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Abstract 

Fabrication of electroceramics usually requires high sintering temperatures of 800 to 
1400 °C, which can unintentionally lead to problems such as volatilization of species, 
formation of secondary phases and excessive grain growth. These problems can cause 
inhomogeneous microstructures, non-stoichiometric chemical compositions and limited 
material functionality. Therefore, there is a need to develop processes that significantly 
reduce sintering temperatures. 

In this dissertation, I present a low-temperature sintering process, the Cold Sintering 
Process (CSP), which enables the processing of ferroelectric perovskite ceramics at 
temperatures as low as 300 °C. Uniaxial pressures of up to 650 MPa and the incorporation 
of liquid phase additives are used to improve sintering. The focus of this research is 
primarily on two ferroelectric ceramic systems, BiFeO3-based (BFO) and (K0.5Na0.5)NbO3-
based (KNN) ceramics, which are environmentally friendly alternatives to conventional 
lead-based ferroelectrics, but are difficult to produce as single-phase and with homogeneous 
microstructure using conventional sintering methods. 

Initially, I explored cold sintering of the BFO and KNN materials with different liquid-
phase components. The best results were obtained with a NaOH/KOH mixture in a 1:1 
molar ratio dissolved in water, which led to the most uniform microstructure and improved 
materials properties. The results regarding the influence of NaOH/KOH ratio and the 
quantity of additives on the microstructure and properties of BFO-based material are 
described in detail in the first article of the thesis. The article suggests the optimal additive 
ratio and concentration, leading to high remanent polarization and strain responses to the 
electric field. The second article summarizes the effects of processing conditions such as 
pressure, temperature, additive’s amount, and post-annealing on KNN-based ceramics 
properties. Under optimal CSP conditions, KNN exhibited a high relative density of up to 
98%, although it required elevated pressure, which led to significant structural deformation. 

Research of the two cold-sintered ceramics systems showed that the electrical 
conductivity of BFO was 100 times lower than that of its conventionally sintered 
counterpart, effectively reducing leakage currents — a common undesired effect with 
conventional BFO. It is noteworthy that the cold-sintered BFO did not require post-
annealing, while KNN had to be post-annealed at 500 °C in an O2 environment to reduce 
the electrical conductivity. Furthermore, CSP enabled to successfully mitigate excessive 
grain growth and porosity in KNN, eliminating a major limitation in obtaining dense 
ceramics with conventional sintering. Both, BFO and KNN exhibited remarkable dielectric 
breakdown strength, with above 200 kV/cm for BFO and up to 170 kV/cm for KNN, 
making both materials systems promising candidates for energy storage applications. 

My last research part was on cold sintering of KNN-BFO multiferroic composites. These 
composites exploit the functional advantages of both phases by adopting a high dielectric 
constant of KNN and increased remanent polarization of BFO, overcoming the limitations 
of the individual phases. The results are summarized in the third published article of this 
thesis. 
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Povzetek 

Izdelava elektrokeramike običajno zahteva visoke temperature sintranja, od 800 do 1400 
°C, kar lahko nenamerno povzroči težave, kot so hlapnost elementov, tvorba sekundarnih 
faz in prekomerna rast zrn. Te težave lahko povzročijo nehomogeno mikrostrukturo, 
nestohiometrično matrično sestavo in omejeno funkcionalnost materiala. Zato je potrebno 
razviti tehnologije, ki bistveno znižajo temperaturo sintranja in hkrati prispevajo k znižanju 
porabe energije. 

V tej disertaciji obravnavam nov proces sintranja pri nizkih temperaturah, t. i. postopek 
hladnega sintranja (CSP), ki omogoča obdelavo feroelektrične perovskitne keramike. 
Postopek poteka pri temperaturah pod 300 °C, ob uporabi enoosnega tlaka do ~650 MPa 
in z vključevanjem aditivov v tekoči fazi za omogočanje sintranja. Osredotočil sem se na 
sintranje dveh feroelektričnih sestav, keramiko na osnovi BiFeO3 (BFO) in keramiko na 
osnovi (K0.5Na0.5)NbO3 (KNN), ki sta okolju prijazni alternativi vsesplošno uporabljenim 
feroelektrikom na osnovi svinca. Keramiki sta sicer težavni za pripravo s konvencionalnim 
visokotemperaturnim sintranjem, saj pogosto izkazujeta neželeno večfazno sestavo in 
nehomogeno mikrostrukturo. 

Sprva sem raziskoval hladno sintranje materialov BFO in KNN z dodatkom različnih 
komponent v tekoči fazi. Najboljši rezultati so bili doseženi z mešanico NaOH/KOH v 
molskem razmerju 1:1, raztopljeno v vodi, kar je pripeljalo do najbolj homogene 
mikrostrukture in izboljšanih lastnosti materialov. Rezultati glede vpliva razmerja 
NaOH/KOH in količine aditiva na mikrostrukturo in lastnosti materiala na osnovi BFO so 
podrobno opisani v prvem članku disertacije. Članek predlaga optimalno razmerje in 
koncentracijo aditiva, kar vodi do visoke remanentne polarizacije pod vplivom zunanjega 
električnega polja. Drugi članek povzema učinke pogojev hladnega sintranja, kot so tlak, 
temperatura, količina aditiva in kasnejše žganje na lastnosti keramike na osnovi KNN. Pod 
optimalnimi pogoji CSP, predvsem povišanega tlaka sintranja, KNN izkazuje visoko 
relativno gostoto keramike (do 98 %), kar pa sicer povzroči precejšnjo strukturno 
deformacijo keramike. 

Raziskava obeh sistemov hladno sintranih keramik je pokazala, da je električna 
prevodnost BFO 100-krat nižja od tiste pri konvencionalno sintranem materialu, kar 
učinkovito zmanjša dielektrične izgube, ki so pogost neželen učinek pri konvencionalno 
sintranem BFO. Pomembno je, da hladno sintran BFO ne potrebuje kasnejšega žganja pri 
povišani temperaturi, medtem ko mora biti KNN dodatno žgan pri 500 °C v kisikovi 
atmosferi za znižanje električne prevodnosti. Poleg tega CSP omogoči uspešno zmanjšanje 
velikosti zrn in poroznosti pri KNN, ki predstavljata glavni problem klasičnega sintranja 
KNN keramike. Tako BFO kot KNN sta pokazala izjemno dielektrično prebojno trdnost, 
višjo od 200 kV/cm za BFO in do 170 kV/cm za KNN, zaradi česar sta obe hladno sintrani 
keramiki obetavni za uporabo v shranjevanju električne energije. 

Moj zadnji del raziskav je obravnaval hladno sintranje večfaznih feroelektričnih 
kompozitov na osnovi KNN in BFO keramik. Tak kompozit izkorišča prednosti funkcijskih 
lastnosti obeh faz, torej visoke dielektrične konstante KNN in višje remanentne polarizacije 
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BFO, kar omogoča premagovanje omejitev posameznih faz. Rezultati so povzeti v tretjem 
objavljenem članku te disertacije. 
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Chapter 1 

1 Introduction 

In the introduction of this thesis, the conventional sintering processes for ferroelectric 
perovskite ceramic materials are presented, with a focus on the effects of different 
processing approaches on the microstructure and properties of the materials. Attention is 
given to the sintering of lead-free ferroelectric ceramics, potassium sodium niobate (KNN) 
and bismuth ferrite (BFO). Finally, the cold sintering process (CSP) is described and 
critically evaluated, emphasizing the mechanisms of the process during consolidation and 
the success of its implementation to the sintering of oxides. 

1.1 Introduction to Ferroelectric Ceramics 

In recent decades, humanity has experienced rapid progress of high technologies in 
various industries. This progress requires the development of specialized electronic devices, 
e.g., sensors, memory devices, transducers, actuators, that empower us to leverage the 
diverse functionalities of materials in our everyday lives. To manufacture such devices, 
materials with specific properties, such as ferroelectric properties, are required [1].  

In the past, solid ceramic materials (like pottery) were produced by heating the green 
bodies at elevated temperatures. The early development of furnaces was aimed at achieving 
higher firing temperatures for better materials densities. Still today, most ferroelectric 
ceramics are processed at high temperatures ranging from 800 to 1400 °C, depending on 
the material composition, requiring high energy consumption. Consequently, researchers 
have been exploring approaches to reduce energy consumption during processing while at 
the same time maintaining the desired functional responses of materials, in particular for 
those materials that fail to be sintered at high temperatures [2]. Other sources of energy 
input, for example, high pressure (as in hot-press sintering method), electricity (in flash 
sintering) or microwaves (in microwave sintering) have been employed to shorten the 
duration or decrease the temperature of sintering. In the last five years, low-temperature 
sintering techniques have been developed, for example the room temperature fabrication 
(RTF) method [3] or the cold sintering process (CSP). These methods attract attention as 
approaches to significantly decrease the sintering temperature and thus reduce energy 
consumption. Figure 1 illustrates the progression of sintering methods over time, from 
paleolithic to date. 
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Figure 1: The history of processing ceramics from paleolithic to date. Reprinted 

from [2] with permission from Elsevier. 

1.1.1 Basics of ferroelectricity 

Ferroelectric properties are associated with the ability to switch the direction of 
spontaneous polarization by applying an electric field. The spontaneous polarization of 
oxides is strongly linked to the crystal lattice and symmetry of the materials, and depends 
on their chemical composition. Ferroelectric properties are also found in organic materials 
(e.g., PVDF-TrFE), where they are connected to the structure of molecules. However, this 
dissertation focuses on electroceramic materials, specifically oxides with perovskite 
structures formulated as ABO3. 

Among different electroceramic materials, the lead containing compositions, i.e., 
Pb(ZrxTi1-x)O3 (PZT) or (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) have been widely used 
due to their good performances, relatively simple synthesis and attractive cost of 
production. On the other hand, mining of lead-containing raw minerals from ores and their 
usage in material production up to the incorporation into a device is harmful to the 
environment and the human body. Therefore, regulations and legislations from the 
European Commission dictate elimination of lead in production. This forced researchers to 
find lead-free alternatives, also in the field of electroceramics, such as K0.5Na0.5NbO3 (KNN), 
Na0.5Bi0.5TiO3 (NBT), BaTiO3 (BT) and BiFeO3 (BFO) perovskite materials [4], [5]. 

The primary characteristic of the ferroelectric perovskite structure is its 
noncentrosymmetric nature, which is a result of displacement of cations from their 
centrosymmetric position inside its oxygen cage, inducing a dipole (Figure 2) [6]. This 
results in spontaneous polarization (PS). The temperature at which the structure transitions 
from centrosymmetric to noncentrosymmetric, or, in other words, from paraelectric to 
ferroelectric, is referred to as the Curie temperature, denoted as Tc. At Tc, the dielectric 
permittivity reaches its peak value and then begins to decrease, following the Curie–Weiss 
law [7]. Some materials, such as BaTiO3, can undergo several phase transitions to lower 
symmetry phases below Tc, resulting in multiple peaks in dielectric properties. 
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Figure 2: Cubic and tetragonal structures of PbTiO3. Reproduced with permission 

from [6] from © IOP Publishing. All rights reserved. 

The displacements of atoms from their centrosymmetric position are coupled with 
lattice distortion and strain, causing shrinkage and expansion of the crystal lattice in the 
symmetry-defined directions. The coupling of strain and polarization in response to applied 
external electric or mechanical field is termed the piezoelectric effect. Changes in 
polarization are also coupled with temperature properties, leading to the release/absorption 
of heat and altering the temperature of the material upon applied electric field 
(pyroelectric/electrocaloric property). The coupling of electrical, mechanical and thermal 
properties enables the use of piezoelectric materials in diverse fields of energy conversion. 

When processing ferroelectric ceramics, it is important to design materials of desired 
composition and functionality. The latter largely depends on the symmetry of the 
perovskite structure in the operational temperature range, which strongly influences the 
domain structure, but also on the microstructure of the ceramics, i.e., the grain size and 
porosity. Ferroelectric domains are defined by a set of unit cells with uniformly oriented 
spontaneous polarization. Neighboring domains adopt a different orientation of 
spontaneous polarization (within the same symmetry) and are separated by domain walls 
(Figure 3), where the type of domains is defined by the angle between spontaneous dipoles 
from each domain, e.g., 180°, 90°, 71°, etc. Several domains merge into a grain where 
domain walls can be observed. Domains in polycrystalline materials form primarily due to 
the influence of internal strain of the lattice from spontaneous dipole formation when 
crossing the phase transition from a cubic to a non-cubic symmetry [6], and the fact that 
grains in ceramics are constrained by adjacent grains in the bulk, limiting their 
contraction/expansion with lattice distortion.   

When an external electric field is applied to the ferroelectric material, the dipoles start 
to reorient and align with the field, followed by switching and movement of the domain 
walls, resulting in remanent polarization Pr when the field is removed.  

Several factors influence the ease of dipoles switching and the domain wall movement, 
for example, the reduction/oxidation of atoms during the sintering process, the 
accumulation of stresses and the formation of dislocations, atomic substitutions, etc. This 
is particularly important when the ferroelectric material is prepared with dopants of 
different valence states [8], [9]. 
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Figure 3: Schematics of a domain wall separating two domains with dipoles oriented 

at: a) 180o, b) 90o towards each other. Reproduced with permission from [10]. c) PFM 

image of polycrystalline ceramics with grains separated by yellow lines and domain walls 

marked by green arrows. Reprinted from [11] with permission from Elsevier.  

1.2 Importance of Grain Sizes, Domain Walls and Defects 

Domain structure in ferroelectrics depends primarily on the crystal symmetry, but there 
exists also an intimate relationship between domain structure and size and the grain size 
in polycrystalline ceramics [12]. The configuration of grains, domain walls, and defect 
morphology plays a crucial role in determining the functional properties of dense 
electroceramics. Various sintering approaches and techniques aim to influence the grain 
size and domain structure, potentially affecting the sintering mechanism and altering 
functional properties significantly. 

1.2.1 Effect of grain/domain size on ferroelectric properties 

The ferroelectric and piezoelectric properties of bulk electroceramics are influenced by 
both intrinsic and extrinsic effects. Intrinsic contribution to the electromechanical response 
relates to the lattice deformation as the external field is applied. This response dominates 
when the grain’s surface area is large compared to the grain volume and the domains are 
not well developed. Extrinsic effects, on the other hand, are usually associated with domain 
wall or interface dynamics and prevail when the grain’s surface to volume ratio is reduced 
[13]–[15]. Notably, the extrinsic effects (domain wall or phase-boundary motion) can 
contribute up to 60-70% of the total dielectric and piezoelectric properties of PZT and BT 
[16]–[18]. The extrinsic contributions to the electromechanical response can be limited by 
two main factors: the concentration of domains, which is directly related to the grain size, 
and the mobility of domain walls, which is influenced by domain structure complexity and 
defects that can pin the domain walls. 

Small grains (< 1 µm; for BT it can reach ~ 40 nm [19]) may turn into a single domain 
[12], [19], [20]. Ghosh et al. showed that the domain wall motion of BT is significantly 
suppressed for ceramics with <0.3 µm grain size, while the ceramics with 2 µm grain sizes 
exhibits 90° domain switching, linked to its tetragonal symmetry at room temperature [21]. 
For nano-sized grains, no domain walls are observed, and consequently, there is no domain 
wall motion and only the intrinsic effects contribute to the electromechanical response.  

Although ferroelectric properties are suppressed at the nanoscale, ferroelectricity can 
be induced by applying an external force. Nano-sized powders typically have a cubic 
structure, however, the surface of nano-powder particles (after milling) can stabilize the 
ferroelectric state and strains can form a tetragonally distorted layer as shown for PTiO3 
(PT) [22]. A similar strain-induced effect was observed for BT, where it was demonstrated 
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that powder with a size of 10 nm possesses a permanent dipole moment [23]. All of the 
above-mentioned ferroelectric properties in nano-sized grains are associated with 
accumulated stresses and space charges on the grain surfaces [22], [23]. If this stress is 
eliminated, for example, through post-annealing, without a significant change in grain size, 
the ferroelectric properties may disappear [24]. This can be explained by the cubic structure 
of nano-sized grains, where the critical grain size for switching from ferroelectric to non-
ferroelectric behavior is between 5-15 nm [14], [25], [26]. Thus, the ferroelectric properties 
are linearly dependent on grain size: the smaller the grain size, the less ferroelectric the 
material is.  

However, the dependence of dielectric permittivity on grain size is not linear (Figure 
4). In particular, there is a noticeable increase in the permittivity of BT (Figure 4) with a 
grain size around 1 µm [27]–[29]. Arlt et al. explained this peak as due to an increase in 
the extrinsic contribution to the response, including a higher density of mobile 90° domain 
walls and an increased number of grain boundaries [30]. The steep decline of permittivity 
in the region < 1 µm is explained by the brick-wall theory, according to which the nano-
sized grains have a core with a high value of permittivity (for example, in the case of BT 
it can reach ~4600) that is surrounded by the grain-boundary layer, which has a very low 
permittivity (in the case of BT it can reach ~130) [31], [32]. As a result, the total value of 
permittivity is decreased by the increased contribution of the grain-boundary effect. 

 

Figure 4: Impact of grain size of BaTiO3 on the permittivity. Reprinted from [14] 

with permission from Annual Reviews. 

The grain size effect is also important for Tc. It was shown that the Tc of BT nanowires 
with diameter ~ 10 nm was significantly dropped, to ~ 70 °C, while for bulk BT it is 120 
°C [33]. Furthermore, the temperature range of the phase transition becomes broader by 
decreasing the grain size and the permittivity is suppressed [34]. 

1.2.2 Formation of defects and charge compensation through vacancies  

An efficient technique for influencing the functional properties of ferroelectric materials 
is to add an element to the ferroelectric structure in low concentration, a dopant. Dopants 
are incorporated into the perovskite lattice, replacing atoms with different valence states 
and creating various defects, such as vacancies and defect dipoles. Depending on the valence 
state of the dopant that replaces a cation at a certain lattice position, the dopant can act 
as an acceptor or a donor of electrons. In the case of PZT, the doped materials are classified 
as soft (acceptor) or hard (donor). Softening of PZT is caused by replacing the Ti4+ or Zr4+ 
on B-site of the perovskite lattice by element with higher valence state, such as Nb5+, while 
hardening is achieved by replacing Ti4+ or Zr4+ with lower-valence state element, such as 
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Fe3+. The polarization-electric field (P-E) response of doped materials is significantly 
different compared to undoped materials. Soft PZT has a square-like open hysteresis loop 
with a high 𝑃𝑟 and relatively low coercive field (Ec) (Figure 5) [35], while hard PZT shows 
a pinched and canted P-E loop with zero 𝑃𝑟. The latter is caused by the formation of defect 
dipoles segregated at the domain walls, acting as pinning centers and decreasing their 
mobility. As a result, the Pr in hard materials is significantly suppressed and the switching 
field, Ec, is increased.  

 

Figure 5: The influence of doping on hysteresis loops in PZT – softening vs. hardening 

of the ferroelectric response. Reprinted from [35] with permission.  

Beside doping strategies, conditions of conventional sintering such as temperature, 
atmosphere (partial pressure) and time can also induce the formation of defects. Typically, 
these are vacancies that form due to reduced vapor pressure of oxygen surrounding the 
sample, and volatility of species, further causing changes in the valence state of atoms, 
which are charge-compensating defects. Furthermore, stresses associated with temperature-
induced defects and lattice deformation can cause dislocations in the crystal structure. 

Vacancies commonly exist in sintered materials and can present thermodynamically 
stable defects that increase disorder and thus the entropy of the system. Quite often, 
however, the formation of vacancies is linked to the evaporation of volatile species during 
sintering, most commonly involving the loss of oxygen atoms as O2, depending on its the 
partial pressure surrounding the body. In some cases, oxygen atoms evaporate along with 
cations, leading to the volatilization of metal oxides. For example, during BFO sintering, 
Bi2O3 volatilization has been observed [11]. This volatilization further affects charge 
distribution in the crystal lattice, and may result in additional cation reduction. Such 
accumulation of positively and negatively charged vacancies, i.e., electrons and holes, can 
in some cases couple and create defect dipole pairs. For instance, BFO sintering in reducing 
(N2) atmosphere can lead to segregation of Bi and O vacancies at domain walls and the 
formation of Fe2+ [11]. This further causes pinching of the P-E loop. Similarly, when BT is 
processed in O2-deficient environments, oxygen vacancies form, and associated cation 
reductions occur (Ti3+) to balance the positive charge of holes, creating defect dipoles [36].  

Changes in the valence states of atoms directly affect dielectric and ferroelectric 
properties. It has been shown that bismuth and oxygen vacancies, as well as Fe4+, 
accumulate at the domain walls, inducing high electrical conductivity [11], [37], [38]. In 
order to decrease conductivity, dopants can be used (for example, Ti4+, Ca2+) [39]–[42] or 
an oxygen-lean environment (N2), to suppress the formation of Fe4+ [11], [37]. Therefore, 
electrical conductivity measured in insulating materials can serve as a sign of accumulated 
defect states. The formed defects in BFO can accumulate at the domain walls, and act as 
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pinning centers, preventing domain wall movement [11]. As a result, the measured P-E 
loop appears pinched (Figure 6), with suppressed remanent polarization (Pr). This can be 
mitigated by annealing BFO in oxygen-rich atmosphere. 

 

 

Figure 6: P-E loops of as-sintered BFO (black) and BFO post annealed in oxygen 

(green) and nitrogen (red).  

Point defects can also arise from the chemical interaction between the sample and 
environment. Bein et al. [43] demonstrated that water adsorbed on the surface of BFO 
samples can act as an electron donor, inducing electrochemical reduction. As a result, Fe²⁺ 
and metallic bismuth (Bi0) can be formed. Such interactions can occur when samples are 
exposed to humidity, or other liquid/water-based agents during processing or storage. 

 

1.2.3 Dislocation defects induced by mechanical stresses 

Dislocations are line defects in the crystal structure that can form either due to stresses 
induced by evaporation and diffusion of species at high temperature during annealing, 
repulsion forces from excess of local charge, or due to external stresses imposed onto the 
sintered material [44]. The latter is a matter of discussion herein. Two main types of 
dislocations are schematically presented in Figure 7, edge and screw dislocation, which 
differ in distribution of stress exerted on the bulk lattice, and the direction of the atomic 
plane sliding.  
 

 

Figure 7: Two major types of dislocations in the crystal structure: (a) edge; (b) screw 

dislocation. Reproduced from [45] with permission from Springer Nature. 

Dislocation formation and existence is important as it may alter material’s properties, 
both the mechanical properties, as well as electromechanical response. Upon external stress 
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fields applied, dislocation movement can cause permanent deformation in the material, i.e., 
plastic deformation, through its ductility via a continuous lattice and dislocation creep. 
While such plastic deformation is usually observed in metals, which are considered to be 
ductile due to the nature of the metallic bonds, oxides were also shown to plastically deform 
under uniaxial stress, despite being considered brittle due to their stronger ionic and 
covalent bonds. It does, however, indicate that ceramics normally deform elastically more 
than metals before entering the plastic deformation regime. Dislocations can also severely 
influence the distribution of charges, and can significantly affect the domain wall movement 
by pinning the walls, and thus the electromechanical response. It was shown  that the 
critical stress to induce permanent deformation, i.e., plastic deformation, in the case of 
KNbO3 perovskite up to 400 °C was 30-45 MPa, while at temperatures above 400 °C, in 
the cubic phase, it was reduced to 10-15 MPa (Figure 8a) [46], [47]. This reduction can be 
explained by phase symmetry: cubic symmetry has fewer available slip planes compared to 
orthorhombic symmetry, which is why the stress required to induce defects at temperatures 
above 400 °C is lower than at temperatures below 400 °C [48].   

 

Figure 8: (a) Stress-strain responses of KNbO3 in the temperature range 21 °C - 900 

°C. Reprinted from [46] with permission from Elsevier; (b) stress-strain responses of KTaO3 

at room temperature [49], indicating yield strength of the two perovskites. 

Wang et al. [50] demonstrated how crystal symmetry affects the value of applied stress, 
needed to induce dislocations and creep. In particular, the creep strength in orthorhombic 
perovskite symmetry is higher than that of cubic symmetry. The detailed analysis of 
uniaxial compression of KTaO3 revealed that the stress-strain curve exhibits both upper 
and lower yield points (Figure 8b), attributed to dislocation multiplication, which causes 
a stress drop [49] but keeps the material from total failure. In-situ analysis with stress on 
the crystal applied along <001> pseudocubic direction showed that dislocation slip plane 
occurs at 45o to the loading axis, on the {110} planes, with a lattice friction stress for 
dislocation glide at room temperature of 137 MPa. Klomp et al. [51] identified different 
origins of dislocations in SrTiO3: one resulting from easy gliding along the {110} planes, 
induced by mechanical stress, and another from dislocation splitting into partial 
dislocations, attributed to the ionic structure of SrTiO3, which suppresses the movement 
of charges close to each other. Such dislocations can also be influenced by the presence of 
vacancies and the density oxygen ions on specific planes.   

Crystal symmetry not only influences the conditions for the formation of dislocations, 
but also affects the nucleation of domains at dislocated regions. It has been shown that in 
deformed regions of KNbO3 in the tetragonal phase, domain density was higher compared 
to the same regions in the orthorhombic or cubic phases [47]. Furthermore, according to 
results obtained by Hu et al. [52], these domains (pinned to the dislocated regions) are the 
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last to disappear during heating and transitioning from the ferroelectric to the paraelectric 
phase. During cooling, these domains were shown to form first. This yields dislocations as 
stabilizing the ferroelectric state. Therefore, one of the main consequences of the presence 
of dislocations in ferroelectrics is their strong influence on domain wall mobility and thus 
on the ferroelectric properties of perovskite materials. In the case of PZT thin films, 
measurements of the piezoelectric properties using atomic piezoresponse force microscopy 
further revealed depolarizing fields around the dislocations, induced by misfit strain at the 
substrate interface [53]. This could be related to the influence of misfit strains in dislocated 
regions, contributing to depolarizing fields and influencing the intrinsic polarization. 

New techniques that enable the production of dense bulk electroceramics at reduced 
sintering temperatures using externally applied fields/forces can also influence formation 
of defect. For example, during the cold sintering process where uniaxial pressure, additives, 
and temperatures below 300 °C are applied, the obtained ceramic samples may contain 
defects such as point defects caused by chemical interactions of additives with the 
perovskite structure, or line and plane defects caused by pressure. These can severely affect 
the response of ferroelectrics. The influence of cold sintering conditions on the 
electromechanical responses of the ferroelectrics is described in chapter 1.4.     

1.3 Sintering Methods 

This subchapter describes the main sintering techniques used in the processing of 
ferroelectrics, with a focus on the influence of sintering temperature on grain growth and 
porosity. The common and contrasting features between the well-known sintering 
approaches, i.e., conventional sintering, liquid-phase assisted sintering and spark plasma 
sintering are reviewed. These are taken as reference to compare to the recently developed 
cold sintering process (CSP), which is the major topic of this PhD, and is described in the 
next chapter.  

1.3.1 Conventional sintering techniques 

The primary goal of sintering is to promote the binding of loose particles and their 
densification to form a coherent ceramic body. The solid-state sintering depends on 
thermally-induced diffusion of species. In classical solid-state sintering, initial powders are 
heated in air or selected atmosphere to elevated temperatures, i.e., 900–1400 °C, 
maintained at the desired temperature for few to several hours, and then cooled to room 
temperature [54]. This process involves three main stages: (1) neck formation (initial stage), 
(2) densification (intermediate stage), and (3) grain growth as a final stage (Figure 9). In 
the first stage of sintering, necks between particles grow due to material transport (surface 
diffusion) and grain boundaries start to form. In the second stage, a strong interconnected 
porous microstructure starts to densify via lattice diffusion and grain boundary diffusion. 
This can be observed as pore closure and shrinkage of the material. The relative density 
during this stage usually increases to above 90 % and isolation of pores occurs (closed 
pores). In the final stage of sintering, closed pores start to shrink and densification slows 
down. Material transport is driven by lattice diffusion. This step is accompanied by grain 
growth: the larger grains grow at the expense of smaller ones.  
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Figure 9: Stages of sintering. Reprinted from [55] with permission from Wiley 
Materials. 

The kinetics of solid-state sintering is therefore driven by diffusion, as the stages in the 
solid-state sintering are strongly related to the migration of atoms. The sintering 
temperature is commonly determined to be at 2/3 of the ΔT between the temperature of 
start of volume shrinkage and the melting temperature. This temperature is defined as the 
optimal temperature for lattice diffusion and densification. 

One of the strategies to influence the sintering process and the microstructure is to 
sinter the material in the presence of the liquid phase [56] [56],[57], [58]. In this case, a 
compound in concentration as low as a mole percent with a lower melting point than the 
ceramic is mixed with a ceramic powder. During the sintering of ceramic compacts this 
compound melts, impacting the densification process in terms of lowering the sintering 
temperature, increasing grain boundary mobility and grain growth rate.  

Figure 10 illustrates an A-B binary phase diagram describing liquid phase sintering. 
When liquid phase is present between the ceramic particles during the sintering, enhanced 
densification can be achieved. Figure 11 shows grain boundary contacts during solid-state 
and liquid-phase sintering and corresponding densification as a function of time at constant 
temperature. During liquid-phase sintering, the following stages are in effect (Figure 11c): 
(1) better rearrangement of ceramic particles and (2) enhanced material transport through 
the liquid phase (i.e., dissolution-precipitation) and, in the final stage, (3) solid-state 
sintering proceeds with strongly reduced rate of densification. Thus, the liquid phase 
contributes to enhanced diffusion of species and reduced porosity, which in the final stage 
also diffuses into the matrix and is not detected in the microstructure after LPS is complete. 
When liquid is present, the main parameter that controls the diffusion at the grain 
boundaries is the diffusion coefficient of the solute atoms in the liquid and the thickness of 
the liquid bridge [56].  
 

 

Figure 10: A-B phase diagram for liquid phase sintering [57] 
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Figure 11: Comparison of grain contacts and atomic path for diffusion in (a) solid-state 

sintering and (b) liquid-phase sintering. Redrawn from [56]. (c) A schematic of the 

overlapping events in LPS; densification is very rapid at early sintering stage with rapid 

chemical diffusion; as liquid forms with time, solution-reprecipitation occurs and eventually 

slows down the densification [57]. 

Sintering of material in the presence of the liquid phase results in a denser material 
processed at lower sintering temperature than in solid-state sintering. A disadvantage of 
liquid-phase sintering could be undesirable abnormal grain growth [59], and remaining of 
a glassy intergranular phase in the ceramic, which can degrade functional and mechanical 
properties of ceramics, such as creep and fatigue resistance [11]. 

Another technique to limit grain growth is the Spark Plasma Sintering (SPS) [60]. The 
principle of SPS is based on pulsing direct current through the powder compact with 
additionally applied uniaxial pressure. Thus, heat is delivered to the entire powder via low 
voltage, producing high currents, up to 10000 A. Thanks to this, it is possible to increase 
the temperature very rapidly, for example with a rate of 1000 °C/min [61] while the applied 
current and uniaxial pressure promote the densification process. The entire process is 
commonly performed in vacuum. The advantage of SPS is to sinter material to high 
densities within a short time period, typically a few minutes. The drawback of this 
technique is that the material can be locally exposed to very high temperatures, which can 
melt the material at the grain boundaries, causing an electrically conductive path. Also, 
the grain size derived by this technique is more or less limited to the initial particle size as 
fast heating rates and short sintering times limit the diffusion. In the case of sintering 
nano-sized powders, small particle size may pose a problem to obtain good functional 
response of ferroelectric materials. The problem could be also the fact that the chemical 
species in the sample may be reduced during SPS, which requires re-oxidation of the 
samples via a post-annealing step at elevated temperatures and oxidizing atmospheres [62]. 

1.3.2 Mitigation strategies to sintering problems in KNN and BFO  

It may be challenging to process dense and homogeneous ceramic with targeted 
functional response from chemically and structurally complex materials. In this chapter we 
explain some of the mitigation strategies for sintering lead-free ferroelectric perovskites 
that contain volatile species. 

Among the lead-free ferroelectric perovskites, BFO, KNN, BT and NBT-based 
compositions are considered to replace lead-containing electroceramics. KNN and BFO are 
ferroelectrics that attracted special attention since they have a relatively high Curie 
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temperature (Tc), making their ferroelectric properties accessible in a wide temperature 
range. KNN is vastly studied for its highest piezoelectric response among lead-free 
compositions, while BFO is considered for its multiferroic and high-temperature 
ferroelectric properties. In particular, the Tc of KNN is 410 °C [63]–[65], while BFO has a 
Tc at 825 °C [66], [67], which makes BFO interesting for high-temperature applications. 
The remanent polarization (Pr) of BFO can reach 60 µC/cm2 (thin films) [68] and even 
100 µC/cm2 (single crystal) [69], indicating a large intrinsic contribution to polarization. 
KNN, on the other hand, is considered the best lead-free material for piezoelectric 
applications, as it can reach up to 700 pC/N [70]. These properties make the two lead-free 
perovskite materials interesting for industry, however, the main difficulty remains the 
processing of dense, single-phase materials with reproducible properties.  

In case of KNN, for example, exaggerated grain growth, volatilization of species, and 
low density of the ceramic all limit its use. Exaggerated grain growth leads to the formation 
of grains with size above 10 µm with trapped intragranular pores and large open porosity 
[71]. This is related to the diffusion processes at low temperatures, i.e., surface diffusion is 
favored over the lattice diffusion, triggering exaggerating grain growth. To suppress this 
process, especially in KNN, the hot-pressing method has been used. Therein, uniaxial 
pressure is applied to the powder compact together with a fast heating rate to reach the 
final temperature as fast as possible [72]. The exaggerated grain growth, limited 
densification and volatility of species can also be limited by fast sintering techniques such 
as SPS [62], [73], [74], by doping KNN (for example, low amount of Sr in KNN suppresses 
grain growth [75]–[77]), and the use of reducing sintering atmospheres causing point defects 
[78]. 

In the case of sintering BFO, on the other hand, one of the main problems is related to 
the thermodynamic instability of BFO, which can be described by the following equation: 

1/49Bi25FeO39 + 12/49Bi2Fe4O9 ⇌ BiFeO3 (1) 

The reaction in equation (1) indicates a delicate balance in the temperature range of 
447 – 767 °C between BFO and a two-phase system, formed of the Bi-rich sillenite and Fe-
rich mullite phases [79]. It has been shown that the first product forming during BFO 
calcination or reactive sintering is the Bi-rich phase (Bi25FeO39) [79]–[82], which at sintering 
temperature should transform to BFO. In cases of incomplete BFO formation, the sillenite 
phase may remain and begin to melt through peritectic decomposition at temperatures 
>790 °C [83], [84]. This process leads to the evaporation of Bi2O3 and the segregation of 
the liquid phase [79]. Additional Bi2O3 losses can be observed at temperatures >820 °C 
[85]. Thus, there is a narrow temperature window of 767-790 °C where BFO can be sintered 
from a thermodynamic perspective, however, it is still challenging to achieve significantly 
densified ceramics. To overcome this, researchers have employed fast heating rates to 
quickly pass through the critical BFO instability temperature range of 447 - 767 °C. 
Another possibility is to immerse the pressed BFO pellet in Bi2O3 powder to suppress Bi2O3 
loss [79] at a higher sintering temperature. The volatilization of Bi2O3 also impacts the 
valence state of Fe, changing it to Fe2+/Fe4+, creating defect dipoles that can make BFO 
conductive, as mentioned in chapter 1.2.2. To address this issue, sintering in an oxygen-
free (reducing) environment can help. However, even with techniques such as SPS which 
allow for an extremely fast approach to the sintering temperature, limiting volatility and 
obtaining bulk ceramics without secondary phases [86], it remains challenging to eliminate 
electrical conductivity in BFO, necessitating a post-annealing step [87].   

The problem with relatively low relative densities of conventionally sintered BFO, i.e., 
between 90–95% of the theoretical density, is caused by grain coarsening with entrapped 
pores and open porosity [88]. To avoid the coarsening process in BFO, approaches such as 
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the use of dopants [89], hydrothermal microwave-assisted synthesis [89], and mechano-
chemical activation prior to sintering were employed [79]. 

Since the above-described issues related to the densification of KNN and BFO mainly 
result from the high-temperature processing of ceramics, significant reduction of the 
sintering temperature could potentially help to avoid these difficulties. I therefore aimed 
in this dissertation to apply the cold sintering process (CSP) to sinter the BFO and KNN 
ceramics at temperatures as low as 300 °C. The CSP processing parameters such as uniaxial 
pressure and chemical reactions between additives (chemical compounds promoting the 
process of sintering) and ceramics, however, may introduce new challenges, which I 
investigated in this work. The basic mechanisms of CSP and literature survey on cold-
sintered perovskites are described in Chapter 1.4. Furthermore, details on the impact of 
liquid phase on cold-sintering of BFO, optimization of pressure during cold-sintering of 
KNN and introducing cold sintering to obtain perovskite-perovskite BFO-KNN composites 
were investigated and are presented in the herein presented articles. 

1.4 Cold Sintering Process 

The cold sintering process emerged in the last decade as a viable energy saving and 
environment friendly technique for processing oxides. While conventional sintering methods 
with high-temperature processing consume substantial amounts of energy, techniques like 
CSP offer a budget solution, which, however, is still not at the upscaling readiness level. A 
comparison of the cost and saved energy for different processing techniques was conducted 
by Ibn-Mohammed et al. [90] for cold sintering of zinc oxide (ZnO), barium titanate (BT), 
and lead zirconate titanate (PZT). It was shown that the SPS technique saves a lot of 
energy but requires significant investment, while the lowest investment was calculated for 
CSP.  

We describe here the operation protocols and mechanisms of the cold sintering process, 
its benefits and limitations for processing different materials, the importance of the liquid 
phase and pressure used, and finalize with an overview of so-far sintered perovskite 
materials, since the main perspective of this thesis is to study the viability of cold-sintering 
of ferroelectrics. 

1.4.1 Mechanism of cold sintering process 

The term "cold sintering" was initially introduced in the field of metallurgy, where the 
authors densified a green metallic body to nearly theoretical density through the plastic 
deformation of metallic powders by squeezing/compression [91]. In 2016, researchers used 
the same terminology in relation to ceramic materials [92], when trying to densify oxides 
by applying pressure.  

CSP is a technique that allows the production of dense ceramic materials (with relative 
density >90 %) at temperatures between room temperature and 300 °C. The technique 
requires uniaxial pressure, which can reach 650 MPa, and a small amount of liquid phase 
(solution) that moistens the powder and during sintering squeezes through the inter-grain 
region. The duration of CSP can range from several minutes to several hours. The main 
processes that occur during CSP are dissolution, diffusion, precipitation, and plastic 
deformation [93] (Figure 12): the first three contribute to surface etching of ceramic grains, 
their interpenetration with applied pressure and cementation of the pores with precipitated 
matter, respectively, while the last step contributes to densification of ceramics through 
dislocation formation and lattice dislocation creep. 
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Figure 12: Processes during CSP (black arrows mark the direction of applied uniaxial 

pressure; red arrows represent the direction of matter transport) [93]. 

The mechanisms of CSP during densification are presumably very similar to the 
conditions of carbonate rock formation during geological processes [93], [94]. In the process 
of lithification of carbonates, mineralized geothermal water constantly washes the 
carbonates, serving as a source of calcium, which together with high lithostatic pressure 
aids the pressure-dissolution process. After the solution saturates, growth of carbonates 
under high lithostatic pressure starts in the form of cement, limiting the fluid migration 
and further dissolution. This pressure-dissolution-precipitation process can take a 
long time in geological conditions. Combination of uniaxial pressure and migrating liquid 
phase, triggering the pressure-dissolution process is considered the driving force for the 
lithification of carbonates [95]–[98]. The CSP is thus far understood as a process similar to 
formation of carbonates and takes the basic understanding of pressure-solution creep as 
the crucial mechanism in the densification of ceramics. Therefore, the pressure-solution 
creep is a mechanism where the driving forces are dissolution, diffusion, and precipitation, 
which are linked to the gradients of chemical potential in the liquid phase covering the 
grain surfaces [94], and to the applied stress. The chemical potential gradient Δµ can be 
expressed as: 

Δµ ~ (σn – Pf)Ω  (2) 

where σn is the normal compressive stress at the grain-to-grain contact, Pf is pressure 
of fluid in the open pores and Ω is molar volume of stressed solid. Open pores allowing 
liquid phase migration are crucial here. Factors impacting the chemical gradient include 
the particle size of the initial powder, volumetric strain, initial green porosity, diffusivity 
of ions in the liquid phase close to the grain boundary, solubility of the solid phase, and 
the thickness of the liquid phase film on the grain boundary [94]. If Δµ > 0, mass diffusion 
is directed from the contact point toward the open pores, enabling dissolution. If Δµ < 0, 
mass diffusion is directed from the open pores toward the contact points/grain surfaces, 
resulting in cementation. Consequently, the grain boundaries and pores become covered by 
the precipitated phase that cements the material, ending the pressure dissolution process, 
allowing only the plastic deformation to continue compaction.  

Following the densification process when Δµ > 0, with the crucial parameter being the 
dissolution process, high densities can be achieved by selecting an appropriate liquid phase 
[95]–[100]. In particular, the relative density of cold-sintered carbonates can significantly 
change depending on the selected liquid phase with different polarity and dissolution 
potential (Figure 13). As shown in Figure 13, even a small amount of carbonate solubility 
in water plays a significant role in promoting CSP. In contrast, in oil, where carbonates 
are not soluble at all, CSP is entirely inhibited. 
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Figure 13: Impact of water and oil as a liquid phase on CSP of carbonate (dry means 

without any liquid phase) [93]. 

The dissolution process during CSP can be viewed not just as a physical process where 
molecules of the liquid phase surround the molecules of the matrix matter and transport it 
in solubilized form to another site. It can also proceed as the chelation of matrix matter 
by organic molecules [101]. In this case, the organic molecule can create separate coordinate 
bonds with species of matrix matter molecules.  

In the mechanism of CSP, it is also crucial to have an open system; otherwise, the 
liquid will not be able to squeeze out between particles of matrix matter, and the diffusion 
process will be suppressed [92]. Due to the liquid phase's ability to squeeze out between 
particles under uniaxial pressure, it is often referred to as the transient liquid phase (TLP). 
If the liquid phase becomes trapped in closed pores, it saturates, leading to the onset of 
precipitation. 

The particle size distribution of the solid powder also plays an important role in CSP. 
It has been shown that Na2WO4 powders with average particle sizes of 0.63, 2.52, and 4.48 
µm were successfully cold-sintered, while powder with an average size of 17.83 µm showed 
a significant decline in density [102]. This decline can be attributed to the difficulty of 
particle rearrangement and the lower surface energy of larger particles. 

1.4.2 Cold sintered oxides 

A prerequisite condition to cold-sinter oxide ceramic materials is their partial solubility 
in the added liquid. Initial studies on cold-sintering were done on inorganic salts that are 
soluble in water. Specifically, materials such as Li2MoO4, Na2Mo2O7, K2Mo2O7, KH2PO4, 
NaNO2, Li2MoO4 and CaCO3 were cold-sintered at 100-200 °C for 15-60 minutes [92], [103]–
[105]. High relative densities were achieved in these cases (more than 90% of the theoretical 
density) via CSP by using water as the transient liquid phase sintering agent. Among non-
water-soluble materials like simple binary metal-oxides, the use of organic acids to form 
chelate complexes with metal ions was utilized, as well as a combination of different 
inorganic additives. For instance, ZnO and MnO were successfully cold-sintered with acetic 
acid, dimethyl sulfoxide, acetate of Zn and Mn at room temperature up to 300 °C for 1-5 
hours under 300-500 MPa [106]–[108]. The purpose of using Zn and Mn acetates is to break 
the metal-oxide bonds and fill the inter-grain spaces with ZnO precipitates/cement, thereby 
increasing the density.  

1.4.3 Cold sintered perovskites 

The development of the CSP technique for ferroelectric perovskite began in 2016 when 
Prof. Randall, head of the materials research group at Pennsylvania State University in 



16  Introduction 

the USA, highlighted the potential to achieve dense bulk (~ 93%) BaTiO3 using a 
Ba(OH)2/TiO2 aqueous suspension. This was achieved under 430 MPa pressure at 180 ℃ 
for 1–3 hours, followed by annealing at 700–900 ℃ [109]. In Figure 14, it can be seen that 
after CSP, the intergranular spaces are filled with a glassy amorphous phase, while 
annealing at 700 ℃ results in a more crystallized microstructure, with no amorphous phase 
observed after annealing at 900 °C. The primary goal was to obtain the BaTiO3 phase via 
a reaction between Ba(OH)2 and TiO2 - in other words, reactive cold sintering. This 
involves forming a perovskite structure through precursor reactions under CSP conditions: 
applied uniaxial pressure, use of TLP, and temperatures below 300 °C. Typically, the 
precursors are similar to those in conventional reactive sintering and include hydroxides 
and/or oxides of the metals involved. 

  

Figure 14: SEM images of cold-sintered BaTiO3 with Ba(OH)2/TiO2 suspension (a)-(c) 

without postannealing and after postannealing at 700 ℃ and 900 ℃. Reprinted with 

permission from [109]. Copyright 2025 American Chemical Society. 

In an attempt to cold sinter other perovskites like NBT [110], STO [111], BTO [109] 
and PZT [112], researchers tried to fill the inter-grain spaces by transient liquid suspensions 
of Bi(NO3)3/NaOH, SrCl2, Ba(OH)2 and TiO2 nanoparticles in water, lead nitrate, 
respectively. This resulted in the formation of a cement of the same composition as the 
matrix phase during CSP, however, such cement most often remained amorphous. Due to 
the amorphous phase covering the grain surfaces, the dielectric properties were significantly 
reduced, making a post-annealing step necessary. Thus, the main purpose of post-annealing 
after CSP is to: 1) crystallize the amorphous or semi-glassy phases gluing the particles and 
2) to promote reactive sintering. The post annealing step was required after CSP of SrTiO3 
[113], Ca3Co4O9 [114], Sr0.7Bi0.2TiO3 [115], PZT [112], NaNbO3 [116], KNN [117]–[119], 
0.9K0.5Na0.5NbO3-0.1LiBiO3 [120].  
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The use of Ba(OH)2·8H2O and Sr(OH)2·8H2O, along with H2TiO3, for the reactive 
cold-sintering of BTO, STO, Ba0.5Sr0.5TiO3 and Ba0.9Sr0.1TiO3 relates to the structure of 
hydrated hydroxides [121]. During CSP heating, the hydrates released water, which was 
crucial for the sintering of BTO and STO. It was suggested that the released water could 
partially dissolve Ba(OH)2 or Sr(OH)2 and H2TiO3, creating a saturated solution, and when 
supersaturation was achieved, the appropriate perovskite structure formed. The limitation 
of such reactive CSP is linked to the necessity of released water. Furthermore, the authors 
also used nano-sized powder and observed grain growth from approximately 30 nm up to 
70 nm after CSP. However, as previously mentioned, this size range produces grains with 
a cubic structure. As a result, the final sample has a dense microstructure, but its 
ferroelectric properties are fully suppressed. Therefore, a post-annealing stage is necessary 
to reach micro-sized grains, where cubic symmetry can be transformed into tetragonal. 
These results provide a good example of how CSP does not significantly promote grain 
growth, and the final grain size remains almost the same as the initial particle size. Thus, 
CSP enables control of grain size in dense ferroelectric samples by controlling the particle 
size. Depending on the situation, this characteristic of CSP can be seen as either a feature 
or a limitation. Similarly, BaZrO3 was cold sintered based on Ba(OH)2·8H2O and Zr(OH)4 
[122]. 

Aside from the post-annealing step after reactive cold sintering, issues such as matrix 
decomposition may also arise. In particular, researchers found that during the CSP of 
BaZrO3 and BaCeO3 composition (BZCY) the secondary phases like Ba(OH)2, BaCO3, and 
CeO2 formed due to BZCY decomposition [123] 

As seen, a drawback of reactive cold sintering is the necessity of a post-annealing stage 
at conventional sintering temperatures. This is why researchers have continued to explore 
cold-sintering of ferroelectric perovskites without the post-annealing step (single-step CSP). 
But the difficulty of single-step cold sintering is caused by inertness of ferroelectric 
perovskite materials to most solvents, making it challenging to find appropriate compounds 
serving as TLPs. 

The first successful demonstration of single-step CSP for BTO involved using a eutectic 
mixture of NaOH and KOH in a 1:1 molar ratio, dissolved in water as a TLP. This approach 
enabled to achieve a relative density of 92–96 % within 3 hours at 300 °C under 400 MPa 
pressure [124]. The key feature of the NaOH+KOH mixture is that the eutectic molar ratio 
of 1:1 has a melting point around 170 °C [125]. During the CSP, this molten mixture fills 
the inter-grain spaces, and the applied uniaxial pressure promotes the sintering process. 
Figure 15 clearly shows the absence of secondary phases at the grain boundaries.  

 

Figure 15: TEM images of cold-sintered BaTiO3 without post-annealing (single-step) 

at different magnification. Reprinted from [124] with permission from Elsevier. 
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It is important to note that the authors used BTO nanopowder, and the cold-sintered 
sample retained a similar grain size as the initial particle size. However, they were able to 
measure the ferroelectric properties, suggesting that the sharp grain boundaries may have 
minimized the suppression of ferroelectric properties. Some studies even suggest that nano-
sized grains could enhance ferroelectric properties [126], [127]. 

Although the use of a transient liquid phase utilizing the eutectic mixture of NaOH and 
KOH in solution is not specific to its use in cold sintering BTO ceramics, the liquid could 
serve as a universal transient liquid phase for CSP of various perovskites. However, only a 
few materials with perovskite structures, such as KNN and BFO (examined in the current 
dissertation), have been successfully cold-sintered via this single-step method. Despite the 
chemical inertness of most perovskites to a wide range of chemicals, electrochemical 
interactions remain possible. These interactions, especially if promoting incongruent 
dissolution of the matrix, may lead to the formation of secondary phases. For example, the 
electrochemical interaction of water with the surface of BFO can promote surface 
decomposition processes and the formation of Bi- and Fe-rich secondary phases [43], which 
may hinder the charge and strain transfer upon external field application, limiting the 
materials functionality.  

1.4.4 Cold sintering of particulate composites  

CSP has also been utilized for sintering particulate composites, although a post-
annealing step was still necessary, for example in 0.3CaCeNbWO8-0.7LaMnO3 [128] and 
(1-2x)K0.5Na0.5NbO3-xBaTiO3-xBiFeO3 composites [129]. Coutinho et al. [130] were able to 
cold-sinter the BaTiO3-ZnO particulate composite, where ZnO served as the matrix. The 
importance of CSP for the processing of particulate composites is more relevant since 
conventional sintering (cosintering) faces various issues. These include the volatilization of 
species and the diffusion of perovskite species into the lattice of the other phase, which can 
be caused by significant differences in sintering temperature and/or species ready to diffuse 
at the sintering T from one phase to another. For example, cosintering of KNN and 
BaFe12O19 at 1125 °C lead to volatilization of K and Na species [131], while cosintering of 
PZT and cobalt ferrite lead to diffusion of Fe3+ and Ti4+ ions, segregating, resulting in an 
increase in electrical conductivity [132]–[134]. Furthermore, the combination of several 
ferroelectric perovskites for cosintering of particulate composites can lead to the formation 
of cracks and laminated layers, as observed in the cosintering of cobalt ferrite and PZT 
[135], [136], and BFO and Ni0.5Co0.5−xZnxFe2O4 [137]. Such a phenomena is explained by the 
difference in thermal expansion coefficients of used perovskites. 

CSP can also be applied to combinations of polymers with ceramics. To date, primarily 
oxides that are partially soluble in water, such as Li2Mo4O4 (LM) [138], ZnO [139], 
Li1.5Al0.5Ge1.5(PO4)3 (LAGP) [140], [141], Na2Mo2O7 (NM) [142], and others, have been cold 
sintered with polytetrafluoroethylene (PTFE), poly(vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP), and polyetherimide (PEI), using water (or acetic acid 
in the case of ZnO) as the transient liquid phase at 120-300 °C under 100-750 MPa. 
Polymers can potentially contribute by increasing the dielectric breakdown strength as 
they generally exhibit higher strength than insulating ceramics. For instance, incorporating 
10-20 vol % of PEI doubled the dielectric breakdown strength of NM-PEI composite 
compared to pure NM [142]. Additionally, LM-PTFE demonstrated good resonant 
frequency properties, making it a promising candidate for microwave applications [138].  
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1.4.5 Perspectives of CSP for industrial applications 

The potential for upscaling CSP was first demonstrated with polymer-ceramic 
composite multilayers [143] by using tape-casting and lamination, a procedure that is 
common in industrial production of capacitors. The ceramic-polymer layers were tape-
casted, cut and stacked, as schematically shown in Figure 16. After heating to burn out 
the binder, the stacked pellet was placed in a closed container with high water vapor 
content to adsorb water molecules at the surface and intergranular spaces. The adsorbed 
water was meant to act as the transient liquid phase, promoting sintering in the next step, 
when the stacked layers were placed in a die and cold-sintered. This procedure could be 
made continuous, which would make cold-sintering industrially interesting. However, at 
this stage, such a process could only be successful in the case when the ceramic material 
can be etched (and thus sintered) with water alone. When the additive, acting as a liquid-
phase sintering aid, is not volatile up to water volatilization temperature, the sintering aid 
will not vaporize and enter the ceramic layers, which will prevent ceramics to be cold-
sintered.  
 

 

Figure 16: The possible scheme of CSP upscale. Reprinted (adapted) with permission 

from [142]. Copyright 2025 American Chemical Society. 

Another direction towards upscaling the CSP was proposed later for the case of ZnO 
that can be cold-sintered with acids and Zn acetates. Jabr et al. [144] proposed stacking 
multiple pellets in a die to be sintered simultaneously within a single cylinder and pressing 
procedure (Figure 17). In this case they demonstrated that, while up to 5 pellets could be 
sintered at the same time, several parameters like the flatness of the die punch used for 
pressing, along with the heating rate, strongly influence the final density of the ZnO 
samples. 
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Figure 17: The possible upscale of CSP of ZnO [144]. 

Finally, it appears that CSP upscaling is feasible when certain conditions are met, e.g., 
when only water as a transient liquid phase is used in the case of tape-casting upscaling 
procedure of the ceramic, limiting the process to simple oxides. For cases involving 
perovskite materials, on the other hand, which require specific liquids that are able to 
dissolve the materials surface, sufficient pressure and temperature applied, the upscaling 
process becomes considerably more challenging and new pathways remain to be discovered 
and proposed.   
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1.5 Aims and Hypotheses of the Dissertation 

Aims of the dissertation are: 
 

1. To utilize the cold sintering process (CSP) to fabricate dense BFO ceramics 
with a relative density of above 90%, reaching a level comparable to conventionally 
sintered samples without the need for post-annealing. The objective is to obtain a 
similar remanent polarization to conventionally sintered samples while ensuring 
that the conductivity does not exceed that of the conventionally processed ceramic. 
Various transient liquids will be utilized, starting by common mineralizers that are 
used in hydrothermal synthesis, chelate complexes, and the hydroxide eutectic 
mixtures. Additionally, the duration (up to 15 hours), temperature (up to 300 ℃), 
uniaxial pressure (up to 670 MPa), heating rate (up to 20 ℃/min) of the CSP, and 
most importantly, the particle size and distribution will be varied to investigate 
their impacts on the microstructure and functional properties of the cold-sintered 
BFO ceramics. 

 
2. The fabrication of dense KNN ceramics by CSP and evaluating the 

materials’ energy storage efficiency. With a relative density target of above 90%, 
the objective is to achieve a non-pinched and saturating polarization-electric field 
loop at high applied electric fields (up to 200 kV/cm) in the KNN ceramic, without 
reaching a dielectric breakdown. This will be accomplished through cold sintering 
of KNN using the hydroxide mixture as the transient liquid and by optimizing the 
applied pressures and, especially, heating rates, since the material undergoes a phase 
transition when heated to 300 °C, imposing stresses within the compact. 
Additionally, the particle size distribution of the KNN powder will be modified to 
achieve the best functional results, with one batch having particles approximately 
2-5 times larger than another, in order to explore the impact of particle size on the 
density and energy storage properties of the KNN ceramics. 

 
3. Co-sintering of KNN and BFO ceramics to achieve a homogeneous 

distribution of both phases in a particulate composite without their inter-
miscibility. The microstructure and functional properties will be evaluated and the 
possible application of the composites foreseen. 

 
 

The hypotheses of the dissertation are as follows: 

1. BFO ceramics can be successfully cold sintered using the NaOH-KOH 
mixture. By sintering at temperatures up to 300 ℃, volatilization of Bi2O3 and 
creation of oxygen vacancies should be minimized, leading to dense BFO samples 
with reduced conductivity and enhanced ferroelectric properties. The parameters of 
the cold sintering process will be varied to achieve high density. 

2. As hydroxides are hygroscopic, we anticipate that the cold-sintered ceramic 
may be sensitive to moisture, potentially increasing the dielectric losses. To address 
this issue, we hypothesize that drying the ceramics under vacuum and measuring 
their ferroelectric properties in protective liquid (oil) will mitigate the moisture-
induced impact on dielectric losses. 
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3. For KNN ceramics, we expect that the grain size will not undergo significant 
enlargement during the cold sintering process. This means that the size of the grains 
will remain within the same range as the size of the powder particles used, which 
should influence the following: dielectric breakdown to occur at higher electric fields 
than in large-grain ceramics; slim P-E hysteresis loop (indicating low losses) and 
low remanent polarization. Such a material is anticipated to be suitable for energy 
storage applications. We further hypothesize that oxidizing cold-sintered KNN will 
improve the functional response by unpinching the P-E loop, similar to what has 
been reported for KNN samples processed using spark plasma sintering [33]. 
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Chapter 2 

2 Impact of Transient Liquid Phase on 

the Cold Sintering of Multiferroic 

BiFeO3 
We have investigated the influence of different compounds used as transient liquid 

phases (TLP) on the microstructure and functional properties of BiFeO3 (BFO) ceramics. 
First, we present a detailed analysis of the secondary phases formed in BFO during 

cold sintering (CSP) using NaOH, KOH and urea dissolved in water and ethanol in 
different ratios. Urea was chosen as it was previously shown that under hydrothermal 
conditions it promotes mineralization of BFO, while ethanol, as an organic solvent, was 
used as it evaporates easily, leaving only hydroxides which subsequently melt above 170 
°C. When using carbonaceous solvents (urea and ethanol), we observed the formation of 
secondary phases, bismuth carbonate and iron oxide. The secondary phases are 
predominantly located at the grain boundaries of BFO and limit the densification of the 
ceramic. The results indicate that the dissolution of the surface of the perovskite grains is 
limited or terminated when the secondary phases precipitate, resulting in lower relative 
densities and poor contacts between the matrix grains.  

 
Second, we show how the presence of secondary phases degrades the functional 

properties of BFO. In particular, cold sintered BFO with secondary phases is electrically 
conductive and has high dielectric losses. We also investigated the influence of the 
frequency and sequence of the applied electric field during the polarization electric field 
measurement of cold-sintered BFO on the evolution of the P-E loop. The P-E loops of CSP 
and conventionally sintered BFO ceramics were compared and discussed. 

 
We investigated how the type of defects in the cold-sintered ceramics affect the 

existence and movement of the domain walls. We found that larger fields are required for 
switching domains and increasing remanent polarization in cold-sintered ceramics. On the 
other hand, cold-sintered BFO showed significantly higher dielectric breakdown strength, 
reaching up to 220 kV/cm, compared to about 150 kV/cm for conventionally sintered 
samples.  

 
This chapter addresses thesis objective 1. 
 
Published in: Salmanov, S., Yao, M., Žiberna, K., Lachhab, M., Dkhil, B., Malič, B., 

Rojac, T., Kuščer, D. and Otoničar, M., Impact of transient liquid phase on the cold 
sintering of multiferroic BiFeO3. Journal of the European Ceramic Society, 45(1) (2025) 
p.116846.  

https://doi.org/10.1016/j.jeurceramsoc.2024.116846 
 
My contribution: I synthesized the starting powders that I used for cold sintering, cold-

sintered all samples under different conditions, prepared samples for SEM and EDS 
analyses, measured densities, and performed the measurements of dielectric and 
ferroelectric properties. I also performed the necessary calculations, interpreted the results, 
and developed the manuscript together with co-authors. 
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Chapter 3 

3 Structure and Electrical Properties of 

Cold - Sintered Strontium - Doped 

Potassium Sodium Niobate 
In this study, we demonstrated that an aqueous solution of NaOH-KOH mixture in a 

1:1 molar ratio can be effectively used as a transient liquid in cold sintering of KNN. The 
such-obtained KNN ceramics exhibits a relative density greater than 95%. Sr-doping of 
KNN is used for better control of particle growth during calcination giving more uniform 
particle size distribution. 

First, we showed that the magnitude of uniaxial pressure impacts pore formation, which 
in turn influences the ferroelectric and dielectric properties. Specifically, KNN samples cold-
sintered under 200 MPa exhibited large segregated pores, leading to increased dielectric 
losses. In contrast, KNN sintered under 675 MPa had significantly lower dielectric losses 
(< 0.05 in the frequency range of 100 Hz to 1 MHz) and a higher dielectric constant (up 
to 1000) compared to conventionally sintered KNN. However, atomic resolution images 
revealed that high uniaxial pressure has a significant effect on perovskite structure, causing 
distorted lattice of the grains and lattice dislocations. 

Second, measurements of ferroelectric properties on as-sintered samples revealed that 
samples exhibited high dielectric losses, suggesting that oxygen vacancies may form during 
the cold sintering process of KNN. The properties improved under annealing the sample at 
500 °C in oxygen. The polarization vs. electric field measurements of cold-sintered KNN, 
compared to conventionally sintered KNN, showed a higher dielectric breakdown strength, 
reaching 170 kV/cm, but with a lower remanent polarization of around 10 µC/cm². It was 
demonstrated that the remanent polarization of KNN is improved when using an initial 
powder with a larger particle size, increasing polarization due to the stronger intrinsic 
(lattice) and extrinsic (domain wall) contribution to the response. 

Third, due to the high dielectric breakdown strength and low remanent polarization of 
bulk cold-sintered KNN, this material can be used as energy storage capacitor. We 
calculated the energy storage efficiency and recoverable energy density, yielding values of 
47 % and 1.13 J/cm³, respectively, which is a promising value for further optimization. 

 
This chapter addresses thesis objective 2. 
 
Published in: Salmanov, S., Koblar, M., Kmet, B., Malič, B., Rojac, T., Kuščer, D., & 

Otoničar, M.. Structure and electrical properties of cold-sintered strontium-doped 
potassium sodium niobate. Journal of the European Ceramic Society, 43(16) (2023) 7516-
7523. 

https://doi.org/10.1016/j.jeurceramsoc.2023.07.069 
 
My contribution: I cold-sintered all samples under different conditions, prepared 

samples for SEM and other microstructure analyses, measured densities, and performed 
the measurements of dielectric and ferroelectric properties. I also performed the necessary 
calculations, interpreted the results, and developed the manuscript together with co-
authors.  
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Chapter 4 

4 Cold Sintering of Perovskite–

Perovskite Particulate Composite 

Based on K0.5Na0.5NbO3 and BiFeO3 
 

In this study, we aimed to obtain a dense perovskite-perovskite composite from BFO 
and KNN perovskites via the cold-sintering process, by applying similar conditions of 
sintering as to pure BFO and KNN in the previous two studies. 

 
First, we cold sintered a homogeneous mixture of KNN and BFO powders with different 

BFO and KNN ratios. We found that the grains of KNN and BFO were homogeneously 
distributed in the microstructure, with good contacts between the phases. The composites 
had densities over 96 %. 

Second, the measurements of functional properties revealed the contribution of each 
phase to the composite's overall performance. Specifically, we demonstrated that the KNN 
phase is primarily responsible for increasing the dielectric constant and remanent 
polarization in the composite. This influence is most noticeable at electric fields up to 150 
kV/cm. However, at higher fields, the BFO phase contributes significantly to the 
ferroelectric properties, which was explained by the field strength sufficient for unpinning 
the domain walls and their contribution to the final response. Our findings further showed 
that BFO increases the dielectric breakdown strength but also makes the cold-sintered 
composite more electrically conductive and leaky. 

These results demonstrate that CSP can be effectively employed to combine perovskite 
materials with drastically different chemical compositions and sintering temperatures 
without causing diffusion of one phase towards the other and the miscibility of phases, 
maximizing the benefits of each component.  

 
This chapter addresses thesis objective 3. 
 
Published in: Salmanov, S., Kuščer, D. and Otoničar, M., 2024. Cold Sintering of 

Perovskite–Perovskite Particu-late Composite Based on K0.5Na0.5NbO3 and BiFeO3. 
Informacije MIDEM, 54[3 (2024), 225-233. 

https://doi.org/10.33180/InfMIDEM2024.306 
 
My contribution: I cold-sintered all samples under different conditions, prepared 

samples for SEM and EDS analyses, measured densities, and performed the measurements 
of dielectric and ferroelectric properties. I also performed the necessary calculations, 
interpreted the results, and developed the manuscript together with co-authors. 
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Chapter 5 

5 Summary and Conclusions 
This thesis describes the processing of ferroelectric ceramics, bismuth ferrite (BFO) and 

potassium sodium niobate (KNN), and BFO-KNN composite by the cold sintering process 
(CSP). CSP is an advanced sintering process that enables the processing of dense ceramics 
from micro- or nano-meter-sized ceramic powders at extremely low temperatures for 
ceramics, below 300 °C, through particle-fluid interface control and external pressure. CSP 
utilizes a transient liquid to achieve densification by a mediated pressure-dissolution-
precipitation process. With the aim to obtain dense ferroelectric perovskite ceramics and 
composites with homogeneous microstructure, low electrical conductivity and high 
remanent polarization, we optimized the processing parameters: chemical composition and 
amount of the transient liquid phase used, strength of applied uniaxial pressure, 
temperature and time of sintering. The thesis consists of three parts, described in Chapters 
2-4, while the following subchapters summarize the main findings for each study.  

5.1 Cold Sintering of BiFeO3 

The first part of this dissertation examines the cold sintering of bismuth ferrite (BFO), 
focusing in particular on the formation of secondary phases by various additives used as 
sintering aids. It is the first successful demonstration of cold sintering of BFO without 
post-annealing. The most important results include the following: 

 
The formation of secondary phases is highly dependent on the nature of the transient 

liquid phase compounds, with organic materials such as urea and ethanol leading to the 
formation of bismuth carbonate and iron oxide secondary phases. These phases form from 
the dissolved parts of BFO during the pressure-dissolution-precipitation process, suggesting 
that the source of bismuth and iron comes from this decomposition. 

The use of organic-free additives, in particular an aqueous solution of sodium and 
potassium hydroxide in equimolar ratio, effectively prevents the formation of secondary 
phases via congruent dissolution of the matrix and extrusion of the dissolved species with 
the liquid out of the system. Cold sintering was possible with a minimal concentrations of 
1-3 wt% of the NaOH/KOH mixture. 

Observations showed etched grain boundaries between neighboring BFO grains, 
confirming pressure-dissolution as the main mechanism of sintering. The average relative 
density of the resulting ceramics was between 93-96 %, with cold sintering causing slight 
grain shrinkage rather than growth. No driving force for grain growth was detected. 

Cold sintered BFO samples containing secondary phases exhibited high electrical 
conductivity, which decreased when these phases were removed and the density was 
increased. 

Samples with higher levels of porosity were sensitive to moisture as hydroxide residues 
were trapped in their porous structure, so they had to be dried in a vacuum prior to 
dielectric and electrical property measurements. 

The polarization-electric field (P-E) loops of the cold-sintered BFO showed a clearly 
suppressed polarization response up to about 150 kV/cm, with the hysteresis loops starting 
to open at higher fields. The suppression is attributed to small grain sizes and lattice 
dislocations that hinder the movement of the domain walls. Above the threshold, domain 
walls become unpinned and the extrinsic response becomes relevant, significantly increasing 
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the remanent polarization. The maximum applied electric field reached 220 kV/cm, 
exceeding the limits of conventionally sintered BFO (<150 kV/cm). 

 

5.2 Cold Sintering of Strontium - Doped Potassium Sodium 

Niobate 

The second part of the dissertation examines the cold sintering of KNN and focuses on 
how key processing parameters such as hydroxide solution concentration and uniaxial 
pressure affect the properties of the cold-sintered material. Key findings include the 
following: 

 
An equimolar solution of NaOH and KOH facilitates cold sintering of KNN, with an 

optimal hydroxide concentration of 5 wt.%, leading to relative densities of ceramics above 
96 %. 

The applied uniaxial pressure has a major influence on pore size, dislocation formation 
and cracking. Higher pressures reduce porosity and eliminate poorly sintered areas but 
increase dislocations; at 676 MPa the unsintered areas are completely eliminated. 

Microstructural analysis shows that the grain size corresponds to the original particle 
size, indicating no grain growth, with etched and curved grain surfaces suggesting an 
effective pressure-dissolution mechanism for densification. 

Annealing at 500 °C in an O2 atmosphere is required to reduce the electrical 
conductivity of the cold sintered KNN as the Nb ions are reduced from Nb5+ to Nb4+ during 
the sintering process. 

The dielectric properties improve with higher relative density and higher pressure. The 
densest cold-sintered KNN has a dielectric constant twice as high as that of conventionally 
sintered KNN, whereby the dielectric losses are similarly high. 

Temperature-dependent measurements of the dielectric constant show broader phase 
transition temperatures and strongly suppressed dielectric peaks in cold-sintered KNN, 
which can be attributed to the smaller grain size and the lattice stresses caused by applied 
pressure. 

The difference in grain size between cold and conventionally sintered KNN affects the 
polarization-electric field (P-E) loops. The result is a lower remanent polarization in the 
cold sintered samples, but a higher maximum electric field of 170 kV/cm applied, indicating 
a higher dielectric breakdown strength of cold-sintered material. 

The strain response to electric fields in cold sintered KNN shows an asymmetry between 
positive and negative part of electric field applied that is probably due to dislocation 
pinning. The strain difference is 2-3 times larger than in conventionally sintered KNN. 

The calculated recoverable energy density and energy storage efficiency are 1.13 J/cm³ 
and 47 %, respectively, highlighting the potential of these materials for energy storage 
applications and opportunities for further improvement. 

Atomic level analysis shows numerous dislocations, supporting the assumption that 
pressure-dissolution creep contributes to densification. 

 

5.3 Cold Sintering of K0.5Na0.5NbO3 - BiFeO3 Composite  

The third part of this thesis investigated the viability of the cold sintering process for 
the production of KNN-BFO composites. Building on the knowledge of cold sintering the 
KNN and BFO perovskites individually, similar conditions were applied to produce the 
composites. The main conclusions here are: 
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The use of an equimolar KOH and NaOH solution facilitates the formation of dense 

KNN-BFO composites at mass ratios of 1:2, 1:1 and 2:1. 
Microstructural analysis confirms that there is no diffusion between KNN and BFO 

grains, resulting in a 0-3 composite structure with the dominant phase forming a matrix. 
The KNN phase mainly influences the dielectric properties, with a higher KNN content 

contributing to a higher dielectric constant, while the dielectric losses remain largely 
unaffected at all ratios of phases. 

Higher KNN volume fractions also improve remanent polarization, while the BFO phase 
enhances the dielectric breakdown field. Conversely, samples with a higher BFO content 
exhibit a rounded shape tip of the P-E loop, which indicates a higher conductivity. 

 

5.4 Future Work and Perspectives 

Possible directions for future research related to the study of cold sintering process of 
perovskite electroceramics that I have identified are as follows: 

 
Exploration of additives: investigation of additives that could serve as a transient liquid 

phase promoting the cold sintering was thus-far adopted from the hydrothermal synthesis. 
The aim is to identify more compounds that interact effectively with or dissolve the matrix 
material to promote sintering, bearing in mind that these additives could introduce 
undesirable secondary phases. 

Thermally reactive compounds as sintering aids: This refers to compounds whose 
structure changes when heated to 300 °C. Hydrates in particular, which release water 
molecules when heated, could activate the grain surfaces and thus improve the cold 
sintering process. 

Development of composites: Explore the use of perovskites with different compositions 
that are problematic for cold sintering and have different ferroelectric properties as fillers 
in combination with successfully cold-sintered perovskites. This approach could lead to the 
development of a network of sintered grains that allows better control of the functional 
properties of the composites. 

Investigate dislocation hardening: Explore the effects of dislocation hardening by the 
cold sintering process in the context of tailoring the functional properties through extrinsic 
contribution to the response by adjusting the initial powders particle size and crystallinity 
and applied pressure during sintering. 
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