
Synthesis of ZrO2/YSZ�Al2O3 composite and

ZrO2/YSZ@SiO2 core@shell microparticles for

high-temperature photonic applications

Synthese von ZrO2/YSZ�Al2O3 Komposit- und ZrO2/YSZ@SiO2

Kern@Schale-Mikropartikeln für photonische

Hochtemperaturanwendungen

dissertation

zur Erlangung des Grades

�Doktor der Naturwissenschaften�

(Dr. rer. nat.)

vorgelegt von

Maik Finsel

Institut für Physikalische Chemie

Universität Hamburg

2019



Gutachter der Dissertation: Dr. Tobias Vossmeyer

Prof. Dr. Alf Mews

Gutachter der Disputation: Prof. Dr. Horst Weller

JProf. Dr. Simone Mascotto

Prof. Dr. Gabriel Bester

Datum der Disputation: 27. September 2019



Publications

Maik Finsel, Maria Hemme, Sebastian Döring, Jil Rüter, Gregor T. Dahl, Tobias

Krekeler, Andreas Kornowski, Martin Ritter, Horst Weller, and Tobias Vossmeyer.

Synthesis and thermal stability of ZrO2@SiO2 core-shell submicron particles. In:

Royal Society of Chemistry (RSC) Advances 9 (2019), pp. 26902-26914. doi:

10.1039/C9RA05078G.

Hendrik Schlicke, Svenja Kunze, Maik Finsel, Elisabeth W. Leib, Clemens J.

Schröter, Malte Blankenburg, Heshmat Noei, and Tobias Vossmeyer. Tuning the

Elasticity of Cross-Linked Gold Nanoparticle Assemblies. In: The Journal of Physi�

cal Chemistry C 123.31 (2019), pp. 19165-19174. doi: 10.1021/acs.jpcc.9b03553

Jan Schwenger, Stefan Romeis, Patrick Herre, Tadahiro Yokosawa, Maik Finsel,

Elisabeth W. Leib, Horst Weller, Tobias Vossmeyer, Erdmann Spiecker, and Wolf�

gang Peukert. Pressure induced local phase transformation in nanocrystalline

tetragonal zirconia microparticles. In: Scripta Materialia 163 (2019), pp. 86-90.

doi: 10.1016/j.scriptamat.2018.12.035.

Alexey Petrov, Hauke Lehmann, Maik Finsel, Christian Klinke, Horst Weller, and

Tobias Vossmeyer. Synthesis and Characterization of Monodisperse Metallodielec�

tric SiO2@Pt@SiO2 Core-Shell-Shell Particles. In: Langmuir 32.3 (2016), pp.

848-857. doi: 10.1021/acs.langmuir.5b03631.

i



ii



Contents

Publications i

Abbreviations vii

1 Zusammenfassung 1

2 Abstract 5

3 Introduction 9

4 Theory 15

4.1 Photonic structures . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.1.1 Photonic crystals . . . . . . . . . . . . . . . . . . . . . . . . 17

4.1.2 Photonic glasses . . . . . . . . . . . . . . . . . . . . . . . . 20

4.2 Zirconia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.2.1 Crystalline phases . . . . . . . . . . . . . . . . . . . . . . . 22

4.2.2 Grain growth and sintering . . . . . . . . . . . . . . . . . . 25

4.2.3 Phase stabilization and grain growth inhibition . . . . . . . 27

4.3 Zirconia particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.3.1 Synthetic approaches . . . . . . . . . . . . . . . . . . . . . . 31

4.3.2 High-temperature behavior . . . . . . . . . . . . . . . . . . 36

4.3.3 Doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.4 Core@shell structures . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.4.1 Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.4.2 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5 Objectives 45

iii



Contents

6 Results and Discussion 49

6.1 ZrO2�Al2O3 and YSZ�Al2O3 composite microparticles . . . . . . . 49

6.1.1 Synthesis and calcination of ZrO2 and YSZ microparticles . 49

Assembly of ZrO2 and YSZ microparticles to photonic glasses 52

6.1.2 Atomic layer deposition of alumina on ZrO2 microparticles . 53

Ex situ heating experiments . . . . . . . . . . . . . . . . . . 54

6.1.3 Post-synthetic modi�cation of ZrO2 microparticles with alu�

mina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Ex situ heating experiments . . . . . . . . . . . . . . . . . . 58

6.1.4 Atomic layer deposition and post-synthetic modi�cation of

YSZ microparticles with alumina . . . . . . . . . . . . . . . 60

6.1.5 EDX-mapping . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.1.6 Optical properties . . . . . . . . . . . . . . . . . . . . . . . 67

6.2 ZrO2@SiO2 and YSZ@SiO2 core@shell submicron particles . . . . . 70

6.2.1 Synthesis of ZrO2@SiO2 core@shell submicron particles . . 70

6.2.2 Thermal stability . . . . . . . . . . . . . . . . . . . . . . . . 76

Shape stability . . . . . . . . . . . . . . . . . . . . . . . . . 76

Phase stability and grain growth . . . . . . . . . . . . . . . 77

EDX-mapping . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.2.3 Optical properties . . . . . . . . . . . . . . . . . . . . . . . 87

6.3 Sub-projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.3.1 Mechanical properties . . . . . . . . . . . . . . . . . . . . . 92

6.3.2 YSZ microparticles as absorber/emitter for TPVs . . . . . . 95

7 Outlook 99

8 Experimental Section 103

8.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

8.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

8.2.1 Assembly of photonic glasses . . . . . . . . . . . . . . . . . 110

8.2.2 Deposition of a YSZ microparticle monolayer . . . . . . . . 111

8.2.3 Atomic layer deposition of alumina . . . . . . . . . . . . . . 112

8.2.4 Microcompression of zirconia microparticles . . . . . . . . . 113

8.3 Thermal loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Bibliography 137

iv



Appendix 139

Supplementary Material . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Danksagung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

Curriculum Vitae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

Conferences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

Eidesstattliche Erklärung 167

v





Abbreviations

1D one-dimensional

2D two-dimensional

3D three-dimensional

a amorphous

Al2O3 alumina

ALD atomic layer deposition

APTES 3-aminopropyltriethoxysilane

as-fab. as-fabricated

b instrumental broadening

c cubic

CTAB cetyltrimethylammonium bromide

d period of the motif (PC), average plane to plane distance (PG)

D diameter

Db atomic di�usivity

FWHM full width at half maximum

δb grain boundary thickness

demin. demineralized

ESB energy selective backscattered

EDX energy-dispersive X-ray spectroscopy

FD force-deformation

FE �nite element

FEM �nite element method

FG functional group

FIB focused ion beam

HAADF-STEM high angle annular dark-�eld scanning transmission electron

microscopy

HPC hydroxypropyl cellulose

IR infrared

vii



k Boltzmann constant

K dimensionless shape factor

L crystallite size

λ wavelength of radiation

λe re�ection edge at long wavelengths of a photonic structure

ne� e�ective refractive index

NIR near infrared

NNN next nearest neighbor

m monoclinic

M grain mobility

MAO methylalumoxane

MIR mid infrared

MPTMS 3-mercaptopropyl(trimethoxy)silane

Ω atomic volume

PC photonic crystal

PEG polyethylene glycol

PES polyethersulfone

PG photonic glass

PMMA polymethyl methacrylate

PS polystyrene

PSM post-synthetic modi�cation

PTFE polytetra�uorethylene

PVP polyvinylpyrrolidone

RI refractive index

SAED selected area electron di�raction

SC structural color

SEM scanning electron microscopy

SiO2 silica

t tetragonal

t′ tetragonal prime

T temperature

θ0 Bragg angle

TBC thermal barrier coating

TEM transmission electron microscopy

TEOS tetraethyl orthosilicate

TGO thermally grown oxide

viii



THF tetrahydrofuran

TiO2 titania

TMA trimethylaluminum

TPV thermophotovoltaic

UV ultraviolet

vis visible

w full width at half maximum

XPS X-ray photoelectron spectroscopy

XRD X-ray di�raction

YAG yttrium aluminum garnet

YSZ yttria-stabilized zirconia

ZrO2 zirconium dioxide, zirconia

ix





1 Zusammenfassung

In den letzten Jahren ist das Interesse an Zirkonia-basierten Submikro- und Mikro�

partikeln und deren potenziellen Hochtemperaturanwendungen, z.B. in der Kataly�

se, Thermophotovoltaik (TPV), Strukturfarben (SC) und Wärmedämmschichten

(TBC), gewachsen.

Für TBCs, die z.B. in Gasturbinen-Triebwerken für Flugzeuge Verwendung �nden,

werden bevorzugt Keramiken wie Y-stabilisiertes Zirkonia (YSZ) aufgrund ihrer

niedrigenWärmeleitfähigkeit eingesetzt. Hierbei wird das Ziel verfolgt, die darunter

liegende Superlegierung thermisch zu isloieren. Die TBC ist hierbei extremen

Belastungen mit Temperaturen bis zu 1400 °C und Drücken bis zu 10 bar ausge�

setzt. Ein groÿes Problem von TBC-Systemen ist die Sauersto�di�usion durch

die YSZ-Beschichtung aufgrund von Sauersto�fehlstellen, was zur Korrosion der

Turbinenschaufel und schlieÿlich zum Materialversagen führen kann. Neben der

thermischen Stabilität und der Korrosionsbeständigkeit muss die TBC auch eine

mechanische Robustheit aufweisen, um Materialbrüche zu vermeiden.

Zirkonia- und YSZ-Mikropartikel würden mehrere dieser Anforderungen für eine

verbesserte TBC-Anwendung erfüllen, da sie hochtemperaturstabil und mecha�

nisch robust sind. Darüber hinaus kann eine breitbandige Re�ektivität im IR-Be�

reich (Wärmestrahlung) durch die Assemblierung zu photonischen Gläsern erreicht

werden, indem die Partikeldurchmesser im Mikrometerbereich liegen. Zur Darstel�

lung der ZrO2- und YSZ-Mikropartikel (D=2-3µm) wurde in dieser Arbeit ein

modi�ziertes Sol-Gel-Verfahren eingesetzt. Anschlieÿend wurden die erhaltenen

Mikropartikel nass-chemisch mit Alumina modi�ziert, bevor eine Assemblierung

zu phonischen Gläsern erfolgte. Des Weiteren wurden photonische Gläser aus

unbehandelten ZrO2- und YSZ-Mikropartikeln hergestellt und anschlieÿend mit

Alumina durch Atomlagenabscheidung (ALD) beschichtet, mit dem Ziel die Sauer�

sto�di�usion zu reduzieren.
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1 Zusammenfassung

Die ZrO2- und YSZ-Kerne sowie die ZrO2�Al2O3 und YSZ�Al2O3-Kompositpar�

tikel wurden bei Temperaturen zwischen 800 und 1500 °C kalziniert, um die ther�

mische Stabilität zu untersuchen. Nach der Wärmebehandlung wurden die Par�

tikel mittels SEM, Querschnitts-EDX-Mapping, XRD und IR-Re�ektionsmessun�

gen charakterisiert. Für Alumina-beschichtete ZrO2�Al2O3 und YSZ�Al2O3-Kom�

positpartikel konnte keine signi�kante Verbesserung der thermischen Stabilität im

Vergleich zu den unbeschichteten Kernen festgestellt werden. Eine post-syntheti�

sche Modi�kation von ZrO2-Mikropartikeln mit Alumina in einer Sol-Gel-Synthese

führte hingegen zum Erhalt der tetragonalen Phase bis 1000 °C, während die un�

behandelten ZrO2-Kerne bereits vollständig in die monokline Phase umgewandelt

waren. Des Weiteren konnte das Kornwachstum bis 1500 °C gehemmt werden,

wodurch wesentlich kleinere Korngröÿen im Vergleich zu den Kernen erhalten wur�

den. Weitere Analyse der optischen Eigenschaften ergab, dass die intensive Breit�

bandre�exion im IR-Bereich auch nach Hochtemperaturen bis zu 1500 °C nahezu

erhalten blieb. Für Alumina-modi�zierte YSZ-Mikropartikel konnten hingegen

keine signi�katen zusätzlichen Stabilisierungse�ekte bei dem t→m Phasenübergang

und dem Kornwachstum gegenüber den unbehandelten YSZ-Kernen nachgewiesen

werden. Mögliche Erklärungen für die verbesserte Hochtemperaturbeständigkeit

der ZrO2�Al2O3-Kompositpartikel aus der post-synthetischen Modi�kation sind

Al-Einlagerungen in den Zirkonia-Kernen während der Synthese und Al-Segrega�

tion zu den Korngrenzen bei thermischer Behandlung.

Eine Reduzierung der Zirkonia-Mikropartikelgröÿe auf einen Durchmesser im Sub�

mikrometerbereich führt zu optischen Eigenschaften im sichtbaren Bereich, da

der Partikeldurchmesser im Bereich der Wellenlänge des sichtbaren Lichts liegt.

Somit sind Zirkonia-Submikropartikel mit einem hohen Brechungsindex ein inter�

essantes Material für Strukturfarben und könnten somit als Alternative zu Pigmen�

t-basierten Farben dienen, die teilweise immer noch giftige Sto�e enthalten. Um

hochtemperaturstabile Strukturfarben zu erhalten, werden monodisperse Zirkoni�

a-Submikropartikel mit einer glatten Ober�äche und einer Schale aus einem Ma�

terial mit starkem Brechungsindexkontrast zum Kern benötigt. Auÿerdem ist ein

einfaches Syntheseverfahren ohne die Verwendung von organischen Liganden als

Haftvermittler zwischen dem Kern und der Schale wünschenswert, um Hochtem�

peraturanwendungen zu ermöglichen. Daher wurden Zirkonia- (durchschnittlicher

Durchmesser nach der Kalzinierung: ∼270 nm) und YSZ-Submikropartikel (durch�

schnittlicher Durchmesser nach dem Kalzinieren: ∼117 nm) unter Verwendung

2



einer Sol-Gel-Methode synthetisiert. Für die Verschalung wurde Silika als Pro�

totyp verwendet, da das Verfahren nach Stöber bereits etabliert ist und Silika

einen starken Brechungsindexkontrast zum Zirkonia-Kern darstellt. Die Silika-Ver�

schalung von Zirkonia-Partikeln stellt jedoch eine herausfordernde Aufgabe dar, da

in früheren Studien organische Haftvermittler verwendet werden mussten, welche

für potentielle Hochtemperaturanwendungen ein Problem darstellen können. Aus

diesem Grund wurden ZrO2@SiO2 Kern@Schale-Partikel unter Verwendung einer

verbesserten Syntheseroute synthetisiert, bei der eine kontrollierte Abscheidung

von homogenen Silika-Schalen (10 bis 60 nm) auf vorkalzinierte Zirkonia- und

YSZ-Kerne ohne den Einsatz zusätzlicher organischer Haftvermittler möglich ist.

Um die thermische Stabilität von ZrO2- und YSZ-Kernen sowie ZrO2@SiO2 und

YSZ@SiO2 Kern@Schale-Partikeln zu untersuchen, wurden diese bei 450 bis 1200 °C

kalziniert. Nach der Wärmebehandlung wurden die Partikel mittels SEM, TEM,

STEM, Querschnitts-EDX-Mapping und XRD charakterisiert. Hierbei führten ein

signi�kantes Kornwachstum und die t→m Phasentransformation von ZrO2-Kernen

bei 600 °C zu einer Zerstörung der sphärischen Partikelgestalt nach weiterem Heizen

auf 800 °C. Im Gegensatz dazu ergab die Silika-Verschalung von ZrO2-Submikropar�

tikeln ein deutlich gehemmtes Kornwachstum und der t→m Phasenübergang wurde

erst nach dem Heizen auf 1000 °C beobachtet, wobei die Partikelform, mit einer

glatten Silika-Schale, stabil blieb. Folglich sind ZrO2@SiO2 Kern@Schale-Partikel

für Hochtemperaturanwendungen bis 1000 °C geeignet. In dieser Arbeit werden

verschiedene Mechanismen, wie z.B. die räumliche Einschränkung von Zirkoni�

a-Kristalliten durch die Silika-Schale, gehemmter Massentransport, SiO2 als Sauer�

sto�diusionsbarriere und Si-Dotierung, zur Erklärung der deutlich verbesserten

Stabilität der ZrO2@SiO2 Kern@Schale-Partikel diskutiert.

Darüber hinaus wurden die optischen Eigenschaften von photonischen Gläsern aus

YSZ@SiO2-Partikeln mit Silika-Schalendicken zwischen 10 und 50 nm untersucht.

Zu diesem Zweck wurde die Re�ektivität vor und nach der Wärmebehandlung bis

1000 °C gemessen. Hierbei konnte die Position und Steigung der Re�ektionskante

im sichtbaren Bereich durch Variation der Silika-Schalendicke verändert werden,

welches zu einer blauen Strukturfarbe führte.

Als Teilprojekt wurden zudem die mechanischen Eigenschaften von ZrO2-Mikro�

partikeln (D∼2.5 µm nach der Synthese) mittels Mikrokompressionsexperimenten

untersucht. Hierbei wurde eine Druck-induzierte t→m Phasenumwandlung in Ab�
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1 Zusammenfassung

hängigkeit von der lokalen Kristallitorientierung und der verwendeten Scherspan�

nung beobachtet. Darüber hinaus wurde die Sol-Gel-Synthese von YSZ-Mikropar�

tikeln für potentielle TBC-Anwendungen modi�ziert, um YSZ-Mikropartikel mit

einem Durchmesser von nur D∼1 µm nach dem Kalzinieren für eine potentielle An�

wendung als Absorber/Emitter-Material in TPV-Systemen zu erhalten. Zu diesem

Zweck wurde eine Monolage aus YSZ-Mikropartikeln auf einem W/HfO2-Substrat

abgeschieden, um die optischen Eigenschaften zu untersuchen. Dabei konnte eine

Hochtemperaturbeständigkeit des TPV-Systems bis 1400 °C (6 h unter Vakuum)

nachgewiesen werden, wobei die gewünschten optischen Eigenschaften erhalten

blieben.
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2 Abstract

In recent years, there has been an increasing interest in zirconia-based submi�

cron and microparticles and their potential high-temperature applications, e.g., in

catalysis, thermophotovoltaics (TPV), structural colors (SC), and thermal barrier

coatings (TBC).

For TBCs, e.g., in gas-turbine engines operated in aircrafts, low-thermal conduc�

tivity ceramics such as Y-stabilized zirconia (YSZ) are used to provide thermal

insulation of the underlying superalloy. Here, the TBC is exposed to extreme con�

ditions with temperatures up to 1400 °C and pressures up to 10 bar. One of the

main obstacles of the TBC system is the oxygen di�usion through the YSZ top�

coat due to oxygen vacancies, which leads to corrosion and failure of the turbine

blade. Besides thermal stability and corrosion resistance, the TBC also needs to

exhibit mechanical robustness to resist material fracture.

Zirconia and YSZ microparticles would meet several requirements for improved

TBC application, as they are high-temperature stable and mechanically robust.

Furthermore, a broadband re�ectivity in the IR range (thermal radiation) can

be obtained by assembly to photonic glasses due to the particle diameter in the

micrometer range. Therefore, ZrO2 and YSZ microparticles (2-3 µm) were syn�

thesized using a modi�ed sol-gel method. Afterwards, alumina was introduced

by wet-chemical modi�cation of these microparticles before assembly to photonic

glasses. Furthermore, a photonic glass made out of bare ZrO2 and YSZ micropar�

ticles was coated with alumina by atomic layer deposition (ALD) to reduce oxygen

di�usion.

To study the thermal stability of bare ZrO2 cores, bare YSZ cores, ZrO2�Al3O2

composite particles, and YSZ�Al3O2 composite particles they were calcined at

800 to 1500 °C. After heat treatments, the particles were characterized by SEM,

cross-sectional EDX mapping, XRD, and IR-re�ection measurements. For alumi�

na-coated ZrO2�Al2O3 and YSZ�Al3O2 particles, no di�erence in thermal stability
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2 Abstract

could be noticed, i.e. stabilization of the tetragonal phase and inhibition of grain

growth, compared to bare core particles. In striking contrast, post-synthetic mod�

i�cation of ZrO2 microparticles by alumina in a sol-gel synthesis yielded preserved

tetragonal phase fractions at 1000 °C, while bare ZrO2 particles completely transi�

tioned to the monoclinic phase. Furthermore, grain growth could be inhibited up

to 1500 °C leading to remarkably reduced grain sizes compared to bare ZrO2 cores.

Further analysis of the optical properties revealed that the intensive broadband

re�ection in the IR range was nearly preserved even after high-temperatures up to

1500 °C. For alumina-modi�ed YSZ microparticles, the t→m phase transition and

grain growth did not show any signi�cant additional stabilization e�ects compared

to bare YSZ cores. Possible explanations for the improved high-temperature sta�

bility of ZrO2�Al3O2 composite particles from post-synthetic modi�cation are Al

di�usion into the zirconia cores during synthesis and Al segregation to the grain

boundaries upon thermal loading.

Reducing the zirconia microparticle size to diameters in the submicrometer range

leads to optical properties in the visible range as the particle diameter then is

comparable to the wavelength of light. Thus, zirconia submicron particles with

a high refractive index are an interesting material for structural coloration as an

alternative to pigment-based colors, which sometimes still contain toxic materials.

For high-temperature stable structural colors, well-de�ned monodisperse zirconia

submicron particles with smooth surfaces and a shell material with a strong refrac�

tive index contrast would meet these requirements. Furthermore, a straightforward

synthesis method without the use of organic ligands as adhesive layer between the

core and the shell is desirable to enable high-temperature photonic applications.

Therefore, zirconia (average diameter after calcination: ∼270 nm) and YSZ (av�

erage diameter after calcination: ∼117 nm) submicron particles were synthesized

using a modi�ed sol-gel method. For encapsulation, silica was considered as proto�

type material due to the well-known encapsulation process by the Stöber method

and a strong refractive index contrast. However, silica encapsulation of zirco�

nia particles seems to be challanging as previous studies used organic coupling

agents, which may preclude high-temperature applications. Therefore, ZrO2@SiO2

core@shell particles were synthesized using an improved seeded growth protocol,

which enables the well-controlled deposition of homogeneous silica shells (10 to

60 nm) onto pre-calcined zirconia and YSZ cores without using additional organic

coupling agents.
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To study the thermal stability of bare ZrO2 cores, bare YSZ cores, ZrO2@SiO2

and YSZ@SiO2 core@shell particles, they were calcined at 450 to 1200 °C. After

heat treatments, the particles were characterized by SEM, TEM, STEM, cross-sec�

tional EDX mapping, and XRD. Here, signi�cant grain coarsening and the t→m

transformation at 600 °C of bare ZrO2 particles destroyed the spheroidal particle

shape after further heating to 800 °C. In striking contrast, silica-encapsulation of

ZrO2 submicron particles signi�cantly inhibited grain growth and the t→m transi�

tion progressed considerably only after heating to 1000 °C, whereupon the particle

shape, with a smooth silica shell, remained stable. Thus, ZrO2@SiO2 core@shell

particles are suited for high-temperature applications up to ∼1000 °C. Di�erent
mechanisms such as spatial con�nement of the zirconia crystallites due to the sil�

ica shell, inhibited mass transport, SiO2 as oxygen di�usion barrier, and Si-doping

are considered to explain the markedly enhanced stability of ZrO2@SiO2 core@shell

particles.

Moreover, the optical properties of photonic glasses made of YSZ@SiO2 particles

with di�erent silica shell thicknesses between 10 and 50 nm were investigated. For

this purpose, the re�ectivity was measured before and after heat treatments up to

1200 °C. Here, the position and steepness of the re�ection edge in the visible range

could be tuned by varying the silica shell thickness yielding a blue coloration.

As sub-projects, the mechanical properties of ZrO2 microparticles (D∼2.5 µm
as-synthesized) were investigated by microcompression experiments. Here, a pres�

sure-induced t→m phase transformation dependent on the local crystallite orienta�

tion and the applied shear stress was observed. Furthermore, the sol-gel synthesis

of YSZ microparticles for potential TBC application was modi�ed to yield YSZ

microparticles with a diameter of only D∼1 µm after calcination for potential ap�

plication as absorber/emitter in TPVs. For this purpose, a YSZ monolayer on a

W/HfO2 substrate was deposited to investigate the optical properties. Here, high�

-temperature stability of the TPV system up to 1400 °C (6 h under vacuum) was

demonstrated, whereby the desired optical properties were preserved.
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3 Introduction

Over the last decades, zirconia (ZrO2) micro- and submicron particles have gained

substantial attention due to their outstanding properties such as chemical in�

ertness, thermal[1�3] and mechanical stability,[4, 5] high refractive index,[6, 7]

and low thermal conductivity.[1, 2] These ceramic particles are promising mate�

rials for a wide range of scienti�c studies and potential applications such as fuel

cells,[8] sensors,[9, 10] catalysis,[11] high performance liquid chromatography,[12]

absorber/emitter in thermophotovoltaics (TPV),[13, 14] and ceramic abutments

in medicine.[15�18]

However, previous studies mostly focused on zirconia particles as building blocks

for high-temperature applications, including thermal barrier coatings (TBC)[1�

3, 19�21] and structural colors (SC).[6, 22�25] For TBC operation, zirconia mi�

croparticles in a disordered assembly (photonic glass) with particle diameters of

2�3µm, narrow size distributions, and spherical shape are needed to achieve high

re�ectivity in the infrared (IR) range. Much of the current literature on TBCs

pay particular attention to yttria-stabilized zirconia (YSZ) as yttrium-doping de�

creases the grain growth. As stabilization mechanisms, the solute-drag e�ect and

lattice distortion due to oxygen vacancies are proposed, which therefore stabilize

the preferable tetragonal crystal phase.[26, 27] Recently, our group showed that

the optimum Y content of YSZ particles is 8�10wt%.[1] Matsumoto et al.[28]

demonstrated that the addition of small amounts of lanthania to zirconia coatings

suppresses sintering during deposition and thereby contributes to a reduction in

the thermal conductivity. Furthermore, Leib et al.[3] proposed a co-doping process

with 5% Y and either 1% La or 1% Gd, which yields D∼2 µm extremely stable

particles even after heating to 1200 °C. These co-doped zirconia particles exhibit

smaller grain sizes than undoped or Y-doped zirconia particles and the tetragonal

phase was stabilized until 1500 °C.
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3 Introduction

Figure 3.1 � Cross-sectional scanning electron micrograph of an electron-beam
physical-vapor deposited TBC (top-coat), superimposed onto a schematic diagram
showing the temperature reduction provided by the TBC. The turbine blade contains
internal hollow channels for air-cooling, whereas the outside hot-section surface is
thermal barrier�coated, setting up a temperature gradient (blue line) across the
TBC. From [29]. Reprinted with permission from AAAS.

For the desirable application as TBC, the superalloy substrate in gas-turbine en�

gines needs to be protected against oxidation as shown in Fig. 3.1. Therefore,

the nickel- or cobalt-based structural superalloy contains as many as 5 to 12 addi�

tional elements that are added for enhancement of high-temperature stability.[29]

Furthermore, the bond-coat between the substrate and the ceramic top-coat is an

oxidation-resistant metallic layer, where a thermally grown oxide (TGO) forms as

α�Al2O3 (see Fig. 3.1), which protects the underlying superalloy against oxidation

due to its very low oxygen ionic di�usivity. In contrast, the YSZ top-coat provides

thermal insulation, but is oxygen transparent due to its high number of vacancies

in the oxygen crystal sub-lattice.

Hence, the main challenge faced by many researchers is to improve prevention of

superalloy oxidation in TBCs. Ren et al.[26] showed that a thin Al2O3/YAG (alu�

mina-yttrium aluminum garnet) layer as bond-coat exhibits superior properties to

resist oxidation of the underlying alloy and improves the spallation resistance up to

1000 °C. Their recent �ndings suggest that these bene�cial e�ects should be mainly

attributed to the sealing e�ect of α�Al2O3 and reduced thermal stress due to the

use of nano/micro composites with increased porosity. Data from oxidation resis�

tance studies by Keyvani et al.[30] support this hypothesis as an alumina overlay
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Figure 3.2 � Structural coloration in nature. Siamese �ghting �sh (Betta splen-
dens) (a),(adapted from reference[31]) a butter�y (Morpho menelaus) with blue and
green wings (b),(adapted from reference[32]) and an insect (Closterocerus co�eellae)
with di�erent colored wings (c). Adapted from reference.[33] Di�erent coloration
of the wings in (c) arises from the light re�ecting white background compared to
light absorbing black background. The color impressions originate from periodic
microstructures.

on YSZ increased the oxidation resistance of the TBC by preventing in�ltration of

oxygen through the YSZ layer.

Thus, the �rst part of this dissertation examines the impact of Al2O3-encapsulation

by post-synthetic modi�cation and ALD on the temperature stability of ZrO2 and

YSZ microparticles for potential application as TBC.

Besides re�ection in the infrared region, photonic glasses of zirconia submicron

particles could also be used to achieve re�ection in the visible range as it is needed

for structural colors. In nature, many plants and animals use periodic dielectric

structures to obtain bright colors in the visible wavelength range. Fig. 3.2 shows

three exemplary photographs from structural coloration in nature. Here, the col�

oration of a Siamese �ghting �sh (Betta splendens, a), a blue butter�y (Morpho

menelaus, b), and an insect (Closterocerus co�eellae, c) originates from periodic

microstructures.

As known from nature for di�erent types of periodic structures, the re�ection band

is proportional to the size of the periodic microstructure. In the case of spherical

particles it is proportional to its particle size. Thus, a decrease in particle diam�

eter from the micrometer to the submicrometer range is needed for a re�ection

in the visible range.[6] Furthermore, structural colors as an alternative to com�

mercial pigment-based colors, which sometimes still contain toxic materials (such

as cadmium-based pigments[34]), need a speci�c refractive index distribution.[35,

36]
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3 Introduction

Core@shell particles with di�erent refractive indices meet this requirement as they

represent a novel class of functional materials with numerous prospective applica�

tions apart from structural coloration.[6, 24, 37] They are also well-suited for ap�

plications, such as catalysis,[38�44] high performance liquid chromatography,[45�

47] as well as biomedical diagnosis and therapy.[43, 44, 48�52] Additionally, they

are highly promising candidates for the development of advanced optical mate�

rials, which are needed, e.g., for thermophotovoltaic (TPV) systems[13, 53] and

photonic displays.[54] Among the broad variety of core@shell particles studied to

date, especially those consisting of ceramic materials are very robust and suitable

for applications in hostile chemical environments or at elevated processing and

operating temperatures.

Inorganic cores such as zirconia submicron particles encapsulated by silica shells

are probably one of the most widely studied types of core@shell particles. Silica

coatings can be grown on various inorganic materials, including metals,[52, 55]

semiconductors,[49] and high band gap metal oxides.[7, 56, 57] Usually, the Stöber

method[58] is adapted to grow silica shells with well-controlled thicknesses. In gen�

eral, silica encapsulation decreases the particles' initial polydispersity and surface

roughness. Furthermore, silica is optically transparent and has good mechanical,

chemical, and thermal stability. Using well-established silane coupling chemistry,

the silica shells can easily be functionalized and bioconjugated, as already shown,

e.g., for �uorescent nanodiamonds and magnetic nanoparticles.[48, 49] In other ex�

amples, gold nanoparticles have been coated with silica shells of varying thicknesses

to tune the optical properties of thin �lms assembled from these particles.[59] Fur�

ther, photonic display pixels have been fabricated using silica encapsulated iron

oxide nanoparticles.[60]

The sol-gel synthesis of ZrO2@SiO2 core@shell nanoparticles has been reported

in previous works by Bai et al.[56] and Yang et al.[7] They proposed applications

of these particles for the self-assembly-based fabrication of functional optical de�

vices and coatings with adjustable refractive indices. In another study, zirconia

nanoparticles were silica coated to enable their surface functionalization via silane

coupling chemistry.[61] The modi�ed zirconia particles were then used to provide

quartz �ber reinforced composites with radiopacity. However, the thermal stability

of such ZrO2@SiO2 core@shell particles has not been explored so far.

12



When heated to several hundred degree centigrade, sol-gel derived zirconia submi�

cron particles shrink signi�cantly and transition, �rst, from the amorphous into the

metastable tetragonal (t) phase and, later, into the stable monoclinic (m) phase.[1,

62, 63] These transformations are associated with signi�cant grain coarsening and

the t→m transition is accompanied by a 5% volume increase of formed crystal�

lites.[64] As a result, submicron zirconia particles disintegrate after calcining at

850 °C.[1] However, since earlier studies have shown an improved phase stability

in sol-gel derived ZrO2�SiO2 mixed oxides,[65, 66] it is conceivable that silica en�

capsulation may signi�cantly improve the thermal stability of zirconia submicron

particles.

Thus, the objective in the second part of the present study was to characterize the

thermal stability of ZrO2@SiO2 core@shell submicron particles. This study also

o�ers some important insights into the link between the core@shell structure of

YSZ@SiO2 particles and the appearance of the re�ection band in the visible range

yielding structural coloration.

Among potential TBC and SC applications, ZrO2 and YSZ microparticles are

promising materials as high-temperature stable absorber/emitter in TPV systems.

The requirements for e�ective TPV systems are high absorption/emission at short

wavelengths (1�2 µm) and low absorption/emission at longer wavelengths (> 2µm).

Previous research by Dyachenko et al.[14] showed that a monolayer of ZrO2 submi�

cron particles on a tungsten substrate exhibits the desired optical properties even

after temperature treatment up to 1000 °C. Nevertheless, higher temperatures de�

stroyed the tungsten substrate due to chemical reactions with the underlying silicon

substrate.

Thus, the objective of a sub-project in the present study was to synthesize YSZ

microparticles with the desired average particle diameter of D∼1 µm after calci�

nation for potential application as absorber/emitter in TPVs. Furthermore, the

optical properties of YSZ monolayers on improved tungsten substrates after heat

treatment up to 1400 °C (6 h, vacuum) were investigated.
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4 Theory

4.1 Photonic structures

In recent years, there has been an increasing interest in the optical properties of

natural materials and on synthetic approaches to mimic these optical properties or

to modify them.[31, 33, 67�71] These so called photonic structures are the optical

analog to semiconductor materials.

In the case of photonic structures, periodicity in dielectric constants leads to forbid�

den frequencies of incident photons, which is called photonic band gap.[72] Photons

with such energies cannot propagate through the material due to Bragg scattering

from di�erences in refractive indices. The spectral range of the photonic band gap

thereby is determined by the refractive index of the di�erent media and the length

scale of the motif. Therefore, the size of the motif directly determines the wave�

length range of the photonic band gap. Consequently, photonic structures with a

dielectric variation in the micrometer range would cause a photonic band gap in

the infrared (IR) range, while submicron dielectric arrangements yield a band gap

in the visible range.[6]

Using photons (light) as information carrier has several advantages compared to

electrons. Light can travel much faster in a dielectric material compared to elec�

trons in a semiconductor. Furthermore, photons can carry a larger amount of

information per second and do not strongly interact with each other as electrons

do. As a result, the energy loss is reduced.[72] Photonic structures are already

essential for a wide range of technologies such as telecommunications in industry,

laser engineering, high-speed computing, and spectroscopy.[73] A growing body

of the literature recognizes the importance and potential of these structures for

new technological developments. Here, the aim is to design new structures, which

interact with light waves over a desired range of frequencies by perfectly re�ecting
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Figure 4.1 � Photograph of a Morpho menelaus butter�y (left). Inset, the right
wing of the butter�y is wetted with ethanol. The change in the refractive index
induces the color change from blue to green. SEM images of the wing (right): low
magni�cation (a), high magni�cation (b), ground scales (c), and cover scales (d).
Figure and caption adapted from reference.[32]

them, or allowing them to propagate only in certain directions, or con�ning them

within a speci�ed volume.[73]

Periodic dielectric structures are inspired by nature, where large amounts of plants

and animals with photonic structures in the visible wavelength range are known

for a long time.[71] One of the most well-known species is the Morpho menelaus

butter�y (see Fig. 4.1). Its blue color originates from the di�raction of light and

interference e�ects due to the presence of microstructures on its wings.[32] Filling

the air holes in the right wing with ethanol leads to a green color impression due

to the change of the refractive index as shown in Figure 4.1 (left, inset). The

periodic microstructures in the butter�y wings mainly consist of chitin. SEM

images of di�erent magni�cations can be found in Figure 4.1 (right). There are

numerous other examples in nature such as beetles, moths, sea mice, and various

bird species.[68, 70, 74]

These remarkable properties and their high potential for optical applications have

gained great interest of the scienti�c community, aiming for a more profound un�

derstanding of these structures. For this purpose, two di�erent types of photonic

structures need to be di�erentiated, i.e., ordered (photonic crystal, PC) and disor�

dered (photonic glass, PG) structures as schematically shown in Figure 4.2. Both

arrangements can be produced in a direct or indirect manner. The optical proper�

ties of the various photonic structures are quite di�erent. In the case of a photonic

crystal, narrow and angle-dependent re�ectivity can be achieved, while photonic
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4.1 Photonic structures

Figure 4.2 � Schematic drawings of a photonic crystal, a photonic glass, their
indirect analoga, and optical properties. The photonic crystal shows a narrow and
angle-dependent re�ectivity, while the photonic glass exhibits an angle-independent
broadband re�ection.

glasses yield angle-independent broadband re�ection. Further details will be dis�

cussed in the following sections.

4.1.1 Photonic crystals

Photonic crystals are characterized by a periodic arrangement of dielectric struc�

tures, consisting of at least one high refractive and one low refractive index mate�

rial. This construction of a low-loss periodic dielectric medium allows optical con�

trol and manipulation of light. Thus, preventing light with certain frequencies from

propagating in certain directions can be achieved by PCs with speci�c photonic

band gaps. These frequencies are tuneable in a wide range as they only depend on

the dimensions of the photonic structure and the refractive constants.[73] To calcu�

late the wavelength of the predicted (right) re�ection edge at longer wavelengths,

the Fresnel equation is used as an approximation:[75]

λe = 2 · ne� · d (4.1)
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Figure 4.3 � Examples of one-(1D, left), two-(2D, middle), and three-dimensional
(3D, right) photonic crystals. Di�erent colors represent materials with di�erent
refractive indices. Each photonic crystal has a periodicity of the dielectric material
in x -dimensions (xD). Figure and caption adapted from reference.[73]

Here, λe is the approximated wavelength of right re�ection edge, ne� is the e�ective

refractive index, and d is the period of the motif (distance between neighboring

repeating units).[75] In general, the Fresnel equation describes the behavior of

light waves, which move through the interface between two media with di�erent

refractive indices.

The simplest one-dimensional (1D) PC is a stacked multilayer �lm consisting of two

materials with di�erent dielectric constants as shown in Figure 4.3 (left). Various

studies analyzed the optical properties of multilayer �lms such as that conducted

by Lord Rayleigh (1917), who published a photonic structure called Bragg-mir�

ror as one of the �rst studies.[76] In this 1D case, a plane incident light wave

propagates through the dielectric material and is thereby re�ected and refracted

multiple times at each interface. Here, traveling waves can experience constructive

or destructive interference by creating a standing wave of frequencies ful�lling the

Bragg-condition. In this energy regime, which is called the photonic band gap, elec�

tromagnetic waves cannot propagate through the PC. As a result, the 1D photonic

crystal acts as a perfect re�ector for the corresponding wavelength range.

For alternating materials of low and high refractive index in two or three dimen�

sions, two-dimensional (2D) or three-dimensional (3D) photonic crystals are ob�

tained as shown in Figure 4.3. In the 2D case, the PC is periodic along the x -

and y-axes and homogeneous along the z -axes. Unlike the multilayer 1D �lm, this

2D PC can prevent light from propagation in any direction within the xy-plane.

3D photonic crystals have the potential to achieve a complete photonic band gap

by preventing light propagation for a speci�c range of frequencies for all three

dimensions.[73]
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4.1 Photonic structures

Besides theoretical predictions and simulations of di�erent photonic crystal struc�

tures, fabrication of such 3D structures remains the major challenge. The literature

on production methods has highlighted several techniques to control surface rough�

ness, lattice constants in all three dimensions, size distribution, etc.[54, 72, 73, 77�

79] The fabrication strategies include both top-down and bottom-up approaches.

Top-down methods such as lithography are time-consuming and require costly de�

vices. In addition, they have limitations on the fabrication of 3D PCs especially

in the visible and near infrared (NIR) range.[54]

More recent attention has focused on self-assembly processes of colloids as bot�

tom-up approaches. As colloids, nano- and microparticles are used, which are

suspended in a gas or liquid phase. Much of the current literature on materials

for fabrication of PCs pays particular attention to inorganic materials as these

high refractive index materials provide a better photonic band gap performance,

while creating higher scattering rates at the same time.[78] Here, colloidal systems,

which consist of nano- and microsized particles suspended in a liquid or a gas, are

investigated by many research groups. There are numerous approaches to assem�

ble such particles. Previous research has established self-assembly methods such

as simple sedimentation,[78] Langmuir-Blodgett method,[80] evaporation-assisted

deposition,[81] and direct assembly techniques.[82] In the case of sedimentation,

electric[83] and magnetic[84] e�ects play a key role.

For a complete photonic band gap, inverse/indirect photonic crystals with high

porosity and therefore, high refractive index contrast are needed.[85] It has been

demonstrated that indirect photonic structures can be fabricated by deposition of

a direct photonic crystal with template particles such as silica or polymer spheres,

which will be removed by chemical etching or burnout after in�ltration with the

desired material.[78] The in�ltration can be achieved by wet chemistry methods

comprising chemical bath deposition, electrodeposition, and dry methods like chem�

ical vapor deposition. Furthermore, in�ltration with a nanoparticle suspension or

injection of a molten substance are also conceivable. The obtained indirect PCs

may �nd application in sensors, super-refractive devices, and as templates to grow

spherical particles in their pore networks.[78]
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4.1.2 Photonic glasses

In contrast to photonic crystals, which are highly ordered and periodic structures,

photonic glasses are disordered (randomly packed) structures (see Fig. 4.2). Pho�

tonic crystals reveal a short- and long-range order yielding iridescent color im�

pressions.[31, 77] Hence, PCs show varying colors depending on the viewing and

illumination angle due to their photonic bang gap. On the contrary, most PGs only

exhibit a short-range order yielding non-iridescent color impressions and broadband

re�ections, which are independent of the viewing angle.[54, 86]

The construct of photonic glasses was �rst articulated by Garcia et al.[87] and

popularized in his study, where two di�erent growth methods of PGs have been

explained. First, PGs were obtained by using colloidal charge interactions (sphere�

sphere repulsive potential) of monodisperse polystyrene (PS) spheres yielding very

thick and randomly packed samples. Second, an alloy colloidal crystal was obtained

from a suspension of PS and polymethyl methacrylate (PMMA) spheres. After�

wards, the PS spheres were selectively etched by dissolving them in cyclohexane to

deposit a disordered �lm. Further investigations demonstrated that the formation

of PGs from colloidal suspensions of PS spheres (D =1.2µm) can be controlled by

changing the electrolyte concentration.[88] The higher the electrolyte concentra�

tion, the larger the formed particle clusters, which in�uence the optical properties

of the obtained PGs.

Disordered PGs have various promising optical properties such as coherent backscat�

tering enhancement (of laser[89] and visible light[90]), Anderson localization of

light[91�95], and random lasing.[96] Anderson localization describes the absence

of electron wave di�usion in a disordered medium.[91, 92] Overall, the disordered

nature of photonic glasses yields a high di�use re�ection over a broad wavelength

range.[21] To calculate the predicted broadband re�ection wavelength range, the

Fresnel equation is also used as an approximation (already discribed for photonic

crystals, see Section 4.1.1). In contrast to PCs, PGs exhibit a broadband re�ec�

tion starting from the calculated right re�ection edge to shorter wavelengths due

to multiple scattering. In the case of PGs, the parameter d from Fresnel equation

does not represent the period of the motif as PGs are disordered structures. Here,

d is the average straight plane to plane distance, if the imagined planes lie on the

centers of the neighboring particles from the PG.
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Equivalently to PCs, direct and indirect/inverse PGs can be produced.[87, 88] A

recent study by do Rosário et al.[97] involved a colloidal and single-step deposition

of yttria-stabilized (YSZ)-inverse photonic glasses. Therefore, heterocoagulation

of negatively charged PS spheres and positively charged YSZ nanoparticles was

performed. Afterwards, the PS spheres were burned out leaving behind a disor�

dered inverse PG of a YSZ network. As a result, broadband re�ection of ∼70% in

the wavelength range of 0.4�2.2 µm and high-temperature stability up to 1200 °C

were achieved.

PGs made from monodisperse ceramic spheres are highly interesting materials for

application as broadband visible re�ectors, structural colors (SC), and thermal

barrier coatings (TBC). More recent attention has focused on the application of

PGs from ZrO2[21] and YSZ[2] microparticles as high-temperature stable TBCs

with broadband re�ection in the wavelength range from 1�5 µm. Furthermore, lots

of previous research into PGs has focused on structural colors. Takeoka et al.[98]

and Harun-Ur-Rashid[23] demonstrated that colloidal amorphous arrays show de�

sirable optical properties such as angle-independent color. Moreover, it has been

shown that structural colors can be achieved by self-assembly of colloidal polymer

nanoparticles[99] and by using arti�cial 3D macroporous SiO2 and TiO2 struc�

tures[67] or by deposition of a dielectric multilayer on top of a silica microsphere

base layer.[100] Besides, Shang et al.[6] pointed out by theoretical predictions and

numerical simulations that PGs from core@shell particles (diameter: 100�300 nm)

with a non-monotonous refractive index distribution are promising candidates for

structural coloration.

4.2 Zirconia

Zirconium dioxide (ZrO2, zirconia) has emerged as one of the most powerful ce�

ramics for industrial processes. Traditionally, ZrO2 and ZrO2-containing materi�

als have been used for foundry sands and �ours, refractory ceramics and abra�

sives.[101] Due to its outstanding properties such as chemical inertness and high

oxygen conduction[1] ZrO2 ceramics are also used in fuel cells,[8, 102] catalysts,[11,

103, 104] and sensors.[9, 10] Furthermore, it has a high thermal[1] and mechani�

cal stability,[4, 5] which opens up a wide range of technologies such as high-per�

formance liquid chromatography[12] and high-temperature applications, including
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absorber/emitter in thermophotovoltaics[13] and TBCs.[1�3, 19, 20] Recently, re�

searchers have shown an increased interest in ZrO2 as structural colors[6, 22, 23]

and jewelry as zirconia o�ers excellent optical properties due to its high refractive

index.

This section will address the properties of zirconia ceramics with regard to high�

-temperature applications, whereby the martensitic tetragonal-to-monoclinic (t→m)

phase transformation and the accompanying volume expansion of ∼5% are the

limiting factors for the high-temperature stability of undoped ZrO2 ceramics.[64,

105]

4.2.1 Crystalline phases

Bulk zirconia crystallizes in three di�erent polymorphs as shown in Fig. 4.4. At

room temperature and ambient pressure, the monoclinic (space group: P21/c,

Fig. 4.4(c)) structure is the thermodynamically stable structure of zirconia, which

is a distortion of the parent cubic �uorite structure.[106] Upon heating, zirconia

transforms to the high-temperature stable tetragonal (P42/nmc, Fig. 4.4(b)) phase

at ∼1200 °C, before transition to the cubic (Fm3m, Fig. 4.4(a)) structure at tem�

peratures >2370 °C (melting point: ∼2750 °C).[64, 105] The cubic structure con�

sists of an alternate stacking of full and empty cubes, with O2- anions (Fig. 4.4(c,

blue)) at each corner and a Zr4+ cation (Fig. 4.4(c, red)) in the middle of each

cube.[106] The cations are surrounded by eight anions (at each corner of the cube),

while the anions are surrounded by four cations. Anion sublattice distortion of the

cubic phase leads to the tetragonal phase, whereby further distortion creates the

monoclinic phase with a reduced cation coordination number of seven.[106]

Of particular concern is the martensitic t→m phase transformation upon cool�

ing below ∼950 °C, which is di�usionless in nature and accompanied by a volume

expansion of ∼5% and a shear strain of 10�16%.[64, 105, 107] Leading to a catas�

trophic material failure upon cooling, this is a major drawback of undoped bulk

zirconia. To overcome this, stabilizers such as Y can be added to zirconia as it will

be discussed in Section 4.2.3.

In striking contrast to bulk zirconia, nano- and microsized zirconia, e.g., sol-gel

fabricated, crystallize in the tetragonal phase at �rst upon heating. The tetrago�

nal phase is only high-temperature stable for �ne-grained zirconia and transforms
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Figure 4.4 � Schematic representation of the three polymorphs of ZrO2 with Zr4+

cations (red) and O2- anions (blue): cubic (space group: Fm3m, a), tetragonal
(P42/nmc, b), and monoclinic (P21/c, c). Figure adopted and caption adapted
from reference.[106]

into monoclinic phase during cooling.[106] There are likely two main reasons for

this di�erence in crystallization behavior between bulk and nanophase zirconia.

First, the initial transition to the tetragonal phase is attributed to the local coor�

dination environment and short-range order in the amorphous phase that is more

similar to the tetragonal than the monoclinic polymorph.[63, 101, 108�111] Thus,

the initial crystallization yields the tetragonal phase. The thermodynamically sta�

ble monoclinic phase is formed only after heating to higher temperatures. Second,

high-temperature oxide melt solution calorimetry con�rmed the hypothesis that

�ne-grained monoclinic ZrO2 has the largest surface enthalpy and amorphous zir�

conia the smallest, as shown in Fig. 4.5.[112, 113]

The most interesting feature in the graphs in Fig. 4.5 is that there are crossovers

between the excess enthalpies of the three zirconia polymorphs with increasing

surface area (a) and increasing particles size (b). Overall, these results indicate that

the amorphous phase of nanosized zirconia is energetically preferred for grain sizes

<10 nm, before transitioning to the tetragonal phase and �nally transformation to

the monoclinic phase for grain sizes >50 nm (see Fig. 4.5, b).

A much debated question in the literature is the critical grain size, at which

nanophase zirconia transforms from the tetragonal to the monoclinic phase.[63,

101, 106, 114] Investigations such as those conducted by Navrotsky et al.[106] and

Shukla et al.[63] have shown that the t→m transformation occurs at grain sizes

around ∼40 nm. On the contrary, Chraska et al.[101] observed that zirconia par�

ticles undergo a phase transformation when the grain size is in the order of only

∼18 nm. Di�erences in the observed critical grain sizes can be explained by con�

sidering the nature of the ZrO2 particles. For isolated particles, the crossover of
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Figure 4.5 � Excess enthalpy crossovers for amorphous, tetragonal, and monoclinic
zirconia. Excess enthalpy of nanophase zirconia plotted versus surface area (a).
Excess enthalpy of nanophase zirconia plotted versus particle size (logarithmic scale,
b). Figure and caption adapted from reference.[106]

the surface energies between the tetragonal and monoclinic phase exists around

∼10 nm.[63] For agglomerated zirconia particles, the critical nanosize for the t→m

transformation increases due to decreased free surface energy.

A major challenge faced by many researchers is the distinction between the tetrag�

onal and the cubic phase as both have similar cell parameters (see Tab. 4.1).

Table 4.1 � Polymorphs of ZrO2 from the Joint Committee on Powder Di�raction
File (JCPDF) Database. [111]

JCPDF no. phase space group a (Å) b (Å) c (Å) β (deg)

37-1484 monoclinic P21/a 5.3129 5.2125 5.1471 99.218

42-1164 tetragonal P42/nmc 3.64 5.27 90

49-1642 cubic Fm3m 5.1280 90

Previous research by Srivastava et al. found that the cubic phase just exhibits

single peaks which show a characteristic splitting in the tetragonal phase, such

as (002)(200), (113)(311), (004)(400), and (006)(600) re�exes.[109] For example,

Garvie et al.[115] used this splitting at high-angle re�exes to di�erentiate between

tetragonal and cubic phase. Furthermore, Miller et al.[116, 117] reported a relation
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between the tetragonal to cubic ratio and the Y content in YSZ. With increasing

Y content, the dominant phase changes from monoclinic to tetragonal and �nally

to cubic phase, whereby the (400) region was investigated. Similar results were

found by Leib et al.[2], where the tetragonal phase of zirconia was stabilized by

Y contents < 10wt%, before the cubic phase was formed at higher Y contents.

Here, the authors proposed an optimum Y content of 8�10wt% as the cubic phase

at higher Y contents showed increased grain growth compared to the tetragonal

phase, which will be discussed in the following section.

4.2.2 Grain growth and sintering

Grain growth and sintering behavior are key aspects for de�ning the properties

of ceramic materials. The grain boundaries control the mechanical properties,

including fracture strength, toughness, plastic deformation, and high-temperature

stability.[118] Moreover, grain boundary movement in�uences also the electrical

properties, e.g., conductivity and other processes, such as sintering, grain growth,

and phase transformations. Therefore, the understanding and control of grain

boundary segregation emerge as a powerful platform to optimize the properties of

ceramic materials.

Many grain boundary phenomena found in metals can be directly transferred to

nonmetals such as ceramics. In both cases, grain boundaries have an interfacial

energy and tension, which determine their mobility.[118] Their �exibility in turn

can be in�uenced by impurities from dopants or vacancies. Grain boundaries

make a considerable impact on ceramic material properties, because di�usion is

often more rapid along grain boundaries. Furthermore, deformation occurs by

grain boundary sliding, segregation of solutes occurs at grain boundaries, and

grain boundaries act as sinks for lattice imperfections.[118]

A ceramic oxide contains cations and anions, whereby an electrostatic potential

forms at the grain boundaries, which strongly depends on impurities and tempera�

ture.[118] In the speci�c case of ZrO2, a higher concentration of positively charged

O2- vacancies is found at the grain boundary due to a lower anion vacancy forma�

tion energy compared to cations.[119] Consequently, Zr4+ vacancies form in close

proximity to the grain boundary maintaining the neutral character of the bulk ma�

terial. As a result, the zirconia grain boundaries are positively charged surrounded

by a negatively space-charge cloud.
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Figure 4.6 � Schematic 2D illustration of di�erent-shaped grains in a ceramic mate-
rial. Grains with only 120° angles, which neither grow nor shrink (green), shrinking
grains with less than six adjacent grains (red, convex grain boundaries), growing
grains with more than six adjacent grains (blue, concave grain boundaries), and
grains with both convex and concave grain boundaries (yellow).

The main driving force for grain growth in ceramic materials is the reduction of

grain boundary energy.[120] Therefore, some grains grow and some grains shrink

as shown in Fig. 4.6. At this grain growth process, the number of grains shrinks,

while the average grain size increases.[119, 120] There are di�erent types of grains:

Equal grain boundary energies lead to grains with one or more 120° angles (green

for only 120° grain boundaries), where no grain boundary movement will occur.

Grains with less than six adjacent grains exhibit convex grain boundaries (red),

which shrink. Grains with more than six adjacent grains exhibit concave grain

boundaries (blue), which grow, and grains with both convex and concave grain

boundaries (yellow).

At a grain boundary, individual atoms from the shrinking grains have to change

their orientation by jumping across the grain boundary to the growing grain.[119]

This atomic di�usivity (Db) in the grain boundary is the limiting factor for grain

mobility (M ), which is described in the following equation:[121]

M =
DbΩ

kTδb
(4.2)

Here, Ω is the atomic volume, k is the Boltzmann constant, T is the temperature,

and δb is the grain boundary thickness.[121] As Db can be expressed by an Ar�

rhenius term, it is strongly dependent on the temperature. Therefore, the grain

boundary mobility (M ) increases with increasing temperature. Growing grain

sizes and expanding porosity of ceramic materials due to sintering processes at

higher temperatures lead to a destabilization of the material structure as shown
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by Schwenger et al.[5] for ZrO2 microparticles in microcompression experiments.

This inverse relationship between the mechanical properties (yield stress) and grain

size of a ceramic material is known as the Hall-Petch e�ect.[122]

Crystallite sizes (grain sizes) can be determined from XRD data using the Scherrer

equation (see Eq. 4.3).[123] The full width w at half maximum (FWHM) can be

obtained by �tting Lorentzians to the peaks of the X-ray di�ractograms. For this

purpose, usually the (101) re�ex of the tetragonal phase and the (-111) re�ex of

the monoclinic phase are used. In the case of mixed phases, Lorentzians are �tted

to both re�exes and additionally to the monoclinic (111) re�ex.

L =
Kλ

(w − b)cosθ0
180◦

π
(4.3)

In Eq. 4.3, L is the crystallite size, K the dimensionless shape factor (K ≈ 1 for

spherical grains), λ is the wavelength of the radiation (Cu-Kα=0.154 nm for our

XRD equipment), w is the measured FWHM (in degree), b is the instrumental

broadening (needs to be determined for each instrument, b=0.06° for our XRD

equipment), and θ0 is the Bragg angle.[123]

The next section of this dissertation discusses the stabilization of the tetrago�

nal phase and grain growth inhibition of zirconia by introducing lower-valence

dopants.

4.2.3 Phase stabilization and grain growth inhibition

The main disadvantage of pure zirconia is the di�usionless martensitic t→m phase

transformation which is accompanied by a volume expansion (see Section 4.2.1).

Furthermore, progressive grain growth limits the use of undoped zirconia in high�

-temperature applications (see Section 4.2.2). To overcome these obstacles, doping

of ZrO2 with di�erent aliovalent cations has gained a broad attention in the liter�

ature.

In general, the addition of lower-valence oxides such as CaO, MgO, or Y2O3 sta�

bilizes the more symmetric tetragonal and cubic phases compared to monoclinic

phase, whereby an increasing dopant concentration leads �rst to a tetragonal prime

phase (t′) and than to a cubic form.[124] The stabilization e�ects and amounts of
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dopants di�er among each other. Hwang and Chen[125] concluded in their exten�

sive study that divalent and trivalent stabilizers in tetragonal zirconia segregate to

the grain boundaries regardless of the ionic size and solubility due to the positively

charged grain boundaries (compare Section 4.2.2). Furthermore, they suggested

that grain boundary mobility is mainly controlled by the space charge segrega�

tion of di- and trivalent solutes and also by lattice di�usivities of the solutes. In

their study, they investigated grain growth kinetics and grain boundary segrega�

tion of tetragonal zirconia containing 12mol% CeO2 and 1mol% oxides of di- to

pentavalent cationic dopants as depicted in Tab. 4.2.

Table 4.2 � Ionic radii of di�erent di- to pentavalent dopants[126] and grain sizes of
tetragonal zirconia containing 12mol% CeO2 and 1mol% oxides of di- to pentavalent
cationic dopants. Adapt from references.[125, 126]

Dopant Ca2+ Mg2+ Y3+ Yb3+ In3+ Sc3+ Ce4+ Ti4+ Ta5+ Nb5+

Ionic
radius
(pm)

112 89 102 99 92 87 97 74 74 74

Grain
size
(µm)

1.04 1.56 1.75 1.86 2.15 2.36 2.93 3.03 3.20 3.29

There are two main conclusions arising from the data in Tab. 4.2. First, solutes

of lower valance are correlated with smaller grain sizes. Second, within the same

valence, dopants of a larger ionic radius are also correlated with smaller grain

sizes.[125]

One of the most common crystalline phase stabilizers for ZrO2 is yttria (Y2O3).

Yttria-stabilized zirconia has numerous commercial applications such as high-tem�

perature stable TBCs.[29, 127, 128] Yttria has a large solid solubility range in

zirconia and can be used to stabilize the tetragonal phase of (Y2O3)x(ZrO2)1-x
over the composition range of 0.02<x<0.09 and the cubic phase in range of

0.04<x<0.4.[129] The reason for tetragonal or cubic phase stabilization is the

exchange of some Zr4+ ions by Y3+ ions, which leads to a distortion or a crystal

relaxation, respectively, as shown in Fig. 4.7.[124] Here, an oxygen vacancy (white)

is in the center of a �uorite lattice, which forces the neighboring Zr4+ ions (black)

to shift away from the O2- vacancy along the 〈111〉 directions. The O2- ions move

simultaneously towards the O2- vacancy along the 〈100〉 directions. Due to di�er�
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Figure 4.7 � Crystal relaxation/distortion of Zr4+ ions (black) and O2- ions (grey)
in a �uorite lattice of YSZ in neighborhood of an oxygen vacancy (center, white).
Figure adopted and caption adapted from reference.[124]

ent valence, oxygen vacancies (O2-) form, whereby every two Y atoms create one

O2- vacancy.[124] According to Li et al.,[130] the Y3+ ions have a composition-in�

dependent eight-fold coordination in both tetragonal and cubic phase. Therefore,

dopants are on average the next nearest neighbors (NNN) to the O2- vacancy.[124]

As a consequence, the average coordination number of Zr4+ ions is reduced from

eight towards seven.

Furthermore, it has been shown in the literature that yttria doping of zirconia

leads to decreased grain growth by the solute drag e�ect[27] and thereby forming

Y-rich phases at the grain boundaries and Y-lean areas inside the grains. The

grain growth inhibition is more pronounced for the tetragonal compared to the

cubic phase as the number of oxygen vacancies is higher in the cubic phase. A

larger amount of yttria in the cubic system yields an increased mass transport and

enhanced grain growth.

To date, several studies have also investigated the in�uence of an alumina doping

(also discussed as shell material in Section 4.4) on phase stability and grain growth

inhibition of zirconia. For example, Srdic et al.[131] found that grain growth is

e�ectively suppressed by the addition of 3-30mol% alumina to nanosized powders

of zirconia from chemical vapor deposition. In this study, dense or mesoporous (de�

pending on alumina content) zirconia ceramics of small and narrowly distributed

grains and pore sizes in the nanometer scale were obtained by using pressureless

vacuum sintering at a temperature of 1000 °C (1 h). Furthermore, Nazeri and

Qadri[132] deposited thin ZrO2�Al2O3 �lms (7% Al) on di�erent substrates by
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sol-gel processing. The deposited �lms were amorphous and crystallized in the

cubic phase during annealing at 600 °C (1 h). The observed grain growth inhi�

bition was attributed to constraint e�ects of alumina on zirconia grains, which

yielded peeling-free �lms without spallation failure. Previous studies by Allemann

et al.[133] have also demonstrated that Al segregates in zirconia during the sin�

tering processes forming precipitations at the grain boundaries which e�ciently

suppress grain growth. In that study, it was identi�ed that small alumina concen�

trations increase grain growth in zirconia, while considerable amounts are needed

for grain growth inhibition.

As silica encapsulation of zirconia spheres is also one objective of this dissertation

(see Section 4.4), Si-doping should be considered. In the literature, the possibility

of Si-doping in zirconia has been discussed controversially. On the one hand, Kaji�

hara et al.[134] investigated the superelastic �ow in 5wt% silica-doped tetragonal

zirconia and determined that the matter transport across grain boundaries was

suppressed by the SiO2 phase and thereby grain growth was inhibited. Ikuhara

et al.[135] noticed a similar behavior of superplastic Si-doped tetragonal zirconia.

Here, grain growth and mass transport in zirconia were inhibited by dissolved Si

ions in the tetragonal zirconia lattice near the grain boundaries and by Si segre�

gation across the grain boundaries. On the other hand, Guo et al.[136] did not

observe any silicon grain boundary segregation in 8mol% YSZ, but they found

that silica forms vitreous pockets of glassy phase at the triple grain junctions,

whereby the grain boundary blocking e�ect from this Si phase is negligible. More�

over, Gremillard et al.[137] investigated the e�ects of small silica additions on the

microstructures and mechanical properties of 3mol% YSZ. By analysis of 0 to

2.5wt% silica-doped YSZ via TEM, SEM, and XRD, silica was also found at triple

grain juntions, but neither at grain boundaries nor in the lattice. Allemann et

al.[133], who also investigated Al-doped zirconia (see above), proposed that small

amounts of silica decrease the grain growth, probably by forming ZrSiO4, while

large amounts do the opposite.

The next section of this work discusses the synthetic approaches of spherical nano-

and microsized zirconia particles and the state of knowledge concerning sintering,

grain growth, and doping.
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4.3 Zirconia particles

Over the last decades, zirconia micro- and submicron particles have gained substan�

tial attention due to their outstanding mechanical, thermal, and optical properties,

which make them promising materials for a wide range of potential applications

as speci�ed in Section 3. Di�erent methods have been proposed in the literature

to synthesize monodisperse, spherical zirconia micro- and submicron particles. For

example, using alkoxides in sol-gel synthesis or polymer-induced aggregation of col�

loids and aerosol-gel syntheses in low temperature �ames. In the sol-gel synthesis,

zirconia particles of di�erent sizes can be obtained by the controlled reaction of

water, zirconium precursors and stabilizers.

The following sections will give an overview of di�erent strategies to synthesize zir�

conia particles, their high-temperature stability, and their modi�cations by doping.

As there is a growing body of the literature regarding zirconia particle synthesis,

the focus will be on methods, which are relevant to this dissertation.

4.3.1 Synthetic approaches

There are numerous methods available for synthesizing zirconia micro- and submi�

cron particles or nanoparticles. Fegley and Barringer[138] were the �rst to report

a sol-gel method to produce monodisperse TiO2, SiO2, ZrO2, and ZrO2�Al2O3

powders by controlled alkoxide hydrolysis reactions. One year later, they improved

their size distributions and particle shapes yielding 0.2µm monodisperse (standard

deviations: 17�26%) spheroidal ZrO2 and YSZ particles.[139] In previous studies

by our group, a sol-gel method to produce undoped ZrO2 and YSZ particles in the

size range of 0.8 to 4.2 µm by using fatty acids as stabilizers was reported.[1] For

the purpose of the desired particle sizes in this dissertation, the work was based

on a modi�cation of the general method of Widoniak et al.[62] for particles with

diameters in the submicron range and on comprehensive studies of Yan et al.[140]

for larger particles in the micrometer range, which were both the basis for the

aforementioned studies by Leib et al.[1]

Earlier works[62] used alkali halide salts, which lead to ionic impurities after calci�

nation and an a�ected crystallization behavior, whereas fatty acids as stabilizers
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Figure 4.8 � Sol-gel synthesis of zirconia (ZrO2) particles. First, the zirconium
alkoxide precursor Zr(OR)4 with R as propyl or butyl, respectively, gets hydrolysed
by water (a). Second, polycondensation of two partially hydrolyzed zirconium alkox-
ides occurs (b). Finally, small primary particles (10�20 nm) aggregate to zirconia
submicron or microparticles depending on the synthesis conditions (c).

can easily be removed by heat treatment. Moreover, previous research has estab�

lished that the polymer hydroxypropylcellulose (HPC) could be used in sol-gel

processes as stabilizer for powder and nanoparticle synthesis, which was already

shown in numerous publications for example for TiO2[141] and ZrO2[142] powders

or ZnS nanoparticles.[143] In these studies, HPC seems to favor the stabilization

of relatively small particles.[144]

The literature of zirconia microparticles has highlighted several growth mecha�

nisms, but it is generally accepted that the zirconia alkoxide precursor �rst hy�

drolyses and polycondensates (see Fig. 4.8(a,b)), before it forms small primary

particles in the size range of 10 to 20 nm. These primary particles tend to aggre�

gate to form the �nal zirconia particles (c). In contrast, Lerot et al.[145] suggested

a LaMer-type formation mechanism, where nuclei grow individually to their �nal

size without any further delayed nucleation. Studies by Ogihara et al.[146] sup�

ported these �ndings as they showed that the rate-determining step of surface

nucleation in zirconia particle growth was polynuclear-layer growth. This means

that each layer is formed by merging of surface nuclei on zirconia particles.

Lerot et al.[145] established a new sol-gel method to produce monodisperse spher�

ical zirconia particles in the size range of 0.1 to 2.5µm by using various long-chain

carboxylic acids as stabilizers. As a general rule, they postulated that the particle
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Figure 4.9 � Reaction of carboxylic acid stabilizer with zirconium alkoxide to form
a zirconium carboxy-alkoxide derivate. R denotes a propyl or butyl chain, while R'
stands for the alkyl chain of the carboxylic acid.

size is proportional to the induction time. The induction time is the period be�

tween the reation start by addition of water and the formation of zirconia primary

particles. The induction time shortens with, e.g., increasing amount of water,

shorter chained solvents, etc. Increasing the carboxylic chain length (from C6 to

C18) also led to a reduced induction time as expected, but Lerot et al.[145] ob�

served surprisingly larger particles which argues against the LaMer model. On the

contrary, Leib et al. observed decreasing induction times and particle sizes (∼1.4
to ∼0.8 µm) for zirconia microparticles derived from sol-gel synthesis by increasing

the carboxylic chain length from C14 to C28.[1]

To give a possible explanation for this observation, the role of carboxylic acids in

the sol-gel synthesis of zirconia particles needs to be clari�ed. First, carboxylic

acids react with the zirconium alkoxide to a zirconium carboxy-alkoxide derivate

as shown in Fig. 4.9. These metal carboxylates are known to form micelles with

their polar groups pointing to the center. As a consequence, water molecules

are incorporated into the cores of the micelles, where a localized hydrolysis and

condensation generates nanosized primary particles. Due to micellar structures,

aggregation of the primary particles is favored compared to LaMer growth as the

super�cial charges, which usually prevent aggregation, are diluted due to the pres�

ence of oxygenated groups (carboxylate, alkoxylate, or zirconate). Furthermore,

Lerot et al.[145] concluded from experimental data that the solubility of carboxylic

acids increases with the length of the alkyl group of the alcoholic solvent. This

observation leads to less micellar structures and hence a decreased hydrolysis rate

and small number of nuclei resulting in larger particles.

Studies such as that conducted by Van Cantfort et al.[147] have shown that the

growth of zirconia particles in a sol-gel synthesis by using fatty acids as stabilizers

is a competition between individual LaMer growth and aggregation, especially in

the early stages of micelle formation. A comparison of the two growth mechanisms

is presented schematically in Fig. 4.10.
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Figure 4.10 � Comparison of the growth of zirconia particles from sol-gel synthesis
by individual growth following the LaMer type mechanism and by aggregation of
primary particles. In the synthesis of zirconia particles both compete with each
other with regard to reaction conditions and particle size.

Similarly, it has been demonstrated by Park et al.[148] that the formation of

monodispersed colloids depends on the �nal particle size. The LaMer mechanism

which includes di�usional growth of individual particles (see Fig. 4.10), works well

for nanoparticles (< 100 nm), where a broad size distribution is obtained. For larger

particles, this growth model fails to describe the collected experimental data, where

polycrystalline particles were characterized which consist of small crystalline sub�

units. These subunits have the same size (∼10 nm) as the initially formed primary

particles, which suggest an aggregation of primary particles in the growth process

of particles with a diameter > 100 nm.

In all studies reviewed here, growth of zirconia particles is recognized as a mixture

of LaMer growth and aggregation of primary particles, which strongly depends on

particle sizes and various reaction parameters. Therefore, Fig. 4.11 provides an

overview of the in�uence by di�erent reaction parameters on zirconia particle sizes

with regard to the synthesis of small submicron particles (0.1�0.4 µm) compared

to large microparticles (2-5µm).

Besides the above mentioned reaction parameters (fatty acid length and concen�

tration, water content, and solvents), additionally the precursor nature and con�

centration, dopants, stirring time, and aging time play a key role in the sol-gel

synthesis of zirconia particles. Leib et al.[1] investigated in an extensive study the

thermal stability of di�erent sized ZrO2 particles (diameters: ∼0.86µm, ∼2.8 µm,

and ∼4.2 µm as-synthesized) by using di�erent zirconia precursors and solvents.

The smaller particles were obtained by using zirconium n-propoxide as precursor
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Figure 4.11 � Overview of the in�uence by various reaction parameters on zirconia
particle sol-gel synthesis with regard to their size. As the growth mechanisms change
for di�erent particle sizes, some parameters are not consistent (highlighted in red)
for synthesis of small (0.1�0.4 µm) and large (2�5µm) particles.

and ethanol as solvent, which yields higher hydrolysis rates. For larger particles,

they used zirconium n-butoxide and butanol. Furthermore, it seems logical that an

increased amount of zirconia precursor leads to increased particle sizes, if the other

reaction conditions remain the same. Based on the results and conclusions from

their �rst study, Leib et al.[2] investigated the applicability of YSZ microparticles

(4�18mol%) for high-temperature photonics. Here, the induction times were faster

compared to previously reported undoped zirconia particles. The faster hydrolysis

rates can be explained by the higher reactivity of the yttria precursor (yttrium

iso-propoxide) compared to the zirconia precursor (zirconium n-propoxide). Yt�

trium iso-propoxide has only three ligands instead of four and a higher electrone�

gativity which makes it more susceptible to nucleophilic attacks.[2] Furthermore,

a relationship between the aging period and �nal particle size exists. The shorter

the aging time (and the lower the temperature), the smaller the zirconia parti�

cles, whereby it was found that a gentle rotation of the reaction vessel prevents a

secondary nucleation.[140] To increase the zirconia particle size even further, an

extended stirring period (2 to 12min) after the induction and a rotational aging

at higher temperatures can be implemented.
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4.3.2 High-temperature behavior

Sol-gel derived as-synthesized zirconia particles are amorphous and �rst crystallize

in the metastable tetragonal phase before transformation to the monoclinic phase

upon thermal treatment at higher temperatures.[62, 63, 109] The initial transition

to the tetragonal phase is attributed to the local coordination environment and

short-range order in the amorphous phase that is more similar to the tetragonal

rather than the monoclinic polymorph.[63, 101, 108�111] Thus, the initial crys�

tallization yields the tetragonal phase. The thermodynamically stable monoclinic

phase is formed only after heating to higher temperatures. As this t→m transi�

tion is associated with a volume expansion of ∼5%[64] it leads to stress-induced

structural destabilization of the particles (details can be found in Section 4.2.1).

A number of studies have begun to examine the high-temperature stability of zir�

conia particles. In a comprehensive study conducted by Leib et al.[1] it was shown

that zirconia submicron and microparticles from sol-gel synthesis transformed from

the amorphous phase to the tetragonal phase at 250�450 °C and to the monoclinic

phase after thermal treatment at 450�650 °C, depending on synthesis conditions

and particle size. Furthermore, they observed a mass loss of up to 40% and a

volume loss of up to 75% upon heating to 450 °C. By comparing three di�erent

particle sizes (0.86, 2.8, and 4.2µm in diameter), an enhanced temperature stabil�

ity of larger microparticles compared to smaller submicron particles was observed.

The martensitic phase transformation of zirconia has been a controversial and much

disputed subject within the scienti�c community. In an in situ high-temperature

X-ray study, Srinivasan et al.[149] determined that the t→m transformation oc�

curs upon cooling below 300 °C. They suggested that at 800 °C surface defects are

generated, which absorb oxygen on cooling initiating the t→m transition. By cov�

ering the zirconia surface with sulfate anions, the transition could be suppressed.

In contrast, more recent in situ studies observed the t→m transformation in both

heating and cooling of zirconia.[1, 150]

The grain size and growth of zirconia particles are also important parameters as

they dictate the mechanical and optical properties (see Section 4.2.2). At large

grain sizes compared to particle dimensions, the particles are �rst destabilized

before total disintegration. Shukla and Seal[63] pointed out that the tetragonal

structure is more stable for isolated zirconia nanocrystals with sizes up to 10 nm
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as it provides lower surface energy than the monoclinic phase. For larger iso�

lated nanocrystals the volume free energy becomes the dominating parameter and

forces the transition to the monoclinic phase. Thus, isolated tetragonal zirconia

nanocrystals grow until they reach a size of ∼10 nm before they transition to the

monoclinic phase. However, in contrast to isolated nanocrystals, the surface en�

ergy of tetragonal crystallites in aggregated structures of zirconia nanocrystals is

signi�cantly lower. Furthermore, due to the spatial con�nement of the crystallites

within aggregated structures the hydrostatic strain energy has to be taken into

consideration.[64] As the martensitic tetragonal-to-monoclinic phase transition is

associated with a ∼5%[64] volume increase, the resulting strain energy makes this

transformation less favorable. Taking into account these contributions, Shukla and

Seal[63] calculated a critical tetragonal grain size of ∼41 nm in aggregated zirconia

particles.

A further possibility to stabilize the tetragonal phase and to reduce grain growth of

zirconia particles is thermal treatment under inert gas. Livage et al.[110] reported

that tetragonal zirconia is much more stable when heated in an oxygen-free atmo�

sphere than under air. Srinivasan et al.[109] also observed that the phase transition

was accomplished more readily under air than under inert gas. They proposed that

chemisorption of oxygen at surface defects (oxygen vacancies) upon cooling below

300 °C initiates the t→m transition. Similarly, Collins and Bowman[151] suggested

that elimination of oxygen vacancies by incorporation of oxygen from the atmo�

sphere facilitates the transition to the monoclinic phase. Furthermore, it has been

demonstrated by Penner et al.[152] that in inert atmospheres, the persisting struc�

tural defectivity leads to a high stability of tetragonal ZrO2 up to 1000 °C.

4.3.3 Doping

As already discussed in general for zirconia in Section 4.2.3, the addition of lower�

valence oxides such as Y2O3 stabilizes the more symmetric tetragonal and cubic

phases compared to the monoclinic phase. In the literature, there was a signif�

icant positive correlation between decreased grain growth, tetragonal or rather

cubic phase stabilization, and Y dopant content. Here, an optimum Y content of

8�10% was determined for tetragonal or rather cubic phase stabilization in zirconia

microparticles.[2] Furthermore, a new sol-gel process for doping zirconia micropar�

ticles with La or Gd and a combination of either with Y were demonstrated.[3]
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The most striking result was that La and Gd alone have a strong grain growth

attenuating e�ect, whereby the martensitic phase transformation from tetragonal

to monoclinic phase could not be suppressed. In contrast to this �nding, co-doping

with La or Gd and Y led not only to grain growth inhibition but also to phase

stabilization.

There are various alternative dopants apart from Y, La, and Gd which are promis�

ing candidates to increase the high-temperature stability of zirconia, as explained in

Section 4.2.3. Most preparative approaches for doping spherical zirconia particles

used one-step methods such as sol-gel or hydrothermal synthesis to produce zirco�

nia doped with mixed oxides such as yttria[2, 153, 154] and ceria[11] or co-doped

with ceria-yttria,[155] to name just a few. In contrast to concurrent synthesis of zir�

conia particles and doping, there is no information about possibilities and e�ects of

post-synthetic modi�cation (PSM) of zirconia microparticles with di�erent dopants

to the best of my knowledge. Hence, the properties of the initial bare zirconia par�

ticles can be precisely altered by PSM depending on the desired application and its

requirements as shown in this dissertation. The major advantage is the reduction

of synthetic procedures, which is particularly interesting for potential applications

and their industrial processing. For nanocrystals, the literature has highlighted the

cation exchange technique to alter the properties of crystalline materials. Here, in�

sertion and exchange of atoms controls both properties and composition as shown

for interconversion between CdS, Cu2S, and PbS nanocrystals.[156] Additionally,

zirconia core particles can be encapsulated by ceramic materials such as alumina

and silica in order to modify their optical properties (e.g., for SC application) or

to enhance their thermal stability (e.g., for TBC application). These so called

core@shell structures will be the topic of the following section.

4.4 Core@shell structures

Core@shell structures have gained considerable attention and enabled new research

opportunities in almost all areas of science and engineering, including medicine,

catalysis, biotechnology, chemistry, optics, electronics, energy storage, etc.[57] Dur�

ing the past 30 years, much more information has become available on the combina�

tion and arrangement of existing materials to core@shell structures. Here, di�erent

desirable properties of two or more materials can be combined in one new material.
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In the late 1980s, Spanhel et al.[157] were the �rst to report such heterostructures,

more precisely CdS-Ag2S particles, whereby the terminology core@shell was ac�

cepted some years later.[158]

Srdic et al.[57] classi�ed the di�erent intentions of researchers to fabricate core@shell

structures into three categories: First, the combination of two materials to combine

two properties within one structure as it was demonstrated for iron oxide nanopar�

ticles covered with a silica-silver-titania multishell.[159] Here, the magnetic proper�

ties from the core could be combined with the luminescent optical properties from

the silica shell. Second, core@shell particles can be synthesized to yield a speci�c

design or geometry. For example, Zhang et al.[42] developed a SiO2@Au/N-doped

TiO2 photocatalyst, where the low cost silica as the core material is the carrier for

a thin shell of the expensive active material. Third, the combination of two or more

materials could cause an entirely new property as known for ceramic core@shell

materials, where the interaction between a ferromagnetic core and a ferroelectric

shell leads to the magnetoelectric e�ect.[160�163]

4.4.1 Types

Core@shell particles are typically spherical shaped, whereby mainly three types can

be distinguished (Fig. 4.12).[57] Core@shell particles with dense or porous cores

(a). Here, the core material can also be o�-centered yielding so called yolk-shell

particles.[41, 164] Furthermore, some core materials are removable by calcination

or etching forming hollow particles.[165] Besides the variation of the core structure,

dense cores with continuous dense or porous shells are found (b). Moreover, discon�

tinuous/particulate shells are known. Additionally, there are more complex shell

systems described in the literature such as core@shell@shell particles,[53] cores

with composite shells, and cores with multilayered shell systems (c).

4.4.2 Synthesis

There are numerous gas phase processes and liquid phase techniques to synthesize

core@shell particles with a de�ned composition, core size, shell thickness, size

distribution, density, and morphology.[57] Gas phase processes are mostly based

on reaction/decomposition of �owing gases, whereby a complete coverage of the

core surface and desirable shell thicknesses are obtained. For the synthesis based on
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Figure 4.12 � Schematic illustration of core@shell particles with di�erent types of:
cores (a), shells (b), and complex core@shell structures (c). Figure adopted and
caption adapted from reference.[57]

reaction/decomposition of �owing gases, usually two reactors are needed. In the

�rst chamber, the desired nanoparticles are formed for example by vapor phase

reactions.[166] Afterwards, the obtained core particles are exposed to a gaseous

shell precursor. Here, the shell is formed by di�erent mechanisms such as chemical

vapor deposition.[166] Furthermore, spray pyrolysis is used to synthesize core@shell

particles. Here, in contrast to reaction/decomposition of �owing gases, a mixture

of very �ne precursor droplets with a carrier gas (�owing aerosol) is applied.[57]

The experimental design is similar as one reactor with two reacting zones or two

sequential reactors are needed. In principle, the solvent of the precursor droplets

evaporates, which leads to precipitation of the core material. Subsequently, the

cores are coated by evaporation and precipitation of the selected shell material.

Previous research has also established gas phase reactions, where no precursor gas

or aerosol is utilized. One example is the surface oxidation of silicon nanopar�

ticles by oxygen exposure yielding Si@SiO2 core@shell particles.[57] Furthermore,

obtaining core@shell structures by a low-pressure �ame synthesis is also reported

in the literature.[167] Here, the addition of a precursor/Ar mixture to premixed

H2/O2/Ar �ames led to the formation of Fe2O3@SiO2 core@shell nanoparticles.

A considerable amount of the literature has been published on the encapsulation of

spherical particles by atomic layer deposition (ALD).[168�171] These studies used

di�erent techniques of ALD to obtain a conformal coating of individual particles
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4.4 Core@shell structures

Figure 4.13 � Schematic illustration of the wet-chemical ZrO2@SiO2 core@shell
particle synthesis. First, heterogeneous nucleation of SiO2-seeds on the zirconia
surface occurs. Second, growth of a dense silica shell by bridging the gaps of the
SiO2-seeds.

such as �uidized bed reactor[170] or rotary reactor.[168] For ALD on particles,

which are assembled on a substrate, contact points between adjacent particles and

at the particle-substrate interface remain uncovered as shown by Weber et al.[169]

for Pt shell growth on Pd nanoparticles deposited on Al2O3 substrates.

Besides gas phase processes, liquid phase (wet-chemical) approaches are used to

synthesize various core@shell structures. Srdic et al.[57] di�erentiated between four

types of wet-chemical shell growth: chemical deposition on core particles, chemical

deposition on functionalized core particles, assembly of preformed nanoparticles by

electrostatic interactions, and assembly of preformed nanoparticles onto function�

alized core particles. The wet-chemical deposition of a desired shell material on

core particles is the most favored method as the shell growths directly on the core

without further steps or treatment. However, this type of growth is often di�cult

to perform due to the hydrophobic nature of the core surface, inadequate surface

charges, incompatibility, etc.[57] The direct wet-chemical deposition yields amor�

phous or crystalline shells due to a heterogeneous nucleation of the solid shell phase

as shown in Fig. 4.13 for the growth of silica shells on zirconia core particles.

Here, SiO2-seeds emerge on the zirconia surface, before the gaps of this island-like

structure are �lled with silica to form a continuous shell, which is called seeded�

growth. One of the main obstacles of the direct chemical deposition method is

that the large surface to volume ratios or the absence of surface charges leads to

an agglomeration of the core particles. In this case, it is necessary to shift the zeta

potential to larger absolute values by surface modi�cation to prevent agglomera�

tion.[57] Introducing citric acid on the particle's surface is one possibility to create

surface charges, which was already shown for Fe2O3[172] and ZrO2 particles.[7] For

silica encapsulation of zirconia particles, tetraethyl orthosilicate (TEOS) is used as

silica precursor. First, silicate groups will attach to the OH-groups on the zirconia
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Figure 4.14 � Schematic illustration of the wet-chemical ZrO2@SiO2 core@shell par-
ticle synthesis by using functional groups (FG) on the zirconia core surface. First,
the zirconia cores are modi�ed with a speci�c functional group. Second, heteroge-
neous nucleation of SiO2-seeds on the functionalized zirconia surface occurs, before
growth of a dense silica shell by bridging the gaps of the SiO2-seeds starts.

surface, before additional layers can be obtained by hydrolysis and polycondensa�

tion of TEOS in close proximity to the �rst silica layer.[57] Furthermore, the silica

shell thickness can be accurately controlled in the nanometer regime by changing

the concentration of ammonia (catalyst) or TEOS.

Besides seeded-growth of silica, the layer-by-layer technique is used as a multistep

deposition of thick shells as shown in the literature for alumina shells on BaTiO3

and ZrO2 cores.[173] For this purpose, the core particles (D=70�140 nm) were

dried and suspended in methylalumoxane (MAO), which anchors to the particle's

surface by covalent Al-O bonds. After removal of MAO by washing steps, the

particles were exposed to air, whereby the MAO layer on the particle surface

oxidized to Al2O3. Characterization by ICP-OES and TEM revealed an alumina

shell thickness of up to ∼10 nm depending on the number of deposition cycles.

As the XRD patterns of bare BaTiO3/ZrO2 core particles are very similar to

the alumina-coated nanoparticles, the authors conclude that the alumina phase is

amorphous and only few Al ions might be incorporated into the lattice of the core

particles.[173]

As already mentioned above, the direct coating of a homogeneous shell is often

challenging or even not possible.[57] Therefore, a convenient strategy is to modify

the core particles with functional groups (FGs) prior to the encapsulation process

as exemplarily shown for ZrO2@SiO2 core@shell particles in Fig. 4.14. Jin et

al.[174] reported on a sol-gel method for the synthesis of SiO2@Al2O3 core@shell

particles by using di�erent surfactants such as polyethylene glycol (PEG) and

polyvinylpyrrolidone (PVP) for dispersing and coating the silica core particles with

up to 90 nm alumina shell. In a more complex approach, Wang and Tseng[165]

demonstrated a novel technique for synthesizing nanoshell hollow alumina particles
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4.4 Core@shell structures

Figure 4.15 � Three di�erent strategies for functionalization of core particles prior
to encapsulation: reaction of core surface hydroxyl-groups with OMe-groups of silane
coupling agent (a), chemisorption of thiol-functionalized silane on core surface fol-
lowed by hydrolysis and condensation of another silica species to introduce a new
surface functionality (b), and attachment of tetraalkyl silicate for direct silica shell
growth (c). Figure adopted from reference.[57]

by using nonporous PS beads cross-linked with divinyl benzene. After successful

alumina encapsulation with a 20�40 nm shell, the polymeric template was removed

by thermal pyrolysis to form hollow spheres.

For the encapsulation of hydrophilic core particles with silica by the Stöber method,

three di�erent types can be distinguished (see Fig. 4.15).[57] First, the core surface

hydroxyl-groups can react with -OMe groups (-OCH3 or -OC2H5) of a silane cou�

pling agent to introduce a new surface functionalization (a). Second, chemisorption

of thiol-functionalized silane on the core's surface occurs, followed by surface mod�

i�cation with an appropriate ligand via hydrolysis and condensation with another

silica species (b). Third, the silica shell formation could be directly initiated by

the attachment of a tetraalkyl silicate on the surface of the core (c).

As the selection of the best suitable FG is very important for a successful en�

capsulation, much of the available literature on surface modi�cation of core par�
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ticles considers various functional groups such as cetyltrimethylammonium bro�

mide (CTAB),[175] 3-aminopropyltriethoxysilane (APTES),[176] and 3-mercapto�

propyl(trimethoxy)silane (MPTMS).[177] Furthermore, an alternative strategy for

synthesis of core@shell particles is the use of preformed nanoparticles as shell ma�

terial which exhibit the opposite surface charge of the core material.[57] Here, a

very uniform shell structure can be obtained as the charged surfaces of the core

and the shell materials prevent homonucleation.
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The aim of this study is to explore the synthesis and thermal stability of ceramic

ZrO2/YSZ�Al2O3 composite microparticles and ZrO2/YSZ@SiO2 core@shell sub�

micron particles in consideration of desirable applications such as thermal barrier

coatings and structural colors, respectively. Figure 5.1 provides an illustration of

the strategy and procedure to obtain these particle systems.

First, spherical and monodisperse ZrO2 and YSZ core particles need to be produced

in the micron and submicron range by sol-gel synthesis. Second, these particles

have to be calcined at speci�c temperatures (400�600 °C) to decompose organic

residues from synthesis and to complete particle shrinkage (due to mass and vol�

ume losses). Afterwards, the ZrO2 and YSZ microparticles should be modi�ed

with alumina by a wet-chemical procedure and assembled to photonic glasses. For

comparison with di�erent alumina modi�cation techniques, photonic glasses made

of bare ZrO2 and YSZ microparticles should be coated with alumina by ALD.

Finally, the obtained ZrO2�Al2O3 and YSZ�Al2O3 composite particles should be

heat-treated up to 1500 °C as the desirable TBC application requires high-temper�

ature stability.

With the alumina encapsulation, improvement of the high-temperature stability

of zirconia microparticles due to blocking of oxygen di�usion and spatial con�ne�

ment of the crystallites may be possible. Also alumina doping could contribute to

phase stability and inhibition of grain growth. For this purpose, complementary

characterization methods such as SEM, TEM, XRD, IR re�ection measurements,

cross-sectional TEM (lamella from FIB technique), and analysis by HAADF-STEM

in combination with EDX mappings were used to evaluate their high-temperature

stability.

For application as structural colorants, smaller ZrO2 and YSZ submicron particles

(calcined) need to be encapsulated by a sol-gel synthesis with low refractive sil�

ica and deposited to photonic glasses as shown in Figure 5.1. Subsequently, the
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Figure 5.1 � Illustration of the objectives of this study. Synthesis of ZrO2/YSZ
micro- (2�5µm) and submicron (100�400 nm) particles, calcination (400�600 °C),
deposition of alumina (Al2O3) on zirconia microparticles, encapsulation of zir-
conia submicron particles with silica (SiO2), deposition of photonic glasses for
both particle systems and heat treatment up to 1200 °C and 1500 °C, respectively.
ZrO2/YSZ@Al2O3 composite microparticles are promising for application as thermal
barrier coating, while ZrO2/YSZ@SiO2 core@shell submicron particles are desireable
for structural colors.

obtained ZrO2@SiO2 and YSZ@SiO2 core@shell particles should be heat-treated

up to 1200 °C to examine the suitability for high-temperature stable structural

colorants.

The silica shell is not only required for a non-monotonous refractive index distri�

bution but also for crystalline phase stabilization and inhibition of grain growth

due to blocking of oxygen di�usion and spatial con�nement of the crystallites sim�

ilarly as it is expected for alumina deposition. Besides, silica doping needs to

be considered as literature reveals tetragonal phase stabilization and inhibition

of grain growth by SiO2-doping of tetragonal zirconia polycrystals.[134, 135] For

this purpose, complementary characterization methods were used to evaluate the

high-temperature stability.

This dissertation seeks to explain and discuss di�erent mechanisms, which could

contribute to an improved high-temperature stability for both, ZrO2/YSZ�Al2O3

composite microparticles and ZrO2/YSZ@SiO2 core@shell submicron particles.
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As sub-projects, the mechanical properties of ZrO2 microparticles should be de�

termined by microcompression experiments to evaluate the structural degradation

and phase transformation at high pressures. Furthermore, the high-temperature

stability and optical properties of previously designed TPV systems with zirco�

nia submicron particles (D∼600 nm after calcination) deposited on tungsten sub�

strates should be improved. For this purpose, YSZ microparticles (D∼1 µm after

calcination) with a narrow size distribution need to be synthesized and assembled

to form a monolayer on a W/HfO2 substrate.
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6 Results and Discussion

6.1 ZrO2�Al2O3 and YSZ�Al2O3 composite

microparticles

Partially, results of the following section were elaborated in collaboration with

Jil Rüter[178] who did her master thesis during the time of my PhD-project. The

topic and work plan were prepared by me and I supervised the data evaluation and

modi�cations of procedures. Furthermore, I synthesized and provided all three core

particles (Zr-1, Zr-2, YSZ-1), which are discussed in this dissertation. Moreover, I

added the comparison to undoped zirconia particles after atomic layer deposition

(ALD) of alumina to the ALD data for yttria-stabilized zirconia (YSZ) cores.

During the master project of Jil Rüter, the successful encapsulation of zirconia

cores to ZrO2�Al2O3 and YSZ�Al2O3 core@shell structures, respectively, could

not be con�rmed, although the high-temperature stability of alumina-treated ZrO2

cores was clearly improved. Thus, I further investigated the obtained ZrO2�Al2O3

composite structure to clarify the mechanisms of increased thermal stability and

assigned it to post-synthetic alumina modi�cation (PSM) in this dissertation.

6.1.1 Synthesis and calcination of ZrO2 and YSZ microparticles

Di�erent methods have been proposed in the literature to synthesize monodis�

perse, spherical zirconia microparticles. For example, using alkoxides in sol-gel

syntheses[1] or polymer-induced aggregation of colloids[179] and aerosol synthesis

in low temperature �ames[180] were reported. In the sol-gel synthesis, zirconia mi�

croparticles of di�erent sizes can be obtained by the controlled reaction of water,

zirconium precursors, and the presence of stabilizing agents (see Section 4.3 for

details).
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6 Results and Discussion

Figure 6.1 � Sol-gel synthesis of zirconia (ZrO2) particles. First, zirconium(IV) n-
propoxide is hydrolysed by water and polycondensated by forming primary particles
(10�20 nm). Second, the zirconia primary particles aggregate to zirconia micropar-
ticles.

In previous studies by our group,[1, 2] sol-gel methods for the fabrication of un�

doped and YSZ particles in the size range of 0.4 to 4.2 µm were reported. In these

investigations, fatty acids were used as stabilizers. These studies are based on the

general method of Widoniak et al.[62] for the synthesis of zirconia submicron parti�

cles with diameters between 0.4 and 0.8µm and on the comprehensive work of Yan

et al.[140] on preparative methods to obtain zirconia microparticles of up to 4 µm

in diameter. This part of my dissertation focuses on undoped zirconia and YSZ

microparticles for potential applications as thermal barrier coatings (TBC).

In the present study, a modi�ed sol-gel method for the synthesis of ZrO2 and YSZ

microparticles was used, which is based on investigations by Yan et al.[140] and

previous works of Leib et al.[1, 2] Here, zirconium(IV) n-propoxide functions as

zirconia precursor, which is hydrolyzed by water (Fig. 6.1). Afterwards, the hy�

drolized zirconia precursor species forms primary particles by polycondensation.

Then, these primary particles aggregate yielding zirconia microparticles. The grow�

ing microparticles are stabilized by eicosanoic acid during the reaction (see Section

8 for experimental details and Section 4.3 for information about the particle growth

mechanisms).

In order to achieve high-temperature stability for potential application as TBC,

Y-doping of ZrO2 microparticles was considered. Therefore, a previously published

synthesis method for YSZ microparticles of Leib et al.[2] was applied to increase

the thermal stability by attenuating grain growth and phase transformations at

high temperatures. As the optimum Y content was determined to be 8�10mol%,

YSZ microparticles with 9.5 mol% Y were synthesized in a similar particle size

range as the undoped zirconia particles in this work to exclude particle size e�ects

when analyzing and comparing the high-temperature stability. Therefore, yttrium
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Figure 6.2 � SEM images and sizing statistics of as-synthesized (dried at 80 °C for
4 h) ZrO2/YSZ batches Zr-1 (a), Zr-2 (b), and YSZ-1 (c). SEM images and sizing
statistics of calcined (600 °C, 3 h) ZrO2/YSZ batches Zr-1 (d), Zr-2 (e), and YSZ-
1 (f). Average particle diameters and standard deviations were determined using
ImageJ software by counting at least 100 particles.

was introduced in the sol-gel synthesis from Fig. 6.1 as yttrium(III) i-propoxide

(see Section 8 for details).

Figure 6.2 provides an overview of scanning electron microscopy (SEM) images and

sizing statistics of two undoped (Zr-1 (a,d), Zr-2 (b,e)) and one YSZ (YSZ-1 (c,f))

batches, which were used as core materials in this section. The �rst batch Zr-1

(a) had an initial particle diameter of 2.56µm± 8%, while the second batch Zr-2

(b) yielded larger particles of 5.37µm± 4% as-synthesized. These batches were

used for wet-chemical PSM of the zirconia cores with alumina by sol-gel synthesis

using aluminum chloride or aluminum i-propoxide as Al precursors (Zr-1-PSM),

for atomic layer deposition (ALD) of alumina on zirconia cores (Zr-2-ALD), and

as reference (Zr-1 and Zr-2). The Y-doped batch YSZ-1 (c) had a diameter of

4.31 µm± 15% as-synthesized and was used for ALD (YSZ-1-ALD), wet-chemical

modi�cation by alumina (YSZ-1-PSM), and as reference (YSZ-1).

After successful synthesis, both undoped and YSZ microparticles exhibited smooth

particle surfaces, which are polar in nature due to non-condensed hydroxide groups.

To separate the microparticles from remaining primary particles (10�20 nm), the

particle suspensions were centrifuged several times with di�erent solvents as ex�

plained in detail in Section 8. Furthermore, residual agglomerates were removed

by sonication and sedimentation, respectively.
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Before modi�cation with alumina to form composite particles, the undoped and

YSZ microparticles were dried at 80 °C for 4 h and then calcined at 600 °C for 3 h

before alumina deposition. During the calcination process, the particles transform

from an amorphous structure to the metastable tetragonal phase (discussed later in

detail at Figures 6.6, 6.9, and 6.12). This behavior is well known for sol-gel derived

amorphous zirconia (see Section 4.2.1 for details).[62, 63, 109] During calcination,

the particles undergo a volume and mass loss. On the one hand, the microparticles

loose residual water during drying, on the other hand, organic residues from the

fatty acid stabilizer or precursor decompose during calcination.[1] In the sintering

process, zirconia cores solidify as the porosity decreased.

SEM images and sizing statistics of the calcined undoped (Zr-1 (d) and Zr-2

(e)) and YSZ microparticles (YSZ-1 (f)) are presented in Figure 6.2. Calcined

(600 °C, 3 h) zirconia microparticles Zr-1 exhibit an average particle diameter of

1.68 µm± 5% (volume loss: ∼72%), Zr-2 of 3.57 µm± 4% (volume loss: ∼71%),

and the YSZ-1 particles showed a volume loss of ∼78% yielding a particle diam�

eter of 2.61 µm± 16% after calcination. An overview of the sizing statistics for

all three particle samples used in this section is shown in Tab. 6.1. Experimental

details can be found in Section 8.

Table 6.1 � Sizing statistics of as-synthesized (dried at 80 °C for 4 h) and calcined
(600 °C, 3 h) undoped (Zr-1, Zr-2) and YSZ (YSZ-1) microparticle batches used for
ALD, PSM, and as reference in this section.

Batch

Particle
diameter before
calcination
(µm)

Standard
deviation
(%)

Particle
diameter after
calcination
(µm)

Standard
deviation
(%)

used for

Zr-1 2.56 8 1.68 5 PSM

Zr-2 5.37 4 3.57 4 ALD

YSZ-1 4.31 15 2.61 16 ALD, PSM

Assembly of ZrO2 and YSZ microparticles to photonic glasses

Turning the focus on the proposed application of zirconia and YSZ microparti�

cles as TBC, photonic glasses needed to be assembled. Therefore, both particle
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systems were deposited on sapphire substrates as photonic glasses with a ∼10 µm
layer thickness. The deposition process is explained in detail in Section 8 and

SEM images for determination of the layer thickness are available in the appendix

(Fig. 8.4). For the purpose of obtaining photonic glasses, the ethanol particle sus�

pension (1 g·L-1) was combined with a mixture of ethanol and toluene (4:1) in a

modi�ed drop-cast method on sapphire substrates by using a polytetra�uorethylen

(PTFE) template. Zirconia particles can be well suspended in ethanol, but it has a

high vapor pressure leading to rapid evaporation and an inhomogeneous deposition.

Furthermore, ethanol has a high contact angle to PTFE due to opposite polarity.

To overcome this problem, toluene was additionally used to reduce the contact

angle and to decrease the evaporation rate yielding uniform photonic glasses on

sapphire substrates. The obtained photonic glasses were investigated by SEM to

determine agglomeration, homogeneity, and impurities. An overview photograph

(a) and exemplary SEM images (b-d) of photonic glasses on sapphire substrates

from Zr-2 and YSZ-1 microparticles can be found in the appendix, Fig. 8.6.

6.1.2 Atomic layer deposition of alumina on ZrO2 microparticles

In order to identify the in�uence of alumina on the temperature stability of zir�

conia microparticles, photonic glasses from undoped zirconia microparticles (after

calcination) were coated with a ∼47 nm amorphous Al2O3 layer by ALD as shown

in Fig. 6.3 (Zr-2-ALD). The obtained alumina layer thickness was determined by

investigation of the refractive index of a reference silicon sample from the reactor

chamber (see appendix, Fig. 8.7). After alumina ALD, contact points between

the zirconia microparticles still remain unchanged as the ALD process only coats

alumina on free surfaces of the photonic glass. Such contact points exhibit the

negative aspect that inter-particle oxygen di�usion and mass transport can still

occur in addition to intra-particle oxygen di�usion due to oxygen vacancies in zir�

conia.[29] Nevertheless, an alumina layer on zirconia microparticles will protect

the underlying bond-coat and superalloy substrate against oxidation in a potential

TBC application. Here, the alumina-coated TBC top-coat represents an e�ec�

tive oxygen di�usion barrier. Besides, alumina should have a positive e�ect on

zirconia integrity, grain growth, and phase stability, which will be evaluated and

discussed later in this section. For the purpose of layer thickness measurements and

analysis of the inner-particle and the alumina �lm structure, the comparable alu�

mina-coated YSZ microparticles were exemplary characterized by cross-sectional
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Figure 6.3 � Preparation process of photonic glasses from ZrO2 microparticles
coated with alumina via ALD. First, photonic glasses from calcined (600 °C, 3 h)
bare zirconia microparticles were deposited on sapphire substrates as explained in
Section 8.2.1. Second, the obtained photonic glasses were covered with a ∼47 nm
amorphous Al2O3 layer by ALD.

transmission electron microscopy (TEM) and SEM from focused ion beam (FIB)

preparation as described in Section 6.1.4 and shown in Fig. 6.10.

Ex situ heating experiments

To compare the di�erences in particle integrity, grain growth, and phase stability,

ex situ heating experiments with alumina-coated ZrO2 microparticles (Zr-2-ALD)

were performed. Bare ZrO2 cores (Zr-2) served as reference.

To begin this process, the photonic glasses on sapphire substrates were heated up

to 800, 1000, 1100, 1300, and 1500 °C for 3 h as explained in detail in Section 8.3.

Afterwards, the assemblies were investigated by SEM to evaluate the surface qual�

ity and integrity of the particles. As second method, XRD was used to identify

the crystalline phases and phase transformations. Finally, the average grain sizes

up to ∼80 nm were calculated from XRD data by using the Scherrer equation.

For larger grain sizes, SEM, cross-sectional SEM, and TEM characterization were

used. The limitation in crystallite size analysis by the Scherrer equation is due

to instrumental broadening of the XRD equipment used. Furthermore, the deter�

mined crystallite sizes from the Scherrer equation may be smaller than the visible

grain sizes from SEM characterization as single grains can have more then one

crystalline domain with di�erent orientations.

Turning �rst the experimental evidence on undoped zirconia microparticles, their

temperature stability before and after an ALD of alumina was investigated. Fig�

ure 6.4 shows SEM images of bare undoped (Zr-2) and alumina-coated (∼47 nm)

zirconia microparticles (Zr-2-ALD) after heat treatments at temperatures between

1100 and 1500 °C for 3 h. Closer inspection reveals that both undoped zirconia and

54



6.1 ZrO2�Al2O3 and YSZ�Al2O3 composite microparticles

Figure 6.4 � SEM images of bare ZrO2 (Zr-2) and ZrO2�Al2O3 microparticles (Zr-
2-ALD) from ALD after temperature treatment at 1100, 1300, and 1500 °C for 3 h
(heating rate: 5 °C·min-1). SEM images with higher magni�cation (insets) reveal no
signi�cant di�erences in grain growth as the alumina coat delaminates from 1300 °C
on.

alumina-coated zirconia microparticles show grain growth due to increasing tem�

perature in a similar range. In the case of ZrO2�Al2O3 microparticles after ALD,

the zirconia grains remain covert by alumina when annealed at temperatures up

to 1100 °C. After annealing at 1300 °C or higher, alumina becomes porous and

separates from zirconia cores leaving behind unprotected zirconia cores as clearly

visible in Fig. 6.5. Here, SEM images were obtained by using an ESB detector for

better contrast between the di�erent elements. Interestingly, three di�erent states

of alumina delamination can be observed after heat treatment at 1300 °C (b). On

the one hand, fully covered zirconia microparticles can be found, on the other hand,

zirconia microparticles without any alumina coat were also detected. Furthermore,

an intermediate state with partial alumina coverage and also visible zirconia grains

was noticed. In accordance with the present results, previous studies by Furlan et

al.[181] found that inverse opals from ALD of alumina on polystyrene (PS) spheres

showed a similar behavior after PS burn-out and sintering at 1300 °C for 1 h. In

their study, alumina shells �rst formed cracks before widening of these openings

yielded island-like structures after 8 h temperature treatment at 1300 °C (compare

Fig. 6.5(b)). At higher temperatures, alumina forms vermicular structures.[181�

185] These �lter-like structures can be found as one of three intermediate states

after 1300 °C (see Fig. 6.5(b)), but they are absent at higher temperatures. In
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6 Results and Discussion

Figure 6.5 � SEM images from ESB detector of ZrO2�Al2O3 microparticles (Zr-
2-ALD) from ALD of alumina after temperature treatment at 1100 (a), 1300 (b),
and 1500 °C (c) for 3 h (heating rate: 5 °C·min-1). Delamination of alumina becomes
visible at 1300 °C in three di�erently pronounced states.

contrast to examples from the literature, the alumina network was separated from

the zirconia spheres after heat treatment at 1500 °C in the present study (see Fig.

6.5(c)).

Moreover, the crystalline structure after thermal exposure up to 1500 °C (3 h) was

investigated. Figure 6.6 presents the XRD patterns (a, b) and a comparison of

thereby determined grain sizes (c) of bare (Zr-2) and alumina-coated zirconia mi�

croparticles from ALD (Zr-2-ALD) after thermal treatment. The zirconia cores

have a tetragonal crystalline phase after calcination at 600 °C for 3 h. Interest�

ingly, there were di�erences in martensitic phase transformation ratios after 800 °C.

While bare zirconia microparticles nearly fully transformed to the monoclinic phase

(a), alumina-covered particles still exhibited a signi�cant tetragonal phase fraction

(b). This result may be explained by the fact that the alumina coat could suppress

the martensitic phase transformation due to inhibition of the volume expansion,

which is needed for the t→m phase transformation.[2] At 1000 °C and higher, both

bare zirconia and alumina-coated zirconia particles exhibited the monoclinic crys�

talline phase up to 1500 °C. For bare ZrO2 particles after 1100 °C, a faint re�ex at

∼55° appears, which originates from the sapphire substrate (a).

Additionally, the average grain sizes were calculated by using the Scherrer equa�

tion from XRD data up to 800 °C. At higher annealing temperatures the grain sizes

became too large (> 80 nm) for analysis by the Scherrer equation due to peak broad�

ening of the XRD instrument. For details concerning the grain size analysis by the

Scherrer equation see Section 4.2.2. To determine larger grains for higher temper�

atures, SEM images were used for graphical evaluation (see appendix, Fig. 8.5).

For zirconia microparticles with an intact alumina coat and hence covered grains,

cross sections were used to analyze the inner grain sizes. The results from pre�
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6.1 ZrO2�Al2O3 and YSZ�Al2O3 composite microparticles

Figure 6.6 � XRD data of bare ZrO2 (Zr-2, a) and ZrO2�Al2O3 microparticles (Zr-
2-ALD, b) from ALD of alumina after temperature treatment at 600, 1000, 1100,
1300, and 1500 °C for 3 h (heating rate: 5 °C·min-1). Crystallite sizes (grain sizes) of
bare ZrO2 (black) and ZrO2�Al2O3 (red) particles (c).

liminary analysis are depicted in Figure 6.6(c). From this data it can be seen

that the grain sizes of both uncoated zirconia microparticles and alumina-coated

zirconia microparticles from ALD show similar values over the entire temperature

range, whereby their standard deviation regimes overlap. One drawback of the alu�

mina layer from ALD is the delamination due to aggregation starting at 1300 °C.

This process led to exposed and unprotected zirconia microparticles as shown in

Figure 6.5. Thus, this observation makes the concept of alumina-coated zirconia

microparticles unsuccessful for improvement of TBCs.

The results of this section indicate that the tetragonal phase of undoped zirconia

microparticles could hardly be stabilized by an alumina shell from ALD. Further�

more, there is no di�erence in the grain growth behavior as the alumina shell

separates from the zirconia cores at higher temperatures.

Therefore, the next section moves on to discuss the high-temperature stability of

ZrO2�Al2O3 composite microparticles after PSM. In this case, the alumina depo�
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6 Results and Discussion

Figure 6.7 � Preparation process of photonic glasses from ZrO2 microparticles after
PSM with alumina. First, calcined (600 °C, 3 h) bare zirconia microparticles were
post-synthetically modi�ed with alumina as explained in Section 8.2. Second, the
obtained ZrO2�Al2O3 composite particles were deposited on sapphire substrates to
yield photonic glasses.

sition occurred by sol-gel synthesis and hence, dispersed zirconia particles were

treated with alumina in a post-synthetic process. In contrast to ALD of alumina,

the particle assembly of photonic glasses on sapphire substrates followed after the

alumina deposition.

6.1.3 Post-synthetic modi�cation of ZrO2 microparticles with

alumina

As already mentioned before, PSM of ZrO2 microparticles with alumina was per�

formed by using two di�erent alumina precursors in a sol-gel synthesis (see Sec�

tion 8.2 for experimental details). Here, the results for ZrO2�Al2O3 composite

particles from aluminum chloride by using PVP as coupling agent are presented.

The results of the PSM by using aluminum i-propoxide and those without the use

of PVP as coupling agent will not be discussed in this dissertation as the results

are very similar independent of the Al-precursor and the use of PVP.

The experimental preparation process is shown in Fig. 6.7. Here, calcined (600 °C,

3 h) ZrO2 microparticles were modi�ed by alumina in a post-synthetic process.

Afterwards, the ZrO2�Al2O3 composite particles can be assembled to photonic

glasses on sapphire substrates.

Ex situ heating experiments

SEM images from heating experiments of the ZrO2 (Zr-1) and ZrO2�Al2O3 com�

posite particles (Zr-1-PSM) after heat treatment at 1000 and 1200 °C for 3 h with
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6.1 ZrO2�Al2O3 and YSZ�Al2O3 composite microparticles

Figure 6.8 � SEM images of bare ZrO2 (Zr-1) and ZrO2�Al2O3 composite micropar-
ticles (Zr-1-PSM) from sol-gel PSM with alumina after temperature treatment at
1000 and 1200 °C for 3 h (heating rate: 5 °C·min-1). SEM images with higher magni�-
cation (insets) reveal signi�cant decreased grain growth after 1200 °C for ZrO2�Al2O3

composite particles compared to bare ZrO2 particles.

a heating rate of 5 °C·min-1 and a cooling rate of ≤5 °C·min-1 are shown in Fig�

ure 6.8.

The alumina-modi�ed zirconia microparticles exhibit clearly an increased struc�

tural stability, while bare zirconia cores loose their integrity after 1200 °C. SEM

images from Figure 6.8 can be compared with the XRD data from Figure 6.9, which

show the crystalline structures and average grain sizes of bare ZrO2 (Zr-1; a, c) and

ZrO2�Al2O3 composite (Zr-1-PSM; b, c) particles after calcination at 600 °C and

annealing at temperatures up to 1200 °C. Noticeably at 1000 °C, the ZrO2�Al2O3

composite particles remain partially in the tetragonal phase, while bare zirconia

cores already fully transformed to the monoclinic phase. After 1200 °C, both par�

ticle systems crystallized in the monoclinic phase. The investigation of grain sizes

revealed that the grain growth of the alumina-modi�ed zirconia particles is strongly

inhibited yielding about half of the grain sizes compared to bare zirconia particles.

This remarkable result is in good agreement with observations from the literature,

where Srdic et al.[131] reported that the grain growth is e�ectively suppressed by

the addition of alumina to nanosized powders of ZrO2 from chemical vapor depo�

sition. Furthermore, Nazeri and Qadri[132] attributed the grain growth inhibition

to constraint e�ects of alumina on zirconia grains. The obtained average grain

size from SEM images by measuring surface grains of bare zirconia particles after
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6 Results and Discussion

Figure 6.9 � XRD data of bare ZrO2 (Zr-1, a) and ZrO2�Al2O3 composite mi-
croparticles (Zr-1-PSM, b) from sol-gel post-synthetic modi�cation (PSM) with alu-
mina after temperature treatment at 600, 1000, and 1200 °C for 3 h (heating rate:
5 °C·min-1). Crystallite sizes (grain sizes) of bare ZrO2 (black) and ZrO2�Al2O3

(blue) particles (c).

1200 °C thermal treatment was 406±132 nm, while 181±41 nm were determined for

composite particles.

6.1.4 Atomic layer deposition and post-synthetic modi�cation of

YSZ microparticles with alumina

After success of increasing the thermal stability and decreasing grain growth in

undoped zirconia microparticles by sol-gel post-synthetic modi�cation (PSM) with

alumina, the core system was changed to YSZ (9.5mol% Y) microparticles (YSZ-1,

see Tab. 6.1) for further improvement of the thermal stability. Previous studies

demonstrated that yttria doping decreases the grain growth by the solute-drag

e�ect and therefore stabilizes the preferable tetragonal phase of zirconia.[2, 26,

27] These favorable properties can be combined with an alumina coating as an
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6.1 ZrO2�Al2O3 and YSZ�Al2O3 composite microparticles

Figure 6.10 � SEM images from ESB detector (a) and in-lens detector (b) of a
FIB lamella from YSZ�Al2O3 composite microparticle after coating with alumina
by ALD. TEM image (c) of the YSZ�Al2O3 composite microparticle showing small
grains in the YSZ core after calcination at 600 °C (3 h).

oxygen barrier to prevent oxidation of the underlying bond-coat and superalloy in

TBCs. Here, alumina-coating of YSZ microparticles using both, ALD and PSM,

were investigated.

The alumina-coated YSZ microparticles from ALD were characterized by cross�

sectional TEM and SEM from FIB preparation as shown in Fig. 6.10. Here, the

SEM image (a) clearly shows that a homogeneous alumina coating was achieved by

ALD, which is represented by di�erent contrasts of YSZ and alumina in the energy

selective backscattered (ESB) detector mode. Here, elements with higher atomic

number (Zr) stronger scatter the incident electrons and therefore appear brighter

in the image. Figure 6.10(b), obtained from YSZ-1-ALD with an in-lens detector,

supports the �nding of a ∼47 nm intact alumina coat. The outer layer material

is platinum from FIB lamella preparation to ensure an intact particle structure.

Figure 6.10(c) provides a TEM image of the same alumina-coated YSZ micropar�

ticle lamella (YSZ-1-ALD), where the alumina layer appears bright in comparison

due to the lowest atomic number yielding increased electron transmission. The

YSZ core already exhibits a nano-grained structure after calcination at 600 °C for

3 h, clearly visible by di�erent gray scales. Here, the di�erent gray scales originate

from di�erent cut depths of the grains, the presence of porosity, and crystalline

domain orientation. The investigation of grain sizes and crystalline phases will be

discussed in the next section.

First, the high-temperature stability of photonic glasses built up from bare YSZ

(YSZ-1), YSZ microparticles alumina-coated from ALD (YSZ-1-ALD), and YSZ
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6 Results and Discussion

Figure 6.11 � SEM images of bare YSZ (YSZ-1), alumina-coated YSZ microparti-
cles from ALD (YSZ-1-ALD), and YSZ�Al2O3 composite microparticles from PSM
(YSZ-1-PSM) after heat treatment at 1100, 1300, and 1500 °C for 3 h (heating rate:
5 °C·min-1). No signi�cant di�erences in grain growth were detected.

microparticles from PSM with alumina (YSZ-1-PSM) were investigated up to

1500 °C. SEM images of the YSZ, alumina-coated YSZ microparticles from ALD,

and YSZ�Al2O3 composite microparticles from PSM after thermal loading are

provided in Figure 6.11.

A clear trend of increasing surface roughness and therefore increasing grain sizes

with increasing temperature for all three samples was observed. From 1300 °C on,

the grains are clearly visible in the SEM images, whereby the alumina from ALD

separates from the YSZ core particles as already shown in Fig. 6.5. However,

the degree of alumina and zirconia phase separation is stronger in the YSZ case

compared to ZrO2 particles. Here, predominantly uncovered YSZ particles and

segregated alumina in between or on small areas of the core surfaces after thermal

exposure at 1300 °C for 3 h were detected. In contrast to the preliminary analysis of

undoped zirconia microparticles, the PSM of YSZ particles with alumina did also

not lead to an improved high-temperature stability independent of the alumina

precursor. A signi�cant reduction of grain growth or a strong di�erence in phase
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6.1 ZrO2�Al2O3 and YSZ�Al2O3 composite microparticles

stability were not found. It should be mentioned that the YSZ core particles were

larger than the before investigated ZrO2 particles and therefore, a positive in�uence

on particle stability due to larger particle size and Y-doping was detected, which

is already well-known.[2, 186]

Figure 6.12 shows a comparison of the crystalline structures of the YSZ (a), alumi�

na-coated YSZ from ALD (b), and YSZ microparticles from PSM (c) after heating

up to 1500 °C by XRD. The YSZ core particles are amorphous after sol-gel synthe�

sis and �rst crystallize in tetragonal prime phase (t′) after calcination at 800 °C for

3 h (a). The distorted crystalline structure can be attributed to the yttria-doping,

as lattice constants change due to di�erent sizes of Zr4+ and Y3+ ions. Thus,

the {110} re�ex at 35.3° shifts to 35.1° (a, inset). Since a mixed phase of t and

t′ phase is present after heating up to 1300 °C, the re�ex can be found at 35.2°.

After thermal treatment at 1500 °C, the monoclinic phase occurs additionally as

small phase fractions for all three samples. These �ndings are consistent with

that of Leib et al.,[2] who explained this observation by segregation of yttrium

ions yielding formation of a Y-rich t′ phase and a Y-lean t phase. After 1500 °C,

small {-111} and {111} monoclinic peaks appear, while the monoclinic phase frac�

tion is more pronounced for bare YSZ microparticles compared to YSZ�Al2O3

particles from ALD and PSM. Thus, the alumina coating slightly suppresses the

martensitic phase transformation. In contrast to earlier �ndings,[165] however, no

evidence of crystalline alumina was detected except for a faint re�ex at ∼27° after
heat treatment at 1300 °C (b), which might originates from the sapphire substrate.

A possible explanation for this is that the ∼47 nm alumina layer on ∼2.6 µm YSZ

microparticles only accounts for ∼3.5% of total weight fraction. Additionally, this

assumption does not consider that the contact points between the particles are not

covered with alumina. Furthermore, it is possible that the alumina deposition in

lower layers was not as e�ective as on upper layers due to hindered accessibility

over time during coating by ALD. These factors lead to a lower mass fraction of

alumina than 3.5% and might explain the missing crystalline alumina signals in

the XRD patterns after temperature treatment at ≥1100 °C (Fig. 6.6). Overall,

the thin alumina coat exhibits only few lattice planes leading to broad signals

with weak intensities due to a low mass fraction. Furthermore, alumina could be

amorphous, which will not be detected by XRD.

The grain sizes from YSZ, alumina-coated YSZ from ALD, and YSZ�Al2O3 mi�

croparticles from PSM are depicted in Figure 6.12(d). Average crystallite sizes
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6 Results and Discussion

Figure 6.12 � XRD data after temperature treatment up to 1500 °C (heating rate:
5 °C·min-1) of bare YSZ (YSZ-1, a), alumina-coated YSZ (YSZ-1-ALD) from ALD
(b), and YSZ�Al2O3 composite microparticles (YSZ-1-PSM) from PSM (c). Com-
parison of grain sizes (crystallite sizes) from bare YSZ (d, black), alumina-coated
YSZ from ALD (d, red), and YSZ�Al2O3 composite microparticles from PSM (d,
blue) obtained by using the Scherrer equation (up to 1100 °C) and surface grains
from SEM for higher temperatures. YSZ, alumina-coated YSZ from ALD, and
YSZ�Al2O3 composite microparticles from PSM showed similar grain growth be-
havior after thermal loading.

were determined from XRD data using the Scherrer equation up to 1100 °C. For

higher temperatures, SEM images were used to determine the average grain size

by analysis of the visible grains at the zirconia surface. Overall, the obtained grain

sizes of YSZ, alumina-coated YSZ from ALD, and YSZ�Al2O3 particles from PSM

are smaller compared to undoped ZrO2 particles from similar particle size, but

exhibit among each other similar values up to 1500 °C. An overlap of the grain

size standard deviations even for higher temperatures was observed leading to
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6.1 ZrO2�Al2O3 and YSZ�Al2O3 composite microparticles

the conclusion that there is hardly any additional grain growth inhibition of YSZ

microparticles by alumina coating from ALD and PSM.

In summary, these results suggest that there is a correlation between PSM with alu�

mina and increased temperature stability of undoped zirconia microparticles. Here,

an improved structural stability, decreased grain sizes, and an inhibited martensitic

phase transformation were obtained. These e�ects are hardly observed with such

signi�cance, when performing alumina encapsulation by ALD. Furthermore, alu�

mina deposition on YSZ microparticles using both methods only led to slight inhibi�

tion of martensitic phase transformation at high-temperatures (1500 °C), whereby

no signi�cant di�erences in grain sizes were detected.

6.1.5 EDX-mapping

After successful enhancement of the temperature stability (tetragonal phase sta�

bilization and inhibition of grain growth) of undoped zirconia microparticles by

PSM with alumina, the composite structure was investigated by EDX-mapping of

as-synthesized (dried at 80 °C for 4 h) and heat-treated (1200 °C, 3 h) microparticle

composites. For this purpose, FIB lamellae (thickness ≤100 nm) from ZrO2�Al2O3

composite particles were prepared and investigated by TEM. The results from

EDX mappings of Zr, Al, and O are presented in Figure 6.13. High-angle annular

dark-�eld scanning electron microscopy (HAADF-STEM) images are shown for

comparison.

Surprisingly, the zirconium and aluminum element distributions do not show a

typical core@shell structure. From EDX data in Figure 6.13 it is apparent that

Al shows a homogeneous spatial distribution over the entire zirconia core after

synthesis. This result is unexpected as not even a higher Al concentration at the

zirconia surface was detected. As a consequence, it can be deduced that aluminum

di�uses into the zirconia cores during sol-gel PSM yielding Al-doping rather than

an alumina encapsulation. High resolution TEM investigation could not show

structured Al at the grain boundaries of nanosized zirconia grains after calcination

at 600 °C. Nevertheless, these results have to be interpreted with caution, as small

scale structuring of Al on small zirconia grains cannot be disproved. To the best

of my knowledge, post-synthetic doping of zirconia microparticles with alumina by

sol-gel synthesis has never been reported. This remarkable improvement and new
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Figure 6.13 � HAADF-STEM images and EDX-mapping data (Zr:green, Al:red,
O:blue) of cross-sectional lamellae prepared from ZrO2�Al2O3 composite micropar-
ticles (Zr-1-PSM) after calcination at 450 and 1200 °C. The lamellae were prepared
from ZrO2�Al2O3 composite microparticles using FIB technique. The apparent di-
ameter of the FIB lamellae after heat treatement at 1200 °C is signi�cantly smaller
than the FIB lamellae after 450 °C, suggesting that the FIB cut through this particle
was o�-center.

possibility of doping open up a straightforward method for post-synthetic modi��

cation and stabilization of zirconia particles. Numerical results of the elemental

composition (O, Al, Zr), representing integral values sampled over a speci�c area

of the zirconia core (after 450 °C) are presented in Tab. 6.2 and reveal an Al mass

fraction of ∼2.8%.

The apparent diameter of the FIB lamellae after heat treatement at 1200 °C is

signi�cantly smaller than the FIB lamellae after 450 °C, suggesting that the FIB

cut through this particle was o�-center. Volume and mass losses of such zirconia

microparticles are nearly completed after heat treatment at 450 °C as shown by a

previous study.[1] Interestingly, there were di�erences in spatial distribution of Al

after heat treatment at 1200 °C for 3 h (see Fig. 6.13). Here, strong segregation

of Al occurred yielding a separation of zirconia and alumina. In accordance with

these results, previous studies have demonstrated that Al segregates in zirconia

during the sintering process forming precipitations at the grain boundaries which

e�ciently suppress grain growth.[131, 133] These results are likely to be related to

pinning of grain boundaries due to segregated dopant.[131] As a result of this, it can
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Table 6.2 � Elemental composition (O, Al, Zr) of zirconia cores of ZrO2�Al2O3 com-
posite microparticles after calcination at 450 °C. The tabulated values were obtained
from EDX mappings of a FIB-prepared lamella (from Fig. 6.13) by integrating the
EDX signals over speci�c areas.

Element Family
Atomic
fraction
(%)

Atmic
error
(%)

Mass
fraction
(%)

Mass
error
(%)

O K 61.3 8.1 26.1 2.3

Al K 4.5 1.1 2.8 0.6

Zr K 34.2 6.2 71.1 10.8

be assumed that PSM by using alumina leads to signi�cantly reduced grain growth

and stabilizes the tetragonal phase in zirconia particles due to the solute-drag

e�ect, similar to yttrium.

6.1.6 Optical properties

The next section of this work determines the optical properties of photonic glasses

on sapphire substrates made of ZrO2�Al2O3 (Zr-2-ALD) and YSZ�Al2O3 (YSZ-1�

-ALD) microparticles alumina-coated by ALD. Furthermore, both bare ZrO2 (Zr-2)

and YSZ (YSZ-1) microparticles served as reference. Heat treatments up to 1500 °C

were performed to characterize the change in re�ectivity after thermal loading

in the near infrared (NIR)/mid infrared (MIR) wavelength range, as broadband

re�ectors in this range are needed for desirable high-temperature applications such

as TBCs.[187] Di�use re�ection spectra of ZrO2 (a), YSZ (b), ZrO2�Al2O3 from

ALD (c), and YSZ�Al2O3 from ALD (d) after heat treatment in the temperature

range of 80 to 1500 °C are shown in Figure 6.14.

It is apparent from this �gure that very few changes appear in re�ection after

thermal loading for both bare core particles (ZrO2 and YSZ) and alumina-coated

particles (ZrO2�Al2O3 and YSZ�Al2O3) in the wavelength range from 1 to 5µm.

The average di�use re�ection from an integrating sphere was ∼50% independent

of the sample. For purpose of a complete alumina coating by ALD even in the

lower layers of the PG, the layer thickness is limited to ∼10µm. To achieve a

higher re�ection, the layer thickness needs to be increased as already shown in the
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Figure 6.14 � Di�use re�ection spectra of ZrO2 (Zr-2, a), YSZ (YSZ-1, b), ZrO2�
Al2O3 from ALD (Zr-2-ALD, c), and YSZ�Al2O3 from ALD (YSZ-1-ALD, d) after
heat treatment in the temperature range of 80 to 1500 °C.

literature.[2] In contrast to alumina-coated PGs from ALD, the layer thickness of

PGs built up by ZrO2�Al2O3 and YSZ�Al2O3 composite particles from PSM with

alumina would not be limited as the PG deposition process follows after PSM.

Therefore, a higher overall re�ection could be achieved. The re�ection of such

photonic glasses was not investigated in this study, but, as demonstrated in the

SEM and XRD investigations, it is expected that the composite particles are even

more stable under thermal loading.

Figure 6.14 reveals that bare ZrO2 and YSZ particles, ZrO2�Al2O3, and YSZ�Al2O3

particles from ALD show a large dip in re�ection between 2.5 µm and 3.5 µm. In

this wavelength range, free hydroxide groups of the zirconia surface absorb the

incident radiation. At ∼4.2 µm, all four samples exhibit a narrow band absorption

due to atmospheric CO2 in the chamber of the spectrometer.
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In conclusion, the results of the optical characterization suggest that alumina en�

capsulation of zirconia by ALD does not in�uence the optical properties after

thermal loading up to 1500 °C, which remained unchanged.
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6.2 ZrO2@SiO2 and YSZ@SiO2 core@shell submicron

particles

Parts of the following section have been published in RSC Advances 9 (2019), pp.

26902-26914. doi 10.1039/C9RA05078G.

Titel: Synthesis and thermal stability of ZrO2@SiO2 core-shell submicron parti�

cles

Authors: Maik Finsel1, Maria Hemme1, Sebastian Döring1, Jil Rüter1, Gregor

T Dahl1, Tobias Krekeler2, Andreas Kornowski1, Martin Ritter2, Horst Weller1,

Tobias Vossmeyer1

1Institute of Physical Chemistry, University of Hamburg, Grindelallee 117, D-

20146 Hamburg, Germany

2Electron Microscopy Unit, Hamburg University of Technology, Eiÿendorfer Straÿe

42, D-21073 Hamburg, Germany

As �rst author, I was involved in writing the manuscript and developed the work

plan to yield ZrO2@SiO2 core@shell submicron particles. I synthesized most of the

core@shell particles of this study and supervised the work of Maria Hemme, Sebas�

tian Döring, and Jil Rüter who were doing their bachelor thesis (Maria Hemme)

and advanced practical research placements (Sebastian Döring, Jil Rüter) in our

research group. Data acquisition was carried out by me (SEM, TEM, XRD) and in

collaboration with the co-authors Tobias Krekeler and Andreas Kornowski (TEM,

EDX). Data evaluation was carried out by me (SEM, TEM, EDX, XRD, grain

size determination) and in collaboration with the co-authors Tobias Krekeler, An�

dreas Kornowski, and Gregor Dahl (XRD, EDX, Rietveld). In addition to work

covered in the manuscript, YSZ@SiO2 core@shell submicron particles were also

synthesized in this project to yield structural coloration. The optical properties

and high-temperature stability of these YSZ@SiO2 core@shell submicron particles

are characterized and discussed in the last part of this section.

6.2.1 Synthesis of ZrO2@SiO2 core@shell submicron particles

Fig. 6.15 shows the strategy, which was used for the sol-gel synthesis of ZrO2@SiO2

core@shell particles. The main focus was to explore the synthesis and properties of

70



6.2 ZrO2@SiO2 and YSZ@SiO2 core@shell submicron particles

Figure 6.15 � Sol-gel synthesis of ZrO2@SiO2 core@shell particles: First, primary
particles are formed by hydrolysis of zirconium n-propoxide and subsequent poly-
condensation. The primary particles aggregate and form ZrO2 submicron particles,
which are calcined at 400 °C. Next, SiO2 seeds are deposited onto the particles by
treatment with TEOS/H2O in THF. After removing primary silica particles, closed
SiO2 shells are deposited via a seeded growth process by successive addition of
TEOS/H2O in ethanol.

submicron core@shell particles with core sizes ranging from 100 to 400 nm. Such

particles are of signi�cant interest for photonic applications in the visible range of

the light spectrum, such as structural colors[6] and the design of optical materials

with adjustable refractive index.[7] Because grain coarsening and the t→m transi�

tion (see Section 4.2) proceed in smaller submicron particles at lower temperatures

than in larger micrometer-sized particles,[1] they are especially suited to study pos�

sible grain growth attenuation and phase stabilization via silica encapsulation.

Based on previous works,[62, 145, 146, 188, 189] our research group reported a facile

sol-gel method for the synthesis of zirconia submicron particles with diameters

ranging from 0.4 to 0.9µm.[1] In that approach, zirconia particles were formed by

the hydrolysis of zirconium alkoxide precursors in the presence of carboxylic acid

stabilizers. In order to further decrease the particle size for the present study,

the previous protocol was modi�ed by adjusting various parameters, including the

stabilizer composition and the amount of water added, as detailed in Section 8.

As the addition of HPC seems to favor the stabilization of relatively small particles

(see Section 4.3.1),[144] HPC was used (in addition to previously used eicosanoic

acid) as stabilizer for the synthesis of ZrO2 particles with diameters below 0.4 µm.

This approach yielded spheroidal particles with a mean diameter of ∼311 nm

(as-synthesized, dried at 80 °C for 4 h) and a reasonably narrow size distribution
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Figure 6.16 � TEM images and sizing statistics of as-synthesized (a, b) and cal-
cined (c, d) zirconia submicron particles. Average particle diameters and standard
deviations were determined using ImageJ software by counting at least 100 particles.

(12% standard deviation) as shown in Fig. 6.16, where TEM images and size his�

tograms of as-synthesized (a, b) and calcined (c, d) zirconia particles are presented.

After synthesis, the puri�ed particles were �rst dried at 80 °C for 4 hours and then

calcined at 400 °C for 3 hours with a heating ramp of 5 °C·min-1 and with a cooling

rate of ≤5 °C·min-1. The calcined particles had a diameter of ∼273 nm ± 11%.

Fig. 6.17(a) shows a representative TEM image of prepared zirconia cores. The

TEM image captured at larger magni�cation (Fig. 6.17(a), inset) reveals a quite

rough particle surface with occasionally attached ∼10-30 nm sized granular struc�

tures. This morphology is attributed to the formation mechanism of the particles,

in which primary particles with sizes in the 10-20 nm range are initially formed,

which then aggregate to form the �nal particles, as indicated in Fig. 6.15.[62, 146,

186]

So far, only very few studies have been published regarding the synthesis of

ZrO2@SiO2 core@shell particles. As pointed out by Bai et al.[56] growing a homo�

geneous silica shell onto zirconia cores is challenging. They reported that pre-ad�

sorption of PVP improved the colloidal stability of zirconia cores and enabled

the deposition of homogeneous silica shells via hydrolysis of TEOS. However, a
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Figure 6.17 � TEM images of calcined (400 °C, 3 h) zirconia core particles (a), pre-
encapsulated and dried (80 °C, 4 h) ZrO2@SiO2-seeds particles (b), and dried (80 °C,
4 h) ZrO2@SiO2 core@shell particles after deposition of a ∼38 nm thick silica shell
(c). HAADF-STEM images of ZrO2@SiO2 particles with initial shell thicknesses of
∼26 (d), ∼38 (e), and ∼61 nm (f). The particles shown in (d)-(f) were calcined at
450 °C for 3 h before TEM characterization.

polymeric adhesion layer may compromise the thermal stability of such core@shell

particles. A di�erent approach which does not require the need of a polymeric

interfacial layer was reported by Yang et al.[7] In order to initiate the growth

of homogeneous silica shells without inducing particle aggregation, they �rst ad�

sorbed citric acid onto the particles' surface. This step decreased the negative zeta

potential of the particles and, thus, enhanced the colloidal stability. Further, it

was proposed that the adsorbed citric acid molecules served as a surface coupled

catalyst for the hydrolysis of TEOS. As a result, they obtained non-aggregated

ZrO2@SiO2 particles with adjustable shell thicknesses. One drawback of using ad�

sorbed citric acid is that it may impedes high-temperature applications due to the

organic interlayer between the core and the shell material.

Here, a facile seeded-growth approach for the growth of dense and homogenous

silica shells on zirconia cores without the need of any additional pre-adsorbed or�

ganic material was developed. In the �rst step, silica seeds were deposited onto

the zirconia cores (pre-calcined at 400 °C for 3 h), as indicated in Fig. 6.15 and

shown in Fig. 6.17(b). This was achieved by the hydrolysis of TEOS in THF in

the presence of zirconia cores at 60 °C. The particles with silica seeds attached

(ZrO2@SiO2-seeds particles) were then separated from non-bound silica clusters
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Figure 6.18 � EDX line scan analysis of a pre-encapsulated ZrO2@SiO2-seeds par-
ticle. The silica sum line pro�le (10 lines, green) con�rms successful deposition of
silica on the particle's surface (left). The green lines in the STEM image of the
particle indicate the 10 line scan positions (right).

via centrifugation. After silica seed deposition and drying at 80 °C for 4 h, the

TEM image in the inset in Fig. 6.17(b) indicates that the surface roughness of

the particles was slightly more pronounced. However, in order to clearly prove the

deposition of silica, the ZrO2@SiO2-seeds particles were characterized using EDX

analysis. Fig. 6.18 shows an EDX line scan analysis across a single, pre-encapsu�

lated zirconia particle. The Si signal clearly proves the successful deposition of

silica at the particle's surface.

In the second step, silica shells were grown on the seed-covered core particles. To

this end, the seeded cores were redispersed in ethanol and, after addition of ammo�

nium hydroxide solution, TEOS and water were added under mild heating (30 °C).

In order to avoid secondary nucleation and growth of silica particles without zir�

conia cores, it was necessary to keep the TEOS concentration low. Therefore,

TEOS and water were added gradually in portions and not at once. Finally, the

obtained core@shell particles were separated from the remaining reaction mixture

by centrifugation, resuspended in ethanol, and stored in suspension at room tem�

perature until further use. In general, the thickness of the silica shells could be

adjusted in the range from 10 to 180 nm by increasing the total amount of grad�

ually added TEOS. However, for the present study, three samples of core@shell

particles with di�erent silica shell thicknesses were prepared. TEM images and

sizing statistics of the silica encapsulated zirconia cores with three di�erent shell

thicknesses are presented in Fig. 6.19. After depositing the silica shells, the par�
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Figure 6.19 � TEM images and sizing statistics of ZrO2@SiO2 particles with di�er-
ent initial silica shell thicknesses (a,b: ∼26 nm; c,d: ∼38 nm; e,f: ∼61 nm). Average
particle diameters and standard deviations were determined using ImageJ software
by counting at least 100 particles.

ticles were isolated and dried at 80 °C for 4 h, before their sizes were determined

by TEM. With increasing shell thickness the average core@shell particle sizes were

325 nm± 12%, 349 nm± 10%, and 395 nm± 8%. Subtracting the average core size

(273 nm) from the average diameters of the ZrO2@SiO2 particles returned silica

shell thicknesses of ∼26, ∼38, and ∼61 nm. Fig. 6.17, parts (c)-(f), show represen�

tative TEM and HAADF-STEM images of these ZrO2@SiO2 particles after drying

at 80 °C for 4 h (c) and calcination at 450 °C for 3 h (d)-(f). These images reveal

a smooth, compact, and homogeneous shell covering the surface of the zirconia

cores. With increasing shell thickness some narrowing of the particle size distri�

bution was observed, as reported previously.[7, 56] Further, the HAADF-STEM

images in Fig. 6.17 (d)-(f) reveal that calcining the ZrO2@SiO2 particles at 450 °C

for 3 h decreased the initial silica shell thicknesses to ∼10, ∼30, and ∼50 nm, re�

spectively. This �nding was attributed to the loss of residual water and organic

components of the silica precursor, similar as reported previously for sol-gel derived

zirconia microparticles.[1]

It is to emphasize that for successfully growing homogeneous silica shells it was

necessary to �rst deposit the silica seed particles and then to separate the obtained

seeded zirconia particles from the reaction mixture, before growing continuous

silica shells. In a �rst set of experiments, continuous silica shells were tried to
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grow directly onto the core particles by adding relatively high amounts of TEOS.

These attempts only yielded SiO2 particles loosely attached to the zirconia cores,

similar as reported by Bai et al.[56] According to the model of LaMer,[190] too

high TEOS concentrations lead to homonucleation and subsequent growth of pure

silica particles, competing with silica shell growth. As a result, very heterogeneous

samples were obtained, initially.

6.2.2 Thermal stability

Shape stability

In order to study the shape stability of ZrO2@SiO2 core@shell particles upon heat�

ing they were calcined for three hours at 450, 800, 1000, and 1200 °C. Temperature

pro�les are provided in Section 8.3, Fig. 8.3. For each temperature, the heating

rate was 5 °C·min-1 and the target temperature was hold for 3 h. In the cooling

process, the di�erent ovens (see. Section 8.2) were programmed with a cooling rate

of ≤ 5 °C·min-1. As reference sample, the bare core particles were heat-treated the

same way.

SEM images presented in Fig. 6.20 show the bare ZrO2 core particles, pre-encapsu�

lated ZrO2@SiO2-seeds particles, as well as ZrO2@SiO2 core@shell particles (initial

shell thicknesses: ∼26, ∼38, and ∼61 nm) after calcination. After 450 °C, the bare

particles had a rough surface, most likely due to aggregation of primary particles

during particle formation (see Fig. 6.15).[62, 146, 186] After calcination at 800 °C,

however, signi�cant grain coarsening was observed, leading to degradation of the

original spheroidal particle shape. Upon calcination at 1000 °C, progressive grain

growth destroyed the original shape of the bare particles. Finally, calcination at

1200 °C yielded larger facetted particles with irregular shape and a rather broad

size distribution.

In striking contrast, the core@shell particles were stable and shape persistent inde�

pendent of the silica shell thickness, even after calcination at 1000 °C. After heating

to 450 °C, the shell surface appears rather smooth. Overall, this morphology did

not change after increasing the temperature to 800 and 1000 °C. Finally, after calci�

nation at 1200 °C also the core@shell particles disintegrated completely. The SEM

images suggests that at such high-temperatures a molten mass of silica was formed

which, upon cooling, solidi�ed with enclosed fractured zirconia cores.

76



6.2 ZrO2@SiO2 and YSZ@SiO2 core@shell submicron particles

Figure 6.20 � SEM images of bare ZrO2 cores, pre-encapsulated ZrO2@SiO2-seeds
particles, and ZrO2@SiO2 core@shell particles (initial shell thicknesses: 26, 38,
and 61 nm) after calcination at 450, 800, 1000, and 1200 °C for 3 h (heating rate:
5 °C·min-1).

Interestingly, the spheroidal shape of the pre-encapsulated ZrO2@SiO2-seeds par�

ticles was also preserved after calcination at 1000 °C (see Fig. 6.20). However, in

contrast to the ZrO2@SiO2 core@shell particles, progression of grain coarsening

with increasing temperature was clearly observable. After calcination at 1200 °C,

the ZrO2@SiO2-seeds particles also lost their spheroidal shape, but the formed

grains were obviously smaller than in case of the bare zirconia particles.

Phase stability and grain growth

In accordance with previous studies,[1, 62, 63] the as-prepared zirconia particles

are amorphous (see Fig. 6.21(a)). After calcining the bare core particles at 400 °C
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Figure 6.21 � XRD data of bare ZrO2 submicron core particles (a), faint signals
of monoclinic phase (-111 and 111 re�exes) for bare ZrO2 particles after 400 °C (b),
XRD data of ZrO2@SiO2 core@shell submicron particles with an initial shell thick-
ness of 38 nm (c), and inset of XRD data from bare ZrO2 cores and the core@shell
particles with 26, 38, and 61 nm thick silica shells (d). The samples were calcined
for 3 h at di�erent temperatures, as indicated (heating rate: 5 °C·min-1). The bare
zirconia cores transitioned almost completely to the monoclinic phase after heat-
ing above 600 °C, while the core@shell particles still exhibited signi�cant tetragonal
phase fractions (100 re�ex) after heating to 1000 °C.

for 3 h, the amorphous phase mainly transitioned to the tetragonal phase. Only a

very faint signal in the XRD data indicated the formation of the monoclinic phase

(see Fig. 6.21(b)). However, after calcination at 450 °C a minor monoclinic fraction

(<20wt%, determined by Rietveld re�nement) was detected. This early formation

of the monoclinic phase is attributed to small isolated grains, which are loosely

attached to the particles' surface (compare Fig. 6.17(a), inset). According to the

literature, isolated tetragonal crystallites transition more rapidly to the monoclinic
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phase than aggregated ones.[64] After calcination at higher temperatures, the bare

zirconia particles gradually transformed to the monoclinic phase. Upon calcining

at 600 °C only a very small residual tetragonal fraction is still observed and after

heating to 800 °C the t→m transformation was complete.

The phase transitions presented in Fig. 6.21(a) are very similar to those reported

earlier for somewhat larger submicron zirconia particles (diameter: ∼0.75µm, after

calcination at 450 °C).[1] However, the particles started to transform to the mon�

oclinic phase already at lower temperature. In general, tetragonal grain growth

is less inhibited in smaller particles.[1, 191] Thus, in the case of presently studied

smaller particles the critical tetragonal grain size, at which the phase transition

occurs (see below), is already reached at a lower calcination temperature.

The XRD data shown in Fig. 6.21(c) reveal a striking in�uence of silica encapsula�

tion on the phase stability. The data show the phase transitions of the ZrO2@SiO2

core@shell particles with an initial shell thickness of ∼38 nm. While the bare

zirconia cores had transformed almost completely to the monoclinic phase after

calcination at 600 °C, the initial phase composition of the silica encapsulated cores

(>80wt% tetragonal, <20wt% monoclinic, after 450 °C) changed only marginally

after calcination at temperatures of up to 800 °C (∼70% tetragonal, ∼30% mon�

oclinic). The main phase transition to the monoclinic phase was observed after

heating to 1000 °C. Finally, after calcination at 1200 °C, the t→m transformation

was mostly completed (≥94% monoclinic) and the core@shell structure of the par�

ticles was lost (see Fig. 6.20).

The ZrO2@SiO2 particles with the initial shell thicknesses of ∼26 and ∼61 nm
showed very similar phase transitions as those shown in Fig. 6.21(c). For compari�

son, Fig. 6.21(d) presents XRD data of core@shell particles with the three di�erent

shell thicknesses after calcination at 800, 1000, and 1200 °C. In all three samples

the t→m transition occurred mainly when the samples were heated to 1000 °C.

The data reveal only minor di�erences in phase stability.

In contrast, a clear di�erence in phase stability was observed for the pre-encapsu�

lated ZrO2@SiO2-seeds particles. The XRD data shown in Fig. 6.22 clearly indicate

that the initial treatment of the core particles with the silica precursor (TEOS)

already led to some stabilization of the tetragonal phase. However, the e�ect was

much less pronounced than in the case of the core@shell particles. A major frac�

tion of the silica-seeded particles transformed already after calcination at 600 °C
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Figure 6.22 � XRD data of pre-encapsulated ZrO2@SiO2-seeds particles. The
samples were calcined for 3 h at di�erent temperatures, as indicated (heating rate:
5 °C·min-1). The major fraction of the initial tetragonal phase had transitioned to
the monoclinic phase after heating to 600 °C.

to the monoclinic phase and after calcination at 1000 °C the t→m transformation

was nearly �nished.

It is to note that within the considered temperature range of up to 1200 °C our

XRD data did not indicate the formation of zircon (ZrSiO4). This �nding is in

agreement with the study of Monte et al.,[65] who explored phase transitions in

ZrO2�SiO2 binary oxides at similar temperatures. However, Aguilar et al.,[66] who

also studied the crystallization of zirconia in ZrO2�SiO2 binary oxides, reported

the formation of zircon after calcination at 1200 °C (and higher temperatures). In a

silica rich mixture they also observed the formation of crystobalite after calcination

at 1300 °C, which was absent in the present work.

In order to gain more insight into the microstructural changes after calcination, the

grain sizes were determined after each thermal treatment (see Section 4.2.2 for de�

tails). As shown in Fig. 6.23 the tetragonal crystallite size of the bare zirconia cores

was ∼45 nm after calcination at 450 °C. This size is similar to the critical grain size

reported by Shukla and Seal[63] for submicron-sized (500 - 600 nm) zirconia parti�

cles (see Section 4.3.2 for details). Taking into account the aggregated structure

of zirconia nanocrystals, Shukla and Seal[63] calculated a critical tetragonal grain

size of 41 nm in aggregated zirconia particles, which is similar to the maximum

tetragonal crystallite sizes observed in the current study (see Fig. 6.23).
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Figure 6.23 � Crystallite sizes (grain sizes) of bare ZrO2 cores (black), pre-
encapsulated ZrO2@SiO2-seeds particles (brown), and completely encapsulated
ZrO2@SiO2 core@shell particles (red, blue, green) after calcination at di�erent tem-
peratures (squares: tetragonal phase; circles: monoclinic phase). Crystallite sizes
were determined from XRD data using the Scherrer equation. Due to instrumental
broadening, crystallite sizes above ∼80 nm can only be considered as rough estimates
of the actual crystallite size.

After calcination at 500 °C, the apparent tetragonal crystallite size of the bare zir�

conia particles decreased to ∼37 nm. This �nding is attributed to the predominant

phase transition of larger tetragonal grains, leaving behind a population of some�

what smaller crystallites. The formed monoclinic crystallites had an average size of

only ∼30 nm. This observation may suggest that the phase transition is associated

with twinning of crystallites to relieve stresses, as reported previously.[192�195]

After calcination at 550 °C some remaining smaller (∼22 nm) tetragonal crystal�

lites are still observed while the majority of larger grains had transitioned to the

monoclinic phase with a crystallite size of ∼35 nm. Upon further increasing the

calcination temperature, signi�cant grain growth is observed leading to monoclinic

crystallite sizes >80 nm after heating to 1200 °C. The grain size of ∼95 nm after

temperature treatment at 1200 °C (see Fig. 6.23) must be considered with caution.

Due to instrumental broadening, such large crystallite sizes (> 80 nm) cannot be

determined accurately with our XRD equipment.

In striking contrast to the bare zirconia particles, the grain growth of the encap�

sulated ZrO2@SiO2 particles was strongly inhibited. After calcining at 450 °C,

the tetragonal grain size was ∼29 nm. After heating to 500 and 550 °C, the grain

size slightly decreased. This observation is attributed to the formation of smaller
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tetragonal crystallites from residual amorphous zirconia, producing a smaller av�

erage grain size. Upon increasing the calcination temperature from 550 to 800 °C

the tetragonal crystallites grew to sizes of ∼30, ∼32, and ∼34 nm for particles with

the initial shell thicknesses of ∼61, ∼38, and ∼26 nm, respectively. At 1000 °C, the

t→m transition occurred to slightly di�erent extent (see Fig. 6.21) for the three

samples, leaving behind di�erently sized tetragonal crystallites. However, as a gen�

eral trend it was observed that, for each calcination temperature, the tetragonal

crystallite size was smaller for thicker silica shell. Thus, the attenuation of grain

growth became more e�ective with increasing shell thickness.

The monoclinic crystallites, which were formed after temperature treatment at

1000 °C, had a size of only ∼20 nm. Similar to the t→m transition of the bare

zirconia cores, these crystallites were much smaller than the remaining tetragonal

grains. As already mentioned, this observation is attributed to the relief of stress

via twinning.[192�195] After sintering at 1200 °C, the monoclinic crystallites grew

to sizes of 27 to 32 nm.

Compared to the bare zirconia cores and the fully encapsulated ZrO2@SiO2 par�

ticles, the pre-encapsulated ZrO2@SiO2-seeds particles showed an intermediate

progression in monoclinic grain growth after calcination at 1000 and 1200 °C, see

Fig. 6.23. These �ndings are in general agreement with grain sizes and the shape

stability observed in the SEM images of Fig. 6.20.

In summary, the deposition of silica shells on zirconia cores enabled a signi�cant

stabilization of the tetragonal phase. This is evidenced by a pronounced shift of the

calcination temperature, from 500 to 1000 °C, at which the t→m transition is ob�

served. In general agreement with previous studies, this stabilization is associated

with a strong inhibition of the tetragonal grain growth.

In order to explain these �ndings it is useful to take into consideration the results

of previous studies on ZrO2�SiO2 binary oxides.[65, 66] These studies showed that

already small amounts (1�10mol%) of silica stabilize the tetragonal zirconia phase

e�ectively. This stabilization has been attributed to constraint imposed on zirconia

crystallites by the surrounding amorphous silica matrix as well as hindered mass

transport through the silica matrix.[134] Thereby, crystallite growth is blocked and

the tetragonal phase is stabilized by keeping the crystallite size below the critical

grain size.[65, 196, 197] Additionally, it has been proposed that the high-melt�

ing, covalently bonded silica matrix with a low expansion coe�cient impedes the
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martensitic transition to the monoclinic phase as it requires a volume increase of

5%.[64]

Similar mechanisms are proposed to be responsible for the observed stabilization

of the tetragonal phase of ZrO2@SiO2 core@shell particles. In a previous study

by our research group,[1] it was noted that initially formed tetragonal crystallites

in submicron zirconia particles are signi�cantly larger than those found in larger

micrometer-sized particles. Thus, grain growth seems to be enhanced in particles

with a larger surface-to-volume ratio. This �nding indicates that crystallite growth

is favored at the particle's surface, most likely because the crystallites are spatially

less con�ned, mass transport at the surface is enhanced, and the overall surface

energy decreases as the initially rough surface is smoothened due to consumption

of material during grain growth. In line with this explanation and in general agree�

ment with the constraint e�ect proposed for the phase stabilization in ZrO2�SiO2

mixed oxides, the silica shell attenuates grain growth at the particle's surface be�

cause it enforces spatial con�nement and inhibits mass transport. Thus, in order

to grow the tetragonal crystallites, which are covered by a silica shell, to the critical

grain size, the calcination temperature has to be increased signi�cantly.

Another mechanism that may play a crucial role in the t→m transition is related

to chemisorption of oxygen as described more detailed in Section 4.3.2. Therefore,

heating under inert gas or shielding the zirconia particle against oxygen would

enhance its tetragonal phase stability. As the solubility of oxygen in amorphous

silica is quite low,[198] and the high Si-O bond energy predicts a low concentra�

tion of oxygen vacancies and a low di�usion coe�cient of oxygen in silica,[198�

200] a silica shell is expected to provide an e�cient di�usion barrier for oxygen.

Thus, chemisorption of oxygen at oxygen vacancies of zirconia is impeded and the

tetragonal phase is stabilized.

EDX-mapping

In order to study thermally induced changes of the core@shell structure as well

as the elemental distribution within the particles, cross-sectional lamellae of the

ZrO2@SiO2 particles (initial shell thickness: ∼38 nm) were prepared after heat

treatment at 450, 800, and 1000 °C and characterized by EDX mapping. The EDX

maps for Zr, Si, and O are presented in Fig. 6.24. The �gure also shows the

corresponding HAADF-STEM images.
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Figure 6.24 � High-angle annular dark-�eld scanning transmission electron mi-
croscopy (HAADF-STEM) images and EDX-mapping data (Zr:magenta, Si:green,
O:red) of cross-sectional lamellae prepared from ZrO2@SiO2 core@shell particles af-
ter calcination at 450 °C (a), 800 °C (b), and 1000 °C (c). The lamellae were prepared
from ZrO2@SiO2 core@shell particles with an initial shell thickness of 38 nm using
FIB technique.

Fig. 6.24(a) shows the HAADF-STEM image of a core@shell particle that was

heat-treated at 450 °C. The apparent diameter of the zirconia core (∼240 nm) is

signi�cantly smaller than the average core diameter of ∼270 nm, suggesting that

the FIB cut through this particle was o�-center. Thus, the images of this particle

represent the projection of a cap of the particle through the FIB lamella (thickness

<100 nm) and provide insight into the ZrO2/SiO2 interfacial structure. First, the

HAADF-STEM image and the Zr map clearly show that the ZrO2 core has a

�ne-grained structure with distinct surface roughness. Second, the Si map suggests

a closed silica shell covering the ZrO2 core. On its inner side the amorphous silica

shell adapts well to the rough ZrO2 surface and penetrates deep into pores. This

�nding con�rms the good wettability of zirconia by silica. Third, the O map shows

a quite homogenous distribution of oxygen. Only few oxygen de�cient spots are
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Table 6.3 � Elemental composition (O, Si, Zr) of zirconia cores of ZrO2@SiO2

particles (initial shell thickness: 38 nm) after calcination at di�erent temperatures
(T ), as indicated. The tabulated values were obtained from EDX mappings of FIB-
prepared lamellae by integrating the EDX signals over speci�c areas, as indicated in
Fig. 8.8 in the appendix.

T Element Family
Atomic
fraction
(%)

Atomic
error
(%)

Mass
fraction
(%)

Mass
error
(%)

450 O K 71.4 9.0 31.6 2.7

450 Si K 2.2 0.5 1.7 0.4

450 Zr K 26.4 4.7 66.7 10.2

800 O K 72.9 9.0 32.9 2.8

800 Si K 1.6 0.4 1.2 0.3

800 Zr K 25.6 4.5 65.8 10.1

1000 O K 69.6 9.0 29.7 2.6

1000 Si K 2.2 0.5 1.6 0.3

1000 Zr K 28.3 5.1 68.7 10.6

observed, which match dark spots seen in the HAADF-STEM image, and indicate

the presence of pores, which have not been �lled (completely) by silica.

The particle that was calcined at 800 °C (Fig. 6.24(b)) had an apparent core size

of ∼270 nm, which matches the average core diameter. Thus, this FIB lamella

was most likely cut close to the center of the particle. The HAADF-STEM image

and the Zr and O maps show that the porosity of the core increased signi�cantly.

Furthermore, the Si map shows a smooth densi�ed silica shell with a thickness of

25-30 nm, in agreement with the HAADF-STEM images shown in Fig. 6.17(e). At

the ZrO2/SiO2 interface, the two materials appear quite sharply separated, though

some silica still extends into cavities at the core's surface. Although the Si map

indicates no silica at the center of the core, the numerical results of the integrated

EDX signals reveal a Si fraction of 1-2wt% (see Tab. 6.3).

This �nding suggests that a small fraction of silicon may have di�used into the

inner core region. The integrated EDX particle values sampled over speci�c areas

of the zirconia cores are depicted in the appendix, Fig. 8.8 for each temperature.
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The HAADF-STEM image and the elemental maps of the particle, which was

calcined at 1000 °C (Fig. 6.24(c)), indicate slightly more pronounced coarsening of

the porous core structure. In contrast, the silica shell as well as the ZrO2/SiO2

interfacial region did not indicate any signi�cant morphological changes. The EDX

analysis at the center of the core suggests an unchanged Si fraction of 1-2wt% (see

Tab. 6.3).

In general, the EDX analysis of the core@shell particles supports the explanation

for the observed attenuation of grain growth and phase stabilization. The zirconia

cores are enclosed by a homogeneous, dense silica shell with a conformal ZrO2/SiO2

interface, at which amorphous silica penetrates deep into the porous core structure.

Thus, the silica shell is expected to e�ectively block mass transport at the core's

surface[134] and to enforce the spatial con�nement of crystallites. The closed silica

shell can also block chemisorption of oxygen at oxygen vacancies and, thereby,

suppress the t→m transition. In addition, a small fraction of Si was detected within

the core after heat treatment at 450, 800, and 1000 °C. This �nding may suggest

that doping by Si may also contribute to the observed phase stabilization. In the

literature, the possibility of Si-doping in zirconia has been discussed controversially.

On the one hand, Kajihara et al.[134] and Ikuhara et al.[135] suggested that grain

growth and mass transport in zirconia are inhibited by Si ions dissolved in the

tetragonal zirconia lattice near grain boundaries and by Si segregation across grain

boundaries. On the other hand, Guo et al.[136] and Gremillard et al.[137] found

that silica forms vitreous pockets of glassy phase at the triple grain junctions.

The HAADF-STEM images shown in Fig. 6.24 do not provide information on

the polycrystalline character of the zirconia cores. Therefore, the FIB lamellae

were also characterized by bright �eld (BF) TEM. The obtained images are pre�

sented in Fig. 6.25. Here, the FIB-prepared cross-sectional lamellae of ZrO2@SiO2

core@shell particles after calcination at 450, 800, and 1000 °C are shown. At larger

magni�cations, numerous lattice fringes are observed, clearly con�rming the poly�

crystalline nature of the zirconia cores. However, in case of the particle calcined

at 450 °C the TEM image also indicates amorphous material. After heating to

800 and 1000 °C the crystallinity increased signi�cantly. Furthermore, the images

con�rm the formation of a conformal ZrO2/SiO2 interface, as already discussed

above.
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6.2 ZrO2@SiO2 and YSZ@SiO2 core@shell submicron particles

Figure 6.25 � Bright �eld (BF) TEM images of cross-sectional FIB lamellae pre-
pared from ZrO2@SiO2 core@shell particles (initial shell thickness: 38 nm) after
calcination at di�erent temperatures, as indicated.

6.2.3 Optical properties

The last part of this dissertation focuses on the optical properties of YSZ@SiO2

core@shell particles in the visible range for possible applications as high-temper�

ature stable structural colors and similar photonics such as wavelength selective

�lters.

For this purpose, smaller 5.5mol% YSZ cores with a diameter of 117 nm± 10% (see

appendix for sizing statistics, Fig. 8.9) after calcination at 480 °C for 3 h were used

as shown by a TEM image in Fig. 6.26(a). Shang et al. reported that core@shell

particles with a non-monotonous refractive index distribution in the size range

of 100�200 nm are promising compositions for structural colors.[6] Furthermore,

the high wavelength-sided edge of the band gap in a re�ection spectrum of a PG

is approximately twice as large as the motif diameter dependent on the e�ective
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6 Results and Discussion

Figure 6.26 � TEM image of YSZ submicron particles after calcination at 480 °C
for 3 h (heating rate: 5 °C·min-1, a). TEM image of YSZ@SiO2 core@shell submicron
particles with a ∼35 nm silica shell after drying at 80 °C for 4 h (b). Sizing statistics
can be found in the appendix, Figures 8.9 and 8.10.

refractive index.[75] In consequence, the core@shell diameter needs to be smaller

than the smallest visible wavelength to position the right re�ection edge in the

visible range of the light spectrum.

Calcined (480 °C, 3 h) YSZ submicron particles were encapsulated with �ve di�er�

ent silica shell thicknesses between 10 and 50 nm (see exemplary TEM image of

35 nm silica shell in Fig. 6.26(b)) by tuning the TEOS amount yielding core@shell

diameters of 134 to 217 nm with standard deviations between 7 and 12% (see ap�

pendix for sizing statistics, Fig. 8.10). For investigation of the optical properties,

the core@shell particles (dried at 80 °C for 4 h) were assembled to PGs on sapphire

substrates as explained for microparticles in Section 8.2.1 and the re�ection was

measured in the visible range (see Fig. 6.27, a). Afterwards, the PGs were covered

with a ∼50 nm alumina coating by ALD (see appendix, Fig. 8.11) to �ll the gaps

between the particles with a high refractive index background (see Fig. 6.27, b).

As it can be seen from Figure 6.27 in the normalized re�ection spectra, the

YSZ@SiO2 core@shell particles with 10�30 nm silica shells and air as matrix have

the steepest re�ection curves at the right re�ection edge in the visible range. How�

ever, �lling the matrix with alumina by ALD leads to improved re�ection proper�

ties, whereby now the ∼35 nm followed by the ∼40 nm silica shell sample present

the sharpest re�ection edges. These di�erences in re�ection depending on matrix

material can be explained in part by the change of the e�ective refractive index

and the diameter of the core@shell particles due to various silica shell thicknesses.

A detailed analysis and characterization of the optical properties including a com�
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6.2 ZrO2@SiO2 and YSZ@SiO2 core@shell submicron particles

Figure 6.27 � Normalized re�ection spectra of YSZ@SiO2 core@shell particles as
photonic glasses on sapphire substrates in the visible range with air (a) and alu-
mina from ALD (b) as matrix between the particles. The YSZ core particles had a
diameter of 117 nm±10%, while the silica shell thickness varies from 10-50 nm.[201]

parison with data from simulation is currently a work in progress in collaboration

with the group of Prof. Manfred Eich from the Institute of Optical and Electronic

Materials at the Hamburg University of Technology.

Further analysis of the PGs from YSZ@SiO2 core@shell submicron particles in

the dark room under di�use illumination conditions demonstrated that both ∼35
and ∼40 nm showed a blue color in re�ection compared to white re�ection from

core@shell particles with other silica shell thicknesses (see Fig. 6.28). White areas

in the∼35 and∼40 nm sample result from multiple scattering as the layer thickness

was partly too large.

For characterization of the high-temperature stability of such potential structural

colors, heat treatments up to 1000 °C (3 h, heating and cooling rate: 5 °C·min-1)

were performed. For this purpose, the PGs on sapphire substrates from the most

promising ∼35 nm silica shell assembly were investigated by re�ection measure�

ments, XRD, and SEM. Figure 6.29(a) represents the normalized re�ection spectra

of the PGs from ∼35 nm silica encapsulated YSZ submicron core@shell particles

after ALD and heat treatments at 800 and 1000 °C. Here, it can clearly be seen

that the slope of the right re�ection edge gets �atter with increasing temperature.

Photographs of the PGs after ALD (c) and temperature treatment at 800 (d) and

1000 °C (e) support this observation as the blue color faded with increasing tem�

perature. Further analysis by XRD showed that the cubic phase of the calcined
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6 Results and Discussion

Figure 6.28 � Photographs of photonic glasses on sapphire substrates made of
YSZ@SiO2 core@shell particles with alumina (from ALD) as matrix. Di�erent silica
shell thicknesses from YSZ@SiO2 core@shell particles are indicated. Pictures were
taken in the dark room under di�use illumination conditions.

YSZ submicron particles remained unchanged even after thermal loading at 800 °C.

After 1000 °C, additional peaks to the cubic phase can be found, which originate

from the tetragonal prime and monoclinic phases. During the heating process,

Y-rich phases form at the grain boundaries, while Y-lean areas arise inside the

grains due to segregation (described in detail in Section 4.2.3). As a consequence,

the Y-lean areas �rst transform to the tetragonal prime phase before transition to

the monoclinic phase. Potential in�uences by the silica shell or the alumina coat�

ing on the YSZ submicron particles need further investigations. Additional peaks

to the aforementioned crystalline phases from YSZ may arise from the sapphire

substrate (s) or alumina coating, as indicated in Fig. 6.29(b). Moreover, the PGs

from YSZ@SiO2 core@shell submicron particles (∼35 nm silica shell) were inves�

tigated by SEM to determine the particle and PG structure (see Fig. 6.29(f-g)).

The SEM images after heat treatment at 800 (f) and 1000 °C (g) for 3 h (heating

rate: 5 °C·min-1) reveal and intact spherical particle structure. The PG exhibits

some holes, which originate from the deposition process. Interestingly, the gaps

between the YSZ@SiO2 particles are not completely �lled by alumina from ALD

as expected. Therefore, it can be presumed that further deposition of alumina on

the PGs may improve the optical properties. Furthermore, using larger silica shells
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6.2 ZrO2@SiO2 and YSZ@SiO2 core@shell submicron particles

Figure 6.29 � Normalized re�ection spectra (a),[201] XRD data (b),[202] pho-
tographs (c-e),[201] and SEM images (f-g) of photonic glasses from YSZ@SiO2

core@shell submicron particles (∼35 nm silica shell) after ALD (c) and heat treat-
ments at 800 (d,f) and 1000 °C (e,g) for 3 h.[201]

(e.g., 40 nm or 50 nm) may improve the optical properties after heat treatment as

a shrinkage of the shell was observed.

Further studies with more focus on the optical properties are suggested, which

would go beyond the scope and focus of this work. It also requires improvements

and modi�cations of particle dimensions and surfaces. Nevertheless, this study

shows the potential for possible photonic high-temperature applications.
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6 Results and Discussion

6.3 Sub-projects

In this section, the mechanical properties of zirconia microparticles, synthesized

here, were characterized via microcompression experiments performed by the group

of Prof. Wolfgang Peukert from the Institute of Particle Technology at the Friedrich�

-Alexander-University in Erlangen-Nürnberg. Data evaluation occurred in close

collaboration and emerged as excellent complementary results to in-house parti�

cle characterizations. Furthermore, YSZ particles with a diameter of ∼1 µm were

synthesized for potential TPV application. Therefore, the obtained YSZ parti�

cles were deposited to monolayers on W/HfO2 substrates. Afterwards, the optical

properties were investigated in collaboration with the group of Prof. Manfred Eich

from the Institute of Optical and Electronic Materials at the Hamburg University

of Technology to evaluate the applicability as absorber/emitter for TPVs.

6.3.1 Mechanical properties

Control and understanding of the mechanical properties of zirconia microparticles

are essential not only for potential applications as TBC[1�3, 19�21] and emitter/ab�

sorber in TPV[13, 14] but also in high-performance liquid chromatography,[45, 189]

where pressures up to 620 bar are reached and changes in the pore structure of

the chromatographic supports are generally undesirable.[12] Furthermore, ceram�

ics such as YSZ are used as new materials to substitute injured or damaged parts

of the human body as bone tissue mimics and in dental applications.[15�18]

Thus, a major challenge remains the understanding and control of the mechanical

properties of spherical zirconia microparticles. Besides the deposition process and

its parameters for potential applications such as TBCs, the mechanical properties

also depend on the particle composition, size, morphology, and doping. Therefore,

improved TBCs require investigation of both thermal and mechanical stability to

extend the cycle lifetime and improve the performance of turbine engines. The

existing literature on the mechanical properties of (doped) zirconia is extensive

and focuses particularly on compression experiments by using pillars and parti�

cles. Much uncertainty still exists about the relationship between the mechanical

properties and the structure and composition of single particles.
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6.3 Sub-projects

Figure 6.30 � Side view SEM images of uncompressed (A) and compressed (B) ZrO2

particles. XRD pattern of the heat-treated ZrO2 powder sample including reference
(C). Force-deformation data of the compressed ZrO2 particle (B) and �tted FEM
simulation data (D). Figure and caption adapted from reference.[5]

In contrast to the thermally induced t→m phase transition, the pressure-induced

t→m phase transition of pre-calcined (650 °C, 3 h, heating rate: 5 °C·min-1, cooling

rate: ≤5 °C·min-1) ZrO2 microparticles was investigated. Within the scope of

a collaboration, mechanical properties of single undoped zirconia microparticles

were characterized by in situ electron microscopy techniques and �nite element

simulations. Therefore, a SEM supported micromanipulator was used.[5, 203] This

section gives a brief overview of the obtained results. Details can be found in our

common publication of this sub-project.[5]

For this study, ZrO2 microparticles (D =2.5µm as-synthesized) were synthesized

according to Leib et al.[1] Before investigation of the mechanical properties, the

as-synthesized amorphous zirconia microparticles were calcined at 650 °C for 3 h,

whereby the particles crystallized in the tetragonal phase (see Fig. 6.30(C)). Then,

particle compression experiments were performed as shown in Figure 6.30(B, D).
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6 Results and Discussion

Here, the calcined zirconia microparticles (see Fig. 6.30(A)) were deposited on sil�

icon wafers and single particles were compressed (see Fig. 6.30(B)) by a diamond

�at punch (plateau diameter= 4µm). The obtained force-deformation (FD) curve

and �tted �nite element method (FEM) simulation curve are shown in Fig. 6.30(D).

The FD curve exhibits a mixture of elastic and plastic deformation, whereby the

plastic part can also be observed in the permanent deformation of the zirconia par�

ticle in Fig. 6.30(B). From FEM data, a Young's modulus of EZrO2
=112.0GPa,

which is in good agreement with the literature values from porous tetragonal sta�

bilized bulk zirconia,[204] and a yield stress of σZrO2
=4.8GPa were obtained.

After microcompression, TEM lamellae (∼100 nm) of the reference and compressed

particles were prepared by using FIB technique for selected area electron di�raction

(SAED) by TEM. Here, the SAED pattern of the uncompressed particle showed

the tetragonal phase, while additional monoclinic peaks occured for the compressed

particle. Besides, we observed texturing of the formed monoclinic phase. The ob�

tained radial intensity plots (A) and SAED positions (B) in the FIB lamella of a

compressed zirconia microparticle are depicted in Fig. 6.31. From these data it can

be seen that predominantly the center of the particle transforms to the monoclinic

phase (see positions 3a, 3d, 2d, 1d, 1b, and 1a), where the SAED patterns clearly

show {-111} and {111} peaks with only a small tetragonal {101} shoulder. Due to
broad electron di�raction re�ections from small grain sizes, the amount of mono�

clinic phase fraction could only be estimated to be 60�100%. Turning the focus to

SAED positions close to the surface, e.g., positions 4b, 5d, and 4d, the monoclnic

amount decreases yielding nearly pure tetragonal phase (position 5d). Further�

more, the FE simulation in Fig. 6.31(B) of the monoclinic to tetragonal ratio is

in very good agreement with obtained experimental results. The FE simulation of

the applied shear stress shows the spatial distribution of the stress-induced t→m

transition.

The most striking result to emerge from the SAED data and FE simulation is

that tetragonal crystallites transition to the monoclinic phase if their crystalline

direction is parallel to the exposed shear stress, which needs to exceed 1.5GPa.[5]

In summary, these results suggest that there is a correlation between local phase

composition, crystallite orientation, and applied shear stress. Thus, the pressure-in�

duced t→m phase transformation in zirconia microparticles is of interest for po�

tential high-temperature applications with various pressure conditions.
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6.3 Sub-projects

Figure 6.31 � Comparison of the angular integrated radial intensity pro�les of
several aperture positions (A). Simulated amount of the tetragonal-to-monoclinic
phase transformation in a 100 nm thick lamella (B). Circles denote the size and
positions of the SAED aperture. Figure and caption adapted from reference.[5]

6.3.2 YSZ microparticles as absorber/emitter for TPVs

Besides potential TBC application, ZrO2 and YSZ gained attention as materials

for high-temperature stable (> 1000 °C) absorber/emitter in thermophotovoltaics

(TPV).[205�207] Here, high absorption/emission at wavelengths <2 µm and low

absorption/emission at longer wavelengths (> 2 µm) are desired to match the re�

quirements of a TPV-cell. Heat emission due to high emissivities at longer wave�

lengths decreases the e�ciency of a TPV-cell, as the energy of such low frequencies

is not high enough to generate a photocurrent.[208]

Experiments by Dyachenko et al.[14] showed that a monolayer of ZrO2 submi�

cron particles (D∼ 660 nm after calcination at 600 °C for 3 h) on a tungsten layer

(100 nm thickness) coated with a hafnia layer (20 nm thickness) can be used as se�

lective band edge absorber/emitter. Furthermore, the high-temperature stability

was evaluated by annealing experiments up to 1100 °C for 3 h (heating and cooling

rate: 10 °C·min-1). In conclusion, they determined preserved optical properties

after annealing at temperatures up to 1000 °C under vacuum conditions, while
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6 Results and Discussion

Figure 6.32 � SEM images of as-synthesized (D∼1.33µm±17%, a) and calcined
(600 °C, 3 h, D∼930 nm±9%, b) YSZ microparticles for potential application as ab-
sorber/emitter in TPV systems. Average particle diameters and standard deviations
were determined using ImageJ software by counting at least 100 particles.

higher temperatures destroyed the tungsten substrate due to chemical reactions

between the silicon substrate and the thin tungsten layer. The authors hypothe�

sized that increasing the particle diameter to ∼1 µm would improve the selectivity

of the absorption/emission yielding a sharper band edge. Moreover, the high-tem�

perature stability can be increased by using a bulk tungsten substrate and YSZ

microspheres.[14]

For the purpose of improving the as mentioned TPV system, the sol-gel synthesis of

YSZ microparticles from Section 6.1.1 (D=2�5µm) was further modi�ed to yield

7.5mol% YSZ microparticles with a diameter of ∼1 µm after calcination. There�

fore, sol-gel synthesis parameters were adjusted, including the reduction of the

stabilizer amount and an increase of the water concentration. Hence, an elevated

hydrolysis rate yielded a shorter induction time and smaller particles. Further�

more, the extended stirring time was reduced from 4min to 40 s in order to reduce

the primary particle aggregation time (see Section 8.2 for details).

Figure 6.32 represents SEM images from the obtained as-synthesized (a) and cal�

cined (600 °C, 3 h, heating and cooling rate: 5 °C·min-1, b) YSZ microparticles.

The as-synthesized YSZ microparticles exhibit a particle diameter of 1.33µm with

a standard deviation of 17%. After calcination, particle shrinkage yielded a diame�

ter of 930 nm (volume loss: ∼51%) and a narrow standard deviation of 9%, which

is close to the suggested particle dimension of the previous investigation.[14]

For the deposition of YSZ microparticle monolayers, sapphire substrates with a

200 nm tungsten layer and a 20 nm super�cial hafnia coating were used. In contrast
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6.3 Sub-projects

Figure 6.33 � SEM image of the monolayer from calcined YSZ microparticles
(D∼ 930 nm) on the W/HfO2 (200 nm W substrate with 20 nm HfO2 coating) sub-
strate (a). Absorptivity/Emissivity of bulk W-200 nm substrate, as-fabricated (as-
fab.) YSZ microparticle monolayer on W/HfO2 substrate, and YSZ microparticle
monolayer on W/HfO2 substrate after annealing at 1400 °C for 6 h (heating and
cooling rate: 10 °C·min-1, b).[209]

to previous work,[14] where silicon substrates were utilized, sapphire substrates

should exclude chemical reactions under heat treatment between the substrate

and the tungsten layer. To achieve a YSZ monolayer, the calcined YSZ micropar�

ticles were suspended in ethanol by sonication yielding a concentration of 1 g·L-1.
Afterwards, the YSZ particle suspension was dripped onto water until the water

surface was fully covered by YSZ particles. Finally, the sapphire substrates with

the W/HfO2 layer were dipped under water and carefully lifted up yielding a YSZ

microparticle monolayer (see Section 8.2.2 for details) as shown in Fig. 6.33(a).

As it can be seen, there are some small gaps between the particles and the depo�

sition method did not yield a highly ordered crystalline layer due to a bimodal

size distribution. Nevertheless, the optical properties should not be dramatically

in�uenced as they depend on resonances between neighboring particles as well as

between single particles and the tungsten substrate.[14]

Figure 6.33(b) shows the absorptivity/emissivity of the YSZ particle monolayer

on the W/HfO2 substrate before and after annealing at 1400 °C (6 h, heating and

cooling rate: 10 °C·min-1) in the wavelength range from 1 to 4µm. The optical

properties of a bulk 200 nm W substrate are shown for comparison. Monolayers

from both as-deposited and heat-treated YSZ microparticles exhibit two absorption

peaks at ∼1.1 µm and ∼1.6 µm as well as a sharp band gap edge at ∼2 µm. In

the >2.5µm wavelength range, a comparably low absorptivity for the as-deposited

YSZ particle monolayer, the heat-treated YSZ monolayer, and the bulk reference
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6 Results and Discussion

was obtained. In contrast to the previous investigation by Dyachenko et al.[14]

of ZrO2 particle monolayers on tungsten substrates, preserved optical properties

were obtained even after heat treatment at 1400 °C for 6 h under vacuum. The

re�ection edge shifted to higher wavelengths as the particle diameter increased

from D∼660 nm to D∼930 nm and a sharper re�ection edge was obtained.

In summary, it was demonstrated that a monolayer of ∼1 µm YSZ particles on

W/HfO2 substrates is a promising high-temperature stable absorber/emitter for

TPV systems.
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7 Outlook

For ZrO2/YSZ�Al2O3 composite microparticles with the perspective of TBC appli�

cation, further research is required to determine the detailed mechanisms of tetrag�

onal phase stabilization and grain growth inhibition by post-synthetic modi�cation

with alumina. The as-synthesized local Al distribution in the nanosized zirconia

grains should be analyzed by using X-ray photoelectron spectroscopy (XPS) char�

acterization of a FIB lamellae. Furthermore, the high-temperature stability of

yttria and alumina co-doped zirconia microparticles should be evaluated as this

study characterized only narrow yttria to alumina ratios (9.5wt% Y, 1�2 wt% Al),

which did not show an improved thermal stability compared to YSZ core particles.

Moreover, the alumina encapsulation process of zirconia microparticles could be

modi�ed to yield dense and continuous alumina shells. For this purpose, future

studies might try to combine the promising PSM from the present study with an

ALD process to yield alumina modi�ed and encapsulated zirconia microparticles.

In contrast to the present study, a di�erent ALD technique should be used to

obtain a conformal coating of individual particles as shown in the literature for

zirconia nanoparticles.[168, 170]

In future investigations, it might be possible to build a TBC prototype, where

the commercial ceramic top-coat will be replaced by the most promising doped

zirconia microparticles with regard to high-temperature stability. Here, the ther�

mal stability of this particle system could be tested under application-oriented

conditions.

For ZrO2/YSZ@SiO2 core@shell submicron particles with perspective application

as high-temperature stable structural colors, more work will be needed to fur�

ther decrease the zirconia core particle size including narrow size distributions

to match the best particle parameters for blue color in accordance with simula�

tion data. An improved high-temperature stability and reduced grain growth for
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ZrO2@SiO2 core@shell submicron particles were already demonstrated in this dis�

sertation, but the particle size of the zirconia core particles (∼270 nm) was too large

for coloration. Therefore, alternative synthesis approaches such as hydrothermal

synthesis need to be considered as the sol-gel synthesis involves the aggregation

of 10�20 nm primary particles yielding rough surfaces for particles ∼100 nm. Nev�

ertheless, blue color was achieved in this study by fabricating photonic glasses of

smaller YSZ@SiO2 core@shell submicron particles (YSZ core size: ∼117 nm; silica

shell thickness: ∼35 nm) and by �lling the gaps with alumina using ALD tech�

nique. High-temperature stability up to 1000 °C (3 h) was demonstrated by XRD

and SEM measurements, whereby the characterization of the optical properties

revealed a decreasing slope of the re�ection edge with increasing annealing temper�

ature. For further improvements apart from zirconia particle size and distribution,

the gaps in the PGs need to be �lled more e�ectively than it was achieved in the

present study by ALD. As a consequence from ALD results, future studies should

try to in�ltrate the PGs made of YSZ@SiO2 core@shell submicron particles with

YSZ nanoparticles by drop-casting or spin-coating processes. Here, almost all gaps

even in the bottom layers might be �lled with the matrix material. In addition,

YSZ represents a higher refractive index contrast to the silica shell compared to

alumina. For improvement of high-temperature stability, the silica shell material

should be changed to a more thermal stable material such as alumina.

Future studies on the current topic of structural colors from ceramic core@shell

particles might also focus on inverse systems like SiO2@ZrO2 core@shell submicron

particles, where the core and the matrix have a lower refractive index compared

to the shell material. One of the main advantages would be that the synthesis

of monodisperse silica submicron particles is well-known, but the encapsulation of

those particles with zirconia is still challenging. There is room for further progress

in zirconia encapsulation by in�ltration of photonic glasses made of silica particles.

One major obstacle for this inverse core@shell particle system would be that the

temperature stability is likely to be lower as the zirconia shell is unprotected against

oxygen and uncon�ned, which might cause increased grain growth.

To develop a full picture of the thermal and mechanical stability of ZrO2/YSZ�Al2O3

composite particles and ZrO2/YSZ@SiO2 core@shell submicron particles, addi�

tional studies will be needed. Therefore, microcompression experiments are sug�

gested to determine the mechanical properties and t→m phase transition under

pressure as they were already performed for ZrO2 microparticles in a fruitful col�
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laboration with the research group of Prof. Peukert from Friedrich-Alexander

University of Erlangen-Nürnberg. Furthermore, in situ XRD experiments in col�

laboration with the group of Prof. Martin Müller from the Helmholtz-Zentrum

Geesthacht are needed to fully understand the e�ects of alumina modi�cation and

silica encapsulation on temperature stability of ZrO2/YSZ particles.
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8 Experimental Section

8.1 Materials

ZrO2

The following chemicals were used for synthesis of 2�5µm zirconia cores: Polyether�

sulfone (PES) �lter (0.2µm pores) were purchased from Sartorius, anhydrous

n-butanol (99.9%, dried over 0.4 nm molecular sieve), demineralized (demin.) wa�

ter (ASC reagent), and eicosanoic acid (99.0%) were purchased from Sigma-Aldrich,

and zirconium(IV) n-propoxide (70% in n-propanol) and zirconium(IV) n-butoxide

(80% in n-butanol) were purchased from Alfa Aesar. Denatured ethanol (96%)

from Grüssing, acetone (99.8%) from VWR, and n-butanol (99%) from Acros Or�

ganics were used for puri�cation.

The following chemicals were used for synthesis of ∼300 nm zirconia cores: An�

hydrous ethanol (99.5%) was purchased from Acros, demineralized water (ASC

reagent), eicosanoic acid (99.0%), and hydroxypropyl cellulose (HPC, average

Mw∼80.000, Mn=10.000, 99%) were purchased from Sigma-Aldrich and zirco�

nium(IV) n-propoxide (70% in n-propanol) was purchased from Alfa Aesar. De�

natured ethanol (96%) from Grüssing was used for puri�cation.

YSZ

In addition to chemicals from undoped zirconia core synthesis, yttrium(III) i -prop�

oxide (98%) purchased from abcr was used.
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ZrO2/YSZ�Al2O3

The following chemicals were used for PSM of zirconia and YSZ with alumina. An�

hydrous tetrahydrofuran (THF, 99.8%) was purchased from Alfa Aesar, PES �lter

(0.2 µm pores) was purchased from Sartorius, and aluminium chloride (99.9%),

anhydrous ethanol (99.9%), aluminum i-propoxide (99.9%), demineralized water

(ASC reagent), and polyvinylpyrrolidone (PVP, average Mw∼40.000) were pur�

chased from Sigma-Aldrich. Demineralized water (Millipore Simplicity System,

18.2MΩcm), acetone (99.8%) from VWR, and denatured ethanol (96%) from

Grüssing were used for puri�cation.

ZrO2@SiO2 and YSZ@SiO2

The following chemicals were used for silica shell synthesis. Anhydrous THF

(≤99.7%) and ammonium hydroxide solution (28% NH3 in H2O) were purchased

from VWR, anhydrous ethanol (99.5%) was purchased from Acros, demineralized

water (ASC reagent) and PVP (average Mw∼40.000) were purchased from Sig�

ma-Aldrich, and tetraethyl orthosilicate (TEOS, 99%) was purchased from Alfa

Aesar. Demineralized water (Millipore Simplicity System, 18.2MΩcm) and dena�

tured ethanol (96%) from Grüssing were used for puri�cation.

Assembly of photonic glasses

Sapphire substrates (Al2O3, R-plane 1-102<0.5°, polished, Ra<0.5 nm) were pur�

chased from Crystal GmbH and used for deposition of photonic glasses.

Atomic layer deposition of Al2O3

Trimethylaluminum (TMA, 97%) and demin. water (ASC reagent) were purchased

from Sigma-Aldrich and used for alumina (Al2O3) deposition.
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8.2 Methods

Synthesis of ZrO2 cores

Spherical and monodisperse undoped zirconia microparticles were synthesized ac�

cording to previous studies by Yan et al.[140] and Leib et al.,[1] slightly modi�ed in

this work to achieve as-synthesized particle diameters around ∼2.6 and ∼5.4 µm.

The whole procedure was conducted under nitrogen and with anhydrous solvents

to preclude oxygen and to precisely control the water content during reaction.

For undoped zirconia microparticles with an as-synthesized diameter of ∼2.6 µm
(potential application as TBC), typically 584mg (1.87mmol) eicosanoic acid were

dissolved under stirring (300 rpm) at 50 °C in 50mL dry n-butanol (250mL wide�

mouth glass bottle), which was �ltered through a PES syringe �lter (0.2 µm pores).

Concurrently, 6.1 g (13.0mmol) zirconium(IV) n-propoxide (70% in n-propanol)

were sonicated (Badelin, Sonorex Super RK 106) for 5min and then added under

stirring (300 rpm) at 50 °C to the eicosanoic acid solution. Meanwhile, 0.8mL wa�

ter in 43mL n-butanol (0.2µm PES �ltered) were heated to 55 °C under stirring

(300 rpm). After 30min, the water solution in n-butanol was added under stirring

(300 rpm) at 50 °C uniformly to the reaction solution over the course of 1min. The

reaction solution turned white after an induction time of 1.5min. The obtained

particle suspension was transferred onto an analogue tube roller (SRT6 Stuart,

roller size length x diameter: 340mmx30mm) and gently agitated for 30min at

room temperature and a rotation speed of 12 rpm. For puri�cation, the reaction

suspension was transferred into 100mL ice-cooled n-butanol and then repetitively

centrifuged (0 °C, 5min, 250 x g) and washed with n-butanol, acetone, and ethanol

(each solvent twice with ∼35mL in the as mentioned order). The centrifugation

speed was gradually reduced by 50 x g down to 50 x g. Finally, the zirconia particles

were resuspended by sonication for 5min in 5mL ethanol.

For undoped zirconia microparticles with an as-synthesized diameter of ∼5.4 µm
(potential application as TBC), typically 503mg (1.87mmol) eicosanoic acid were

dissolved under stirring (400 rpm) at 50 °C in 50mL dry n-butanol (250mL wide�

mouth glass bottle), which was �ltered through a PES syringe �lter (0.2 µm pores).

Concurrently, 6.1 g (13.0mmol) zirconium(IV) n-propoxide (70% in n-propanol)

were sonicated (Badelin, Sonorex Super RK 106) for 5min and then added un�

der stirring (400 rpm) at 50 °C to the eicosanoic acid solution. Meanwhile, 0.7mL
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water in 43mL n-butanol (0.2 µm PES �ltered) were heated to 55 °C under stir�

ring (400 rpm). After 30min, the water solution in n-butanol was added under

stirring (400 rpm) at 50 °C uniformly to the reaction solution over the course of

1min. The reaction solution turned white after an induction time of 6.5min. Af�

ter 1min extended stirring (400 rpm) at 50 °C, the obtained particle suspension

was transferred onto an analogue tube roller (SRT6 Stuart, roller size length x

diameter: 340mmx30mm) and gently agitated for 105min at room temperature

and a rotation speed of 12 rpm. Finally, puri�cation and resuspension of the ob�

tained zirconia microparticles were performed analogously to the ∼2.6 µm zirconia

microparticles.

Monodisperse and spherical zirconia submicron particles were prepared according

to previous studies from Widoniak et al.[62] and Leib et al.[1] Slight modi�cations

of the protocols were necessary to obtain particles with diameters of ∼300 nm
(before calcination). The reaction was carried out under nitrogen atmosphere using

an EasyMax 402 Basic Plus Synthesis Workstation (Mettler Toledo). Anhydrous

solvents were used to exclude oxygen and to control the water content precisely.

Synthesis of zirconia submicron particles (potential application as SC): 21mg

(0.067mmol) eicosanoic acid and 30mg HPC (average Mw∼80.000, Mn=10.000,

99%) were dissolved in 45mL anhydrous ethanol using a 100mL reactor vessel.

Prior to use, ethanol was dried over 0.4 nm molecular sieves and �ltered through

a PES syringe �lter (0.1 µm pore size) to remove dust of the drying agent. The

clear solution was heated to 60 °C under stirring (550 rpm). Meanwhile, 1.655 g

(5.54mmol) zirconium n-propoxide (70% in n-propanol) were sonicated for 10min.

After adding 200µL of demineralized water to the ethanolic solution of stabilizers,

the undiluted zirconia precursor was added quickly (few seconds) by using a syringe

(Vivomed, 2.00 x 120mm). Within seconds, the solution turned white (induction

time) and the suspension was stirred continuously (550 rpm) for 3 h. For puri�ca�

tion, the obtained suspension was transferred into 50mL ice-cooled ethanol and

then centrifuged (-5 °C, 5min, 6000 x g) to separate the particles from the super�

natant. In three additional washing steps (each step ∼35mL ethanol), the cen�

trifugation speed was gradually reduced by 500 x g down to 4500 x g. Finally, the

zirconia particles were resuspended by sonication for 5min in 15mL ethanol.
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Synthesis of YSZ cores

For 9.5mol% (Y) YSZ microparticles with a diameter of ∼4.3 µm before calci�

nation (potential application as TBC), 655mg (2.10mmol) eicosanoic acid were

dissolved in a 250mL wide-mouth glass bottle under stirring (300 rpm) at 50 °C in

45mL dry n-butanol (0.2µm PES �ltered). In the meantime, 6.13 g (15.0mmol)

zirconium(IV) n-butoxide (80% in n-butanol) and 389mg yttrium(III) i-propoxid

(1.39mmol) were diluted in 10mL dry n-propanol and sonicated for 20min. The

zirconia and yttria precursor mixture was quickly (few seconds) added to the

eicosanoic acid solution under stirring (300 rpm) at 50 °C by using a PES syringe �l�

ter (0.1 µm pores). A freshly prepared solution of 0.75mL water in 43mL n-butanol

was heated to 55 °C under stirring (300 rpm) and added uniformly to the reaction

solution over the course of 1min. An extended stirring (300 rpm) of 4min un�

der the same conditions followed the induction time of 2min. Afterwards, the

obtained particle suspension was transferred onto an analogue tube roller (SRT6

Stuart, roller size length x diameter: 340mmx30mm) for 120min at 50 °C and

a rotation speed of 5 rpm. Finally, puri�cation and resuspension of the obtained

YSZ microparticles were performed analogously to the undoped zirconia micropar�

ticles.

For 7.5mol% (Y) YSZ microparticles with a diameter of ∼1.33µm before calci�

nation (potential application as TPV), 525mg (1.68mmol) eicosanoic acid were

dissolved in a 250mL wide-mouth glass bottle under stirring (250 rpm) at 50 °C in

45mL dry n-butanol (0.2µm PES �ltered). In the meantime, 6.10 g (14.9mmol)

zirconium(IV) n-butoxide (80% in n-butanol) and 300mg yttrium(III) i-propoxid

(1.13mmol) were diluted in 10mL dry n-propanol and sonicated for 20min. The

zirconia and yttria precursor mixture was quickly (few seconds) added to the

eicosanoic acid solution under stirring (250 rpm) at 50 °C by using a PES syringe �l�

ter (0.1 µm pores). A freshly prepared solution of 0.85mL water in 43mL n-butanol

was heated up to 55 °C under stirring (250 rpm) and added uniformly to the re�

action solution over the course of 1min. An extended stirring (250 rpm) of 40 s

under the same conditions followed the induction time of 2min and 20 s. After�

wards, the obtained particle suspension was transferred onto an analogue tube

roller (SRT6 Stuart, roller size length x diameter: 340mmx30mm) for 105min at

46 °C and a rotation speed of 12 rpm. Finally, puri�cation and resuspension of the

obtained YSZ microparticles were performed analogously to the undoped zirconia

microparticles.
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For 5.5mol% (Y) YSZ submicron particles with a diameter of ∼117 nm (potential

application as SC), 14mg (0.04mmol) eicosanoic acid and 67mg HPC were dis�

solved in 45mL ethanol, which was �ltered through a PES syringe �lter (0.1 µm

pores). The clear solution was heated up to 55 °C under stirring (250 rpm). Mean�

while, 1.590 g (3.40mmol) zirconium n-propoxide (70% in n-propanol) and 49mg

(0.18mmol) yttrium i-propoxide in 5mL i-propanol were sonicated for 15min.

After adding 220 µL demin. water to the reaction solution, the precursors were

quickly (few seconds) added by using a syringe (Vivomed, 2.00 x 120mm). Within

seconds, the solution turned white (induction time) and the suspension was stirred

(250 rpm) further for 3 h. Puri�cation and resuspension were similar to the synthe�

sis of undoped ZrO2 submicron particles.

Calcination of ZrO2 and YSZ cores

All particles were dried at 80 °C for 4 h under ambient conditions (Heraeus Va�

cutherm VT from Thermo Scienti�c). Afterwards, the undoped zirconia and YSZ

microparticles were calcined at 600 °C, the zirconia submicron particles at 400 °C,

and the YSZ submicron particles at 480 °C for 3 h in a mu�e oven (L9/SKM from

Nabertherm GmbH). In each case, a heating rate of 5 °C·min-1 and a cooling rate

of ≤5 °C·min-1 under ambient pressure and oxygen exposure were used. Calcina�

tion processes were performed prior to PSM with alumina or encapsulation with a

silica shell, respectively, and further thermal treatments.

Synthesis of ZrO2�Al2O3 and YSZ�Al2O3 composite microparticles

Prior to PSM with alumina, 120mg (20.4mmol) ZrO2 or YSZ microparticles were

suspended in 30mL of an aqueous PVP solution (1wt% PVP, average Mw∼80.000,
Mn=10.000, 99%) under stirring (330 rpm) for 5 h by exclusion of light at room

temperature. Puri�cation was performed via centrifugation (0 °C, 2min, 1000 x g)

in water (twice) and ethanol (twice). For sol-gel PSM with alumina, 120mg

(20.4mmol) ZrO2 or YSZ microparticles (with PVP at the particle surface), re�

spectively, were suspended in 40mL dry ethanol by sonication for 30min. After�

wards, the suspension was heated up to 55 °C under stirring (400 rpm) followed

by addition of 15mg (0.15mmol) aluminum i-propoxide in 10mL dry ethanol.

Then, the dispersion was stirred (400 rpm) further at 55 °C for 24 h. Puri�cation
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occurred via centrifugation (0 °C, 2min, 1000 x g) in acetone (twice) and ethanol

(twice). Finally, the obtained composite microparticles were resuspended in 2mL

ethanol.

Alternatively, the zirconia and YSZ microparticles were modi�ed by using alu�

minum chloride as alumina precursor. For this purpose, 100mg (0.820mmol) ZrO2

or YSZ microparticles, respectively, were suspended in 10mL dry THF by sonica�

tion for 30min. Meanwhile, 30mg aluminum chloride (0.22mmol) were dissolved

in 10mL dry THF under stirring (400 rpm) at 75 °C. The solvent THF was �ltered

through a PES syringe �lter (0.2 µm pores) beforehand. After su�cient sonication,

the particle suspension was added to the aluminum chloride solution under stirring

(400 rpm) at 75 °C. The reaction mixture was further stirred (400 rpm) for 24 h un�

der the same conditions. Puri�cation and storage were performed analogously to

the modi�cation by aluminum i-propoxide.

Synthesis of ZrO2@SiO2 and YSZ@SiO2 core@shell submicron

particles

The encapsulation of calcined ZrO2 and YSZ submicron particles with a silica

shell was performed under nitrogen atmosphere using an EasyMax 402 Basic Plus

Synthesis Workstation (Mettler Toledo) in two steps. First, in a modi�ed Stöber

pre-encapsulation step, 120mg ZrO2/YSZ submicron particles were sonicated for

30min in 55.5mL THF. Afterwards, 500 µL demin. water were added under stirring

(550 rpm) to the suspension, which was then heated to 60 °C. Then, 7.5mL TEOS

(33.5mmol) were added and the suspension was stirred (550 rpm) for 19 h. For

puri�cation, the suspension was cooled down to 0 °C and centrifuged (0 °C, 5min,

4000 x g) four times (each step washed with ∼35mL ethanol) to remove primary

silica particles. The sedimented particles were then resuspended by sonication for

5min in 120mL ethanol.

In the second step (exemplary described for ZrO2 cores), the suspension of pre-en�

capsulated ZrO2@SiO2-seeds particles was sonicated for 30min, before adding

4.5mL demin. water and 2.25mL ammoniumhydroxide solution (15.8mmol) un�

der stirring (550 rpm) at room temperature. Afterwards, the reaction mixture

was heated up to 30 °C and stirred (550 rpm) for 30min, before addition of 0.3mL

TEOS (0.134mmol) and 4.5mL demin. water. After additional 75min and 150min,

two further additions of, both, 0.102mL TEOS (45.6µmol) and 0.114mL demin.
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water followed at the same conditions. Finally, 75min after the last addition, the

reaction was quenched by transferring the reaction suspension to 50mL ice-cooled

ethanol. The obtained core@shell particles were puri�ed by repetitive centrifuga�

tion (-5 °C, 4min, 4000 x g), two times in ethanol and demineralized water, each.

Finally, the particles were resuspended by sonication for 5min in 10mL ethanol.

The above described procedure yielded ZrO2@SiO2 core@shell particles with an

average shell thickness of ∼38 nm. The silica shell thickness could be adjusted by

varying the number of additions and the amounts of TEOS and water added to the

reaction mixture. For di�erent core particle sizes and amounts, TEOS and water

volumes were adjusted according to the approximate particle surface area.

8.2.1 Assembly of photonic glasses

Photonic glasses made out of YSZ microparticles were deposited on sapphire sub�

strates by using a polytetra�uorethylen (PTFE) ring (H =8mm, T =10mm) with

an inner diameter of D =10mm as shown in Figure 8.1.

Therefore, 500µL of a toluene-ethanol solution (ratio 1:4) were put into the PTFE

ring, before 67 µL of the calcined microparticle suspension in ethanol (c=1g·L-1)
were added to the solution by subsequent mixing of the dispersion. Thereafter,

the microparticles uniformly sedimented to the sapphire surface, while the solvents

slowly evaporated leaving a photonic glass behind.

Photonic glasses made out of undoped zirconia microparticles were deposited on

sapphire substrates by using an equilateral PTFE rectangle (H =8mm, T =10mm,

inner edge length=20mm). Here, the parameters from YSZ microparticles were

adjusted to the larger deposition area.

The synthesized YSZ@SiO2 core@shell particles were also assembled on sapphire

substrates as photonic glasses. For deposition, a PTFE ring with a height of 8mm

and an inner diameter of 10mm was used. Typically, 500 µL of YSZ@SiO2 particles

in ethanol (c=1g·L-1) were injected into the PTFE ring followed by mixing of the

dispersion via repetitive mixing. The core@shell particles slowly segregated to the

sapphire surface, whereby a photonic glass was formed.
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Figure 8.1 � Deposition process of YSZ microparticles to photonic glasses on sap-
phire substrates. First, 500µL of a toluene-ethanol solution (ratio 1:4) were put
into the PTFE ring, before 67µL of the calcined microparticle suspension in ethanol
(c=1g·L-1) were added to the solution by subsequent mixing of the dispersion. Af-
ter sedimentation of the particles and evaporation of the solvents, a photonic glass
was formed. Figure adopted from reference.[178]

8.2.2 Deposition of a YSZ microparticle monolayer

The deposition process of YSZ microparticle monolayers on tungsten substrates

was investigated and implemented in a collaboration with Yen Häntsch from the

group of Prof. Gerold Schneider (Advanced Ceramics, Hamburg University of

Technology).

For deposition of 7.5mol% (Y) YSZ microparticle monolayers, sapphire substrates

(5 x 5mm) with a 200 nm tungsten layer and a 20 nm super�cial hafnia coating were

used. The substrates were oxygen-plasma cleaned before deposition process to gen�

erate a hydrophilic surface. To achieve a YSZ monolayer, the calcined (600 °C, 3 h,

heating and cooling rate: 5 °C·min-1) YSZ microparticles were suspended in ethanol

and then homogenized by sonication for 15min yielding a �nal concentration of

1 g·L-1. Afterwards, the YSZ particle suspension was dripped carefully onto water

in a crystallizing dish by using a pipette until the water surface was fully covered

by YSZ particles. Finally, the sapphire substrates with W/HfO2 layer were dipped

under water and carefully lifted up in a ∼45° angle between the water surface and

the top of the substrate yielding a YSZ microparticle monolayer.
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Figure 8.2 � Schematic illustration of alumina ALD on photonic glasses (substrate:
sapphire) from zirconia and YSZ microparticles. The particle assembly was alter-
nately treated in several cycles with Trimethylaluminum (TMA) and water with a
rinsing step (nitrogen) in between. Figure adapted from reference.[178]

8.2.3 Atomic layer deposition of alumina

Besides sol-gel PSM of the calcined zirconia and YSZ microparticles with alu�

mina, deposition of alumina on assembled microparticles by ALD was conducted

as schematically shown in Fig. 8.2.

Thus, the photonic glasses on sapphire substrates were put into an ALD reactor

(SavannahTM 200 from Ultratech/Cambridge NanoTech). As alumina precursor,

TMA and demin. water were used. In the ALD process, the two reactants were

alternately sprayed into the reaction chamber, whereby it was �ushed with nitrogen

in between as illustrated in Fig. 8.2. The addition of the precursor occurred at

150 °C under constant nitrogen �ow (30 sccm). After 300 cycles, an amorphous

alumina shell with a layer thickness of ∼47 nm was obtained (see Section 8.3,

Fig. 8.11).

The alumina shell thickness was determined by investigation of the refractive index

due to spectral ellipsometry (SENProTM from SENTECH Instruments GmbH) of

a reference silicon sample, which was also placed in the reaction chamber. Addi�

tionally, the alumina shell thickness was investigated by cross-sectional TEM from

FIB preparation of YSZ microparticles as lamellae.

The photonic glasses made out of YSZ@SiO2 core@shell particles on sapphire sub�

strates were also coated with ∼50 nm Al2O3 by ALD (see Section 8.3, Fig. 8.7) to

�ll the air gaps between the particles as high refractive index background. This

high refractive index material compared to silica ensures a non-monotonous refrac�

tive index distribution from zirconia core (∼2.2) through silica shell (∼1.5) into
alumina matrix (∼1.8) in the visible range. For an alumina thickness of ∼50 nm,

325 cycles were performed.
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The results from ALD in this dissertation were obtained in collaboration with

the group of Dr. Rolf Janÿen from the Institute of Advanced Ceramics (TUHH)

in Hamburg. The experimental implementation was conducted by Dr. Kaline

Furlan.

8.2.4 Microcompression of zirconia microparticles

The mechanical properties of zirconia microparticles were characterized by micro�

compression experiments in collaboration with the group of Prof. Wolfgang Peuk�

ert from the Institute of Particle Technology at FAU in Erlangen-Nürnberg. The

experimental implementation was performed by Jan Schwenger, Stefan Romeis,

and Patrick Herre. Experimental details can be found in the referenced litera�

ture.[5]

8.3 Thermal loading

ZrO2�Al2O3 and YSZ�Al2O3 composite microparticles

In order to identify the high-temperature stability, the assembled ZrO2�Al2O3 and

YSZ�Al2O3 composite microparticles from PSM and ALD of alumina were �rst

dried at 80 °C for 4 h (Heraeus Vacutherm VT from Thermo Scienti�c). Afterwards,

the microparticles were calcined in the temperature range between 600 and 1500 °C

for 3 h under ambient conditions. As reference, assembled undoped zirconia and

YSZ microparticles were treated the same way. The heating rate was 5 °C·min-1

followed by a cooling rate of ≤5 °C·min-1 in each case as shown in Fig. 8.3. Heat�

ing experiments up to 1000 °C were conducted in a mu�e oven (L9/SKM from

Nabertherm GmbH), whereas temperature treatment above 1000 °C was performed

in a tube furnace (SFT 16/180 from Carbolithe). To analyze changes in size and

shape of the particles upon calcination, the samples were characterized by TEM

(JEOL JEM-1011; Philips CM 300) and SEM (EVO MA 10; Leo Type 1550 Gem�

ini, both Zeiss). Furthermore, cross-sectional lamellae of composite particles were

prepared via FIB technique (FEI Helios NanoLab G3 UC) and characterized by

TEM, HAADF-STEM, and EDX mapping (Thermo Scienti�c, Talos F200X). FIB

preparation, HAADF-STEM, and EDX mappings were conducted in collaboration

with the electron microscopy unit (BEEM) at the TUHH in Hamburg under the
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Figure 8.3 � Temperature pro�les used for calcination experiments. The heating
rate was 5 °C·min-1 and the highest temperature was kept constant for 3 h. The
cooling rate was ≤ 5 °C·min-1.

leadership of Dr. Martin Ritter. Experimental implementation was performed

by Tobias Krekeler. Additionally, the particles were characterized by ex situ XRD

(Philips X'Pert PROMPD). XRD measurements from photonic glasses on sapphire

substrates were operated in collaboration with the group of Prof. Jörg Weiÿmüller

from the Institute of Materials Physics and Technology at TUHH in Hamburg. Ex�

perimental implementation was performed by Rainer Behn (Bruker AXS, D8 Ad�

vance, Cu-Kα anode, Bragg-Brentano geometry, grazing incidence mode). Grain

sizes were determined using the Scherrer equation and SEM images at higher tem�

peratures using surface grains as shown in Section 8.3, Fig. 8.5. Optical properties

of the obtained photonic glasses for potential TBC application were determined

by NIR di�use re�ection spectra (FTIR, Vertex 70, Bruker) in collaboration with

the group of Prof. Manfred Eich from the Institute of Optical and Electronic Ma�

terials at Hamburg University of Technology. Experimental implementation was

performed by Dr. Guoliang Shang.

YSZ microparticle monolayer

Investigation of the optical properties of YSZ microparticle monolayers on tung�

sten substrates occurred in collaboartion with Dr. Manohar Chirumamilla from

the group of Prof. Manfred Eich (Institute of Optical and Electronic Materials,

Hamburg University of Technology). The annealing experiments were conducted
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in a high-temperature vacuum furnace (RD-G WEBB) at 2·10-6mbar. For heat�

ing and cooling rate, 10 °C·min-1 were used by holding the highest temperature of

1400 °C for 6 h. Characterization of the optical properties was performed by using

a Fourier transform infrared spectrometer (FTIR-Vertex 70, Bruker) in the range

of 1 to 4µm.

ZrO2@SiO2 and YSZ@SiO2 core@shell submicron particles

After silica encapsulation, the obtained ZrO2@SiO2 and YSZ@SiO2 core@shell

particles were dried at 80 °C for 4 h in a vacuum oven (Heraeus Vacutherm VT,

Thermo Scienti�c). Particle sizes, shell thicknesses, and size distributions were de�

termined by TEM (JEOL JEM-1011; Philips CM 300). Afterwards, the obtained

core@shell particles were calcined in the temperature range from 450 to 1200 °C

(ZrO2@SiO2). For comparison, the bare zirconia core particles and the pre-encap�

sulated ZrO2@SiO2-seeds particles were heat-treated the same way. The heat treat�

ment up to 1000 °C was done using the mu�e oven (L9/SKM from Nabertherm

GmbH), whereas the heat treatment at 1200 °C was done using a tube furnace

(SFT 16/100 from Carbolite). For all heat treatments the same heating ramp

(5 °C·min-1) and cooling rate (≤5 °C·min-1) were used and the maximum temper�

ature was held for 3 h (see Fig. 8.3). To analyze changes in size and shape of

the particles upon calcination, the samples were characterized by TEM (JEOL

JEM-1011; Phillips CM 300) and SEM (EVO MA 10; Leo Type 1550 Gemini,

both Zeiss). Furthermore, cross-sectional lamellae of core@shell particles were

prepared via FIB technique (FEI Helios NanoLab G3 UC) and characterized by

TEM, HAADF-STEM, and EDX mapping (Thermo Scienti�c, Talos F200X). FIB

preparation, HAADF-STEM, and EDX mappings were conducted in collaboration

with the electron microscopy unit (BEEM) at the TUHH in Hamburg under the

leadership of Dr. Martin Ritter. Experimental implementation was performed by

Tobias Krekeler. Additionally, the particles were characterized by ex situ XRD

(Philips X'Pert PRO MPD). For the analysis of phase compositions of ZrO2@SiO2

core@shell submicron particles, the obtained di�ractograms were background cor�

rected and evaluated using the software Maud 2.76 and its built-in Rietveld re�

�nement tool in collaboration with Gregor Dahl (Physical Chemistry, UHH).[210]

For this purpose, an instrument calibration was conducted prior to the sample

measurements in order to account for instrumental broadening. Crystallographic

information for all zirconia phases originated from a work by Howard et al.[211]
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and were obtained from the ICSD online database (ICSD codes: 62993, 62994,

62995). Grain sizes were determined using the Scherrer equation as described in

Section 4.2.2. Optical properties of the obtained photonic glassed for potential SC

application were determined by visible re�ection spectra (NIR-UV-VIS spectrom�

eter with 150 mm integrating sphere accessories, Lambda 1050, Perkin Elmer) in

collaboration with the group of Prof. Manfred Eich from the Institute of Opti�

cal and Electronic Materials at Hamburg University of Technology. Experimental

implementation was performed by Dr. Guoliang Shang.
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Appendix

Supplementary material

Figure 8.4 � Exemplary SEM images of photonic glasses (edge) from zirconia mi-
croparticles (Zr-02) used for determination of the layer thickness (∼10µm) by draw-
ing at least 50 vertical lines in di�erent images.
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Figure 8.5 � Exemplary SEM images of zirconia microparticles (Zr-02) after tem-
perature treatment at 1300 °C (a) and 1500 °C (b) used for determination of the
grain sizes by drawing at least 50 horizontal lines in di�erent images. This method
was used for analysis of grain sizes > 80 nm due to instrumental broadening of the
XRD equipment.

Figure 8.6 � Overview photograph of photonic glasses from Zr-2 (a, left) and YSZ-1
(a, right) microparticles on sapphire substrates by using di�erently shaped PTFE
templates. SEM images with di�erent magni�cations of photonic glasses from the
YSZ-1 microparticles on sapphire substrates (b-d).
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Figure 8.7 � Alumina coating thickness determination from ALD for ZrO2 (Zr-02)
and YSZ (YSZ-01) microparticles by measuring the refractive index due to spectral
ellipsometry of a reference silicon sample which was also placed in the reaction
chamber.

Figure 8.8 � EDX mappings of FIB lamellae of ZrO2@SiO2 core@shell particles
(initial shell thickness: 38 nm; Zr: magenta; Si: green). The FIB lamellae were
prepared from core@shell particles calcined at 450, 800, and 1000 °C, as indicated.
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Figure 8.9 � Sizing statistics of as-synthesized (a) and calcined (570 °C, 3 h, b)
YSZ submicron particles. Average particle diameters and standard deviations were
determined using ImageJ software by counting at least 100 particles.
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Figure 8.10 � Sizing statistics of as-synthesized (dried at 80 °C, 4 h) ZrO2@SiO2

core@shell submicron particles with initial shell thicknesses of ∼10 nm (a), ∼20 nm
(b), ∼30 nm (c), ∼35 nm (d), ∼40 nm (e), and ∼50 nm (f). Average particle diam-
eters and standard deviations were determined using ImageJ software by counting
at least 100 particles.
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Figure 8.11 � Alumina shell thickness determination from ALD for YSZ@SiO2

core@shell submicron particles by measuring the refractive index due to spectral
ellipsometry of a reference silicon sample which was also placed in the reaction
chamber.
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Safety

List of chemicals used and their CAS number, GHS symbols, hazard -, and precau-
tionary statements.[212]

Chemical CAS

Number

GHS

Symbols

Hazard

Statements

Precautionary

Statements

acetone 67-64-1 H225,H319,

H336,

EUH066

P210, P240,

P305+P351+P338,

P403+P233

ammonium

hydroxide

solution (28%)

1336-21-6 H290,H314,

H335,H400

P260, P273, P280,

P301+P330+P331,

P303+P361+P353,

P305+P351+P338

aluminum

chloride

7446-70-0 H314 EUH014

aluminum

i-propoxide

555-31-7 H228 P210

n-butanol 71-36-3 H226,H302,

H318,H315,

H335,H336

P210, P280,

P302+P352,

P304+P340,

P305+P351+P338

eicosanoic acid 506-30-9 - - -

ethanol 506-30-9 H225, H319 P210, P240,

P305+P351+P338,

P403+P233

continues on next page
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List of chemicals used and their CAS number, GHS symbols, hazard -, and precau-
tionary statements.[212]

Chemical CAS

Number

GHS

Symbols

Hazard

Statements

Precautionary

Statements

hydroxypropyl

cellulose

9004-64-2 - - -

polyninyl�

pyrrolidone

9003-39-8 - - -

tetraethyl

orthosilicate

78-10-4 H226,H332,

H319,H335

P210, P261, P280,

P303+P361+P353,

P304+P340+P312,

P370+P378,

P403+P235

tetrahydro�

furan

109-99-9 H225,H302,

H319,H335,

H351,

EUH019

P210, P233, P280,

P370+P378,

P501

toluene 108-88-3 H225,

H361d,

H304,H373,

H315,H336

P210,

P302+P352,

P301+P310+P330,

P308+P313,

P240, P314,

P403+P233

trimethyl�

aluminum

75-24-1 H250,H260,

H314,

EUH014

P210, P280,

P231+P232,

P305+P351+P338,

P370+P378,

P422

yttrium(III)

i-propoxide

2172-12-5 H228,H315,

H319,H335

P210, P261,

P305+P351+P338

continues on next page

146



Appendix

List of chemicals used and their CAS number, GHS symbols, hazard -, and precau-
tionary statements.[212]

Chemical CAS

Number

GHS

Symbols

Hazard

Statements

Precautionary

Statements

zirconium

n-propoxide

23519-77-9 H226,H318,

H336

P231, P422,

P301+P310,

P305+P351+P338,

P403+P233

zirconium(IV)

-oxide

1314-23-4 - - -
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List of all H, EUH, and P Statements

Table 8.2 � All H, EUH, and P Statements.

Identi�er Statement

H200 Unstable explosives.

H201 Explosive; mass explosion hazard.

H202 Explosive, severe projection hazard.

H203 Explosive; �re, blast or projection hazard.

H204 Fire or projection hazard.

H205 May mass explode in �re.

H220 Extremely �ammable gas.

H221 Flammable gas.

H222 Extremely �ammable aerosol.

H223 Flammable aerosol.

H224 Extremely �ammable liquid and vapour.

H225 Highly �ammable liquid and vapour.

H226 Flammable liquid and vapour.

H228 Flammable solid.

H240 Heating may cause an explosion.

H241 Heating may cause a �re or explosion.

H242 Heating may cause a �re.

H250 Catches �re spontaneously if exposed to air.

H251 Self-heating: may catch �re.

H252 Self-heating in large quantities; may catch �re.

H260 In contact with water releases �ammable gases which may

ignite spontaneously.

H261 In contact with water releases �ammable gases.

H270 May cause or intensify �re; oxidiser.

H271 May cause �re or explosion; strong oxidiser.

continues on next page
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Identi�er Statement

H272 May intensify �re; oxidiser.

H280 Contains gas under pressure; may explode if heated.

H281 Contains refrigerated gas; may cause cryogenic burns or

injury.

H290 May be corrosive to metals.

H300 Fatal if swallowed.

H301 Toxic if swallowed.

H302 Harmful if swallowed.

H304 May be fatal if swallowed and enters airways.

H310 Fatal in contact with skin.

H311 Toxic in contact with skin.

H312 Harmful in contact with skin.

H314 Causes severe skin burns and eye damage.

H315 Causes skin irritation.

H317 May cause an allergic skin reaction.

H318 Causes serious eye damage.

H319 Causes serious eye irritation.

H330 Fatal if inhaled.

H331 Toxic if inhaled.

H332 Harmful if inhaled.

H334 May cause allergy or asthma symptoms orbreathing di��

culties if inhaled.

H335 May cause respiratory irritation.

H336 May cause drowsiness or dizziness.

H340 May cause genetic defects. 〈state route of exposure if it is
conclusively proven that no other routes of exposure cause

the hazard〉

continues on next page
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Identi�er Statement

H341 Suspected of causing genetic defects. 〈state route of ex-

posure if it is conclusively proven that no other routes of

exposure cause the hazard〉

H350 May cause cancer. 〈state route of exposure if it is conclu-
sively proven that no other routes of exposure cause the

hazard〉

H351 Suspected of causing cancer. 〈state route of exposure if

it is conclusively proven that no other routes of exposure

cause the hazard〉

H360 May damage fertility or the unborn child. 〈state speci�c

e�ect if known〉 〈state route of exposure if it is conclusively
proven that no other routes of exposure cause the hazard〉

H361 Suspected of damaging fertility or the unborn child. 〈state
speci�c e�ect if known〉 〈state route of exposure if it is

conclusively proven that no other routes of exposure cause

the hazard〉

H362 May cause harm to breast-fed children.

H370 Causes damage to organs 〈or state all organs a�ected, if

known〉. 〈state route of exposure if it is conclusively proven
that no other routes of exposure cause the hazard〉

H371 May cause damage to organs 〈or state all organs a�ected,
if known〉. 〈state route of exposure if it is conclusively

proven that no other routes of exposure cause the hazard〉

H372 Causes damage to organs 〈or state all organs a�ected, if

known〉 through prolonged or repeated exposure. 〈state
route of exposure if it is conclusively proven that no other

routes of exposure cause the hazard〉

H373 May cause damage to organs 〈or state all organs a�ected,
if known〉 through prolonged or repeated exposure. 〈state
route of exposure if it is conclusively proven that no other

routes of exposure cause the hazard〉

continues on next page
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Identi�er Statement

H400 Very toxic to aquatic life.

H410 Very toxic to aquatic life with long lasting e�ects.

H411 Toxic to aquatic life with long lasting e�ects.

H412 Harmful to aquatic life with long lasting e�ects.

H413 May cause long lasting harmful e�ects to aquatic life.

H350i May cause cancer by inhalation.

H360F May damage fertility.

H360D May damage the unborn child.

H361f Suspected of damaging fertility.

H361d Suspected of damaging the unborn child.

H360FD May damage fertility. May damage the unborn child.

H361fd Suspected of damaging fertility. Suspected of damaging

the unborn child.

H360Fd May damage fertility. Suspected of damaging the unborn

child.

H360Df May damage the unborn child. Suspected of damaging

fertility.

EUH001 Explosive when dry.

EUH006 Explosive with or without contact with air.

EUH014 Reacts violently with water.

EUH018 In use may form �ammable/explosive vapour-air mixture.

EUH019 May form explosive peroxides.

EUH044 Risk of explosion if heated under con�nement.

EUH029 Contact with water liberates toxic gas.

EUH031 Contact with acids liberates toxic gas.

EUH032 Contact with acids liberates very toxic gas.

EUH066 Repeated exposure may cause skin dryness or cracking.

EUH070 Toxic by eye contact.

continues on next page
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Identi�er Statement

EUH071 Corrosive to the respiratory tract.

EUH059 Hazardous to the ozone layer.

EUH201 Contains lead. Should not be used on surfaces liable to

be chewed or sucked by children.

EUH201A Warning! contains lead.

EUH202 Cyanoacrylate. Danger. Bonds skin and eyes in seconds.

Keep out of the reach of children.

EUH203 Contains chromium (VI). May produce an allergic reac�

tion.

EUH204 Contains isocyanates. May produce an allergic reaction.

EUH205 Contains epoxy constituents. May produce an allergic re�

action.

EUH206 Warning! Do not use together with other products. May

release dangerous gases (chlorine).

EUH207 Warning! Contains cadmium. Dangerous fumes are

formed during use. See information supplied by the man�

ufacturer. Comply with the safety instructions.

EUH208 Contains 〈name of sensitising substance〉. May produce

an allergic reaction.

EUH209 Can become highly �ammable in use.

EUH209A Can become �ammable in use.

EUH210 Safety data sheet available on request.

EUH401 To avoid risks to human health and the environment, com�

ply with the instructions for use.

P101 If medical advice is needed, have product container or

label at hand.

P102 Keep out of reach of children.

P103 Read label before use.

P201 Obtain special instructions before use.

continues on next page
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Identi�er Statement

P202 Do not handle until all safety precautions have been read

and understood.

P210 Keep away from heat/sparks/open �ames/hot surfaces.

� No smoking.

P211 Do not spray on an open �ame or other ignition source.

P220 Keep/Store away from clothing/. . . /combustible materi�

als.

P221 Take any precaution to avoid mixing with combustibles

. . .

P222 Do not allow contact with air.

P223 Keep away from any possible contact with water, because

of violent reaction and possible �ash �re.

P230 Keep wetted with . . .

P231 Handle under inert gas.

P232 Protect from moisture.

P233 Keep container tightly closed.

P234 Keep only in original container.

P235 Keep cool.

P240 Ground/bond container and receiving equipment.

P241 Use explosion-proof electrical/ventilating/lighting/. . .

equipment.

P242 Use only non-sparking tools.

P243 Take precautionary measures against static discharge.

P244 Keep reduction valves free from grease and oil.

P250 Do not subject to grinding/shock/. . . /friction.

P251 Pressurized container: Do not pierce or burn, even after

use.

P260 Do not breathe dust/fume/gas/mist/vapours/spray.

P261 Avoid breathing dust/fume/gas/mist/vapours/spray.

continues on next page
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Identi�er Statement

P262 Do not get in eyes, on skin, or on clothing.

P263 Avoid contact during pregnancy/while nursing.

P264 Wash . . . thoroughly after handling.

P270 Do not eat, drink or smoke when using this product.

P271 Use only outdoors or in a well-ventilated area.

P272 Contaminated work clothing should not be allowed out of

the workplace.

P273 Avoid release to the environment.

P280 Wear protective gloves/protective clothing/eye protec�

tion/face protection.

P281 Use personal protective equipment as required.

P282 Wear cold insulating gloves/face shield/eye protection.

P283 Wear �re/�ame resistant/retardant clothing.

P284 Wear respiratory protection.

P285 In case of inadequate ventilation wear respiratory protec�

tion.

P231 + P232 Handle under inert gas. Protect from moisture.

P235 + P410 Keep cool. Protect from sunlight.

P301 IF SWALLOWED:

P302 IF ON SKIN:

P303 IF ON SKIN (or hair):

P304 IF INHALED:

P305 IF IN EYES:

P306 IF ON CLOTHING:

P307 IF exposed:

P308 IF exposed or concerned:

P309 IF exposed or if you feel unwell:

P310 Immediately call a POISON CENTER or doctor/physi�

cian.

continues on next page
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Identi�er Statement

P311 Call a POISON CENTER or doctor/physician.

P312 Call a POISON CENTER or doctor/physician if you feel

unwell.

P313 Get medical advice/attention.

P314 Get medical advice/attention if you feel unwell.

P315 Get immediate medical advice/attention.

P320 Speci�c treatment is urgent (see . . . on this label).

P321 Speci�c treatment (see . . . on this label).

P322 Speci�c measures (see . . . on this label).

P330 Rinse mouth.

P331 Do NOT induce vomitting.

P332 If skin irritation occurs:

P333 If skin irritation or rash occurs:

P334 Immerse in cool water/wrap in wet bandages.

P335 Brush o� loose particles from skin.

P336 Thaw frosted parts with lukewarm water. Do not rub

a�ected area.

P337 If eye irritation persists:

P338 Remove contact lenses, if present and easy to do. Con�

tinue rinsing.

P340 Remove victim to fresh air and keep at rest in a position

comfortable for breathing.

P341 If breathing is di�cult, remove victim to fresh air and

keep at rest in a position comfortable for breathing.

P342 If experiencing respiratory symptoms:

P350 Gently wash with plenty of soap and water.

P351 Rinse cautiously with water for several minutes.

P352 Wash with plenty of soap and water.

P353 Rinse skin with water/shower.

continues on next page
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Identi�er Statement

P360 Rinse immediately contaminated clothing and skin with

plenty of water before removing clothes.

P361 Remove/Take o� immediately all contaminated clothing.

P362 Take o� contaminated clothing and wash before reuse.

P363 Wash contaminated clothing before reuse.

P370 In case of �re:

P371 In case of major �re and large quantities:

P372 Explosion risk in case of �re.

P373 DO NOT �ght �re when �re reaches explosives.

P374 Fight �re with normal precautions from a reasonable dis�

tance.

P375 Fight �re remotely due to the risk of explosion.

P376 Stop leak if safe to do so.

P377 Leaking gas �re: Do not extinguish, unless leak can be

stopped safely.

P378 Use . . . for extinction.

P380 Evacuate area.

P381 Eliminate all ignition sources if safe to do so.

P390 Absorb spillage to prevent material damage.

P391 Collect spillage.

P301 + P310 IF SWALLOWED: Immediately call a POISON CENTER

or doctor/physician.

P301 + P312 IF SWALLOWED: Call a POISON CENTER or doctor/

physician if you feel unwell.

P301 + P330 +

P331

IF SWALLOWED: rinse mouth. Do NOT induce vomit�

ting.

P302 + P334 IF ON SKIN: Immerse in cool water/wrap in wet ban�

dages.

P302 + P350 IF ON SKIN: Gently wash with plenty of soap and water.

continues on next page
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Identi�er Statement

P302 + P352 IF ON SKIN: Wash with plenty of soap and water.

P303 + P361 +

P353

IF ON SKIN (or hair): Remove/Take o� immediately all

contaminated clothing. Rinse skin with water/shower.

P304 + P340 IF INHALED: Remove victim to fresh air and keep at rest

in a position comfortable for breathing.

P304 + P341 IF INHALED: If breathing is di�cult, remove victim to

fresh air and keep at rest in a position comfortable for

breathing.

P305 + P351 +

P338

IF IN EYES: Rinse cautiously with water for several min�

utes. Remove contact lenses, if present and easy to do.

Continue rinsing.

P306 + P360 IF ON CLOTHING: Rinse immediately contaminated

clothing and skin with plenty of water before removing

clothes.

P307 + P311 IF exposed: Call a POISON CENTER or doctor/physi�

cian.

P308 + P313 IF exposed or concerned: Get medical advice/attention.

P309 + P311 IF exposed or if you feel unwell: Call a POISON CENTER

or doctor/physician.

P332 + P313 If skin irritation occurs: Get medical advice/attention.

P333 + P313 If skin irritation or rash occurs: Get medical advice/at�

tention.

P335 + P334 Brush o� loose particles from skin. Immerse in cool water/

wrap in wet bandages.

P337 + P313 If eye irritation persists: Get medical advice/attention.

P342 + P311 If experiencing respiratory symptoms: Call a POISON

CENTER or doctor/physician.

P370 + P376 In case of �re: Stop leak if safe to do so.

P370 + P378 In case of �re: Use . . . for extinction.

P370 + P380 In case of �re: Evacuate area.
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Identi�er Statement

P370 + P380 +

P375

In case of �re: Evacuate area. Fight �re remotely due to

the risk of explosion.

P371 + P380 +

P375

In case of major �re and large quantities: Evacuate area.

Fight �re remotely due to the risk of explosion.

P401 Store . . .

P402 Store in a dry place.

P403 Store in a well-ventilated place.

P404 Store in a closed container.

P405 Store locked up.

P406 Store in corrosive resistant/. . . container with a resistant

inner liner.

P407 Maintain air gap between stacks/pallets.

P410 Protect from sunlight.

P411 Store at temperatures not exceeding °C/°F.

P412 Store at temperatures not exceeding 50 °C/122 °F.

P413 Store bulk masses greater than kg/lbs at temperatures

not exceeding °C/°F.

P420 Store away from other materials.

P422 Store contents under . . .

P402 + P404 Store in a dry place. Store in a closed container.

P403 + P233 Store in a well-ventilated place. Keep container tightly

closed.

P403 + P235 Store in a well-ventilated place. Keep cool.

P410 + P403 Protect from sunlight. Store in a well-ventilated place.

P410 + P412 Protect from sunlight. Do not expose to temperatures

exceeding 50 °C/122 °F.

P411 + P235 Store at temperatures not exceeding °C/°F. Keep cool.

P501 Dispose of contents/container to . . .
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