= = -0V/cm

Effect of electric field on the sintering of ceria
Chen Cao

Energie & Umwelt/Energy & Environment
Band/Volume 510
ISBN 978-3-95806-497-3

IJ JULICH

Forschungszentrum

Mitglied der Helmholtz-Gemeinschaft




Schriften des Forschungszentrums Jilich
Reihe Energie & Umwelt/Energy & Environment Band/Volume 510







Forschungszentrum Jilich GmbH
Institut fir Energie- und Klimaforschung
Werkstoffsynthese und Herstellungsverfahren (IEK-1)

Effect of electric field on the sintering of ceria

Chen Cao

Schriften des Forschungszentrums Jilich
Reihe Energie & Umwelt/Energy & Environment Band/Volume 510

ISSN 1866-1793 ISBN 978-3-95806-497-3



Bibliografische Information der Deutschen Nationalbibliothek.

Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten
sind im Internet Uber http:/dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jilich GmbH
und Vertrieb: Zentralbibliothek, Verlag
52425 Jilich

Tel.: +49 2461 61-5368

Fax: +49 2461 61-6103
zb-publikation@fz-juelich.de
www.fz-juelich.de/zb

Umschlaggestaltung: Grafische Medien, Forschungszentrum Jilich GmbH
Druck: Grafische Medien, Forschungszentrum Jilich GmbH
Copyright: Forschungszentrum Jilich 2020

Schriften des Forschungszentrums Jilich

Reihe Energie & Umwelt/Energy & Environment, Band / Volume 510

D 82 (Diss. RWTH Aachen University, 2020)

ISSN 1866-1793
ISBN 978-3-95806-497-3

Vollsténdig frei verfligbar Giber das Publikationsportal des Forschungszentrums Jiilich (JuSER)
unter www.fz-juelich.de/zb/openaccess.

This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0,
B which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/

Kurzzussamenfassung

Das Sintern mit Unterstiitzung elektrischer Felder hat als Alternative zum konventionellen Verfahren
seit langem das Interesse in der Forschung geweckt, mit der Erwartung, durch den neuen Ansatz die
Sinterzeiten deutlich reduzieren und die Materialeigenschaften des gesinterten Korper gezielter
einstellen und verbessern zu konnen. In den letzten Jahren durchlief das feldunterstiitzte Sintern (Field
Assisted Sintering, FAST) eine rasante Entwicklung als Herstellungsmethode von Werkstoffen, die
durch konventionelles Sintern nur schwer oder iiberhaupt nicht hergestellt werden koénnen [1]. Ein
Schwerpunkt in der akademischen Forschung wird auf das 'Flash-Sintern' gelegt, bei dem die
Verdichtung innerhalb von Sekunden abgeschlossen ist [2]. Die grundlegenden physikalischen

Prinzipien des feldunterstiitzten Sinterns sind jedoch nach wie vor unklar.

In dieser Arbeit wurde das Sintern von yttriumdotierten Ceroxid-Proben (10 Mol-% yttriumdotiertes
Ceroxid, 10YDC, und 0,1 Mol-% yttriumdotiertes Ceroxid, 01 YDC) unter elektrischen Wechselfeldern
bei 50Hz und Feldstirken bis zu 28V/cm untersucht, die deutlich schwécher sind als solche, die fiir das
'Flash-Sintern' erforderlich sind. Zum ersten Mal wurde die Abhangigkeit der Sinterparameter von den
angelegten elektrischen Feldern bei konstanter Probentemperatur untersucht, was durch direkte
Messungen im Inneren der Probe und durch thermoelektrische Finite-Elemente-Simulationen
sichergestellt wurde. Dadurch konnte die makroskopische Joulsche Erwdrmung ausgeschlossen und die
auftretenden Mechanismen analysiert werden. Dariiber hinaus konnte erstmals das symmetrische
Verhalten unter Druck- und Zugbelastung experimentell verifiziert werden. Dieser Teil der Arbeit wurde
wihrend eines Forschungsaufenthaltes am National Institute for Materials Science (NIMS), Japan,
durchgefiihrt.

Unter elektrischen Wechselfeldern verformt sich yttriumdotiertes Ceroxid leichter, was sich in einer
geringeren uniaxialen Sinterviskositét zeigt; die treibende Kraft fiir die Verdichtung beim Sintern wird
grofler, angezeigt durch eine hohere uniaxiale Sinterspannung. Die Aktivierungsenergien fiir die
Verdichtung nehmen durch die Erhohung der elektrischen Feldstirken ab, dies war besonders
ausgeprigt bei 10YDC: Dessen Aktivierungsenergie verringerte sich von 502+40 kJ/mol bei feldfreiem
Sintern bis auf 311+25 kJ/mol unter E,,,=28 V/cm, wihrend die Aktivierungsenergie fiir 01YDC unter
gleichen Bedingungen moderat von 485+39 auf 439+37 kJ/mol sank. Dariiber hinaus wurden die
Ionenleitfahigkeiten gemessen, um herauszufinden, ob Korngrenzen und die damit verbundenen
Raumladungsschichten durch die elektrischen Felder irreversibel verdndert werden. Die

Korngrenzenleitfahigkeit von 10YDC nahm mit langerer Haltezeit beim feldfreien Sintern leicht ab und



stieg bei Proben, die unter einem stromlosen elektrischen Feld gesintert wurden, an; die
Korngrenzenleitfahigkeit von 01YDC zeigte unter gleichen Bedingungen keine Verdnderungen. Die
wihrend des Sinterns angelegten elektrischen Felder verdnderten nicht die Aktivierungsenergie fiir die
Ionenleitfahigkeiten im Kornvolumen oder an den Korngrenzen auch fiir 10YDC, verringerten jedoch
die effektive Kapazitdt der Korngrenzen. Letzteres ist die Ursache fiir die erhdhte

Korngrenzenleitfahigkeit beim feldunterstiitzt gesinterten 10YDC.

Da die makroskopische Erwdrmung durch das Feld ausgeschlossen wurden, werden folgende zwei
mogliche Mechanismen fiir den beobachteten Feldeffekt vorgeschlagen: entweder eine mikroskopische
Joule-Erwirmung an den Sinterhélsen und Korngrenzen oder eine direkte Wirkung des Feldes auf die
Korngrenzendiffusionsprozesse. Letztere Ursache wird favorisiert, da die erwdhnte Erhohung der
Korngrenzenleitfihigkeit zusammen mit einer Anderung des Oxidationszustandes der Cer-Ionen in der
Grenzfliachenstruktur durch eine transmissionselektronenmikroskopische Analyse beobachtet wurde. Es
ist erwdhnenswert, dass diese Verdnderungen ex-sifu bei einer niedrigen Temperatur beobachtet wurden.
Eine Quantifizierung der in-situ-Korngrenzenstruktur wihrend des Sinterns bleibt ein offenes und
herausforderndes Problem. Dennoch koénnen diese Phidnomene den mikroskopischen Joule-
Erwarmungseffekt nicht vollends ausschlieBen, vielmehr sind Charakterisierungsmethoden mit hoher
raumlicher und zeitlicher Aufldsung sowie in-sifu-Techniken fiir die weitere Erforschung des

feldunterstiitzten Sinterns unerlasslich.
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Abstract

As one of the alternative to conventional sintering, the application of electrical fields during sintering
has aroused interest since decades, aiming at reducing the sintering time as well as improving the
targeted material properties. Field assisted sintering (FAST) has undergone rapid development in the
last years, as it provides a platform for manufacturing materials which are difficult or even impossible
to be produced by conventional sintering [1]. More recently, strong focus is put on ‘flash sintering’ in
the academia, where the densification completes within seconds [2]. However, the governing principles

behind the field assisted sintering are still unveiled.

In this work, the sintering of yttria-doped ceria samples (10 mol % yttrium doped ceria, 10YDC,
and 0.1 mol % yttrium doped ceria, 01YDC) was studied under alternating electrical fields with a
frequency of 50 Hz and field strengths significantly weaker than those required for the ‘flash regime’.
For the first time, the dependence of sintering parameters on the applied electrical fields was investigated
with constant sample temperatures, which was ensured by direct temperature measurement inside the
sample and by thermo-electric finite element simulations. This excluded the macroscopic Joule heating
and allowed to investigate the occurring mechanisms. In addition, the symmetric behavior under
compressive and tensile loading could be experimentally verified for the first time. This part of study

was done during a research stay in National Institute for Materials Science (NIMS), Japan.

Under AC electric fields, yttrium doped ceria is deformed more easily, as shown by a lower uniaxial
sintering viscosity, and the driving force for densification during sintering becomes larger, as revealed
by a higher uniaxial sintering stress. This points to the existence of other mechanisms because the
macroscopic thermal effects were excluded beforehand. In order to gain a deeper understanding of the
experimental results, activation energies of the material system were measured under AC electric fields
with a frequency of 50 Hz. The activation energies for the densification decrease by the increase of
electrical field strengths, exerting larger effects for I0YDC. The activation energy for the densification
of 10YDC decreased very significantly from 502+40 kJ/mol without electrical fields to 311+25 kJ/mol
under E,,,s=28 V/cm; it also reduced, but moderately, for 01YDC from 485439 kJ/mol to 439+37 kJ/mol
for the same conditions. In addition, ionic conductivities were measured to find out whether grain
boundaries and related space charge layers are irreversibly modified by the electrical fields. The grain
boundary conductivity of 10YDC decreased slightly after a longer holding time during fieldless sintering;
it increased under the application of a non-contacting electrical field during sintering. On the other hand,

the grain boundary conductivity of 01YDC did not change under the same conditions. The electrical

iii



fields applied during sintering did not change the activation energy for the ionic conductivities of neither
bulk nor grain boundary even for 10YDC, but decreased the grain boundary effective capacitances

which is the origin of the higher grain boundary conductivity for 10YDC sintered under electrical field.

As the effect of macroscopic Joule heating was excluded in the experiments the following two
possible mechanisms for the observed field effect are proposed: either microscopic Joule heating at the
sintering necks and grain boundaries or a direct effect of the field on the grain boundary diffusion
processes. The latter is favored, because the above mentioned increase of the grain boundary
conductivities were observed together with a change of the valence state of the cerium ions in the vicinity
of the grain boundary as analysed by transmission electron microscopy. It is worth mentioning that these
changes were observed ex-situ at a low temperature. A quantification of the in-situ grain boundary
structure during sintering remains an open and challenging investigation. Nevertheless, these
phenomena could not exclude the microscopic Joule heating effect completely, therefore,
characterization methods with high spatial and temporal resolution as well as the in-sifu techniques are

essential for further research of field assisted sintering.
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Nomenclature

Symbols

Fundamental of Sintering

g

Continuum

d

p
0y, 0y, O
€

ér/ é:z

E,, Gy, K,

p

oz

Laplace pressure [Pa]
atomic or molar volume [m?]

concentration of vacancy under the curved surface [1/m’]

vacancy concentration without chemical potential gradient [1/m?]

chemical potential difference [J/mol]
principal radii of two particles [m]
radius of pores/particles [m]

specific surface energy [J/ m?]
porosity

stress intensification factor

mechanics of sintering

grain size [m]

relative density [%]

stress components along the principal axes [Pa]

free strain rate [1/s]

sintering rate component along the principal axes [1/s]
uniaxial viscosity, shear viscosity and bulk viscosity [Pa.s]
viscous Poisson’s ratio

uniaxial sintering stress [Pa]

hydrostatic sintering potential [Pa]

Ionic conductivity

5

g9t
RY!
cot
o9?
R
ced

grain boundary thickness [m]

grain interior conductivity [S/m]
grain interior resistance [Q]

effective grain interior capacitance [F]
grain boundary conductivity [S/m]
grain boundary resistance [Q]

effective grain boundary capacitance [F]
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Constants

k Boltzmann constant [J/K]

R gas constant [J/mol-K]
Abbreviations

01YDC 0. 1 mol % yttrium doped ceria
10YDC 10 mol % yttrium doped ceria
gi grain interior

gb grain boundary

PSD particel size distribution

DTA Differential thermal analysis
TG Thermogravimetric analysis
EIS Electrochemical impedance spectroscopy
XAS X-ray absorption spectroscopy
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Introduction

1.Introduction

The history of sintering began around 25000 years ago when people fired clay to produce utensils [1].
Sintering, completed even by our ancestors without much knowledge of todays material science, is
basically the process of transforming a powder compact into a dense object with specific properties.
With the development of society and technology, properties other than mechanical properties, such as
electrical, thermal and thermo-electrical properties, have become increasingly important. In order to
achieve these varying properties, other techniques apart from the conventional sintering process [1],
such as vacuum sintering, hot pressing, liquid assisted sintering, cold sintering and electrical field
assisted sintering [2], were also developed. Among all the techniques, field assisted sintering seems to
be very promising. The application of external electrical fields offers the opportunity to produce

materials with tailored properties that are difficult to obtain with a conventional approach.

The emergence of the field assisted sintering/spark plasma sintering technique (FAST/SPS) methods
enables the production of dense products with shorter time and smaller grain sizes. These advantages
drive the worldwide market for the field assisted sintering process, which covers a wide scope of
industries, such as automotive, manufacturing, energy and so on. There are also industrial application
of flash sintering: Lucideon Group Limited, Staffordshire, UK. It is known to manufacture products
using flash sintering technique. However, the limited understanding of the mechanisms of field assisted
sintering, and thus the difficulties in tuning and controlling the microstructure preciously restrict the
market growth to an extent. Convincing explanations are yet to be found, for example, for the abnormal
grain growth on either anode or cathode side [3] and for the inhomogeneous distribution of temperature

for large scale samples [4].

Many attempts have been made to understand the effect of external fields on the sintering process.
These studies are mainly focused on two different kinds of electrical field applications. The first kind is
to use low voltage together with high current density, such as FAST/SPS [2,4], during which the
powders are typically sintered under high external mechanical pressure. For materials with low
conductivity such as ceramics, the electrical fields have no direct effect on materials (e.g. alumina [5]
and fully stabilized zirconia [6]). Fast heating rates together with high mechanical loads enhance the
densification. However, for materials with higher conductivity, electrical fields increase the sinterability
via the interactions between current and the material, such as Joule heating [4,7], percolation effects [8-
9] and electrochemical reactions [10-11]. The second kind is to use higher electric fields than the

FAST/SPS condition, and the mechanical load is usually applied only to maintain the contact between
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electrodes and specimens (cylindrical or dog-bone shape specimens are used). One well-known example
of this kind is named flash sintering, during which the densification occurs within a few seconds [3,12].
Hypothesis has been proposed either by attributing the amplified mass transport to a facilitated defect
generation under electric fields [3,12-13], or by assuming that Joule heating effects, especially
macroscopic Joule heating, together with high heating rates, yields a significant improvement of the

sintering rate [14-18].

In summary, both thermal and field related effects exist during field assisted sintering, but neither
alone can explain all the phenomena for most cases. Thermal effects cannot explain that the type and
concentration of defects in ZnO is irreversibly modified by electric fields, even without current flowing
through the sample [19]. As pointed out by Conrad et al. [20], the effect of AC fields yielding both
increasing sintering rate and suppressed grain growth is more significant than with equivalent DC fields,
which should yield the same temperature increase. On the other hand, the field effect alone cannot
explain that the external electrical field required to generate defects is beyond the simulated dielectric
strength of the materials [21]. In addition, previous studies have already shown a field related
improvement of sintering for many ceramics even under lower electric field strengths than the field

strength required for flash sintering [22-23].

Many studies have been conducted on flash sintering motivated by the promising accomplishment
of sintering in a small time interval. However, the dramatic temperature change during flash sintering
brings difficulties in measuring the specimen temperature. Without an accurate measurement of
specimen temperature, it is impossible to separate the thermal effect and field effect. These two effects
co-exist during field assisted sintering process, with potentially one of them dominating under a certain
condition. Thus, only by separating the effects one from each another, mechanisms can be identified.
Therefore, small fields should be investigated to study the sintering behavior without the problems that

the uncontrolled speed of flash sintering causes.

The goal of this thesis is to investigate the mechanisms of field assisted sintering by decoupling the
field effect and thermal effect. More specifically, the following points have been of interest, and the

possible answers to the following questions are given in the thesis.

* Can discontinuous loading-dilatometry be used for the measurement of sintering parameters

under electrical fields?

« Can the compressive response can be extrapolated into the tensile regime in the frame of

continuum mechanics of sintering?
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* How are the sintering parameters like viscosity, viscous Poisson’s ratio and sintering stress

influenced by moderate electrical fields?
* What can be the possible mechanism for improved sintering besides macroscopic thermal effect?

» Are ionic conductivity and related space charge layers irreversibly modified?
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2. Background and current knowledge

2.1 Fundamentals of sintering

Ceramics is an important category of materials usually applied in daily life and industry. Ceramics
usually have high melting points and are mechanically brittle, so their manufacturing requires techniques
that are more complex than those for metal forming (relying on plastic deformation or casting). Sintering
is one technology that has been used for a long time. It involves various aspects such as material
composition, powder particle size, morphology, homogeneity of green compact, temperature, external
mechanical pressure applied, sintering atmosphere and so on. All these parameters influence

synergistically the thermal or chemical reaction activated diffusion processes during the sintering.
Sintering can be categorized through the phases present during the process, into four kinds [24]:

1. Solid-state sintering: the green body is usually heated to a homologous temperature between 0.5 and
0.9 of the melting temperature. During the sintering, no liquid phases are formed and the diffusion
process happens only in the solid state.

2. Liquid phase sintering: a small amount of liquid is present during sintering. On one hand the liquid
phase helps enhancing the sintering process at lower temperature, on the other hand, the existence
of both liquid and solid phases also limits the temperature applied during the subsequent operations.

3. Vitrification: a large volume of liquid (typically greater than ~25% of the original solid volume) is
present during sintering. The required density can be easily achieved by the formation of liquid
phase, the flow of this liquid phase into pores, and the vitrification of this liquid phase during
cooling.

4. Viscous sintering: This term is usually attributed to the sintering of amorphous materials (glass).
With no existence of grain boundaries, the densification happens by viscous flow associated with

particle deformation.

The whole sintering process can be divided into three stages based on the increase of relative density
together with the decrease of porosity [1]. A typical densification curve of the sintering process is

illustrated in Figure 1, and the three stages are listed below:
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Figure 1: Typical densification curve during sintering as a function of temperature and time [6].

1. Initial stage: Between neighboring particles, a neck forms and grows. Almost no shrinkage (less
than 3 %) takes place during this phase and pores are interconnected with one another.

2. Intermediate stage: The major shrinkage and densification happen during this stage and the pores

Time

become isolated from one another. Typically, grain growth also starts at this stage.

3. Final stage: Open pores become isolated pores on the grain boundary (porosity less than 8 %).
Further densification continues and grain growth starts to become significant. In addition, the

removal of the last percentages of porosity renders difficulties.

During the sintering process, the increase of relative density, together with the decrease of porosity,
involves the change of material microstructure. The microstructure determines in turn various properties

of material such as electrical conductivity, mechanical properties and optical properties, which are

essential for applications.

2.2 Driving forces and mass transport

The increase of relative density, together with the decrease of porosity, is realized by the mass transfer
along concentration gradients. From the thermodynamic point of view, this migration is driven by
lowering total free energy of system, which is a global driving force. From the kinetic point of view,
this migration is driven by a local driving force caused by chemical potential [1]. In principle, particles,

grains and atoms can only react with forces directly applied to them, namely local driving forces, not to

the global driving forces.

6
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2.2.1.1 Energetic considerations

Sintering begins on porous powder compacts, considering of interparticle necks, that build later on grain
boundaries, and free surfaces. The free energy decrease of both free surfaces and grain boundaries is
referred to as global driving forces, which drives the densification process and grain growth. The
following equation (Eq. 2-1) describes the free Gibbs energy G as a function of free enthalpy H and
entropy S. System energy is reduced by total surface energy (A;Yys) decrease or total grain boundary
energy (AgpYsp) decrease. For example, during densification process, the free enthalpy decreases by
decreasing free surface areas. Theoretically, the lowest global free energy is reached when powder
compact turns into an almost dense single crystal. However, this condition is almost impossible to reach
under conventional sintering conditions with limited sintering temperature and time, not to mention that

powder distribution can be heterogeneous.

G = AH —TAS = Agys + AgpYer — TAS 2-1
Lange [25] simulated the sintering process using an assembly of three particles, which is shown in
Figure 2. The neck grows and free energy keeps decreasing until the contact angle ¢ = ¢,, where the
system reaches a theoretical stable point with minimal free energy. Here, ¢, is called dihedral angle,
and its value is related to the ratio between surface energy (ys) and grain boundary energy (Ysp), as
describes with Eq. 2-2.
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From another point of view, pore shrinkage also happens during sintering. Lange [25] used a model
with circular arrays of cylinders or spheres and polyhedral arrays of spheres to calculate the free energy
change as the function of the pore radius and the number of surrounding particles (Figure 3). The results
lead to an important conclusion, that the pores will only shrink to the energetic-favorable state, ¢ = ¢,
but will not disappear. The lowest energy corresponds to a finite pore size, but not to zero. Wakai [26]
also reached the same conclusion using a 3D numerical method by Surface Evolver, and the shrinkage
of a pore was related to the sintering stress, which depended on the pore volume, the dihedral angle, as

well as the pore coordination.

Q
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Figure 3: Normalized free energy of a ring array of
| spheres as a function of the pore radius normalized by

the initial sphere size for ring arrays containing n
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In the case of spherical particles with the same sizes, once they reach the equilibrium state, the
sintering process should cease upon thermodynamic considerations. However, real particles usually
have faceted surfaces with different surface energies. Castro et al. [25] pointed out that in reality, faceted

particles rotate to create new solid-solid surfaces, which continues the neck growth (Figure 4).

Castro et al. [25] also mentioned another phenomenon that breaks the balance: the movement of
newly formed faces. Lange [27] drew the same conclusions but referred it to coarsening. These two
description both relate to grain growth. Coarsening mainly happens between particles with distinct sizes,
where the grain boundary moves towards the smaller particle until it disappears. Subsequently, a new
contact forms and the neck growth continues (Figure 5). Coarsening offers an alternative approach to
the decrease of system energy by reducing grain boundary areas, and thus hinder the densification

process by lowering its driving force.
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Particles not touching Sintering until reaching Rotation leads to non-equilibrium
the dihedral angle angle, and sintering restarts.

Figure 4: Schematic representation of the non-spherical particles being sintered. Different interface energies can

lead to rotation or rearrangement of grains to decrease the total free energy [25].
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Figure 5: Sequential mass transport for two larger particles sandwiching smaller particle [27].
2.2.1.2 Local driving force

Sintering phenomena not only involves the thermodynamic global driving force, but also related to mass
transport. Experimental results with fine-grain matrix and coarse-grain matrix [28-29] showed that
densification in most cases is limited by kinetic considerations instead of thermodynamic considerations.
Mass transport happens at the atom, grain and particle levels. The concentration gradient of atoms drives
the movement of mass. In principle, it is the local driving force due to non-flat surfaces that renders

atom concentration gradient.

As mentioned above, the movement of non-flat surfaces is ascribed to the local driving force, which
is related to surface curvature. In the case of densification, which happens normally between particles
with the same or similar size, the neck curvature leads to the force directly applied on the particles. By
assuming the surface tension as the work required for the surface generation, a mathematical expression
can be derived. As described by Laplace and Young, the tension, or Laplace pressure, is related to the

particle radius and specific surface energy [1]:

o=YsG+,) (2-3)

where x and p are the principal radii and o is Laplace pressure. The radius of the concave surface is
defined as negative while the radius of the convex surface is defined as positive. Thus, the neck surface

is under tension, which drives the atoms on the neck region to move into the neck surface. Thereby the

9



Background and current knowledge

neck grows and the vertical distance between two particles decreases, which leads to the densification,

as illustrated in Figure 6.

Figure 6: Illustration of tensile force induced by surface curvature in the neck region.

In the case of grain growth, the curved grain boundaries, between particles with different sizes, drive
the directional movement. Grain growth can occur in both dense and porous polycrystalline solids [1].
The stress state induced by the non-flat grain boundaries favors the movement of atoms from concave
positions to convex positions, and thus drives the movement of grain boundary to the concave side, as

illustrated in Figure 7. This process leads to the growth of one grain at the expense of the other one.

QoGO

Figure 7: Hlustration of grain boundary movement between two particles with different grain sizes [25].

Both sintering and grain growth require directional movements of atoms and the countermovements
of vacancies under the curved surfaces. This atom movement is related to the concentration gradient,
which is associated to the chemical potential difference. This chemical potential difference Au is

strongly dependent on the stress states of the atoms, with a relation defined as follows [1,25]:

Ap = o2 (2-4)

where 2 is the atomic or molar volume, and the induced concentration difference of vacancies can be

expressed as follows [1,25]:

Cy = Cyg * €XP (i—i) (2-5)
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where c,, is the concentration of vacancy under the curved surface, ¢, is the vacancy concentration
without chemical potential gradient (under a flat surface). Take the densification as an example,
vacancies diffuse to the neck region (grey area in Figure 6) and atoms diffuse to the neck surface, in this

way, the neck growth happens.
2.2.1.3 Mass transport

Mass transport of solid state sintering involves three factors: source of the matter, transport path and
sink of the matter. The sink of matter is always the same (inter-particle neck), while there exist six
mechanisms differing in the sources of matter and in the transport path [1]: 1) from the surface through
surface diffusion, 2) from surface through lattice diffusion, 3). from the surface through vapor transport,
4). from grain boundary through grain boundary diffusion, 5). from grain boundary through lattice
diffusion, 6). from dislocation through lattice diffusion (Figure 8). Among the mechanisms above, only
mechanisms 4-6 can efficiently decrease the distance between the two particles and are referred to as
densifying mechanisms, while mechanisms 1-3 are non-densifying. However, all mechanisms can lead
to neck growth. In other words, non-densifying mechanisms reduce the driving forces without increase
of density. In order to obtain dense sintered body, it is important to suppress the non-densifying sintering

mechanisms while promoting the densifying ones.

One option for densification is to increase the heating rate. The activation energy of surface related
processes is lower than that of the processes related to grain boundary and bulk. Therefore, surface
related processes happen at lower temperature. With a higher heating rate, the temperature regime, in
which densifying mechanisms dominate, can be reached faster. In this way, the surface related processes

can be suppressed.
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Figure 8: Illustration of the sintering mechanisms in ceramics for a three particle array. The numbers represent the
different mechanisms. (1) surface diffusion (from surface); (2) Lattice diffusion (from surface); (3)
evaporation/condensation (from surface); (4) boundary diffusion (from grain boundary); (5) lattice diffusion (from

grain boundary) (6) lattice diffusion (from dislocations) [1].

2.2.2 Activation energy

As introduced above, the sintering process is very complex, involving microstructure evolutions
activated by various mass transport processes. It is one of the ultimate objectives for sintering studies to
define the dominating process and its corresponding activation energy. Rahaman et al. [1] concluded

that the densification rate, (1/p)(dp/dt) , can be written in the following general form:

ldp _3dL _ _AD *¥s .
ZE_Ldt_dka(Pa¢+ r) (2-6)

where (1/L)(dL/dt) is the linear shrinkage rate (assuming here isotropic sintering with the same
shrinkage rate in all directions), 4 is a constant, D is the diffusion constant, d is the grain size, m is an
integer depending on the diffusion mechanism (m = 2 for lattice diffusion and m = 3 for grain
boundary diffusion), ayg/r is the sintering stress with a representing the geometrical constant that
depends on the shape of the pore, P, is the external applied stress and ¢ is the stress intensification
factor to relate the external applied stress to the internal stress on the grain boundary. The stress
intensification factor depends on the pore structure. In the case of spherical pores randomly distributed

in the matrix, the stress intensification factor can be easily described as follows [1]:

¢p=—= 2-7)

ol | =

with the porosity P. The coefficient of diffusion, D, is temperature dependent, and can be written as

follows:
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Q
D = Dyexp (—k—; (2-8)

with Dy representing the diffusion constant and Q4 as the activation energy for the corresponding
densification process. By combining Eq. 2-6 and Eq. 2-8, the activation energy can be obtained through

the following relationship:

in(r2%8) o —% 2-9)

Wang and Raj [30] proposed a constant heating rate approach to determine the activation energy.
The Master sintering curve approach [31] is also a common method involving with the experiments
using different heating rates. But as the whole thermal cycle is considered, an effective value is measured
[32], which often does not correspond to a single mechanism. Langer et al. [33] calculated the activation
energy at the isothermal period during the sintering. It is noteworthy mentioning that Eq. 2-9 requires
the grain size to be constant for the comparison of sintering activation energies under difference

conditions.

2.3 Continuum mechanical description of sintering

The discussion of sintering was at first based on the concept of discrete particles in order to understand
the analytical description of a few idealized grains [1]. In order to generalize and decide the
macroscopical changes of the geometry of a powder compact [34], continuum mechanics is the most
promising method. Macroscopic factors considered here include external loadings, density gradient,
geometrical condition and so on. The introduction of continuum mechanics of sintering is organized as
follows: in Section 2.3.1, the fundamental continuum formulas are represented, and in Section 2.3.2,

sintering parameters are introduced.

2.3.1 Theory

It is assumed that the material is isotropic and the sintering mechanism is not modified by the applied
stress. This fits well with the low pressure experiments conducted in this work, where the applied stress
is in the range of the sintering stress [35]. However, if the electric field changes the sintering mechanism,
the following constitutive equations may not be applied anymore. Additionally, it is assumed that the
material response to external stresses is viscoelastic, that is to say, the sintered compact at first shows
an instantaneous elastic strain, and then a continuous deformation during sintering [34,36], as illustrated
in Figure 9. The major problem involved is that the modulus and the viscosity of the compacts are not

constant but time dependent: as the porosity decreases, the modulus and viscosity increase. In this case,
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the Laplace transform does not yield a reasonable result on the base of the Maxwell model [36]. In order
to solve this problem, Raj et al. [37] assumed that the moduli are constant, and Bordia et al. [36]
proposed that it is reasonable to derive constitutive equations considering pure viscous deformation,
since the elastic strain is negligible compared to the densification. This assumption is also supported by

the experimental results from Cai et al. [38].

G(t)

7(t)

Figure 9: Maxwell model with the modulus G and viscosity 1 [36].

The constitutive relationship between the normal stress components (04, 05, 03) and strain rates (&,

&, £3) can be written as:
. Lo, 1
=g+ [o; —vp X371 (1 = 6;) 5] (2-10)

with the direction index i=1..3, Kronecker &, v the viscous Poisson’s ratio and E), is the uniaxial
viscosity. These equations are analogous to Hooke’s law for linear elastic, isotropic continua, with strain

rate replacing strain and the addition of the intrinsic free sintering strain rate, &. In the case of the

cylindrical coordinates, the equations can be thus written as follows [39]:
. Lo, 1
€ = €5 + E [ar —up(og + O‘z)] (2-11)
. .1
€, =€ + z [O'Z —up(0og + U'r)] (2-12)

where o, 0, and gy are the stress components along the principal axes, € the free strain rate without
any constraints. In the case of uniaxial stress applied along the z axis of a cylindrical sample, Eq. 2-11

and 2-12 reduce to:
. . Uy
€ = € — EO'Z (2-13)

€, =€+ éaz (2-14)
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2.3.2 Sintering parameters

For a linear viscous material, traditionally five sintering parameters are defined: the uniaxial viscosity
(Ep), the viscous Poisson’s ratio (vy), the shear viscosity (Gp), the bulk viscosity (K, ) and the uniaxial
sintering stress (05 ). These parameters depend on the temperature (except for vy,) and the microstructure
(especially grain size and relative density). In addition, these parameters are associated with each other:
the uniaxial viscosity and the viscous Poisson’s ration can be expressed as the function of the bulk
viscosity and the shear viscosity. The sintering stress is an equivalent intrinsic stress, which is also
related to the free shrinkage rate without any external stress. The theoretical models for the expressions
of the sintering parameters are broadly classified into phenomenological and micromechanical models
[40]. Bordia and Scherer [36] performed a comparison of several models. Later, Olevsky [34] gave a

detailed review of the application of the models from discrete to continuum theory.

The micromechanical models are based on a representative volume element, in terms of pores and
solid body skeleton. Mackenzie and Shuttleworth [41] described the sintering as a uniform compression
of a spherical shell model, and derived the expression of the bulk viscosity and the shear viscosity as a
function of porosity. Scherer et al. [42-43] elaborated a method to express the uniaxial viscosity and the
viscous Poisson’s ratio as the function of relative density based on the viscous sintering of glass
materials with the cylindrical shaped powder particles. Skorohod et al. [44-45] suggested the expression
for effective shear and bulk viscosities as a function of porosity on the base of generalized-viscous flow
body. Other models, such as those proposed by McMeeking and Kuhn [46], Cocks [47] and Riedel et
al. [48-49], took the stages of sintering into consideration. However, all the above models concentrated
on the model of a simple, different regular arrangement of pores and isotropic powder packing

structures.

Besides the above-mentioned analytical models, an effective experimental approach to determine
the sintering parameters as a function of relative density was also developed, namely the loading-
dilatometry technique. How to use this technique in the measurement of the sintering parameters is
discussed in section 3.4.2. Phenomenological models were derived from this empirical approach, and
were proposed by Rahaman et al. [50], Raj and Venkatachari [51] and Hsueh ez al. [39]. The detailed

discussion about the above models is presented in the following corresponding part.
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2.3.2.1 Uniaxial viscosity

The uniaxial viscosity can be experimentally determined from the slope of the uniaxial strain rate —
stress curve. The uniaxial viscosity derived from Eq. 2-14, in the case of the uniaxial loading, is
expressed as follows:
E, = E%f (2-15)

The increase of the uniaxial viscosity is a result of both grain growth and relative density increase.
Experiments for the measurements of uniaxial viscosity includes the measurements on alumina [35],
gadolinia doped ceria [52], low temperature co-fired ceramics (LTCC) [53] and calcium aluminosilicate
(CAS) glass [54]. As illustrated in Figure 10, the experimental results showed the same trend in general:
the viscosity increases quasi-linearly and remains low until about 85 to ~ 90 % relative density due to
the sintering of investigated material and then increases strongly due to grain growth [35]. In contrast,
the increase in viscosity for the LTCC material and CAS glass is less drastic, in particular for the CAS
glass material, as the contribution of grain growth does not exist in this case [64]. But if crystallization
takes place, this will change the viscosity dramatically and crystallization control is an important issue

in the design of LTCC materials.
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Figure 10: Uniaxial viscosity GDC at 1100 °C [52], LTCC at 840 °C [53] and CAS at 850 °C [54].

In the case of polycrystalline materials, the uniaxial viscosity at a constant temperature can be

expressed in the following general form [55]:

Ep = LEpo X Epl(p_) X Epz(d) X Ep3 ) (2-16)
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where Ey is a scaling factor, E}q, Ep, and Ey3 are functions of relative density p, grain size d and
temperature T, respectively. As viscosity decreases with increasing temperature, function E,3 is based

on the activation energy of the dominant matter transport mechanism and can be expressed as follows:

Eps(T) = exp (iif) (2-17)
The increase of relative load bearing area is expressed as the function of Ep; and the grain growth
is taken into consideration in the function of Ey,,. Semi-empirical models were generated on the base of
different experimental results. Rahaman’s model [25] was derived by combining Coble’s creep
mechanism [25,78], i.e. grain boundary diffusion, and Beere’s [79-80] calculation of the stress
intensification factor, ®, considering a more complicated geometry of pores in the microstructure. The
derived following equation for the uniaxial viscosity [25]:

_ _ - exp [-3a(1-P)] 3 i
Ep = Epo X Ep1(p) X Epa(d) = A X p 3 expl_a(i—p)ltexp [2a(—p)] xd (2-18)

where A is a scaling factor, d is the grain size, p is the relative density and a is a parameter related to

the dihedral angle.

2.3.2.2 Bulk and shear viscosity

Besides uniaxial viscosity, bulk and shear viscosity are essential under the frame of continuum
mechanics. The relationship between volumetric densification rate, €, and the driving force can be
expressed as follows:

. . . 1 (o,

€& =26 +6,=—(Z+3) (2-19)

Ky \3

where K, is the bulk viscosity and the driving force consists of two parts: X, the sintering potential and
0,, the external applied stress. Because the sintering potential is related to the free shrinkage rates
without any constraints, Eq. 2-19 can be expressed as follows:

1 o,
Kp 3

€, =3¢/ + (2-20)

Similar to the determination of uniaxial viscosity [52], the bulk viscosity can then be obtained

through the inverse of the slope of the plot €, vs. % By analogy to bulk moduli for an isotropic material

[36], bulk viscosity can be expressed as follows:

__ 5
Ky, = 3(1-2vp)

(2-21)
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Subsequently, the shear viscosity, G, can be expressed in terms of uniaxial viscosity and bulk
viscosity as follows:

_ 3Epkp

G, =
P 3Ky—Ep

(2-22)
The shear viscosity, G, can also be calculated according to the following relationship from Eq.2-
21 and Eq. 2-22 :

__ B
Gp = 2(1+vp)

(2-23)

Different models has been proposed to represent bulk and shear viscosities. Hsueh et al. [39]
assumed that the uniaxial viscosity depend on the instantaneous grain size and density. They expressed

the shear viscosity and bulk viscosity as follows, respectively:

Gy =Gy xpPx(1—-p)* (2-24)
_ px(-p*
Kp = —Kp X 5y (2-25)

where Gz(; and K;,) are the initial shear viscosity and initial bulk viscosity, respectively. A and p are both
the fitting parameters. p gives the dependence on density assuming the same grain size, while A related

to the grain growth during sintering.

Raj and Venkatachari model [51] was also generated on the base of Coble’s creep mechanism, and
the load bearing area was assumed to be proportional to the relative density. The expression for bulk

and shear viscosity were derived as follows:
Gy =Gy xd3xp (2-26)
K, = K2 x d3 x % [in(1 = p) + 0.50(p + 2)] (2-27)
2.3.2.3 Viscous Poisson’s ratio
The Viscous Poisson’s ratio represents an important sintering parameter, especially for constrained

sintering [53,56]. According to Eq. 2-11 and Eq. 2-12, the viscous Poisson’s ratio can be described as

follows:

_ Ef—é€r
Up = ;Ef (2-28)

This experimental approach to obtain uniaxial Poisson’s ratio is challenging since it involves the

subtraction of two measured small rates. With this in mind, a more robust approach was developed to
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obtain the viscous Poisson’s ratio, as shown for low temperature cofired ceramics (LTCC) materials
[56]. Together with the uniaxial viscosity E;, and bulk viscosity Kj,, the viscous Poisson’s ratio can be
calculated according to the following equation:

_ 3Kp=Bp

vy = 5 (2-29)

On the other hand, the above deduction also implies that the viscous Poisson’s ratio, vp, is related
to both bulk viscosity and shear viscosity under constant temperature as follows [57]:

3Kp—2Gp
Up =
P 2(3Kp+Gp)

(2-30)

Bordia and Scherer [36,57] compared several models describing the viscous Poisson’s ratio and
pointed out that it depends only on the relative density under a constant temperature, due to the same
dependency of bulk and shear viscosity on the grain size. However, the overestimation of shear viscosity
according to Hsueh’ model renders a negative viscous Poisson’s ratio in contradiction to the
thermodynamic theory and experimental data [39]. Uniaxial viscous Poisson’s ratio exhibits a close to
linear dependence on relative density, ranging from about 0.1 at green density to 0.5 at 100 % of
theoretical density, as shown by Zuo et al. [35,58] for alumina, Okuma et al. [54] for calcium
aluminosilicate (CAS) glass and Salamone et al. [59] for YBa,Cu3Og:x. The most accepted technique
used to determine the viscous Poisson’s ratio is called discontinuous loading-dilatometry technique
[35,53]. It offers not only an accurate measurement of axial strain rate as well as radial strain rate, but
can also alleviate the anisotropic effect brought by the application of uniaxial load. Zuo et al. [58]
compared his results with several theoretical models designed for the prediction of the viscous Poisson’s
ratio, and found out that it fitted well with semi-empirical models, such as Rahaman’s model [50] as

well as Venkatachari and Raj’s model [51].

However, Wakai et al. [60] pointed out the lack of underlying physics of these models due to not
taking into account grain boundary sliding. Riedel et al. [49] developed a method to estimate bulk and
shear viscosities of isotropic porous materials from the knowledge of microstructure. The densification
process is related to the microscopic motion of individual particles. The normal velocity vector to the
grain boundary is proportional to the grain boundary diffusion coefficient, while the tangential velocity
is linked to the microscopic viscosity. Kraft and Riedel [61] related bulk and shear viscosities to grain
boundary, bulk and surface diffusion in simulating solid state sintering process. Wakai et al. [60]
analyzed how the shear viscosity and the viscous Poisson’s ratio depend on grain boundary sliding, local
structure, and relative density. When grain boundary diffusion is the dominating mechanism during

sintering, the bulk viscosity depends on the grain boundary diffusion coefficient, and the shear viscosity
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depends on both the grain boundary diffusion coefficient and grain boundary sliding, which is

characterized by the non-dimensional viscosity, n*:

N 086D
N =n=F (2-31)

where 7 is the microscopic viscosity, § is the grain boundary thickness, Dy, is the grain boundary

diffusion coefficient, T is the temperature, (1 is the atomic volume and r is the particle radius [60].

The macroscopic response of material during sintering under external stress dependents on n*, a
combination of microscopic viscosity and grain boundary diffusion coefficient. In addition, the non-
dimensional viscosity, n* is not a material constant but a parameter relating to the microstructural
evolution during sintering. On the base of the above theory, Wakai et al. [60] concluded that viscous
Poisson’s ratio decreased with increasing coordination number, ratio of grain boundary energy to surface

energy as well as non-dimensional viscosity.

2.3.2.4 Sintering stress

The hydrostatic sintering stress or sintering potential X, as driving force for the densification, is related
to the grain size, pore size, surface energy and grain boundary energy [62]. The sintering stress is a
mathematical concept, which is the equivalent externally applied compressive stress that causes the same

effect during free sintering as the surface energy of pores and grain boundaries [24,36].

The analytical formulation of sintering stress renders difficulties considering the complex of the
microstructure, and thus requires simplification. Take the final stage of sintering of polycrystalline
system as an example, if the pores are assumed to have a quasi-equilibrium shape and the grains are
nearly spherical, the hydrostatic sintering stress is expressed as follows: [62]:

5 =0 (e 4 2) (2-32)

where d is the grain size, r is the radius of pores. y;5 and y; is the grain boundary energy and the

specific surface energy, respectively.

The hydrostatic sintering stress describes the mechanical stress necessary to stop the porous solid
shrinking while the uniaxial sintering stress describes the stress needed to stop the shrinkage on only
one direction. The relationship between sintering potential £ and uniaxial sintering stress, g5, can be

expressed as [35]:

z =i (2-33)
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In other words, the reduced free energy during the sintering can be set equal to the work done by
the uniaxial sintering stress in reducing the height of the sintering compact. This means that the
densification in the axial direction stops, when the uniaxial stress that is similar to that of the sintering
stress is applied. The uniaxial sintering stress can be experimentally determined by the extrapolation of
the linear relation between uniaxial strain rate vs. uniaxial stress until the uniaxial strain rate equals to

zero [57], which can be described as follows:

05 = —€E, (2-34)

The magnitude of the uniaxial sintering stress varies among material systems from around 0.1 MPa
for low temperature co-fired ceramics (LTCC) [53] and calcium aluminosilicate (CAS) glass [54], to a
few MPa for submicron alumina [35], until up to 100 MPa in nanocrystalline zirconia [63-64]. As
illustrated in Figure 11, the absolute value of the sintering stress increases during the intermediate stage
of sintering and then starts to decrease on the transition from intermediate sintering to the final stage of
sintering. However, agglomerates and inhomogeneities in powder compacts shift the beginning of the
grain growth to relative densities lower than 90 % and thus can affect the viscosity/sintering stress-

density relationship [63].
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Figure 11: Sintering stress of alumina [35], LTCC at 840 °C [53] and CAS at 850 °C [54].

2.4 Field assisted sintering

As introduced before, conventional sintering requires a significant amount of energy to form products
with desired properties out of ceramic powder compacts. In order to reduce this required energy, as well

as to target unique properties required for applications, different approaches have been applied,
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including the usage of electric fields [2-4]. The application of external electrical fields can be basically
divided into two groups: high voltage and low voltage consolidation [65-66]. The usage of low voltage,
together with high current density, is referred to as the field assisted sintering/spark plasma sintering
technique (FAST/SPS) [2,4]. Grasso et al. [67] emphasized a subgroup belong to FAST/SPS named
electric current activated/assisted sintering (ECAS), which used pulsed ac or dc while sintering. One
special example of the application of high voltage refers to as flash sintering, during which the
densification occurs within a few seconds [3,12]. Flash sintering was firstly reported in 2010 by Cologna

et al. with yttria-stabilized zirconia [12].

2.4.1 Material and applications

Field-assisted sintering provides opportunities for the usage of materials that once showed difficulties
in industry application. The usage of this technique can be divided into the following directions [4]: the
reduction of sintering temperature, the achievement of targeted properties and accelerated phase

formation.

1. The reduction of sintering temperatures

a. High melting temperature materials, for example refractory metals or the ultra-high
temperature ceramics. These materials possess outstanding mechanical, thermal and
electrical properties. The main problem in sintering this kind of material is the rapid grain
growth when a high relative density (higher than 95 %) is required. Therefore, the use of
FAST/SPS technique offers the opportunity for a fast densification under a much lower
furnace temperature.

b. Materials for energy applications. Both solid-state batteries and solid oxide fuel cells
(SOFC) have received increasing attention, because of their safety advantages as well as
their high power densities [68]. For SOFCs, field assisted sintering provides the possibility
of fabricating the electrolyte and electrodes with improved solid-solid interface properties,
as well as with higher density [69-71]. Francis et al. [72] reported the application of flash
sintering on manufacturing anode—electrolyte multilayers. For solid-state batteries, the
application of field assisted sintering is also aiming to avoid undesirable reactions during
co-firing and thereby improving the performance of battery [73-75].

2. The achievement of targeted properties. Optical and mechanical properties are taken as examples.

a. Optical properties: Transparent ceramics, as an example, have a wide range of application
in the areas of laser hosts, infrared (IR) windows/domes, lamp envelopes and transparent
armors [76]. High heating rate together with the shorter time provided by the FAST/SPS

ensure a finer grain size [77].
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b. Mechanical properties: The mechanical properties can be improved by lowering the grain
size, as in the application of nanostructured materials. During conventional sintering,
however, powder with small particle size is inclined to coarsen, leading to a larger grain
size than desired. Field assisted sintering advances in a shorter holding time and higher
heating rate for achieving the same relative density. Therefore, small grain sizes can be
achieved.

3. Accelerated phase formation. Theories have been promoted that electrical fields act as a second
driving force in addition to the chemical gradient for the movement of ions [78]. The acceleration
of the transformation of ion across the boundaries is mostly amplified through the electrical fields
[79-80]. This has been applied in t solid-state reactive synthesis [81-82] as well as the field assisted
soldering [80,83]. The application goes on with functional materials as well as the non-equilibrium

materials [4].

2.4.2 Possible mechanisms

Though the concept of applying a current to sinter powder compacts has already been used before, a
clear understanding of mechanisms involved in field assisted sintering is still missing. The field assisted
sintering was previously referred to spark plasma sintering. However, the evidence of formation of
plasma is insufficient [25]. In order to understand the effect of electrical fields during the sintering,
several mechanisms have been proposed. As introduced before, sintering itself, without electrical fields,
already involves several processes taking place at the same time. Thus, not a single mechanism should
be expected to describe field assisted sintering. A combination of different phenomena seems to be a
more reasonable approach, with one of them dominating for a given material at a certain condition
(temperature, electrical field strength, current density and so on.). In the following section, different

possible mechanisms are discussed.

2.4.2.1 Macroscopic Joule heating

Electrical current through the specimen leads to temperature increase, which is named as Joule heating
effect. This temperature increase is the most direct effect of field with contacting electrodes. In the case
of FAST/SPS, specimens are sintered inside the graphite tool (see Figure 12). For ceramic systems
where high-electric currents flow directly through the green body rather than through the surrounding
(graphite) tools, the higher current density through the specimen can then cause significant Joule heating.
One important example is flash sintering, which happens under a certain electrical field above a given
temperature, at which conductivity reaches a threshold. During the flash sintering, the densification

occurs within a few seconds [3,12].
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Figure 12: Schematics of FAST/SPS set-up [6].

The thermal runaway model has successfully predicted the critical threshold of the electrical field
as a function of the furnace temperature to trigger flash sintering [14-17]. According to this model, the
Joule heating, especially the macroscopic bulk Joule heating, is considered to be the main reason for the
onset of flash sintering. In this work, the thermal runaway model developed by Pereira da Silva et al.
[17] was applied for the onset prediction, in which the flash sintering event happens when there is a
discontinuity in the equilibrium surface of the stable sample temperatures caused by the heat balance

between Joule heating and the heat losses [84]:

_AE
E?e k8

e —h(6—69)=0 (2-35)

where E is the electrical field, AE is the activation energy for resistivity. In this simulation, the
resistivity was measured by Impedance Spectroscopy. k is the Boltzmann constant, 6 is the sample
temperature, (), is the pre-exponential constant for resistivity, h is the heat transfer coefficient for

convention and 6 is the furnace temperature.

Direct evidence for macroscopic Joule heating effect has been provided using in situ energy
dispersive x-ray diffraction (EDXRD) of TiO, [85] and Ceria [86] in the steady state of flash sintering.
In both cases, the true sample temperatures, determined from the calibration of the unit cell expansion,
were higher than furnace temperatures due to Joule heating effect and were comparable to the respective

specimen temperatures during conventional sintering, which were the same as the furnace temperature.

The effect of Joule heating in improving densification is correlated not only to improved specimen
temperature but also to fast heating rate,. In the case of FAST/SPS (Figure 6), for materials with a
significantly lower electrical conductivity than the graphite tool, the comparison with hot pressing under
the same conditions shown that there is no direct effect of the electrical fields, as evidenced for alumina

[5] and fully stabilized zirconia [6]. The improvement in the sintering behavior was attributed to the
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mechanical compressive load and the high heating rates involved. The high heating rate can promote
the densification according to two assumptions. Firstly, since the temperature dependence of activation
energy of non-densify process and densify process is often different, densification is more favored at
high temperature while surface diffusion is more favored at low temperature (Figure 13). Take the flash
sintering as an example, the temperature surge corresponds to a much higher heating rate compared to
conventional sintering. High heating rate is beneficial by avoiding long dwelling time in the low

temperature range where non-densify process happens more easily.

Densify process
lattice diffusion, grain boundary diffusion

Log(rate)

Non-densify process
Surface diffusion

1000/T

Figure 13: the sketch of the densification/coarsening rate on the dependence of temperature.

Secondly, an increase in grain boundary and bulk conductivity of flash sintered samples compared
to conventionally sintered specimens was observed with ex-situ impedance spectroscopy [87-88]. The
difference is attributed to defect accumulation on the grain boundary which promotes the ion migration
during the sintering. The defect accumulation was kept during the cooling and thus influence
conductivity of the grain boundary of the specimen. The high heating rate during the flash sintering
leads to the formation of this ‘non-equilibrium grain boundary’ because no time is allowed for the
relaxation [89]. However, direct evidence is still missing, considering the limitation of impedance

spectroscopy in the conductivity measurement under high temperature.

At the same time, experimental results showed that a material can also undergo an instantaneous
densification process, similar to flash sintering, as proved by Meng et al. [18,90] used the exothermic
reaction between Ni and Al powders as the thermal source. The results showed that alumina can be
sintered within 2 min under a heating rate of 1873 K/min, moreover, a difference in grain boundary
microstructure was also observed [91]. This significant improvement in sintering without electrical

fields emphasizes the role of rapid heating behavior during field assisted sintering [89].
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2.4.2.2 Microscopic Joule heating

Unlike macroscopic Joule heating effect describing increase of specimen temperature, the microscopic
Joule heating is based on the preferential Joule heating at microscopic scale, such as particle necks, grain
boundaries and so on. The Grain boundaries as a fast migration path for ions play a significant role in
sintering. They exhibit different properties compared to the bulk, such as ionic and electronic
conductivities as well as a different atomic structure, the so-called space charge layer, in the case of
ceramics with doping elements with a different valence. The space charge layer is formed in the direct
vicinity of the grain boundary in response to a non-zero charge due to charged defects segregation. The

width of the space charge layer, also called Debye layer, can be calculated using the following equation:

_ , e'egkT )
LD - 2e2Uf cCaccoo (2 36)

where &' is the relative dielectric constant of the ceramic, &, is the permittivity, e is the charge of an
electron, u,..is the charge number of the species that is accumulated in the space charge layer, and
Cacc 0 18 its concentration far away from the grain boundary. The Debye layer can be several tens of
nanometers thick [92], while thickness of the grain boundary region is 0.5-1 nm indicated by high-
resolution transmission electron microscopy[1]. Considering the small thickness of the pace charge layer,
the intrinsic electrical field in the Debye layer can be comparable or larger than the external applied
field. In addition, the existence of space charge layers has been experimentally confirmed [93-94].
However, it is worth noting that present theories calculating space charge layer’s potential or thickness
are based on the Mott-Schottky profiles, which are only valid with the dilute concentration [95-97]. In
summary, the space charge layer is assumed to act as a blocking layer for the ion transfer trespassing
the grain boundaries due to low local oxygen vacancy concentration [98], which may in turn cause a

higher temperature in the grain boundary.

Local Joule heating effects are also one of the mechanisms for fields assisted sintering. Indirect
experimental evidence has been found as the proof for the local Joule heating effect in both metal [99]
and ceramic systems [100-102] in flash sintering experiments, by attributing the differences in grain
boundary microstructures (ex situ observations) to the localized high temperature during sintering. The
same evidence has also been found in the case of FAST/SPS by the work of Schwesig [9] on
nanocrystalline silicon, where density fluctuations in the microstructure were used as an indication of
the existence of a microscopic temperature gradient. However, the authors attribute this fluctuation not

to microscopic temperature gradient on grain boundaries but to the percolation effects, which basically
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described the formation of percolating current paths inside the green body due to the intrinsic

inhomogeneity of powder compacts [4].

Along with experiments, simulation works have also been performed for a comprehensive
understanding. Vikrant et al. [103] simulated the possible start of flash sintering on the base of local
Joule heating introduced by the high grain boundary resistance on the base of space charge layer theory
under DC fields. However, Holland et al. [104] performed the numerical simulation of mixed or
ionically conducting ceramics at particle necks, and pointed out that there is no significant contribution
to a better densification behavior of high temperature gradients induced by high current flow of 10* A/m?
and they were limited to a few degrees (smaller than 10 K of particle with 100 nm diameter). This is due
to the small particle size, which levels out the temperature gradient. The similar conclusion has been
drawn by Semenow et al. [105] via a metal system with thermo-electro-mechanical modeling even with
ten times higher electrical loading than a typical FAST/SPS condition, considering the high thermal

conductivity of metal.

Biesuz and Sglavo [3] pointed out that current density or electrical fields used in the above
simulations is quite low compared to flash sintering, therefore additional effects, which may increase
the local temperature gradient, should also been taken into account, for example, 1) rapid release of
surface enthalpy leading to an additional overheating at the grain boundary [3]. 2) highly localized
electrical fields appears in the area of geometry of neck due to the short distance between two particles.
According to the simulation of Holland et al. [106], the local field strengths can be higher than the
applied external field by a factor of about 180 for materials with a dielectric coefficient of 30. Therefore,
it is reasonable to propose the possible interaction between the external applied field and the intrinsic
electric field in space charge layer. Jeong et al. [107] proposed the assumption of the shift of migration
energy barrier (Figure 14), and confirmed this assumption by experiments with alumina. As proposed
by the authors, the positively charged grain boundary lowers the activation energy for anion while
increases the activation energy for cation (Figure 14a). A positive bias on the small grain side exerts an

opposite effects on the cation migration, while a negative effect on the anion migration (Figure 14b).
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Figure 14: Schematic illustrations of (a) the effect of the space charge on the activation energy for an ion jump,

and (b) the effect of external electrical fields on the activation energy for ions jumping across the boundary, denoted

as red arrows [107].

This temperature increase near the grain boundary is also assumed to be the reason for a slow grain
growth, i.e. grain boundary mobility [12,92]. Ghosh et al. [92] gave an explanation based on a

thermodynamic argument, relating the grain boundary energy, Y.z, to a Gibbs free energy quantity given

by:
Yep = AHgp — TASgp (2-37)

where AH;p and AS;p are the excess of enthalpy and entropy, respectively, associated with the grain
boundary. The entropy part decreases as the temperature increases, moreover, the TAS 5 parts increases,
and lead to the decrease of the grain boundary energy, y;. Therefore, the local temperature increases
and creates a potential well for grain boundary mobility (Figure 15). However, if the field reaches a
certain point, the high grain boundary movability will exceed this thermodynamic pinning effect, since

larger grain size has been observed with higher electrical fields in experiments [87].
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Figure 15: Electrical boundary resistance can increase the local temperature of the boundary, producing a spatial

minimum in its energy [92].
2.4.2.3 Field induced defects

Sintering as well as grain growth involves mass diffusion, and defects are essential pathways in the solid
state in order to allow diffusion. In ionic materials, a single charged vacancy cannot exist by itself
because of the constraint of charge neutrality. Therefore, either a Frenkel defect, a pair of a vacancy and
an interstitial site, or a Schottky defect, a pair of anion vacancy and cation vacancy, is generated. The
concentration of defects is known in thermodynamic equilibrium with temperature and the level of

doping level. But the effect of electrical field on the defect chemistry is still under debate.

Further experiments showed that the onset temperature of flash sintering was approaching a lower
limit of Debye temperature, which is claimed to be the threshold for the possible thermal activated lattice
vibration in an equilibrated crystal [108-109]. Doubts have been aroused, since the atomistic simulations
have shown that the electric field strength required to generate anti-Frenkel pairs (oxygen vacancies and
oxygen interstitials) is beyond practical relevance. For example, the required electrical field strength for
monoclinic and cubic HfO, was found to be about 0.1 GV/cm, that is to apply 107 V to a 1 mm thick
sample [21]. This value is beyond the dielectric strength of the materials, and far higher than the field
strengths used so far in flash sintering experiments. However, Jongmanns et al. [110] performed the
molecular dynamics (MD) simulations of an aluminum single crystal with a free surface. Only at
temperatures above Debye temperature, the non-equilibrium excitation of lattice vibration will not decay
but lead to the generation of crystal defects. Besides Debye temperature, two other conditions need to
be fulfilled: 1) the lattice vibration mode should lie close to the Brillouin zone edge; 2) the excitation
rate should be sufficiently high. The author argued that his calculation is based on the non-equilibrium
phonon distribution, therefore there exists no conflict with the calculation of the field-enhanced

generation of points defects for HfO, by equilibrium thermodynamic calculations [21].
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Jongmann et al. [111] also applied MD simulation in rutile TiO,, and compared the simulation
results with in-situ X-ray total scattering experimental results for the short range displacements of the
Ti and O atoms of rutile TiO: during FS [112]. The idea is to correlate the non-linear vibrations of atoms
to the softening of shear modulus, which leads to the lower formation energy of the point defects. Yoon
et al. [112] claimed that a similar theory was applied for the supercooled liquids and glasses on the base
of the knowledge gained from the face-centered cubic metallic system by Granato [113], in which the
interstitials were claimed to be the reason for the decreasing shear modulus. The theory was also
confirmed with experiments done with metallic glass [114]. However, it is worth mentioning that
Granato’s theory [114] is base on the dumbbell interstitials, which is common in metals. Therefore, the

connection between these two theories requires a further carefully consideration.

2.4.2.4 Electrochemical effects

The partial reduction of a material due to the electrochemical effects has been attributed to the formation
of ‘electrochemical blackening’ [3,115-116]. An oxygen ion conducting material is used as an example
for the illustration of this phenomenon. On the anodic side, the reaction favors the generation of oxygen

vacancies (V) as well as of electrons,

05 © 2¢' + V5 +50,(9) (2-38)

The positively charged oxygen vacancies move towards the cathodic side and react there with the
electrons and oxygens according to the right side of Eq. 2-38. Biesuz et al. [3] pointed out that since this

reaction is not fast enough, the oxygen vacancies get discharged according to the reaction as follows:

2e’ + V5 -V, (2-39)

The excess trapped electrons lead to the reduction of the surrounding cations, thereby a partial
reduction of the oxide. This partial reduction and the accumulation of oxygen vacancies (electrochemical
blackening) starts from the cathodic side and propagates to the anodic side. The associated transition of
the presence of electronic conductance inside the material, promoted by the new energy level created by
the trapped electrons. This has recently been experimentally proven by in—sifu impedance spectroscopy
using single crystal cubic zirconia [117]. Similar experiment has been conducted by Maso et al. [118]
with polycrystalline 8 mol % yttria-stabilized zirconia (8YSZ), and the onset of electronic conductivity
was found under small DC loading at high temperature. Maso et al. [118] argued that the reaction in
Eq. 2-40 is more realistic rather than the alternative annihilation-creation mechanism (Eq. 2-39), and

emphasized importance of O~ in enhanced conductivity.

0% —0,+e' (2-40)

30



Background and current knowledge

As discussed above, the electrochemical reactions in principle lead to a change of oxygen partial
potential in the material, and the existence of oxygen potential transition has been modeled [119].
Moreover, the experiments have been conducted using grain size as the marker to prove the existence
of oxygen potential transition [120-121]. Therefore, both experiments and modelling validated the
correlation between oxygen potential transition in material and the movement of charged species.
However, the role of electrical field on the generation of charged species, such as electrons and holes,
is still unclear, because the mixed ion and electron conductivity was observed both in air [118] and
reduced atmospheres [119]. In addition, Dong et al. [119] emphasized that poor electrode kinetics can

also trigger the cathode reduction.

The electrochemical effect is also assumed relating to the alternation of grain boundary mobility
induced under the DC loading, and thus the grain size gradients [85-86,120,122]. Direct experimental
evidence for chemical reduction was reported by Jha et al. [86] with ceria and Charalambous e? al. [85]
with titania. They both observed a bifurcation into two peaks of the XRD signals near the cathodic side,
and related this to the reduction of TiO, and CeO,. However, this reduction on the cathodic side renders
an inverse effects on the grain size (larger grain size for CeO; at anode, and larger grain size for TiO; at
cathode). More specifically, on one hand, models and experimental evidence exist relating the
accumulation of oxygen vacancies induced by the reduction on the cathodic side to a higher grain
boundary mobility, and thereby a larger grain size. On the other hand, experimental evidence also exists

for larger grain size on the anodic side.

Moreover, current flowing (flow of both ions and electrons) is essential in order to relate the
observed phenomena to the above mentioned mechanisms. However, the type and concentration of
defects in ZnO is irreversibly modified by electric fields, even if no current flows through the sample
[19]. Also, the change of the electrical response of grain boundaries was found under DC flash sintering
[88], but not under AC flash sintering [123]. In summary, the investigation on the influence of electrical

fields still requires new experimental approaches as well as simulations on the non-equilibrium state.

2.5 Cerium oxide

2.5.1 Applications

The study of ceria as well as doped ceria has started years ago and has a wide use in industry, as the
storage of Cerium is more abundant than copper and tin [124]. Ceria is used in applications such as
exhaust catalysts [125-126], oxygen concentration sensors [127-128] and electrolytes in solid oxide fuel

cell (SOFC) [129-130]. Ceria also demonstrates its possibility of industrial use in oxygen separation
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membranes for syngas production [131-132]. The SOFC is one of the most promising candidates for
future power generation [133], as electricity can be generated from the chemical reactions without

contaminations (Figure 16).

The application of material is generally based on its properties. Taking the electrolyte in SOFC as
an example, several requirements have to be fulfilled [68,134-135], such as 1) high ionic conductivity
(together with neglected electrical conductivity); 2) stability in both oxidizing and reducing atmosphere;
3) mechanical stability. The well-known material used is for this purpose yttrium doped zirconia, which
usually operates in the temperature range of 700 °C-1000 °C [133]. Doped ceria can achieve higher
ionic conductivity at lower temperatures (500 °C — 700 °C) [68,136-137], which provides the possibility
to further reduce the energy consumption. Moreover, at lower temperatures, the interface reactions
between different components inside the fuel cell will be suppressed, and leads to an increase of
efficiency and lifetime of the cell [137]. Therefore, ceria based materials are also widely applied in solid
oxide fuel cells as an alternative to zirconia, even though this kind of material also possesses several
disadvantages, such as its reducibility at low oxygen partial pressure and its difficulty of sintering [138].

The latter can be solved by applying electric fields during sintering [137].

In general, in order to produce a product which meets the requirements of the industry, the sintering
parameters need to be tailored on the base of knowledge of its mass transport and defect chemistry in

the material.
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Figure 16: Schematic illustration of the working principle of SOFC during operation.
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2.5.2 Crystal structure and defect chemistry

Cerium (valence electrons: 5s25p®4{15d'6s?) is the second member in the lanthanide series. As the most
reactive element, Ce has two stable oxidation modes: Ce®“and Ce”* [124]. Ce’" is more stable compared
to Ce’* due to the electronic structure, 5s>5p°4f' for Ce’* and 5s?5p° for Ce’*, because the fully occupied
band is energetically more stable than the half-filled band. Figure 17 illustrates the band structure of
ceria, with the valence band derived from O 2p while the conduction band from Ce 5d [139]. In order
to generate the anti-Frenkel pair in CeO;, an external electrical field with the magnitude of 0.1 GV/cm

is needed, as reported in HfO, with the similar ~6 eV band gap [21].

Cerium dioxide (denoted as ceria in the following context) has a fluorite structure (FCC) with space
group Fm3m (Figure 18a) and can also be interpreted as a cubic oxygen sub-lattice with the cerium ions
occupying alternate octahedral interstitial sites (Figure 18b). In ceria, oxygen vacancies are the most
well-known defects and are of an important technological importance. The oxygen vacancies can be
introduced into the system either through the readily reduction from Ce’" to Ce’* (Figure 19a) or though
doping (Figure 19b). For undoped ceria the color change is the first direct proof for the reduction of
cerium: pure CeOs is pale yellow and the color turns from blue to almost black with increasing degree

of nonstoichiometry [140].

Ce 5d (empty)

~6 eV

Ce 4f (empty)

~3eV i
v

0 2p (occupied)

Figure 17: Schematic band diagram for ceria with no defects.
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Figure 18: The crystal structure of stoichiometric undoped CeO; (grey spheres: Ce; green sphere; O). a) fluorite
structure of cerium lattice with anions occupying tetrahedral sites; b) cubic structure of oxygen sub-lattice with

cations occupying alternating octahedral sites.

Figure 19: Schematic illustration of the generation of oxygen vacancies through a) the reduction of cerium; b) the
doping with a trivalent element. (light grey spheres: Ce?"; dark grey spheres: Ce’"; green sphere; O%); hollow

sphere: oxygen vacancy; yellow sphere: trivalent dopant).

The generation of oxygen vacancies in undoped ceria can be written in in the Kroger—Vink notation

as follows:

0% + 2Ce¥, = 2Cel, + V5 +50,(9) (2-41)

with OF and Ce{, denote an ion sitting on its lattice site with neutral charge, Ce(, denotes an ion sitting
on its lattice site a single negative charge (the reduction from Ce** to Ce’") and V;; denotes an oxygen
vacancy with two positive charges. In the atomic point of view, the two positive charges are attributed
to a vacancy in the following process: two electrons are trapped in the system when one oxygen ion (O”)
leaves and forms a neutral species; these electrons are then inclined be localized at two cerium sites, the
periphery of Ce’” [124], which leaves the vacancy positively charged. The material is readily reduced,
since the Ce**/Ce’* conversion has a lower activation energy (0.21 eV [141]) than the oxygen migration
energy (0.87 eV [142]), as pointed out by Chen et al. [143]. The reduction happens more easily at higher

temperatures or reduced oxygen partial pressures.
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An excess of oxygen vacancies can also be generated by introducing dopants with lower valences
than Ce’" (acceptor dopants), e.g. yttria studied in this work. The reaction of generating oxygen

vacancies can be expressed as follows . [143]:

Y,05 + 2Ce¥, + 05 = 2Y/, + Vi + 2Ce0, (2-42)

with Y, denotes a Y ion sitting on Ce lattice site with a single negative charge. The doping will not
exclude the reaction (Eq. 2-40) in doped ceria. Therefore, in the case of doped ceria, it is noteworthy to
distinguish an intrinsic regime, in which reaction (Eq. 2-40) dominates and an extrinsic regime, where
the dopants affect the defect chemistry most . [143-144]. The separation criteria of these two regimes
lies in whether the doping is dilute. By a common definition, doping is considered as dilute when its

level is lower than 1 mol % [136,144].

In both intrinsic regime and extrinsic regime, the impurity center (Y¢,) and oxygen vacancy (V) are
the main ionic defects in doped ceria. These two defects have opposite charge. Therefore, these two
species have a high tendency to combine, due to the electrostatic attraction. Moreover, the elastic
interaction also exists inside the crystal structure. For example, Y, as an oversized dopant, may be
attracted the open space of an oxygen vacancy [145]. Both factors lead to the formation of local defect
complexes: (Y,Vy)* and (YV,) [136]. The latter, with no cation diffusion required, is favored, because
the mobility of Y is reported to be negligible under 1000 °C [146]. Other defect clusters also exist, as
reported by Li ef al. [147], and he also pointed out that the inclination of low-temperature reduction in

the ceria lattice is due to the short-range ordered defect complex.

2.5.3 Ionic conductivity

In order to investigate the mass diffusion of oxygen ions, the ionic conductivity, determined by the
migration of oxygen ion, is used as a benchmark. The temperature dependency of ionic conductivity can

be expressed on the base of Arrhenius relation is as follows [136,148]:

oT = Aexp(— %) (2-43)

where o is ionic conductivity, A is the scaling factor, and H, is the effective activation enthalpy,
consisting of association enthalpy of defect complex (H,) and migration enthalpy (H,,,). With increasing
doping levels, the ionic conductivity first increases in the range of dilute doping and then decreases, as
reported by Wang et al. [136]. This behavior can be attributed to the decrease of association enthalpy at
low concentration range, and increase of migration enthalpy at the high concentration range [143]. From
the microscopic point of view, three paths are possible for the oxygen ion migration (Figure 20a) and

path I (Figure 20a) along the <001> direction is reported to be most favored due to low migration energy
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[149]. More specifically, the ionic conductivity has only been discussed in the context of oxygen-ion
jump in the crystal lattice regardless of the microstructural characteristics, such as grain boundaries.
This ionic conductivity is attributed as the bulk conductivity, which is the intrinsic property of the

material.

In polycrystalline materials, oxygen ionic conductivity is greatly influenced by the microstructural
characteristics (e.g. grains boundaries). As pointed out by Chen et al. [143-144], the grain boundary
mobility in the intrinsic regime is enhanced by doping elements with low association enthalpy of defects
complex (Y and Gd), and on the other hand, suppressed by elements with high binding energy (Sc and
Yb), because of the opposite effects of these elements on the free oxygen vacancy concentration. While
in the extrinsic regime, the mobility is suppressed due to solute drag, among which 1 mol % Y doping
in CeO; exerts the most effective suppression. The build-up of the solution cloud can be explained either

by elastic mismatch or by electrostatic interactions (space charge layer).

The process of sintering requires both cation and anion diffusion. In the case of ionic ceramics, the
diffusion of cation and anion should preserve the total charge of the material. The cation diffusion in
our case is the rate limiting transport process. More specially, the slowest element in the fastest path

would dominate the kinetics, i.e. the grain boundary diffusion of cation is of great importance.

The cation diffusion (diffusion of Ce in yttria doped ceria) is accomplished either by interstitial or
vacancy diffusion. Chen et al. [143-144] proposed that cation diffuses through interstitial mechanism,
and suggested that cation interstitial concentration increases according to oxygen vacancies (Figure 20b).
On the other hand, Beschnitt et al. [150] pointed out that with adjacent oxygen vacancy, the migration
enthalpy is also the lowest for the vacancy mechanism along <110> direction ((Figure 20b)). Moreover,
the cerium interstitial concentration is much lower compared to cerium vacancies concentration in
acceptor-doped CeO,. Dong et al. [151] further developed the theory using the first-principle method
and concluded that the pure size effect due to adjacent oxygen vacancy can only slightly mitigate the
migration energy. It is the synergistic effect of reduction and oxygen vacancy together that has the largest
effect due to electrostatic consideration. Moreover, the lowest migration energy is around 3.28 eV for
vacancy mechanism in ceria. Nevertheless, the enhanced cation diffusion with higher oxygen vacancy
concentration is also experimentally observed. Kinemuchi ez al. [152] attributed the sintering rate of
submicron ceria to cation diffusion through oxygen vacancies on the base of dilatometer analysis. This
assumption is also supported by the successful attempts to enhance the sintering activities of ceria by
increasing oxygen vacancy concentration, which is achieved by sintering ceria under lower oxygen

partial level [153-154].
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Figure 20: Schematic illustration of a) oxygen diffusion mechanism with path I along <001>, path II along <011>
and path III along <111>; b) cerium diffusion mechanism with path I: interstitial mechanism and path II: the

vacancy mechanism (light grey spheres: Ce**; green sphere; O°).

2.5.3.1 Conductivity measurement

The conductivity of materials is characterized by an electrochemical impedance spectroscopy (EIS),
which will be introduced in section 3.5. For a single-phase crystal, the three arcs correspond to the grain
interior, the grain boundary and the electrode with decreasing frequency [155]. Typical results obtained

from EIS is shown in Figure 21.
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Figure 21: Schematic impedance plot (black dot) and the resulting fit results (red) of 10YDC at 200 °C.

As can be seen in Figure 21, different domains have been attributed to the measured arcs. EIS acts
as a tool to build the connection between the model and the behavior of a real system. It is necessary to
relate the microstructural components to electrical elements in order to simplify [156]. The benchmark
used is the similarity of the electrical response between the microstructural characteristic and electrical

elements. The basic electrical elements involved are resistors, capacitors and inductors:
e Resistance (R), where the current follows the voltage without a delay:

Z(t) =R (2-44)
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The resistance is the instantaneous response of the current to the voltage, which can be involved
with the directional movement of charge carriers (simple defects such as vacancies, ionic interstitials

and etc. or electrons).

e Capacitance (C), where the current can not follow through, but an accumulation of charges can form:

7(t) = — (2-45)

~ j2mfc

The real current signal obtained from the experiments is usually out-of-phase compared with the
input voltage signal. Therefore, a capacitor is used to simulate this kind of behavior, which involved
with the polarization of the defects with electric dipole moments, usually complex defects (Section 2.5.2)
[157]. Each capacitor is characterized by its relaxation time and or a distribution of them, if it involves
the polarization of several main clusters of complex defects. Funke and Wilmer [158] pointed out that
relaxation time is related to the time required for system to relax the mismatch introduced by the ion

hopping. In summary, the physical transport and charge transfer process is frequency related [159].
e Inductance (L), where the voltage is built due to the electromotive force induced by the current:

Z(t) = j2nfL (2-46)

With f denoting frequency. The inductance is due to the disturbing signal introduced by the inductor
in the equipment, which can not be eliminated, and depends on the length of leads and their positioning.

This signal noise can be obvious especially at higher temperatures.

Taking a single-phase ceramic as an example, it is commonly accepted that the bulk can be
interpreted as a resistance and a capacitance, connected in parallel (parallel RC element) [157,160].
Bauerle et al. [157] at first extended the study into the polycrystalline form, by introducing the a second
phase as the grain boundaries. Ho et al. [161] confirmed the contribution of grain boundary impedance
by the measurements of polycrystalline Lis+,SiiyAl,O4 varying from 60 % of relative density to almost
the theoretical density. The studies [157,161] also indicate that the microstructure characteristics do not
perform as a perfect capacitor, because even in the microscopic point of view, material properties are
themselves often distributed or not homogenous [157]. Therefore, in a real microstructure, a RQ element
(resistance and constant phase element) is usually used instead of a RC element of the specific domain.
The effective capacitance of the RQ element (C,ss) and the impedance of the constant phase element

(Z,) are calculated as follows:

Zy = 1/[Q(iw)"] (2-47)
Cers = Q/"RA/M-D) (2-48)

38



Background and current knowledge

where Q and n are the constants of the constant phase element, w is the frequency and R is the resistance
of the specific domain. In order to assign the RQ element to different domains of a single-phase

specimen, the magnitude of capacitances is used as the criterion, which is listed in the following table.

Table 1: Capacitance values and the possible microstructural feature [160].

Capacitance (F) Microstructural characteristic
1012 bulk
101 Minor, second phase
10-10% Grain boundary
1071010 Bulk ferroelectric
10°-107 Surface layer
107-10°3 Sample-electrode interface
10" Electrochemical reaction

Afterwards, an equivalent circuit consisting of the electrical elements is generated. The equivalent
circuits are proposed to fit the experimental results. To deliver the same fitting results, there exists
normally not only one equivalent circuit. Therefore, the equivalent circuit analysis should be combined
with the microstructure model as well. The most common model used for the polycrystalline crystal is
the so-called brick-layer model [162] (Figure 22), and the corresponding equivalent circuit based on this

microstructure model is depicted in Figure 23.

Electrode Electrode

Figure 22: Brick layer model for polycrystalline ceramic, showing array of cubic grains, separated by flat grain

boundaries.
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Figure 23: Circuit equivalent for a polycrystalline ceramic and modeling the RC element of the bulk (b), grain

boundary (gb) and the electrode (e) with the inductance due to the system connected in series.

Thereby, the conductivity of different domains can also be calculated accordingly. The specific grain
interior conductivity, aP, can be calculated from the bulk resistance, R, sample thickness L and sample

cross-sectional area 4 according to the following equation:

ob =L (2-49)

However, when it comes to grain boundaries, since the effective length and area of grain boundary
is unknown, and do not equal to the sample dimension. Therefore, instead of the resistances of the single
grain boundary, the total conductivity of grain boundaries, o8, in series with the grain interior, is
calculated from the grain interior resistance, R9%, as follows:

o = k(2 @50
where § is the effective grain boundary thickness (i.e. the thickness of the GB core plus the extension
of the space charge layer on either side of the core) and d is the grain size. Considering that dielectric
constants of most materials lies in the range of 5 to 100 [157], it is reasonable to assume the dielectric

constants of grain and grain boundary are almost the same, which leads to [155]:

e _s (2-51)

c8b " 4q
In summary, the brick layer model is used to analyze the obtained Nyquist plot from polycrystalline
materials with two or three arcs. Thereby, information such as effective bulk and grain boundary
conductivities and capacitance can be calculated and used in understanding the ion transfer inside the

material.
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3.Methodology

The material system used in this work is a commercially available powder (CerPoTech, Tiller, Norway)
with two kinds of doping: 10 mol % yttria doped ceria, Ceo.9Y0.1025, (10YDC) and 0.1 mol % yttria
doped ceria, Ce0.999Y0.00102-5, (01YDC). The process applied to produce the powder is described as
follows: at first, the pyrolysis, in which a water-based solution containing dissolved cerium- and yttrium
ions, was sprayed into a furnace to form oxide powders. The powders were then calcined to remove any
nitrates or carbonates, and to form a homogeneous single-phase material. Subsequently, the
agglomerates were broken down by wet ball milling. Finally, the powders were sieved and calcined at
400 °C to remove any organic residuals from processing. In order to finish all the experiments in the
PhD thesis, the powders were purchased three times, denoted as Batchl, Batch2 and Batch3,

respectively, in the following part.

3.1 Material characterization
Different methods to characterize the powder properties are listed and briefly described below.

3.1.1 Particle size distribution

The laser diffraction method was used for the measurement of particle size distribution (PSD). The
experiments were performed with a static laser diffraction particle size analyzes LA-950 (Horiba, Kyoto,
Japan) with 2 laser diodes providing two kinds of wavelengths: 650 nm and 405 nm. The shorter
wavelength is important to extend the lower limit of the measurements because of its high sensitivity
for small particle size. It can be used to measure both dry samples and dispersions with particle sizes

from 30 nm to 3 mm [163].

The working principle is based on the different scattering angles due to different particle size, and
the PSD is calculated from the pattern of scattered light characterized by intensity and angle [164]. More
specifically, the intensity increases while the diffraction angle decreases with larger particle size. In
order to calculate the PSD on the base of experimental results, Fraunhofer models and Mie models are
applied. Fraunhofer theory as a simplification of the Mie theory is usually used for large particles. One
simple limitation is that the diameter of particle size is at least about 40 times of used light wavelength
[164]. Refractive light becomes important for a high accuracy of PSD determination with particle size

smaller than limit.
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For this work, considering the small particle size, the Mie theory was used. The refractive indexes

were taken as [165-166] 2.2-0.051 for 10YDC and 1.688 for 01YDC.

3.1.2 Specific surface area

The specific surface area is a parameter used to indirectly measure particle size and surface morphology
defined as the ratio between total surface area and mass of the powder. The experiments were performed

with a SA-9600 Surface Area Analyzer (Horiba, Kyoto, Japan).

The working principle is based on the assumption that gas molecules can be adsorbed on the solid
surface. Generally, there are two types of adsorption: physisorption (gas adsorbed on the surface through
van der Waals force) and chemisorption (gas adsorbed on the surface via electrochemical bonding. The
flowing gas method applied by the equipment is built on the physisorption principle. More specifically,
the surface of the measured powder is at first chilled until the boiling temperature of liquid nitrogen (—
196 °C), and then gas is purged into the chamber for the adsorption, finally, the temperature inside the

chamber increases for desorption [167]. Thereby, the adsorbed gas area is measured.

The specific surface area was calculated using a mathematical model proposed by Stephen Brunauer,
Paul Hugh Emmett and Edward Teller (BET) [168]. The direct measured adsorbed gas volume was
based on multilayer adsorption. The model was used to transfer the gas volume for multilayer adsorption
to the gas volume for monolayer adsorption, which revels the real information of the exposed surface of

the sample. The general equation is:

LR N (3-1)

V(p%'l) Ve Py Ve

with ¢ as the constant relating to the enthalpy of adsorption, P as the partial vapor pressure in
equilibrium of the chamber, P, as the standard pressure of adsorbate gas at the boiling temperature, VV
as the measured volume of adsorbed gas and V}, as the volume of gas adsorbed in the monolayer. Via
plotting 1/(V(P/P, — 1) vs P/P,, the desired V},, can be calculated. However, this linearity is only valid
when P/P, lies in 0.05 and 0.3 [168]. With varying partial pressure, a multipoint fitting can be

conducted for a more reliable extrapolation.

3.1.3 X-ray diffraction

The X-ray diffraction method is a fast and non-destructive measurement of lattice parameters and the

crystal structure of a material. The experiments were performed with a D4 endeavor (Bruker AXS
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GmbH, Karlsruhe, Germany). X-ray diffraction was used to define the lattice parameter, and validate

the crystal structure of the material.

The working principle of XRD measurements performed in this case is based on the interference of
X-rays and the crystal structure of the sample. Generally, the target material (Cu) is hit by the accelerated
electrons via high voltage (40 kV, 40 mA). When the energy of the accelerated electrons is higher than
a certain threshold value, electrons from one of the inner electron shells are excited. This leads to
electrons from a higher atomic level dropping to the vacant level with the emission of a characteristic
X-ray radiation, Cu-Kq12. Meanwhile, the sample is measured in a Bragg-Brentano geometry in the

range of 10 °- 80 ° with a step size of 0.02 ° and 0.75 s/step.

The peak position as well as the peak intensity of reflections is the fingerprint of the crystal structure.
The X-ray detector can only receive the signal when the Bragg’s law is obeyed, which describes the

elastic scattering of X-ray waves by the crystal lattice and reads:

nl = 2dsinf (3-2)
where n: the order of diffraction, A: the wavelength of X-ray; d: the spacing of crystal planes; 8: the
incidence and reflection angle (Figure 24). Correspondingly, only when the diffracted beams of the
parallel planes are in phase, the reflection will happen and at the same time, the intensity amplifies

instead of annihilation.

The intensity of reflected X-rays, I, is expressed as a Fourier transform within the first-order Born

approximation, in which it is proportional to the square of structural factor, Fyy;:
I o¢ |Fryl? (3-3)
structural factor, Fyy;, describes the relationship between diffraction of the crystal lattice and a
single electron of one atom [169].
Fori = Z;\Izlfje—ZM(hxﬁkyinj) (3_4)

where N: the number of atoms in the unit cell, f;: the scattering factor for each atom; x;, y;, z;: the
coordinates of each atom in the unit cell; h, k, [: Miller index of crystallographic planes. The diffraction
can only happen with Fy,;; # 0. That is to say, not all crystallographic planes can be detected via X-ray
diffraction. Together with the information such as crystal structure, the lattice parameter can be

determined using Bragg’s law.
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Incident X-rays reflected X-rays

4l e

Figure 24: Schematic illustration of the working principle of X-ray diffraction.

X-ray diffraction method also provides information about the crystallite size. More specifically, the
half width of peaks is related to the crystallite size and micro-strain in the polycrystalline samples.

Thereby, the peak width can be used to calculate the crystallite size [170].

3.1.4 Inductively coupled plasma optical emission spectrometry

The stoichiometry of the material was measured using ICP-OES, which uses the emission spectra of
samples to define and quantify the element content. For the 10YDC and 01 YDC, weight percentage of
cerium, yttrium as well as other impurities was obtained. The oxygen content cannot be detected with
this technique. 50 mg powder was mixed with 2 mL H>SO4 and 2 mL H3POs, and then diluted with 2 mL
HNO; and 2 mL H>0; to 50 mL. The quantitive determination of cerium requires further dilution to one
to hundredth while the determination of yttrium together with other impurities requires a dilution until

one to tenth.

3.2 Sample preparation

Three kinds of samples were prepared for different kinds of tests: cylindrical bulk samples, dog-bone

shape samples and disk samples.

3.2.1 Cylindrical bulk samples

Bulk samples are designed for the preliminary sintering characterization experiments, sintering
parameter (Section 2.3.2) measurements and activation energy measurement. Three sets of bulk samples
were prepared. Before experiments, the top and bottom surfaces of the specimens were polished with
SiC paper with 4000 grit to ensure a smooth surface and thereby a better contact between sample and

electrodes.
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The first Batch of bulk samples was prepared using 10YDC-Batchl for preliminary sintering
characterization experiments. To allow for particle coarsening and a more homogeneous particle size
distribution, the as-delivered powder was calcined at 1150 °C for 3 h and milled in ethanol for 72 h with
a speed of 90 rpm using a tumble mixer. After calcination and grinding, the suspension was put to stand
for 3 h and dried. The specimens were uniaxially pressed with a 8§ mm diameter press form (Msscientific
Chromatographie-Handel GmbH, Berlin, Germany) under 100 MPa for 1 min to be able to be fixed into
Netzsch TMA402 F1 (Netzsch, Selb, Germany). The cylindrical specimens of 10YDC were
6.48 mm=0.5 % in height and 7.5 mm=0.5 % in diameter, with a relative green density of 57.98 + 2 %.
Manufactured cylindrical specimens of 01YDC were 6.33 mm+2 % in height and 7.55 mm=+0.2 % in

diameter, yielding a relative green density of 59.7+0.6 %.

The second set of bulk samples was prepared using 10YDC-Batchl after calcination and milling as
the first set for sintering parameter measurement under different conditions. Cylindrical specimens were
at first uniaxially pressed using a die with 10 mm diameter under 100 MPa for 1 min and subsequently
cold isostatically pressed at 300 MPa for 1 min. The obtained cylinders of 10YDC were 14.80 mm=+0.9 %
in height and 9.39 mm+0.6 % in diameter, yielding a relative green density of 62.0+2 %.

Another set of bulk samples was prepared using 01YDC-Batch3 and 10YDC-Batch3 for the
sintering parameter measurement as well as activation energy measurement. Cylindrical specimens were
first uniaxially pressed using a die with 10 mm diameter under 5 kN for 1 min and subsequently cold
isostatically pressed at 300 MPa for 1 min. Subsequently, the samples (01 YDC) used for the viscosity
measurements were preheated with a heating rate of 20 K/min to 900 °C for 1 h and cooled down with
a cooling rate of 10 K/min to maintain the same heating history as the dog-bone shape samples, which
will be introduced in the following part. The obtained specimens of 01YDC were 14.87 mm=0.5 % in
height, 9.26 mm+0.2 % in diameter, yielding a relative green density of 69.5+0.6 %. The activation
energy measurement was conducted on samples without preheat program, the obtained specimens of
10YDC were 15.47 mm=0.1 % in height, 9.27 mm=0.3 % in diameter, yielding a relative green density
of 61.8+0.4 %. The obtained specimens of 01YDC were 14.9 mm+1 % in height, 9.28 mm+0.4 % in

diameter, yielding a relative green density of 63.3£0.6 %.

3.2.2 Dog-bone shape samples

Dog-bone shaped samples were designed to perform the viscosity measurements under tensile stress and
prepared using the 01YDC-Batch3 powder. In order to avoid the anisotropy and defects brought by
uniaxial pressing, the as-received powder was pressed using a die with 25 mm diameter under 15 kN for

1 min and then cold isostatic pressed at 300 MPa for 1 min. Subsequently, the disks were preheated with
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a heating rate of 20 K/min to 900 °C for 1 h and cooled down with a cooling rate of 10 K/min to increase
the mechanical stability. The flat dog-bone shaped tensile specimens with a gauge length of 10 mm,
width of 2.7 mm were machined with pre-sintered disks by water jet. Two small holes with a diameter
of 1.5 mm were created by mechanical machining to connect platinum wires, and the distance between
the two small holes was defined by the distance to the edge (Figure 25). The obtained dog-bone shaped
specimens of 01YDC were 2.68 mm+0.3 % in width, 3.41 mm=+0.6 % in thickness and 10.01 mm+0.2 %
in gauge length, yielding a relative green density of 70.0+0.4 %. Subsequently, Pt paint was applied to
the surface of the two small holes three times, followed with a annealing for 20 min using a hot plate
after each painting. After the specimen was fixed to the SiC jig, additional Pt paint was applied again in

the gap between the hole and Pt electrode.
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Figure 25: Sketch of the design of the dog-bone shape sample.
3.2.3 Disk samples

The disk samples were designed for the impedance spectroscopy measurements, which will be described
later. The specimens were prepared using 10YDC-Batch2 and 01YDC-Batch2. The powder was pressed
uniaxially using a die with 13 mm diameter under 100 MPa for 2 min to give a pellet of
(13.01 mm=0.08 %) in diameter and (3.0 mm=0.3 %) in height, yielding a relative green density of
52.2+0.6 %.

The pellets were sintered with a heating rate of 30 K/min to 1300 °C for 2 h and then cooled down
with a cooling rate of 30 K/min to freeze the grain boundary structure at high temperature. Electrical
fields were also applied during the sintering, both contacting and non-contacting electrical fields. For
electrical fields, different conditions of applied electrical fields E,,,=0 V/cm, 14 V/cm and 28 V/cm with
a frequency of 50 Hz were applied. For non-contacting electrical fields E,,=50 V/cm and 100 V/cm,
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two alumina disks with a thickness of 0.66 mm were settled between the electrodes and the specimen,
as illustrated in Figure 26. The relationship between the external applied voltage and the voltage applied

on the sample is described as follow:

v =22 2g]12% 4Ak0s (3-5)

where V is the set volt set , /1 is the set volt between electrodes, d is the thickness of the sample and
d41295 is the thickness of alumina disk, &/ 2% is the relative dielectric constant of alumina. For
contacting electrical field £,,,=28 V/cm, the specimen temperature during the experiments were

kept constant by lowering furnace temperature, as introduced in section 3.3.2.

electrode

= -

Alumina disk

1

Figure 26: Set up of non-contacting electric field.

The densities of the sintered samples, determined according to Archimedes’ principle, were 94 %-
96 % of the theoretical density. After the sintering, samples were then mechanically ground with SiC
paper down to 4000 grit to a thickness of 1.00 - 1.60 mm. Pt|Ag electrodes were manufactured for both
specimens: at first, both top and bottom surfaces were sputtered with Pt generated by 20 mA for 150 s
using a desktop sputter coater (Cressington Scientific Instruments Ltd., Watford, UK). Thereby, the
contact between the specimen and electrodes can be improved. Subsequently, Ag paint was applied for
three times at each surface, after each painting, the specimen was dried for 20 min in the explosion-
proof furnace. Finally, the samples were then annealed with a heating rate of 2 K/min at 650 °C for 1 h.

The produced electrodes were about 1 mm thick.
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3.3 Calibration of temperature distribution

As introduced in Section 2.4.2.1, the difference in sample temperature as well as the furnace temperature
is one of the main issues that needs to be clarified in studying the effect of electrical fields. The approach

for the measurement of sample temperature is elucidated in the following part.

3.3.1 Infrared (IR) camera

The sample temperature was measured using an IR camera, FLIR SC655 (FLIR Systems, Inc., Oregon,
USA). It was equipped with a 41 mm objective, which offers a field of view of 15° x 11°. With an IR
camera, the non-contact temperature measurements of sample surface can be performed directly with an
accuracy smaller than 1 °C. The densified samples were heated with a heating rate of 30 K/min to
1200 °C, and held at sintering temperature until the temperature was stabilized, and then the power
source was turned on, off and on again, each time for at least 15 minutes. The experimental setup is

shown in Figure 27. The radial laser receiver was removed to allow the set-up the IR camera.

It is noteworthy mentioning that the measurements by the IR camera can be easily influenced by the
atmosphere between the target and the camera, because the signal is transferred through the atmosphere
to the detecting system. In our work, the radiation of the heating elements, the furnace and etc. are all
factors that can influence the accuracy of the measurements. Especially the heating elements, because

the position of one of the heating elements is directly in front of the specimen (Figure 27b).
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a)

Axial laser receiver

IR camera

+ Furnace

Radial laser receiver Pj \K

Figure 27: Setup of temperature measurement using IR camera a) front view b) top view.

Axial laser receiver

3.3.2 Thermocouple measurement

An alternative for the temperature determination is through a direct measurement via thermocouples.
Thermocouples are sensors generating a voltage that changes over temperature. By detecting the current
between the temperature sensing junction and the reference junction maintained at the isothermal
temperature, the temperature can be then calculated on the base of the Seeback effect. Table 2 lists the
thermocouple used in this work and its properties according to the International Electrotechnical

Commission Standard (IEC-EN60584).

Table 2: Information of thermocouple type, materials, temperature range and thermocouple error according to The

International Electrotechnical Commission Standard (IEC-EN60584).

Type Materials Temperature range (°C) Thermocouple error (°C)

S Pt10Rh-Pt 0-1600 +1.5 or (0.0025x(T)
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More specifically, the temperature calibration was conducted with a fully densified specimen of
10YDC-Batchl (8.08 mm in diameter) with a 3 mm + 0.05 mm depth hole drilled mechanically. Three
thermocouples were installed (Figure 28): the thermocouple 1 was used to measure the furnace
temperature (T1). An insulating mantle thermocouple was used to measure the temperature inside the
sample (T2) and the third one was used to measure the temperature near the sample surface (T3), 2mm
away from the sample surface. The thermocouples used in this study were all of type S with accuracy
of £ 1.5°C. The sample was heated to different furnace temperatures: 1100 °C, 1200 °C, 1300 °C, with
0 V/cm and field strength of E,us = 14 V/em, 21 V/em, 28 V/em and 42 V/em until the temperature was

stable. Each measurement was repeated twice.

Pt wire

Pt electrodes

Alumina dics Heating elements

Figure 28: Schematic of the placement of thermocouples: T1: furnace; T2: inside sample; T3: near sample surface.
3.3.3 Simulation setup

Finite element analysis (FEA) was conducted with a commercial software, Ansys Workbench 19.2
(ANSYS Inc., Canonsburg, USA) to simulate the temperature distribution of the specimen inside the
furnace during the experiment. Densification was not taken into account by this model. The geometry
used in the simulation included all main features of the experimental setup of the loading dilatometry,
in order to yield realistic results that reflect all heat transport processes inside the furnace (Figure 30).
To save simulation time, half of the 3D geometry was modelled and a corresponding symmetry condition

was applied. The mesh was generated with quadrangular element type.

The thermal expansion coefficient was measured separately (+ 2K/min, 1400 °C, 30 min, - 2 K/min).
The electrical resistivity of the specimen was measured during constant heating rate experiments. Figure
29 and Table 3 summarize the material properties used for this model. The boundary conditions of the
model were the following: the top sample surface was set to different dc electrical potentials (the same

as the effective ac potentials in the experiments) and the bottom sample surface was kept at 0 V. Heat
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losses through heat conduction between specimen and alumina disks (the temperature at the end of the
alumina pushing rod was denoted in Figure 30) and heat radiation from sample surface, alumina disks
and electrodes were taken into account. Samples were heated internally by Joule heating and externally

by heating elements inside the furnace through the radiated heat transfer from the furnace to the sample.

Table 3: Material properties of 10YDC

Property 10YDC

Density [g/cm?] 6.983
Thermal conductivity [W/mK] 12 [140]

Emissivity 0.98
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Figure 29: a) Resistivity of 10 YDC; b) coefficient of thermal expansion of 10YDC.

a) b) Thermocouple

Heating
element

Alumia disk

Alumina pushing rod ~7

Specimen (10YDC)

Figure 30: Finite element model of the loading dilatometry test frame a) isometric view; b) detailed front view of

furnace chamber; ¢) mesh of the sample.
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3.4 Dilatometric methods

The shrinkage over time and temperature is the fingerprint of the samples during sintering. Dilatometric
approaches are typical to obtain such information. In the following part, three dilatometry used in this

work are introduced.

3.4.1 Differential thermal analysis / Thermogravimetric analysis

The DTA/TG method was applied to have a deeper understanding of the sintering process. The DTA/TG
measurements were carried out with the thermal analyzer STA 449 F1 Jupiter coupled with mass

spectrometer QMS 403C Aéolos (Netzsch, Selb, Germany).

The experiments were designed as follows: the powder was at first heated with a heating rate of
30 K/min to 1000 °C, and then held at sintering temperature for 30 minutes under an argon atmosphere.
Subsequently, the powder was cooled down. The air was purged into the system when the temperature
was stable at RT. Afterwards the powder was heated again with a heating rate of 30 K/min to 1000 °C

under air atmosphere in the second period.

TG is an analysis aiming at measuring the mass change in dependence of temperature under a
controlled atmosphere. It is a powerful method which provides information of reactions happening along
with the temperature, including physical reactions involving evaporation, physisorption, desorption,
chemical reactions involving chemisorption, thermal decomposition, oxidation and etc. However, it is
noteworthy mentioning that some reactions will take place without mass change, for example, phase
change, glass transition and so on. Therefore, this technique is usually combined with DTA for a
complete analysis. DTA is a technique to measure the temperature difference between the specimen and
the temperature inert reference material. The peak of the signal in this context represents the exothermic

reaction while the valley represents the endothermic reaction.

3.4.1.1 Conventional dilatometry

Preliminary sintering experiments with bulk samples were conducted at first with a Netzsch TMA402
F1 dilatometer (Netzsch, Selb, Germany) in order to determine the appropriate sintering temperature for
sintering parameter measurements. This dilatometry array [171] consists of a SiC furnace with an
operating temperature range from room temperature (RT) to 1550 °C and controlled heating/cooling
rates from 0.001 K/min to 50 K/min, a highly precise inductive displacement transducer (LVDT) for the
displacement measurement until 5000 pm with the digital resolution of 1.25 nm, integrated mass flow

controllers (MFC), which offers a accurately controlled atmosphere (inert, air and vacuum with
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pressures less than 10 “ mbar) and electromagnetically force control system allowing the forces to be

set in the mN-range from 0.001 N to 3 N.

The experiments were designed as follows: the samples were at first heated with a heating rate of
30 K/min to 1200 °C 1300 °C and 1400 °C, and then held at sintering temperature for 8 hours under an
air flow of 60 ml/min. During the experiment, a minimal load of 50 mN was used to maintain the contact

between the measurement setup and the sample.

3.4.2 Custom made loading dilatometry

Two kinds of custom made loading dilatometry were used in this work. One is at IEKI,
Forschungszentrum Jiilich, Germany and the other one is in the National Institute of Material Science,

Tsukuba, Japan.

The first custom made loading dilatometry equipment in Jiilich is the only testing frame allowing
the measurement of both diameter and height during the experiments [172]. It is equipped with an
independent programmable power source (ACS-2200-PS from HBS Electronic GmbH, Briihl,
Germany). The controllable mechanical load (10 N - 160 N) was applied with an electromechanical
testing system (model 5565, Instron, Norwood, USA) with an accuracy of 0.1 N. The radial and axial
strains during sintering were optically measured by two laser scanners (Model 162-100, Beta LaserMike,
Dayton, USA), allowing a dynamic resolution of about 2 um. The instantaneous relative density, p,
during the experiments was calculated automatically on the basis of the measured data:

P = Gt (3-6)

Pth-eXp (2&r+€z)

where pgp, is the theoretical density and p,, is the green density.

The second custom made loading dilatometry equipment in Japan consisted of an independent power
source (High voltage amplifier, model HAP-0.6B2000, Matsusada Precision Inc, Shiga, Japan) and an
electromechanical testing system (Instron 5581, Instron, Norwood, USA) with an accuracy of 0.1 N,
aiming at applying mechanical load (1 N — 17 N) [173]. The specimens were fixed into the testing frame
using SiC jigs. Tensile extension was determined from the crosshead displacement under the assumption

that the elongation as well as the sintering of the sample was uniform in the gauge region.
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3.4.2.1 Determination of sintering parameters

As introduced before, the main idea for the measurement of sintering parameters require the application
of mechanical loads on the specimen with a specific relative density. Two approaches are applied most

commonly for the purpose. The discontinuous loading dilatometry was applied in this work.

3.4.2.2 Cyclic loding-dilatometry

During cyclic loading-dilatometry, a constant uniaxial load is applied intermittently (for a small range
of density) on a cylindrical sample. Strains in the both directions (axial direction or radial direction) or
only axial shrinkage can be recorded as a function of time and density, allowing computing sintering
parameters. The load-free periods should be effective in removing the stress-induced microstructural
alteration due to the loading periods. The major advantage of this technique is that only a single run is
needed to compute the sintering parameters over the whole density range. The disadvantage is that it is
difficult to switch between loading and loading-free period. Mohanram ef al. [174] performed the cyclic

loading-dilatometry, with only axial strain recorded, to measure viscosity of glass-based system.

3.4.2.3 Discontinuous loading-dilatometry

Discontinuous loading-dilatometry is a technique to apply a constant uniaxial load on specimens only
once and for a short range of time during the experiment. Both axial and radial strains are recorded as a
function of time and density. This technique has already been successfully applied for experimental
investigations on different materials [35,52-53]. This approach is a compromise of using minimum load
(comparable to the sintering stress), maximum resolution and a large number of experiments valid only
in a small range of increased density. Theoretically, the load can be either tensile stress or compressive
stress. However, until now, only compressive stress has been used in experiments. This is also the reason
why this technique was often referred to as discontinuous sinter-forging [52-53,58]. It is worth
mentioning that sintering parameters were for the first time measured in this work under tensile stress

state.

3.4.3 Experimental design

Different sets of experiments were designed:

3.4.3.1 Prediction of onset condition for flash sintering

The specimens made of 10YDC-Batchl were firstly heated with a heating rate of 5 K/min to 600 °C for
1 hour, and then heated with a heating rate of 30 K/min to 1200 °C, 1000 °C. During the experiment, a

minimal load of 10 N (i.e. 0.15 MPa) was used to maintain the contact between the platinum electrode
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and the sample. Once the isothermal temperature was reached, the furnace was held under the
temperature. Subsequently, the applied dc electrical fields were increased until the onset of flash
sintering. The current limit was set up to 1.5 A for 10 s as the signal of flash sintering. This current limit
was given based on the assumption that specific current density for the onset of flash sintering is about
34 mA/mm? [17]. However, the definition of this power peak is a very subjective assumption, for
example, in the investigation of onset of flash sintering for gadolinium doped Ceria, Hao et al. [175]
suggested the specific volume power dissipation for the onset of flash sintering is about 10 mA/mm?
while Spiridigliozzi et al. [176] defined he specific volume power dissipation for the onset of flash

sintering about 148 mA/mm?.

3.4.3.2 Influence of electrical fields on the sintering parameters

The experiments were conducted using the custom made loading dilatometry in Jiilich. All the free
sintering experiments were conducted with 10YDC-Batchl under a minimal load of 10N (i.e.
0.15 MPa) to maintain the contact between the electrodes and the specimen. All these measurements
were conducted under three different conditions of applied electrical fields E,»s = 0 V/em, 14 V/em and
28 V/ecm with a frequency of 50 Hz. Three different sets of experiments were designed to investigate
the influence of electric field on sintering parameters. The true longitudinal axial strain was used
considering the large deformation during the sintering. The sintering strain rates (€, and &) of interest
were then calculated using the derivation of an exponential fitting to curves of strain vs. time. The quality

of the fitting was considered adequate when the coefficient of determination, R?, was larger than 0.999.

The cycles were performed on samples freely sintered to a desired density of 70 %, 75 %, 80 % and
85 % during the isothermal period (1208 °C and 1188 °C) under three different conditions of applied
electrical fields E,.s =0 V/ecm, 14 V/ecm and 28 V/ecm with a frequency of 50 Hz and then subjected to
a constant pressure of 1.2 MPa or 2.4 MPa. This mechanical loading was applied within a 3 % increase
of relative density. These two pressure values were chosen so that the anisotropy introduced by uniaxial
mechanical load can be minimized. More than 20 experiments were done, including two complete free

sintering experiments at the same temperature with the holding time of 2 h.

3.4.3.3 Confirmation of symmetric behavior under tensile loading

All these measurements were conducted with 01 YDC-Batch3 under the electrical fields E,,; = 14 V/cm

with a frequency of 50 Hz.

I. Discontinuous loading-dilatometry cycles with dog-bone shaped samples under tensile stress
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IL.

The dog-bone shaped samples were heated under a constant load of 1 N (tensile stress in the gauge
area: 0.1 MPa) to maintain the tension and with a heating rate of 15 K/min to 900 °C and then
20 K/min to 1150 °C. Due to the size of furnace, the true heating rate was 12.7 K/min + 0.07 % until
900 °C and 11.4 K/min+0.1 % until 1150 °C. Discontinuous loading-dilatometry cycles were
performed on the samples after 35 min when the thermocouple near the specimen reached 900 °C,
and then subjected to a constant load of4 N, 8.2 Nand 17 N (i.e. 0.44 MPa, 0.91 MPa and 1.9 MPa).

The mechanical load was applied for 5 min. More than 20 experiments were done.

Two complete free sintering experiments with the holding time of 2 h were also conducted. The free
sintering experiments were conducted with fully densified sample to exclude the thermal expansion
of the testing system, because the tensile extension recorded during the experiment contained the

thermal expansion of the whole system as well.
Discontinuous loading-dilatometry cycles with bulk samples under compressive stress

The cycles were performed on samples freely sintered with a heating rate of 13 K/min until 900 °C,
and then 11 K/min until 1150 °C. The mechanical loads, 70 N and 137 N, yielding a pressure of
1.2 MPa and 2.4 MPa, were applied to the specimen when the relative density of the specimen

reached a desired density of 80 %. This mechanical loading was applied for 5 min.

3.4.3.4 Activation energy measurement

Free sintering experiments were conducted on bulk samples (10YDC-Batch3 and 01 YDC-Batch3) under

a constant load of 10 N (i.e. 0.15 MPa) to maintain the contact between the electrodes. In order to define

the activation energy under three different kinds of electrical fields: £,,~=0 V/cm, 14 V/cm and 28 V/cm

with a frequency of 50 Hz. Isothermal heating experiments were conducted under each electrical field

with a heating rate of 30 K/min and a holding time of 2 h. The detailed set-up is shown in the following
table.

Table 4: Set-up of furnace temperatures under different electrical fields (°C).

Material

Electrical fields [V/cm] Electrical fields [V/cm] Electrical fields [V/cm]

28 V/cm 14 V/em 0 V/cm

01YDC 1050 1100 1150 1050 1100 1150 1050 1100 1150

10YDC 1050 1100 1150 1050 1100 1150 1050 1100 1150
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3.5 Electrochemical impedance spectroscopy

The ionic conductivity of the specimens are measured via impedance spectroscopy (EIS) (Novocontrol
Technologies, Montabaur, Germany), consisting of an Alpha-A High Performance Modular
Measurement System offering a broad frequency range of 3 X 107> Hz — 4 x 107 Hz with an amplitude
of 30 mV from RT to 1600 °C with the resolution of 0.1 °C under air atmosphere conditions.The
temperature of the specimens was measured using a type-S thermocouple. The resistances and capacities
were extracted from the impedance spectra with the ZView program (version 3.5d, Scribner Associates,
Inc., Southern Pines, USA). The working principle of IS is to give the system a small AC signal with
different frequencies, because EIS is based on the linearization of nonlinear electrochemical equations
[157]. Subsequently, the in and out-of-phase components of the voltage across the sample are measured.
By dividing these components by current, the resistive and reactive (capacitive/inductive) components
can be obtained. As the measurement results, the real and imaginary components of the impedance are

plotted as a function of frequency.

The electrical properties were measured using the disk samples (10YDC-Bacth2 and 01YDC-
Batch2) under potential sinusoidal perturbations with a peak of 30 mV. The temperature range for the
conductivity measurement for 10YDC was 200 °C — 350 °C, while the temperature range for 01YDC
was 400 °C — 650 °C. The upper temperature limit was given by a minimal sample resistance in order

to analyze the impedance spectrum.

3.6 Microstructure analysis

Microstructure observation was performed on polished samples. The cross section of the samples were
ground firstly with SiC papers with grits from 800 grit to 1200 grit using water-based lubricant and then
polished with pastes of 3, 1 and 0.05 um diamond particles. Subsequently, the samples were thermally

etched at a temperature 50 K lower than the sintering temperature for 1 hour.

Micrographs were taken with a high-resolution scanning electron microscope, Zeiss UltraS5, (Carl
Zeiss Microscopy, Oberkochen, Germany). As samples are electrically non-conductive, a 1 nm thick

coating of Pt was deposited on the surface of the sample.

3.6.1 Grain size analysis

The obtained SEM images were imported into an image processing software (analySIS pro, Hamburg,

Germany). After contrast enhancement, the threshold was set to separate the pores and grains. Finally,
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the arithmetic mean of all diameters of a grain was calculated by the software for angles in the range 0°
through 179° with step width 1°. Subsequently, the Dsy was calculated from the distribution of arithmetic
mean diameter of each detected grain. In order to estimate the average 3D grain size from the mean 2D

grain size obtained from the software, a factor of 1.6 was applied [177].

Figure 31: Image analysis process of the micrographs a) obtained micrograph b) generated grain boundaries using

image processing software.
3.6.2 Pore characterization

Pores were also analyzed to quantify their properties. At least 1000 pores were investigated per sample.
The pore orientation was quantified using the concept of cumulated pore lengths [178-179] in which the
weighted pore length was analyzed as a function of the pore orientation angle. The calculation of
cumulated pore length, k, was calculated as follows:

k= Yi(dieising;)?

Yi(digicos8;)? G-7)

where i denotes the ith pore in the microstructure. ¢; is the maximum ratio of larger and shorter of a
bounding rectangle for the pore, d; is the larger diameter and 6; is the orientation angle. An equal

distribution of cumulated pore length in polar coordinates to an isotropic microstructure.

3.6.3 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a widely used technique for determining the local geometric
and/or electronic structure of matter by analyzing the absorbed spectra. The working principle of the
XAS is based on the interaction between the high energetic X-ray and the deep-core electron. When the
input energy is higher enough, the deep-core electron is excited and propagates away, leaving a core
hole behind. Subsequently, a higher-lying electron decays into the core-hole and emits a photon. This

interaction correlates with a sharp change in absorbed spectra.
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A typical XAS curve is usually divided into two regions (Figure 32) : X-ray absorption near edge
structure spectroscopy (XANES) extending until 50 eV after the absorption edge and extended X-ray
Absorption Fine Structure (EXAFS), representing the area after XANES until 1000 eV. XANES can
reveal the short range order of the microstructure with a good structural model. On the other hand,
XANES represents the local structure of coordinated atoms. Moreover, the position of edge shows the

oxidation state of the atom.

In this work, the XANES was analyzed with 10YDC-Batchl freely sintered under £, =0 V/cm
and 28 V/cm with a frequency of 50 Hz to verify the ex situ effect of electrical fields on oxidation states
of Ce. XAS techniques were used to evaluate the electronic structure and the chemical bonding of Ce-

M-edge in their local environment.

extended X-ray
Absorption Fine Structure
(EXAFS)

X-Ray Absorption

Near Edge Structure
Spectroscopy
(XANES)

Normalized absorption

Incident energy (eV)

Figure 32: Separation of regions of XANES and EXAFS in a typical XAS experimental results.
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4.Results and Discussion

4.1 Material characterization

4.1.1 Particle size distribution and powder morphology

The sintering behavior of powder compact is affected by the powder’s particle size distribution. In order

to investigate, PSD was used to analysis the particle size distributions of the Batches used in this thesis.
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Figure 33: Particle size distribution of 01YDC-Batchl a) as-delivered b) after calcination and milling.
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Figure 34: Particle size distribution of 10YDC-Batchl a) as-delivered b) after calcination and milling.

The particle size distributions of 01YDC-Batchl and 10YDC-Batchl are shown in Figure 33 and

Figure 34, respectively. Agglomerates, rather than the primary particle size, dominate the size
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distribution. After calcination and milling, the particle size distribution of both materials changed from
bimodal to the unimodal distribution, which indicated a more homogeneous distribution. However, there
were still hard agglomerates left in the case of 10YDC powder (Figure 34b). In terms of 01YDC, all the
hard agglomerates were broken via milling, as illustrated in Figure 33b. In conclusion, this grinding and

milling method worked effectively in powder homogenizing for Batchl.

The powders of Batch 2 and Batch 3 powders were similar. Examples of the particle size
distributions of 01YDC-Batch2/3 and 10YDC-Batch2/3 are shown in Figure 35 and Figure 36.
Compared to the first Batch, the second and third batches distributed more bimodally. On 10YDC-
Batch3, the calcination and milling method was also applied, which results are shown in Figure 37. The
bimodal distribution was slightly improved but still a relatively large number of hard agglomerated
remained. These results imply that the calcination and milling method is not effective for Batch2/3 in
powder homogenizing. The Batch variation is probably linked to the fluctuating production process.

Thus, the powders should be either self-produced or ordered from other producers to solve this problem.
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Figure 35: Particle size distribution of YDC-Batch2 a) 10YDC as-delivered b) 01YDC as-delivered.
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Figure 36: Particle size distribution of YDC-Batch3 a) 10YDC as-delivered b) 01YDC as-delivered.
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Figure 37: Particle size distribution of 10YDC-Batch3 after calcination and milling.

The morphology of the powder was also observed using TEM conducted in Ernst Ruska-Centre for

Microscopy and Spectroscopy with Electrons (ER-C) at Forschungszentrum Jiilich. The results are

shown in the following figures.
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500 nm 4

—

Figure 39: TEM images of YDC-Batchl after calcination and milling: a) 10YDC b) 01YDC.

Figure 38 and Figure 39 show that the powder tends to form large agglomerates even after the
calcination and milling. In terms of Figure 39a, the average particle size is 0.08 pm, which is comparable
to Dso (0.08 um) in PSD (Figure 34b). That is to say, results from TEM agrees with PSD results and
TEM pictures can also reveal information for the smaller agglomerates. However, the PSD (Figure 34b)
results also exhibit a small amount of larger agglomerates (larger than 1 um), which was not observed

in TEM. This is probably due to the small amount of particles observed in TEM.
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sl

Figure 41: TEM images of as-delivered YDC-Batch3: a) 10YDC b) 01YDC.

As the same reason mentioned above, large agglomerates (larger than 1 pm) corresponding to the
second peak in PSD (Figure 35 and Figure 36) was not observed in TEM of powder morphologies of
Batch2 (Figure 40) and Batch3 (Figure 41). These two Batches of powder show a similarity: The
proportion of agglomerates was higher in Batch2 and Batch3 than in Batchl (Figure 38). Take Figure
40a as an example, the particle size (marked in green) is 0.07 pm, which is comparable to Dsy for the

first peak in PSD (Figure 35a).
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4.1.2 Specific surface area

The results of the specific surface area are listed in Table 5.

Table 5: Results of specific surface area of YDC (m°/g)

Batch 1 Batch 2 Bacth 3
Material As- After After calcination As- As- After calcination
delivered calcination and milling delivered | delivered and milling
01YDC 16.42 1.24 14.53 17.02 14.00 6.31
10YDC 20.62 1.59 16.93 19.9 19.18 6.42

The results with powders from Batchl show how the BET changed with corresponding process.

After the calcination of Batch 1 powders, agglomerates formed and the specific surface area decreased,

After milling, the surface areas of Batch 1 increased, but were still smaller than those as delivered. In

the case of Batch2/3 powders, even though the PSD was different from that of Batch 1, the BET results

of the as-delivered powder were similar. It can be attributed to the small size of gas molecule, which

makes physisorption possible even within the agglomerates. As explained above, the second and third

batches distributed more bimodally and the calcination processes could turn soft agglomerates to hard

agglomerates. The decrease of BET for Batch3 after calcination and milling also proves the formation

of hard and large agglomerates in the powder, which agrees with the PSD results (Figure 37).

4.1.3 Phase composition

The single phase of the powder was confirmed with the XRD results illustrated in Figure 42.
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Figure 42: XRD diffraction diagram of the as-delivered powder a) 10YDC b) 01YDC.
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In accordance with Figure 42, the powder is single phase with the stable fluorite structure. The
detected phase near the edge of 25° is attributed to the substrate due to the small amount of powder on
the substrate edge. The lattice parameter of YDC can be calculated according to the Bragg’s law. The
lattice parameter is 5.409 A for 10YDC, and 5.411 A for 01YDC.

In order to interpret the slight decrease of lattice parameter with increasing doping level, two
competing aspects have to be considered: i) the ionic parameter of Y** (1.019 A) is larger than that of
Ce** (0.97 A); ii) the decrease of lattice parameter due to the generation of oxygen vacancies. The
decrease in lattice parameter accordingly to the doping level indicates that the second effect is more
pronounced than the first one at RT. With increasing doping by Y, more oxygen vacancies are introduced
according to Eq. 2-42. Gu et al. [180] reported that the lattice parameter of 20 mol % yttrium doped
ceria is 5.406 A. This result also follows the rule (higher doping level leads to smaller lattice parameter),

and is in agreement with our results.

4.1.4 Chemical composition

The stoichiometry together with the purity level of the powder was measured with ICP-OES and the

results are listed in Table 6.

Table 6: Results of the chemical analysis of 10YDC powders in atomic percent.

Element Batchl [%] Batch2 [%] Batch3 [%]
Ce 89.18 90.41 89.99
Y 10.10 9.34 9.47

Impurity element

Zr 0.12 0.12 0.12

P <0.02 0.06 0.06
Ca 0.0100 0.0400 <0.0004
Si 0.58 <0.02 <0.05
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Table 7: Results of the chemical analysis of 01YDC powders in atomic percent.

Element Batchl [%] Batch2 [%] Batch3 [%]
Ce 99.12 99.58 99.26
Y 0.06 0.11 0.10

Impurity element

Zr 0.15 0.12 0.16
P <0.02 0.06 0.08
Ca 0.0100 0.0400 <0.0004
Si 0.64 <0.02 <0.06

The results show the amount of Ce and Y agrees with the nominal stoichiometry of 10YDC and
01YDC, with the difference of 0.4 %. In general, Zr is the impurity with the highest content and the

content of Si is extremely high in Batchl.

The theoretical density of 01YDC and 10YDC is calculated on the base of stoichiometry together

with the lattice parameter calculated from XRD results and reads [181]:
4
Pth = m [AtCMC + AtyMy + AtoMo] (4"1)

where pgp, is the theoretical density, A4 is the lattice parameter, At., Aty and Aty are atomic percentage
of cerium, yttrium and oxygen, M-, My and M, are atomic weight of cerium, yttrium and oxygen. The
average theoretical density calculated for 10YDC and 01YDC are 6.983 g/cm® and 7.209 g/cm®,
respectively. Herle ef al. [168] reported 6.991 g/cm? for 10YDC, which is in agreement to our results.

4.1.5 Conventional sintering behavior analysis

4.1.5.1 DTA-TG

DTA-TG experiments were conducted for a better understanding of ceria’s oxidation at RT, as shown
in Figure 43. Ceria powder was at first sintered under the Ar atmosphere, during which ceria got easily
reduced, resulting in a mass decrease. And then after the temperature got stabilized at RT, air was purged
into the system. The absorption of oxygen occurred immediately after the purge, as indicated by the
sharp peak in the DTA curve and by the rapid mass increase in the TG curve. Afterwards, heat-treatment
of the second period was done under air atmosphere. No obvious mass reduction was observed in the

second period, different from the first one.
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Figure 43: The DTA/TG experiments with 10YDC sintered with the first period (Ar) and the second period (air).
The air is purged into the system at RT.

The DTA-TG experiments proved that the re-oxidation of ceria is fast even at RT. This result also
indicates that cerium’s reduction state at high temperature cannot be kept after the sample’s cooling
down to RT, even with a high cooling rate. Thus, it is not likely to detect reduced cerium induced by

high temperatures or fields ex-situ, i.e. after sintering.

4.1.5.2 Dilatometric analysis

Preliminary dilatometric analyses were conducted on cylindrical samples to define the temperature range
used for the following viscosity measurements. Experimental procedure for the analyses is described in
Section 3.4.1.1.
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Figure 44: True axial strain-time curves of 10YDC and 01YDC after calcination and milling under a) 1200 °C, b)
1300 °C c) 1400 °C.

Table 8: Results of relative density of green body measured geometrically, final relative density of sintered

specimens by Archimedes’ principle under different isothermal temperatures for 10YDC for 8 h.

Isothermal Relative density [%] (green Relative density [%] (after
temperature[°C] body) sintering)
1300 56.5% 96.0%
1400 57.8% 90.0%
1500 58.2% 84.5%

70



Results and Discussion

As illustrated in Figure 44 and Table 8, sintering rates of both powders increase with isothermal
temperatures. The sintering rate of 01YDC is slightly higher than that of 10YDC. Sintering behaviors
of 01YDC and 10YDC at 1200 °C and 1300 °C are similar, but the axial strain of 10YDC decreases
during the isothermal period at 1400 °C while the axial strain of 01YDC keeps constant. The results in

Table 8 imply a decrease in relative density when the isothermal temperature increases.

The difference in the sintering rate between two powders can be explained from the following two
aspects: 1) difference in doping level. The retardation effect of dopants was also observed with yttria
doped ceria (2.5 at.%-35 at.%) [182] and samaria doped ceria (0 at.%-20 at.%) [183]. At higher doping
levels, formation of defect complexes such as (Y,V,)* and (YV,)- are expected on the consideration of
static electrical attraction and elastic energy. This may slow down the cation mobility and thereby a
lower densification rate [136,182]. ii) particle packing effect. PSD of 01YDC exhibits a more
homogeneous distribution than that of 10YDC (Figure 33 and Figure 34). A homogenous distribution

of the powder improves sintering behaviors.

It is worth noting that the de-densification behavior for in 10YDC when the temperature reaches
1400 °C (Figure 44). The porosity increased when the isothermal temperature increased from 1300 °C

(Figure 45) to 1400 °C (Figure 46).

S oom

Figure 45: The SEM graphs of 10YDC sintered with the isothermal temperature of 1300 °C.

71



Results and Discussion

Figure 46: The SEM graphs of 10YDC sintered with the isothermal temperature of 1400 °C. a) general

microstructure b) detail with the blue marked area: a typical structure observed in de-densifying microstructure.

Firstly and quite obviously, the question arises: ‘Is the de-densification related to the reduction of
ceria with a higher doping level?’ In other words, higher porosity is introduced by oxygen release under
high temperature [153,183]. In order to answer this question, a DTA experiment with MS was performed.
As shown in Figure 47, no oxygen was released from the sample during the isothermal period, because
no peak in the DTA signal, suggesting no endothermic reactions happened during this period. However,
another possibility exists that the oxygen loss is a continuous process, in which case no peak will be
observed. Even if there is a continuous oxygen loss, the oxygen loss, under the detect limitation of MS,

should not be significant. Therefore, the reduction of cerium should not be the main cause of de-sintering

phenomenon.
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Figure 47: The DTA together with mass spectroscopy signal of oxygen of 10YDC sintered with the isothermal
temperature of 1400 °C under air atmosphere.

72



Results and Discussion

Another explanation is related to the heterogeneous powder distribution. De-sintering phenomenon
during constrained sintering was reported by Heinz et al. [184], due to the biaxial constraint on the film.
As for a bulk specimen during the late intermediate stage or final of sintering stage, when only part of
the specimen reaches a high relative density due to inhomogeneous sintering. Under this condition, the

less densified part of the specimen is under a constrained sintering condition, e.g. under tensile stress.

In this work, de-sintering happened during the isothermal period after the relative density reached
95 % (Figure 44), i.e. the pore network turned into isolated pores. At this point, the question becomes
‘why it only happens for 10YDC not 01YDC?’ A difference between the two kinds of samples is that the
01YDC is more homogenous than 10YDC, according to PSD shown in Figure 33 and Figure 34. The
pore coarsening happen when the mass of small grains is redistributed into large grains (as illustrated in
Figure 5). As a result, the small grains are absorbed and these large grains would be separated from each
other, thereby the so-called de-sintering happened [27]. As an evidence for this theory, structure similar
as illustrated in Figure 5 was found in the marked area in Figure 46b. The co-existing of the densified
area together with the partly densified area is due to the inhomogeneity of the powder (Figure 34b). This
explains why de-sintering only existing in 10YDC, which has bimodal distribution even after calcination
and milling; while the 01YDC has a unimodal distribution. In order to confirm the theory, further

investigation should be planned to observe the microstructure before and after the de-densification.

Then the question becomes ‘why it only happens at 1400°C for 10YDC?’ The pore coarsening, i.e.
the sweep of grain boundary through small grains require the grain boundary movement. The grain
boundary movement is retarded by the solute drag effect, i.e. the inhibition effect of Y3 and defect
complexes on grain boundaries. Thereby, the grain growth, as well as the redistribution of small grains,
is retarded. Thus the grain boundaries start to move only with a higher temperature, when the grain
boundary mobility is high enough to get rid of the solute drag. At this temperature, the mechanisms
described above take place and de-sintering happens. The further decrease of the relative density at
1500 °C (Table 8) is a proof of the existence de-sintering at temperature higher than 1300 °C when the
grain boundary mobility is high.
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Figure 48: True axial strain-time curves of 10YDC-Batchl after calcination and milling and 10YDC-Batch3 after

calcination and milling at the isothermal temperature of 1200 °C.

Therefore, de-sintering happens under the following two conditions: i) different grain sizes due to
heterogeneous powder distribution; ii) the grain boundary mobility is high enough for the redistribution
of small grains. The origin of this phenomena is the inhomogeneity of the powder. In addition, this
inhomogeneity hinders the densification by lowering the driving force under Energetic considerations,
but increase the driving force for the grain boundary sweeping through the small grains due to a larger
grain size difference. The inhomogeneous powder of 10YDC-Batch3 (after calcination and milling) as
observed to stop shrinking directly when the isothermal temperature is reached at the temperature of
1200 °C in contrast to 10YDC-Batchl (after calcination and milling) with a continuous densification
behavior under this temperature (Figure 48). This is because of an even more inhomogeneous particle
size distribution for 10YDC-Batch3, as shown by PSD results in Figure 34b (10YDC-Batchl) and
Figure 37 (10YDC-Batch3). Therefore, the same calcination procedure turns out to be not suitable for
10YDC-Batch3.

4.2 Temperature Distribution

As introduced before, the sample temperature is the main issue to be addressed. Nowadays, the most
frequently used indirect method for sample temperature calculation is the black radiation theory [185]
or the modified black radiation theory [85,186]. In the simplest case, the total resistance of the specimen
is the sum of the resistance of bulk, Rz and of the grain boundary, R;p. Therefore, the power, W,

dissipated in the specimen is as follows:
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VZ
- Rc+Rgp (4-2)
Thereby, the approximate increase of the temperature of the specimen can be calculated according to

the black radiation theory as follow:

W = 4Ae0piqen(Ts* — T*) (4-3)

where Ty is the specimen temperature, T is the furnace temperature, W is the Joule dissipation of
electrical energy, A is the total surface of specimen, ¢ is the emissivity, which is 0.98 and oy, 1s the

black body radiation constant, which equals to 5.67 x10-* Wm?/K* [185].

In order to measure the temperature directly, the most frequently used methods are infrared cameras
[187] and pyrometer [4] which only provide temperature values of the sample surface. The inner
temperature of the sample can be much higher if massive and rapid Joule heating is present. This issue
hinders a clear separation of thermal and athermal effects. In order to clarify the problem, the sample
temperature was measured using a thermocouple inside the sample in our work (section 3.3.2) using
10YDC-Batchl after calcination and milling. In the following part, the results of temperature
measurements using thermocouples are discussed, and compared with the measurements via the IR

camera. Finally, the experimental measurements are compared with the simulation results.

4.2.1 Experimental measurements of temperature

The corresponding temperature inside the sample (T2) as a function of the furnace temperature (T1) for
different electrical field strengths for 10YDC-Batchl is plotted in Figure 49a. As an illustration of the
temperature inhomogeneity, the difference between the sample temperature (T2) and the temperature
near the sample surface (T3) as a function of furnace temperature (T1) is shown as well (Figure 49b).
The effect of Joule heating under E...; = 14 V/cm is negligible. However, electric field strengths higher
than 14V/cm introduce an obvious temperature increase inside the sample. Smaller heat radiation at
lower furnace temperature (1100 °C) leads to the highest temperature difference between T2 and T3,
especially at higher electrical field strengths. This difference decreases when the furnace temperature

increases.
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Figure 49: a) Inner sample temperature (T2) vs. furnace temperature (T1) under different electric fields for 10YDC.
b) Difference between sample temperature (T2) and temperature near sample surface (T3) vs. furnace temperature

(T1) under different electric fields for 10YDC.

The temperature difference between sample temperature and furnace temperature measured via IR
camera is shown in Figure 50. The temperature increase for 01YDC is smaller than that for 10YDC. The
smaller temperature increase is related to the lower conductivity, and therefore a lower Joule heating

effect. This difference increases accordingly to the increasing electrical field strength.
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Figure 50: Difference between sample temperature and furnace temperature measured via IR camera with 10YDC
and 01YDC, temperature difference between sample inner temperature (T2) and furnace temperature measured by
thermocouple of the specimens of 10YDC, and temperature difference between temperature near sample surface
(T3) and furnace temperature measured by thermocouple of the specimens of 10YDC with the isothermal furnace

temperature of 1200 °C under E,,,,=14 V/cm, 21 V/cm and 42 V/cm.

The measurements using IR are in good agreement with specimen temperature (T2) obtained using
thermocouples. However, the surface temperature (T3) measured by thermocouple is lower than IR
results, although they should theoretically be the same. The reason behind this discrepancy is because
the measurements with the IR camera can be easily influenced by the thermal radiations of furnace and
the heating elements. One heating element is located directly in front of specimen (Figure 27b) and this

affects the measurements (shown in Figure 51).

Temperature [°C]

1350
Heating element & 1300
1250

1200 Figure 51: [Illustration of the temperature

| 1150

1100

1050

Sample edge 1000

950

measurement via IR camera.

71



Results and Discussion

On the base of the temperature measurements by thermocouples, isothermal furnace temperatures
(T1) for the following sintering parameter measurements were adjusted to yield the same sample
temperature of T2 (Figure 52). With the current flowing through the specimens, the specimen
temperature increased due to the Joule heating effect. Therefore, the furnace temperature was lowered
in order to compensate this temperature increase. In this way, the sample temperature in the middle of

the sample was kept constant (1208 °C£3 °C) under different electrical fields.
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Figure 52: Experimental results of furnace temperatures (T1) to maintain the same sample temperature (T2) under

different electric fields for 10YDC-Batchl.

4.2.2 Simulation results

The temperature within the densified sample was simulated using the thermo-electric finite element
method for a complete understanding of the temperature distribution inside the sample. The comparison
between the experimental sample temperature (T2) and the simulation results is plotted in Figure 53.
The given simulated temperature is the maximal specimen temperature of the simulation. In the model,
the symmetrical plane represents the whole cylindrical specimen. The simulation results are in a good

agreement with T2 of the experiments.
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Figure 53: Comparison of sample temperature between simulation (dash lines) and experimental results (solid
lines) for 10YDC-Batchl.

The temperature distribution with sample was also simulated under different electrical field
strengths using FEA. An example is shown in Figure 54 for E,.,; = 28 V/cm. With the constant T2 under
higher electrical field strengths, the temperature of the bottom and top of the sample, and the side surface
is lower than that in the condition with 0 V/em due to heat conduction between the sample and alumina
disks, and heat radiation. This leads to a lower average temperature (Table 9). The comparison of power

density and current density between simulation and experiments is given in Table 10.
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Figure 54: Simulation result of temperature distribution in loading dilatometry under E,,,=28 V/cm with

Thumace = 1188 °C: a) isometric view; b) detailed view of the sample.
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Table 9: Simulation results of temperature distribution at symmetrical cross section.

Electrical field strength Taverage Tonax Twax=Tin
Viem °C
0 1204 1206 3
14 1202 1205 11
28 1189 1207 55

Table 10: Comparison of current density and power density between simulation and experiment.

Electrical field strength [V/cm] Current density [mA/mm?]  Power density [mW/mm?]

simulation experiment  simulation  experiment
14 11.7 11.2 16.2 16.8
28 20.0 21.1 55.4 60.0

It is important to note that both temperature measurements and simulation were conducted on the
base of densified specimens with a higher conductivity and corresponding higher current and power
density. It is therefore reasonable to assume that the highest temperature inside a densifying specimen
is even lower, because the power and current density increase with densification and reaches its maximal
value at the highest relative density. A further proof is that the current density during the measurement
(Figure 58) is lower compared to the current density using dense specimens (Table 10), which is related

to higher conductivity even though the electrical field increases due to the sample shrinkage,.

4.3 Prediction of the onset of flash sintering

To avoid the dramatic temperature increase caused by flash sintering, it is important to calculate the
onset conditions of flash sintering. At a fixed furnace temperature, flash sintering event happens when
the applied external electrical field reaches a limit value, and the thermal runaway model used is a model
as a function of furnace temperature and external electrical field. Based on the calculation, the electrical
fields can be chosen to avoid flash sintering during sintering parameter experiments. Figure 55 compares
the onset of flash sintering as measured by experiments and the model described in section 2.4.2.1. As
illustrated in Figure 55, no-flash conditions measured (denoted as black dots) happened under lower
electrical fields compared to flash conditions (blue dots). The onset electrical field strength decreased
with increasing furnace temperature. The flash conditions simulated agree well with the experimental

results.
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Figure 55: The Comparison of onset of flash sintering for 10YDC-Batch1 between the experiments and theoretical

prediction using a thermal runaway model developed by Dr. Pereira da Silva from IEK1.

Therefore, the model was used to predict onset conditions under higher furnace temperatures.
According to the model, the onset electrical field strength for 10YDC at the furnace temperature of
1400 °C was 140 V/cm. In this work, the furnace temperatures used were lower, ranging from 1000 °C
to 1300 °C, and the applied electrical field in this work were also much lower than 140 V/cm. Higher
electrical fields are required at lower furnace temperature to trigger the flash event. That is to say, our
experimental conditions for 10YDC did not lead to a flash sintering. The onset electrical field strength
for 01YDC, with a lower conductivity than 10YDC (see section 2.5.3), is theoretically higher onset
electrical field than 10YDC at the same furnace temperature, because lower conductivities correspond
to weaker macroscopic Joule heating effects. This implies that there is also no flash sintering for 01YDC

under the experimental conditions.

4.4 Measurement of sintering parameters

4.4.1 Shrinkage during sintering

According to the experimental procedure described in section 3.4.3.2, the free axial and radial strains
are plotted vs. time in Figure 56. The calculated axial strain rate vs. density under different electrical
field strengths from the free sintering curves is illustrated in Figure 57, respectively, which were
necessary for the following calculations of the sintering parameters. The absolute value of sintering rate
under E,.s =28 V/cm increases by a factor of about 2.6 compared to the condition without electrical
field, whereas The absolute value of sintering rate under E,.,; = 14 V/cm increase by a factor of about

1.6. The results show a field related improvement of shrinkage and sintering rate for a given density and
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a constant sample temperature, even under electrical fields lower than the ‘flash regime’ without any
macroscopic Joule heating effect. This was achieved by keeping the highest temperature inside the

densified sample constant under different electrical field (see section 4.2.1).
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Figure 56: Axial and radial strain, furnace temperature as a function of time.
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Figure 57: Axial strain rates with density under different electrical field strengths during isothermal periods (under

ms = 0 V/em, 14 V/em and 28 V/em).

The absolute value of power density and current density starts to deviate from 0 at around 860 °C.
The power density under E,,,=28 V/cm increases by a factor of about 3.5 compared to the condition
E,.s=14 V/cm, whereas the current density increase by a factor of about 1.6, which indicates that
apparent conductivity of the specimen is constant under E,,~=14 V/cm and 28 V/cm. In contrast to the
peak of power density appeared in flash sintering, the power density in our study increases until reaching
a steady state during the isothermal period. In principle, onset of flash sintering correlates to a sharp
powder density caused by the non-linear increase of material conductivity, which cannot be observed in
Figure 58. The peak power density reported in flash sintering, which is typically 100-1000 mW/mm?
[188]. This wide range indicates that there is no standard definition of the onset power dissipation. The
highest power density under 28 V/cm is around 63 mW/mm? (Figure 58), significantly lower than the
reported peak power density above In addition, the model predication for the onset flash sintering for

10YDC also confirms no flash sintering happened under these electrical field strengths (see section 4.3).
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Figure 58: Electrical field, power density and current density over sintering time under E,,, =14 V/cm and
28 V/em.

In addition, in order to understand impact of field on the different diffusion paths during sintering
(surface, grain boundary/volume), the sintering behaviour was observed under electric field
(E:ms=14 V/cm) being switched off after the initial stage of sintering (strain &3 %, Figure 59). The
course of sintering continues comparable to the reference sample sintered completely without field. This
implies that the improvement seen due to the field cannot originate from a change in the initial stage
sintering (dominated by surface diffusion), but that the field is effective throughout the intermediate

sintering stage, i.e. it also affects grain boundary diffusion.
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Figure 59: Sintering curves of field assisted sintering for 10YDC with the field switched off after the initial stage

of sintering (under E,»,; =0 V/cm and 14 V/cm) with furnace temperature of 1208 °C. a) axial strain as a function

of time.b) axial strain rates during isothermal periods.

4.4.2 Microstructure analysis

All sintering parameters are sensitive to grain sizes as well as porosity microstructure anisotropies.

Therefore, it is of paramount importance to analyze the microstructures of the specimens.

4.4.2.1 Grain size analysis

e Specimens sintered under contacting electrical fields and compression conditions

The grain size of samples after discontinuous loading-dilatometry experiments under 2.4 MPa is

depicted in Figure 60. No obvious grain growth is observed up to a relative density of 84 %. The grain

sizes during sintering under different electrical field strengths do not significantly differ in this range

considering the margin of error of the grain size analysis.
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Figure 60: Sintering trajectory with the grain size of samples after discontinuous sintering forging experiments

with E,us = 0 V/em, 14 V/em and 28 V/em as a function of relative density.
e Specimens sintered under contacting electrical fields and compression/tension conditions

To confirm the symmetric behavior under the tensile stress state, it is necessary to compare the
microstructures of specimens before the load application to ensure that the uniaxial viscosities were
measured for specimens of similar microstructure. As illustrated in Figure 61, no difference in the

microstructure and grain size can be observed between specimens under compression and tension.
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Figure 61: SEM images of the sintered specimens before the load application for a) compressive loading under
0 V/cm with the relative density of 79.5 %; b) compressive loading under E,.,,=14 V/cm with the relative density
of 79.6 %; c) tensile loading under E,.s~=14 V/cm of 79.6 % relative density with the relative density of 79.5 %.

e Specimens sintered under non-contacting electrical fields

As shown in Figure 62-1, the grain size analysis for I0YDC of the SEM images implies a slight increase

of grain size with longer holding time of 5 h (point a in Figure 62-1) with a factor of about 1.1. However,
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different electrical field strengths with the holding time of 2 h do not have significant influences on grain
size, considering the margin of error of the grain size analysis (points b, ¢ and d in Figure 62-1). The
grain sizes of 01YDC in Figure 62-2 are about two times bigger compared to the grain sizes of 10YDC
with the same holding time (points b, ¢ and d in Figure 62-2), and the reason is the solute drag effect
caused by the higher concentration of dopants in 10YDC which inhibit the grain boundary mobility. No
difference in grain sizes for 01YDC with the holding time of 2 h under different electrical field strengths

is observed, considering the margin of error of the grain size analysis (Figure 62-2).
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Figure 62: 1) Grain size analysis of sintered 10YDC-Batch3 at the furnace temperature of 1300 °C a) under 0 V/em
for 5 h; b) under 0 V/cm for 2 h; ¢) non-contacting electrical £,,=50 V/cm for 2 h; d) non-contacting electrical
E,.m=100 V/cm for 2 h. 2) Grain size analysis of sintered 01 YDC-Batch3 at the furnace temperature of 1300 °C

for 2 h a) under 0 V/cm; b) non-contacting electrical £,,,,=50 V/cm; ¢) non-contacting electrical E,,,,=100 V/cm.

4.4.2.2 Pore analysis

It is also important to confirm whether or not the microstructure remained isotropic in our case.
Exemplary micrographs and pore orientation diagrams are given in Figure 63, where a mechanical
pressure of 2.4 MPa was applied on the specimens with a relative density of 80 % under different electric
field strengths. These data prove that discontinuously sinter forged samples remain isotropic after
loading, which is required for the evaluation of sintering parameters of an isotropic material, according
to Eq. (2-13 — 2-14).
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Figure 63: SEM pictures and pore orientation distribution of samples after discontinuous sinter forging
experiments under 2.4 MPa, a) 0 V/cm; b) E,,=14 V/cm; ¢) E»=28 V/cm, with the arrow denoting the electric

and mechanical loading direction.

4.4.3 Uniaxial viscosity

4.4.3.1 Compressive condition under different electrical fields

During measurements of the sintering parameter, the linear relation between axial strain rate and uniaxial
load was confirmed under electrical fields by applying three different loads at the relative density of 80 %
under E..s =28 V/cm, as shown in Figure 64. The axial strain rate &, is presented as a function of the
applied uniaxial stress for each density value. An example of the calculation of strain rate was listed in

the appendix. For each linear fit in Figure 64, the uniaxial viscosity can be calculated according to Eq.
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2-13. The resulting uniaxial viscosity as a function of the relative density is plotted in Figure 65. Taking
the relative density of 80 % as an example, lower uniaxial viscosity was determined when an external
electrical field was applied. Moreover, the influence of the electrical field on the sintering parameter is
not directly proportional to the strength of applied electrical fields. At a fixed relative density (for
example, 85 %), the uniaxial viscosity under E.., = 14V/cm decreased by about a factor of 1.2, while

E.ns =28 V/ecm prompted a decrease by about a factor of 2.4.

0 T T T T T
o
=-1
hi
o
=
)
3
©-2
: \\_
©
]
(%]
s3) .
< \\ 75%
<

73%
-4 L L L L

0 -1 -2 -3 -4 -5
Uniaxial stress [MPa]

Figure 64: Axial strain rate as a function of uniaxial load for different relative densities at E,,s =28 V/cm and

Thumace = 1188 °C. A fourth load was applied at the relative density of 80 % to prove the linear dependency.

250 — T T T T T
Present work 0V/cm
—m— GDC 1100 °C (ref 20)
w200 - B
©
o
9,
3150 - 14 V/cm i
‘@
o
] ]
>100f . 1
.C 28 V/cm
& e /
S 50t S .
) s /
,//:/'/ -
u !
0 C 1 1 !-.‘...‘.-I.‘.-. 1 .

70 75 80 85 90 95
Relative density [%]

Figure 65: Uniaxial viscosity as a function of relative density using discontinuous loading-dilatometry.
Comparison of the measured uniaxial viscosity as a function of relative density under different electrical fields in

our work with the uniaxial viscosity of nanocrystalline gadolinium-doped ceria [52].
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The application of electrical field also resulted in a decrease in the uniaxial viscosity even without
any macroscopic Joule heating effect. According to thermal-electric finite element simulation, the
average temperature (with the same T2) inside the sample is even lower under higher electric fields
(Table 9).

According to Figure 65, the measured uniaxial viscosity first increases slowly with respect to
relative density until it reaches 80%. Then, it increases progressively during further relative density
increase. This behavior is observed for all conditions, i.e. with and without electrical fields. The
dependency of the second term, Ej,;(p), according to Eq. 2-14, on relative density expresses the low
uniaxial viscosity at relative densities lower than 90 % [48-51,189]. The effects of grain coarsening on
uniaxial viscosity are expressed by the third term, E,,(d). It is proportional to the cube of the grain size

for the case of grain boundary diffusion as the underlying diffusion mechanism [35].

The measured viscosity of nanocrystalline gadolinium-doped ceria sample at 1100 °C with an initial
grain size of 35 nm also showed the same trend [52] (Figure 65). However, our measured results differ
from the above mentioned work in the range of relative density. The difference can be attributed to a
more homogenous powder compacts and smaller initial grain size in the already measured study, which
not only lead to a lower uniaxial viscosity but also to a smaller grain size (around 300 nm at a relative
density of 98 %). In addition, the different dopant element Y instead of Gd may also modify the sintering

behavior.

The model proposed by Rahaman [50] introduced in section 2.3.2.1 was at first used to fit the
uniaxial viscosity without electrical field. The parameter, a, was fitted to be 6.8 in this study. Chang
used 10.5 for GDC [52], Rahaman reported 5 for ZnO and 2 for CdO [50]. In Beere’s model, a is
inversely proportional to the dihedral angle. Following this principle, the dihedral angle in this work
should be larger than 116 + 4 © as reported by Chang for GDC [52]. Then, the uniaxial viscosities under
the other two electrical field strengths were calculated using the same parameters, A and a, and the
measured grain sizes. Subsequently, under the assumption that the activation energy (420 kJ/mol
reported by Kinamuchi [152] for submicron ceria) is not changed under electric fields, the fourth term,
Ep3 was considered and the fictive sample temperature was adjusted until obtaining a good fitting
between model and experiments (as shown in Figure 66). The fictive temperature was 22 K and 47 K
higher than that of the fieldless sample for 14 V/cm and 28 V/cm, respectively. This enables to quantify
and validate the effect of applied electric fields in terms of equivalent thermal energy transferred to the

sample, but does not give any hint about the real nature of the electrical field effect.
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The model shows a good agreement with the measured data (the difference remains less than 15 %
up to a relative density of 84 %), except for the highest relative density of 85 % under electrical fields,
where the uniaxial viscosity was overestimated. Possible explanations for the effect of electric field or
sintering parameters are: change in the grain boundary structure and the activation energy for grain

boundary diffusion, temperature microgradients (as macroscopic Joule heating is excluded).
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Figure 66: Comparison between measured uniaxial viscosity and theoretical prediction, introducing a fictive

temperature increase in the presence of electric fields for 10YDC.

4.4.3.2 Confirmation of symmetric behavior under tensile loading

Sintering under tensile stress is a more common situation, e.g. in constrained sintering. Until now, all
sintering parameters for ceramics have been obtained under compressive tests, and existing sintering
models silently assume that the compressive and tensile response is symmetric. Therefore, it is a very
crucial question whether the compressive response can be extrapolated to tensile stress configurations.
In order to answer this question, the uniaxial viscosity was for the first time measured under tensile

stress with the experimental procedure introduced in section 3.4.3.

The displacement vs. time curves obtained directly from the experiments included not only the
shrinkage of the sample but also the thermal expansion of the equipment, as seen in Figure 67a, and
Figure 67b shows the axial true strain on the dependence of time after excluding the thermal expansion
of the equipment. Thereby, the axial strain rate can be calculated and used in the viscosity determination

according to Eq. 2-14. After the discontinuous loading-dilatometry experiments conducted at NIMS,
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measurements under compressive condition were performed in Jiilich with the experimental procedure

introduced in section 3.4.3.3.
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Figure 67: Sinter forging behavior under tensile loads obtained under E,,=14 V/cm and Tjymace=1150 °C for
01YDC-Batch3; a) raw displacement data as a function of time measured using discontinuous loading dilatometry

and b) true strains as a function of time after the thermal expansion correction during load application.

Uniaxial viscosity is related to various parameters, such as temperature, relative density and
microstructure [190]. Since the experiments under tension and compression have been conducted using
different experimental setups, it is important to confirm the applied experimental conditions. The
comparison of the heating program between the compression and tension conditions is shown in Figure
68a. The measured furnace temperatures as a function of time agree well with each other. There is a
small deviation of the temperature before reaching 900 °C. However, this small deviation is unavoidable
by considering the difference in the furnace sizes and the controlling systems. Nevertheless, the orange
line (Figure 68a) confirms that the isothermal temperature during the uniaxial viscosity measurement is

the same.

The comparison of the current density is shown in Figure 68b, reaching a small value of
4.4 mA/mm?in both cases. The shorter experimental duration under the compressive loading lies in the
effect of mechanical loading on densification. The tensile stress in a certain extent inhibits densification.
More specifically, the sintering rate is smaller under tension and thus a longer holding time is required
at 1150°C. In addition, no difference in the microstructure and grain size can be observed between

specimens under compression and tension, as discussed in section 3.6.1.
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Figure 68: Comparison of experimental condition between compression mode and tension mode a) heating

program b) current density.
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Figure 69: Axial strain rate as a function of uniaxial load for both the compression and tension tests at
Ems=14 V/em and Tfynace=1150 °C for 01YDC a) at the relative density of 80.2 % and b) at the relative
density of 80.9 %.

Figure 69 shows axial true strain rate as a function of uniaxial load under E..~=14 V/cm and
Thunace=1150 °C. The linear relationship between axial strain rate and uniaxial load was confirmed under
both the tensile and compression tests for the relative densities of 80.2% and 80.9 % under
E.ms=14 V/ecm. According to our previous work [190], the measured uniaxial viscosity increases initially
with respect to relative density. The as-determined uniaxial viscosity under E,,s=14 V/cm increased with

the relative density from 24.4 GPa.s for 80.2 % to 27.2 GPa.s for 80.9 %, which illustrates a positive
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dependence of uniaxial viscosity on the relative density. Moreover, the linear relationship of the strain
rates and the loading conditions validates the continuum theory, which assumes that the measurements

conducted under compression can be extrapolated into the tensile regime.

Furthermore, the experiments under tension also enable the evaluation of the uniaxial sintering stress
directly from the zero strain rate condition, without extrapolating the results obtained from experiments
under compressive stress. The uniaxial sintering stress is a mathematical concept and is the equivalent
to externally compressive stress that causes the same effect during free sintering [24,36,62]. This means
that the densification in the axial direction stops when the uniaxial tensile stress that equals to the
sintering stress is applied. The uniaxial sintering stress o; was experimentally determined by the
extrapolation of the linear relation between uniaxial strain rate vs. uniaxial compressive stress until the

uniaxial strain rate equals to zero [57], which can be described according to Eq. 2-34.

The absolute value of the sintering stress increases during the intermediate stage of sintering. As

illustrated in Figure 69, as the relative density increases, the sintering stress increases (illustrated as the

dash line in Figure 69).
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Figure 70: Comparison of uniaxial viscosity between 01YDC and 10YDC under different electrical fields and
furnace temperature. (10YDC: Tsumpre = 1210 °C; 01YDC: Tyampie = 1150 °C).

The influence of moderate AC electrical fields and currents on the uniaxial viscosity for 01YDC
was also investigated, by measuring the uniaxial viscosity under compression without electrical fields.
The uniaxial viscosity increased from 43.2 GPa.s at the relative density of 80.2 % to 47.1 GPa.s at the

relative density of 80.9 %. The comparison with the values measured under electrical fields (Figure 70)
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indicates a decrease by a factor of about 1.7 under the electrical fields. It is worth mentioning that the
value of the current density is only around 4.4 mA/mm?, which excludes any macroscopic Joule heating
effect. As discussed in section 4.4.3.1, at a fixed relative density (for example, 80.3 %) for 10YDC, the
uniaxial viscosity under E,,~=14 V/cm decreased by about a factor of 1.2, while E,,,~=28 V/cm prompted
a decrease by about a factor of 1.8 compared to the value measured without the electrical fields [190].
However, it is hard to discuss the influence of doping level, because there is a difference of 50 K in the
sample temperature. The two different experimental temperatures are chosen on the base of sintering
behavior of powders: the isothermal temperature should not be too high to ensure most densification
happen during the isothermal period instead of the heating period and not to be too low to ensure the
load application is effective for the relative density increase. The sintering behaviors depend on the
starting conditions of the powders. The starting condition of the as-delivered 01 YDC-bacth3 powder is
different from calcined 10YDC-Batch1 powder used in our previous work [190], as discussed in section. .
These results indicate that the positive effect of the electrical field on the uniaxial viscosity is not

restricted to a specific doping level.

To conclude, the discontinuous sinter-forging experiments were conducted for the first time under
tensile loading. By carrying out discontinuous sinter-forging experiments under moderate AC electric
fields under tension and compression, we could conclude that for 0.1 mol% yttrium-doped ceria
compressive and tensile response is symmetric. This was confirmed from two experimental facts: i) the
linear relationship of strain rates under the compressive and tensile loading and ii) the same uniaxial
viscosity obtained at a given relative density. Furthermore, the positive effect of the electrical fields on
the uniaxial viscosity of both 01YDC and 10YDC [190] indicates that the field effect is not restricted to

a specific doping level.

4.4.4 Sintering stress

Besides uniaxial viscosity, sintering stress was also measured for 10YDC-Batchl. Sintering stress as a
function of the relative density is plotted in Figure 71. The application of electrical field leads to an
increase in the uniaxial sintering stress, even without any macroscopic Joule heating effect. Taking the
relative density of 80 % as an example, larger sintering stress was determined when external electrical
fields were applied. According to Figure 71, the absolute value of measured sintering stress first
increases and then decreases, the transition range lying between relative density of 80 % and 84 %. It
corresponds approximately to the onset of the pronounced grain growth, which is consistent to the grain

size analysis (Figure 60).
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At a fixed relative density, for example, 85 %, the sintering stress under E,»s = 14 V/cm increased
by a factor of about 1.18, while E,.,; = 28V/cm induced an increase of a factor about 1.26 in comparison
with 0V/cm. While in the case of 75 %, the sintering stress under E,.,; = 14 V/cm increased by a factor
of'about 1.40, while E.,,; = 28V/cm induced an increase of a factor about 1.66 in comparison with 0V/cm.
That is to say, the effect of electric fields on the sintering stress is not constant for different relative

densities.
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Figure 71: Sintering stress as a function of relative density using discontinuous loading-dilatometry for 10YDC-
Batchl with Tampre = 1210 °C.

Considering an idealized microstructure, the basic form for sintering potential can be expressed
according to Eq. 2-4 (section 2.2.1.1). At low relative densities, smaller pores with larger surface
curvatures dominate the microstructure, and the absolute value of the sintering stress increases along
with the decreasing surface curvature. At higher relative densities, the decrease of the number of pores
and especially the coarsening of the grains explains the decrease of the absolute value of the sintering
stress, as shown for grain size (Figure 60) and the microstructure including pore orientation is not
modified by applied stress and electric fields (Figure 63). This means that electric field could modify

both grain boundary and surface energies, resulting in the measured increased sintering stress.

The definition of sintering stress according to Riedel et al. [48] is the mechanical stress which just
equals to the surface tension forces to stop the shrinkage. That is to say, sintering stress is supposed to
increase with grain boundary energy or the specific surface energy. Ghosh et al. [92] gave an expression

of grain boundary interfacial energy dependent on the excess of enthalpy and entropy (Eq. 2-32).
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According to this equation, a higher local temperature would lead to a lower grain boundary energy, due
to the positive excess entropy of the boundary. This was experimentally verified by a slight decrease of
relative grain-boundary energy (Y5 /Ys) of alumina from 1450 °C to 1650 °C of about 6 % [191]. Tsoga
and Nikolopoulos [192] used the multiphase equilibration technique to determine the surface energy as
well as the grain boundary energy of the equilibrium angles of polycrystalline yttria-stabilized zirconia
from 1300 °C to 1600 °C, and also concluded that both surface energy and grain boundary energy
decreased linearly with temperature However, it is doubtly to conclude that higher electrical fields lead
to lower local temperatures. According to the above discussion, a localized temperature gradient cannot
be the only explanation for the measured results. Moreover, the numerical simulation of mixed or
ionically conducting ceramics shows no significant contribution of high temperature gradient (smaller
than 10 K in a grain that is 100 nm in diameter) under a high current flow of 10* A/m? [104]. Even
though in the work of Schwesig [9], density fluctuation in the microstructure of nanocrystalline silicon
was used as an indication of existence of the microscopic temperature gradient, but without a

quantification of the temperature increase.

4.4.5 Viscous Poisson’s ratio, bulk viscosity and shear viscosity

Bulk viscosity, shear viscosity and viscous Poisson’s ratio were calculated as a function of relative
density according to Eq. (2-26 — 2-28). The resulting curves of bulk viscosity are shown in Figure 72,
and the viscous Poisson’s ratio in Figure 73. Both bulk viscosity and Poisson’s coefficient increase along
with the relative density, but change oppositely with electrical fields. The as-determined viscous
Poisson’s ratio increases from 0.11 at the relative density of 70 % to 0.24 at the relative density of 85 %
under E,,,=0 V/cm. In the case of E,,~=14 V/cm, the viscous Poisson’s coefficient increases from 0.12
t0 0.27 in the range of 70 % to 85 %, while for E,.,~28 V/cm, the viscous Poisson’s ratio increases from

0.19 to 0.31 within a relative density range from 73.5 % to 85 %.

The measured viscous Poisson’s coefficient from our work is lower than the values from both
Chang’s work [193] and Zuo’s work [58]. Wakai et al. [98] discussed the dependence of viscous
Poisson’s ratio of the same relative density on different factors, and concluded that viscous Poisson’s
ratio us affected by coordination number, ratio of grain boundary energy to surface energy as well as
non-dimensional viscosity (Eq. 2-31). With this in mind, the difference can be attributed to either the
experimentally confirmed segregation of yttrium at the grain boundary or the inhomogeneous powder
compacts with large agglomerates and relative small particles. These two factors can influence not only
the ratio between the grain boundary energy and surface energy but also the grain boundary sliding,

which subsequently affects the uniaxial Poisson’s ratio.
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Figure 72: Bulk viscosity as a function of relative density using discontinuous loading-dilatometry.
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Figure 73: Uniaxial viscous Poisson’s ratio as a function of relative density using discontinuous loading-

dilatometry. Comparison of the measured viscous Poisson’s ratio under different electrical fields of our work with

the viscous Poisson’s ratio of alumina, gadolinium-doped ceria (the line was added to guide the eye).

Various parameters need to be considered for the analysis of viscous Poisson’s ratio, such as

temperature, grain size and possible anisotropic microstructure induced by the applied stress and electric

field. As already shown in Figure 60, there is hardly any difference in grain size between the different

samples within the density range considered. Moreover, the highest sample temperature in the

axisymmetric plane of the sample was kept the same with and without electrical fields by lowering the
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furnace temperature to compensate the macroscopic Joule heating effect induced by the current flowing
through the specimen. Ollagnier et al. [56] pointed out that even though the thermodynamic boundaries
for isotropic bodies are 0 < v, < 0.5, Poisson’s ratio values between -1 and 1 are possible for
anisotropic materials. Zuo et al. [35,189] emphasized a textured microstructure with preferred pore
orientation along the load direction is the main cause of a negative viscous Poisson’s ratio determined
from continuous loading-dilatometry experiments. Chang et al. [193] also showed a dramatic increase
of the viscous Poisson’s ratio up to values higher than 0.6 for Gd-doped ceria with relative density higher
than 84 %, and related the result to the anisotropy of the material. Figure 63 proved the isotropic

microstructure of the samples after discontinuous loading-dilatometry.

Therefore, it is conceivable to conclude that the observed difference of the viscous Poisson’s ratio
under electrical fields can not be attributed to above mentioned variables. According to Eq. 2-30, the
viscous Poisson’s ratio can be formulated as a function of bulk viscosity and shear viscosity. Riedel et
al. [49] developed a method to estimate bulk viscosity and shear viscosity of isotropic porous materials
from the knowledge of microstructure. The densification process is related to the microscopic motion
of individual particles. The velocity vector normal to the grain boundary is proportional to the grain
boundary diffusion coefficient, while the tangential velocity is linked to the microscopic viscosity.
Wakai et al. [16] analyzed how shear viscosity and viscous Poisson’s ratio depend on grain boundary
sliding, local structure, and relative density. When grain boundary diffusion is the dominating
mechanism during sintering, bulk viscosity is dependent on grain boundary diffusion coefficient, and
shear viscosity depends on both grain boundary diffusion coefficient and grain boundary sliding, which

is characterized by the non-dimensional viscosity, 1*.

As shown in Figure 72 and Figure 74, both bulk viscosity and shear viscosity decrease with the
application of electric field. Since bulk viscosity is inversely proportional to the grain boundary diffusion
coefficient [60], the experimental result suggests that the grain boundary diffusion coefficient is
enhanced by the application of electric field. The slight change in the bulk viscosity compared to the
change in shear viscosity indicates that this enhancement by the electrical fields is not very significant.
When the grain boundary sliding occurs freely (n* = 0), the shear viscosity depends on grain boundary
diffusion only, so that the effect of electric field should be the same as for bulk viscosity. However, the
comparison of Figure 72 with Figure 74 shows that the influence of electric fields on shear viscosity is
more significant than that on bulk viscosity, especially at £,,,=28V/cm. At a fixed relative density, for
example, 85 %, the bulk viscosity under E,.~14 V/cm decrease by a factor of about 0.8, while
E.ns=28V/cm induced a decrease of a factor about 0.51 in comparison with 0V/cm. For the case of shear

viscosity at the relative density of 85 %, the shear viscosity under E,,~=14 V/cm decrease by a factor of
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about 0.7 while E,,,~=28V/cm induced a decrease of a factor about 0.35 in comparison with 0V/cm. The
result implies following statements: (i) Non-dimensional viscosity is positive; (ii) Non-dimensional
viscosity decreases with electrical fields, because shear viscosity increases with n* [16]. Therefore, the
increase in viscous Poisson’s ratio observed under electric field can be related to the decrease in n*,
even though there should be a slightly increase in the grain boundary diffusion coefficient on the base
of decreasing bulk viscosity with electrical fields. The decreasing non-dimensional viscosity could be
related to decreasing microscopic viscosity, which is related to the grain boundary structure or a

microscopic temperature gradient. Both can be possibly influenced by the electrical fields.
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Figure 74: Shear viscosity as a function of relative density using discontinuous loading-dilatometry.

Shihkar et al. [194] argued that the field can provide the work for the formation of a defect by
stripping the charge from a vacancy or an interstitial point, leaving them neutrally charged and free to
move. The generation of defects within the grain matrix shortened the migration distance for the shear

deformation, which can explain the effect of electrical fields on obviation of constrained sintering.

4.5 Field effect on activation energy

The experiment results show that electrical fields have a positive influence on the sintering behavior of
both 10YDC and 01YDC. The possible mechanisms behind, however, are yet to be revealed. The low
electrical fields clearly do not exercise their influence via macroscopic Joule heating. The deviation of
the fitting of uniaxial viscosity (Figure 66) and the corresponding increase of sintering stress under the

presence of electrical fields are athermal effects. As pointed out by Zuo et al. [195], the temperature
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increase has no effect of sintering stress, by excluding grain growth effect under higher temperature with
respect to the normalizing grain size. Thus, we use the activation energy for densification as a fingerprint

to find out the effect of electrical field.

The determination of activation energy requires an accurate knowledge of specimen temperature
[190]. The current density is the fingerprint for macroscopic Joule heating effect. The combination of
simulation and experiments on 10YDC shows that the macroscopic Joule heating effect can be neglected
with the current density of 12 mA/mm? [190]. For 01YDC under E,.s= 14 V/cm, 28 V/cm and 10YDC
under E,,,~=14 V/cm, the current densities were all much lower than this value. Therefore, it is reasonable
to assume the macroscopic Joule heating can be neglected for both cases. Specimen temperature was
assumed to be the same as the furnace temperature. However, in the case of 10YDC under E,,,=28 V/cm,
due to a higher current density (for example, 19 mA/mm? with the furnace temperature of 1008 °C),
specimen temperature was measured under E,,,~28 V/cm with the furnace temperature of 1008 °C,
1058 °C and 1108 °C and the results were listed in Table 11. This calibrated specimen temperature was

used in the evaluation of activation energy.

Table 11: Specimen temperature T2 for 10YDC under E,,,s = 28 V/cm with different furnace temperature T1 [°C]

Furnace temperature T1 1008 1058 1108

Sample temperature T2 1055 1100 1146

The determination of activation energy in this work is based on the knowledge of specimen
temperature mentioned above. The processes for activation energy determination for 01YDC and
10YDC are shown in Figure 75 and Figure 76, respectively. Figure 75a and Figure 76a show the
densification curves for 01YDC and 10YDC, respectively, with the arrow indicating the increasing
isothermal temperatures applied. The densification rates increased accordingly to the isothermal
temperatures. The horizontal lines in the figures imply two specific relative densities: 82.5 % and 85 %,
where the slopes of the curves were used to calculate densification rates. Figure 75b and Figure 76b
show Arrhenius plots of the logarithm of the densification rate versus the inverse sample temperature
for 01YDC and 10YDC, respectively. The activation energies calculated from Figure 75 and Figure 76
is listed in Table 12. The values are comparable to other experimental results such as 576+19 kJ/mol for
nanostructured 10GDC [196] and 420 kJ/mol for submicron ceria [152]. For 10YDC, the activation
energy decreases by a factor of 0.93 at E,,,=14 V/cm, and a factor of 0.62 at E,,,,=28 V/cm. For 01YDC,
the activation energy decreases by a factor of 0.92 at £,.,=14 V/cm, and a factor of 0.91 at E,,,,=28 V/cm.

The results can be summarized as follows: i) the activation energy decreases with increasing electrical
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field strength for both materials: 01YDC and 10YDC; ii) the decrease in activation energy is significant
for 10YDC, whereas no significant change were observed for 01YDC.
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Figure 75: Activation energy measurements of 01YDC a) illustration of the relative density as a function of the
sintering time under E,,,=14 V/cm at a isothermal temperature of 1050 °C, 1100 °C and 1150 °C; b) determination

of activation energy using Arrhenius plot for £,,,=0 V/cm, 14 V/cm and 28 V/cm.
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Figure 76: Activation energy measurements of 10YDC a) illustration of the relative density as a function of the
sintering time under E,.,=14 V/cm at a isothermal temperature of 1050 °C, 1100 °C and 1150 °C; b) determination
of activation energy using Arrhenius plot for £,,,=0 V/cm, 14 V/cm and 28 V/cm.
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Table 12: Activation energies for the sintering of 01YDC and 10YDC (kJ/mol).

Electrical field strength [V/cm]

0 14 28
01YDC 485+39 445436 439+37
10YDC 502+40 466438 311£25

In spite of the exclusion of macroscopic Joule heating effect, a local Joule heating effect at grain
boundaries may still exist. Even though numerical simulation revealed no temperature gradients (smaller
than 10 K in a grain with the diameter of 100 nm in mixed or ionically conducting ceramics [104]),
which is supposed to be due to the small particle size. The similar conclusion has been drawn by
Semenov et al. [105] via a metal system with thermo-electro-mechanical modeling even with ten times
higher electrical loading than a typical FAST/SPS condition, considering the high thermal conductivity
of metal. However, the simulations all assumed an equilibrium state of a homogeneous compact, while
the real sintering behavior is a non-equilibrium process, which indicates the microscopic Joule heating
at grain boundaries is still possible during the sintering. In addition, from a mesoscopic point of view,
fluctuation of relative densities may occur in different areas of the specimen due to a heterogeneous
powder distribution, with the microstructures in Figure 61 as examples. A temperature difference
probably exists in these areas, since the conductivity of the powder compact depends on the
heterogeneous relative density distribution. The activation energy measured is an average value of the
whole powder compact, and the inhomogeneous temperature distribution in the heterogeneous powder

compact can lead to a change of activation energy.

Sintering activation energy is also related to the defect chemistry of the material. It is widely
accepted that the migration of cations is the rate limiting transport process for sintering. Dong et al. [151]
calculated the migration energy for cation diffusion with different paths, and concluded that the
migration energy for interstitial diffusion Ce** with an oxygen vacancy nearby is 24 % lower than
interstitial diffusion Ce*" without an oxygen vacancy nearby. In summary, the migration energy of
cerium can be reduced largely due to the synergistic effect of reduction of cerium and increased

concentration of oxygen vacancies (section 2.5.2).

Therefore, it is assumed that the microscopic Joule heating can influence the reduction of cerium,
and thus the cation migration energy during the sintering. However, the local temperature increase may
not be the only possibility in promoting the reduction of cerium. The numerical simulation obtained by
a finite elements (FE) approach using the FlexPDE (PDE Solutions, Inc., Spokane Valley, USA)

confirmed the existence of a magnified local electrical fields [106]. According to the simulation, the
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local field strengths can be higher than the applied external field by a factor of about 180 for materials
with a dielectric coefficient of 30. The amplified local can be either due to the geometry of neck or the
space charge layer (section 2.4.2.2), and this amplified local electrical fields can facilitate the reduction
of cerium. Moreover, the reduction of cerium can introduce more oxygen vacancies. The easier

migration of cation due to these two effects can also lead to the decrease of activation energy.

In order to prove the above mentioned theory, ex-situ XAS experiments were conducted on

specimens sintered with and without electrical fields and shown in Figure 77 and Figure 78, respectively.
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Figure 77: X-ray absorption near edge structure spectroscopy (XANES) of 10YDC sintered under 0 V/em a)
measurements of Ce-O of the areas with different contrasts (marked with blue and orange, respectively, in the SEM
image) and the difference between these two curves (black dash line) b) measurements of Ce-M-edge. The XAS

experiments were conducted by Dr. David Miiller from PGI-6, Forschungszentrum Jiilich.
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Figure 78: X-ray absorption near edge structure spectroscopy (XANES) of 10YDC sintered under £, = 28 V/em
a) measurements of Ce-O of the areas with different contrasts (marked with blue and orange, respectively, in the
SEM image) and the difference between these two curves (black dash line) b) measurements of Ce-M-edge. The

XAS experiments were conducted by Dr. David Miiller from PGI-6, Forschungszentrum Jiilich.

For both samples (Figure 77a and Figure 78a), the difference (black dash line) between areas with
difference contrast (marked with blue and orange, respectively) are the signal of silicon dioxide,

contaminants from the polishing process. The measurements show no signal of Ce*" (Figure 77b and
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Figure 78b). This result fits well to that of the DTA-TG experiments, showing an immediate oxidation
of cerium at RT. It is noteworthy mentioning that the results detected at RT cannot be used to imply the
condition of the experiments under higher temperature, and thus cannot exclude the possibility of the

defect chemistry mechanism.

4.6 Field effect on ionic conductivity

Similar to sintering process, ionic conductivity depends not only on diffusion processes but also on
defect chemistry. As mentioned in section 2.4.2.2, the electrical response of grain boundaries was found
to change under DC flash sintering [88], but not under AC flash sintering [123]. Moreover, Vendrell et
al. [197] found out that the ionic conductivity of flash-sintered Yttria-stabilized zirconia (YSZ)
increased with increasing maximal current density. This phenomenon was attributed to a change in the
YSZ defect structure. In order to investigate the effect of electrical fields on diffusion processes, we

measured the ionic conductivities of the specimens sintered under different conditions using EIS.

The temperature dependence of bulk conductivity and specific grain boundary conductivity of
10YDC and 01YDC sintered under different conditions are shown in Figure 79 and Figure 80. The
conductivities definition and their calculation methods are introduced in section 2.5.3.1. It is worth
noting that the grain boundary conductivity discussed here is related to the traversable charge carrier
migration across grain boundary, as explained in Figure 22 (Section 2.5.3.1). One important conclusion
obtained from Figure 79 and Figure 80 is that the grain boundary conductivity is lower than grain interior
conductivity: the specific grain boundary conductivities were 2-3 orders lower than bulk conductivities

for 10YDC, while 3-5 orders lower for 01YDC.
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Figure 79: Arrhenius plots of specific grain-boundary conductivities and the bulk conductivities for specimens
sintered at furnace temperature of 1300 °C for 2 h without electrical fields and with non-contacting E,,s=50 V/cm
and E,,s~=100 V/cm, with one exception for 10YDC without electrical fields for 5 h: a) 10YDC in the entire
temperature range (200 °C-340 °C); b) 01YDC in the entire temperature range (450 °C-620 °C).
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Figure 80: Arrhenius plots of specific grain-boundary conductivities and the bulk conductivities of 10YDC in the
entire temperature range (200 °C-340 °C): sintered without electrical fields for the holding time of 2 h and with
contacting electrical field with E,,,,=14 V/cm and 28 V/cm for the holding time of 2 h.

As pointed out by Guo et al. [98], the grain boundary conductivity is 2-7 orders lower than the bulk
conductivity for 20- and 2.0-mol % yttrium doped ceria (20YDC and 02YDC). The difference depends
on the doping level, temperature and oxygen partial pressure. The low conductivity of the grain
boundary has been earlier attributed to an intergranular siliceous phase on the triple junction point on
grain boundary [98,198-199]. This theory, however, can only explain the phenomenon when the

activation energy of grain boundary conductivity varying with the properties of the siliceous phases,

107



Results and Discussion

which contradicts existing experimental results [98]. In addition, in TEM analysis of 01YDC, according
to the microstructure investigation in our previous work [200], a sharp grain boundary without

amorphous phases was observed.

Therefore, space charge model should be applied to explain the lower ionic conductivity of grain
boundary. The lower grain boundary conductivity is caused by depletion of oxygen vacancies near grain
boundary cores (section 2.4.2.2). Thereby, the traversable migration of oxygen ion across boundary is
more difficult than inside the bulk [97]. Grieshammer and De Souza [201] also pointed out the depletion
of mobile defects in the region of grain boundary caused by the formation of space charge layer can
consequently lead to a decrease in grain boundary conductivity of doped ceria. Iguchi et al. [93] proved
the existence of space charge layer in Y-doped BaZrO; (BZY). In addition, they estimated the space
charge potential based on a model describing the current-voltage relationship of blocking grain
boundaries, as proposed by Kim et al. [94]. Guo et al. [98] also reported a positive space-charge potential
of acceptor-doped CeO,, leading to an oxygen-vacancy depletion and the electron accumulation in the

space-charge layer.

Corresponding activation energies for the bulk conductivities and specific grain boundary
conductivities are given in Table 13 and Table 14. Activation energies were calculated on the base of
the slopes of the Arrhenius plots of the logarithm of specific grain-boundary conductivities and the bulk
conductivities versus the inverse temperature in Figure 79 and Figure 80. The slopes under different
conditions remain constant, which indicate that activation energies did not alter with the electrical fields
with or without currents. This is also confirmed by calculated activation energy values. The calculated
values are comparable to the values reported by Guo et al.: 0.97 eV (bulk) and 1.03+0.01 eV (grain
boundary) for 20YDC, as well as 1.13+£0.01 eV (bulk) and 1.98+0.06 eV (grain boundary) for 02YDC
[98].

Table 13: Activation energies of 10YDC in air atmosphere with the measurement error smaller than 0.01 eV.

Activation energy [eV]

Conditions Bulk Grain boundary
0V/em 0.82 0.98
0V/cm-5h 0.83 1.01
Non-contacting 50V/cm 0.81 0.99
Non-contacting 100V/cm 0.81 0.98
14V/em 0.80 0.97
28V/cm 0.81 0.97
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Table 14: Activation energies of 01YDC in air atmosphere with the measurement error smaller than 0.01 eV.

Activation energy [eV]

Conditions Bulk Grain boundary
0V/em 1.08 1.73
Non-contacting 50V/cm 1.10 1.71
Non-contacting 100V/em 1.09 1.70

As shown in Figure 79, the bulk conductivities of 10YDC and 01YDC are independent of applied
electrical fields with and without currents in the range of measured temperature. For 01 YDC, the specific
grain boundary conductivities also do not alter under different conditions. For 10YDC, as shown in
Figure 79a, a long holding time (5 h) decreases the grain boundary conductivities by a factor of 0.66
compared to conductivities of specimens sintered without electrical fields, while a non-contacting
E,»s=50 V/cm increases the grain boundary conductivities by a factor of 1.44. In addition, the influence
of current during sintering on the ex-situ conductivities for 10YDC is shown in Figure 80. The results
imply that both the bulk and grain boundary conductivities do not alter under different electrical field
strengths.

As discussed before in section 4.4.2.1, there is only a slight grain size increase for 10YDC with
longer holding time of 5 h with a factor of about 1.1, and a decrease with a factor of 0.96 for 10YDC
under non-contacting E,»=50 V/cm compared to specimens sintered without electrical fields. Basically,
there is no influence of electrical fields on grain sizes for both 10YDC and 01YDC. Moreover, the
densification curves of 10YDC under 0 V/cm, non-contacting E,,,x=50 V/cm and E,,,=100 V/cm (Figure
81) indicate no difference during the densification processes. In addition, the calculation of ionic
conductivity is already normalized by grain sizes and specimen dimensions, as introduced in section
2.5.3.1. That is to say, the difference in grain boundary conductivities should not be attributed to the
difference in grain sizes. The change in the grain boundary conductivities should be related to the grain

boundary structure, such as grain boundary thickness, space charge layer and so on.
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Figure 81: Axial strain, furnace temperature as a function of time for 10YDC.

In order to calculate the grain boundary conductivities (according to Eq. 2-49 and Eq. 2-50), the
effective capacitances of bulk and grain boundary are necessary, as listed in Table 15. No obvious
change in calculated effective bulk capacitances are observed for both cases (10YDC and 01YDC), with
the biggest deviation about 10 % between 0 V/cm and the non-contacting E,»,~=50 V/cm. However, the
effective grain boundary capacitances of 01 YDC decrease when sintered under non-contacting electrical
fields, with a factor of about 0.6 under non-contacting E,,s=50 V/cm and a factor of about 0.7 under
non-contacting E,,~=100 V/cm. For 10YDC, effective grain boundary capacitances under 0V/cm with a
longer holding time increase by about a factor of 1.34, while non-contacting E,,»=50 V/cm with a
holding time of 2 h prompts a decrease by about a factor of 0.54 compared to the fieldless sintering
condition with the holing time of 2 h. Besides grain boundary capacitances, grain boundary resistances
normalized by the specimen sizes are also necessary for grain boundary conductivities calculations
according to Eq. 2-50, therefore, grain boundary resistivities of 10YDC under 300 °C and 01 YDC under

560 °C as examples are also listed in Table 15.

The result implies the following conclusions: 1) the effective capacitances of bulk do not alter under
different conditions for 10YDC and 01YDC:; 2) for 01YDC, constant grain boundary conductivities are
the result of an increase of resistances under electrical fields together with a decrease of grain boundary
capacitances. For 10YDC, the grain boundary resistances do not alter under electrical fields, but increase
under a longer holding time (5 h). Therefore the decrease of grain boundary conductivities under longer
holding time for a fieldless sintering is due to an increase of both grain boundary capacitances and
resistances, whereas a smaller grain boundary capacitance leads to a higher grain boundary conductivity
under non-contacting E,,»=50 V/cm. In summary, there exists an effect of electrical fields on the

effective capacitance. The effective capacitance of the material is influenced by the polarization of the

110



Results and Discussion

defects with electric dipole moments, usually complex defects, in other words, the grain boundary
structure. More specific, if the electrical field during sintering alters the defects distribution near the

grain boundary, this influence should be displayed as a change in grain boundary capacity.

Table 15: Effective capacitance of 10YDC and 01 YDC and grain boundary resistivity (normalized by the specimen
sizes) of 10YDC (300 °C) and 01YDC (560 °C) without fields for the holding time of 2 h and 5 h, with non-
contacting E,,s=50 V/cm and 100 V/cm for the holding time of 2 h at the atmosphere of air with the relative density
of 94%-96%.

Effective capacitance [F] Resistivity [Q2.cm]
Electrical field 10YDC 01YDC 01YDC 10YDC 01YDC
Grain Grain Grain Grain
Bulk boundary Bulk boundary  boundary  boundary
0V/ecm 2.76x101"  1.37x10%  2.60x10'"  1.81x10®  2.93x103 1.77x10*
0V/cm-5h 3.09x10"  1.84x10°® 3.62x10°

Non-contacting 5 o011 7475109 224x1011  1.00x10°  3.05x10°  3.66x10°
50V/cm
Non-contacting

-11 -8 -1 -8 3 4
100V/em 2.88%10 1.33x10 2.50x10 1.19x10 3.94x10 3.92x10

The hypothesis of independent effective capacitance of bulk is obvious because the grain interior
conductivity is an intrinsic property of the material (section 2.5.3). Moreover, our ex-situ XAS
experiments showed no difference in the valence state of cerium in samples sintered with and without
electrical fields, as discussed in section 4.5. The second hypothesis, the negative dependence of grain
boundary capacitances on electrical fields, is related to the structure of grain boundary, such as grain
boundary thickness, space charge layer and so on. Further evidence for the influence of electrical fields
on the grain boundary structure is provided by TEM analysis as shown in Figure 82. The existence of
Ce*" was confirmed by electron energy loss spectroscopy (EELS). In addition, the width of Ce**
distribution was estimated from the full width at half maximum (FWHM) of the HAADF image intensity
profile across a grain boundary. The result indicates a wider distribution of Ce*" across the grain
boundary under non-contacting E,»=50 V/cm, compared to those under 0 V/cm and non-contacting
E.n=100 V/cm. This wider distribution validates that a change in the distribution of complex defects

occurred.

111



Results and Discussion

2.0

e
o

FWHM [nm]
[y
)

0.8

Figure 82: Full width at half maximum (FWHM) of the intensity profile of Ce*" from the HAADF image across
GB of 10YDC without fields and with non-contacting electrical field with E,,,; = 50 V/cm and 100 V/em.

In summary, electrical fields applied during sintering do not change the ion-conducting activation
energy of either bulk or grain boundary. This indicates the same diffusion mechanism among specimens
sintered under different conditions. The effective capacitance should be responsible for the change in
ionic conductivity, and as a fingerprint of the defect chemistry, correlates to the oxygen vacancy
concentration in the material. This assumption is proven directly by TEM measurement, displaying an

ex-situ change in grain boundary, as well as the difference in Ce>* distribution. This indicates that the
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electrical fields influence defect chemistry mechanism.
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5. Conclusions and outlook

The exact underlying mechanism for field assisted sintering and more specifically flash sintering has
been puzzling the materials community for a decade, after the first report of this ultra-fast densification
phenomena in 2010 [12]. By applying electric fields, significantly lower than those required for the
‘flash regime’ on doped ceria samples, this work aimed at unveiling the possible mechanisms behind

field assisted sintering.

Based on thoroughly designed and performed experiments, the sintering parameters were measured
via the discontinuous sinter-forging technique for the first time. Generally, all sintering parameters are
sensitive to grain size and to the degree of anisotropy in the microstructure potentially induced by the
applied stress and electric field. For our experiments with yttria doped ceria, the grain sizes were found
to be constant under different electrical field strengths and no microstructural anisotropy was induced
by the loading conditions. Therefore, it is conceivable to conclude that the observed difference of
sintering parameters under electrical fields cannot be attributed to macroscopic change of temperature

or difference in microstructure. The results can be summarized as follows:

e Moderate electrical fields improve the sintering behavior of 10YDC, decrease uniaxial viscosity

and increase the sintering stress.

e The bulk viscosity of 10YDC increases with densification and slightly decreases under electric

field.

e The viscous Poisson’s ratio as well as the shear viscosity is significantly influenced by moderate

electric fields of 10YDC, which can be attributed to the easier sliding of the grains

e Uniaxial viscosity for 01YDC decreases accordingly to the electrical fields, which implies the
effect of electrical fields is not restricted to a specific doping level and also provides further

evidence for the existence of field effect.

o The activation energies for the densification decrease by the increase of electrical field strengths

for 10YDC and 01YDC, exerting larger effects for 10YDC.

The significantly enhanced sintering behavior observed under fields well below the flash regime
point to several possible origins: gradual modification of the grain boundary structure (including space
charge layer) and its properties (effective grain boundary conductivities and capacitances), as well as

local temperature gradients undetectable at the macroscopic scale. In this work, the change of grain
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boundary microstructure under electrical fields is indicated by the increase of the grain boundary
conductivity for 10YDC, together with the change in Ce** distribution confirmed by TEM analysis,
which is related to the modified defect chemistry of the grain boundary, possibly due to localized high

electrical fields.

Moreover, the symmetric behavior under tensile loading under the frame of continuum mechanics
of sintering was examined. The uniaxial viscosity response of 01YDC was confirmed to be the
symmetric between compressive and tensile responses. More specifically, the compressive response can
be extrapolated to tensile stress configurations. Moreover, the experiments under tension also enable the
evaluation of the uniaxial sintering stress directly from the zero strain rate condition, without

extrapolating the results obtained from experiments under compressive stress.

In summary, this work has successfully confirmed the existence of athermal field effects on
densification and sintering parameters by excluding the macroscopic Joule heating effect. However, the
nature of these athermal effects as not been classified yet. On one hand, it is hard to decouple the local
Joule heating effect from a direct field effect. On the other hand, it is still unclear how the electrical field

interacts with grain boundaries or the space charge layer nearby.

To answer those open questions, characterization methods with high spatial and temporal resolution
are required as well as the in-situ techniques in order to characterize the dynamics of the field assisted
sintering. In addition, it is worth checking the effect of electrical fields on sintering with various
frequencies. The responses of different microstructure features to the electrical fields are sensitive to the
frequency according to the impedance spectroscopy measurements. In order to determine the ionic
conductivities of bulk and grain boundary, the frequency required lies in the range of MHz at 200 °C
and increases with increasing temperature. The frequency of AC electrical fields usually applied,
however, is much lower (~50Hz) and should have no effect on sintering behavior. However, besides
bulk and grain boundary, the interfaces between grains and pores have considerable influence on the
sintering process, such as the surface diffusion during the initial stage of sintering. According to the
impedance spectroscopy measurements, the frequency required for the impedance single of interfaces
usually lies in a much lower frequency range compared to bulk and grain boundary. That is to say, these
interfaces should have responses to electrical fields with a much lower frequency and are expected to
interact with low frequency AC electrical fields. Therefore, these grain-pore interfaces, especially at the
early stage of sintering, should also be studied in further researches, by investigating the field effect with
changing frequencies of as wide range as possible. Moreover, the material used in this work is a typical
oxide ceramic material, the investigation of the moderate field effects on other material systems may

also lead to a deeper understanding of the mechanism. Possibilities are zirconia or yttrium stabilized
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zirconia, because of a possible phase change during sintering, Li-ion conducting materials for solid state
batteries, because of different diffusion systems compared to the typical oxides. The investigations into

other materials are also expected to open up other applications of this promising technique.
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Load application under 0 V/cm at the relative density of 80 % with the pressure of 1.2 MPa

time axial strain radial strain relative density radial strain rate axial strain rate
1.00E-11 -0.07945 -0.08354 79.4 -3.54E-05 -4.94E-05
1.26E+00  -0.07948 -0.08359 79.5 -3.54E-05 -4.93E-05
2.516 -0.07966 -0.08365 79.5 -3.53E-05 -4.92E-05
3.773 -0.07965 -0.08369 79.5 -3.53E-05 -4.92E-05
5.03 -0.0797 -0.0838 79.5 -3.53E-05 -4.91E-05
6.288 -0.0798 -0.08382 79.5 -3.52E-05 -4.91E-05
7.545 -0.0797 -0.08378 79.5 -3.52E-05 -4.90E-05
8.802 -0.07989 -0.08386 79.5 -3.52E-05 -4.89E-05
10.06 -0.07981 -0.08396 79.5 -3.51E-05 -4.89E-05
11.317 -0.07994 -0.08392 79.5 -3.51E-05 -4.88E-05
12.575 -0.08016 -0.08398 79.6 -3.51E-05 -4.88E-05
13.832 -0.08013 -0.08395 79.6 -3.50E-05 -4.87E-05
15.096 -0.0802 -0.08416 79.6 -3.50E-05 -4.86E-05
16.346 -0.08025 -0.08416 79.6 -3.49E-05 -4.86E-05
17.605 -0.08028 -0.08419 79.6 -3.49E-05 -4.85E-05
18.862 -0.08037 -0.08417 79.6 -3.49E-05 -4.85E-05
20.119 -0.08046 -0.08426 79.6 -3.48E-05 -4.84E-05
21.376 -0.08051 -0.08437 79.7 -3.48E-05 -4.83E-05
22.635 -0.08056 -0.08426 79.6 -3.48E-05 -4.83E-05
23.894 -0.0806 -0.08436 79.7 -3.47E-05 -4.82E-05
25.149 -0.08063 -0.08444 79.7 -3.47E-05 -4.81E-05
26.407 -0.08076 -0.08454 79.7 -3.46E-05 -4.81E-05
27.663 -0.08081 -0.08448 79.7 -3.46E-05 -4.80E-05
28.922 -0.08085 -0.08451 79.7 -3.45E-05 -4.79E-05
30.178 -0.08096 -0.08461 79.7 -3.45E-05 -4.79E-05
31.436 -0.08088 -0.0847 79.7 -3.45E-05 -4.78E-05
32.693 -0.08101 -0.0847 79.8 -3.44E-05 -4.77E-05
33.957 -0.08115 -0.0847 79.8 -3.44E-05 -4.77E-05
35.208 -0.0812 -0.08481 79.8 -3.43E-05 -4.76E-05
36.465 -0.08123 -0.08479 79.8 -3.43E-05 -4.75E-05
37.723 -0.08126 -0.08494 79.8 -3.43E-05 -4.75E-05
38.98 -0.08138 -0.08505 79.8 -3.42E-05 -4.74E-05
40.238 -0.08138 -0.08497 79.8 -3.42E-05 -4.73E-05
41.495 -0.08141 -0.08506 79.8 -3.41E-05 -4.73E-05
42.753 -0.08151 -0.08502 79.8 -3.41E-05 -4.72E-05
44.011 -0.08154 -0.08507 79.9 -3.40E-05 -4.71E-05
45.267 -0.0817 -0.08514 79.9 -3.40E-05 -4.71E-05
46.525 -0.08176 -0.08524 79.9 -3.39E-05 -4.70E-05
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47.782
49.04
50.297
51.553
52.812
54.068
55.326
56.584
57.841
59.099
60.356
61.611
62.87
64.133
65.385
66.643
67.899
69.157
70.414
71.672
72.93
74.189
75.443
76.701
77.96
79.217
80.473
81.731
82.99
84.247
85.504
86.76
88.018
89.276
90.533
91.789
93.047
94.305
95.561
96.82
98.077
99.335
100.591
101.849
103.106
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-0.08186
-0.08183
-0.08195
-0.08189
-0.08196
-0.08206
-0.08217
-0.08235
-0.08222
-0.08237
-0.08235
-0.08242
-0.08239
-0.08255
-0.08261
-0.08262
-0.08269
-0.08277
-0.08274
-0.08286
-0.08291
-0.08295
-0.08307
-0.08312
-0.08319
-0.08326
-0.08327
-0.08331
-0.08338
-0.08345
-0.08353
-0.08358
-0.08358
-0.08361
-0.08371
-0.08385
-0.08382
-0.08389
-0.0839
-0.08399
-0.084
-0.08405
-0.08404
-0.08413
-0.08416

-0.08517
-0.08527
-0.08536
-0.08538
-0.08533
-0.08529
-0.08539
-0.08541
-0.08555
-0.08555
-0.08555
-0.08567
-0.08571
-0.08586
-0.0858
-0.08577
-0.08594
-0.08592
-0.08602
-0.08601
-0.08607
-0.08609
-0.08614
-0.08628
-0.08631
-0.08624
-0.08633
-0.08629
-0.08637
-0.0864
-0.08648
-0.08649
-0.08651
-0.0866
-0.08666
-0.08665
-0.08666
-0.08666
-0.08674
-0.08695
-0.08684
-0.08698
-0.08698
-0.08707
-0.08704

79.9
79.9
79.9
79.9
79.9
79.9
80.0
80.0
80.0
80.0
80.0
80.0
80.0
80.1
80.1
80.0
80.1
80.1
80.1
80.1
80.1
80.1
80.1
80.2
80.2
80.2
80.2
80.2
80.2
80.2
80.2
80.2
80.2
80.3
80.3
80.3
80.3
80.3
80.3
80.3
80.3
80.4
80.4
80.4
80.4

-3.39E-05
-3.39E-05
-3.38E-05
-3.38E-05
-3.37E-05
-3.37E-05
-3.36E-05
-3.36E-05
-3.35E-05
-3.35E-05
-3.34E-05
-3.34E-05
-3.34E-05
-3.33E-05
-3.33E-05
-3.32E-05
-3.32E-05
-3.31E-05
-3.31E-05
-3.30E-05
-3.30E-05
-3.29E-05
-3.29E-05
-3.28E-05
-3.28E-05
-3.27E-05
-3.27E-05
-3.26E-05
-3.26E-05
-3.26E-05
-3.25E-05
-3.25E-05
-3.24E-05
-3.24E-05
-3.23E-05
-3.23E-05
-3.22E-05
-3.22E-05
-3.21E-05
-3.21E-05
-3.20E-05
-3.20E-05
-3.19E-05
-3.19E-05
-3.18E-05

-4.69E-05
-4.69E-05
-4.68E-05
-4.67E-05
-4.67E-05
-4.66E-05
-4.65E-05
-4.65E-05
-4.64E-05
-4.63E-05
-4.63E-05
-4.62E-05
-4.61E-05
-4.61E-05
-4.60E-05
-4.59E-05
-4.58E-05
-4.58E-05
-4.57E-05
-4.56E-05
-4.56E-05
-4.55E-05
-4.54E-05
-4.54E-05
-4.53E-05
-4.52E-05
-4.52E-05
-4.51E-05
-4.50E-05
-4.49E-05
-4.49E-05
-4.48E-05
-4.47E-05
-4.47E-05
-4.46E-05
-4.45E-05
-4.45E-05
-4.44E-05
-4.43E-05
-4.43E-05
-4.42E-05
-4.41E-05
-4.40E-05
-4.40E-05
-4.39E-05
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104.364
105.622
106.878
108.162
109.412
110.666
111.917
113.166
114.422
115.684
116.938
118.195
119.452
120.709
121.967
123.225
124.481
125.739
126.997
128.254
129.52
130.768
132.027
133.283
134.54
135.797
137.056
138.313
139.569
140.827
142.085
143.352
144.598
145.856
147.114
148.371
149.628
150.884
152.145
153.401
154.658
155.916
157.174
158.43
159.687

-0.08426
-0.08429
-0.08438
-0.08442
-0.08446
-0.08455
-0.08463
-0.08466
-0.08473
-0.08474
-0.08483
-0.08485
-0.08494
-0.08498
-0.08508
-0.08523
-0.08519
-0.08522
-0.08528
-0.0854
-0.0854
-0.08542
-0.08546
-0.08549
-0.08563
-0.08573
-0.08574
-0.08577
-0.08577
-0.08597
-0.08594
-0.08596
-0.0861
-0.0861
-0.08626
-0.08629
-0.08633
-0.08633
-0.0864
-0.08642
-0.08647
-0.0865
-0.08659
-0.0867
-0.08675

-0.08707
-0.0872
-0.08711
-0.08728
-0.08714
-0.0872
-0.0873
-0.08736
-0.08736
-0.08747
-0.08747
-0.08757
-0.08757
-0.08756
-0.08766
-0.08758
-0.08774
-0.08773
-0.08775
-0.08787
-0.08787
-0.08785
-0.08794
-0.08797
-0.08804
-0.08804
-0.0881
-0.08826
-0.08818
-0.08825
-0.08826
-0.08829
-0.08828
-0.08838
-0.08855
-0.08845
-0.08843
-0.08845
-0.08855
-0.08871
-0.08853
-0.08867
-0.08864
-0.08867
-0.08882

80.4
80.4
80.4
80.4
80.4
80.4
80.5
80.5
80.5
80.5
80.5
80.5
80.5
80.5
80.6
80.5
80.6
80.6
80.6
80.6
80.6
80.6
80.6
80.6
80.7
80.7
80.7
80.7
80.7
80.7
80.7
80.7
80.7
80.7
80.8
80.8
80.8
80.8
80.8
80.8
80.8
80.8
80.8
80.8
80.9

-3.18E-05
-3.17E-05
-3.17E-05
-3.17E-05
-3.16E-05
-3.16E-05
-3.15E-05
-3.15E-05
-3.14E-05
-3.14E-05
-3.13E-05
-3.13E-05
-3.12E-05
-3.12E-05
-3.11E-05
-3.11E-05
-3.10E-05
-3.10E-05
-3.10E-05
-3.09E-05
-3.09E-05
-3.08E-05
-3.08E-05
-3.07E-05
-3.07E-05
-3.06E-05
-3.06E-05
-3.05E-05
-3.05E-05
-3.05E-05
-3.04E-05
-3.04E-05
-3.03E-05
-3.03E-05
-3.02E-05
-3.02E-05
-3.01E-05
-3.01E-05
-3.01E-05
-3.00E-05
-3.00E-05
-2.99E-05
-2.99E-05
-2.98E-05
-2.98E-05

-4.38E-05
-4.38E-05
-4.37E-05
-4.36E-05
-4.36E-05
-4.35E-05
-4.34E-05
-4.34E-05
-4.33E-05
-4.32E-05
-4.32E-05
-4.31E-05
-4.30E-05
-4.30E-05
-4.29E-05
-4.28E-05
-4.28E-05
-4.27E-05
-4.26E-05
-4.26E-05
-4.25E-05
-4.24E-05
-4.24E-05
-4.23E-05
-4.22E-05
-4.22E-05
-4.21E-05
-4.20E-05
-4.20E-05
-4.19E-05
-4.19E-05
-4.18E-05
-4.17E-05
-4.17E-05
-4.16E-05
-4.15E-05
-4.15E-05
-4.14E-05
-4.13E-05
-4.13E-05
-4.12E-05
-4.12E-05
-4.11E-05
-4.10E-05
-4.10E-05
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160.946
162.202
163.46
164.717
165.974
167.231
168.488
169.746
171.005
172.262
173.518
174.775
176.033
177.291
178.553
179.804
181.062
182.32
183.577
184.834
186.092
187.355
188.606
189.863
191.121
192.379
193.635
194.894
196.151
197.417
198.665
199.92
201.181

-0.08671
-0.0867
-0.08675
-0.08679
-0.08689
-0.08697
-0.08709
-0.08704
-0.08717
-0.08711
-0.08726
-0.08729
-0.0873
-0.08729
-0.08744
-0.08743
-0.0875
-0.0876
-0.0876
-0.08761
-0.0877
-0.08774
-0.08779
-0.08788
-0.08788
-0.08799
-0.08815
-0.08819
-0.08832
-0.08823
-0.08822
-0.08839
-0.0885

-0.0888
-0.0888
-0.08884
-0.08893
-0.08888
-0.08901
-0.08905
-0.08912
-0.08908
-0.08911
-0.08921
-0.08923
-0.08926
-0.08924
-0.08938
-0.08937
-0.08947
-0.08944
-0.08941
-0.08961
-0.08959
-0.08966
-0.08961
-0.08961
-0.08965
-0.08964
-0.08966
-0.08989
-0.08983
-0.08993
-0.08984
-0.08993
-0.08997

80.9
80.9
80.9
80.9
80.9
80.9
80.9
80.9
80.9
80.9
81.0
81.0
81.0
81.0
81.0
81.0
81.0
81.0
81.0
81.1
81.1
81.1
81.1
81.1
81.1
81.1
81.1
81.2
81.2
81.2
81.2
81.2
81.2

-2.98E-05
-2.97E-05
-2.97E-05
-2.96E-05
-2.96E-05
-2.96E-05
-2.95E-05
-2.95E-05
-2.94E-05
-2.94E-05
-2.93E-05
-2.93E-05
-2.93E-05
-2.92E-05
-2.92E-05
-2.91E-05
-2.91E-05
-2.91E-05
-2.90E-05
-2.90E-05
-2.89E-05
-2.89E-05
-2.89E-05
-2.88E-05
-2.88E-05
-2.87E-05
-2.87E-05
-2.87E-05
-2.86E-05
-2.86E-05
-2.86E-05
-2.85E-05
-2.85E-05

-4.09E-05
-4.08E-05
-4.08E-05
-4.07E-05
-4.07E-05
-4.06E-05
-4.05E-05
-4.05E-05
-4.04E-05
-4.04E-05
-4.03E-05
-4.02E-05
-4.02E-05
-4.01E-05
-4.01E-05
-4.00E-05
-3.99E-05
-3.99E-05
-3.98E-05
-3.98E-05
-3.97E-05
-3.97E-05
-3.96E-05
-3.95E-05
-3.95E-05
-3.94E-05
-3.94E-05
-3.93E-05
-3.93E-05
-3.92E-05
-3.91E-05
-3.91E-05
-3.90E-05
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Load application under 14 V/cm at the relative density of 80 % with the pressure of 1.2 MPa

time axial strain radial strain relative density radial strain rate axial strain rate
[s] [%] [1/s] [1/s]
0 -0.08909 -0.08277 80.2 -5.00E-05 -8.92E-05
1.259 -0.08921 -0.08275 80.2 -5.00E-05 -8.91E-05
2.526 -0.08933 -0.08283 80.3 -5.01E-05 -8.90E-05
3.793 -0.08946 -0.08288 80.3 -5.02E-05 -8.90E-05
5.059 -0.09036 -0.08286 80.3 -5.02E-05 -8.89E-05
6.327 -0.09106 -0.08292 80.4 -5.03E-05 -8.88E-05
7.594 -0.09024 -0.08313 80.4 -5.03E-05 -8.88E-05
8.861 -0.09115 -0.08321 80.5 -5.03E-05 -8.87E-05
10.127 -0.0906 -0.08326 80.4 -5.04E-05 -8.86E-05
11.393 -0.09009 -0.0832 80.4 -5.04E-05 -8.86E-05
12.681 -0.09083 -0.08342 80.5 -5.04E-05 -8.85E-05
13.94 -0.09064 -0.08348 80.5 -5.04E-05 -8.85E-05
15.204 -0.09073 -0.08362 80.5 -5.04E-05 -8.84E-05
16.481 -0.09071 -0.08356 80.5 -5.04E-05 -8.83E-05
17.739 -0.09082 -0.08363 80.5 -5.03E-05 -8.83E-05
19.002 -0.09103 -0.0837 80.5 -5.03E-05 -8.82E-05
20.26 -0.0913 -0.08365 80.5 -5.03E-05 -8.81E-05
21.536 -0.09156 -0.08371 80.6 -5.03E-05 -8.80E-05
22.796 -0.09166 -0.08394 80.6 -5.02E-05 -8.80E-05
24.063 -0.09157 -0.08397 80.6 -5.02E-05 -8.79E-05
2533 -0.09188 -0.08405 80.7 -5.01E-05 -8.78E-05

26.6 -0.09157 -0.08415 80.6 -5.01E-05 -8.77E-05
27.862 -0.09166 -0.08416 80.7 -5.00E-05 -8.76E-05
29.13 -0.09182 -0.08421 80.7 -5.00E-05 -8.75E-05
30.396 -0.0922 -0.08428 80.7 -4.99E-05 -8.74E-05
31.661 -0.09228 -0.08412 80.7 -4.98E-05 -8.73E-05
32.93 -0.09216 -0.0843 80.7 -4.97E-05 -8.72E-05
34.198 -0.09216 -0.08443 80.7 -4.97E-05 -8.71E-05
35.464 -0.09251 -0.08451 80.8 -4.96E-05 -8.70E-05
36.73 -0.09248 -0.08459 80.8 -4.95E-05 -8.69E-05
37.996 -0.09285 -0.08453 80.8 -4.94E-05 -8.68E-05
39.265 -0.09309 -0.0847 80.9 -4.93E-05 -8.66E-05
40.53 -0.09325 -0.08476 80.9 -4.93E-05 -8.65E-05
41.798 -0.09348 -0.08486 80.9 -4.92E-05 -8.64E-05
43.07 -0.09358 -0.08493 80.9 -4.91E-05 -8.62E-05
44.332 -0.09354 -0.08494 80.9 -4.90E-05 -8.61E-05

45.6 -0.0935 -0.08499 80.9 -4.89E-05 -8.59E-05
46.864 -0.0935 -0.08503 80.9 -4.88E-05 -8.58E-05
48.131 -0.09341 -0.08506 81.0 -4.87E-05 -8.56E-05
49.398 -0.09377 -0.08521 81.0 -4.86E-05 -8.55E-05
50.666 -0.09424 -0.08546 81.0 -4.85E-05 -8.53E-05
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51.93
53.198
54.466
55.733
56.997
58.267
59.532

60.8
62.065
63.334
64.602
65.868
67.133

68.4
69.666
70.935
72.201
73.468
74.743
76.001
77.267
78.536
79.803
81.068
82.334
83.604
84.871
86.135
87.401
88.678
89.936
91.204

92.47
93.737
95.004
96.271
97.535
98.805

100.072
101.338
102.603
103.879
105.137
106.406
107.673
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-0.09427
-0.09438
-0.09471
-0.09442
-0.09447
-0.09442
-0.09434
-0.09456
-0.09481
-0.09514
-0.09509
-0.09528
-0.0957
-0.09544
-0.09552
-0.0958
-0.0958
-0.09605
-0.09614
-0.09576
-0.09609
-0.09615
-0.09632
-0.09643
-0.09666
-0.09678
-0.09691
-0.0971
-0.09721
-0.09689
-0.09703
-0.09684
-0.09686
-0.09699
-0.09747
-0.09767
-0.09775
-0.09789
-0.09805
-0.09815
-0.09796
-0.09824
-0.09837
-0.09858
-0.09844

-0.08509
-0.08543
-0.08551
-0.08558
-0.08558
-0.08571
-0.08565
-0.08587
-0.08582
-0.08589
-0.086
-0.08607
-0.08601
-0.08607
-0.086
-0.08615
-0.08628
-0.08629
-0.08646
-0.08646
-0.0865
-0.08658
-0.08673
-0.08671
-0.08668
-0.08687
-0.08701
-0.08695
-0.08699
-0.08699
-0.08703
-0.08715
-0.08717
-0.08717
-0.08729
-0.08737
-0.08737
-0.08751
-0.08758
-0.08761
-0.08754
-0.08768
-0.08759
-0.08791
-0.08792

81.1
81.1
81.1
81.1
81.1
81.1
81.1
81.1
81.2
81.2
81.2
81.2
81.3
81.2
81.3
81.3
81.3
81.4
81.4
81.4
81.4
81.4
81.4
81.4
81.5
81.5
81.5
81.5
81.6
81.5
81.6
81.6
81.6
81.6
81.6
81.7
81.7
81.7
81.7
81.7
81.7
81.7
81.8
81.8
81.8

-4.84E-05
-4.83E-05
-4.82E-05
-4.80E-05
-4.79E-05
-4.78E-05
-4.77E-05
-4.76E-05
-4.75E-05
-4.74E-05
-4.73E-05
-4.72E-05
-4.71E-05
-4.69E-05
-4.68E-05
-4.67E-05
-4.66E-05
-4.65E-05
-4.64E-05
-4.63E-05
-4.62E-05
-4.61E-05
-4.60E-05
-4.59E-05
-4.58E-05
-4.57E-05
-4.56E-05
-4.55E-05
-4.54E-05
-4.53E-05
-4.52E-05
-4.51E-05
-4.50E-05
-4.49E-05
-4.48E-05
-4.47E-05
-4.46E-05
-4.45E-05
-4.44E-05
-4.43E-05
-4.43E-05
-4.42E-05
-4.41E-05
-4.40E-05
-4.39E-05

-8.51E-05
-8.49E-05
-8.47E-05
-8.45E-05
-8.44E-05
-8.41E-05
-8.39E-05
-8.37E-05
-8.35E-05
-8.33E-05
-8.30E-05
-8.28E-05
-8.25E-05
-8.23E-05
-8.20E-05
-8.18E-05
-8.15E-05
-8.12E-05
-8.09E-05
-8.07E-05
-8.04E-05
-8.01E-05
-7.98E-05
-7.95E-05
-7.91E-05
-7.88E-05
-7.85E-05
-7.82E-05
-7.78E-05
-7.75E-05
-7.72E-05
-7.68E-05
-7.65E-05
-7.61E-05
-7.57E-05
-7.54E-05
-7.50E-05
-7.46E-05
-7.43E-05
-7.39E-05
-7.35E-05
-7.31E-05
-7.27E-05
-7.23E-05
-7.20E-05
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108.936
110.205
111.473
112.739
114.004
115.283
116.541
117.805
119.072
120.35
121.605
122.874
124.138
125.407
126.674
127.938
129.206
130.473
131.741
133.006
134.273
135.541
136.807
138.072
139.343
140.607
141.875
143.14
144.407
145.676
146.941
148.209
149.477
150.744
152.008
153.275
154.542
155.809
157.075
158.348
159.611
160.878
162.143
163.41
164.678

-0.09864
-0.0988
-0.09893
-0.09862
-0.09903
-0.09878
-0.09912
-0.09932
-0.09922
-0.09892
-0.0997
-0.09988
-0.09994
-0.10046
-0.09979
-0.09979
-0.09976
-0.09967
-0.10066
-0.10058
-0.10032
-0.10017
-0.10015
-0.10035
-0.10067
-0.10057
-0.10048
-0.10079
-0.10125
-0.10132
-0.10091
-0.10111
-0.10126
-0.10099
-0.10123
-0.10176
-0.10179
-0.10173
-0.10158
-0.10173
-0.10217
-0.1022
-0.10194
-0.1025
-0.10235

-0.08781
-0.08798
-0.08805
-0.0881
-0.0881
-0.08816
-0.08838
-0.08843
-0.08839
-0.0885
-0.08849
-0.08874
-0.08864
-0.08876
-0.08878
-0.0886
-0.08877
-0.08881
-0.08902
-0.0889
-0.08892
-0.08927
-0.08909
-0.08915
-0.08934
-0.08928
-0.08946
-0.08934
-0.08934
-0.08963
-0.08954
-0.08964
-0.08965
-0.08976
-0.08975
-0.08972
-0.09007
-0.08992
-0.08981
-0.08998
-0.09013
-0.09016
-0.09018
-0.09021
-0.09026

81.8
81.9
81.9
81.9
81.9
81.9
81.9
82.0
82.0
81.9
82.0
82.0
82.1
82.1
82.0
82.1
82.1
82.1
82.1
82.1
82.2
82.1
82.1
82.2
82.2
82.2
82.2
82.2
82.3
823
82.3
823
82.3
823
82.3
82.4
82.4
82.4
82.4
82.4
82.5
82.5
82.5
82.5
82.5

-4.38E-05
-4.38E-05
-4.37E-05
-4.36E-05
-4.35E-05
-4.35E-05
-4.34E-05
-4.33E-05
-4.33E-05
-4.32E-05
-4.31E-05
-4.30E-05
-4.30E-05
-4.29E-05
-4.28E-05
-4.28E-05
-4.27E-05
-4.27E-05
-4.26E-05
-4.25E-05
-4.25E-05
-4.24E-05
-4.23E-05
-4.23E-05
-4.22E-05
-4.21E-05
-4.21E-05
-4.20E-05
-4.20E-05
-4.19E-05
-4.18E-05
-4.18E-05
-4.17E-05
-4.16E-05
-4.15E-05
-4.15E-05
-4.14E-05
-4.13E-05
-4.12E-05
-4.12E-05
-4.11E-05
-4.10E-05
-4.09E-05
-4.08E-05
-4.07E-05

-7.16E-05
-7.12E-05
-7.08E-05
-7.04E-05
-7.00E-05
-6.96E-05
-6.92E-05
-6.88E-05
-6.84E-05
-6.80E-05
-6.76E-05
-6.72E-05
-6.68E-05
-6.64E-05
-6.60E-05
-6.56E-05
-6.52E-05
-6.48E-05
-6.44E-05
-6.40E-05
-6.36E-05
-6.33E-05
-6.29E-05
-6.25E-05
-6.21E-05
-6.18E-05
-6.14E-05
-6.11E-05
-6.07E-05
-6.04E-05
-6.01E-05
-5.98E-05
-5.95E-05
-5.92E-05
-5.89E-05
-5.86E-05
-5.83E-05
-5.80E-05
-5.78E-05
-5.75E-05
-5.73E-05
-5.71E-05
-5.69E-05
-5.67E-05
-5.65E-05
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165.944
167.209
168.476
169.742
171.01
172.279
173.545
174.812

-0.10208
-0.10199
-0.10196
-0.1021
-0.1021
-0.10221
-0.10231
-0.10238

-0.09047
-0.09034
-0.09044
-0.09044
-0.09054
-0.09059
-0.0906
-0.09068

82.5
82.5
82.5
82.5
82.5
82.6
82.6
82.6

-4.06E-05
-4.05E-05
-4.04E-05
-4.03E-05
-4.02E-05
-4.01E-05
-4.00E-05
-3.99E-05

-5.63E-05
-5.62E-05
-5.60E-05
-5.59E-05
-5.58E-05
-5.57E-05
-5.56E-05
-5.56E-05
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Load application under 28 V/cm at the relative density of 80 % with the pressure of 1.2 MPa

time axial strain  radial strain relative density radial strain rate axial strain rate

[s] [%] [1/s] [1/s]

0 -0.08686 -0.0855 80.3 -9.31E-05 -1.11E-04
1.258 -0.08696 -0.08562 80.3 -9.35E-05 -1.11E-04
2517 -0.08732 -0.0857 80.3 -9.38E-05 -1.11E-04
3.776 -0.08759 -0.08584 80.4 -9.41E-05 -1.12E-04
5.032 -0.08759 -0.08591 80.4 -9.43E-05 -1.12E-04
6.29 -0.08815 -0.08602 80.5 -9.46E-05 -1.12E-04
7.549 -0.08819 -0.08612 80.5 -9.48E-05 -1.12E-04
8.807 -0.0881 -0.08625 80.5 -9.50E-05 -1.12E-04
10.063 -0.08823 -0.08631 80.5 -9.52E-05 -1.12E-04
11.32 -0.08843 -0.08645 80.6 -9.53E-05 -1.13E-04
12.579 -0.08895 -0.08657 80.6 -9.55E-05 -1.13E-04
13.838 -0.08893 -0.08671 80.6 -9.56E-05 -1.13E-04
15.096 -0.08883 -0.08685 80.6 -9.56E-05 -1.13E-04
16.353 -0.0887 -0.08696 80.7 -9.57E-05 -1.13E-04
17.611 -0.0891 -0.08715 80.7 -9.58E-05 -1.13E-04
18.869 -0.08894 -0.08725 80.7 -9.58E-05 -1.13E-04

20.127 -0.08942 -0.08734 80.8 -9.58E-05 -1.13E-04
21.385 -0.08962 -0.08742 80.8 -9.58E-05 -1.13E-04
22.642 -0.08967 -0.08753 80.8 -9.57E-05 -1.13E-04
23.902 -0.08986 -0.0876 80.9 -9.57E-05 -1.13E-04
25.159 -0.09006 -0.08784 80.9 -9.56E-05 -1.13E-04
26.416 -0.09031 -0.08809 81.0 -9.55E-05 -1.13E-04
27.674 -0.09033 -0.08816 81.0 -9.54E-05 -1.13E-04
28.931 -0.09031 -0.0883 81.0 -9.53E-05 -1.13E-04
30.191 -0.09051 -0.08834 81.0 -9.52E-05 -1.13E-04
31.448 -0.09054 -0.0884 81.1 -9.50E-05 -1.13E-04
32.706 -0.09072 -0.08861 81.1 -9.49E-05 -1.13E-04
33.963 -0.09074 -0.08871 81.1 -9.47E-05 -1.12E-04
35.221 -0.09082 -0.08883 81.1 -9.45E-05 -1.12E-04
36.481 -0.09103 -0.08889 81.1 -9.43E-05 -1.12E-04
37.738 -0.09119 -0.08894 81.2 -9.41E-05 -1.12E-04
38.995 -0.09147 -0.08915 81.2 -9.38E-05 -1.12E-04
40.257 -0.09185 -0.08931 81.3 -9.36E-05 -1.12E-04
41.511 -0.09164 -0.08932 81.3 -9.34E-05 -1.11E-04
42.769 -0.09189 -0.08948 81.3 -9.31E-05 -1.11E-04
44.028 -0.09201 -0.08961 81.3 -9.28E-05 -1.11E-04
45.285 -0.09218 -0.08966 81.4 -9.25E-05 -1.11E-04
46.542 -0.0924 -0.08989 81.4 -9.22E-05 -1.10E-04
47.801 -0.09255 -0.09001 81.4 -9.19E-05 -1.10E-04
49.059 -0.09234 -0.08997 81.5 -9.16E-05 -1.10E-04
50.317 -0.09268 -0.09022 81.5 -9.13E-05 -1.10E-04
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51.574
52.831
54.09
55.348
56.606
57.867
59.154
60.402
61.658
62.906
64.164
65.423
66.677
67.927
69.184
70.441
71.7
72.959
74.215
75.473
76.732
77.99
79.247
80.504
81.764
83.023
84.28
85.537
86.795
88.053
89.31
90.569
91.826
93.085
94.342
95.601
96.859
98.115
99.373
100.632
101.89
103.149
104.405
105.664
106.922
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-0.09293
-0.093
-0.09297
-0.09312
-0.0934
-0.09345
-0.09391
-0.09417
-0.09388
-0.09392
-0.09416
-0.09452
-0.09486
-0.09506
-0.095
-0.09498
-0.09483
-0.09518
-0.09521
-0.09544
-0.09574
-0.09561
-0.09586
-0.09594
-0.09608
-0.09619
-0.09645
-0.0968
-0.09667
-0.09677
-0.09678
-0.09677
-0.09686
-0.09696
-0.097
-0.09718
-0.09739
-0.09742
-0.0978
-0.09787
-0.09797
-0.09835
-0.09823
-0.09846
-0.09871

-0.0903
-0.09046
-0.0906
-0.09076
-0.09078
-0.09087
-0.09097
-0.09112
-0.09127
-0.0914
-0.09147
-0.09151
-0.09168
-0.09177
-0.09175
-0.09198
-0.09217
-0.09219
-0.09225
-0.09236
-0.09248
-0.09264
-0.09263
-0.09282
-0.09287
-0.09299
-0.09312
-0.09321
-0.09332
-0.09347
-0.09351
-0.09358
-0.09371
-0.09385
-0.09395
-0.09404
-0.09412
-0.09419
-0.09436
-0.0944
-0.09446
-0.09457
-0.09467
-0.09467
-0.09486

81.5
81.6
81.6
81.6
81.7
81.7
81.7
81.8
81.8
81.8
81.8
81.9
81.9
81.9
82.0
82.0
82.0
82.0
82.0
82.1
82.1
82.1
82.2
82.2
82.2
82.2
82.3
82.3
82.3
82.4
82.4
82.4
82.4
82.4
82.5
82.5
82.5
82.6
82.6
82.6
82.6
82.7
82.7
82.7
82.8

-9.10E-05
-9.07E-05
-9.03E-05
-9.00E-05
-8.96E-05
-8.92E-05
-8.89E-05
-8.85E-05
-8.81E-05
-8.77E-05
-8.74E-05
-8.70E-05
-8.66E-05
-8.62E-05
-8.58E-05
-8.54E-05
-8.50E-05
-8.45E-05
-8.41E-05
-8.37E-05
-8.33E-05
-8.29E-05
-8.25E-05
-8.21E-05
-8.16E-05
-8.12E-05
-8.08E-05
-8.04E-05
-8.00E-05
-7.96E-05
-7.91E-05
-7.87E-05
-7.83E-05
-7.79E-05
-7.75E-05
-7.71E-05
-7.67E-05
-7.63E-05
-7.59E-05
-7.55E-05
-7.51E-05
-7.47E-05
-7.43E-05
-7.39E-05
-7.36E-05

-1.09E-04
-1.09E-04
-1.09E-04
-1.08E-04
-1.08E-04
-1.08E-04
-1.07E-04
-1.07E-04
-1.07E-04
-1.06E-04
-1.06E-04
-1.05E-04
-1.05E-04
-1.05E-04
-1.04E-04
-1.04E-04
-1.03E-04
-1.03E-04
-1.03E-04
-1.02E-04
-1.02E-04
-1.01E-04
-1.01E-04
-1.00E-04
-9.98E-05
-9.93E-05
-9.88E-05
-9.83E-05
-9.78E-05
-9.73E-05
-9.68E-05
-9.63E-05
-9.59E-05
-9.54E-05
-9.49E-05
-9.44E-05
-9.38E-05
-9.33E-05
-9.28E-05
-9.23E-05
-9.18E-05
-9.13E-05
-9.09E-05
-9.04E-05
-8.99E-05
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108.179
109.437
110.693
111.953
113.211
114.468
115.726
116.984
118.242
119.5
120.757
122.015
123.277
124.532
125.79
127.047
128.305
129.563
130.822
132.079
133.336
134.594
135.852
137.11
138.367
139.625
140.883
142.142
143.4
144.657
145.914
147.173
148.432
149.688
150.945
152.204
153.463
154.721
155.977
157.236
158.497
159.751
161.008
162.267
163.524

-0.09871
-0.09873
-0.09882
-0.09866
-0.09873
-0.09914
-0.09931
-0.09941
-0.09946
-0.09955
-0.0994
-0.09957
-0.09987
-0.09984
-0.10003
-0.10017
-0.10059
-0.10014
-0.10037
-0.10068
-0.10092
-0.10082
-0.101
-0.10111
-0.10108
-0.10116
-0.10116
-0.10153
-0.10145
-0.1015
-0.10187
-0.10174
-0.10182
-0.1017
-0.10201
-0.1023
-0.10228
-0.10235
-0.10262
-0.10262
-0.10273
-0.10281
-0.10292
-0.10283
-0.10296

-0.09512
-0.09506
-0.09513
-0.09526
-0.09533
-0.0954
-0.09541
-0.09565
-0.09562
-0.09576
-0.09583
-0.09587
-0.09607
-0.09612
-0.09619
-0.09622
-0.09629
-0.0965
-0.09661
-0.09667
-0.0968
-0.09683
-0.09687
-0.09694
-0.09711
-0.09719
-0.09735
-0.09738
-0.09743
-0.09744
-0.09754
-0.09761
-0.0978
-0.09776
-0.0979
-0.09791
-0.09804
-0.09805
-0.09815
-0.09831
-0.09834
-0.0983
-0.09847
-0.09855
-0.09868

82.8
82.8
82.8
82.8
82.8
82.9
82.9
82.9
83.0
83.0
83.0
83.0
83.0
83.1
83.1
83.1
83.2
83.2
83.2
83.2
83.3
83.3
83.3
83.3
83.3
83.4
83.4
83.4
83.4
83.4
83.5
83.5
83.5
83.5
83.5
83.6
83.6
83.6
83.6
83.6
83.7
83.7
83.7
83.7
83.7

-7.32E-05
-7.28E-05
-7.25E-05
-7.21E-05
-7.17E-05
-7.14E-05
-7.10E-05
-7.07E-05
-7.04E-05
-7.00E-05
-6.97E-05
-6.94E-05
-6.91E-05
-6.88E-05
-6.84E-05
-6.81E-05
-6.79E-05
-6.76E-05
-6.73E-05
-6.70E-05
-6.67E-05
-6.65E-05
-6.62E-05
-6.60E-05
-6.57E-05
-6.55E-05
-6.52E-05
-6.50E-05
-6.48E-05
-6.46E-05
-6.44E-05
-6.42E-05
-6.40E-05
-6.38E-05
-6.36E-05
-6.34E-05
-6.33E-05
-6.31E-05
-6.29E-05
-6.28E-05
-6.26E-05
-6.25E-05
-6.24E-05
-6.22E-05
-6.21E-05

-8.94E-05
-8.89E-05
-8.84E-05
-8.79E-05
-8.75E-05
-8.70E-05
-8.65E-05
-8.61E-05
-8.56E-05
-8.52E-05
-8.47E-05
-8.43E-05
-8.39E-05
-8.35E-05
-8.31E-05
-8.27E-05
-8.23E-05
-8.19E-05
-8.15E-05
-8.12E-05
-8.09E-05
-8.05E-05
-8.02E-05
-7.99E-05
-7.96E-05
-7.93E-05
-7.91E-05
-7.88E-05
-7.86E-05
-7.84E-05
-7.82E-05
-7.80E-05
-7.78E-05
-7.77E-05
-7.76E-05
-7.75E-05
-7.74E-05
-7.73E-05
-7.73E-05
-7.72E-05
-7.72E-05
-7.72E-05
-7.73E-05
-7.74E-05
-7.74E-05
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164.783
166.041
167.297
168.556
169.816
171.072
172.33
173.588
174.846
176.106
177.361
178.619
179.876
181.134
182.392
183.651
184.908
186.166
187.425
188.683
189.939
191.197

-0.10315
-0.10315
-0.10322
-0.10358
-0.10364
-0.10361
-0.1037
-0.10393
-0.10403
-0.10417
-0.10412
-0.10433
-0.10441
-0.10435
-0.10443
-0.1047
-0.10453
-0.10485
-0.10503
-0.10523
-0.10517
-0.10521

-0.09867
-0.0988
-0.0989

-0.09893

-0.099

-0.09916

-0.09924

-0.09933

-0.09946

-0.09941

-0.09956

-0.09953
-0.0997

-0.09954

-0.09975

-0.09993

-0.09991

-0.09999

-0.10011

-0.10027

-0.10035

-0.10039

83.8
83.8
83.8
83.8
83.9
83.9
83.9
83.9
83.9
84.0
84.0
84.0
84.0
84.0
84.1
84.1
84.1
84.1
84.2
84.2
84.2
84.2

-6.20E-05
-6.19E-05
-6.18E-05
-6.17E-05
-6.16E-05
-6.15E-05
-6.14E-05
-6.13E-05
-6.12E-05
-6.11E-05
-6.11E-05
-6.10E-05
-6.09E-05
-6.09E-05
-6.08E-05
-6.08E-05
-6.07E-05
-6.07E-05
-6.07E-05
-6.06E-05
-6.06E-05
-6.06E-05

-7.76E-05
-7.T7TE-05
-7.79E-05
-7.81E-05
-7.83E-05
-7.85E-05
-7.88E-05
-7.91E-05
-7.94E-05
-7.98E-05
-8.02E-05
-8.06E-05
-8.11E-05
-8.16E-05
-8.21E-05
-8.27E-05
-8.33E-05
-8.39E-05
-8.46E-05
-8.53E-05
-8.60E-05
-8.68E-05
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