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SUMMARY 1

Summary

"With the term "activated sintering", we describe densification processes

during sintering of ceramics with unusually high densification rates at

unexpected low temperatures.
"

Prof. Y.-M. Chiang, MIT, Boston, December 2001

This thesis elucidates "activated sintering" a hitherto ill defined process for

the case of ceria and its solid solutions that sinter to full density with the aid

of small amounts of transition metal oxides, e.g. cobalt oxide. The effects of

cobalt oxide doping on ceria-gadolinium-oxide ceramics in terms of sintering,

grain growth, electrical conductivity, and microstructural evolution were

investigated.

It is shown that cobalt oxide in small quantities is a very effective sintering aid

for Ceo.8Gdo.2OL9 (CGO20) and Ceo.gGdojOLgs (CGO10). A dopant

concentration of only 1 cat% decreases the maximum sintering temperature

by more than 250 °C down to 1000 °C and increases the maximum shrinkage

rate by a factor of three. This sintering behavior is in contrast to undoped

CGO20, which requires 1250 °C as maximum sintering temperature. By using

nano-sized CGO10 powders, final grain sizes in the sintered ceramic can be

kept below 100 nm. The fact that these small grain sizes are achieved by

regular ceramic processing without application of external pressure is utmost

striking and unusual. The enhanced sintering behavior of cobalt oxide doped

CGO was found to be due to thin, cobalt containing grain boundary films that

facilitate densification by rearrangement of the grains in the early stage of

sintering and allow further densification to relative densities > 95 %

predominantly by grain boundary diffusion. The sintering of CGO is therefore

"activated" by cobalt oxide. Still unresolved remains the question whether

the grain boundary phase is liquid in the classical sense or only amorphous as

the lowest eutectic temperature in the system Ce-Gd-Co-0 lies well above

1000 °C.

By using different initial powder particle sizes from 6 to 300 nm, it is shown

that this beneficial effect is highest for the powders with largest particle size

and decreases with particle size. This, on the first glace surprising result, is



on one hand due to the fact that the onset temperature of sintering is lower

for smaller powder particle sizes. On the other hand, it indicates that the

effect of cobalt oxide doping is thermally activated itself. In addition, the

utilized doping process does not produce a sufficiently homogeneous

distribution of the dopant in case of nano-particle powder compacts, so that

not all grain boundaries actually contain a sufficient amount of cobalt oxide.

Hence, this shortcoming of the presently used doping process becomes more

important for powders of higher specific surface areas.

The investigation of the thermal stability of sintered undoped and cobalt oxide

doped CGO revealed that cobalt oxide activates the grain boundary mobility.

Coarsening obeys the classical parabolic grain growth law for microstructures

in the micrometer range. On the other hand, unexpectedly stable

microstructures were found for submicron sized grains. A self limiting grain

growth behavior was found for microstructures with grains in the order of

100 nm. After a rather fast coarsening in the beginning of the process, grain

growth ceases maintaining a limited grain size of roughly 300 nm. To the

knowledge of the author, it is the first time that a continuous transition from

parabolic grain growth at high temperatures to grain growth with limited grain

size at low temperatures is described for ceramic microstructures. In addition,

the excellent thermal stability of the observed submicron microstructures is

very encouraging for the potential application of nano-sized CGO as

electrolyte membranes in Solid Oxide Fuel Cells operating in the intermediate

to low temperature range.

Cobalt oxide doping not only facilitates densification in CGO but also

introduces an undesired additional electronic conductivity to the ionic

conductivity in CGO. However, it could be shown that this conductivity only

persists at temperatures above 900 °C and in quenched material. It vanishes

during annealing below 900 °C, so that no bypass for electronic current exists

during fuel cell operation at e.g. 700 °C. In contrast to quenched samples,

slowly cooled samples only exhibit the desired ionic conductivity of CGO, with

the anticipated activation energy of 0.8 eV. The occurrence of electronic

conductivity due to cobalt oxide doping is assigned to a change in valence

state of the cobalt ions. CoO is retained by quenching from 900 °C whereas

C03O4 is obtained during slow cooling. Measurements of the average cobalt ion
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excess at the grain boundaries further revealed a higher cobalt ion

concentration in the slowly cooled samples. This result shows that during slow

cooling, more time for diffusion is available for cobalt oxide segregation at the

grain boundaries.

Besides cobalt containing grain boundary films, cobalt oxide is also present in

the form of clustering particles in the triple points of the CGO matrix.

Assuming that the cobalt rich grain boundary films are in equilibrium state

with the CGO matrix, one can conclude that the minimum concentration of

cobalt oxide additive required is estimated to be less than 0.1 cat% from the

measured amount of Co excess at the boundaries. Since this concentration is

much smaller than the actually used 1 cat%, it is inferred that with a process

yielding a more homogeneous distribution of the dopant, formation of cobalt

oxide particles can be avoided.

In summary, cobalt oxide significantly lowers the sintering temperature of

CGO electrolytes opening the possibility for co-sintering with fuel cell

electrodes. At the target operation temperature of 600 - 700 °C, no

significant grain growth is expected for microstructures with grain sizes at the

order of 100 nm. Finally, no detrimental influence of cobalt oxide doping on

the ionic conductivity of CGO is observed.
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Zusammenfassung

"Mit "aktiviertem Sintern" werden Verdichtungsprozesse in Oxidkeramiken

beschrieben, welche unerwartet tiefe Sintertemperaturen und sehr hohe

Schrumpfraten aufweisen.
"

Prof. Y.-M. Chiang, MIT, Boston, December 2001

Das Ziel der vorliegenden Arbeit ist die Untersuchung des

Verdichtungsprozesses von Ceroxid, welcher durch kleine Mengen von

Übergangsmetalloxiden, wie zum Beispiel Kobaltoxid, stark aktiviert und

beschleunigt werden kann. Der Einfluss von Kobaltoxiddotierungen auf die

Verdichtung, das Kornwachstum, die elektrische Leitfähigkeit, und die

Mikrostruktur von Cer-Gadolinium-Oxid wurden dabei näher untersucht.

Es wird gezeigt, dass Kobaltoxid in kleinen Mengen ein wirksames

Sinterhilfsmittel für Ceo.sGdo^Oï 9 (CGO20) und Ceo^Gdo.^ 95 (CGO10) ist.

Schon in Mengen von 1 cat% Kobaltoxid wird die maximale Sintertemperatur

von CGO von 1250 °C auf 1000 °C gesenkt. Zudem wird die maximale

Verdichtungsrate durch die Dotierung verdreifacht. Damit können dichte

Ceroxidkeramiken mit Komgrössen, die kleiner als 100 nm sind, hergestellt

werden, falls die Partikelgrösse des CGO Pulvers im Bereich von 10 nm liegt.

Die Einstellung solch feiner Gefüge mittels klassischer Keramiktechnologie ist

äussert unüblich, zumal hier keine Heisspressverfahren zum Einsatz kamen.

Durch die Zugabe von Kobaltoxid bilden sich amorphe Korngrenzenfilme aus.

Diese erleichtern die Verdichtung durch Teilchenumlagerung wie auch die

Korngrenzendiffusion, so dass vollständige Verdichtung bei minimaler

Komvergröberung erzielt werden kann. Offen bleibt aber leider nach wie vor

die Frage, ob die Korngrenzenphase während des Sinternprozesses flüssig oder

amorph ist.

Über den Einfluss der Pulverteilchenfeinheit auf den Sinterprozess gaben

Sinterversuche von Ceroxidpulver von 6 bis 300 nm mittlerer Teilchengrösse

Auskunft. Es hat sich dabei gezeigt, dass die Absenkung der Sintertemperatur

durch die Dotierung am grössten für die grössten Partikeldurchmesser ist. Bei

den feinsten Pulvern war die Aktivierung des Sinterprozesses durch die

Dotierung verschwindend klein. Dies beruht darauf, dass der



Verdichtungsprozess bei den feinen Pulvern eh schon bei tieferen

Temperaturen einsetzt, bei denen das Sinterhilfsmittel überhaupt noch nicht

zum Tragen kommt. Andererseits zeigt dieses Ergebnis auch, dass die

Sinterung mit Kobaltoxid thermisch aktiviert ist. Desweiteren spielt die

homogene Verteilung der Dotiersubstanz eine wichtige Rolle. Bei einer

inhomogenen Verteilung der Dotierung ist es nicht möglich, alle Korngrenzen

mit Kobaltoxid zu bedecken, was speziell bei den feinsten Pulvern ein Problem

darstellt.

Bei Materialien mit Gefügen im Nanometerbereich stellt sich sofort die Frage

nach ihrer thermischen Stabilität. Die Untersuchung der thermischen

Stabilität der Gefüge in undotiertem und kobaltoxid-dotiertem CGO hat

gezeigt, dass Kobaltoxid die Korngrenzenmobilität von CGO um eine

Grössenordnung erhöht. Das Kornwachstum in mikrokristallinen Gefügen

verläuft wie zu erwarten nach dem klassischen parabolischen

Kornwachstumsgesetz. Die Gefüge hingegen deren Komgrössen im Bereich

von 200 nm liegen, zeigten bei tiefen Temperaturen eine überraschend hohe

thermische Stabilität. Schon nach kurzen Wachstumsphasen stellt sich eine

maximale Komgrösse von zirka 400 nm ein. In dieser Arbeit wird der

kontinuierliche Übergang vom parabolischen Kornwachstum zum komgrössen-

limitierten Kornwachstum in nanokristallinem Gefüge, nach Wissen der

Autorin, zum ersten Mal für Oxidkeramiken gezeigt. Die hohe thermische

Stabilität der feinen Gefüge ist zudem sehr vorteilhaft für die Anwendung als

Elektrolytmaterial in Festeletrolyt-Brennstoffzellen bei mittleren

Betriebstemperaturen.

Wie zu erwarten beeinflusst die Zugabe von Kobaltoxid aber auch die

elektrische Leitfähigkeit von CGO. Eine für die Anwendung als

Elektrolytmaterial ungewollte elektronische Leitfähigkeit wird in

kobaltoxidhaltigem CGO in abgeschreckten Material beobachtet. Diese

elektronische Leitfähigkeit verschwindet bei Auslagerung unter 900 °C, so

dass kein elektronischer Strom entgegengesetzt zum Sauerstoffionenstrom in

der Brennstoffzelle bei 700 °C entsteht. Im Gegensatz zu abgeschreckten

Proben weisen langsam abgekühlte Proben nur die gewünschte ionische

Leitfähigkeit von CGO mit der üblichen Aktivierungsenergie von 0.8 eV auf.

Die elektronische Leitfähigkeit wird mit einem veränderten Oxidationszustand
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des Kobaltions begründet. Beim Abschrecken wird CoO beibehalten, welchem

die elektronische Leitfähigkeit zugeordnet werden kann, während sich beim

langsamen Abkühlen Co304 bildet. Messungen der Kobaltkonzentration an den

Korngrenzen zeigen zudem, dass die Kobaltkonzentration in langsam

abgekühlten Proben bedeutend höher ist als in abgeschreckten Proben. Dieses

Resultat ist darauf zurückzuführen, dass beim langsamen Abkühlen mehr Zeit

für die Diffusion von Kobalt zu den Korngrenzen zur Verfügung steht.

Nebst kobaltoxidhaltigen Korngrenzenfilmen, wurde Kobaltoxid im Gefüge

auch in Form von Partikeln nachgewiesen. Unter Annahme dass die

Korngrenzenfilme im thermodynamischen Gleichgewicht sind, wird aufgrund

der gemessenen Kobaltoxidkonzentrationen gefolgert, dass weniger als

0.1 cat% Kobaltoxid eigentlich nur nötig wären, um den gewünschten

Sintereffekt zu erzielen. Da diese Konzentration bedeutend kleiner ist als die

verwendeten 1 cat%, ist anzunehmen, dass mit einem Dotierprozess, welcher

eine bessere Verteilung der Dotiersubstanz erzeugt, die Bildung von

Kobaltoxidpartikeln verhindert werden könnte.

Zusammengefasst ist festzuhalten, dass Kobaltoxid ein effektives Sintermittel

für Ceroxidmischkristalle Elektrolyte darstellt, was ein gleichzeitiges Sintern

von Elektrolyt und Elektroden im Falle einer Anwendung in einer

Brennstoffzelle ermöglicht. Bei der angestrebten Betriebstemperatur von

600 - 700 °C wird dabei kein bedeutendes Kornwachstum im CGO Gefüge

erwartet. Schliesslich wurde kein nachteiliger Einfluss von Kobaltoxid auf die

ionische Leitfähigkeit des Ceroxid-Ionenleiters festgestellt.
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GENERAL INTRODUCTION

General Introduction

Motivation and Aim of Thesis

In this world of today, civilized human life critically depends on supply of

sufficient energy to cover all our essential needs. From transport to food,

housing, fabrication of all goods, health care, information and much more - all

aspects depend on energy supply.

Nowadays, the primary energy source is oil. According to the U.S. geological

survey, 40 % of all energy consumed in the U.S. in 1998 accounted for oil (see

for example [1]). The amount of crude oil is limited, it can be assumed that

more than 90 % of the world's reserves are found [2]. The estimation of the

current reserves is a critical issue and is highly depending on the economic

interest of the oil companies. However, the peak of oil production, the so-

called Hubbert peak, is expected to be attained in the next 20 years [2]. In

the long term, supply will inevitably decrease and the price of oil will

increase.

In view of this forecast, there are tremendous efforts going on worldwide to

stretch these resources as much as possible. Hence, there is a need for power

sources that require alternative fuels. Established power sources other than

oil are for example natural gas, coal, nuclear fission or hydro-electric power.

Numerous research groups and industrial teams are developing alternative

ways to produce energy, e.g. solar cells, windmills or geothermal systems.

The most straightforward strategy to stretch the fossil fuel reserves is

improving the efficiency of use. In particular, when converting the energy of

fossil fuels into electric energy. Electric energy represents the most valuable

form of energy because of its versatile use. Combustion engines, driving

electric generators, have a conversion factor limited by the Carnot cycle.

They hardly attain more than 40 % in a single stage. Power stations combining

gas and steam turbines may reach up to 60 %, but at very large investment

cost.
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Direct conversion of combustible gases into electric energy by fuel cells has

no Carnot limitation. Moreover, efficiency of power conversion by

electrochemistry (fuel cells) does not depend on scaling factors. Small units

are as effective as large ones contrary to combustion engines.

In order to compete favorably with fossil fuel driven combustion engines, solid

oxide fuel cells (SOFCs) are most suitable as they offer the possibility to use

other fuels than hydrogen that are more convenient for transport, e.g.

methane or propane. However, fuel cells are still fighting for broad

acceptance as substitutes for combustion engines because their cost

effectiveness is hardly sufficient at present.

Progress towards lower cost of investment and operation depends in the first

place on reducing the operation temperature of 950 °C without losing

efficiency. Lower operation temperatures promise the use of less expensive

materials for interconnectors and insulation components in the construction

of SOFCs. Furthermore, life time is expected to increase as diffusion rates for

interface reactions are decreased.

The key to maintain high efficiency at temperatures around 600 - 700 °C lies

in replacing the currently standard solid electrolyte, yttria-stabilized zirconia

(YSZ), by a material with higher oxygen ion conductivity at these lower

temperatures. Such a group of materials has been identified in ceria based

ceramics as they exhibit a 4 - 5 times higher ionic conductivity [3]. However,

ceria-based electrolytes present a specific challenge to materials science.

Electrolyte membranes have to be sintered to high density in order to be

impermeable to reaction gases. Depending on the powder, the achievement

of sufficient density at regular heating rates (10 °C/min) requires high

temperatures (> 1300 °C) leading to significant grain growth. In order to

increase mechanical strength of the electrolyte, fine grain-sized

microstructures are preferred.

In a previous doctoral thesis of the Nonmetallic Inorganic Materials group by

C. M. Klein logel, the effect of small amounts of transition metal oxides to

promote sintering of Ce0.8Gdo.202-x was investigated [#391]. It was possible to

fabricate gas-tight Ce0.8Gdo.202-x ceramics below 900 °C with a final grain size

of around 120 nm [3],[4],[5]. In search for the mechanism of this effect, a

2 nm thick amorphous grain boundary layer was observed for short annealing
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times. At long annealing times, the layer disappeared. The work by Kleinlogel

raised much interest in the topic of sintering ceria solid solutions with

transition metal oxide and many subsequent studies carried the topic further

[6] - [22].

In spite of these efforts, many questions about the exact mechanism of action

of the transition metal oxide dopants remain still open. A new project was

therefore initiated.

The aim of this thesis is the investigation of the effect of cobalt oxide dopant

on to the properties of Ce1.xGdx02.x/2- The properties investigated, like

sintering, grain growth, and electrical conductivity, have been combined with

microstructural investigations since the evolution of the microstructure is

essential for the understanding of materials properties.

1.2 Outline of Thesis

The thesis begins with an introduction covering the most important aspects of

the materials used, of solid oxide fuel cells (SOFCs) and their electrolyte

materials, and then focusses on the fundamental elements of the sintering

process. Solid state, liquid phase, and sintering with additives are likewise

discussed in the part about sintering. Some important concepts of grain

growth are introduced as well, but a more complete survey of the literature

of grain growth mechanisms in ceramics is given later (Chapter 4). The

experimental section (Chapter 2) outlines the major characterization

techniques employed to obtain the data presented in this thesis. The main

part consists of five publications (Chapters 3-7). Chapter 3 is dedicated to an

analysis of sintering processes of cobalt oxide doped Ceo.8Gdo.202-x. In

Chapter 4, the grain growth of undoped as well as cobalt oxide doped Ce02

and Ceo.8Gdo.202-xis presented. The combined effect of variable initial particle

size of Ceo.9Gdo.102-x and cobalt oxide doping is discussed in Chapter 5. In

Chapter 6, the electrical conductivity of cobalt oxide doped Ce0.9Gdo.102.x is

presented. The final Chapter 7 is dedicated to a microstructural study of

cobalt oxide doped Ce1.xGdx02.x/2, which was conducted within a
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collaboration with the Max-Planck-Institut für Metallforschung in Stuttgart,

Germany. Finally, some general conclusions are drawn and suggestions for

future work made.

1.3 Materials

1.3.1 Crystal Structure of Cerium Gadolinium Oxide

Cerium gadolinium oxide, Ce1.xGdx02.x/2, is a solid solution of gadolinia, Gd203

in ceria, Ce02. Ce02 has a fluorite crystal structure, where each Ce atom is

surrounded by eight equivalent nearest-neighbor oxygen atoms. Each oxygen

atom is surrounded by a tetrahedron of four equivalent Ce atoms as illustrated

in Fig. 1.1. The ionic radius of Ce with a coordination number (CN) of 8 equals

0.097 nm [23].

Figure 1.1 Fluorite structure of Ce02.
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At low oxygen partial pressures and elevated temperatures, the Ce4+ atoms

are easily reduced to Ce3+ resulting in electronic conduction by small polaron

hopping [24]. During partial reduction of ceria, oxygen vacancies are created

in order to maintain charge neutrality as follows:

2C<e + 0^2Ce;e + V0° + i02 Eq. 1.1

When Gd203 is added to Ce02, the Ce4+ ions are replaced by the Gd3+ ions. For

maintaining electrical neutrality, an oxygen vacancy is created for two Gd3+

ions:

Gd203 -> 2Gdce + V0° + Oq Eq. 1.2

This increase in oxygen vacancy concentration is the cause for the high ionic

conductivity observed in Ce-Gd-oxide. At low Gd contents, the ionic

conductivity increases with the concentration of Gd. According to Steele, the

maximum conductivity is reached at 10 mol% Gd [25]. Higher concentrations

decrease the conductivity due to the formation of acceptor dopant-oxygen

vacancy complexes Gd3+-V0 .

The ionic radius of Gd3+ in an eightfold coordination is larger than the one of

Ce4+, that is 0.105 nm [23]. Hence, the substitution of Gd3+ for Ce4+ as shown

in Eq. 1.2 causes an increase in the lattice parameter. Further, as the

concentration of Gd increases, Ce4+ is more readily reduced at a specific

partial pressure [25],[26].

1.3.2 Crystal Structure of Cobalt Oxide

Cobalt oxide exists in three different crystal structures: Co203, Co304, and

CoO. Co203 is stable only under high oxygen partial pressure at room

temperature. The crystal structure is that of corundum [27]. As it is not stable,

its importance for this work is not considered to be significant.
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Co304 is stable in air up to its decomposition temperature at about 900 °C

[28]. The crystal structure of Co304 is of spinel type (CoO.Co203), where

cobalt has two valence states: Co2+ and Co3+. The oxygen atoms form an fee

close-packed sublattice in which Co2+ occupies one-eighth of the tetrahedral

and Co3+ one-half of the octahedral sites. According to Shannon, Co2+ has an

ionic radius of 0.058 nm (CN = 4), and Co3+ a radius of 0.055 nm (CN = 6) [23].

It is quite common for spinels that there is some degree of disorder in the

structure by exchange of the cations.

CoO is the stable structure in air above 900 °C up to the melting point at

approximately 1830
°

C [27]. The structure of CoO is of rocksalt type where the

oxygen atoms form an fee close-packed lattice with all octahedral sites filled

with cations. Fig. 1.2 shows a (100) lattice plane of CoO. CoO is a p-type

electronic conductor, as are all first row transition metal monoxides (NiO,

CuO, FeO). The positive charge carriers, h
,
are compensated by negative

charges from cation vacancies VCo' and VCo". At all temperatures, the electron

hole mobility is much greater than the ionic mobility, so that the conductivity

is entirely electronic [29].

Figure 1.2 Rocksalt structure of CoO.
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1.4 Ceria based Electrolytes for Solid Oxide Fuel Cells

1.4.1 Principle of a Solid Oxide Fuel Cell

A fuel cell is an electrochemical device that allows for the direct conversion

of chemical to electrical energy [30]. In 1839, Sir William Grove was the first

to realize and report on the principle of a fuel cell [31]. With up to 60 %, fuel

cells exhibit an energy conversion coefficient superior to devices working with

the conventional combustion technique that are subject to the Carnot

limitation. Low noise emission and a low production of pollutants are

additional advantages of fuel cells over combustion engines. Since the

beginning of the 1980's, interest in fuel cell research and development has

steadily grown. Increased awareness of environmental issues and imminent

depletion of natural resources have driven investment in research and

development of fuel cell technology [30].

Among the different types of fuel cells, ceramic based fuel cells possess of

several advantages: solid electrolyte vs. liquid, base metal oxide electrodes

vs. noble metal electrodes [30]. However, processing of ceramic electrolyte

membranes with suitable properties is a complex issue and a challenge.

Presently, the major topics in fuel cell research and development are

reduction of manufacturing cost, improvement of long-term stability,

reduction of ohmic losses, and increase of fuel utilization.

In principle, a solid oxide fuel cell consists of three main components, two

electrodes and the ceramic electrolyte. Cathode and anode usually cover the

opposite surfaces of the ion conducting, gas tight electrolyte membrane that

represents a barrier to the gas chambers of the electrodes. By spatially

separating the oxidation and the reduction reaction, chemical energy is

directly converted into electrical energy. On the anode side, the fuel is

catalytically oxidized. The liberated electrons are conducted through an

external circuit and fed into the cathode. On the cathode side, the incoming
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electrons are consumed in the reduction of the oxygen. After passing the

electrolyte, the oxygen ions react with the oxidized fuel to form water vapor.

The operating principle of a ceramic fuel cell is illustrated in Fig. 1.3.

O + 4 e-—•- 2 O2'

4 H +20 — 2 H2O

Figure 1.3 Schematic representation of the operating principle of a fuel cell

including the individual reactions taking place at anode and

cathode side.

The driving force for the diffusion of the oxygen ions through the electrolyte

is the difference in chemical potential A|i between the anode (P(02) low, \i

low) and the cathode (P(02) high, \i high). Under equilibrium conditions, the

electromotive force Eemf across the electrolyte is given by the Nernst

equation:

rt fP(02,hi8hh 3
emf

4F ^p(02,lowV

Here, R is the ideal gas constant, T the absolute temperature, and F the

Faraday constant. The open circuit voltage created by the different oxygen

partial pressures at the anode and cathode is 1 V in a typical SOFC at 800 °C.



G E N E R A L I N T R0 D U C T I O N 17

1.4.2 Electrolyte Materials for SOFC

The electrolyte material usually determines the type of the fuel cell. Hence,

fuel cells using an oxygen conducting ceramic electrolytes are therefore

named solid oxide fuel cells (SOFC). The following criteria are important for

an electrolyte of good quality:

• Dense and gas-tight

• High specific ionic conductivity

• Good mechanical resistance at low membrane thickness

• Cost-effective (materials and production)

Today's state-of-the-art electrolyte material for SOFCs is yttria-stabilized

zirconia (YSZ). Introduction of yttrium atoms into solid solution stabilizes the

fluorite and tetragonal phases down to room temperature and results in an

increase of the oxygen vacancy concentration, which in turn increases the

specific ionic conductivity [32]. The maximum value for conductivity has been

reported for a Y203 concentration of 8 - 8.5 % (0.18 S/cm at 1000 °C and 0.052

S/cm at 800 °C) [33]. The main advantage of YSZ are excellent mechanical

strength and purely ionic conductivity. On the other hand, YSZ electrolytes

require operating temperatures of up to 1000 °C for attaining sufficient high

ionic conductivity. These high operating temperatures require expensive

interconnector materials and promote degradation effects.

In order to improve cost-effectiveness of SOFCs, ceria based electrolytes have

been proposed as alternative materials to YSZ [34]. Their oxygen

conductivities exceeds that of YSZ based materials by 4 - 5 times [3]. The use

of trivalent rare earth ions allows to increase the oxygen vacancy

concentration in ceria. The highest conductivities are achieved with Sm203

and Gd203 [33]. For example, Ce02 doped with 10 mol% of Gd203 exhibits a

conductivity of 0.36 S/cm at 700 °C. For Ce0 9Sm0 102.x, a similar conductivity

of 0.35 S/cm has been reported at 700 °C [35]. Since ceria based electrolytes

are mixed conductors and their electronic conductivity increases with

temperature due to the reduction of the Ce4+ ions, it is recommended to limit

the operation temperature to 600 °C [36].
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As electrolytes need to be gas-tight, sintering of ceria solid solutions

represents an important issue. Several studies showed that sintering

temperatures higher than 1300 °C are required in order to reach full density

of ceria based electrolytes [37], [38], [39], [40], [41]. As an undesired

consequence, grain growth is enhanced at these temperatures leading to grain

sizes in the micrometer range, which result in poor mechanical stability. This

characteristic of ceria solid solutions represents one of the major drawbacks

for the application as electrolyte materials for SOFC [3].

Two different approaches have been successful for enhancing the sintering

behavior of ceria solid solutions. First, the initial particle size of the powder

is reduced to the nanometer range, thus increasing the driving force for

sintering [42], [43], [44], [45]. Second, small amounts of sintering aids, in

particular transition metal oxides (CoO^x, CuO^x, NiO^x, MnO^x, FeO^x) are

added to increase the sintering rates (see for examples [4], [6], [9], [12],

[13]). The use of cobalt oxide as a very effective sintering aid for Ce1.xGdx02.

x/2
is one of the main topics of this thesis. For a complete overview of the

actual literature, the reader is referred to the following chapters.

Sintering

Introduction

Sintering is used for the fabrication of a wide range of ceramics products, for

example ZnO varistors or lead-zirconate-titanate (PZT) piezoceramics. The

process of sintering in not only used in the field of ceramics, but also in

powder metallurgy, for example for fabricating tungsten wires for lamp

filaments or for porous metal alloys for catalytical or filtering applications.

The range of sintered product is much larger than these few examples and

includes various other applications, e.g. dental implants, semiconductor

substrates, golf clubs, rocket nozzles or turbochargers.

The process of sintering represents a thermal treatment of a porous pressed

compact, the green body, in order to obtain a solid body of good mechanical

strength and of similar shape. Fig. 1.4. illustrates an example, the sintering of

CeogGdo^ 9
from the powder to the sintered body. Bonding of particles
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occurs via mass transport mechanisms at the atomic level. Sufficiently high

diffusion rates are usually obtained at sintering temperatures of 0.5 -0.8 *Tmp,
where Tmp represents the homologous melting temperature of the powder.

During sintering, the following observations are made:

• Rearrangement of powder particles (mainly occurring at the beginning of

sintering)

• Alteration of pores regarding size, distribution, form and quantity

• Shrinkage of porous green body (typical green body densities lie between

30 and 60 % of the theoretical density)

• Alteration of optical, electrical and mechanical properties

• Development of new phases

• Grain growth (mainly occurring at the end of sintering)

a) b)

Figure 1.4 Change in microstructure due to sintering, a) Ceo.sGdo^C^ 9

powder b) Ceo.sGdo^C^ 9 heated to 1100 °C with 0.5 °C/min and

quenched in air.

1.5.2 Driving Force for Sintering

During sintering, the free energy of the system is lowered. Three different

driving forces for sintering are commonly distinguished:

1 ) curvature of the particle surfaces

2) externally applied pressure

3) chemical reaction.



20 CHAPTER 1

A schematic drawing of these three driving forces is shown in Fig. 1.5.

| | p

Figure 1.5

%| f^te

dense solid

Driving forces for the sintering of a powder compact. 1)

Curvature of the particle surfaces. 2) Externally applied

pressure. 3) Chemical reaction, (after [46])

In the context of this thesis, sintering was performed without application of

an external pressure and without chemical reaction. Therefore, the main

driving force for sintering is provided by the curvature of the particle surfaces.

The decrease in surface free energy is illustrated by the following numerical

example. The considered powder green body consists of 1 mol of spherical

particles with radius r. The number of particles N equals:

N
3M

4rcr p

3VJ v
m

47rr3
Eq. 1.4

where M is the molar mass, p the density, and Vm the molar volume. In a next

step, the total surface area S of the particles can be calculated as:

47ir N
3V„

Eq. 1.5

Hence, the surface free energy Es equals:

Es= S-Ys

3y V
Jsv n

Eq. 1.6
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The specific surface energy of the particles at the solid-vapor interface is

denoted as ysv. Assuming 1 J/m2 for ysv and 25*10"6 m3 for the molar volume,

the surface free energy for a particle radius of 1 |im equals 75 J/mol. For a

particle radius of 10 nm, the surface free energy becomes 7500 J/mol. As also

is obvious from Eq. 1.6, the smaller the particle size the higher the driving

force.

In a real system, sintering does not lead to a monocrystal as depicted in

Fig. 1.5, but to a polycrystal consisting of numerous grain boundaries as shown

in Fig. 1.4. If the grain boundary energy yss (s-s stands for solid-solid) is

estimated as 0.3 J/m2, the remaining reduction in surface free energy equals

5250 J/mol for a particle radius of 10 nm.

1.5.3 Solid State Sintering

1.5.3.1 Overview

In case of solid state sintering, the consolidation of the green body occurs

without melting, i.e. the maximum temperature during sintering stays below

the solidus or the eutectic temperature. The densification and the reduction

of the porosity occurs exclusively by diffusion in the solid state. The powder

can consist of one or several phases. oc-Al203, Y203, ZnO, and Ce02 are

examples of ceramic materials that are usually densified by solid state

sintering.

The sintering process is divided into three stages. A stage represents an

interval of time, temperature or density that can be described by a well

defined microstructure. Fig. 1.6 shows the time-temperature program as well

as the densification curve of an Al203 green body with an approximate particle

size of 1 urn. It should be noted that sintering is not complete at the point of

maximum temperature. This behavior is typical for industrial sintering, where

an important amount of densification occurs during the dwell at maximum

temperature. The processes of the first stage of sintering typically take place
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during the first 5 % of shrinkage. The major increase in density occurs in the

second or intermediate stage whereas during the final stage, the remaining

5 % of porosity are eliminated.
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Figure 1.6 Solid state sintering of Al203 with the three stages of sintering

indicated.

1.5.3.2 Initial Stage of Sintering

The initial stage is characterized by rearrangement of the particles and the

neck formation between particles. In some cases, the process of

rearrangement is also considered to take place before the first stage.

Rearrangement, essentially by rotation of particles, is a result of unbalanced

neck placements. Thereby, the grain boundary energy is reduced. For a

crystalline solid, the grain boundary energy is a function of the relative

orientation of the particles. Fig. 1.7 shows the rotation and new contact

formation for sintering of copper spheres.

Figure 1.7 Rearrangement of Cu spheres at initial contact, after 4 h, and

after 64 h at 927 °C (from left to right). [47]
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With increasing time or temperature, the previously formed necks start to

grow. Depending on the material and sintering atmosphere, the growth of the

interparticle neck can occur by diffusion, vapor transport, plastic or viscous

flow. The characteristic parameter is the neck size ratio x/d (Fig. 1.8).The first

Figure 1.8 Two sphere model of particles with diameter d and interparticle

neck of diameter x. (after [48])

stage of sintering ends when the necks start to impinge at approximately a

neck size ratio of 0.3. Homogeneity of the green compact is important during

the first stage as more closely packed regions sinter together preferably so

that quickly large pores are formed that might not be eliminated at the latter

stage of sintering (Fig. 1.9).

Figure 1.9 Sintering of Cu spheres at 927°C with indicated neck size ratio.

Initially large pores grow whereas small pores shrink due to

inhomogeneously packed green body. [47]

1.5.3.3 Intermediate Stage of Sintering

The intermediate stage represents the most important increase in density of

the green compact and defines the final properties of the sintered body to a

large extent. Pore rounding, densification and grain growth simultaneously

occur during this stage. The pores are typically represented by cylindrical



24 CHAPTER 1

tubes located at the grain edges as shown in Fig. 1.10. The pore structure is

fully interconnected throughout the compact. In a real compact, the pores are

not of a single size, but possess a distribution.

Figure 1.10 Interconnected pore structure during intermediate stage of

sintering. [49]

The neck growth during the initial stage as well as the densification during the

intermediate stage takes place by diffusion. Thereby, it is important to

distinguish between the different diffusion mechanism, which can be

categorized into densifying and non-densifying. Fig. 1.11 shows an

arrangement of three particles with sinternecks including the atom pathways

of the following diffusion mechanisms:

1 ) Evaporation at particle surface/condensation at neck

2) Surface diffusion along particle surface

3) Volume diffusion from particle surface

4) Volume diffusion from interparticle center

5) Grain boundary diffusion from interparticle center
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Non-densifying mechanism (1, 2, 3) mainly transport material from the

particle surface to the neck resulting in neck growth. Densifying mechanisms

(4, 5) are characterized by an atom flux from the interparticle center to the

neck. Thereby, the particle centers approach each other leading to

macroscopic shrinkage.

Figure 1.11 Three particle model representing diffusion mechanisms that are

non-densifying (1, 2, 3) and densifying (4, 5).

Diffusion is an thermally activated process which can be described by a simple

Arrhenius relation:

D = D0exp(j2) E,.1.7

Here, D is the diffusion coefficient, D0 a pre-exponential factor, Q the

activation energy of the diffusion process, k the Boltzmann's constant, and T

the absolute temperature. In general, volume diffusion exhibits a higher

activation energy than grain boundary diffusion, which again shows a higher
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activation energy than surface diffusion: Qv > Qgb > Qs. Accordingly, the

magnitude of the diffusivity D varies with temperature as is illustrated in

Fig. 1.12.

Ln(D)

Figure 1.12 Dependence of volume, grain boundary, and surface diffusion on

sintering temperature, (adapted from [50])

1.5.3.4 Final Stage of Sintering

The start of the final stage is marked by the closing of the pores. The tubelike

pores as described in the intermediate stage become unstable and finally

collapse. For a pore geometry of cylinders, the breakdown of the pores occurs

at 8 % of residual porosity. Since in a real compact, a distribution of pore size
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exists, closing of the pores starts at around 15 % porosity. At 5 % remaining

porosity, the last pores close. Fig. 1.13 shows the pore structure with

remaining pores at the grain corners.

Figure 1.13 Pore structure during final stage after collapsing of the pores

from intermediate stage. [49]

At the end of the intermediate and during the final stage, grain coarsening

becomes important. The average grain size usually increases with time.

Numerous studies have treated the issue of grain growth. A summary about

grain growth in ceramics can be found in Chapter 4.

Figure 1.14 Pore breakaway during grain growth. [49]

The total grain boundary energy is reduced when a pore is located at a

boundary. Movement of the boundary during grain growth forces the boundary

to bend, thereby increasing its energy. At a certain condition, it can become

more favorable for the boundary to break away, so that the pore is left behind
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inside the grain (Fig. 1.14). Pore breakaway occurs if the pore mobility is

lower than the boundary mobility. Contrary, if the pore mobility is higher than

the boundary mobility, pores remain attached. Pore breakaway depends on

grain and pore size. Addition of a sintering aid can displace the point of pore

break away to larger grain and pore sizes. This correlation was first explained

by Brook in 1969 and is illustrated in Fig. 1.15 [51], [52]. Three main regimes

can be distinguished here. First, relatively small pores are quite mobile, so

that they can move with the boundary without exerting a significant drag

(boundary control). Second, the larger and less mobile pores that are closely

separated remain attached to the boundary, but determine the boundary's

velocity (pore control). Third, larger pores that are widely separated, are left

behind by the boundary (pore breakaway). Pores inside a grain are of spherical

shape whereas pores at the boundary are lenticular due to the dihedral angle

(Fig. 1.14). Intragranular pores are difficult to eliminate as volume diffusion

must be activated. If a material should be sintered to full density with

controlled grain size, pore breakaway has to be avoided.

N

'co

3

o

boundary
control

4/ '
<» pore control

log(pore size)

Figure 1.15 Qualitative diagram of pore boundary interaction (adapted from

[51]).

1.5.4 Liquid Phase Sintering

1.5.4.1 Overview

Liquid phase sintering is sucessfully applied to many ceramic as well as

metallic systems, for example W with Ni or Fe, Al203 with Si02, Fe with Cu.

The presence of a liquid usually leads to increased shrinkage rates and
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accelerated grain growth. The liquid can either be transient or persistent

during the sintering process. In ceramics, particularly in silica containing

systems, the liquid typically forms a glassy grain boundary phase after

sintering, which usually degrades creep or fatigue resistance. The volume

fraction of the liquid can be only a few percent and therefore not easily visible

by electron microscopy.

The driving force for liquid phase sintering is the reduction of the liquid-vapor

interfacial area. For a spherical pore with radius r (Fig. 1.16), the pressure

difference Ap across the curved surface can be calculated with the equation

of Young and Laplace:

Here, ylv represents the interfacial energy between the liquid and the vapor.

Figure 1.16 Pore in liquid with radius r.

Solubility is an important factor determining the type of liquid phase

sintering. Extensive densification is obtained for the case where the solid

exhibits a higher solubility in the liquid than vice versa. If both intersolubilities

are low, a high degree of rearrangement and limited densification can be

expected. The case of a higher liquid solubility in the solid leads to swelling

phenomena and a transient liquid state. Finally, the situation of high

intersolubilities is difficult to predict. Swelling and densification occur

simultaneously and depend on many parameters, such as temperature, green

density, or particle size.
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Similar to solid state sintering, the densification upon liquid phase sintering

can be categorized into three stages. Fig. 1.17 shows an example of liquid

phase sintering of Al203 containing 5 mol% of CaSi03. In the following, the

different stages are discussed for the case of a high solid and a low liquid

solubility.

o
o

2?

2
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Figure 1.17 Liquid phase sintering of Al203 with 5 mol CaSi03. Note the

sudden increase in density at around 900 °C.

1.5.4.2 Initial Stage of Sintering

Before the pressed compact reaches the temperature where liquid appears,

sintering takes place in the solid state. An important part of densification is

obtained by solid state sintering in many systems of liquid phase sintering.

Upon formation of the liquid, a sudden increase of density is observed due to

strong capillary forces (Fig. 1.17). Capillary forces depend on the quantity of

liquid phase and the interparticle distance [53]. In case the liquid wets the

solid, the capillary force exerts a compressive force on to the particles. Taking

1 J/m2 for the interfacial energy between liquid and vapor ylv and a pore

radius of 0.5 urn, the resulting pressure difference calculated with Eq. 1.8

equals 4 MPa. Pressures of this magnitude represent an appreciable driving
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force for densification. The wetting of the liquid depends on the reduction of

free energy upon creation of the new interfaces between solid and liquid, and

liquid and vapour, that is:

YSv>Ysi+Yh Eq. 1.9

The ratio of the respective interface energies y also influences the dihedral

angle, which is formed at the intersection of liquid and solid as shown in

Fig. 1.18. Local equilibrium of the dihedral angle is expressed as:

cos

2Ysi
Eq. 1.10

Figure 1.18 Local equilibrium at the solid-liquid interface showing the

dihedral angle (f). [50]

Penetration of the liquid between solid grains varies with the dihedral angle

(Fig. 1.19). For a dihedral angle of 0°, all solid grains are penetrated by the

liquid. For a 0 between 0 and 60°, the liquid form a continuous network along

the grain edges. When 0 is in the range from 60 to 120°, the liquid penetrates

the solid phase only partially. Finally, the liquid tends to form round particles

for dihedral angles larger than 120°.

i = 0°

(polished section)
= 135° 4> = 180°

(polished section)

Figure 1.19 Penetration of liquid phase as a function of dihedral angle. [50]
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The sudden increase of density as the liquid appears, is also due to a high

degree of particle rearrangement since the liquid lowers the viscosity of the

system. If volume fraction the liquid is approximately 26 vol%, full

densification can be achieved by rearrangement. However, particle contacts

as well as prior solid state sintering may inhibit rearrangement.

1.5.4.3 Intermediate Stage of Sintering

As soon as the shrinkage rate slows down due to rearrangement, diffusion

processes become more important. This intermediate stage is therefore called

solution-reprecipitation stage, where atoms from the solid are dissolved,

transported through the liquid, and precipitated at a site of lower chemical

potential. The smaller the grain, the higher the solubility. Hence, sharp edges

of the solid particles exhibit a high solubility and disappear, so that the

microstructure gets smoothed. These different solubilities of the grains lead

to a concentration gradient in the liquid. By consequence, large grains grow

at the expense of small grains. This growing process is known as Ostwald

ripening. The stage of solution-reprecipitation does not only lead to grain

growth via Ostwald ripening, but also to further densification. An increase in

density for example can be obtained by grain shape accommodation, i.e. the

grains change their shape in order to fill the space around the liquid better.

Fig. 1.20 shows an optical micrograph of a W-Ni-Fe alloy with a microstructure

exhibiting a significant degree of grain shape accommodation.

Figure 1.20 Microstructure of a W-Ni-Fe alloy showing full density and grain

shape accommodation. [49]
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1.5.4.4 Final Stage Sintering

In the final stage, densification slows down. This sintering during the last stage

is also called skeleton sintering and is characterized by continued coarsening

of the microstructure by Ostwald ripening. Gases in trapped pores can lead to

swelling phenomena. Properties are usually degraded if the material is

sintered for too long.

1.5.5 The Role of Sintering Additives

The addition of small amounts of a second phase is a very common method to

improve the sintering characteristics of a material. In general, the purpose of

an additive is to obtain a high density and a controlled grain size. The

following classification regarding the effect of an additive A to a base material

B can be made:

1 ) A and B form a liquid phase C

2) A forms a liquid phase

3) A exhibits a high solubility in B

4) A exhibits a low solubility in B

The first two cases usually lead to classical liquid phase sintering as described

in Section 1.5.4. The third case is also called the solid solution approach and

the fourth is referred as activated sintering in the context of this work. The

characterizations as cases of low and high solubility are rather relative. It

should therefore be noted that as soon as the additive exceed its solubility

limit, precipitation of a second phase particles (A or a mixed phase C) can be

expected. With increasing concentration of these particles, the sintering

process is more and more affected.

1.5.5.1 Solid Solution Sintering

The method of adding a solute mainly uses the effect of solute drag. The

solute tends to have a non-uniform distribution across the grains as it is either

attracted to or repelled from the boundary. This interactive force between

solute and grain boundary can be due to a size mismatch between solute and
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host ions that creates a lattice strain energy. For aliovalent solutes, the

interaction potential can also arise from the electrostatic energy. The

concentration profile of a solute is thought to be symmetrical for a stationary

boundary. As soon as the boundary moves, the concentration profile becomes

asymmetric resulting in a retarding force or a drag on the boundary. Two

different consequences are possible then. Either the grain boundary drags the

solute atoms along during moving or the boundary breaks away leaving a

solute cloud behind (Fig. 1.21). Solute drag also plays an important role during

grain growth (Chapter 4).

[cone]
i boundary

i i i

solute clourJN^

X

Figure 1.21 Solute drag exerted by a solute at the grain boundary (shown as

dashed line) during movement of the boundary. A solute cloud is

left behind if the boundary can break away.

The most famous example of using a solute to improve sintering certainly is

the case of MgO-doped Al203 first reported by Coble [54]. The effect of MgO

is clearly visible in the micrographs in Fig. 1.22. The addition of small amounts

of MgO prevents pore breakaway and exaggerated grain growth. The effect of

an impurity on pore breakaway has already been mentioned further above

(Fig. 1.15). After the discovery by Coble in 1961, it turned out that the

understanding of the effect is far more difficult. MgO influences the sintering

of Al203 in many aspects as summarized by Berry and Harmer [55]:

a. Magnesia increases the densification rate by increasing the diffusion coef¬

ficient, Dv or Dgb. This effect is expected to change the grain size/density

trajectory during sintering, so that smaller pores with a higher mobility

are created, which remain attached to the boundary. The drag force

exerted by these pores helps to prevent abnormal grain growth.
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b. Magnesia increases the pore mobility by raising the surface diffusion coef¬

ficient Ds, which changes the grain size/density trajectory resulting in

larger grains and larger pores at a given density.

c. Magnesia lowers the grain boundary mobility Mb, which in turn changes

the grain size/density trajectory to give smaller grains at a given density.

The lowering of the grain boundary mobility is also thought to be respon¬

sible for the attachment of the pores to the boundary.

a) b)

Figure 1.22 Effect of MgO on the microstructure of Al203. a) Pure Al203. b)

MgO-doped Al203. [54]

Current understanding of the effect of MgO is that it affects all the key

parameters of sintering to some extent, i.e. Dv, Dgb, Ds, yss/ysv, and Mb.

However, the most important effect is the solute drag, which reduces the

boundary mobility Mb.

The investigation of MgO-doped Al203 has initiated many studies with the aim

of finding suitable sintering additives for different oxides. A few examples are

listed in Table 1.1. It is clear that the mechanism of action of these examples

is not only by solid solution. It is actually quite common that the exact

mechanism of action remains unknown. The occurrence of several concurrent

mechanisms, for example formation of solid solution and second phase
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particles additionally complicates the analysis of the exact densification

mechanism. The purpose of Table 1.1 is merely to illustrate the wide variety

of additives for sintering.

Material Additive(s) Effect Reference

Al203 Ti02 Increase of dp/dT, decrease of T [56]

Al203 Zr02 Increase of dp/dT, increase of T [56]

Ce02 Co304 Increase of dp/dT, decrease of T,
increase of pfmal

[12],

[2] - [4]

Ce02 Fe203 Increase of dp/dT, Increase of pfmal [9], [11],
[18]

Ce02 Gd203 Increase of dp/dT, decrease of T [41]

Ce02 Mn304 Increase of dp/dT, Increase of pfmaU [13], [14]

Ce02 Y203 Increase of T, Increase of pfmal [45], [57],
[58]

ln203 Ti02 Increase of dp/dT [59]

MgO V205 Increase of dp/dT, decrease of T [60]

Sn02 Co304,

Mn304

Increase of dp/dT, increase of pfmal [61]

Y203 MgO, CaO,

SrO, BaO

Increase of dp/dT, Increase of pfmal [62]

Y203 Ti02 Increase of dp/dT, decrease of T [63]

ZnO Al203 Increase of pfmal [64]

ZnO Mn304 Increase of onset of sintering,
increase of pfmal

[65]

Zr02-Y203 Co304 Decrease of T [66]

Table 1.1 Effect of additives on the sintering of various oxides. Increase or

decrease of T signifies a shift of the sintering curve to higher or

lower temperatures respectively.

1.5.5.2 Activated Sintering

Activated sintering refers to a sintering process where due to an additive, the

activation energy for densification is lowered, leading to lower sintering

temperatures and shorter sintering times. Usually, improved properties are
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also expected [67]. German et al. identified key requirements for a system

with a base and an activator material in order to qualify for an activated

sintering process. First, the base material should have a higher solubility in the

activator material than vice versa in order to create short circuit diffusion

paths. As diffusion is a thermally activated process, it scales with the melting

temperature. Consequently, a phase with low melting temperature will

inherently have a larger diffusion coefficient. Therefore, the activator

material should have a lower melting temperature than the base material.

Fig. 1.23 demonstrates an example of a phase diagram that fulfills these

requirements. Activated sintering is usually performed below the eutectic

temperature. It should be noted that activated sintering and liquid phase

sintering have many characteristic features in common. The main differences

lie in the additive concentration and the maximum sintering temperature.

First, activated sintering is obtained with small concentrations of doping while

liquid phase sintering can use up to 10 or more vol% of liquid. Second, the

maximum sintering temperature for liquid phase sintering lies above the

eutectic temperature while enhanced shrinkage is observed below the

eutectic temperature in case of activated sintering.

Activator Base

Figure 1.23 Ideal phase diagram for a base and an activator material to show

activated sintering, (after [67])

Well known and much employed is sintering of refractory metals with small

quantities of transition metals. For example, sintering of W can markedly be

improved with the addition of 1 % of Cu, Fe, Co, Ni, but also Pt and Pd

(Fig. 1.24). The effectiveness of the different additives for W scale with the

calculated activation energy. The necessary amount of activator is usually
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small. In the case of activated sintering of W, it turned out that the activator

concentration was ideal if equivalent to 4 atomic layers on the powder

surface. During sintering, the activator is distributed along the grain

boundaries increasing the diffusion rates. As the solubility of the activator in

the base materials is small, the activator remains segregated at the boundary

as is visible in Fig. 1.25. In the case of Ni-doped Mo, Hwang et al. identified a

2 nm-thick 5-NiMo grain boundary phase that formed during sintering [68]. The

embrittlement of Ni-doped Mo was explained by the presence of 5-NiMo,

which is intrinsically brittle. Prolonged sintering has to be avoided as it leads

to excessive grain growth, which in turn degrades the properties of the

material [69]. There is a minimum activator concentration required in order

to change the sintering significantly as was shown in the case of Pd-doped Mo

[49]. The activator material should form a continuous network throughout the

sample in order to enhance diffusion.

shrinkage, %
22

approximate fractional density
100

^0 50

1000 1100 1200 1300

temperature, °C

1400

Figure 1.24 Enhanced shrinkage observed for tungsten doped with various

metals. Samples were sintered 1 h in hydrogen. Best activators

for W are Pd and Ni. Note that pure tungsten only densifies to

50 % relative density at 1400 °C. [49]
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Figure 1.25 Scanning electron image of fracture surface of Pd-doped W. The

activator material is located at the grain edges. [49]

Activated sintering has also been identified as the key densification

mechanism for various ceramic materials. Examples are the case of CaO-

doped MgO [70], CaF2-doped MgF2 [71], CaO-doped Al203 [72], ZnO and CuO-

doped Sn02 [73], and Bi203-doped ZnO [74]. Sintering of these systems is

characterized by highly activated sintering rates below the eutectic

temperature [75]. Especially the case of Bi203-doped ZnO has been

investigated in detail. Above the eutectic temperature of the system ZnO-

Bi203, 740 °C, traditional liquid phase sintering is observed [76]. The addition

of only 0.05 wt% of Bi203 to ZnO leads to excessive grain growth [77].

Significant shrinkage is also obtained below the eutectic temperature [78].

Recently, Choi et al. reported on a Bi203-rich grain boundary phase in Bi203-

doped ZnO [79]. Luo et al. also have observed disordered grain surfaces and

intergranular films with 1 - 2 nm thickness below and above the eutectic
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temperature [80]. They assigned the phenomenon of activated sintering below

the eutectic temperature to the existence of these amorphous intergranular

films [74] (Fig. 1.26).

Figure 1.26 Intergranular amorphous film in Bi203-doped ZnO.[81]

Grain boundaries play a very important role in liquid phase and activated

sintering. In theoretical analyses, the composition and structure of the

boundaries is often assumed to be constant. However, recent investigations

have shown that the nature of grain boundaries is far from understood. In the

case of Ca-doped Si3N4 for example, the composition of the grain boundary

film varied between three- and four-grain-junctions and also from boundary

to boundary [82]. Especially in the case of nanometer thick grain boundary

film, a vide variety of forces influence the boundary characteristics. Clarke

proposed the existence of an equilibrium thickness of 1 nm for grain boundary

films [83]. The value of this thickness is obtained by balancing the attractive

van der Waals forces between the grains and short-range repulsive forces due

to the resistance to deformation of the grain boundary phase. A

thermodynamic approach for the explanation of intergranular films was

introduced by Wang et al. [84]. They claim that the free energy of the grain

boundary with the film is lower than the sum of the boundary energy without

film and the free energy necessary to accommodate the additive as solid

solution or as nonwetting secondary phase. Later, Luo et al. extended Wang's

thermodynamical approach to find an expression for the change in Gibbs' free

energy AG upon creation of one unit area of film [80]:

AG = (ysl + ylv-yss) + Evdw + Eshort_range + (AGvol-h) Eq. 1.11
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Here, Evdw and Eshort.range are the van der Waals and short-range interactions,

respectively, and each depends on the thickness h of the film. AGvol is the

volumetric Gibbs' free energy that is necessary to form a grain boundary or

surface film of average composition. The first term in Eq. 1.11. represents the

reduction in free surface energy upon creation of two new interfaces and is

similar to Eq. 1.9. Evdw and AGvol depend on the materials system. The

function AG(t) is expected to have a minimum at the equilibrium thickness heq
of the film for the case of a positive volumetric free energy of forming the

amorphous film as depicted in Fig. 1.27. The fact that AGvol > 0 signifies that

additional energy is required to form the film, the simplest approximation for

this energy represents the volume free energy of fusion. In metals, the

formation of a grain boundary phase is known to be linked to both, a reduction

in interfacial energy as shown in the first term of Eq. 1.11 and to the heat of

solution of the crystal required for the film formation [85].

AG

Short-range

repulsion

,
^^ Ysi + Yiv-Yss+AGvorh

n =

neq Film thickness h

Figure 1.27 Thermodynamical model for amorphous film exhibiting an

equilibrium thickness h
. (adapted from [80])

1.5.6 Sintering Models

In 1945, Frenkel developed the first analytical model for the description of the

process of sintering [86]. Since then, numerous models for all types of

sintering have been developed. The models can be classified into four

different types: analytical models, models based on scaling laws, numerical

models, and empirical models.

0
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1.5.6.1 Analytical Models

The geometry used for the derivation of analytical models is in general based

on uniformly packed, spherical particles of uniform size. As it is difficult to

define a geometry that describes the whole sintering process adequately and

that can be described with analytically solvable equations at the same time,

each sintering stage is usually modeled separately. The sintering kinetics are

then established on the basis of flux equations assuming that one diffusion

mechanism is predominant.

Various models for neck growth during initial-stage sintering have been

developed based on the two sphere model as shown in Fig. 1.8 (see for

example [87]). These models provide an estimation for the relative rate of

neck growth for any transport mechanism. Under isothermal conditions, the

following equation holds [49]:

*Y
=
M Eq. 1.12

where x is the neck diameter, d the particle diameter, t the isothermal

sintering time and B a collection of material and geometric constants that are

specific to the predominant transport mechanism. The exponents n and m are

assumed to be constant for a certain transport mechanism. Table 1.2 shows

the corresponding values for grain boundary and volume diffusion.

Diffusion mechanism m n B

Grain boundary diffusion 6 4 208DbyQ/kT

Volume diffusion 5 3 80DvyQ/kT

Table 1.2 Coefficients in sintering model for initial stage sintering as shown

in Eq. 1.12.

Symbols: 8 = grain boundary width, Dbv = diffusivity of boundary

and volume respectively, y = surface energy, Q = atomic volume,

k = Boltzmann's constant, T = absolute temperature.
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It should be noted that Eq. 1.12 is a very simple model and only valid during

the first stage of sintering as neither changes in the pore structure nor grain

growth is considered. It is very difficult to measure neck sizes experimentally.

Therefore, the macroscopic shrinkage is usually related to the neck size by a

parabolic law:

*L
= (*)2 Eq. 1.13

L0 W

where AL/L0 is the absolute length change divided by the initial length of the

compact. Eq. 1.13 is an approximation. It was shown by Maximenko et al. that

this relationship only holds in absence of surface diffusion [87]. Combining

Eq. 1.12 and Eq. 1.13 leads to a kinetic law for the shrinkage during the first

stage of sintering:

n

MLV
=

Bt Eq. 1.14

W 2ndm

The coefficient B is exponentially dependent on temperature since diffusion

is a thermally activated process:

B=B0exp(=g) Eq.1.15

Using Eq. 1.14 and Eq. 1.15, the predominant diffusion mechanism and the

respective activation energy can be evaluated from experimental data.

However, the assumption of one dominant diffusion mechanism is usually not

valid for real powder compacts. It is more common that concurrent

mechanisms operate, so that the individual contributions can not easily be

extracted.From this simple model for densification in the first stage, the

following general conclusions can further be drawn. First, the smaller the

particle size, the higher the shrinkage. Second, shrinkage depends
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exponentially on temperature, but only linearly on time. Therefore, an

increase in temperature has a much more drastic effect than an increase in

dwell time.

In summary, analytical models do not provide an adequate quantitative

description of the sintering process. However, they point out very important

relations between the shrinkage and the key parameters of sintering, e.g.

particle size or temperature. Therefore, they represent an important tool for

the qualitative understanding of sintering.

1.5.6.2 Scaling Laws

Herring was the first to report on scaling laws for describing the effect of

particle size during sintering [88]. Scaling laws consider the effect of change

of scale of the microstructure during sintering. They are not based on a

specific geometric model, but it is assumed that the microstructure remains

geometrically similar during sintering. Two systems are considered

geometrically similar if the linear dimension of all features, e.g. particle or

pore size, are linked with a numerical factor, the scaling factor. Fig. 1.28

illustrates two geometrically similar particle systems with two different

particle diameters di and d2. The scaling factor X is in this case simply the ratio

between d2 and dp

d?

\ =
-1 Eq. 1.16

di

Figure 1.28 Two particle systems that are geometrically similar.
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The time necessary to reach a certain degree of sintering, i.e. to reach a

certain neck size ratio can be calculated as follows:

In Eq. 1.17, t2 represents the necessary time to sinter particles with a

diameter d2 to a neck size ratio x2/d2. Similarly, tj is the time needed to

achieve a neck size ratio xj/dj for a particle diameter di. The exponent m

depends on the dominant transport mechanism and equals 4 for grain

boundary diffusion and 3 for volume diffusion.

Scaling laws also lack of a quantitative description of the sintering process

similar to the analytical models described further above. As often multiple

transport mechanisms are active during sintering, extraction of the individual

contributions via one exponent is difficult, if not impossible. However, scaling

laws illustrate the importance of the particle size for sintering and therefore

help to improve the qualitative understanding of the process of sintering.

1.5.6.3 Numerical Models

There is a strong demand from industrial manufacturers of sintered parts for

precise, quantitative models of sintering [89]. In particular, numerical models

would be of great help in controlling and optimizing their key manufacturing

step. Improved quality, reduced rejection rates and cost are attractive

advances that are possible with such tools.

Compared to the analytical model, numerical models allow for more realistic

neck geometries so that the complex sintering process can be described more

appropriately. In addition, several active diffusion mechanisms with mutual

interaction can be modeled. According to their length scale, the following

types of numerical models may be distinguished.

In atomistic simulation, the sintering process of a particle cluster is simulated

at the atomic level. Each particle is labeled by its chemical composition and

crystalline structure. Computer simulation then follows the motion of each
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individual atom as particles undergo sintering. Interpretation of the resulting

atomistic trajectory is often not equivocal, although various methods exist to

transfer the atomistic result into thermodynamic and kinetic properties [89].

Molecular dynamics (MD) simulations are based on Newton's equation of

motion for every molecule or particle, respectively and have mainly been

applied to the sintering of nanoparticles [90]. However, computing times are

enormous; typical sintering times are in minutes or even hours [89].

Therefore, MD simulations are still not practical tools for industry.

Accomplished simulations confirmed the existing knowledge of sintering, for

examples that sintering is sensitive to temperature and particle size [91]. It is

expected that with increasing computational power, a larger number of

particles can be simulated so that the existing gap between the molecular and

continuum level can be closed. Consequently, MD simulations would then also

provide important information to better understand the physics of the

phenomena of interest [90].

At larger length scale, MD simulations have been used to calculate diffusion

coefficients by using the time dependent mean square displacement. For

example, Fisher and Matsubara modeled the oxygen ion diffusion in a cubic

zirconia grain boundary [92] and Zachariah calculated the self-diffusion

coefficient in silicon nanoparticles [91].

Solid state sintering has further been studied by using finite difference

schemes. For that, the governing equations proceed from conservation of

matter, continuity of the chemical potential, balance of interface tensions at

interface junctions, and equilibrium of the grain boundary stresses and

applied forces [89]. By use of variational calculus, finite element (FE) schemes

have also been constructed for the calculation of approximate solutions [89].

This approach has also been employed for the simulation of microstructural

evolution (see for example [93], [94]).

FE method has further been applied to model the sintering process of a single

component by using a modern FE package (ABAQUS for example). The starting

parameters consist of various intrinsic material properties, for example grain

boundary energies or diffusion coefficients and a few experimentally

determined parameters. The output of the simulation can then directly be
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used to optimize the industrial sintering process and thus can avoid

postprocessing or rejection [89]. The sintering process of SiC for example has

recently been modeled by using this approach [95].
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2 Experimental Methods

2.1 Powder Characterization

2.1.1 Physical Gas Adsorption

The specific surface areas of the powders were determined by means of the

5-point BET (Brunau-Emmett-Teller) gas adsoprtion method (Nova 1000,

Quantachrome Co, USA). This method is based on the isothermal adsorption of

nitrogen on to the particles' surface. The temperature of adsorption

corresponds to 77 K, the boiling point of N2. The amount of adsorbed N2

depends on the particles' surface as well as on the partial pressure of the

adsorbant. The five partial pressures P/P0 corresponded to 0.10, 0.15, 0.20,

0.25, and 0.30. P0 represents the saturation pressure or the vapor pressure of

liquid nitrogen.

Prior to each measurement, samples were degassed at 200 °C for at least 2 h.

The degree of degassing was controlled by stopping the vacuum pump. If the

increase in pressure was lower than 0.1 mmHg/s, the sample was ready for

measurement.

Powder samples best suited for this measurement should have a total surface

area ranging from 20 to 40 m2. The measurement was accepted if the

correlation coefficient was larger than 0.999. The equivalent spherical

particle diameter dBET is calculated as follows. The measured surface area S

depends on the number of particles N as well as on the particle diameter dBET:

N7rdBET2 Eq-2-1

where

N =
—2 Eq. 2.2

pVparticle
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Here, m is the powder mass, p the theoretical density of the powder and

Vparticietne volume of one particle. The volume Vpartlcle of one particle is then

calculated as:

j
3

=

TCdBET Eq. 2.3

particle f.

By combining Eq. 2.1 to Eq. 2.3, the specific surface area Sw is expressed as:

Sw = - = —%— E^ 1A

m p • dBET

Rietveld Refinement

The crystallite size of the powders was determined by Rietveld refinement

based on X-ray powder diffraction (XRD) patterns. During Rietveld refinement,

various parameters including lattice parameters, peak width and shape, and

preferred orientation are used to derive a simulated diffraction pattern. As

soon as the calculated diffraction pattern is almost identical to the measured

one, the crystallite size can be extracted. For the same instrument and the

same level of stress in the material, the width of the diffraction peak

decreases with increasing crystallite size. It should be noted that the

determination of the crystallite size by Rietveld refinement is limited to

particles smaller than 100 nm. For larger crystallite sizes, the peak width

becomes too narrow.

For diffractometry (XRD - Diffractometer D 5000, Siemens, Germany), the

sample preparation depended on the available amount of powder. Either the

sample holder was completely filled with powder or it was first filled with

PEG 400 (Fluka Chemie GmbH, Buchs, CH) and then, the powder was pressed
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into the PEG. The refinement was carried out with the software program

TOPAS R 2.0 (Bruker AXS, Germany). The following parameters with the

corresponding starting values were employed:

Parameter Starting Value

Crystallite Size 200 nm

Sample Displacement 0 mm

Scale 1*E-5

Table 2.1 Starting values of parameters used during Rietveld refinement.

It should be noted that a bimodal crystallite size distribution can be fitted

with the program TOPAS R 2.0 by importing twice the reference diffraction

pattern and by using two different starting values for the crystallite size.

2.1.3 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to analyze the agglomerate and

particle sizes of the powders. Based on SEM images, the average particle size

was estimated by using the software program LINCE that is based on the

intercept method [1]. For each sample, at least 50 particle diameters were

measured.

2.2 Doping of Powder with Cobalt Oxide

The doping of Ce02 and Ce1.xGdx02.x/2 (CGO) with 1 to 5 cat% of cobalt oxide

was conducted as follows. First, approximately 30 g of CGO powder was

dispersed in ethanol. After ultrasonic mixing for 10 min, the desired amount

of cobalt nitrate hexahydrate (Fluka Chemie GmbH, Buchs, CH) dissolved in

ethanol was added and stirred for another 10 min. The suspension was dried

while stirring on a plate heated to 60 °C until most of the ethanol had

evaporated. Afterwards, the suspension was completely dried at 120 °C.
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Before and after calcination, the powder was thoroughly ground in an agate

mortar. Calcination at 400 °C for at least 2 h decomposed the cobalt nitrate

to cobalt oxide, which was accompanied by a blackening of the powder:

3 [Co(N03) • 6H20] -> Co304 + 18H20 + 6NOx + (7 - 3x)02 Eq. 2.5

A list of all Ce02 and Ce1.xGdx02.x/2 powders used in this thesis is shown in

Table 2.2.

Powder

(denomination in

respective Chapter)

Source Chapter

^eo.8<^do.201 9

Ce02

Ce02 (1Ce02)

Ce02 (2Ce02)

Ce02 (3Ce02)

Ce02 (4Ce02)

Ce0-9Gd0-1O1-95 (1CGO10)

Ce09Gd0AOj 95(3CGO10)

Rhodia, Catalysis & Electronics, F 3, 4, 7

Nanophase, USA 4

MicroCoating Technologies, USA 5

Alfa Aesar, Johnson Matthey GmbH, D 5

Alfa Aesar, Johnson Matthey GmbH, D 5

Auerweiss Typ BF, Treibacher Auermet, A 5

MicroCoating Technologies, USA 5

Rhodia, Catalysis & Electronics, F 5, 6, 7

Table 2.2 List of Ce02 and Ce1.xGdx02.x/2 powders.

2.3 Sintering

2.3.1 Powder Pressing

Powders were isostatically pressed for dilatometric measurements (KIP 100 E,

Weber, Maschinen- und Apparatebau, Germany) at 300 MPa for 3 min. Prior to

pressing, the powder was filled into a latex tube (Size 1, Penrose Drains

Silikolatex, Struba Gummi AG, Ruschlikon, CH) that was closed by a simple

knot at each end. Before pressing, the latex tube was additionally packed into

a protective rubber tube.
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The green bodies had an approximate diameter of 5 mm. The sample length

was adjusted by grinding both ends with SiC grinding paper (Struers GmbH,

Birmensdorf, CH). It should be noted that hard agglomerates in the powder or

a very fine particle size (< 10 nm) can obviate the fabrication of a cylindrical

green body. In case of a fine particle size, the addition of some drops of

PEG 600 (Fluka Chemie GmbH, Buchs, CH) can improve the quality of the

green body.

For 4-point conductivity measurements, green bodies were obtained by first

uniaxial pressing of 4 g of powder at approximately 7.5 MPa in a steel tool

yielding green bodies of 40 * 4 * 4 mm (length
* width *

height). It is important

to keep the pressure as low as possible since uniaxial pressing inevitably

introduces stress gradients into the green body. In order to avoid sticking of

the powder to the pressing mold, wax paper was used on bottom and top of

the powder. Afterwards, the prepressed bars were packed into latex tubes

(Size 4, Penrose Drains Silikolatex, Struba Gummi AG, Riischlikon, CH) and into

protective rubber tubes for isostatic pressing at 300 MPa for 3 min.

Density Measurements

The densities of the green body and after sintering were measured by the

method of Archimedes. For green compacts, the liquid medium was PEG 600

(Fluka Chemie GmbH, Buchs, CH), otherwise, distilled water was used. The

density p of the samples can be determined according to Eq. 2.6:

D = n •

md Eq. 2.6
r rmedium

md~mw

Here, pmedmm1S tne density of the liquid medium. If distilled water was used,

the exact density was determined by measuring the temperature [2]. For

PEG 600, a density value of 1.12 g/cm3 was utilized. Further, md represents

the dry mass of the sample and mw the weight of the immersed sample. Since

the green bodies contain open porosity and are slowly penetrated by the

medium, the mass mw was taken immediately after immersion.
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The measurement error of the Archimedes density taking into account the

errors of the weights md and mw, is calculated as follows:

1 ^_| Aml2
+

fo
,

md
Am I' Eq.2.7AP =

Pmedium
~

i
Allld

+

Pmedium i Al11

^~mw (md-mw)2J J K (md-mw)2

The error of the balance for Amd and Amw was assumed to be 0.001 g. Typical

values of the measurement error range from 0.5 to 1 % for the relative density.

For the value of the green density, at least 10 measurements were considered.

The measured final density was additionally checked based on polished

surfaces.

Dilatometric Measurements

Sintering was conducted in a differential dilatometer (DIL 802S, Bahr

Thermoanalyse GmbH, Germany) with sapphire as reference material. Heating

rates range from 0.5 °C/minto25 °C/min and a cooling rate of 25 °C/minwas

programmed for all experiments. The analysis of the dilatometer raw data was

conducted with the program Win TA V6.0 (Bahr Thermoanalyse GmbH,

Germany). The measured one dimensional shrinkage is automatically

converted to density assuming isotropic shrinkage:

P.
=

( L.V Eq. 2.8

Po ^Lc

Here, p is the instantaneous density and L the instantaneous sample length of

the sample. p0 represents the green density and L0 the initial sample length.

The measured data from the dilatometer were normalized to green and final

density as determined separately by the Archimedes method.
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2.4 Microstructural Characterization

2.4.1 Polishing

The average grain size was determined from polished sample surfaces. For

polishing, samples were embedded in an acrylic resin (Citofix, Struers GmbH,

Birmensdorf, CH). Grinding was carried out in several steps with SiC paper of

decreasing roughness. The following approximate grinding times were used:

SiC Grinding Paper No. Grinding Time [min]

500 5

1200 10

2400 15

4000 15

Table 2.3 Indication of used grinding papers and time.

After the last grinding step, the samples were polished using a polishing cloth

(Struers GmbH, Birmensdorf, CH) with some drops of a polishing suspension of

1 pm-sized diamond particles. The quality of the polished surface was verified

by inspection with optical microscopy. After polishing, the still embedded

samples were put into acetone for at least 24 h in order to dissolve the acrylic

resin.

2.4.2 Thermal Etching

In order to reveal the grain boundary contrast, the polished samples were

thermally etched. As a rule of thumb, the etching temperature lies 100 °C

below the sintering temperature. In order to accelerate diffusion at low

temperature, the etching temperature was chosen up to 30 °C below the

sintering temperature. The etching time ranged from 20 min at high

temperatures up to 90 min at low temperatures. Heating and cooling rates

were roughly 10 °C/min. The actual temperature was monitored with an
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external thermocouple placed next to the sample. The following table should

give an idea for thermal etching process at the lowest and highest

temperature:

Sintering Temperature

[°C]
Etching Temperature
[°C]

Etching Time [min]

1500 1400 20

900 870 90

Table 2.4 Approximate temperatures and times for thermal etching.

3 Determination of Average Grain Size

The average grain size of a sample was determined by measuring at least 300

grain intersections on SEM images of polished and etched surfaces by using the

software LINCE [1]. The orientation of the intersecting lines was chosen

randomly. A grain intersection to grain size conversion factor of 1.56 was used

[3].

4 Determination of Intercept Distribution

For the grain size distribution, all measured grain sizes were divided into

classes. The smallest grain size a0 was taken as the lower limit of the first

class. The upper limit of the first class was calculated by using a

proportionality factor of V2.

3.1 f\j Z<Hr\

The following boundaries of the classes were calculated accordingly:

al
— *J2al _j

Eq. 2.10
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After assigning all grain sizes to the respective classes, the number fraction f

of each class was calculated as follows:

f =
üi Eq. 2.11

N

Here, i^ is the number of grains in class i and N is the total number of grains.

Finally, the number fraction f was plotted as a function of grain size.

Electrical Conductivity Measurements

Electrical conductivity was measured in 4-point DC mode. Contacts were made

by wrapping a platinum wire around the sintered bars and applying a platinum

paste (C 3605 P, Heraeus GmbH, Germany). The bars were then heated to

330 °C for 15 min to remove the organics of the platinum paste. The annealing

temperature of 330 °C was chosen above the decomposition temperature of

the organic components of the platinum paste, which had previously been

determined by a differential thermal and thermogravimetric analysis DTA/TG

(STA 501, Bahr Thermoanalyse GmbH, Germany) at a heating rate of 10 °C/

min. Finally, the platinum wire leads were fixed to the contact patches with

a ceramic two component binder. Resistance measurements were taken with

a multimeter (197A, Keithley) during heating and cooling (± 3 °C/min) up to

900 °C. Fig. 2.1 shows a CGO sample with the platinum contacts after

measurement.

Figure 2.1 Contacted CGO sample for 4-point conductivity measurement.
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Sintering Analysis of Undoped and Cobalt

Oxide Doped Ceria Solid Solutions*

Abstract

Pure and CoO-doped Ceo^Gdo^O^ (CGO20) have been

analyzed with constant heating rate dilatometry. Doping

changes the grain boundary structure of Ceo^Gdo^O^
resulting in enhanced mass transport and in increased

densification rates. Significant changes in activation energies
have been detected. While pure Ceo^Gdo^O^ exhibits a

significant amount of surface diffusion, cobalt oxide enhances

grain boundary diffusion. The obtained activation energies are

4.70 ± 0.32 eVforCeo.sGdo^OLgand 6.24 ± 0.32 eV for cobalt

oxide doped Ceo^Gdo^O^. The higher activation energy of

cobalt oxide doped Ce0 8Gd0 20^ 9
is a result of the formation

of intergranular films. It is suggested that sintering of cobalt

oxide doped Ce0.8Gd0 20^ 9 occurs by rearrangement and grain

boundary diffusion whereas grain boundary and volume

diffusion govern the densification of pure Ce0.8Gd0 20^ 9.

3.1 Introduction

Ceria-based solid solutions represent a promising alternative to yttria-

stabilized zirconia as electrolyte material for solid oxide fuel cells (SOFCs) due

to their superior ionic conductivity at intermediate temperatures [1], [2].

Gadolinia doped ceria (Ce0 8Gd0 202-x, CGO) is one of the best ceria-based

electrolytes [3], [4]. A problem of using ceria-based solid solutions as

electrolytes arises in their relatively poor densification behavior, which

requires sintering temperatures up to 1500 °C [5], [6], [7]. Two measures are

usually taken in order to reach complete densification. First, the initial

particle size of the powder is reduced to the nanometer range, thus increasing

the driving force for sintering [8], [9], [10], [11]. Second, small amounts of

sintering aids, e.g. transition metal oxides (CoO^, CuO^, NiO^, MnO^,

FeO^x) are added to increase the sintering rates [12], [13], [14], [15]. In the

*E. Jud, C. B. Huwiler, L. J. Gauckler, J. Am. Cer. Soc, in press
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case of CoO-doped CGO20, it has been observed that doping lowers the

required sintering temperatures for fully dense material from about 1250 °C

to 900 °C while revealing a final grain size of roughly 120 nm [16].

The enhanced sintering properties of cobalt oxide doped CGO20 were assigned

to the existence of a cobalt oxide rich amorphous grain boundary film [12],

which is assumed to act as fast diffusion path. Comparable observations have

been reported for ZnO doped with small amounts of Bi203, where amorphous

Bi203-rich films were found on ZnO powder particles [17]. Preliminary models

describing grain boundary films as a thermodynamically stable phase have

been presented recently [18], [19].

A different approach for describing the phenomenon of enhanced sintering

through second phase addition has been conducted by German et al. [20]. He

describes how phase diagrams can help to identify possible systems where

activated solid-state sintering occurs. A theoretical sintering model has been

developed for activated sintering and verified for the densification of tungsten

doped with various transition metals [21]. An attempt to elucidate the

sintering mechanism of Fe-doped ceria has been done by Zhang and coworkers

[22]. The analysis with two different sintering models suggested that doping

with Fe introduces a viscous flow mechanism in the first stage of sintering.

However, there is need to understand the sintering mechanisms of ceria-based

solid solutions doped with different transition metal oxides in more detail. In

this study, the activation energy of the densification for pure and CoO-doped

CGO20 during constant heating rate sintering has been determined and

evaluated using different sintering models. The first model called combined-

stage sintering model is based on Herring's scaling law [23] and combines the

three solid-state sintering stages into one continuous process [24]. This

approach was also used by Su et al., further developed and applied to the

densification of alumina [26]. The second model is based on the activated

solid-state sintering model considering a grain boundary layer as short-circuit

diffusion path, formally applied to the densification of W doped with various

transition metals [21].
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3.2 Experimental Procedures

Commercially available Ce0 8Gd02O2.x (CGO20) powder was used (Rhodia

Electronics& Catalysis, France). Particle sizes were determined by BET

adsorption measurements (NovalOOO, Quantachrome, Germany) and SEM (LEO

1530, Germany). CGO20 was doped with 1 cat% cobalt oxide by dispersing the

powder ultrasonically in ethanol and by adding the desired amount of in

ethanol dissolved cobalt nitrate hexahydrate (Fluka Chemie GmbH,

Switzerland). The suspension consisting of powder and cobalt nitrate was

dried at 120 °C and ground in an agate mortar. Calcination at 400 °C for 2 h

decomposed the cobalt nitrate into the cobalt oxide. The undoped and doped

CGO20 was isostatically pressed at 300 MPa for 3 min. The obtained cylindrical

green bodies with a diameter of about 5 mm were cut into rods of 10 to 12 mm

length for later use in the dilatometer. The density was determined before

and after sintering using the Archimedes method. The samples were sintered

with a constant heating rate using a horizontal dilatometer (Type 802S, Bahr

Thermoanalyse GmbH, Germany). Microstructures were imaged by

transmission electron microscopy (TEM) (Tecnai 300 kV) and elemental

mappings were obtained by electron energy loss spectroscopy (EELS).

3.3 Sintering Models

3.3.1 Combined-Stage Sintering Model

Herring's scaling law [23] is based on the idea that particles remain

geometrically identical during sintering besides a change in scale. Starting

from Herring's general flux equation, the total atomic flux is calculated and

converted into a macroscopic shrinkage [24]. The shrinkage rate is linked on

one hand to intensive variables and on the other hand to microstructural
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parameters containing the assumption that either grain boundary diffusion or

volume diffusion is the dominating densification mechanism. The linear

shrinkage rate is expressed as follows:

dL
=
y_Q

"L • dt k • T

f8-DB-rB Dv-rVi
4 3

G G J

Eq. 3.1

Here, L is the actual sample length, y the surface energy, Q the atomic

volume, and 5 the grain boundary thickness, r^and rv are each a collection

of scaling factors that relate features such as the diffusion distance or the

grain boundary area of the microstructure to the grain size at any given

instant. They contain information on the driving force of sintering originating

from the microstructure and generally depend on density in the intermediate

stage of sintering. G is the actual grain size, k the Boltzmann constant and T

the current temperature. DB and Dv are the diffusion coefficients for grain

boundary and volume diffusion, respectively. Eq. 3.1 can be written in the

following way if one diffusion mechanism is the dominant densification

mechanism:

\ Gn
V kTlL • dt k• T

Eq. 3.2

where Q is the activation energy, r, D0, and n are specific to the dominant

diffusion mechanisms. For grain boundary diffusion, D0 = (8DB)0 and n = 4; for

volume diffusion, D0 = (Dv)0 and n = 3. Rearranging and logarithmizing Eq. 3.2

yields the following expression:

taML .
TÏ = InO^l + infill -1.9 Eq. 3.3

L • dt J v k J \çfJ T k

Provided that r and G are independent of the density p, the activation energy

of the densification can be determined by simply plotting the term on the left-

hand side of Eq. 3.3 versus 1/T at a constant relative density for different

heating rates. The slope of the obtained straight line equals then -Q/k.
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In case G is dependent on density, which is usually the case, the grain size

during sintering needs to be included in the sintering analysis. In order to

investigate the relevance of the grain size for the calculation of the activation

energies, grain sizes have been measured as a function of relative density.

Fig. 3.1 exhibits the evolution of the grain size during constant heating rate

sintering for pure CGO20 and CoO-doped CGO20. The grain size does not

increase drastically between 60 and 90 % of the theoretical density for both

powders. However, grain growth of pure CGO20 is more significant than of

CoO-doped CGO20, where grain growth starts to accelerate only at relative

densities higher than 95 %.

Rearranging and logarithmizing Eq. 3.2 including grain growth during

sintering, gives the necessary equation for the determination of the activation

energy:

In
dL „n

L-dt

'Y_Q_DoA ,r.
1 Q Eq. 3.4
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during sintering.
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Activated Solid-State Sintering Model

The model of activated solid-state sintering by Johnson et al. [21] relies on

the addition of small amounts of an activator to a base material, which

increases the diffusion rates through the formation of a grain boundary layer.

For the calculation of the activation energy, only the intermediate stage

representing the densification between 50 and 92 % of relative density, has

been taken into account. In this model, the intermediate stage begins when

interconnected channels of pores form. For the derivation of the linear

shrinkage, the curvature of the pores is considered and a particle coordination

number of six is assumed. The obtained linear shrinkage is expressed by

Eq. 3.5:

,2 de -290ÔDCyQ
(1-e)

— =

-r^r-
Eq. 3.5

dT
, „^4dT

M

kTG
—

dt

where e is the porosity, 5 is the width of the grain boundary layer, D is the

solute diffusion coefficient through the grain boundary layer, C the atomic

fraction of the base in the additive, y the surface energy, and Q the atomic

volume. T the actual temperature, k represents the Boltzmann constant, G

the grain size and dT/dt the heating rate. Expressing the left-hand side of

Eq. 3.5 in terms of relative density with p = 1 - e yields:

2dp_
=

2905DCyQ
p
dT

, T„4dT Eq-3-6
kTG —

dt

The diffusion coefficient D can again be replaced by D0exp(-Q/kT).

Rearranging and logarithmizing Eq. 3.6 leads to the following expression:
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By plotting the left-hand side of Eq. 3.7 versus 1/T results in the activation

energy as slope at a specific relative density p. The conversion of the sample

length into the relative density of the sample from the dilatometer data is

calculated with the concept of isotropic shrinkage:

P
= Po(l+f)3 E*-3-8

where p is the actual relative density, p0 the green density, L0 the initial

sample length, and AL the shrinkage of the sample.

Results and Discussion

The specific surface area of the as-received powder was measured to be

26 m2/g. Assuming spherical particles, this corresponds to an average particle

size of 32 nm. SEM images confirmed the result from BET adsorption for the

primary particle size and revealed spherical agglomerates of about 5 - 20 pm

diameter in size.

The sintering analysis is based on constant heating rate dilatometry of

undoped CGO20 and 1 cat% cobalt oxide doped CGO20. Fig. 3.2 and Fig. 3.3

show the shrinkage and the shrinkage rates as a function of temperature for

undoped CGO20 and for CoO-doped CGO20, respectively. CoO-doped CGO20

exhibits a slightly lower green density compared to undoped CGO20 due to a

different green body microstructure. The corresponding values are

57.8 ±0.8% for CGO20 and 56.3 ±0.4% for CoO-doped CGO20. A slower

heating rate leads for both powders to a densification at lower temperature,

thus increasing the diffusion time at a certain temperature. The effect of the

cobalt oxide doping is clearly visible. Whereas in the case of undoped CGO20,

a maximum temperature of 1250 °C is necessary to reach full density, CoO-

doped CGO20 already fully densifies at 1000 °C (Fig. 3.2 a) and Fig. 3.3 a)).

However, the start of sintering is delayed for the doped powder. For example,

at a heating rate of 5 °C/min, a relative density of 65 % is reached at 822 °C

for pure CGO20 whereas the same relative density is reached at 908 °C for

CoO-doped CGO20. The delayed sintering start is a direct consequence of the
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lower green density in the doped samples. A lower green density points at a

unfavorable packing geometry due to the introduced cobalt oxide. According

to Maximenko et al., the duration of the first stage of sintering is longer for a

lower packing density [25]. Consequently, the first stage of sintering seems to

be extended in case of CoO-doped CGO20. Zhang et al. actually observed an

extended first stage of sintering up to a relative density of 87 % for Fe-doped

Ce02 [22]. As mentioned further above, viscous flow, caused by a reduced

interparticle friction, was identified as the responsible densification

mechanism.
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Furthermore, doping increases the sintering rate maximum by a factor larger

than three (Fig. 3.2 b) and Fig. 3.3 b)). If one compares the evolution of the

sintering rates, it is evident that in the case of CoO-doped CGO20, the driving

force stops abruptly compared to pure CGO20, where the sintering force

slowly decreases with increasing relative density. This is an indication that the

third stage of sintering is shortened compared to the second. In absence of a

third stage of sintering, no Ostwald ripening is expected, leading to a fine¬

grained microstructure as observed previously [16]. The fact that lowering the

heating rate causes an increase in the sintering rate maximum for CoO-doped

CGO20, indicates that the sintering of doped CGO20 is more sensitive to a

reduction in heating rate than the one of pure CGO20.

For the calculation of the activation energy, nine different specific relative

densities (66, 69, 72, 75, 78, 81, 84, 87, and 90 %) have been considered. The

evaluation with any of the models described above leads to a straight line for

all relative density values. The respective graphs obtained for the combined-

stage sintering model for the case of a constant grain size are shown in

Fig. 3.4. Obviously, the fitted lines for CoO-doped CGO20 (Fig. 3.4 b)) are

almost parallel in contrast to CGO20 (Fig. 3.4 a)), where the slopes slightly

decrease for increasing relative density indicating a dependency of the

activation energy on the relative density.
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This evaluation has been conducted for both powders and both models (grain

size assumed constant and taken into account as shown in Fig. 3.1). The

resulting activation energies are plotted versus the relative density in Fig. 3.5.

By comparing Fig. 3.5 a) and Fig. 3.5 b), a different evolution of the activation

energy is noticed for CGO20 and CGO20 doped with 1 cat% CoO. Whereas the

activation energy for CGO20 increases with increasing density for all models,

the activation energy for CoO-doped CGO20 remains roughly constant in the

analyzed density regime. The consideration of the grain size evolution during

sintering does not influence the general trend of the activation energy for

both powders. If the grain growth exponent n is set to 4 (grain boundary

diffusion) in the calculation for the combined-stage sintering model,

activation energies between 4.5 and 9 eV are obtained. A fit of similar quality

is obtained for n = 3 (volume diffusion). The activation energy curve exhibits

in this case slightly lower values than the one for n = 4. This is a curious finding

since volume diffusion usually exhibits a higher activation energy than grain

boundary diffusion. However, in both cases, the activation energy still

increases with increasing density. Therefore, it is not possible to distinguish

between these two densification mechanisms with the combined-stage

sintering model. This limitation has already been observed for sintering

models based on the scaling law of Herring for other systems [27]. Main

reasons are the relatively poor resolution of the applied plotting method, the

scattering of data and some uncertainty whether the scaling factor r actually



SINTERING ANALYSIS 75

remains constant in the analyzed density regime. Independent diffusivity data

is therefore needed to determine the effective densification mechanism. This

limitation can usually be surmounted with grain growth studies.
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Although the calculation of the activation energy for undoped CGO20 with the

activated solid-state sintering model is plotted, the linear regression was

unacceptable. The correlation coefficient R was unreasonably low. Hence, the

model of activated solid-state sintering can not be applied to the densification

of undoped CGO20. This is consistent with the fact that CGO20 does not

contain any addition of cobalt oxide and no grain boundary layer is therefore

expected.

In the case of CoO-doped CGO20, the trend of the activation energy is alike

for all models except the combined-stage sintering model with constant grain

size. A decrease of activation energy is observed in this case. By comparing

with Fig. 3.1, it becomes clear that the increase in grain size for relative

densities between 70 % and 90 % accounts for the increase in activation energy

in Fig. 3.5 b) since increasing the grain size exponent n induces higher

activation energies. A similar situation regarding the grain size exponent n is

found in the combined-stage sintering model. For both n = 3 and n = 4, an

acceptable Arrhenius fit is received. However, it is important to note that the

activation energy is constant over the whole density regime for both models.
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If the average activation energy is calculated with the activated solid-state

sintering model, one obtains a value of 5.87 ± 0.24 eV. In the case of the

combined-stage sintering model, the identified activation energy for lattice

diffusion (n = 3) in CoO-doped CGO20 is 6.06 ± 0.08 eV and for grain boundary

diffusion (n = 4) 6.47 ± 0.11 eV.

The diffusion coefficient D can be calculated by rearranging Eq. 3.2 to:

D =

dL k-T G Eq. 3.9
b Ldt Y-Q ÔTb

The surface energy y was estimated to be 0.3 J/m2 whereas a value of 1 nm

was assumed for the grain boundary width 5. The specific scaling factor rb is

unknown for CGO20 and has therefore been estimated to be 5*103 from Hansen

et al. [24]. Their theoretical calculation based on the used intermediate-stage

geometry showed that the scaling factor is constant from 74 % to 88 % relative

density. Furthermore, the calculation relies on the assumption that excess

neck growth due to surface diffusion is absent. Fig. 3.6 shows the diffusion

coefficient for all heating rates as a function of temperature for both undoped

and CoO-doped CGO. All obtained values are between 1*10"8 and 1*10"12 cm2/

s, which represents a quite reasonable range when comparing with diffusion

data from various ceramic materials [28]. A direct comparison of the diffusion

coefficients for both materials can be found in Fig. 3.7. The averaged ratio of
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both diffusion coefficients for CoO-doped CGO20 and pure CGO20 is larger

than 1 in the analyzed density regime. This finding confirms the fact that

cobalt oxide doping increases the diffusion rates during sintering.
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The question whether the scaling factor rb is effectively constant in the

analyzed density regime however, is not answered. It has been shown with

various experimental observations that the scaling factors are depressed if

significant surface diffusion is present [29], [24]. In this case, the diffusion
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coefficient D is expected to increase, especially at low temperatures and for

slow heating rates. The calculation of the activation energy has therefore

been repeated for relative densities > 78% and for heating rates > 5 °C/min

corresponding to the upper left corners in Fig. 3.6 a) and b). The obtained

activation energies are shown in Fig. 3.8. By comparing with Fig. 3.5, it is

easily noticed that the activation energy for CGO20 has markedly changed.

Instead of an increase, an approximately constant activation energy of

4.70 ± 0.32 eV is reached. In contrast, the values for cobalt oxide doped

CGO20 have not changed significantly and an activation energy of

6.24 ± 0.32 eV is obtained. It is therefore reasonable to conclude that a

significant amount of surface diffusion takes places during the first and second

stage of sintering in CGO20 while doping with cobalt oxide seems to suppress

surface diffusion.
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Figure 3.8 Activation energy of CGO20 and CGO20 + 1% CoO for relative

densities > 78 % and heating rates > 5 °C/min in order to exclude

surface diffusion at low temperatures and low heating rates.

The result that CoO-doped CGO20 possesses a higher activation energy than

pure CGO20, although the addition of cobalt oxide leads to a lower sintering

temperature and higher shrinkage rate, is interesting. Increased activation

energies for densification due to doping has been observed in several sintered

materials, notably in Ti02- and Zr02 doped Al203 [30], [31], [32], in MnO-

doped ZnO [33], in Ti02-doped ln203 [34], in Ce02- and Hf02-doped W [35],
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and in Fe-doped Ce02 [22]. The finding of an increased activation energy is

coupled with a higher shrinkage rate and a lower temperature in several cases

[30], [22]. The following mathematical analysis was first used by Wang et al.

[30] and is based on the plots of shrinkage rate in Fig. 3.2 b) and Fig. 3.3 b).

The shrinkage rate as a function of temperature exhibits a peak whose position

and height is linked to the activation energy. First, Eq. 3.2 is converted to:

dL
=
_AL (_£\

Eq.3.10
dT TGn

CXP1 kTJ

where

A =
l5ERo Eq. 3.11

kf

All factors in the expression of A are assumed to be constant during

densification. By differentiating Eq. 3.10 with respect to T and equating the

result to zero, a dependence between the activation energy Q and the

maximum shrinkage rate (dL/dT)max and the temperature of maximum

shrinkage rate Tmax is obtained. Additionally, it is assumed that the thermal

energy kT is much smaller than Q:

T2
Q

= tumfaV) + _d_f_L
L VdT;max dTVGa

. Gn Eq. 3.12
max

The maximum shrinkage rate of pure and cobalt oxide doped CGO20 occurs at

relative densities lower than 90 % where almost no grain growth is observed

(Fig. 3.1). The second term on the right hand side of Eq. 3.12 is therefore

assumed to be equal for both materials. The main difference lies in the first

term, which shows that both a high temperature of maximum shrinkage rate

Tmax and a high shrinkage rate (dL/dT)max result in a high activation energy.

Comparing the densification plots in Fig. 3.2 and Fig. 3.3, it is easily seen that

for all heating rates, cobalt oxide doped CGO20 exhibits a higher maximum
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shrinkage rate and a higher temperature of maximum shrinkage rate. The

latter observation is surprising since full density is reached at a lower

temperature for doped CGO20. Nevertheless, Eq. 3.12 confirms the higher

activation energy of cobalt oxide doped CGO20 as depicted in Fig. 3.8. It

might be noticed at this point that the relative position of the sintering curve

with respect to temperature is also a function of green density [9]. Hence, the

temperature of maximum shrinkage rate Tmax could simply be lowered by

increasing the green density.

In a physical sense, a higher activation energy can be assigned to the enthalpy

for defect formation, namely in the case of Ti02-doped Al203 (see for example

[31]) or to the presence of a liquid or amorphous grain boundary phase [36].

It seems unlikely that the dissolution of Co in the CGO20 matrix is responsible

for the high activation energy since its solubility can be estimated to be

smaller than 0.5 mol % at 900 °C [37], [38]. If an amorphous grain boundary

phase is present, the large values of the activation energy result from the heat

of solution of the crystal. Evidence of a grain boundary phase in the system of

cobalt oxide doped CGO20 has been given previously [16] and is also shown in

Fig. 3.9. The heat of solution of the crystal, also the volume free energy of

amorphization and mixing was identified earlier as the critical factor for the

formation of intergranular films with limited thickness in the system Bi203-

doped ZnO [19]. An increase in activation energy is assigned to a decrease in

interface energy at the grain boundaries in numerous metallic systems where

grain boundary segregation occurs [39], [40]. Moreover, according to the

thermodynamic model of Luo et al., the film needs to have a lower interfacial

energy than the clean grain boundary in order to form [19]. In the case of Fe-

doped Ce02, intergranular films are thought to reduce the interparticle

friction, which in turn enhances the densification by a viscous flow mechanism

[22]. A low interparticle friction leads to a high degree of rearrangement

during densification, which is reflected in the low grain growth as shown in
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Fig. 3.1. Therefore, the resulting higher activation energy for CoO-doped

CGO20 compared to pure CGO20 is assigned to the formation of a grain

boundary film which is responsible for the enhanced shrinkage rates.

a) b)

at 900° C for 2 h and quenched in air (dark contrast = low

concentration).

Conclusion

Lower sintering temperatures and enhanced densification rates have been

obtained in constant heating rate experiments by doping Ce0 8Gd02O2.x

(CGO20) with 1 cat % of cobalt oxide. For both, the combined-stage sintering

model as well as the activated solid-state sintering model, significant

differences between undoped and doped CGO20 have been found. Whereas

pure CGO20 exhibits an increasing activation energy between 4.5 and 9 eV,

CoO-doped CGO20 possesses an activation energy of roughly 6 eV. The model

of activated solid-state sintering, which assumes a grain boundary layer as fast

diffusion path, is not appropriate for describing the sintering of pure CGO20

since unacceptable correlation coefficients have been found. This finding

confirms indirectly the fact that CoO doping changes the grain boundary

structure leading to increased diffusion rates. The use of different grain size

exponents representing grain boundary or volume diffusion does not elucidate

the predominant diffusion mechanism unambiguously. Independent diffusivity

data, as obtained from grain growth studies, are necessary to distinguish



82 CHAPTER 3

between grain boundary and volume diffusion. It is however reasonable to

assume that both grain boundary and volume diffusion account for the

densification of pure CGO20.

A significant contribution of surface diffusion has been determined for pure

CGO20 by analyzing data acquired at high temperatures and for high heating

rates. The activation energy was found to be 4.70 ± 0.32 eV revealing that

surface diffusion tends to increase the overall apparent activation energy. No

surface diffusion has been observed for CoO-doped CGO20 since no significant

change in activation energy has been observed when analyzing fast sintering

runs separately. The calculated activation energy was 6.24 ± 0.32 eV. The

increased shrinkage rates and the low sintering temperature due to the

addition of cobalt oxide is explained by a change in the grain boundary core

structure, i.e. by the formation of a grain boundary film. The model of

activated solid-state sintering also seems to confirm the existence of a

structurally modified grain boundary since the model is applicable to CoO-

doped CGO20, but not to undoped CGO20. In addition, small grain sizes are

found in CoO-doped CGO20 indicating that a significant part of densification

is accomplished by rearrangement. The increased activation energy for

densification upon doping results from the presence of intergranular films.

The densification of CoO-doped CGO20 is assumed to take place by

rearrangement and grain boundary diffusion.
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Grain Growth of Micron-Sized Grains in

Undoped and CoO-Doped Ceq^Gdo^O^c*

Abstract

The effect of small amounts of cobalt oxide added to Ce02 and

Ce0-8Gd0-2O1-9 (CGO20) was studied by means of sintering

dilatometry and isothermal grain growth experiments. In CoO-

doped CGO20, increased shrinkage rates at rather low

sintering temperatures were detected. Grain coarsening
occurs at prolonged dwell times and cobalt oxide doping
enhances grain growth, but abnormal grain growth was not

observed. A limiting grain size is attained after a short dwell

at low temperatures indicating that grain boundary diffusion

is predominant. The experimental data was tested against
relevant theoretical models for grain growth. The increased

grain boundary mobility along with the rapid densification in

doped samples are interpreted as a change in grain boundary
structure of CGO20 leading to cobalt oxide rich grain boundary
films.

4.1 Introduction

Ceria-based ceramics are attractive as electrolyte materials for catalytic and

for solid oxide fuel cell (SOFC) applications and have therefore been

extensively studied. Their oxygen ion conductivity is superior to alternative

ceramic electrolytes at intermediate temperatures. This property offers

outstanding advantages as it allows operation of SOFC systems at reduced

temperature and in turn decreases fabrication cost [1], [2], [3]. In particular,

gadolinia doped ceria (Ce0 8Gd0 ^ 9, CGO20) is among the best ceria-based

electrolytes [4], [5], [6]. However, sintering of ceria-based powders is

difficult mainly due to the partial reduction of Ce4+ to Ce3+ atoms at high

temperatures [7]. Various investigations have therefore aimed at fabricating

ceria gadolinium oxide powders of high sinterability [8], [9], [10]. A well

established strategy to enhance sintering is the use of dopants which promote

densification while suppressing grain growth. Specific additives that enhance

*E. Jud, C. B. Huwiler, L. J. Gauckler, to be submitted to J. Am. Cer. Soc.
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mass transport along grain boundaries will enhance densification while others,

which facilitate mass transport across grain boundaries, will increase the grain

growth rate. Unfortunately, most dopants enhance densification as well as

grain growth. However, some dopants have shown to be promising sintering

additives. More specifically, additions of small amounts of various transition

metal oxides promote the sintering process of ceria-gadolinia-oxide [11], [12].

Cobalt oxide in particular was found to be a very active sintering aid for Ce02

as well as for CGO lowering the sintering temperature by more than 200 °C

[13], [14]. A sintering analysis of undoped as well as CoO-doped CGO20 has

shown that cobalt oxide doping enhances grain boundary diffusion in CGO20

during densification. This results in lower sintering temperatures and

consequently in a fine-grained microstructure [15]. Transition metal oxide

additives, such as cobalt oxide, seem not only to promote densification, but

also to enhance grain growth. Comparing cobalt oxide doped Ce02 to undoped

Ce02, larger grain sizes were observed at all dwell temperatures upon doping

[14]. Similar observations were reported by Lewis who studied the grain

growth behavior in cobalt oxide doped Ce0.9Gd0A0^ 95 (CGO10) [16].

The present work aims at extending the experimental data for grain growth

kinetics in undoped as well CoO-doped CGO20 over a wide range of

temperatures and dwell times. In addition, an interpretation of the data on

the basis of established theoretical models for grain growth is attempted.

Grain Growth in Ceramics

Theoretical Factors Controlling Grain Boundary Mobility

Grain growth in ceramics has been described in detail by Yan et al. [17], Brook

[18], and Powers et al. [19]. For the purpose of the present work, the most

important concepts of grain boundary migration are described qualitatively in

the following section. For a more formal treatment, the reader is referred to

the above-mentioned literature.

When a polycrystalline material is heated, a curvature-induced driving force

Fb causes atoms or ions to move across the grain boundary.The primary driving

force for grain growth is the reduction of interfacial energy per unit volume.
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At steady state, the boundary moves with an average velocity Vb, which

balances the total drag force Fb acting on the boundary. Vb is a function of the

total drag. By normalizing the boundary velocity, the grain boundary mobility

Mb can be expressed as:

The drag force Fb consists of several components. The intrinsic drag force F0

is controlled by the diffusivities of the atoms across the boundary. Cations

usually diffuse at a slower rate than anions [17]. The intrinsic grain boundary

velocity is then cation-limited. Being an oxygen ion conductor, this is also the

case for ceria gadolinium oxide. Experimentally determined migration rates in

ceramics typically lie several orders of magnitude below the estimated

intrinsic value. This is mainly due to impurities, which can dominate the

boundary mobility already at low concentration levels [19].

An additional component to the total drag force can arise from a solute in the

matrix. Depending on the interaction potential between grain boundary and

solute, the latter will either be attracted to or repelled from the boundary. In

both cases, an extra component will be generated, either diminishing or

reinforcing the drag force. In the absence of an anisotropic microstructure,

the grain boundary mobility is typically lowered due to a solute.

Grain boundary mobility can further be limited by an existing second phase at

the boundary, i.e. pores or precipitates. The drag force of pores is usually

larger than the one of second-phase precipitates due to their lower mobility

[17]. Two limiting cases of pore-boundary interactions need to be

distinguished. Either, pores will remain attached to the boundary if the

boundary velocity equals the pore velocity. In this case, the pores will control

the boundary motion. Or, pores will separate from the boundary if the

boundary velocity is larger than the pore velocity. Then, intragranular pores

are formed, which do not influence the boundary motion significantly.

Boundary motion can also be controlled and much enhanced by a liquid film.

Diffusion in liquids is faster than in solids. If the film is sufficiently thin,

diffusional transport across the film is enhanced and consequently the
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boundary mobility increased. Enhancement of ion transport across the

boundary by a liquid phase is usually limited by the surface reaction rates, i.e.

the dissolution or precipitation rate [17]. The exact influence on the boundary

mobility will also depend on the distribution of the liquid phase in the

boundary, i.e. by the degree of wetting of the solid by the liquid. Wetting of

the liquid film is determined by the various interfacial energies. In case the

interfacial energies change during the grain growth process, in particular if a

transition from wetting to non-wetting occurs, then the second phase might

form isolated particles and consequently the overall grain boundary mobility

is decreased [18].

Determination of Grain Boundary Mobility

Experimentally, grain boundary mobilities are determined by measuring the

average grain size of a dense sample as a function of dwell time at specific

dwell temperature. The mobility values obtained may be controlled by the

action of solutes, pores, precipitates, abnormal grain growth, or liquid grain

boundary films. It is very difficult, if not impossible, to extract the prevailing

contributions on the basis of data derived from this type of experiment alone.

The grain growth rate is usually expressed as in Eq. 4.2 [17]:

dG
=

K Eq. 4.2

dt G

G is the average grain size at time t, m is a constant and K varies with the

temperature as:

K - Koexpt-g) E<- «

Here, K0 is a pre-exponential factor, Q the activation energy of the grain

growth process, k the Boltzmann constant and T the absolute temperature.

Upon integration, the familiar parabolic grain growth equation results:

G2-Gq = K(t-t0)
Eq. 4.4
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where G0 is the average grain size at time t0 = 0. In case of parabolic growth,

K equals 2M^ where M is the grain boundary mobility and y the grain

boundary energy. It has been observed in various systems that grain growth

data does not obey parabolic growth, so that the use of the generalized grain

growth equation is more appropriate:

Gm-G = K(t-t0)
Eq-4-5

In this case, a more general expression for the constant K needs to be used for

the calculation of the grain boundary mobility [17]:

K = MmyGm2 E"- 4*6

The grain growth exponent m is related to the materials microstructure and

growth mechanism. Usually observed values for m lie in the range 2 - 4.

Parabolic grain growth (m = 2) is observed in very pure solids with no second

phase impurities. An exponent m of 3 can correspond to different grain growth

mechanisms, e.g. lattice diffusion when the system is either pore or boundary

controlled or solute drag when a dopant is dissolved in solid solution. A value

of m = 4 is usually assigned to grain boundary diffusion. Simultaneous

contributions of several mechanisms may lead to higher values of m, usually

not corresponding to an integer [20], [21]. It has also been observed that m

varies with temperature, indicating a change in grain boundary mobility or

grain boundary energy [22].

If the initial grain size G0 is significantly smaller than G, the term G0m in

Eq. 4.5 can be neglected. Then, it follows by inserting Eq. 4.3 into Eq. 4.5 and

by taking the logarithm:

m-ln(G) = ln(K0) + ln(t)-2I Eq. 4.7
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A plot of ln(G) versus ln(t) reveals the grain growth exponent m as the inverse

of the slope. Subsequently, the activation energy of the grain growth process

can be determined for a constant grain growth exponent m by plotting ln(Gm/

t) as a function of 1/T. In case little grain growth occurs, G0 can not be

neglected and Eq. 4.5 needs to be used for the determination of m.

Already in 1949, Burke observed in many systems that grain growth stopped at

a fixed size. He thus modified Eq. 4.2 by an additional term to account for the

experimental results [23]:

dG
=
K_JC_ Eq48

dt G Gmax

where Gmax is the grain size where the driving force for grain growth vanishes,

i.e. the maximum grain size measured. Upon integration, an implicit

expression for the average grain size is obtained:

K
.

G0 " G
, , fGmax

" G0

t = -Ü
+ In

max ^ Eq. 4.9
r2 G vG
(j max max
max

In the following, the model of Eq. 4.9 shall be called grain growth with

impediment. Eq. 4.9 is based on the parabolic grain growth law (Eq. 4.4). For

the calculation of the grain boundary mobility, the coefficient K therefore

equals 2M?< Due to the fact that solute drag is grain size dependent, Michels

et al. further refined Eq. 4.8 by introducing a grain size dependent

impediment term [24]. They argue that especially in nanocrystalline materials

due to their large grain boundary area, the concentration of solute atoms

segregated at the boundaries changes significantly with grain size. However,

their respective grain size versus dwell time curve displays almost the same

shape as Burke's impediment model, so that no additional conclusion

concerning the mode of grain growth can be drawn. Furthermore, the

measured grain sizes of this work are larger than 100 nm and are thus in the

sub-micron range. Therefore, the model of grain size dependent impediment

of Michels et al. is not considered here.
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4.3 Experimental Procedures

Commercially available Ce02 powder (Nanophase, Romeoville, IL, USA) and

spray-dried Ce0 8Gd02O2.x (CGO20) powder was used for all experiments

(Rhodia Electronics& Catalysis, France). Particle sizes were determined by

BET adsorption measurements (NovalOOO, Quantachrome, Germany) and

scanning electron microscopy (SEM) (LEO 1530, Germany). Microstructures

were imaged by transmission electron microscopy (TEM) (Tecnai 300 kV) and

elemental mappings were obtained by electron energy loss spectroscopy

(EELS). CGO20 powder was doped with cobalt oxide by dispersing it

ultrasonically in ethanol and adding the desired amount of cobalt nitrate

hexahydrate dissolved in ethanol. The suspension consisting of powder and

cobalt nitrate was dried at 120 °C and ground in an agate mortar. Calcination

at 400 °C for 2 h decomposed the cobalt nitrate to cobalt oxide. The undoped

and cobalt oxide doped CGO20 powders were isostatically pressed at 300 MPa

for 3 min and compacted to cylindrical rods with a diameter of about 5 mm.

These were cut into pieces of 10 to 12 mm length for later use in the

dilatometer. Before and after sintering, the density was determined by the

Archimedes method. Samples were sintered with a constant heating rate using

a horizontal dilatometer (Type 802S, Bahr Thermoanalyse GmbH, Germany).

For the grain growth analysis, samples were heated in a furnace to the desired

temperature and dwelled for the specified time, quenched in air, and polished

with 1 pm diamond paste. After thermal etching, the grain size was

determined by the standard method of measuring at least 300 grains in SEM

micrographs. A mean intercept length to mean grain size conversion factor of

1.56 was used [25].
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4.4 Results and Discussion

4.4.1 Sintering Behavior

The specific surface area of the CGO20 starting powder was 26 m2/g, which

corresponds to a spherical particle diameter of 31.5 nm. This value has been

confirmed by SEM observations, an example is shown in Fig. 4.1. The powder

forms spherical agglomerates with diameters from 5 to 20 pm.

a) b)

Figure 4.1 SEM images of starting CGO20 powder showing the agglomerate

structure in a) and the primary particle size in b).

a) b)

1——i——i——i——i——i——i——i——i i , i , i , i , i , i , i , i , i
500 600 700 800 900 1000 1100 1200 1300 500 hjq 700 800 900 1000 1100 1200 1300

Temperature [°C] Temperature [°C]

Figure 4.2 Sintering behavior at a constant heating rate of 1 °C/min of

undoped CGO20 and CGO20 doped with 1 cat% CoO. a) Relative

density as a function of temperature, b) Relative shrinkage rate

as a function of temperature.

The comparison of the sintering behavior at a heating rate of 1 °C/min of

undoped and CoO-doped CGO20 is depicted in Fig. 4.2. The green density of

cobalt oxide doped CGO20 decreased by roughly 1 % due to a less favorable
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packing geometry. Dilatometric measurements clearly show that CoO doping

reduces the maximum sintering temperature to reach full density by 250 °C.

Whereas doped CGO20 attains a relative density > 99 % at about 1000°C, pure

CGO20 needs to be heated up to 1250 °C in order to reach a density of about

98 %. Due to doping with 1 cat% CoO, the main increase in relative density for

doped CGO20 occurs already between 900 and 1000 °C and the maximum

shrinkage rate is increased by a factor larger than three. For CoO-doped

CGO20, the driving force for sintering decays abruptly as soon as the

temperature has reached 950 °C. This is in contrast to pure CGO20, where it

decreases quite gradually above 900 °C (Fig. 4.2 b)).

4.4.2 Grain Size Measurements

The data of the isothermal grain growth studies is shown in Fig. 4.3 for Ce02

and in Fig. 4.4 for CGO20. The average grain size is plotted versus the holding

time. Enhanced grain growth and larger grain sizes of cobalt oxide doped

specimen are clearly demonstrated. This tendency is even more pronounced

at high dwell temperatures. For either of the two materials, a decrease in

driving force for grain growth is observed at low temperatures; a limiting grain

size is already attained after several hours of dwell. This observation

especially holds for CGO20. At high temperatures, grains still grow

significantly even after a dwell time of about 30 h. The respective fits of the

generalized grain growth law as well as of the grain growth law with

impediment are depicted in Fig. 4.3 and Fig. 4.4. In case of Ce02 and CoO-

doped Ce02, it is difficult to decide which of the models represents the grain

growth better. It seems that either of the models can be used to describe the

grain growth behavior of Ce02 whereas the model with impediment definitely

fails to characterize the grain growth of CoO-doped Ce02. It has to be

considered that for both materials, Ce02 and doped Ce02, no limiting grain

size is reached suggesting that the utilized dwell times are too short to allow

for a meaningful conclusion. In case of CGO20, the model with impediment

can not be used to fit the obtained data especially at short dwell times.

Contrary, the grain growth behavior of doped CGO20 can be reasonably

described by both models. The lowest dwell temperatures seem to represent
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an exception. The grain growth model with impediment clearly describes the

grain growth the best at the lowest dwell temperatures for CGO20 as well for

CoO-doped CGO20.

a) b)

20 30

Dwell time [h]

20 30

Dwell time [h]

Figure 4.3

a)

Average grain size as a function of dwell time for a) undoped

Ce02 and b) Ce02 doped with 2 cat% cobalt oxide. Dashed lines

represent the fits with the generalized grain growth model. Solid

lines represent the fits with the grain growth model with

impediment.

b)

3) 1

2

> 1100°c

1200 °C

o 1275 °C

a 1350°C

30 40 50 60 70

Dwell time [h]

80 90 100

< 2

30 40 50
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Figure 4.4 Average grain size as a function of dwell time for a) undoped

CGO20 and b) CGO20 doped with 2 cat% cobalt oxide. Dashed

lines represent the fits with the generalized grain growth model.

Solid lines represent the fits with the grain growth model with

impediment.

Fig. 4.5 shows typical microstructures obtained by SEM of doped ceria at

1350 °C and CoO-doped CGO20 at 960 °C after a dwell of 2 h. The ceria

microstructure consists of inter- as well as intragranular pores. A pore-
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boundary separation has occurred leading to the observed intragranular pores.

While grain growth of ceria is clearly limited by the boundary motion, grain

growth in CGO20 is limited by the pore mobility since no intragranular pores

have been observed. This conclusion is based on the observation first

described by Brook that the addition of a solute can prevent the pore-

boundary separation [26]. No abnormal grain growth has been observed in any

of the investigated samples. The normalized grain size distribution for CoO-

doped CGO20 dwelled at 1100 °C is shown in Fig. 4.6 confirming the

prevalence of regular grain growth as grain size distributions could reasonably

well be fitted to a log-normal distribution with a minimum correlation

coefficient of 0.982.

a) b)

Figure 4.5 Microstructures of a) Ce02 dwelled at 1350 °C for 2 h and b)

CGO20 + 2 cat% CoO dwelled at 960°C for 2 h.
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Figure 4.6 Normalized intercept length distribution for CG020 + 2 cat% CoO

dwelled at 1100 °C.

In order to compare the grain growth behavior of pure and CoO-doped CGO20

in more detail, the exponent m of the generalized grain growth law has been

calculated for all of the dwell temperatures with and without G0 taken into

account (Table 4.1 ). In the case of neglected G0, the value calculated for m

has been rounded up to the next integer whereas the exponent m with the

highest correlation coefficient has been chosen for each dwell temperature in

the case where G0 was included. A high grain growth exponent m > 3 was

found for most dwell temperatures. CGO20 at 1100 °C exhibited the highest

value in both cases, G0 neglected or included. The value of m is temperature

dependent with a tendency to increase for decreasing dwell temperature. This

tendency has also been observed in other studies [27], [28], [29]. By

comparing the data given in Table 4.1, it becomes obvious that the initial

grain size G0 needs to be included in the calculations. Only in the case of pure

CGO20 dwelled at 1350 °C, the same value for m is found. Mistier [30] as well

as Burke [22] have already theoretically pointed out that neglecting G0 may

lead to an overestimation of the grain growth exponent m. However, the

experimental results in Table 4.1 show that the value of m is either decreased

or increased if G0 is taken into account. It is therefore reasonable to assume

that the scattering of data has also a significant influence upon the value of
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the calculated exponent m. Unfortunately, this renders the use of the value

of m for relating the observed grain growth to a certain diffusion mechanism

questionable.

TCGO20 m m TCGO20 + 2 cat% CoO m m

without G0 with G0 without G0 with G0

- - - 960 °C 8 4

1100 °c 11 12 1100 °C 4 7

1200 °C 7 8 1200 °C 6 4

1275 °C 6 7 1275 °C 5 3

1350 °C 6 6 1350 °C 5 3

Table 4.1 Calculation of grain growth exponent m without and with initial

grain size G0.

4.4.3 Grain Boundary Mobility

The grain boundary mobility has been calculated for all three models

presented in Section 4.2.2. In the first case, a parabolic grain growth behavior

has been assumed. In the second case, the grain growth exponents m with G0

included from the generalized grain growth law have been used to calculate

the grain boundary mobility. Finally, the model of grain growth with

impediment has been applied. A value of 0.3 J/m2 has been assumed for the
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grain boundary energy ^[31]. The grain boundary mobility M is shown for all

three models as a function of the reciprocal temperature in Fig. 4.7 for Ce02

and CGO20, undoped as well as CoO-doped.
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Grain boundary mobilities as a function of temperature for Ce02,

Ce02 + 2 cat% CoO, CGO20 and CGO20 + 2 cat% CoO. a) parabolic

grain growth, b) generalized grain growth, and c) grain growth

with impediment.

The mobilities obtained for Ce02 are of the same order of magnitude as the

mobility calculated by Chen et al. [31], who reported a parabolic growth.

Assuming the same value for y, he obtained a mobility of 3.6*1015 m3/Ns at

1320 °C. In the case of assumed parabolic grain growth, a value of 1.8*10"

14 m3/Ns was calculated at 1350°C in the present study. By using a grain

growth exponent of m = 4, the mobility of Ce02 at 1350°C amounts to 9.6*10"

15 m3/Ns. A mobility of 2.3*10"14 m3/Ns is obtained with the model with grain
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growth impediment. The comparison with Chen's data indicates that the

obtained mobility data is realistic and that the influence of the used grain

growth exponent m onto the mobility is small. This finding becomes obvious

when considering the fundamental function for isothermal grain growth [22]:

i Eq. 4.10

G = K-tn

The exponent 1/n only determines the shape of the isothermal grain growth

curve, but is independent of the coefficient K, which is directly linked to the

grain boundary mobility. Even if the mobility is calculated as a function of the

grain growth exponent as in Eq. 4.6, the mobility does not vary by orders of

magnitude. Hence, the influence of the scattering of data and of the

subsequently calculated grain growth exponent onto the grain boundary

mobility is only marginal.

The relative grain boundary mobilities are similar for all three methods used

here, i.e. the parabolic, the generalized grain growth law as well as the grain

growth law with impediment. The grain boundary mobility of CGO20 is roughly

three orders of magnitude smaller than the one of Ce02. This clearly

demonstrates the effect of the solute Gd in the ceria matrix expressed by the

defect equation:

Gd203^2Gd;e + 30^ + V0° Ecl-4-11

It can be argued that dissolved Gd ions cause a space charge layer, which

decreases the boundary mobility with the result of a pore limited grain

growth. This is put in evidence in Fig. 4.5, showing a microstructure without

intragranular pores. It is therefore reasonable to assume that the grain

boundary mobility is depressed due to the solute drag effect of Gd.

The present experiments demonstrate that an addition of cobalt oxide to Ce02

increases the grain boundary mobility only slightly whereas for CGO20, the

effect of cobalt oxide doping is more pronounced. Here, the grain boundary

mobility is increased by one order of magnitude. Evidence from an earlier

sintering study [15] and the EELS mappings obtained from TEM for cerium and
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cobalt shown in Fig. 4.8, suggests that the increased boundary mobility is

strongly correlated to a high concentration of cobalt oxide at the grain

boundary. Obviously, a boundary layer rich in cobalt oxide acts as a fast

diffusion path parallel to the grain boundary thus enhancing shrinkage during

sintering, but also perpendicular to the grain boundary promoting grain

growth. The low solubility of cobalt oxide in Ce02 further supports this

assumption [32]. It can even be expected that an increased dissolution of

cobalt oxide in CGO20 would further decrease the boundary mobility similarly

to the effect found for Gd in Ce02. This conjecture is supported by a report of

Chen et al., who observed a decrease in grain boundary mobility in ceria at

the extrinsic level (> 1 %) for various acceptor dopants like Mg2+, Ca2+, Y3+ and

Yb3+ [31]. The effect of cobalt oxide (Co2+, Co3+) has however not been

investigated. A point of particular interest should be noticed. In the mobility

data in Fig. 4.7, the solute drag effect of Gd persists at the boundary even

independent of the addition of cobalt oxide. It can therefore be assumed that

the cobalt oxide grain boundary layer is sufficiently thin, so that the mass

transport across the grain boundaries is not affected significantly. The same

conclusion was made in several grain growth studies of zirconia as summarized

by Chen [33].

A significant difference between the calculation methods employed in

interpreting the present data is revealed when comparing the mobilities of the

lowest dwell temperatures for CGO20 and CGO20 doped with cobalt oxide. As

shown in Fig. 4.7 b), the use of the generalized grain growth law results in

mobilities lowered by several orders of magnitude compared to the other two

models in Fig. 4.7 a) and Fig. 4.7 c). These very low grain growth rates seem

to be a consequence of the small average grain sizes as well as of the low dwell

temperatures as they are located in the third stage of sintering (Fig. 4.2).

Based on the correlation coefficients, it can not be concluded, which model

fits the data on hand best. Certainly, the determination of the individual

exponents m for the generalized grain growth law allows for a better fit

compared to the parabolic growth law. The generalized grain growth law

consists of an intrinsic drawback, namely the fact that the obtained high

exponents m can not be explained physically, i.e. by a diffusion mechanism.

The model with impediment takes into account that a finite grain size is
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reached after a sufficiently long dwell time. This is especially true for CGO20

and cobalt oxide doped CGO20 at the lowest dwell temperatures, where

almost no grain growth is observed. The fact that these microstructures

exhibit a remarkable thermal stability suggests that grain growth is

predominantly governed by grain boundary diffusion. In a microstructure of

relatively small grain size as it is the case for CGO20 and CoO-doped CGO20 at

the lowest dwell temperatures, only a limited number of atom jumps are

necessary to form a grain boundary of lower interfacial energy. By

consequence, a stable microstructure is reached after a relatively short dwell

time. At high dwell temperature, where volume diffusion is also activated, it

can be expected that the grains grow at long term according to the Ostwald

ripening mechanism.

4.4.4 Activation Energies for Boundary Motion

The activation energies Q of the grain boundary motion were calculated for

all three models (Table 4.2).

Material Q[eV]
Parabolic

Grain Growth

Q[eV]
Generalized

Grain Growth

Q[eV]
Grain Growth

with Impediment

Ce02 2.3 ± 0.3 3.1 ± 0.4 2.3 ± 0.6

Ce02 + 2 cat% CoO 3.3 ±0.2 2.8 ± 0.4 3.7 ± 0.3

CGO20 2.4 ± 0.4 6.6± 1.5 2.9 ± 0.3

CGO20 + 2 cat% CoO 2.5 ± 0.3 1.2 ± 0.2 3.0 ± 0.2

Table 4.2 Apparent activation energies of grain boundary motion.

The data points at the lowest dwell temperatures for CGO20 and CoO-doped

CGO20 have been omitted for the generalized grain growth law. The

differences in activation energies for the parabolic growth and for the model

with impediment are small for the considered dwell temperatures, but the

generalized law yields completely different values. In the case of Ce02 and

Ce02 + 2 cat% CoO, the parabolic model and the model with impediment both

show a decrease in activation energy when cobalt oxide is added. On the

contrary, the generalized grain growth law results in a small decrease from

3.1 to 2.8 eV due to the addition of cobalt oxide. The situation is similar for
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CGO20. The assumption of parabolic growth and the grain growth model with

impediment lead in each case to almost the same activation energies for

undoped CGO20 as well as CoO-doped CGO20. The use of the calculated

exponents in the generalized growth law results in a substantial difference.

The addition of 2 cat% of CoO causes a decrease in activation energy by

roughly 5 eV. Here, the influence of the used grain growth exponent m is more

important than in the case of Ce02. The activation energies for undoped Ce02

found in the present study are smaller than the ones reported earlier. Chen et

al. found 6.16 eV [31] and Zhang et al. obtained 7.22 eV [14]. However,

activation energies derived from different starting powders of different

manufacturers and of different quality are hardly comparable. The resulting

microstructures of sintered samples have different pore and grain size

distributions. Discrepancies may also arise from unspecified background

impurities of various nature and concentration with significant effects on

grain growth. For example, Si02 is known to be the main impurity found in the

grain boundary region of ceria-based materials [1]. The average Si content in

a CGO20 sample sintered in a dedicated clean alumina furnace determined by

laser ablation with a spot size of 30 pm combined with inductively coupled

plasma mass spectroscopy was found to be 143 ± 59 ppm. According to the

supplier of the presently used powder, the maximum Si02 content lies below

16 ppm. Although precautions have been taken to avoid contamination during

the preparative steps of the experiments, a significant amount of Si, which

influences the grain growth behavior, is present in the investigated samples.

A further reason for differences in activation energies lies in the limited

amount of data and its scattering, which influences the grain growth exponent

m and consequently the calculated activation energy. Therefore, a

quantitative comparison of the present data with other studies is not reliable.
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4.4.5 Role of Grain Boundary Structure

The dilatometric measurements (Fig. 4.2) as well as the increased grain

boundary mobility (Fig. 4.7) and the EELS spectra for cerium and cobalt

(Fig. 4.8) indicate that the addition of cobalt oxide to CGO20 results in a

different grain boundary structure caused by a layer of high diffusion rates at

the boundary.

a) b)

Figure 4.8 EELS mapping of a) Ce and b) Co of CGO20 + 2 cat% CoO dwelled

at 900° C for 2 h and quenched in air (dark contrast = low

concentration).

Despite the high grain boundary mobility in cobalt oxide doped CGO20, it is

possible to obtain a dense, and still fine-grained microstructure during

sintering. Due to a high shrinkage rate resulting from enhanced mass transport

parallel to the boundaries, the material is fully densified before temperatures

are reached where significant grain growth occurs. Cobalt oxide does not act

as a solid solution additive with respect to sintering. Solid solution additives

typically increase sintering rates, but decrease the grain boundary mobility,

so that a microstructure with controlled low grain size is obtained. The

probably best understood system for this case is Al203 doped with MgO [34].

Another conjecture is that CoO doping might lead to classical liquid-phase

sintering. This is however surprising as the eutectic temperature of CGO20 and

CoO is estimated to lie distinctively above 1000°C. The eutectic temperature

of the system Ce02 and CoO has been determined as 1645 ± 5 °C [32]. It is

implausible to assume that the addition of Gd203 in solid solution with Ce02

decreases the eutectic temperature by more than 600 °C. Metallic [35], [36],
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[37] as well as ceramic systems [38], [39], which have shown to behave

similarly to the system of CGO + CoO, have been described in literature as

cases of "activated sintering". Extensive research has been conducted in

Bi203-doped ZnO ceramics [40], [41], [42], [43], [44]. Addition of Bi203 causes

first of all liquid-phase sintering at temperatures above 740 °C, the eutectic

temperature of the system ZnO-Bi203 [43]. But, significant shrinkage occurs

also well below the eutectic temperature [40], [41] accompanied with

pronounced grain growth at high temperatures [44]. Recently, Luo et al. have

detected disordered surface and intergranular films with 1 - 2 nm thickness

[43] below as well as above the eutectic temperature. They assigned the

phenomenon of "activated sintering" to the action of these amorphous

intergranular films. The results presented in this work suggest that the system

of cobalt oxide doped CGO20 shows properties similar to the "activated

sintering" of the Bi203 doped ZnO system.

4.5 Conclusion

The sintering process of ceria solid solutions can be markedly modified by

adding 1 cat% of cobalt oxide. A lower maximum sintering temperature and

increased shrinkage rates are observed indicating that doping with cobalt

oxide facilitates mass transport along the grain boundaries already below the

eutectic temperature. Isothermal grain growth studies have been conducted

for Ce02 and Ce0 8Gd0 2Ot 9, undoped as well as doped with cobalt oxide, and

subsequently analyzed with three different models, namely the parabolic

grain growth law, the generalized grain growth law, and the grain growth

model with impediment. The grain growth data can not be unambiguously

fitted to one of the models. The generalized grain growth law can be

reasonably fitted to the data of Ce02 and Ce0 8Gd0 2Ot 9. However, the model

yields unreasonably high grain growth exponents, which obviates a physical

explanation of the process. The grain growth model with impediment turned

out to be the most appropriate model for grain growth of undoped and cobalt

oxide doped Ce0.sGdo^ 9 especially at low dwell temperatures, where a

limiting grain size is reached after a short dwell time. It is therefore assumed
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that the principal diffusion mechanism at these low dwell temperatures is

grain boundary diffusion. At higher dwell temperatures, where volume

diffusion is also activated, no limiting grain size is reached.

The calculated grain boundary mobility of Ce0 8Gd0 20^ 9
is found to be three

orders of magnitude lower than the one of Ce02. This decrease in boundary

mobility is a result of the solute drag exerted by the dissolved Gd ions. The

calculation of the grain boundary mobility showed further that CoO doping

increases the grain boundary mobility of Ce02 as well as of Ce0 8Gd0 20^ 9,
but

the increase in case of Ce0.8Gd0 20^ 9
is more pronounced. This observation is

confirmed by larger average grain sizes in the doped samples for all

investigated dwell temperatures. Due to a very limited solubility of CoO in

Ce02, the increased grain boundary mobility of Ce0 8Gd0 20^ 9
is not attributed

to the dissolution of cobalt oxide in the matrix, but to a peculiar change of the

grain boundary structure caused by the dopant. A disordered CoO-rich grain

boundary layer that enhances diffusion parallel and perpendicular to the

boundary is therefore conjectured to account for the improved densification

and the increased grain boundary mobility in Ce02 and Ce0.8Gd0 20^ 9.
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Sintering Behavior of Cobalt Oxide Doped

Ceria Powders of Different Particle Size*

Abstract

The effect of cobalt oxide as sintering aid for Ce02 and

Ce0 gGdo1O1 95 (CGO10) powders was studied as a function of

initial powder particle size. The sintering effect of cobalt

oxide, measured as the difference in temperature of

maximum shrinkage rate between undoped and 1 cat% cobalt

oxide doped powders, decreased with initial particle size.

Almost no effect was found for the smallest particle sizes

investigated (d < 10 nm) whereas the maximum shrinkage rate

temperature decreases by more than 200 °C for particles
d > 100 nm. For the smaller particles, only doping of much

higher concentration produces significant decreases in the

temperature of maximum shrinkage rate. This observation

suggests that the effectiveness of sintering depends on the

specific surface area of the starting powder and points at the

decisive role of the doping method used. Dense

microstructures with average grain sizes smaller than 100 nm

are obtained by doping very fine powders with cobalt oxide.

5.1 Introduction

The addition of small amounts of a dopant to improve the sintering process of

metallic as well as ceramic powders is an established method. Two types of

additives need to be distinguished. A first group of additives are solid solution

additives, which dissolve in the host material. The solute typically decreases

the grain boundary mobility, so that higher sintering densities are achieved.

The addition of MgO to Al203 is the seminal and probably best understood case

as it made the fabrication of fully densified alumina possible [1].

Subsequently, many other materials, such as MgO, Y203, or ZnO, could

successfully be sintered by using the solid solution approach [2]. The second

group of additives exhibits only limited solubility in the host material and

therefore reside mainly at the grain boundaries. Depending on the processing

*E. Jud, L. J. Gauckler, J. Electroceram., in press



112 CHAPTER 5

temperature, this additional phase may either lead to liquid phase sintering

or to activated solid state sintering. Both approaches have in common that

diffusion across the grain boundary is enhanced, in the first case by a liquid

bridge and in the second by a thin grain boundary layer. If the phase diagram

of a materials system is known in sufficient detail, the optimal processing

parameters can be determined experimentally within a reasonable time

frame. In case of activated solid state sintering, the knowledge of the

corresponding phase diagram can also be a helpful tool. In many cases

however, phase diagrams are not known in sufficient detail and more over,

activated solid state sintering is usually found below the eutectic temperature

[3]. German et al. have established a list of criteria for material systems to be

suited for activated sintering [4]. For a suitable system, a first requirement is

a higher solubility of the host in the additive material rather than vice versa.

If a certain solubility of the additive in the host exists, the activation may

become transient. A decrease of liquidus and solidus as the host is alloyed is

required in addition to promote segregation of the equilibrium second phase.

A system with low eutectic temperatures and therefore high diffusivities at

the boundary is also desirable.

These criteria have been validated amongst others for the case of Ni-doped W

[4]. Transition metals in general have proven to be suitable dopants for

activated sintering of various refectory metals, such as molybdenum,

tungsten, chromium, rhenium, and tantalum [5]. Increased density improves

desirable physical and mechanical properties of sintered materials in general.

However, the increased diffusion rates at the boundary promote also grain

growth, which may degrade the sintered density again [6]. A well investigated

ceramic system, which has shown properties of activated sintering is Bi203-

doped ZnO. The addition of Bi203 leads to liquid phase sintering at

temperatures above 740 °C, the eutectic temperature of the system ZnO-

B12O3 U]- But significant shrinkage even sufficient to reach full density was

also observed below the eutectic temperature in isothermal sintering

experiments [8]. At high temperatures, the presence of Bi203 causes enhanced

grain growth of the ZnO matrix already at an additive concentration of

0.05 mol% [7], [9]. Recently, Luo et al. have observed disordered grain

surfaces and intergranular films with 1 - 2 nm thickness below and above the
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eutectic temperature [10]. They assigned the phenomenon of activated

sintering below the eutectic temperature to the existence of these amorphous

intergranular films [11].

Transition metal oxides (e.g. Mn02, Fe203, Co304, NiO, CuO) have also shown

properties of improved sintering for ceria and zirconia based solid solutions

[12], [13], [14], [15], [16] below the eutectic temperature [17]. In all studies,

increased shrinkage rates at relative low temperatures and reduced maximum

sintering temperatures have been observed. In the case of cobalt oxide doped

Ce0.8Gd0.2Oi,9, the improved sintering properties could be assigned to a grain

boundary film acting as a short circuit path resulting in improved

densification, but also in enhanced grain growth [18], [19]. On the other hand,

very little grain growth was observed during sintering since grain sizes in the

sub-micron range (~ 120 nm) could be achieved [12], [20]. The observation of

little grain growth indicates that rearrangement of particles due to reduced

interparticle friction plays an important role during densification. Zhang et al.

investigated the sintering of Fe02-doped Ce02 [21]. They found that the grain

boundary film formed by the additive reduces the interparticle friction

leading to a viscous flow mechanism. These results strongly suggest that the

sintering of transition metal oxide doped ceria solid solutions is dominated by

a viscous flow mechanism in the early sintering stage while activated sintering

plays an important role in the final sintering stage.

The amount of activator material necessary to change the sintering properties

of the host material is small and usually below 3 cat% of the dopant. The more

homogeneously the dopant is distributed in the matrix, the more pronounced

the effect is. In the case of Ni-doped W, it was shown that a small particle size

of the dopant could increase the promoting sintering effect [22]. Decreasing

the particle size of the host material to the nanometer range can also help to

enhance the overall sintering properties [23], [24]. Hence, the aim of this

study is to explore the combined effects of high specific surface area of the

host material and the addition of an activator material investigating the limits

of the activated sintering approach and clarifying the role of the dopant.
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5.2 Experimental Procedures

Commercially available ceria and ceria gadolinium oxides (CGO10) of various

particle size were used. In order to further enlarge the range and cover

several orders of magnitude of particle sizes, selected very fine powders were

calcined. Calcination temperatures were chosen low enough, so that the

formation of hard agglomerates was avoided. Powder particle sizes were

characterized by BET measurements (NovalOOO, Quantachrome, Germany),

SEM (LEO 1530, Germany), TEM, X-ray diffraction (XRD - Diffractometer D

5000, Siemens, Germany) combined with Rietveld refinement (TOPAS R 2.0,

Bruker AXS, Germany). Most powders were doped with 1 cat% of cobalt oxide.

The powders were ultrasonically dispersed in ethanol and the desired amount

of cobalt nitrate hexahydrate dissolved in ethanol was added. After an

additional ultrasonication, the solvent was evaporated and the powder dried

at 120 °C. The nitrate was converted to cobalt oxide by calcining at 400 °C for

4 h. Green compacts were fabricated by isostatic pressing at 300 MPa for

3 min. Pressureless sintering was conducted in a horizontal dilatometer (Type

802S, Bahr Thermoanalyse GmbH, Germany). Before and after sintering, the

density was determined by the Archimedes method. Microstructures were

obtained by polishing down to 1 pm diamond paste. After thermal etching

20 °C below the respective maximum sintering temperature, the grain size

was determined based on SEM images measuring at least 300 grains. A mean

intercept length to mean grain size conversion factor of 1.56 was used [25].

5.3 Results and Discussion

The source of all powders and where applicable the calcination temperature

is listed in Table 5.1. The results regarding the powder characterization by

BET, microscopy, and X-ray diffraction of all Ce02 and Ce09Gd01Oi 95

(CGO10) powders are given in Table 5.2.
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Since the calculation of the equivalent particle diameter dBET from the BET

measurement is based on the assumption of spherical particles, the effective

diameter is generally underestimated. This discrepancy can be deduced from

Table 5.2, where all dBET values are smaller than the corresponding particle

size evaluated by SEM.

Powder Source Calcination

1Ce02 MicroCoating Technologies, USA

2Ce02 Alfa Aesar, Johnson Matthey GmbH, D

3Ce02 Alfa Aesar, Johnson Matthey GmbH, D

4Ce02 Auerweiss Typ BF, Treibacher Auermet, A

1CGO10 MicroCoating Technologies, USA

2CGO10 MicroCoating Technologies, USA

3CGO10 Rhodia, Catalysis & Electronics, F

4CGO10 Rhodia, Catalysis & Electronics, F

5CGO10 Rhodia, Catalysis & Electronics, F

1CGO10 2hat750 °C

3CGO10 2hat800 °C

3CGO10 2hat 1000 °C

Table 5.1 Powder sources.

Powder dBET [nm] XSEM/TEM [nm] iXRD [nm]

1Ce02 6.6

2Ce02 11

3Ce02 92

4Ce02 290

1CGO10 6.2

2CGO10 11

3CGO10 24

4CGO10 58

5CGO10 137

21

57

208

416

10

24

54

62

100

10 (78%), 27 (22%)

16 (66%), 86 (34%)

> 100

> 100

4.5 (88%), 9.0 (12%)

14

20

34

> 100

Table 5.2 Powder characterization.
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The particle sizes of the smallest powders (1Ce02 and 1CGO10) have been

obtained from TEM images provided by the manufacturer. For powders with

particles sizes below 100 nm, the diameters dSEM are much larger than the

dBET values. This difference is due to the limited resolution of the SEM. For

powders 1Ce02, 2Ce02, and 1CGO10, the crystallite sizes calculated by the

Rietveld refinement show evidence of bimodal particle size distributions.

Relative fractions are indicated in parentheses. Further, the crystallite size

can be smaller than the particle size deduced from BET if a particle consists

of several crystallites. Yet, if particles consist of one crystallite, dXRD 1S

usually larger than dBET since the BET method is surface area based whereas

X-ray diffraction is a mass dependent method [26]. As expected, doping with

1 cat% of cobalt oxide does not change the specific surface area of the powder

significantly. The same particle sizes have therefore been used in the

following analysis for the undoped as well as for the doped powders.

a) b)

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

Temperature [°C] Temperature [°C]

Figure 5.1 Relative density as a function of temperature at a heating rate of

5 °C/min for a) Ce02 and b) CGO10 powders.

Fig. 5.1 and Fig. 5.2 show the results of the dilatometric measurements for all

Ce02 and CGO10 powders (undoped and doped with 1 cat% cobalt oxide)

obtained by constant heating rate sintering. Pressed powder compacts possess

different green densities due to different powder geometries. A higher green

density is usually obtained with powders of larger particle size as can clearly

be seen by comparing 1Ce02 with 4Ce02 for example.
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In case of the doped powders, the relative differences in green densities are

smaller. The effect of the specific surface area on the respective sintering

behavior is obvious. Powders that have a high specific surface area and

therefore a high driving force for sintering, start to densify at a lower

temperature. In addition, they also reach the maximum shrinkage rate already

at a lower temperature.

a) b)

90

80 -

SO

-n- 1Ce02 + 1 cat% CoO
'

-»-2CeOz + 1 cat%CoO
3~e^&é-

-^^3Ce02 + 1 cat%CoO A £r°^-
-+- 4Ce02 + 1 cat% CoO

1

-

•*2 jA

-1CGO10 + 1 cat%CoO

2CGO10 + 1 cat%CoO

3CGO10 + 1 cat%CoO

4CGO10 + 1 cat%CoO

-5CGO10 + 1 cat%CoO

I 7°

OH

200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600

Temperature [°C] Temperature [°C]

Figure 5.2 Relative density as a function of temperature at a heating rate of

5 °C/min for a) Ce02 and b) CGO10 powders doped with 1 cat%

of cobalt oxide.

Powder Temperature of (dp/dT)max Temperature of (dp/dT)max

undoped [°C] doped with 1 cat% CoO [°C]

850/ 1330

870/ 1020

1150

1210

954 / 757

962/ 1344

924

1096

1139

1Ce02 845 / 1410

2Ce02 920/ 1160

3Ce02 1290

4Ce02 1480

1CGO10 685 / 1366

2CGO10 985 / 1365

3CGO10 971

4CGO10 1298

5CGO10 1344

Table 5.3 Sintering characteristics of undoped and CoO-doped powders.
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Table 5.3 shows the temperature of maximum shrinkage rate for all powders.

Some powders exhibit two maxima in the shrinkage rate, which can be

attributed to a bimodal particle size distribution or to a bimodal pore size

distribution. Powder 2Ce02 for example shows two sintering maxima, which

can be correlated to the bimodal particle size distribution measured by X-ray

diffraction, but also to the bimodal pore size distribution measured by

mercury intrusion porosimetry shown in Fig. 5.3.

^
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§
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o
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.>
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o
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pore size [urn]

Figure 5.3 Pore size distribution of green body of powder 2Ce02.

This correlation also demonstrates the limits of the information contained in

the particle size characterization shown in Table 5.2. Particles sizes can only

give a first idea about the expected sintering properties. In order to actually

predict the shape of a densification curve, a more complete description of the

green body microstructure is required. Pore size distributions measured by

mercury intrusion also define only one aspect of the green body

characteristics. A similar observation is that the particle size can not be

correlated with the final densities of the sintered powder compacts as is

obvious from the results presented in Fig. 5.1 and Fig. 5.2. Nevertheless, it

can be seen that powders of larger particle size continue to densify during the

dwell at high temperature (see e. g. 4Ce02) whereas powders of small particle

size reach their final density at lower temperature (see e. g. 2Ce02). The low

final densities found for compacts of the small powders are a consequence of

the green body geometry and the reduction of the cerium ions. Relative

densities decrease at high temperatures due to the reduction of Ce4+ to Ce3+
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leading to the formation of oxygen vacancies and consequently to pores [27].

Since the densification curves are adjusted according to the measured density

by Archimedes, the effective loss in density at high temperatures remains

indiscernible.
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Figure 5.4 Temperature of maximum shrinkage rate as a function of powder

particle size for a) Ce02 and b) CGO10, undoped as well as doped

with 1 cat% of cobalt oxide. Dashed lines serve as guide for the

eye.
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The effect of cobalt oxide doping on the temperature of maximum shrinkage

rate becomes obvious in Table 5.3. Except for the smallest powders, doping

decreases the temperature of maximum shrinkage rate. The effect is more

pronounced for large particle sizes as Fig. demonstrates, where the

temperature of maximum shrinkage rate is plotted as a function of initial

particle size. For most powders, dBET has been taken as the value of initial

particle size, but for powders 1Ce02 and 2Ce02, the crystallite sizes have been

used. Also, the second maxima in the shrinkage rates of compacts from

powders 1Ce02, 1CGO10, and 2CGO10 have been neglected since they might

correspond to sizes of agglomerates. It is clearly seen in Fig. 5.4 that for large

particles, the temperature of maximum shrinkage rate may differ by as much

as 300 °C. The differences become less with decreasing particle sizes. In the

case of CGO10, even a crossover for the smallest particles size is observed.

Evidently, doping has a detrimental effect on the sintering behavior. This

surprising result motivated further investigation.
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To this end, powder 1CGO10 was doped with increasing concentrations of

cobalt oxide up to 10 cat%. The shrinkage rate of compacted powders was

measured in the dilatometer and are displayed in Fig. 5.5. It can clearly be

seen that the temperature of maximum shrinkage rate is the lowest for a

doping concentration of 5 cat%. Higher concentrations, such as 10 cat% are

less favorable to the sintering process increasing the temperature of maximum

shrinkage rate and decreasing the maximum shrinkage rate. Analogous

observations have been made in a previous work [12]. It must be concluded

that for the presently used method of doping, a fine powder, such as 1CGO10

requires a higher dopant concentration than 1 cat% in order to produce the

most distinct sintering effect. For an explanation, one should consider how

dramatically the specific surface area of a powder increases if the particle size

reaches the nanometer range. Then, the homogeneous distribution of small

amounts of dopant material over the large surface area becomes a critical

processing parameter and increasingly depending on the doping method used.

For a given method, higher doping concentrations are needed to achieve

contact of all particles with sufficient doping material. Alternatively, a more

suitable doping method might be developed ensuring homogeneous coverage

of all particles. With improved doping methods, it can be expected that the

temperature of maximum shrinkage will decrease even for very small particles

and consequently, no need for higher doping concentration arises.

Figure 5.5 Shrinkage rate as a function of temperature for powder 1CGO10

doped with various concentrations of cobalt oxide.
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In Fig. 5.6, the temperature of maximum shrinkage rate and the average grain

size is plotted as a function of doping content. The measured average grain

sizes show that enhanced grain growth is concurrently observed with

densification confirming the observation that cobalt oxide promotes grain

growth [19]. Nevertheless, the use of a fine powder such as 1CGO10 combined

with the effect of cobalt oxide permits the fabrication of very fine and dense

microstructures with average grain sizes below 100 nm. Fig. 5.7 shows the

microstructure of powder 1CGO10 doped with 1 cat% cobalt oxide sintered at

900 °C for 2 h. The average grain size was found to be 78 nm, which

corresponds to a growth factor of roughly 13.

2 4 6 8

Concentration of cobalt oxide [cat%]

Figure 5.6 Temperature of maximum shrinkage rate and average grain size

depending on the doping content of cobalt oxide for powder

1CGO10. Average grain sizes have been measured in samples

sintered at 900 °C for 2 h.
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Figure 5.7 Microstructure of powder 1CGO doped with 1 cat% CoO sintered

at 900 °Cfor2h.

5.4 Conclusion

Commercial Ce02 and Ceo.9Gdo.1O-i.95 powders of particle sizes ranging from

6.6 nm to 416 nm have been doped with 1 cat% of cobalt oxide and their

sintering properties studied. Powders of small particles size exhibiting a high

driving force for sintering started to densify at lower temperature. With

cobalt oxide doping, increased shrinkage rates and decreased sintering

temperatures due to the doping were observed for all powders except for

small powders. In general, the doping effect, measured as the difference in

temperature of maximum shrinkage rate, decreased with particle size, but

showed almost no, if not a deterioring effect, for the smallest powders of

particle sizes smaller than 10 nm. This observation is explained by the high

surface area of small powders, which requires a more homogeneous

distribution of the dopant, i. e. a higher doping concentration to achieve the

same decrease in sintering temperature as more coarse powders with particle

sizes larger than 100 nm. The combined use of a very fine powder (< 10 nm)

and of doping with cobalt oxide makes dense microstructures possible with

average grain sizes smaller than 100 nm.



DIFFERENT PARTICLE SIZE 123

5.5 Acknowledgement

The authors thank S. Schlumpf and B. Stadler for carrying out most of the

sintering experiments.

5.6 References

[I] R. L. Coble, "Sintering Crystalline Solids. 1. Intermediate and Final

State Diffusion Models", J. Appl. Phys., 32 [5] p. 787 (1961).

[2] R. J. Brook, "Controlled Grain Growth", p. 331 in Treatise on Materials

Science and Technology. Edited by F. F. Y. Wang, Academic Press, New

York, 1976.

[3] R. L. Coble, "Reactive Sintering", vol. 14, p. 145 in 5th International

Round Table Conference on Sintering. Edited by D. Kolar, S. Pejovnik
and M. M. Ristic, Elsevier Scientific Publishing Company, Amsterdam,
1981.

[4] R. M. German and B. H. Rabin, "Enhanced Sintering through Second

Phase Additions", Powder Metallurgy, 28 [1] p. 7 (1985).

[5] R. M. German, Sintering Theory and Practice, 1st ed., John Wiley &

Sons, Inc., New York (1996), p. 209.

[6] C. J. Li and R. M. German, "The Properties of Tungsten Processed by

Chemically Activated Sintering", Metall. Trans. A, 14 [10] p. 2031

(1983).

[7] J. Wong, "Sintering and Varistor Characteristics of ZnO-Bi203

Ceramics", J. Appl. Phys., 51 [8] p. 4453 (1980).

[8] M. N. Rahaman, et al., "Low-Temperature Sintering of Zinc-Oxide

Varistors", J. Mat. Sei., 25 [1B] p. 737 (1990).

[9] T Senda and R. C. Bradt, "Grain-Growth in Sintered ZnO and ZnO-

Bi203 Ceramics", J. Am. Ceram. Soc, 73 [1] p. 106 (1990).

[10] J. Luo and Y.-M. Chiang, "Existence and Stability of Nanometer-Thick

Disordered Films on Oxide Surfaces", Acta Mater., 48 [18-19] p. 4501

(2000).

[II] J. Luo, et al., "Origin of Solid-State Activated Sintering in Bi203-

doped ZnO", J. Am. Ceram. Soc, 82 [4] p. 916 (1999).

[12] C. Kleinlogel and L. J. Gauckler, "Sintering of Nanocrystalline Ce02

Ceramics", Adv. Mater., 13 [14] p. 1081 (2001).



124 CHAPTER 5

13] C. Kleinlogel and L. J. Gauckler, "Sintering and Properties of

Nanosized Ceria Solid Solutions", Solid State Ionics, 135 [1-4] p. 567

(2000).

14] Zhang T. S., et al., "Densification, Microstructure and Grain Growth in

the Ce02-Fe203 system (0 < Fe/Ce < 20 %)", J. Eur. Cer. Soc, 21 [12]

p. 2221 (2001).

15] T S. Zhang, et al., "Ionic Conductivity in the Ce02-Gd203 System

(0.05 <Gd/Ce < 0.4) prepared by Oxalate Coprecipitation", Solid

State Ionics, 148 [3-4] p. 567 (2002).

16] G. S. Lewis, et al., "Cobalt Additive for Lowering the Sintering

Temperature of Yttria-Stabilized Zirconia", J. Mat. Sei. Lett., 20 [12]

p. 1155 (2001).

17] M. Chen, et al., "Ce02-CoO Phase Diagram", J. Am. Ceram. Soc, 86

[9] p. 1567(2003).

18] E. Jud, C. B. Huwiler and L. J. Gauckler, "Sintering analysis of

undoped and CoO-doped Ce0.8Gd0 20^ 9", Chapter 3.

19] E. Jud, C. B. Huwiler and L. J. Gauckler, "Grain Growth of Micron-

Sized Grains in Undoped and CoO-Doped Ce0 8Gd0 20^ 9", Chapter 4.

20] G. S. Lewis, et al., "Sintering of Gadolinia-Doped Ceria at Reduced

Temperature", vol. 2, pp. 773 in Fourth European Solid Oxide Fuel

Cell Forum. Edited by U. Bossel, 2000.

21] T. S. Zhang, et al., "Early-Stage Sintering Mechanisms of Fe-Doped

Ce02", J. Mat. Sei., 37 [5] p. 997 (2002).

22] R. M. German, Sintering Theory and Practice, 1st ed., John Wiley &

Sons, Inc., New York (1996), p. 223.

23] P. L. Chen and I. W. Chen, "Sintering of Fine Oxide Powders. 1.

Microstructural Evolution", J. Am. Ceram. Soc, 79 [12] p. 3129

(1996).

24] P. L. Chen and I. W. Chen, "Sintering of Fine Oxide Powders. 2.

Sintering Mechanisms", J. Am. Ceram. Soc, 80 [3] p. 637 (1997).

25] M. I. Mendelson, "Average Grain Size in Polycrystalline Ceramics", J.

Am. Ceram. Soc, 52 [8] p. 443 (1969).

26] L. Maedler, et al., "Flame-Made Ceria Nanoparticles", J. Mat. Res., 17

[6] p. 1356(2002).

27] Y Zhou, "The Influence of Redox Reaction of the Sintering of Cerium

Oxide", J. Mat. Synth. Proc, 6 [6] p. 411 (1998).



CONDUCTIVITY 125

The Effect of Cobalt Oxide Addition on

the Conductivity of Ce0.9Gd0.iO1#95*

Abstract

The conductivity of cobalt oxide doped Ce0.9Gd0.1O1.95
(CGO10) of various doping concentrations, sintering

temperatures, dwell times, and cooling rates was investigated
by 4-point DC measurements. A dissociation energy of roughly
0.1 eV of the acceptor-dopant vacancy complexes GdCe'-V0°

°

was measured in undoped CGO10. In cobalt oxide doped
CGO10, an enhanced total conductivity occurring with a low

activation energy of 0.54 eV was detected below 250 °C in

quenched samples. If the same samples were cooled slowly,
only the ionic conductivity of undoped CGO with an activation

energy of 0.8 eV was found. The increased conductivity is

attributed to a percolating network of an electronically
conducting grain boundary phase rich in CoO, which can be

retained by quenching from temperatures between 900 and

1000 °C.

6.1 Introduction

Solid Oxide Fuel Cells (SOFC) operating at intermediate temperatures (500 -

800 °C) are promising for the commercialization of SOFC systems. Decreasing

the operation temperature from the actual 950 °C to the desired temperature

range requires an electrolyte material different from the state-of-the-art

yttria-stabilized zirconia, whose ionic conductivity is fairly low [1]. Ceria solid

solutions are considered the most suitable alternative electrolyte materials

[2], [3]. In particular, Ce1.xGdx02.x/2 electrolytes possess a high ionic

conductivity as shown in various studies [4] - [10]. Sintering Ce1.xGdx02.x/2

ceramics to relative densities > 95 % (i. e. closed porosity) requires

temperatures > 1300 °C resulting in micron-sized microstructures with poor

mechanical properties [11] - [13]. The use of transition metal oxides (for

example cobalt oxide) as sintering aid for CensGdn^ 9 (CGO20) and

Ce09Gd01O195 (CGO10) leads to grain sizes in the sub-micron range

*E. Jud, L. J. Gauckler, submitted to J. Electroceram.
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(~ 120 nm) with possible improved mechanical stability [14], [15]. It was

further shown that 2 cat% cobalt oxide addition represents the most

appropriate doping concentration and increases the sintering rate, so that

dense microstructures are achieved already at 900 °C. Kleinlogel et al. argued

that the improved sintering characteristics are due to an approximately 2 nm

thick amorphous cobalt rich grain boundary phase, which disappears at higher

sintering temperature and/or with increasing dwell time [16]. Based on

impedance spectroscopy, they concluded that cobalt oxide dissolves into the

CGO20 lattice. Compared to undoped CGO20, the oxygen ion conductivity was

found to be unchanged in equilibrated cobalt oxide doped samples. However,

electronic conductivity along the cobalt rich grain boundary layers was

detected in material sintered for short time. Later, Lewis et al. reported that

cobalt oxide remains at the grain boundaries of CGO10 after a holding time of

12 h at 980 °C [17]. It was suggested that cobalt oxide does not entirely wet

the CGO10 grains, which renders the detection of cobalt oxide at the

boundaries difficult. Furthermore, they measured a higher lattice

conductivity in 2 cat% doped CGO10 and explained this by the formation of

additional oxygen vacancies due to the substitution of Co3+ for Ce4+ resulting

in a minimum lattice parameter change. The electrical properties of cobalt

oxide doped CGO20 were also investigated by Fagg et al. [18]. They found that

the total electrical conductivity remains unchanged when 2 cat% of cobalt

oxide is added as long as sintering is performed at 900 to 1000 °C. In doped

samples, increased p-type conductivity was detected and a decrease of the

oxygen ion transference number from 0.99 to 0.89 was determined between

650 and 1000 °C. Also, the existence of enriched cobalt oxide boundary layers

was confirmed for CGO20 samples at 900 °C, but distinct areas of higher

cobalt oxide concentration were detected as well.

The results of Kleinlogel et al., Lewis et al., and Fagg et al. show that the

exact role of cobalt oxide as sintering aid for CGO is not understood yet. The

mechanism of action of cobalt oxide is probably more complex than that of a

simple liquid phase additive as previously suggested [14], [15]. Our recent

sintering and grain growth studies of cobalt oxide doped CGO20 suggested that

cobalt oxide doping acts as an activator material [19], [20].
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Activated sintering has extensively been described for the case of Bi203-doped

ZnO and manifests itself mainly in increased shrinkage rates below the

eutectic temperature with concurrent intergranular films (see for example

[21]). However, for the application of cobalt oxide doped CGO electrolytes, it

is crucial to understand the influence of cobalt oxide doping onto the

conductivity and microstructure of CGO. With a detailed understanding, the

appropriate doping level and sintering cycle for optimal electrical

performance of the electrolyte material and hence of the SOFC can be

developed. This study aims at elucidating the electrical properties of the

cobalt oxide rich grain boundary layer in CGO10 in more detail. By choosing

suitable sintering temperatures and especially variable cooling rates, the

relationship between conductivity and microstructure of cobalt oxide doped

CGO10 is investigated.

6.2 Experimental Procedures

Ce09Gd01O195 (CGO10) powder was supplied by Rhodia Electronics &

Catalysis. Powder particle sizes were characterized by BET adsorption

measurements (NovalOOO, Quantachrome) and X-ray diffraction (XRD -

Diffractometer D 5000, Siemens) combined with Rietveld refinement (TOPAS

R 2.0, Bruker AXS). The CGO10 powder was doped with cobalt oxide by

ultrasonic dispersion in ethanol for 10 min and by addition of the desired

amount of cobalt nitrate hexahydrate (Fluka, Buchs, CH) dissolved in ethanol.

The suspension consisting of powder and cobalt was subsequently dispersed

for another 10 min, dried at 120 °C and ground in an agate mortar. Calcination

at 400 °C for 2 h decomposed the cobalt nitrate to cobalt oxide followed by a

second grinding step in an agate mortar. Green bodies were obtained by first

uniaxial pressing of 4 g of powders and subsequent isostatic pressing at

300 MPa for 3 min that yielded test bars of approximately 40 * 4 * 4 mm

(length
* width *

height). The sample bars were sintered at 900 and 1000 °C

for various dwell times and either quenched in air or slowly cooled (- 0.5 °C/
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min). Grain sizes were estimated from fracture surfaces imaged by scanning

electron microscopy (LEO 1530). A grain intersection to grain size conversion

factor of 1.56 was used [22].

Contacts for 4-point conductivity measurements were made by wrapping a

platinum wire around the sintered bars and by applying a platinum paste

(C 3605 P, Heraeus GmbH). The bars were then heated to 330 °C for 15 min in

order remove the organics of the platinum paste. The annealing temperature

of 330 °C was chosen above the decomposition temperature of the organic

components of the platinum paste, which had previously been determined by

a differential thermal and thermogravimetric analysis DTA/TG (STA 501, Bahr

Thermoanalyse GmbH) at a heating rate of 10 °C/min. Finally, the platinum

wire leads were fixed to the contact patches with a ceramic two component

binder. Resistance measurements were taken with a multimeter (197A,

Keithley) during heating and cooling (± 3 °C/min) up to 900 °C.

For the HRTEM analysis, samples were prepared by first grinding, dimpling,

polishing and finally ion milling in a Gatan Duomill. For ion milling, an

inclination angle of 12° and an Ar ion energy in the range of 2.5 - 4 keV was

used. The JEOL ARM 1250 microscope with a point-to point-resolution of

0.12 nm was used for the HRTEM studies. The microscope is equipped with a

drift compensation system, which helps stabilizing the image. Bright field

images were obtained on a Tecnai F30 microscope (FEI) with a field emission

gun operated at 300 kV. Elemental mappings were obtained by electron

spectroscopic imaging (three window technique) using an imaging filter (GIF,

Gatan) mounted below the microscope column. Samples were prepared by

crushing and dispersing them onto holey carbon films supported on copper

grids.
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6.3 Results and Discussion

The total conductivity data of undoped CGO10 as a function of reciprocal

temperature are plotted for two sintering temperatures in Fig. 6.1. In general,

the total conductivity can be represented by the following equation:

gT = G0Texp
kBX

Eq. 6.1

where g is the measured total conductivity, g0 is a pre-exponential term, Ea

is the activation energy, kB the Boltzmann's constant and T the absolute

temperature.
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Figure 6.1 Electrical conductivity of CGO10 sintered at 1200 and 1400 °C as

a function of temperature.

The conductivity curves of CGO10 sintered at 1200 and 1400 °C in Fig. 6.1

show a change in slope at around 400 °C. The measured conductivity can

reasonably described with the expressions as shown in Table 6.1.

T[°C] G[pm] P [%] GatT< 400 °C GatT >400 °C

1200 0.54 90
„T , „

ln6 f0 87eV^ S
GT

=

1 47 10 exp
—

V kBT /cm

OT = 1 81 10 exp
—

V kBT /cm

Table 6.1 Average grain size and conductivity of CGO10 sintered at 1200 and

1400 °C.
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T[°C] G[pm] P [%] GatT< 400 °C GatT >400 °C

1400 0.92 98
„t coc

,„5 f0 81eV^ s
GT

=

5 25 10 exp
—

V kBT /cm

t i Ac
,„5 f0 72eV^ S

GT
=

149 10 exp
—

V kBT /cm

Table 6.1 Average grain size and conductivity of CG010 sintered at 1200 and

1400 °C.

Surprisingly, a few percent of porosity did not influence the total conductivity

since the sample sintered at 1200 °C exhibited a relative density of 90%

whereas the sample sintered at 1400 °C was 98% dense. Gerhardt et al.

reported a decrease in lattice and grain boundary conductivity of

Ce0 94Gd0 06O2.x due to a lower relative density [23]. Based on their data, the

decrease in conductivity can be estimated to be roughly 8 % for a density

reduction from 95 to 70 %. In this work, the difference in density is much

smaller, and the total conductivity remains unchanged, which is consistent

with the above estimate. The activation energy at temperatures above 400 °C

does not change with the sintering temperature and the average grain size. At

temperatures below 400 °C, the sample sintered at 1400 °C shows a slightly

higher total conductivity combined with a lower activation energy. The higher

activation energy and lower total conductivity at T < 400 °C is due to the

larger grain boundary area and probably the higher grain boundary resistivity

of the 1200 °C sample. Zhou et al. have shown that grain boundary resistivity

in CGO10 becomes negligible at temperatures > 600 °C [24]. The effect of

grain size can therefore only be detected at low temperatures. The herein

reported values of the absolute activation energies of the sample sintered at

1400 °C are larger than those of Steele although he used the same starting

powder and the same sintering temperature [3]. This observation points at the

presence of certain impurities that artificially increase the activation energy.

Si02 is known to be the main impurity found in the grain boundary region of

ceria-based materials. The average Si content in a CGO10 sample sintered in

a dedicated clean alumina furnace was determined by laser ablation with a

spot size of 30 pm combined with inductively coupled mass spectroscpy and

was found to be 233 ± 20 ppm. According to the supplier of the presently used

powder, the maximum Si02 content lies below 100 ppm. Although precautions
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have been taken to avoid contamination during the preparative steps of the

experiments, a significant amount of Si was detected in the investigated

samples that may influence the total conductivity.

800 600

Temperature [°C]

400

P
*

CO

3. -2

o 900 °C, 10min, quenched
-+- CGO10Co2, heating
—^- CGO10Co2, cooling
—— CGO10Co5, heating
—ch- CGO10Co5, cooling

200

8 10 12 20 22 2414 16 18

10000/T(1/K)

Figure 6.2 Electrical conductivity of 2 and 5 cat% cobalt oxide doped CGO10

as a function of temperature. Samples were sintered at 900 °C

for 10 min and quenched in air.

The addition of cobalt oxide clearly changes the total conductivity of CGO10

as is visible in Fig. 6.2. Samples of different doping levels (2 cat% and 5 cat%)

have been sintered to 900 °C for 10 min and air quenched. One notes that

900 °C is also the temperature where cobalt oxide doped CGO reaches full

density as was found from separate dilatometric measurements [25].

Obviously, the samples are not in equilibrium after quenching since an

increased total conductivity is observed during the first heating up to

approximately 250 °C. During subsequent cooling, a different slope,

corresponding to the conductivity of undoped CGO10, is observed. In a second

heating cycle up to 900 °C, only the ionic conductivity of pure CGO10 is

measured. These results are consistent with those of Kleinlogel et al. [26],

who reported a higher conductivity of cobalt oxide doped CGO20 compared to

undoped CGO20 when measured at low temperatures. This increased total

conductivity at temperatures < 250 °C is also observed for samples with dwell

times up to 72 h at 900 °C (Fig. 6.3) and up to 4 h at 1000 °C (Fig. 6.4). For
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clarity, only the first heating cycle of the 4-point conductivity measurement

is depicted in both Fig. 6.3 and Fig. 6.4. Similar to the data shown in Fig. 6.2,

the cooling curve corresponds to the one of undoped CGO10 from Fig. 6.1.

Much longer dwell times than 4 h at 1000 °C produced extensive grain growth

and therefore very brittle samples not suitable for contacting. It is interesting

to notice that the highest total conductivity during first heating is observed

for a dwell time of 2 h.

Temperature [°C]

800 600 400 200

2

Î o

*

CO

-4

8 10 12 14 16 18 20 22 24

10000fi"(1/K)

Figure 6.3 Electrical conductivity of CGO10 doped with 5 cat% of cobalt

oxide. Data was obtained during first heating after sintering at

900 °C for dwell times from 10 min up to 72 h. Samples have

been quenched in air.
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Temperature [°C]

800 600 400 200

1—i ' 1 ' 1 ' 1—

10000/T(1/K)

Figure 6.4 Electrical conductivity of CGO10 doped with 5 cat% of cobalt

oxide. Data was obtained during first heating after sintering at

1000 °C for dwell times from 10 min up to 4 h. Samples have

been quenched in air.

The increased total conductivity in cobalt oxide doped samples occurs jointly

with a lower activation energy. The values of the activation energy are shown

in Fig. 6.5. They were calculated for data taken during heating up to 250 °C

or during cooling from 900 °C to room temperature. For clarity, the

dissociation temperature of the GdCe'- V0°
°

complexes was neglected, i.e. the

cooling curve was fitted as a whole. Most important, the activation energy

during heating clearly lies below 0.6 eV whereas during cooling, values around

0.8 eV are found. Furthermore, for the 5 cat% doped samples, a slight increase
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in activation energy during prolonged heating is observed. Hence, the addition

of cobalt oxide seems to be responsible for a second conductivity mechanism,

which develops at temperatures between 900 and 1000 °C.

1 ' 1 i ' i 1 i ' i ' i ' i

900 °C > T > 25 °C
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Figure 6.5 Activation energy as a function of dwell time for samples doped

with 2 and 5 cat% of cobalt oxide. All samples have been air

quenched.
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8 10 12 20 22 2414 16 18
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Figure 6.6 Electrical conductivity of CGO10 doped with 5 cat% of cobalt

oxide. Data was obtained during first heating after sintering at

900 °Cfor2h.
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The presence of a second conductivity mechanism activated at high

temperatures becomes more evident by comparing a quenched to a slowly

cooled sample (Fig. 6.6). A sample, sintered at 900 °C for 2 h, but cooled with

-0.5
°

C/min does not exhibit a second conductivity mechanism during the first

heating cycle, but solely the ionic conductivity of CGO10. Further evidence is

attained by observing that the high temperature state and consequently the

additional conductivity mechanism can be reestablished by reheating a slowly

cooled sample and quenching from 900 °C. It can therefore be concluded that

the second conductivity mechanism in cobalt oxide doped CGO10 is a high

temperature characteristic which can be frozen in by quenching. For an

explanation, it is referred to the fact that cobalt oxide undergoes an

endothermic reaction at around 900 °C as Co304 is reduced to CoO upon

heating (see for example [27]). The fact that the transformation temperature

of C03O4 coincides with the maximum shrinkage rate of cobalt oxide doped

CGO suggests that the reduction of Co3+ to Co2+ is responsible for the enhanced

sintering properties [15]. The existence of a high temperature conductivity

mechanism as shown in the present work seems also be caused by the

reduction of Co304. In order to corroborate this hypothesis, already densified,

doped samples were treated to specifically produce CoO or Co304 and their
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total conductivity was measured (Fig. 6.7). Separately, the valence state of

cobalt was determined by weight change with DTA/TG measurements

(Fig. 6.8).

800 600

Temperature [°C]

400 200

CO

3. -2

O

CGO10 + 5cat%CoO

—— 1000 °C, 4 h, N2
—•—800°C,4h, air

—>- undoped CG010

8 10 12 20 22 2414 16 18

10000fi"(1/K)

Figure 6.7 Electrical conductivity of CGO10 doped with 5 cat% of cobalt

oxide measured during heating to 900 °C.

a) b)

200 400 1000 1200

02

200 400 1000 1200

Temperature [°C] Temperature [°C]

Figure 6.8 DTA/TG analysis of CGO10 + 5 cat% cobalt oxide. Sample a) was

sintered at 800 °C for 4 h in air and cooled to room temperature

with 0.5 °C/min. Sample b) was sintered at 1000 °C for 4 h in N2

and cooled to room temperature with 2 °C/min. Dashed lines

represent DTA curves, solid lines represent TG curves.
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The first sample, which was heated in air to 800 °C for 4 h to prevent

reduction of Co304 exhibited solely the ionic conductivity of pure CGO10. In

constrast, the second sample, heated in nitrogen to 1000 °C for 4 h to reduce

C03O4 to CoO, showed the enhanced total conductivity at low temperatures

seen before. Again, an activation energy of 0.55 eV was calculated in this

case. The DTA curve of the sample sintered at 800 °C clearly showed an

endothermic peak at 935 °C corresponding to the transformation of Co304 to

CoO. The measured weight loss of 0.13% corresponds to 85 % of the

theoretical weight loss for this transformation. In case of the sample dwelled

at 1000 °C, a weight increase of 0.1 % is observed during heating up to 710 °C

followed by a weight loss of 0.15% combined with an endothermic peak at

934 °C. The weight gain during heating is assigned to the reoxidation of CoO.

The weight loss of 0.15 % corresponds to 97 % of the theoretical loss indicating

that the transformation from Co304 to CoO was complete within the accuracy

of the measurement. Based on the DTA/TG measurements, it can therefore be

concluded that the cobalt oxide phase in the sample heated to 800 °C

contained 85 % of the total cobalt oxide as Co304 whereas the sample heated

to 1000 °C contained 68% (0.1 % weight increase) of CoO. The increased

conductivity at low temperatures as shown in Fig. 6.7 is therefore attributed

to the existence and effect of CoO in the sample. One might argue that the

second conductivity mechanism may be due to electronic conductivity

associated with reduced cerium ions (Ce4+ -» Ce3+). This conjecture however
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could be excluded. An undoped CGO10 sample sintered at 900 °C for 2 h and

air quenched did not show an increased total conductivity at low

temperatures.

a) b)

Figure 6.9 a) Bright field TEM image and b) corresponding mapping at Co L-

edge of CGO + 5 cat% cobalt oxide sintered at 900 °C for 2 h and

cooled with -0.5 °C/min. c) High resolution TEM image of CGO +

5 cat% cobalt oxide sintered at 900 °C for 2 h and air quenched

showing a disordered grain boundary layer of roughly 0.5 nm

thickness.

Previous studies have already indicated that the cobalt oxide dopant is mainly

located at the grain boundaries [20],[26], but also as isolated particles in the

microstructure [17]. These observations could now be confirmed for the

samples sintered at 900 °C for 2 h, whose conductivity data are plotted in

Fig. 6.6. The TEM images a) and b) in Fig. 6.9 represent a typical distribution

of cobalt oxide particles between 20 and 500 nm in size in the CGO10 matrix
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and clearly demonstrate their inhomogeneous distribution. Cobalt oxide is

also found at the grain boundaries in form of a thin layer of roughly 0.5 nm

thickness as image c) in Fig. 6.9 shows. The thickness of the cobalt rich grain

boundary film is much smaller than previously reported [16]. Furthermore, it

can be assumed that only a small amount of cobalt is dissolved in the CGO10

matrix. The solubility of cobalt in Ce02 has been determined to be

approximately 3 mol% at 1580°C [28]. Similarly, the maximum solubility of

cobalt in Gd203 is less than 2.5 mol% at around 1550 °C [29]. It can therefore

be estimated that less than 0.5 mol% of cobalt diffuses into CGO10 at a

temperature of 900 °C. This conclusion is in contrast to the results reported

by Kleinlogel [26], who claims that cobalt diffuses into the matrix at high

temperatures and/or long dwell times until the amorphous grain boundary

film vanishes.

A coherent, cobalt oxide rich interfacial layer present at the grain boundaries

implies a percolating network. The additional conductivity measured below

250 °C originates from this network of electronically conducting cobalt oxide.

The low activation energy of 0.54 eV points definitely to an electronic

conductor. Supporting evidence comes from Koumoto et al. [30], who

reported on the 4-point conductivity of Co304. They observed an increase in

conductivity and also an increasing activation energy from room temperature

up to roughly 840 °C for Co304. After the transition to CoO, the conductivity

is of constant activation energy. By evaluating their data, this activation

energy is calculated as 0.59 eV. The conductivity of Co304 at temperatures

< 800 °C was also measured by Sakamoto et al. [31] and they found a value of

0.71 eV. This value is much larger than the one calculated in the present work.

Furthermore, the second conductivity mechanism can not be due to an

intrinsic grain boundary resistance of CGO10 ceramic. Depending on grain

size, the value of the activation energy for grain boundary conductivity lies

usually between 1 and 1.2 eV [32]. It is therefore concluded that CoO forms a

percolating network at the grain boundaries at temperatures between 900 and

1000 °C, which accounts for the increased conductivity in quenched samples

with an activation energy of around 0.54 eV.
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6.4 Conclusion

The total conductivity of undoped Ce09Gd0A0^ 95 (CGO10) as well as cobalt

oxide doped CGO10 was investigated by 4-point conductivity measurements.

The addition of up to 5 cat% of cobalt oxide did not change the total

conductivity of CGO10 when it was slowly cooled after sintering. Quenched

CGO10 however, exhibited an enhanced conductivity at temperatures below

250 °C. This additional conductivity with an activation energy of only 0.55 eV

is due to CoO which is reduced from Co304 at temperatures above 900 °C.

Furthermore, it could be shown that cobalt oxide can be found in the form of

isolated particles in the CGO10 matrix as well as a grain boundary layer of

0.5 nm thickness. The cobalt oxide phase forms a percolating network and

contributes a second conductivity mechanism with electronic charge carriers.

The fact that the cooling rate controls the overall conductivity opens

interesting possibilities to tailor the electric response of cobalt oxide doped

CGO10 electrolytes.
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Microstructure of Cobalt Oxide Doped Sin¬

tered Ceria Solid Solutions*

Abstract

The sintering of ceria solid solutions, such as Ce0.9Gd0A0^ 95

(CGO10) is strongly promoted by the addition of 1 cat% of

cobalt oxide, lowering the maximum sintering temperature by
200 °C and triplicating the maximum densification rate. This

change in sintering behavior results from cobalt ion

segregated at the grain boundaries. An average cobalt ion

boundary coverage is at maximum 3.0 ± 1.9 at/nm2 and is

shown to depend on the cooling rate. Coverage by segregated

gadolinium is also found and amounts to 13.2 ± 11.4 at/nm2

for a slowly cooled sample. From cobalt excess measured at

the boundary, an estimated concentration of only 0.06 cat% of

cobalt oxide is necessary to promote the sintering effect. The

remaining amount of cobalt oxide is found in triple points and

as particles in clusters. It is expected that the amount of

cobalt oxide necessary for fast densification can be reduced

with a doping process that distributes the additives more

homogeneously.

7.1 Introduction

It is a long-standing objective of Solid Oxide Fuel Cell (SOFC) technology to

reduce the cost of operation as well as that of production. Lowering the

operation temperature while maintaining equal efficiency represents the

most promising strategy to this end. This means to replace the standard yttria-

stabilized zirconia (YSZ) electrolyte with a material of higher ionic

conductivity. Ceria solid solutions offer four to five times higher ionic

conductivity at intermediate temperatures (500 - 800 °C) and have been

extensively studied [1] - [5]. In particular, Ce1.xGdx02.x/2 electrolytes possess

a high ionic conductivity [5] - [11].

*E. Jud, Z. Zhang, W. Sigle, L. J. Gauckler, to be submitted to J.

Electroceram.
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Fabrication of gas-tight ceria electrolytes, i.e. relative density > 0.95,

requires sintering temperatures > 1300 °C. The use of transition metal oxides

(e.g. cobalt oxide) as sintering aid for CeosGdo^ 9 (CGO20) and

Ce09Gd01O195 (CGO10) results in much lower sintering temperatures

(900 °C), higher shrinkage rates, and grain sizes in the sub-micron range (~ 120

nm) [12], [13]. The most effective doping concentration was reported to be

2 cat% of cobalt oxide. Higher doping concentrations or higher temperatures

lead to detrimental sintering effects [14], [15]. Further, the addition of cobalt

oxide to Ce02 [16] and CGO20 [17] results in a higher grain growth rate

compared to undoped ceria solid solutions. The oxygen ion conductivity was

reported as unchanged upon addition of cobalt oxide to CGO20 [12]. Lewis et

al. measured a higher lattice conductivity in doped CGO10, which was

assigned to the formation of additional oxygen vacancies due to the

substitution of Co3+ for Ce4+ resulting in a minimum lattice parameter change

[18]. Fagg et al. reported that the total electrical conductivity of 2 cat%

cobalt oxide doped CGO20 remains unchanged as long as sintering is

performed between 900 and 1000 °C. Increased p-type conductivity was

detected in doped samples and a decrease of the oxygen ion transference

number from 0.99 to 0.89 was determined for doped samples sintered

between 650 and 1000 °C [19].

Improved sintering characteristics were first assigned to the formation of a

thin amorphous cobalt rich grain boundary film, which disappears at higher

sintering temperature and/or with increasing dwell time [12]. This

observation was later refuted by Lewis et al. who found significant cobalt

concentration at the boundary even after a dwell of 12 h at 980 °C [13].

Enriched cobalt oxide boundary layers were further confirmed for CGO20

samples at 900 °C, but distinct areas of higher cobalt oxide concentration

were detected as well [19]. The existence of cobalt oxide in the grain

boundary after long dwell times has recently been confirmed again on the

basis of conductivity measurements [20].

The example of cobalt oxide doped CGO shows that dopants exert a strong

influence upon various properties, such as sintering, grain growth,

conductivity, and microstructure. The most prominent example certainly is

the addition of small amounts of MgO to Al203 preventing exaggerated grain
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growth [21]. Another example is the influence of Y203 doping on the

densification and grain growth of Al203 [22]. Three distinct regimes were

observed in the adsorption process of Y to the grain boundaries of alumina

[23]. First, for low dopant concentrations (< 100 ppm), a simple McLean-

Langmuir adsorption isotherm was found. By increasing the dopant

concentration, a regime of grain boundary supersaturation was identified

indicating that a nucleation barrier exists for the precipitation of yttrium

aluminate garnet (YAG). For Y203 addition exceeding 700 ppm, YAG

precipitates in grain boundary triple points and a constant coverage of Y at the

grain boundaries was found.

In the understanding of the microstructural evolution of doped ceramics,

background impurities, such as Si02, are of major concern [24], [25]. In case

of electrolyte materials for SOFC, trace amounts of Si02 can easily increase

the grain boundary electrical resistance by several orders of magnitude in YSZ

[25], [26], [27] as well as CGO [28]. Consequently, the total resistance is

dominated by the impurities whose occurrence becomes especially important

in the context of lowering the operation temperature of SOFCs. A

straightforward method to exclude impurities is of course the use of highly

pure starting powders. However, in order to minimize cost, the use of

commercially available powder is generally preferred, which in turn inevitably

contain a certain amount of trace impurities. Since segregation at grain

boundaries is grain size dependent, the fabrication of electrolytes with small

grain sizes represents an option to reduce impairing effects of impurity

segregation. Yet, the introduction of impurities during processing should be

carefully avoided.

Although the effect of transition metal oxides on the densification, grain

growth, and conductivity of ceria solid solutions has been confirmed many

times, the exact mechanism is still under debate [12], [18], [19], [29], [30].

In the present study, an attempt has been made to elucidate the

microstructural evolution of cobalt oxide in CGO during sintering in order to

get insights into the distribution and the effect of the dopant.
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7.2 Experimental Procedures

Commercially available Ce0-8Gd0-2O1-9 (CGO20) and Ce09Gd0A0^ 95 (CGO10)

powders were used (Rhodia Electronics & Catalysis, France). Particle sizes

were determined by BET adsorption measurements (NovalOOO,

Quantachrome, Germany), scanning electron microscopy (SEM) (LEO 1530,

Germany), transmission electron microscopy (TEM), and X-ray diffraction (XRD

- Diffractometer D 5000, Siemens, Germany) combined with Rietveld

refinement (TOPAS R 2.0, Bruker AXS, Germany). CGO was doped with cobalt

oxide by dispersing the powder ultrasonically in ethanol and by adding the

desired amount of cobalt nitrate hexahydrate (Fluka Chemie GmbH,

Switzerland) dissolved in ethanol. The suspension was dried at 120 °C and

ground in an agate mortar. Calcination at 400 °C for 2 h decomposed the

cobalt nitrate into cobalt oxide. Undoped and doped CGO powder was

isostatically pressed at 300 MPa for 3 min yielding cylindrical green bodies

with a diameter of about 5 mm. The cylindrical compacts were cut into rods

of 10 to 12 mm length. The density was determined before and after sintering

using the Archimedes method. The samples were sintered with a constant

heating rate using a horizontal dilatometer (Type 802S, Bahr Thermoanalyse

GmbH, Germany).

Bright field TEM images were obtained on a Tecnai F30 microscope (FEI) with

a field emission gun operated at 300 kV. For elemental mappings by electron

spectroscopic imaging (three window technique), an imaging filter (GIF,

Gatan) mounted below the microscope column was used. Samples were

prepared by crushing and dispersing them onto perforated carbon films

supported on copper grids.

For the HRTEM, samples were prepared by first grinding, dimpling, polishing

and finally ion milling in a Gatan Duomill [31]. For ion milling, an inclination

angle of 12° and an Ar ion energy in the range of 2.5 - 4 keV was used. The

JEOL ARM 1250 microscope with a point-to point-resolution of 0.12 nm was

used for the HRTEM studies. The microscope is equipped with a drift

compensation system, which helps stabilizing the image.
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For analytical TEM, a dedicated STEM (VG HB 501 UX, Vacuum Generators) was

used. The microscope was operated at 100 keV. It is equipped with a cold

field-emission gun, an energy dispersive X-ray spectrometer (Noran) and an

electron energy-loss spectrometer (Gatan UHV ENFINA).

The energy resolution in EELS, as measured by the full width at half maximum

of the zero-loss peak, was 0.7 eV. The electron probe size was below 1 nm.

The probe currents used were in the range of 0.5-1 nA. Spectra were

recorded with a dispersion of 0.5 eV/channel, which allows to simultaneously

acquire the Co L2 3-edge, Ce M-edge, and Gd M-edge. During the

measurement, the grain boundary is as perfect edge on condition as possible.

The energy scale for the EELS spectra was calibrated by setting the low-energy

Ce white line to 883 eV. The convergence and collection semi-angles were

both 6.5 mrad. All data shown here were corrected for dark current and

detector gain variation. The spectrum acquisition and processing were done

with the Digital Micrograph 3.6 Spectrum Imaging and EL/P software. The

background for each spectrum was subtracted by the fit of a power law

function to the pre-edge background [32]. Hartree-Slater cross-sections were

used for the quantification.

The Co (and Gd) excess at grain boundaries was measured by a box technique

[33] using an area of 3 * 4 nm2 or 6 * 8 nm2. Quantification of the excess is

made by determining the difference of the amount of a specific element

(here, Co or Gd) found in two regions: first, right on the boundary and second,

off the boundary within the nearby bulk region [34], [35], [36]. The results are

obtained in terms of interfacial excess for each element which is formulated

for the case of Co excess at the grain boundary (GB) as:

„exe "Ce
rco = — • co • n

aCo

Aj-GB TBulK

' 1Co
~ JÇo '

TGB
V ICe

Eq. 7.1

Here, n is the site density (atoms/unit cell, here, n = 25.262atoms/nm3), co

the width of the box perpendicular to the boundary, I the EELS edge intensity

within the selected energy-loss range, and g the partial inelastic scattering

cross-section corresponding to this energy-loss range.
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7.3 Results and Discussion

In the preparative steps of the experiments, especially during the doping

process, measures of precaution were taken to avoid introduction of

additional impurities. However, the results from laser ablation of pellets

sintered in a dedicated clean alumina furnace revealed at least 140 ppm of

silicon in CGO10 and CGO20 (Table 7.1). According to the supplier, Si

concentrations should be less than 100 ppm for both powders. In addition, the

CGO20 sample exhibited up to 1000 ppm of lanthanum, which probably

originates from the precursor used by the powder supplier. Lanthanum is the

second most abundant lanthanide after cerium.

Element CGO10 CGO20

Si [ppm] 230 140

La [ppm] 30 1000

Yb [ppm] 50 50

Table 7.1 Average impurity concentrations in sintered CGO10 and CGO20

obtained by laser ablation.

For both powders CGO10 and CGO20, the equivalent particle diameters

determined from BET adsorption are consistent with the crystallite sizes

calculated by Rietveld refinement (Table 7.2). Powder CGO10 exhibits a

slightly smaller equivalent particle diameter, 23 nm compared to 35 nm for

CGO20. These particle size values are confirmed by comparison with SEM and

TEM images of powder CGO20 (Fig. 7.1 ).

Particle diameter CGO10 CGO20

dBET [nm] 23 35

dxRD [nm] 20 32

Table 7.2 Powder particle diameters obtained by BET adsorption and by

Rietveld refinement.
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Figure 7.1 CGO20 powder, a) SEM image of powder agglomerates, b) Bright

field TEM image.

The effect of the dopant cobalt oxide on sintering is clearly demonstrated in

Fig. 7.2. Whereas undoped CGO20 requires temperatures higher than 1200 °C

for complete densification, cobalt oxide doped CGO20 becomes fully dense at

1000 °C. Furthermore, the densification rate is increased by more than a

factor of three due to the addition of 1 cat% of cobalt oxide. Whereas the

densification rate of undoped CGO slowly decreases after reaching the

maximum value, it abruptly falls off for cobalt oxide doped CGO. It is

interesting to notice that the start of sintering is actually delayed for doped

CGO. Between 750 and 880 °C, the shrinkage rate of CGO is higher than that

of doped CGO. Although CGO10 possesses a smaller primary particle size than

CGO20, it is less sinterable, i.e. it has a lower final density, a higher sintering

temperature, and a lower maximum shrinkage rate. This difference is

probably due to a less favorable agglomerate structure of the powder CGO10,

which is also demonstrated by a lower green density, namely 56.7 % for CGO10

and 57.8 % for CGO20. Another reason for the lower sinterability might also be
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the lower concentration in Gd. Nevertheless, the effect of cobalt is obvious

and the maximum shrinkage rate in cobalt oxide doped CGO10 and CGO20

occurs at the same temperature of 960 °C.

a) b)

Temperature [°C] Temperature [°C]

Figure 7.2 Sintering behavior at a constant heating rate of 1 °C/min of

undoped and cobalt oxide doped CGO10 and CGO20. a) Relative

density as a function of temperature, b) Densification rate as a

function of temperature.

Fig. 7.3 shows a bright field image and an elemental mapping using the Co-L2 3

edge of a 2 cat% doped CGO20 powder. The corresponding green body was

sintered to 800 °C, dwelled for 2 h and air quenched. The elemental mapping

shows that at 800 °C, which is the temperature where the densification rate

starts to increase, cobalt oxide is mainly present as isolated particles

combined to clusters. The particle diameter ranges between 10 and 50 nm.

Hence, it is unlikely that cobalt oxide forms a film around the powder particles

before sintering. The elemental mapping in Fig. 7.3 shows rather clearly that

the doping process produces a quite inhomogeneous distribution of the

dopant. At higher temperatures, namely at 900 °C, cobalt oxide is still present

in the form of particles and they are distributed in the CGO10 matrix

(Fig. 7.4). Since no common phase between cobalt oxide and CGO has been

found, it is assumed that the phase of cobalt oxide corresponds to Co304 at

temperatures lower than 900 °C and changes to CoO at temperatures higher

than 900 °C [37]. From the bright field image in Fig. 7.4 a), it can be derived

that the particle size of cobalt oxide did not change significantly compared to

that shown in the mapping presented in Fig. 7.3 b). However, the CGO10
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matrix exhibits a certain grain growth as the grain diameters range between

80 to 120 nm. This grain growth is not surprising since the sintering process is

almost complete at 900 °C. Similar grain sizes in fully dense CGO have been

measured previously even though the powder contained 20 at% of Gd [12],

[17].

a) b)

Figure 7.3 CGO20 doped with 2 cat% of cobalt oxide sintered at 800 °C for 2

h. a) bright field image, b) elemental mapping at Co L2,3-edge

(white).

a) b)

Figure 7.4 CGO10 + 5 cat% of cobalt oxide sintered at 900 °C for 2 h and

quenched, a) TEM Bright field image, b) Elemental mapping at

the Co L-edge.
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The image in Fig. 7.5 shows additionally that cobalt oxide is present as

particles in the triple points with an approximate particle diameter from 5 to

10 nm. Larger particles (30 to 100 nm) in triple points have only been found

at higher temperatures, i.e. in a sample dwelled at 1150 °C for 24 h. At

900 °C, the shape of the particles ranges from angular to ovoid and the

measured dihedral angles lie between 50 and 120 °. Dihedral angles observed

in TEM images typically underestimate the correct value as the particles are

in the average not sectioned through their center where the largest dihedral

angle is measured. Therefore, the dihedral angle of cobalt oxide is estimated

to be approximately 120 °C.

Figure 7.5 Cobalt oxide particles in grain boundary triple points in CGO20

doped with 2 cat% of cobalt oxide, sintered for 24 h at 900 °C

and air quenched.

Cobalt oxide in the form of isolated particles as shown in Fig. 7.4 and Fig. 7.5

does not have a significant effect on the sintering of CGO as long as only small

concentrations are present. At higher concentrations, i. e. more than 3 cat%,

these particles lead to agglomerates in the green body and delay the onset of

sintering to higher temperatures [38]. The properties of CGO are mainly

influenced by the grain boundary structure, where cobalt oxide is found in the

form of a very thin grain boundary layer with a thickness of approximately

0.5 nm (Fig. 7.6). The grain boundary layer shown in Fig. 7.6 represents one

example. It is not sure whether all grain boundaries are decorated with such

a film. However, the cobalt oxide phase forms a percolating network at
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temperatures between 900 and 1000 °C since an electronic conductivity,

attributed to the cobalt oxide phase, has been detected in quenched samples.

However, the origin of the electronic conductivity is not due to the grain

boundary film in the first place, but to the reduction of cobalt oxide, from

Co304 toCoO [20].

Figure 7.6 Cobalt containing grain boundary layer in CGO10 doped with 5

cat% of cobalt oxide, sintered for 2 h at 900 °C and cooled with -

0.5 °C/min.

Evidence that cobalt is actually present at the grain boundaries is presented

in Fig. 7.7. Here, the cobalt excess in comparison to the grain interior has

been measured in several boundaries. Two different samples are compared.

The first samples was sintered at 900 °C for 2 h and air quenched, the second

sample was sintered identically, but slowly cooled with a rate of -0.5 °C/min.

Clearly, the slowly cooled sample exhibits a higher cobalt concentration,

3.0 ± 1.9 at/nm2 in comparison to 1.3 ± 1.0 at/nm2 for the quenched sample.

In the additional time available during slow cooling, more cobalt can

segregate to the boundaries. However, the difference in Co excess between

the slowly cooled sample and the quenched samples is not large and this points

to a small solubility of Co in the CGO matrix. Chen et al. studied the solubility

of Co in Ce02 and found a value of 3 mol% at 1580 °C [39]. Similarly, the

maximum solubility of Co in Gd203 is less than 2.5 mol% at 1550 °C [40]. The

maximum solubility of Co in CGO at 900 °C can therefore be estimated to be

less than 0.5 mol%.

In the case of the slowly cooled sample, the Gd coverage was measured as well

(Fig. 7.8). The mean coverage is found to be 13.2 ±11.4 at/nm2, which is

significantly higher than that of Co. However, it is important to notice that
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due to the thin grain boundary layer observed (Fig. 7.6), Gd ions in the grain

boundary near area might have been measured as well. In all three cases

(Fig. 7.7 and Fig. 7.8), the scattering of the measured coverage is quite high.

This probably points to the scattering of grain boundary energies generally

known in a polycrystalline material.
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A higher grain boundary coverage in slowly cooled samples has also been

detected by Aoki et al. in CaO-stabilized Zr02, where the Si and Ca coverage

was measured [25]. They further showed that impurities can cause significant

segregation of divalent and trivalent solvents to the boundary. Similarly, it

might be speculated that cobalt oxide causes cosegregation of Gd to the grain

boundary. Depending on the amount of Gd in CGO10, different Gd excess

levels can be expected at the boundary. As a consequence, the cosegregation

of Co and Gd might even be responsible for the superior sintering behavior of

CGO20 compared to CGO10 (Fig. 7.2).

The low solubility of Co in CGO and the low Co excess measured at the

boundaries is consistent with the observed large amount of cobalt oxide

particles in the CGO matrix as shown in Fig. 7.4 and Fig. 7.5. The spatial

distribution of cobalt oxide can also be confirmed by a simple calculation. For

that, the following assumptions are made. First, the solubility of Co is

negligible and second, no cobalt oxide precipitation occurs, i. e. cobalt oxide

completely adsorbs at the boundary. According to Gülgün et al. [23], the

planar density of cobalt at the boundary, r, can then be calculated as:

r =
2^! Eq-7-2
3Q

where G is the grain size, Xt the total concentration of Co in CGO10, and Q,

the volume per cation in CGO (0.01314 nmVcat). The volume per cation in

CGO20 has been estimated as one third of the atomic volume of CGO20 and

represents an upper limit. In case of the investigated TEM samples with a

doping concentration of 5 cat% of cobalt oxide and an estimated grain size of

200 nm, the hypothetical grain boundary excess of Co is at least 250 cat/nm2.

Assuming that the boundary consists purely of Co304, its coverage corresponds

to a boundary thickness of roughly 5.5 nm. However, the measured Co excess

(Fig. 7.6) and the observed boundary thickness (Fig. 7.5) are much lower,

which in turn explains the significant number of cobalt oxide particles in the

CGO matrix (Fig. 7.4). On the other hand, if the total concentration of cobalt

oxide is calculated with Eq. 7.2, and based on the measured Co excess of 3.0

at/nm2 in the slowly cooled sample, a value of 0.06 cat% is derived. Assuming
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that the solubility of cobalt oxide in CGO is negligible, only a very small

amount of cobalt oxide at the boundary is already sufficient in order to change

the properties of CGO impressively. The calculated concentration of 0.06 cat%

is significantly smaller than the concentration of 1 cat%, which was used in the

samples for the dilatometric measurements as shown in Fig. 7.2. Therefore, it

can be expected that the favorable effect of cobalt oxide can be achieved at

a much lower concentration provided that the dopant is distributed more

homogeneously. As a matter of fact, the same conclusion has already been

obtained by varying the particle size of the CGO powder [38].

7.4 Conclusion

Cobalt oxide in small amounts is an effective sintering aid for Ce0 8Gd0 20^ 9

(CGO20) and Cen.gGdnjO! 95 (CGO10). A dopant concentration of 1 cat%

decreases the maximum sintering temperature by roughly 200 °C and the

maximum shrinkage rate is increased by a factor of three. Interestingly, the

temperature of maximum shrinkage rate is independent of the Gd content and

lies for CGO20 and CGO10 at around 960 °C. The doping process used in the

present work results in a rather inhomogeneous distribution of clusters of

cobalt oxide which remain present up to 800 °C, i.e. the temperature where

the shrinkage rate starts to increase significantly. At 900 °C, cobalt oxide

diffuses into the grain boundaries where it forms, in combination with Gd, a

grain boundary film of roughly 0.5 nm thickness. The Co excess at the

boundary is a function of the cooling rate. The lower the cooling rate, the

more cobalt can segregate to the boundary. In a slowly cooled sample, the

average Co excess was found to be 3.0 ± 1.9 at/nm2 while the Gd excess was

measured as 13.2 ± 11.4 at/nm2. Cobalt oxide is also found in the form of

clustering particles or in the triple points of the CGO matrix. For the latter,

the particle diameter lies between 5 and 10 nm at 900 °C and the dihedral

angle is approximately 120 °. The cobalt oxide particles are a result of

supersaturation as the solubility of cobalt oxide in CGO is estimated to be less

than 0.5 mol% at 900 °C. Based on the measured Co excess, the essentially

required amount of cobalt oxide for promoting the sintering process is
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calculated as 0.06 cat%. Since this is much less than the actually used amount

of dopant (1 cat%), it is inferred that improving the doping process would

allow to reduce the amount of dopant, so that cobalt oxide precipitation can

be avoided.

7.5 Acknowledgement

Prof. G. Günther from the Trace Element and Micro Analysis Group at ETH

Zurich is gratefully acknowledged for chemical analysis by laser ablation. The

authors thank Dr. F. Krumeich from the Laboratory of Inorganic Chemistry at

ETH Zurich for the TEM bright field images and the elemental mappings. We

are very thankful to Dr. R. M. Cannon (Lawrence Berkeley National Laboratory,

Berkeley, USA) for helpful discussions. Financial support for this research was

provided by COST 525 and TOP Nano 21 Project No. 5978.2.

7.6 References

[1] N. Q. Minh, "Ceramic Fuel-Cells", J. Am. Ceram. Soc, 76 [3] p. 563

(1993).

[2] M. Godickemeier and L. J. Gauckler, "Engineering of Solid Oxide Fuel

Cells with Ceria-Based Electrolytes", J. Electrochem. Soc, 145 [2] p.

414(1998).

[3] B. C. H. Steele, "Appraisal of Ce1.yGdy02.y/2 Electrolytes for IT-SOFC

Operation at 500 °C", Solid State Ionics, 129 [1-4] p. 95 (2000).

[4] L. J. Gauckler, et al., "Solid Oxide Fuel Cells: Systems and Materials",

Chimia, 58 [12] p. 837(2004).

[5] V. V. Kharton, et al., "Ceria-based Materials for Solid Oxide Fuel

Cells", J. of Mat. Sei., 36 [5] p. 1105 (2001).

[6] D. K. Hohnke, "Ionic-Conduction in Doped Oxides with the Fluorite

Structure", Solid State Ionics, 5 p. 531 (1981).

[7] A. Overs and I. Riess, "Properties of the Solid Electrolyte Gadolinia-

Doped Ceria Prepared by Thermal-Decomposition of Mixed Cerium-

Gadolinium Oxalate", J. Am. Cer. Soc, 65 [12] p. 606 (1982).

[8] J. Faber, et al., "A Systematic Investigation of the Dc-Electrical

Conductivity of Rare-Earth Doped Ceria", Appl. Phys. A Mater. Sei.

Proc.,49 [3] p. 225 (1989).



CHAPTER 7

9] K. Q. Huang, et al., "Synthesis and Electrical Properties of Dense

Ce0.9Gd0A0j 95 Ceramics", J. Am. Ceram. Soc, 81 [2] p. 357 (1998).

10] S. R. Wang, et al., "Electrical and Ionic Conductivity of Gd-Doped
Ceria", J. Electrochem. Soc, 147 [10] p. 3606 (2000).

11] T S. Zhang, et al., "Ionic Conductivity in the Ce02-Gd203 System

(0.05 < Gd/Ce < 0.4) Prepared by Oxalate Coprecipitation", Solid

State Ionics, 148 [3-4] p. 567 (2002).

12] C. Kleinlogel and L. J. Gauckler, "Sintering of Nanocrystalline Ce02

Ceramics", Adv. Mater., 13 [14] p. 1081 (2001).

13] G. S. Lewis, et al., "Sintering of Gadolinia-Doped Ceria at Reduced

Temperature", vol. 2, pp. 773 in Fourth European Solid Oxide Fuel

Cell Forum. Edited by U. Bossel, 2000.

14] C. Kleinlogel and L. J. Gauckler, "Sintering and Properties of

NanoSized Ceria Solid Solutions", Solid State Ionics, 135 [1-4] p. 567

(2000).

15] D. Perez-Coll, et al., "Effects of Sintering Additives on the Mixed

Transport Properties of Ceria-Based Materials under Reducing
Conditions", J. Solid State Electrochem., 8 [9] p. 644 (2004).

16] T. S. Zhang, et al., "Sintering and Grain Growth of CoO-doped Ce02

Ceramics", J. Eur. Cer. Soc, 22 [1] p. 27 (2002).

17] E. Jud, C. B. Huwiler, L. J. Gauckler, "Grain Growth of Micron-Sized

Grains in Undoped and CoO-Doped Ce0 8Gd0 20^ 9", Chapter 4.

18] G. S. Lewis, et al., "Effect of Co Addition on the Lattice Parameter,
Electrical Conductivity and Sintering of Gadolinia-Doped Ceria", Solid

State Ionics, 152 p. 567 (2002).

19] D. P. Fagg, et al., "The Effect of Cobalt Oxide Sintering Aid on

Electronic Transport in Ce0 80Gd0 20O2.§ Electrolyte", Electrochimica

Acta, 48 [8] p. 1023 (2003).

20] E. Jud, L. J. Gauckler, "The Effect of Cobalt Oxide Addition on the

Conductivity of Ce0.9Gd0A0^ 95", Chapter 6.

21] R. L. Coble, "Transparent Alumina and Method of Preparation", U. S.

Patent, 3026210(1962).

22] R. Voytovych, et al., "The Effect of Yttrium on Densification and

Grain Growth in oc-Alumina", Acta Mater., 50 [13] p. 3453 (2002).

23] M. A. Gulgun, et al., "Cation Segregation in an Oxide Ceramic with

Low Solubility: Yttrium doped a-Alumina", Interface Science, 10 [1]

p. 99 (2002).



MICROSTRUCTURE 161

[24] R. Gerhardt, et al., "Grain-Boundary Effect in Ceria Doped with

Trivalent Cations. 2. Microstructure and Microanalysis", J. Am.

Ceram. Soc, 69 [9] p. 647 (1986).

[25] M. Aoki, et al., "Solute Segregation and Grain-Boundary Impedance in

High-Purity Stabilized Zirconia", J. Am. Ceram. Soc, 79 [5] p. 1169

(1996).

[26] M. Godickemeier, et al., "Effect of Intergranular Glass-Films on the

Electrical-Conductivity of 3Y-TZP", J. Mat. Res., 9 [5] p. 1228 (1994).

[27] Y. L. Liu, et al., "Effects of Impurities on Microstructure in Ni/YSZ-YSZ

Half-Cells for SOFC", Solid State Ionics, 161 [1-2] p. 1 (2003).

[28] R. Gerhardt and A. S. Nowick, "Grain-Boundary Effect in Ceria Doped
with Trivalent Cations.1. Electrical Measurements", J. Am. Ceram.

Soc, 69 [9] p. 641 (1986).

[29] T. S. Zhang, et al., "Early-Stage Sintering Mechanisms of Fe-doped

Ce02", J. Mat. Sei., 37 [5] p. 997 (2002).

[30] E. Jud, C. B. Huwiler, L. J. Gauckler, "Sintering Analysis of Undoped
and CoO-doped Ce0.8Gd0 20^ 9", Chapter 3.

[31] A. Strecker, et al., Prakt. Metallogr., 30 p. 482 (1993).

[32] R. F. Egerton, Electron Energy-Loss Spectroscopy in the electron

microscope, 2nd ed., Plenum Press, New York (1989).

[33] H. Gu, et al., "Composition and Chemical Width of Ultrathin

Amorphous Films at Grain Boundaries in Silicon Nitride", J. Mat. Res.,
13 [2] p. 376(1998).

[34] J. A. S. Ikeda, et al., "Space Charge Segregation at Grain Boundaries

in Titanium Dioxide: II, Model experiments." J. Am. Ceram. Soc, 76

[10] p. 2447(1993).

[35] Y M. Chiang, et al., "Thin Glass-Film between Ultrafine Conductor

Particles in Thick-Film Resistors", J. Am. Ceram. Soc, 77 [5] p. 1143

(1994).

[36] J. Bruley, et al., "Chemistry of Grain-Boundaries in Calcia Doped
Silicon-Nitride Studied by Spatially-Resolved Electron-Energy-Loss
Spectroscopy", Anal. Chim. Act., 297 [1-2] p. 97 (1994).

[37] K. Mocala, et al., "High-Temperature Heat-Capacity of Co3o4 Spinel -

Thermally Induced Spin Unpairing Transition", Phys. Chem. Minerals,
19 [2] p. 88(1992).

[38] E. Jud, L. J. Gauckler, "Sintering Behavior of Cobalt Oxide Doped
Ceria Powders of Different Particle Size", Chapter 5.

[39] M. Chen, et al., "Ce02-CoO Phase Diagram", J. Am. Ceram. Soc, 86

[9] p. 1567(2003).



162 CHAPTER 7

[40] N. A. Grundy, private communication (2004).



GENERAL CONCLUSION AND OUTLOOK 163

O General Conclusion and Outlook

8.1 General Conclusion

The aim of this thesis was to investigate the effects of cobalt oxide doping on

ceria-gadolinium-oxide ceramics in terms of sintering properties, grain

growth, electrical conductivity and microstructural evolution. The results of

this mainly experimental work are presented in seven chapters dedicated to

individual aspects. The following general conclusions can be drawn from these

results.

Cobalt oxide in small quantities is a very effective sintering aid for

CeosGdo^O! 9 (CGO20) and Ce09Gd0A0^ 95 (CGO10). A dopant concentration

of 1 cat% decreases the maximum sintering temperature by about 200 °C and

increases the maximum shrinkage rate by a factor of three. Full density of CGO

ceramics may be obtained with 1 cat% cobalt oxide below 1000 °C. This result

is in contrast to undoped CGO20, which requires 1250 °C for densification. If

nano-sized CGO powders are used, dense ceramics with grain sizes below

100 nm can be obtained with using classical dry pressing and sintering. The

increased shrinkage rates and the low sintering temperatures achieved by the

addition of cobalt oxide is attributed to the formation of a grain boundary film

containing cobalt and gadolinium oxide. The concurrent achievement of high

densities and small grain sizes points at the fact that an important part of

densification is achieved by rearrangement. It is believed that the cobalt

containing grain boundary film reduces the interparticle friction. As the

lowest eutectic temperature in the system Ce-Gd-Co-0 lies above 1000 °C,

the exact origin of the reduction of the interparticle friction remains

unresolved.

The effect of cobalt oxide additive on sintering was further studied by varying

the initial particle size. As expected, powders of small particle sizes,

exhibiting a high driving force for sintering, start to densify at lower

temperatures. With cobalt oxide doping, increased shrinkage rates and

decreased sintering temperatures due to the doping were observed for all

powders except for the smallest powder size of 10 nm. In this case, the doping
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effect, measured as the difference in temperature of maximum shrinkage

rate, decreased with particle size. However, for powders smaller than 10 nm,

the doping showed almost none if not a deteriorating effect for densification.

The utilized doping process does not produce a sufficiently homogeneous

distribution of the dopant, so that in case of powders with high surface areas,

not all grain boundaries actually contain cobalt oxide.

The cobalt containing grain boundary films not only promote the sintering

process, but also influence the grain growth behavior. At temperatures below

1100 °C, highly stable microstructures are obtained for undoped as well as

cobalt oxide doped CGO20. A self-limiting grain growth law was found for

small grain-sized material whereas the classical parabolic grain growth

behavior persists for micron-sized material. In this case, the effect of cobalt

oxide becomes apparent in a tenfold increase of the grain boundary mobility

in doped CGO20 compared to undoped CGO20. The grain size measurements

reveal a continuous transition from parabolic grain growth at high

temperatures to a grain growth behavior with impediment at low

temperatures. To the knowledge of the author, this is the first time that such

a continuous transition of grain growth behavior is documented for submicron

ceramic microstructures.

Moreover, in samples quenched from temperatures between 900 and 1000 °C

the grain boundary layer causes electronic conductivity with an activation

energy of 0.54 eV. At these temperatures, cobalt oxide is present in the form

of CoO. However, if samples were slowly cooled from 900 °C, they contained

cobalt oxide in the form of Co304 and showed nothing but the desired ionic

conductivity of CGO10, with an activation energy of 0.8 eV. For quenched

samples, an average Co excess of 1.3 at/nm2 was determined. Slowly cooled

samples showed even an average Co excess of 3 at/nm2 because more time for

diffusion is available during slow cooling. It is concluded that the electronic

conductivity is not due to a change in wetting properties, for example a

retraction of the grain boundary phase into the triple points, but correlated

to a change in the oxidation state of cobalt. It is important to notice that in

view of the application as electrolyte membranes, the ionic conductivity of

CGO is not changed by the addition of cobalt oxide as long as the electrolyte

is slowly cooled after sintering and operated below 900 °C.
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Besides the cobalt oxide contained in the grain boundary films, it is also

present in the form of clustering particles and in the triple points of the CGO

matrix. Based on the measured amount the Co excess, the minimum

concentration of cobalt oxide additive required for films promoting the

sintering effect is calculated to 0.06 cat%. Since this is much less than the

cobalt oxide concentration of 1 cat% actually used. It is concluded that with a

process yielding a very homogeneous distribution of the dopant, formation of

cobalt oxide particles could be avoided. This shortcoming of the presently

used doping process has also been observed, as mentioned earlier, by using

powders of high specific surface areas. For a specific cobalt oxide

concentration, the effect decreased with the average particle size of the

powder showing that only a limited number of grain boundaries did actually

contain cobalt oxide.

8.2 Outlook

8.2.1 Doping Process

The use of a different doping process producing a more homogeneous

distribution of the dopant is expected to amplify the doping effect described

in the present thesis. Flame spray pyrolysis (FSP) has been established as a

suitable production tool for mixed oxide nanoparticles of high phase

homogeneity [1],[2]. Thereby, a suitable precursor solution with the desired

metals is directly introduced into a spray flame. Rapid conversion to the

corresponding mixed oxide resulted in a series of solid solutions, such as ceria/

zirconia [3], yttria/zirconia [4], gadolinia/ceria [4], [5] and samaria/ceria [5]

or even holmium/barium fluoride [6]. Depending on the process parameters,

the average particle size can be as low as 10 nm. For possible applications to

SOFC electrolytes, FSP is a very attractive process since nano-sized powders

can be doped in-situ, which inherently leads to a homogeneous distribution of

the dopant if thermodynamically favored. Consequently, the homogeneous

distribution of the dopant allows reducing the dopant concentration to a

minimum preventing the precipitation of second phase particles, which may
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hinder densification. Furthermore, the process of FSP can produce powders of

high purity, so that the disturbing influence of background impurities is

eliminated [7].

It should be noted that the powders 1Ce02 and 1CGO in Chapter 5 have been

produced by a flame process as described in [5]. Preliminary results with in-

situ cobalt oxide doped CGO powders produced by FSP showed a maximum

sintering temperature lowered by 100 °C compared to CGO doped with cobalt

oxide as described in Section 2.2. Even more important, the conductivity of

FSP based electrolytes exceeded the standard CGO ceramic by a factor of 40

at 900 °C [8].

Current output rates of flame-made powders are above 1 kg/h [9]. With

ongoing commercialization of flame-made powders [10],[11], it can be

expected that production rates will further increase. Therefore, flame-made

electrolyte powders are very interesting for future SOFC.

8.2.2 Mechanical Properties

In the course of this thesis, it has been mentioned several times that the

mechanical stability of CGO is expected to increase with decreasing grain size.

However, during the sample preparation for conductivity measurements, it

was observed that cobalt oxide containing samples sintered at 1000 °C were

extremely brittle, so that the contacting to platinum wires was hampered

(Chapter 6). It is therefore suggested to compare the mechanical properties,

especially the toughness (K,c), of cobalt oxide doped and pure CGO to the

state-of-the-art electrolyte material YSZ as a function of grain size.

8.2.3 Visualization of Sintering Process

Substantial rearrangement was identified as one of the key densification

mechanisms in cobalt oxide doped CGO. It would be very interesting to

visualize this process in-situ by scanning electron microscopy in combination

with a hot stage.
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8.2.4 Different Materials Systems

There is a great potential to use transition metal oxides for the sintering of

various other oxides. An example is the sintering of Y203, which can markedly

be improved with the addition of 1 cat% of cobalt oxide. Thereby, the

maximum sintering temperature is reduced by 250 °C. Also other dopings shift

the densification curve of yttria to lower temperatures, for example Cu, Fe,

Zn, Ni, Mn, Ca, or Mg oxides [12].

If transition metal oxides are used as dopants, it can be expected that the

grain boundary structure is changed similar to the case of cobalt oxide doped

CGO. It is a very interesting question whether sintering of zirconia or alumina

can also be influenced by transition metal oxide. It might even be speculated

that sufficient lowering of the sintering temperature conserves a certain,

desired phase, so that dense monoclinic zirconia or y-alumina may be

obtained. Nevertheless, one should keep in mind that each materials system

is unique, requiring a careful experimental investigation.

8.2.5 Grain Boundary Films

Materials properties are strongly influenced by the presence of grain boundary

films. Up to now, there are no means to predict materials systems that form

grain boundary films. Luo et al. suggested a common origin of the grain

boundary films found in various systems and suggested that the films are of a

certain equilibrium thickness, therefore representing a state of

thermodynamic equilibrium [13]. The present knowledge about the nature of

the grain boundary films is rather limited, especially for the case of cobalt

oxide doped CGO. The observed film thickness in samples having dwelt at

900 °C lies below 1 nm (see Chapter 7). Grain boundary excess measurements

have shown that both cobalt and gadolinium are present at the boundary.

However, the mutual interaction during segregation of these elements is not

known. It would therefore be very interesting to elucidate in greater details

the nature of these grain boundary film in order to answer such questions as:

Is there a dependence of equilibrium film thickness and composition on

temperature? Do these films have properties that are size and/or thickness

dependent? What is the influence of background impurities, such as Si, on the
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film composition? Do all transition metal oxides form these grain boundary

films? In order to elucidate this subject further, model experiments with twin

crystals of well-defined grain boundaries and thin film bilayers of defined

thicknesses are suggested.
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Abbreviations

CGO cerium-gadolinium-oxide, Ce1.xGdx02.x/2

CGO10 Ce09Gd0A0^95

CGO20 Ce08Gd02O19

CN coordination number

EELS electron energy loss spectroscopy

FE finite element

FSP flame spray pyrolysis

GB grain boundary

MD molecular dynamics

PZT lead-zirconate-titanate

SEM scanning electron microscopy

SOFC solid oxide fuel cell

TEM transmission electron microscopy

XRD X-ray diffraction

YAG yttrium aluminate garnet

YSZ yttria-stabilized zirconia
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