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Abstract
Dislocations have been severely underestimated as a tool for tailoring the functional properties
of ferroelectric materials, which are essential electroceramic components in many applications.
Recently, numerical simulations have predicted strong ferroelectric dislocation–domain wall
interactions. However, little is known about the plastic deformability of bulk ferroelectrics to
introduce dislocations and the ability of dislocations to tune electromechanical properties.
In this work, these issues are addressed for the ferroelectric single crystal materials KNbO3 and
BaTiO3. Furthermore, the obtained knowledge is applied to fine-grained polycrystalline BaTiO3.
The anisotropic deformation behavior of 〈010〉𝑝𝑐 and 〈101〉𝑝𝑐 -oriented KNbO3 single crystals is
studied by uniaxial compression at room temperature. The activation of the {110}〈110〉 slip
system and the observed low critical resolved shear stress of 20–30 MPa cause a large plastic
deformation of 4.6% and allow the determination of the resulting slip band structures. A
reduction in domain size from the initial 1.8 µm to 0.5 µm and local switching experiments
confirm that dislocations act as nucleation and pinning sites for domain walls.
The dislocation-induced change in functional behavior was examined in detail using 〈001〉oriented BaTiO3 single crystals. Creep experiments at high temperature cause a mechanical
imprint, leading to rhombic domain structures. Moreover, a huge increase in dielectric and
electromechanical response (εr ≈ 5800 and d33* ≈ 1890 pm/V) was observed in the subcoercive
field region. Based on these results, we propose an extension of the concept of local domain
wall pinning at dislocations towards a macroscopic restoring force acting against the domain
wall motion. The mechanical imprint and the resulting pinning force (Peach Koehler force)
stabilize an a-c-domain configuration. The application of an electric field causes strain
incompatibilities between pinned and switched domains, which result in the macroscopic
restoring force preventing the switching of further domains or causing already switched
domains to switch back. Since plastic deformation is anisotropic, a brief outlook to the
deformability of 〈110〉-oriented BaTiO3 is given, indicating that BaTiO3 and SrTiO3 behave
similarly at high temperatures and high stresses.
This mechanism provides a deeper understanding of the dislocation–domain wall interaction
on a macroscopic level and paves the way for anisotropy studies in single crystals, as well as
the transfer to polycrystalline ceramics.
A creep deformation map for polycrystalline BaTiO3 is then developed. The influence of
dislocation- and diffusion-based creep mechanisms on the microstructural and
electromechanical properties is discussed. An increase in the phase transition temperature of
ΔT = 5 °C, a decrease in the maximum polarization by 10% and an electromechanical strain by
30% were observed. Moreover, the different creep mechanisms are discussed.
In this work, the foundations are laid to better understand the plastic deformability of KNbO3
and BaTiO3 single crystals and the resulting consequences of the mechanical imprint on the
ferroelectric domain structure and the dielectric and ferroelectric behavior. Thus, the
dislocation-based functionality approach was established on the macroscopic scale, which could
facilitate the further implementation of dislocations as functional property-tuning defects in
ferroelectric bulk materials.
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Introduction

The ability to tailor functional properties of a material is an essential feature of all cooperative
phenomena, including superconductivity, multiferroics, magnetism, and ferroelectricity. For
each phenomenon and application field, the strategy varies slightly with form of the material,
for example, thin films or bulk materials. Strain engineering is a common approach to tune the
properties of functional materials. For thin films, this is often achieved through epitaxial strain
from the substrate, resulting in high-performance ferroic [1-3] or superconducting materials
[4]. Other approaches are required for bulk materials, including point defects [5], grain
boundaries [6] and phase engineering [7]. Although property tuning with dislocations is less
well established, it has been used in some complex materials, including superconducting
YBa2Cu3O7-δ [8], thermoelectric bismuth antimony tellurides [9], and ionic materials such as
LiF [10]. Dislocations provide tensile and compressive strain fields, which pin vortexes in hightemperature superconductors [8] and reduce thermal conductivity [9]. The combination of a
strain field together with a charged dislocation core and a surrounding space charge layer not
only enables the modification of thermal properties in oxides [11], but also offers additional
transport pathways through the core [12, 13] or the space charge layer [14], thus affecting the
electrical conductivity of the material.
Ferroelectrics are among the most versatile functional ceramics because they exhibit a
combination of various physical properties such as switchable polarization, high permittivity,
pyroelectricity, and piezoelectricity [15]. Tuning these properties is essential for a wide range
of applications from sensors, transducers, actuators and capacitors to data storage [15, 16].
Ferroelectric materials are mainly defined by switchability of spontaneous polarization. Regions
with similar polarization orientation are referred to as ferroelectric domains, whereas the
boundaries between regions with divergence in polarization direction are called domain walls.
Controlling the movement of the domain walls allows the tuning of properties of ferroelectrics,
and it is an essential part of their applicability. The main challenge for bulk materials is
achieving high temperature and cycling stability, as well as high electromechanical response.
Control of domain wall motion is typically achieved by strain engineering [1], phase boundary
engineering [17], point defect doping [5, 18], texturing [19-21], domain engineering [22, 23]
and required poling procedure [24]. Nevertheless, limited temperature- and field-stability and
point defect mobility offer potential for improvement [25-27]. For example, when using
acceptor-doped piezoelectrics in resonant drive mode, the heat generation limits the
applicability of the point-defect doping approach [15, 28, 29]. This is where, dislocations come
into play as a defect type, due to their thermal stability up to 600 °C [30].
Dislocations are intrinsic and temperature-stable defects. Their strain field, charged dislocation
core, and surrounding space charge layer offer an opportunity to affect and control the
ferroelectric domain wall motion. They combine the potential of electrostatic interaction and a
strain field for elastic interaction similar to the strain engineering approach in thin films. In
addition, because dislocations are intrinsic defects, no further introduction of potentially toxic
materials (e.g., lanthanides) is necessary. Dislocations can stabilize the ferroelectric phase [1,
31], act as nucleation and pinning sites for domain walls [32] and locally alter polarization [3238]. Nevertheless, dislocations in ferroelectrics remain underestimated and underinvestigated.
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The introduction of dislocations in oxide materials is not a trivial challenge owing to the
limitation of slip systems because of covalent and ionic bonding, the low dislocation density
[39] and higher Peierls stress [40] compared to metals [41, 42]. Therefore, most studies on
ferroelectric materials focus on indentation [43-45] or are related to viscosity of the lower
Earth’s mantle in the context of geological studies but do not focus on the ferroelectric
properties [46, 47]. Until now, the influence of dislocations on ferroelectric domain wall motion
has been studied mainly theoretically [32, 33, 36, 38, 48, 49] and in thin film model systems
[34, 50-57]. As a result, the detailed knowledge and understanding of how dislocations impact
the electromechanical response on the macroscopic scale remain limited.
In this study, the effect of artificially introduced dislocations on ferroelectric functionality in
bulk materials was investigated, in order to extend the understanding of dislocations to the
macroscopic scale. As a starting point, ferroelectric single-crystalline KNbO3 was chosen as one
of the rare perovskite materials deformable at room temperature [39]. KNbO3 is used as a
photocatalyst [58] and electrooptic material [59] and is the basic component of (K,Na)NbO3,
which is one of the most promising lead-free ferroelectric systems. Uniaxial compression
experiments were performed to investigate the plastic deformability of KNbO3 along the [010]𝑝𝑐
and [101]𝑝𝑐 orientations and the dislocation-based changes in the domain structure were
investigated. Special attention was given to the slip band formation and distribution, which is
rarely discussed for oxides in the literature. The temperature- and locally DC field-dependent
domain structures of KNbO3 were investigated to provide evidence that dislocations affect
domain formation and arrangement on the microscopic and macroscopic scales.
In the second part, the dislocation-based changes in the electromechanical behavior are
discussed. For this purpose, the ferroelectric model material BaTiO3 was used, which is an
important electroceramic material in applications [60]. Single crystals were deformed along the
〈001〉𝑝𝑐 orientation by high-temperature creep, causing a mechanical imprint in the BaTiO3
single crystals. The electromechanical properties were studied to investigate the influence of
the dislocations on the dielectric, piezoelectric and ferroelectric properties in the subcoercive
and supercoercive electric field regimes, indicating a unique potential of dislocation–domain
wall interaction.
In addition, an outlook on the high-temperature deformability of 〈110〉𝑝𝑐 -oriented single
crystals is provided to address the orientation dependence and a comparison to the hightemperature deformability of SrTiO3 is given.
The concept of mechanical-imprint was then extended to polycrystalline bulk materials, which
are commonly used in applications. Thus, high-temperature creep was applied to fine-grained
polycrystalline BaTiO3 and a deformation map was developed to determine the dislocation
creep regime and to investigate the resulting microstructural and electromechanical changes in
the material.
The concept of dislocation-based engineering enables the modification of domain structure and
domain wall mobility. The demonstrated impact on functional properties shows that bulk
ferroelectrics can strongly benefit from dislocations as internal defects.

2

2

Theory and Literature Review

This chapter summarizes the basics of dislocations and ferroelectrics to explain the introduction
of dislocations into ceramics and their interaction with domain walls. In the first section (2.1),
the most relevant knowledge about dislocations and dislocation-based deformation mechanisms
is presented, focusing on the deformability of perovskites. This information is followed by an
overview of the fundamentals of ferroelectrics (Section 2.2). The last section (2.3) highlights
the state-of-the-art knowledge on dislocations in ferroelectrics.

2.1

Dislocation-Based Deformation in Ceramics

Dislocations are commonly seen as the major crystal defect type contributing to plastic
deformation in metals. However, the term plastic deformation covers several partially
competing mechanisms ranging from dislocation-based plastic deformation (σ>σcrit),
dislocation creep and diffusion creep to grain boundary sliding [61-65].
The introduction and motion of dislocations in ceramics is more intricate than in metals. The
ionic charges and the often more complex crystal structure are two of the main reasons
impeding plastic deformation of ceramics. During dislocation motion the system still has to
fulfill the charge neutrality condition. Contact between ions of the same charge is undesired.
Therefore, easy glide is only possible on a limited amount of planes (slip planes).
In metals, the atoms share an electron cloud. Thus, the atom arrangement does not affect the
charge distribution in the same way as ions in ceramics do. As a result, the number of active
slip systems in metals is not as severely limited by the atom arrangement, like it is the case for
ceramics. In addition, typical dislocation densities in ceramics are lower compared to metals. A
dislocation density in the range of 109–1010 1/m² [41] can be reached for a well-annealed
metallic crystal, while for a cold-worked metal even 1014–1016 1/m² [42] is possible. Several
orders of magnitude lower are dislocation densities in ceramic single crystals with 108 1/m² or
below [39, 66]. The dislocation core structure can be more complex in ceramics, as well. The
increased stacking fault energy for ceramics [67] leads to higher energies of dislocations in
oxides than in metals [67]. Generally, higher stresses and higher temperatures are thus needed
to plastically deform a ceramic and it is likely that the ceramic will fracture before the critical
stress for plastic deformation is reached.
To understand the deformation mechanisms in ceramics, a summary of the physical background
for dislocation characteristics and motion (Section 2.1.1 and 2.1.2 ) is given below. The concept
of plastic deformation above the yield strength σys and creep are presented in Sections 2.1.3
and 2.1.4, respectively. This is followed by a literature review on plastic deformation
experiments from ambient to high temperatures for selected ceramics (Section 2.1.5).

2.1.1

Dislocation Characteristics

Dislocations can be described by the insertion of half planes into the regular crystal lattice. Their
character is described by the Burgers vector 𝑏⃗, a line vector t and the angle λ between both [64,

65]. The Burgers vector, depicted in red in Figure 2.1, is defined by the extent of the additional
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lattice plane and the direction of the distorted lattice, visualized as an additional step to close
the Burgers circuit (Figure 2.1). The Burgers vector is perpendicular to the line vector for an
edge dislocation (Figure 2.1a) and is parallel to the line vector for a screw dislocation (Figure
2.1b) [64, 65, 68].

Figure 2.1: Schematic of the Burgers circuit and the Burgers vector of an edge (a) and a screw (b)
dislocation (Redrawn from Ref. [68]).

Dislocations distort the crystal lattice, leading to an elastic strain field and an elastic stress field
in the surroundings. The shape of the elastic stress and strain fields depends on the dislocation
character and affects the dislocation motion, as well as the interaction with other defects and
external stresses.

Figure 2.2: Tensile (+) and compressive (-) stress fields around an edge dislocation.

The most common representation of the tensile (+) and compressive stresses (-) σ11 around an
edge dislocation is shown in Figure 2.2 [64]. The stress field σ of a dislocation is directly
proportional to the elastic shear modulus µ and the Burgers vector 𝑏⃗. σ decays with the
reciprocal of the distance r [69].

𝜎∝

⃗
µ𝑏
𝑟

2-1

The decay of the stress field with increasing distance is among the smallest for dislocations
compared with that for other defect types such as point defects (1/𝑟 2 ); the decay is slower only
for cracks (1/√𝑟). Therefore, dislocations provide a long-range stress field and can interact with
other dislocations and defects. The interaction between ferroelectric domains and the strain
and stress fields of dislocations will be discussed again in Section 2.3.
Apart from strain and stress fields, excess of charges of the same kind may result in a charged
dislocation core in ionic crystals [10]. A charged dislocation may be caused by several different
aspects, such as a charged end of the inserted half-plane, charged steps in the dislocation line
(jogs and kinks), variations in the vacancy formation energy at the core and by the accumulation
of vacancies at the dislocations during dislocation motion [10, 70]. Charged dislocations are
addressed in detail for alkali halides by Whitworth [10] and summarized for TiO2 and SrTiO3
4

in the review article by Szot [71]. A deficiency of oxygen and strontium was determined at the
dislocation core in SrTiO3, indicating a positively charged dislocation core [72, 73]. In contrast
to SrTiO3, TiO2 has a negatively charged dislocation core [74]. In both cases, space charge layers
are formed in the surrounding [14, 75]. Whether the core is charged positively or negatively
depends on, among other aspects, the complexity of the material, available ions, point defect
doping, slip system and dislocation type. It was shown that the dislocation type (e.g., screw,
edge and partials) affects the cation concentration [76, 77]. Such variations in charge
conditions in the core and in the space charge layer offers huge interaction potential with other
defects and can alter electrical properties. Specifically, the conductivity of the core and the
space charge layer have been studied in detail in recent years [71, 75, 78-81].

2.1.2

Dislocation Motion

The following descriptions are based on the textbooks by Poirier [69], Messerschmidt [64], Hull
[65] and Suzuki [40].
The crystal structure, bonding nature and periodicity of a crystal lattice define the intrinsic
resistance of a dislocation to glide. The bonds at the dislocation core have to be broken and
rebuilt for dislocation motion. The Peierls potential Ep (Figure 2.3a; also known as Peierls
energy) is the periodic lattice potential E, that needs to be overcome. The periodic lattice
potential determines the potential energy of the dislocation at a certain lattice position x and
depends on the bonding nature of the lattice atoms. The Peierls potential Ep is the peak of the
potential curve presented in Figure 2.3a and can be determined with Equation 2-2:
𝐸𝑝 =

µ𝑏⃗²
−2𝜋𝑎
𝑒𝑥𝑝 (
)
𝜋(1 − 𝜈)
|𝑏⃗| (1 − 𝜈)

2-2

The Peierls potential depends on the shear modulus µ, Poisson ratio 𝜈, magnitude of Burgers
vector |𝑏⃗| and interplanar spacing of the slip plane a. To overcome the Peierls potential, the

Peierls-Nabarro stress 𝜏𝑝 is required, as indicated in Figure 2.3b. Peierls-Nabarro stress is
correlated, among other parameters, with the maximum slope (critical force per unit length) of
the Peierls potential divided by 𝑏⃗². The relationship between Peierls-Nabarro stress and Peierls
potential is given in Equation 2-3.

2𝜋
𝐸𝑝
𝑏⃗²

2-3

2µ
−2𝜋𝑎
𝑒𝑥𝑝 (
)
1−𝜈
|𝑏⃗| (1 − 𝜈)

2-4

𝜏𝑝 =

Inserting Equation 2-2 into Equation 2-3 gives the Peierls-Nabarro stress for an edge dislocation,
which is defined as follows [40]:

𝜏𝑝 =

The ratio 𝑎/|𝑏⃗| substantially influences the Peierls stress and can be used to qualitatively predict
material behavior. A large 𝑎/|𝑏⃗| ratio (𝑎/|𝑏⃗| = 1 ) leads to a low 𝜏𝑝 (𝜏𝑝 ∝ 10−4µ), whereas a
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small 𝑎/|𝑏⃗| ratio (𝑎/|𝑏⃗| = 1/3) has a high 𝜏𝑝 ( 𝜏𝑝 ∝ 10−1 µ). Face-centered cubic metals (fcc)
have a large 𝑎/|𝑏⃗| ratio owing to their close-packed structures and metallic bonding (small |𝑏⃗|),

resulting in low Peierls stress of 𝜏𝑝 ∝ 10−5µ. This leads to an easier dislocation glide than bodycentered cubic (bcc) metals and ceramics. For most ceramics, 𝜏𝑝 is high owing to covalent or
ionic bonds, with small 𝑎/|𝑏⃗| ratios and in the range of 𝜏𝑝 ≈ 10−3 − 10−1 µ [82-84]. Perovskites

have an 𝑎/|𝑏⃗| ratio of 0.2–0.5, depending on the slip plane and the Burgers vector [82]. In the
case of a small 𝑎/|𝑏⃗| ratio, the fracture stress is often reached before the dislocation can

overcome the Peierls potential [40].

Figure 2.3: Simplified schematic for the dislocation motion and the resulting (a) Peierls energy, E p, and
(b) Peierls-Nabarro stress, τp.(Redrawn from Ref. [85]) Kink formation in dependence on the
position x is given in (c). Kink migration is indicated with an arrow (cyan; redrawn from Ref. [65]).

With the assistance of thermal activation, the energy potential can be surmounted by the
formation of a kink pair. The so-called Peierls mechanism describes the motion of the
dislocation in a slip plane (glide mechanism) by the formation of two kinks (kink-pair
formation) and migration of the kinks with applied stress. The two kinks have opposite signs
and are spread laterally, as indicated in Figure 2.3c. Kink migration (cyan arrow in Figure 2.3c)
is the prolongation of the line connecting the two kinks and occurs along the dislocation line.
Owing to the periodicity of the lattice the migration of kinks has an energy barrier as well [64].
Only in a few ceramics Ep is low enough for dislocation glide at room temperature. If the kinkpair mechanism is the dominant process, both migration and nucleation can be the rate-limiting
step. Another option for a rate-controlling mechanism is overcoming local obstacles (e.g. voids,
precipitates, point defects and other dislocation loops), which was first described by Orowan.
The Orowan mechanism describes the overcoming of local obstacles by glide (inside a slip
plane) or by climb (moving to another slip plane) of dislocations.
The plastic strain rate 𝛾̇𝑝 (Orowan equation; Equation 2-5) is correlated with the dislocation
density 𝜌𝐷𝐿𝑆 , Burgers vector 𝑏⃗ and the average dislocation velocity 𝜉̅, which is affected by the
∗
temperature T and the thermal stress component 𝜏𝑡ℎ𝑒𝑟𝑚
[69, 86]:
∗
𝛾̇𝑝 = 𝜌𝐷𝐿𝑆 𝑏⃗ 𝜉̅(𝑇, 𝜏𝑡ℎ𝑒𝑟𝑚
)
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For Equation 2-5, it is assumed that the dislocation density is constant, which is the case for
quasi-steady-state deformation (regime II, see Section 2.1.4) [69].
Both Orowan and kink-pair mechanisms are thermally activated and, therefore, follow an
Arrhenius-type behavior for the strain rate [86]:
𝛥𝐺 ∗ (𝜏 ∗ )
𝛾̇ = 𝛾̇ 0 𝑒𝑥𝑝 (−
)
𝑘𝐵 𝑇

2-6

𝛾̇ 0 is a prefactor, 𝛥𝐺 ∗ (𝜏 ∗ ) is the Gibbs free activation energy (indicated in Figure 2.4), 𝑘𝐵 is the
Boltzmann constant and T is the temperature [87].

Figure 2.4: a) Overcoming a Peierls barrier (localized obstacle) in dependence of the applied mechanical
contribution ∆W and the free energy of thermal activation (Gibbs free activation energy) 𝛥𝐺∗ . This
schematic is also valid for kink-pair mechanism (Redrawn from Ref. [64]).

The energy 𝛥𝐺 ∗ necessary to overcome the localized obstacle is partly provided by the
mechanical contribution ∆𝑊, which acts as additional driving force and reduces the required
thermal contribution between the states 𝑥1 and 𝑥2 (at the same applied stress and temperature)
[65].
𝑥2

𝛥𝐺 ∗ = ∫ 𝐹(𝑥)𝑑𝑥 − (𝑥2 − 𝑥1 )𝐹

2-7

𝑥1

𝛥𝐺 ∗ is indicated in the upper part of the barrier, presented in Figure 2.4a [64, 87]. By
integrating Equation 2-7, the Helmholtz free energy ∆𝐴(𝜏 ∗ ) (Equation 2-8) and the activation
volume 𝑉𝐴 (Equation 2-9) can be determined with the force F(x), the positions 𝑥1 and 𝑥2 , the
activation distance ∆𝑑 and the bow-out dislocation segment of length l [64]:
𝛥𝐺 ∗ = ∆𝐴(𝜏 ∗ ) − ∆𝑑𝑙|𝑏⃗|𝜏 ∗
𝛥𝐺 ∗ = ∆𝐴(𝜏 ∗ ) − 𝑉𝐴 ∗ 𝜏 ∗

The activation volume 𝑉𝐴 is thermodynamically defined as
𝑉𝐴 = [−

Theory and Literature Review

𝜕𝛥𝐺 ∗
] .
𝜕𝜏 ∗ 𝑇
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Arrhenius relationships are often used to describe dislocation dynamics or creep in general.
Hereby, the microscopic interpretation of the thermodynamic parameters can differ between
the mechanisms. For example, determining the activation volume as 𝑉𝐴 = ∆𝑑𝑙|𝑏⃗| is only valid
for the description of overcoming localized obstacles. Schoeck [87] experimentally determined
the activation energy QDLS for the dislocation motion and the activation enthalpy ∆𝐻.
𝛾̇
𝜕 ln 𝛾̇

)

2-11

𝜕𝛥𝐺
= 𝛥𝐺 − 𝑇 (
) = ∆𝐻
𝜕𝑇 𝜎

2-12

𝑄𝐷𝐿𝑆 = 𝑘𝐵 𝑇² (−

𝜕𝑇

0

𝜎

The activation energy QDLS can be determined with a temperature change test at constant stress.
At this point, the change of the entropy is disregarded for the motion of dislocations and,
therefore, is equal to the activation enthalpy ∆𝐻.

In the literature, a simplified empirical equation of an Arrhenius-type relationship is often
applied to experimental data to determine the activation energy Q (or 𝛥𝐻 [88]), which is
applicable for dislocation dynamics and creep considerations but thermodynamically erroneous.
𝛾̇ = 𝛾̇ 0 𝑒𝑥𝑝 (−

𝑄
)
𝑘𝐵 𝑇

2-13

These variations in the use of Arrhenius-type relationships can result in an inconsistent
terminology for the activation energy and activation enthalpy of experimental data.
Nevertheless, the activation volume and activation enthalpy together facilitate an interpretation
of the deformation mechanism [86, 88]. The kink-pair mechanism has an activation volume in
the range of 1– 102 ∙ 𝑏³. Localized obstacles, in contrast, have an activation energy in the range
of eV and 𝑉𝐴 ≈ 10 − 104 ∙ 𝑏 3. For SrTiO3 single crystals, the activation volume and activation
enthalpy decrease with increasing critical resolved shear stress below room temperature (RT)
[86]. With increasing temperature from 1300 K to 1800 K the activation volume increases up to
120 ∙ 𝑏³ for the 〈110〉-oriented single crystals; see Figure 2.5. The activation enthalpy can reach
several eV and depends on the single crystal orientation [88]. For SrTiO3, different kink-pair
mechanisms are assumed, depending on the temperature range [89, 90].
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Figure 2.5: Activation volume as a function of temperature T for different orientations in a SrTiO3 single
crystal at T > 1227 °C (Reprinted from Ref. [88] © Carl Hanser Verlag GmbH & Co.KG, München).

2.1.3

Concept of Plastic Deformation (σ > σcrit)

Plastic deformation of crystalline materials is typically described with a stress-strain curve. In
the linear-elastic regime, the material deforms linearly according to the generalized form of the
Hooke’s law [61, 91]:
𝜎𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙 𝛾𝑘𝑙

2-14

𝑐𝑖𝑗𝑘𝑙 is the elastic stiffness of the material [91] and it is the proportionality factor between
applied stress 𝜎𝑖𝑗 and the resulting mechanical strain 𝛾𝑘𝑙 at constant temperature. The elastic
stiffness is referred to as Young’s modulus, denoted by Y in this thesis [91].

Above a certain critical stress, the yield strength σys, the material starts to plastically deform.
The critical stress is experimentally determined as the mechanical stress value at 0.2% of plastic
deformation, Rp0.2 [92]. In most cases, the yield strength in ceramics is higher than the fracture
stress. Therefore, plastic deformation is rarely observed in oxides at RT. Some exceptions are
MgO [62], SrTiO3 [93, 94], KNbO3 [95], LiF [96], ZnO [97, 98], ZnS [99, 100] and ZrB2 [101].
The activation of the slip system does not only depend on a low Peierls stress (highest package
density in metals) and a low lattice friction, whose maximum is correlated in metals to the
Peierls stress [102], but also on the applied stress and the angle between slip plane and applied
stress:
𝜏=

𝐹
cos 𝜓 𝑐𝑜𝑠𝜒
𝐴

2-15

The angle ψ between the slip plane normal and force F and the angle χ between slip direction
and force have to be chosen in such a way that the Schmid factor m = cos 𝜓 𝑐𝑜𝑠𝜒 is maximal.
The angles are shown schematically in Figure 2.6. Multiplication of the resolved shear stress
Theory and Literature Review
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with the Schmid factor leads to the critical resolved shear stress (CRSS), which has to be
exceeded to start the slip motion [65].

Figure 2.6: Illustration of the relation between the slip direction, the slip plane normal and the applied
compressive force, as described in Schmid’s law (Redrawn from Ref. [65]).

An example of the relation between the compression axis and a certain slip plane for two
orientations of SrTiO3 is given in Figure 2.7 [88]. Up to approximately 900 K, the {110}〈11̅0〉
slip system is the easiest activated slip system in SrTiO3. Compression experiments in [100]
direction reach a Schmid factor of m = 0.5, which is the highest possible value. Compression in
[110] direction leads to a Schmid factor of m = 0.25 for the same slip system. The difference in
the resolved shear stress is shown for both compression directions in Figure 2.7. The CRSS is
for both directions the same, which points out that only one slip system is active [88]. In single
crystals the resolved shear stress varies with crystal orientation [88], temperature [39, 93],
point defect concentration [103], phase structure [39], initial strain rate [88, 104, 105] and
with changing light conditions [100].

Figure 2.7: Applied shear stress of SrTiO3 as a function of temperature and compression direction. A and
C indicate the ductile temperature ranges. The filled squares indicate the compression along the
[100] orientation and the crosses along the [110] orientation. B indicates the intermediate
temperature range, where the fracture stress is reached before plastic deformation occur. The
fracture stresses are indicated with open squares and stars. Reprinted from Ref. [94], with
permission of American Physical Society.
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In perovskites the amount of available slip systems is limited. However, for a successful
deformation of a polycrystalline ceramic at least five independent slip planes are necessary. The
easiest activated slip system does not provide enough independent slip planes in most ceramics
to fulfill this Taylor criterion. Therefore, higher stresses and temperatures are needed to activate
another slip system with a less preferred orientation, as well [68]. In metals, the Taylor criterion
is not such a critical parameter due to the availability of sufficient independent slip planes,
which makes the plastic deformability in metals much easier.

2.1.4

Creep

Creep describes the time-dependent plastic deformation of a material. In ceramics, creep
typically takes place at temperatures above 50% of the melting temperature Tm [63].
Commonly, creep is a complex process with several involved mechanisms, which can occur
simultaneously or competitively [69, 106-108].
Creep tests can be carried out in tension or compression. The uniaxial stress is kept constant in
both cases and the strain γ is measured as a function of time. The creep strain rate 𝛾̇ (𝛾̇ =

𝑑𝛾
,
𝑑𝑡

σ=const.) is defined as the slope of the creep curve, which can be seen in Figure 2.8a or as
derivative in Figure 2.8b. If the strain rate or the crosshead speed (depending on the compliance
of the testing device) is kept constant, then this test is called a constant strain rate test, in which
the force is measured as a function of time.

The creep curve can be divided into three regimes (Figure 2.8a): primary, secondary and
ternary creep. The strain rate decreases with time in the primary creep regime, 𝛾̇ is constant in
the secondary regime (steady-state creep) and increases again in the ternary creep regime.

Figure 2.8: a) Creep curves with primary (I), secondary (II) and ternary creep regimes (III). In (b) the
strain rate as a function of time emphasizes the steady-state creep regime with constant strain rate.
The increase in strain and strain rate with temperature and stress are indicated with arrows
(Redrawn from Ref. [85]).

On the assumption that the creep process is, in this specific case, a dislocation-based
mechanism, dislocations are generated in the primary creep regime and cause hardening. An
equilibrium is reached between dislocation generation by plasticity and annihilation by recovery
in the steady-state creep regime. The ternary creep regime leads to failure [68].
The creep rate in the steady state creep regime is a thermally-activated and stress-dependent
process (indicated in Figure 2.8), which can be described by the empirical power-law [69]:

Theory and Literature Review

11

𝛾̇ = 𝛾̇ 0 𝜎 𝑛 𝑒𝑥𝑝 (−

𝑄
)
𝑅𝑇

2-16

𝛾̇ 0 is a proportionality factor, σ is the applied stress, n and Q are the stress exponent and the
apparent activation energy, respectively, R is the ideal gas constant and T is the temperature.
The stress exponent can give an indication for the creep-controlling mechanisms, like diffusioncontrolled (n = 1) or dislocation-controlled creep (n > 1). An alternative to the empirical
power-law creep equation is the use of Equation 2-17, which is based on Equation 2-6 and
Equation 2-9.
𝛾̇ = 𝛾̇ 0 𝑒𝑥𝑝 (−

∆𝐴(𝜏 ∗ ) − 𝑉𝐴 𝜏 ∗
)
𝑘𝐵 𝑇

2-17

An activation energy can be gained for both strain-rate equations (2-16 and 2-17). Equation
2-17 offers the benefit that the calculation of the activation volume allows basically the
3

3

differentiation between kink-pair (𝑉𝐴 ∝ |𝑏⃗| ) and obstacles (𝑉𝐴 >> |𝑏⃗| ), and simplifies the
estimation of the related deformation mechanism. If only one thermally activated strain-rate
controlling process is active, the Arrhenius plot is linear and the activation energy can be
assigned to this process. In cases where several independent processes take place in series or in
parallel, the curvature of the Arrhenius plot changes [69].
Dislocation creep can be separated into thermally-activated and indirectly thermally-activated
creep processes. In the first case, obstacles in similar dimensions as the dislocation core are
overcome due to thermal activation and applied stress. This process’s characteristic is the stressdependence of the activation enthalpy and covers in principle both glide-controlled creep
(overcoming Peierls hills) and cross-slip of screw dislocations [69]. In the second case, the
obstacles are too large to be overcome by glide, but they can be overcome by diffusioncontrolled climb. Climb is a non-conservative motion based on diffusion. Diffusion itself is a
thermally-activated process. Thus, this creep mechanism is a directly thermally-activated
process but only an indirect thermally-activated dislocation mechanism. As a result, the
activation energies for dislocation creep (climb) and self-diffusion are similar. Diffusioncontrolled climb can be separated into a stress-independent activation enthalpy process of
recovery-controlled creep and the stress-dependent power-law creep [69].
Further creep mechanisms become relevant when considering polycrystalline materials. These
mechanisms include grain boundary sliding and the grain size dependence of the diffusion
processes: Nabarro-Herring [109] and Coble creep [110]. Nabarro-Herring creep describes the
diffusion of vacancies and ions through the lattice, see Figure 2.9a. The strain rate is indirectly
proportional to the inverse of the square of the grain size (dGS-2). Coble creep describes the
diffusion along the grain boundary (Figure 2.9b) and has a strain rate dependence of dGS-3.
Deformation mechanisms maps visualize the regions where a certain creep mechanism takes
place. The strain maps for two different grain sizes in TiO2 are shown in Figure 2.9c and d to
emphasize the changes in the stress and temperature range of the creep mechanisms [74, 111].
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Figure 2.9: Schematics for (a) Nabarro-Herring creep by lattice diffusion and (b) Coble creep by grain
boundary diffusion (Redrawn from Ref. [61]). The diffusion paths are indicated with dashed
arrows. Grain-size-dependent deformation mechanism maps for polycrystalline spark-plasma
sintered TiO2 with a grain size of (c) 1 µm and (d) 100 nm. The spark plasma sintered (SPS)
samples are indicated with a blue-shaded box (SPS sintered at 400 MPa) and a green-shaded box
(SPS sintered at 40 MPa). Note that in (c) and (d) dislocation creep only considers dislocation
climb-processes. Adapted from Ref. [74], with permission from the Royal Society of Chemistry.

For polycrystalline samples the ratios between grain size, sample dimensions and the aspect
ratio are essential for a creep experiment with no or limited cleavage and cracking. The grain
size should be at least one order of magnitude smaller than the sample size. The best aspect
ratio for the dimensions is in the range of 3:1 to 2:1. For both polycrystals and single crystals,
the usage of a lubricant can prevent barreling or rotation of the samples during compression
tests [69].
A detailed description of the creep mechanisms and examples for deformation maps can be
found in the textbooks of Pelleg [63], Poirier [69] and several review articles [106, 107, 111,
112].

2.1.5

Plastic Deformation of Perovskites

Different methods have been applied to deform perovskites and to investigate the resulting
dislocation structures over the past decades. Surface treatments like microscratching on BaTiO3
and CaTiO3 [113], as well as polishing on SrTiO3 [114] are easy and fast methods to introduce
dislocations [113]. Surface treatments can, together with indentation [44, 45, 115-117],
provide insights into the deformation behavior at room temperature. Although these methods
substantially enhance the dislocation density, the plastic zone is limited by the indenting
parameters or the polished surface. An interpretation of the interaction between dislocations
and ferroelectric domain walls is difficult, especially for random dislocation arrangements, as
they occur during polishing. Therefore, macroscopic plastic deformation experiments and creep
experiments are the preferred methods to introduce a well-structured dislocation network,
which is also distributed over the whole bulk material.
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2.1.5.1 Slip System and Deformation Mechanism (RT–900 °C)
In the early 1980s, Poirier et al. reported that the {110}〈11̅0〉 slip system is the easiest one to
activate at room temperature for the perovskite KZnF3 [118], even though the slip planes are
less dense-packed than the highest-packed {111} planes. The concept of the shortest lattice
translation (highest dense-packed plane) would bring ions with the same charge close together
during shearing [113, 119]. Therefore, Amodeo proposed that the “dense planes and directions
paradigm” is not valid for oxides due to the ionic character of the ceramic crystals [119]. The
interpretation that the {110}〈11̅0〉 slip system is the easiest to activate was confirmed by
atomistic simulations [95, 120] and experimentally for several other oxides [93, 113, 119].

The {110}〈11̅0〉 slip system has a comparably large Burgers vectors (small 𝑎/|𝑏⃗| ratio), resulting
in high Peierls stresses (Equation 2-4). Thus, the dislocation tends to dissociate into partial
dislocations according to Equation 2-18, to reduce the required energy to overcome the Peierls
barrier and to enable dislocation motion [47, 82, 121-125]:
1
2

1
2

〈110〉 → 〈110〉 + 〈110〉 +(SF)

2-18

A stacking fault (SF) can be formed between the two partial dislocations, as indicated in
Equation 2-18. Hirel et al. identified a local energy minimum (Figure 2.10a) of the generalized
stacking fault (GSF) energy surface, which corresponds to the ½[110] stacking fault in
accordance with the dislocation dissociation given in Equation 2-18 [95]. The distance between
two partials is called dissociation distance, ddis, of the dislocation and can be determined by the
stacking fault energy [95, 126].
Atomistic simulations were conducted to investigate the dislocation core, mobility, mechanisms
and the generalized stacking fault energy surface in SrTiO3, BaTiO3, PbTiO3 and KNbO3. The
focus was laid on identifying possible dislocation reactions, the energy of the stacking faults
and the favorable glide systems [95, 120].
The dissociation distance ddis is 3 nm for screw dislocations in KNbO3 and is smaller than
ddis = 6 nm for edge dislocations [95]. The Peierls stress of the edge dislocation is with
τp(edge) = 0.57 GPa considerably smaller than the Peierls stress of the screw dislocation τp(screw) =
3.42 GPa [95]. The differences in Peierls stresses in SrTiO3 (τp(screw) = 2.64 GPa, τp(edge) =
1.5 GPa) are not as large as in KNbO3 [95]. A direct comparison of τp for edge dislocations
indicates that they are more mobile in KNbO3 than in SrTiO3, whereas screw dislocations are
less mobile in KNbO3. Additionally, KNbO3 has a strong coupling between the partials, which is
weaker in SrTiO3 [93, 95]. Therefore, it was concluded that the mobility and the dislocation
core in perovskites are more complex, as described by the theory of elasticity [95]. Nevertheless,
atomistic simulations provide evidence that the {110}〈11̅0〉 slip system is the easiest one to
activate for perovskites, even if the mobility and dislocation core differences are not fully
understood.
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Figure 2.10: a) Simulated generalized stacking fault (GSF) energy in KNbO 3 as a function of the
displacement. The empty symbols correspond to the cubic and rhombohedral KNbO 3 GSF results
using the ionic shell-model potential. Density functional theory (DFT) was used to compute the
GSF for cubic KNbO 3 along the [110] direction. The arrow indicates an antiphase boundary. b)
Temperature-dependent critical stress for KNbO 3. The different phases (O, T, C) are separated with
vertical lines. Reprinted or adapted from Ref. [39, 95], with permission from American Physical
Society and Elsevier.

After the identification of the easiest slip system {110}〈11̅0〉 at room temperature, the next step
is to identify the deformation mechanisms in a broader temperature range. Therefore, a closer
look into the deformation experiments of KNbO3 is given and the results are compared with the
model material SrTiO3. Deformation experiments for KNbO3 single crystals were conducted
along the 〈100〉𝑝𝑐 direction between 21 °C and 900 °C with a strain rate of 8.3·10-6 1/s
(2.5 µm/min) [39, 95]. In this temperature range, KNbO3 has two phase transitions
(To-t = 225 °C and Tc = 435 °C). Mark et al. separated the critical stress values (Figure 2.10b) in
two ranges, from room temperature to 400 °C and above 400 °C. The critical stress at low
temperature is approximately 30–45 MPa, while above 600 °C the critical stress lies within the
range of 10–15 MPa. The origin of the jump in stress at 300 °C is not clear yet. It is either a
measurement artifact or an abrupt increase related to the phase transition (To-t = 225 °C). The
overall trend indicates a change in deformation mechanisms.
Mark et al. proposed three possible reasons for the jump in stress at 300 °C: I) A change of the
amount of active slip systems, II) different influence of the domain walls on the dislocation slip
and III) a change in the dislocation mechanism.
Dislocations, which belong to the {110}〈11̅0〉 slip system, were identified over the whole
temperature range. At higher temperatures, the {100}〈100〉 slip system is active, too. This
supports statement I that the critical stress decreases due to the activation of a second slip
system. The activation of the {100}〈100〉 slip system is to this point surprising due to the Schmid
factor of 0 for the [100]-oriented single crystal. Mark et al. assumed that the presence of cracks
changed the local stress fields, which leads to the activation of both slip system {110}〈11̅0〉 and
{100}〈100〉 [39]. Statement II implies a change of the yield strength because of the pinning of
domains at dislocations; the pinning effect will be discussed in chapter 2.3.
Straight and long dislocations point towards dislocation motion mainly by Peierls mechanisms
[39]. Besides, they indicate a slower kink-pair nucleation than kink-pair migration and high
lattice friction. Ferré et al. argued that the orthorhombic distortion increases the lattice friction
compared to pseudo-equivalent slip systems in the cubic phase [127], which could explain the
hindering of the kink-pair nucleation. Kink-pair nucleation and migration are thermallyTheory and Literature Review
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activated processes, therefore at intermediate temperatures, the kink-pair nucleation is
accelerated, and the Peierls potential can be surmounted. Above 600 °C, the dislocations easily
overcome the Peierls barrier due to kink-pair nucleation and migration [39].
The Peierls mechanism is a strain rate and temperature sensitive process [128]. A strain rate
sensitivity was observed in KNbO3 at 100 °C, which seems negligible at 700 °C. From these
results it was concluded that there is a change in the dislocation mechanism in KNbO3 and that
neither Peierls mechanisms, nor the lattice friction are the rate-controlling mechanisms for
deformation at high temperatures [39].
A more detailed study was conducted of the kink-pair mechanisms and the strain-rate sensitivity
over a wide temperature range on SrTiO3 [86, 88-90, 129]. At room temperature, the influence
of the strain rate on the critical resolved shear stress is negligible. A strain-rate and temperature
dependency of the CRSS is obvious above 1227 °C. Within this temperature range, a ductilebrittle-ductile transition takes place in SrTiO3, impeding an interpretation of the mechanisms
[93, 94]. One explanation is that a change in the dislocation cores facilitates the difference in
temperature regimes [88], but a change in the kink-pair mechanisms is conceivable as well
[89]. It has to be considered that also at room temperature the strain rate sensitivity varies for
SrTiO3 and KNbO3, which could be related to the difference in phase structures. As in other
perovskites, e.g., BaTiO3 and GdFeO3, both slip systems {110}〈11̅0〉 and {100}〈100〉 are active
in KNbO3 at high temperatures [46, 71, 95, 113]. To this point, it seems that KNbO3 has no
ductile-brittle-ductile transition like in SrTiO3 [95]. The melting point of KNbO3 is 1039 °C [47,
130], therefore, it is possible that in KNbO3 such a transition cannot be found due to this
temperature limit.
Even though until now, only creep experiments were carried out at temperatures above 1000 °C
for BaTiO3, the knowledge gained from SrTiO3 single crystals can help to understand the
thermal activation process for dislocation motion in BaTiO3.

2.1.5.2 High-Temperature Deformation
In the late 1980s and early 1990s, Beauchesne and Poirier performed a series of creep studies
on BaTiO3, KZnF3, KTaO3 and KNbO3 single crystals to investigate whether a superordinate
coherence exists in the deformation behavior of perovskites at high temperatures [46, 47, 131].
〈110〉-oriented BaTiO3 single crystals were compressed uniaxially in the temperature range
1150–1570 °C. The compressive stress was in the range 9–25 MPa and remained constant
during deformation in argon atmosphere. The strain rate increases with temperature at constant
stress, leading to a strain rate in the range 3∙10-8–5∙10-5 1/s [46].
The creep experiments and the TEM results were separated into two categories according to the
temperature of phase transition from the cubic to the hexagonal phase (1470 °C) [46]. In the
cubic phase, different microstructural features such as scallops, debris, black dots and second
phases were observed [46, 113]. An example of a dislocation decorated with scallops for a
sample deformed at 1334 °C is given in Figure 2.11a. The overall dislocation loop has a Burgers
vector of [010]. A closer look at Figure 2.11b points to the dissociation of the loop into partial
1
1
dislocations (scallops) with a Burgers vector of [011̅] and [011], as given in Equation 2-19.
2
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2

1
1
[010] = [011̅] + [011] + (𝑆𝐹)
2
2

2-19

The change in Burgers vector indicates a climb dissociation on the (010) plane. In addition,
dislocations in glide configuration appear occasionally on the slip system {110}〈11̅0〉.

Climb involves the diffusion of point defects, which is facilitated by high temperatures. The
deformation mechanism changes from glide in {110}〈11̅0〉 at lower temperatures to climb (and
glide) of 〈100〉 dislocations at higher temperatures, similar to the behavior of KZnF3 [118]. Note
that the scallops may also be formed during cooling by dislocation climb owing to the
agglomeration of point defects at the dislocation loops [113]. Such scallops (Figure 2.11a) were
also found in samples deformed at 1153–1296 °C and 1380–1403 °C. Therefore, the climb
1
1
dissociation of the dislocations with 𝑏⃗ = [010] into [011̅] and [011] partial dislocations seems
2

2

to be a common process. Moreover, stacking faults are formed at partials, as shown in Figure
2.11c, in a polycrystalline BaTiO3 sample. The arrows in Figure 2.11d correspond to the same
partials shown in another perspective, to emphasize the stacking fault length of several hundred
nanometers and the stacking fault sequence of the TiO2 and BaO layers (Figure 2.11e) [132].
Debris were found in the same high-temperature range, which indicates glide on the {001}〈100〉
slip system [46]. These debris consist of several trapped dislocation parts in adjacent planes,
forming a dipole. If the thermal activation is high enough, these dipoles can climb and form
elongated loops.

Figure 2.11: a) Dislocation loop decorated with scallops in a 1% deformed BaTiO3 sample at 1334 °C
[113]. b) Schematic of the climb dissociation of the partial dislocations in (a) and equation 2-19.
1
Non-dissociated parts A and D are shown between the scallops; the scallop partials with 𝑏⃗ = [011]
2

are highlighted as B, C, E and F [113]. c) Stacking fault on a (100) plane is bordered by two partial
dislocations. T corresponds to the top of the foil. The same stacking fault is shown from another
perspective in (d). The stacking fault lies parallel to the beam to emphasize the partial dislocations,
which are marked with arrows. The resulting stacking sequence is schematically represented in (e)
with TiO2 (labelled with a) and BaO layers (labelled with b) [132]. f) Coffee-bean like dislocation
loops in pressure-less sintered BaTiO3 samples [133]. Reprinted or adapted from Ref. [113, 132,
133], with permission from Springer Nature and John Wiley and Sons.

In the cubic phase (0.71–0.9 Tm), the power-law equation (Equation 2-16) is valid, and a stress
exponent of n = 3.6 ± 0.3 is achieved with an activation energy of 469 ± 27 kJ/mol [46]. This
indicates a dislocation-based deformation mechanism. The activation energy of creep is in the
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same range as the activation enthalpy for pressureless-sintering (ΔH = 396 ± 16 kJ/mol) [134]
and hot pressing (ΔH = 400 kJ/mol) [135], indicating that Ba2+ lattice diffusion is the ratedetermining step for the climb-controlled dislocation mechanism [124]. The creep behavior of
KNbO3 single crystals was investigated in the temperature range 870–1030 °C (0.84–0.99 Tm)
with 19–47 MPa, resulting in a strain rate of 2.4∙10-9–1.9∙10-7 1/s [47]. These strain rates are
two orders of magnitude lower than those for BaTiO3 [46]. The activation energy was
415 ± 103 kJ/mol, and the stress exponent was 3.7 ± 0.4. KNbO3 follows the power-law creep
equation and has a stress-independent activation energy [47], indicating a climb-controlled
creep mechanism, where edge dislocations with 〈100〉 Burgers vector climb, and screw
dislocations slip on {100} planes.

A common characteristic of BaTiO3 and KNbO3 is that both materials deform according to the
power-law creep behavior. Additionally, the primary {001}〈100〉 slip system and the secondary
{110}〈11̅0〉 slip system are active for both materials at high temperatures. Poirier et al. [131]
pointed out that other perovskites (KTaO3 and KZnF3) do not follow this trend. No reliable
deformation system has been established for perovskites until now [131].

Similarly, dislocations can be introduced into polycrystalline materials by creep, as into single
crystals [136, 137]. Additionally, several sintering techniques, non-stoichiometry [124, 132,
133, 138-142] and electron radiation [143] result in a variety of dislocation structures. Creep
experiments on polycrystalline materials are partly dependent on grain size [74, 144]. With
increasing grain size, the dislocation creep regime and the diffusion creep regime are shifted to
higher temperatures but lower stresses; see Figure 2.9c and Figure 2.9d [74]. The grain size in
creep studies varies from 0.45 µm [136] to 19.3–52.4 µm [137] for BaTiO3. The fine-grained
BaTiO3 (0.45 µm) samples were deformed at 1150–1250 °C in the range of 5–60 MPa in argon
atmosphere; 0.5% plastic deformation was reached without texturing. The strain rate increases
with increasing temperature and a change in the stress exponent from n = 3 to n = 2 was found
for high and low stress, respectively [136]. The stress exponent of 2 in the high-stress region
and a decrease in activation energy from 1200 kJ/mol to 800 kJ/mol indicated superplasticity
in BaTiO3 [136].
Coarse-grained BaTiO3 samples (19.3–52.4 µm) were deformed at 1200–1300 °C at different
oxygen partial pressures (102–105 Pa) to investigate the rate-controlling diffusion species [137].
A stress exponent of n = 1 and a grain size exponent of 2 indicated diffusion creep in
combination with grain boundary sliding as the dominant deformation process. An activation
energy of 720 kJ/mol points toward Ba ions or Ti cations as rate-controlling species [137]. Ba2+
lattice diffusion was also confirmed as the rate-determining step for climb-controlled glide
mechanisms during sintering [124, 134].
The experimental conditions varied for both experiments with the type of loading history (stress
or strain rate controlled), grain size and oxygen partial pressure. A direct comparison is,
therefore, not straight forward. In general several different dislocations structures were found
in polycrystalline BaTiO3, varying from vacancy-type partial dislocations [133], which look like
coffee beans [140, 142] (Figure 2.11f), over stacking faults bordered by partial dislocations
[132] (Figure 2.10c), to low-angle grain boundaries [138] and can belong to different slip
systems [138].
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2.2

Fundamentals of Dielectric, Piezo- and Ferroelectric Materials

This chapter introduces the fundamental principles of polar oxide materials and is based on
references [16, 145-148].
2.2.1

From Dielectrics to Pyroelectrics

Dielectrics are electrical insulators. Applying an external electric field to a dielectric material
results in short-range displacements of charges. Consequently, dipole moments are formed and
the material is polarized [146]. The dielectric displacement
𝐷𝑖 = 𝜀0 𝐸𝑖 + 𝑃𝑖

2-20

𝐷𝑖 = 𝜀0 𝜀𝑖𝑗 𝐸𝑗 .
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′
′′
+ √−1𝜀𝑖𝑗
.
𝜀𝑖𝑗 = 𝜀𝑖𝑗
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increases linear with the applied electric field 𝐸𝑖 and the induced polarization 𝑃𝑖 [16]. Here, 𝜀0
is the permittivity of vacuum. For a dielectric response under non-vacuum condition the relative
permittivity 𝜀𝑖𝑗 has to be considered [148] (in this thesis 𝜀𝑟 is used instead of 𝜀𝑖𝑗 ) :
′′
′
,
and an imaginary part 𝜀𝑖𝑗
The dielectric permittivity is a complex parameter with a real part 𝜀𝑖𝑗

like it is given here:

The dielectric loss

𝑡𝑎𝑛𝛿 =

′′
𝜀𝑖𝑗

2-23

′
𝜀𝑖𝑗

is the ratio between the imaginary and real parts and describes the dissipation of electrical
energy. 𝜀𝑟 can vary with temperature, mechanical stress, electric field and frequency.
𝑃𝑖 = 𝜀0 𝜒𝑖𝑗 𝐸𝑗
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𝜒𝑖𝑗 = 𝜀𝑖𝑗 − 𝜀0 𝛿𝑖𝑗 .

2-25

describes how the polarization changes with applied electric field and depends on the dielectric
susceptibility 𝜒𝑖𝑗 :
𝛿𝑖𝑗 is Kronecker’s delta with 𝛿𝑖𝑗 = 1 for i=j and 𝛿𝑖𝑗 = 0 for i≠j.
These equations are only valid for small electric fields [148].

The overall polarization has several contributions [16, 148]. Electronic polarization describes
the displacement of the electron shell against the charged core and is common in all dielectrics.
Ionic polarization is a field-induced displacement of cations and anions in an ionic crystal [148,
149]. Orientation polarization is the alignment of permanent dipoles due to an applied electric
field. The spatial separation of positively and negatively charged species caused by a difference
in charge carrier densities can lead to a space charge.
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Crystalline, dielectric materials can be sorted into the 32 point groups according to their
crystallographic structure (Figure 2.12). Piezoelectric materials build a subgroup of dielectrics
and include only materials with non-centrosymmetric point groups (except point group 432).
Piezoelectric materials show a linear coupling of the mechanical and electrical fields. This
behavior can be found in 20 of the 21 non-centrosymmetric point groups [148]. Applying an
external mechanical stress 𝜎𝑗𝑘 causes a change in electric polarization Pi or dielectric
displacement:
𝐷𝑖 = 𝑑𝑖𝑗𝑘 𝜎𝑗𝑘 .

2-26

𝑆𝑗𝑘 = 𝑑𝑖𝑗𝑘 𝐸𝑖

2-27

Respectively, an electric field 𝐸𝑘 results in an elastic strain 𝑆𝑗𝑘 (inverse piezoelectric effect)
[148].

The piezoelectric coefficient 𝑑𝑖𝑗𝑘 (C/N) is a third rank tensor and describes the relationship
between the mechanical and electrical variables. 𝑑𝑖𝑗𝑘 is identical for Equation 2-26 and

Equation 2-27 [145, 148, 150]. Additionally, the electromechanical coupling factor k is used to
describe the system. k is the relation between the converted energy (electrical/mechanical) and
the input energy (mechanical/electrical) [145].

Ten of the 21 non-centrosymmetric point groups have a unique polar axis and form a
spontaneous dipole moment, which is referred to as spontaneous polarization [148, 150]. The
center of positive and negative charges does not overlap. The temperature dependency of the
spontaneous polarization and the resulting change in the density of charges at the surface is
called pyroelectricity [145, 146]. The last subgroup of dielectrics (Figure 2.12) are
ferroelectrics, which will be explained in chapter 2.2.2.

Figure 2.12: Dielectric subgroups: From dielectrics to ferroelectrics.
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2.2.2

Ferroelectrics

The field of ferroelectricity was born with the discovery of switchable polarization in Rochelle
salt in the early 1920s by Joseph Valasek [151]. In 1946 van Hippel showed that polycrystalline
BaTiO3 is ferroelectric too [152, 153], and since then, BaTiO3 became one of the model
materials for ferroelectrics. Therefore, the basics of ferroelectricity are explained in this chapter
for BaTiO3 and in parts for KNbO3, mainly based on the text books of Jaffe [145], Waser [148]
and Rabe [154] and review articles of Damjanovic [150] and Haertling [153].
Ferroelectricity is defined as the ability of a material to switch the spontaneous polarization
with an applied external electric field [145]. Ferroelectric materials possess two or more
energetically equivalent spontaneous polarization directions. Applying an electric field can
switch the spontaneous polarization towards another equivalent direction. BaTiO3 is both
ferroelectric and ferroelastic. Therefore, switching of the spontaneous polarization is possible
with applied electric field and with applied mechanical stress.

2.2.2.1 Barium Titanate
BaTiO3 (ABO3) is a polymorphic perovskite with large cations on the A-site (Ba2+), a smaller
cation on the B-site (Ti4+) and oxygen ions (O2-) in the centers of the faces (Figure 2.13). In the
cubic phase (highest symmetry) the Ti-ion is placed in the center. During phase transition to
lower symmetry the polar structure causes a displacement of the Ti-ion, resulting in a
spontaneous polarization (indicated as a red arrow in Figure 2.13).
The phase transition from the paraelectric phase to a ferroelectric phase takes place at the Curie
temperature Tc (Tc = 130 °C) [150]. Followed by further phase transitions at Tt-o = 0 °C and
To-r = -90 °C to the orthorhombic and rhombohedral ferroelectric phases, respectively [155].
A phase transition of 1st order takes place at Tc, which is accompanied by a discontinuity in
polarization, lattice constant and relative permittivity, indicated in Figure 2.13 [148, 154, 156].
The changes in the dielectric permittivity with temperature T can be described with the CurieWeiss-law (Equation 2-28).
𝜀≥

𝐶
𝑇 − 𝑇0

2-28

where C is the Curie constant, T is the actual temperature and T0 is the Curie-Weiss temperature.
The lattice constants differ for the lower symmetry crystal structure (Figure 2.13a), which
results in an anisotropy of the permittivity (Figure 2.13c).
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Figure 2.13: Polymorphs of BaTiO3 with spontaneous polarization vectors and the temperature
dependency and phase transitions in lattice constant (a), spontaneous polarization (b) and relative
permittivity (c) for BaTiO3. Anisotropy of the properties is indicated with a, b and c (Redrawn from
Ref. [148]).

2.2.2.2 Potassium Niobate
Similar to BaTiO3 also KNbO3 is a ferroelectric perovskite, but the phase transitions (Tc = 435 °C,
Tt-o = 225 °C, To-r = -10 °C) take place at higher temperatures [95]. At room temperature KNbO3
is orthorhombic with lattice parameters a = 5.697 Å, b = 3.971 Å and c = 5.722 Å [157]. The
𝑇
𝑇
anisotropy is evident in the variation of the dielectric constants 𝜀11
= 160 ± 10, 𝜀22
= 1000 ±
𝑇
80 and 𝜀33 = 55 ± 5 (T: unclamped) [158]. At 100 °C a spontaneous polarization of 22 µC/cm²
was reported for KNbO3 single crystals grown with the Remeika method [159]. KNbO3 is also
considered for nonlinear-optical and electro-optical applications because of the spontaneous
polarization and the oxygen octahedral [59]. It should be noted, that KNbO3 is hygroscopic due
to a high surface energy (2.95 J/m²), leading to an affinity to water and sensitivity to ambient
conditions [58].
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2.2.2.3 Domain Classification and Formation
During cooling below Tc, a surface charge is formed due to the formation of the spontaneous
polarization, resulting in the depolarizing field Ed. In addition, the anisotropy of the lattice
constants causes a mechanical constraint resulting in a spontaneous strain and an increase in
elastic energy. Both elastic energy and depolarizing field can be minimized by the formation of
domains like it is indicated in Figure 2.14 for 180° domain wall and 90° domain wall formation.

Figure 2.14: Formation of 90° and 180° domains during cooling from cubic into tetragonal phase
(Redrawn from Ref. [150]).

Domains are regions with uniform spontaneous polarization with the same spontaneous
polarization direction. Depending on the crystal structure, the spontaneous polarization can be
oriented along with several energetically equivalent crystallographic directions (Table 2.1)
[160, 161]. The borders between the domains are domain walls, defined by the relative
orientation of the spontaneous polarization vectors of adjacent domains.
The mechanical constraints result in a preferred choice of the crystallographic planes for the
formation of non-180° domain walls [162]. As a result, 90° domain walls are formed at the
{101}𝑝𝑐 crystallographic planes [161] in the tetragonal phase and at the {001}𝑝𝑐 planes [163,
164] in the orthorhombic phase. 60° domain walls are located at the {011}𝑝𝑐 planes [165, 166].
A slight misorientation from the expected planes cannot be ruled out in small samples and due
to defects [167]. 180° domain walls are not affected by mechanical constraints [161].
An overview of the domain wall types, the spontaneous polarization direction and the number
of the spontaneous polarization directions are given in Table 2.1 for the tetragonal,
orthorhombic and rhombohedral phases. Note, the domain walls are named after the angle of
the spontaneous polarization vectors between two neighboring domains.
Table 2.1: Overview on the domain structures in different ferroelectric phases [149, 168, 169].

Ferroelectric phase
Ps directions
Number of Ps directions
Domain wall types
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Tetragonal

Orthorhombic

Rhombohedral

〈001〉
6

〈110〉
12

〈111〉

90°, 180°

60°, 90°, 120°, 180°

71°, 109°, 180°

8
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Examples for 90° domain walls in BaTiO3 and for 60° and 90° domain walls in the orthogonal
phase for KNbO3 are given in Figure 2.15. The schematics in in Figure 2.15b and d illustrate the
relative orientation of the spontaneous polarization for the 90° domain walls in BaTiO3 and 60°
and 90° domain walls in KNbO3.

Figure 2.15: a) Light microscope image of a BaTiO 3 single crystal with 90° domain walls. The domains
lie either in-plane (a-domain) or out of plane (c-domain); see schematic in (b) [170]. c)
Photomicrograph and schematic (d) of the corresponding 60° and 90° domain walls in a KNbO 3
single crystal in the orthorhombic phase [171]. Adapted or reprinted from Ref. [170, 171], with
permission from Springer Nature and AIP Publishing.

2.2.2.4 Reversible and Irreversible Domain Wall Contributions
The unique feature of ferroelectrics is that the domain walls can move, which gives rise to an
increase in properties such as permittivity and piezoelectric constants. In this section, the static
domain wall response and the dynamic response based on an applied electric field are
explained.
Domain walls can be described by their potential energy Epot which differs for different types of
domain walls (90° or 180°) [167, 172, 173] and is a function of the domain wall position x
(Figure 2.16). The potential energy is a superposition of the Peierls potential of the lattice and
the potential energy contribution by defects. This change in the potential energy landscape is
an indication that defects act as pinning sites for domain walls, which will be explained in
Section 2.2.2.5. The displacement of the domain wall along the x-axis depends on the energy,
which is brought into the system by external stimuli and is either reversible or irreversible. The
energy can be provided by an applied electric field, mechanical stress, or increased temperature.
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Figure 2.16: Potential energy Epot curve as a function of the domain wall position x (Redrawn from Ref.
[150]).

The reversible contribution to permittivity (Figure 2.17) refers to the domain wall displacement
inside the potential well of a local energy minimum. Bending and vibration around the
equilibrium position in the potential well (extrinsic), as well as the distortion of the unit cell
(intrinsic) are reversible mechanisms [150, 174]. At sufficiently high electric fields the
introduced energy is high enough to overcome the potential barrier, leading to an irreversible
displacement of the domain wall into another local energy minimum [150]. This extrinsic
response based on the domain wall displacement is an essential difference between
ferroelectrics and dielectrics. In dielectrics, only the lattice response (intrinsic) contributes to
the permittivity; therefore, in ferroelectrics, a higher permittivity is reachable.

Figure 2.17: Schematic view of the three electric field regions in the field-dependent relative permittivity
plot: I. low-field region, II. Rayleigh region, and III. high-field region (Redrawn from Ref. [174]).

The electric field dependent behavior can be classified into three regions (Figure 2.17): I. lowfield region, II. Rayleigh region and III. high-field region [174].
In the low-field region the domain wall displacement is reversible and the permittivity response
is either independent or weakly dependent on the applied electric field [174]. In medium
electric fields, the Rayleigh region is reached [175], and the domain wall displacement is
controlled by reversible and irreversible contributions. Damjanovic et al. proved that the
Rayleigh law, which describes the behavior of the magnetic materials at low electric fields, is
applicable for certain ferroelectrics as well [150, 175, 176]. The linear dependency of
permittivity in the Rayleigh region (and the piezoelectric coefficient) on the applied electric
field is seen as a result of the irreversible domain wall displacements [176, 177]. The fielddependent permittivity is described by the Rayleigh equation:
𝜀𝑟′ (𝐸) = 𝜀𝑟′ (0) + 𝛼(𝐸 − 𝐸𝑡 )
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where 𝜀𝑟′ (0) and 𝛼 are related to the reversible and irreversible contributions (Rayleigh
coefficient), respectively [174].
Equation 2-30 is based on the original one derived for ferroelectrics by Damjanovic et al.
describing the piezoelectric response as a function of the applied electric field amplitude [176,
178]:
𝑑(𝐸) = 𝑑𝑖𝑛𝑡 (0) + 𝛼(𝐸 − 𝐸𝑡 )

2-30

with 𝑑𝑖𝑛𝑡 (0) as low field contribution to the intrinsic contribution and the irreversible
contribution as slope 𝛼.

The electromechanical response becomes non-linear at high electric fields owing to irreversible
domain wall displacement, domain switching along the applied electric field direction and
domain nucleation. The polarization increases non-linearly with increasing electric field until
the saturation polarization (maximum polarization, Pmax, or maximum strain, Smax,) point (b)
(in Figure 2.18) is reached. The reduction in the electric field to zero leads to the back-switching
of some domains, delineated as remnant polarization Pr (c). Applying an opposite directed
electric field leads to a further decrease in polarization until a net polarization of zero is
reached. At the coercive electric field Ec (d), the domain arrangement is random again. The
continuation of this cycle leads to a polarization hysteresis curve, such as that shown in Figure
2.18a, and it is a result of the reversible and irreversible domain wall displacements. The
alignment of the domains along the electric field causes mechanical strains, leading to a
hysteretic strain behavior (Figure 2.18b) [179].

Figure 2.18: (a) Polarization and (b) strain hysteresis of a ferroelectric material (Redrawn from the PhD
thesis of Matias Acosta).
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2.2.2.5 Extrinsic Domain Wall Contribution
Domain wall movement (reversible and irreversible) is one of the most relevant extrinsic
contributions to the dielectric, piezoelectric and ferroelectric properties of perovskite
ferroelectrics [180-182]. The mobility of the domain walls is highly affected by defects, external
stimuli (e.g., electric field), temperature and other boundary conditions [150, 183].
Pinning the domain walls by defects is a crucial method to manipulate the extrinsic domain
wall contribution. A schematic of the pinning of a 180° domain wall between two pinning sites
is given in Figure 2.19; the pinning was directly observed experimentally with near-field
scanning optical microscopy and later confirmed qualitatively through simulations [184, 185].
Applying a small electric field leads to a bowing of the domain wall between two pinning
defects, which were, in this case, narrowed down to screw dislocations or point defects [184]
until the curvature reaches a material-dependent radius (Figure 2.19). The estimated domain
wall energy of 0.2–0.4 J/m² was approximately one order of magnitude larger than the
theoretically calculated domain wall energy of 0.046 J/m² for 180° domains in BaTiO3 [172,
184], supporting the prediction that defects increases the domain wall energy.

Figure 2.19: Pinning and bowing of a domain wall at defects. Adapted from Ref. [184], with permission
from the American Physical Society.

The domain wall pinning strength of point defects (charged defects) was theoretically
determined for 90° and 180° domain walls [186]. Kinking and pinning of both domain wall
types were found in the vicinity of the charged defects. This kinking increases the extrinsic
contribution to the dielectric properties and leads to a change in the polarization distribution
close to the charged defects. The domain wall can break through the defect barrier only after a
critical electric field is reached [186].
The principle of acceptor-doping (soft) and donor-doping (hard) of ferroelectrics was
established on the basis of the pinning potential of point defects and the concept of point defect
doping by Carl and Härdtl [5, 187].
Lead-zirconate-titanate (PZT) is one of the model materials to explain the concept of hard and
soft doping. By replacing the B-cation Ti4+ with Fe3+ an additional oxygen vacancy (𝑉𝑂·· ) is
′
– 𝑉𝑂·· )· (Figure 2.20a) [188, 189]. The
formed for two Fe3+, leading to the defect pair (𝐹𝑒𝑇𝑖
ordered alignment of this defect pair along the bulk polarization is caused by electrostatic and
elastic effects. The oxygen vacancy migrates inside the oxygen octahedra to compensate for
these effects, which leads to ferroelectric “hardening” [189, 190], indicated in Figure 2.20b
with the increased potential energy landscape barrier. Oxygen vacancies are highly attracted by
the domain walls, especially to 180° domain walls [189]; therefore, they are strong pinning
centers. As a consequence, the domain wall mobility is reduced, resulting in low coupling and
piezoelectric coefficients, reduced ferroelastic strain response, a pinched hysteresis loop (Figure
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2.20c), and smaller electromechanical losses, but also higher mechanical quality factors [145,
191-195]. Moreover, hard doping reduces the electric field dependency (Figure 2.20d) and
frequency dependency of relative permittivity [190, 196].
Soft doping is achieved by the replacement of A-cations or B-cations in the perovskite, for
·
′′ )′
– 𝑉𝑃𝑏
example, with Bi3+or Nb5+. This leads to the formation of (𝑁𝑏𝑇𝑖
defect pairs in PZT with
a disorder of the pinning sites, indicated in Figure 2.20e and Figure 2.20f with a non-uniform
potential energy landscape barrier. Owing to the donor doping the number of oxygen vacancies
is reduced and a ferroelectric “softening” is achieved. As a consequence, the domain wall
mobility is increased, leading to a higher remnant polarization (Figure 2.20c), a strong electric
field sensitivity in the Rayleigh region (Figure 2.20d) and a low mechanical quality factor. The
differences in the polarization loop for soft and hard doped PZT are indicated in Figure 2.20c.

Figure 2.20: Hard and soft doping of lead zirconate titanate (PZT). Formation of defect pairs in hard
doped PZT (a) and soft doped PZT (e) (Redrawn from Ref. [197]). Defect dipoles (black arrows)
with an elastic component are aligned relative to the spontaneous polarization (blue arrow) and
the resulting change of the energy landscape is schematically shown in (b) and (f)1. Influence of
the point defect doping on (c) P(E) loops [194] and (d) field-dependent permittivity [190].
Adapted from Ref. [190, 194, 197], with permission from AIP Publishing and Elsevier.

2.2.2.6 Domain Engineering
Domain engineering describes controlled change in the domain orientation and domain size to
optimize the domain wall density and to adjust the ferroelectric properties [198-202].
Originally, this term was used to describe a poling process in a direction that does not belong
to one of the zero-field polar axes, conceiving domains with a minimized angle between polar
axis and polarization vector [201]. The resulting domain configuration depends on the direction
of the applied electric field and the domain state (monodomain or polydomain). The resulting
electromechanical response is determined by the intrinsic anisotropy of the single crystals and
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the ferroelectric phase [203, 204]. Therefore, it is an intrinsic contribution, and the domain
walls are considered as stationary [205].
In a broader sense, domain wall engineering considers static domain wall-based modifications
of the properties, which widens the field beyond the poling approach.
Wada et al. used both anisotropy in orthorhombic KNbO3 single crystals and non-polar axis
poling to investigate the piezoelectric coefficients of a [001]𝑝𝑐 - and [111]𝑝𝑐 -oriented KNbO3 and
BaTiO3 single crystals [206, 207]. With decreasing domain size (increasing 90° domain wall
density), an increase in piezoelectric coefficients d33 and d31 was determined, leading to the
conclusion that a stationary polydomain state with a high domain density is beneficial to gain
high piezoelectric properties [207]. Moreover, the permittivity and piezoelectric and coupling
coefficients are affected by the orientation [208], domain wall type, domain state, domain
pattern and domain size [22, 23, 209, 210].

2.3

Dislocations in Ferroelectrics

The lattice potential and the extrinsic domain wall contribution are affected not only by point
defects, but can also be altered by dislocations. The interaction between dislocations and
ferroelectrics materials is summarized in this chapter. The first part describes the characteristics
of the nucleation of domains at dislocations [32, 113, 211], formation of dislocations at the
domain walls [143] and dislocation formation during electric poling or cycling [212, 213]. It
also provides an overview of the dislocation–domain wall configuration (Section 2.3.1). The
stability to external stimuli, as well as the pinning potential are highlighted in Section 2.3.2.
The last part (Section 2.3.3) summarizes the effects of dislocations on the dielectric,
piezoelectric and ferroelectric properties.

2.3.1

Dislocation and Domain Wall – Nucleation and Configuration

In most studies, dislocations in ferroelectric materials were formed above Tc by creep [113],
plastic deformation (σ > σys) [39, 95], during thin-film growth [35, 214], during crystal growth
[211], sintering [139] or were implemented in the simulation as defects [32, 36, 38, 49]. The
main part of this chapter will review the literature describing the domain wall nucleation and
configuration at dislocations, which occur mainly during the phase transition from the cubic to
the tetragonal phase [31, 49, 120, 214]. A smaller part addresses the formation of dislocations
in the ferroelectric phase by electric poling [212], or cycling [213] or at domains due to point
defect agglomeration [143].

2.3.1.1 Phase Transition
Misfit dislocations that form at the interface between the substrate and a thin film to reduce the
lattice mismatch are common during film growth [215, 216]. During cooling below Tc in
epitaxial BaTiO3 thin films [214], the thermal mismatch causes an additional strain component
at the interface between substrate and film owing to phase transition, which is reduced by
domain formation. The 90° domain wall points towards the dislocation core at the interface,
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indicating that the strain fields of the dislocation and the 90° domain wall counteract each
other, which lowers the energy [214]. Hu et al. simulated such a domain formation process
around interfacial dislocations [49]. A spatially inhomogeneous eigenstrain was chosen for the
random dislocation distribution with respect to elastic fields. For simplicity, the dislocation core
energy and changes in local bonding were disregarded, and a static dislocation position was
assumed. The cooling of PbTiO3 was simulated from the cubic phase (paraelectric) into the
tetragonal phase (ferroelectric). The inhomogeneous strain fields of the dislocation cause a
spatial variation in transition temperatures, which resulted in the existence of a ferroelectric
phase at temperatures higher than the dislocation-free Tc. The nucleated domain type and
domain growth rate varied for the different dislocations simulated either in climb or glide
configuration. Either the a or c-domains nucleated, but no mixed domain structures were
identified. The position of domain nucleation varied from nucleation at one side of the
dislocation (glide) to nucleation on both sides (for climb). It seems that dislocations are
positioned inside the domains and not at the domain wall, which is contrary to the experimental
findings of Dai et al. [214].
In bulk materials, several different configurations of domains and dislocations were found,
varying from dot-shaped dislocations and triangles to partials with stacking faults [66, 211,
213]. A domain was localized close to dot-shaped dislocations on the (110)𝑝𝑐 plane. The
dislocation density in Remeika-grown BaTiO3 single crystals was approximately 2∙108 1/m²
(Figure 2.21a) [66], which is lower than that in KNbO3 and SrTiO3 single crystals (109–1012
1/m²) [11, 39, 104]. Thus, fewer nucleation sites were available in the Remeika-grown BaTiO3
sample. Nevertheless, a domain was pinned by dislocations, as indicated in Figure 2.21a. As
shown in Figure 2.21a, unstable domains were nucleated in the scallops, which decorated the
dislocation loops. Additionally, unstable domains were formed or nucleated at dislocation lines
reaching the TEM-sample surface (Figure 2.21b). These dislocations were initially created
during high-temperature creep [113]. In temperature-dependent plastic deformation
experiments (see chapter 2.2.4.1), it was observed that the number of domains and dislocations
varied significantly with phase structure during deformation [39, 95]. KNbO3 single crystals
deformed in the tetragonal phase had the highest number of domains and slightly higher
dislocation density than the samples deformed in the orthorhombic or cubic phase. A high
dislocation density is preferred for domain nucleation owing to many nucleation sites [95]. In
in-situ temperature-dependent TEM experiments, the domains were reported to have formed
at screw dislocations with 𝑏⃗ = [11̅0] [31]. In KNbO3 single crystals (Czochralski growth

method), domain walls were formed at the (110) plane in the tetragonal phase and at the (133)
and (277) planes in the orthorhombic phase. This finding indicates a relationship between the
90° and 60° formation of domains and the slip planes and emphasizes the role of phase
transitions in the nucleation of domains at dislocations.

2.3.1.2 External Stimuli and Point Defects
Moreover, domains with a 90° domain wall were nucleated at the dislocation by varying the
electron beam conditions [211]. An isosceles triangle was formed, consisting of a dislocation as
the base and 90° domain walls as the sides, as shown in Figure 2.21c and schematically
represented in Figure 2.21d. This triangle separated two regions with different polarization
directions on the inside and outside of the triangle. The polarization change is likely caused by
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the strain fields of the dislocation-domain-triangle [211]. In a further study, Ingle and Kokate
investigated the switching behavior of KN single crystals under applied DC field [217],
emphasizing the role of dislocations in domain nucleation [217-219].
Therefore, nucleation of domains at dislocations was considered. However, domain walls can
also lead to the formation of dislocations, which was experimentally shown by Buck et al. for
BaTiO3 [143]. Dislocation loops and stacking faults were formed at domain walls owing to the
agglomeration of point defects of a similar kind during electron beam irradiation, as shown in
Figure 2.21e [143]. The nucleation rate of the dislocation loops is strongly associated with the
mobility of the slowest species; therefore, nucleation is a temperature-dependent process.
During electron beam radiation, the temperature increases locally, which is beneficial for the
agglomeration of the point defects. Nevertheless, most dislocation loops were predominately
formed at 90° domain walls. Only a small number of dislocation loops were found inside the
domains and above Tc [143]. Below Tc, elastic strains promote dislocation loop formation at the
domain walls. A distortion in the domain facilitates the dislocation nucleation inside the
domain. Above Tc, the migration energy is low enough such that the dislocation loops or point
defects can move to and disappear at the grain boundary or TEM-sample surface.

Figure 2.21: a) Dot-shaped dislocations and a pinned domain are identified in a BaTiO 3 single crystal
[66]. b) Domains are pinned at dislocations in 1% deformed BaTiO3 single crystals [113]. c) The
image shows an isosceles triangle formed by the dislocation-pinned domain wall in BaTiO3 [211].
d) Schematic of the triangle shown in (c); redrawn from Ref. [211]. e) Dislocation loops are formed
by point defect agglomeration at the domain walls [143]. f) Partial dislocations and stacking faults
are found in a 〈001〉-oriented 0.65Pb(Mg1/3Nb2/3)O3-0.35PbTiO3 single crystal [213]. Adapted or
reprinted from Ref. [66, 113, 143, 211, 213], with the permission from © (1964) The Physical
Society of Japan, Springer Nature, AIP Publishing, Taylor and Francis and IOP Publishing.

An alternative approach to form dislocations in ferroelectric materials is electric poling [212]
or electric cycling [220]. Balzar et al. studied the stress and strain components of the
polycrystalline BaTiO3 samples during poling by X-ray diffraction [212] and determined a
dislocation density of 1013 1/m². This density is five magnitudes larger than the dislocation
density in a Remeika-grown BaTiO3 single crystal [220]. Notably, no direct evidence of
dislocations was presented, and the calculated dislocation density may have been overestimated
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[221]. Another approach is electric field cycling of 0.65Pb(Mg1/3Nb2/3)O3-0.35PbTiO3 (PMNPT) single crystals [213]. During this process, partial dislocations and stacking faults were
formed at the intersection of 90° domain walls (Figure 2.21f). Prior to electric cycling, the asgrown single crystals were almost completely free of dislocations. The TEM investigation
1
indicated that partial dislocations with ⃗⃗𝑏 = [101] were formed on (1̅01) planes to balance
2

shear displacements in the sample caused by switching. In contrast to the findings of Bradt and
Ansell [211] for BaTiO3, the partials in the PMN-PT sample formed during the cycling are
temperature stable (irradiation with an electron beam) or locked within the domain intersection
[213].

2.3.2

Domain Wall Pinning at Dislocations

Dislocations not only provide a nucleation site for domains but also pin the domain walls [32,
211]. The pinning was experimentally shown for 90° domains during electron beam radiation
in TEM [211]. In contrast to freely movable domains, pinned domains withstand longer
variations in the electric field and beam conditions [211]. The strain fields of the dislocations
and the 90° domain wall in thin films negate each other, which leads to a lower energy and to
domain wall pinning at the dislocations [214]. For 180° domain walls in Pb(Zr,Ti)O3 thin films
(PZT), the pinning was shown to occur at interface dislocations and at threading dislocations.
It was argued that the pinning results from the disorder in the area leading to a locally reduced
energy owing to the non-charged and non-ferroelastic character of the 180° domain walls.
Pinning is caused for both domain types by the reduction in energy. The position of the
dislocations seems to be determined by the elastic energy as well [214]. The elastic energy
excess as a function of the dislocation and domain wall position suggested that the dislocationdomain combination depends on the dislocation configuration, as indicated in Figure 2.22a.
Glide dislocations GI seem to be more stable in c-domains than in a-domains and vice versa for
GII dislocations. For one of the glide configurations an energetically stable configuration at the
domain wall was identified, similar to the experimental results in thin films, but dislocations
inside the domains are energetically possible, as well [214].
Kontsos and Landis focused on their phase-field simulations on the electromechanical coupling
and interaction between different configurations of dislocations and 90° and 180° domain walls
in ferroelectric single crystals [32]. They used BaTiO3 as the model material with 180° domain
walls on (100) planes and 90° domain walls (head to tail) on (110) planes. In contrast to thin
films [57, 123], dislocations are implemented as displacement discontinuities in the single
crystals, and are not based on isotropic elasticity [32]. 180° domain walls were combined with
𝑏
a dislocation array with ⃗⃗𝑏 = [110] (b = dislocation size) and the 90° domain walls with ⃗⃗𝑏 =
𝑏
[110]
√2

and ⃗⃗𝑏 =

𝑏
[1̅10].
√2

√2

Both 180° and 90° domain walls were straight without dislocations.

The introduction of a dislocation array results in a kinking of the domain wall, which was also
shown in KNbO3 single crystals [31], and a shift in the equilibrium position. The larger the
dislocation size and Burgers vector, the more kinked the domain wall becomes.
An increase in the Burgers vector leads to an increase in the critical electrical pinning strength
Epin. The pinning strength depends on the orientation of the applied electric field (towards or
away from the dislocation) and decays inversely with the dislocation spacing h (Figure 2.22b).
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Applying an electric field and a shear stress can cause a similar trend in the pinning behavior
of 90° domain walls on the dislocation array in the chosen configurations. A similar behavior
was determined for charged point defect arrays as well [186]. A linear relationship between the
critical pinning stress (σpin) and Epin was identified for both defect types (dislocations and point
defects). The switching surface separates the areas of pinning (below Epin and σpin) and
overcomes the pinning of the dislocations (above Epin and σpin) for a constant dislocation spacing
and dislocation size (Figure 2.22c). However, the calculated Epin for 180° domain walls is higher
than that for two 90° domain wall configurations [32]. This prediction contradicts the
assumption by Gao et al., who estimated an even larger elastic interaction for non-180° domain
walls [35]. Note that it is beyond the scope of the studies by Kontsos and Landis [32] and Gao
et al. [35] to encompass the overall complexity of the dislocation core, Burgers vector, domain
structure and energy distributions. Therefore, a direct comparison between a thin film study
and a bulk simulation could be misleading. Far away from the phase transition temperatures in
the ferroelectric phase the internal stresses can differ significantly for different regions in the
material. Therefore, the domain structures and types can spatially vary even if they are pinned
at the same dislocation type [31]; similar results were obtained for 90° and 180° domains and
edge dislocations in simulations [32].

Figure 2.22: a) Elastic energy as a function of domain wall (bright/dark area) and dislocation (glide)
position. Negative elastic energy values correspond to a preferred position of the dislocation. The
white arrow indicates the position at the domain wall [49]. b) Critical electric field necessary for
a 180° domain wall to overcome the pinning and break through the dislocation barrier for different
Burgers vector values and dislocation spacing (h) values. c) Linear relation between the shear stress
and the critical electric field forming a switching surface for a 90° domain wall pinned at a
dislocation array in [1̅10] direction [32]. Adapted from Ref. [32, 49], with the permission from AIP
Publishing and Elsevier.
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Above a critical field Epin, the domain wall can overcome the pinning of the dislocation. This
effect could explain the unstable domains found in scallops by Doukhan and Doukhan [113],
who questioned a pinning effect based on their results in the unstable domains. Such a
depinning was indirectly depicted by electron irradiation experiments on KNbO3 [31].
Remarkably, the material behavior shown in Figure 2.23 indicates that, initially (Figure 2.23a),
the mobility of the dislocations is hindered owing to the induced domains. Only after the
domain disappears (Figure 2.23b), the dislocation can move further (Figure 2.23c) [31].
This behavior is beyond the frequently discussed unilateral pinning behavior in the literature.
Note that in addition to the pinning of domains at dislocations, domain walls can also act as an
obstacle, hindering the glide of dislocations and causing a pile-up at the domain wall, which
has been experimentally shown in KNbO3 [31].

Figure 2.23: a) Initial domain and dislocation configuration, domains with a 60° domain walls are pinned
at the dislocation. b) Domain disappears during electron irradiation. c) Dislocations move to the
left [31]. Adapted from Ref. [31], with permission from Taylor & Francis.

For the sake of completeness, it should be mentioned that the stress fields of edge dislocations
can lead to point defect diffusion towards the dislocation to relieve the stress [222]. Such an
impurity-dislocation arrangement can prevent the formation of 60° domain walls at the
dislocations, which would otherwise enclose the dislocation array to reduce the stress field.
Although no domain walls are formed at such impurity-dislocation arrangements, these are still
able to hinder the domain wall motion of the domains [222]. This indicates that the domain
wall–dislocation pinning relationship is more complex and can also depend on the point defect
concentration in the material.

2.3.3

Effects of Dislocations on the Dielectric, Piezoelectric and Ferroelectric Properties

This section summarizes the most relevant influence of dislocations on the phase transition
temperature [31, 49], permittivity [48], local polarization distribution around a dislocation [95,
123] and overall electromechanical response and ferroelectricity [35-38, 49, 53].

2.3.3.1 Phase Transition
The inhomogeneous strain fields of the dislocation cause a spatial variation in Curie
temperature, which results in a ferroelectric phase at a temperature higher than the dislocationfree Tc [49]. In-situ temperature-dependent TEM investigations show that, on the one hand,
domains at the dislocations disappear long after the rest of the sample has reached the
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paraelectric phase; on the other hand, with decreasing temperature, domain walls are formed
first at the dislocations, indicating a local shift to higher Curie–Weiss temperature surrounding
dislocations. This finding supports the calculation of Hu et al. for the spatial variation of Tc
around dislocations [49]. Additionally, for randomly distributed edge dislocation, it was
simulated that the Curie-Weiss-temperature increases with increasing dislocation density [48].
An increase in dislocation density may reduce the permittivity and cause a broadening of the
phase transition region, depicted as diffuseness [48].

2.3.3.2 Piezoelectric and Ferroelectric Properties
The coupling between the stress field of a dislocation and polarization was demonstrated for
thin films with a modified Landau–Devonshire formalism [223]. It was concluded that the stress
fields of the dislocations induce a polarization instability, leading to a local depolarizing field.
As a consequence, the ferroelectricity is locally suppressed, which was observed in PZT
nanoislands with piezoresponse force microscopy [53]. This phenomenon is limited to thin
films, where in-plane and out-of-plane strains and stresses substantially affect the dislocation
formation and polarization [53]. Li et al. reported a polarization of 120 µC/cm² in the tensile
region and 21 µC/cm² in the compressive strain region of a PZT-STO thin film, which supports
the suggestion that dislocation orientation influences the local polarization [224]. In bulk
materials, atomic-scale calculations were used to determine the polarization vector field around
edge and screw dislocations in KNbO3, as shown in Figure 2.24a and Figure 2.24b. A local
change in the polarization field was determined in the surrounding of the dislocation cores.
Whereas, edge dislocations have a short-range effect on the polarization field, the effect of
screw dislocations has a more extended range, as indicated in Figure 2.24a and Figure 2.24b.
Such perturbation indicates strong electromechanical coupling, which is discussed in more
detail below.

Figure 2.24: Simulated local polarization fields around an (a) edge dislocation and (b) a screw dislocation
[95]. c) The coercive field and remnant polarization are presented as a function of the dislocation
line density, normalized to the values of DLD = 0 [38]. d) Polarization depicted as a function of
the dimensionless applied electric field for different temperatures [37]. e) The coercive field and
remnant polarization are given as a function of temperature based on the hysteresis loops in d)
[37]. Adapted or reprinted from Ref. [37, 38, 95], with permission from AIP Publishing and IOP
Publishing; copyright (2015) by the American Physical Society.
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The effect of dislocations on the domain structure and hysteresis loops depends on, among
other parameters, the dislocation linear density (DLDs, similar to dislocation density) [36],
dislocation character [34, 38], domain type [35] and temperature [37].
∗

∆𝑥
The DLD of a dislocation array with a Burgers vector of 𝑏⃗ = 1 [100] in PbTiO3 single crystal
2

[38] affects not only the stress field of the dislocation array but also the domain structure, shape
of the polarization hysteresis loop [38], coercive field and remnant polarization [37]. In a
dislocation-free single crystal, new domains nucleate, and domain walls move during the
switching process homogeneously. In contrast, in a crystal with dislocations, a multi-domain
state is reached. Some, but not all, domains are pinned at the dislocations, and under certain
conditions, the dislocation stress field favors domain nucleation and leads to inhomogeneous
switching behavior. As a result, remnant polarization and the coercive field decrease until a
minimum is reached (at DLD = 13, see Figure 2.24c) and afterwards, with increasing DLD, both
parameters increase [38].
The coercive field and remnant polarization are affected by all types of dislocations. During
ferroelectric polarization switching in Pb(Zr,Ti)O3 thin films, an attraction of the 180° domains
towards the dislocation in the positive switching branch and a repulsion in the negative
switching branch were observed in TEM [35]. It was emphasized that non-180° domain walls
most likely provide a larger elastic interaction owing to the ferroelastic contribution [35]. The
relative orientation of the stress fields around the different dislocation types and the
polarization result in a decrease or an increase in remnant polarization and a reduction in the
coercive field (e.g., more nucleation sites) [49]. The hysteresis behavior was investigated for
stationary misfit dislocations (interface dislocations) and threading dislocations [225, 226] with
a Burgers vector of 𝑏⃗ = 〈100〉 and 𝑏⃗ = 〈11̅0〉. The dislocations were introduced periodically into
a cubic perovskite film [33]. A decrease in average polarization, and changes in remnant
polarization and the coercive field were detected spatially and at high temperatures, owing to
stress relaxation caused by interfacial dislocations [34].
Simulation predicts the formation of hysteresis loops even far above the Curie temperature,
which indicates that dislocations stabilize the ferroelectric phase at higher temperatures [37]
as it was experimentally shown by Qi et al. for KNbO3 [31] and simulated for thin films [49].
The maximum polarization and remnant polarization decrease with increasing temperature, as
shown in Figure 2.24d and Figure 2.24e (DLD = 21). Notably, the behavior for remnant
polarization varies with maximum applied electric field amplitude, which indicates that the
coupling is more complex [37]. The coercive field increases when the temperature increases
from RT to a critical temperature and decreases with further increasing temperature (Figure
2.24e). Such a temperature trend is contrary to dislocation-free materials and thus, is attributed
to the pinning of domains by the dislocation arrays until a certain threshold temperature is
reached [37].
On the one hand, a high dislocation density (or DLD) favors the nucleation of domains during
phase transitions, leading to a higher domain wall density. On the other hand, dislocations pin
domains, which could hinder ferroelectric switching [95]. These competing mechanisms for the
switching behavior are associated with the dislocation characteristics, density and strength of
the coupling between dislocations and domain walls. This has already been emphasized by
phase-field simulations and led to the assumption that the role of dislocations could be material
dependent and, most likely, related to phase structure [95, 220].
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3

Concept and Aim

Little is known on the plastic deformability of bulk ferroelectrics and the interaction between
dislocations and domain walls on a macroscopic scale. Thus, in this work, the following topics
are addressed:
1. Plastic deformability of ferroelectric perovskite single crystals
2. Dislocation-induced changes of domain structures
3. Modification of dielectric and electromechanical response at a macroscopic scale due to
activation of dislocation slip systems
4. Effect of competing creep mechanisms in polycrystalline ferroelectric on microstructure
and functional properties.
In the first part of this thesis, the deformability, introduction of dislocations and
characterization of the resulting microstructure are discussed. For this purpose, singlecrystalline KNbO3 was used because it is one of the rare perovskite materials plastically
deformable at RT. In addition to improving the degree of plastic deformation and identifying
critical deformation parameters, the variation of orientation was also considered. On the basis
of different degrees of deformation, the dislocation structure, slip bands and domain
configurations were analyzed with complementary characterization methods. KNbO3 is a good
material of choice for deformation studies, but it is inferior to other ferroelectrics such as
BaTiO3, partly because of its hygroscopic nature and more complex orthorhombic structure.
Therefore, 〈001〉-oriented BaTiO3 single crystals were chosen to investigate the dislocationbased modifications in dielectric and electromechanical properties. Unlike KNbO3, BaTiO3 tends
to crack severely at RT, when a mechanical uniaxial compressive load is applied over the entire
sample. Indentation introduces dislocations, and domain formation can be studied, but higher
temperatures are required for a more detailed understanding of the dislocation-based
functionality. Therefore, high temperature creep was the method of choice. Creep experiments
allow not only the introduction of dislocations into BaTiO3 but also the study of domain patterns
before and after deformation and the study of changes in the extrinsic domain wall contribution.
Thus, a study of the extrinsic domain wall contribution was used to investigate the pinning of
domain walls by dislocations on a macroscopic scale.
Next, the thesis provides an outlook on high-temperature plastic deformation of 〈110〉-oriented
BaTiO3 single crystals to gain a deeper understanding of the deformation mechanism in BaTiO3
and pave the way for further coarse-grained polycrystalline deformation experiments.
The last section includes the transition from single crystalline creep to polycrystalline creep.
From an application point of view, polycrystalline materials are more economically suitable.
Thus, the applicability of the dislocation concept is discussed for fine-grained BaTiO3. For this
purpose, a deformation map was constructed, and the influence of the different regimes on the
structure and dielectric and electromechanical behavior was investigated.
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Materials and Methods

4.1
4.1.1

Materials
Single Crystals: BaTiO3 and KNbO3

High-purity top-seeded solution-grown BaTiO3 and KNbO3 single crystals with dimensions of
4×4×8 mm³ were purchased from FEE GmbH, a division of Electro-Optics Technology GmbH
(Germany). The tetragonal BaTiO3 single crystals were oriented along the 8-mm axis either in
the 〈001〉𝑝𝑐 direction or in the 〈110〉𝑝𝑐 direction, respectively. KNbO3 single crystals were
oriented along the 8-mm axis in 〈010〉𝑝𝑐 = 〈010〉𝑜𝑟𝑡ℎ𝑜 or 〈101〉𝑝𝑐 directions. The single crystals
were polished to optical grade on four or six sides by the supplier. The crystallographic planes
and directions are given in this thesis for both KNbO3 and BaTiO3 single crystals in pseudocubic
notation.

4.1.2

Polycrystalline BaTiO3

The polycrystalline BaTiO3 powder was prepared via the conventional solid-state reaction. The
starting powders were TiO2 (purity ≥ 99.6%, Sigma-Aldrich, USA) and BaCO3 (purity ≥ 99.8%,
Sigma-Aldrich, USA). TiO2 and BaCO3 were mixed according to the stoichiometric formula and
ball-milled for 12 h with ethanol and zirconia balls in a planetary ball mill (Fritsch Pulverisette
5, Germany). Afterwards, the powders were dried, calcined at 1100 °C for 6 h and re-milled for
24 h. Cylindrical green bodies were pressed with a die of 6.5-mm diameter and compacted
under 200 MPa using a cold isostatic press (KIP 100E, Weber, Germany). The samples were
sintered at 1350 °C for 6 h.
Cylindrical samples with a diameter of about 4.8 mm and a height of 16.5 mm were produced
(Figure 4.1). Each cylinder was cut into two smaller ones using a diamond wire saw, and the
diameter was reduced to 4 mm ± 0.05 mm using a lathe. Plan-parallel samples with a final
height of 8 mm ± 0.02 mm were ground to ensure a homogeneous stress distribution between
the sample and the pressing dies during the creep experiments. After the creep experiment, the
sample was cut into several pellets (t = 1 mm), electroded and electrically measured together
with the reference samples (as indicated in Figure 4.1c; modified from Ref. [227]).

Figure 4.1: Schematic of the sample preparation for creep experiments on polycrystalline BaTiO 3.
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Powders were provided by Lalitha Kodumudi Venkataraman. Sample preparation and creep
experiments were carried out by Pengrong Ren. Data analysis, discussion and interpretation
were performed jointly.

4.2

Plastic Deformation and Creep Experiments

The plastic deformation and creep tests were carried out under compression using a screwdriven load frame (Z010, Zwick GmbH & Co. KG, Germany) equipped with a linear variable
differential transducer (LVDT) for displacement measurement. Two different materials were
used for the pressing dies, depending on the temperature range. Experiments between ambient
temperature and 300 °C were performed using a set of tungsten carbide (WC) dies (Figure
4.2a). Above 800 °C, the Al2O3 setup (Figure 4.2b) was used, due to the temperature stability
of alumina. An integrated furnace (LK/SHC 1500-85-150-1V-Sonder, HTM Reetz GmbH,
Germany) was placed around the experimental setup, marked with red dashed lines in Figure
4.2a and Figure 4.2b. Platinum foils (at high temperatures) and PTFE (Teflon tape; at room
temperature) were placed between the sample and the pressing dies to reduce friction and
reduce the cracking of the samples.

Figure 4.2: Schematic of the deformation setups consistent of WC pressing dies at ambient temperature
(a) and Al2O3 dies for high-temperature experiments (b). The use of Teflon or platinum is optional.

The samples were positioned with centering tools to achieve a precise alignment. A preload was
applied to ensure contact throughout heating, testing and cooling. The preload was 20 N
(1.2–5 MPa) for the single crystals and polycrystals. This chosen value was as low as possible
to avoid ferroelastic switching and cracking during the application of the preload, but it was
high enough to have a constant contact between the sample and the pressing dies.
The stress σ and strain γ data presented in the experimental section are given as engineering
stresses and strains. In the results and discussion section, they are converted to true stresses
and true strains according to Equations 4-1 and 4-2 [228], where F is the applied force, A0 the
initial area, Δl the length difference and l0 the initial length of the sample.
𝛾𝑡𝑟𝑢𝑒 = −ln [1 −
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4.2.1

𝜎𝑡𝑟𝑢𝑒 =

𝐹
(1 + 𝛾𝑒𝑛𝑔 )
𝐴0

4-2

Deformation Experiments on KNbO3 Single Crystals

KNbO3 single crystals were deformed in the loading frame equipped with tungsten carbide dies.
The single crystals were deformed with a displacement rate of 1.9–8 µm/min at room
temperature (RT), corresponding to an initial strain rate of 8.3·10-6 1/s and 1.7·10-5 1/s,
respectively. Teflon tape was inserted between the tungsten carbide pressing dies and the
sample (as indicated in Figure 4.2a) to avoid friction due to shear and to counteract small
misfits in surface roughness. The KNbO3 single crystals were deformed in either [010] or [101]
orientation. The [010] samples had a geometry of about 4×4×8 mm³ and the [101] samples of
about 4×4×4 mm³. For the [101] samples, a [010] single crystal of 4×4×8 mm³ was cut into two
pieces, polished and deformed along the [101] orientation.

A typical RT deformation experiment for KNbO3 can be divided into five regions, given in Figure
4.3a for a deformation in the [010] direction (see schematic in Figure 4.3b). In the first step (I),
a preload of 20 N was applied for several seconds to a few minutes to ensure proper contact
between the sample and the dies. This step is a safety step to ensure the system is working
properly. In regions II and III, the sample was loaded at a displacement rate of 1.9–8 µm/min.
The deformation parameters for selected samples are given in Table 4.1. The measurement was
stopped manually (end of the region III) after a certain initial strain value (more precisely, a
certain LVDT-displacement value) was reached. Region IV is a special feature of the loading
frame and enables one to stop the measurement (fixed position of the pressing tool), while data
points are still recorded during the relaxation of the sample at constant cross-head position.
Severe cracking often occurs during unloading. Therefore, this relaxation is a gentle unloading
procedure. As soon as the material-dependent load decrease slowed down, Step V with a
controlled unloading rate began. This step was either load-controlled with 0.2–1 N/s or
displacement-controlled with 8 µm/min.
The critical compressive stresses were determined according to the Rp0.2-criterion, describing
the stress at which 0.2% plastic deformation was reached [85]. The true plastic strain values
were obtained by subtracting the elastic strain values at Rp0.2 from the maximum total strain
values at the end of the applied force plateau (i.e., the end of Step III).

Figure 4.3: Typical deformation experiment for KNbO 3 at room temperature (sample KN-010-3).
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Table 4.1: Room temperature deformation of KNbO 3 single crystals. The samples are named after the
material (KN = KNbO3) and the deformation direction (010 = 〈010〉 and 101 = 〈101〉). The
numbering of the samples is sorted by strain rate.

Sample

Orientation

KN-010-1
KN-010-2
KN-010-3
KN-010-4
KN-010-5
KN-101-1
KN-101-2

〈010〉
〈010〉
〈010〉
〈010〉
〈010〉
〈101〉
〈101〉

Loading rate (µm/min)
4
4
4
8
8
1.9
3.8

Strain rate (1/s)

8.3·10-6
8.3·10-6
8.3·10-6
1.7·10-5
1.7·10-5
8.3·10-6
1.7·10-5

The influence of commercial PTFE (Teflon) as protective layer on the RT deformation results is
discussed in the following paragraph. An Al2O3 reference sample was compressed with and
without Teflon tape on top and on bottom of the sample (Figure 4.2a). In the first experiment,
the Al2O3 reference (with and without Teflon) was loaded initial strain-rate-controlled with
1.7·10-5 1/s to 60 MPa, given in Figure 4.4. In the second experiment 8.3·10-6 1/s and a load of
30 MPa were chosen. The maximum loads correspond to the expected yield stresses of [010]oriented KNbO3 single crystals.
The contribution of the Teflon tape to the plastic strain rate was defined as the difference in
strain between the experiment with and without Teflon under the same experimental
conditions. This leads to a strain contribution of 0.15% and 0.38% for prior slightly or nonstretched Teflon tape. The majority of the strain contribution took place in the low-stress range,
0–20 MPa. This result leads to two conclusions. First, the plastic strain values are not directly
affected because the Teflon contributes mainly to the non-linear low stress and linear elastic
stress region. Second, the Teflon compression and ferroelastic switching take place in the same
stress region. Therefore, a superposition of both strain contributions impedes a clear separation
of the two processes. To reduce this strain contribution, the Teflon tape was stretched prior to
the KNbO3 deformation experiments. Despite the additional strain contribution, Teflon protects
the sample surface from surface damage.

Figure 4.4: Reference experiments on Al2O3 to evaluate the influence of Teflon. a) Stress (strain) as a
function of time and (b) stress-strain curve for compression experiments with a strain rate of
1.7·10-5 1/s and 8.3·10-6 1/s, in agreement with KNbO3 deformation strain rates.
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Without Teflon (Figure 4.5a), the surface is covered with grooves, non-controlled indents and
scratches which come from the contact with the WC dies. Such features can be avoided with
use of Teflon. More important is, that after deformation slip bands are visible on the bottom
and top surface of the sample, as indicated in Figure 4.5b.

Figure 4.5: Differential interference contrast optical light microscopy images of the top surface after
compression along the [010] axis of a KNbO3 single crystal without (a) and with (b) Teflon as a
protection layer.
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4.2.2

Deformation Experiments on BaTiO3 Single Crystals

4.2.2.1 Creep Experiments on BaTiO3 Single Crystals
High-temperature (HT) creep experiments were performed on [001]-oriented BaTiO3 single
crystals using the Al2O3-setup at temperatures of 1050 °C and 1150 °C with a cooling and
heating rate of 1 K/min. The temperatures were chosen with respect to the device temperature
limit of 1200 °C. Microcrack formation was reduced by the use of protective platinum foils at
contact areas and low heating and cooling rates.
The high-temperature experiment can be divided into seven regions, as shown in Figure 4.6. In
the first region, a constant compression pre-load of 1.2–1.3 MPa (20 N) was applied to maintain
contact between samples and dies during heating at 1 K/min. On the one hand, this pre-load
was crucial to avoid sample damage due to thermal expansion of the setup and the sample,
which would lead to an uncontrolled increase of force. On the other hand, the contact between
sample and die could be lost without the pre-load, due to the phase transition into the cubic
phase and the resulting change in the sample geometry. In the second region, the set
temperature was reached and kept constant for 20–30 min to ensure a temperature equilibrium
in the surrounding of the sample. The compressive stress was kept constant at 1.2–1.3 MPa
(20 N). Afterwards, the force was increased in a manner either displacement controlled,
corresponding to an initial strain rate of 8.3∙10-6 1/s or force controlled with 0.2 N/s until a
compressive stress of 20–50 MPa was reached (see Table 4.2). The actual experiment (Step IV)
started as soon as the set load was reached. The compressive load was kept constant for 1–4 h
at constant temperature in Step IV. In Step V the applied force was maintained during cooling
at 1 K/min until a temperature of approximately 1000 °C was reached (tcool= time span for
cooling in Step V). Step V should minimize recovery of the dislocations and avoid the
elimination of dipoles, which would lead to the annihilation of the dislocations [108]. At lower
temperatures (Regions VI and VII), the force was released in a force-controlled manner with
0.2 N/s and a pre-load of 1.2–1.3 MPa (20 N) was kept until the system cooled at 1 K/min to
RT. A safety protocol was followed for each measurement to protect the setup from damage.
This protocol included a measurement stop, to be carried out if a force-drop of ΔF = ±30–50%
or a displacement drop of Δl = 2–4 mm was reached. The limitations were chosen according to
the sample geometry (max. 50% of the sample height), including a buffer for thermal heating
and the setup accuracy.
Reference sample “reference 1150 °C” was placed on a platinum foil in the Zwick furnace (no
load applied) and thermally treated at 1150 °C for 3 h to exclude an influence of the heating on
the measurement results.
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Figure 4.6: Creep experiment can be divided into seven regions (I–VII). Region IV is the actual creep
experiment.

A typical HT-experiment takes at least 39 h, which is beyond the data storage capacity of
100,000 data points. In the range of 99,900 data points (already reached in the heating region),
the system drastically increases the time interval between the data points. This increase leads
to the loss of the most relevant data points during the creep experiments. To avoid such data
loss, the experiment was divided into two partial experiments. The first was stopped after the
equilibrium temperature was reached (region II), and the second part was started immediately
after the first one was stopped.
Table 4.2: High-temperature creep experiment parameters for selected BaTiO3 single crystal samples in
[001] orientation. Only parameters for the loading (Step III), actual experiment (Step IV) and time
during cooling at constant set stress (Step V) are provided. The samples are labeled according to
the deformation process (C for creep), the set temperature and the maximum applied initial stress.

Sample

T (°C)

Loading
condition

Applied
initial load
(MPa)

Holding time
tT=const +(tcool)

C-1050-30

1050

0.2 N/s

30

2 h (50 min, 1000 °C)

C-1150-20

1150

4 µm/min

20

1 h (/)

C-1150-30-1

1150

0.2 N/s

30

2 h (150 min, 1000 °C)

C-1150-30-2

1150

0.2 N/s

30

4 h (50 min, 1000 °C)

C-1150-35

1150

0.2 N/s

35

2 h (150 min, 1000 °C)

C-1150-40-1

1150

0.2 N/s

40

3 h (250 min, 900 °C)

C-1150-40-2

1150

0.2 N/s

40

4 h (150 min, 1000 °C)

C-1150-50

1150

0.2 N/s

50

4 h (150 min, 1000 °C)

Reference 1150

1150

/

/

3 h (/)
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4.2.2.2 Plastic Deformation Experiments at High Temperatures (Orientation-dependent)
Compression experiments were carried out on [001]-oriented and [110]-oriented BaTiO3
samples at 1150 °C (at a heating rate of 1 K/min), to determine the stress at which the yield
stress or the fracture stress is reached.
The heating procedure was identical across Regions I and II of Figure 4.6. The load was
increased until either the predefined force was reached, a plastic deformation of several
percentages was reached, or the sample broke (A in Figure 4.7 for [110] orientation). Region
B in Figure 4.7 corresponds to a measurement sequence whereby the position of the loading
head is fixed and the sample shows relaxation behavior. After the relaxation, the force was
reduced with a constant loading rate (not presented in Figure 4.7). The loading and unloading
took place at constant temperature.
In contrast to the creep experiments, no platinum was used in this experiment, and considerably
higher force was applied. The samples had a geometry of 2×2×4 mm³. This geometry is more
economical, which was important due to a delivery bottleneck. Additionally, higher loads could
be applied due to the smaller sample area. The disadvantages were that the alignment and
centering of the sample were more difficult and that more samples showed severe cracking due
to the missing protective layer of platinum.

Figure 4.7: High-temperature deformation experiment for a [001]- and a [110]-oriented BaTiO3 single
crystal. The [100] curve (black) stopped due to sample failure. Strain as a function of time curves
are given as dashed lines. The continuous lines are the corresponding stress curves. At A, the
compressive stress increases constantly. In B, the cross-head position was maintained.

4.2.2.3

Plastic Deformation at High Temperatures on [110]-Oriented BaTiO3

Stepwise deformation experiments (stress-intervals, Figure 4.8) were carried out for [110]oriented BaTiO3 single crystals to determine the strain rate at different stress levels. The load
was increased by 2 N/s, and the time spans decreased with increasing load to avoid failure of
the sample. The chosen step loads are listed for 1100 °C, 1150 °C and 1170 °C in Table 4.3. For
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these experiments, the Al2O3 dies were used without platinum. The sample geometry was
2×2×4 mm³.

Figure 4.8 Stepwise experiment with 2 N/s at 1150 °C for a [110]-oriented BaTiO3 single crystal.

Moreover, deformation experiments with a constant initial strain-rate of 10-4 1/s, 10-5 1/s or
constant load-rates of 0.5 N/s and 1 N/s were carried out at 1150 °C.
Table 4.3: Stepwise deformation experiments for 1100 °C, 1150 °C and 1170 °C. The samples are labeled
based on the deformation procedure (D: Deformation, S: Stepwise), compression direction [110]
and set temperature.

Sample

T

Step I

Step II

Step III

Step IV

Step V

Step VI

(°C)

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

DS-110-1100

1100

-

-

-

100

150

200

DS-110-1150

1150

25

50

75

100

150

-

DS-110-1170

1170

25

50

75

100

-

-

4.2.2.4 Influence of Platinum
Platinum foils with a thickness of 0.11–0.16 mm were used to protect the surface from damage
and to counteract small misfits in the sample roughness. Without platinum, the sample surface
was heavily damaged during the loading experiment, due to the different hardness of BaTiO 3
and Al2O3 and the slight irregularities at the contact area. Furthermore, the cleavage of the
sample and the complete destruction of the samples were observed several times without the
usage of platinum, especially for the [001] orientation. The disadvantage was that platinum
creep occurred at high temperatures and affected the initial strain values (Figure 4.9). The
creep of platinum results in a plastic strain of approximately 0.5% after 4.5 h at 40 MPa, and it
flattens the slope of the stress-strain curve of Al2O3 in the linear stress regime (Figure 4.9b). A
comparison between the sample geometry before and after deformation was not feasible,
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because the sample and the platinum stuck together after the creep experiment and the samples
had to be cut out.

Figure 4.9: Reference creep experiment on Al2O3 without and with platinum. a) Stress and strain curves
as a function of time. b) Stress as a function of strain curve with and without Pt.

4.2.3

Creep Experiments on Polycrystalline BaTiO3

The creep study can be separated into two parts. In the first, the different creep mechanisms
were determined, to construct a map of deformation mechanisms. In the second, the knowledge
gained from that map was used to deform the cylindrical samples at a certain stress and constant
temperature and to investigate how the selected creep regimes influence the microstructure and
electrical properties. For both parts, the Al2O3 dies were used without platinum, and a pre-stress
of approximately 1.6 MPa (20 N) was applied during heating at 5 K/min, to prevent damage of
the sample due to thermal expansion. The target temperature was above 0.5∙Tc [106] and was
maintained for 30 min to ensure temperature equilibrium.
Interval experiments to determine the deformation map were carried out at temperatures of
950 °C, 1000 °C, 1050 °C and 1100 °C, respectively. The uniaxial compressive stress was
increased in 25 MPa steps from 100 MPa to 225 MPa with a loading rate of 1 MPa/s. Each
interval was held for 30 min. Afterwards, the stress was sustained until the temperature was
decreased to 1000 °C to minimize the recovery and annihilation of the dislocations [108].
Finally, the samples were cooled to RT with an applied stress of 1.6 MPa.
The single-stress experiments were carried out at 1000 °C for 15 min and at 1050 °C for 15, 22
and 30 min, respectively (labeled as ‘PC-1000-15’, ‘PC-1050-15’, ‘PC-1050-22‘ and ‘PC-105030‘; PC: polycrystalline creep). A load of 200 MPa was applied for all samples, with a loading
rate of 1 MPa/s, and maintained for at least 15 min to ensure that the steady-state creep regime
could be reached. The chosen temperatures, times and stress levels provide a balance between
increasing the dislocation density [108], avoiding vast cavitation or cracking, and reducing the
probability of grain growth.
The creep experiments were performed on polycrystalline BaTiO3 together with Pengrong Ren.
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4.3
4.3.1

Microstructural Investigations
Laue Diffraction

The back-scattering Laue method was applied to confirm the orientation of the single crystals.
Single crystals were mounted on a goniometer head (Type 1001, Huber Diffraktionstechnik
GmbH & Co. KG, Germany) and placed at a distance of approximately 32–34 mm in front of
the image plate (or charge-couple-device (CCD) camera), as indicated in Figure 4.10. Silver or
Molybdenum was used as an X-ray source. A collimator with a diameter of 0.5 mm was mounted
to bundle the beam and transform it into a parallel beam before it hits the single crystal.

Figure 4.10: Laue setup with goniometer head, collimator and image plate. The X-ray source is located
outside of the viewer’s field to the right.

The back-scattered Laue pattern was collected with the image plate or a CCD camera. The image
plate was read out with a scanner (CR 35 Bio, Dürr Medical, Dürr NDT GmbH & Co. KG,
Germany) through the “CR Scan Config” software, and it was post-processed with ImageJ. For
the Peltier-cooled CCD camera, the “Artemis Capture” software was used, and the images were
post-processed with ImageJ. The orientations were determined with the Cologne Laue
Indexation Program (clip). To achieve good contrast, a current of 38 mA and a voltage of 25 kV
were applied for BaTiO3 single crystals, and 16 mA and 16 kV, for KNbO3.

4.3.2

Light Microscopy

Optical light microscope (OLM) images were taken either with a 3D-Laser-Scanning microscope
(LEXT OLS4100, Olympus, Japan) or an OLM (Zeiss Axio Imager2, Zeiss, Germany). Overview
pictures of the 4×4×8 mm3 samples were taken with a stitching (LEXT) or tiles mode (Zeiss)
to capture images of the whole single crystal before and after deformation. For the polarized
light pictures, a differential interference contrast (U-DICR, Olympus) or a circular differential
interference contrast (C-DIC [229], Zeiss) and a polarizer were used. Due to the combination
of several images into one, some of the differential interference contrast (DIC) images have
artificial horizontal and vertical lines. These lines are equally distributed and are unrelated to
the domain structure.
Temperature-dependent light microscopy was performed with an optical microscope (PSM1000,
Motic, Hong Kong) equipped with a temperature-controlled stage (THMS 600 System, Linkam
Scientific Instruments, UK). Thin KNbO3 samples with {101} surface were cut and polished to
an optical grade and heated from room temperature up to 600 °C at a heating rate of 1‒2 K/min.
Images were taken during heating and cooling.
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4.3.3

Secondary Electron Microscopy and Electron Channeling Contrast Imaging

Scanning electron microscopy (SEM) investigations were conducted with a Philips XL30 FEG
(Philips, Germany). The polycrystalline BaTiO3 samples were ground and polished to a 0.25 µm
finish, thermally etched at 1250 °C for 10 minutes and investigated in secondary electron
imaging mode (SE). KNbO3 single crystals were etched with a concentrated solution (volume
ratio 1:2)[222] of ammonium acetate in water (7.4 g CH3COONH4, 4.99 g distilled H2O) and
hydrogen peroxide (H2O2) for 1 h and investigated in SE-mode.
In Electron channeling contrast imaging (ECCI) the change in the backscattered electron
intensity with changing crystallographic orientation is used to capture the image of the sample
[230, 231]. Dislocations cause a local disruption of the crystallographic orientation and can
therefore be visualized with ECCI. For BaTiO3 and KNbO3 single crystals, ECCI was performed
using a MIRA3-XMH SEM (TESCAN, Czech Republic) equipped with a four-quadrant solid-state
backscattered secondary electron (BSE) detector (DEBEN, UK). The channeling contrast was
maximized by tilting the sample and rotating it to an intensity minimum corresponding to the
backscattered Kikuchi pattern acquired with a rocking beam.
The ECCI experiments were carried out by Enrico Bruder (PhM, TU Darmstadt).

4.3.4

Piezoresponse Force Microscopy

Piezoresponse force microscopy (PFM) was carried out with an MFP-3D AFM (Asylum Research,
Oxford Instruments, United Kingdom) to determine the changes in the domain structure due to
plastic deformation. Changes in the surface topography cause a deflection or torsion of the tip,
leading to a relative displacement of the laser signal on the photo detector. With this signal, the
topography can be determined with an atomic force microscope (AFM), but irregularities on
the surface are also emphasized in the deflection image (derivative of the topography). Such
irregularities can be surface steps caused by plastic deformation or scratches. In the dual ACresonance tracking (DART) mode of the PFM, an electric field is applied on the tip to track the
domain reaction beneath the tip. Extension and contraction of the domains can be measured in
the vertical (bending of the tip) and lateral direction (torsion of the tip) with this method. The
response is afterwards transferred to amplitude and phase signals, based on the local
piezoelectric response (amplitude) and the orientation of the spontaneous polarization (phase)
[232].
Either the sample surfaces of the KNbO3 single crystals were polished in-house or the sample
surfaces were already polished to optical grade by the EOT GmbH prior to deformation
experiments. For the in-house polishing, the surfaces were polished with different diamond
pastes (6 µm, 3 µm, 1 µm and 0.25 µm), followed by a final polishing step with a noncrystallizing amorphous colloidal silica suspension (MasterMet2, 0.02 µm, Buehler, Germany).
An AC sinusoidal signal was applied to measure the reference and deformed samples with an
amplitude of 5–30 V and 345–360 kHz. To investigate the local domain switching, a DC field of
+150 V was applied in a square of 30×30 µm² for an undeformed sample, with −150 V/+150 V
for KN-010-2 (+150 V: 20×10 µm² and −150 V: 20×10 µm²) and −150 V/+150 V for KN-0104 (two triangles together forming an area of 30×30 µm²). The PFM was operated mainly by
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Matija Buljan, Mateo Miličevič and myself. Hana Uršič from the Jožef Stefan Institute in
Ljubljana (Slovenia) supervised the PFM operation.

4.4

Electrical Measurements

The BaTiO3 single crystals were mainly cut out of the middle part of the deformed 4×4×8 mm³
single crystals to reach a final thickness of 0.5–1.2 mm. The area of the samples varies from
2.3 mm² to 16 mm², depending on the single crystal quality after deformation. Afterwards, the
samples were annealed at 400 °C for 2 h at 1 K/min and sputtered with Au electrodes on the
corresponding {010} faces. The electric fields were applied in the loading direction, and the
samples were annealed at 200 °C for 2 h (1K/min) between individual measurements.
Sputtered Pt electrodes were used for polycrystalline BaTiO3 samples. KNbO3 single crystals
were coated with Pt or Au.

4.4.1

Temperature, Electric Field and Frequency Dependent Electrical Properties

Electric-field-dependent and frequency-dependent permittivity data were recorded for [001]oriented BaTiO3 single crystals at room temperature with an impedance analyzer (Alpha
Analyzer, Novocontrol Technologies, Germany) equipped with a 150 V amplifier. The
measurements were carried out at 1 kHz in the linear or intermediate electric-field region
(below Ec). The samples were measured in unpoled and poled states. For the electric-fielddependent permittivity measurements, BaTiO3 samples were poled at 1 kV/mm for 10 min at
RT.
The small-signal room-temperature permittivity of poled BaTiO3 single crystals was measured
with a lock-in amplifier (SR830, Stanford Research System, USA) [196]. The voltage was
amplified by a voltage amplifier to provide an AC electric field, while signals were read out with
a second lock-in amplifier. The LabVIEW program was written by Lukas M. Riemer and the
measurements were performed at the École Polytechnique Fédérale de Lausanne (Group of
Ferroelectrics and Functional Oxides, Prof. Damjanovic, EPFL, Lausanne, Switzerland) in
parallel to the d33* measurements.
The temperature-dependent dielectric properties of of BaTiO3 single crystals were evaluated with
a Precision LCR meter (HP 4284 A, Hewlett Packard, USA) and a switch control unit (HP 3488
A, Hewlett Packard) in the temperature range from RT and up to 160 °C. The environmental
test chamber was equipped with an additional Pt100 resistance temperature detector (RTD),
monitored by a multimeter (HP34401A, Hewlett Packard, USA). The frequencies were chosen
in the range of 0.1 kHz to 800 kHz.
The temperature-dependent permittivity of the KNbO3 single crystals and of the polycrystalline
BaTiO3 samples was determined at selected frequencies in the range between 100 Hz and 1 MHz
with the HP 4284A LCR meter (Hewlett Packard Corporation, USA) equipped with a furnace
(Nabertherm LE4/11/R6, Nabertherm GmbH, Germany). The undeformed and deformed
KNbO3 samples were measured from room temperature to 550 °C with an increase of 1 K/min,
while the polycrystalline BaTiO3 measurements were performed up to 250 °C at 2 K/min.
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4.4.2

Electrochemical Impedance Spectroscopy (EIS)

Impedance measurements were carried out on polycrystalline BaTiO3 with a Novocontrol AlphaA High Performance Frequency Analyzer (Novocontrol Technologies, Germany) equipped with
a tube furnace in a frequency range of 0.1 Hz to 3 MHz at 400 °C.

4.4.3

Large Signal Measurements

The subcoercive field polarization measurements were performed with a function generator
(Agilent Technologies, USA) in combination with a voltage amplifier (Model 7602M Wideband,
Krohn-Hite Corporation, USA), a charge amplifier (Type 5011, Kistler, Switzerland) and an
oscilloscope (Tektronix 3014, Tektronix, USA). All measurements were completed at room
temperature at the selected frequencies. The sine function (burst mode, 3 cycles) of the function
generator was amplified by the voltage amplifier by a factor of 20. The bottom of the sample
holder acted as contact. The oscilloscope recorded both the function generator signal and the
charge amplifier signal, as schematically visualized in Figure 4.11a.

Figure 4.11: a) Schematic of the subcoercive field polarization setup with function generator, voltage
amplifier, charge amplifier and oscilloscope. The displacement sensor is not used in this method
and is, therefore, not in contact with the sample. b) Sample holder for the measurement. Setup
and software were built and programmed by members of the “Group of Ferroelectrics and
Functional Oxides” at the EPFL.

The large-signal measurements were performed at unpoled [001]-oriented BaTiO3 single crystals
with a modified Sawyer–Tower setup. A triangular DC signal is provided by a signal generator
(33220A, Agilent, USA) and amplified by a TREK high-voltage generator (20/20C, Trek Inc.,
USA). The displacement was tracked simultaneously with a fiber optical displacement sensor
(Philtec Inc., USA). BaTiO3 single crystals were examined at 1 Hz in the range of 0.5 kV/mm to
3 kV/mm. Unipolar loops were investigated for polycrystalline BaTiO3 samples at 10 Hz and
4 kV/mm.
The piezoelectric coefficient, d33* was determined for poled [001]-oriented BaTiO3 single crystals
with a lock-in amplifier (SR830, Stanford Research System, USA) combined with a voltage
amplifier (Model 7602M Wideband, Krohn-Hite Corporation, USA). The polarization was either
derived from a charge amplifier signal [196] or from the voltage measured across a resistor
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connected in series to the sample. The displacement measurement of the samples was carried
out with a displacement sensor (MTI 2000 Fotonic Sensor, MTI Instruments INC., USA). Signals
were read out either with a lock-in-amplifier or an oscilloscope (Tektronix MDO 3014,
Tektronix, USA). The sample holder in Figure 4.11b was also used. The setup was calibrated
with a bismuth titanate (PZ46, Meggitt) reference sample prior to measurement. The BaTiO3
single crystals were poled at 0.5 kV/mm for 20 min. The experiments were performed during
my research visit at the EPFL.
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5

Results and Discussion

5.1
5.1.1

Room-Temperature Deformation and Domain Structure of KNbO3
Domain Structure of As-Received Single Crystals

All single crystals were oriented as indicated in the schematic in Figure 5.1a by the blue cuboid.
In Figure 5.1b, a single crystal is shown for the deformation along the [010] axis, whereas Figure
5.1c corresponds to a single crystal deformed along the [101] axis. The respective orientation
of the single crystals was confirmed by the back-scattering Laue pattern shown in Figure 5.1d
and e.

Figure 5.1: Single crystal orientation in the pseudocubic nomenclature (a). Confirmation of the KNbO 3
single crystal orientation prior to deformation along (b) the [010] direction and (c) the [101]
direction with optical light microscopy. The deformation directions are indicated with grey arrows.
The numbers 1-3 in (b) and (c) correspond to the Laue patterns in (d) [010] and (e) [101] [233].

The domain structure was documented for every single crystal before deformation (a selection
is presented in Figure 7.1). Most of the initial single crystals had no visible domain structure,
as indicated in Figure 5.2a, whereas a few had an obvious domain structure (Figure 5.2b and
Figure 5.2c). Most of the domain walls were aligned parallel to the [010] direction, as
highlighted in Figure 5.2d and Figure 5.2e with PFM. The PFM scan of a side face of undeformed
KN-010-4 demonstrated that the change in topography contrast was accompanied by a change
in PFM amplitude contrast. This finding emphasized that domain walls were located at the
position of changed topography. Based on previous studies [234], it is known that ferroelastic
domain walls result in a topographical change of the surface. Therefore, surface roughness in
the nanometer range suggests non-180° domain walls. This was supported by the optical light
microscopy images, which showed only non-180° domain walls. Another possibility is that the
surface was chemically etched during the polishing process. The polishing suspension used by
the single crystal supplier is unknown; nevertheless, own experiments have shown that KNbO3
single crystals are not as sensitive to polishing suspensions as BaTiO3. The fact that the asreceived single crystals provided a height contrast in the nanometer range is important for
subsequent considerations (Section 5.1.3).
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Figure 5.2: Initial domain structures of undeformed single crystals: a) Undeformed KN-010-2 without
visible domain walls and two undeformed single crystals with local optical cloudy regions ((b)
undeformed KN-010-4 and (c) undeformed KN-101-1). Piezoresponse force microscopy images of
(d) the topography and (e) amplitude highlight the domains at the side face of the single crystal
in (b). The images in (a), (b) and (c) were gained in differential interference contrast mode (LEXT
or Zeiss). Black arrows in (b) and (c) indicate the cloudy region.

5.1.2

Plastic Deformation in the Orthorhombic Phase

The compressive stress-strain curves of KNbO3 single crystals deformed in [010] and [101]
directions are depicted in Figure 5.3a. Several mechanisms contribute to the stress-strain curves
at RT. To elucidate the different contributions in detail, the curves were separated into three
regimes: low-, medium- and high-stress regimes.

Figure 5.3: a) Compressive stress-strain curves of KNbO3 single crystals in the orthorhombic phase at
room temperature. The compression axis was either in [010] or in [101] orientation. b) Schematic
of the single crystal’s orientation (blue cuboid). The middle blue and bright blue triangles form a
slip plane in {011}〈01̅1〉 direction; the dashed line indicates the dislocation line, connecting edge
dislocations (┴), which run in the direction of the Burgers vector along the slip plane. The cutting
surface between sample surface and slip plane is indicated with the hypotenuse of the triangles,
forming a 35° angle with the dark blue reference surface.
54

Between 0 and 20 MPa, the slope first slowly increased before a substantial increase in slope
was observed with increasing stress. In this low-stress regime, (magnified in Figure 5.4a),
ferroelastic switching and deformation of the Teflon protection layer occurred. The [101]oriented single crystal indicates a more pronounced non-linear range in the stress regime from
0 MPa to 20 MPa than the [001]-oriented crystals, as indicated in Figure 5.4a. The coercive
stress, at which the maximum domain switching was achieved was estimated by the inflection
point in the low-stress regime of the stress-strain curve in Figure 5.4a. For both orientations,
the coercive stresses were in the range of 3–5 MPa, which is in agreement with the findings of
Prasad and Subbaro for [001]-oriented KNbO3 [235]. The ferroelastic switching contribution to
the strain value depends on the initial domain configuration and the orientation of the single
crystals. Applying a mechanical stress along the [010] (Figure 5.4b) and [101] (Figure 5.4c)
directions led to switching of the spontaneous polarization vector into the (010) plane (45°)
and (101) plane (90°), respectively. Owing to the larger switching angle, the compression in
[101] results in a larger ferroelastic strain contribution, explaining the higher strain.

Figure 5.4: (a) Low-stress regime of the compressive stress-strain curves for selected samples; note the
change of scale on the x axis in (a). Possible directions of spontaneous polarization for the two
different sample orientations are displayed in (b) and (c). The arrows indicate the equivalent
switching directions of spontaneous polarization, whereas the favored polarization directions are
displayed by the plane.

A visible initial domain structures with domain walls aligned parallel to the [010] direction, as
for KN-010-4, KN-101-1 and KN-101-2 (see Figure 5.2b-c for KN-010-4 and KN-101-1) tend to
a more pronounced ferroelastic domain switching during compression. Samples with an
inconspicuous initial domain structure (e.g. KN-010-1 and KN-010-2, Figure 7.1a and b), a
predominant 180° domain wall configuration and only a few visible domain walls or inclusions
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on top of the single crystal (KN-010-3; Figure 7.1c) indicate no extensive ferroelastic domain
switching (like KN-010-2; which was omitted from Figure 5.4a) or limited domain switching.
Nevertheless, not only the domain structure but also the Teflon protection contribute to the
total strain. Which could explain why samples with only a few visible domains on the top face
(KN-010-3) indicate with 0.3% at 5 MPa a more pronounced strain than a sample with a larger
number of visible domain walls (KN-010-4) at the same deformation stress. The Teflon strain
contribution (max. 0.38%) varies between the measurements owing to the manual stretching
of the Teflon prior to the deformation experiments. For KN-010-1 no Teflon was used in contrast
to the other KN single crystals, which can partly explain the lower strain values in Figure 5.4a.
However, the orientation-dependency of the strain values at low stresses is attributed to the
anisotropy of the material and not to the Teflon strain contribution.
In the intermediate-stress regime from 20 MPa until the bending of the curve at the critical
stress (Rp0.2) occurs, the stress-strain curves were almost linear. This is mainly defined by the
anisotropy of the elastic stiffness compliance of KNbO3 single crystals [59, 158]. A deviation in
the ideal elastic behavior indicated microcrack formation, similar to that in KN-101-2, or it was
caused by a stiffness contribution of the setup.
The last and most relevant stress regime is the plastic deformation regime, which is reached for
stresses above the critical stress Rp0.2 value, where dislocation motion and multiplication occur.
The determined Rp0.2 values are listed in Table 5.1. The samples deformed along the [010] axis
had a Rp0.2 in the range of 39‒59 MPa. The variation in the values was mainly due to crack
formation or tilting of the sample during the deformation process. A higher Rp0.2 value of 101
to 107 MPa was found for the [101] samples. For KN-010-1 the plastic strain was below 0.2%,
which is the benchmark strain for the Rp0.2 determination. Therefore, the listed stress value in
Table 5.1 corresponds to the kink at high stresses before a plateau was reached.
The multiplication of the Rp0.2 values with the Schmid factor for the {110}〈110〉 slip system gives
the critical resolved shear stress. Both [101] samples had a Schmid factor (m) of 0.25, whereas
all [010] samples had a Schmid factor of 0.5. Independent of the orientation, an overall CRSS
in the range of 20–30 MPa was obtained, which is in accordance with the previously reported
value of 27 MPa for [010]-oriented KNbO3 [39]. With 20 MPa, the KN-010-4 sample seemed to
be an outlier. This is likely related to the tilting of the sample during compression, which
indicates that the stress was not applied homogenously over the whole sample area but rather
at a smaller area. Therefore, the CRSS value of the KN-010-4 is underestimated. Within the
high-stress regime, a stress plateau was formed for all samples. In contrast to the results
obtained on SrTiO3 single crystals [88], the stress plateau did not merge into a work-hardening
curve (increase in slope). For SrTiO3, it was suggested that the work hardening is caused by an
intersection of slip planes, reducing the dislocation-free path [88]. The absence of workhardening in KNbO3 suggests that the dislocation-free path is still high enough, which indicates
that even larger plastic deformation is possible. Each measurement was stopped after a certain
strain was reached or a rapid crack growth was observed to avoid a failure of the sample. This
manual stop resulted in a decrease in the slope after the stress plateau for KN-010-3, KN-0104, KN-101-1 and KN-101-2, due to the relaxation of the system. None of the [010]-oriented
samples failed, and they showed only limited cracking. In contrast, KN-101-1 and KN-101-2
exhibited severe cracking and cleavage, as indicated in Figure 5.5a for the bottom surface and
a side face (Figure 5.5b).
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Table 5.1: Compression direction, critical stress (Rp0.2), plastic strain (γplast), Schmid factor (m) and
critical resolved shear stress (CRSS) for selected KNbO3 single crystals.

Compression

Rp0.2

γplast

Schmid

CRSS

direction

(MPa)

(%)

factor

(MPa)

KN-010-1

[010]

(57)2

0.05

0.5

KN-010-2

[010]

59

3.2

0.5

30

KN-010-3

[010]

58

4.6

0.5

29

KN-010-4

[010]

39

1.8

0.5

20

KN-101-1

[101]

102

2.5

0.25

25

KN-101-2

[101]

107

5.8

0.25

27

Sample label

Figure 5.5: Severe cracking of the KN-101-1 sample during compression. Bottom surface (a) and a side
surface (b) have cracks running through the whole sample. Cleavage can lead to an uncontrolled
load distribution in the sample. Reflected-light bright-field optical microscopy and circular
differential interference contrast (C-DIC) mode images are shown in both (a) and (b). Loading
directions are indicated with grey arrows (a) in-plane or (b) parallel to the view plane. The brightfield optical microscopy images highlight the cracked structure, whereas the C-DIC images
emphasize the domain walls and slip band structure for the different orientations.

The deformation of the [010] samples was stopped after reaching different plastic strain levels
to systematically study how the plastic strain affects the domain structure and slip band
structures. The deformation of the KN-010-1 and KN-010-5 (not listed in Table 5.1) was stopped
immediately after reaching the stress plateau; therefore, the plastic strain is limited to 0.05%
or below. KN-010-2, KN-010-3 and KN-010-4 were deformed to realize deformations of 3.2%,
4.6% and 1.8%, respectively. The KN-101-1 and KN-101-2 were deformed to 5.8%, but here
the strain contribution of cleavage fracture and cracking could not be separated owing to
continuous cracking throughout the experiment [236]. The [010] single crystal achieved, with
4.6% plastic deformation, an approximately 10 times higher plastic strain than that reported by
Mark et al. [39] (~0.4% at RT). This result demonstrates that KNbO3 can reach the plastic
deformability of SrTiO3 single crystals (~5.5% at RT), which are model materials for RT
deformation of perovskites [93].
The evolution of the apparent slip band structure with increasing plastic deformation is depicted
in Figure 5.6 for an initial single crystal (a), a 0.05% deformed single crystal (b, KN-010-1), a
2

Plastic deformation is too small to determine Rp0.2. Therefore, stress at the transition between elastic and plastic
regime of the curve is given.
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3.2% deformed sample (c, KN-010-2) and a 4.6% deformed sample (d, KN-010-3). Each black
line in Figure 5.6 is considered as an apparent slip band. The images are limited by the
resolution of the OLM method.
In the initial state (0%) no slip bands and no domain walls were visible. With increasing plastic
deformation (Figure 5.6b), domain walls (shadows; red arrows) and the first isolated slip bands
(black arrows) appeared. The slip bands formed fine lines at the surface, later discussed as
surface steps, which allowed the differentiation between slip bands and domains. Domain walls
were often visible as dark shadows beneath the surface with a blurry contrast. At 3.2% (Figure
5.6c), the slip bands were mainly distributed at the top and bottom of the single crystal, which
indicates that the surface and edges provide the preferred starting points for plastic
deformation, which may be related to a slight miscut of the initial single crystals. This slip band
distribution changed with increasing plastic deformation (4.6%), where most of the slip bands
were concentrated in the middle part of the sample (Figure 5.6d).

Figure 5.6: Slip band distribution in KNbO3 single crystal deformed by (a) 0%, (b) 0.05%, (c) 3.2% and
(d) 4.6%. The reflected light microscopy images correspond to KN-010-2 (initial state), KN-010-1,
KN-010-2 and KN-010-3, respectively. Slip planes and slip bands are marked with black arrows,
whereas domains and domain walls are marked with red arrows. Images were taken with an optical
light microscope.

5.1.3

Identification of Slip Bands, Dislocations and Domains in KNbO3

5.1.3.1 (010) Surface
Plastic deformation above 0.5% and the use of Teflon facilitated the appearance of slip bands
at the top and bottom surfaces of single crystals deformed along the [010] orientation. As shown
in the DIC-images in Figure 5.7a2 and b1, the slip bands in the KN-010-2 sample with 3.6%
deformation formed a 45° angle with the edges of the samples. This angle corresponds well
with the orientation of the {011}〈01̅1〉 slip system, as indicated in Figure 5.3b, and was
subsequently verified with TEM. Moreover, the 90° and 60° domain walls were also found at
the top and bottom surface (Figure 5.7a1 and b2), forming angles of 45°. Lines that formed an
angle other than 45° to the edges were easily recognized as domain walls; however, a precise
statement of the orientation of the spontaneous polarization vector is not possible without
polarized light microscopy or vector PFM analysis. The dark features in Figure 5.7b2 can be
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identified as domains, owing to their needle-like shape [209]. Note that slip bands follow
predefined crystallographic orientations; thus, they cannot form needle-like contrast in the CDIC mode. The local variation of regions with primary domain walls (Figure 5.7a1 and b2) and
slip bands (Figure 5.7a2 and b1) suggest a local variation of the stress state of the sample during
compression, caused by a slight miscut of the initial crystal or cracking during the experiment.

Figure 5.7: Optical images of the bottom (a) and top (b) surfaces of the deformed KN-010-4 sample. Slip
planes (a2) and (b1) and domain walls (a1) and (b2) are highlighted in separate regions with DICmode.

Chemical etching of the surface (Figure 5.8a and b; KN-010-2) visualized the slip band
alignment and distribution. Etching of the domains depends on the spontaneous polarization
orientation and would lead to an etching effect on the whole domain and not only the domain
walls [163]. The etch patterns in Figure 5.8 disclose two sets of parallel lines aligned along the
[001] and [100] directions. Each line consists of a row of etch pits. Such patterns are atypical
for etched domains but common for dislocation etching [237]. The slip band in Figure 5.8b is
12 µm wide and thus broader than the smaller slip bands of width 0.3–1.2 µm in Figure 5.8a,
indicating that the dislocation motion and multiplication were not equally distributed over the
sample. Multiplication of dislocations causes widening of the slip bands, like that observed in
LiF single crystals [238], and it is proportional to the total plastic strain [239]. The difference
in the slip band width in Figure 5.8a and b indicates that the apparent stress varied locally and
that regions with broad slip bands were deformed more strongly. This could either indicate an
inhomogeneous stress distribution caused by the off-centering of the sample, a sample miscut
or local inhomogeneities in the sample. Sharp and straight edges of the slip bands indicate no
pronounced cross-glide, which was found in LiF, where dislocations moved out of the slip bands
shortly after deformation [238]. The distance between the etched lines in Figure 5.8b was in
the range of 0.1–1 µm, which is in good agreement with the spacing in aluminum single crystals
(0.2 µm) and in copper (0.3–2.5 µm [240]. In metals, smaller spacings are expected for larger
deformation strains [240]. Nabarro clarified that “slip markings provide evidence of the
dislocations, which have left the crystal and of dislocation lines intersecting the surface” but
they are “no direct evidence of the dislocation array present within the crystal” [241]. The
formation of surface steps or slip markings in the other orientation will be discussed.
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Nevertheless, the etch patterns on the top surface confirm the dislocation-based plastic
deformation and point towards dislocation motion in both (〈01̅1〉 and 〈011〉) directions.

Figure 5.8: Top surface of the KN-010-2 sample. Subfigures (a) and (b) represent different positions of
the chemically-etched top surface in secondary electron imaging mode.

5.1.3.2 {110} Surface
The slip band structure was investigated for the {110} side surfaces of the KN-010 single
crystals. During the discussion of the stress-strain curves, a point was raised that the slip band
distribution depends on the deformation degree, as shown in Figure 5.6. Only a few single slip
planes reached the surface at low plastic deformation of 0.05%, as indicated with black arrows
in Figure 5.9a. The distance between different slip bands was in the range 12–60 µm, and the
slip band width is limited to less than 5 µm, which is comparable to the slip band structures
reported for SrTiO3 [242]. The density of slip planes and slip bands increases with increasing
plastic deformation [240]. Regions with high slip band density achieved an expansion up to
130 µm. The outer edges of a slip band region or a broad slip band are marked with black
arrows in Figure 5.9b and c. In contrast to LiF, which is one of the rare ceramic materials
deformable at RT, the slip bands in KNbO3 seem to consist of several slip planes separated in
the submicrometer range. In LiF, the widened slip band has indistinguishable slip planes, which
may be related to the cross-slip behavior and the motion of dislocations inside and away from
the slip bands [238]. A clear separation of the slip band into slip planes point towards a planar
alignment of the dislocations and supports the assumption that cross-slip is limited in KNbO3.
Slip occurred along the slip plane, which may be related to the relatively high stacking fault
energy in ceramics and the high Peierls stress in oxides, as discussed in Section 2.1.2. Moreover,
the slip behavior is influenced by the density of the dislocation sources, which are in the case
of Frank–Read sources in ceramics limited or pinned at impurities, the atomic-bonding-related
stacking fault energy and temperature [96]. Several regions depicted no slip bands at all,
marked with an x in Figure 5.9b and c. Nucleation and motion of dislocations were limited to
certain areas in the sample, which resulted in a non-uniform appearance of slip bands with a
variation in width. Additionally, the point defect concentration, for example, due to nonstoichiometry, affects the slip band distribution, similar to the findings in stoichiometric and Srexcess SrTiO3 single crystals [243]. For example, an Sr/Ti ratio of 1 results in more visible slip
bands distributed in the sample than in single crystals with an Sr/Ti ratio of 1.04, which is likely
associated with a reduction in Sr vacancies in samples with a high Sr/Ti ratio. Nevertheless,
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with increasing plastic deformation, the number and width of the slip bands increase in SrTiO3
single crystals. Although KNbO3 showed a planar slip behavior for a plastic deformation up to
4.6%; at higher strains, a transition to cross-slip behavior may occur, as was reported for singleslip-oriented metallic single crystals [244].
A change in the intensity signal inside the broad slip band, running diagonally from bottom left
to top right (yellow arrows) in Figure 5.9c indicates a height difference in the sample’s surface.
This change is associated with the plastic deformation processes and has been widely studied
in metals [241, 245, 246]. At the yield stress, dislocation half-loops were created at the surface
or reached the surface from inside the single crystal and expanded along the surface, resulting
in a surface step (also called a surface terrace) [245].

Figure 5.9: Slip band distribution at {110} surfaces for (a) 0.05 %, (b) 3.2% and (c) 4.6% plastic
deformation. The images were taken with a laser scanning microscope and represent the intensity
signal reflected at the sample surface. Black arrows mark the beginning of regions with high slip
band density, yellow arrows the contrast change due to height differences and “x” the regions with
no obvious slip bands.

The topographical changes were investigated with atomic force microscopy, presented in Figure
5.10 (a-c) for an undeformed, 0.2% deformed and 3.2% deformed KNbO3 sample.
In the initial state (Figure 5.10a), the surface roughness was in the range of a few nanometers,
due to chemical etching of some domains during polishing to optical grade or ferroelastic
domains. A plastic strain of 0.2% induced local surface steps and an increase in surface
roughness from 6 nm to 60 nm. With increasing deformation, the total height difference from
the lowest to the highest position increased from ±60 nm (Figure 5.10b) to ±150 nm (Figure
5.10c). In (b), a terrace-like increase in height was noticeable; it was not as pronounced in (c);
however, the total height difference was larger in (c). This may be correlated with the increase
in slip band density, as indicated in Figure 5.9a and Figure 5.9c, and the mobility of dislocations
on a single slip plane. Assuming that the surface roughness is solely associated with dislocations,
the number of dislocations formed during mechanical deformation can be determined. The step
formation at the surface is correlated with the Burgers vector’s magnitude [247]. The KNbO3
single crystals are orthorhombic, oriented as indicated in Figure 5.3b; therefore, the normal
component of |𝑏⃗| to the {110} surface varies slightly from the value observed for BaTiO3 {100}
surfaces (0.4 nm). A step height of 60 nm corresponds to approximately 150 dislocations under
the assumption of a step size of 0.4 nm, whereas 375 dislocations are estimated for a step size
of 150 nm (Figure 5.10c). For comparison, in Cu crystals with 7.5 at.% Al, 1700 dislocations
cause a step of 270 nm, because of the smaller Burgers vector in metals [245]. The dislocation
density, number of dislocations per slip plane and slip plane density affect the step height and
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superposition of the steps. Such a superposition is one of the reasons for the wavy landscape
presented in Figure 5.10b and c. Dislocation multiplication and pre-existing dislocation sources
contribute to the step height as well [248].

Figure 5.10: Topography (atomic force microscopy) of an undeformed (a), less than 0.2% deformed (b)
and a 3.2% deformed (c) KNbO3 single crystal.

For the {101} surfaces of the KN-010 samples Figure 5.11a1 and a3 depict that the domain walls
formed an angle of approximately 55° or 35° with the edges of the {101} face. These angles
(55° and 35°) are either correlated with 60° domain walls (Figure 5.11a1) or with slip planes
(Figure 5.11a2) of the {110}〈11̅0〉 slip system. In Figure 5.11a1, the lines have a tapered tip,
which indicates a domain wall rather than a slip plane. 90° domain walls can be excluded in
Figure 5.11a because 90° domain walls run parallel to the edge of the {101} faces [165, 249].
A closer look into the local domain arrangement was made possible with ECCI (Figure 5.11b)
and PFM (Figure 5.11c); the images reveal that in the local scale domain walls run parallel to
the 〈100〉 sample edges [165]. Nevertheless, the domain size varied and the domains were
elongated, which is substantially different from the parallelism of the slip bands, as seen in
Figure 5.11b.
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Figure 5.11: Appearance of domain walls and dislocations on a {101} side face as observed on different
scales. a) Overview of the KN-010-3 side face with DIC mode. Three regions (a1–a3) highlight either
domains or slip bands at the surface. b) Electron channeling contrast imaging combines the
visualization of a slip band crossing and 90° domain walls. c) Piezoresponse force microscopy
amplitude emphasizes the domain structure in the KN-010-2 sample. Blue arrows mark domain
walls, whereas white arrows mark slip bands.

A method to further differentiate between slip bands and domains is temperature-dependent
optical light microscopy.
At RT, slip bands (white lines) and domains (black arrows, black dashed line) appeared
simultaneously (Figure 5.12a). The domain structure included needle-like domains, bands and
thin lines. Some of the needle-like domains became smaller during heating from RT to 220 °C,
and the thin domain walls also started to disappear (Figure 5.12b, black arrows) before the
phase transition temperature of 225 °C to the tetragonal phase was reached. The direction of
the spontaneous polarization transformed from 〈110〉 to 〈100〉 in the tetragonal phase, leading
to a parallel alignment of the domain walls, as depicted in Figure 5.12c. At 420 °C, the sample
was close to the Curie temperature (435 °C) and the domain walls in the upper left part of
Figure 5.12d had already disappeared, whereas some domains were still visible in the lower
right part (black arrow). Above Tc, no domains were left in the sample (Figure 5.12e). The slip
bands, which are marked with white lines, were visible over the whole temperature range from
the orthorhombic to cubic phase. Subsequently, the sample was cooled down, and new domains
were formed in the orthorhombic phase (black arrow) but in a simpler structure than that in
the domain state in Figure 5.12a. In addition, a crack grew during cooling, as indicated in the
lower part of Figure 5.12f. The marker for the slip bands indicates the same position in all
images, which was shifted due to thermal expansion and contraction of the sample. The color
change in the figures is caused by ambient light conditions.
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Figure 5.12: Temperature-dependent evolution of the domain structure and slip bands in KNbO 3 with
optical light microscopy. A {101} surface was heated from the orthorhombic phase (a, b) to the
tetragonal phase (c, d) into the cubic phase (e). Afterwards the sample was cooled down to room
temperature (f). Domain walls are marked with black arrows and black dashed lines, slip bands
with white lines and the crack with a yellow arrow. The sample slightly drifted during the
experiment due to thermal expansion and contraction.

It should be noted that reflected-light optical microscopy visualizes slip bands at the sample’s
surface and does not necessarily provide insights into the whole bulk. For further investigation
of slip bands in ferroelectric materials, transmitted-light optical microscopy is suggested.

5.1.3.3 Dislocation Structures in KNbO3
Transmission electron microscopy was performed by Max Trapp and Stefan Lauterbach in order
to determine the dislocation density and dislocation structure after plastic deformation. In the
initial undeformed state, the dislocations were randomly distributed and no network structure
was recognizable (Figure 5.13a). The determined dislocation density of 0.4‒1.2·1012 1/m2 for
the undeformed state was in good agreement with previously reported values for KNbO3 [39].
At low plastic deformation levels (< 0.2%; Figure 5.13b); the dislocations were aligned and
some of the dislocations were split, which indicates that dislocation dipoles had formed, see
white arrows in Figure 5.13b.
A superordinate dislocation structure was achieved at 1.8% plastic deformation, as depicted in
Figure 5.13c. The slip band consisted of dislocations with mainly (1̅1̅0)[11̅0] and (101)[101̅]
edge character, reaching a dislocation density in the range of 2–5·1012 1/m2. The overlap of the
dislocations in the TEM image (inset in Figure 5.13c) impeded the determination of the
dislocation density. Nevertheless, the estimated density is in accordance with previously
reported values of 2.4·1012±1.4·1012 1/m2 and 7.9·1012 1/m2 for deformed KNbO3 [95] and
SrTiO3 [104], respectively. Note that (101)[101̅] edge dislocations belong to a slip plane with
a nominal Schmid factor of zero (compare Figure 7.2a and b). Mark et al. have suggested that
local stress field changes caused by microcracks can promote a different slip system [39]. In
this case, the deformed sample exhibited some cracks and showed a macroscopic tilt after
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deformation (Figure 7.2d), likely caused by an initial slight miscut of the crystal. Due to this
tilting, a strong variation of the local stress distribution could result in a local nominal Schmid
factor higher than zero for the {101}〈101̅〉 slip system. This could explain the presence of the
non-preferred edge dislocation orientation. However, the dislocation structure in the slip band
was complex; therefore, different dislocation motion and multiplication mechanisms may also
be possible reasons for the occurrence of the {101}〈101̅〉 edge dislocations. Straight screw
dislocations in [01̅1] direction were observed outside of the slip band (Figure 5.13d). Both
screw dislocations [01̅1] and edge dislocations (1̅1̅0)[11̅0] were reported frequently in the
literature [39, 88, 95, 250, 251]. In the bulk region not only screw dislocations but also mixed
dislocations were found (Figure 5.13e).

Figure 5.13: Transmission electron microscopy images of an undeformed (a), a less than 0.2% deformed
(b) and a 1.8% deformed (c-e) KNbO3 single crystal. Randomly distributed single dislocations with
mixed character were found in the undeformed sample (a) and the 0.2% deformed sample (b). In
addition, some of the dislocations in the 0.2% deformed sample exhibited a double line, marked
with white arrows in (b), suggesting dipole formation. A slip band along the [001] direction
composed of (1̅1̅0)[11̅0] and (101)[101̅] edge dislocations is shown in (c) for the 1.8% deformed

̅1] screw
sample (KN-010-4), indicating a large increase in dislocation density. d) Straight [01
dislocations and (e) mixed dislocations were found outside the slip band. The g-vector and the
selected area electron diffraction (SAED) insets indicate the orientation. The undeformed sample
and the 0.2% deformed sample were cut perpendicular to the [010] direction, whereas the 1.8%
deformed sample was cut parallel to the deformation direction along the (100) plane. As indicated
by the g-vectors and the small selected area electron diffraction (SAED) insets, subfigures (a) and
(b) were taken in two-beam bright-field conditions with g=(101), whereas (c) and (d) were
recorded with 𝑔 = {01̅1} and 𝑔 = {020}, respectively. In (e), weak-beam dark-field conditions were
applied for 𝑔 = {011}. The large SAED inset in (c) represents a [100] zone axis pattern indicating
the main directions and general orientation of the investigated crystal

Hirel et al. simulated a Peierls-stress of 0.57 GPa and 3.42 GPa for edge dislocations and screw
dislocations in KNbO3, therefore, edge dislocations are considered to be more mobile [95]. The
appearance of mainly edge dislocations in the slip plane can be explained by the easier
dislocation motion of edge dislocations than screw dislocations. The straight appearance of the
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dislocations indicates a low mobility [250] and a limited kink-pair nucleation, which is therefore
the rate-controlling mechanism of the whole kink-pair process [39].

5.1.4

Influence of Dislocations on the Domain Structure

The impact of the dislocations on the domain arrangement and domain width was determined
with PFM and ECCI. The change in domain structure is illustrated for KN-010-2 (Figure 5.14a),
KN-010-4 (Figure 5.14c) and an undeformed sample (KN-010-4 before deformation, Figure
5.14b). While the domain walls in the reference sample ran parallel to the [010] direction, the
domain structures in both deformed samples were more complex and varied considerably with
the chosen region (Figure 5.14a2, a3, c2, c3). Figure 5.14a2 and c2 demonstrate a pronounced
domain structure with needle-like domain walls and wavy domain walls. Both indicate a
mixture of 60°, 90° and 180° domain walls. In Figure 5.14a3, the domain structure was similar
to that in the undeformed sample in Figure 5.14b, but the orientation of the domains was tilted
by 90°, and the domain size was smaller. Both Figure 5.14 a3 and c3 had a distinct slip band
appearance in the amplitude image.

Figure 5.14: Impact of plastic deformation on domain size. a) Optical microscopy overview image (a1) of
the piezoresponse force microscopy (PFM) amplitude in two different regions (a2) and (a3) of the
KN-010-2 sample. b) Domain structure before deformation of the KN-010-4 sample and after
deformation (c). The differential interference contrast optical microscopy image (c1) emphasizes
the PFM amplitude regions (c2) and (c3). The white dashed lines indicate the directions in which
slip planes intersect with the surface.

A detailed investigation of the domain size from PFM and ECCI images is depicted in Figure
5.15 for KN-010-2 (3.2% deformed), KN-010-4 (1.8% deformed) and a reference surface
(KN-010-4 before deformation). Figure 5.15 indicates a considerable reduction of the domain
size from 1.8 µm ±1.1 µm in the undeformed sample to 0.5 µm ±0.5 µm in the deformed
samples. The domain size of a region without slip bands (Figure 5.15b; cyan) was 1.8 ±1.4 µm,
which is in the same range as that in the undeformed sample. Inside and surrounding the slip
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bands, the domain size was reduced considerably, and only a few domains showed a size larger
than 1 µm.

Figure 5.15: Domain size determination based on piezoresponse force microscopy (PFM) (a) and electron
channeling contrast imaging mode (ECCI) images (b) at different regions and samples. a) Domain
size of the undeformed, 3.2% deformed (KN-010-2) and 1.8% deformed (KN-010-4) samples at
several positions on the surface, respectively. b) Differentiation between the regions with and
without slip bands to determine the domain size for KN-010-2 and KN-010-4 in ECCI. Data points
in (a) represent the measured values, which were determined at different areas for the three
samples. Therefore, the colors indicate all values that were taken from the same PFM images,
respectively.

The response of the ferroelectric domains was locally investigated by applying a direct-current
(DC) electric field on an undeformed, 3.2% deformed (KN-010-2) and 1.8% deformed (KN010-4) sample, as given in Figure 5.16. The reference sample initially had a typical lamellar
domain structure along the 〈010〉 direction (Figure 5.16a1). After applying an electric field of
+150 V in the entire area a1, the domains switched according to the applied electric field as
visualized in Figure 5.16a2. Note that Figure 5.16a2 depicts a larger area than a1 and, therefore,
also includes the non-switched surrounding. The white arrows mark some of the newly formed
domain walls, most of them were parallel to the original domain walls. The domain walls were
perpendicular to the walls in the surrounding area only at the edge of the DC imprint. All
original and newly formed domain walls behave similar to the domain walls presented in the
schematic of Figure 2.15d. The ferroelastic switching of the domains as a function of the applied
+150 V caused a slight increase in the surface height. This increase was still in the low
nanometer range (see topography image in appendix Figure 7.3), which agrees with the domain
height estimated in Section 5.1.1.
Similar DC switching tests were performed on deformed KN-010-2 (3.2% deformed, Figure
5.16b) and KN-010-4 (1.8% deformed, Figure 5.16c) in areas of high slip plane density (see
DIC-OLM images in Figure 7.4a and Figure 7.5a). The resulting changes in domain structure
were more pronounced in the deformed samples with the application of two opposing DC fields
(±150 V) in adjacent regions. KN-010-2 (3.2% deformed) had a parallel alignment of the initial
domain walls with a domain size below 1 µm before application of the DC field. The slip bands
are highlighted with white dashed lines and formed an angle of about 35° to the deformation
axis. After applying the opposite DC field, the slip planes were still visible in the left region in
Figure 5.16b2. The slip planes on the right-hand side were more difficult to see, suggesting
expansion of the domains with applied electric field. The ferroelastic switching changes in the
topography were negligible compared to the height differences caused by the slip bands (see
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Figure 5.10). Nevertheless, the domain structure was more pronounced, especially at the
corners of the right side, as indicated by white arrows in Figure 5.16b2. The new domain
structure crossed the boundary of the actual imprint and formed several thin domain walls
aligned along the 〈010〉 direction. These newly formed domains had a domain size in the range
of 0.5 µm, which agrees well with the average domain size presented in Figure 5.15. Although
the slip planes in this region were not visible, they appear to influence the domain formation.
The slip planes oriented along dashed line “2” caused a greater height contrast in topography
than those oriented along the dashed line “1”. This height difference indicates a higher
dislocation density for the slip planes along “2”. Remarkably, a comparison of the domain
structures indicates that the set of slip planes “2” causes a more pronounced domain structure
compared to “1” (white arrows at the top and bottom of the right side Figure 5.16b2). These
findings suggest that domains nucleated at dislocations. Perhaps, the locally higher dislocation
density caused a more stable and pronounced domain structure.

Figure 5.16: Effect of a local DC field application on the domain structure. The domain structure changes
are demonstrated in the piezoresponse force microscopy amplitude images for (a) an undeformed
sample, (b) KN-010-2 (3.2% deformed) and (c) KN-010-4 (1.8% deformed). In the upper row (a1,
b1 and c1) the DC electric field region is indicated with blue lines and the voltage is mentioned in
the respective region of the initial domain structure: a1) +150 V for the undeformed (30×30 µm²,
square), (b1) -150 V/+150 V for KN-010-2 (+150 V: 20×10 µm² and -150 V: 20×10 µm²) and
(c1) -150 V/+150 V for KN-010-4 (two triangles forming together an area of 30×30 µm²). The
switched regions are embedded in a larger region in (a 2), (b2) and (c2) to emphasize the domain
changes. White dashed lines correspond to the slip plane orientation and the white arrows
correspond to domain walls. In (b) the set of parallel slip planes is marked as “1” or “2”,
respectively. c) “A” indicates a region with high slip plane density and “B” emphasizes a region
without slip bands; blue stripes indicate newly formed small domains. All amplitude images were
acquired 15 min after application of the DC field. Topography, amplitude and phase are given in
the appendix (Figure 7.3, Figure 7.4 and Figure 7.5). (a1), (b1) and (c1) have the same scale as a2,
b2 and c2, respectively.
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Another DC switching experiment was conducted in a region with no distinct domain structure
and only one orientation for the slip planes (Figure 5.16c1). The boundary between the region
with high slip plane density (slip band marked with A) and a region without slip planes (B) is
indicated by a dashed line in Figure 5.16c1 and c2. In Figure 5.16c1, two triangles with ±150 V
were applied on this slip band. In topography only the boundary between the two DC imprint
regions was observed and no further changes appeared (Figure 7.5c1). Applying -150 V resulted
in a distinct imprint with straight boundaries, as depicted in Figure 5.16c2. Few domains were
formed outside of the DC imprint or in region B without slip planes. The main part of the -150 V
region, which overlapped with the slip band, indicated no domain switching in amplitude, but
a change in the Ps-orientation (see phase in Figure 7.5c3). The domain structure was disturbed
in the +150 V region; and fine lines (blue lines) were formed across the entire +150 V imprint.
Moreover, newly formed domains extended across the edges (see white arrows). These fine
lines occurred only within the slip band (region A) and were likely 0.2 µm thick domains. The
beginning of the slip band was still recognizable after an electric field was applied. In addition,
bright domain walls in Figure 5.16c marked particularly pronounced slip planes. These results
point towards an alignment of the domain walls along the slip planes, but also the formation of
several smaller new domains within the slip band.
In these PFM experiments, a positive DC field affected the domain structure more effectively
than a negative DC field, which is related to the orientation of the Ps vector. In addition, the
domain wall density was locally increased, and the domain wall orientation near slip planes did
not follow the original domain structure before DC was applied. This is in contrast with the
reference sample and suggests that the dislocations act as pinning sites and affect the domain
wall density.

5.1.5

Permittivity Measurements

Domain structure changes and defects affect the polarizability and the phase transition, which
in turn influence, among other parameters, the permittivity of a material (see Section 2.2).
Therefore, temperature-dependent permittivity was measured in two deformed samples (KN010-2 and KN-010-3) and two reference samples. In Figure 5.17, the permittivity and dielectric
loss (tanδ) are plotted as a function of temperature. At ambient temperatures, all samples
reached permittivities in the range of 810-900, which corresponds well with the permittivity
values from the literature [59, 157, 158]. Reported permittivity values in the range of e.g.,
𝑠
= 800 indicate clamping (superscript s) of the sample, which was also the case for all
𝜀22
samples in these measurements. With increasing temperature, the permittivity slightly
decreased until the first transition from the orthorhombic to the tetragonal phase was reached.
KN-010-2 and KN-010-3 have a To-t of 220 °C, whereas the reference samples reach the
tetragonal phase at a slightly higher temperature, at To-t = 222 °C. This value is lower than the
previously reported value of 224 °C [252]. Permittivity decreased in the tetragonal phase for all
samples with increasing temperature until Tc was reached. Tc varied from 432 °C to 435 °C. The
higher value is in good agreement with those reported previously (435 °C [95, 145] and 434 °C
[252]). Even though a trend is visible at the first phase transition, no clear trend is apparent for
Tc. For all samples, tanδ is below 0.15 in the orthorhombic phase, exhibits a peek at both phase
transitions, and reaches a local maximum in the tetragonal phase in the range 300–350 °C,
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which may be related to domain formation. Note that this maximum decreases with increasing
frequency for all samples.
Qi et al. [31] identified a local increase in the phase transition temperatures To-t and Tc around
dislocations with 𝑏⃗ = [11̅0] during in-situ TEM observation in KNbO3, which is contrary to the

observation of To-r in Figure 5.17. A point defect contribution can be neglected, because point
defect doping leads to a shift of both phase transition temperatures [253], and the initial point
defect concentration is assumed to be constant. The lower phase transition To-r suggests that the
dislocations favor the transition to the tetragonal phase, which would imply that the interaction
between 60° domain walls and dislocations is not as strong as that between 90° domain walls
and dislocations.

Figure 5.17: Temperature-dependent permittivity (εr’) and dielectric loss (tanδ) at 10 kHz.

5.1.6

Discussion: Dislocation-Based Slip Band and Domain Wall Arrangement in KNbO3

The onset of dislocation motion was about Rp0.2 ≈ 39–59 MPa for the [010]-oriented single
crystals, which is in good agreement with the value of 56 MPa reported for KNbO3 in the
literature [39]. The [101] direction required almost twice as high compressive stress,
Rp0.2 ≈ 102–107 MPa, to reach the plastic deformation regime. The 〈11̅0〉{110} slip system is the
most active for perovskites at RT, resulting in a Schmid factor of 0.5 for the [010] orientation
and m = 0.25 for the less suitably oriented [101] crystals. The plastic deformability of a material
depends on, among other parameters, the initial dislocation density. With 1012 1/m², the
dislocation density in KNbO3 is very high compared to other perovskite materials. Furthermore,
the Peierls potential, dislocation mobility [95], dislocation core properties [95], point defect
concentration [105, 243] and single crystal orientation [88] influence the deformation
behavior. The Peierls stress for edge dislocations in KNbO3 is 0.57 GPa, which is lower than that
in other perovskites such as SrTiO3 (1.5 GPa [95]) and CaTiO3 (1 GPa [127]) for the 〈11̅0〉{110}
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slip system. The formation of partial dislocations further reduces the Peierls stress owing to the
smaller Burgers vector (see Equation 2-4), which is one of the reasons why SrTiO3 is deformable
at RT. The low Peierls-stress of 0.57 GPa [95] for KNbO3 and the high initial dislocation density
are proposed to be the main reasons for its good plastic deformability at RT.
The arrangements of slip planes and slip bands with increasing plastic deformation provide
information about the dislocation dynamics and stress distribution in KNbO3. Dislocations move
on the crystallographically prescribed slip planes. The slip band distribution and positioning in
the deformed specimen suggest that slip bands are preferentially formed on the top and bottom
surfaces. With increasing plastic deformation, the slip bands distribute over the whole sample,
become wider and areas with high slip band concentration are formed. On the one hand, a
width of 130 µm was observed for an area with high slip band concentration for the 3.2%
deformed sample; on the other hand, there were also large areas without slip bands nearby.
This indicates that slip planes are mainly formed near other slip planes. Etching of the top
surface of a [010] deformed KNbO3 depicts a minimum spacing between the etched slip bands
(or planes) of 0.1–1 µm within a region with high slip band density, which is in good agreement
with values of 0.3–2.5 µm reported for copper single crystals, a typical fcc metal with easy slip
behavior [240]. The spacing between slip bands and planes in KNbO3 indicates a planar
alignment of the dislocations in the slip plane and limited cross-slip behavior. This is in contrast
with the findings in LiF single crystals [238], where an increase in deformation causes a
broadening of slip bands with indistinguishable slip planes, suggesting that cross-slip occurs
frequently. TEM results confirmed that the dislocation density in a slip band was substantially
high (2–5·1012 1/m2), which is in good agreement with values reported in the literature [39,
104]. Moreover, dislocations with (1̅1̅0)[11̅0] and (101)[101̅] edge characters were found. For
a highly overlapping dislocation structure, such as that in the slip band of the 1.8% deformed
sample, the average minimum projected distance between the dislocations can also provide
useful information. The minimum projected dislocation distance in the undeformed sample was
approximately 0.4 ± 0.3 µm and decreased to 0.13 ± 0.1 µm for the deformed samples,
indicating that the dislocations were closer to each other and therefore can interact more easily.
Thus, it is hypothesized that despite the limited cross-slip behavior, the increased dislocation
density and possible dislocation accumulation or interaction between dislocations on
perpendicular slip planes trigger the multiplication and movement of dislocations, paving the
way for the formation of more slip planes nearby. With increasing plastic deformation, the
number of slip planes and slip bands increased, and topographic steps were formed on the
surface of the sample.
Domain walls and dislocations cause similar features on the macroscopic scale, but their
appearance and shape can be used to distinguish between the two. Domain walls can have
several shapes, from needle-like, S-walls, zig-zag to parallel alignment [163, 254]. Dislocations,
in contrast, are strictly defined by their crystallographically prescribed slip planes and depict
sharp and thin lines in ECCI or surface steps in AFM topography. In contrast to dislocations,
domains in ECCI and PFM cause a contrast change over a broader range. This separation
between slip planes and domain walls allows the determination of domain size for different
positions and deformed samples in ECCI and PFM. In general, the domain size decreased from
an initial 1.8 µm for the undeformed samples to 0.5 µm for the deformed samples. Regions
without slip band structures in deformed samples had similar domain size as the undeformed
samples. Moreover, the domain size for the undeformed samples varied greatly with a tendency
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towards even larger domains. Note that previously reported domain sizes vary even stronger
between 0.1-50 µm for KNbO3 single crystals [171, 219, 255, 256]. The reduced domain size
within a slip band or near slip bands deviated less, suggesting that the dislocations act as
nucleation sites for the domain walls, as has been theoretically predicted [32].
The changes in local domain structures with the application of a DC field were investigated
using PFM, indicating that domain structures are mainly affected in regions of high slip plane
density or at the intersection of two perpendicular slip bands. Therefore, these DC imprint
experiments suggest that the domain structure is affected by the slip bands and that there is a
local interaction between the domain walls and the dislocations.
Despite the indication for a local interaction between dislocations and domain walls, no clear
trend was observed in the temperature-dependent permittivity after plastic deformation.
Moreover, a lower phase transition temperature (orthorhombic to tetragonal; To-t) was observed
in the deformed samples than in the reference sample, and no clear trend was observed for T c.
This finding suggests that the dislocations favor the transition to the tetragonal phase, which
would mean that the interaction between 60° domain walls and dislocations is not as strong as
the interaction between 90° domain walls and dislocations. Notably, the hygroscopic nature of
KNbO3 [58] also affects electrical measurements, and therefore a less hygroscopic material is
preferred for this type of experiments.
In conclusion, KNbO3 is a suitable material to study the dislocation-based microstructural
changes, but for a detailed study of the dislocation-based functionality the model ferroelectric
BaTiO3 is more appropriate.
Some of these results were published in a modified way in Ref. [257].
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5.2
5.2.1

Dislocation-Based Functionality of BaTiO3 Single Crystals
Initial Domain Structure and Configuration

The initial domain structure for each single crystal varies slightly. Most of them had a similar
(but often less-pronounced) domain structure, as indicated in Figure 5.18a with an
arrangement of 90° and 180° domain walls typical for BaTiO3. The spontaneous polarization
vectors lie in-plane (a-domains) at a 90° angle to each other (left surface in Figure 5.18a),
forming a 90° domain wall, as depicted in Figure 2.15b. The front surface in Figure 5.18a
features 180° domain wall watermarks. The domain structure in Figure 5.18b is a 90° rotated
version of the domain structure in Figure 5.18a. Both single crystals show distinct 90° and 180°
domain walls, magnified in Figure 5.18c and Figure 5.18d. The 90° domain walls in Figure
5.18d correspond to a combination of in-plane and out-of-plane (c-domains) spontaneous
polarization vectors (see Figure 2.15b). All single crystals were in a polydomain state. The
variation in the initial domain structure was related to the use of samples from different boules,
a certain inhomogeneity in each boule and different cutting directions. Further examples of the
initial domain configuration follow throughout this chapter.

Figure 5.18: Initial domain structure of the [001]-oriented BaTiO3 single crystals. a) A typical initial
domain structure. b) An alternative initial domain structure. Examples of 90° domain walls and
180° domain walls are marked with black arrows in (c) and (d). 180° domain walls are visible only
due to chemical etching of the surface during polishing, forming in (d) wavy lines and surface
reliefs; straight lines between regions with different etching rates indicate 90° domain walls. All
images are optical light microscopy images in DIC-mode (reflected light).

To avoid the influence of the initial domain structure, the samples of the same boule were
chosen for direct comparison, where possible. Due to the large size of the single crystals and
the limited size of the boules, a mixture of several boules could not be completely avoided.
Therefore, the domain structure was documented carefully for every single crystal. The
orientation of the single crystals was verified with Laue diffraction. The sample height of 8 mm
is defined as the [001] orientation.

For the HT creep experiments, an influence of the initial domain structure was ruled out because
the deformation was carried out in the cubic phase.
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5.2.2

Creep Experiments

Creep experiments were carried out at [001]-oriented BaTiO3 single crystals at temperatures in
the range of 1050 °C to 1150 °C with Pt foils to reduce cracking. Selected deformation curves
as a function of time are presented in Figure 5.19a and the corresponding stress-strain curves
are displayed in Figure 5.19b. All creep experiments in Figure 5.19 were conducted at 1150 °C
and a loading rate of 0.2 N/s. C-1150-30-2 has the lowest applied stress at 30 MPa (see Figure
5.19a), and thus also the lowest deformation strain. The creep experiment of C-1150-50 results
in a nine-times greater deformation strain. The slope of the stress-strain curves varies for several
measurements, which could be related to variations in the strain rate at a constant loading rate
of 0.2 N/s. The deformation strain correlates with the applied stress level and the experiment
duration. While the qualitative trend is valid, there is no quantitative statement possible for the
BaTiO3 due to the strain contribution of the platinum protection foils. As demonstrated by the
comparison of the compression experiment of Al2O3 with Pt foils and the C-1150-40-2
measurement in Figure 5.19, a larger deformation strain is reached for the Pt-BaTiO3 stack than
for the Pt-Al2O3 stack (Al2O3 reference). Under the assumption that the platinum foil creep
behavior is identical for both measurements, the comparison indicates a substantial strain
contribution of the BaTiO3 single crystal. This conclusion is reasonable because Al2O3 has in
general a higher stiffness and compressive strength (Rc) compared to BaTiO3. Values of
YRT ≈ 410 MPa [258] and Rc ≈ 2 GPa [259] are reached for dense Al2O3, and YRT ≈ 115 MPa and
Rc ≈ 480–913 MPa, for polycrystalline BaTiO3 [260], assuming a similar relation at high
temperatures. Moreover, single crystals are generally mechanically softer. As a consequence,
the deformation of BaTiO3 is qualitatively shown without the option to provide a quantitative
deformation-strain value. Due to the overlap of the platinum strain and the BaTiO3, an analysis
of the strain rate and a determination of the steady-state creep regime are not feasible.

Figure 5.19: Creep experiments on [001]-oriented BaTiO3 single crystals. a) Stress and strain as a
function of time and (b) stress-strain curves for selected samples at 1150 °C.

5.2.3

Change of the Ferroelectric Domain Configuration

An overview of several single crystals with the initial domain structure (Figure 5.20a) and after
deformation (Figure 5.20b) is presented in Figure 5.20. The presented faces in the 3D plots
after deformation are the same as those of the undeformed samples in Figure 5.20a–f.
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Therefore, a direct comparison of domain structure is possible. While only few 90° domain walls
are visible before deformation with a distance of several hundred micrometers to millimeters
(Figure 5.20a and Figure 5.20b), the number of visible 90° domain walls after deformation
increases. Several deformed single crystals demonstrate newly formed 90° domain walls or slip
planes, as indicated with a white line in Figure 5.20h.

Figure 5.20: Comparison of the domain structure before (a–f) and after creep experiments (g–l). The
single crystals positioned on top of each other are the same. The grey areas in g–l indicate that the
samples were separated from the platinum protection sheets. The samples were loaded during the
creep experiment with (g) 20 MPa, (h-i) 30 MPa, (j) 35 MPa, (e) 40 MPa and (f) 50 MPa. All
samples were deformed at 1150 °C except (i), which was deformed at 1050 °C. Note that the DIC
settings vary for some images to highlight the domain structure better.

For a better understanding of the polydomain state after deformation, the changes in domain
structure are related to the {101}〈101〉 slip system available in BaTiO3, schematically
demonstrated in Figure 5.21. Four of the six slip planes of the {101}〈101〉 family reach a Schmid
factor of 0.5. Two of them are marked in Figure 5.21b as blue planes running at a 45° angle
inside the single crystals. Edge dislocations with the corresponding dislocation line and the
Burgers vector are indicated in Figure 5.21b, sitting on the slip planes. The photography of the
C-1150-30 sample in Figure 5.21c was taken shortly after the creep experiment was completed;
the Pt protection foil remains visible on the bottom of the sample. The reflected light mode
(Figure 5.21a) emphasizes the domain structure of the surface. The photo reveals an unusual,
rhombic domain arrangement with clear and cloudy regions in the sample, caused by the
mechanical imprint. Plastic deformation of SrTiO3 single crystals in [001] orientation also
creates a mechanical imprint of the {101}〈101〉 slip system. In the case of SrTiO3 the slip planes
are visualized with polarized light microscopy at an angle of 45° to the [001] edges [104]. In
BaTiO3 single crystals, no surface steps were observed, indicating that the plastic deformation
is substantially lower; nevertheless, the arrangement of the ferroelectric domain walls
highlights the mechanical imprint, indicated with the dashed line at a 45° angle in Figure 5.21a
and Figure 5.21c. The nucleation and pinning potential of dislocations on domain walls has
been suggested by phase-field simulation [32], TEM studies [31, 211] and near-field scanning
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optical microscopy [184]. Based on this dislocation-domain wall interaction and the match of
the slip plane orientation, the rhombic domain wall alignment correlates with the mechanical
imprint, suggesting direct interaction between the dislocations and the domain walls.

Figure 5.21: Rhombic structure in the deformed single crystals. a) DIC image of the C-1150-30-1 single
crystal, (b) schematic of the active slip system with edge dislocations, dislocation line and Burgers
vector and (c) photo of the C-1150-30-1 single crystal to highlight the rhombic structure. The white
dashed line in (a) and black line in (c) indicate the rhombic structure.

The domain wall density [207] and the domain wall orientations are essential for the dielectric,
piezoelectric and ferroelectric properties. Thus, the domain state of the cloudy and clear regions
of the rhombic domain structure is depicted in Figure 5.22 for three samples: C-1150-30-1
(Figure 5.22a–e), C-1150-40 (Figure 5.22f–j) and C-1150-50 (Figure 5.22k–o). The rhombic
structure is visible particularly in the photographs in Figure 5.22a, Figure 5.22f and Figure
5.22k. None of these single crystals had a cloudy region before deformation (see Figure 5.20b,
e and f). The side faces, where the rhombic structure is clearly visible, are marked with A and
C for the front and the back, respectively. The positions of the corresponding subfigures (Figure
5.22c–e, h–j and m–o) are sketched in the photos and 3D images (Figure 5.22a–b, f–g and k–
l). In the clear regions (e.g. Figure 5.22c, d and o), fewer domain walls are observed, as
compared to the cloudy regions. The domain walls that appear in the clear regions are mainly
horizontally aligned and needle-like domain walls. In the cloudy region, the domain structure
is more complex, as depicted in Figure 5.22I, Figure 5.22m and Figure 5.22g. 90° domain walls
at a 45° angle to the compression axis are predominant in all cloudy regions, resulting in a high
domain wall density (e.g. Figure 5.22i and m). Aside from the needle-like domains, some fine
lines are also visible, marked with white arrows in Figure 5.22i–j and Figure 5.22m.
Domain walls normally nucleate and terminate at defects, inhomogeneities or other domain
walls, but no obvious origin of the termination is visible for these fine domain walls. This
absence raises the question of whether they are domain walls at all or rather, perhaps, a
dislocation arrangement pinning domain walls. 90° domain walls would be visible as a herringbone pattern, like it is the case in Figure 5.22h or as zig-zag-pattern [261, 262] (Figure 5.22o).
Thus, probably the termination of the fine domain walls in Figure 5.22j is either correlated to
domains inside the crystal or to slip planes, which are oriented in {101}〈101〉 directions and
match the orientation of the fine domain lines in the cloudy region. Therefore, the domains
were probably formed and pinned at the dislocations, leading to a locally high domain wall
density. The clear and cloudy parts of the rhombic structure seem to reflect the internal stress,
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strain or defect concentration distribution in the samples, to which dislocations can contribute
substantially due to their local tensile and compression stress fields.

Figure 5.22: Rhombic domain structure of three deformed BaTiO 3 caused by mechanical imprint.
Photography of the domain structure, a 3D image of the deformed single crystal and selected
positions at the side face A (or C) are given for (a–e) C-1150-30-1, (f–j) C-1150-40 and (k–o) C1150-50. Only the side faces with particularly visible rhombic structures are presented here in DIC
or transmitted light mode. Cloudy and clear regions are indicated, and some domains are
highlighted with arrows. Side face C corresponds to the back of side face A. The dashed rectangles
indicate the regions, but not necessarily the precise position or size of the subfigures (c–e), (h–j)
and (m–o).

Changing the perspective from A side (Figure 5.22) to B side, Figure 5.23 features a different
view of the domain structure in the deformed samples. While the photos in Figure 5.22a and
Figure 5.22k reveal a clear rhombic structure, the photos in Figure 5.23a, Figure 5.23e and
Figure 5.23i present no clear domain structure. In contrast those of side A, the surfaces of B are
partly covered with reliefs of etched 180° domain walls, which sometimes occur during initial
polishing. Examples of the reliefs are marked with black arrows in Figure 5.23g and Figure
5.23l. The domain structure varies from thin horizontal and vertical domain walls (Figure
5.23c–d) to domain walls in a 45° angle in Figure 5.23g, Figure 5.23h, Figure 5.23k and Figure
5.23l. While the horizontal and vertical stripes can be traced back to small 180° domain reliefs,
the white dashed lines in Figure 5.23c and Figure 5.23d suggest less dominant domain walls,
identified as real domains.
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Figure 5.23: Different perspectives on the domain structure of three deformed [001]-oriented BaTiO3
crystals caused by mechanical imprint. Photography of the domain structure, a 3D image of the
deformed single crystal and selected regions at the side face B (or D) are given for (a–d) C-115030, (e–h) C-1150-40 and (i–l) C-1150-50. Please note that these are the same samples as in Figure
5.22 and that “A” indicates the corresponding surface. The white lines emphasize structures
beneath the surface, which are not as obvious as the rest of the domain structure. Arrows point
towards domain walls or locations with high domain wall density.

The separation of the surface in an upper part and a lower part, indicated by a color change in
the DIC-images (Figure 5.23b, f), occurs regularly and is sometimes accompanied by a thin
horizontal edge at the surface in the middle part. The transition between the upper and lower
regions is highlighted in Figure 5.23d and Figure 5.23g traced back to a region with out-ofplane etched 180° domain walls and non-etched in-plane domain walls. Interestingly, this
transition is, in most cases, more pronounced after deformation than before (e.g. see Figure
5.20e, f). While the transition in the color contrast between the upper and lower region can be
neglected, the domain walls in a 45° angle (Figure 5.23g), which surpass this transition region,
are correlated to new domain walls formed after deformation and are not affected by the reliefs.
The domain structures in Figure 5.23g, Figure 5.23h, Figure 5.23k and Figure 5.23l indicate a
predominant formation of domain walls at a 45° angle to the deformation direction. In optical
microscopy, 180° domain walls are not visible. Hence, the domain walls with the 45° angle to
the applied uniaxial stress are 90° domain walls (a-c-domain configuration). The 45° angle
corresponds well with an optimal Schmid factor concerning the {101}〈101〉 slip system. Kontsos
and Landis have elucidated in phase-field simulations that 180° and 90° domain walls align at
a dislocation array of 𝑏⃗ = [1̅10] [32]. Therefore, dislocations are likely the reason for the
preferred orientation of the newly formed domains. Moreover, the face B surfaces display some
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cloudy regions with fine domain structures, too, as exhibited in Figure 5.23h and Figure 5.23k.
Cloudy regions were frequently reported in KNN-based single crystals [263] and were
correlated to differently oriented domain walls in the orthorhombic phase They were also
observed in BaTiO3 single crystals [261] due to an overlap of domains. Nevertheless, the origins
of those cloudy regions differ from that presented here.
In conclusion, the BaTiO3 domain structure was considerably affected by the deformation
process. While the undeformed single crystals were initially transparent and clear, the deformed
ones exhibited a rhombic domain structure with clear and cloudy regions. Under consideration
of the activated slip systems and the elimination of other effects, dislocations and the resulting
internal stress configuration were identified as reasons for the domain-structure changes. Some
of the single crystals tilted during deformation, resulting in a non-homogeneous loading
condition (e.g., Figure 5.23a), and could favor and disfavor certain slip systems. This tilting led
to a locally increased dislocation density. As a result, not all of the four equivalent slip systems
with m = 0.5 were equally activated, leading to an imperfect rhombic domain structure over
the whole sample. Further, the density of the visible 90° domain walls was increased in the
cloudy regions, which is expected to affect the piezoelectric properties in the material.

5.2.4

In-Plane and Out-of-Plane Domain Contributions

Nuclear magnetic resonance spectroscopy analysis was carried out by Pedro Groszewicz to
determine the relative number of domains before and after deformation. A reference sample
with a domain structure similar to that shown in Figure 5.20a–b (inset in Figure 5.24a) was
compared to a 4×1×8 mm³ large piece of the deformed C-1150-20 sample, given in Figure
5.20g. While the reference sample has a greater tendency to form an in-plane domain
arrangement (a1-a2), the amount of out-of-plane contributions is increased to more than 65%
after deformation, pointing towards an a1-c or a2-c-domain arrangement (Figure 5.24). The
schematic in Figure 5.24b demonstrates a simplified domain arrangement for 90° domain walls,
corresponding to the slip planes of the {101}〈101〉 system. Slip planes with a Schmid factor of
0.5 (black) tend to result in a1-c or a2-c-domain arrangements, while a Schmid factor of 0 would
lead to a1-a2 combinations. The observed predominance of out-of-plane c-domains is thus the
result of the slip planes with m ≠ 0. These slip planes are the only active ones, providing
dislocations, and they can act as pinning sites for domain walls. Therefore, NMR evaluation
supports the observed tendency that domain walls on {101} plane are dominant, as already
identified by optical light microscopy.
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Figure 5.24: a) Nuclear Magnetic Resonance results for a reference and a deformed sample. b) Simplified
schematic of a spontaneous polarization vector configuration assuming only 90° domain walls. The
black and red lines correspond to different slip planes of the {101}〈101〉 slip system with Schmid
factors 0.5 (black) or 0 (red). These lines also indicate the orientation of the 90° domain walls for
the in-plane polarization vectors (a1 and a2) and out-of-plane Ps (c).

5.2.5

Dislocations and Slip Systems in BaTiO3

Although optical light microscopy and NMR spectroscopy suggest the presence of mechanical
imprint, direct proof is pending. Thus, ECCI was carried out to provide information on the
dislocation orientation and the spacing between the dislocations. The sample was cut out from
the inner part of the deformed single crystal, as indicated in the schematic in Figure 5.25a with
the dashed square b. The (101)[101̅] slip plane is marked in blue with white shading effects
indicating the dislocations moving on the slip plane in the [101̅] direction and cutting the ECCIsample surface along the [01̅0] direction, as indicated in Figure 5.25b. Dislocations (white dots)
are marked with arrows and are distributed over the slip plane. Moreover, a reference
measurement was performed at a position without slip planes to elucidate the difference
between the appearance of domain walls and slip planes in ECCI (Figure 5.25c). The 180°
domain wall reliefs provide a sharp black/white contrast, but no color difference is obvious
between the domains, which had initially formed the 180° domain walls. Without relief, 180°
would not be visible in ECCI, due to the missing contrast in the backscattering response. 90°
domain walls, in contrast, are clearly visible as broad lines (marked in Figure 5.25c) running in
parallel, as observed in the undeformed BT samples with OLM. The interpretation of dislocation
structures with ECCI provides several pitfalls, mainly due to the limited availability of reference
options to other perovskites studies. Therefore, benchmarking was performed with indentation
experiments on BaTiO3 (100) surfaces. The spherical indent3 was removed by polishing, and
the dislocation structure beneath was examined with ECCI, as presented in Figure 5.25d. Such
alignment of the slip planes and dislocations, as shown in Figure 5.25d, is well-known for oxides
like MgO [264], BaTiO3 [116, 265] and SrTiO3 [266, 267]. The dislocation spacing in the crept
sample is in the range of 80–450 nm (Figure 5.25b), within the same order of magnitude as the
dislocation spacing in plastically deformed SrTiO3 single crystals with 225–1000 nm [242].
Indentation creates smaller dislocation spacings directly beneath the indent, as indicated in
Figure 5.25d or determined with the etch pit method for SrTiO3 [117].

3

20 µm, strain rate controlled 0.05 1/s

80

Figure 5.25: Visualization of the dislocation structures with electron channeling contrast imaging (ECCI).
a) Schematic of a slip plane. Dislocations are emphasized with white arrows in (b) and ferroelectric
domains with black arrows in (c). 90° domain walls have a dark/bright contrast, while 180° domain
walls are wavy lines, chemically etched by the polishing suspension. Dislocations form bright spots
in the ECCI image (b) and (d), the low contrast trails indicate that the dislocations reach the surface
at a 45° angle from underneath. Beneath a spherical indent, the same slip system on a (100) BaTiO3
surface is active. Therefore, such an indent is given for benchmarking in (d).

The {101}〈101〉 slip system and edge dislocations with 𝑏 = 𝑎[101] were confirmed with TEM
by Xiaoli Tan and his team. The results coincide with the slip system and dislocation type in
other perovskite materials [88]. Thus, evidence of dislocations in a specified slip system in
BaTiO3 single crystals was provided with ECCI and TEM, supporting the explanation of the
rhombic structure formation and the mechanical imprint via dislocation-based creep
mechanism.

5.2.6

Electrical Measurements

5.2.6.1 Temperature-, Frequency- and Field-Dependent Permittivity
The dielectric response of a BaTiO3 is affected by the crystal structure [145], grain size [268270], crystal orientation [271], domain size [209], point defect doping and anisotropy [6, 272].
Therefore, measuring the permittivity and dielectric loss of the single crystals facilitates the
evaluation of the influence of dislocations on the dielectric properties. The permittivity (solid
lines) and tanδ (dashed lines) are presented in Figure 5.26 at different frequencies as a function
of temperature for a reference and a part of the deformed C-1150-20 sample. The permittivity
of the reference sample is at room temperature in the range of 2040 for all frequencies, while
the deformed sample reaches only 830. BaTiO3 single crystals have a strong anisotropy of the
permittivity; along the tetragonal c-axis, a value of 130 is reported, while the a-axis (and b-axis,
perpendicular to c-axis) can reach a permittivity of 4000 [6, 271-273]. The single crystals are
both unpoled and in a multi-domain state, resulting in permittivity values between the
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mentioned literature values. Thus, the single crystal orientation is the same, and only the
domain size, density and orientation affect the permittivity. The lower permittivity of the
deformed sample (Figure 5.26) suggests a predominant c-domain configuration, which is in
good agreement to the NMR data.
With increasing temperature, the permittivity first decreases slightly before it increases for the
deformed sample until Tc is reached. In the frequency ranges presented here, several
mechanisms can contribute to the response, such as ionic polarization, orientation polarization
and extrinsic domain wall contributions [274]. With increasing temperature, the extrinsic
contribution to the dielectric permittivity increases, while the intrinsic contribution is
temperature-independent as long as the lattice parameter is not changing (e.g., due to a phase
transition) [275]. The resulting trend between permittivity and 90° domain walls depends also
on the ratio between a/c-domains and is therefore not straightforward to define [6, 276]. The
OLM results indicate a substantial amount of 90° domain walls in the deformed sample, but
due to the multidomain state, a clear trend is not obvious; this absence of a trend also correlates
with a lack of precise knowledge about the domain wall density in the samples. More drastic
than the changes in permittivity is the frequency-dependent behavior of tanδ. The dielectric loss
of C-1150-20 is always greater than for the reference sample, which is even more pronounced
at 0.1 kHz. At such low frequencies, the system has more time to react; therefore, slower defect
types can also respond.
The Tc of the reference sample, Tc = 132 °C, is in good agreement with the Tc of 132 °C reported
by Wada et al. [209]. After deformation, Tc is with 131 °C slightly shifted to lower temperatures
for the deformed sample. This trend is contrary to the results of Qi et al., who found indications
that the stress-field of dislocations could raise the Curie temperature in KNbO3 single crystals
[31].

Figure 5.26: Temperature-dependent permittivity and dielectric loss for an unpoled reference and an
unpoled deformed sample (C-1150-20) at (a) 0.1 kHz, (b) 1 kHz and (c) 100 kHz. All
measurements were carried out at 1 V.

Following the temperature-dependent permittivity measurements, samples were annealed
again, and frequency-dependent permittivity measurements were carried out. In the unpoled
state (Figure 5.27a), the samples remain in a multi-domain state, but now the permittivity levels
are in the range of 2500–3500 for all samples, indicating a change in the domain density or
distribution during annealing. The imaginary part of the permittivity increases below 100 Hz.
The permittivities remain in the range of 150–4000, as discussed before, but with a higher a82

domain contribution for both the reference and the deformed sample. Interestingly, the
reference sample still has higher permittivity values than the deformed samples, as indicated in
the NMR data (Figure 5.24a). Despite the annealing, the trend persists, indicating that the
domain state is influenced by some intrinsic, temperature-stable defects such as the introduced
dislocations.
After poling, the reference sample reaches εr’=150 (Figure 5.27b), indicating an almost perfect
c-axis domain configuration and the reduction of the domain wall density after poling [6]. Both
deformed samples C-1150-20 and C-1150-30-1 are in the range of 670–770, which points either
towards a substantial extrinsic contribution with only a slight reduction of the domain wall
density of 90° domain walls or to a change in c/a ratio. Morozov et al. attribute the dispersion
in permittivity to ionic conduction based on oxygen vacancy hopping [196]. Nevertheless, it is
unlikely that oxygen hopping could explain the changes here, because no point-defect doping
was carried out. Another possibility is strain incompatibility in the sample, caused for example
by a dislocation-related a/c-domain mismatch, which is discussed in Section 5.2.8.

Figure 5.27: Frequency-dependent permittivity at room temperature for (a) unpoled and (b) poled
samples. Poled samples were measured at the same day as they were poled.

The dielectric response depends not only on temperature and frequency, but also electric field.
This dependence can provide insight into the reversible and irreversible extrinsic domain wall
contributions, as briefly discussed in Section 2.2.2.4.
For the field-dependent measurements (Figure 5.28), only poled samples were investigated. As
already discussed in Figure 5.27a, the permittivity of the reference sample remains constant
while the applied AC electric field increases. None of the samples in Figure 5.28a indicate any
changes in permittivity below 15 V/mm, but above this electric field, both deformed samples
feature an increase in permittivity, while the reference value does not change. In order to
highlight this strong increase, the applied AC field in Figure 5.28b is normalized to the apparent
coercive field Ec* (at 1 kV/mm) for each sample, respectively. Ec* corresponds to the coercive
field value in the second cycle of the polarization loop at 1 kV/mm, as discussed in the next
chapter. The increase in permittivity begins for both deformed samples even before reaching
20% of Ec*.
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Figure 5.28: AC-field-dependent permittivity of poled reference and two poled deformed samples at
1 kHz, (a) as a function of applied electric field and (b) as a function of the applied electric field
normalized to the respective Ec* (apparent coercive field at 1 kV/mm).

The dielectric nonlinearity is a typical feature of ferroelectric materials and is primarily caused
by the displacement of domain walls [277]. Hard ferroelectrics (e.g., Fe-doped PZT) exhibit a
limited high-field response, while for soft doping (e.g., Nb-doped PZT), the increase is much
more pronounced [190]. Nevertheless, the dielectric response increases continuously with
increasing electric field. This behavior can be interpreted based on the Rayleigh relation if the
point defects are distributed randomly. However, the data in Figure 5.28a and Figure 5.28b
corresponds more to an exponential increase. The ideal Rayleigh response (Equation 2-14)
requires a random distribution of the pinning centers causing hysteretic behavior due to
nonlinear displacement of the domain walls [278, 279]. Hard ferroelectric ceramics in the
conventional sense (point-defect doping) do not follow the ideal Rayleigh law, and their
potential well is described by only one minimum instead of a random potential with several
minima based on the stabilization and pinning of domain walls by stabilized defects [191].
Therefore, the contribution of the domain walls depends on the orientation of the defects.
Similar to point defects, line defects also affect the potential landscape and provide pinning
centers for domain walls causing a non-typical Rayleigh behavior. Despite this similarity,
dislocations will not reorient with an applied electric field, as it is the case for point defects.
Neither the pinning force provided by dislocations, nor point defect–domain wall interactions
are sufficient to explain the strong increase at a certain field. This indicates that another,
stronger force also contributes to the response.

5.2.7

Piezoelectric and Ferroelectric Properties

5.2.7.1 Polarization Loops at Subcoercive Field
Subcoercive field nonlinearity (as displayed in Figure 5.28) and subcoercive field hysteresis are
sensitive to defect-mediated effects [190]. In this section, subcoercive field hysteresis loops are
used to investigate the field-dependent polarization behavior of an unpoled deformed (Figure
5.29a and Figure 5.29b, C-1150-20) and an unpoled reference sample (Figure 5.29c and Figure
5.29d) at 1 Hz and 1 kHz. The hysteresis loops for the deformed samples at 1 Hz are slim at
low electric fields and become more open with increasing electric fields. Such hysteresis
represents a substantial domain wall motion contribution and indicates Rayleigh-like behavior,
as shown in PZT thin films [280]. The slight asymmetric polarization response to a symmetric
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electric field indicates the presence of pinning centers in the material, which causes domain
wall motion across an asymmetric energy landscape [281]. At higher frequencies, the
polarization loops are pinched. The pinching is more pronounced at 1 kHz and disappears at
1 Hz. Such a pinching is not considered in an ideal Rayleigh behavior and indicates that the
pinning centers are not equally distributed, which is a requirement for an ideal Rayleigh
behavior [150]. In contrast, the reference sample has a linear field dependence, which is
frequency-independent and correlates well with the constant permittivity and increasing
electric field, discussed in the previous section. The applied electric field for the reference
sample exceeds the critical coercive field for this sample, which is determined in the next section
with supercoercive field hysteresis loops. Nevertheless, the sample still indicates a linear
relationship between the applied electric field and polarization. Such behavior was detected in
several undeformed single crystals before, especially in the first loops of the large-signal
hysteresis measurements, indicating a barrier for the “first” domain wall switching, which is not
yet fully understood.

Figure 5.29: Subcoercive field polarization loops for unpoled deformed sample C-1050-20 at 1 Hz (a)
and 1 kHz (b) and an unpoled reference sample at 1 Hz (c) and 1 kHz (d).

5.2.7.2 Polarization Loops at Supercoercive Field
Figure 5.30 displays the bipolar polarization and strain measurements at different electric fields
for a reference sample (Figure 5.30a) and C-1150-20 (Figure 5.30b). The polarization hysteresis
of the reference sample has a well-defined and saturated shape reaching a maximum
polarization of 26 µC/cm² and an Ec of 0.06 kV/mm. In the virgin curve (first cycle) the
switching of the domains occurs at 0.24 kV/mm. In the second cycle and for all further
measurements, the apparent switching field corresponds to the given Ec* value. Typical butterfly
loops are depicted for the bipolar strain loop measurements of the reference sample, with a
slight asymmetry between the left and right wing. The polarization hysteresis loops after
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deformation differ considerably from the reference loops. With increasing electric field, the Ec,
Pmax and Pr increase as well, and a pronounced asymmetry appears in the strain loops. Strain
exceeding 0.6% is reached for the negative applied field. The reference sample is already
saturated at 0.5 kV/mm, but the deformed sample still has substantially lower Pmax values with
13.8 µC/cm². Since the loops of deformed samples are not saturated at any measured field, the
Ec, Pmax and Pr will be described as apparent Ec*, Pmax* and Pr* (marked with * in the following
discussion).

Figure 5.30: Large signal hysteresis for (a) reference and (b) deformed C-1150-20 sample, measured at
1 Hz.

For several reference samples and some of the deformed samples in Figure 5.31, Ec*, Pmax* and
Pr* are listed. Note that “Reference B” was the sample used as a reference for all electrical
measurements. Reference 1150 °C was thermally treated to ensure no influence of the
temperature on the deformed samples. All reference samples have an electric-field-independent
Ec*, Pmax* and Pr*, in contrast to the deformed samples, which indicate an increase in Ec*, Pmax*
and Pr* with increasing electric field. For the latter, Ec* at 1 kV/mm was used as normalization
value for the other electric measurements (e.g., Figure 5.28b).
The ratio between Pmax* and Pr* points towards a strong domain back-switching, and reaches a
four-fold increase for the C-1150-20 sample, as compared to Reference B, indicating a restoring
force acting on the switched domains. The lower maximum polarization and the increase in
apparent coercive field values of all deformed samples imply domain wall pinning.
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Figure 5.31: Comparison of the large-signal polarization behavior of the reference and selected deformed
samples to visualize the trend in Ec*, Pmax* and Pr*. All measurements were carried out at 1 Hz, if
not otherwise mentioned. The presented values correspond to the second cycle. The electric fields
on top correspond to the amplitude of the triangular applied electric field. The Ec* at 1 kV/mm is
used as a normalization value for some of the other electrical measurements.

For all deformed samples, the apparent coercive field increases with increasing applied
maximum electric field. The maximum theoretical polarization of 26 µC/cm² was only reached
in the range of 3 kV/mm for the deformed samples, as presented in Figure 5.32. Both Pmax* and
Ec* for Reference B are marked with dashed lines in Figure 5.32. All reference samples depict
Ec* independent of the supercoercive field. The deformed samples have a broad distribution of
local coercive fields, which probably depend on the local variation in the dislocation density,
resulting in a skewed polarization loop and a high portion of back-switching. This behavior
makes Ec* and Pmax* dependent on the electric field.

Figure 5.32: Trend for Ec* and Pmax* for selected deformed samples.
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5.2.7.3 Piezoelectric Coefficient
The large signal d33* was determined for a poled reference sample (Figure 5.33) in the range
from 0 to 50 V/mm, corresponding to 83% of Ec* (Ec* = 60 V/mm). The electric field presented
in Figure 5.33 is normalized to this Ec*, while the original fields are attached in the appendix
(Figure 7.6), together with εr. With a d33* in the range of 100 pm/V, the reference value agrees
well with reported experimental values of 85.6 pm/V [282], 90 pm/V [271] and 128 pm/V
[283], along with those predicted by the Landau–Ginzburg–Devonshire approach (86.3 pC/N
[284], 99.8 pC/N [201]). In general, d33* has linear and non-linear lattice and domain wall
contributions. A small increase in d33* with increasing electric field (98 pm/V up to 103 pm/V)
indicates only a limited linear contribution. No evidence of nonlinear contribution is found,
indicating that 90° domain wall motion does not occur at such low fields. This finding
corresponds well to the results of the subcoercive and supercoercive polarization
measurements. The linear contributions to the piezoelectric coefficient are a combination of
intrinsic effects (lattice), reversible domain wall motion and a linear coupling mechanism
between electrical conductivity and piezoelectricity (e.g., Maxwell-Wagner effects) [285-288].
Due to the limited linear response, a strong contribution of this mechanism is excluded, and
only 180° domain walls are assumed to respond to the field, if at all. Nevertheless, it should be
mentioned that the corresponding εr indicates an increase with field and a strong hysteresis
while reducing the electric field (see appendix, Figure 7.6b), which could point towards a
reorientation of defect dipoles. These changes are not reflected in the d33* behavior.
To investigate the field-dependent nonlinearity of the deformed sample, the d33* was measured
after poling at several positions on the samples and on both electrode-covered surfaces (Figure
5.33a). The electric field is normalized to Ec* (290 V/mm) in both subfigures, while the nonnormalized data of the deformed sample is presented in the appendix (Figure 7.7). After poling,
the d33* fluctuates in a position-dependent manner from 65 pm/V to 138 pm/V and exhibits a
field-independent behavior until approximately 0.1E/Ec* (20 V/mm). Above 0.1E/Ec*, a strong
increase in d33* occurs. While the first measurement (A, position 1) reaches a value of
d33* = 1901 pm/V at 0.17E/Ec*, values at other positions vary between 511 pm/V and
2734 pm/V, indicating that the measurements are sensitive to positioning and poling
conditions. The measurements were performed with increasing and decreasing electric fields,
resulting in a slim d33*-hysteresis. Note that εr values demonstrate similar slim hysteresis
behavior (Figure 7.8). The piezoelectric nonlinearity, in combination with the hysteresis loop,
implies a certain degree of irreversible 90° domain wall motion and suggests a rearrangement
of pinning centers [287]. Nevertheless, the slim d33* hysteresis indicates a predominantly
reversible domain wall motion. Otherwise the loop would be substantially broader. The increase
in d33* with field additionally points towards an increased number of 90° domain walls
compared to the reference sample, which can occur for several reasons, such as dislocations
acting as nucleation sites or insufficient poling of some 90° domain walls. Figure 5.31 makes
obvious that the deformed single crystals have not reached a fully poled state, which resulted
in a certain percentage of non-switched 90° domain walls. Nevertheless, the pinning of the
domain walls at dislocations is suggested as a reason for the non-saturated poling condition.
The results presented in Figure 5.33 indicate a position-dependency, which remains even after
annealing and re-poling (Figure 5.33b). Indeed, the decrease in d33* after re-poling indicates
that the 90° domain wall switching contribution differs between the two poling steps. The
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position-dependency persists after re-poling, as well, pointing to a heterogeneous domain
distribution beneath the surface. As shown in Section 5.1.3 for KNbO3, slip planes are not
homogeneously distributed over the whole sample. Therefore, local variation in the properties
is likely, which explains the position-dependency in the sample. Additionally, in the previous
sections, it was shown that the 90° domain wall density increases due to the smaller domain
sizes. Wada et al. [23] identify that d33 is inversely proportional to the domain size. Therefore,
the local domain size can indeed affect the d33* values, especially since not all domains were
either aligned during poling or switched back after poling. This partially poled state is indicated
in Figure 5.31 with a four-fold domain back-switching (∆P = Pmax*–Pr*), suggesting a
macroscopic restoring force acting on the domain walls. Due to the restoring force, some of the
domains back-switch which increases the reversible behavior. Furthermore, it may indicate that
some domains are pinned at dislocations [32].

Figure 5.33: d33* of a poled reference sample and the poled deformed C-1150-20 sample, measured at
1 kHz. a) The reference data are presented together with the first poling of the deformed sample.
b) Afterwards, the deformed sample was annealed and re-poled to test the reproducibility. A and
B correspond to the two electroded surfaces of the deformed sample. OSC marks the
measurements, which were read out with the oscilloscope, while a lock-in amplifier was used for
all other measurements. 2nd indicates that position 1 was measured several times to investigate the
stability of the values. All electric fields are normalized to the apparent coercive field Ec* at
1 kV/mm (Figure 5.31). The non-normalized data of d33* and the corresponding permittivity are
presented in the appendix for the reference sample in Figure 7.6 and for the deformed sample in
Figure 7.7 and Figure 7.8.
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5.2.8

Discussion: Dislocation-Based Functionality

This section primarily demonstrates that dislocations have been introduced and that they can
act as nucleation and pinning sites for domain walls, as simulated by Kontsos and Landis [32].
In addition, the changes in electromechanical properties on the macroscopic scale are discussed,
and the underlying mechanism is explained.
Uniaxial compression at high temperatures activates dislocation-creep along the {101}〈101〉 slip
system. This mechanical imprint changes the macroscopic domain structure from a conventional
to a rhombic alignment with cloudy and clear regions in a multidomain state. The preference
for a-c-domain configurations after deformation was confirmed by NMR spectroscopy,
indicating a preferred alignment of the spontaneous polarization vectors relative to the four slip
planes with a Schmid factor of 0.5. These results provide indirect but strong indications of
dislocations as possible sources of the observed changes in microstructure.
In-situ TEM was carried out by Xiaoli Tan and his team to investigate the nucleation and pinning
behavior of domains at a curved dislocation. A TEM-sample, prepared from the deformed C1150-20 sample, was heated to 220 °C (Tc = 130 °C), and the domain nucleation was
investigated during cooling. Shortly after the temperature was cooled below Tc, the first domain
wall (I) nucleated at the lower segment of the curved dislocation, as indicated in Figure 5.34a
with a blue arrow. While domain I grew (Figure 5.34b) until it was pinned at the upper
dislocation segment, a second domain wall (II, black arrow) was formed (Figure 5.34c).
Domain I was pinned at the upper segment for almost 40 seconds until it was able to cross the
dislocation barrier (Figure 5.34d). In the meantime, other domains were formed (Figure 5.34e).
At room temperature, most domains crossed the dislocation barrier and formed a typical zigzag domain wall pattern (Figure 5.34f).
The in-situ temperature-dependent TEM images provide a visualization of the nucleation and
pinning potential of the dislocations and form a complementary viewpoint to the electric-fielddependent TEM investigations of Gao et al. [35] in Pb(Zr,Ti)O3 thin films and phase-field
simulations [32].
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Figure 5.34: In-situ TEM study of the domain nucleation and domain growth on a curved dislocation line
during cooling through Tc. A (110) TEM-sample of the deformed C-1150-20 sample was heated to
220 °C and cooled to room temperature. a) At Tc, domain I nucleates at the curved dislocation.
During cooling (a–f) further domains are formed at the dislocation and grow until they reach the
upper dislocation segment. Subfigures (a–f) are arranged clockwise by cooling time to enable a
direct comparison between neighboring TEM images. g) The domain growth of domain I is
documented as a function of the cooling time. The letters in (g) correspond to the subfigures (a–
e). Domain I is marked with blue arrows in subfigures (a-d), and domain II is indicated with a
black arrow in (c). The dashed white line in (f) indicates the dislocation line at room temperature.

Macroscopically, the deformed unpoled sample had a higher density of c-domains than adomains (NMR-data, Figure 5.24), resulting in a reduced permittivity due to the anisotropy of
the dielectric tensor (Figure 5.26 and Figure 5.27). Poling inverted the permittivity response.
While the undeformed poled reference sample achieved a permittivity of 150, corresponding to
a nearly perfect c-domain configuration [273](Figure 5.35a), the permittivity of the deformed
sample was at least five times higher. This increase can be explained by the NMR data in Figure
5.35a. The deformed sample had a much larger contribution from the a2-domains, leading to
the higher permittivity. A schematic representation of the altered domain structure upon poling
and deformation is given in Figure 5.35b. The reference sample was fully-poled, while adomains were still pinned at the dislocations in the deformed single crystal. Note that the
arrangement of the domains does not necessarily coincide with the real domain structure;
rather, it is meant to symbolize the distribution of the a1, a2 and c-domains and the pinning of
the domains at the dislocations. The dislocation density presented in Figure 5.35b is
significantly overestimated for better visualization.
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Figure 5.35: a) Domain state after poling at 1 kV/mm for a reference sample and a deformed sample (C1150-20) measured with NMR by Pedro Groszewicz and co-workers. b) Schematic of the domain
wall and dislocation arrangement for the reference and the deformed samples in the unpoled and
poled state.

Nevertheless, the domain distribution in Figure 5.35a and the domain back-switching from
Pmax* to Pr* in the large-signal polarization hysteresis curves (summarized in Figure 5.31)
suggest a strong macroscopic axial restoring force, acting as the driving force for the backswitching. The increase in the coercive field points towards pinning of the domains at the
dislocations, as observed in the TEM (Figure 5.34) and discussed in Section 2.3.2, resulting in
a switching of the domains in higher electric fields.
In the intermediate or subcoercive field range, the dislocations have an impact on the
reversibility of the electromechanical and dielectric properties, shown as a function of the
normalized electric field E/Ec* in Figure 5.36 for C-1150-20 and a reference sample. The strong
increase in permittivity and d33* to εr’ ≈ 5810 and d33* ≈ 1900 pm/V at 0.17E/Ec*, starting at
0.1E/Ec*, emphasize strong domain wall vibration. The absolute value of the increase varies
with position and poling cycle (1st or 2nd), as indicated in Figure 5.33. These changes are most
likely due to the inhomogeneous distribution of the slip systems and dislocations in the sample.
Below Ec* the electromechanical behavior of the deformed sample not only is reversible but also
indicates only a small hysteretic behavior between the increasing and decreasing electric field
cycle (Figure 5.33). These results support the existence of a macroscopic restoring force in
addition to the local pinning force of the dislocations.

Figure 5.36: Field-dependent permittivity and d33* of the poled reference and deformed samples (C1150-20).
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The origin of electromechanical property changes can be understood by examining the pinning
force of dislocations. Domains are pinned to dislocations until the applied electric field
overcomes the critical electric pinning field (Epin). The strength of the pinning is proportional
to Epin and correlates with the magnitude of the Peach–Koehler force 𝐹𝑃𝐾 , given in Equation 5-1
[64]. 𝐹𝑃𝐾 provides an estimation of the force acting between the dislocation and the domain
wall. Only if the applied force is higher than 𝐹𝑃𝐾 can the domain wall overcome the pinning.
The phase-field simulation equivalent of 𝐹𝑃𝐾 is the line force 𝐹𝑝𝑖𝑛 . 𝐹𝑝𝑖𝑛 is given in Equation 5-2
as a function of the critical pinning electric field 𝐸𝑝𝑖𝑛 , the spontaneous polarization 𝑃𝑠 and the
dislocation density 𝜌𝐷𝐿𝑆 [186] (𝜌𝐷𝐿𝑆 = 1/𝐿; with L as phase field cell height). Dividing 𝐹𝑝𝑖𝑛 =
𝑁

0.078 𝑚 by L (120 nm)4 yields a normal stress in the range of 0.7 MPa acting on the domain
wall.

𝐹𝑃𝐾 = 𝜎𝑥𝑦 |𝑏⃗|

𝐹𝑝𝑖𝑛 =

2𝐸𝑝𝑖𝑛 𝑃𝑠
𝜌𝐷𝐿𝑆

5-1
5-2

This pinning stress depends strongly on the spacing between dislocation lines. Therefore,
domains pinned at slip planes with low dislocation density overcome pinning earlier, while
others are pinned to higher electric fields at slip planes with high dislocation density. In addition
to pinning at the dislocations, there is another consequence for the domains. Since some of the
domains back-switch to the more stable initial domain configuration after poling, the samples
still have an a-c-domain configuration, as highlighted with NMR spectroscopy. Consequently,
applying a new electric field cycle (e.g., subcoercive, Figure 5.36) leads to a strain
incompatibility between the pinned a-domains and the surrounding c-domains. This
incompatibility hinders the expansion and switching of additional domains, providing a
restoring force that acts against the applied electric field. The macroscopic restoring force is
best described by an in-plane strain condition (Equation 5-3) in the bulk material. This in-plane
strain depends on the Young modulus, Y, the Poisson ratio, ν, and the mechanical strain, S (with
Y = 67 GPa [289], ν = 0.3). The mechanical strain, caused in the intermediate electric field
region, is calculated according to Equation 5-4. In the intermediate field of Figure 7.7a
(“A, position 1”; E2=45.3 V/mm and d33*=1741 pm/V; E1=25.6 V/mm and d33*=263 pm/V)
the corresponding strain is 𝑆 = 19.8 · 10−6 .
𝜎=

𝑌
𝑆
1 − 𝜈2

𝐸2

∗
𝑆 = ∫ 𝑑33
(𝐸)𝑑𝐸
𝐸1

𝜎=

67 𝐺𝑃𝑎
19.8 · 10−6 = 1.45 𝑀𝑃𝑎
1 − 0.32

5-3

5-4

5-5

Thus, the strain incompatibility causes a macroscopic restoring force of 1.45 MPa, which
opposes the applied electric field.
4

Phase-field data were provided by Xiandong Zhou, (MFM, TU Darmstadt)
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The strain incompatibility caused by domain wall pinning at the dislocations is
phenomenologically similar to the orthogonal poling approach of Li et al. [24, 290]. Li et al.
tailored the domain structure by periodical orthogonal poling and achieved reversible non-180°
domain switching, resulting in an actuation strain of 0.6%. They suggested that strain
incompatibilities between the differently poled regions in the material were the cause of this
high strain [290]. However, they provided a different explanation for the origin of the strain
incompatibility [24, 290] than we do. In our case, the changes are related to the mechanical
imprint rather than the poling effect. Note that some preliminary results on the cycling stability
and bipolar strain loops of our samples suggest a time-dependence for the dislocation-based
mechanism, which needs to be further investigated in future work.
As well as the promising reversible electromechanical properties of the mechanically imprinted
samples, the variability and the reproducibility of the results should be discussed briefly. As
indicated in Figure 5.31, with the broad distribution of the local coercive fields and the high
proportion of back-switching, the hysteresis depends on the maximal applied electric field.
Furthermore, the piezoelectric coefficient varies with position and poling state between
511 pm/V and 2734 pm/V, suggesting inhomogeneous behavior. This behavior may be related
to the mechanical imprint methodology itself. During deformation, the local stress states close
to and inside the sample can vary due to lateral constraints, internal defects or alignment issues.
With platinum foils and centering tools, the constraints and inhomogeneous stress centers were
reduced, resulting in several of the single crystals exhibiting the rhombic structure (Figure
5.20), which is the first indication of a successful deformation. Nevertheless, the concept of the
mechanical imprint is based on the predefined slip systems, and an inhomogeneous dislocation
distribution is therefore inherent. Samples for electrical measurements were cut out from the
middle of the deformed sample. Thus, special care was taken to cut them such that the
probability of measuring some dislocations on a slip band is high. The slip planes are not
homogeneously distributed, as already discussed for KNbO3 (Section 5.1). In BaTiO3 the
dislocation density is only increased locally, and fewer slip planes are expected compared to
KNbO3 due to the limited deformation degree and the drawback that the use of Pt eliminates
any possible statement about the deformation process. Hence, the probability of measuring the
same number of dislocations or slip planes with each electrical measurement is limited.
Nevertheless, the resulting restoring force indeed affects a larger region, which can explain the
relative increase of the d33* at several positions.
In summary, the mechanical imprint approach affects the electromechanical properties and
structure by combining the concept of strain incompatibilities, as is known from orthogonal
poling [290], with local dislocation pinning, previously demonstrated by numerical simulations
[32]. Therefore, the methodology of dislocation-based functionality is a valid option to tailor
the functional properties of ferroelectric bulk materials.

Some of these results were published in a modified way in Ref. [291].
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5.3

Outlook on the Deformation of <110>-Oriented BaTiO3

The plastic deformability of 〈110〉-oriented BaTiO3 single crystals was investigated at high
temperatures to determine the stress necessary to reach the plastic regime and pave the way
for further deformation and dislocation-based functionality studies on BaTiO3. Unlike the
previous sections, this section focused on plastic deformation, and thus dislocation-based
functionality was not addressed. The risk of cracking was taken into account, in order to ensure
a higher accuracy of the mechanical data. Therefore, no platinum protection foils were used
during deformation, with the consequence that most of the samples were not usable for
subsequent electrical measurements. The sample size was limited to 2×2×4 mm³ to ensure that
the maximum force limit of the load frame was not reached. In addition, the smaller geometry
allowed the testing of a larger number of samples.
Beauchesne and Poirier claimed that “crystals with perovskite structure do not constitute an
isomechanical group”, meaning that their creep or plastic deformation behavior is not
necessarily similar [47]. Therefore, in this section, the plastic deformation behavior of 〈110〉oriented BaTiO3 single crystals is compared to that of SrTiO3 single crystals to address the
question whether at least these two perovskite materials behave similarly. The SrTiO 3 single
crystal deformation results were provided by Lukas Porz.

5.3.1

Orientation Dependence

In Figure 5.37a, high-temperature plastic deformation experiments performed on 〈001〉- and
〈110〉-oriented BaTiO3 single crystals are compared. The relationship between the applied
compressive stress and strain rate is presented in Figure 5.37b. The 〈100〉-oriented single crystal
deformed elastically until reaching 760 MPa and non-elastic behavior sets in (Rp0.2 = 930 MPa);
fracture occured at 1044 MPa. The strain rate of the 〈100〉 orientation in the linear range above
100 MPa remained constant at ∼10-5 1/s, emphasizing a reduced stiffness constant at 1150 °C
(Figure 5.37b). Note that below 100 MPa the strain rate is substantially lower. The plastic
deformation regime of the 〈110〉-oriented BaTiO3 single crystal started at Rp0.2 = 110 MPa. The
strain rate increased to 8∙10-4 1/s in the non-linear range until the sample fails (Figure 5.37b).
In contrast to the 〈100〉 orientation, the 〈110〉 sample reached the plastic regime and a
continuous increase in strain rate was observed up to 8∙10-4 1/s with increasing load. The
measurement was terminated at 9.2% deformation. The plastic deformation stress of the
{101}〈101〉 slip system was not reached with 2 N/s for the 〈100〉 direction, whereas the 〈110〉
orientation with the {100}〈100〉 slip system was plastically deformable at 1150 °C.
These results show that BaTiO3 has a similar qualitative trend as SrTiO3 at high temperatures,
with the {100}〈100〉 slip system requiring lower applied stress to reach the yield stress than the
{101}〈101〉 slip system [88, 94]. For SrTiO3, 1150 °C is close to the brittle region of the ductileto-brittle-to-ductile transition. Such a transition has not been reported for BaTiO3, but it is likely
that at higher temperatures, the yield stresses are also reduced for both slip systems, following
the trend of SrTiO3 in the high-temperature ductile region. The presence of a ductile region in
BaTiO3 at RT, like in SrTiO3 and KNbO3, can be excluded because both 〈110〉- and 〈001〉oriented BaTiO3 fracture at RT under the same loading conditions (2 N/s) and the same sample
geometry.
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Figure 5.37: a) Compressive stress as a function of deformation strain for 〈001〉- and 〈110〉-oriented
BaTiO3 single crystals at 1150 °C and the resulting strain rate as a function of deformation stress
curve (b). Both measurements were conducted at 2 N/s without a protective layer. Absolute strains
were averaged over 100 data points before strain rates were calculated to smooth the curves in (b).

Consequently, plastic deformation of 〈110〉-oriented BaTiO3 at 1150 °C is the preferred
orientation to study isomechanical similarities of deformation processes between SrTiO3 and
BaTiO3. KNbO3 is neglected here, because such experiments are not possible due to the volatility
of potassium [292] and the low melting temperature [293]. It should be mentioned that the
loading conditions, in particularly the loading rate, are crucial parameters and significantly
affect the critical applied stress. Both types of deformation experiments, initially strain rate
controlled [88, 294] and load controlled [295, 296], have been described in the literature, and
the correlation between them is given by the following equation [295]:
𝑑𝜎 𝑑𝜎 𝑑𝛾 −1
=
( )
𝑑𝛾 𝑑𝑡 𝑑𝑡

5-6

𝑑𝜎
1
𝑑𝜎
=
𝑑𝛾 𝜍𝜌𝐷𝐿𝑆 |𝑏⃗|𝜉̅ 𝑑𝑡
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𝑑𝜎
1
𝑑𝜎
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𝜂
𝑑𝛾 𝜌 |𝑏⃗|𝜉 ( 𝜏 ) 𝑑𝑡
0 𝜏
𝐷𝐿𝑆
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Using Equation 5-6 and the total length of mobile dislocations per crystal volume, magnitude
of the Burgers vector, geometric constant ς and average dislocation velocity 𝜉̅, a prediction of
the stress-strain curve is possible:

Considering that the dislocation velocity of screw and edge dislocations is associated with the
resolved shear stress, as it has been shown for LiF and MgO, and that the average dislocation
velocity is proportional to the screw velocity (slowest type), Equation 5-8 gives a direct
relationship between the stress-strain curve and applied shear stress [239, 295].

0

𝜏0 and η are constants. Experimentally, it has been shown that as the loading-rate decreases,
the slope of the stress-strain curve decreases for the same strain [295], making it difficult to
identify the critical stress. Strain-rate-controlled experiments indeed provide a more
pronounced kink between the linear-elastic and plastic regimes. Nevertheless, lower initial
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strain rates reduce the stress level required to reach the plastic deformation regime [294],
suggesting that the system has more time to respond.
The combination of orientation, mechanical loading conditions and temperature range is crucial
for a successful deformation without failure. However, this specific issue has not been addressed
in the literature for single crystalline BaTiO3. The few existing studies focus on creep
experiments and the resulting dislocation structures obtained between 1150 °C and 1570 °C and
stresses up to 25 MPa [46, 113]. Therefore, the behavior of 〈110〉-oriented BaTiO3 single
crystals at temperatures between 1100 °C and 1170 °C and stresses above 25 MPa will be
addressed in the next subsection.

5.3.2

Influence of Temperature and Loading Conditions

Compressive stress interval tests at constant stress rate allow the determination of the
achievable strain rate at given stress and temperature. Using the slope of the strain rate at given
stress, the activation volume and activation energy for different temperatures can be studied.
With this knowledge, suitable parameters for different types of compression tests such as strain
rate controlled or load controlled can be identified, providing an economical and effective way
to obtain information about the deformation behavior of the material.
The 〈110〉-oriented BaTiO3 single crystals exhibit a temperature-dependent deformation
behavior as shown in Figure 5.38 for 1100 °C, 1150 °C and 1170 °C. The temperaturedependent behavior was investigated with stress-intervals from 25 MPa to 200 MPa and the
achieved strain rate was evaluated as a function of the applied stress. The strain rate increased
from 10-6 1/s to 3∙10-4 1/s with increasing temperature and stress. The strain rate fluctuated at
1100 °C for stresses below 100 MPa; at higher temperatures, the strain rate stabilizes already
at stresses of approximately 50 MPa. As the stress increases, the strain rates of all samples
reached values of 10-4 1/s or higher. The circles in Figure 5.38b correspond to the strain rate of
the stress plateaus, emphasizing that the deformation is purely plastic without any linear-elastic
contribution. This is particularly important at low stresses, where it is uncertain whether the
yield stress has already been reached.
Diagrams of the strain rate as a function of stress are useful for estimating the strain rate and
stress limits of the sample but can only be obtained for load-controlled loading conditions. The
results in Figure 5.38 indicate that the strain-rate-controlled experiments can be performed at
10-4 1/s without severe damage to the sample. Moreover, stresses above 50 MPa are
recommended to obtain stable and reliable strain rates. Two types of control experiments were
conducted at 1150 °C to ensure that the stress-interval method does not significantly affect the
strain rate result: load-controlled experiments at 0.5 N/s and 1 N/s, and strain-rate-controlled
experiments at 10-5 1/s and 10-4 1/s. The corresponding strain rates for the load-controlled
mechanism and the achieved stresses (corresponding to Rp0.2 and 3% total strain) for the strainrate-controlled method are plotted in Figure 5.38b to confirm that both loading paths results in
similar strain rate as a function of stress plots under certain boundary conditions. The
corresponding stress-strain curves are shown in the appendix Figure 7.9. Both stress-controlled
measurements reach the Rp0.2 in the range of 50 MPa and a strain rate of 2‒4∙10-5 1/s but do
not reach 3% strain until after reaching 100 MPa. The strain-rate-controlled experiments
reached Rp0.2 at 18 MPa for 10-5 1/s and 105 MPa for 10-4 1/s and the 3% strain at compressive
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stresses of 45 MPa and 118 MPa. This indicates that lower strain rates require less stress to
reach the plastic deformation state. All data points above 50 MPa agree well with the stress
interval curve at 1150 °C.

Figure 5.38: Temperature dependent deformation of 〈110〉-oriented BaTiO3 single crystals at 1100 °C,
1150 °C and 1170 °C depicted as (a) stress-strain curve and (b) strain rate as a function of applied
stress. Uniaxial compression experiments were performed with a loading rate of 2 N/s. The holding
time at individual stress intervals was shortened with increasing temperature and stress to avoid
sample fracture. The circles (in b) correspond to the calculated strain rate of the stress plateaus in
(a). The Rp0.2 and the stress at 3% total deformation (σ(3%)) are given for different loading
conditions as a function of the strain rate, all measured at 1150 °C. Note that both values (Rp0.2 and
3%) have the same symbol but different color, the one at lower stress corresponds to Rp0.2, the one
at higher stress to σ(3%).

The activation energy of the deformation mechanism was determined using Equation 2-6 for
the step-interval measurements in the temperature ranges of 1100 °C to 1150 °C and 1150 °C
to 1170 °C at the stress levels of 50 MPa, 75 MPa, 100 MPa and 150 MPa, shown in Figure 5.39.
The activation energy of 1042 kJ/mol for the 50 MPa at 1100–1150 °C is 2.5 times larger than
that of 405 kJ/mol at 150 MPa and even five times larger than that of 203 kJ/mol at 50 MPa at
1150–1170 °C; see Figure 5.39b. Beauchesne and Poirier reported an activation energy of
469 ± 27 kJ/mol for the stress range of 9–25 MPa and 1150–1570 °C and interpreted the results
as climb-controlled dislocation creep mechanism limited by diffusion of the slowest species. The
reduced activation energy at 150 MPa suggests a more readily activated dislocation mechanism,
which could indicate slip deformation or kink-pair mechanism. Therefore, the activation volume
is estimated according to Equation 5-9:

𝜕ln(𝛾̇ )
5-9
𝑉 (𝜏) = 𝑘𝐵 𝑇 (
)
𝜕𝜏 𝑇
The resulting values for the {100}〈100〉 slip system and |𝑏⃗| = 0.56 𝑛𝑚 are presented in Figure
5.39c as a function of temperature and stress. At 150 MPa, the activation volume is in the range
of 6b³, which is in the same range as 1‒20 b³ reported for deformed SrTiO3 single crystals
exhibiting the kink-pair mechanism [64, 88]. Taeri et al. observed a temperature-dependent
activation volume for the 〈110〉-oriented SrTiO3 single crystals, which was not observed in
Figure 5.39c. This could mean that the temperature range of 1100–1170 °C is too narrow or
that BaTiO3 does not have such a pronounced temperature dependence. The activation enthalpy
according to Equation 2-9 is 487 kJ/mol (1150 °C–1170 °C; 150 MPa), which is slightly higher
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than that of the {100}〈100〉 slip system in SrTiO3 with 193‒290 kJ/mol (2‒3 eV) in the same
temperature range [88].

Figure 5.39: Determination of the activation energy. a) Logarithmic strain rate as a function of
temperature, (b) activation energy as a function of applied stress and (c) the resulting activation
volume as a function of temperature.

A direct comparison between 〈110〉-oriented BaTiO3 and SrTiO3 single crystals, as presented in
Figure 5.40, illustrates a similar trend for both perovskite materials. At low stresses the slope
of the strain rate as a function of stress curve is steep and becomes flat at high stresses,
indicating a change in the deformation mechanism. As the temperature increases, the strain
rates increase for both materials. BaTiO3 achieves slightly lower strain rates than SrTiO3 at the
same temperature and stress, but the trend of the slope at a given stress is similar, indicating
comparable activation energy and deformation process. Various publications have discussed the
stress range below 50 MPa and reported a wide range of activation energies, indicating different
diffusion- and dislocation-based mechanisms [46, 136, 137]. This range of different
mechanisms supports the assessment that no isomechanical group can be identified from creep
results of perovskites at low stresses, even at high temperatures [47]. Nevertheless, a trend
towards a similar slope is identified at high stresses. Therefore, the results obtained from 〈110〉oriented perovskite single crystals presented here show not only similar deformation behavior
but also indicate isomechanical behavior at high stresses. As a consequence, a kink-pair
mechanism is speculated to be the rate-limiting mechanism for the deformation of 〈110〉oriented BaTiO3 at stresses above 100 MPa and at 1150 °C, as has been proposed for SrTiO3
[90].

Figure 5.40: Comparison between BaTiO3 and SrTiO3 strain rates as a function of applied stress.
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5.3.3

Summary

BaTiO3 single crystals were deformed at 1150 °C in the 〈001〉 and 〈110〉 orientations. The 〈001〉
orientation withstands seven times higher stresses until the sample reaches the non-linear
regions and fractures. Plastic deformability of the 〈110〉 orientation was tested at 1100 °C,
1150 °C and 1170 °C for different stress-intervals to determine the corresponding strain rates.
Above 100 MPa, stable strain rates up to several 10-4 1/s are achieved. Initial strain-ratecontrolled and load-controlled experiments confirmed that BaTiO3 is deformable at 1150 °C,
which underlines a certain reproducibility of the data. As a result, less-destructive deformation
with lower yield stresses was achieved at lower strain rates and loading rates. Finally, BaTiO3
single crystals behave similarly to SrTiO3 at 1150 °C and stresses above 100 MPa, suggesting a
kink-pair mechanism and isomechanical behavior.
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5.4

From Single Crystals to Polycrystalline BaTiO3

The transfer of the knowledge on dislocation-domain wall interactions obtained from single
crystals to polycrystalline BaTiO3 is critical. The latter is preferred from the application and
economic point of view. The introduction of dislocations into polycrystals is limited not only by
the Taylor criterion. It is also strongly influenced by other competing mechanisms, such as
diffusion processes, grain boundary sliding, abnormal grain growth at high temperatures [297],
twinning [298] and cracking. In addition to grain size [74, 136, 137], experimental conditions,
non-stoichiometry [140] and defect chemistry must also be considered. Most creep studies on
polycrystalline BaTiO3 focus on the microstructural changes from a geological point of view
[46] and investigate the behavior of the lower earth mantle, or they proceed from a
microstructural point of view [133, 136, 142]. The link between creep-induced microstructural
changes and the macroscopic dielectric, piezoelectric and ferroelectric properties is still missing.
Therefore, this chapter aims to provide a methodology for using high-temperature creep to
influence functional properties.
Prior to the investigation of creep-based functionality, the relevant creep regimes are identified
(Section 5.4.1), followed by microstructural investigations for the specified regimes (Section
5.4.2). In Section 5.4.3, the functionality is investigated and the polycrystalline creep approach
is discussed (Section 5.4.4)

5.4.1

Identification of the Creep Regimes

The temperature and stress ranges for the creep regimes are grain size dependent. Therefore
the first step is to identify the relevant creep parameters and develop a map of the deformation
mechanism. For this purpose, stepwise creep experiments were performed at 950 °C, 1000 °C,
1050 °C and 1100 °C. The corresponding stress-strain curves are presented in Figure 5.41.

Figure 5.41: Stress-strain curves are given for fine-grained polycrystalline samples deformed at (a)
950 °C, (b) 1000 °C, (c) 1050 °C and (d) 1100 °C. Each plateau corresponds to a holding time of
30 min at a certain stress step. At 950 °C, 1000 °C and 1050 °C stress plateaus are at 100 MPa,
125 MPa, 150 MPa, 175 MPa, 200 MPa and 225 MPa. At 1100 °C the stress plateaus are at
100 MPa, 125 MPa, 150 MPa and 175 MPa (Adapted from Ref. [227]).
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The stress level was sustained for 30 min at each step. The strain increases with increasing
temperature and stress. While only 0.13% strain is obtained in the 200 MPa plateau at 1000 °C
(Figure 5.41b), a six-times higher strain of 0.86% is gained at 1050 °C at the same stress level.
The strain behavior as a function of time is exemplified for 100 MPa and 200 MPa in Figure
5.42a and Figure 5.42b, respectively. The time-dependent strain (Figure 5.42c) provides
information on whether the strain rate is constant and, thus, whether the steady-state creep
region has been reached.

Figure 5.42: Determination of the steady-state creep regime at 1050 °C. Strain as a function of time for
(a) 100 MPa and (b) 200 MPa. c) Strain rate as a function of strain to determine the constant strain
rate. The stress regions of (a) 100 MPa and (b) 200 MPa are highlighted in (c) (Adapted from
[227]).

While the strain rate at 100 MPa varies by an order of magnitude, the deviation in the data at
200 MPa is much smaller. The strain rates are more stable at higher stresses and temperatures.
The threshold strain at which a constant strain rate is reached was identified at 0.15%
deformation strain. Therefore, the first data points at 950 °C and at 1000 °C were neglected,
since the steady-state region was not reached. The power-law creep Equation 2-16 was applied
for all other measurement points, assuming that the grain size is constant, as will be
demonstrated subsequently in the microstructure analysis.
The assumptions that the grain size and temperature are constant and that the activation energy
is independent of the applied stress result in the logarithmic plots in Figure 5.43. The slopes of
the segments between the data points represent the stress exponents n.

102

Figure 5.43: Determination of the stress exponent. The slopes of the double logarithmic plots for 950 °C,
1000 °C, 1050 °C and 1100 °C correspond to the stress exponent of the power-law creep Equation
2-16.
Table 5.2: Mean stress values and stress exponents for the slopes in Figure 5.43.

950 °C
σmean (MPa)

n

1000 °C

1050 °C

1100 °C

n

n

n

1.4

1.9

112.5
137.5

0.5

1.3

1.9

2.5

162.5

0.7

1.3

1.9

3.3

187.5

0.7

1.2

2.8

212.5

0.9

1.6

3.4

Based on these stress exponents, as listed in Table 5.2, the deformation map in Figure 5.44 was
developed. The stress values of the data points in Figure 5.44 represent the average of two
stresses (given in Table 5.2) between which the stress exponent was determined. The shapes of
the symbols and the colored background correlate with the linear range (n < 1, green), the
diffusion range (n =1-3, yellow) and the dislocation creep range (n > 3, blue) [106, 107]. At
this point, some of the competing mechanisms such as grain boundary sliding and kink-pair
mechanism have not been considered in the classification of creep regimes. They will be
discussed later. Based on this deformation map, the parameters for the single-stresstemperature samples were chosen.
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Figure 5.44: Deformation mechanism map for polycrystalline BaTiO 3 (grain size 1–2 µm). The data points
correspond to the mean of two stress values and the stress exponents classified according to the
definition given next to the symbols. All values are listed in Table 5.2. The colored background
highlights the linear range (green, open triangles), diffusion creep range (yellow, open circles) and
dislocation creep range (blue, filled squares) (Adapted from [227]).

5.4.2

Creep-Based Microstructural Changes

Individual creep experiments were carried out at 200 MPa in the linear regime of the
deformation map (Figure 5.44) at 1000 °C for 15 min (PC-1000-15) and in the dislocation creep
regime at 1050 °C for 15, 22 and 30 min, denoted PC-1050-15, PC-1050-22 and PC-1050-30.
The transition between diffusion and dislocation creep regimes occurs around 1050 °C and
approximately 180 MPa, as indicated by the color change from blue to yellow in Figure 5.44.
Therefore, choosing 1050 °C (and 200 MPa) was the best compromise to avoid high
temperatures that could lead to abnormal grain growth or extensive twinning. PC-1000-15
achieved much lower deformation strains, at 0.29%, than did PC-1050-15, at 0.6%; PC-105022, at 1.06%; and PC-1050-30, at 1.29% strain. All samples had an average grain size in the
range of 1.4–1.7 µm (see Figure 5.45). Thus, the grain size is considered constant. The total
plastic strain was kept below 2% to avoid microcracking and fracture of the samples. The SEM
images in Figure 5.46 support that this objective was achieved. No cracks are visible and no
increase in twinning was observed for the deformed samples. Twinning often occurs in BaTiO3
during sintering [298] or mechanical compression [299]. Extensive twinning during creep
experiments was avoided due to the temperature difference between the sintering temperature
(1350 °C) and the much lower deformation temperature (1000–1050 °C). While twin
boundaries have a negligible effect on diffusion [144], they can act as barriers for dislocation
movement [105] and contribute to strains [300] in the material.
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Figure 5.45: Relation between grain size, relative density and deformation strain for the reference and
deformed sample.

Figure 5.46: Grain size determination with SEM for (a) reference sample, (b) sample deformed at 1000 °C
and (c) sample deformed at 1050 ° C (Adapted from Ref. [227]).

Nevertheless, for the PC-1050-15 and PC-1050-22, the relative density was found to increase
from 94.9% after sintering to 97.9% and 95.5%, respectively, with increasing deformation
temperature and time. This indicates increased diffusion, as also previously reported for hot
forging [301] and hot pressing [135]. The decrease in density for the sample PC-1050-30 to
92.1% indicates additional microstructural changes in the sample, such as cavitation formation
or microcracks [302].
TEM analysis was used to reveal the domain structure and microstructural features for the
different deformation map regimes. The main features in the reference samples are domain
walls and grain boundaries, as indicated in Figure 5.47a and Figure 5.47b, while cracks and
extensive porosity are absent. On the other hand, both deformed samples contain further
artifacts, such as cavitations (Figure 5.47c and Figure 5.47e) and dislocations (Figure 5.47d
and Figure 5.47f). Cavitations at grain boundaries are indications of grain boundary sliding.
Stress centers form at irregularities, such as second phases, precipitates, and deformation ledges
[303], or at contact points between grains, where obstacles prevent adjacent grains from sliding
against each other [304]. These stress centers transform into cavitations or triple-point cracking
when the stresses are released, due to the loss of grain boundary interlocking [304].
Cavitation formation was found at 1000 °C and 1050 °C, suggesting that grain boundary sliding
is present as a competing creep mechanism for both diffusion creep and dislocation creep, but
may have different origins. While Raj and Ashby [305] have concluded that “Nabarro-Herring
and Coble creep, […][are] identical with grain boundary sliding with diffusional
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accommodation,” Watanabe [303] and Perry [304] focus on grain boundary sliding
mechanisms in relation to dislocation movement. The increased number of cavitations in Figure
5.47c suggests that grain boundary sliding is among the main creep mechanisms at 1000 °C,
while it is not as pronounced at 1050 °C.
The dislocation loops at 1000 °C are similar to those found by Doukhan and Doukhan for a
BaTiO3 single crystal creeping at 1400 °C [113]. The dot-like dislocation structure in Figure
5.47f is similar to the coffee-bean-like structure or black-dot contrast, reported for BaTiO3-based
polycrystalline materials [133, 140, 142, 306]. The formation of such coffee bean structures is
based on the agglomeration of point defects, such as oxygen vacancies and the condensation of
vacancies. Therefore, they are closely related to non-stoichiometry [133, 140]. Moreover, these
dislocations act as metastable sinks for vacancies [133, 140] and have been described as
vacancy-like partial dislocations with either TiO2 deficiency or BaO deficiency [133]. Suzuki et
al. argue that such dislocation loops are electrostatically neutral, but they decorate domain
walls, indicating a possible effect on ferroelectric properties [140].

Figure 5.47: Bright-field transmission electron microscopy images facilitate insights into the local
microstructural features of the reference sample (a, b) and the samples deformed at 1000 °C (c, d)
and at 1050 °C (e, f) (Adapted from Ref. [227]).

One possible influence of dislocations is the change in domain size, which has already been
found for KNbO3 single crystals (Section 5.1.4). Therefore, PFM was performed for the samples
presented in this thesis and a domain size in the range of 115–154 nm was found, with no
obvious deviation between the reference sample and the deformed sample (published in Ref.
[227]]). The domain size is in the same range as reported by Hoshina et al. [307] with 100 nm
for dGS = 1.1 µm and 150–300 nm for dGS = 2–4 µm [308]. It should be noted that an external
influence of pre-stress (1.2–1.3 MPa) on the domain size during cooling could be excluded, as
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no change in domain size was observed with PFM in a reference experiment. Moreover, such
low stress should not affect the switching behavior of domains in fine-grained BaTiO3 and, thus,
should not affect the piezoelectric properties [309, 310].

5.4.3

Creep-Mediated Changes in Dielectric and Electromechanical Response

The dielectric constant and dielectric loss were quantified as measures caused by creep. The
undeformed reference sample reaches εr’(RT) ≈ 3100 at RT, which is in good agreement with
values reported for fine-grained BaTiO3 (dGS ≈ 1 µm) [311]. With εr’(RT) ≈ 3600–3750, the
permittivity of the deformed samples is higher. At Tc, the peak of the deformed samples shifts
to higher temperatures and a broadening of the peaks occurs (see Figure 5.48a). In the
ferroelectric phase, tanδ is less than 0.03 for all samples, drops at Tc and increases dramatically
in the range of 170–180 °C (Figure 5.48b). All samples behave similarly, except PC-1050-30,
which has a slightly higher tanδ. The trends for εr’(RT) and εr’(max) and Tc are summarized in
Figure 5.48c and Figure 5.48d as a function of deformation strain.

The increase in εr’(RT) to 3700 for the deformed samples (Figure 5.48c), indicates a slightly
greater stress contribution. Grain boundary sliding may cause this increase in stress
contribution. The creep-induced amplification of microstrains was identified as reason for the
broadening of the permittivity peak at Tc [227]. Dislocations, twinning, grain boundaries and
domains contribute to microstrains [312], but the influence of the last three was ruled out by
X-ray investigations above Tc [227] (no domains) and SEM analysis, indicating similar grain
size and twinning for all fine-grained samples. Therefore, dislocations (including partial
dislocations and stacking faults) are the most likely cause of the microstrains and thus of the
broadening and shifting of the permittivity in the deformed samples. The combination of
increased stress distribution, microstrains and altered defect chemistry leads to a broadening
and reduction in εr’(max) and an increase in Tc with increasing plastic deformation (Figure
5.48c and Figure 5.48d). A change in defect concentration at the grain boundary is possible,
but a contribution of impurities to the observed changes was ruled out as all samples were
prepared from the same starting powder and the permittivity shift trend is opposite for the
majority of point defect dopants [145].
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Figure 5.48: Creep-mediated changes in permittivity (a) and dielectric loss (b) as a function of
temperature at 1 kHz. The dashed line indicates Tc of the reference sample. c) εr’(RT) and εr’(max)
and (d) Tc as a function of the deformation strain γ (Adapted from [227]).

As illustrated in Figure 5.47, creep can produce cavitation at the grain boundaries but also
dislocations in the bulk. Therefore, impedance spectroscopy was performed at 400 °C to
separate the bulk and grain boundary contributions. In Figure 5.49, the imaginary part of the
impedance (-Z’’) is plotted against the real part (Z’). The large semicircle in Figure 5.49 is
correlated to the grain boundary response [313]. The inset in Figure 5.49 indicates the
beginning of a small semicircle correlated with the bulk response. The grain boundary
resistivities of the deformed samples are reduced, while the bulk resistivity is almost unaffected
at 400 °C. Such a reduction in resistivity indicates that the grain boundaries are more affected
by creep than is the bulk region. This could point to either an accumulation of point defects
such as oxygen vacancies at the grain boundary due to diffusion during creep or towards large
cavities. The effect of the dislocations on the bulk resistivity appears to be negligible (Figure
5.49).
Although dislocations in bulk materials can act as vacancy sinks, e.g., for
𝑉𝑂·· [75, 140], Suzuki et al. have pointed out that they are still electrically neutral [140] with
lower oxygen ion mobility near the dislocation core, as compared to the bulk [75]. This finding
is contrary to the enhanced dislocation-based ionic conductivity identified for TiO2 [30] and the
electrically charged dislocations in alkali halides [10]. Recently, Porz and Frömling et al.
clarified that the ability of dislocations to tailor electrical conductivity in ceramics involves a
complex interplay between the mesoscopic structure (dislocation type, density and
arrangement) [114, 314], the core structure (partial, dipoles, dissociated) [71, 315] and the
space charge zone (depleted, enriched, accumulated) [30, 316] of the dislocations [242].
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Figure 5.49: Impedance plot for the reference and deformed samples at 400 °C. The inset emphasizes the
smaller semicircle at higher frequencies, related to the bulk response (Adapted from [227]).

Unipolar polarization and strain loops were measured to estimate the creep-induced changes
in the extrinsic domain wall contribution. Since no evidence of changes in crystallographic
structure or composition was found, the intrinsic contribution to strain is assumed to be the
same for all samples.
The unipolar polarization curves in Figure 5.50a show consistent field-dependent behavior with
a slight decrease in Pmax with increasing deformation temperature and time. The differences in
the unipolar strain loop (Figure 5.50b) are more evident. While the reference sample and PC1000-15 are almost identical, there is a clear trend towards lower Smax in the 1050 °C samples,
as depicted in Figure 5.50c. Pmax and Smax (Figure 5.50c) are reduced by 10% and 30%,
respectively, with increasing creep strain. This ratio indicates a stronger influence of
deformation on the 90° domain walls than on the 180° domain walls. Neither the grain size nor
the porosity are responsible for the changes, as grain size remained constant and as porosity
would lead to a simultaneous decrease in strain and polarization, which is not observed here
[317]. Considering that domain size was not considerably affected by deformation, the reduced
strain indicates a decrease in the ferroelectric domain wall mobility of mainly non-180°
domains. This reduced mobility is indicative of domain wall pinning at defects [184] due to
electrostatic or elastic pinning [32, 186], resulting in electromechanical hardening [7, 200].
The slightly increased tanδ at room temperature suggests changes in dielectric loss contribution,
but cannot justify the observed 30% changes. Cavities identified for most creep samples behave
similarly to anisometric pores and can cause a reduction in the local electric field [317] and
lead to a decrease in strain contribution. Therefore, a combination of a dislocation-related and
cavitation contribution is a likely reason for the changes in strain.
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Figure 5.50: Unipolar (a) polarization and (b) strain at 10 Hz. Pmax and Smax are presented as a function
of the deformation strain in (c) (Adapted from [227]).

5.4.4

Discussion: Creep in Polycrystalline BaTiO3

The creep mechanisms were identified using the power-law creep equation. Grain boundary
sliding was not considered in the stress-exponent determination for the creep map. This
assumption was disproven in the following experiments, indicating that grain boundary sliding
has a significant effect on the microstructure and on functional properties; and it can also reach
n=3.5 [106].
The activation energy was determined using the Arrhenius-type relationship in Equation 2-16
and the assumption that the proportionality factor 𝛾̇ 0 is independent of the temperature. In the
yellow region (Figure 5.44), interpreted as the diffusion creep regime, an activation energy of
350 kJ/mol is obtained for 950–1050 °C at 150 MPa and n ≈ 1. The dislocation creep regime
(blue region in Figure 5.44) gives an activation energy of 837 kJ/mol for 1000 °C at 212.5 MPa
and n = 3.38. At slightly higher temperature (1050 °C) but lower stress (162.5 MPa), a similar
value of 843 kJ/mol was obtained, with m ≈ 3.3.
The activation energy of 350 kJ/mol is in the same range as the activation enthalpy of the
diffusion processes in pressureless-sintered BaTiO3 (ΔH = 396±16 kJ/mol) [134] and hotpressing (ΔH = 400 kJ/mol) [135]. The activation energy for oxygen diffusion is significantly
lower, about 44–53 kJ/mol [318, 319]. The values in this work agree well with 131Ba diffusion
at 350 kJ/mol, suggesting that Ba is the dominant and rate-controlling cation species, as is the
case in hot pressing and pressure-less sintering [134, 135]. The activation energy in the
identified dislocation-creep regime is 840 kJ/mol for n = 3.3, which is twice as large as the
activation energy in the diffusion regime and corresponds well to the results of volumediffusion-creep in coarse-grained BaTiO3 at 720 kJ/mol [137] and superplasticity in fine110

grained BaTiO3 (800 kJ/mol) [136]. Notably, grain sizes, applied compressive stresses and
temperature vary in the above-mentioned studies, as indicated in Table 7.1. Nonetheless, they
indicate a diffusion-contribution even at 1050 °C, originally defined as the onset of the
dislocation-creep regime. This diffusion contribution could be related either to non-conservative
dislocation motion (climb controlled) or the diffusion creep remaining the dominant process at
higher temperatures and stresses. For creep studies in polycrystalline BaTiO3 [46, 137],
including the samples deformed at 1050 °C in this work, the activation energies are higher than
for single crystalline BaTiO3 with ΔH = 469 ± 27 kJ/mol, which has been interpreted as a climbcontrolled dislocation-based creep mechanism involving Ba2+ diffusion [46]. These studies
illustrate that dislocation-based and diffusion-based processes occur in similar energy ranges,
making it difficult to classify the processes unambiguously.
The stress-exponent approach and the determination of the activation energies are suitable for
an initial estimation of the creep regimes and the processes involved, as long as microstructural
investigations are performed in parallel to support and interpret the results. In this study,
cavitation formation, variably shaped dislocations and no grain growth were observed,
suggesting a superposition of competing creep mechanisms, including grain boundary sliding
as a likely reason for the cavities. This superposition emphasizes, that the assumed stress
exponent definition for diffusion and dislocation creep is too simple and requires further grainsize-dependent studies to refine it. Fine-grained BaTiO3 offers a large grain-boundary-to-volume
ratio that facilitates grain-boundary-related processes. Larger grain sizes may reduce the risk of
cavitation but increase the risk of twinning [137]. In this work, the temperature of 1050 °C is
on the limit of the dislocation creep mechanism regime, and therefore, a slightly higher
temperature might be sufficient to introduce appropriate dislocation-based plastic deformation
for fine-grained BaTiO3. Park et al. have identified the temperature range of 1200–1300 °C and
strain rates of 5∙10-7 to 4∙10-6 1/s as most suitable for diffusion-creep of coarse-grained BaTiO3
to avoid fracture or extensive cavitation [137]. This finding suggests that even higher
temperatures or stresses are necessary to achieve the dislocation creep regime. However, higher
temperatures could also cause glassy phases [320] at the grain boundaries [134]. To solve this
problem, a grain-size-dependent study in similar temperature and stress ranges can provide the
necessary information to obtain a more meaningful deformation map.
Based on the determined creep map, deformation parameters within the diffusion creep
(200 MPa, 1000 °C) and the dislocation creep (200 MPa, 1050 °C) regimes were selected. The
resulting microstructures indicated only slight variations in grain size but more pronounced
variations in the relative density (92.1–97.9%), indicating that microcracks and pores in the
sample with highest deformation of 1.29% occurred. No substantial pore formation,
microcracking or extensive twinning were detected with SEM. Different dislocation structures
were identified inside the grains, varying from curved dislocations to coffee-bean like
dislocations [113, 140, 142]. This variety of dislocations points toward a partly successful
dislocation creep process, causing microstrains in the system, as identified with X-ray
investigations [227].
An increase in εr’(RT) and a 5 °C shift in εr’(max) to higher Tc values for the deformed samples
compared to the reference sample illustrate that creep, indeed, induces changes in the dielectric
properties. The peak broadening of the permittivity at Tc is correlated with microstrains,
indicating additional stress contribution [227]. Thus, the number of twins and the domain size
were not affected after creep. These two factors are negligible as sources of microstrain. The
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existence of dislocations has been demonstrated using TEM, so it is likely that they contribute
to the microstrains. Cavities at grain boundaries indicate local stress centers, and therefore,
grain boundaries contribute to the microstrains in the material. A shift from ∆Tc = 5 °C to higher
temperature is in contrast to the effect of most point defect dopants such as Fe-doped BaTiO3.
Independently, a similar trend (∆Tc = 5-10 °C) has been demonstrated for uniform compressive
stresses of 100 MPa-200 MPa for polycrystalline BaTiO3 [321]. It should be mentioned that the
creep-induced increase in Tc for polycrystalline BaTiO3 is in contrast to the behavior of the single
crystalline BaTiO3, as discussed in Section 5.2.6, where a slightly decreased Tc was observed
after creep. This suggests that the Taylor criterion, the grain boundaries and the differently
oriented grains do indeed affect the material behavior.
Grain size is essential not only for the creep mechanisms but also for the extrinsic domain wall
contribution to the electromechanical properties. Fine-grained BaTiO3 samples often have
smaller domain sizes than coarse-grained BaTiO3 [268]. Contrary to the results presented in
Section 5.1 for KNbO3 single crystals, no obvious deviation between the reference sample and
the deformed sample of the polycrystalline BaTiO3 samples were found (published in Ref.
[227]). The domain size is, at 115–154 nm, in the same range as reported values of 100 nm for
dGS = 1.1 µm [307] and 150–300 nm for dGS =2–4 µm [308]. Even more critical for domain
wall-dislocation investigations, fine-grained BaTiO3 tends to have weaker domain wall activity
[309], which complicates the identification of a domain wall pinning; and hinders a
comprehensive rationalization of dislocation-based functionality.
Electromechanically, a reduction of 10% for Pmax and 30% for Smax was observed with increasing
deformation strain, suggesting that the ferroelastic switching or the 90° domain wall motion is
more affected than the 180° domain walls. Thus, the extrinsic contribution is directly affected
by the creep deformation process. The intrinsic contribution is excluded because the bulk
crystallographic structure is unchanged during the creep experiments. Cavities are similar to
anisometric pores [317], which also reduce polarization and electromechanical strain, but their
contribution seems to be rather small. The grain size remains constant, and porosity would lead
to a simultaneous decrease in strain and polarization, so such microstructural features are also
excluded in this particular case [317]. Since the electromechanical properties in polycrystalline
BaTiO3 [268] are generally grain size dependent, further creep studies on different grain sizes
(e.g., coarse-grained BaTiO3) are suggested.
Several sintering approaches based on non-stoichiometry [133, 140], flash-sintering [322, 323]
or hot forging [324] achieve increased initial dislocation densities, which are also interesting
for the dislocation-based functionality studies. The dislocation loops of high-temperaturedeformed single crystalline and polycrystalline BaTiO3 often have a 〈010〉 type Burgers vector,
suggesting that the {100}〈100〉 slip systems contribute significantly to the deformation at high
temperatures. In the case of the single crystal studies of Beauchesne and Poirier [46] and
Doukhan and Doukhan [113], the activation of the {100}〈100〉 slip systems is a consequence of
the initial single crystal orientation of 〈110〉 and the corresponding Schmid factor of 0.5.
Nevertheless, it is possible that the {100}〈100〉 slip systems dominate in BaTiO3, as is the case
for SrTiO3 [88, 113, 133, 140]. In consequence, certain preliminary results on the plastic
deformation of 〈110〉-oriented BaTiO3 single crystals are presented in Section 5.3 to illustrate
the deformation behavior and anticipate further investigations.
Some of these results were published in a modified way in Ref. [227].
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Conclusions and Outlook

This work investigated the introduction of dislocations and their influence on the ferroelectric
domain structure and the dielectric and electromechanical behavior for KNbO3 and BaTiO3
single crystals, and a transfer to polycrystalline BaTiO3 was presented.
As a starting point, [010] and [101] oriented KNbO3 was mechanically deformed in the
orthorhombic phase, and a plastic strain of 4.6% was obtained. A critical resolved shear stress
of 26‒30 MPa for the {110}〈11̅0〉 slip system shows that KNbO3 not only is deformable at room
temperature, but also exhibits similar behavior to SrTiO3, which is a model material for
dislocation-based functionality in the brittle perovskite family. With increasing plastic
deformation, the slip bands, consisting of parallel slip planes, became wider, formed surface
steps, and were inhomogeneously distributed throughout the sample. TEM studies illustrated
that only single dislocations were distributed in the sample at deformation levels below 0.2%.
However, at higher deformation levels, multiple slip bands with different edge dislocations were
found, confirming the activation of the {110}〈11̅0〉 slip system with a Schmid factor of 0.5. The
ferroelectric domain thickness was reduced from 1.8 µm to 0.5 µm after deformation inside slip
bands. Field-dependent piezoresponse force microscopy studies emphasized that the domain
structure changes into locally interrupted domain structures, indicating nucleation and pinning
of the domains at the dislocations.
In contrast to KNbO3, the focus of dislocation-based functionality study in BaTiO3 single crystals
is, besides of deformability investigations, on tailoring the electromechanical response by
dislocations. BaTiO3 is one of the model materials for ferroelectric applications and is wellstudied in the context of defect engineering and domain wall engineering. The introduction of
dislocations into BaTiO3 single crystals requires the use of elevated temperatures. Platinum foils
have been used as a protection layer to prevent cracking and allow creep deformation in the
range of 1050 °C to 1170 °C to activate the {101}〈101̅〉 slip system in [001]-oriented single
crystals. Mechanical imprinting by the creep methodology led to a rhombic domain structure
and a preference for a-c-domains after deformation, indicating an alignment of the domain
walls relative to the slip planes with a Schmid factor of 0.5. The rhombic structure consisted of
cloudy regions with a high domain wall density and clear regions with a less dense multidomain
structure. Although the degree of deformation was lower than in KNbO3, a local change in the
domain wall density was found. ECCI and TEM investigations confirmed that the {101}〈101̅〉
slip system was activated and provided evidence for nucleation and pinning of domains to
dislocations during a temperature-dependent in-situ TEM study. NMR analysis enabled
macroscopic insight into the poled and unpoled bulk samples and elucidated the changes in
permittivity caused by the altered domain structure and the dielectric anisotropy. The reversible
motion of the 90° a-c-domain walls in the subcoercive field led to a large increase in the
piezoelectric coefficient in the intermediate AC electric field region. This reversible motion, in
combination with a large back-switching of the domain walls after poling, led to a variation of
the apparent coercive field. Mechanistically, the behavior was explained by a combined action
of a pinning force, provided by the dislocations, and a mechanical restoring force opposing the
domain wall motion due to strain incompatibilities. While the origin of the pinning force is
related to the Peach–Koehler force between the dislocation and the domain wall, the
macroscopic restoring force is caused by strain incompatibilities due to the mismatch between
c- and a-domains. This combination of a local pinning force and a macroscopic restoring force
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opens a new branch of dislocation-based investigations in ferroelectric materials. Studies of the
time, temperature and cycling stability of these mechanisms are suggested to provide further
insights for future applications.
Knowledge about the plastic deformability of perovskite materials is still limited, and there is
no general agreement on the isomechanical behavior of perovskites. Plastic deformation
experiments using compression at temperatures ranging from 1100 °C to 1170 °C were
performed to address the deformability of [110]-oriented BaTiO3 and to pave the way for further
dislocation-based functionality studies on the {100}〈100〉 slip system. Above 100 MPa, [110]oriented BaTiO3 crystals show a similar trend to SrTiO3 crystals and approach a maximum strain
rate with increasing stress. This suggests that perovskite materials may indeed form an
isomechanical group, but only when the applied stress and temperature are high enough to
switch from a multi-mechanism deformation region to a single-mechanism region (e.g., the
kink-pair mechanism). Note that KNbO3 single crystals could not be considered in this
comparison, due to the volatility of potassium and the risk of melting due to the near melting
temperature.
We suggest the use of 〈110〉-oriented BaTiO3 single crystals for further deformation experiments
and the investigation of the interaction between the dislocations of the {100}〈100〉 slip system
and the ferroelectric domain walls. The major advantages of the 〈110〉 orientation compared to
the 〈100〉 orientation at high temperatures are easier deformability, increased dislocation
density and no need for Pt protection plates. For a detailed understanding of the interaction
between dislocations and domain walls, a deeper knowledge of the dislocation formation, type
(edge, screw), structure (partial, dipoles) and local dislocation density are necessary for both
slip systems. Similar to the different domain wall orientations, it is likely that the dislocation
properties also determine the interaction. Furthermore, the dislocation core charge and the
resulting space charge layer, as well as the charged domain walls, should be investigated.
Moreover, a comparison between the influence of the {101}〈101̅〉 and the {100}〈100〉 slip
systems on the electromechanical properties would allow the investigation of the anisotropic
behavior not only in terms of the single crystal orientation but also in terms of the domain walldislocation pinning force and the resulting macroscopic restoring force.
Transferring the dislocation-based functionality from single crystals to polycrystalline materials
extends the challenges regarding the introduction of dislocations. In addition to the Taylor
criterion, competing creep mechanisms, diffusion processes and grain boundaries must also be
considered. Before the creep study, the individual creep regimes for fine-grained BaTiO3 were
identified using stepwise creep experiments between 950 °C and 1100 °C. Assuming power-law
creep, stress exponents from 0.5 to 3.3 were observed, indicating the linear regime (< 1),
diffusion regime (1–3) and dislocation creep regime (≥ 3). Parameters in the diffusion and
dislocation creep regimes were then selected, and compression experiments were performed at
discrete temperatures and stresses. The diffusion creep sample reached a deformation of 0.29%,
and the deformation of the dislocation creep samples varied from 0.6% to 1.29% over time.
Density, grain size and twinning were evaluated and were excluded as reasons for the observed
changes, whereas the observed cavitation formation at the grain boundaries may be partially
related to the property changes. Dislocation structures were found in both diffusion and
dislocation creep samples, but the shape varied from curved dislocations to coffee bean-like
dislocations in the dislocation creep regime.
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A 5 °C increase in Tc, a 30% decrease in electromechanical strain, and a 10% decrease in
maximum polarization indicate that increasing deformation substantially affects the
electromechanical behavior. Several competing mechanisms, such as grain boundary sliding
combined with diffusion processes and dislocation creep, influence the microstructure, which
results in changed electromechanical properties and resistivity. As a consequence, future
investigations should consider using high-purity BaTiO3 powder with less than 0.6% impurities,
as was used in this study. In addition, a set of samples with different grain sizes could provide
more-accurate information about the grain size dependence of the creep regimes in the
deformation map. Moreover, the combination of stress exponents, activation energies and
microstructural investigations with TEM and SEM is suitable to enclose the options for the active
deformation mechanisms and to interpret the electromechanical changes. Furthermore, the use
of materials with higher initial dislocation density, as in flash-sintered samples, can support the
creep approach.
This work provides a proof of concept for the use of a dislocation-based functionality approach
in bulk ferroelectrics and paves the way for further investigations into the tunability of the
electromechanical properties and the plastic deformability of perovskites.
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7.1

Appendix
Room Temperature Deformation

Figure 7.1: Comparison of the domain structure of 〈010〉-oriented KNbO3 single crystals before (a-e) and
after plastic deformation at room temperature (f-j). The images were acquired in the DIC mode of
the Laser microscope (LEXT). Each subfigure consists of three images that were stitched together
to obtain a perspective view of the single crystals. Special care was taken to match the edges as
closely as possible, but due to the tilting of some samples, a slight mismatch between this
representation and the actual single crystal is likely.
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Figure 7.2: Orientation of the edge dislocations in the deformed KNbO3 single crystal. Schematic
̅ 1̅0)[11̅0] and (b) (101)[101̅]-oriented edge
representation of the slip planes of (a) (1

dislocations identified in the slip band in (c). TEM-sample was prepared from sample
material in the marked region (dashed line) of the tilted sample in (d).
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Figure 7.3: Piezoresponse force microscopy: DC switching experiment on an undeformed KNbO3 single
crystal (KN-010-4 before deformation). The topography (a1), amplitude (a2) and phase (a3) are
given before the application of the DC field and afterwards (b1-b3, respectively; after 15 min). The
DC field of 150 V was applied in a rectangle with the dimensions 30×30 µm², as indicated in the
topography in a1.
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Figure 7.4: DC switching experiment on sample KN-010-2 in a region with pronounced slip band structure
as indicated by DIC-OLM in (a) and near the local PFM region in (b). In this experiment, the entire
region given in (c) is exposed to the applied DC field of ±150 V, leading to domain switching (d)
and a significant difference between inside and outside of the DC field region, as demonstrated in
(e). The topography (c1, d1, e1), amplitude (c2, d2, e2) and phase (c3, d3, e3) are provided for all
domain states.
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Figure 7.5: DC switching experiment in piezoresponse force microscopy to investigate the local domain
structure within a slip band (b) before and (c) 15 min after applying a DC field of ±150 V. a) DICOLM image of the domain structure for the deformed single crystal KN-010-4. In (b1-b3) the
topography, amplitude and phase are given for the selected region before a DC field is applied. The
two triangles in b1 indicate the respective DC regions, where ±150 V is applied. After turning of
the electric field, the topography remained the same (c1), but the domains rearrange, which is
visible in the amplitude (c2) and phase (c3). Arrows point to domain walls that either appear
outside the DC region (A, B) or emphasize the fragmented domain structure. Two slip planes (I,
II) are highlighted with a dashed line in (b2) and marked in (c2) with I and II.
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7.2

Dislocation-Based Functionality in BaTiO3 Single Crystals

Figure 7.6: d33* (a) and εr (b) of a [001]-oriented BaTiO3 reference single crystal at 1 kHz as a function
of the applied subcoercive electric field.
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Figure 7.7: d33* of a deformed [001]-oriented BaTiO3 single crystal at 1 kHz as a function of the applied
subcoercive electric field. a) Measured after poling at 0.5 kV/mm at different positions and both
electrode surfaces. The sample was afterwards annealed and poled again (b).

Figure 7.8: εr of a deformed [001]-oriented BaTiO3 single crystal at 1 kHz as a function of the applied
subcoercive electric field. a) Measured after poling at 0.5 kV/mm at different positions and both
electrode surfaces. The sample was afterwards annealed and poled again (b).
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7.3

<110>-Oriented BaTiO3 Single Crystals

Figure 7.9: Stress-strain curves at different loading conditions for a compression experiment on 〈110〉oriented BaTiO3 at 1150 °C.
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7.4

Polycrystalline Creep

Table 7.1: Summary of activation energies and relevant creep parameters for creep studies and activation
enthalpies of several non-creep mechanisms and diffusion processes in BaTiO 3.

Material, dGS

m

Temperature
(°C)

Compressive
Stress
(MPa)

Activation
energy
(kJ/mol)

Reference, comment

BaTiO3,
1-2 µm

≈1

950-1050

150

350 kJ/mol

This work

BaTiO3,
1-2 µm

≈3.38 1000

212.5

837

This work

BaTiO3,
1-2 µm

≈3.3

1050

212.5

843

This work

BaTiO3,
≈1
19.3-52.4 µm
BaTiO3,
≈2.5
0.45 µm
BaTiO3 single 3.6
crystal glide
on
{𝟏𝟎𝟎}〈𝟏𝟎𝟎〉

1200-1300

0.25-5

720±70

Creep, diffusion [137]

1150-1250

5-60

1200-800

1150-1570

9-25

469±27

Creep, superplasticity
[136]
Climb-controlled by
diffusion of slowest
species [46])

Non-creep
mechanisms

T (°C)

BaTiO3

1050 °C

Activation
enthalpy
∆H
(kJ/mol)

Reference, comment

400

Hot-pressing [135]

BaTiO3

750±80

BaTiO3 with
TiO2-excess
BaTiO3 with
BaO-excess
Diffusion

522±130

Sintering,
Graingrowth study [325]
Pressureless-sintering
[134]
Pressureless-sintering
[134]
Reference, comment

Barium
BaTiO3
Oxygen
BaTiO3
Oxygen
Titanium
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in

2.3-27.6

396±16
T (°C)

∆H
(kJ/mol)

884-1180

372

in
900-1100

131

44 kJ/mol

Diffusion of
BaTiO3[326]
[319]

Ba in

53 kJ/mol

Self-diffusion [318]

293

Self-diffusion [318]
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