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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF CERAMIC
COMPONENTS VIA CURRENT SINTERING TECHNIQUES

This dissertation aims to utilize contemporary advanced sintering techniques such
as cold sintering, reactive hydrothermal liquid phase densification, fast firing, flash
sintering, and ultrafast high-temperature sintering for sintering of various ceramic
materials. The ceramics produced through these methods are compared with their
traditional counterparts in terms of processing-structure-property relationships.

In the first section, a brief overview of the advanced sintering techniques used is
provided. Chapters 2-7 give a review study on low-temperature densification techniques,
and the studies conducted using the cold sintering process and reactive hydrothermal
liquid phase densification process, namely cold sintering techniques, which allow
densification below 400 °C. Chapters 8&9 presents research related to ceramic materials
produced via the fast-firing technique with rapid heating rates compared to conventional
sintering, widely employed in the industry. Chapters 10-12 cover sintering studies
conducted utilizing joule heating based sintering techniques allowing very fast heating
rates such as flash sintering and ultrafast high-temperature sintering. Chapter 13 presents
a comparison of current sintering techniques used in terms of applicability, equipment,
materials, and so on. The pros and cons of such techniques were explained.

In conclusion, there may be no guarantee that every ceramic material will yield
successful results in all sintering processes. It is essential to recognize that each sintering
process occurs within distinct sintering mechanisms. The selection of the appropriate
advanced sintering method and conditions should be based on an assessment of the

specific material's characteristics and the desired properties in the final product.
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OZET

GUNCEL SINTERLEME TEKNIKLERI ILE SERAMIK
BILESENLERININ URETIMI VE KARAKTERIZASYONU

Bu tez, cesitli seramik malzemelerin sinterlenmesi i¢in soguk sinterleme, reaktif
hidrotermal sivi faz yogunlastirma, hizli pisirme, flag sinterleme ve ultra hizli yliksek
sicaklikta sinterleme gibi ¢cagdas ileri sinterleme tekniklerini kullanmay1 amaglamaktadir.
Bu yontemlerle iiretilen seramikler, islenis-yapi-6zellik iliskileri agisindan geleneksel
muadilleriyle karsilastirilmaktadir.

Birinci bolimde, kullanilan ileri sinterleme tekniklerine kisa bir genel bakis
sunulmaktadir. 2.-7. boliimde, diisiik sicaklikta yogunlagma teknikleri tizerine bir derleme
caligmas1 ile 400 °C'nin altinda yogunlastirmaya olanak saglayan soguk sinterleme
prosesi ve reaktif hidrotermal sivi fazda yogunlastirma prosesi yani soguk sinterleme
teknikleri kullanilarak yapilan ¢aligsmalar anlatilmaktadir. 8. ve 9. boliimde, endiistride
yaygin olarak kullanilan geleneksel sinterleme ile karsilagtirildiginda hizli 1sitma hizina
sahip hizli pisirme teknigi ile iiretilen seramik malzemelere iliskin arastirmalar
sunulmaktadir. 10.-12. Bolimde ¢ok hizli 1sinma oranlarmma olanak saglayan flasg
sinterleme ve ultra hizl yiiksek sicaklikta sinterleme gibi joule 1sitma bazli sinterleme
teknikleri kullanilarak yapilan sinterleme c¢alismalar1 anlatilmaktadir. 13.Bd6liim,
uygulanabilirlik, ekipman, malzeme vb. acisindan kullanilan mevcut sinterleme
tekniklerinin bir kargilastirmasini sunmaktadir. Bu tekniklerin artilar1 ve eksileri
aciklanmugtir.

Sonug olarak her seramik malzemenin tiim sinterleme islemlerinde basarili
sonuclar vereceginin garantisi olmayabilir. Her sinterleme isleminin farkli sinterleme
mekanizmalart igerisinde gergeklestigini bilmek oOnemlidir. Uygun ileri sinterleme
yonteminin ve kosullarinin se¢imi, malzemenin kendine has karakterinin belirlenmesine

ve nihai iirlinde istenen 6zelliklerin degerlendirilmesine dayanmalidir.
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1.1. General overview

The process of bonding, densifying, and/or recrystallizing powder compacts—that
is, transforming a green body into a stronger monolith—is essentially what is meant to be
understood by the term "sintering".!” For thousands of years, ceramics have been
consolidated by sintering process. Typically, a powder compact is heated to elevated
temperatures at rates ranging from a fraction to a few °C per minute.® However, whereas
ceramic objects found in archeological locations point out sintering practice even 26000
years ago, the first steps towards the establishment of sintering theory were only taken in
the early 1900s.>’

For sintering to occur, there must be a reduction of the total interfacial energy
between the two particles to be sintered toward the thermodynamic minimum.>® Driving
forces for sintering are the terms used to describe the sources that result in this reduction
of free energy. Typically, there are three potential driving forces for sintering: i) curvature
of particle surfaces, ii) externally applied pressure, and iii) chemical reactions. (Please
see Chapter 2 later for more detailed information).>® Sintering is motivated by the driving
forces, but it also requires the transport of the matter, which in crystalline solids takes
place through a process of diffusion involving species i.e., atoms, ions, or molecules. The
structure of crystalline solids is not ideal. They have various imperfections, which are
called defects, at any temperature. These defects are what enable diffusional mass
transport to occur. Defects regulate the rate of matter transport, which controls the rates
of processes like sintering, grain growth, and creep.’ Generally, diffusion in ceramics is
mediated by point defects (e.g., interstitials or, more commonly, vacancies). Changes in
composition, temperature, and even atmosphere (e.g., a controlled oxygen partial
pressure) can have a large impact on the concentrations of the defects. It is worth noting
that compared to simpler solids i.e. metals and covalent semiconductors, the transport
properties of ceramics are much more complex.>®

In addition to conventional sintering, i.e., pressureless sintering, there are several
pressure-assisted sintering techniques such as hot pressing (HP), hot isostatic pressing
(HIP), sinter/hot and gas forging, and so on. In these techniques, externally applied
pressure as a driving force may contribute to densification. Besides, as known, control of
microstructure in ceramics can be controlled by optimizing each of the production process

steps from powder to sintering '°. But for the sintering step, conventional sintering has
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limitations for effectively controlling microstructure. For example, grain growth that
occurs in conventional sintering may not be desirable ®. This issue is addressed by some

) 11,12

advanced sintering techniques such as spark plasma sintering (SPS , microwave

13-15 16,17

sintering , and flash sintering

1.2. Current sintering techniques

In this section, advanced or unconventional sintering techniques currently used
within the scope of the dissertation are briefly mentioned for the reader's understanding.
The mentioned techniques have been categorized into three main groups: Cold sintering

techniques, fast firing, and joule heating based sintering techniques.

1.2.1. Cold sintering techniques

Although scientists have been making efforts to sinter ceramics at low
temperatures under different techniques since the 1970s, cold sintering process was
brought back to the agenda by turning it into a simple system by researchers at Penn State
University in 2016.° Cold sintering process (CSP) enables densification of ceramic and
glass materials under high pressures (below 1 GPa) and low temperatures (<400 °C) with
the aid of purposely introduced additives such as water, acidic/basic solutions, salts (and
their solutions), and the components that can form a eutectic.>!®2* In Cold sintering
process, the starting powder is mixed with the additives mentioned above. Then the
obtained mixture is constantly compressed by using a uniaxial press. The heating process
is carried out utilizing a resistance jacket wrapped around the die.?* Although there have
been several reports related to the plausible mechanism that takes place during CSP, it is
still unknown what standardized diffusion mechanism could be in the process.?¢’
However, it is possible to say that the formation of a supersaturated liquid is necessary
for densification and that this can also be achieved by dissolving the starting particles in
acidic or basic solutions or simply by preloading the liquid phase with the relevant

chemical groups, i.e. by adding water-soluble salts instead of changing the



acidity/basicity.’ Additionally, Jabr et al.?® showed that the way to extend CSP for
industrial applications is feasible.

Reactive hydrothermal liquid phase densification (tHLPD) process is a patented
technique with a different low-temperature densification concept compared to the typical
cold sintering process based on the hydrothermal reaction, infiltration, reactive
crystallization, and liquid phase sintering principles.®** Thus, rHLPD allows the
densification of ceramics simultaneously in one pot by combining the synthesis and
densification at temperatures below 400°C. In rHLPD process (Figure 1.1), there is no
application of suitable pressure (e.g., uniaxial pressure) aiding densification, therefore;
the center of the particles does not approach one another by the effect of external pressure
as in the cold sintering process. However, there is a high requirement for hydrothermal
crystallization reaction that can transform into final products with greater molar volume
compared to green body.>*?! Relevant detailed information regarding techniques given

or not mentioned here is provided in detail in Chapter 2.

Figure 1.1. Schematic representation of rHLPD process using acid digestion vessel.

1.2.2. Fast firing

As an unconventional sintering technique, fast firing (FF) process also known as
rapid sintering, fast sintering, rapid-rate sintering, or rapid pressureless sintering was

proposed at the beginning of the 80s to enhance densification of ceramics and suppress
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grain growth. Fast firing enables densification by utilizing a much faster heating rate (10%-
103 °C/min) and a higher sintering temperature with a shorter dwell time.5¥>3 In fast-
firing process, a fast heating rate has a key role to enhance densification and grain growth
control. This knowledge accomplished from the fast firing process lays the foundation for
many other novel sintering methods such as spark-plasma sintering, microwave sintering,
and flash sintering.® For the same density, fast fired samples have grains with smaller
sizes, besides preventing pore boundary separation, compared to conventional
sintering.%3

Basically, fast firing process involves quickly introducing green samples into the
hot zone of a furnace so that the samples quickly reach higher temperatures with a
relatively faster heating rate where the activation energy for densification, Qy, is higher
than the activation energy for grain growth, Qg, (i.e., densification rate vs. Grain growth
rate) as shown in Figure 1.2. 3336 In addition, it is a quite useful technique, especially
for the industry. Since the 1970s, this method has been commonly used to sinter both
conventional and advanced ceramics, and shown to operate in both lab and large-scale
furnaces. Ceramics can be sintered quickly in an intermittent resistive box or tube
furnaces as well as continuous zone sintering furnaces.’” Hence, fast firing has been
proposed in the literature for several materials systems, including traditional ceramics
such as tiles and sanitaryware 3 technical ceramics such as alumina *'** barium

titanate 34547 ferrites *8, indium tin oxide *, lanthanum gallate *°, lead magnesium

53,54 34:44,55-57 "and even composites.*®

niobate °!°2, lead zirconia titanate >4, zirconia
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Figure 1.2. Dependency on temperature of densification and grain growth rate for a
material where the activation energy for densification, Qr, is higher than the

activation energy for grain growth, Qg.

(Source: Kang, 2020)3¢

1.2.3. Joule heating based sintering techniques

1.2.3.1. Flash sintering

Among Flash sintering (FS) is an electric field-assisted sintering technique,
explored in 2010 by researchers at the University of Colorado.” In this advanced
sintering technique, an electric field is applied directly to the prepared ceramic body and
current is forced to flow through the body. At a specific onset combination of electric
field and furnace temperature, densification is triggered by flash sintering in an extremely
short time (usually a few seconds to a few minutes). In this system, however, the sample
must be of specific dimensions and geometries for proper bonding to the electrodes and
for a homogeneous current distribution. Three types of sample geometries are generally

used in flash sintering experiments (Figure 1.3). The first flash sintering experiments were



carried out using dog bone shape specimens with two holes on the opposite side of the
sample where the electrodes were placed.!”

Although the dog bone shape appears to be the most useful geometry for electrical
conductivity processes due to its thin cross-section for the flash sintering process,
practical applications for such shapes are very limited. Similar to the dog bone, sintering
can be performed by appropriately wrapping electrodes around the ends of samples
produced in rod geometries. In specimens produced with such geometries, the electric
current and field are homogeneous only in the central region of the specimens. In
cylindrical pellets, another sample geometry used, the electrodes consist of metallic disks
or grid-shaped structures (specially prepared) pressed on the flat surfaces of the sample.
Conductive pastes (e.g. silver paste) can also be used to increase electrical conductivity.'”
In this context, the best electric field and current density can only be achieved under
certain geometrical conditions.®® Pellets smaller than 10 mm in diameter are usually used
in flash sintering experiments. However, the height-diameter ratio of such pellets is also
important. Samples with relatively short heights can cause heterogeneous structures by
increasing the formation of hot spots while minimizing gradients between the center and

the electrode.®!

(a) (b) ()
Electrodes Electrodes Electrodes

“’ l 1" m
Figure 1.3. Schematic representation of typical sample geometries used in flash sintering

experiments; a) dog bone, b) pellet, ¢) rod.

1.2.3.2. Ultrafast high-temperature sintering

Wang et al. ® introduced a novel contemporary sintering technique in 2020, which
is called Ultra-fast High-temperature Sintering (UHS). As shown in Figure 1.4., UHS

enables the densification of monolithic ceramics by radiative heating (10°-10* K/min)
7



usually under an inert atmosphere such as argon in extremely short times (10-300s).%?
This is attained by wrapping the green body within graphite felts which are quickly Joule-

heated by an electric current passage. To date, several materials systems have been

64 65

processed by UHS, including zirconia ®, tricalcium phosphate %, silicon nitride ,
alumina ®, and various zirconates.®”*® Also, the recently emerged UHS has been used to
prevent undesired Li loss during sintering. Lij3Alo3Ti1.7(PO4)3 (LATP) was sintered up
to a relative density of 90.2% within 100 s, compared to the relative density of 85.4%
reached for conventional sintering.® Similar to LATP which contains lithium,
LisLazZr012 (LLZO) was densified using the same method because the short exposure
time to high temperatures decreases Li loss by evaporation.’® Furthermore, in contrast to
flash sintering, it allows the rapid synthesis and sintering of a wide range of ceramic
materials by separating the intrinsic properties of the material (electrical response) from
the process. Compared to other advanced sintering techniques (spark plasma sintering
(SPS), cold sintering, flash sintering), this technique allows multiple materials to be
sintered simultaneously (e.g. 100 5 mm diameter ceramic samples in 20 columns and 5
rows). Besides, since in the UHS technique the ceramics can pass quickly through the
heating strips, it provides a great potential for sintering products in a way that can be

scaled up from laboratory scale to industrial scale.®?

Figure 1.4. Schematic image of the ultra-fast high temperature sintering process.



1.3. Sintering mechanisms of current sintering techniques
1.3.1. Effect of hydrothermal conditions

As previously mentioned, the cold sintering process requires the simultaneous
combination of a liquid phase, external pressure, and temperature. This promotes a
localized dissolution of the ceramic at the neck center, ion diffusion through the liquid,
and precipitation at the neck surface as shown in Figure 1.5.7! As the die for cold sintering
process can be heated to a temperature below 400 °C, heat is transferred from the heating
jacket to the sample by conduction, similar to hydrothermal hot-pressing.’? As dissolution
at particle contact points plays a crucial role in cold sintering, the ceramic must have a
high solubility in the selected fluid phase and preferably have congruent dissolution.

The mass transport is indeed activated by a gradient in the chemical potential
induced by the external pressure. Actually, the chemical potential gradient with respect

to the pressure (p) of the “i” (1;) component of the system can be written as:

Omi _ 20
W Q+p 3 (1.1)

Here (1 is the atomic volume. Assuming that the atomic volume gradient with

respect to pressure is modest than, we can deduce that

oui
o Q> 0. (1.2)

In other words, the chemical potential of the high-stressed contact at solid-liquid-

solid interface (1) is higher than that of and low-stressed free pore region (2), causing

mass transport from the neck center to its surface.”’>7
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Figure 1.5. Schematic illustration of the mass transport during cold sintering process.

(Source: Sada, T. et al., 2021)"!

In rHLPD, there are no major mass transport processes that occur in sintering,
bringing the particle centers closer together and causing volumetric shrinkage. rtHLPD
enables a hydrothermal chemical reaction between the solute in the solvent and the porous
matrix to crystallize and cause grain growth by filling the pores.*® Similar to hydrothermal
conversion principles, the transformation of a porous body to a densified body can take
place via either in situ transformation or dissolution-reprecipitation mechanisms.”®

Additionally, heat can be transferred by conduction and convection.

1.3.2. Effect of heating rate

Different mass transport mechanisms contribute to sintering at different
temperatures. The major transport mechanisms that occur during sintering are lattice,
grain boundary, and surface diffusion. When compared, the required activation energy
values, in ascending order, correspond to surface diffusion, grain boundary diffusion, and
volume diffusion, respectively. Accordingly, surface diffusion governs mass transport
during sintering at low temperatures, enhancing neck growth, while grain boundary
diffusion at intermediate temperatures and lattice diffusion (from the grain boundaries) at
high temperatures dominates transport during sintering, resulting in densification (Figure

10



1.6). Therefore, the driving force through the early stages of sintering is provided by the
curvature radii of the surface. Consequently, any neck growth during this stage causes a
decrease in the driving force for sintering. High heating rates reduce this loss of driving
force by minimizing the time spent at lower temperatures, where surface diffusion i.e.,
neck growth dominates. In the UHS process, where high heating rates are used, the same
mass transport mechanisms are considered to exist as in the fast-firing technique.®>”

Other mechanisms have been proposed by Todd and co-workers. These include
the formation of a thinner and less-coordinated pore structure in rapid sintering (probably
related to the suppression of surface diffusion).”® Additionally, they suggested that the
grain boundaries formed by rapid sintering might possess an out-of-equilibrium structure
and diffusion coefficients different from those obtained conventionally.>””

From the heat transport point of view, conduction and convection heat transfer
mechanisms are not usually sufficient for sintering techniques with high heating rates. It
was shown that heat transfer by radiation plays a more important role in such rapid
sintering techniques.®®3® When considering UHS and fast firing (direct sintering) the heat
is always absorbed in the sample surface as the sample is exposed to intense IR radiation
(with also some contribution at the visible wavelength). Other rapid sintering techniques
like flash sintering make use of internal heat generation by the Joule effect, this results in
a thermal gradient within the sample which is opposite to what is typically observed in
fast firing and UHS: in flash the sample surface is colder due to the heat losses by
radiation.®! In addition, microwave sintering presents somehow an intermediate behavior
depending on the dielectric loss factor of the ceramic. If the ceramic is lossy there is bulk
dielectric heating, otherwise, the sample is heated by absorbing the IR radiation emitted
by a susceptor. Often, ceramics become lossy at high temperatures thus combining the
two mechanisms. To some extent, this condition appears “ideal” as it reduces the thermal
gradients combining both external and internal heating. A similar behavior takes place in
flash spark plasma sintering where the heat is first absorbed by conduction from a graphite

element in contact with the sample and then, once a critical temperature is reached,

internal Joule heating starts."?
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Figure 1.6. Influence of heating rate on sintering; (a) low heating rate, (b) high heating

rate, (c¢) diffusion coefficients as a function of 1/T.

(Source: Guillon, O. et al., 2023)"

1.3.3. Effect of electric current and field

Describing plausible phenomena caused by electric current and field on the
material during sintering is complex (Figure 1.7). These complex phenomena depend on
several factors such as composition, environment, field type, temperature, and time. Even
low electric fields within the sample cause an increase in shrinkage.®® Joule heating takes
place with current flow, increasing the temperature by several hundreds of degrees
compared to the furnace temperature.”” Indeed, different mechanisms have been
proposed to explain densification related to heating rates, localized overheating of the
grain boundaries, population of defects, defects mobility, and driving force for

diffusion.!”
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From the perspective of defect chemistry, point defects must be sufficiently
mobile and exist in high enough concentrations for ion transport to occur.””#* Defect
formation under electric fields has been suggested by Raj and co workers as a possible
cause of increased sintering kinetics under electrical loading.® When Frenkel pairs are
generated, an ion typically shifts from its lattice site to an interstitial site, creating a
vacancy. However, from a view of thermodynamic aspects, it has been revealed that
forming these defect pairs within the crystal lattice demands exceedingly high fields—
well beyond the magnitudes employed in sintering experiments.”” As such, the underlying
mechanisms of this complicated defect formation still remain elusive within the realm of
current scientific understanding. Besides, chromatic alteration is observed in samples
produced under such conditions because while oxygen ions are transported to the anode
side, migration of positively charged oxygen vacancies accumulated on the cathode side
occurs.”” The reduction of the oxide induced by the electric current might also play a role
also on sintering, it has been for instance reported that reducing conditions decrease the
energy barrier for cation diffusion in fluorites.®

Cationic diffusion drags grain boundary migration. Since cationic diffusion
usually depends on the partial pressure of oxygen, the drag effect of segregation relies on
the reduction state. The electrical field impacts grain growth behavior by changing
oxygen vacancy concentration.”” Such thoughts regarding defect chemistry can also be
seen in UHS process because reducing the atmosphere used with a presence of carbon felt
may provide defect formation at elevated temperatures, which might affect the
densification and grain growth %

Localized overheating or even melting of the grain boundary (due to the reduced
section for current flow and the localized higher resistivity as a result of the space charge

8788 however

region), has been widely discussed as a flash sintering mechanism
numerical simulations seem to discredit this hypothesis.®” While the thermal gradients
could be extremely high (=10° K/m) the absolute temperature difference is modest as the
scale of the particles is usually in the order of 1 um or even below.

In flash sintering, about 90% of the total energy input is heat loss by radiation
while conduction and convection losses can be assumed to be negligible.*'*° In contrast
to flash sintering, in spark plasma sintering the heat is generated by the Joule effect and

transferred to the sample by conduction. In UHS, heat is mainly transferred from carbon

felt by radiation (with a small amount of conduction as well).®?
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1.4. Motivation and goals

Traditionally ceramics are sintered at elevated temperatures e.g., above 1000 °C
with long dwell times by classical sintering techniques e.g., solid state, liquid phase, and
pressure-assisted sintering. Consequently, the sintering process is a crucial step in
ceramic processing and uses a lot of energy. High energy costs and the emission of
greenhouse gases (GHGs) are the results of conventional sintering at high temperatures.’!
Therefore, the scientific community has been on a never-ending search for sintering
methods that consume less energy.”? In recent years, different sintering strategies have
been introduced to allow the densification of ceramics and glasses with lower energy
requirements compared to conventional sintering, which are broadly called advanced or

unconventional sintering techniques. By using such advanced techniques, it was shown
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that the energy consumption of sintering processes can be greatly reduced. Comparing
the energy consumption of various sintering processes, the energy consumption in the
sintering of perovskite BaTiO3 is about 2800 kJ/g for conventional sintering i.e., solid-
state sintering. This energy consumption can be reduced to 2000 kJ/g for liquid phase
sintering and 1050 kJ/g for current-assisted sintering techniques. This value can decrease
further to 540 kJ/g for microwave sintering and 130 kJ/g for fast firing, to even around
30 klJ/g for the CSP.%* It should be noted that the properties of ceramics sintered by such
techniques with low energy consumption should be comparable to or superior to those of
conventional sintering. Besides, to govern the resultant microstructures and properties,
crucial sintering parameters encompass the heating rate, maximum temperature, dwell
time, and the atmosphere. Supplementary options include the application of mechanical
pressure, electric fields or currents, electromagnetic waves, as well as the incorporation
of sintering additives, among others.”” Therefore, the applications of cold sintering
techniques that enable densification at low temperatures below 400 °C or other novel
methods that shorten sintering times (from seconds to a few minutes) with fast heating
rates to ceramic materials are becoming increasingly important by utilizing these possible
parameters.

This thesis aims to utilize advanced sintering techniques currently available along
the data presented. Ceramics produced using these methods are compared to their
traditional counterparts in terms of process-structure-property relationships. In this
context, Chapter 2 presents a general sintering overview and a comprehensive review of
cold sintering techniques that gained popularity in 2016 but have been experimented with
extensively since the 1970s. Subsequently, studies on cold sintering process (CSP) for
various materials, including soda-lime glass, regolith, and potassium sodium niobate
(KNN) materials, are presented in Chapters 3-5. Another cold sintering technique, in other
words, a different low-temperature densification concept, tHLPD process, was employed
for perovskite ceramics such as BaTiO3 and SrTiO; in Chapters 6&7. Furthermore, in
Chapters 8&9, ceramics with different compositions were produced using the fast-firing
process currently widely applied in the industry, and these were compared with those
produced using traditional methods. Chapters 10-12 give the investigation of joule
heating-based sintering techniques, such as ultrafast high-temperature sintering and flash
sintering, for the densification of KNN and Zirconia. Furthermore, the effects of the

atmosphere conditions in UHS were investigated in order to answer the query of whether
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the atmosphere matters in sintering. In this regard, UHS experiments were conducted in
a nitrogen atmosphere instead of an argon atmosphere which is a typical atmosphere for
UHS. The majority of the mentioned ceramic systems were sintered and documented for
the first time using these current sintering techniques. Each technique and its respective
procedure were anticipated to exhibit distinct densification and grain growth behaviors
for these materials. Finally, Chapter 13 presents a comparison of current sintering
techniques used in terms of applicability, equipment, materials, and so on. The pros &
cons and limitations of such techniques were explained. Certain algorithms were

proposed based on the sintering techniques used.
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CHAPTER 2

COLD SINTERING OF CERAMICS AND GLASSES:
A REVIEW

The following chapter is published in Curr. Opin. Solid State Mater. Sci. 24(1)
(2020) 100807 (Reproduced from ° with permission from Elsevier).

Abstract

Traditionally ceramic artifacts are processed at high temperatures (>1000°C) by
classical sintering techniques such as solid state, liquid phase and pressure-assisted
sintering. Recently, inspired from the geology, novel sintering approaches that allow the
densification of ceramic components at relatively low temperatures < 400° C have been
proposed. While initial efforts for such low temperature densification concept were
developed in the mid-70s, the topic has become increasingly prominent in the last decade.
Currently, these low temperature methods can be classified into four main groups: (i)
hydrothermal reaction sintering (HRS), (i1) hydrothermal hot pressing (HHP), (ii1)
pressure-assisted densification techniques: room-temperature densification (RTD), cold
sintering (CS), warm press (WP), and finally no-pressure assisted method called (iv)
reactive hydrothermal liquid phase densification (rHLPD). Above named techniques are
commonly assisted by an aqueous solution used as either reactant or transient liquid phase
to assist densification. Starting from the background in traditional sintering processes,
this review aims to explore in depth the existing literature about low temperature
densification approaches along with their advantages & disadvantages, and probable

application areas.
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2.1. Sintering overview

The term sintering basically defines a process of bonding, densification and/or
recrystallization of powder compacts, i.e. a treatment in which a green-body is converted
to a stronger monolith [ 1-4]. While ceramic artifacts found in archaeological sites indicate
sintering practice even in the upper Paleolithic era, i.e. specifically Gravettian around
26,000 years ago [5], the first steps towards establishing sintering theory and practice
were only developed starting from early 1900s [2, 6]. One of the first scientific works
was published by Ferguson J. B. in 1918 [7, 8]. In the late 1940s, the main qualitative
analysis on sintering were postulated by Rhines [9] for solid state and Lenel [10] for liquid
phase sintering. Then, the quantitative models for sintering were built by Frenkel [11] in
1945 and Kuczynski [12] in 1949. Lenel [10], Kingery and Berg [13] and later on Coble,
contributed to the sintering theory for ceramic materials, published series of remarkable
works [3, 14-17].

For more details on sintering, the interested reader is referred the published works
of German R.M. [3, 6, 18], and a recent review by Bordia et al. [8]. Here, only a brief
overview will be mentioned. There must be a net reduction in the free energy between the
two particles to be sintered on a local scale towards thermodynamic minimum for
sintering to take place [2, 19]. At early stages of sintering the driving force to minimize
the free energy is related to the annihilation of surface curvatures. Mass flow is a function
of chemical potential gradient of the surface, and this is proportional to the surface
curvature [20]. Later on, the dominant driving force turns to be the interfacial energy
reduction by the replacement of higher energy interfaces with the lower energy ones via
pore reduction and grain growth. The densification driving forces can be enhanced with
the externally applied pressure which results in the amplified stress levels on the initial
small particle contacts. Over time the rate decreases, and in the late stages of sintering
diffusional events which are related to the processing temperature, controls the
densification as in the case for methods such as hot pressing (HP) or hot isostatic pressing
(HIP) [21]. A much stronger driving force can be obtained, in principle, from a chemical
reaction during sintering which can provide significant free energy reduction. However,
because the microstructural evolution is difficult to control, it is barely ever considered

to achieve densification [2, 17].
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Conventional sintering is generally categorized in three basic forms: (i) solid-
state, (ii) liquid phase, and (iii) viscous sintering. Typically, when a green body is
densified at temperatures not causing the liquid formation, the process is called solid state
sintering (SSS). The particles start to join each other accompanied by the reduction in the
porosity because of the atomic diffusion [22]. Mass transport in SSS occurs through
surface (non-densifying) and bulk (densifying) transport. The former one produces neck
growth by mass flow from surface sources, i.e. transport originating and terminating at
the surface by evaporation-condensation, surface diffusion and volume (lattice) diffusion,
resulting in no densification or shrinkage. To attain densification, internal mass sources
must be transferred to the neck, i.e. diffusion from interior to pore by grain boundary
diffusion, volume and plastic flow which predominantly observed in metals [2, 3, 17, 18].
While non-densifying mechanisms do not directly contribute to densification process.
These mechanisms reduce the surface curvature and consequently lower the rate [2]. In
another words; for kinetic considerations both mechanisms should be considered when
sintering in solid state is practiced.

In liquid phase sintering (LPS) the solid mixture carries typically few volume
percent of liquid (depending on the system but generally below 15 vol.%[21]) at the
sintering temperature. Densification in LPS can occur both by liquid flow akin to viscous
flow and mass transport similar to the ones observed for SSS [8]. In the classical LPS
theory the chemical reaction between the solid and the liquid phase is assumed to play a
little role. The process is considered to follow three successive stages: (i) rearrangement,
(1) solution-precipitation, (iii) elimination of porosity [18, 23-25]. The initial stage of
LPS is liquid redistribution and particle rearrangement to reach ideal packing due to
capillary gradients. In the following solution-precipitation stage, solids dissolve at the
higher chemical potential sites, and precipitate on the sites with lower chemical potential
[26]. The densification of the skeletal network surrounded by liquid phase controls the
final stage. It should be noted that several important parameters such as the wettability,
liquid volume, viscosity and solubility of solid and liquid, etc. influences LPS [24].

Compared to that in LPS, when sufficiently large liquid volume (25-30 vol%) is
used the process is called as viscous flow (vitrification for clay based materials) sintering
as seen in the traditional clay based ceramic manufacturing where above 50 vol% of liquid
is practiced commonly (e.g. porcelains). Such densification process is believed to occur

through pore filling by viscous flow [22, 27]. In transient liquid phase sintering, a liquid
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phase forms in the body at an early stage of sintering but it disappears in the course of
sintering progresses, leaving no glassy phase on the grain boundaries, contrary to the other
LPS techniques in which the liquid phase may persist over the course of firing. While the
control on the microstructure is challenging, the process results in components having
higher suitability for high temperature applications than those produced by other LPS
processes [17, 19].

Densification of amorphous powder compacts occurs by material flow over the
entire volume, i.e. viscous (flow) sintering. Different than SSS and LPS, for viscous
sintering the geometric variables such as particle and pore size & shape are not important
while the relative density of the green-body is of great importance [8, 22]. Besides, as
known the sintering of glass may be impeded by crystallization. However by enhancing
the heating rate, it is still possible to sinter the glass to full density before the onset of
crystallization[28]. While crystallization depends on nucleation and growth, glass
sintering is merely related to viscous flows. Because for nucleation not only rheological
properties but also the amount of undercooling is critical, a faster heating rate gives an
advantage to sintering process.|[28, 29]

In addition to the pressureless sintering, there are pressure-assisted sintering
techniques (HP, HIP, sinter/hot and gas forging, etc., commonly all are non-economical
and sample size is limited). In such techniques, both externally applied (uniaxial,
hydrostatic or triaxial hybrid) pressure and surface curvature may contribute for
densification. During the initial stage, external pressure is amplified at the particle
contacts. At these points effective pressure is much higher than that of the applied one,
and causes a stress level higher than the yield strength of the material, i.e. plastic flow
and grain re-arrangements (particle centers get closer) are active. When particle
coordination increases, the stress at the local contact points falls below yielding. For most
materials, at low temperatures the yield strength is high and for this reason elevated (in
the range of GPa) consolidation pressures is needed to attain full density. This is
beneficial to avoid grain growth and obtain fine grained highly dense microstructures but
there are equipment limitations to reach such pressures. As a remedy, heating (thermal
softening) is applied to decrease required pressure levels since diffusion is enhanced at
elevated temperatures [17, 21, 30].

The pressure during heating imposes complex stress states on the particles. When

stress and diffusion (atomic motion) is combined, creep (a time-dependent deformation)
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may occur at stress levels below yielding, and in pressure-assisted sintering this is the
most dominant densification mechanism. Atomic transport can proceed by (i) Coble creep
[31-33], i.e. grain boundary diffusion, (note that in geology if liquid/solution trapped at
the grain boundaries assist densification, the mechanism is called pressure-solution creep
via dissolution-precipitation process [30, 34-36]), and (ii) Nabarro-Herring creep [37] i.e.
volume diffusion controlled creep [38].

Traditional sintering practices have limits to control the microstructure
effectively. For example, it is difficult to produce nano-structured materials because of
the grain growth in the final stage of sintering [8]. Some of the contemporary techniques
address this problem: sintering under the effect of electrical current and pressure, i.c.
spark plasma sintering (SPS) [39-41], sintering by microwave [42-44], sintering by
electrical joule heating, i.e. flash sintering allowing very rapid densification (< 60 s) [45],

and selective laser sintering [46].

2.2. Low temperature densification methods

Several sintering examples can be found in nature; ice sinters akin to pressure-
assisted sintering and transforms into a glacier [47-49]. Another one is lithification in
which loose particles become sedimentary rock. Lithification is a chemical process that
enables densification by reducing porosity via compression (pressure) and cementation
[50]. Thermal sintering processes also be seen but generally at low shear stresses, see Fig.
2.1. Instead, in natural shock sintering initial temperatures may be low but pressure levels
are high, i.e. cold plastic flow processes. Industrially, reaching to few gigapascals of
pressure is not an easy task, while in nature much higher pressures occur. Implications on
kinetics are important as well, since in industrial manufacturing the processes are required
to be finalized as fast as possible which may take significantly longer in nature (hundreds

of years [50].
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Figure 2.1. Pressure-assisted sintering techniques portrayed on applied pressure/yield
strength versus temperature (T) to melting temperature (Tm) (Reprinted from
[21, 50], Copyright (2014) & (2016), with permission from Elsevier and

Annual Reviews).

Inspired from the above mentioned natural processes, scientists have put efforts
to produce dense and strong ceramic and glass compositions at low temperatures <~
400°C, recently referred to as cold sintering. All these techniques rely on the externally
applied pressure and sometimes as in the case for Hydrothermal Reaction Sintering (HRS)
or Hydrothermal Hot Pressing (HHP) specially designed apparatus are needed. Sintering
without the application of high temperature necessitates an externally applied pressure to
intensify the driving force for densification (Fig. 2.1). Another typical feature is the
assistance of liquid phase (commonly water) with or without the application of mild
heating. In Figs. 2.2(a&b) the number of publications and patents recorded from 1970 is
given, highlighting the contemporary growing interest. This review aims to explore such
existing literature on all currently published low temperature densification works along

with their advantages and disadvantages.
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Figure 2.2. (a) Number of publications resulting from a web of science search with the
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keywords: "cold sintering", "low temperature sintering", "low temperature
densification", "low  temperature  solidification", "hydrothermal
densification", "hydrothermal sintering", "hydrothermal reaction sintering",
"hydrothermal solidification", all data is merged into same plot in order to
show the contemporary trend of such topic. (b) Number of published patents
found from Questel database by searching the abstracts using following
queries: ((low 1w temperature 1w densif+) + ((low 1w temperature 1w sint+)
+ ((low 1w temperature 1w solidift) + (((hydrothermal or (hydro 1w
thermal)) 1w densif+) + (((hydrothermal or (hydro 1w thermal)) 1w sinter+)
+ (((hydrothermal or (hydro 1w thermal)) 1w solidif+) + ((cold 1w sinter+)
for each query "(glass or ceramic)" was added and all results were merged to
plot. “1w*“means given two keywords should be in close proximity. Both data
was extracted from 1970, and the line represents an exponential growth

function fit.

Initial studies related with sintering at low temperatures were conducted by Roy

et al. [51, 52] on cement mortar. The authors sintered the green compacts both by hot

pressing around 150°C with pressures in between 172-344 MPa, and without heating

under a pressure of ~700 MPa. The formed components demonstrated to have high

relative densities with very few observable porosities and compressive strength values

reaching around 510 MPa. Concurrently, novel instruments for hydrothermal reaction

sintering, hydrothermal hot pressing were developed and practiced by Japanese

researchers for the production of oxide ceramics in between 70-80s [53]. In late 70s, pure
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metals, alloys and few ceramic compositions like NaCl, MgO, TiC, etc. were sintered at

room temperature (RT) under high (e.g. 4 GPa) pressures [54, 55].

2.2.1. Hydrothermal reaction sintering

Hydrothermal reaction sintering (HRS) is one of the most efficient methods used
to obtain very high relative density (e.g. > 99%) ceramic materials. As given in Eq. 2.1,
reaction between highly pure metal (Me) powder or chips and water at a specific
temperature (500-1000°C) and pressure (100 MPa) levels results in the formation of
sintered metal oxide (MeQO) and hydrogen (H2) gas [53]. The resultant H> gas while
leaving the system, induces the reaction to proceed further and more efficient
compression for the component [62]. Although the temperatures specified in the process
sounds like high, it is important to note that the formed oxides are commonly sintered at
considerably higher temperatures than those stated. For example, traditionally hafnium
oxide (HfO») is sintered at temperatures around 1800°C, instead similar relative densities
can be achieved by HRS at temperatures in between 900-1000°C. HRS, therefore, is a
relatively mild temperature sintering method [63], and is characterized by three distinct
stages: (1) hydrothermal (by supercritical water) oxidation of the metal, (i1) diffusion of

the H» gas from the capsule, and (iii) sintering of the oxide powder consolidate [64].

Me + H,0 = MeO + H, 2.1)

The innovative work of Hirano and Somiya [62] showed how to obtain pure
chromium oxide (Cr203) tablets by using chromium (Cr) powder (see Fig. 2.3(a)). The
authors also formed stoichiometric magnetite single crystal without any other secondary
phase formation [65]. During the monolithic Cr,O3 production; chromium powder and
water were mixed and placed into the platinum capsule. The air was sealed with electric
arc, and the capsule was placed in a test tube type pressure vessel (Fig. 2.3(b)). A pressure
of 98 MPa was applied at 1000°C, and it was observed that 99.2% relative density was
reached after 3 h. For comparison, conventional sintering of Cr.O3 with MgO sintering

aid (up to 0.1% by mass) at 1600°C / 1h resulted in the formation of magnesium chromite-
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spinel phase at the grain boundaries which prevented the grain growth, and densities of
over 99% were obtained [66].

HfO; production was achieved with hafnium (Hf) metal chips at a temperature
range of 800-1200°C under 100 MPa for 3 h process. No sintering was observed at 800°C
whereas components with relative densities of 92% and 98% were obtained at 900°C and
1000°C, respectively. X-ray density of HfO> was only reached by 1200°C treatment [64].
The formation of monolithic ZrO, ceramics with no flaws is difficult to obtain by
traditional sintering due to crack formation during monoclinic-tetragonal phase transition,
besides temperatures above 1600°C are required. HRS was used as a remedy to sinter
ZrO» at temperatures below the phase transition causing no cracking. Samples with a
relative density of 99% were formed by HRS as a result of the reaction between metallic
Zr and supercritical water at 1000°C / 3h under 98 MPa pressure. H>O/Zr initial ratio was
found to be critical for densification and above certain level no well sintered bodies were
obtained [67-69]. Apart from the ceramic compositions given above, the technique was
also conducted to obtain others such as iron oxides (FeO, Fe304) and lanthanum chromite

(LaCrOs) [53].

Test tube type
(a) 2Cr + 3H:(,) — Cr:(); + 3H: (b) pressure \r'e‘slsel
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Figure 2.3. (a) HRS stages of Cr;0s;, (b) apparatus used for hydrothermal reaction
sintering [53] (Reprinted by permission from Springer: Hydrothermal
Reactions for Materials Science and Engineering by S. Somiya Copyright
1989).
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2.2.2. Hydrothermal hot pressing

Hydrothermal hot pressing (HHP) is used to sinter inorganic powders under
hydrothermal conditions but at much lower temperatures (< 500°C) compared to HRS
[70, 71]. HHP was described as a process of artificial lithification [72], since the
processing temperatures are as low as seen in geology, it can also be called as a geo-
mimetic process.

There are two basic prerequisites for HHP to proceed successfully: compaction of
the sample under hydrothermal conditions, and a path (space) for water removal.
Compression accelerates the packing of the initial powder, meanwhile avoiding the
development of shrinkage cracks. Compaction is dependent on the speed at which water
is removed from the starting powder mixture. If there is no path for the water retreat, it
remains in the pores and prevents densification [70]. The final relative density in the
HHP depends on processing temperature, pressure, time and amount of water used [70].
Figure 2.4(a) provides the schematic drawing of the HHP equipment, while Fig. 2.4(b)
shows the autoclave details [53, 73].

One of the first applications of HHP was conducted on a mixture of a-quartz and
amorphous silica. After addition of NaOH including aqueous solutions, the blend was
pressed under 180 MPa pressure. The sample then placed in autoclave which was heated
in between 120-350°C under 27 MPa pressure for 30 min [72]. In other studies; CaCO3
[74], and subsequently TiO2 was formed. In the process; TiO2 (800 nm average particle
size) was mixed with water, placed in autoclave, compressed by the push rod to 200 MPa
pressure while heated to 350°C for 30 min. The relative density of sintered TiO» pellet
was found to be 71 % [75].
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Figure 2.4. (a) HHP equipment details 1:crane for adjusting the furnace position, 2:pump,
3:ram, 4:autoclave push rod, 5:thermocouple, 6:autoclave, 7:induction
furnace [53, 72], (b) hydrothermal hot pressing autoclave (Reprinted by
permission from Springer: Hydrothermal Reactions for Materials Science and
Engineering by S. Somiya Copyright 1989) (Reprinted from [73], Copyright

(2015), with permission from Elsevier).

In a more recent work, silica (50 nm in size) synthesized by Stober process was
mixed with NaOH aqueous solutions to improve silica dissolution-precipitation process.
Initially the blend was pressed by 190 MPa, followed by cold isostatic pressing at 500
MPa / 5 min. The relative densities of the green bodies were in between 50-55%. These
tablets were subjected to “hydrothermal sintering” using a modified HHP equipment
operated at RT with 127 MPa pressure, then at 150°C, and finally at 300°C under 350
MPa pressure for 90 min. Monolithic amorphous silica samples having 86% relative
density was obtained by using the lowest NaOH concentration while a-quartz having 98%
relative density was reached when concentrated NaOH solution was used [76]. The same
research group studied also the effect of water. Three different types of silica: naturally
hydrated, partially dehydrated, and deliberately added water powders were all subjected

to HHP procedure. After the formation of green bodies, densification was followed under

27



95 MPa pressure at RT, followed by the application of 190 MPa pressure at 300°C for 90

min. The relative densities of natural hydrated, partially hydrated, and added water were

found to be around 67%, 63-67%, and 75%, respectively. The study suggested that the

addition of water enhances the densification [77]. Apart from those few detailed ones,

there are numerous compositions obtained by using HHP as given in Table 2.1.

Table 2.1. List of materials produced by hydrothermal hot pressing, together with

processing conditions and some of the observed properties.

Materials

Processing
conditions

Properties

Relative

density (%) B

AlOs

110 °C
40 MPa
2h

SSA = 450 m%/g

~33% [78]

AlPO4

150 °C
40 MPa
2h

SSA =40-107 m?/g

~35-54* [79]

Cas(PO4)3(OH)-
(Ti0.40Zr0.10Cu0.36Pdo.14)99Cay

150 °C
40 MPa
2h

N.A.

NA. [80, 81]

AIO(OH)

180 °C
80 MPa
3h

N.A.

NA. [82]

Calcium aluminate /
phosphate cement

300 °C
40 MPa
1h

6~ 5-27.5 MPa

NA. [83]

Ca3Co0409

200-300 °C
50-200 MPa
1-5h

p~90-210 pQ.m
A~ 1.1-1.5 Wm/K

75-90 [84, 85]

CaCOs3

50-260 °C
5-68 MPa
0.17-10 h

oc ~ 5-160 MPa
6~ 2-8 MPa
Hy=0.3-10 GPa

[56, 74,

~ - *
56-92 36.59]

CaCO3-MgCOs3

300 °C
25 MPa
10 min

oc=37.1-44.3 MPa

NA. [90]

CaCOs-SrCOs

200-300 °C
25 MPa

N.A.

~85% [91]

Ca204Si1

200 °C
10-20 MPa
17-30 min

o~ 3-10 MPa
obs =11 MPa

~43-69* [92, 93]

Ce(PO3)4

150-200 °C
40-80 MPa
2h

N.A.

~72-84 [94, 95]

Cu3(PO4)2 & Cu2P4O12

150 °C
40 MPa
2h

SSA =0.5-3 m?%/g

~53-82 [96]

Geopolymers

200 °C
8.5 MPa
45 min

6c~55.3-103.3 MPa

N.A. [97]

(cont. on next page)
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Table 2.1 (cont.)

. H. = 1-3 GPa
Giass 15-60 MPa o = 150-460 MPa Na | U35
Smin-8h 6~ 4-65 MPa 110]
A~0.1-0.2 W/m°C
100-300 °C Hyv=0.4-2.9 GPa [111-
Caio(PO4)s(OH)> 10-150 MPa o~ 1-22 MPa ~30-98 1241
0-48 h oc = 15-150 MPa
150 °C [114
Ca10(PO4)s(OH)2 -Chitosan 40 MPa o~ 12-20 MPa ~50 125]’
2h
325°C
Cai0(PO4)s(OH)2 -Glass 47 MPa o =206 MPa 65 [126]
30 min
250 °C [127
Cai10(PO4)s(OH)2 -Ca3(PO4)2 150 MPa oc=2.5MPa 30-40 128],
1-3h
Cai0(PO4)s(OH)2 -AZ31; Mg- 4105(;/[01? NA NA [129,
3Al-1Zn e o o 130]
50-150 °C 131
Cai0(POs)s(OH): -Ti alloy 20-80 MPa N.A. N.A. 157)
2-24 h
150 °C
Cai0(PO4)s(OH)2 - [138,
TisoZr1oCusePd1a 4021\;[1Pa N.A. N.A. 139]
50-150 °C [140
La(PO3)s 5-30 MPa N.A. N.A. 141]
lh
300 °C [142
La1xSrxMnO3-SiO2 350 MPa p=960—-7.8x107 Qcm ~80 ’
: 143]
90 min
200-350 °C
NaxCo0204 100-200 MPa p=20-45 pQ.m ~94-99 [144]
l1h
110°C
Cas(HPO4)2(PO4)s5H20 40 MPa e =33 MPa N.A. [145]
2h
250 °C
Phosphate bonded Al>03 40 MPa 0-3-24 MPa N.A. [146]
1h
100-350 °C SSA =467-1339 m%g [7(;’776’
SiO2 20-350 MPa 6c = 5-230 MPa ~23-98%* 147’_
0-12 h Hyv ~0.7-2.1 GPa
157]
StCOs RSV oe ~ 80-190 MPa ~93 [91]
210-300 °C
Sn1.24Ti1.9403.66(OH)1.50F1.42 60-120 MPa N.A. ~86-99 [158]
0-4h
100-350 °C SSA =50-300 m*/g [70, 75,
TiO2 15-200 MPa Hy=0.2-7.8 GPa ~42-98%* 159-
0.17-6 h oc = 5-60 MPa 164]
150 °C
CasSis017(OH)2-Chitosan 20 MPa o~ 5-12 MPa N.A. [165]
10-30 min
110-200 °C - )
Y-Zeolite 410 %ﬂ;a Ssﬁv;sg 3129(0};; e ~57-99% []1 6651'

(cont. on next page)
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Table 2.1 (cont.)

130°C

Zeolite-Al 40 MPa N.A. N.A. [169]
1h
110-220 °C
. . oc=10-24.7 MPa

Zeolite-Kaolin clay 40.3351\111Pa SSA = 70-118 m¥/g N.A. [170]

350 °C
ZrOs 70 MPa N.A. N.A. [171]
Materials to cure [172-
environmental problems ) ) ) 188]

N.A.: Not available, SSA: Specific surface area, o: Tensile strength, ons: Bending strength, 6.: Compressive

strength, A: Thermal conductivity, p: Electrical resistivity, Hv: Vickers hardness, *Calculated

After the application of HHP, a new technique called double layered capsule

hydrothermal hot-pressing (DC-HHP) was developed particularly to prepare coatings like

hydroxyapatite on metals. In this method, a cylindrical capsule that has double layer

structure is used and subjected to isostatic pressing, see Fig. 2.5 for device schematics.

Between inner and outer capsule, alumina powder is placed to maintain the space for

water retreat. Hydroxyapatite-coated magnesium,[129] and titanium,[ 133, 134, 189] were

produced by using DC-HHP.
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Figure 2.5. Schematic representation of double layered capsule hydrothermal hot-
pressing (DC-HHP) system: (a) top view of the DC-HHP, (b) cross-sectional
view of the autoclave with reaction capsule, (c¢) cross-section of the capsule

(Reprinted from [133], Copyright (2006), with permission from Elsevier).

2.2.3. Room-temperature densification

It should be noted here that the terminology describing below is currently not
standardized and can be confusing; consequently, we merged all the studies conducted at
RT to densify ceramic and glass artifacts in room-temperature densification (RTD)
section.

In late 90s, a research group from Brazil worked on compaction of nanosized
ceramics powders under very high pressures (4.5-5 GPa) at RT. Both y-Al,O3; powder

(in water) and silica-gel (15 nm particle size) were consolidated at nearly hydrostatic
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conditions which yielded in the formation of transparent SiO> samples having 86%, and
translucent alumina components having 92% relative density. It was one of the first
studies that obtained densified y-Al>O3, and the measured Vickers microhardness (50 g)
values were around 4.0 GPa for the silica, and 5.7 GPa for the y-Al,Os. For silica
components, the densification was related with the bridging silanol groups promoting the
dehydration (up to 60%), and the consolidation mechanism was named as “cold sintering"
[190-192]. During the last decade, the published studies using cold sintering terminology
(see later) have become the object of steadily growing interest. However, the "cold
sintering" term in those contemporary works defines a variant process (with much milder
pressure and higher temperature conditions) from the ones given obtained by RT
processes.

In 2014, researchers from Oulu University demonstrated the possibility to
produce monolithic lithium molybdate (Li2Mo0O4) ceramics at RT. The authors called the
method as room-temperature densification (RTD) which was simply based on the
compression (under 130 MPa pressure) of the Li2MoO4 powder (sieved below 180 pm)
together with small amount of water. The pellets were then processed in different ways:
(i) conventionally sintered at 540°C (control sample), (ii) application of RTD and dried
at 120°C, and (iii) application of RTD and dried at RT. While the densification
mechanisms were not discussed in detail, it was shown that Li2MoOj4 solubility in water
caused the formation of dense components even at RT. In Figs. 2.6(a&b) SEM images
taken from Li,MoOQ4 tablets produced by both conventional sintering and RTD are given,
and as seen the microstructures resemble each other [58, 193]. The same group studied
the formation of LixMoO4 - MnZn ferrite [194] and LioMoO4 - TiO2 [195] ceramic
composites, besides processing, applications such as ultra-wideband (UWB) or circular

polarized GPS antennas were explored [196, 197].
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Figure 2.6. Backscattered electron images of Li-MoO4 sample (a) conventionally sintered
at 540°C, and (b) sintered and dried at RT. (Reproduced from [58], with
permission from John Wiley and Sons, Copyright 2014).

Recently, Bouville and Studart [35] synthesized nanosized CaCOs; vaterite with
average size of 37 nm and agglomerated as 600 nm forms. The synthesized nano-vaterite
together with water was subjected to sintering under pressures up to 800 MPa at RT.
Relative density of 87% was obtained by 500 MPa pressure at RT, and the samples
demonstrated 30 GPa elastic modulus, 50 MPa flexural, and 225 MPa compressive
strength. It has been shown that RT densified nano-vaterite component exhibited higher
mechanical properties than that of several state-of-the-art construction materials such as
stone or concrete. In a recent variant work by Jiang et al., used an isostatic pressure to
densify the silica components instead of the uniaxial pressure at RT, and named the
process as cold hydrostatic sintering [198]. In Table 2.2 ceramic compositions currently

produced by RTD, processing conditions and the obtained properties are given.
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Table 2.2. Materials produced by room-temperature densification method, the processing

conditions, some of the extracted properties and application areas.

. o L. Processing . Relative
Materials Application conditions Properties density|(%) Ref.
AlOs General 1- 5.6 GPa Hy=3.7 GPa ~90 [190]
500 MPa oc= 225 MPa
CaCOs General 34 min E =30 GPa ~87 [35]
Li2MoOs Dielectric 30-150 MPa & =4.6-5.2 ~84-93 [58]
Li2M004-TiO2/ [193-
BaTiO3;/ MnZn Dielectric 150 MPa & =6.9-21.7 86-90 195]
Ferrite
Li2MoOs- &~ 200 [199
Bao.55S10.45TiO3 Electrical 250 MPa ds3 =84 pC/N ~90 By 00]’
/ PZT 233 =33 mVm/N
. . 5-300 MPa oc=10-15 MPa [201,
NaCl Dielectric 0-24 h e~ 5.6 ~90-99 202]
. _ [190-
SiO2 General 1-7.7 GPa Hy=4-4.2 GPa ~86 192]
Si0s General 300 MPa Hy ~ 1.4 GPa 77 [198]
5-60 min

&r: Relative permittivity, o.: Compressive strength, E: Elastic modulus, Hv: Vickers

hardness, d33: Piezoelectric coefficient, g33: Voltage constant.

2.2.4. Cold sintering

Cold sintering (CS) allows densification under mid/high pressures (below 1 GPa)

and low temperatures (< 350°C) with the aid of a deliberately added temporary fluid

(solvent/liquid) [203, 204]. In the process, the initial raw material mixture is continuously

compressed by using a simple uniaxial press. Heating is carried out by a resistance jacket

wrapped around the mold/die system, see Figs. 2.7(a-c) for the CS equipment used [205].
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Uniaxial Pressure

Figure 2.7. Equipment used for cold sintering process: (a) simple press drawing, (b) the
actual used CS instrument, and (c) the mold and heater jacket used for CS
(Reproduced from [60], with permission from John Wiley and Sons,

Copyright 2016).

The CS process, as defined by Maria et al. [201], consists of two stages in which
different densification mechanisms probably proceeding, see Fig. 2.8. First, compaction
is applied to a mixture of ceramic powder (generally nano-sized since high surface-to-
volume ratio delivers a strong driving force) with liquid (mostly water) under a uniaxial
force similar to that of conventional pressing. In this step the liquid phase serves as a
lubrication medium increasing the particle sliding, while discharging continuously from
the die tolerance. Besides, probably the applied pressure increases the solubility of the
particles having sharp edges, and overall causing a better compaction compared to that of
dry consolidation. Such issue has already been documented by Shotton and Rees to
consolidate NaCl at RT under varying humidity conditions [206].

Second, the system is heated to higher temperatures while compressing under
moderate pressure levels (e.g. 500 MPa). The solubility of the powder is further increased
and together with the evaporation of a liquid phase, the formation of supersaturated liquid
is ensured. At this stage the applied pressure, as in the case for pressure-assisted
conventional sintering, promotes densification. It is proposed that the latter stage is
dominated by dissolution-precipitation events assisted by pressure and temperature[201].

It should be noted that the formation of a supersaturated liquid is essential for

densification and it can also be accomplished by dissolving the starting particles in acidic
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or basic solutions or just by preloading the liquid phase with the corresponding chemical
groups, i.e. the addition of a water-soluble salts instead of modifying the acidity.
Accordingly, ZnO (basic nature) could be cold sintered to high levels (relative density
over 90%) simply by using a liquid consisting of acetic acid solution (in water) [205], a
liquid/solution consisting of dissolved zinc salts such as zinc acetate or dimethyl sulfoxide

[207], similar to the case for Y203 which has very low solubility [201].

1
1
1
1
1
1
1

Compaction Dissolution, Grain Growth, Precipitation, etc...
r b > P sinter
t > Tsinter

0 / gradient-induced nucleation

mass transport via pressure gradients
mass transport via curvature gradients

supersaturation of liquid phase

evaporation of liquid phase from die
pressure-enhanced dissolution

temperature-enhanced dissolution

Temperature , Pressure

partial extrusion of liquid phase

B particle compaction, rearrangement, sliding, grain boundary creep

~10 min

»Time
Figure 2.8. Schematic representation of cold sintering process (Reproduced from [201],

with permission from Cambridge University Press, Copyright 2017).

Table 2.3 shows the list of the ceramic components produced by CS process
together with the data extracted for properties. Although CS technique is broadly used
nowadays, and wide variety of chemistries from the family of oxides, carbonates,
phosphates, bromides, chlorides, and fluorides have already been produced, most of these
published works in the scientific literature so far, have been primarily directed to the
production of electro-ceramics. The details for the production of such components can be
found elsewhere [60, 203, 208], and here only few essential compositions will be
discussed.

At present, some compositions cannot be produced directly by CS such as

carbides. Besides, some oxides such as ZrO; with high relative density have not been
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achieved by CS although several attempts were conducted. An additional heat treatment
process (around 1100°C) was needed to obtain high relative densities ~95%. Despite that
such that temperatures are still lower than the conventional sintering temperatures,
suggesting the benefits of the process [209-212].

A recent study compared the electrical properties of the CS made ZnO ceramics
with that of solid-state sintered ceramics (green pellet was formed under 180 MPa by
using 240 nm average particle size and sintering at 1400°C in air). The results
demonstrated that the samples produced by CS at 300°C exhibited the same electrical
conductivity characteristics as those produced by conventional sintering. Such data is
important considering the production cost and greenness of CS for industrial applications
(varistors, sensors, etc.) [205].

Different ferroelectric materials (KH2POs4, Pb(Zr,T1)O3, NaNO», SrTiO3 and
BaTiO3) were produced at temperatures below 300°C [60, 213-215]. For the production
of BaTiOs3, the Ba(OH)2/TiO; (um sized TiO2 powder) suspension was prepared, mixed
with a certain amount of BaTiO3; powder, followed by compaction. The samples subjected
to CS at 180°C/ 3h resulted in high densification (94.4%). However, BaTiO3 samples
produced by CS had cubic crystal structure and/or amorphous grain boundaries, making
the piezoelectric properties inadequate. Accordingly, an additional annealing process
(T=900°C / 3 h) to transform the crystal structure into the tetragonal one was conducted

and the piezoelectric properties were improved, as shown in Figs. 2.9(a&b) [203, 208].
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Figure 2.9. Dielectric properties of BaTiO3 obtained from different conditions; (a) the
sample made by using CS at 180°C, (b) the same sample after annealing at
900°C (Reprinted with permission from [203, 208]. Copyright (2016)

American Chemical Society).
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In a slightly different study, the authors demonstrated the ability to print and cold
sinter LizMoOj4 capacitor structures on both Nickel foil and PET film at low temperatures
which would be complicated due to Nickel oxidation above 300°C by conventional
techniques. The study showed the possibility to sinter such composite systems and obtain
additional process functionality (see later for co-sintering) [216]. Similar studies have
been performed for LijsAlosGer.5(PO4)3 [217] and CazCo4O9 [218]. LiFePO4 ceramics
used as a cathode material for rechargeable batteries were produced by CS as well. LIOH
aqueous solution was used for the process and relative densities above 89% were obtained
at sintering temperatures around 240°C [219, 220]. A recent review described the possible
implementation of CS for solid-state lithium batteries, and highlighted the great potential
of the process for battery and solid electrolyte production [221].

Table 2.3. Materials produced by cold sintering method, the processing conditions, some

of the extracted properties and application areas.

Relative
Processing
Materials Application Properties density Ref.
conditions
(%)
Agl Electrical N.A. N.A. N.A. [201]
AgVO0Os Optical N.A. N.A. N.A. [201]
a-AlO3 - N.A. N.A. N.A. [201]
&~ 6.5, tand=0.007
120 °C
@ 1 MHz
Al203-NaCl Dielectric 200 MPa 96 [222]
) &~ 6.0, tand=0.002
50 min
@ 5 GHz
&~ 5.4, tand=0.005
120 °C @ 1 MHz
Al>Si05-NaCl Dielectric 200 MPa &r~4.7, tand=0.002 N.A. [223]
50 min @ 1 MHz
BaMoOs Optical N.A. N.A. N.A. [201]
[60,
180 °C
. . & =2332, tand=0.01 203,
BaTiO3 Ferroelectric 430 MPa ~80-97*
) @ 10”3 MHz after HT @ 900 °C 208,
1-180 min
213]
Bi203 Electrical N.A. N.A. N.A. [201]

(cont. on next page)
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Table 2.3 (cont.)

BizTes Thermoelectric N.A. N.A. N.A. [201]
BiVOs4 Photocatalyst N.A. N.A. N.A. [201]
(Bio.9sLio.05)(Vo.o 150 °C
Moo0.1)Os- Dielectric 200 MPa & =40-48, tand=0.0012 95-96 [224]
NaxMo0207 30 min
135-350 °C
Ca3Co0409 Thermoelectric 350 MPa A=41S/cm ~85-90 [218]
60 min
Cas(PO4)3(OH) Medical N.A. N.A. N.A. [201]
200 °C
] Hy =2.2-2.6 GPa [225-
Cas(PO4)3(OH) Environmental 500 MPa ~95-97
oc~ 175 MPa 227]
10 min
180°C
CeO2 General 500 MPa Ea=1.13eV ~70 [228]
24 h
CsBr Optical N.A. N.A. N.A. [201]
120-200°C
Ea=0.38-0.4 eV
CsHa2PO4 Energy 300 MPa 93-98 [229]
A =2.3x10*S/cm at 200 °C
lh
CsSO4 Catalyst N.A. N.A. N.A. [201]
Cs2WO4 Insulator N.A. N.A. N.A. [201]
CuCl General N.A. N.A. N.A. [201]
Gd2(MoOa4)3 Ferroelectric N.A. N.A. N.A. [201]
~92-99
25-180 °C
After
InGaZnOq4 Electrical 100-350 MPa | N.A. [230]
HT=120
10 min
0°C
120 °C
KH2PO4 Ferroelectric 350 MPa N.A. >98 [60]
30 min
120 °C [204,
K2Mo0207 Dielectric 350 MPa & =9.8, tan5=0.00083 ~94 231]
15-20 min
120 °C
ds3 = 131 pC/N after HT @
Ko.5Nao.sNbO3 Piezoelectric 350 MPa ~65 [232]
1115°C
30 min
KPO3 General N.A. N.A. N.A. [201]
) 120 °C
LiAlo.sGe1,5(PO4 A =54 x10% S/em @ 25°C
Energy storage 400 MPa 79 [217]
)3 after HT @ 650 °C
20 min

(cont. on next page)
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Table 2.3 (cont.)

LiisAlosGer.s(P

130°C
O4)3 /
) | Energy storage 380-620 MPa | A =2.3x10"*S/cm at RT ~90 [233]
Lii +x+yAle121\’Sl
) 2h
yP3—012- LiTFSI
RT-120 °C
(LiBi)0.sMoO4 Dielectric 250-350 MPa | & =33.7-37.1 ~88-89 [231]
20 min
Lio sxBii-
Dielectric N.A. N.A. N.A. [201]
0,5XMOXV]-XO4
RT-120 °C
(1-x)(LiBi)o.s . .
Dielectric 250-350 MPa | &~ 10-40 >85 [231]
MoOs-xPTFE
20 min
Li2COs General N.A. N.A. N.A. [201]
LiCoPO4 Energy storage N.A. N.A. N.A. [201]
180 °C
VC =373 mAh/cm?
LiFePO4 -CNF Energy storage 240 MPa ) ~70 [220]
) @ 0.1 C (discharge rate)
10 min
240 °C
LiFePO4 - VC ~ 340 mAh/cm?
Energy storage 30-750 MPa ~89 [219]
PVDF-C ) @ 0.03-0.1 C
30 min
180 °C
) ) ) ) & = 15.51-15.68 after HT @
Li2Mg3TiOs Dielectric 300 MPa ~90 [234]
800-950 °C
1h
120 °C
Li2MoOg4 Dielectric 37-74 MPa &=5.6 ~96 [231]
15-20 min
120 °C
LixcMoO4-PTFE | Dielectric 37-74 MPa &=5.8-29 >90 [231]
15-20 min
120 °C
Liz2MoO4-
Dielectric 55-70 MPa &=5.6-5.8 94-97 [235]
BaFe12019
10-40 min
LiVOs Energy storage N.A. N.A. N.A. [201]
LizWO4 Catalyst N.A. N.A. N.A. [201]
MgO General N.A. N.A. N.A. [201]
Mg2P207 Biological N.A. N.A. N.A. [201]
100-300 °C
MnO General 530 MPa N.A. 94 [207]
30-60 min

(cont. on next page)
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Table 2.3 (cont.)

120-150 °C 201
MoOs Dielectric 100-150 MPa | & =9.91 after HT @ 700 °C 77 236],
10-30 min
140 °C
MoS:-Graphite Energy storage 520 MPa SC =950 mAh/g at 0.1 A/g 88 [237]
1h
150 °C
Nao.sBio.sMoO4- . .
) Dielectric 200 MPa &~ 17.4, tan6=0.0008 ~93-96 [238]
LixMoOs4
30 min
& = 681, tan6=0.08
180 °C
o ] ) at RT d33 =52.5 pC/N after HT
Nao.5Bio.sTiO3 Piezoelectric 200-550 MPa 74 [239]
. @ 900 °C
15-75 min
25-120 °C
NaCl General 300 MPa &~5.9 ~93-99 [240]
10 min
NaxCO204 Thermoelectric N.A. N.A. N.A. [201]
120-180 °C A ~1.4x103 S/cm
Nas256Mgo.128Zr1
) Energy storage 300-780 MPa | Ai=0.88 mS/cm after HT @ | ~83 [241]
$712512PO12 ]
10-120 min 1100 °C
250 °C
Naj3 4Sco4Zr16Siz ) =10%102 S/cm after HT @
- 300 MPa ~82 [242]
PO12 200-1100 °C
10 min
120 °C
Na:Mo0207 Dielectric 250-350 MPa | &r=13.4 ~94 [231]
15-20 min
180 °C
NaNbO3-PVDF | Energy storage 550 MPa Eb = 1345 kV/em ~97 [243]
10 min
NaNO2 Ferroelectric N.A. N.A. 98 [60]
120 °C
oc~ 20-120 MPa
NaNOs3-Ca(OH): | Energy storage 500 MPa N.A. [244]
Ees =59.48 %
10 min
NaxWO4 Catalyst N.A. N.A. N.A. [201]
Na2ZrOs Electrical N.A. N.A. N.A. [201]
PbTe Thermoelectric N.A. N.A. N.A. [201]
300 °C ds3=4 pC/N @ CSP
Pb(Zr,Ti)Os Ferroelectric 500 MPa ds3=197 pC/N @ 900 °C for 3 | 89 [214]
150 min h

(cont. on next page)
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Table 2.3 (cont.)

70-265 °C
SnO Electrical 350 MPa 2=0.01-0.02 S/cm ~85 [245]
45 min
~96-97
180 °C
after
SrTiOs Ferroelectric 350-550 MPa | N.A. [215]
HT= 950
60 min
°C
150 °C
TiO2 General 250-500 MPa | SSA =117 m%g 68 [246]
30 min
V203 Electrical N.A. N.A. N.A. [201]
120 °C
A=4.8x10*S/cm [201,
V205 Electrical 350 MPa 92
E.~03¢eV 247]
20 min
120 °C 2. =10-10%> S/cm
V205-CNF Electrical 350 MPa VC =800 mAh/cm* @ ~0.2 C- | ~89 [247]
20 min Rate
120-140 °C . =103-102S/cm
V205-PEDOT- [248,
Electrical 300-350 MPa | Ea~0.2 eV ~90
PSS 249]
20-45 min p=6.34 Qm
WO3 Electrical N.A. N.A. N.A. [201]
ZnMoOs Electrical N.A. N.A. N.A. [201]
[205,
A=12 S/cm
25-305°C 207,
o0~ 64.4 MPa
ZnO Thermoelectric 0-530 MPa - ~65-99 218,
m=8§.
5-300 min 250-
253]
300 °C Hv ~2-5 GPa
ZnO- Ti3CoTx Electrical 250 MPa E ~ 60-110 GPa 92-98 [254]
60 min A=16 S/cm
285 °C a=3-7
ZnO-PTFE Electrical 300 MPa Eb = 3225 V/mm >90 [255]
60 min E.~0.8eV
ZnTe Electrical N.A. N.A. N.A. [201]
ZrF4 Optical N.A. N.A. N.A. [201]
180 °C Hv =0.5 GPa @ CSP 209
V4(0)} General 350 MPa Hv = 13.6 GPa after HT @ | ~56-96 ’1 1]_
30-180 min 1200°C

N.A.: Not available, HT: Heat treatment, &: Relative permittivity, 6.: Compressive strength, E: Elastic modulus, A:
DC conductivity, Ai: Ionic conductivity, ds3: Piezoelectric coefficient, Ea: Activation energy, En: Electrical breakdown
field, VC: Volumetric capacity, Hv: Hardness, a: Nonlineer coefficient, SC: Specific capacity, p: Resistivity, Ees:

Energy storage efficiency, m: Weibull modulus, ¢o: Characteristic strength, *Calculated.
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2.2.5. Warm press

Similar to CS, a uniaxial press is used for the warm press (WP) technique. The
main difference, simply, lies in the application of the heat. While in CS a jacket
surrounding the die heats the system, in WP both top and bottom platens of the pressing
device (< 300 MPa) have electrical resistance (temperature reaching around 300°C)

resembling conventional hot press, see Fig. 2.10 for the used equipment [258].

. g . 7 ::
Figure 2.10. Warm press equipment; (a) die, (b) press device, and (c) hardened bodies.
(Reproduced from [259])

A mixture of fly ash, NaOH solution and sodium water glass was heated to 130°C
/2 h under 200 MPa pressure. The formed components had 71% relative density and high
compressive strength values reaching 149 MPa [59, 259]. It is known that dense calcium
hydroxide body (slaked lime plaster) is hard to obtain by conventional sintering
approaches. Calcium hydroxide was compressed uniaxially under 60-240 MPa while
heated in between 100-250°C. Under such processing conditions dehydration of lime (or
the moisture in the air) assisted the sintering, leading dissolution-precipitation reaction in
slaked lime pseudo-sintering, similar to what is observed in CS studies. The sample under
240 MPa pressure at 150°C for 90 min sintering, gave a relative density of 81% and
compressive strength of 57 MPa [258]. In Table 2.4 ceramic compositions currently

produced by WP, processing conditions and the obtained properties are given.
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Table 2.4. Materials produced by warm press, the processing conditions, some of the

extracted properties and application areas.

Processing Relative

Materials Application conditions Properties density (%) Ref.
150 °C
CaCO;3 General 240MPa o~ 40 MPa ~87 [260]
10-180 min
100-250 °C
Ca(OH)2 General 60-240MPa o~ 20-57 MPa 59-81 [258]
10-180 min
130-200 °C [59
Geopolymer General 200 MPa oc~20-150 MPa N.A. 25 9’]
10-60 min
Geopolymer- 130°C
Sic General 240 MPa oc~ 10-75 MPa ~72-80 [261]
30 min

N.A.: Not available, oc: Compressive strength.

CaCOs powder alone or mixed with 10 wt% water was compressed under a

pressure of 240 MPa at 150 to 280°C. Samples with a relative density of 87%, and

compressive strength of 40 MPa was obtained after 180 min of WP at 150°C, see Figs.

11(a-c) for

the microstructural evolution [260]. In another study, geopolymer-SiC

components were produced by using geo-polymer as a binder. At the end of 30 min at

130°C under a pressure of 240 MPa, depending on the initial precursor type, relative

densities reaching to 90% (having around 170 MPa compressive strength) was able to be

achieved [261].

Figure 2.11.

SEM images obtained from; (a) CaCOj3; raw powder, and fracture surfaces

obtained from the samples produced by warm press conducted at (b) 150 °C,
and (c) at 280°C (Reprinted from [260], Copyright (2017), with permission

from Elsevier).
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2.2.6. Reactive hydrothermal liquid phase densification

Compared to above mentioned techniques, reactive hydrothermal liquid phase
densification (rHLPD) process is a different low temperature densification concept [61].
The technique is based on the hydrothermal reaction, infiltration, reactive crystallization
and liquid phase sintering principles. Figure 2.12 gives the schematic representation of
the process. In the study to produce BaTiO3 monoliths, green TiO; bodies were prepared
and infiltrated with Ba(OH)>/H>O solution. Subsequently, the system was subjected to a
hydrothermal reaction at temperatures in between 90-240° C up to 72 h. BaTiO3/TiO»
(residual titania was found to be below < 5 %) ceramics with relative densities around
90% was obtained.

In rHLPD, there is no application of pressure which assists densification, so the
center of the particles does not get closer by the effect of externally applied pressure.
There is actually a need for hydrothermal crystallization reaction with products having
higher molar volume (compared to green body), such the one given in Reaction 2.2. In
the case of the reaction (2) resulting in 100% yield, the TiO2 molar volume (20.2 cm®/mol)
expands 91.6% while transforming into Barium titanate (molar volume of 38.7 cm?). Such
volume change (expansion) fills the pore spaces and results in densification. With this
technology, various systems including  SrTiO3[TiO2], Ca(POas)F>[CaF],
Sr(PO4)(OH)2[SrTiO3[TiO2]], CaC>04/Ca(OH),, CaCOsz -SiO[-CaSiOs3] and other

similar composite systems can be produced [262].

Ba(OH): (so1) + TiO2 (5 = BaTiO3 (5) + H20 (1) (2.2)
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Dry porous preform  Solution infiltrated preform  Final densified solid

'

Figure 2.12. Schematic representation of the reactive hydrothermal liquid phase
densification process (Reproduced from [61], with permission from John

Wiley and Sons, Copyright 2016).

2.3. Comparison of the low temperature densification methods

For the techniques discusses above, the processing conditions (applied pressure
and temperature) were analyzed and plotted in Fig. 2.13. In the top-right inset of the
figure, a magnified area of P < 1000 MPa & T < 400°C is shown, and as one could see
the major part of the studies were actually conducted in this zone, outlining the boundary

conditions for low temperature densification methods.
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Figure 2.13. Applied pressure (P=MPa) versus temperature (T=°C) chart which was made
by using RStudio software’s Ggforce module with the data collected from

the published papers. In the top-right inset, magnified area of T < 400°C is

given.

Although HRS is one of the earliest techniques, it utilizes a metal powder or chips
that are oxidized under hydrothermal conditions by supercritical water in a capsule under
mild pressures (100 MPa) and mid/high temperatures (1000°C). The process consumes
less energy compared to conventional sintering of the same composition, and it enables
to sinter materials having high vapor pressure, phase transformation and/or high
decomposition rate at sintering temperatures. The driving force of HRS is primarily an
exothermic chemical reaction between metal particles and water as well as applied
external pressure which increases contact area relative to the cross-sectional area of the
metal particles. The liquid phase used for the production of the bulk material is used as a
reactant for the oxidation of metal instead of only a mass transport media [53]. As a result
of HRS the obtained sintered bodies have fine grained uniform microstructure, high purity
and density. On the other hand, in some cases metal-hydride or oxide film formation may
retard the sintering, besides it necessitates a specific instrument which clearly casts
limitation on the sample size [69]. Moreover, there are uncertainties arising from lack of
suffice information related with the purity, size and shape of raw materials, the ratio of

metal to water, and other processing conditions (temperature, pressure, time, etc.) [263].
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It is also important to note that chemical reactions occurring in HRS are exothermic
processes: e.g. oxidation of metal, and thus the actual process temperatures could be much
higher than those of the ones measured.

Broadly speaking, HHP is a more practical method to densify ceramics compared
to HRS since the application parameters (T < 350°C, P <25 MPa, t <2 h) are milder. A
suspension of powder is uniaxially consolidated in a heated pressing apparatus while the
powder re-crystallizes hydrothermally. Normally, the products have relative densities (<
80%) [115], however, if the applied pressure is increased, e.g. (> 80 MPa), highly dense
(98.3 %) materials can be obtained [158]. For HHP, water is used as a transport media for
species obtained by dissolving the raw powder. Successive re-crystallization in pore
surfaces proceeds concurrent consolidation under the applied pressure. In this way, HHP
is similar to pressure assisted techniques since they all require externally applied pressure
and heat [201]. However similar to HRS, it necessitates a specialized equipment to ensure
hydrothermal reaction conditions, limiting the sample size as well [61]. It should be noted
that not only the monolithic ceramics, glasses and ceramic-metal composites were
produced but also organic materials were processed by HHP [264-267]. Besides, the
efforts to address environmental problems such as to recycling toxic and hazardous
wastes or immobilization of heavy metals and low/high-level radioactive materials [268,
269]. While for HHP and HRS a special reaction chamber is needed, for other low
temperature densification methods, ordinary presses with heating elements can be used.

As name implies, RTD was conducted only at RT, this imposed higher pressure
levels than CS and WP when the selected composition has low solubility. In fact, for all
RTD, CS and WP processes at least a moderate solubility of the raw powder or high
pressure levels to consolidate the green-body is needed.

In CS resistance jacket surrounding the reaction chamber was used for heating,
and compared to WP, similar temperature ranges but higher pressure levels (< 1 GPa)
were followed [201].

There are very limited published works in which a throughout comparison of CS
and Hydrothermal sintering/HHP is given,[270] and thus further studies are certainly
required. Instrumental differences should be stated first since as known the device used
for CS is basically as an "open reactor’ while HHP apparatus can be thought as a closed
system to ensure the hydrothermal reaction conditions which affect densification rate and

crystal growth. While both processes give similar densification trends and relative density
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values, suggesting analogous mechanical-chemical contributions, in the study to compare
Hydrothermal sintering and CS of ZnO monoliths, the authors showed that these two
processes differ in their chemical activities [270]. In fact under the same processing
parameters (temperature, pressure, etc.), the outcome from those two processes might be
different. Furthermore, highly congruent dissolution was found to be crucial for the high
rate solution-precipitation process. Incongruent or limited dissolution was detrimental to
obtain high density at low temperatures,[215] and therefore such components should be
additionally heat treated at elevated temperatures or similar strategy to rHLPD might be
followed.

WP has great similarity with HHP and CS in terms of procedure [260]. Usually,
it is operated with the help of a solution (solution-precipitation assisting medium) at
temperatures < 300°C under a constant uniaxial pressure (e.g. < 240 MPa) to densify the
products. The heat is conducted axially through pressing plates similar to the direction of
the applied pressure which is different for CS and HHP. Therefore, homogeneous heat
distribution across the sample should be carefully regulated especially for thick
components. While sample size is still a relevant concern, all these processes can be
effectively used to produce porous ceramic and glass artifacts [246], or various
composites (polymer/metal/ceramic) [256] extending the utilization of the techniques in
wide range of application areas and industries.

The last method rHLPD is a reactive process in which the starting solid and liquid
reacts to form a new, higher volume crystalline product. tHLPD enables densification in
a hydrothermal reactor as a result of reaction and crystallization events, i.e. no pressure
is applied during the process instead in all others there is an application of pressure
throughout densification. By separating consolidation from the hydrothermal reaction
step, a wide range of conventional forming technology can be used, allowing for great
variety of shapes and sizes as well as being more amenable to mass production. Because
no pressure is applied and densification occurs by reactive crystallization, the process
does not induce shrinkage, so that large objects can be densified without probable
distortion or cracking. The limitation of rHLPD system is based on the fact that there
must be a net molar volume increase for densification to occur. Besides, unless the
starting green body is made from a very fine or porous powder, it is hard to avoid
composite formation even with extended sintering periods, indicating a limited

application prospect when phase pure systems are considered.
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It is worth mentioning that currently there are very few studies performed to
produce a monolith having similar chemical composition by different low temperature
densification approaches, and compare the observed properties, the economic and
environmental impacts (e.g. carbon footprint) apart from a very recent works on
comparison of CS with traditional techniques[271], and on theoretical analysis of the
active mechanisms during cold sintering conducted both by isostatic or uniaxial
pressure.[272, 273]. A very recent study reported the properties of zinc oxide (ZnO)
produced both by hydrothermal sintering and the cold sintering.[270] CaCO3 artifacts
were produced via pressure assisted techniques by two different groups. Yamasaki et al.
[56] used micron sized aragonite powder for HHP (< 300°C & ~65 MPa pressure) and
demonstrated that the resulted tablets had 60 MPa compressive strength. When chitosan
was added to initial aragonite powder, the strength was improved to ~160MPa at around
90% relative density [86]. Following these works, RTD was applied to consolidate
nanosized vaterite under pressures below 800 MPa. Samples with 87% relative density
and compressive strength of 225 MPa were obtained. Although there are dissimilarities
in the obtained properties, it is not easy to speculate on these results due to the

discrepancies in the reported characterization data.

2.4. Concluding remarks

Currently available low temperature densification (LTD) methods were classified
into four main groups: (1) hydrothermal reaction sintering (HRS), (ii) hydrothermal hot
pressing (HHP), (iii) pressure-assisted densification techniques: room-temperature
densification (RTD), cold sintering (CS), warm press (WP), and finally (iv) reactive
hydrothermal liquid phase densification (rHLPD). The densification mechanisms of these
methods still have not been completely analyzed yet. Aforementioned techniques are
commonly assisted by an aqueous solution used as either reactant or transient liquid phase
to assist densification. Another most notable similarity in HHP, RTD, CS, WP and
rHLPD 1is that they all involve series of solution-precipitation events, throughout
densification. All these methods take place at relatively lower temperatures and higher

pressures compared to those for conventional sintering (excluding pressure assisted ones).
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It should be recalled that currently there are very limited studies performed to
compare the properties of a same-single component (preferably having similar relative
density, grain size, etc.) produced by using all currently known low temperature
densification approaches, yet. When the compositions given in the tables are analyzed, it
can be seen that, in general, oxides (mostly to be used as electro-ceramics) were produced
under such low temperature and mild/high pressure levels, and therefore further studies
are still necessary to explore novel methods and/or compositions such as carbides.
Furthermore, the implementation of these low temperature densification processes as
industrial manufacturing technologies poses challenges to ceramic industry using

conventional sintering since new instruments are needed to be installed.
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CHAPTER 3

COLD SINTERING OF SODA-LIME GLASS

The following chapter is published in Scr. Mater. 192, 111-114. (Reproduced

from 2* with permission from Elsevier).

Abstract

Ordinary recycled soda lime glass powder was densified via cold sintering process
with the aid of concentrated NaOH solution. Increase in processing time, temperature and
concentration of the NaOH solution resulted in the formation of monolithic glass artifacts
with higher relative densities. The sample densified the most (95.2%) was obtained when
the sintering was performed at 250°C with a 20 mins dwell time using 15 M NaOH

solution.

In recent years, sintering strategies such as cold sintering process (CSP),
hydrothermal hot pressing (HHP), and reactive hydrothermal liquid-phase densification
(rHLPD) that enable the densification of ceramics at low temperatures, roughly speaking
below 500 °C, broadly called as cold sintering techniques, have been proposed [1-3].
While there are several studies related with the processing of ceramic components, the
works related with the densification of glass artifacts at low temperatures are only limited
by the HHP technique [1, 4] or to silica [5-8]. For example high level radioactive waste
were immobilized in the glass bodies via HHP, and the formed artifacts demonstrated low
radioactive element leachability [9]. Nevertheless, for HHP a specially designed
apparatus is needed while CSP can be conducted by using ordinary presses, and as far as

the authors aware, there has been no report on the CSP of the glasses. Accordingly, in this
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work, the densification of recycled soda lime glass powder via CSP was investigated for
the first time.

Soda lime recycled glass with a density of 2.51 g/cm® was initially ground and
sieved to a particle size smaller than 25 um and used without further processing for
consolidation. The main chemical composition of the powder by weight was SiO> (71.59
%), Al203 (1.23 %), CaO (8.73 %), MgO (4.17 %), NaxO (13.63 %), and the others (0.65
%). NaOH solutions having different concentration (5-15 M) were prepared as aqueous
stock solution to aid cold sintering. In the process, 0.4 g glass powder was mixed with 20
wt% (relative to glass) NaOH solution, put into a cylindrical die and pressed under a
pressure of 250 MPa. During pressing, the mold was heated from room temperature (RT)
with a heating rate of 10°C/min up to processing temperature (from 125°C to 250°C) and
held at the peak temperature for varying times ranging from 1 min to 1 h, followed by
drying at 80°C for 24 h to remove the residual moisture.

The bulk densities were calculated via Archimedes’ method using ethanol as the
infiltrating medium from three different representative specimens for each glass, and the
mean relative density values were given with standard deviations. The data for all samples
were verified with ones obtained from geometric density measurements, and less than
2.6% difference, due probably to the experimental measurement error, were observed. X-
ray diffraction (XRD) measurements were done using a Philips X Pert Pro (Eindhoven,
The Netherlands) with CuK,

radiation. Fourier Transform Infrared (FTIR) spectra (PerkinElmer, Inc. Spectrum
100, UATR Two, Waltham, MA, USA) was recorded from 400 to 4000 cm™ with 20
scans in transmission mode. Samples were ground, dried and mixed with potassium
bromide (KBr) in 1:100 ratio by weight, and then pressed into a pellet form for FTIR test.
The fracture morphologies were analyzed by using a scanning electron microscope (SEM,
FEI Quanta 250 FEG, Hillsboro, Oregon, USA) with a 5 nm Au coating.

The FTIR spectra of the recycled powder and the cold sintered samples are given
in Fig. 3.1(a). The spectra of the non-treated recycled glass (as is) shows two major bands;
broad one in between ~ 850 - 1310 cm™! peaking at 1050 cm™!, and another one is centered
at around 475 cm™! attributed to Si-O-Si vibration and bending, respectively [10, 11]. In
addition, a band at ~3500 cm™! indicating the presence of hydroxyl groups [12], i.e. Si-
OH (note that concentrated NaOH solution was used to aid densification during cold

sintering) develops in the cold sintered bodies. The sharp peak located at 1385 cm™ was
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also observed in the spectra. Although there are works in which the bands in between
1270 - 1390 cm™! were associated with non-bridging oxygens (NBOs) [13], further studies
are required to be certain here.

It is important to note that for the monolithic samples prepared via cold sintering,
the bands associated with Si-O-Si shifted to lower wavenumbers (especially the one
around 475 cm™ moving to ~410 cm™). Certainly, further studies are required to establish
the exact mechanism causing such result, yet we still can speculate. The shift might be
correlated with depolymerization caused by the sodium ions originating from NaOH
solution[14]. It was shown for soda lime glasses that the Si-O-Si band around 1050 cm’!
was very sensitive to structural changes and increasing the non-bridging oxygen (NBO)
content could result in the IR shift. Such a matter seems to be the case here that with the
increase in processing pressure, temperature and especially the NaOH concentration, the
amount of NBO was enhanced (assuming no other contributions, and all Na+ is
exchanged into the glass structure, then the NBO fraction is calculated to increase from
0.241 with no additive to 0.246 at SM and 0.254 at 15M for the cold sintered specimens,
calculations done based on the starting glass composition and change in the NaOH density
within 5-15 M [3]), and thus the formation of a probable gel aided sintering. A similar
slight shift of the broad band to higher 260 angles can be seen from the differences in
between the XRD patterns (Fig. 3.1(b)) of the raw powder and cold sintered glass bodies.
There are no measurable crystalline phases, suggesting that the samples maintained their

amorphous state after CSP at all processing conditions studied.
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Figure 3.1. Normalized; (a) FTIR absorption spectra; and (b) X-ray diffraction patterns
of the used raw glass powder and cold sintered glass monoliths prepared at
250 MPa for 20 mins with varying NaOH concentrations and sintering

temperatures.

Figure 3.2 shows the microstructures obtained from the fracture surfaces of cold-
sintered glass monoliths (including as is recycled glass powder) produced at different cold
sintering temperatures. Loose glass particles (< 25 pum) shown in Fig. 3.2(a) were
transformed into coherent bodies with very low amount of porosity at higher processing
temperatures (> 200°C), i.e. well sintered, relatively dense components were formed
(Figs. 3.2(b-d)). In addition, variations in the morphological features of the fracture
surfaces suggest that when the cold sintering temperature was increased, enhanced

particle bonding was established in the consolidated samples.
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. 100 pm

Figure 3.2. SEM images of the; (a) used recycled glass powder, and cold sintered glasses
produced by using 10 M aqueous NaOH solution with a dwell time of 20 min
at; (b) 150°C, (c) 200°C; (d) 250°C, and the top-left inset shows the tablet

obtained at this temperature via CSP.

The densities of cold-sintered glass monoliths produced under different
processing conditions are given in Table 3.1. As can be seen the relative density of cold
sintered glass components was enhanced with increasing processing temperature. While
the sample prepared at 125°C demonstrated the lowest value reaching to 89.6%, relative
density of 94.7% with no observable delamination or warpage was obtained from the
process conducted at 250°C (10 M, 20 mins).

The monolithic samples (see the inset in Fig. 3.2(d)) were not transparent (note
that as-received transparent glass parts became opaque after ball-milling) akin to spark
plasma sintering (SPS) studies on soda lime glass in which it was reported that transparent
body was achieved only when the sample had a relative density > 99% [15]. It is known
that smaller particle size (especially high surface area nano scale) is usually needed to

obtain highly dense monolithic bodies by CSP. That is to say; finer (especially submicron
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size) glass powder and higher application temperatures/pressures that could not be
conducted due to instrumental limitations might be appropriate to obtain a transparent

final product.

Table 3.1. Process conditions and observed relative density values (mean average =+

standard deviation) of cold-sintered glasses.

Process Conditions Relative Density, p (%)
150°C, 10 M, t=20 min 91.8+0.5
200°C, 10 M, t=20 min 92.8+1.7
250°C, 5 M, t=20 min 92.4+0.8
250°C, 10 M, t=20 min 94.3+0.6
250°C, 15 M, t=20 min 952+ 04

Murray’s equation (Eq. 3.1, where p is relative density, o is pressure (Pa), 7 is
viscosity (Pa.s), and ¢ is time (s)) has been used to analyze the effect of pressure during
sintering for pressure-assisted sintering techniques[16] such as hot pressing [17, 18] and
HHP [9, 19, 20]. The slope of the /n(1-p) vs t is followed to estimate the viscosity for a

given temperature.
In(1 - p) = —(z—z)t+c (3.1)

The linear relationship found in Fig. 3.3(a) provides the viscosity of glass compact
during densification (up to 20 mins) which was around 5.7x10!' Pa.s at 250°C, and
slightly higher values were found for the lower processing temperatures. The calculated
values are similar to those found for densification of borosilicate glass via HHP[19], and
somewhat higher than that of Kuzcynzki's data for the viscous flow of glass sintering with
a similar chemical composition [21].

The relative density of glass compacts cold-sintered for only 1 min dwell at 250
°C (10 M) was 91.2%. As the holding time increased from 1 min to 20 mins then to 1 h,
the relative density was enhanced first to 94.7% and then slightly more to 94.8%. That is
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to say, a rapid densification was observed at the beginning of the process, similar to
borosilicate glass monoliths produced by HHP [19, 22]. Comparable densification effect
was observed with the increase in the NaOH concentration of the aqueous solution. Going
from 5 M to 15 M, the relative density was improved from 92.4% to 95.2% (at 250°C for
20 min). Nishioka et.al.[19] reported that the activation energy required for densification
of borosilicate glass powder by HHP decreases with increasing normality of the NaOH
in the liquid phase. High concentration of NaOH is considered to improve dissolution and
thereby assist the densification process. Furthermore, it was shown that increasing the
processing temperature decreased the activation energy for densification as well[9].

Murray's model was followed without considering the network depolymerization
for densification of the glass powders in the first 20 mins of the process to provide an
approximate model, and as seen from Fig. 3.3(b) linear dependence (R? = 0.9871) of the
calculated viscosities to temperature was found with corresponding 16 kJ/mol of
activation energy. However, the calculated value may not be strictly related to the
activation of the viscous flow but more to a complex state in which for instance different
degrees of network depolymerization occurs. This is probably why; it is lower than that
of the ones observed for the densification of glass via HHP performed under milder
conditions (e.g. generally < 5 M) suggesting the strong contribution of elevated NaOH
amount on the activation energy reduction.

Accordingly, it is highly possible to assume that the selected processing
conditions (pressure, temperature and especially such highly caustic conditions causing
alkaline metal catalysis) enhanced the dissolution of the particle contacts resulting in the
formation of a gel which under stress aided a porosity reduction via viscous flow, akin
HHP studies on glass[19] However, additional theoretical and experimental work is
certainly necessary to fully understand the exact densification mechanism. As it is known,
the equipment used for cold sintering is basically considered as a partially open system
whereas HHP apparatus is a closed chamber to maintain the hydrothermal conditions
affecting the densification rate. Still, both processes give similar densification trends and
offer analogous mechano-chemical contributions [1, 23].

Comparable systems may be found in geology linked densification works [24],
and somehow different than what has been postulated for the cold sintering of ceramic
powders in which the chemical reaction during sintering is barely considered to assist

densification. Generally, an initial packing to produce a green pellet is followed by cold
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sintering (pack then sinter) process, instead here similar to cementitious materials (e.g.
via geopolymerization), glass particles were actively reacted with aqueous solution while

packing (i.e. pack while sinter).
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Figure 3.3. (a) The relation between In(1-p) vs t (min) from 125°C to 250°C for 10M/250
MPa according to Murray’s rate analysis, each data point represents the mean
average value from three different measurements; (b) Viscosity values

extracted from the Murray's model.

It should be underlined that although it has not been frequently mentioned[25],
the dies used for pressing in the CSP (generally made from working steel), wears after
repeated use especially under such caustic conditions. Alternatively, it may still be
possible to obtain monolithic dense glass bodies only by using distilled water but at a
slightly higher sintering temperatures[19]. The proposed one-pot method can be used to
produce various types of dense glass components and may address environmental
problems such as immobilization of radioactive materials, heavy metals, recycling toxic
and hazardous wastes.

As a summary, one-pot reactive cold sintering process that does not demand initial
raw material packing was investigated, and for the first time, an ordinary recycled soda
lime glass powder was densified by using NaOH aqueous phase resulting in high relative
densities reaching above 90%. The increase of liquid phase concentration (from 5 M to

15 M), processing time and temperature (from 125 to 250 °C) caused an increase in the
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final relative densities. The highest relative density (95.2 %) was obtained from the

sample treated at 250 °C with a dwell time of 20 min using 15 M NaOH solution.
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CHAPTER 4

COLD SINTERING AS A PROMISING ISRU
TECHNIQUE: A CASE STUDY OF MARS REGOLITH
SIMULANT

The following chapter is published in Icarus. 389 (2023) 115270 (Reproduced

from ** with permission from Elsevier).

Abstract

Mars regolith simulant (MGS-1) was densified for the first time via a cold
sintering process (CSP) as a novel in-situ resource utilization (ISRU) concept. The
technique comprises the utilization of NaOH solution as a liquid media during the
densification of simulant powder with < 100 pum particle size. In as short as 30 min, with
the increase in the NaOH concentration (from 3 M to 10 M) and processing temperature
(from 150°C to 250°C), the relative densities of the regolith compacts and the mechanical
properties were enhanced. The artifacts produced with Mars regolith simulant powder at
250°C using 10 M NaOH solution yielded a relative density of around 88% and

compressive strength reaching ~ 45 MPa.

4.1. Introduction

Increasing human space exploration capabilities require appropriate use of the
available resources for a sustainable life outside our planet. Therefore, materials found in
space deserve particular attention (Alexiadis et al., 2017; Cesaretti et al., 2014). In this

sense, the in-situ resource utilization (ISRU) concept aims for on-site collection and
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storage, processing, and use of indigenous materials encountered during space
exploration (human or robotic) so that related risks, mass, and costs can be reduced
(Sacksteder and Sanders, 2007).

One important ISRU research field is the study of different bonding concepts to
directly process the local surface minerals covering planetary bodies called regolith into
solid structures in situ. Starting in the Apollo Era, a wide array of works on the different
approaches to bond regolith has been produced, which have been discussed in various
reviews focusing on regolith bonding for the Moon and Mars in conjunction (Happel,
1993; Lim et al., 2017; Naser, 2019). Some of these works include dry consolidation
(Chow et al., 2017; Meek et al., 1987; Simonds, 1973), melting (Blacic, 1985; Dalton and
Hohmann, 1972; Zocca et al., 2020), geopolymerization (Alexiadis et al., 2017; Montes
et al., 2015), self-propagating high-temperature synthesis (Corrias et al., 2012), slip
casting (Karl et al., 2018), additive manufacturing, including solar sintering (Fateri et al.,
2019; Meurisse et al., 2018), material extrusion (robocasting) and layer-wise slurry
deposition (LSD) (Karl et al., 2020a, 2020b) as well as vat polymerization (VP) technique
called lithography-based ceramic manufacturing (LCM) (Altun et al., 2021) were
proposed using various regolith simulants.

In a recent review focusing on Martian regolith, the authors proposed categorizing
different consolidation techniques, such as sintering, melting, freezing, etc., and discussed
the merits of the individual approach in detail for ISRU on Mars (Karl et al., 2022). This
classification was used in an overview of the currently available mechanical property data
for regolith consolidation concepts using Martian regolith simulants (reproduced in Fig.
4.1), evaluating how much of the final structure would be made from directly accessible
proven surface minerals on the Mars surface. It is of note that Fig. 4.1 does not cover the
relative density of the compacts and does not consider the required energy or the
complexity of implementing applications; these characteristics are expected to be firmly

in favor of the cold sintering process (CSP).
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Figure 4.1. Review of compressive strength over materials required additionally on the
surface of Mars (besides directly accessible proven surface minerals on Mars)
of all studies using Martian regolith simulants. Image reworked with open
access permission (CC-BY). For the detailed bibliographic citations of the

referenced articles, see also (Karl et al., 2022).

An essential consideration for all ISRU regolith consolidation concepts is the
power needed for processing. Some of the processes mentioned above are highly energy-
intensive, and novel ISRU approaches with lower power consumption are required.
Comparing different consolidation techniques to manufacture components, it is possible
to state that the cold sintering process (CSP) may be credited with one requiring the least
amount of energy. An example is Barium Titanate, for which the energy consumption
decreased from 2800 kJ/g for conventional consolidation techniques (solid-state sintering
requiring furnace heating) to below 50 kJ/g for CSP (Sohrabi Baba Heidary et al., 2018).
Despite that, it is to be noted that CSP has not been reported for any ISRU research work
so far.

CSP can be defined as a technique to produce strong and dense inorganic solids
(i.e., ceramics, glasses) at low temperatures <~ 250°C, without the application of high

temperatures so as not to require a specific high temperate furnace, and commonly
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assisted by an externally applied pressure even via an ordinary press (Galotta and Sglavo,
2021; Sohrabi Baba Heidary et al., 2018; Vakifahmetoglu and Karacasulu, 2020). Parts
made by CSP resemble those obtained via reactive hydrothermal liquid-phase
densification, liquid phase sintering, and hot pressing due to a solvent/liquid phase with
the application of heat and/or pressure (Galotta et al., 2021; Karacasulu et al., 2020;
Vakifahmetoglu and Karacasulu, 2020).

Because of its relatively low energy demands compared to traditional high-
temperature consolidation techniques, simplicity, and minimum equipment requirements,
CSP could be an ideal candidate for ISRU in remote locations for obtaining construction
materials such as stone-like blocks, bricks, facades, etc. Accordingly, the main goal of
the present study was to demonstrate proof of concept to obtain Mars regolith (MGS-1)
simulant monoliths at low temperatures (< 250°C) and under relatively low pressures via
CSP for the first time. During the study, the effect of sodium hydroxide concentration and
processing temperature was deliberately altered to obtain monoliths with high relative
density and compressive strength that is comparable to or higher than those prepared by

other ISRU consolidation techniques and general-purpose concrete.

4.2. Materials and methods

Martian regolith simulant (MGS-1) was developed as one of the standard simulant
materials by Cannon et al. (Cannon et al., 2019). It is based on Mars Science Laboratory
(MSL) rover Curiosity's XRD results at Rocknest acolian bedform. It was representative
of global basaltic soil at the Gale crater on Mars (Bish et al., 2013), supplied by Exolith
Lab (CLASS/UCF, Orlando, USA). The main chemical composition of the Martian
regolith simulant by weight was Si0; (44.36 %), Al2O3 (12.71 %), FeO (11.90%), MnO
(0.1%), MgO (13.84%), CaO (7.36 %), Na2O (1.65 %), K20 (0.46%), TiO2 (0.39%), P2Os
(0.11%), Cr203 (0.13%), and the LOI (5.53 %) (Karl et al., 2020a).

As-delivered MGS-1 powder from a batch received in 2019 was ground in a
vibratory disc mill TS250 (Siebtechnik GmbH, Germany) using a chrome steel milling
vessel. The 8 min milling was performed in four 2 min process intervals with 2 min
cooling intervals to avoid changes in particle characteristics owing to the heat, followed
by sieving below 250 pm.

91



True density was obtained using five repetitions using a helium gas expansion
multivolume pycnometer 1305 (Micromeritics Instrument Corp., USA) of dried powders
(105°C for 72 h under vacuum). Particle size distributions (PSD) were measured by
dispersing powder particles in DI-water using a wet cell of an LS 13 320 (Beckman
Coulter, USA) laser diffraction particle size analyzer.

Aqueous 3 and 10 M NaOH (1310-73-2, 98-100.5%, Sigma Aldrich, USA)
solutions were used to aid during CSP. To obtain a monolithic body, 1.2 g milled MGS-
1 regolith powder was mixed with 0.4 g NaOH solution (separately prepared to be either
3 M (using ~3.4wt% NaOH in the dry mixture) or 10 M (~9.1wt% NaOH in the dry
mixture)) using a pestle and mortar for 5 min. The prepared paste was immediately
transferred into a cylindrical die (@ = 12.7 mm) and pressed uniaxially using a hydraulic
press initially under a pressure of 50 MPa and held for 15 min., then under a pressure of
400 MPa. During the second pressing step under a pressure of 400 MPa, the mold was
heated using a heating jacket wrapped around the die up to processing temperature (from
150 °C to 250 °C) with a heating rate of 10 °C/min for 30 min. Finally, the cold-sintered
samples were dried at 80 °C in the convection oven (Memmert, UN55, France).

The bulk densities of the specimens were calculated via Archimedes' principle
using ethanol as the buoyant medium by using three different representative examples for
each sample. Powder-X-ray diffraction patterns were collected in a reflection mode with
the X'Pert PRO (Panalytical, the Netherlands) operated at 40 kV and 30 mA using Cuka
at 1.5406 A. The morphology of the used MGS-1 simulant powder, fracture, and polished
surfaces of cold sintered specimens (sputter-coated using gold) were analyzed by
Scanning Electron Microscopy (SEM, FEI Quanta 250 FEG, USA). The cold crushing
strength (CCS) properties were determined using a TA.XT Plus Texture Analyzer (Stable
Micro System Ltd., Godalming, Surrey, UK). Each data set was obtained from cut, and
polished cubic-shaped samples (~ 2.5 x 2.5 x 2.5 mm®) prepared from cold sintered disc
specimens using IsoMet™ low-speed precision cutter (Buehler, Lake Bluff, IL, USA)
and the strength was calculated from the first collapse point. Dissolution tests were
conducted on the blend prepared using the same amount of milled MGS-1 powder and
NaOH solution used for CSP (3 M and 10 M) upon ultrasonication in polypropylene
falcon tubes for 1 min. The solutions were left to stand at room temperature (RT) for 1 h,
close to the total interaction time in CSP. Dissolved species were extracted into the DI-

water in a 50 ml solution. The suspensions were sonicated for 10 min, then centrifuged at
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6000 rpm for 15 min to obtain the supernatant. The cation concentration was analyzed by
an inductively coupled plasma-optical emission spectrometer (ICP-OES, Agilent 5110

Dual View, Australia).

4.3. Results and Discussion

Figure 4.2(a&b) demonstrates the characteristics of MGS-1 regolith simulants
used for CSP. In Fig. 4.2(a), the micrograph shows the broad particle size range, and the
top-right inset info demonstrates the compositional constituents of the MGS-1 regolith
simulants (Karl et al., 2020a). The as-delivered and milled MGS-1 powder particle size
data demonstrates a multimodal distribution, as given in Fig. 4.2(b). Dry milling reduced
the average particle size, as clearly seen in the median particle size values (dso). The true
density of the used MGS-1 powder was found as 3.041 g/cm® by using a helium

pycnometer.
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Figure 4.2. Characteristics of MGS-1 regolith simulant, (a) micrograph and composition
of the as-delivered MGS-1, (b) particle size distribution of as-received and

milled MGS-1 powders.
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The processing diagram shown in Fig. 4.3(a) reveals that the total cold sintering
process takes only around 1 h to be completed. The digital photo images of the pellets
obtained using CSP at 250 °C are also given in the figure. While samples produced using
3 M were light brown, when the strength of the solution was increased, darker tablets
were formed. In Fig. 4.3(b), relative densities of MGS-1 regolith compacts were given
after cold sintering (under different NaOH concentrations and processing temperatures).
The densification of compacts was enhanced by increasing the processing temperature
and NaOH concentration, and the effect of the latter was more substantial. The highest
relative density of cold sintered regolith compacts prepared with 10 M solution at 250°C
yielded around 88%. It is worth mentioning that when DI-water was used alone, instead
of NaOH solution as a liquid medium, a relative density reaching only around 80% was
obtained under the same CSP conditions (250°C & 400 MPa), but the mechanical

integrity of the samples was not as before.
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Figure 4.3. (a) Processing diagram showing time, temperature, and pressure alterations
during CSP of MGS-1 regolith simulant. The inset under the temperature
curve demonstrates the digital photo images of the pellets obtained using CSP
at 250 °C, (b) the observed relative densities of MGS-1 regolith compacts
after cold sintering (under different NaOH concentrations and processing

temperatures) were given together with standard deviation values.
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Figure 4.4 shows the X-ray diffraction data obtained from the entire set of
samples, including the used MGS-1 regolith simulant powder. Crystalline phases
associated with the members of the plagioclase family, the pyroxene group, hematite,
siderite (Fe-carbonate), olivine, and forsterite were able to be assigned, parallel to the
detailed synchrotron XRD studies of the same MGS-1 simulant powder (Karl et al.,
2020a). All samples formed via CSP exhibited a similarly high number of diffractions,
corresponding to the pattern obtained from the initial raw material having different
crystalline constituents (see Fig. 4.2(a)). Within the detection limits of XRD, this implies
that the selected processing conditions did not induce pronounced alterations during the
densification of MGS-1 powder in cold sintering (Galotta et al., 2021). It can be seen
from the normalized XRD plots that the average intensity of the most intense peaks was
higher with increasing sintering temperature, probably because crystallization was
favored under such reaction conditions. In contrast, the peak intensity decreased with
NaOH concentration increase, perhaps due to enhanced dissolution events, similar to

other cold sintering studies using NaOH solution (Grady et al., 2020; Lowum et al., 2020).
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Figure 4.4. X-ray diffraction patterns of MGS-1 powder and cold sintered MGS-1 regolith

compacts; (a) produced samples using 3 M NaOH, (b) produced samples using
10 M NaOH.

Figure 4.5(a-f) shows the micrographs obtained from the fracture surfaces of

MGS-1 pellets processed at different cold sintering temperatures and NaOH
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concentrations. Samples made by using low solution concentration and sintering
temperature (3 M and 150°C) were found to have large fracture sites (cavities), see Fig.
4.5(a); the increase of both process parameters resulted in a denser microstructure
consisting of web-like forms between small-sized particulates (see the inset in Fig.
4.5(d)). Analogous to previous works, the increased processing temperature enhanced the
particle bonding in the monolithic structures, as shown in Fig. 4.5(c&f). In other words,
MGS-1 simulant powder was transformed into well-consolidated monolithic bodies
having low total porosity via CSP, corroborating the relative density data given in Fig.

4.3(b).

10 pm

Figure 4.5. SEM images of cold-sintered MGS-1 regolith compacts produced at 400 MPa
for 30 min under 3 M and at: (a) 150°C, (b) 200°C, (c) 250°C, and under 10
M and at: (d) 150°C, (e) 200°C, (f) 250°C (the top right insets taken from the

higher magnifications).

In addition to fracture surface analysis via SEM, backscattered images obtained
from the epoxy-embedded, polished samples are given in Fig. 4.6(a-f). The obtained cold-
sintered specimens were constituted by different-sized grains. For all samples, relatively
dense morphology, including remarkably coarse grains approaching even 100 um size
[e.g., Si(grey), Fe (white)], were seen. While the improvement of densification (from the

relatively fragile tablet to a monolith with high mechanical integrity, see later) with
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increasing temperature was observed in the samples produced with 3 M, consolidation

was apparently further enhanced when a 10 M solution was used.

Figure 4.6. Backscatter images obtained from the epoxy mounted and polished cold
sintered MGS-1 tablet surfaces produced at 400 MPa in 30 min, (a) 150°C-3
M, (b) 200°C-3 M, (c) 250°C-3 M, (d) 150°C-10 M, (e) 200°C-10 M, (f)
250°C-10 M.

Elemental mapping obtained from the MGS-1 pellet, which was cold sintered at
250°C with 10 M NaOH solution, is given in Fig. 4.7. Silicon, aluminum, iron,
magnesium, calcium, oxygen, and sulfur (associated with magnesium sulfate) were seen
on the mapping, resembling the chemical composition of the MGS-1 simulant. In
addition, sodium can be observed in the entire microstructure due probably to sodium
hydroxide, as with other specimens produced under different cold sintering temperatures
and solution concentrations (data not shown for brevity). The large grains (marked by
the white arrows in the image) probably belong to the olivine group, which was already

noted by the XRD analysis.
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Figure 4.7. Elemental mapping of polished MGS-1 pellets cold sintered with 10 M NaOH
solution at 250°C.

Since CSP was conducted in a closed chamber (a metal die), it is difficult to
determine the dissolution products rigorously under different solution strengths. For this
reason, dissolution tests were separately conducted to mimic, to a certain extent, the
conditions present in situ, at least to get a perspective on elements that dissolve more and
possibly assist densification. The results, based on the interaction between the powder
and liquid phase in the CSP using ICP-OES, are given in Table 4.1. Elements such as Cr,
Mn, and P, found in the main chemical composition of MGS-1 powder, were not detected
in the extracted solution, probably due to the limited ability of the dissolution in an alkali
medium. Instead, Al, Ca, Fe, Si, and Ti were observed, and they were higher in the
samples prepared with 10 M NaOH solution than those made by using 3 M. Differently,
Mg decreased with the increase in the NaOH concentration due probably to its higher
solubility in acidic solutions (Sangwal, 1980).

The elements with the highest solubility were Ca, Si, and Al. Si was the most
soluble in both NaOH levels, and it was determined that the solubility of Si increased by
more than 30% as the solution concentration increased, presumably contributing to the
densification via CSP. It is important to note that, for dissolution tests, the powder mixture
with NaOH solution was always kept in polypropylene falcon tubes before analysis, i.e.,
there was no possibility of container-related contamination. Instead, the paste was
prepared in a mortar for cold sintering practice, and even if it was transferred into the die
promptly for cold sintering, there might still be some Si leaching.

Na ions in the liquid phase may aid depolymerization of the silica, forming Si-

based complexes (e.g., Si04 and Si2O7 dimers), resulting in the formation of invert glass,
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followed by higher ordering during CSP (Karacasulu et al., 2021; Kohara et al., 2004;
Tognonvi et al., 2012). It is important to note that this data only estimates the elements
that can be dissolved in a high alkaline environment at RT when simulant regolith was
used, but it cannot accurately represent the actual cold sintering conditions because, for
example, there is no pressure as in the case for CSP. Further theoretical and experimental
work is required to establish the proper mechanism causing the regolith simulant
densification observed here. However, it is possible to postulate that the selected
processing conditions (highly caustic environment, temperature, and pressure) caused
partial particle dissolution, assisting the formation of denser bodies under stress (Galotta

etal., 2021).

Table 4.1. Dissolution data (mmol/L) The concentration of dissolved species (all in mg/L
and mol/L) obtained from ICP-OES for the MGS-1 samples prepared with 3
M and 10 M NaOH solution.

3M 10 M
Element

mmol/L % dissolved mmol/L % dissolved
Al 0.055 0.092 0.226 0.378
Ca 0.110 0.350 0.190 0.604
Fe 0.003 0.007 0.008 0.021
Mg 0.009 0.011 0.007 0.008
Si 0.665 0.376 0.881 0.497
Ti <0.001 0.018 <0.001 0.036

*Cr, Mn, and P were not detected.

Mechanical properties of the cold sintered components are the least investigated
features, presumably because of the difficulties inherent in test sample preparation
(Karacasulu et al., 2020; Liu et al., 2022, 2020; Vakifahmetoglu et al., 2016). The
compressive (cold crushing) strength data of the selected cold sintered specimens are
given in Fig. 4.8. It is important to note that all cold sintered samples demonstrated similar
data only with an elastic deformation up to the fracture point, i.e., Hookean. The
utilization of the NaOH solution enhanced the mechanical integrity of the samples that

can ultimately be prepared for the cold crushing strength tests. As seen, while the strength
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values of cold sintered MGS-1 regolith compacts were greater with increased relative
density, the improvement was mainly benefited from the elevated NaOH solution
concentration, indicating stronger bonding. Besides, all values had relatively high
standard deviation, possibly because of the combination of factors including non-
standard, moderately small sample size, errors during sample preparation (dimensional,
surface finish), etc. The cold crushing strength of the monoliths obtained by using 3 M
NaOH solution at 150°C was enhanced from ~21 MPa to 43 MPa when the solution
strength and processing temperature were increased to 10 M and 250°C, respectively.
These values are higher than those obtained from slip cast, high-temperature sintered

regolith components, and general-purpose concrete (Karl et al., 2020a).
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Figure 4.8. Cold crushing strength of cold sintered MGS-1 regolith compacts produced at
different processing temperatures using NaOH solutions having 3 and 10 M.
The numbers above the standard deviation lines represent the relative density

of each sample set.

In some of the studies (see Fig.1) dealing with regolith simulants, monolithic
components were formed without a heat treatment procedure, e.g., via extrusion-based
robocasting, yielding a green body compressive strength of 7.6 MPa, higher than that of
those made via traditional methods such as dry pressing, slip casting, and hand building,

generally having a green body strength below 5 MPa (Karl et al., 2020a). When samples
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with similar compositions were produced via geopolymerization (using up to § M NaOH),
only a compressive strength of about 2.5 MPa was obtained, a much lower value than
ordinary concrete (Alexiadis et al., 2017). Instead, high strength values were observed
from the samples produced using smectite clay containing MGS-1C/8 regolith (5 wt.%
clay) via layer-wise slurry deposition (LSD), resulting in strength of 30.8 MPa (no heat
treatment) (Karl et al., 2020a).

Regolith composites were also produced, and comparable data to the current work
were demonstrated. For instance, polyethylene (PE) was initially synthesized using a
simulated Martian atmosphere, followed by the formation of Mars regolith compacts
containing 20 wt.% PE. The composites were produced at 140°C, at which PE was molten
and infiltrated the voids in the simulant powder by applying 240 MPa pressure, resulting
in parts with compressive strength of about 40 MPa (Sen et al., 2010). In another study,
sulfur concrete was produced by mixing 50 wt% sulfur with a different mars soil simulant
(JSC Mars-1A) at about 120 °C, and a compressive strength above 50 MPa was measured
(Wan et al., 2016).

For all ISRU concepts, an essential consideration is which materials are readily
available on the planet or could, in theory, be produced from accessible extraterrestrial
raw materials with minimal effort. Accordingly, the primary component to utilize CSP
would be the regolith, ubiquitous on the planet's surface (e.g., Mars). Even if it does not
constitute a condition sine qua non for CSP, the other factor is a liquid/solvent to aid
sintering. The components were cold sintered in this work using up to 9.1 wt.% NaOH.
For Mars ISRU scenarios via CSP, while water should not be an issue in preparing such
a caustic solution, the hydroxide component has not been pointed yet. However, the
essential chemicals to produce NaOH are readily available, such as Halite (Sodium
Chlorite, NaCl), detected on Mars (Thomas et al., 2019). One possible synthesis method
for NaOH may be the Chlor-alkali process (widely used on Earth), forming chlorine,
hydrogen, and sodium hydroxide via electrolytic hydrolysis (Shiwei et al., 2020).

In the current work, the cold sintering was applied to the particles with a course
(dso ~ 10 pm) and wide range (100 nm to 100 pm) distribution. The particle size and
distribution are important for particle packing and density enhancement in cold sintering
(Zahabi et al., 2021). Besides, as already shown, when the high specific surface area,
reactive particles (e.g., nanoscale), or particles with a bimodal size distribution are used

instead of monomodal coarse particles, cold sintering generally results in enhanced
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densification (Guo et al., 2016; Nur et al., 2021; Serrano et al., 2020). Still, for the first
time, even with such coarse-sized particles, cold sintering was followed to obtain Martian
regolith compacts exhibiting satisfactory compressive strength, reaching 43 MPa. It
should be noted that the effect of Martian gravity on CSP should be examined. Besides,
in future work, cold sintering of regolith simulant under different processing conditions
(e.g., in Martian atmosphere model mix with high CO.) will be investigated. Many basic
chemicals found in Martian brines or salt deposits could also be utilized for regolith

consolidation in combination with CSP.

4.4. Conclusions

Martian regolith simulant (MGS-1) powder was densified via a cold sintering
process (CSP) as a novel ISRU approach. The powder was densified at different
temperatures, always below 250°C, using NaOH solutions at different strengths as a
liquid media. The increase of liquid phase concentration (from 3 M to 10 M) and
processing temperature (from 150°C to 250°C), the relative densities of the compacts,
and the cold crushing strength values was enhanced in a relatively short time of 30 min.
The highest strength, 43 MPa, was obtained from the monolithic body with a relative
density reaching 88% produced at 250°C using 10 M NaOH solution. CSP is an important
addition to the regolith consolidation studies and may be considered for ISRU building

materials on Mars and other extraterrestrial surfaces.
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CHAPTER 5

COLD SINTERING ASSISTED TWO-STEP SINTERING
OF POTASSIUM SODIUM NIOBATE (KNN)
CERAMICS

The following chapter is published in Mater. Sci. Eng. B. 297 (2023) 116709

(Reproduced from > with permission from Elsevier).

Abstract

Potassium sodium niobate (KNN) ceramics were densified using a multiple-stage
sintering process in which initially applied cold sintering process (CSP) was followed by
the solid-state sintering between 1100-1120°C. Comparative assessments demonstrated
that multi-step sintered samples yielded better properties than conventionally sintering
ones. The highest relative density (94.7%) and the best electrical properties were obtained
from the sample subjected to cold sintering at 120°C / 1h using 5 wt% deionized water
subsequently heat-treated at 1120°C / 2h, resulting in a monolithic KNN ceramic having
a piezoelectric coefficient of 120 pC/N.

5.1. Introduction
The cold sintering process (CSP) enables the densification of inorganic solids
under mild pressures (below 1 GPa) and relatively low temperatures (< 350°C)

[6,22,23,109]. The technique resembles liquid phase sintering and hot pressing due to a

transient solvent, temperature, and pressure [6,22,23,27].
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KosNaosNbO3 (KNN) has attracted recent attention as a lead-free piezoelectric.
Besides presenting a high Curie temperature (T. = 418°C), it has a reasonably
largepiezoelectric coefficient (d33 = 80 pC/N). These properties are susceptible to
composition, requiring the conservation of the desired stoichiometry during densification
[110,111]. High relative densities (> 90%) are difficult to be obtained by solid-state
sintering due to the volatilization of used oxides [112]. Besides, solid-state sintering
temperatures (~1120°C) approach the KNN melting point (1140°C), which may cause
structural defects and stoichiometry shifts [113].

The problems mentioned above were mainly the reasons that have motivated the
recent attention to the low-temperature densification of KNN [98,114-121]. In these
works, the relative density reaching around 70% was obtained when single-step cold
sintering was conducted. Highly caustic, reactive solutions were also used to get denser
components, but poor electrical properties were subsequently observed [98,120].

Unlike single-step CSP, multiple-stage processes were also followed, aiming to
produce highly dense KNN monoliths. For example, in a recent one, the samples were
cold-sintered at 120°C under a pressure of 350 MPa for 45 min using H>O. Then the
samples were cold sintered again under different pressures (350-550 MPa) at the same
temperature for 30 min, followed by heat treatment at 800°C, resulting in a relative
density of 75% [121]. In pursuing denser monolithic components having controlled
stoichiometry and appropriate piezoelectric properties, this study focused on synthesizing

KNN powder and its sintering via cold sintering-assisted solid-state sintering.

5.2. Experimental procedure

The precursor Nb,Os (CAS#:12034-59-2, 99.9%, Sigma—Aldrich, USA), NaxCO3
(CAS#:497-18-8, >299%, Sigma Aldrich, USA), and K>CO3; (CAS#:584-08-7, >99.5%,
Sigma Aldrich, USA) were weighed according to the stoichiometric ratio and mixed using
a planetary ball mill in ethanol at 250 rpm for 24 h. After the slurry was dried, it was
calcinated at 850°C for 5 h. Finally, the obtained powder was ball-milled to reduce
particle size. Particle size distribution was analyzed in ethanol by a Malvern dynamic

light scattering (DLS) Nano-ZS instrument (Worcestershire, UK).
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0.8 g milled powder was mixed with different liquid phases (5-20 wt.%, DI-water,
KOH+NaOH / Nb>Os suspension, acetic acid, NaOH-KOH solutions having different
concentrations or eutectic molten NaOH-KOH) to aid consolidation. The obtained
mixture was introduced into a cylindrical die (D = 12.7 mm), and pressed uniaxially under
a pressure of 350 MPa while it was heated using a heating jacket wrapped around to
processing temperature up to 250°C with a heating rate of 10 °C/min for varying times lh
to 18h. Finally, the cold-sintered samples were dried at 90°C for 24h.

Generally, PVA solutions were used to act as a binder for the target powder to be
heat treated [122]. Here, for conventional sintering, 5 wt% PV A binder solution (87-89%,
Sigma Aldrich) was mixed with KNN powder in DI-water using a ball mill at 250 rpm
for 24 h. Then, the slurry was dried, passed through a 325 mesh sieve (<45 pm micron
particle size), and was pressed at 100 MPa in the same diameter die of 12.7 mm and
sintered for 2 h at different temperatures (1100-1120°C).

The bulk densities of the specimens were measured both by the geometric method
and Archimedes' principle using ethanol as a buoyancy medium from three different
representative samples. Crystallographic phases were identified using an X-ray
diffractometer (XRD, Panalytical X'Pert PRO, The Netherlands) with a Copper anode X-
Ray source (CuKa = 1.5406 A at 40kV, 30 mA). The morphology of the milled powder
and the fracture surfaces of the specimens were analyzed by scanning electron
microscopy (SEM, FEI Quanta 250 FEG, USA). All samples were polished and reduced
to 1 mm thickness for electrical characterization. The polished pellets were coated with
silver paste on both surfaces and then cured at 200°C for 20 min. The dielectric properties
of the samples were evaluated using an E4980AL Precision LCR meter
(Keysight Technologies, Santa Clara, CA, USA) between room temperature (RT) and
250°C. Ferroelectric hysteresis loop measurements were done using TF analyzer
(aixACCT TF Analyzer 1000, Aachen, Germany) at RT. To determine the piezoelectric
coefficient d33, a d33 meter (Sinocera Piezoelectronics, YE2730A, China) was used.

Poling of the samples was carried out at 100°C for 30 min under 30 kV/cm of an electric

field.

110



5.3. Results and discussion

As known, particle size and distribution are essential parameters for particle
packing and density enhancement [108]. Typically densification enhances when the high
specific surface area, reactive particles (nanoscale, generally below 100 nm), or particles
with a narrow distribution, e.g., 40-100 nm, are used instead of coarse particles in CSP
[18,123—125]. The morphology of the powders obtained after grinding and the particle
size distributions analyzed by the DLS method are given in Fig. 5.1. The powder used in
all sintering processes had an average particle size of 260 nm with a broad distribution
from 100 to 600 nm.

In the initial cold sintering studies, different amount of DI-water was used as the
liquid phase, see Fig. 1(c). Liquid slipped away from the mold during pressing above a
certain amount (15 wt.%), causing a similar relative density to those prepared using a
lower amount. Not a significant change in densification (relative density from 70-77%)
was detected from the samples obtained at different temperatures (120-240°C) and under
the uniaxial pressures (350-500MPa). Accordingly, to improve energy efficiency, the
lowest temperature of 120°C was selected as the cold sintering temperature for further
experimenting. In Fig. 5.1(d), SEM images obtained from the fractured surface of the
sample subjected to CSP at 120°C under 350 MPa for 1 h with 5%wt DI water use are
given. The samples are porous (parallel with relative density data), and some

agglomerated sections can be seen due to possible dissolution and precipitation processes.
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Figure 5.1. a) SEM image, and (b) Particle size distribution of synthesized and milled
KNN powder using DLS analysis; (c) Relative density values of the cold
sintered samples obtained at 120°C under 350 MPa for 1 h, related to the
amount of used DI water; and (d) SEM image of the cold sintered sample at

120°C under 350 MPa for 1 h with 5%wt DI water use.

In an aqueous medium, KNN dissolves incongruently; the A site cations dissolve
more readily at lower pH levels, whereas the B site cations dissolve more at higher pH
levels. At pH 7, the potassium concentration was found to be higher than that of sodium
[126]. Thus, potassium in the particle can dissolve into the aqueous part, and potassium-
rich (i.e., K4NbsO17) phases can be formed at the grain boundaries. In contrast, Nb and
Na-rich phases can be seen within the grains. [114,126]. It was shown that when such
phases evolve, the electrical properties of the final KNN decay [114].

Nevertheless, to enhance densification, different amounts of DI-Water with
diverse pH levels, such as KOH+NaOH / Nb2Os suspension, acetic acid, and NaOH-KOH

solutions having different concentrations, have been applied as a liquid phase. High

112



relative density values reaching around 90% were demonstrated when an aqueous
solution of NaOH and KOH mixtures was used to assist CSPs [118]. However, our results
differed from those, and relative densities were consistently below 80% for CSPs.

Since the relative densities of the samples were low via CSP, additional heat
treatments between 1100-1120°C were applied, akin to conditions of the conventional
sintering process and the other CSP & subsequent post-annealing studies works [127—
129]. As given in Table 5.1, cold-sintered samples had a higher relative density than
conventional ones for all heat treatment temperatures. Apart from the differences in the

microstructural development (see later), CSP favors the subsequent sintering.

Table 5.1. Relative densities of cold-sintered & heat-treated samples and conventional

sintered samples at different heat treatment temperatures with a dwell time of

2h.
RD(%) RD(%) RD(%)
Processing
before heat after sintering after sintering
conditions
treatment at 1100°C at 1120°C
120°C-350 MPa-
72.3+0.6 92.9+0.8 94.7+2.1
Cold Sintering Process 5 wt% DI-Water
CSP 120°C-350 MPa-
72.0+1.3 92.7+0.5 94.4+2.1
10 wt% DI-Water
Solid State Sintering 100 MPa for powder
60.0+1.2 89.1+2.1 93.5+0.9
SSS compaction

*RD: Relative Density

Figure 5.2 shows XRD patterns of all KNN samples. All the produced samples,
including the synthesized powder, only includes peaks associated with the ICDD data of
Ko.5NaosNbO3z (ICDD # 96-230-0500), exhibiting an orthorhombic structure. Besides, as
heat treatment temperature increased, the observed peaks became sharper and narrower,
leading to enhanced crystallinity, especially when compared to solid-state synthesized

powder.
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Figure 5.2. X-ray diffraction (XRD) patterns of synthesized KNN powder via the solid-
state route (KNN powder), cold sintered & heat-treated samples (CSP):
5%wt. at 1100°C; 10%wt. at 1100°C; 5%wt. at 1120°C; 10%wt. at 1120°C;
and conventional sintered samples (SSS): 1100°C; 1120°C.

SEM images obtained from the fracture surfaces of the samples processed cold
sintering-assisted solid-state sintering and separately solid-state sintered are given in Fig.
5.3(a-f). While highly dense microstructures were formed in both processing strategies,
conventionally sintered samples experienced grain growth in segregated areas (see Fig.
5.3(e&f). In contrast, initially, cold sintered samples had homogenously distributed
smaller cubic crystals implying a significant potential of the CSP on the initial nucleation

kinetics and morphological control.
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Figure 5.3. Fracture surface morphologies of cold sintering assisted heat-treated samples;
(a) 5 wt% DI-Water at 1100°C, (b) 10% wt. at 1100°C, (c) 5% wt. at 1120°C,
(d) 10% wt. at 1120°C; of conventional sintered samples: (e)1100°C; (f)
1120°C.

Temperature-dependent dielectric properties are given in Fig. 5.4. All samples
have a dielectric constant above 400 at RT at different frequencies (1-10-100 kHz).
Orthorhombic-tetragonal phase transformation occurred at about 190°C (Table 5.2)
[130]. Dielectric losses were increased with decreasing frequency, and all samples have

comparable dielectric properties similar to other works [119].
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Figure 5.4. Temperature-dependent dielectric constant and losses of cold sintered & heat-
treated samples: (a) 5%wt. at 1100°C; (b) 10%wt. at 1100°C; (c) 5%wt. at
1120°C; (d) 10%wt. at 1120°C; of conventional sintered samples: (¢)1100°C;

(f) 1120°C.

Figure 5.5 shows the hysteresis loops at RT and a frequency of 1 Hz under 3 kV.

All samples showed ferroelectric properties having a single loop. Cold-sintering assisted

1120 °C solid-state sintered samples had the highest remanent and saturation polarization.

Compared to all specimens produced by cold sintering assisted solid state sintering,
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conventionally sintered samples demonstrated low remanent and saturation polarizations,
akin to other work [114]. The polarization increase may be attributed to enhanced
densification [131]. Note also that the pore volume and permeability significantly
influence the evaporation of K and Na during heat treatments. This means that one of the
main factors in suppressing the strong volatilization of the alkalis for the same
temperature might be the higher packing density before the additional heat treatment and
higher sintering density of samples by cold sintering-assisted solid-state sintering [114].
Furthermore, all samples demonstrated butterfly-shaped strain loops that reach negative

values, exhibiting normal ferroelectric behavior.
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Figure 5.5. Hysteresis loops and strain curves of cold sintering assisted heat-treated

samples under 3 kV at 1 Hz and RT: (a) 5%wt. at 1100°C; (b) 10%wt. at
1100°C; (c) 5%wt. at 1120°C; (d) 10%wt. at 1120°C; of conventional
sintered samples: (¢)1100°C; (f) 1120°C.

118



The piezoelectric coefficients (ds3) are given in Table 5.2. The piezoelectric dss
coefficients of densified KNN ceramics obtained by conventional sintering usually vary
between 80 and 110 pC/N [130], reaching 160 pC/N with a relative density of ~ 99% via
hot pressing [132]. It should be underlined that the poling conditions (e.g., temperature
& time) and/or aging processes can be optimized to enhance the piezoelectric ds3
coefficients [31,133]. The piezoelectric coefficient of the sample produced by
conventional sintering at 1120°C was 86 pC/N, while initially cold sintered and
additionally 1120°C heat treated samples gave 120 pC/N, exceeding typical d33 values of
conventionally sintered products. When all the electrical characterization results were
analyzed, it is possible to state that the electrical properties (saturation and remanent
polarization, strain, and d33 values) of cold-sintered assisted solid-state sintered samples
were better than those of the conventional sintered samples. As mentioned, CSP may
provide lower alkal1 volatilization, causing more stable sintering conditions compared to

traditional sintered products [114].

Table 5.2. Orthorombic-Tetragonal transition temperature (To-t), Remanent polarization
(Py), coercive field (Ec), maximum polarization (Pm), and piezoelectric

coefficients (ds3) of the samples.

Process P Ec Pm da3
To-1 (°C)
Conditions (nC/cm?) (kV/em) (uC/cm?) (pC/N)
5 wt% DI-Water
186 7.54 12.27 12.54 117
+1100°C
10 wt% DI-Water
186 6.98 12.25 11.96 113
CSP +1100°C
120°C-350 MPa 5 wt% DI-Water
186 9.95 11.88 15.69 120
+1120°C
10 wt% DI-Water
192 12.51 12.26 18.58 110
+1120°C
SSS 1100°C 197 3.20 8.86 8.22 71
1120°C 189 6.21 10.62 11.09 86
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5.4. Conclusions

Potassium sodium niobate (KNN) ceramics were densified by the cold sintering
process (CSP) using different liquid phases to aid sintering. While low relative densities
were obtained by CSP, successive heat treatments between 1100-1120°C were applied
for the initially cold-sintered samples. It was found that the relative densities and the
electrical properties of cold-sintered heat-treated samples were better than conventional
sintered samples. The highest relative density (~95%) was obtained from the KNN sample
subjected to initial CSP at 120°C with a dwell time of 1h using 5% wt DI-water
subsequently heat-treated at 1120°C for 2h, yielding a piezoelectric coefficient of 120
pC/N. For the KNN system, CSP should be considered a primary or intermediate step to
enhance initial densification, decrease the final sintering temperature and increase overall
densification upon applying subsequent sintering at higher temperatures. Multi-step
sintering proposed here can be a key alternative to systems that require high-cost

equipment such as Spark plasma sintering (SPS), Hot Isostatic Pressing (HIP), etc.
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CHAPTER 6

ELECTRICAL CHARACTERISTICS OF LOW
TEMPERATURE DENSIFIED BARIUM TITANATE

The following chapter is published in Ceram. Int. 46 (2020) 16670-16676

(Reproduced from *! with permission from Elsevier).

Abstract

A low temperature densification technique, i.e. reactive hydrothermal liquid-
phase densification (rHLPD) was followed to obtain highly dense BaTiO3; components at
temperatures < 240°C. The formed ceramics were characterized concerning not only the
structural features but also the electrical properties. The increase of both reaction time
and temperature resulted in enhanced densification of BaTiO3 components reaching about
90% of theoretical density. The presence of the tetragonal BaTiO3; was demonstrated by
both XRD and TEM analysis. Despite the low reaction temperatures, the samples showed
promising dielectric, ferroelectric and piezoelectric functionality without additional
annealing. A broad dielectric peak was observed around 135°C at the Curie temperature;
saturated hysteresis loops and corresponding butterfly-shaped strain-electric field loops
were obtained. BaTiO3; sample subjected to hydrothermal reaction at 240°C for 72 h
yielded a piezoelectric coefficient of 84 pC/N.

6.1. Introduction

Generally speaking, ceramic components are processed at high temperatures by

following traditional sintering methods namely solid state, liquid phase, pressure-assisted
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sintering, etc. Recently, different sintering approaches that allow the densification of
ceramic artifacts at temperatures below around 400°C, i.e. low temperature densification
techniques which are broadly called as cold sintering (CS), have been proposed [1].
Among others, rHLPD process is a concept of low temperature densification consisting
of an infiltration, hydrothermal reaction, and reactive crystallization. Firstly, conventional
shaping techniques are used to form a porous matrix. Then, the structure is infiltrated with
a solution including reactive species, followed by hydrothermal reaction, similar to
ordinary crystallization studies [2]. However, specifically for rHLPD during the
hydrothermal process; the pores act as local micro-reactors and depending on the molar
volume expansion of the aimed reaction, theoretically, 100 % dense components can be
obtained. In other words; the only requirement of the process is a hydrothermal
crystallization reaction with reaction products having a higher molar volume compared
to that of the green body [3].

Barium titanate (BaTiO3) is one of the most well-known ferroelectric materials. It
is widely used in electrical applications such as multilayer capacitors due to its high
dielectric constant and low dielectric losses [4, 5]. While highly dense BaTiO;
components were produced by high temperature sintering via various processes such as
two step sintering [6, 7], hot isostatic pressing [8, 9], spark plasma sintering [4, 10-12],
and flash sintering [13, 14], relatively limited number of works were published
concerning the low temperature densification of BaTiO3[3, 15-20]. Guo et al.[16, 17]
utilized a BaTiOz powder having bimodal particle size distribution. Water assisted
powder was subjected to a CS process at 180 °C for 3 h resulting in a high densification
reaching to 94.4%. However, the samples produced by CS showed limited dielectric
properties, i.e. no peak appeared in the dielectric constant at the Curie temperature and
dielectric constant remained quite low up to 200°C. Because of such an issue, an
additional annealing process (at 900 °C for 3h) was conducted and the dielectric
properties were improved. In another study, a BaTiO3; powder (< 100 nm particle size)
was used for CS under similar conditions, resulting in the samples with relative density
above 96% yet comparable additional heat treatment at 900°C was followed to enhance
the dielectric properties [18]. While in those works BaTiO3 was formed by following CS,
rHLPD was also followed to produce BaTiOs starting from a TiO> pellet and Ba(OH):
solution under hydrothermal conditions [3]. Although the process kinetics, densification

and mechanical properties of the samples were analyzed, the electrical properties of such
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components were never discussed. Therefore, in this study, it was aimed to investigate
dielectric, ferroelectric and piezoelectric properties of the BaTiO3 ceramics densified via

rHLPD at temperatures below 240°C.

6.2. Experimental procedure

3 g of Titanium oxide (TiO., titania) (Anatase, 99.8%, Sigma Aldrich, CAS#:
1317-70-0) powder was mixed in 12 ml of deionized (DI) water with a gram of 10 wt.%
polyvinyl alcohol (PVA) aqueous solution for 24 h using a planetary ball mill (Retsch
PM-100, Germany) in a high density polyethylene (HDPE) jar with zirconia balls. The
Ti0: suspension was then dried, sieved, and pressed uniaxially at 30 MPa into 10 mm-
disc-shaped pellets. The green samples were heated to 400°C for PVA binder burnout
procedure.

Barium hydroxide (Ba(OH)2.8H20) (>%98, Acros Organics, CAS#: 12230-71-6)
was used as barium source. The pressed pellets were first subjected to pre-infiltration by
wetting the sides of the green-body with a prepared solution of barium hydroxide,
followed by placement of the sample into the Teflon liner containing vessel (Parr
Instruments 4748 model, USA), addition of the reaction solution, hydrothermal
processing at 180°C and 240°C up to 72 h, washing by DI water and drying. The obtained
samples were coded as BT1 for the sample formed at 240°C for 24 h, and BT2 for the
one obtained at 240°C for 72 h. Similarly the samples produced at 180°C for 24 h and 72
h were coded as BT3 and BT4, respectively.

The bulk densities were measured by Archimedes’ method. The data together with
the calculated theoretical density from rule of mixtures (ROM by taking the Rietveld
volume fractions) value were used to find out the final relative densities. X-ray diffraction
measurements were performed on a Rigaku D-Max III (Tokyo, Japan) instrument
operating in Bragg-Brentano geometry and equipped with a Copper anode X-Ray source
(Cuke = 1.5406 A at 40 kV, 30 mA), diffracted beam graphite monochromator, 1°
divergence and receiving slit and 5° diffracted beam Soller slits. Scans were performed
over the 5°-135° (20) range, with a 0.02° step size and 2 s counting time per step.
Instrumental broadening was characterized by means of an Y.03; powder (99.99%,
Sigma-Aldrich, CAS# 1314-36-9) annealed at 1400°C for 24 hours. The morphological
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properties and microstructure were analyzed by using a scanning electron microscope
(SEM, FEI, Quanta 250 FEG, USA) and a transmission electron microscopy (TEM,
ThermoFisher Talos F200S FEG, Netherlands) operating at 200 kV. Prior to SEM
analysis all the samples were coated by sputter coating. TEM sample was prepared
suspending a small amount of powder in ethanol, performing a 5 mins sonication
treatment and putting 50 puL of solution on a TEM copper grid covered by amorphous
carbon.

In order to measure the electrical properties, silver epoxy was deposited on the
surface of the pellets to form electrical contacts. The silver epoxy was cured at 135 °C for
7 mins. Dielectric properties were evaluated using a Keysight E4980AL Precision LCR
meter (USA) between room temperature (RT) and 250°C. Ferroelectric hysteresis loop
measurements were done using an Aixacct TF Analyzer 1000 (Germany) at RT. To assess
the piezoelectric coefficient ds3, a dsz meter (Sinocera Piezoelectronics, YE2730A,
China) was used. Poling of the samples was carried out at 70°C for 15 mins under electric

fields larger than 35 kV/cm [21], also using the Aixacct instrument.

6.3. Results & discussion

The relative density (RD) of green TiO; pellets prepared by dry pressing was
about 0.55. After rHLPS process, the obtained final densities of BaTiO3 samples are given
in Table 6.1. As expected, the relative density of the final components was enhanced with
increasing reaction time and temperature. The sample coded as BT2 which was subjected
to rHLPS at 240 °C for 72 h demonstrated the highest relative density reaching 86.8%,
resembling the previous studies [3]. The XRD plots obtained from whole set of samples
are given in Fig. 6.1, exhibiting clearly similar diffraction features between each other;
reference reflection marks for tetragonal BaTiO3 (ICDD PDF# 00-005-0626) are also
reported on the bottom of the plot, and the occurrence of other peaks belonging to residual

TiO> is visible.
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Figure 6.1. The normalized XRD patterns obtained from the whole set of samples. At the

bottom of the experimental data, reference reflection marks for tetragonal

BaTiO3 (ICDD PDF# 00-005-0626) are given.

Quantitative powder diffraction analysis was performed by full-profile Rietveld
approach as implemented in the software ReX [22], by starting from a three-phase
mixture model (BaTiO3[23], TiO2[24] and BaCOs3 [25]) and refining the volume fractions
of all the phases as well as the lattice parameters and average volume-weighted crystallite
size of BaTiOs; [26]. For the refinement, both cubic and tetragonal symmetries of BaTiO3
were tested; the best fit was obtained by using the tetragonal phase, whose presence was
also confirmed in a conclusive manner by TEM observation (see later). Despite the
absence of an evident tetragonal peak splitting in the XRD patterns, a larger peak
broadening can be observed in corresponding reflections (e.g. (2 0 0)), which is indeed
better accounted for by modeling the data with the tetragonal phase and independently
fitting the a and c cell parameters. As an example, the refinement plot obtained from BT2
sample is shown in Fig. 6.2 (for all sample sets, the refined quantitative values are given

in Table 6.1.). Both the flatness of the residual error curve and the goodness of fit, R (%)
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values ranging from 2.89 to 3.06, indicate an accurate modeling of the diffraction data. It
could be seen that the amount of TiO> decreases with increasing processing time. In a
similar fashion; when the reaction temperature was increased from 180°C to 240°C,
titania amount was reduced considerably. Similar to other studies, BaCO3 was also
detected but was always below 1.5 vol%, this is as known to be a common problem when
BaTiO3 was synthesized under hydrothermal reaction conditions from Ba(OH) and TiO>

[3, 27-29].
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Figure 6.2. Rietveld refinement of the x-ray diffraction pattern (the straight black lines
correspond to the experimental data, the red dots correspond to the calculated
pattern, and below the pattern, first the peak positions for BaTiO3, TiO2 and
BaCOs and then the residual fitting error plot is given), for the sample reacted
for 72 h at 240°C.

The tetragonality of the BaTiO3; phase was followed starting from the reference
phase [3] and refining both the a and ¢ parameters in the analysis. Reaction temperature
seems to have the greatest effect on the c/a ratio, followed by reaction time. Accordingly,
sample BT2 exhibits the highest c/a value (1.0058), followed by sample BT1 (1.0053);
samples processed at lower temperature (180°C), i.e. BT3 and BT4 presented the lower
value (1.0041) with no significant differences. The c lattice parameter remains relatively
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stable among the different samples whereas parameter a decreases when both the reaction
time and temperature increases, implying the enhancement in the tetragonality; similarly
as indicated in the previous studies that systems subject to longer reaction times or higher
temperatures resulted in higher tetragonality [30]. As a consequence, BaTiOs3 cell volume
follows the same trend, with BT2 showing the lowest volume and BT3 being the highest,
and BT1 and BT4 exhibiting intermediate values. On the other hand, average volume-
weighted crystallite size did not show any clear dependence on reaction time and/or
temperature, with the exception of BT2 sample showing the highest value; it has to be
noted that crystallite size, being defined as the average volume of coherently scattering
crystalline domains, differs in general from grain size (as observed e.g. from SEM images,

see later), and the two are thus not simply comparable.

Table 6.1. The relative densities, quantitative parameters obtained from Rietveld
refinements, Curie temperature (T¢), remanent polarization (P;), coercive

field (Ec) and maximum polarization (Pm) values of all samples.

Sample BT1 BT2 BT3 BT4
T (°C) 240 240 180 180
t (h) 24 72 24 72
RD (*100) 80.1 86.8 71.3 74.3
Goodness of Fit 2.89 3.02 3.06 2.92
BaTiOs (vol %) 89.24% 95.40% 85.03% 88.31%
TiOz (vol %) 9.47% 3.80% 14.06% 10.46%
BaCOs (vol %) 1.29% 0.79% 0.91% 1.23%
BaTiOs crystal size (A) 392 494 461 464
BaTiOs cell a (&) 4.0041 4.0024 4.0088 4.0081
BaTiOs cell ¢ (A) 4.0255 4.0257 4.0252 4.0246
BaTiOs c/a ratio 1.0053 1.0058 1.0041 1.0041
BaTiOs cell volume (&%) 64.530 64.485 64.686 64.656
Tc (°C) at 10 kHz 140 135 142 142
Pr (uC/cm?) 2.10 1.72 1.22 1.40
E:(kV/cm) 8.1 5.52 8.5 6.82
Pm (nC/cm?) 6.03 7.44 4.39 5.68
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SEM image taken from the fracture surface of the un-reacted TiO> pellet, i.e. the
starting green substrate body is shown in Fig. 6.3(a). While from the fracture surface of
the green body, porosity and some agglomeration can be seen, the sample subjected to
hydrothermal reaction at 240°C for 72 h demonstrated to have a relatively dense structure,

see Fig. 6.3(b), corroborating the data given in Table 6.1.

Figure 6.3. SEM images taken from the fracture surfaces of (a) green-body, (b) BT2
sample obtained by hydrothermal reaction at 240°C for 72 h.

TEM images obtained from the densest sample (BT2) are given in Figs. 6.4(a&b).
No core/shell structure was found in the analyzed particles. The particles have dimensions
ranging from few hundred nanometers to microns. The same sample was also investigated
through selected area electron diffraction (SAED); the obtained diffraction pattern was
indexed by using the ProcessDiffraction software [31]. The spectrum was compared with
the BaTiOs tetragonal card, see Fig. 6.4(c). The presence of the tetragonal BaTiO3
structure is consistent with the doubling of the peaks evident in the SAED pattern (see
white arrows in Fig. 6.4(b)). The presence of the cubic BaTiO; structure cannot be
excluded, however the relative intensities of the peak doublet suggest that the tetragonal
phase is by large the principal one; however, the lack of the statistics does not allow any
quantitative evaluation. Finally, there is no evidence of the presence of TiO; in the SAED,
due probably to the sampling problem; indeed, the high level of spatial resolution of TEM

may make it difficult to detect phases present in such small quantity, see Table 6.1.
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Figure 6.4. TEM analysis of BT2 sample obtained by hydrothermal reaction at 240°C for
72 h (a) image of an agglomerate, (b) SAED of the agglomerate, (c)

integration of the SAED and its comparison with BaTiOj tetragonal card.

Temperature dependence of the dielectric constant and loss of all samples were
measured at 10 kHz, and the data is given in Fig. 6.5. BT2 sample has the largest dielectric
constant followed by BT1 and BT4. BT2 also showed the lowest dielectric loss. A broad
peak in the dielectric constant can be observed for all samples at around 130°C, marking
the ferroelectric-paraelectric phase transition. All peak temperatures are included in Table
1. Differences in the transition temperatures of the samples might have been caused by
the diffuse nature of the phase transition which was likely originate from the coexisting
tetragonal and cubic phases. Such a diffuse phase transition was previously reported for
cold sintered BaTiO3 [16]. As the tetragonality increases, the dielectric peak at the Curie

becomes sharper and transition becomes less diffuse with lower Curie temperature. BT2
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had the highest tetragonality and showed the sharpest phase transition and in turn the
lowest phase transition temperature of 135 °C quite similar to that of conventionally
sintered BaTiOs. In contrast, BT3 and BT4 with the lowest tetragonality values
demonstrated the broadest phase transition with the largest transition temperatures. In
addition to tetragonality, the amount of residual phases also affect the dielectric
properties.BT2 sample which was subjected to hydrothermal process at 240°C for 72 h,
has the highest amount of BaTiOs3, tetragonality as well as the lowest amount of residual
titania; all of which accounts for the best dielectric properties i.e. sharpest phase transition
and largest dielectric peak at the transition. This is in agreement with previous study on
cold-sintering of BaTiOs, where the dielectric peak at the phase transition could only be
obtained after the additional heat treatment at 700 °C, which did not increase the relative
density much (relative density was already 93 % after cold sintering at 180 °C) but
increased the tetragonality significantly [16].

1800 —m—BT1

0.9

0.8
Lo7
Los
Los
Lo4

ielectric Loss

Dielectric Constant ()
o
w
D

,,
2
¥

0.1

T T T T L T K T
0 50 100 150 200 250
Temperature (°C)

Figure 6.5. The temperature dependence of the dielectric constant, and dielectric loss at

10 kHz.

Similar dielectric behavior, i.e. broad peak at the Curie temperature and relatively
low dielectric constant was very recently reported for cold sintered BaTiO3; ceramics
obtained at 300°C and explained mainly in terms of grain size effects [32]. Together with
this recent report, the data in the current work supports that it is possible to obtain decent

dielectric properties even by sintering at low processing temperatures via rHLPD.
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In Figures 6.6(a-d), ferroelectric hysteresis loops measured at 1 Hz and under
different voltages are given. The applied electric field was increased gradually until the
samples experienced dielectric breakdown. Hysteresis loops for all samples reached
saturation before the dielectric breakdown took place. In Figure 6.6(e), hysteresis loops
for all samples measured up to 50 kV/cm are provided for comparison. BT2 had the
largest saturation polarization followed by BT1, BT4 and BT3. This order was the same
as for the dielectric constant and should also be related with the purity of the sample as
well as its tetragonality level. The largest saturation polarization values obtained in this
study on BT2 sample were lower (less than half) than that of the recently reported ones
[32]. This difference might be related to few factors including the residual titania in the
samples, and the dissimilarities in the processing temperatures (60 degrees lower reaction
temperature was used in the current study) which resulted in different densification levels
and tetragonality. Coercive field (Ec) as well as remanent (P;) and maximum polarization
(Pm) values are also given in the Table 1. BT2 having the lowest amount of residual
impurities showed the smallest Ec whereas BT3 with the highest impurity content had the
largest Ec. Impurity phases are known to impede domain wall motion and thus increase

the coercive field [33].
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Figure 6.6. Development of ferroelectric hysteresis loops under increasing voltage (a)

BT1, (b) BT2, (c) BT3, and (d) BT4, and (e) comparison of the hysteresis

loops of all samples at 50 kV/cm.

To complement the ferroelectric hysteresis measurements, displacement of the

samples was measured and resulting strain values are shown in Figs. 6.7(a-d), together

with the hysteresis loops obtained in the simultaneous measurement. For all samples,

butterfly shaped strain loops are observed; slightly reaching negative values, indicating
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normal ferroelectric behavior [34]. Maximum strain of 0.05 % at around 50 kV/cm was
obtained again for the BT2 sample at around 50 kV/cm, consistent with its relatively large

ferroelectric polarization and dielectric constant among other samples in this study.
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Figure 6.7. Hysteresis (P-E) and Strain loops (S-E) of (a) BT1, (b) BT2, (¢) BT3 and, (d)
BT4 measured at 1 kHz.

Piezoelectric ds3 coefficients (pC/N) of the samples were found to be 50 pC/N (for
BT1), 84 pC/N (for BT2), 34 pC/N (for BT3), and finally 38 pC/N (for BT4). It should
be noted that the poling process conditions (temperature and time) can be optimized to
enhance the ds3 values. Nevertheless, obtained values are much lower than that of the
conventionally sintered BaTiO3 ceramics for which dss; values lie in the range of 350-500
pC/N [35]. Conventional sintering is typically done around 1350°C and the resulting

samples have relative density values greater than 95% [36].
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6.4. Conclusions

BaTiO3 ceramics were prepared via reactive hydrothermal liquid-phase
densification (rHLPD) technique. The increase of both reaction time and temperature
resulted in BaTiO3 components having enhanced densification reaching to 86.8%. The
samples showed acceptable electrical properties without any additional annealing
processes. BaTiO3 sample subjected to hydrothermal reaction at 240°C for 72 h showed
a saturated hysteresis loop and the corresponding butterfly shaped strain-electric field
loop, together with a broad Curie temperature around 135°C. The sample with the most

favorable processing conditions yielded a piezoelectric coefficient ds3 of 84 pC/N.
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CHAPTER 7

FORMATION OF MONOLITHIC SrTiOs3-TiOz
CERAMIC HETEROSTRUCTURES BY REACTIVE
HYDROTHERMAL SINTERING

The following chapter is published in J. Eur. Ceram. Soc. 43 (2023) 6982-6988

(Reproduced from % with permission from Elsevier).

Abstract

In a one-pot approach, monolithic SrTiO3-TiO2 ceramic heterostructures were
obtained using the reactive hydrothermal liquid phase densification (tHLPD). Structural,
morphological, and photocatalytic properties of the obtained ceramics were analyzed. The
relative density of the formed components reached about 80% with reaction time,
temperature, and NaOH concentration variation. It was observed via Rietveld refinement
that there was no XRD detectable phase other than TiO2 and SrTiOs in the final structure.
The monolithic SrTiO3-TiO> ceramics obtained by hydrothermal reaction at 120°C for 24
h in IM NaOH concentration showed a dielectric constant being around 500, and the
dielectric loss was below 0.25 at frequencies higher than 10 kHz. The SrTiOs-TiO:
heterostructured monoliths having only 20 vol% total porosity and low specific surface
area, demonstrated ~60% efficiency (in 5h) in degrading Methylene Blue photo-
catalytically.
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7.1. Introduction

Due to their unique properties, metal oxide perovskites with the chemical formula
ABOj; are commonly used in many areas as solar cells, supercapacitors, light-emitting
diodes, and photocatalytic applications [ 134—138]. Strontium titanate (SrTiO3), one of the
perovskite-structured inorganic solids, is a paraelectric material and has been widely used
in various applications [139—141]. To obtain a dense component, commercially available
SrTiO3 powder is usually pelletized, followed by densification at high temperatures, e.g.,
between 1250-1500°C, via conventional solid-state sintering [142]. However, this is a
time and energy-consuming process [143].

The formation of heterostructures between SrTiOs and other photocatalytic oxides
improves the system's photocatalytic properties [144]. For instance, TiO> is characterized
by a relatively large band gap (3.2 ev) [145] and suffers the formation of bounded
electron-hole pairs, which hinder photocatalytic activity[146]. The combination of titania
with SrTiOs, possessing a conduction band edge 200 mV below that of titania,
dramatically improves the photocatalytic activity (improved transfer of electron-hole
pair) of the system [147,148]. The formation of monolithic SrTiO3-TiO> ceramic
heterostructures has been investigated only on the particulates processed through
complicated strategies [149].

Recent works on sintering inorganic solids have aimed to minimize energy
consumption and reduce carbon footprint [6,23,25,150,151]. Among the techniques, the
cold sintering process (CSP) and hydrothermal liquid phase densification (rHLPD) are
the most promising. Here, the ceramic consolidation is aided at low temperatures by
external pressure application and by the addition of a liquid solvent, usually a water
solution. The processes have been applied to different ceramics and also to perovskite-
structured oxides [19,31,152-155], including SrTiO3 [156,157]. While most of the works
aimed at maximizing the density of the sintered body (though not always full density
could be achieved), the photocatalytic activity is enhanced in porous systems where
"sintering" is simply needed to consolidate the body in a solid network. Such results can
be easily achieved by the mentioned low-temperature consolidation approaches.

In this context, reactive hydrothermal liquid phase densification (rHLPD) allows
the production of ceramic components in one step by combining the synthesis and
sintering at low temperatures, eventually yielding direct manufacturing of
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heterostructured structures [6,30,31]. While many chemical systems were proposed [29],
no study focused on the formation, characterization, and application trials of SrTiO3-TiO>

ceramic heterostructures produced in one step via rHLPD.

7.2. Experimental Procedure

All experiments were performed using Strontium hydroxide octahydrate
(St(OH)2.8H20, 99% purity, Alfa Aesar), Titanium dioxide (TiO2, 99.8% anatase,
Merck), Sodium hydroxide (NaOH, 98-100%, Merck), Polyvinyl alcohol (PVA,
M,=31000-50000, 87-89%, Merck) and deionized (DI) water. During the production of
SrTiO3 by rHLPD, three different parameters were altered, temperature: 90C, 120C, 140C
(°C), time: 6h, 24h, 72h, and NaOH concentration: 0 M (i.e., no NaOH) or 1M.

To obtain a porous titania matrix, 10 wt.% PV A solution and TiO; powder were
ground in a ball mill (Retsch PM-100, Germany) with yttria-stabilized zirconia (YSZ)
balls at 250 rpm for 24 h. After drying, the resulting powder was ground and sieved in a
45-mesh sieve. 0.2 g of sieved powder was pressed in a manual hydraulic press (GS25011,
Specac, UK) at 40 MPa. The pellets were treated at 400°C for 5 h to remove the PVA
binder. Then, a 3 M Sr(OH),.8H>0 solution was prepared and loaded into an autoclave
(Parr Instruments 4748 model, USA) for hydrothermal reaction with TiO; pellets at 70
vol% filling. After the reaction, the final pellets were washed with DI water and dried at
80 °C overnight.

The fracture surface morphology and elemental composition of the monolithic
samples were analyzed by Scanning Electron Microscopy (SEM, FEI, Quanta 250, USA)
equipped with Energy Dispersive X-Ray Analysis (EDX) detector. Before SEM analysis,
the surfaces of the pellets to be examined were coated with approximately 10 nm Au. In
addition, non-coated samples were used for EDS analysis.

X-ray diffraction (XRD) measurements were performed with the Philips X'Pert
Pro (Holland) device, which is equipped with a Copper anode X-ray source (Cuka =
1.5406 A at 40kV, 30 mA). Rietveld analysis was performed by ReX software [158],
starting from the model containing the SrTiO3; and TiO, reference crystal structures and
refining phases weight fractions as well as their lattice and microstructural parameters.

Nitrogen (N2) gas sorption analyses were done by Gemini V (Micromeritics, Norcross,
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GA, USA). The samples were degassed at 150°C for 12 h before examinations. Specific
surface area (SSA) was determined from a BET (Brunauer—Emmett— Teller) analysis.
The bulk densities of the samples were measured using Archimedes' principle with
ethanol. Reaction completion (%) was calculated in two ways. The first one was based
on Rietveld phase fractions from XRD data. Secondly, reaction completion values were
estimated from the weight change before and after the reaction via Eq (7.1) where
Sr(OH): is the infiltrating species, TiO; is the porous solid matrix (green body), and
SrTi03() and H2Oqy are the reaction products.

TiOas+ St(OH)2 = SrTiOss+H200) (7.1)

The dielectric constant measurements were obtained at room temperature in the
0.02-100 kHz range. As reported previously, the photocatalytic activity was analyzed
through time-dependent photodegradation studies of a 2.5 ppm aqueous dye (Methylene
Blue, MB) solution [159]. The optical properties were investigated by an ultraviolet-
visible (UV—Vis) absorption double beam spectrophotometer (Caryl00 Bio; Agilent
Technologies Pty Ltd., Mulgrave, VIC, Australia) in a 200-500 nm wavelength range.

7.3. Results and Discussion

The porous green titania body, formed homogeneously over the entire surface,
can be seen in the SEM image in Fig. 7.1(a, and inset). As given in Fig. 7.1(b) and the
detailed higher magnification image in the inset, the sample reacted at 90°C also had a
porous structure. Instead, when Fig. 7.1(¢) and (d) are analyzed, it can be seen that the
microstructures of the samples became denser when the reaction was conducted at 120°C
and 140°C, respectively.

It is already shown that a porous component can be densified via rtHLPD technique
without noticeable shrinkage [160]. This is because the crystalline phase of the parent
porous substrate changes to another phase having a larger molar volume, i.e., volume
expansion contributes to pore closure and densification. Here, in a particular example,

titania has a density of (pr;0,) 3.9 g/cm?, and molar volume of (Vrio,) 20.5 cm’. Instead,

SrTiOs has a density (pgyrio,) of 5.1 g/cm?, and molar volume of (Vsrrio,) 36 cm’. If one
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mole of titania is converted fully to one mole SrTiOs3, i.e., 100% reaction yield, a molar
volume expansion of ~76% should be expected [161]. Accordingly, when the reaction
proceeds via Eq.(7.1), it yields SrTiOs, a higher molar volumed compound that will cause
densification due to pore closure without measurable shrinkage.

The relative densities of TiO2 green bodies used in all studies were around 52%,
i.e., 48 vol% total porosity, taking the theoretical density of 3.9 g/cm? (anatase) [162].
The reaction completions (% mole conversion of TiO> to SrTiOs3) can be assessed from
the weight changes for the samples treated at different temperatures, then the estimated
values can be used to compute corresponding volume expansions to derive final relative

densities (Ppuik / Pruey;, rop) a1ter the reaction. As seen in Fig. 7.1(e), the lowest relative

density was observed from the 90°C reaction, while the highest was found as 78% for the
sample reacted at 120°C for 24 h.

Hydrothermal reactions occurred sparsely in the samples produced at 90 °C,
probably due to the limited solubilities of the species. The solubility enhancement
determines an increase in the mass transport rates, facilitating the crystallization of SrTiO3
and densification [160,162,163]. The increase in the reaction temperature caused more
pronounced densification up to 120°C. While further experiments are needed to clarify
such a point, the slight difference observed for 140°C treated samples can be due to the
differences in the green body relative densities, experimental errors, or aggregated
particles observed previously for the synthesis of SrTiOs;. Shen et al. [164] demonstrated
that as the SrTiO3 hydrothermal reaction temperature increased beyond 120°C, the SrTiOs
particle size increased irregularly and formed heterogeneous microstructures.

The XRD data of the green pellet was consistent with the anatase phase (ICDD #
01-071-1166), as shown in Fig. 7.1(f). The characteristic peaks of the SrTiO3; samples
appeared at 32.0, 40.0, 46.5, 57.5, 68.0, and 77.0° and can be ascribed to the (110), (111),
(200), (211), (220), and (310) planes for the cubic symmetry of SrTiO3, matching well
with ICDD # 01-073-0661. Apart from these crystalline phases, the XRD detected no
other peaks. While it was not observed, it should be noted that SrCO3 can frequently form
as a byproduct when carbon dioxide or carbonate ions are present in the reaction vessel

[160,162,163].
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Figure 7.1. SEM images obtained from the fractured surfaces of (a) TiO2 green body, (b-

d) pellets obtained from the reactions at different temperatures in 24 h: (b)
90C _24h, (c) 120C _24h, (d) 140C_24h, (e) Reaction completion (%) vs.
final relative density (RD%) data of all pellets produced at different
temperatures in 24 h, (f) Normalized XRD patterns of TiO» green body and
rHLPD sintered bodies at different reaction temperatures for 24 h, ICDD
#01-071-1166 (TiO2) and #01-073-0661 (SrTiO3) were also included in the
plot.
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Rietveld refinement was conducted on all 24h treated samples, and a refined
pattern of 120C_24h is reported in Fig. 7.2. For all analyzed samples, nearly full matches
with relatively small residual fitting errors can be seen below the example fit. Apart from
the marked SrTiO3 and TiO; phases, no extra peak was observed for any other crystalline
phase (e.g., SrCO3). According to fittings conducted on selected samples, it was found
that the 90C 24h had 33 mol.%, 120C_24h had 61 mol.%, and 140C_24h was found to
have reaction completion of 58 mol.%. R, fitness values between 7% and 9% suggest a
quite well agreement between the calculated model and the experimental data. The
reaction completion calculations were followed in two ways; (i) using the initial and final
weights and (ii) the relative phase fractions obtained from the Rietveld analysis, and all
the data were compatible. For example, the calculated reaction completion for the
120C_24h sample was around 57 mol.% (from weight gain), close to the Rietveld fitting
result of 61 mol.%. As a result, if one calculates the volume expansion related to such a
mole conversion through reaction (I), a final relative density of 77%, similar to the one

obtained from Archimedes' measurement of 78% can be observed.

obs
— calc
— diff
— SITio3
TiOo2

sqrt{counts) (a.u.)

20 30 40 50 60 70 80 90
2-theta (degrees)

Figure 7.2. Rietveld refinement of the x-ray diffraction pattern collected on the sample
reacted for 24 h at 120°C (120C_24h). The red dots correspond to the
observed (obs) experimental data, whereas the continuous blue and green
profiles represent the modeled signals for the SrTiO3 and TiO: phases,
respectively. Below the calculated (calc) fit, Bragg reflection positions are
marked with the corresponding color code; the residual error (difference: diff)

plot is reported in violet.
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SEM micrograph taken from the fractured surface of the sample reacted for 72 h
at 120 °C (120C_72h) is shown in Fig. 7.3(a). At different temperatures, relatively dense
microstructures were obtained for longer reaction times, affecting the nucleation rate
[165]. The relative density values of the pellets obtained in the rHLPD experiments
performed at different reaction times are shown in Fig. 7.3(b). When the reaction was
conducted for 72 h, comparable relative density values of around 80% were observed.

While the increase in reaction time caused enhanced SrTiOs formation, it is
essential to note that the kinetics was slower than those for the other rHLPD studies
[30,31]. Similar observations were reported for hydrothermal synthesis of SrTiO3 using
anatase to react at 200°C. A significant amount of unreacted titania was found even after
48 h of reaction [162,166—168]. XRD data obtained from the samples reacted for different
periods at 120°C (see Fig. 7.3(c)) and 140°C (data not shown for brevity) demonstrates

merely the formation of a SrTiO3-TiO2 ceramic heterostructure system.
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Figure 7.3. (a) SEM micrograph taken from the fractured surface of 120C_72h sample,
(b) Reaction completion (%) vs. final relative density (RD%) graph of all
pellets produced at different temperatures in 24 h at 120°C and 140°C, (c)
XRD pattern of samples obtained at 120°C in different reaction times (6, 24,
and 72 h).

SEM image taken from the fracture surface of the 120C 24h IM sample,
obtained from the reaction at 120°C for 24 h, under 1 M NaOH concentration, is given in
Fig. 7.4(a). A homogeneous microstructure can be seen, as in all other samples. When
the EDX images obtained from the fracture surface (Fig. 7.4(b)) are analyzed, it is

possible to see that Sr, Ti, and O are homogeneously distributed, but no Na was observed
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over the entire scanned pellet surface. The examination was also conducted from the top
surface to 110 um depth (see Fig. 7.4(c)), and consistently, only Sr, Ti, and O were found.
Accordingly, it is possible to state that the reaction proceeded virtually homogenous
throughout the sample. Since the formation of SrTiOsz necessitates the parent titania
surface, the structure was probably composed of anatase-TiO;-cored SrTiO3, as
documented in previous hydrothermal reaction studies [162].

The final relative density of the pellets obtained by rHLPD experiments
performed at 1 M NaOH concentration is shown in Fig. 7.4(d). Similar to other studies,
the tendency of SrTiO3 formation increased with NaOH, i.e., NaOH enhanced the sample
relative densities and reaction conversions [169]. It was already documented that the
SrTiO3 synthesis is supported by increased alkalinity [160,169]. Lencka and Riman
constructed a Sr-Ti-HO stability diagram based on theoretical calculations. The authors
showed that the SrTiO3 formation from TiO; requires an alkaline medium for enhanced
dissolution of TiO> and subsequent precipitation of SrTiO3 [160,163,170].

The XRD analysis of the samples reacted under 1 M NaOH concentrations is
given in Fig. 7.4(e). When the XRD patterns are examined, clear peaks of SrTiO3 and
Ti0, without additional crystalline phases can be seen in all samples, corroborating that

SrTiOs3 is the predominant reaction product in the experimental conditions [162].
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Figure 7.4. (a) SEM images of the fractured surface of the 120C_24h_1M pellet obtained
at 120°C in 24 h under 1 M NaOH concentration condition, (b) EDX mapping
from the center of the fracture surface of the 120C_24h 1M pellet, (c) EDX

scan from the top surface to 110 pm depth, (d) Reaction completion (%) vs.
final relative density (RD%) graph of all pellets produced at 120°C and 140°C
in different NaOH concentrations (without NaOH and 1 M). (e) XRD pattern
of samples obtained at 120°C and 140°C in 1 M NaOH concentration.

An indirect optical band gap (E,) value of 3.25 eV, similarly observed for SrTiOs-

Ti0O; heterostructures [148], was found using Kubelka-Munk transformation (see Fig.

7.5(a-inset)) from reflectance spectra (shown in Fig. 7.5(a)). Fig. 7.5(b) demonstrates
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the photocatalytic performance of the 120C 24h 1M pellet with only 20 vol% total
porosity. The intensity of absorption peaks decreased with time, and the degradation
efficiency of MB dye was around 60% in 5 h. The change in the concentration of MB vs.
UV-Vis irradiation time can be seen in Fig. 7.5(b-inset). Although the 120C 24h IM
sample had a low SSA of 5.7 m%/g, it showed better degradation efficiency with a higher
photodegradation rate constant (0.0028 min ') than other monolithic SrTiO3-TiO and N-
doped SrTiOs-TiO> systems with approximately five times larger surface area of 27.8
m?/g [171,172].

The dielectric constant and dielectric loss curves obtained from the same sample
(120C_24h_1M) are shown in Fig. 7.5(c). The dielectric constant was around 500 at high
frequencies (above 10 kHz), and the dielectric loss decreased significantly above 10 kHz,
falling below 0.25 [173]. A few recent works proposed ferroelectricity-based
photocatalysts with enhanced photocatalytic performance due probably to the
polarization-dependent band bending of BaTiO3 [174]. While SrTiOs3 is paraelectric and
the correlation of dielectric properties with the photocatalytic performance of TiO»-
SrTiO3 heterostructured monoliths is beyond the scope of the present work, further

investigations are of interest.
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Figure 7.5. (a) Reflectance spectra of 120C_24h 1M (obtained at 120°C in 24 h under 1

M NaOH concentration) pellet (the top-left inset represents Kubelka—Munk
plot of reflectance spectra to calculate the band gap energy), (b) UV-Vis
absorption spectra showing the photocatalytic degradation of Methylene Blue
dye using 120C_24h 1M pellet under UV-Vis irradiation (the top-left inset
represents concentration change of Methylene Blue vs. UV-Vis irradiation
time), and (c) Frequency-dependent dielectric constant and dielectric loss of

the same sample obtained at room temperature.
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7.4. Conclusions

SrTiO3-TiO2 monolithic ceramic heterostructures were produced using a novel
cold sintering technique called tHLPD. The effect of different temperatures, time, and
NaOH concentrations was investigated. Only SrTiO3 and TiO» phases were observed
within the XRD method limits, with no extra peaks resolvable for any other crystalline
structure. The optimum reaction parameters were set at 120°C for 24 h with 1M NaOH,
yielding ~80% dense components having reaction completion of 69 mol.%. The dielectric
constant measurements demonstrated that at high frequencies above 10 kHz, the dielectric
constant was around 500, and the dielectric loss value was below 0.25. The monolithic
SrTi0s3-Ti0O2 ceramic pellets with 20 vol% total porosity were used to degrade Methylene
Blue dye photo-catalytically, and ~60% efficiency was observed in 5 h.
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CHAPTER 8

FAST-FIRING OF POTASSIUM SODIUM NIOBATE

The following chapter is written in the format of a manuscript submitted to Open

Ceramics.

Abstract

Potassium sodium niobate (KNN) is one of the most promising Pb-free piezo
ceramics. In present work, KNN was produced by fast-firing with different cooling
strategies, i.e., fast and slow cooling. Dielectric, ferroelectric, and piezoelectric properties
of fast-fired pellets were determined and compared with those of conventional-sintered
products. Although the samples produced by fast-firing had higher density than those
obtained by conventional sintering, fast-cooled samples following fast firing show
relatively low electrical properties. When fast-firing was combined with slow cooling,
the electrical properties, especially piezoelectric ds3 values, were improved. The material
subjected to fast-firing at 1120°C using slow cooling gave the highest relative density
(about 95%) with fine grains microstructure and a dz3 of 112 pC/N whereas that produced
by conventional sintering resulted in d33 of 80 pC/N with a relative density of 88% for the

same dwell time (30 min).

8.1. Introduction

Firing has been used to densify ceramics for thousands of years. Traditionally, it
consists of high-temperature treatment of a powder compact using heating rates ranging

from a fraction to a few degrees Celsius per minute. For over half a century,
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unconventional sintering techniques have been proposed to enhance densification and/or
suppress grain growth of ceramics [1].

Fast-firing (FF), introduced at the beginning of the ‘80s, is a very straightforward
non-conventional sintering process. It enables densification by utilizing much higher
heating rate (102-10° °C/min) with shorter dwell time [1,2]. In the fast-firing process, large
heating rate has a vital role in enhancing densification and grain growth control, similar
to other unconventional sintering techniques like spark-plasma, microwave and flash
sintering [1]. For the same relative density, fast-fired samples are typically characterized
by finer grain size, and reduced pore/grain boundary separation compared to those
obtained by conventional sintering [1,3].

Fast-firing (FF) involves the direct introduction of the green sample into the hot
zone of a furnace so that the ceramic quickly reaches the high-temperature regime. This
allows the material to pass through the temperature region where grain coarsening is
activated without densification in a few seconds/minutes. This phenomenon is associated
with the different activation energies for the two processes, where densification
(involving bulk/grain boundary diffusion) is typically characterized by higher activation
energy than coarsening and, as such, requires a higher temperature for being activated
[2,4,5]. Due to its “simplicity”, FF resulted as a popular sintering technique with several
industrial applications and has been used to sinter both traditional and advanced ceramics
[6]. Fast firing was used for the densification of several systems, including traditional
ceramics such as tiles and sanitaryware [7-9], technical ceramics such as alumina[ 10—
13], barium titanate [14—17], ferrites [18], indium tin oxide [19], lanthanum gallate [20],
lead magnesium niobate [21,22], lead zirconia titanate [23—26], zirconia [3,13,17,27-29],
Sm>0O3-doped CeO2 [30], and even composites [31].

Potassium sodium niobate, KosNaosNbOs; (KNN), has attracted tremendous
attention in recent years as lead-free and environmental-friendly piezoelectric material.
Besides showing a relatively high Curie temperature (7. = 418 °C), KNN is characterized
by a large piezoelectric coefficient (d33 = 80 pC/N) when produced by conventional
sintering [32,33]. In addition to that, reducing the particle size of the starting materials of
pure KNN was observed to yield distinguishable results in ds3 piezoelectric coefficients,
increasing up to 107 pC/N through conventional technique [34]. The electrical properties
of KNN are highly sensitive to the composition and this requires the maintenance of the

desired stoichiometry during sintering [35-37]. Nevertheless, during conventional
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sintering with long dwell times, high density cannot be reached due to the volatilization
of alkali elements and the formation of secondary phase [38,39]. In addition, as a result
of solid-state sintering (SSS) temperature (around 1120°C) which approaches KNN
melting point (1140°C), lattice defects are generated and the stoichiometry might shift
[40].

In the present study, fast-firing of KNN using powders produced by the solid-state
synthesis was investigated for the first time. Dielectric, ferroelectric, and piezoelectric
properties of the materials produced by FF were determined and compared with the

conventional solid-state sintering process.

8.2. Experimental procedures

Nb2Os (CAS#:12034-59-2, 99.9%, Sigma—Aldrich, USA), Na,COs; (CAS#:497-
18-8, >99%, Sigma Aldrich, USA) and K>CO; (CAS#:584-08-7, >99.5%, Sigma
Aldrich, USA) precursors were weighed in accordance with the stoichiometric ratio and
mixed in ethanol for 24 h using a planetary ball mill at 250 rpm (Retsch PM-100,
Germany). After drying the slurry, calcination was carried out at 850°C for 5 h in air,
followed by ball-milling with zirconia spheres for 24 h.

The obtained powder was mixed with 10 wt% distilled water and uniaxially
pressed under a pressure of 100 MPa within a steel die 8 mm in diameter. The green
bodies with thickness of about 1.4 mm were dried overnight at 150°C. The specimens
were subjected to fast-firing using a tubular furnace (Nabertherm P330, Lilienthal,
Germany) kept at various temperatures ranging from 1090°C to 1130°C. The samples
were inserted quickly into the tube furnace at the selected temperature and kept there for
30 min. The fast-fired samples were extracted from the furnace in two ways. Some of
them were quickly (~1 min) taken out from the furnace and cooled in air (cooling rate
~18°C/s) - fast cooling (FC). Others were extracted in ~5 min (cooling rate ~4°C/s) - slow
cooling (SC). Some green samples were also conventionally sintered at the selected
temperature for 30 min using 3°C/min heating and cooling rate.

The bulk density of the specimens was determined using water via the
Archimedes’ principle. Crystalline phases were identified using an X-ray diffractometer
(XRD, Italstructures IPD3000 diffractometer, Italy) with Cu anode X-Ray source. XRD
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analysis were carried out in between 10° and 130° (20) range with 0.02° step size for a
total of 1800s acquisition time. The morphology of the fracture surfaces was analyzed
using scanning electron microscopy (SEM, FEI Quanta 250 FEG, USA). To measure the
electrical properties, polished pellets produced by fast firing and conventional sintering
were coated with silver paste on both surfaces and then cured at 200°C for 20 min. The
dielectric permittivity and loss variation with temperature was examined using an
E4980AL LCR meter (Keysight Technologies, Santa Clara, CA, USA) at 100 kHz, from
room temperature to 250°C because the sample holder (aixACCT, TFA 423-7) used for
the dielectric measurement can endure up to 250 °C. The heating rate during measurement
was 5 °C/min which was controlled by the temperature controller (aixACCT). The
measurement was controlled with a Labview program. TF analyzer
(aixACCT TF Analyzer 1000, Aachen, Germany), in conjunction with high voltage
amplifier (TREK 610E, TREK, Medina, NY, USA) and laser-interferometer (SIOS
Meftechnik GmbH, Germany), was employed to generate P-E and S-E loops. The voltage
applied during the P-E and S-E measurements was in the form of a triangular wave and
was applied at 50 Hz. The frequency of 50 Hz was chosen because it was the maximum
applicable frequency to suppress the leakage contribution to the hysteresis loops. To
determine the piezoelectric coefficient (ds3), samples were poled under 40 kV/cm DC
field at 25°C for 10 min in a silicone oil bath and then analyzed using a Berlincourt type
dss meter (Sinocera Piezoelectronics, YE2730A, China). The poling procedure was
carried out by using TF analyzer and high voltage amplifier which are same instruments
mentioned above. The force applied via d33 meter has an amplitude of 0.25 N with 110

Hz frequency and the accuracy of the measurements in the range of 10-200 pC/N is +5%.

8.3. Results and discussion

The X-ray diffraction patterns of fast-fired and conventional sintered specimens
are shown in Fig. 8.1 and compared to that of KNN powder synthesized by solid-state
reaction. For all samples, no phase transformations or secondary phases are observed. All
peaks are associated with the ICDD data of Ko sNaosNbO; (ICDD # 96-230-0500),
presenting an orthorhombic structure. The KNN powder possesses single broader peaks
with shoulders at larger angles, as it is generally observed for temperatures below 850°C
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[41]. XRD peaks become narrower and sharper as the sintering temperature increases,

pointing out the larger crystallinity of the system when compared to the as-synthesized

powder.
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Figure 8.1. X-ray diffraction patterns of KNN samples produced at different temperatures
(1090-1130°C) via (a) Fast-firing (FF) and (b) Conventional sintering (CS);

the patter recorded on the KNN powder synthesized via the solid-state reaction

(KNN powder) is shown for comparison.

The relative bulk density of FF samples is given in Fig. 8.2. While the sample

sintered at 1090°C show the lowest densification (87.3%), a relative density of 93-94%

was obtained from specimens sintered at 1120-1130°C, in proximity of the KNN melting

point (1140°C) [40]. Conventionally sintered samples treated at the same temperatures

achieved the lower densities than fast-fired ones. The sample sintered at 1130°C reaches

a relative density of 91.7%, the relative density clearly increasing with temperature.
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Figure 8.2. Relative density of fast-fired and conventional sintered samples as a function

of temperature.

Figure 8.3 shows the fracture surface microstructure of fast-fired and
conventionally sintered samples. The fracture surface of sample FFed at 1090°C shows
relatively small grains. The microstructure development with increasing temperature
points out grain growth and, sometimes, abnormal grain growth, similarly to conventional
sintering process. Conversely, conventionally sintered samples show relatively low
densification with cubic grains at 1090 and 1100°C while grain growth begins at 1110°C.
At 1120°C, dense microstructure appears with bimodal grain size consisting of fine cube-
shaped grains and large grains exceeding 10 pm. While intergranular fracture
predominated around the smaller grains, transgranular fracture is visible in the large
grains, similarly to previous study [42]. Indeed, this unique, abnormal grain growth
phenomenon was observed in coarse KNN grains with specific core-shell structures. The
core region consists of nano-sized grains, while the shell region has larger-sized similar
self-assembled grains [43]. The extraordinary grain growth can be probably prevented by

the FF because the activation energy for densification is higher than that for grain growth.
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Figure 8.3. Fracture surface morphologies of conventional sintered and fast-fired samples

at 1090°C, 1100°C, 1110°C and 1120°C.
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Figure 8.4 shows the temperature dependence of dielectric permittivity and
dielectric loss (tan o) at 100 kHz of KNN ceramics sintered at different temperatures by
FF and CS methods. In general, the dielectric permittivity decreases when increasing the
FF temperature. The O-T phase transition anomaly can be seen around 210°C for all the
samples (Fig. 8.4) [44]. On the other hand, the loss peaks of FF samples that appear at
low temperatures (loss peaks are not visible for samples sintered at 1110°C and 1120°C)
do not correspond to any phase transition. Still, they may show a relaxation behavior
possibly resulting from the space-charge polarization effect or Schottky diode effect [45].

The dielectric permittivity and loss of samples produced by FF at 1090 and
1100°C show similar behavior (Fig. 8.4(a)), while the sample fast fired at 1110°C has a
lower dielectric permittivity and relatively low dielectric loss. A further decrease of the
dielectric permittivity can be observed in the samples sintered at 1120 and 1130°C.
Higher dielectric loss values at low temperatures of the sample sintered at 1130°C may
indicate higher ion mobility or conductivity contribution and enhanced imperfections in
the material [46,47]. To reduce the defects, controlled (slow) cooling was used for the FF
samples. By using this approach, it was observed that the dielectric permittivities
increase, but significant change was not observed in the loss behavior (dashed curves in
Fig. 8.4(a)). Besides, the loss peaks at low temperature were not observed in the samples
produced by conventional sintering (Fig. 8.4(b)) characterized by lower loss values
compared to fast fired materials. The behavious appear similar for all samples, the
dielectric permittivity increasing with sintering temperature up to 1100°C and then
decreasing. At 1130°C, which is close to the melting temperature of KNN, the dielectric
properties of CS samples start to deterioate. Furthermore, samples conventionally sintered
at 1110 and 1120°C have the highest dielectric permittivity. It is important to note that
the effects of sintering temperature and dwell time on electrical properties might be
intricately influenced by grain size, compositional variation due to volatilization, ceramic

density and abnormal grain growth [43,48].
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Figure 8.4. Temperature dependence of the dielectric permittivity and dielectric loss (tan
0) of KNN ceramics produced by (a) fast firing and fast firing with slow

cooling (SC) and (b) conventional sintering.

Figure 8.5 shows the polarization-electric field hysteresis loops and strain-electric
field curves. FF samples were measured at 50 Hz frequency to eliminate the conductivity
contribution, as shown in Fig. 8.5(a). However, specimens produced at 1110 and 1120°C
still exhibited high conductivity contribution and an artificial polarization value [44,45].
For such reason, their hysteresis loops are given only as insets on the graph. All loops,
apart from those two, are pinched with low remanent polarization. Pinching of the loops
was reported for KNN samples that were sintered with cold sintering, and it was ascribed
to the pinning of domain walls by either point defects or fine grains [49]. It can also be
seen from the dashed loop obtained at 1130°C that the polarization values increased, and
the lossy behavior decreased with slow cooling compared to fast cooling. In addition, the
samples produced by fast firing-SC have higher strain values than those obtained by
standard fast firing. Polarization hysteresis loops of conventional sintered samples have
a similar dielectric behavior trend (Fig. 8.4(b)). In addition, the trend in strain values of
the CS samples is compatible with the dielectric and polarization properties, and the

highest strain values belong to the samples sintered at 1110 and 1120°C.
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Figure 2.1. Polarization-electric field hysteresis loops and strain-electric field curves of
KNN sintered by (a) fast firing and fast firing with slow cooling (SC) and (b)

conventional sintering at different temperatures.

Figure 8.6 shows the sintering temperature-dependent piezoelectric coefficients,
dss and dss3*. As can be seen, lower ds; values are obtained by standard fast-firing. The
higher d3; values were obtained when fast-firing with slow cooling was carried out, thus
reducing the defects and, hereof, the conductivity contribution. If the cooling rate is high
and the defect removal rate is slow, high defect concentrations can be present at room
temperature, this influencing the ferroelectric and piezoelectric properties [50]. Reduced
defect concentration can facilitate domain wall motion and increase extrinsic contribution
to piezoelectricity. In addition, smaller grain size of the FFed samples might also be
increasing ds3 coefficient, as domain wall concentration is expected to increase with
decreasing grain size. It is worth noting that ds; coefficients of typical highly dense KNN
ceramics produced by conventional sintering usually range between 80 and 110 pC/N
(e.g., 80 pC/N at 1120°C found in this study) [51], reaching 160 pC/N with a relative
density of around 99% by hot pressing [33]. The d33 value of the sample subjected to FF
at 1120°C 1s 49 pC/N, while material fast fired at 1120°C with slow cooling yields 112
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pC/N, exceeding typical d3; values of conventional ones. The d3; value of samples
conventionally sintered at 1130°C, which approaches the melting temperature of KNN,
is found to be relatively low, similar to the obtained dielectric properties. It should be
noted that the measured samples produced by both techniques usually exhibited
transgranular fracture, indicating the grain boundaries with weaker path for crack
propagation. The coefficient of d33 might be enhanced with the introduction of crack
formation during poling [52]. Therefore, d3;* values were also calculated by utilizing
strain measurements. ;" values, as shown in Fig. 8.6(b), which are derived from the
expression ds;” = (max strain) / (applied electric field), are consistent with the d3; values
[53]. The d3;" values of conventional sintered KNN were found to be 86-112 pm/V when
sintered under an air atmosphere and 119 pm/V when sintered under a low O atmosphere
in the previous work [54]. These values are comparable with this work, especially for

conventional sintered and fast-fired with slow cooling samples.
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Figure 2.2. Sintering temperature-dependent piezoelectric coefficients of samples
produced by fast-firing (FF), fast-firing with slow cooling (SC) and

conventional sintering (CS): (a) d33 and (b) ds3*.
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8.4. Conclusions

Potassium sodium niobate (KNN) ceramics were densified by fast firing at 1090-
1130°C for 30 min. While higher relative densities were obtained by FF compared to
conventional sintering, the fast-fired pellets demonstrated relatively low electrical
properties. When FF with slow cooling was carried out, dielectric, polarization and
piezoelectric properties were enhanced. While the material produced by conventional
sintering had a ds3 of 80 pC/N with a relative density of 88% (1120°C), FF at 1120°C led
to higher relative density (about 95%) with a smaller grain size. If FF was followed by

controlled cooling, ds3 as high as 112 pC/N can be obtained.
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CHAPTER 9

FAST-FIRING OF MARS REGOLITH SIMULANT

The following chapter is written in the format of a manuscript to be submitted. In

preparation

Abstract

In the future, benefiting ISRU (In-Situ Resource Utilization) approaches holds
significant importance in line with plans for space colonization. As a different ISRU
concept, Mars regolith simulant (MGS-1) was sintered at different temperatures for
varying dwell times by fast-firing process which is widely used in the industry. The
produced specimens were also compared with slowly heated conventional sintered ones
under the same conditions. As of 15 min dwell time, fast-fired specimens exhibited
greater densification with higher flexural strength exceeding 25 MPa compared to those
of conventional sintering process. For both processes, the bulk density values and the
mechanical properties of the regolith compacts were usually enhanced with increasing
dwell time. Lastly, fast-firing can be considered as a potential candidate with the
development of the discussed processing strategies for the fast-firing technique in terms

of rapid colonization for ISRU on Mars.

9.1. Introduction

Promising plans to colonize space require appropriate use of the available
resources for a sustainable life outside our planet. In this sense, materials found in outer
space deserve particular attention [1]. In-situ resource utilization (ISRU) concept is the
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practice of on-site collection, processing, storing, and use of indigenous materials
encountered during human or robotic space exploration. Therefore, early colonization
scenarios propose the direct use of the regoliths composed of various oxide minerals [2].

In previous studies, some ISRU approaches of regolith simulants have been
proposed, these including dry consolidation [3-5], melting [6—8] ,geopolymerization
[1,9], self-propagating high-temperature synthesis [10], slip casting [2], additive
manufacturing [11,12], and cold sintering [13] . However, further studies are still required
to establish new ISRU approaches in future.

Generally, the regoliths obtained from Luna or Mars contain largely silica (~50
wt. %); this means that it may be possible to produce glass or ceramics by sintering or
melting [14-18]. Therefore, different sintering approaches including conventional
sintering under different atmospheric conditions [19-23], laser processing [24—27], solar
sintering [28], cold sintering [13], microwave sintering [4,18,29-31], spark plasma
sintering [32—34] have been proposed to densify such regoliths as ISRU process.

Fast-firing (FF), introduced at the beginning of 80s, is one of the fundamental
unconventional sintering processes. It allows densification by utilizing a much faster
heating rate (10?-10° °C/min) with a shorter dwell time [35,36]. In fast firing process, a
fast-heating rate has a crucial role to enhance densification and suppress grain growth
similar to the other unconventional sintering techniques, i.e., spark-plasma sintering and
flash sintering [35]. For the same density, fast-fired samples generally result in smaller
grain size, finer microstructure, and reduced pore/ grain boundary separation, compared
to conventional sintering process [35,37].

Fast-firing involves quick introduction of the green samples into the hot zone of
a furnace so that the ceramics quickly reach high-temperature. This allows the material
to pass through the temperature region where grain coarsening is activated without
densification in a matter of a few seconds/minutes. This phenomenon is associated with
the different activation energies for the two processes, where densification (involving
bulk/grain boundary diffusion) is typically characterized by higher activation energy than
coarsening and, as such, requires a higher temperature for being activated [36,38,39].
However, the said considerations are valid only for systems where densification takes
place via solid state diffusion. More limited attention has been focused on the fast firing
of systems characterized by liquid phase sintering or viscous flow sintering to which Mars

regolith simulants belong.
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Due to its rapidness and simplicity, fast-firing has gained popularity as a sintering
technique with several industrial applications and has been used to sinter both traditional
and advanced ceramics [40].

The main goal of this work was to demonstrate proof of concept to sinter Mars
regolith (MGS-1) simulant monoliths via fast firing for the first time. The densification
ability of Martian regolith by FF was investigated in comparison with conventional

sintering.

9.2. Experimental procedures

Martian Regolith simulant (MGS-1) developed by Cannon et. al [41] were
acquired from Mars Science Laboratory (MSL) rover Curiosity’s XRD results of global
basaltic soil at the Gale crater on Mars [42], supplying by Exolith Lab (CLASS/UCEF,
Orlando, USA). The main chemical composition of the MGS-1 simulant by weight was
Si02 (44.36%), MgO (13.84%), Al203 (12.71%), FeO (11.90%), CaO (7.36%), LOI
(5.53%), NaxO (1.65%), K20 (0.46%), TiO2 (0.39%), Cr203 (0.13%), P20Os (0.11%) and
MnO (0.1%) [13]. Besides, mineralogical composition of MGS-1 simulant by wt.% as
follows; anorthosite (27.1%), glass-rich basalt (22.9%), bronzite (20.3%), olivine
(13.7%), Mg-sulfate (4%), ferrihydrite (3.5%), hydrated silica (3.5%), magnetite (1.9%),
anhydrite (1.7%), Fe-carbonate (1.4%), and hematite (0.5%).

MGS-1 simulant powder was milled and sieved in a 60-mesh sieve to reduce the
particle size. Thermogravimetric analysis (TGA) of the MGS-1 powder was conducted in
air atmosphere up to 1200°C with a heating rate of 20°C/min using the thermobalance
STA 409 (NETZSCH Geraetebau GmbH, Germany). True density was measured with 99
repetitions using a helium gas pycnometer Ultrapyc 5000 (Anton Paar GmbH, Graz,
Austria), with integrated Peltier cell temperature control of the measuring chamber.

0.2 g of MGS-1 simulant was uniaxially pressed in a cylindrical-shape die with 8
mm diameter under a pressure of 200 MPa. To understand sintering characteristics of
MGS-1 simulant, the dilatometry analysis was performed at a heating and cooling rate of
20°C/min with pushing forces of 150 mN using a L75 Platinum series (LINSEIS GmbH®,
Germany). The green samples were sintered in two ways; 1) fast firing, i1) conventional
sintering. For fast firing process, the obtain pellets were inserted quickly to the hot zone
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of the tube furnace (Nabertherm P330, Lilienthal, Germany) at the selected temperatures
(1080-1120-1160°C) and kept there for varying times ranging from 1 min to 1 h. Fast
fired samples were rapidly taken out from the furnace. The conventional sintering
experiments were also carried out in the same furnace from room temperature to the same
target temperature as fast-firing temperature with a heating and cooling rate of 5°C/min
for the same dwell time.

Bulk densities of the samples were determined by Archimedes’ method using
water as buoyancy medium and a balance with sensitivity 0.1 mg. The polished surfaces
were observed by SEM (JEOL Ltd.©, JSM-5500, Tokyo, Japan). Phase analysis of MGS-
1 simulant powder, conventional sintered, and fast fired samples were conducted by X-
ray diffractometer (XRD, Italstructures IPD3000 diffractometer, Italy) with a copper
anode X-ray source (CuKq = 1.5406 A). Scans were carried out in between the 10°-130°
(26) range with 0.2° per second. To determine mechanical properties, The flexural
strength values of the produced specimens were calculated using the ball on three balls

test [43].

9.3. Results and discussion

Fig. 9.1 shows characteristics of MGS-1 regolith simulants used for conventional
sintering and fast-firing processes. TGA analysis of MGS-1 simulant powder was shown
in Fig. 9.1(a). TGA analysis demonstrated about ~4.7 % total weight loss until 1200°C
for MGS-1 simulant which is consistent with the result (~4 %) at 1000° C by Cannon et
al. Typically, the main losses in the TGA analysis are accompanied by firstly the loss of
physisorbed water below around 100 °Cand then chemisorbed water until around 400 °C,
and then the decomposition of carbonates and sulphates in the regolith composition
(mainly Fe-carbonate and Mg-sulfate, and anhydrite). It should be noted that MGS-1
simulant contains a considerable amount of iron constituents (e.g., Fe-carbonate)
susceptible to oxidation in air environment, which might slightly affect weight loss [44].
Fig. 9.1(b) reports shrinkage of the MGS-1 regolith compact upon heating with 20°C/min
up to 1160°C. The analysis represents the relative length variation, computed as the
variation measured over the initial length, as a function of temperature. We can observe
that up to 1100°C the sample undergoes to thermal expansion. Above such temperature
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it starts to shrink for the whole measurement range (i.e., up to 1160 °C). Note that 1160°C
was chosen as maximum temperature as during a first trial at 1180°C the sample largely
melted and got stuck to the dilatometer measurement system. Additionally, the true
density of the used MGS-1 simulant powder was found to be 2.8885 g/cm? by using a gas

pycnometer.
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Figure 9.1. Characteristics of MGS-1 regolith simulant, (a) TGA analysis of MGS-1

simulant, and (b) dilatometer curve of green MGS-1 pellet.

First of all, the green bodies were conventionally sintered at different temperatures
(1080-1160°C) for a dwell time of 60 min to investigate the sintering temperature of
MGS-1 simulant. The specimens sintered at 1080 and 1120 °C had bulk densities of
around 2.09 and 2.18 g/cm? respectively, resulting in no densification. As expected, the
samples produced at 1160°C for 1h provided better densification, compared to those of
lower temperatures, reaching a bulk density value of 2.39 g/cm?. As such, the sintering
evolution of MGS-1 simulant was further investigated utilizing dwell time. Fig. 9.2 shows
the bulk density values of samples fabricated at 1160 °C through fast firing and
conventional sintering as a function of dwell time. While samples subjected to fast firing
for 1 minute exhibited green body characteristics, those processed using conventional
sintering exhibited a density of 2.24 g/cm?®. Upon comparing samples produced within 5
minutes, it was observed that the conventionally sintered samples still had higher
densification. Note that as conventional sintered samples approach dwell time with slow
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heating rates, any substance (e.g., Mg-sulfate and Fe-carbonate) prone to decomposition
undergoes regular processing, whereas, in fast-fired samples experiencing even high
heating rates, they still require to undergo similar processes. In contrast, when reaching
15 minutes, it is evident that the densities of the samples produced by fast firing surpass

those of conventional sintering. A slight enhancement in density was achieved at further

dwell time during fast firing.
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Figure 9.2. The bulk density values of MGS-1 regolith compacts produced via

conventional sintering and fast-firing process.

Fig. 9.3 demonstrates SEM micrographs of fast-fired and conventional sintered
samples at 1160 °C for varying dwell times ranging from 1 min to 60 min. The samples
fabricated by both processes exhibited a heterogeneous microstructure, similar to
common clay-based traditional ceramic components. In samples produced within 1
minute, a weak bonding characteristic lack of glassy phase was observed, particularly in

samples obtained using the fast-firing method, while samples with a 5-minute dwell time
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have initiated to be sintered within presence of glassy phase. As the dwell time progressed
to 15 and 60 minutes, an increase in densification was seen due to the formation of the
glassy phase with strong bonding structures. Besides, as expected considerable amount
of Fe content (white grains) was found in all samples.

In porcelain-based traditional ceramic products, open porosity consisting of
interconnected irregular channels may arise from the reduction in volume during the
firing process. Similar to that, the samples especially produced by conventional sintering
had such porosity types. During sintering process, the viscous flow causes the elimination
of the capillaries provided by the open porosity, resulting in the development of closed
porosity with spherical shape. It can be said that as the dwell time increases, open
porosities turn into closed porosities in the presence of the glassy phase from the

beginning of sintering, especially in fast-fired samples.
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Figure 9.3. Backscattered images obtained from polished MGS-1 specimens.

Fig. 9.4(a,b) reports the x-ray diffraction patterns of the MGS-1 simulant powder,
conventional sintered, and fast fired specimens. In general, the intensity of the peaks

increases as the dwell time increases due probably to the favoured crystallization. All
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samples formed via conventional sintering and fast firing exhibited an almost similarly
high number of diffractions, corresponding to the pattern obtained from the MGS-1
simulant powder having different crystalline constituents. Besides, it is important to note
that synchrotron transmission X-ray powder diffraction techniques have been previously
used to detect such complicated regolith patterns [11,12,45] because whereas a traditional
x-ray lacks the capacity to generate a suitable x-ray beam, a synchrotron source
demonstrates significantly greater intensities and offers precise control over wavelength
[45]. Therefore, further studies are required to establish detailed phase constituents here

in future.
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Figure 9.4. X-ray diffraction patterns of (a) fast-fired samples at 1160 °C, (b)

conventional sintered samples at 1160 °C with MGS-1 powder (as is,

milled).

The flexural strength data of the fast-fired and conventional sintered specimens at
1160 °C are given in Fig. 9.5. As seen, the flexural strength values of fast-fired compacts
were greater than conventional sintered ones except for dwell time of 1 min. Fast-fired
samples gave flexural strength values exceeding 25 MPa starting from the 15 min. These
differences may be attributed to different porosity morphologies due to the variation of
stress concentration for the decrease in mechanical strength of the produced specimens
[46]. The strength obtained by both processes enhanced with increasing dwell time, such

an improvement was mainly utilized from the increased densification, indicating
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establishment of stronger bondings. While common non-technical ceramics such as
ceramic tiles, engineering brick, facing brick, and terracotta exhibited flexural strength of
up to ~ 25 MPa, even within a short duration, as much as 5 minutes, it is possible to
achieve comparable flexural strength values using both processes without any additive. It
should be noted that unlike the methods used, many other processing methods reported
lower flexural strength with a higher weight fraction of non-ISRU materials required

including shipping, synthesis, or extraction [12].
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Figure 9.5. Flexural strength values of fast-fired and conventional sintered MGS-1

regolith compacts produced at 1160 °C at different dwell times.

It is worth noting that no transportation of additive material or material synthesis
1.e., binder would be necessitated for the production of sintered ceramics. To evaluate the
applicability of diverse ISRU material systems on Mars, it is suggested that their
utilization on Earth serves as a crucial step, considering proper material systems with
enough material availability, straightforward processing, and favorable properties over

alternative options[12]. Besides, considering the widespread industrial utilization of fast
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firing, it could emerge as a promising candidate ISRU process, compared to the other
processes, thereby stepping ahead in its applicability.

Despite various In-Situ Resource Utilization (ISRU) studies being developed,
many trials have been commonly conducted under Earth's atmospheric conditions [47]. It
should be noted that there have been many reports on influences of sintering atmosphere
on densification of the technical ceramics [39]. Some experiments have utilized different
inert atmospheres [21], simulated the Martian atmosphere [12], or have been carried out
under vacuum conditions [20] during sintering processes of the regoliths. In these studies,
the obtained densities were higher compared to samples produced in air, causing a
decrease in sintering temperature and improvement of mechanical properties
[12,19,20,23]. Consequently, atmosphere-controlled fast-firing systems (e.g., under
vacuum [48]), aiming to enhance densification, could potentially play a significant role

in future endeavors.

9.4. Conclusions

MGS-1 simulants without any additive were sintered by fast-firing process as a
different ISRU approach. The regolith compacts were densified at 1160 °C for varying
dwell times ranging from 1 min to 1 h by comparing with conventional sintering method
for the same conditions. As of 15 min dwell time, the specimens produced via fast-firing
process had higher densification with enhanced flexural strength values (>25 MPa)
compared to conventional sintering process. Fast firing could be a promising process with
the development of the discussed processing strategies for the fast-firing technique in

terms of rapid colonization, utilizing ISRU approaches.
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CHAPTER 10

FLASH AND REACTIVE FLASH SINTERING OF
POTASSIUM SODIUM NiOBATE

The following chapter is written in the format of a manuscript to be submitted. In

preparation

Abstract

Potassium sodium niobate was tried to densify via flash and reactive flash
sintering process using different approaches (constant current mode). Since the single-
step current approach led to lowly dense KNN ceramics with cavities. As such, flash
sintering was applied to both KNN powders and a mixture of NN and KN powders using
a gradual current increase step. After utilizing a multi-step current, the relative densities
were enhanced up to around 90%. Additionally, higher current (e.g., 90 mA/mm?) results

in melting of KNN ceramics.

10.1. Introduction

The last 15 years have arguably been one of the most active periods for research
in the field of sintering since the inception of sintering theories. In this process, many new
techniques have been introduced to the literature, from low-temperature densification
techniques by hydrothermal effects to sintering at high heating rates by utilizing electric
current and field [1,2]. Perhaps the turning point that made these research active in this

way may have been accidentally discovered flash sintering [3,4].
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Flash sintering was introduced in 2010 by Raj’s group at the University of
Colorado [3,5,6]. Flash sintering has been employed in numerous materials systems so
far. It usually provides lowering the sintering temperatures compared to conventional
sintering, resulting in suppression of the grain growth [6,7]. In the flash sintering process,
the specimen undergoes to Joule heating applying electric field to the green body. Once
a specific temperature threshold is attained, sintering takes place rapidly within a few
seconds. The process is characterized by a non-linear increase in conductivity just after
the onset of the flash. Higher electric field strength correlates with a reduced flash
temperature. Under voltage control, power dissipation is enhanced with decreasing the
sample resistance which is a result (usually in ceramics) of an increase in temperature.
The non-linear increase in the current in the sample is limited by the output of the power
source. When the limit is reached, power supply switches to the current control mode.
Subsequently, power dissipation reaches a quasi-steady-state rate depending on the
reduction in resistance, ultimately resulting in a stable specimen temperature [7,8].

Potassium sodium niobate, Ko.5NaosNbO3 (KNN), has attracted attention as lead-
free & environmentally-friendly piezoelectric material in recent years. Besides offering a
relatively high Curie temperature (T. = 418 °C), KNN has a satisfying large piezoelectric
coefficient (d3z = 80 pC/N) when produced by conventional sintering [9,10]. The
electrical properties of KNN are highly sensitive to the composition, this requires the
maintenance of the desired stoichiometry during sintering to achieve the best electrical
properties [11,12]. However, during solid-state sintering with even long dwell times, high
densities cannot be obtained owing to problems such as the presence of volatilization of
alkali elements, cubic grains that decelerated the densification, and high probability of
secondary phase formation [13,14]. In addition, KNN ceramics have a narrow sintering
window [7]. As a result of conventional sintering temperatures at around 1120°C,
approaching KNN melting point (1140°C), leads to crystal structure defects and
stoichiometry shift to different structures [15,16].

The main goal of the present study was to observe the applicability of such electric
current-assisted techniques to produce KNN ceramics via flash sintering and reactive
flash sintering processes. Therefore, the sintering of KNN powder and reactive sintering

of KN and NN were carried out using flash sintering.
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10.2. Experimental procedures

To synthesize potassium sodium niobate (KNN), potassium niobate (KN), sodium
niobate (NN) powders, Nb2Os (CAS#:12034-59-2, 99.9%, Sigma—Aldrich, USA),
Na;CO; (CAS#:497-18-8, >99%, Sigma Aldrich, USA), and K,CO; (CAS#:584-08-7,
>99.5%, Sigma Aldrich, USA) were weighed according to the stoichiometric ratios and
mixed using a planetary ball mill in ethanol at 250 rpm for 24 h. After the slurries were
dried, KNN powder for flash sintering was calcinated at 850 °C for 5 h with a heating
rate of 5°C/min while KN and NN powders regarding reactive flash sintering were heat-
treated at 700 °C for 1 h with a heating rate of 5°C/min. Finally, KNN powder was ball-
milled to reduce particle size. Using the same procedure, KN and NN powder were mixed.

For flash and reactive flash sintering experiments, the dog bone specimens were
pressed uniaxially at 300 MPa after the addition of 10 wt% distilled water. The cross-
section of the dog-bone samples was around 3 x 1.5 mm?, the electrode span was 20 mm.

The power supply was connected to the sample using two platinum wires, and
placed into holes on opposite sides of the dog bone specimen. Conductive Pt-paste was
used to improve the electrical contact between these platinum electrodes and the
specimens.

A schematic representation of the flash sintering set-up utilized for this study is
given in Figure 10.1. Various furnace temperature from 850 to 1075°C was used as an
external heater source, eventually, the final experiments were carried out at 1075°C.
Using a Glassman EW series 5 kV-120 mA DC power supply (Glassman EW series,
TDK-Lambda, Villebon Courtaboeuf, France), a DC electric field of 1000 V/cm was
employed. It was maintained at a constant value until the current limit value was reached.
Generally, flash sintering requires a constant electric field applied to the body, along with
a constant heating rate step. When the ceramic body becomes adequately conductive, a
flash event takes place with a quick increase of current density; accordingly, the current
flow must be cut-off to avoid melting. Herein, constant-current mode was also applied to
the ceramics, causing a decrease in voltage. The current density was changed step-wise
between 10 to 90 mA/mm?. The current intensity and the voltage were monitored using a
Keithley 2100 multimeter (Keithley Instruments Inc., USA). On reaching the selected
current limit (10mA/mm?- 90mA/mm?), the current flow was maintained for various
times ranging from 1 min to 5 min and then shut down the system.
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Relative density values of the specimens were determined using Archimedes’
principle. For density measurements, only constant (linear) cross-section parts of the
samples between electrodes were used. The morphology of the milled powder and the
fracture surfaces of the specimens were analyzed by scanning electron microscopy (SEM,

FEI Quanta 250 FEG, USA).

Figure 10.1. Schematic representation of flash sintering set-up utilized for this study.

10.3. Results and discussion

Relative density of around 80% were achieved as highest densification when KNN
powder was directly used for single step flash sintering process under the conditions of
30-50 mA/mm? for 1 min. Then the samples were flash sintered at 10 mA/mm? for 5 min.
Even though a relative density of 87.5% were achieved, the sample was about to melt.
As such, different approaches were attempted to density KNN ceramics (Table 10.1).
When the mixture of KN and NN were flash sintered at 3 step using different current
adjustments. Using the multi-step current flow approach, around 91% relative density
was reached after applying 10 mA/mm? for 1 min, 30 mA/mm? for 1 min, 50 mA/mm?
for 1 min, respectively. For a comparison, KNN samples were flash-sintered utilizing the

same step conditions, the relative density of sintered KNN was found to be around 88%.
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But, when the dog bone-shaped green body obtained from the mixture of KN and NN was
conventionally sintered, a relative density of 92% was achieved.

After the discovery of flash sintering, there have been many reports related to
sintering of KNN. In the first study, the authors demonstrated that after flash sintering, a
heterogeneous sintered structure reaching a relative density of 94% was found in the
samples forming a compositional variation between the shell and the core. Subsequently,
homogeneous composition was achieved after annealing at 1000 °C. In addition,
compositional variations were attributed to grain boundary melting during the flash and
resulting recrystallization as the sample cooled [7]. Villarinho's group carried out a series
of flash sintering studies for KNN [17-21]. Similar to the results in this study, the initial
results on the density found are similar to the results in this study [18,19]. After many
process and procedure trials, the relative density values of the samples reached around
95% [17,18,20]. They also proposed that the mechanism for densification of KNN,
leading to amorphization and particle sliding, could be current flowing via grain
boundaries [17,18,21]. In addition, it was shown that KNN ceramics with remarkable
densities reaching 99% can be produced by reactive flash sintering with potassium
niobate and sodium niobate [22]. Lastly, flash sintering was also carried out using a
parallel plate capacitor configuration, resulting in 98% densification and quite high

dielectric permittivity [23].

Table 10.1. The sample’s code and electric current schedule for flash sintering.

Sample code Step 1 Step 2 Step 3 Relative density
(%)
KNN 5 min @ 10 mA - 87.5
KN+NN_10mA_20mA_30mA 1 min @ 10 mA 1 min @ 20 mA 1 min @ 30 mA 86.4
KN+NN_10mA_30mA_50mA 1 min @ 10 mA 1 min @ 30 mA 1 min @ 50 mA 90.9
KN+NN_10mA_40mA_70mA 1 min @ 10 mA 1 min @ 40 mA 1 min @ 70 mA 89.5
KN+NN_10mA_50mA_90mA 1 min@ l10mA 1min@50mA 1 min @ 90 mA 87.6
KNN_10mA_30mA_50mA Imin@10mA I min @30mA 1 min @50 mA 88
KNN_10mA_40mA_70mA 1 min @ 10 mA l min @40 mA 1 min @ 70 mA 87.9

SEM images obtained from the fracture surfaces of the flash-sintered samples

produced with different starting materials and current conditions are shown in Figure
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10.2. Using single-step current, the specimen produced at 50 mA/mm? for 1 min using
KNN powder exhibited relatively porous with high cavities which is consistent with its
relative density value. Directly, the application of high current to the samples led to the
formation of such large cavities in all samples. On the other hand, by utilizing multi-step
current approach, highly dense microstructures with relative densities of around 90%
were formed, reducing the cavities and therefore porosity. It is worth noting that during
the sintering of KNN powder starting in the same current range, abnormal grain growth
was detected in the sample with a higher current step (40 and 70 mA/mm?) while the
sample produced with a lower current step (30 and 50 mA/mm?) caused the samples to
have a more homogeneous microstructure. It was shown that a homogeneous KNN
microstructure can be obtained when sintered at lower sintering temperatures compared
to higher temperatures due to abnormal grain growth frequently observed in KNN [24].
Besides, when a current step of 90 mA/mm? was applied, melting was observed in the
sample. As such, the application of electric field-assisted sintering techniques to materials
with a restricted sintering temperature range may provide difficulties because of melting

temperatures.
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Figure 10.2. Fracture surface morphologies of flash-sintered specimens.
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10.4. Conclusions

Potassium sodium niobate was attempted to densify via flash and reactive flash
sintering process. Single step current approach resulted in lower densification with
cavities. As such, with a gradual current increase, flash sintering was applied to both KNN
powders and a mixture of NN and KN powders. After utilizing multi-step current, the
relative densities were enhanced up to around 90%. Additionally, higher current (e.g., 90
mA/mm?) led to the samples to melt. Although successful results can be found in the
literature, such electric field-assisted sintering techniques may be challenging for

materials with a narrow sintering temperature range due to melting temperatures.

References

[1] M. Biesuz, S. Grasso, V.M. Sglavo, What’s new in ceramics sintering? A short
report on the latest trends and future prospects, Curr. Opin. Solid State Mater. Sci.
24 (2020) 100868. https://doi.org/10.1016/j.cossms.2020.100868.

[2] O. Guillon, W. Rheinheimer, M. Bram, A Perspective on Emerging and Future
Sintering Technologies of Ceramic Materials, Adv Eng Mater. 25 (2023) 2201870.
https://doi.org/10.1002/adem.202201870.

[3] M. Cologna, B. Rashkova, R. Raj, Flash Sintering of Nanograin Zirconia in <5 s at
850°C, J. Am. Ceram. Soc. 93 (2010) 3556—3559. https://doi.org/10.1111/5.1551-
2916.2010.04089.x.

[4] R. Raj, D.E. Wolf, C.N. Yamada, S.K. Jha, J.-M. Lebrun, On the confluence of
ultrafast high-temperature sintering and flash sintering phenomena, Journal of the
J. Am. Ceram. Soc. 106 (2023) 3983-3998. https://doi.org/10.1111/jace.19070.

[5] C.E.J. Dancer, Flash sintering of ceramic materials, Mater Res Express. 3 (2016)
102001. https://doi.org/10.1088/2053-1591/3/10/102001.

[6] M. Biesuz, V.M. Sglavo, Flash sintering of ceramics, J Eur Ceram Soc. 39 (2019)
115-143. https://doi.org/10.1016/j.jeurceramsoc.2018.08.048.

[7] G. Corapcioglu, M.A. Gulgun, K. Kisslinger, S. Sturm, S.K. Jha, R. Raj,
Microstructure and microchemistry of flash sintered Ko.sNao sNbO3, J. Ceram. Soc.

JAPAN 124 (2016) 321-328. https://doi.org/10.2109/jcersj2.15290.
199



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

R. Raj, Joule heating during flash-sintering, J Eur Ceram Soc. 32 (2012) 2293—
2301. https://doi.org/10.1016/j.jeurceramsoc.2012.02.030.

L. Egerton, D.M. Dillon, Piezoelectric and dielectric properties of ceramics in the
system potassium—sodium niobate, J. Am. Ceram. Soc. 42 (1959) 438—442.

R.E. Jaeger, L. Egerton, Hot pressing of potassium-sodium niobates, Journal of the
American Ceramic Society. 45 (1962) 209-213.

C. Piskin, L. Karacasulu, M. Bortolotti, C. Vakifahmetoglu, Synthesis of
potassium—sodium niobate (KNN) from NbO;, Open Ceramics. 7 (2021) 100159.
https://doi.org/10.1016/j.oceram.2021.100159.

C. Piskin, L. Karacasulu, G. Ischia, M. Bortolotti, C. Vakifahmetoglu,
Hydrothermal synthesis of potassium—sodium niobate powders, J. Am. Ceram. Soc.
105 (2022) 3809-3819. https://doi.org/10.1111/jace.18349.

B. Mali¢, J. Koruza, J. Hres¢ak, J. Bernard, K. Wang, J.G. Fisher, A. Bencan,
Sintering of lead-free piezoelectric sodium potassium niobate ceramics, Materials.
8 (2015) 8117-8146.

M. Bah, R. Podor, R. Retoux, F. Delorme, K. Nadaud, F. Giovannelli, I. Monot-
Laffez, A. Ayral, Real-Time Capturing of Microscale Events Controlling the
Sintering of Lead-Free Piezoelectric Potassium-Sodium Niobate, Small. 18 (2022)
2106825. https://doi.org/10.1002/smll.202106825.

R. Lépez, F. Gonzdlez, M.P. Cruz, M.E. Villafuerte-Castrejon, Piezoelectric and
ferroelectric properties of Ko.sNaosNbO; ceramics synthesized by spray drying
method, Mater Res Bull. 46 (2011) 70-74.

L. Karacasulu, C. Vakifahmetoglu, Cold sintering assisted two-step sintering of
potassium sodium niobate (KNN) ceramics, Materials Science and Engineering: B.
297 (2023) 116709. https://doi.org/10.1016/j.mseb.2023.116709.

R. Serrazina, J.S. Dean, [.M. Reaney, L. Pereira, P.M. Vilarinho, A.M.O.R. Senos,
Mechanism of densification in low-temperature FLASH sintered lead free
potassium sodium niobate (KNN) piezoelectrics, J Mater Chem C Mater. 7 (2019)
14334-14341. https://doi.org/10.1039/CO9TCO03117K.

R. Serrazina, A.M.O.R. Senos, L. Pereira, J.S. Dean, .M. Reaney, P.M. Vilarinho,
The Role of Particle Contact in Densification of FLASH Sintered Potassium
Sodium Niobate, Eur J 1Inorg Chem. 2020 (2020) 3720-3728.
https://doi.org/10.1002/ejic.202000458.

200



[19]

[20]

[21]

[22]

[23]

[24]

R. Serrazina, C. Ribeiro, M.E. Costa, L. Pereira, P.M. Vilarinho, A.M.O.R. Senos,
Particle characteristics’ influence on FLASH sintering of potassium sodium
niobate: A relationship with conduction mechanisms, Materials. 14 (2021) 1321.
R. Serrazina, A. Tkach, L. Pereira, A.M.O.R. Senos, P.M. Vilarinho, Flash Sintered
Potassium Sodium Niobate: High-Performance Piezoelectric Ceramics at Low
Thermal Budget Processing, Materials. 15 (2022) 6603.

R. Serrazina, P.M. Vilarinho, A.M.O.R. Senos, L. Pereira, .M. Reaney, J.S. Dean,
Modelling the particle contact influence on the Joule heating and temperature
distribution during FLASH sintering, J Eur Ceram Soc. 40 (2020) 1205-1211.
https://doi.org/10.1016/].jeurceramsoc.2019.12.015.

Y. Wu, X. Su, G. An, W. Hong, Dense Nao sKosNbOs ceramics produced by
reactive flash sintering of NaNbO3-KNbO3; mixed powders, Scr Mater. 174 (2020)
49-52. https://doi.org/10.1016/j.scriptamat.2019.08.035.

I. Savkliyildiz, C. Okur, E.K. Akdogan, Flash sintering and dielectric properties of
KosNagsNbOs, J. Am. Ceram. Soc. 105 (2022)  469-480.
https://doi.org/10.1111/jace.18119.

Y. Zhen, J.-F. Li, Abnormal Grain Growth and New Core—Shell Structure in
(K,Na)NbO3-Based Lead-Free Piezoelectric Ceramics, J. Am. Ceram. Soc. 90
(2007) 3496-3502. https://doi.org/10.1111/j.1551-2916.2007.01977 .x.

201



CHAPTER 11

ULTRAFAST HIGH-TEMPERATURE SINTERING
OF POTASSIUM SODIUM NiOBATE

The following chapter is written in the format of a manuscript to be submitted. In

preparation

Abstract

A novel sintering method, ultrafast high-temperature sintering, was attempted to
enhance the densification of KNN ceramics. Notably, a relative density of up to around
90% was achieved at a current flow of 16A for 1 min. KNN ceramics have a narrow
sintering window due to the sintering temperature being close to the melting temperature,
leading to high sensitivity to current. In addition, when UHS was utilized to produce KNN
powders from only the starting materials, the fast synthesis was accomplished in a short

time which might have prevented volatilization of the alkali materials.

11.1. Introduction

Potassium sodium niobate, Ko.sNaosNbO3 (KNN), has attracted attention as lead-
free & environmental-friendly piezoelectric material in recent years. It exhibits a
relatively high Curie temperature (T. = 418 °C) and a substantial piezoelectric coefficient
(d33 = 80 pC/N) in its conventionally sintered form [1-3]. The electrical properties of
KNN are profoundly influenced by its composition, necessitating strict control over
stoichiometry during the sintering process to achieve optimal electrical characteristics

[4,5]. Nevertheless, challenges persist in achieving high densities during solid-state
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sintering, despite prolonged dwell times, due to issues such as volatilization of alkali
elements, hindrance by cubic grains impeding densification, and a possibility of
secondary phase formation [3,6,7]. In addition, KNN ceramics have a narrow sintering
window [8]. Solid-state sintering at temperatures around 1120°C, close to the KNN
melting point (1140°C), often results in structural defects and deviations in stoichiometry,
leading to different crystal structures [3,9].

Wang et al. introduced a novel unconventional sintering method in 2020, which
is called Ultra-fast High-temperature Sintering (UHS) [10]. UHS enables the
densification of monolithic ceramics by radiative heating (10>-10* °C/min) under an inert
atmosphere such as argon in extremely short times (10-300s). To achieve this, the green
body is wrapped in graphite felts that have been quickly Joule-heated by an electric
current passage [10-17]. Besides, utilizing this process, simultaneous synthesis and
sintering of a variety of ceramic materials directly from the precursors as reactive UHS
has been achieved [10,18-20].

The main aim of this study was to observe the implementation of such a joule
heating-based sintering technique to produce KNN ceramics via ultrafast high-
temperature sintering. Besides, the production of monolithic KNN ceramics from the

starting materials (i.e., simultaneous synthesis and densification) were investigated.

11.2. Experimental procedures

Potassium sodium niobate (KNN) powders were synthesized using a solid-state
synthesis route in order to use in the UHS process. Nb,Os (CAS#:12034-59-2, 99.9%,
Sigma—Aldrich, USA), Na;CO3 (CAS#:497-18-8, >99%, Sigma Aldrich, USA), and
K>CO3 (CAS#:584-08-7, >99.5%, Sigma Aldrich, USA) stoichiometrically were
weighed and ball-milled in an ethanol medium for 24 h. Then the obtained mixture was
dried and calcined in an elevated furnace at 850°C for 5 h. KNN powder was then ball-
milled again for 24h to reduce particle size. The milled KNN powders (= 0.18 g) were
pressed uniaxially under a pressure of 100 MPa to obtain 8 mm disc-shaped pellets. In
addition, the dried mixture (not calcined at 850°C) was pressed under the same conditions
to use in the reactive UHS experiments. For UHS process, the felt was clamped between
two copper electrodes with the distance between the two electrodes of 30 mm in order to
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guarantee good electrical contact. Green pellets were inserted into the carbon felt with a
size of 10-24x70x6 mm>. UHS experiments were carried out in an argon-filled box. An
electric current was applied to the felt using DC power supply (Agilent Technologies,
model 6674A, Santa Clara, CA, USA). The applied electric current was increased starting
from 10A up to 20A for varying times ranging from 15 sec to 2 min.

Relative densities of the samples were determined using Archimedes’ principle.
The morphology of fracture surfaces of the samples was observed by scanning electron
microscopy (SEM, FEI Quanta 250 FEG, USA)). Crystallographic phases were identified
using an X-ray diffractometer (XRD, Panalytical X'Pert PRO, The Netherlands) with a
Copper anode X-Ray source (CuKa = 1.5406 A at 40kV, 30 mA).

11.3. Results and discussion

The results of relative densities of the samples produced via UHS using different
conditions such as dwell time and current for 24 mm-carbon felt are given in Table 11.1.
Increasing from 16A to 17A for 30 s, the relative density of KNN pellets was enhanced
from 73% to 81%. When 18A was employed in the system, the sample resulted in
complete melting. However, the relative density of the UHSed compacts produced at 16A
increased from 73% to 89% with increasing time from 30s to 60s. As such, the optimum
current for producing KNN ceramics was found to be about 16A for 24 mm-carbon felt.
However, the samples produced at this current for 90 and 120 seconds melted. It should
be noted that the melting temperature of KNN is 1140°C [9]. Sintering of KNN is
generally achieved at temperatures around 1100-1120°C, which is rather close to melting

temperature of KNN [3].
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Table 11.1. Relative densities of the samples produced via UHS using different conditions

such as dwell time and current for 24 mm-carbon felt.

Relative density (%)
Duration (s) 15A 16A 17A 18A 19A 20A
15 56-60 66
30 - 73 81 M M M
45 - 84 M M M M
60 73 89 M M M M
90 - M M M M M
120 75 M M M M M
* M: Melted

Fig. 11.1 shows the micrographs obtained from the fracture surfaces of UHSed
KNN samples at different current conditions for 60 s. The sample produced at 16A
appeared to have homogeneous morphology with smaller-grain sized structure.
Additionally, the sample produced at 17 A had local melted regions due to the applied

current.

Figure 11.1. SEM images of the UHSed samples at different current conditions for 60 s,
(a) 16A and (b) 17A.

X-ray diffraction patterns of the UHSed samples at different current conditions
for 60s are shown in Figure 11.2. All samples were associated with KNN phase. XRD

peaks split and became narrower and sharper as the current generally increased, and the
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crystallinity increased. However, when 18A was applied to the system, the crystallinity

decreased since the sample probably melted and solidified quickly.
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Figure 11.2. XRD pattern of the UHSed samples at different current conditions for 60 s.

In more recent work, SrTiO3 ceramics were densified using 10 mm-width graphite
felt via UHS [12]. In this regard, KNN ceramics were also tried to densify using 10 mm
and 16 mm graphite felt. the samples prepared by UHS using 10 mm felt at the different
currents (13A-16A) for 10 s were in the range of 59-64 %. However, blackening with
local melted regions (the shape of the sample changed from a normal disc to an oval
shape) was observed on the edges of the sample produced using 10 mm carbon felt.
Therefore, smaller graphite felts might not be useful to sinter ceramics with lower melting
temperatures. 16 mm-felt was also attempted to densify the pellets. The samples with a
relative density of 80% were achieved using UHS at the conditions of 13A for 60s.
Accordingly, it was found that 24 mm-felt was suited for UHS rather than 10- and 16-
mm felts in terms of homogeneity and high density.

KNN ceramics have a narrow sintering window, which results in high sensitivity
to current. This is because the melting temperature of KNN is very close to its sintering
temperature [9]. Precise current control systems are required to densify KNN ceramics

by UHS. As such, it is worth noting that the utilization and control of the UHS process
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for materials with low melting temperatures or Ts/Tm>0.9 (e.g., Ts/Tm ratio of KNN is
0.98) pose challenges.

In addition to the ordinary sintering of KNN via UHS, KNN was attempted to
sinter as "reactive processing" by UHS. However, specimens produced using the dried
mixture of NaxCOs, KoCO3, and Nb2Os (not calcinated) via reactive UHS resulted in
either broken or misshapen due probably to the removal of CO; from starting carbonates
and low melting temperature of KoCO3; and Na,COs [5]. However, the obtained results
are promising since the process allows the production of KNN phase in a short time. XRD
results of the ground samples produced at different currents are shown in Figure 11.3.
All samples exhibited potassium sodium niobate phase with high crystallinity. As
mentioned before, KNN has problems with volatilization of alkalis formation [3,6,7].
Since KNN powder may be produced in a short time via UHS route, UHS might prevent
volatilization of the alkali materials. Further studies are required to investigate the

influence of these conditions and the optimization of the process.
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Figure 11.3. X-ray diffraction patterns of the samples produced using the dried mixture

(not calcinated) at different currents for 60 s.
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11.4. Conclusions

KNN ceramics were attempted to densify via a novel sintering technique, an
ultrafast high-temperature sintering process. The highest relative density reaching 90%
was achieved at a current flow of 16A for 1 min. Because KNN ceramics have a narrow
sintering window due to close to their melting temperature, resulting in high sensitivity
to the current. Besides, when the reaction was carried out in UHS from only the starting
materials, it was also observed that the reaction of the starting materials into KNN was
completed, resulting in the synthesis in a short time. The production of KNN powders via
the UHS method might serve as a promising alternative compared to other powder

synthesis techniques.
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CHAPTER 12

ULTRAFAST HIGH-TEMPERATURE SINTERING
OF YTTRIA-STABLIZED ZIRCONIA IN REACTIVE N»
ATMOSPHERE

The following chapter is written in the format of a manuscript submitted to Acta

Materialia.

Abstract

Ultrafast high-temperature sintering (UHS) has already been applied to different
ceramic systems but no studies on possible reactions between the atmosphere and the
material have been reported to date. In the present work, we investigated the behavior of
3YSZ upon UHS in nitrogen and argon atmosphere. It was observed that “the atmosphere
matters”. Highly densified samples were achieved in both enviroments but densification
and grain growth are significantly retarded in N2. Moreover, the phase evolution is
strongly atmosphere-dependent with the samples treated in Ar remaining tetragonal and
those treated under nitrogen progressively reducing their tetragonality and eventually
converting into cubic zirconia, and rock salt oxynitride. The results can be explained by
the incorporation of nitrogen within the ZrO; lattice, leading to the formation of oxygen
vacancy for charge compensation and consuming the free electrons produced by the oxide
reduction in UHS (allowing the conversion of N> into N* ions). Besides structure and
microstructure, the atmosphere can change the properties of UHS YSZ. Specifically,
electrochemical impedance spectroscopy demonstrates that while the ionic bulk and grain
boundary specific conductivity is not influenced by the sintering atmosphere, the grain

boundaries' capacitive behavior strongly changes.

211



12.1. Introduction

In the decades, different sintering strategies that induce densification of ceramic
materials with limited grain growth have been introduced [1-6]. Despite such non-
conventional technologies refer to different approaches to enhance densification (electric
fields and currents [7,8], electromagnetic radiations [9], solvent [6,10], pressure [11])
most of them share a common feature: they allow rapid hating of the ceramic body and
examples include microwave sintering [12], fast firing [13], spark plasma sintering [2],
blacklight sintering [14], ultrafast high-temperature sintering [15] and flash sintering
[16,17].

In this context, particular interest has arisen from ultrafast high-temperature
sintering (UHS) introduced by Wang et al. in 2020 [15]. UHS enables the densification
of monolithic ceramics by radiative heating (10°-10* K min) under inert atmosphere,
like argon, in extremely short times (10-300 s). To achieve this, the green body is placed
within graphite felt [18] which is quickly Joule-heated by an electrical current flow
[15,19-32]. In addition, simultaneous solid-state synthesis and sintering are possible in
UHS using a mixture of different ceramic powders as precursors [15,28,29,32-35].

Due to its mechanical, thermal, and electrochemical properties, doped zirconia is
used in a wide range of applications, such as cutting tools, dental implants, oxygen
sensors, solid oxide fuel cells, and thermal barrier coatings [22,36]. Pure zirconia
possesses three polymorphs, stable at different temperatures: monoclinic (7' < 1170 °C),
tetragonal (1170 <7< 2370 °C) and cubic (7> 2370 °C). Thelatter possesses the highest
ionic conductivity and is employed in electrochemical devices, whereas the tetragonal
phase is used for structural applications due to its high fracture toughness [22,37].

The stabilization of the cubic and tetragonal polymorphs at room temperature is
usually achieved by doping with bivalent (CaO and MgO) or trivalent oxides (Y203,
Sc203, and Yb203) [22,37]. Also anion doping is a practical approach in stabilizing the
high-temperature polymorphs [38—40]. For instance, zirconia hot-pressed in N>
atmosphere shows partial substitution of nitrogen (N°") for oxygen (0?") [37,41]. Besides
hot pressing, nitridation of zirconia was observed in various heat treatments [38,39,42—
46], microwave plasma processing [47], laser processing [48] and flash sintering [49]

under a controlled atmosphere.
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UHS has already been applied to YSZ [22,50]; nevertheless, the process were
carried out in an inert Ar atmosphere, with no substantial reaction with the oxide. Besides
the N-doping effect on phase stability, the sintering atmosphere can also impact the
densification process and microstructure evolution, resulting in variable concentration,
type, and mobility of both ionic and electronic defects [51-54].

Although reactive UHS was studied using solid precursors, it was not applied so
far to obtain reactions or doping from a gas phase, as for zirconia sintered under N». The
aim of the present work is to answer the following questions: “Does UHS in N> impact
the phase stability of sintered YSZ artifact? Does the atmosphere affect the
microstructural evolution of YSZ?”. For this reason, the simultaneous sintering and
nitriding of 3 mol% yttria-stabilized zirconia (3YSZ) upon UHS under N, atmosphere
were explored here and the obtained materials were compared with those produced by

more conventional UHS carried out in Ar.

12.2. Experimental procedures

3YSZ granulated powder (TZ-3YSB-E, Tosoh Corporation, Tokyo, Japan) was
used in this work. Cylindrical pellets, 8 mm in diameter, were obtained by uniaxial
pressing (300 MPa). Before UHS, the samples were debinded at 500°C in air for 30 min.
The relative density of the green body was about 50% after debinding.

For the UHS process, a carbon felt (SGL Carbon Co., Germany) was clamped
between two steel electrodes, resulting in an electrode span of 30 mm and a cross-section
of 19x6 mm?. The green pellets were introduced into the carbon felt through a small hole
produced using a small spatula. The hole was closed with a felt fragment to prevent
thermal gradients and reduce heat losses. UHS was carried out in a borosilicate flask filled
with nitrogen or argon for “reactive” and “conventional” experiments, respectively. An
electric current was applied to the felt using DC power supply (Agilent Technologies,
model 6674A, Santa Clara, CA, USA), the power source always working in current
control. Different currents were applied, ranging from 15 A up to 35 A, for different
holding time (1 - 3 min). In order to estimate the temperature in the UHS system, finite
element model (FEM) simulations were carried out using COMSOL Multiphysics
software following two different approaches. In the former, called “full contact”, an ideal
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contact with the sample and no convection heat losses on the sample surfaces are
assumed; in the second one, named “contactless”, apertures and convective losses are
considered. The real temperature is expected to be intermediate between those calculated
by said two extreme scenarios. The details of the calibration procedures and the boundary
conditions used for the numerical analysis are available in some previous works [30,31].

The density of the samples was determined using Archimedes’ principle in a water
medium. The relative density was calculated based on a theoretical density of 3-YSZ
equal to (6.05 g cm™) [55].

The polished cross-sections of samples produced at >30A were thermally etched
by UHS carried out at relatively low currents (24 A) under the atmosphere they were
produced while the samples sintered at lower currents were thermally etched in a furnace.
The cross-sections were observed by SEM (SUPRA V40, Carl-Zeiss, Germany) after
being coated with Pt/Pd. Grain size measurements were carried out using the linear
intercept method.

X-ray diffraction was carried out using an Italstructures IPD3000 diffractometer,
with copper anode source (A = 1.5406 A, 40kV, 30mA) coupled to a collimating Goebel
mirror on the primary beam side and a Dectris Mythen 1K detector on the diffracted beam
side; Rietveld analysis was performed using the Maud software [56] by refining phase
scale factors as well as lattice and average domain size parameters.

Raman measurements were carried out at room temperature using a micro-Raman
spectrometer (Horiba Jobin-Yvon LabRam HR 800). The exciting radiation was provided
by a He-Ne laser (A, = 632.8 nm) operating at 6 mW with a spot size of about 1.5 pm.
A narrow-band notch filter was used to cut the signal from the Rayleigh line to 200 cm™.
The scattered radiation was filtered by using a grating with 600 lines mm!, and detected
by a nitrogen-cooled CCD detector (1024256 pixels).

Electrical Impedance Spectroscopy (EIS) measurements were performed in air
using a Frequency Response Analyzer (MTZ35, Biologic, France) at 100 mV in the
frequency range of 10-10° Hz. The obtained data were fitted using ZView software
considering an equivalent circuit consisting of R-CPEs (Resistance-Fixed Phase Element)
connected in series. Pt sputtered layers on the polished surfaces of the specimen were
used as electrodes.

X-ray Photoelectron Spectroscopy (XPS) was carried out on a K alpha Thermo

Scientific Spectrometer using an Al-Ka radiation. Angle-resolved measurements were
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performed at take-off angle #=90° (e.g., normal to the sample surface). For the survey
spectra, pass energy was fixed at 160 eV and at 40 eV for high resolution spectra. The
background was calculated using the Shirley method and peaks were fitted using a

Gaussian shape. A flood gun was also applied to avoid charge effects.

12.3. Results

The relative density evolution of 3YSZ is reported in Fig. 12.1(a) as a function of
the UHS current and atmosphere. The density increases with the applied current, this
reflecting the higher temperature achieved by the ceramic body, which exceeds 2000°C
in the case of treatments under currents above 32.5 A. FEM simulations point out that the
sample reaches the equilibrium within about 1 min (Fig. 12.1(b,c)) the heating rates being
well above 10°°C min™.

Well-densified bodies can be obtained within 1 min UHS treatments both in Ar
and N> but the current needed to achieve full densification is substantially different in the
two cases, 20 A in Ar and 25 A in Ny. In general, the samples treated in N; require a
higher current to sinter if compared with those treated in Ar.

The densification of the YSZ artifacts by UHS is confirmed by SEM micrographs
taken on polished and thermally etched cross-sections (Fig. 12.2, taken at the sample
center). Samples sintered under Ar at 20 and 22.5A are already almost fully dense and
show grain size of 0.24 + 0.04 um and 0.43 £ 0.15 pum, respectively. On the other hand,
the samples treated under the same current under N> are still partially porous, in
agreement with the density trend (Fig. 12.1(a)), and exhibit smaller grain size (0.11 +
0.02 pm and 0.19 + 0.06 um under 20 and 22.5 A, respectively). It is worth noting that
the sample produced in N> at 22.5 A possesses a grain size similar to the sample produced
in Arunder 20 A, although the Ar-treated sample is much denser (Fig. 12.1(a)). The result
suggests that treatments in Ar are more efficient in promoting densification over
coarsening. When UHS is carried out at higher currents (=30A), exaggerated grain growth
occurs (one must note that the magnification increases 20 times in the different
micrographs in Fig. 12.2). As expected, samples treated for 3 min are characterized by
larger grains compared with those treated for 1 min (Table 12.1). Besides, the samples

produced under Ar generally possess larger grains than under N> for the same sintering
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conditions. Therefore, one can infer that the atmosphere (N> or Ar) has a fundamental
impact on the microstructural evolution of YSZ during UHS.

We questioned whether these differences in densification and grain growth
kinetics might originate from differences in the sample temperature under Ar and N> or
form a reaction between nitrogen and YSZ, this causing a substantial modification of the
defect chemistry. To exclude the first hypothesis, we checked the current needed to melt
a small piece of copper within the UHS apparatus in Ar and N; and no statistically
reproducible difference between the two atmospheres were detected. Hence, one can infer
that thermal effects play a minor role and, consequently, some specific reactions between

the oxide and the atmosphere must take place under N».
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Figure 12.2. SEM micrographs of polished cross-section of the samples produced under
different currents (A), dwell time (min) and environmental conditions (Ar or

No).

Table 12.1. Grain size (in pm) after UHS under different currents/times in Ar and N».

20A /1 min 0.2+0.1 0.1£0.1
22.5A /1 min 0.4+0.2 0.2+0.1
30A /1 min 5.4£2.9 1.4£0.1
30A /3 min 8.7x1.2 2.3£0.2
32.5A /1 min 8.5+0.7 4.8+1.4
32.5A /3 min 9.6£1.0 4.9+0.9
35A /1 min 8.6+0.8 8.1£1.3
35A /3 min 12.0£1.5 13.0+0.7
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XRD was used to point out possible reactions between zirconia and N (Fig. 3).
As expected, all the samples produced under Ar show clear diffraction features related to
t-ZrO, (PDF-2 Card 96-210-0389), this result being also consistent with previous work
on UHS of additively-manufactured 3YSZ structures [31]. On the other hand, the samples
produced under N> remain tetragonal only at the lowest currents, then convert into c-ZrO>
(PDF-2 Card 00-027-0997). This can be detected by the disappearance of the peaks
doublet at around 260 =~ 35° and 60° at = 30 A. In the most severe UHS conditions, we also
observe the appearance of a rock salt-structured phase. The complete quantitative analysis
analysis is reported in Fig. 12.4(a). The rock salt phase is consistent with ZrN (PDF-2
Card 00-035-0753), ZrO (PDF-2 Card 00-020-0684), or Zr(N,O) solid solution. These
phases derive from FCC Zr lattice with the non-metals, either N and/or O, in the
interstitial octahedral sites. It is not easy to differentiate between them by XRD since the
lattice parameters are very similar to each other (0.4578 [57], 0.4577 [58] and 0.4580
nm [58] for ZrN, Zr(N,O) and ZrO, respectively). A certain uncertainness can also exist
in the lattice parameter as a result of possible non-stoichiometry.

Furthermore, the Rietveld refinement of the patterns points out that tetragonality
(Fig. 12.4(b)) of t-ZrO; progressively decreases from ~1.014-1.015 to ~1.09-1.10 as the
current increases for UHS carried out in N2 (note that the tetragonality was calculated
only for samples where the amount of t-ZrO; was > 20%, the refinement being not reliable

for lower tetragonal phase load).
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Figure 12.3. XRD patterns for 3YSZ samples sintered at different current and duration

under (a) Ar atmosphere, (b) N2 atmosphere. The peaks are indexed as

follows: t = tetragonal zirconia, ¢ = cubic zirconia, r = rock salt.
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function of the current applied upon UHS carried out in N> atmosphere.
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The phase evolution of the samples produced under N> was additionally
investigated by Raman spectroscopy (Fig. 5). Raman is not very sensitive in
differentiating between tetragonal and cubic zirconia but offers additional insight into the
rock salt phase formation. The spectra for samples treated at lower currents (17.5 A and
20 A) show the typical feature of £-ZrO,, with the 321, 467 cm™ (E, modes) and stronger
641 cm™! peaks (A1g) [59]. If the current exceeds 25-27.5 A in Na, the spectra show clear
features that can be ascribed to a rock salt phase, which becomes dominant under 30 A.
These features include a shoulder at about 336 cm™ (2TA), 390 cm™! (TA+LA, weakly
detected), the TO mode at about 460 cm™! and the stronger LO mode at 500 cm™. The
broad feature at higher frequencies (560-659 cm™) is dominated by the TO-LA and
LO+LA modes [60]. The Raman spectra are in general consistent with the XRD findings
with one main difference: the formation of the rock salt is already detected at 27.5 A or
even 25 A by Raman, whereas it can be identified only above 30 A by XRD, such a
difference being not surprising since Raman is certainly more sensitive to the sample
surface.

If the spectra of the rock salt are analyzed in more detail, one can observe that (i)
the main peak (=460 cm™) shifts at higher wavenumbers when increasing the treatment
time and current, (ii) the Raman features become broader and less defined. The result
seems consistent with the evolution of the rock salt phase from O-rich to N-rich one,
similarly to the spectra reported in the literature for YSZ flash sintered in Ar and N> [61].

The reaction between N> and YSZ is further confirmed by the fact that the sample
coloration changes during UHS (Fig. 12.6). In Ar, YSZ remains white up to 17.5A,
whereas at 20 A the oxide starts to darken, similarly to previous UHS results [31]. It can
originate from carbon contamination or oxide reduction which introduces donor levels a
fraction of electronvolts below the conduction band [62-64]. In the present work, no
carbon contamination could originate from the binder burnout since the samples were
pre-sintered before UHS. Contamination from the felt is possible, but this does not explain
why the darkening onset in N> is delayed (between 22.5 A and 25 A). As a matter of fact,
if the treating time or the current are increased, the darkening in Ar becomes more evident.
On the other hand, the samples treated under N> at the highest currents turn goldish,
acquiring a metallic aspect. Such gold-like coloration is a clear feature of ZrN or Zr(O,N)

formation [58,65], the ZrO rock salt appearing as metallic dark grey [58].
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Figure 12.5. Raman spectra of samples sintered under N> atmosphere. The peaks are
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Figure 12.6. Image of the samples under different current, time, and atmospheric (Argon
and Nitrogen) conditions.
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XPS analyses were carried on two samples sintered in the same conditions (30 A
— 1 min) under Ar and N». The high-resolution N1s spectrum reveals a clear presence of
nitrogen in the sample treated under N2, such contribution being totally missing in the Ar-
processed sample (Fig. 12.7). Moreover, the position of this peak, with a maximum at
395.6 eV, is slightly lower than the expected 397.8 eV energy for a pure Zr-N bonding
[66], very likely fitting with the expected value for oxynitride (ZrO)-N* in ZrOxNy

[66,67].

N1s —0—N,
%—0— Ar

. )
3 © o
(4] |
2 9
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g 9
= & 2,

404 402 400 398 396 394 392
Binding energy / eV

Figure 12.7. XPS spectrum of N1s for samples sintered in Ar and N2 at 30 A — 1 min.

Zr3d spectrum was also collected on the same samples (Fig. 12.8). Clear Zr3d
contributions that differ mainly by the presence of lower energy contributions (<181 eV)
in the N> sintered sample are identified. The datasets were fitted using 2 and 4 Gaussian
contributions and the resulting peak positions are 181.57(1) and 183.94(1) eV for Ar-
processed sample; these must be compared to181.58(3) and 183.89(1) eV for Zr3ds,, and
Zr3ds» contributions for N»-sintered sample. All these are very close to the literature
values found for Y-doped ZrO, (181.6 and 184.0 eV) [68].

In the case of the N sintered sample, however, additional contributions were fitted
at 178.5(1) and 180.2(3) eV, which can be attributed to Zr-N binding energies [67,69].
These XPS data, both in the case of Zr3d and N1s spectra, confirm the reactivity between
Zr0O; and N> to form oxynitride compounds, as detected by Raman spectroscopy and
XRD.
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Figure 12.8. XPS spectrum of Zr3d for samples sintered at 30 A for 1 min in a) Ar and b)
No.

Further sample analyses were carried out through AC impedance measurements
(EIS) from 200°C to 400°C in air. Fig. 12.9(a,b) shows the EIS Nyquist plots of
impedance measured at 300°C for samples sintered in Ar and N> at various currents. For
all samples, two contributions (semi-circles) are observed. The higher frequency one (left
side) can be associated with bulk, while the lower frequency one (right side) corresponds
to grain boundaries. For samples sintered in Ar (Fig. 12.9(a)), the bulk contribution is
similar, suggesting no major density evolution, as confirmed by the densification data in
Fig. 12.1(a). Conversely, the samples sintered in N2> show a more important evolution of
bulk contribution, with an impedance decrease visible between 20 A and 22.5 A.
Concerning the GB contribution, it is similar for samples sintered at 20 A and 22.5 A in
Ar and it almost disappears at 30 A. This is consistent with a net increase in grain size
from 22.5 A to 30 A as shown in Table 12.1, with a grain size increase by more than one

order of magnitude (from 0.4 pm to 5.4 pm). In the case of N2, the evolution between 20
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A and 22.5 A is consistent with the density difference and the spectrum becomes more
complex at 30 A. Magnifications of such sample’s dataset with two different fitting
models are shown in Fig. 12.9(c,d), where two contributions (R-CPE) are not sufficient
for the fitting. A third one allows a better fit although its nature can not be identified on
the basis of these measurements only, it seems consistent with the formation of a
secondary rocksalt phase, namely Zr(O, N). In this dataset, contributions at low frequency

(<10 Hz) are not considered since they relate to the electrode contribution instead of YSZ

sample.
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Figure 12.9. Nyquist plot of complex impedance (300°C, 10? < f < 10° Hz) of samples
sintered under different currents in (a) Ar and (b) N». The refined fit of data
for the sample sintered at 30A-60s in N2> with 2 and 3 R-CPE equivalent
circuits, demonstrating (c) complex impedance Nyquist plot and d)
imaginary part of impedance as a function of frequency, including

deconvolution of 3 R-CPE fit.

According to the EIS data fitting, using two R-CPE contributions in series (for
bulk and GB parts) for all other samples, the data for conductivity, relaxation frequency

and capacitance were extracted and plotted in Fig. 12.10. First of all, for the Ar sintered
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samples, the GB conductivity after sintering at 30 A is drastically increased (as
highlighted in Fig. 12.9a). The activation energy (inset of Fig. 12.10(a,d)) for both bulk
(b) and grain boundaries (GB) assumes similar values regardless the UHS atmosphere,
with the bulk between 0.84 and 0.88 eV while GB are in the range 0.96 — 1.00 eV. The
only exception is the grain boundary contribution for the samples sintered under 30 A,
which shows a slightly lower activation energy =~0.9 eV. These values must be handled
with care since they reflect an uncertainty related to its meager contribution to impedance
(see Fig. 12.9a). All relaxation frequencies are perfectly aligned both for bulk and GB
contributions, confirming the similar nature of the relaxation phenomena. The good
agreement between the relaxation behavior of the sample sintered in N> under 30 A, fitted
with an additional contribution (Fig. 12.9d) and the other grain boundaries i.e., the
measurements of the rest of the samples confirm the goodness of the fitting results.
Finally, the bulk capacitances show temperature-independent values, similar for all
samples (Fig. 12.10(c,f)). Conversely, one can notice the GB capacitance evolution with
sintering conditions. This relates both to the microstructure evolution and grain boundary

thicknesses (Jg» ), which can be calculated as [70,71]:

Cc
8gp = CjG (12.1)

where C» and Cgp are equivalent capacitances of bulk and GB, respectively, and

G the mean grain size.
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Figure 12.10. Data obtained from EIS measurements fits for samples produced in (a-c)
Ar and (d-f) N> (a and d) conductivity, (b and e) relaxation frequency (c

and f) equivalent capacitance.

The resulting data are plotted in Fig. 12.11 for all samples. The specimens treated
under N> at 20 and 22.5 A show a similar value of dg» = 9-11 nm, while that sintered under
30 A shows an apparent reduction < 3 nm. This value has to be taken carefully since the
impedance fitting, by introducing a further addition overlapping the GB contribution, may
be affected and lose precision. However, the trend is clear, leading to much smaller
electrochemical GB thickness with respect to samples obtained under 20 A and 22.5 A.
The samples sintered in Ar show a similar trend. Those sintered at 20 A and 22.5 A
possess a similar dgp (=6-7 nm), which is, however, lower than that was measured in N»-
processed materials. The sample sintered at 30 A shows a certain scatter, related to the
very small GB resistivity, making fitting less precise compared to bulk contribution.
Although the results are less clear if compared to the N> case, also in Ar there is a certain
tendency for the grain boundary thickness to decrease from 22.5 (=<6-7 nm) to 30 A (=2.5-

6 nm).
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Using the grain boundary thickness, one can calculate the GB specific
conductivity to check whether the samples show a similar “intrinsic” conductivity or not.

It is possible to figure it as [70]:

)
Tap = Ogn %” (12.2)

where 6%y, represents the specific GB conductivity. The data obtained for all
samples, both in Ar and N», fit well, with similar conductivity of GB, in agreement with
the literature data for 3YSZ produced by SPS at 1200°C for 180 min [70]. This confirms
that both bulk and grain boundaries show a similar intrinsic conductivity in all samples

and that the main difference lies in geometric variations of grain boundary thickness.
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Figure 12.11. a) Grain boundary thickness and b) GB specific conductivity obtained from
EIS data.

12.4. Discussion

The main outcome of this work is that the atmosphere plays a fundamental role
when 3YSZ is processed by UHS. Substantial changes in terms of microstructural (Figs
12.1 and 12.2) and phase evolution (Fig. 12.3) were detected.

Ruling out thermal effects as major sources for the different microstructure, one
can infer that YSZ reacts with N> thus determining a substantial modification of the defect
chemistry and self-diffusion kinetics. The reaction between YSZ and nitrogen is further

confirmed by the fact that after UHS one can observe that (i) t-ZrO» decreases its
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tetragonality, (i) c-ZrO, forms, (iii) a rock salt oxynitride is produced and (iv) the
electrochemical grain boundary thickness varies. The formation of the rock salt phase is
confirmed by Raman spectroscopy (Fig. 12.5) and XRD (Fig. 12.3), its oxynitride nature
being detected by XPS (Figs 12.7 and 12.8) and corroborated by the chromatic alteration
(Fig. 12.6) of the samples after UHS. The results resemble those obtained by Morisaki et
al. [65] and, more recently, by Bechteler and Todd [58] in YSZ produced by flash
sintering in N». In this latter case, the sample reduction was forced by the application of
an electric current, herein by the high temperature combined with a highly reducing
environment (presence of graphitic carbon).

Said structural features are typically accounted for by oxygen vacancy formation,
which tends to stabilize the fluorite structure and reduce the tetragonal distortion of the
lattice [72,73]. In fact, the formation of O vacancy in most cases is a result of doping with

trivalent cations:

ZrOz
M, 0, — 2My, + Vi + 30%, (12.3)

although, it could also originate from the doping of the anionic site with trivalent

cations, like nitrogen:

Zro
2N, + 30% — 4N} + 2V; + 30, (12.4)

Therefore, N* anionic site doping has an effect analogous to Y** cationic site
doping. If one looks at the literature, 3YSZ sintered under conventional conditions
possess a tetragonality of about 1.014, this value being in good agreement with the
samples treated at the lowest currents. The tetragonality in the present work is as low as
1.009, which corresponds to Y-doping between 4 and 5 mol%. The “additional doping”
effect must derive here from the reaction with the atmosphere. If the current and the UHS
time increase further, a heavy reduction occurs, leading to the formation of the rock salt
phase.

Two reactions —reduction and nitridation— are required to convert tetragonal
zirconia into cubic zirconia and then oxynitride. The first one takes place also in Ar and

can be written as:
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X ZFOZ ,
C+ 0% 253C0 + V; + 2e (12.5)

where C can come from the felt. Native reduction is also possible:

X ZrOz ,
20530, +2V; + 4¢' . (12.6)

As such, UHS under Ar and N, atmosphere causes the formation of oxygen
vacancies and free electrons. One must note that both reactions move to the right at high
temperature due to the evolution of a gas phase. However, due to the high and negative
formation energy of ZrO», the reactions can not proceed to the right “forever”. It is
important to remember that zirconia lies below CO in the Ellingham diagram even at
2300°C; therefore, in standard conditions, its total reduction to metallic zirconium is not
possible [74].

On the other hand, the electrons created by Eq. 12.5 and 12.6 can react with N>,
reducing it into nitrogen ions, which can be incorporated in the Y SZ lattice (as previously

reported in the literature [65,75]):

ZI'OZ
3V; + 6e’ + N, — Vs + 2N}, (12.7)

Such reaction removes the electrons (and, partially, the oxygen vacancies), which
are the product of Eq. 12.5 and 12.6; therefore, it allows them to prosecute and move

further to the products. The overall reaction in nitrogen can be written as:

ZrO
3C + N, + 30X —3 3C0 + V; + 2N/, (12.8)
or
ZrOz
2N, + 60% —3 2V; + 4N/, + 30, (12.9)

In summary, one can infer that the presence of N in the UHS atmosphere (i)
allows the formation of a higher amount of oxygen vacancies compared to Ar as they are

stabilized by the net negative charge on the nitrogen dopants, and (ii) the conditions are
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“less reducing” in the sense that the free electrons from Eqs 12.5 and 12.6 are partially
consumed by Eq. 12.7 and are not available to reduce the average oxidation state of
cations. This is testified by the fact that the overall reactions (Eqs 12.8 and 12.9) do not
contain any free electrons on the right side and do not involve any change in the oxidation
state of the cations.

The abovementioned reactions perfectly match the experimental results: the
formation of extra oxygen vacancy through the reaction in Eqs 12.8 and 12.9 are in
agreement with a reduction of the cell tetragonality and with the stabilization of the
fluorite cubic structure. Indeed, when reactions in Eqs 12.8 and 12.9 move to the right,
approaching the solubility limit of N in YSZ, rock salt oxynitride precipitates [43].

The defect reactions also explain why blackening is observed at higher currents in

Nz if compared with Ar (Fig. 12.7). YSZ darkening is associated with the visible light

absorption by free electrons, Zr** (Zrj,), F (V, ) and F* (V,)) centers which form through

the following reactions:

Zry. +e' — Zry, (12.10)

Vo+2e'— Vo +e' — V, (12.11)

Zry, represents a donor state located only 0.2 eV below the conduction band edge.
F and F' centers represent deeper levels, about 2 eV below the conduction band [64], but
can still absorb most of the visible light (=1.7-2.7 eV). Indeed, the free electron
consumption by nitrogen reduction (Eq. 12.7) hinders reactions in Eqs 12.10 and 12.11
by reducing the concentration of one of the reagents. On the other hand, Eq. 12.7 causes
the formation of N, which is an acceptor level laying 2.8 eV above the valence band edge
[76] thus being optically inactive in the visible spectrum.

The effect of the atmosphere on the phase evolution appears therefore consistent
and robust. It is less straightforward the reason why we observe a substantial change in
the densification and grain growth kinetics in different atmospheres (Figs 12.1 and 12.2).
Although the conclusion is not definitive, one can point out that there is already solid
literature evidencing the beneficial effect of reducing conditions on mass transport,
especially referred to as grain growth, in fluorite-structured ceramics [77-81]. For

instance, Dong [81] reported a decrease in the energy barrier for Zr diffusion in YSZ
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along the [1 1 0] direction from 4.31 to 3.17 eV for the unreduced Zr*" and reduced Zr**
cations, respectively. In a recent paper, Martin et al. [82] have aslo shown the beneficial
effect of reducing conditions on sintering of YSZ. In the UHS experiments carried out in
the present work, the treatments in Ar are more reducing than those in Na: the free
electrons are consumed to reduce nitrogen and, therefore, are not available for the reaction
in Eq. 12.10, which allows the formation of Zr*". Hence, one can infer as a possible
explanation that the reduction-induced boosting effect on densification observed in Ar
cannot be reproduced to the same extent in nitrogen.

Along with these observations, impedance data show that the bulk ionic
conductivity is not affected by the atmosphere, and the measured values are substantially
consistent with what is expected from the literature [74]. Nevertheless, the grain
boundaries show an important modification of their capacitive behavior. In particular, N>
atmosphere seems to promote thicker grain boundaries (9-11 nm) than Ar (6-7 nm) at
least under “moderate” UHS conditions, i.e., 20 A and 22.5 A (Fig. 12.11). This suggests
once again that N interacts with the material even at relatively low UHS currents. Despite
the result could seem in partial contradiction with XRD data (not showing a substantial
formation of c-ZrO; at such currents), one should bear in mind that EIS provides
resistivity information and, therefore, it is highly sensitive to phases present in the grain
boundaries (the difference between GB specific conductivity and bulk conductivity is
around 1.5 order of magnitude). Consequently, it is susceptible to what happens in GB
interfaces, including chemical or structural changes that cannot be detected by XRD or
Raman spectroscopy.

The grain boundary specific conductivities are similar for all samples, comparable
with literature data (Fig. 12.11). This confirms that the difference between samples relies
essentially on the grain boundary thickness. One can additionally observe that the grain
boundary thickness measured in samples processed here in Ar is not far different from
what was reported for the same 3YSZ powder consolidated by flash sintering [83] and
flash-SPS [70] (= 5 nm); this suggests some similarities in terms of grain boundary
formation and local defect chemistry for all these techniques. However, the difference
between UHS in N2 and Ar points out that the similarities between said techniques do not
originate from the rapid heating/cooling, only, but must probably account also for
additional effects. We could speculate that the heavily reducing conditions generated by

flash and UHS in Ar (already discussed that UHS in N is “less reducing”) play a role.
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Furthermore, when UHS moves to more “severe” currents, one observes a substantial
decrease in the electrochemical grain boundary thickness, which can reflect a higher
ordering of the structure and/or a reduction of the grain boundary space charge potentials.
The samples sintered under 30 A show, in any case, a remarkable effect, with an increase
of ionic conductivity and a substantially negligible blocking effect at the grain

boundaries.

12.5. Conclusion

The UHS atmosphere impacts both microstructural and phase evolution of YSZ.
In N3, highly densified samples can be obtained at 25 A, whereas in the Ar atmosphere
densification is anticipated at around 20 A. A similar trend is shown also in terms of grain
growth. While the samples treated under Ar always remain tetragonal, a reduction of the
cell tetragonality occurs first and then the stabilization of cubic zirconia and eventually
the formation of a rock salt oxynitride is observed in specimens processed under N».

The results can be explained by assuming the incorporation of nitrogen in the ZrO»
lattice which was further confirmed by XPS. The anionic solid solution results in the
formation of oxygen vacancies for charge compensation which stabilize cubic zirconia
and reduce the tetragonality of t-ZrO,. Furthermore, molecular N, reduction to N** ions
incorporated in the lattice can also explain the different chromatic alteration of the
specimen and, at least partially, the delayed densification under N».

In addition to the phase and microstructural evolution, UHS in dissimilar
atmospheres leads to different electrochemical properties of YSZ at the grain boundaries

and specifically to different electrochemical grain boundary thickness.
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CHAPTER 13

A CRITICAL EVALUATION AND COMPARISON OF
CURRENT SINTERING TECHNIQUES

Table 13.1 summarizes comparison of current sintering techniques used in terms
of materials characteristics, sintering parameters, easiness, and applicability. When
considering embodied energy, encompassing all energy expended in the processes
associated with ceramic body production, cold sintering techniques, in other word “firing
without fire” emerge in cases where a liquid is used to enhance densification.”’

For cold sintering process, despite existing material limitations, primarily
concerning low yield stress and soluble compounds, as well as constraints related to
achievable shapes, a significant milestone has been attained in producing dense
components below 400°C. However, the industrial scaling of such technologies faces
critical difficulties due to batch processing, excessive high pressures (approximately 300-
500 MPa), and small sample sizes. Although processing time is limited (from a few
minutes to a few hours), the productivity may remain relatively low compared to
conventional sintering methods. Despite all this, promising studies on the feasibility of
scaling up CSP for industrial applications are still ongoing.?®*® It is believed that
continuous liquid-assisted consolidation techniques will emerge within the forthcoming
years. If the mentioned scenario materializes, a rapid transition from laboratory
experimentation to industrial implementation under the actual paradigm shift of 'firing
without fire' will be anticipated.”” Besides, the constraints related to complex shapes in
cold sintering process may be expected to be solved in the next years similar to the

solutions developed strategies in spark plasma sintering.”®!%°
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Table 13.1. Comparison of current sintering techniques used within

Materials

Temperature
range

Sintering time

Applied
pressure

Heating rates

Sample size

Sample
geometry

Atmosphere

Heating source

Sintering device

Industrial
application

dissertation, modified from.

Cold sintering

Oxides

<400°C

Few hours

<1 GPa

1-20 °C/min

<2 cm

Simple shapes

Any

Heating jacket

Hydraulic press,

FAST/SPS

Not yet

RHLPD

Oxides

<600°C¥

Few days

None

1-20 °C/min

<5 cm

Simple and
complex
samples

Any

Oven or heating
jacket

Autoclave

Not yet

77,97

Fast firing

Oxides

<2000°C»

Few minutes

None

102-10% °C/min

<5 cm

Simple and

complex

samples

Mostly air

Heating element

Furnace

Widely used

Flash sintering

Oxides
Carbides
Nitrides
Borides

Metals

<1768°C®

Few seconds

None®

103 -10*°C/min

<2cm

Simple shapes
(Disc, dogbone,
and rod)

Mostly air

AC/DC power
source +
external heater

Chamber

furnace, tubular
kiln

Very early state

the scope of

UHS

Oxides
Carbides
Nitrides
Borides

Metals

<3000 °C

Few seconds

None

103 -10*°C/min

<2.5 cm

Thin, small
samples,
rather complex
geometries

Mostly inert

Graphite felt
heated by
AC/DC power
source

Atmosphere-
controlled
chamber

Not yet but
promising

a) Maximum operation temperature of currently available high pressure/high temperature vessels

b) Maximum operation temperature of currently available heating elements

¢) Melting temperature of Pt electrodes

d) Below around melting temperature of carbon and tungsten

e) For disc-shaped specimens optional pressure possible.
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It is important to note that the efficiency of the cold sintering process depends on
factors such as particle size, agglomeration, and surface chemistry, etc.”* When
examining materials sintered via cold methods (those that do not need post-annealing), it
can be stated that the selection of materials for the cold sintering process requires factors
such as ionic bonding characteristics, including bonding potential and bonding strength.*?
Furthermore, similar to the study of cold sintering of KNN, cold sintering acts as a
compaction process causing an increase in densification up to around 80%; however, it
requires additional annealing at elevated temperatures to obtain high densification and
the desired properties.”” As such, it can be considered as an intermediate densifying tool
for enhancing the final densification and the resultant properties. Besides, one of the
challenging points is that such perovskite or other ternary oxides may result in
incongruent dissolution under cold sintering process conditions, affecting the properties
of the materials.'”' 1% It is also important to emphasize that despite being less frequently
discussed, the punches and dies utilized for cold sintering (made from working steel),
experience wear over time, particularly in corrosive environments such as caustic
conditions.?*!1%3

Another cold sintering technique, rHLPD, facilitates simultaneous synthesis and
densification by filling pores during the reaction period in the presence of a liquid phase.
Due to reasons such as the requirement for a positive molar volume change, grain growth,
and hydrothermal considerations, the application of this method appears limited to
specific material systems. Owing to its synthesis capabilities, it holds significant promise
for ternary or quaternary oxides (e.g., perovskites, spinels, garnets, etc.). But, within the
context of kinetic and thermodynamic variables in such a method, the possibility of
hydrothermal liquid phase densification (HLPD) or solvothermal liquid phase
densification (SLPD) for binary oxides without reactivity may be feasible (e.g., filling the
pores of porous ZnO pellets in the presence of a liquid phase used for the potential
hydro/solvothermal synthesis of ZnO). Although it has not been tested yet, rtHLPD may
be a useful tool in condensing complex shapes due to uniaxial pressure not being applied.
The sample sizes that can be produced by the rHLPD method theoretically depend on the
vessel dimensions in which the reaction takes place and the practical limitation in this
regard may be determined by the thermodynamics and kinetic variables of the rHLPD.
As seen, the carried-out reactions (BaTiOs, and SrTiOs) were quite slow, taking days

compared to other techniques. Besides, carbon capture and sequestration were also
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attempted by utilization of rHLPD.!% One drawback of this method is that in cases where
the reaction involves intermediate phases or when the starting material has a high degree
of solubility, it may pose challenges in maintaining the pellet's monolithic structure and
achieving the desired product. For instance, several attempts were made to densify KNN
materials using this method, but undesirable results were observed in reactions involving
KOH and NaOH solutions with NbO> and Nb2Os sources, similar to the observed
intermediate hexaniobate phase in the hydrothermal synthesis of KNN,!07:108

Compared to field-assisted techniques that enable much faster heating rates, fast-
firing process requiring simpler equipment is adopted as the most suitable for industrial
applications. In industrial applications (e.g., tile industry), production is possible even
with larger sample geometries, consequently, thickness might be a potential limiting
factor *7. Additionally, exceeding 2000°C can be challenging due to the limitations of
existing heating elements.!” While there are various studies on oxide materials, research
involving non-oxide materials is limited due to specific furnace requirements (e.g.,
atmosphere-controlled furnaces).!'” The performance of this technique on covalently
bonded ceramic materials remains a subject of curiosity.

Although flash sintering necessitates a furnace, the temperature typically remains
significantly under 1000°C in most cases. However, specific scenarios, such as with a-
Al>O3, may demand elevated temperatures above 1000°C.°71'1:112 Nevertheless, these
temperatures are several hundred degrees lower than those employed in conventional
sintering. Moreover, the component is electrically heated through the Joule effect,
narrowing the gap between the actual temperature in flash sintering and that of
conventional sintering. It is worth noting that the material must have some conductivity
to achieve the critical power dissipation of around 10-100 mW/mm? required to trigger
the flash.!'>!'* A significant advantage of flash sintering lies in its limited processing
duration and thermal concentration within the ceramic; this enables the processing of
materials with a consolidation temperature even higher than the maximum temperature
allowed by the furnace used.!'> Although the melting temperature of Pt electrode is
specified as the maximum operating temperature of the system, this value can often be
exceeded during the process because Pt is well conductive and removes the much faster
than the sample.!'® The utilization of thermal insulators to prevent thermal distribution

(thermally insulated FS) further enhances the efficiency of the process.?+”’
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Despite being a significant advanced sintering technique with low-cost
equipment, presents a challenging process from the preparation of samples to the final
product. Limitations in sample geometries, difficulties in preparing suitable samples, and
possible problems during sintering are among the reasons for the complexity of this
process. Although dog bone shapes are quite complex and have limited use in
applications, they are the best sample geometry for flash sintering. Because this shape
can easily pass through the thinner section and conductivity development can be carefully
monitored, it minimizes the problems associated with current concentration during flash
sintering.!” However, the probability of scrap material extraction (e.g., scrap in dogbone-
shaped materials) is higher compared to other processes. This is due to the removal
requirement of unsintered regions, except for the areas where the electric current passes
through the linear region, following flash sintering. To overcome such problems,
contactless flash sintering was introduced, which allows the use of electric arcs, cold
plasma, and conductive flame instead of Pt electrodes.!'”"'?! In this way, such flash
sintering systems will lead to the emergence of new opportunities. However, it should be
noted that a limitation of this method is the high cost of such electrodes. Although there
are first attempts at industrial applications of flash sintering, it might seem this technique
remains at the laboratory scale unless relevant developments occur.”’

Due to its simplicity and adaptability, UHS has great potential and works utilizing
graphite felt heaters in direct contact with ceramic green bodies. Due to the absence of a
large furnace chamber and the low thermal mass of the installation, very high heating
rates (e.g., ~1000°C/min) can easily be achieved. However, UHS needs an oxygen-
deficient environment to prevent degradation of graphite felt. As well as accomplishing
smaller grain sized structures, UHS can allow obtaining microstructures and properties
that resemble those achieved through conventional sintering within reduced time.®*’” The
scale-up studies of UHS carried out since its introduction in 2020 truly demonstrate the
potential industrial applicability of this process.®>!?? Additionally, possible carbon
contamination can be prevented by using tungsten heaters instead of graphite felt.'>> To
homogenize the temperature distribution of the system and reduce the heat loss thermal
insulation material can be utilized.*> One of the most challenging aspects of this
technique is temperature measurement during sintering in a short time with a high heating
rate. For instance, a metal shield on the thermocouple tip can cause a substantial reduction

in the measured temperature. Because the existing metal shield has more thermally
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conductivity with orders of magnitude than the graphite felt, it enables the removal of
heat from the tip region. Therefore, data obtained from such thermocouples must be
approached with caution.!!'® As noticed, in the UHS of ZrO; study, the determination of
temperature was simulated by FEM.

As stated, UHS must be performed in an oxygen-free environment such as Argon,
vacuum '?*, or Nitrogen (as performed in this study). It should be noted that the mentioned
atmospheres may impact or change the structure of the material, either reducing the
material or reacting with the material as with YSZ study.

The most important issue that should be recommended in such electric field-
assisted sintering techniques with high heating rates is the determination of the ratio of
the sintering temperatures of the materials to those of melting temperatures (Ts/Twm). For
instance, the sintering temperature of KNN, whose sintering was attempted in this thesis
study, is found to be at around 1120°C, while its melting temperature is 1140°C.%>!%
This causes unsuccessful results in such techniques where temperature control is difficult.
Although there are successful results in the literature regarding the sintering of KNN
materials using these methods!'?®13°, there will always be a question mark about the
repeatability of the samples. Therefore, KNN has a Ts/Tn ratio of 0.98, and based on this
value, it can be deduced properly that the materials with Ts/Tm < 0.8-0.9 for such
sintering methods unless more precise temperature control is developed.

In this context, the algorithm for current sintering techniques shown in Figure 13.1
was developed. It presents a general perspective for sintering applications to achieve
target properties. Besides, an algorithm for rHLPD is also shown in Figure 13.2 since it
offers a different concept due to the different dynamics of the system. Of course,
expecting these algorithms to work perfectly always isn't realistic. However, the
recommendations provided for the employed sintering techniques will prove beneficial

for future research.
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What are the variables for
compaction by cold sintering
process?

v

Can it be
adequately
dissolved in
any
solution?

¢ Yes

Evaluation of
congurent/incongruent in the
system

Evaluation of
congurent/incongruent in the
system

v

v

Cold sintering process

What are the variables for cold
sintering?

What is the material?

!

What is the bonding character
of the materials??

Does the
material
have high

ionic
character ?,

No

Fast-firing

?

s T,/T,, <0.9
?

What are the variables for
fast-firing?

material
conductive
enough?

v

Post-Annealing

v

Cold sintering process

Is T,>2000°C
?

What are the variables for
flash sintering?

y

Can the
structure
change
under O,-
free atm?

Yes

Flash sintering

A 4 l No

What are the variables for fast

What are the variables for

-firing? UHS?
Fast-firing UHS

Figure 13.1. Proposed algorithm for current sintering technique, including cold sintering,

fast-firing, Flash sintering, and UHS.
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What is the material?

Is the
material at

=z
5]

Surface and colloid

y

A\

E

of the solubility-pH
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by No rHLPD processed
Hydro/solvo in aqueous
thermal? media?
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.

rHLPD

Figure 13.2. Proposed algorithm for rHLPD, including possible opportunities, modified

No
—>

Possible SLPD

from.”® (Rxn: Reaction; AV™>0: Positive molar volume change).




CHAPTER 14

CONCLUSIONS AND PERSPECTIVES

The utility of different sintering techniques ranging from low temperature
densification methods to production techniques with high heating rates for various
ceramic materials was demonstrated comparing with the literature, conventional sintering
or conventional procedures of the sintering processes used.

CSP, which is one of the low-temperature densification techniques, has its roots
dating back to the 1970s, and with the latest developments in the technique, it has become
an extremely simple method for densification using basic equipment. It was demonstrated
successful densification of recycled glass powders and Mars regolith simulants by
utilizing NaOH to dissolve, while in the case of KNN ceramics, despite attempting to use
various liquid phases and parameters, low densification was achieved, necessitating an
annealing procedure. The efficiency of the cold sintering process depends on the
solubility characteristics of the material to be sintered. Furthermore, similar to cold
sintering procedure of KNN, CSP can be considered as an intermediate densifying tool
for enhancing the final densification and the resultant properties in the future.
Additionally, as mentioned in the introduction section, it is worth noting that a
standardized diffusion mechanism for cold sintering has yet to be identified. It is believed
that further in-depth investigations will be necessary in the future to address this issue.

Another low-temperature densification technique, namely rHLPD, remains an
open field for development, with a significant scientific knowledge gap. This approach,
based on filling pores in the material using reactive capabilities rather than sintering and
shrinkage, holds promise, especially for components with three-dimensional complex
shapes and/or near-net-shaped products. As mentioned before, one of the challenges is
that the carried-out reactions for BaTiOs3, and SrTiO3 were quite slow, taking days. Even

the kinetic of SrTiO3; was slower than that of BaTiOs.
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Fast firing, also can be said as ancient UHS, is an extremely practical technique
used in the industry. Although it is a common technique for industry, ongoing research is
required for the production and industrial scale-up of various technical ceramics. Since
compared to conventional sintering, it is evident that microstructure control can be more
easily achieved. So far, in terms of ease of use and infrastructure, fast firing can be
considered the sintering process with a great potential for industrial utilization. Besides,
while fast firing is indeed explained by diffusion mechanisms (e.g., surface diffusion vs.
grain boundary diffusion or lattice diffusion) proposed for solid-state sintering, it can be
also considered to be a useful method for materials with a glassy phase (e.g., Mars
simulant), which might lead to somehow aiding viscous flow.

Although considered an advanced sintering method utilizing basic equipment, it
poses substantial challenges throughout the process, spanning from sample preparation to
the obtainment of the end product. Challenges arise due to constraints in sample
geometries, complexities in sample preparation, and potential issues encountered during
flash sintering process, contributing to the complex nature of this technique. While
industrial scaling attempts have been made, it is not anticipated to be feasible soon.
Because it might seem this method remains at the laboratory scale unless relevant
developments (i.e., contactless flash sintering) happen.

The recently introduced UHS process in the literature is believed to be a great
candidate for sintering a wide range of materials. Its potential for industrial scale-up
places it as one of the strongest candidates against conventional sintering and fast firing.
Furthermore, as a contribution to the UHS process, an investigation was conducted to
address the question of whether the atmosphere matters in diffusion, i.e. sintering. In this
regard, UHS experiments were conducted in a nitrogen atmosphere instead of an argon
atmosphere which is a typical atmosphere for UHS. The results unequivocally
demonstrate that the atmosphere significantly influences the sintering process and,
consequently, the final product. Additionally, the most significant challenge observed is
the narrow sintering window for some materials due to melting temperatures being close
to sintering temperatures, as seen in materials like KNN. Lastly, temperature
measurement during the process is one of the most challenging aspects of this technique.

In a general conclusion, every ceramic material might not guaranteed to yield
successful results in all sintering processes. It should be noted that each sintering process

takes place in distinct sintering mechanisms. The selection of the appropriate sintering
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method and conditions should be based on an evaluation of the specific material's
characteristics (e.g., bonding characteristics, diffusion ability, electrical conductivity,
sintering temperature, and melting temperature of the material, etc) and the desired
properties in the final product. This entails a comprehensive understanding of the
material's behavior and the careful optimization of sintering parameters, such as
temperature, pressure, and atmosphere, to ensure the desired microstructure and
properties are achieved. In conclusion, this dissertation highlights the need for a material-
specific approach to sintering processes, acknowledging the multifaceted nature of
ceramics and the diversity of sintering mechanisms. Therefore, this understanding of the
interaction between ceramic materials and sintering processes is essential for advancing

the field of ceramic science.
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