ± 2 
Poled 86.0 ± 3.5 - 85 ± 2 23.0 ± 0.5 50 ± 3  8.1 ± 0.1 

LNKN6-b 
Unpoled 2.3 ± 1.2 \ \ \ \ 

4 ± 1 
Poled 3.5 ± 1.1 - 60 ± 2 22.5 ± 0.2 115 ± 4 8.1 ± 0.1 

 

The Young’s moduli Y11 as well as the coupling factors k31 for LNKN6-a and LNKN6-b 

have similar values. Overall, LNKN6-b had a lower weight percentage of the tetragonal 

phase than LNKN6-b in the poled and unpoled case. For both materials, the weight 

percentage increased after poling took place. Because d31 and Qm are inversely 

proportional, LNKN6-a had a higher piezoelectric coefficient d31 and lower mechanical 

quality factor Qm than LNKN6-b.  
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Figure 5.3 shows the shows the temperature dependence of the relative permittivity 

ɛ33/ ɛ0 and the dielectric loss tan δ for poled LNKN6-a and LNKN6-b.  

 

 

Figure 5.3: Relative permittivity and dielectric loss of LNKN6-a and LNKN6-b as a function of 
temperature. 

 

The dielectric loss tan δ was on the same level for both materials and increased with 

increasing temperature. LNKN6-a had higher relative permittivity values (ɛr = 900) at 

room temperature than LNKN6-b with ɛr = 750. In the observed temperature range, the 

permittivity shows a maximum in both materials around 50 °C, with ɛr = 950 and ɛr = 

800 for LNKN6-a and LNKN6-b, respectively. After 50 °C, the permittivity of LNKN6-a 

decreased more significantly than LNKN6-b and showed lower values after a 

temperature of about 110 °C. LNKN6-b exhibited a very stable temperature 

dependence of the dielectric permittivity over the range of room temperature to 150 °C. 

Thus, the composition of LNKN6-b shows less susceptibility against temperature 

change. After fatigue experiments, changes in the ferroelectric properties were 

observed.  
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Figure 5.4 (a) - (d) represents the P(E) hysteresis loops of LNKN6-a and LNKN6-b 

before and after fatigue temperatures of room temperature and 150 °C.  

 

     

     

Figure 5.4: P(E) hysteresis of LNKN6-a as-poled and fatigued at room temperature (a) and 150 °C (b), 
as well as LNKN6-b as-poled and fatigued at room temperature (c) and 150 °C (d). 

  

In general, LNKN6-b has a higher switchable polarization 2Pr and coercive field EC 

than LNKN6-a. According to the P(E) hysteresis loops, the switchable polarization 2Pr 

and the coercive field EC of unfatigued samples were 10.1 µC/cm2 and 0.95 kV/mm for 

LNKN6-a and 21.6 µC/cm2 and 1.35 kV/mm for LNKN6-b, respectively. In both 

materials, the switchable polarization 2Pr decreased after the fatigue experiments. 
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Figure 5.4 (a) shows the fatigue behavior of LNKN6-a under room temperature and an 

increase of the coercive field EC is apparent. In Figure 5.4 (b) - (d), the coercive field 

EC remained constant, and the hysteresis loops shifted.  

Figure 5.5 (a) and (b) show the changes of switchable polarization 2Pr and EC after 

106 cycles at different temperatures. The values of the fatigued samples 2P’r and E’C 

were normalized by dividing them with the initial values 2Pr and EC, respectively. The 

highlighted line represents the unfatigued state of a poled sample. 

 

    

Figure 5.5: Normalized 2Pr and coercive field EC of LNKN6-a (a) and LNKN6-b (b) at different fatigue 
temperatures. 

 

As mentioned before, the switchable polarization decreased after the fatigue 

experiments. As shown in Figure 5.5 (a) and (b), this was the case for LNKN6-a for 

each temperature condition and for LNKN6-b for each temperature T except 50 °C. On 

the other hand, the coercive field EC remained constant for LNKN6-b throughout each 

condition. For LNKN6-a, the average value of the coercive field after fatigue at 

temperatures higher than room temperature would also suggest that almost no change 

occurred in the material. After the fatigue tests at room temperature, the coercive field 

of LNKN6-a increased for about 15 %. 2Pr decreased with increasing temperature and 

reached a minimum at 100 °C with a nearly 30 % (= 3 µC/cm2) reduction. At 150 °C 

2Pr of LNKN6-a and LNKN6-b declined by 20 % (= 2 µC/cm2) and 15 % (=3.2 µC/cm2), 

respectively. Noteworthy is that at 50 °C, 2Pr of LNKN6-b remained at the same value 

as in the unfatigued case, suggesting that no fatigue appeared under this conditions. 
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As shown in Figure 5.4 (a) – (d), besides changes in coercive field and switchable 

polarization, the P(E) loops shifted after the fatigue experiments. Due to the poling 

process, both samples had an internal bias field Ebias. These residual internal bias 

fields Ebias = ½(|𝑬𝑪
−| − |𝑬𝑪

+|) were evaluated for both samples to 0.1 kV/mm and 0.35 

kV/mm for LNKN6-a and LNKN6-b, respectively. Figure 5.6 shows the internal bias 

field after the fatigue tests at different fatigue temperatures. The highlighted lines are 

the values of poled LNKN6-a and LNKN6-b. 

 

 

Figure 5.6: Internal field Ebias of fatigued LNKN6-a and LNKN6-b at different fatigue temperatures. 

 

At lower temperatures, the changes of the internal bias field differ for both materials.  

After fatigue at room temperature, the internal bias field of LNKN6-a reached negative 

values of about – 0.1 kV/mm and at 50 °C and 100 °C Ebias reached positive values, 

but were still slightly lower than the poled case. LNKN6-b, showed an increase of the 

internal bias field at each temperature condition, except 50 °C. Only for fatigue tests at 

150 °C the changes of the internal bias field were similar for both materials. Ebias 

increased for about two times its initial value for LNKN6-a (= 0.29 kV/mm) as well as 

for LNKN6-b (= 0.6 kV/mm). In Figure 5.6, another considerable fact is the fatigue-free 

behavior of LNKN6-b at 50 °C.  
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Table 5-2 summarizes the results of the piezoelectric properties of LNKN6-a and 

LNKN6-b before and after fatigue at different temperatures. 

Table 5-2: Piezoelectric properties of poled and fatigued LNKN6-a and LNKN6-b at selected 
temperatures. 

 

 

Table 5-2 shows that Y11 remained constant throughout the experiments for LNKN6-a 

and LNKN6-b. Furthermore, the piezoelectric properties k31 and d31 of both materials 

show an inversely proportional behavior to Qm.  For LNKN6-a k31 and d31 increased 

under fatigue tests up to temperatures of 100 °C, whereas Qm decreased. At fatigue 

tests under 150 °C, k31 and d31 decreased and Qm increased. The piezoelectric 

properties of LNKN6-b increased at 50 °C as well as 100 °C. In case of LNKN6-b the 

k31 decreased, whereas the mechanical quality factor Qm increased. In addition, the 

piezoelectric strain constants 𝒅𝟑𝟑
𝑺  were observed, which are shown in Figure 5.7, with 

the solid lines representing the as-poled values of LNKN6-a and LNKN6-b.  

 

 

Figure 5.7: Piezoelectric strain constant 𝒅𝟑𝟑
𝑺  of LNKN6-a and LNKN6-b after different fatigue 

temperatures. 

  as-poled 25°C 50°C 100°C 150°C 

LNKN6-a 

d31 (pC/N) −85 ± 2 −92 ± 8 −94 ± 2 −96 ± 12 −85 ± 11 
k31 (%) 23 ± 0.5 24.1 ± 1.7 23.9 ± 0.8 24.8 ± 1.2 21.8 ± 0.2 

Qm 50 ± 3 45 ± 10 35 ± 6 39 ± 14 43 ± 17 
Y11 x 1010 

(N/m2) 
8.1 ± 0.05 8.0 ± 0.3 8.0 ± 0.3 8.0 ± 0.4 8.0 ± 0.7 

LNKN6-b 

d31 (pC/N) −60 ± 2 −56 ± 0.5 −60 ± 1 −61 ± 4 −60 ± 0.5 
k31 (%) 22.5 ± 0.2 22 ± 0.3 22.7 ± 0.3 22 ± 0.4 20.9 ± 0.7 

Qm 115 ± 4 129 ± 8 103 ± 16 128 ± 4 135 ± 7 
Y11 x 1010 

(N/m2) 
8.1 ± 0.05 8.1 ± 0.3 8.1 ± 0.2 8.1 ± 0.4 8.1 ± 0.05 
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Here, the results show that 𝒅𝟑𝟑
𝑺  is decreasing for LNKN6-a throughout the observed 

temperature range. The degradation had equal values for all fatigue temperatures. In 

contrast, LNKN6-b seemed only to decrease at room temperature and remained 

constant after fatigue at 50 – 150 °C. 

Figure 5.8 (a) - (c) show the Weibull distributions of LNKN6-a, LNKN6-b and PZT for 

different fatigue temperatures. Figure 5.8 (d) shows the Weibull distribution of LNKN6-

b after fatigue at different electric fields, ranging from 4 to 8 kV.   

  

        

       

Figure 5.8: Weibull distribution of LNKN6-a (a), LNKN6-b (b) and soft PZT (c) for different fatigue 
temperatures, as well as LNKN6-b after different electric fields (d). 

 

It was shown that LNKN6-a did not change significantly the flexural strength after poling. 

The values for unpoled as well as poled were about 115 MPa with a Weibull parameter 
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m between 15 and 20. Knudsen describes how the porosity and grain size of a material 

affect the mechanical strength of brittle materials.94) In our case, due to smaller grain 

size, LNKN6-b showed improved mechanical properties. Unpoled samples showed a 

flexural strength σ0 of 131 MPa, whereas as-poled samples showed an improved value 

of 177 MPa. The Weibull parameter m was similar for the unpoled and as-poled 

samples and was estimated to 9.1 and 10.6, respectively. An improvement of the 

flexural strength after poling was observed for NKN-based ceramics in chapter 4. 

Furthermore, LNKN6-a and LNKN6-b showed no significant self-heating effect during 

fatigue.  LNKN6-a showed an increase at room temperature of about 5 °C. At higher 

fatigue temperatures this temperature difference was not observed. LNKN6-b showed 

a slight increase of 1 °C for fatigue temperatures from room temperature to 100 °C. 

We concluded that changes in the temperature are not significant enough to show an 

effect on the mechanical degradation. The evaluated flexural strength for PZT was 

about σ0 = 90 MPa, due to the fact that during poling mechanical degradation occurred, 

as shown in the literature. It should be noted that the linear fits were only applied to 

LNKN6-b and PZT, because only in these materials were the values distributed in a 

line. Whereas, LNKN6-b remained constant over the observed temperature range with 

a Weibull parameter m = 10.6, PZT showed decreasing mechanical properties with 

increasing temperature. Figure 5.8 (d) shows that LNKN6-b decreased in flexural 

strength and Weibull parameter at unipolar cycling fields of about 6 kV/mm.  
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These facts are summarized in Table 5-3.  

Table 5-3: Flexural strength and Weibull modulus of LNKN6-b and PZT after fatigue at different fatigue 
temperatures. The numbers in brackets represent the lowest and highest measured value for this 

condition. 

 
Fatigue temperature T (°C) / 

Electric field E (kV/mm) 

Flexural strength σ 

(MPa) 
Weibull parameter m 

LNKN6-b 

unpoled 131 [102; 141] 9.1 

as-poled 177 [133; 190] 10.6 

R.T. / 4 176 [138; 199] 10.5 

50 / 4 171 [123; 194] 9.5 

75 / 4 179 [132; 204] 9.2 

100 / 4 174 [139; 202] 10.9 

R.T. / 6  96 [75; 117] 8.1 

R.T. / 8 95 [74; 119] 6.6 

PZT 

as-poled 96 [57; 121] 4.8 

R.T. / 4 73 [37;108] 2.1 

50 / 4 65 [46;85] 3.0 

75 / 4 56 [34;82] 2.5 

100 / 4 59 [20;94] 1.9 

 

For LNKN6-a, the Weibull distribution showed bimodal character after fatigue, which 

can be described by the following equation.  

 𝐹(𝜎) = 1 − 𝑓 exp {− (
𝜎

𝜎0,1
)

𝑚1

} − (1 − 𝑓) exp {− (
𝜎

𝜎0,2
)

𝑚2

} (5.1) 

where f is the fraction of a sub distribution. By looking closer at the different Weibull 

distributions, bimodal distributions were found in LNKN6-a for all fatigue temperatures.  
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The results are summarized in Table 5-4: 

Table 5-4: Flexural strength and Weibull modulus for bimodal Weibull distributions for LNKN6-a after 
fatigue at different fatigue temperatures. 

Fatigue temperature T 

(°C) 

Flexural strength (MPa) Weibull parameter  Fraction f 

σ01 σ02 m1 m2  

unpoled / 117 [95; 124] / 14.9 / 

as-poled / 111 [96; 118] / 19.6 / 

R.T. 71 [41; 88] 106 [102; 110] 4.1 31.1 0.47 

50 88 [65; 104] 117 [111; 120] 5.8 44.0 0.33 

75 83 [68; 88] 115 [102; 127] 8.8 16.8 0.2 

100 75 [65; 81] 113 [85; 134] 9.1 8.3 0.2 

 

The flexural strength of the second sub distribution remained relatively constant for the 

observed temperature range, but decreased in all cases for the first sub distribution. It 

is more difficult to see a tendency for the Weibull parameter m. The first sub distribution 

decreased at room temperature compared to as-poled samples. With increasing 

temperature, m started to increase until a value of 9.1 at 100 °C. The second sub 

distribution showed increased m of 31 and 44 at room temperature and 50 °C, 

respectively. In contrast, higher temperatures seemed to decrease the Weibull 

parameter m. Compared to as-poled samples, m decreased at 75 °C and 100 °C to 

16.8 and 8.3, respectively. The fraction f of the first sub distribution showed a maximum 

value of 0.47 at room temperature and decreased with increasing temperature to 0.2 

at 100 °C.  

5.3 Discussion 

After fatigue at several temperatures, no significant changes were observed for 

piezoelectric charge constants, but the piezoelectric strain constant 𝒅𝟑𝟑
𝑺  and P(E) 

hysteresis loops showed different fatigue behaviors depending on the material and 

temperature. For LNKN6-a after each fatigue experiment as well as for LNKN6-b at 

room temperature, the strain was lower compared to as-poled samples. The switchable 

polarization 2Pr decreased, an internal bias field Ebias was observed and the coercive 

field EC remained relatively constant. Two noteworthy observations were made for the 

fatigue conditions of LNKN6-a under room temperature and LNKN6-b under 50 °C. 
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LNKN6-a showed an increased coercive field after fatigue at room temperature, and 

no fatigue of LNKN6-b was observed at 50 °C. In many cases, the fatigue behavior 

was similar to the observations made in the literature for PZT. Fatigue studies on PZT 

explain different processes that can appear during electric cycling of piezoelectric 

materials. The inherent processes responsible for unipolar fatigue are attributed to 

induced charge carrier accumulation during electric field cycling. The domain mobility 

is not significantly affected by these charge carrier accumulations and it is therefore 

more likely that these accumulations develop at grain boundaries.102) The main charge 

carriers in PZT structures are oxygen vacancies103) and thus unipolar fatigue effects 

can be attributed to their accumulation.20) This accumulation leads to an increase of an 

internal bias field as well as a decrease of the switchable polarization.20,46,49,104,105) Yao 

et al. explained the development of the internal bias field during unipolar fatigue. At 

grain boundaries the polarization vectors of domains in neighboring grains cannot 

compensate each other due to crystallographic mismatch. This leads to the occurrence 

of strong, locally varying depolarization fields, which charge carriers, such as oxygen 

vacancies try to compensate by redistribution. This accumulation of charges forms the 

local bias field Ebias, which has the same orientation as the applied field during 

fatigue.20) In order to explain the larger bias field in LNKN6-b, we take a closer look at 

the dopants. From the ion radii of the different elements, we can estimate if they attach 

to A or B side of the perovskite structure. For this reason Table 5-5 lists the different 

dopants and ion radius. It should be noted that the values for B side ions were taken 

with a coordination number of 6, whereas the A side ions were taken with a 

coordination number of 12. 

Table 5-5: List of elements and their respective ion radius. 

Element Li+ Sr2+ Mn2+/Mn4+ Si4+ Zr4+ 

Ion-radius (pm) 92 144 96/53 40 72 

 

Li+ and Sr2+ most probably will take the place on the A side of the perovskite structure. 

Whereas Li will show no charge defect, the implementation of Sr will be compensated 

by positive holes. In case of Mn two possibilities remain. Due to the small ion radius 

and the possibility to have an oxidation state of (IV), the B side is most probable. 

However, the occupation of the A side cannot be ruled out. As for Si4+ and Zr4+, these 

elements will most likely occupy the B side of the perovskite structure. Thus, it is most 
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probable that the dopants overall will show an increase of the oxygen vacancies. The 

overall higher internal bias field in LNKN6-b can be explained, by the increase of 

oxygen vacancies and space charge accumulation through several dopants. Patterson 

and Cann showed for CuO-doped NKN ceramics that the fatigue is accelerated, which 

they explained by the increased number of defects and space charge carriers.19) 

Further evidence for increased space charge accumulation in LNK6N-b can be found 

in the change of switchable polarization. At 150 °C, LNKN6-a showed less of a 

decrease of the absolute values of 2Pr (= 2 µC/cm2) than LNKN6-b (= 3.2 µC/cm2). 

Glaum et al. showed the influence of temperature on Ebias and observed a higher 

induced internal bias field during cycling with increasing temperature.105) This behavior 

was also observed for LNKN6-b, where with increasing temperature from 100 °C to 

150 °C, the internal bias field after fatigue increased. However space charge 

accumulation cannot account for all the observed results.  

Figure 5.9 (a) and (b) show the micro structure of LNKN6-a and LNKN6-b. The line 

structure visible in both pictures represent the domain structure. 

 

     

Figure 5.9: Micro structure of fatigued LNKN6-a (a) and LNKN6-b (b) at room temperature. The arrow 
marks an intragranular micro crack. 

 

An intragranular crack, visible in Figure 5.9 (a), is rarely observed during unipolar 

cycling, because the introduced stresses are usually too small to initiate cracks. 

Nevertheless, Jiang et al. showed that crack formation and propagation in PZT during 
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unipolar cycling depends on grain size and piezoelectric constant dij
57). In order the 

estimate the critical grain size, we used equation (2.6). For estimating the fracture 

surface energy of the grain boundary, we first calculated the fracture surface energy 

of the polycrystalline material, by using equation106) 

 
𝑔𝑝𝑐  =

(1 − 𝜈2) ∙ 𝐾𝐼𝐶
2

2𝑌
 (5.2) 

where Y is the Young’s modulus, ν the Poisson ratio and KC the fracture toughness in 

mode I. In our case, we insert the KC value of the indentation tests for poled LNKN6 in 

perpendicular direction, due to the fact that crack propagation usually occurs 

perpendicular to the applied electric field. For both materials, the value of poled LNKN6 

was used, which is 0.51 MPa√m. This value is consistent with values found in the 

literature for modified NKN.24) The fracture surface energy for the grain boundary was 

then approximated to be 2/3 gpc, because atom bondings are imperfect at the grain 

boundary. With these values, the critical grain size for LNKN6-a, LNKN6-b and PZT 

was estimated and summarized in Table 5-6. 

Table 5-6: Values needed for the estimation of the critical grain size, as well as the grain size of 

LNKN6-a, LNKN6-b and PZT. 

Material LNKN6-a LNKN6-b LNKN6-b LNKN6-b PZT 

Young’s modulus Y  

(x 1010 N/m2) 
7.5 8.0 8.0 8.0 6.9 

Piezoelectric constant 

d33 (pC/N) 
175 150 150 150 600 

Piezoelectric constant 

d31 (pC/N) 
90 60 60 60 275 

Electric field E 

(kV/mm) 
4 4 6 8 4 

Fracture surface 

energy gb (J/m2) 
1.01 0.95 0.95 0.95 0.04 

Grain size l (µm) 9 ± 2 4 ± 1  4 ± 1 4 ± 1 1 ± 0.5 

Critical grain size lc 

(µm) 
8 11.2 4.9 2.8 0.1 

 

It should be noted, that gb of PZT has a value of about 2.4 J/m2 as shown in the 

literature.57) However, these values were estimated for unpoled PZT and can therefore 

not be applied in this study. With the larger grain size of 9 µm, LNKN6-a was more 

susceptible to crack formation and propagation, which is consistent with the results we 

measured. LNKN6-b showed mechanical degradation after an electric field of about 6 

kV/mm was applied. The critical grain size for this condition was estimated to be 4.9 
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µm. With an average grain size of about 4 ± 1 µm, it is quite possible that crack 

formation appeared at these conditions. Further prove for crack formation can be found 

in the Weibull distribution of the different Materials. For LNKN6-a, the distribution 

changed from a unimodal to a bimodal and additionally decreased in value. The 

occurrence of a sub distribution can be caused by different flaw densities in the as-

poled samples of LNKN6-a. An indicator can be found in Figure 5.9 (a), where the 

crack originated from the largest pore. Thus, a certain pore size and density was 

needed to form cracks. During fatigue, crack formation and propagation appeared then 

in a small fraction of LNKN6-a samples, whereas the rest remained unfatigued. This 

fraction of the sub distribution decreases with increasing temperature and the 

measured flexural strength of the sub distribution is lower than the initial values 

measured for poled LNKN6-a. For PZT, with increasing temperature an increase of the 

crack density was observed. The main reason is the increased domain capability to 

switch, thereby causing increased stress inside the sample.60) This behavior can also 

be observed for LNKN6-a in the temperature range 50 °C to 100 °C.  The flexural 

strength σ0 as well as Weibull modulus m decrease with increasing temperature, which 

indicated an increase in the crack density. In addition, the fraction of the sub distribution 

decreased, which meant that an increasing amount of samples experienced crack 

propagation. The values also suggested, that during fatigue under room temperature 

a more significant degradation of the mechanical properties appeared compared to 

samples fatigued under higher temperatures. It is quite possible, that phase 

transformation during fatigue experiments occurred, especially since samples fatigued 

at temperatures > 50 °C showed an increase in the maximum flexural strength 

compared to room temperature. As domain switching is the main reason for crack 

formation in the material, phase transformation from tetragonal to orthorhombic is most 

likely. The orthorhombic phase has an increased amount of domain walls, such as 60°, 

90° and 120°, compared to the tetragonal phase with only 90°. In order to decrease 

the stress from domain switching, the orthorhombic phase increased and allowed for 

more switching possibilities in LNKN6-a. 

After micro-crack formation, the electric field is concentrated at the crack tips and 

weakened throughout the whole sample. As a result, the effective field inside the 

sample is less than the applied field, which limits domain switching and consequently 

decreases polarization and increases the coercive field EC.57) Furthermore, the micro 

cracks reduced unipolar strain as shown above. In LNKN6-b, no cracks were observed 
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throughout the investigated temperature range, but the decrease in strain at room 

temperature might suggest the formation of defects in the material. Further, with 

increasing temperature the crack formation appeared less in LNKN6-a, as suggested 

by the coercive field measurements from Figure 5.5 (a) and micro structure observation. 

Hill et al. showed the same behavior in PZT, where with increasing temperature the 

crack density after unipolar cycling decreased.60) In case of LNKN6-a, the crack density 

was the highest after fatigue at room temperature. Because of the negative internal 

bias field Ebias at this temperature, it is suggested that intragranular cracks prevented 

the material from forming a depolarization field during fatigue. Moreover, LNKN6-a 

showed larger error bars in Figure 5.5 and Figure 5.6 than LNKN6-b, which can also 

be the result of micro crack formation, as the process is random. Nevertheless, the 

fatigue free behavior of LNKN6-b at 50 °C cannot be explained by the above mentioned 

processes. 
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Representative impedance measurements are shown in Figure 5.10 (a) – (d) for 

LNKN6-b at different temperatures. In the figure, the bold lines represent the 

evaluations of the unfatigued sample, and the dotted lines describe the results of the 

measurements 48 h after the fatigue experiments. The arrows point in the direction of 

the changes before and after fatigue tests in the frequencies. 

 

 

Figure 5.10: Measured values for impedance and phase angle on fatigued LNKN6-b at (a) room 
temperature, (b) 50 °C, (c) 100 °C and (d) 150 °C. Bold and dotted lines represent measurements of 

unfatigued and fatigued samples, respectively. 

 

The figures show, that for LNKN6-b samples the fatigue behavior varied with the 

applied temperature during the tests. At room temperature, resonant and antiresonant 

frequencies shifted to higher values, together with the maximum in the phase angle. 

At 50°C, no changes were detected and the sample remained free of fatigue. Above 

50°C, fatigue occurred by shifting resonant and antiresonant frequencies slightly to 

lower values. For LNKN6-a, the measured results shifted to lower frequencies 

throughout the investigated temperature range.  



75 
 

 

Figure 5.11 (a) and (b) show the X-ray diffraction patterns from LNKN6-a and LNKN6-

b, which are presented as a function of the temperature during fatigue experiments, 

respectively. 

  

 

  

Figure 5.11: XRD profiles of LNKN6-a (a) and LNKN6-b (b) as a function of the fatigue temperature. 

 

Close inspection of the diffraction pattern of LNKN6-b shows two peaks in the range 

of 2θ = 44° - 47°. The peak at smaller Bragg angles was broaden as a result from the 

superposition of the (002) and (200) peak. By analyzing the pattern at higher angles at 

around 84 ° two peaks for LNKN6-b are shown, thereby indicating the coexistence of 

two phases. It has previously been reported that those phases are orthorhombic and 

tetragonal.86) The diffraction pattern of LNKN6-a shows a strong tetragonal character 

of the material, which is substantiated by the two defined peaks at around 45° and only 
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one peak around 84°. The region of the pattern of most interest for the characterization 

of the electric-field-induced transformation is the low and high Bragg angle peaks 

between 44° and 47°. Upon application of temperature, the reflections in LNKN6-b 

seemed to remain unchanged, compared to the poled and unfatigued state. In contrast, 

the intensity of the (200) reflection in the LNKN6-a diffraction pattern clearly increased 

with increasing temperature. To confirm an electric-field-induced structural phase 

transformation during fatigue tests, the peak intensities from 44° to 47° were used to 

evaluate the percentage of the tetragonal phase FT.83) 

Figure 5.12 (a) and (b) summarizes the calculated content of the tetragonal phase FT 

and the changes of the weight percentage of the tetragonal phase wt%, which were 

evaluated from the Rietveld refinement, for LNKN6-a and LNKN6-b. The highlighted 

lines represent the initial values, which were for FT 75 % for LNKN6-a and 50 % for 

LNKN6-b, respectively. On the other hand, wt% was about 85 % for LNKN6-a and 

about 2 % LNKN6-b. 

             

     

Figure 5.12: Influence of fatigue temperature on the percentage of the tetragonal phase FT (a)  and the 
weight percentage of tetragonal phase wt% (b) in LNKN6-a and LNKN6-b. 

 

Comparing both figures, completely different results concerning LNKN6-b can be 

derived. Whereas the FT – values increased with increasing fatigue temperature, the 

weight percentage wt% remained relatively constant. This error in FT might be 

explained by the fact that the equation does not account for a polarized material. We 

therefore assumed for further discussion that no change in the material occurred. 
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However, both figures suggested that phase transformation partially appeared in 

LNKN6-a. In Figure 5.12 (a), those changes either indicated an increase of the 

tetragonal phase, or further polarization of the sample, as both mechanisms can 

change the intensity of the peaks. Nevertheless, Rietveld refinement almost showed 

same behavior, which indicates that the method has its validity. The tetragonal phase 

of LNKN6-a decreased after fatigue under room temperature and 50 °C. At 100 °C and 

150 °C, the tetragonal phase in LNKN6-a showed no changes compared to as-poled 

samples.  

Furthermore, the lattice parameter were evaluated and compared. By looking at 

different Rietveld refinements in the literature, better reliability factors can be achieved 

by describing the perovskite structure of the two phase system as a monoclinic one, 

as shown by Hatano et al.85). For this reason, to determine the lattice parameters, the 

same assumption was made and equations (3.11) to (3.20) were used. It was observed, 

that poled and unfatigued LNKN6-b samples had lattice parameters of a = 3.997, b = 

3.936, c = 4.023 as well as β = 89.7°. From the XRD results, it was shown that the 

LNKN6-a samples showed tetragonal character and the angle β was estimated to be 

90°. Thus, the lattice parameters were then evaluated to be a = b = 3.943 as well as c 

= 4.038. Another important value, the tetragonality c/a was for unfatigued LNKN6-a 

and LNKN6-b is 1.024 and 1.007, respectively. With increasing tetragonality, the 

chance of crack formation increases, which means that LNKN6-a showed higher 

susceptibility in case of tetragonality, amount of tetragonal phase and grain size. 
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5.4 Conclusion 

The unipolar fatigue behavior of lithium-modified NKN ceramics have been evaluated 

as a function of temperature in the range from room temperature to 150 °C. In general, 

the piezoelectric properties in both materials did not decrease significantly, however 

mechanical degradation was observed. LNKN6-a is especially susceptible to micro 

crack formation during fatigue at room temperature up to 150 °C. Three-point bending 

tests showed, that crack formation decreased with increasing temperature. 

Furthermore, these intergranular cracks lead to a significant decrease of the switchable 

polarization 2Pr. This behavior was not observed in LNKN6-b, which showed no micro 

crack formation throughout the examined temperature range, which is most likely due 

to smaller grain size. However, in both cases, phase transformation seemed to play an 

important role. First, LNKN6-b showed fatigue free behavior at 50 °C, which is made 

possible by phase transformation from orthorhombic to tetragonal. XRD results did not 

show that phase transformation took place in the material during fatigue, but it is quite 

possible that phase transformation and the occurring fatigue mechanisms were in an 

energy equilibrium at 50 °C. Further investigations are necessary to fully understand 

the processes that occur at this temperature. 

Second, LNKN6-a showed a significant improve between room temperature and 50 

°C. At higher temperatures the mechanical degradation remained relatively constant. 

It is therefore suggested that phase transformation from tetragonal to orthorhombic 

caused this improved behavior. The orthorhombic phase has an increased amount of 

domain walls, such as 60°, 90° and 120°, compared to the tetragonal phase with only 

90°. In order to decrease the stress from domain switching, the orthorhombic phase 

increased and allowed for more switching possibilities.  
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6 Crack Propagation during unipolar AC field 
 

In order to investigate the hypothesis, that the orthorhombic phase is more resistant 

against crack formation and propagation, this chapter compares pure orthorhombic 

material (Mn-NKN) and pure tetragonal material (PZT) for its fracture toughness and 

domain structure. Mn-NKN showed higher fracture toughness and resistance against 

crack propagation despite its large average grain size. In the vicinity of a crack, domain 

observation showed an increase of 120° and 60° domain walls, which are specific for 

orthorhombic piezoelectric materials. The domain structure could not be observed for 

PZT. However, the results suggested that orthorhombic phase was able to decrease 

the tension field around the crack tip.  

 

6.1 Experimental procedure  

Two different materials were used for the fatigue tests, Na0.55K0.45NbO3 + 0.25% MnO 

(Mn-NKN) and soft PZT. The Mn-NKN samples were synthesized by a mixed-oxide 

route, explained in chapter 3.1. After sintering at 1092 °C, samples with a size of 2x2 

mm2 and a length of 4 mm were further used. Bulk densities were determined by the 

Archimedes method. The larger surfaces were coated with silver and afterwards 

annealed at 700 °C for 5 min. The samples were poled in silicone oil under an applied 

electrical field of E = 3 kV/mm for 30 min and temperatures of 100 °C and 125 °C for 

PZT and Mn-NKN, respectively. For the indentation tests, one surface of each sample 

was indented with a 9.81 N load. The cracks emanating from the corners of the Vickers 

indents were measured and photographed by laser microscopy. To estimate the 

fracture toughness KC and KIC of ferroelectric ceramics, equations (2.10) and (2.11) 

were used. For fatigue tests, a sinusoidal unipolar signal with a frequency of f = 1; 50 

Hz was applied onto the samples for up to 104 cycles. The amplitude during these 

fatigue tests varied from 1 EC - 4 EC. Care was taken that the applied electric field was 

aligned in the same direction as the polarization field of each sample. For SEM 

observations, the surfaces vertical to the poling directions of the samples were 

mechanically polished with SiC powder (#600 – #2000) and finished by polishing with 

colloidal silica. To reveal domain structures, the polished samples were chemically 

etched with a mixture of HF:HCl:H2O = 1:1:18 by volume. A thin layer of Au/Pd was 

sputtered onto the samples to avoid charging; then, the surfaces were observed using 

a SEM system (JSM-7001F, JEOL, Tokyo, Japan) at an acceleration voltage of 5 kV.  
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6.2 Results and Discussion 

The samples were observed via SEM and representative microstructures for the 

materials are shown in Figure 6.1 (a) and (b).  

    

Figure 6.1: SEM images of the microstructure of Mn-NKN (a) and PZT (b). 

 

Basic physical characteristics of the compositions are given in Table 6-1.  

Table 6-1: Physical characteristics of the Mn-NKN and PZT. 

Material Grain size l (µm) Density ρ 

  Absolute(g/cm³) Relative (%) 

Mn-NKN 5.5 – 19 4.19 ± 0,05  93.0 

PZT 1.1 ± 0.5 8.13 ± 0,02  98.5 

 

Mn-NKN showed a bimodal grain distribution, with the smallest grain having an 

average size of about 5.5 µm and the larger grains of about 19 µm. These results 

showed, that MnO2 significantly increased the sinter ability of NKN. The grain size for 

PZT is considerably smaller than for Mn-NKN, with an average size of about 1 µm. The 

relative density of PZT is increased compared to Mn-NKN, thus the porosity in Mn-

NKN was considerably higher. From these results, the mechanical properties of Mn-

NKN should be lower according to Knudsen94). 
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Figure 6.2 shows the Vickers hardness of Mn doped NKN and soft PZT. These values 

represent both materials before and after fatigue, as they did not change significantly.  

 

 

Figure 6.2: Vickers hardness HV of Mn doped NKN and soft PZT. 

 

It is shown that Mn-NKN has a lower hardness of about 2 GPa compared to PZT with 

a hardness of about 3.6 GPa. Compared to other alkali niobate based ceramics Mn-

NKN had a slightly lower value than NKN. This could be explained by increased 

porosity and grain size. On the other hand, PZT’s increased hardness was a result of 

high density and significantly smaller grain size. Furthermore, the fracture toughness 

KC and KIC were measured. The results are represented in Figure 6.3 (a) and (b).  

 

     

Figure 6.3: Fracture toughness KIC (a) and KC (b) for Mn-NKN and PZT before fatigue. Parallel and 
perpendicular direction are subjected to the poling direction. 
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In both cases, Mn-NKN had a higher fracture toughness than PZT in vertical as well 

as parallel to the poling direction. The fracture toughness KIC of Mn-NKN was 

estimated to be 0.3 and 0.6 MPa√m in the vertical and parallel case, respectively. A 

more significant difference was estimated in the case of fracture toughness KC. The 

values for Mn-NKN were 0.2 and 0.8 MPa√m for the vertical and parallel case 

respectively. The same behavior was observed for PZT, with a fracture toughness KIC 

and KC of 0.1 and 0.05 for the vertical case, respectively. Higher values were 

measured parallel to the poling direction with 0.3 for KIC as well as KC. In spite of the 

larger grain size and porosity, Mn-NKN showed higher resistance against crack 

formation. Afterwards, the samples were exposed to a unipolar electric field. Crack 

propagation appeared especially in PZT samples. Figure 6.4 summarizes these results. 

 

 

Figure 6.4: Crack propagation as a function of the multiple of the coercive field EC for Mn-NKN and 
PZT at different frequencies. 

 

The frequency dependence was only observed for PZT. With increasing frequency, the 

crack propagation per cycle decreased. For Mn-NKN, at frequencies of 1 Hz, the crack 

propagation was very low and only after electric fields of about 2.5 EC significant crack 

propagation occurred. At higher frequencies no crack propagation was observed for 

the observed cycle numbers. Pojprapai et al. explained this behavior due to ferroelastic 

strain mismatch in the material. Domain reorientation causes internal stress and the 

crack starts propagating when the stress intensity factor reaches the critical value KIC. 

By increasing the frequency less domain reorientation occurs and consequently less 
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internal stress. Hence, fatigue crack growth rates per cycle decrease with increasing 

cycling frequency.107) With increasing electric field the crack propagation increased. It 

was shown further that Mn-NKN showed a higher resistance against crack propagation 

against an applied unipolar field. To explain the reason, it is necessary to compare the 

critical grain size for both materials. In order the estimate the critical grain size, we 

used equation (2.6) and (5.2) as shown in chapter 5. 

Figure 6.5 shows the critical grain size as a function of the applied electric field E.  

 

 

Figure 6.5: Critical grain size lC of PZT and Mn-NKN as a function of the applied electric field E. Lines 

represented the average grain size apparent in the respective material. 

 

The results show that the critical grain size for PZT was for each electric field lower 

than the average grain size. Thus, crack propagation was observed for PZT for each 

condition. In contrast, Mn-NKN’s critical grain size had higher values for electric fields 

up to 2.5 kV/mm. At E > 2.5 kV/mm the critical grain size received lower values than 

the average grain size. For this reason, crack propagation was observed for Mn-NKN 

at those electric fields.  
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Figure 6.6 shows an intragranular crack, which occurred in fatigued Mn-NKN ceramics 

at electric fields of about 2.5 kV/mm. 

 

 

Figure 6.6: SEM-image of an intragranular crack of fatigued Mn-NKN ceramics. 

 

It should be noted that the domain structure of PZT could not be observed, due to the 

small grain size. Around the crack, the domain structure appears differently than 

unfatigued samples. The linear structure changed to smaller domains with changing 

domain walls. These domain walls are characteristic for orthorhombic crystal structures. 

Given the fact, that domains tend to increase during unipolar fatigue tests, the changes 

observed are therefore considered to origin from the stress field around the crack tip. 

In chapter 4, it was discussed that the domain wall motion (= extrinsic contribution) had 

a critical effect on the mechanical properties of NKN-based ceramics. The major 

reason is due to the increased internal stress that is caused by the motion of domain 

walls. It is therefore probable that external stress switches domain walls. Compared to 

tetragonal crystal systems, orthorhombic crystal structures have increased switching 

possibilities of domain walls. For this reason, an increased amount of 60° and 120° 

domain walls were found at the crack. The reduction of the stress inserted by the crack 

is therefore more apparent in orthorhombic systems. Thus, increased KC and KIC were 

measured in the Mn-NKN systems, in spite of the larger grain size. 
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6.3 Conclusion 

Crack propagation during unipolar fatigue was observed for orthorhombic Mn-NKN and 

tetragonal PZT. It was shown that cracks in Mn-NKN propagated less than cracks in 

PZT. Only at higher electric fields of about 2.5 kV/mm, crack propagation occurred. By 

estimating the critical grain size, it was shown that for Mn-NKN the same electric field 

of about 2.5 kV/mm was mandatory. Thus, the theoretical results confirmed those from 

the experimental procedures. PZT exhibited crack propagation at 1 kV/mm, which was 

also confirmed by the theoretical approach. Even though, Mn-NKN possessed a 

significantly higher grain size, PZT was more susceptible to mechanical degradation. 

Comparing both materials, the higher piezoelectric coefficients of PZT seemed to be 

major reason. In addition, the fracture surface energy of PZT is significantly lower than 

for Mn-NKN. This fact might be explained due to differences in the phase. The 

orthorhombic crystal structure allows for a higher number of domain walls with various 

angles, whereas the tetragonal phase only allows for 90° domain walls. Thus, internal 

stresses in the material can be better compensated if an orthorhombic phase exists. 

SEM images seem to confirm this behavior. An increased number of 120° and 60° 

domains were visible at the crack.     
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7 Electromechanical fatigue process under bipolar AC 

field 
 

In this chapter, the bipolar fatigue behavior of NKN-based ceramics are discussed as 

well as the influence of temperature and pressure. For this purpose, two different 

materials, Li0.06Na0.47K0.47NbO3 (LNKN6) and Na0.55K0.45NbO3 + 0.25% MnO (Mn-NKN), 

have been examined at various uniaxial pressures ranging from 0.1 to 100 MPa and 

various temperatures ranging from room temperature to 150 °C. It was shown that the 

harder ferroelectric Mn-NKN could maintain its piezoelectric properties at pressures up 

to 25 MPa. When bipolar fatigue occurred under pressures over the coercive stress of 

~ 30 MPa, the sample depolarized and formed micro cracks. In contrast, the softer 

LNKN6 did not show fatigue at higher pressures between 25 and 50 MPa. However, 

in both materials, higher temperatures enhanced domain wall and charge carrier 

movements and conclusively domain wall pinning. 

 

7.1 Experimental procedure 

Two different materials were used for the fatigue tests, with the chemical compositions 

of Li0.06Na0.47K0.47NbO3 (LNKN6) and Na0.55K0.45NbO3 + 0.25% MnO (Mn-NKN). The 

samples were synthesized by a mixed-oxide route, with the starting powders K2CO3, 

Na2CO3, Nb2O5 (99.9%), and Li2CO3 (99.8%) dried separately at 120 °C for at least 4 

h to remove moisture. After weighing and mixing the powders prior to preparing each 

composition, they were milled with ZrO2 balls for 16 h. For both compositions, 

calcination was carried out at 910 °C for 10 h and a second milling step for 16 h was 

performed. The calcined powders were then pressed uniaxially at 75 MPa into bars 

with an area of 2 x 2 mm2 and a length l of 5 mm. Additionally, the green bodies were 

isostatically cold-pressed at 300 MPa before sintering at T = 1082 °C for LNKN6 and 

T = 1092 °C for Mn-NKN. The temperatures were held for 0.5 h at heating and cooling 

rates of 3 °C/min. Their bulk densities were determined by the Archimedes method. 

The quadratic surfaces were coated with silver and afterwards annealed at 700 °C for 

5 min. Then, the samples were poled in silicone oil under an applied electrical field of 

E = 3 kV/mm for 30 min and temperatures of 75 and 125 °C for LNKN6 and Mn-NKN, 

respectively. By using different temperatures for each composition, the respective 

maximum piezoelectric properties could be obtained. For the fatigue tests, a sinusoidal 

bipolar signal with a frequency f of 50 Hz and a peak amplitude of 0.75 kV/mm, which 
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is equal to the coercive field EC for LNKN6 and Mn-NKN, was applied. These fatigue 

tests were performed at various temperatures between room temperature and 150 °C, 

and pressures from 0.1 to 100 MPa. The samples were maintained under these 

conditions for up to approximately 106 cycles. To obtain reliable results on the long-

term changes in the characteristics of the materials, additional experiments were 

carried out 48 h after the fatigue experiments. Different electrical properties were 

determined by the resonance and antiresonance method using an impedance analyzer 

(Impedance analyzer 4294A, Agilent Technologies, Santa Clara, USA). Furthermore, 

the relationship between the polarization P and the electric field E was investigated by 

determining the P-E hysteresis loops, using a ferroelectric tester (TF Analyzer 2000, 

AixAcct, Aachen, Germany) under room temperature and a measurement frequency 

of 1 Hz. Further tests include SEM, which required a certain preparation of the samples. 

The surface of the sample placed vertically in the poling direction was mechanically 

polished with sheets of SiC paper (#600 – #2000) and finished by polishing with 

colloidal silica. To determine the domain structure, the polished samples were 

chemically etched for 45 min with a mixture of HF: HCL: H2O (1: 1: 18 by volume). For 

stress-strain measurements, a custom-made mechanical testing machine (Imoto IMC-

90FB) was used. An integrated furnace enabled the tests at temperatures up to 100 °C. 

The pressure applied was manually increased in 5 MPa steps and the strain was noted 

after each step. The strain rate was estimated to be about 0.5 mm/min. To measure 

the strain during the compressive tests, strain gauges (Kyowa) were attached onto the 

samples. The signals were calibrated before each measurement and evaluated using 

the same software program (DCS-100A). 
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7.2 Results 
 

7.2.1. Effect of voltage 
 

Figure 7.1 (a) and (b) show the effect of the applied electric amplitude, which was in 

the range from 0.5 to 2 EC, which is 0.75 kV/mm in both materials. The initial 2Pr values 

were 50 and 25 pC/N for Mn-NKN and LNKN6, respectively, and decreased over time 

for both materials.  

 

       

Figure 7.1: 2Pr (a) and EC (b) during fatigue tests under different voltages at room temperature for Mn-
NKN and LNKN6. 

 

Significant differences were observed when the fatigue test results were compared in 

terms of the applied electric fields. In general, with increasing amplitude, fatigue was 

amplified and appeared at lower cycles. In the case of Mn-NKN, 2Pr degraded by about 

70%, when 2 EC was applied and decreased by 18% when the applied field is 0.5 EC. 

In comparison, LNKN6 lost 90% of its 2Pr when an amplitude of 2 EC was applied and 

30% when 0.5 EC was applied. In contrast, EC changes differed between the two 

materials. Whereas the EC of Mn-NKN increased maximally by 23% with increasing 

number of cycles and applied electric field, the EC of LNKN6 tended to decrease under 

the three applied electric fields. Hereby, the end value under each condition was about 

10% lower than the initial EC. 
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7.2.2. Effect of pressure 

To determine the effect of pressure on the fatigue behavior of lead-free alkali niobate 

ceramics, the experiments were carried out under a constant temperature of 25 °C. 

Figure 7.2 (a) and (b) show how 2Pr and EC changed after 106 cycles at different 

pressures applied during the fatigue tests. In order to do so, the 2P’r and E’C of the 

fatigued samples were normalized by dividing them by the initial 2Pr and EC, 

respectively.  

 

    

Figure 7.2: Normalized 2P’r/2Pr and E’C/EC after 106 cycles under different pressures at room 
temperature for Mn-NKN (a) and LNKN6 (b). Areas I to III represent different mechanisms appearing 

in this range. 

 

For Mn-NKN, its graph was divided into three different areas. The first area showed 

the fatigue behavior when no pressure was applied during the experiments. As shown 

before, 2Pr decreased whereas EC increased. In the second area, to which 

approximately 12.5 MPa was applied, no marked fatigue was apparent and 2Pr and 

EC, considering a margin of error, were comparable to their initial values. In the third 

area, which includes pressures higher than 25 MPa, fatigue occurred under each 

condition, again with decreasing 2Pr and increasing EC. However, comparing these 

results with those of samples under no compressive stress, the changes in 2Pr were 

60% instead of 50%. In contrast, LNKN6 samples became fatigued under each 

condition. Nonetheless, three areas are apparent, among which the first area ranged 

from 0.1 to 12.5 MPa. The largest change measured was 40%, which was observed 

when the samples were under no constant compressive stress. At pressures between 
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25 and 50 MPa, the 2Pr remained constant at their initial values, and EC at an increased 

value. In the third area, fatigue occurred with further increasing EC and decreasing 2Pr.  

In addition, Table 7-1 shows the alterations in the piezoelectric properties of Mn-NKN 

at room temperature and different pressures.  

Table 7-1. Piezoelectric and dielectric values of Mn-NKN after cycles N = 106 under different 
pressures. 

 12.5 MPa 25 MPa 

106 

Difference 

(%) 106 

Difference 

(%) 

k33 0.52 0.51 -2 0.41 -21 

Y33 (GPa) 75 75 0 73 -2 

d33 (pC/N) 95 99 4 100 5 

Maximum 

phase angle 75 70 -6 -71 -100 

Qm 70 68 -2 31 -56 

 

When no compressive stress was applied, the samples depolarized and the evaluation 

of piezoelectric properties was impossible. At higher pressures, such as 50 and 100 

MPa, the same behavior was observed. In contrast, samples under a constant 

pressure of 12.5 MPa showed piezoelectric characteristics. At 25 MPa, domain 

reorientation seemed to alter the phase angle maximum of the impedance 

measurements to negative values. Therefore, the calculated k33 and d33 values cannot 

be considered absolute results. Table 7-2 shows the changes in the piezoelectric 

properties of LNKN6. The impedance measurements could be carried out for samples 

fatigued up to 50 MPa. At higher pressures, the sample showed no resonance or 

antiresonance signals. This behavior was also apparent for the samples that were 

fatigued without an applied pressure. Note that the alterations in the material for each 

condition were the same.  

Table 7-2. Piezoelectric and dielectric values of LNKN6 after cycles N = 106 under different pressures. 

 12.5 MPa 25 MPa 50 MPa 

106 

Difference 

(%) 106 

Difference 

(%) 106 

Difference 

(%) 

k33 0.50 0.43 -15 0.45 -10 0.41 -17 

Y33 (GPa) 80 84 5 83 4 79 -1 

d33 (pC/N) 215 142 -34 157 -27 148 -31 

Maximum 

phase angle 
57 37 -35 24 -58 43 -25 

Qm 15 21 37 24 60 27 81 

 



91 
 

 

On the other hand, k33 and d33 decreased by 15 and 30% respectively, and the 

mechanical quality factor Qm, as well as the Young’s modulus Y, increased. 

Furthermore, the measured maximum phase angles were positive for each condition. 

Figure 7.3 shows the permittivities of both materials. Hereby, the fatigued permittivity 

ɛ’33 was divided by the unfatigued permittivity ɛ33; the permittivities were 275 for Mn-

NKN and 1300 for LNKN6.  

 

 

Figure 7.3: Normalized permittivity as a function of the applied pressure for Mn-NKN and LNKN6. 

 

For Mn-NKN, the permittivity decreased at all pressures except 12.5 and 25 MPa. 

Hereby, a slight increase of 10% was observed. On the other hand, LNKN6 showed a 

decrease of at least 20% at all pressures. The highest permittivity was obtained at 

constant pressures of 25 and 50 MPa. 
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7.2.3. Effect of temperature 

By keeping a constant pressure of 12.5 MPa, the temperature was increased from 

room temperature to 150 °C. Figure 7.4 show the changes in EC and 2Pr for the 

experiments on EC and 2Pr.  

 

    

Figure 7.4: Normalized 2P’r/2Pr and E’C/EC after 106 cycles under different temperatures at a constant 
pressure of 12.5 MPa for Mn-NKN (a) and LNKN6 (b). 

 

EC remained relatively constant over time at different temperatures for the Mn-NKN 

samples. However, 2Pr decreased by about 50% at temperatures higher than 100 °C. 

LNKN6 showed a decrease in 2Pr with increasing temperature. Moreover, EC 

increased with increasing temperature. Table 7-3 shows a summary of the calculated 

values of the impedance measurements for Mn-NKN.  

Table 7-3. Piezoelectric and dielectric values of Mn-NKN after cycles N = 106 under different 
temperatures. 

 

50 °C 100 °C 150 °C 

106 
Difference 

(%) 
106 

Difference 

(%) 
106 

Difference 

(%) 

k33 0.52 0.48 -7 0.41 -21 0.24 -54 

Y33 (GPa) 75 73 -3 71 -5 72 -4 

d33 (pC/N) 95 92 -3 78 -18 30 -68 

Maximum 

phase angle 
75 58.5 -22 -10 -100 -33 -100 

Qm 70 52 -26 36 -49 40 -43 
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Note that the piezoelectric values decreased with increasing temperature, which is 

particularly represented by k33, which degraded by 50% at a temperature of 150 °C. 

Table 7-4 shows the results for the LNKN6 samples whose piezoelectric properties 

decreased with increasing temperature, which indicated that depolarization occurred 

during the fatigue tests. 

Table 7-4. Piezoelectric and dielectric values of LNKN6 samples after cycles N = 106 under different 
temperatures. 

 

50 °C 100 °C 150 °C 

106 
Difference 

(%) 
106 

Difference 

(%) 
106 

Difference 

(%) 

k33 0.50 0.46 -7 0.42 -15 0.23 -45 

Y33 (GPa) 80 79 -2 77 -4 75 -6 

d33 (pC/N) 215 180 -16 160 -25 105 -51 

Maximum  

phase angle 
57 39 -31 23 -60 -33 -100 

Qm 15 10 -31 8 -43 7 -50 

 

Figure 7.5 shows the normalized permittivity as a function of temperature for both 

materials.  

 

Figure 7.5: Normalized permittivity as a function of the applied temperature for Mn-NKN and LNKN6. 

 

Mn-NKN showed an identifiable trend, whereby its permittivity decreased with 

increasing temperature, with the most significant change of 40% at 150 °C. The 

permittivity of LNKN6 decreased in general for each condition by about 20 to 40 %. 
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7.3 Discussion 

The results of the fatigue experiments indicated that different fatigue mechanisms 

occurred, depending on the material and condition. Mn-NKN seemed to form micro 

cracks during the experiments, which is indicated by the increasing EC. This hypothesis 

is further supported by the decrease in its permittivity. Micro crack formation during 

long-term cyclic loading is a major mechanism of fatigue generation and is mostly 

induced by bipolar electric fields with amplitudes high enough to induce polarization 

switching.63) It was reported that severe crack growth mostly originates near the 

electrode73), but preexisting micro cracks and pores74), secondary phases60), as well 

as the relief of residual stresses75) can serve as additional sources for crack growth. 

The increasing crack density then results in degraded domain switching kinetics along 

with other factors, such as decreased permittivity.49,108) For LNKN6, domain wall 

pinning seemed to have appeared, which the most observed mechanism is during the 

application of a bipolar cyclic electric field. Besides the continuous reorientation of the 

ferroelectric domains, electronic and ionic charge carriers are redistributed. 

Consequently, domain walls become immovable and can be described by different 

models.27) Overall, domain wall pinning reduces the switchable polarization and 

changes the domain morphology.69,109) 
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 Figure 7.6 (a) – (d) show the domain structures of the unfatigued and fatigued Mn-NKN 

samples, respectively.  

 

 

Figure 7.6: Domain structures of Mn-NKN: unfatigued (a), fatigued under room temperature and 0.1 
MPa (b), fatigued under room temperature and 100 MPa (c), and fatigued under 150 °C and 12.5 MPa 

(d). 

 

Poled samples show a linear structure throughout each grain. After electric fatigue took 

place, an increase in the domain width could be observed as well as micro cracks, 

which are indicated by an arrow. In addition, at higher temperatures, domains showed 

the same behavior. In contrast, when higher pressures were applied, the domain width 

remained constant, but a zig-zag structure was apparent.   
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Figure 7.7 (a) and (b) show summaries of the results at various domain widths. The 

initial domain width was about 0.7 µm for both Mn-NKN and LNKN6.  

 

        

Figure 7.7: Domain width as a function of applied pressure (a) and temperature (b). 

 

The results show the case when the domain wall pinning occurred, which is shown as 

an increase in domain size. As shown by Shvartsman et al.109), the domain structure 

separated into a finer nanodomain structure after fatigue took place. This is due to 

stresses that occur between switchable and non-switchable regions. These stresses 

can be released by twinning of domains such that electric cycling leads to a very fine 

domain structure with distorted domain walls.109) This fact was confirmed by Guo et al., 

who observed domain changes in-situ via TEM during bipolar fatigue.69) Moreover, an 

increase in domain width has been so far only observed in unipolar fatigue tests.14) 

This fine domain structure might be impossible to observe by etching techniques and 

therefore appear as a larger domain on SEM images. Thus, the three different areas, 

which were observed in both materials when a constant pressure was applied, could 

be explained as follows. First, Mn-NKN formed micro cracks when no pressure was 

applied. This formation was suppressed at a pressure of approximately 12.5 MPa. 

However, at higher pressures, the material seemed to form micro cracks owing to the 

applied compressive stress. In contrast, LNKN6 showed domain wall pinning 

throughout each condition. Nonetheless, with increasing pressure, this mechanism 

seemed to attenuate and the material seemed to start forming micro cracks at an 

applied stress of 100 MPa. As for increasing temperature, domain wall pinning seemed 
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predominate with increasing domain width. This is due to the fact that domain wall 

pinning is dependent on domain wall motion, and in the case of Mn-NKN, being a 

harder ferroelectric material, domain switching is less. Rather, domain switching is 

apparent, when a certain electric field is applied. In contrast, softer materials show 

domain switching across different electric fields. Furthermore, the thermodynamic 

theory predicts that polarization and EC decrease with increasing temperature. Thus, 

the results suggest that EC increases with increasing pressure. To understand further 

the effects of pressure and temperature on these fatigue mechanisms, stress strain 

curves were evaluated for the samples under different temperatures. The results are 

shown in Figure 7.8 (a) and (b).  

 

       

Figure 7.8: Stress-strain curves of Mn-NKN (a) and LNKN6 (b) under different temperatures. 

 

Mn-NKN showed a deviating stress strain curve at room temperature and 50 °C. This 

behavior is due to domain switching, which starts appearing after a certain 

compressive stress is applied. The affected point of application is indicated by an arrow, 

and is called coercive stress.110) At a temperature of about 100 °C, this affected point 

vanished and Mn-NKN showed a linear behavior. Even at lower temperatures, LNKN6 

showed a linear behavior, which indicated that domain movement appeared at different 

pressures. This behavior is caused by the soft ferroelectric nature of LNKN6, where 

the polarization gradually changes with increasing electric field. Thus, domain 

movement enhanced with increasing temperature and finally domain wall pinning. On 



98 
 

 

the other hand, compressive stress suppresses domain switching and domain wall 

pinning, and reduces micro crack formation as well. 

 

7.4. Conclusion 

The effects of voltage, pressure, and temperature on the bipolar fatigue behavior of 

alkali-niobate-based ceramics have been examined. Soft LNKN6 as well as hard Mn-

NKN were observed. It was shown that both materials had different predominant 

fatigue mechanisms. Whereas LNKN6 fatigue occurred with domain wall pinning, 

micro crack formation occurred in Mn-NKN. These fatigue mechanisms increased with 

increasing electric field. However, when a certain pressure was applied, these 

mechanisms were attenuated. Because Mn-NKN is a hard ferroelectric, domain 

switching does not appear at low electric fields or under compressive stresses. For this 

reason, at low pressures, the piezoelectric properties were also unchanged after the 

fatigue experiments. However, at a pressure of 50 MPa, which is higher than the 

coercive stress, the sample became unpoled. Domain wall pinning did not occur under 

this condition, because the pressure seemed to decrease domain movement. However, 

owing to the increase in EC, micro crack formation cannot be ruled out at higher 

pressures. In comparison, LNKN6 showed degradations of the piezoelectric properties 

under each condition. This could be due to the soft ferroelectric characteristics and the 

domain switching occurring at low pressures and electric fields. For this reason, 

domain wall pinning as well as domain switching through applied stress could have 

occurred during fatigue tests. Different temperatures had different effects on the Mn-

NKN samples. Up to 50 °C, domain wall pinning was still suppressed, as shown by the 

unaltered domain size. At higher temperatures, domain wall pinning seemed to be 

predominant. Fatigue started to occur in LNKN6 even at low temperatures, and domain 

wall pinning became predominant with increasing temperature.  
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8 Summary and conclusion 
 

The first objective was to determine the mechanical properties of lead-free alkali 

niobate ceramics. It was shown that NKN-based ceramics showed similar flexural 

strength in the unpoled state. Noteworthy is the fact that during polarization, the 

mechanical properties could be further improved. In contrast, PZT samples showed so 

far only mechanical degradation after poling.  By observing to contrasting cases in 

LNKN4 and LNKN6, we were able to examine the possible causes. LNKN4 showed 

even after low field polarization a decrease in flexural strength, whereas LNKN6 

improved even at high electric fields. The main reason was the difference in the intrinsic 

extrinsic contribution ratio. Higher extrinsic contribution, as shown by LNKN4, 

increased the internal stress in the sample, thereby causing enhanced crack 

propagation perpendicular to its polarization. Due to a lower extrinsic contribution, 

LNKN6 showed improved mechanical and piezoelectric properties and was therefore 

used in further experiments. 

The second objective of this work was the observation of the fatigue behavior under 

unipolar AC-field. We compared two samples with LNKN6-basis. Pure LNKN6 

(LNKN6-a) showed higher fatigue behavior than LNKN6 with additives (LNKN6-b). 

Crack formation occurred in LNKN6-a due to increased grain size compared to LNKN6-

b. Increasing temperature decreased the crack density in the sample. The results for 

LNKN6-a also suggested that through phase transformation from tetragonal to 

orthorhombic, the crack density decreased. The orthorhombic phase has an increased 

amount of domain walls, such as 60°, 90° and 120°, compared to the tetragonal phase 

with only 90°. In order to decrease the stress from domain switching, the orthorhombic 

phase increased and allowed for more switching possibilities. On the other hand, 

LNKN6-b showed a higher electric bias field, which is caused by charge carrier 

accumulation. This accumulation is a common fatigue mechanism during unipolar 

fatigue and is caused by oxygen vacancies and other charge carriers in the sample. 

Because of the additives, space charge carriers in the sample are increased and thus 

fatigue by space charge accumulation as well. Noteworthy is the fatigue free behavior 

of LNKN6-b at 50 °C, which is made possible by phase transformation from 

orthorhombic to tetragonal. XRD results did not show that phase transformation took 

place in the material during fatigue. However, it is quite possible that phase 

transformation and the occurring fatigue mechanisms were in an energy equilibrium at 
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50 °C. Overall, it seemed that orthorhombic and tetragonal phase were in a local 

energy minimum in both samples. Depending on temperature and the predominant 

fatigue mechanism the material shifted to orthorhombic or tetragonal phase 

transformation. 

In order to investigate the hypothesis, that the orthorhombic phase is more resistant 

against crack formation and propagation, further experiments were conducted By 

comparing pure orthorhombic material (Mn-NKN) and pure tetragonal material (PZT) 

for its fracture toughness, and crack propagation during unipolar cycling. It was shown 

that cracks in Mn-NKN propagated less than cracks in PZT. Only at higher electric 

fields of about 2.5 kV/mm, crack propagation occurred. By estimating the critical grain 

size, it was shown that for Mn-NKN the same electric field of about 2.5 kV/mm was 

mandatory. Thus, the theoretical results confirmed those from the experimental 

procedures. PZT exhibited crack propagation at 1 kV/mm, which was also confirmed 

by the theoretical approach. Even though, Mn-NKN possessed a significantly higher 

grain size, PZT was more susceptible to mechanical degradation. Comparing both 

materials, the higher piezoelectric coefficients of PZT seemed to be major reason. In 

addition, the fracture surface energy of PZT is significantly lower than for Mn-NKN. 

This fact might be explained due to differences in the phase. The orthorhombic crystal 

structure allows for a higher number of domain walls with various angles, whereas the 

tetragonal phase only allows for 90° domain walls. Thus, internal stresses in the 

material can be better compensated if an orthorhombic phase exists. SEM images 

seem to confirm this behavior. An increased number of 120° and 60° domains were 

visible at the crack.    

In the last point, we concentrated on the bipolar fatigue behavior of LNKN6 in 

comparison to a hard ferroelectric material, Mn-NKN. Like unipolar fatigue, the two 

materials had different predominant fatigue mechanisms. Domain wall pinning 

occurred predominantly in LNKN6, whereas micro crack formation was mostly 

observed in Mn-NKN. These fatigue mechanisms increased with increasing electric 

field. Temperature increased domain wall pinning, but decreased micro crack 

formation. Up to 50 °C, domain wall pinning was still suppressed in Mn-NKN, as shown 

by the unaltered domain size. At temperatures > 50 °C, domain wall pinning seemed 

to be predominant. Fatigue started to occur in LNKN6 even at low temperatures, and 

domain wall pinning increased with increasing temperature. When a certain pressure 

was applied, these mechanisms were attenuated. Because Mn-NKN is a hard 
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ferroelectric, domain switching does not appear at low electric fields or under 

compressive stresses. For this reason, at low pressures, the piezoelectric properties 

were also unchanged after the fatigue experiments. At a pressure of 50 MPa, which is 

higher than the coercive stress, the sample became unpoled. Domain wall pinning did 

not occur under this condition, because the pressure seemed to decrease domain 

movement. However, owing to the increase in EC, micro crack formation cannot be 

ruled out at higher pressures for Mn-NKN. In comparison, LNKN6 showed 

degradations of the piezoelectric properties under each condition. This could be due 

to the soft ferroelectric characteristics and the domain switching occurring at low 

pressures and electric fields. For this reason, domain wall pinning as well as domain 

switching through applied stress could have occurred during fatigue tests.  

In conclusion, lead-free alkali niobate ceramics show improved mechanical properties 

compared to PZT after poling. This is important, as actuators are used under 

mechanical stress. Especially LNKN6, with its high piezoelectric and mechanical 

properties seemed to be promising. However, unipolar fatigue tests showed that micro 

crack formation is a problem and lowers the mechanical properties. This problem could 

be counteracted by changing the grain size in the material. Another problem is that 

pure LNKN6 is a soft ferroelectric material. Thus, even at low pressures the material 

would become unpoled during application. Dopants, such as MnO2, which would 

increase the hardness of the ferroelectric properties, might be the solution to this 

problem. However, doping also increases the amount of charge carriers in the material 

and therefore domain wall pinning. Furthermore, even though LNKN6 possess a high 

Curie temperature, the phase transformation from orthorhombic to tetragonal seemed 

to play an important role during fatigue. The phase transition temperature TO-T was for 

our experiments about 50 °C. At this temperature, improved fatigue resistance was 

observed. This would suggest, that by changing the phase transition temperature, 

NKN-based materials could be adapted to the operating temperature of an application. 

Therefore, LNKN6 is still an interesting character, but needs to be adjusted through 

dopants, if used in industrial applications.  
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