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Abstract 

Ferroelectric materials have the ability to convert electrical energy into mechanical energy 
and vice versa, which makes them widely used as sensors, actuators, and ultrasonic 
transducers. While their electrical and electromechanical properties are well studied, 
mechanical properties like Young’s modulus (E) and hardness (H) remain known to a lesser 
extent. Accurate knowledge of mechanical properties and determination of elastic and 
plastic parameters significantly contribute to more efficient modeling and prediction of the 
mechanical behavior of these materials. 

In the doctoral thesis, we studied the elastic and plastic properties of perovskite oxide 
ferroelectrics and analyzed structural changes after mechanical loading down to the atomic 
level. The mechanical properties were determined by in-situ nanoindentation in a scanning 
electron microscope, which allowed us to target specific areas in the material (e.g., domains, 
domain walls (DWs)). Additionally, atomic force microscopy (AFM) was used to measure 
elastic properties. The results of mechanical analyses were complemented by in-depth 
studies of the structural and microstructural characteristics of the materials using electron 
microscopy. 

In the first part of this thesis, we investigated the microstructural and mechanical 
properties of electromechanically active 0.9Pb(Mg1/3Nb2/3)O3–0.1PbTiO3 thick films 
prepared by the aerosol deposition method before and after annealing in air. We 
demonstrated that additional heating triggers grain growth and pore redistribution, while 
the mechanical properties of the films, i.e., H and E, increase by ~16 % compared to films 
that were not additionally heated. The microstructural changes are also reflected in a 
greater dispersion of the indentation curves and in a higher frequency of pop-in events.  

In the second part, we examined H and E, measured via nanoindentation, as well as 
the plastic deformation behavior of polycrystalline BiFeO3. In the force range between    
200 μN and 2 mN, H and E decrease by ~37 % and ~8 %, respectively, with increasing 
force. The sequence of plastic deformation was revealed through the first pop-in analysis 
in combination with a variety of electron microscopy techniques, starting from 
homogeneous dislocation nucleation through the activation of the {110}pc<1͞10>pc slip 
system, followed by dislocation motion and multiplication into arrays, and ultimately 
leading to dislocation accumulation and grain subdivision. 

In the final part, we used AFM techniques to determine the elastic properties of domains 
and non-180° DW in (K0.5Na0.5)NbO3 single crystal. The average E measured was             
~130 GPa.  The domains exhibited elastic anisotropy. At 90° DW, a difference in the elastic 
response was observed compared to the surrounding domains, whereas at 60° DW, such a 
difference was not observed. It is known that the measurement is influenced by both the 
intrinsic elastic properties of the DWs and extrinsic contributions, such as the influence of 
neighboring domains and the interaction of the DW with the AFM tip.       
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Povzetek 

Feroelektrične materiale odlikuje sposobnost pretvorbe električne energije v mehansko in 
obratno, zaradi česar se pogosto uporabljajo kot senzorji, aktuatorji in ultrazvočni 
pretvorniki. Njihove električne in elektromehanske lastnosti so zato dobro raziskane, 
medtem ko so mehanske lastnosti, kot sta Youngov modul (E) in trdota (H), precej manj 
poznane. Natančno poznavanje mehanskih lastnosti ter določanje elastičnih in plastičnih 
parametrov pa bistveno prispeva k učinkovitejšemu modeliranju in napovedovanju 
mehanskega obnašanja teh materialov. 

V okviru doktorske disertacije smo preučevali elastične in plastične lastnosti 
perovskitnih oksidnih feroelektrikov ter analizirali strukturne spremembe po mehanski 
obremenitvi, vse do atomskega nivoja. Mehanske lastnosti smo določali z in-situ 
nanoindentacijo v vrstičnem elektronskem mikroskopu, kar nam je omogočilo ciljno 
merjenje specifičnih področij v materialu (npr. domene, domenske stene (DS)). Dodatno 
smo za merjenje elastičnih lastnosti uporabili tudi mikroskopijo na atomsko silo (AFM). 
Rezultate mehanskih analiz smo dopolnili s preučevanjem strukturnih in mikrostrukturnih 
značilnosti materialov z uporabo elektronske mikroskopije. 

V prvem delu disertacije smo raziskali mikrostrukturne in mehanske lastnosti 
polikristaliničnih debelih plasti 0,9Pb(Mg1/3Nb2/3)O3−0,1PbTiO3, pripravljenih z metodo 
nanašanja plasti v curku aerosola, pred in po dodatnem segrevanju na zraku, ker se ta 
velikokrat uporablja za izboljševanje elektromehanskih lastnosti. Pokazali smo, da zrna pri 
dodatnem segrevanju rastejo, prihaja do prerazporeditve por, medtem ko se mehanski 
lastnosti plasti, tj. H in E, zvišata za ~16 % . Mikrostrukturne spremembe se odražajo tudi 
v večji razpršitvi indentacijskih krivulj in v večji pogostosti dogodkov, kjer merjena globina 
naglo poskoči pri konstantni sili (angl. pop-in).  

V drugem delu smo z in-situ nanoindentacijo izmerili H in E ter raziskali plastično 
obnašanje polikristaliničnega  BiFeO3. Z višanjem sile obremenitve v območju od 200 μN 
do 2 mN se je  H zmanjšal za ~37 %, E pa za ~8 %. V kombinaciji z različnimi tehnikami 
elektronske mikroskopije smo pokazali zaporedje plastične deformacije, in sicer od 
homogene nukleacije dislokacij z aktivacijo sistema zdrsa {110}pc<1͞10>pc, ki mu je sledilo 
premikanje dislokacij in njihovo množenje, kar je na koncu privedlo do kopičenja dislokacij 
in nastanka podzrn. 

V zadnjem delu doktorske disertacije smo z uporabo tehnike AFM določili elastične 
lastnosti  domen in ne-180° DS monokristalu (K1/2Na1/2)NbO3. Povprečni izmerjeni E je 
~130 GPa. Domene so elastično anizotropne, pri 90° DS smo opazili razliko v  elastičnem 
odzivu v primerjavi z okoliškimi domenami, medtem ko pri  60° DS tega nismo opazili. 
Znano je, da na rezultate meritev vplivajo tako intrinzične elastične lastnosti same DS kot 
zunanji dejavniki, kot sta vpliv sosednjih domen  ter interakcija sten in konice AFM.
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Chapter 1 

1 Introduction 

The chapter Introduction provides a literature overview of the topic considered relevant for 
this thesis. Firstly, the motivation for the work at hand is presented. The chapter continues 
with an overview of the fundamentals of ferroelectrics and mechanical properties. The final 
part focuses on local mechanical measurements, which are supported by examples from the 
literature. 

1.1 Motivation 

Perovskite oxide ferroelectric materials are technologically significant and play a crucial 
role in our modern way of life. The dielectric, piezoelectric, and ferroelectric properties they 
possess make them the bases of sensors, actuators, ultrasonic transducers, and energy-
harvesting devices [1]. Mechanical properties represent a crucial yet often overlooked aspect 
of ferroelectric materials, having historically been explored to a much lesser extent than 
their functional properties [2].  

In terms of mechanical properties, ferroelectrics are often described as “brittle” at room 
temperature conditions, with a fracture toughness in the range of a few MPam1/2 [3], [4]. 
This description is based on comparisons with metals whose fracture toughness can reach 
several hundreds of MPam1/2. The term “brittle” in this case is used too broadly, as the 
deformation of ferroelectric materials through dislocation-mediated plasticity will be 
affected by many parameters, such as temperature, the force applied, and the size of the 
testing sample. In addition, several perovskites exhibited “surprising” deformation, namely 
SrTiO3 [5], [6], KTaO3 [7], and ferroelectric KNbO3 [8]. Furthermore, overcoming the 
inherent brittleness and improving the plastic deformability of ferroelectrics, as well as of 
other non-ferroelectric perovskites, is being addressed in several ways. One approach is 
through structural and microstructural engineering via non-conventional synthesis routes 
that influence the dislocation density within the samples, for example, as in the case of 
cold sintering [9], [10], or favor another deformation mechanism over dislocation-mediated 
plasticity, e.g., grain boundary sliding as in aerosol-deposited thick films [11], [12]. 
Alternatively, deformability is enhanced by introducing dislocations into dislocation-
depleted samples after synthesis through controlled mechanical deformation at various 
length scales [13]–[16]. The introduced dislocations will, in addition  to affecting mechanical 
properties, also modify the macroscopic ferroelectric response, making them effective 
defects for controlling electromechanical properties [17], [18]. A thorough understanding of 
the mechanisms of deformation at different length scales of ferroelectric perovskites is 
essential for effectively tailoring their mechanical response and/or functional properties. 

The elastic properties of ferroelectrics have also been overlooked. Within ferroelectric 
materials, elasticity changes locally through the ferroelectric domain structure and can be 
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manipulated via domain structure engineering to achieve desired elastic properties. Regions 
with homogeneous spontaneous polarization direction, known as domains, exhibit 
anisotropic elastic properties dependent on the direction of spontaneous polarization [19]–
[21].  

Domain walls (DWs), which are the interphases separating domains, exhibit their 
distinct elastic responses. For example, 180° DWs have been shown to exhibit a lower 
Young’s modulus, reduced by approximately 19 %, compared to their neighboring domains 
with out-of-plane spontaneous polarization. This trend has been observed across various 
compositions, including periodically poled LiNbO3, BaTiO3, and PbTiO3, as well as in 
different morphologies, such as crystals and thin films [19]. In contrast, the elastic response 
of 90° DWs is more complex. For inclined 90° DWs, Young’s modulus increases on one side 
of the DW and decreases on the other [20]. Although the origin of the distinct mechanical 
behavior of DW is still not understood in full, proposals have been made on how this 
property can be exploited, for example, in thermal switches. Since elastic properties will 
influence the phonon scattering and heat propagation, DWs with a different Young’s 
modulus could serve as nanochannels within which the heat will propagate at a different 
speed [19]. The newly discovered properties offer opportunities to reuse already well-known 
ferroelectric materials in novel applications. 

1.2 Ferroelectric Materials 

1.2.1 Basic Characteristics 

By definition, ferroelectric materials are a subgroup of dielectric materials that have two 
key properties [22]: 

a) They have a net internal electrical dipole called spontaneous polarization (Ps) 
in the absence of an external electric field, 

b) The Ps can be switched by application of an external electric field. 
Ps forms naturally as a ferroelectric material is cooled down over a critical temperature 

called the Curie temperature (TC), at which a break in the structure’s symmetry occurs. 
Figure 1.1 depicts the rise of Ps in the oxide perovskite structure ABO3, one of the most 
technologically relevant types of ferroelectrics [23], which is also the focus of this thesis. At 
high temperature, the structure is in a centrosymmetric paraelectric phase. Upon reaching 
TC, the paraelectric phase transitions to a non-centrosymmetric ferroelectric characterized 
by a displacement of ions from their equilibrium positions. As simplistically shown in Figure 
1, this transition involves a relative shift of the B atom with respect to the A sublattice 
and the O sublattice. Consequently, the offset of ions leads to a displacement of the center 
of the positive and negative charge in the structure, giving rise to an intrinsic electric 
dipole. 
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Figure 1.1: Simplified schematic of a perovskite unite cell a) in the centrosymmetric 
paraelectric phase when temperature (T) is higher than the TC and b) in the non-
centrosymmetric ferroelectric phase at T lower than TC. The arrow marks the displacement 
of the central B atom from its equilibrium position as well as the direction of Ps. Adapted 
after [22]. 

A characteristic feature of ferroelectrics are ferroelectric domains-regions of uniformly 
ordered Ps within the material. The subdivision into domains is caused by the material’s 
need to minimize the electrostatic energy from the depolarizing field that forms at the 
material surface during the transition from the paraelectric to the ferroelectric phase and 
the elastic energy from mechanical stresses acting on/in the material. The morphology of 
the domains and, thus, the domain structure of a single crystal, a polycrystalline material 
(a ceramic), and a thin film differ due to different boundary conditions, both electrostatic 
and elastic [22]. 

Interfaces where the Ps vector transitions from one direction to another are referred to 
as domain walls (DWs). Depending on the symmetry of the ferroelectric phase, different 
types of DWs are created at the transition over TC. DWs are classified by the angle between 
the Ps vectors in the adjected domains. In a tetragonal system, where the Ps vector forms 
along {001}pc planes, 180° and 90° DW will form, as depicted in Figure 1.2. Similarly, in a 
rhombohedral system, the Ps will be along {111}pc planes, leading to the formation of 180°,  
109°, and 71° DWs, while in an orthorhombic system, the Ps lies along {110}pc planes 
leading to the formation of 180°, 120°, 90° and 60° DWs [24]. The notation pc denotes the 
pseudocubic symmetry metric. In principle, a division is made between 180° DWs and non-
180° DWs due to their different properties. 180° DW are exclusively ferroelectric in 
character and, thus, their dynamics can only be triggered by electric fields, while non-180° 
DWs have ferroelectric and ferroelastic characteristics, implying that they are not only 
mobile under electric field but also under mechanical stress. 
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Figure 1.2: Formation of 180° and 90° DWs in a tetragonal ferroelectric material as it is 
cooled down from the cubic phase. Red arrows represent the direction of Ps. DWs are 
drawn as dashed lines. ac, at, and ct, indicate the lattice cell parameters of the a cubic axis, 
the a tetragonal axis, and the c tetragonal axis, respectively. Adapted after [22]. 

1.2.2 Electromechanical Coupling 

Ferroelectric materials exhibit several electromechanical phenomena by which the material 
changes dimensions when an electric field is applied. The electromechanical response can 
arise from three intrinsic lattice effects: piezoelectricity, electrostriction, and 
flexoelectricity. 

The piezoelectric effect describes the polarization of a material in response to an applied 
mechanical force, as shown in Figure 1.3a. The relationship is linear, with the generated 
electric charge and the applied stress connected by the piezoelectric coefficient. Via the 
converse piezoelectric effect, the opposite can be achieved: the material will deform when 
exposed to an external electric field. Again, the relation between the resulting strain and 
the electric field is governed by the piezoelectric coefficient. Piezoelectricity is only present 
in materials that belong to non-centrosymmetric point groups, with the exception of the 
non-centrosymmetric point group 432, which is non-piezoelectric. The ferroelectric 
materials are the subgroup of piezoelectric materials [22].  

Unlike piezoelectricity, electrostriction is independent of material symmetry and can 
thus be found in all materials. It describes the quadratic relation between the strain and 
the electric field applied, connected by the electrostriction coefficient. This phenomenon 
results in material deformation that is independent of the polarity of the applied electric 
field [25].  

Flexoelectricity, on the other hand, describes the linear coupling between polarization 
and inhomogeneous strain. Contrary to piezoelectricity and electrostriction, flexoelectricity 
arises from strain gradients, as shown in Figure 1.3b, which locally break centrosymmetry 
and polarize the material. The relationship between strain gradients and polarization is 
governed by the flexoelectric coefficient [26]. 
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Figure 1.3: a) Direct piezoelectric effect generating positive and negative charge as the 
material is compressed; b) Strain gradient, in this case, caused by bending, leads to a 
displacement of the positive and negative charge centers, polarizing the material (from 
[26]). The dashed lines represent the material shape before deformation. 

1.2.3 Characterization of Ferroelectric Materials Using Electron 

Microscopy  

Electron microscopy is an analytical tool that is indispensable for characterizing 
ferroelectric materials. Its versatility enables simultaneous imaging in both real and 
reciprocal space, as well as chemical and crystallographic orientation analysis, providing 
comprehensive information about the microstructure, crystal structure, and chemistry, 
spanning from the microscale down to the atomic level. 

The basic principle involves accelerating electrons through vacuum, shaping the 
electron beam using electromagnetic lenses within the electron column, and collecting the 
signals generated by the interaction of electrons with the sample. Depending on the 
interaction, signals can be broadly categorized into two groups: signals that escape the 
sample surface after the interaction, which is usually the case in scanning electron 
microscopy (SEM), and signals that are created from electrons passing through the sample 
as in the case of (scanning) transmission electron microscopy ((S)TEM). 

1.2.3.1 Scanning Electron Microscopy 

The three most useful signals in SEM are the secondary electrons (SE), backscattered 
electrons (BSE), and characteristic X-rays generated during the interaction of the primary 
electron beam with the sample. Inelastic scattering of primary electrons by the sample’s 
electron cloud leads to the emission of SEs. The SEs have low energies, typically 50 eV or 
less, and only those generated near the surface can escape, resulting in a topography-
sensitive image [27]. As illustrated schematically in Figure 1.4a, the contrast mechanism 
relies on variations in the number of SEs emitted from flat versus inclined surfaces, allowing 
for detailed visualization of surface features. 

In contrast, BSEs are generated by elastic interactions between the primary electrons 
and the atomic nuclei. Such interactions alter the trajectories of the primary electrons with 
minimal energy loss. Therefore, BSEs have energies close to the incident beam energy, and 
the BSE signal is less surface-sensitive, as it is formed deeper compared to the SE signal. 
The intensity of backscattering increases with the atomic number (Z), resulting in 
composition contrast on the BSE images. The composition contrast obtained by BSE 
imaging is particularly useful for distinguishing different phases that may form during 
processing. Figure 1.4b shows undesirable secondary phases that often form in BiFeO3 
during solid-state synthesis [28]. In addition, BSE imaging is also employed in the study of 
ferroelectric materials to reveal domain structures by an orientation-sensitive contrast 
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mechanism known as electron channeling. The contract is based on the different 
orientations of the atomic columns, which affect the penetration depth of the primary 
electron beam, resulting in a contrast due to variation in crystallographic orientation. An 
example of domain imaging with electron channeling is shown in Figure 1.4c, along with 
the schematically drawn mechanism.   

 

Figure 1.4: Topographic contrast (by SEs), compositional contrast (by BSEs), and electron 
channeling contrast (by BSEs). BiFeO3 ceramic imaged with a) SEs, the red arrow indicates 
dark pores and the green arrow indicates brighter unpolished grains [29] and b) BSEs, blue 
and yellow arrows indicate the iron-rich (dark grey, low Z inclusions) and the bismuth-rich 
phases (brighter, high Z phase) [30]. c) Domain structure of Pb(Mg,Nb)O3‒PbTiO3 
ceramics imaged with BSEs. Below each example, the corresponding contrast-forming 
mechanisms are schematically illustrated. Adapted after [27] and [31]. 

Primary electrons can diffract on the specimen crystal planes. Such a signal gives 
information about the crystallographic orientation from a few nanometers below the 
surface, and it is thus very important that the surface is flattened and polished prior to 
analysis. The diffraction of the electrons is the basis for a technique called electron 
backscattered diffraction (EBSD). In addition, diffraction can be performed in transmitted 
mode, also referred to as transmission Kikuchi diffraction (TKD). 

Finally, X-rays can be formed as the primary electrons interact with and eject the 
electrons from the inner shells of atoms. The atom then fills the inner shell vacancy with 
an electron from the outer shell, emitting an X-ray photon. The energy difference between 
two electron shells is element-specific and thus provides information about the exact 
chemical composition of the specimen. X-rays are the basis for two electron-probe 
microanalytical techniques within a SEM: energy-dispersive X-ray spectroscopy (EDS) and 
wavelength-dispersive X-ray spectroscopy (WDS). 

1.2.3.2 (Scanning) Transmission Electron Microscopy 

In TEM, a parallel beam of primary electrons is used to illuminate the electron-transparent 
sample. This leads to scattering/diffraction (the term “scattering” is used when considering 
the particle nature of an electron, while “diffraction” is used when considering its wave 
nature) of electrons, which form the basis for imaging and diffraction. TEM can, therefore, 
be used for imaging in real space or for obtaining information in reciprocal space using 
selected area electron diffraction (SAED) based on Bragg’s law [32]. SAED can be 
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particularly valuable for assessing DW types by comparing experimental SAED patterns 
with simulated ones. For example, Figure 1.5 illustrates how reflections split in the presence 
of non-180° DWs in BiFeO3 due to slight variations in unit cell parameters between 
adjacent domains when viewed along a specific zone axis. The 180° DWs do not cause 
splitting. 

 

 

Figure 1.5: a) BF TEM image of domains in BiFeO3 ceramic; b) Experimental SAED 
patterns taken in [110] zone axis showing splitting of the (333) reflections; c) simulated 
SAED of a 71° DW. Adapted after [33]. 

Instead of parallel electron illumination, as in TEM, STEM uses a converging beam that 
is scanned over the sample by scanning coils. Annular detectors then collect the electrons 
elastically scattered at each probe position to form images. The high-angle annular dark 
field (HAADF) detector, for example, collects off-axis scattered electrons and provides 
chemistry-based contrast, also known as Z-contrast, due to the dependence of the signal 
on the Z number (~Z1.7) [34]. A limitation of HAADF is the inability to image light elements 
such as oxygen. An alternative is bright field (BF) imaging, which captures on-axis 
forward-scattered electrons as well as the unscattered beam and can also visualize light 
elements [32], [35]. 

Most STEM imaging techniques, including HAADF and BF, collect a portion of the 
diffracted electrons that fall on the detector, integrate them, and display the collected 
signal as intensity on a greyscale at each probe position. The information about the location 
where each diffracted electron hits the detector is thus lost. A pixelated detector, on the 
other hand, makes it possible to image the entire diffraction pattern by registering the 
locations where the diffracted electrons are detected. The imaging of reciprocal space at 
each probe position in real space is referred to as four-dimensional STEM (4D STEM). 
Capturing the diffraction pattern at each probe position offers extensive analysis 
possibilities. The simplest is a virtual reconstruction of the HAADF and BF image using a 
so-called virtual detector. Other analyses include, for example, the center of mass (CoM) 
analysis, where displacements of the diffracted beam caused by internal field(s) within the 
sample are evaluated and related to various properties such as electrostatic potential, 
magnetic fields, and strain [34]–[36]. 

Finally, as in SEM, (S)TEM also uses analytical techniques based on inelastically 
scattered electrons, namely EDS and electron energy loss spectroscopy (EELS). While both 
techniques provide information about the chemistry, EELS offers better energy resolution 
and can be used to detect light elements, determine oxidation states, and identify bonding, 
and is therefore used to complement EDS. 
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1.3 Mechanical Properties 

While the primary focus of this thesis is on ferroelectric oxide perovskites, non-ferroelectric 
oxide perovskites will also be discussed in this chapter, namely SrTiO3, which is one of the 
more extensively studied perovskite oxides in terms of mechanical properties. 
 

1.3.1 Elastic and Plastic Deformation 

The mechanical properties describe how a material reacts when a force is applied. The 
properties are primarily related to interatomic bonding, the structure, and the 
microstructure of the investigated material, and determine the elastic (reversible) and 
plastic (irreversible) deformation under stress. Figure 1.6a depicts the relationship between 
stress and strain during a tensile test, which will be used as an example to explain 
elasticity and plastic deformation. 

When initially applying stress, the material will first respond elastically and return back 
to the original form when the stress is removed. The elastic deformation can be seen as a 
linear progression of the stress-strain curve in Figure 1.6a and can be described by Hooke’s 
law. For anisotropic materials, both stress and strain are described as tensors, and  Hooke’s 
law can be written as [37]: 

 𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙 , (1.1) 

where σij denotes the stress tensor, εkl the strain tensor, and Cijkl the elastic constants. For 
isotropic materials, the elastic constant matrix is reduced to one constant referred to as 
the elastic modulus or Young’s modulus (E) [Pa]. Alternatively, elasticity can be expressed 
as stiffness [Nm‒1]. 
In the later stage, at a point referred to as the yield point or strength, the material starts 
to deform plastically until failure occurs (Figure 1.5a). Two different examples of plastic 
deformation are shown in Figure 1.6b, i.e., stress-strain curves for a brittle and a ductile 
material, respectively. Brittle materials withstand higher yield stresses compared to ductile 
materials, but they fracture after little or no plastic deformation, whereas ductile materials 
withstand a significant amount of plastic deformation before failure. A property that refers 
to the plastic deformability of the material is hardness (H) [Pa], which describes the 
resistance of a material to penetration of another harder material. 

 

 

Figure 1.6: a) Stress-strain curve, b) Stress-strain curves of a brittle and ductile material. 
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1.3.2 Dislocations and Their Role in Plastic Deformation 

Perhaps the most well-known carriers of plastic flow are found in metals, where plasticity 
is primarily governed by dislocations, one-dimensional crystallographic defects, where a 
half-plane of atoms is inserted between two atomic planes, as shown in Figure 1.7a. 
However, the ionic/covalent nature of bonds in perovskites has significant implications for 
the structure and motion of dislocations.  

Firstly, in perovskite (as well as other ionic solids), dislocations are characterized by a 
relatively large Burgers vector b (Figure 1.7a) compared to metals. To maintain local 
charge neutrality, the extra half-plane must include both cations and anions [38]. 
Additionally, ionic bonding restricts the available slip systems, preventing ions of the same 
charge from passing over each other. As a result, the only active slip system in perovskites 
at room temperature is <110>{1͞10}where the {1͞10} planes glide in the <110> direction 
[2]. 

High-temperature annealing, either calcination and/or sintering, makes perovskites 
nearly dislocation-free, with a dislocation density of approximately 109 m‒2 [15]. For 
comparison, the dislocation density of metals is roughly 1013 m‒2. The vast majority of 
dislocations thus need to be freshly nucleated during mechanical loading. This can happen 
by homogeneous nucleation, where the maximum shear stress (τmax) must exceed the 
theoretical shear strength (τth) [13], [39] of 

 𝜏th~
𝐸

4𝜋(1 + 𝜈)
, (1.2) 

where E is the Young’s modulus and ν is the Poisson’s ratio [/]. On the other hand, 
heterogeneous nucleation requires less stress than homogeneous nucleation, as it occurs 
from pre-existing defects. Various defects can serve as nucleation sources, including 
precipitates, dislocation loops, and even surface terrace steps [40]. 

Another big challenge for dislocations in perovskites is their motion. Dislocation motion 
proceeds step by step, with the half-plane advancing one unit cell at a time while 
overcoming lattice friction, also known as the Peierls barrier. In ceramics, this barrier can 
be particularly high, sometimes exceeding 5 GPa, making dislocation movement 
significantly difficult. Such high stresses can lead to the formation of cracks rather than 
sustained plasticity. The motion is mainly carried by the kink-pair mechanism [8], [41] and 
is presumed to be highly dependent on the dislocation core structure [42]. To reduce the 
energy required for motion, dislocations in perovskites often dissociate into two colinear 
partial dislocations and a stacking fault [43], as illustrated in Figure 1.7b: 

 〈110〉 →
1

2
〈110〉 + stacking fault +

1

2
〈110〉. (1.3) 
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Figure 1.7: a) Schematic of an edge dislocation. The end of the inserted half-plane is marked 
by a red inserted T. The Burgers vector is drawn with a green arrow closing the Burgers 
circuit (green dashed line) drawn around the dislocation; b) Compression of a full 
dislocation with a dissociated dislocation into two partial dislocations and a stacking fault. 
Adapted after [2]. 

During motion, a dislocation can multiply through a number of mechanisms. In contrast 
to metals, where the dislocations predominantly multiplies from Frank-Read sources, a 
multiplication mechanism in which a pinned dislocation segment bends outward to form a 
loop that eventually detaches [38], multiplication in perovskites is presumably dominated 
by (multiple) cross-slip [8], with Frank-Read sources contributing minorly. 

A comprehensive review on dislocations in ceramics can be found in Ref. [2], which 
provides a detailed discussion on dislocation formation, multiplication, and motion. 
However, plastic deformation in perovskites is not limited to dislocation activity; depending 
on the material’s structural and microstructural characteristics, alternative mechanisms 
such as grain boundary sliding and twinning can also play a significant role. 

1.4 Local Measurements of Mechanical Properties 

1.4.1 Nanoindentation 

Indentation is a versatile mechanical testing tool used to determine mechanical properties 
such as H and E, fracture toughness, creep, and phase transformations. It involves pressing 
an indentation probe (usually made of diamond) into the surface of a material while 
precisely controlling and recording the applied force and the resulting penetration depth. 

1.4.1.1 Calculation of Hardness and Young’s Modulus 

During indentation, the indentation probe of a selected geometry controllably imprints into 
the sample surface until a maximum force (Fmax) is reached. Figure 1.8a shows the surface 
profile at Fmax and after the release of the force. At Fmax, hardness can be calculated as  

 𝐻 =
𝐹max

𝐴
, (1.4) 

where A [m2] is the projected contact area calculated from the depth over which the contact 
is made (hc) [m] considering the geometry of the indentation probe. hc is read out from the 
depth measured during the application of the force, i.e., the force-depth indentation curve, 
as shown in Figure 1.8b. 
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The indentation curve is composed of two main parts: the loading portion of the curve 
and the unloading portion of the curve. The loading curve forms due to both elastic and 
plastic deformation of the material, while the unloading portion is caused by the elastic 
recovery of the material during unloading. Under this assumption, the reduced Young’s 
modulus (Er) can be calculated from the slope of the upper portion of the unloading curve 
that represents the stiffness of the elastic contact (S) [Nm‒1] as such: 

 𝐸r =
√𝜋

2

𝑆

√𝐴
. (1.5) 

E can be calculated from Er by considering the elastic properties of the indentation probe 
(Ep) and the Poisson’s ratios of both the probe (νp) [/] and the sample (ν) [44]: 

 
1

𝐸r
=

(1 − νp
2)

𝐸p
+

(1 − ν2)

𝐸
. (1.6) 

 

Figure 1.8: a) Cross-section of an indentation marking the profile of the surface at the 
maximum force applied and after the removal of the force; b) Indentation force-depth 
curve. Adapted after [44]. hmax and hc represent the indentation depths at maximum force 
and after unloading, respectively, while S denotes the slope of the unloading curve, 
corresponding to the contact stiffness. 

Nowadays, depth-sensing indentation instruments can be highly accurate, measuring the 
displacements of the indentation probe with high resolution, typically in the range of less 
than a nanometer, using a piezoelectric flexure or a three-plate capacitive transducer. Such 
instruments are referred to as nanoindentation systems. Nanoindentation offers an 
advantage over traditional macroscopic mechanical measurements by enabling the 
evaluation of specific features or small specimens. This capability is further enhanced when 
utilizing an in-situ indentation system [45], where the measuring system is placed inside an 
electron microscope (a SEM or a TEM), allowing for the accurate positioning of the 
indentation probe. 

In the field of perovskites, nanoindentation plays a crucial role, primarily due to its 
ability to determine E and H with a high spatial resolution, particularly for films on 
substrates. For instance, nanoindentation has been used to assess the mechanical properties 
of a thick film prepared using aerosol deposition, i.e., a room-temperature deposition 
method where ceramic particles are accelerated with high kinetic energy toward a substrate, 
and the film grows by impact consolidation and fracture of the initial powder particles [46], 
[47]. Nanoindentation studies revealed that post-annealing an aerosol-deposited BaTiO3 
film on a stainless-steel substrate at 500 °C increased its E from ~130 GPa to ~150 GPa 
and its H from ~8 GPa to ~11 GPa. The authors attributed these enhancements, shown in 
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Figure 1.9, as a function of indentation depth, grain reorientation, space charge effects, 
and the relaxation of internal stresses [11]. However, further annealing up to 750 °C resulted 
in a decrease in E and H, accompanied by increased scattering of the force-displacement 
curve distribution. The decline was linked to grain growth, which resulted in an 
inhomogeneous microstructure, the development of internal stresses, and, ultimately, crack 
formation [48]. 

 

Figure 1.9: a) E and b) H as a function of indentation depth of pristine aerosol deposited 
BaTiO3 film (red curve), the aerosol deposited BaTiO3 annealed at 500 °C (blue curve) and 
a BaTiO3 single crystal. The variation of E and H with indenter displacement was measured 
using nanoindentation in the continuous stiffness measurement mode (from [11]). 

While nanoindentation is the method of choice for determining the E and H of films, there 
are some limitations of the technique that are often overlooked. One major concern is the 
influence of the substrate’s mechanical properties on the measured values, especially on E. 
To mitigate this effect, the indentation depth should not exceed 10 % of the film thickness, 
as recommended by the standard ISO 14577‑1:2015 for instrumented indentation testing 
of hardness [49]. This guideline, originally proposed by Bückle, is valid only for hard films 
on softer substrates and primarily applies to hardness measurements [50]. The plastically 
deformed zone, from which information about H is obtained, is localized around the 
indentation, as schematically illustrated in Figure 1.10a. 

In contrast, the elastically deformed zone, which influences the measurement of E, is 
significantly larger than the plastic zone, as shown in Figure 1.10b [51], elastically 
deforming not only the film but also the substrate, making the 10 % rule inadequate for 
accurate E measurements in films. To improve accuracy, it has been proposed that the 
indentation depth be kept below 1 % of the film thickness [52]. Alternatively, a continuous 
stiffness measurement can be performed to monitor variations in E with indentation depth, 
ensuring reliable results and avoiding artifacts caused by the substrate, as demonstrated 
in the study presented in Figure 1.9a. If the substrate is found to influence E with increasing 
indentation depth, an extrapolation to zero penetration depth can be made to determine 
the true E of the film, as was done for La-doped Pb(Zr,Ti)O3 (PZT) films with an E of  
130 GPa [53]. 
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Figure 1.10: Schematically depiction of the sizes of a) the plastically deformed zone and b) 
the elastically deformed zone, which can extend into the substrate during the indentation 
of a film on a substrate. Adapted after [51].  

Similarly to films on substrates, other heterostructures, secondary phases, and 
microstructural features, such as grain boundaries and pores, also influence the measured 
E.  The E across the ferroelectric domains will also vary. Domains separated by non-180° 
DW, namely 90° DWs, have been observed to exhibit different E values for domains with 
in-plane Ps (a-domains) and domains with out-of-plane Ps (c-domains). However, E depends 
on the indentation position, as both neighboring domains undergo elastic deformation and 
contribute to the measurement [21]. In contrast, domains separated by 180° DWs should 
theoretically have identical elasticity. However, they can still be distinguished using 
nanoindentation due to changes in overall polarization and inhomogeneous strains 
generated during the indentation process. Specifically, downward-polarized domains were 
found to be stiffer than upward-polarized domains [54]. 

1.4.1.2 Elucidating Plastic Deformation Mechanisms 

Imprinting a material with a probe induces significant plastic deformation. The resulting 
indentation curves are thus rich in information about the mechanisms of plastic 
deformation. 

By comparing the evolution of H as a function of indentation depth of aerosol-deposited 
BaTiO3 film and single crystal BaTiO3 (Figure 1.9b) it was observed that while H of aerosol-
deposited films remained constant, while it decreased at shallow depths before stabilizing 
in the single crystal [11]. The decrees of H with increasing indentation depth is a 
phenomenon called indentation size effect (ISE), where materials indented at lower forces 
(at the nanoindentation level, where indentation depths are below the micrometer regime) 
appear to be harder than they do macroscopically. Nix and Gao explained ISE through a 
model involving geometrically necessary dislocations (GNDs), which form during 
indentation to accommodate plastic deformation and the associated strain gradient [55]. In 
BaTiO3 single crystal, plastic deformation is governed by the formation of GNDs, leading 
to a visible ISE. In contrast, aerosol-deposited films exhibit no apparent ISE, suggesting 
other mechanism(s). Specifically, deformation in these films is believed to be dominated by 
grain boundary sliding and the plastic flow of an amorphous phase present between grains 
[11]. 

For cases where dislocation-based plasticity is the primary deformation mechanism, the 
force-displacement curves can be used to assess the nucleation of dislocations by performing 
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an analysis of the first pop-ins. For a dislocation-free material, such as a SrTiO3 single 
crystal (Figure 1.10a) [15], in the very early stages of indentation with a sharp indentation 
probe [39], the material will first deform elastically, as shown in Figure 1.11b. The elastic 
behavior of the material can be described by the Hertzian theory of elastic contact [56], 
[57] as shown in Figure 1.11a according to the equation: 

 𝐹 =
4

3
𝐸r√𝑅ℎ

3
2, (1.7) 

where R represents the radius of the curvature of the indentation probe and h is the 
indentation depth. At a certain point, the indentation curve deviates from the predicted 
elastic behavior, i.e., the Hertzian behavior, which is observed as an abrupt jump in 
displacement at a constant load. The feature is referred to as the first pop-in and marks 
the transition from elastic to elasto-plastic behavior of the material, where the onset of 
plasticity is associated with dislocation activity. Care should be taken in the first pop-in 
assignation, as cracking and phase transitions could also result in pop-in events [58].  

From the first pop-in, the τmax needed for the material to deform plastically can be 
expressed as [57]: 

 𝜏max = 0.31(
6𝐸r

2

𝜋3𝑅2
𝐹0)

1
3,  (1.8) 

where F0 is the force measured at the first pop-in. In the example in Figure 1.11a, b, e, τmax 
of a SrTiO3 single crystal with a dislocation density of 5 · 109 m‒2 was found to be close to 
τth~17 GPa (Figure 11e, red data points) [15]. Further loading, however, will lead to 
multiplication and motion of dislocations, resulting in dislocation pile-up and, 
consequently, crack formation, as proposed by the Zener-Stroh model [59]–[61]. Regions of 
high dislocation density can also develop an ordered structure characterized by the 
arrangement of dislocations in sub-boundaries and the subsequent formation of sub-grains, 
as has been reported in SrTiO3 [14]. 

In dislocation-enriched SrTiO3, with a near-surface dislocation density of 5 · 1014 m‒² 
(Figure 1.11c, d, e), the first pop-in occurs at a much lower indentation force (Figure 
1.11d), and τmax is significantly reduced (Figure 1.11e, blue data points). This reduction 
results from inhomogeneous dislocation nucleation, which requires lower stress compared 
to the nucleation of dislocations from a pristine crystal lattice. Given that the stress 
required to move a dislocation in SrTiO3 is only 60 MPa [5], the presence of pre-existing 
dislocations facilitates plastic deformation at much lower stress levels [15]. 



1.4. Local Measurements of Mechanical Properties 15 

 

Figure 1.11: a) Schematic representation of the dislocation-free volume stress during 
indentation; b) Indentation curve in the initial stages of the pristine single crystal SrTiO3 
where the measured curve deviates from the Hertzian fit at the first pop-in; c) Schematic 
representation of the dislocation-rich volume stress during indentation; d) Indentation 
curve in the initial stages of the dislocation rich SrTiO3; e) Comparison of τmax measured 
in dislocation-free and dislocation-rich SrTiO3 (from [15]). 

Compared to non-ferroelectric perovskites, ferroelectrics can undergo anelastic and plastic 
deformation through reversible and irreversible non-180° DW ferroelastic motion, 
respectively. The onset of ferroelastic DW motion is triggered at forces lower than those 
required for dislocation nucleation in dislocation-free ferroelectrics. Indirect evidence of 
ferroelastic DW dynamics was obtained by analyzing the indentation curve in BaTiO3, as 
shown in Figure 1.12a, where a small hysteresis appears before the first pop-in (Figure 
1.12b). The small hysteresis observed in Figure 1.12a points to a mechanism that leads to 
remanence in deformation. The anomaly, which is atypical for purely elastic behavior where 
both parts of the curve overlay, is explained as domain reorientation and ferroelastic DW 
motion, which participate in the accommodation of the applied stress [62].  

Direct evidence of domain reconfiguration has also been observed through in-situ 
nanoindentation experiments inside a TEM in PZT thin films [63], as shown in the image 
sequence in Figure 12c and the schematics in Figure 12d, as well in BaTiO3 nanopillars 
[64]. 
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Figure 1.12: Indentation curves of BaTiO3 a) before and b) after the first pop-in; c) 
sequence of TEM micrographs and d) schematic representations of ferroelastic switching 
in PZT during application of lateral force, Adapted after [62] and [64]. 

1.4.2 Atomic Force Microscopy Techniques Dedicated for Measuring 

Mechanical Properties 

As discussed in Chapter 1.4.1.1, determining the elastic properties of thin films or nanoscale 
objects is challenging, even with nanoindentation. Instead, techniques based on atomic 
force microscopy (AFM) can be used for localized elasticity measurements, providing higher 
lateral resolution [65].  

AFM is a subgroup of scanning probe microscopy where a sharp probe located at the 
end of a flexible cantilever scans the surface of the specimen line by line, bending the 
cantilever based on the topographical features of the sample surface. The deformation of 
the cantilever is detected by a laser that is reflected from the backside of the cantilever 
into a photodiode, producing a topography image on the computer screen. Scanning can 
be performed in several ways, i.e., contact mode, semi-contact mode, and non-contact mode 
[66]. 

Two AFM techniques that offer the ability to map local elastic properties are peak force 
quantitative nanomechanical mapping (PF-QNM) and contact resonance frequency 
mapping (CRFM). The former technique is based on indenting the surface to extract E 
from the resulting force-distance curves, while the latter calculates E based on the dynamic 
response of the mechanically excited tip-sample system, where changes in resonance 
frequency reflect variations in local elasticity. 
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1.4.2.1 Peak Force Quantitative Nanomechanical Mapping  

PF-QNM is a commercial name for an AFM imaging technique where the cantilever 
oscillates at a frequency significantly lower than its resonance frequency, typically around 
1‒2 kHz, tapping the sample surface at a constant peak force of a few μN. At each imaging 
point, the AFM probe makes a brief contact with the sample surface, imprints it slightly 
(Figure 1.13a), and then retracts. This interaction is recorded as a force-distance curve, as 
illustrated in Figure 1.13b. From a single-point force-distance curve, the Er is extracted by 
fitting the retraction portion of the curve using the Hertzian contact model (Figure 1.13, 
Equation 1.7). 

To quantitatively determine Er, the choice of AFM tip and cantilever is crucial. The 
AFM tip should be made of a material harder than the sample under investigation, ideally 
diamond, while the cantilever should be sufficiently stiff to avoid buckling or lateral 
rotation of the cantilever, as the Hertzian contact model does not account for cantilever 
deflections caused by shear forces [67]. 

 

Figure 1.13: a) A schematic representation of the AFM tip making imprints in a sample 
with different local E. The black arrow marks the direction of scanning. b) A force-distance 
curve measured at each imaging point. Arrows mark the course of the curve. The portion 
of the curve used for the calculation of Er is marked in green.  

1.4.2.2 Contact Resonance Frequency Mapping 

In CRFM, an image of local elastic priorities is constructed by following the contact 
resonance frequency of the mechanically exited tip-sample system. Mechanical excitation 
is introduced by mechanically exiting either the cantilever [68] or the sample holder [69] 
with a high-frequency actuator. Recent developments in AFM technology also enable the 
cantilever to be excited by photothermal actuation [70], where an additional laser is 
impinging on the cantilever, heating it with varying intensity and causing it to vibrate. A 
schematic of the experimental setup, where the cantilever is mechanically exited, is shown 
in Figure 1.14a.  

The resonance frequency of the oscillating system is related to the elastic properties of 
the sample and may shift during scanning as the sample’s elasticity locally changes.  Shifts 
toward lower frequencies indicate a lower E of the material, and conversely, shifts to higher 
frequencies indicate a higher E (Figure 1.14b). The resonance frequency shifts are converted 
into E by modeling the elastic tip-sample interaction and the oscillation of the cantilever 
at the first or higher flexural resonance [71]. 
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Figure 1.14: a) A schematic representation of the AFM cantilever mechanically exited by 
an actuator. The black arrow marks the direction of scanning. b) As the tip passes onto a 
region of higher E, the resonance frequency of the mechanically exited tip-sample system 
shifts towards higher frequencies. Adapted after [72]. 

Such techniques have proven to be indispensable in nanoscale studies of domains’ elastic 
anisotropy [73] as well as the elastic properties of DWs. Experimental studies on elasticity 
measurements of DW are scarce in the literature, most relying on CRFM. 

The different mechanical behavior of DWs was first reported in PZT ceramics [74]. The 
authors observed string-like features with lower contact resonance frequency within the 
material, which were confirmed to be DWs later using piezoresponse force microscopy 
(PFM). In a later work, combining cantilever vibration theory and Hertzian contact theory, 
the ratios of E of DWs and domains for 180° DW with different widths in PZT ceramics 
were determined to be 0.587 for a 2-nm wide DW and 0.826 for a 5-nm wide DW. At the 
time, the authors also presented three possible effects that could explain the observed 
phenomena: i) the atomic disorder of the crystal lattice at the DWs may reduce their 
stiffness; ii) the ability of DWs to switch and consequently move may reduce stiffness; and 
iii) the reduction in stiffness due to the reduced piezoelectric stiffening at the DW. 
Regarding the latter, in the AFM experiment on the domains, the polarization charge 
during the stress application cannot be compensated by the small contact area of the AFM 
probe, and the stiffness increases due to the depolarization field created. On the other hand, 
the average polarization at the DW is small, and the piezoelectric stiffening effect is weaker 
there than in domains [75]. 

Following the seminal work on PZT, 180° DWs that separate domains with out-of-plane 
Ps were investigated in a periodically poled LiNbO3 single crystal, a BaTiO3 single crystal, 
and a PbTiO3 thin film using CRFM [19]. In all three cases, lower stiffness at the DWs 
was observed, indicating a universal phenomenon independent of the sample morphology 
and composition. In addition, the elastic softening was found to be independent of whether 
some domains were artificially created, as in LiNbO3, or spontaneously formed via cooling 
across the Curie point, as in BaTiO3. From the frequency shifts, considering the Hertzian 
contact theory and modeling the elastic interactions between the probe and the sample, E 
at the DWs of BaTiO3 was calculated and found to be 51.5 GPa, which is 19 % less than 
the value of domains with out-of-plane Ps (63.6 GPa). A PFM image and CRFM image of 
the domain structure of the BaTiO3 are shown in Figure 1.15a and Figure 1.15b, 
respectively. In both images, 180° DWs separating domains with out-of-plane Ps (c-c 
domains) appear as circular features, including in the CRFM image. However, 180° DWs 
that separate domains with in-plane Ps (a-a domains) exhibit no mechanical contrast [19]. 
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This observation suggests that the absolute direction of Ps in the surrounding domains 
greatly influences the elastic properties of DWs. 

 

Figure 1.15: a) PFM phase image of BaTiO3 single crystal; b) CRFM image of the roughly 
same area as shown in a). Dashed lines mark 180° DWs. ⊙ and ⊗ denote the out-of-plane 
direction of Ps, and arrows denote the in-plane direction of Ps, respectively (from [19]). 

To determine the origins of the reduced stiffness of 180° DW in ferroelectrics, the three 
hypotheses proposed in the work on PZT were re-evaluated. First, the role of point defects 
was found to have a minor contribution [19] even though they act as elastic dipoles [76], 
generating local strain fields that can influence elasticity. Their effect may become 
significant in ferroelectrics where point defects are known to segregate at DWs, as found 
in BiFeO3 [77].  

The second hypothesis explored DW movement under AFM probe stress. Tensile stress 
in 180° domains creates reduced strain at DWs, forming a shallow surface depression. Probe 
interaction with the depression displaces the DW, which the AFM records as reduced 
stiffness [19]. As the DW movements can be restricted by defects present at the DW, the 
latter mechanism could be viewed as an indirect effect of defects’ contribution to a softer 
elastic response of DWs. 

Lastly, depolarization effects were analyzed. Stress from the AFM probe induces bound 
charges via inhomogeneous polarization, creating depolarizing fields that reduce stiffness. 
Two mechanisms of charge formation were identified: the “in-plane” mechanism, producing 
head-to-head or tail-to-tail patterns, and the “out-of-plane” mechanism, generating 
monopole- or dipole-like charges. The in-plane mechanism was found to be the main 
contributing factor, with DW softening increasing significantly with non-zero shear 
piezoelectric coefficients under open boundary conditions. While the out-of-plane 
polarization can be partially screened, the in-plane polarization consistently contributes to 
softening under AFM probe-induced fields [19]. 

The 90° DWs in PbTiO3, exhibiting a ridge and valley topography as shown in Figure 
1.16, were found to be elastically softer on one side of the domain (ridge topography) and 
harder on the other (valley topography). However, this effect was observed only in DWs 
separating domains with out-of-plane Ps on one side and in-plane Ps on the other (a-c 
DWs). The influence of topography on the measurement was refuted, with the alternating 
pattern instead attributed to differences in strain profiles at the DWs. The E of the 
elastically softer and harder DWs were measured at 43.5 ± 1.8 GPa and 60.7 ± 4.2 GPa, 
respectively, with the softening/hardening extending roughly 100 nm into the domains [20]. 
Molecular dynamics simulations also predicted an alternating elasticity pattern in 90° DWs 
with ridge and valley topographies, however, suggesting the opposite. The valley DWs 
should be softer than the ridges, with an elasticity variation of only ± 0.7 %. The authors 
further discussed the possibility that the measured elastic properties could be influenced 
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by artefacts from AFM, such as DW motion, which may either amplify or obscure the 
intrinsic elastic properties [78]. 

 

Figure 1.16: a) 3D topography of the a-c domains in PbTiO3; b) Vertical PFM phase image 
of the same domain, showing the direction of Ps; c) CRFM image; d) Comparison of the 
line profiles of topography and frequency, taken from the region marked by the red dashed 
line in c) (from [20]). 
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Chapter 2 

2 Aims and Hypothesis 

The dissertation aims to investigate the local elastic and plastic properties of perovskite 
oxide ferroelectric materials, which are notable from an environmental perspective due to 
their energy-efficient preparation, such as aerosol-deposited thick films, or their 
environmentally friendly lead-free compositions. Thus, the first part of the dissertation 
focuses on understanding the local mechanical properties of films prepared using aerosol 
deposition, while the second part focuses on the local mechanical properties of two lead-
free bulk ferroelectrics, namely bismuth ferrite and potassium sodium niobate. 

 
The aims of the three parts of the dissertation are the following: 

1) To determine the changes of Young’s modulus and hardness using nanoindentation 
of aerosol-deposited 0.9Pb(Mg1/3Nb2/3)O3 ̶ 0.1PbTiO3 thick films that occur during 
heat treatment at 500 °C, which is common practice to improve the functional 
properties of aerosol-deposited films. This part, therefore, aims to thoroughly 
investigate the structure and microstructure before and after the heat treatment 
using electron microscopy in order to correlate them with the local mechanical 
properties. 

2) To measure Young’s modulus and hardness of BiFeO3 ceramics via nanoindentation 
as well as to investigate structural and microstructural defects resulting from the 
plastic deformation down to the atomic level. 

3) To investigate the local changes in elasticity of the ferroelectric domain structure 
of (K0.5Na0.5)NbO3 single crystal by atomic force microscopy-based techniques and 
understand them with the help of finite element modeling. 

 
The hypotheses of the dissertation are:  

1) Structure and microstructure have an impact on Young’s modulus and hardness. 
More so on Young’s modulus due to the different sizes of elastic and plastic zones 
under the indentation probe. In the case of a layered material, the Young’s modulus 
measured on the film is also affected by the elastic properties of the substrate. 
While for polycrystalline materials prepared by high-temperature annealing, 
hardness measurements are affected by the indentation size effect. 

2) The microstructure affects the mechanism of plastic deformation, which will thus 
differ in bulk materials prepared by high-temperature annealing and aerosol-
deposited films. 

3) Bulk materials have a low dislocation density prior to mechanical deformation and  
deform through dislocation-mediated plasticity under mechanical loading. 

4) The resolution of nanoindentation does not allow us to detect changes in the 

elasticity of domains and domain walls. Only by employing techniques with higher 
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lateral resolution, such as atomic force microscopy-based techniques, can the local 

elastic properties be determined. 

5) Ferroelectric domains show anisotropic elastic behavior, which will be dependent 
on the direction of the spontaneous polarization. 

6) Domain walls either have different elastic or the same elastic properties as 
neighboring domains. 
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Chapter 3 

3 Influence of Thermal Treatment on 

the Cross-Sectional Properties of 

Aerosol-Deposited 

Pb(Mg1/3Nb2/3)O3−PbTiO3 Thick 

Films 

The present study focuses on the correlation of the microstructural changes induced by 
post-deposition annealing with the E and H values measured by nanoindentation across 
the cross-section of aerosol-deposited 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 thick films on 
stainless steel substrates. 

Post-deposition annealing is commonly performed to improve the dielectric, 
ferroelectric, and energy storage properties of aerosol-deposited films [11], [79]–[82]. We 
found that heating at 500 °C for 1 hour induces small but detectable structural and 
microstructural changes in the films. Annealing improves crystallinity, promotes grain 
growth, and redistributes the pores into chain-like defects, resulting in a less homogeneous 
microstructure. In addition, annealing causes oxidation at the interface between the film 
and the substrate, forming a multilayered structure with Fe-rich, Ni-rich, CrxOy, and FemOn 
layers, each approximately 30–40 nm thick. 

These structural and microstructural changes cause both E and H to increase after 
annealing. Furthermore, the force-displacement curves show a broader distribution after 
annealing due to the microstructural inhomogeneities introduced during the process. While 
H remains relatively constant over the entire film thickness, E decreases as the 
measurements are made further from the substrate due to the influence of the underlying 
stainless steel. The contribution of the multilayer oxide structure to the overall properties 
is estimated to be minor. 

Interestingly, no cracking was observed around the indentations at the applied force of 
1 mN, suggesting that the deformation mechanism is primarily governed by grain boundary 
sliding [11] rather than dislocation-mediated plasticity, which is typically accompanied by 
cracking. 

 
This chapter addresses objective 1 and hypotheses 1 and 2. 
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Deposited Pb(Mg1/3Nb2/3)O3−PbTiO3 Thick Films  

Published in: K. Žiberna, M. Šadl, A. Drnovšek, G. Dražić, H. Uršič and A. Benčan, 
“Influence of Thermal Treatment on the Cross-Sectional Properties of Aerosol-Deposited 
Pb(Mg1/3Nb2/3)O3−PbTiO3 Thick Films”, Crystals, 13, 536, 2023, 
https://doi.org/10.3390/cryst13030536.  
 
My contribution: I metallographically prepared the cross-sectional surface of the films, 
performed in-situ nanoindentation, analyzed the nanoindentation data, and performed 
postmortem SEM analysis. I prepared electron-transparent samples with the focused ion 
beam (FIB) and performed STEM analysis in conjunction with EDS. Together with the 
co-authors, we interpreted the data, developed the manuscript concept, and wrote the 
paper. 
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Chapter 4 

4 Nanomechanical Characterization of 

BiFeO3 Ferroelectric Ceramics 

The study reports the measured E and H of BiFeO3 ceramics, along with the structural 
and microstructural defects formed during plastic deformation under a cube corner 
diamond indentation probe. 

Within the measurement range of 200 μN to 2 mN, both E and H decreased from (113.7 
± 6.9) GPa and (9.9 ± 0.4) GPa, respectively (measured at 200 μN), to (105.1 ± 5.3) GPa 
and (6.6 ± 0.2) GPa (measured at 2 mN). The decrease in E is attributed to microstructural 
features in the ceramic, primarily grain boundaries and pores, as the elastic deformation 
zone increases with increasing force, while the decrease in H is associated with the 
indentation size effect. 

Small-scale ductility was observed up to 500 μN. At 1 mN and above, the transition to 
characteristic brittle behavior was observed. 

As soon as the theoretical shear stress of 7.4 GPa was exceeded during loading, the 
homogeneous formation of dislocations began. A dislocation array was observed emanating 
from the region near the imprinted surface, indicating dislocation multiplication and 
movement after nucleation. The dislocations near the imprinted surface began to reorganize 
into low-angle grain boundaries, forming subgrains that retained some of the original 
crystallographic orientation of the deformed crystallite. The accumulation of dislocations 
on these sub-grains is believed to be the cause of the surface cracks due to stress build-up. 

Interestingly, there was no conclusive evidence of irreversible movement of the DWs 
motion during deformation. 

 
This chapter addresses the objective 2 and hypotheses 1, 2, 3, 4, and 5. 
 
Published in: K. Žiberna, M. Koblar, M. Bah, F. Levassort G. Dražić, H. Uršič and A. 
Benčan, “Nanomechanical characterization of BiFeO3 ferroelectric ceramics”, Journal of 
the European Ceramic Society, 44, 7025-7031, 2024, 
https://doi.org/10.1016/j.jeurceramsoc.2024.05.011.  
 
My contribution: I metallographically prepared the ceramic sample and performed SEM, 
electron backscatter diffraction (EBSD), TEM, STEM, and 4D STEM analysis. I performed 
nanoindentation. I performed AFM measurements, in particular PFM, CRFM and 
analyzed the data. Together with the co-authors, we interpreted the data, developed the 
manuscript concept, and wrote the paper. 
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Chapter 5 

5 Elastic Properties of Domains and 

Domain Walls in (K0.5Na0.5)NbO3 

Single Crystal 

The study investigates the variation of the elastic properties of the domain structure on 

the part of the orthorhombic crystal (K0.5Na0.5)NbO3 consisting of only ferroelastic DWs, 

namely 90° DWs and 60° DW, using AFM techniques dedicated for the evaluation of 

elasticity. Variations in elasticity were observed by passing over different domains and 

DWs. 

Differently oriented domains showed an elastic anisotropy, but a direct link between 
the elastic properties and the Ps direction was not established due to the complexity of 
determining the Ps orientation in the orthorhombic structure. 

The 90° DWs were found to be elastically softer on one side of the domain, i.e., have a 
higher Er, while they are elastically harder on the other side. The difference in the elasticity 
of domains and DWs was about ± 20 %. A similar trend in the elasticity of ferroelastic 
DWs was also observed by molecular dynamics, but with a much smaller variation in 
elasticity of ± 0.7 % [78], which was attributed as intrinsic elasticity solely to the 
stress/strain on the DWs. 

It is assumed that the difference between the modeling and the experimental 
measurements with the AFM arises from additional extrinsic contributions, such as reduced 
or absent piezoelectricity of the DW, which makes it appear elastically softer, and the 
depolarizing field in the adjacent domain due to the piezoelectric effect when the AFM 
probe presses on the domains. If depolarizing fields are not properly screened, they can 
make the domains appear elastically harder, resulting in the DWs appearing softer 
compared to the neighboring domains. 

Interestingly, no elastic contrast was observed at 60° DW, which could be attributed 
to an unfavorable orientation of the crystals, similar to what has already been reported for 
180° and 90° DW [19], [20]. 
 
This chapter addresses the objective 3 and hypotheses 6 and 7. 
 
Published in: K. Žiberna, M. Koblar, A. Bradeško, M. Bah, F. Levassort G. Dražić, H. 
Uršič and A. Benčan, “Elastic properties of domains and domain walls in (K0.5Na0.5)NbO3 
single crystal”, Journal of the European Ceramic Society, 45, 117566, 2024, 
https://doi.org/10.1016/j.jeurceramsoc.2025.117566. 
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Crystal  

My contribution: I prepared the sample and performed dual resonance AC tracking PFM, 
CRFM, TEM, SAED, nanoindentation and analyzed the data. Together with the co-
authors, we interpreted the data, elaborated the concept of the manuscript, and wrote the 
paper. 
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Chapter 6 

6 Conclusions 

The work focuses on local measurements of mechanical properties of environmentally 
friendly ferroelectric materials, either from the perspective of energy consumption, as in 
the case of aerosol-deposited 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 thick films, or lead-free 
ferroelectrics such as BiFeO3 and (K0.5Na0.5)NbO3. The work on 
0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 thick films and BiFeO3 bulk ceramics primarily focuses 
on the evaluation of Young’s modulus (E) and hardness (H) of both materials and assessing 
the deformation mechanism under mechanical loading. For (K0.5Na0.5)NbO3 single crystals, 
a high-resolution atomic force microscopy (AFM) technique was used to investigate the 
variation of elasticity between domains and domain walls (DWs). 

6.1 Influence of Thermal Treatment on the Cross-Sectional 

Properties of Aerosol-Deposited 

Pb(Mg1/3Nb2/3)O3−PbTiO3 Thick Films 

The first study focuses on the evaluation of E and H across the cross-section of aerosol-
deposited 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 thick films on stainless steel substrates using 
nanoindentation. The mechanical properties of the prepared films were evaluated, and after 
additional annealing at 500 °C, the main purpose being to enhance the functional 
properties. The conclusions of this part are as follows: 

• Annealing of aerosol-deposited 0.9Pb(Mg1/3Nb2/3)O3−0.1PbTiO3 films at 500 °C 
results in slight changes in the microstructure, namely grain growth and the 
redistribution of pores into chain-like defects consisting of nanopores. The 
increase in heterogeneity of the microstructure affected the mechanical 
properties, as evidenced by a larger scatter of the force-depth curves and 
numerous pop-ins after annealing. 

• Both E and H increased after annealing, which, according to the literature, is 
related to the reduction of residual stresses in the structure during the aerosol 
deposition process. 

• While H shows no specific trend across the cross-section of the films, both as-
deposited and annealed, E decreases linearly as the indentations are further 
away from the substrate, indicating an influence of the elastic properties of the 
substrate on the measurement of E. 

• Both films showed good crack resistance at a measurement force of 1 mN, which 
is attributed to the dense nanograined microstructure that likely favors the 
sliding of grain boundaries as a deformation mechanism over dislocation-
mediated plasticity. 
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6.2 Nanomechanical Characterization of BiFeO3 

Ferroelectric Ceramics 

The second part reports on the H and Er of BiFeO3 ceramics measured using a 
nanoindentation system with a cube corner probe in a force range of 200 μN to 2 mN. In 
addition, the mechanism of plastic deformation under the indentation probe is discussed 
based on the defects observed after deformation. The following conclusions were drawn: 

• As the indentation peak force increases, the values of H and Er decrease from (9.9 
± 0.4) GPa and (113.7 ± 6.9) GPa, respectively (values determined at the peak 
force of 200 μN) to (105.1 ± 5.3) GPa and (6.6 ± 0.2) GPa (measured at 2 mN). 
The decrease in H was attributed to the indentation size effect, while Er is 
influenced by microstructural defects such as pores, which lead to a smaller Er as 
the elastic zone becomes larger with increasing force. 

• The size effect transition from ductile to brittle behavior was observed between  
500 μN and 1 mN for a cube corner diamond indentation probe.  

• Pop-in analysis in combination with (S)TEM images from an undeformed region 
showed homogeneous dislocation nucleation from a dislocation-free lattice near the 
shear stress of τth ~7.4 GPa. The newly formed dislocations were attributed to the 
room temperature perovskite slip system {110}pc<1͞10>pc. 

• Evidence of dislocation movement and multiplication was observed in the form of 
an array, as well as near the deformed surface, where dislocations appear to arrange 
in low-angle and grain boundaries, forming sub-grains of approximately 10 nm in 
size. The accumulation of dislocations at the surface may serve as a high-stress 
region where cracks can develop. 

6.3 Elastic Properties of Domains and Domain Walls in 

(K0.5Na0.5)NbO3 Single Crystal 

Lastly, we investigated the mechanical response of domains and DWs in (K0.5Na0.5)NbO3 
using specialized AFM techniques, which have higher spatial resolution compared to 
nanoindentation. The conclusions were the following: 

• Only ferroelastic 90° and 60° DWs were found within the region of interest. 
• The 90° DWs show an increase in elasticity from the average Er of 130 GPa on one 

side of the domain and a decrease on the other side. The difference in Er is estimated 
to be 20 %. While the origin of the elasticity variations in DWs remains unknown, 
it is likely a combination of the inherent elastic properties of DWs and extrinsic 
contributions, such as properties from the neighboring domains and the 
measurement itself. 

• The 60° DWs showed no elastic contrast. 
• The domains show different elastic properties due to the inherent elastic anisotropy. 

The elastic properties within the domain were not correlated with the direction of 
Ps due to the complexity of orthorhombic symmetry and sample orientation. 
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