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Resumo

A premissa de que os materiais sao elementos essenciais e que moldam todos os aspetos
do nosso dia-a-dia é bem reconhecida. A procura incansavel das ultimas décadas pelo au-
mento de desempenho nas industrias de aeronéutica e aeroespacial forneceu uma forca
motriz soélida para o estudo, pesquisa e investigacdo das ceramicas avancadas para in-
umeras aplicacOes futuras. Acredita-se que o campo das ceramicas avancadas seja uma
tecnologia estimulante com potencial para fornecer contribuicoes de alto valor por forma a
assegurar as necessidades e desafios futuros. Além disso, a industria da ceramica avancada
¢é preconizada como sendo uma industria significativamente distinta devido a sua diver-
sidade caracteristica e natureza interdisciplinar. Como consequéncia, um numero ele-
vado de diferentes metodologias de processamento, assim como uma ampla variedade
de aplicacoOes sao parte integrante deste sector. Desta forma, esta dissertacao teve como
objetivo a realizacao de uma extensa e abrangente pesquisa de revisao de literatura, jun-
tamente com a sele¢ao, fabricacdo, teste e analise dos compositos ceramicos MgO—Al,O,,
MgO—CaZrO, e YSZ que por sua vez se destinam a satisfazer a condicio de cerdmica mul-
tifuncional nas areas aeronautica e aeroespacial. Para a concretizacao deste objetivo, sis-
temas de protecao térmica, revestimentos de barreira térmica e aplica¢Ges de atuadores a
plasma de descarga de barreira dielétrica foram considerados e adotados como um ponto
de partida. Uma abordagem sequencial foi empregue para a execugio do procedimento
experimental. Mais precisamente, inicialmente, as amostras de compositos ceramicos
MgO—Al,0,4, MgO—CaZrO, e YSZ foram fabricadas através de um processo subdividido
em quatro etapas, isto é, preparacao do material, processamento, sinterizacao e acaba-
mento. Apos a obtencdo das diversas amostras, isto é, placas retangulares, barras e discos
ceramicos, para as trés composicoes referidas, prosseguiu-se com o estudo das mesmas
através da caracterizacao e analise das propriedades microestruturais, fisicas, mecanicas,
térmicas e elétricas. Em suma, conclui-se que muitas ceramicas avancadas sao na sua es-
séncia multifuncionais e, portanto, predestinadas a promover a resolugao dos futuros de-
safios quer tecnologicos, assim como de engenharia. Por tltimo, com o desenvolvimento
desta dissertacao, defende-se que as ceramicas avancadas oferecem um proeminente po-
tencial ainda por ser explorado com o auxilio do conhecimento da ciéncia dos materiais,
ou seja, por meio de correlagoes entre caracteristicas microestruturais, fisicas, mecanicas,
térmicas e elétricas.

Palavras—chave

Ceramicas Avancadas Multifuncionais, Sistemas de Protecao Térmica, Revestimentos de
Barreira Térmica, Atuadores a Plasma de Barreira Dielétrica de Descarga, Compositos
Ceramicos, MgO—Al,O5, MgO—CaZrO,, YSZ
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Abstract

The premise that materials permeate all aspects of our day-a-day lives is well established.
The relentless pursuit for increased performance in aeronautical and aerospace industries
over the last decades has provided a solid driving force for the study, research, and inves-
tigation of advanced ceramics for numerous future investments. The advanced ceram-
ics field is believed to be an enabling technology with the potential to deliver high-value
contributions for meeting both future needs and challenges. Moreover, the advanced ce-
ramics industry is quite distinctive due to its high diversity and interdisciplinary nature
that encompasses an engaging number of different processing methodologies and a vari-
ety of applications. In this sense, this dissertation project focused to perform an extensive
and comprehensive literature review research, in addition to further selection, fabrication,
testing, and analysis of MgO—Al,0,, MgO—CaZrO,, and YSZ ceramic materials which are
intended to satisfy the condition of advanced multifunctional ceramic in the aeronautical
and aerospace fields. Within this framework of thought, thermal protection systems, ther-
mal barrier coatings, and dielectric barrier discharge plasma actuator applications were
perceived and adopted as a jumping-off point. A step—by—step approach was adopted
for the experimental procedure. More precisely, initially, ceramic compositeMgO—Al,O,,
MgO—CaZrO,, and YSZ samples were manufactured through a four stages process, i.e.,
material preparation, processing, sintering, and finishing. After the rectangular plates,
bars, and disc specimens were obtained for the three referred compositions, the in-depth
study under the microstructural, physical, mechanical, thermal, and electrical character-
ization followed. Ultimately, many fine ceramics are multifunctional and therefore pre-
destined to solve the forthcoming technological and engineering challenges. It is believed
that ceramics offer an enormous potential to be exploited with the knowledge of material
science, i.e., through correlations between microstructural, physical, mechanical, ther-
mal, and electrical features.

Keywords

Multifunctional Advanced Ceramic, Thermal Protection System, Thermal Barrier Coat-
ing, Dielectric Barrier Discharge Plasma Actuator, Ceramic Composites, MgO—Al,O4, MgO-
CaZrO,, YSZ

xiii



Xiv



Table of Contents

1 Introduction 1
L1 Motivation . . . . . . . i e e e e e 1
L2 Objectived . . . . . v v o e e e e 5
1.3 DissertationOutling . . . . . . ... ... ... . ... .. 6

2 Literature Review 9
P.1 Advanced Ceramicg . . . . . . . . . i it e 9

p.1.1 _ Advanced Ceramics and Other Material§ . ... ........... 10
p.2 Classification Systems and Fields of Application| . . . ... ......... 11
p.3 Advanced Ceramics Timeline Evolutiony . . . . .. ... ........... 15
B State—of—Art of Advanced Ceramics in Aeronautical and Aerospace En-
S 2 19
B.1 Thermal Protection System (TPS) . . ... .. .. . . ... ... .... 21
B.1.1  IntroductiontoTPS . . . . . . . . . . . it 21
B.1.2 TPS Classification System| . . . . . . ... .. ... .......... 21
B.1.3 Advanced Ceramic Materialsfor TPSy . . . . .. ... ... ..... 25
B.2 Thermal Barrier Coating (TBC) . . . . . . .« v o v ittt e e e et 31
B.2.1 IntroductiontoTBQ . . . . . . . o o v v i ittt e 31
B.2.2 TBC Structure, Fabrication Techniques and Failure Mechanismg. . 32
B.2.3 Advanced Ceramic Materials forTBCY. . . . . . . . . . ... .... 37
B.3 Dielectric Barrier Discharge (DBD) . . . . . . .. . .. ... ... .... 48
B.3.1 Introductionto DBD . . . . . . . .. ittt 49
B.3.2 DBD Actuators Classification System . . . . ... .......... 52
B8.3.3 DBD Technology in Aerospace and Aeronautical Sectors . . . . .. 54
B.3.4 Advanced Ceramic Materialsfor DBDY . . .. ... ... ...... 58
B.4 Multifunctional Advanced Ceramicd . . . . . . . . v v v v v it oo 63
B8.4.1 Mg-doped Aluminum Oxide, Mg—ALO4 . .. ... ......... 63
B.4.2 Mg—doped Calcium Zirconate Oxide, Mg—CaZrOJ . . . . . . .. .. 64
B.4.3 Yttria Stabilized Zirconia, YSZ . . . . . . . . . i 65

4 Experimental Procedure 67
1.1 Materiald . . . . . .. e e e 67
k.2 Experimental Procedure - Sample Manufacturing . . ... ......... 73

k.2.1  Material PreparationStage . . . . ... ... ... .. ... ..., . 73
h.2.2 ProcessingStagd . . . .. . .. ... ... 75
h.2.3 SinteringStagd . . . . . . .. ... 76
h.2.4 FinishingStagd. . . . . . . . . . . i i i it e 77
k.3 Experimental Procedure - Sample Analysid . . .. ... ........... 79

XV



4.3.1  Physical Properties . . . . ... . ..t 79

4.3.2 Mechanical Properties . . . . . . .. ... ... 81
4.3.3 Microstructural Analysi§ . . . . . .. ... ... ... 89
“.3.4 Thermal Propertie . . . . . . . o o v v v v vt 93
b.3.5 Electrical Propertied . . . . . . . . . .. e 100
5 Results and Discussion 109
5.1 Microstructural Analysid . . . . . .. . . . e 109
5.1.1 __ Particle Size Distributionf . . . . . . ... ... ... ... ...... 109
5.1.2 X-RayDiffraction . . . . ... ... ... ... .. .. ... ..... 112
5.1.3 Microstructurd . . . . . . . ... e e 117
5.2 Physical Propertied . . . . . . . . . . i i e 120
5.2.1 Diametrical Linear Contraction . . .. ................ 120

5.2.2 Apparent Porosity, Bulk Density, Apparent Density and Relative Den+
SIEY . e e e e e e e e e 123
5.3 Mechanical Properties . . . . . . . . v v i i e e e e 127
5.3.1 Dynamic Young’s Modulus and Dynamic Shear Modulug . . . . . . 127
5.3.2 Flexural Strength . . ... ... ... ... ... .. ... . ..... 133
5.3.3 Hardness and Fracture Toughness . . . . . ... ... ........ 138
5.4 Thermal Propertieg . . . . . . . . . . ittt e i 145
5.4.1 Thermal Conductivity . . . . .. .. ... ... ... ... ...... 145
5.4.2 Coefficient of Thermal Expansion . . ... .............. 150
5.5 Electrical Properties . . . . « v v v v v o e e e e e e e e e e e 156
5.5.1 Average Power Consumption Analysig . . . ... .. ......... 156
5.5.2 Lissajous Curves Analysi§ . . . . .. ... ... ... ......... 160
5.5.3 Induced Flow Velocity Analysi§ . . . ... ... ........... 168
5.5.4 ThermographicAnalysid . ... ... ... ... ... .... 171
6 Conclusions and Future Perspectives 183
6.1 Conclusiond . . . . . . . 183
6.2 Future Perspectives . . . . . . . . . . i i i e 188
Bibliography| 191



List of Figures

ii.1 Historical evolution and applications of different existing material types

ii.2 Different groups of materials and their relationship . . . ... .. ... ..

ii.3 Low-pressure turbine of a F414 jet engine with blades from CMCq . . . . .
ii.4 Space Shuttle Discovery heat shieldtiles. . . . . ... ... ... ... ...
i.5 Application of 180 blocks of ablative material to serve as heat shield . . . .

p.1  Advanced oxide and non-oxide ceramics, as well as their examples| . . . .

p.2 Properties and applications of fine ceramics according to a Japanese anal

vsis methodology| . . . . . . . ..,

p.3 Five proposed roadmaps for advanced ceramics sectorized by fields as pro-
posed by Rodel et al. (2009) . . . . . . . . . . ...
.4 Roadmap evolution between 2010 and 2025 for structural and functional

D D S I T T

B.1  TPS classification based on their working principle and developed struc-

tures of eachmethod] . . . . . . . . . . . .. ... ... ...

B.2 Examples of TPS methods and materials employed in different space mis-
sions between 1050 and 20200 . . . . . . ..t e e

B.3 TPS classification based on their materiald . . .. ... ... ........

B.4 Classification of different groupsoffibers . . . .. ... ... ... .....
B.5 UHTCMCs approach based on concepts of CMCs and UHTCs materials/ . .
B.6 Schematic illustration of a traditional TBC system| . . . . ... ... .. ..
B.7 Photographs of (a) an APS TBC showing a laminar morphology and (b) an|

EB-PVD TBC showing a columnar morphology basedon . ... ... ...

B.8 Different damage types that occur to TBCs in high-temperature and hazard

...................................
8.9 Phase diagram of ZrO,—Y,O,system . . . . . .. ... ... ... ......
B.10 Plasma applications in different research fieldd . . . . . ... ... ... ..

B.11 Scheme of a dielectric barrier dischargesetup . . . . . ... .. ... ....

B.12 Microdischarges (filaments, or channels) typical representation based on|

A eraph of applied voltage (left axis) and resulting current (right axis) as

functionof timg . . . . . . . . . . ..
.13 Different configurations of VDBD and SDBD geometries . ... ... ...
B.14 Schematic representation of a surface DBD (SDBD) plasma actuator con-

.....................................

B.15 Ceramic systems selected to be investigated in addition to their state—of-

art, proposed by the literature and likely possible applications in aeronau-

tical and aerospace fieldd . . . . . . . . . . . . ... ..

A WO NN

13

14

15

17

22



k.1 Fabrication process of advanced ceramics segmented into stageg . . . . . . 67

k.2 Bragglaw diagram illustration . .. ... ... .. ... ... ... ..... 72
k.3 Schematic illustration of the optical working principle of the LDA particld
................................... 74
k.4 Schematic diagram of the Coulter LS model laser granulometery . . . . . . 75
4.5 UDP methodology illustration divided into three stages: (a) die fill, (b)
compaction, and (c) partejection . . . . .. ... a e 76
k4.6 MA1, MA2, MCA, and YSZ manufacturing process summary| . ... .. .. 78
k4.7 Typical stress—straincurve . . . . . ... . . .. i 81
h.8 IETimpulsetoold . . ... ... .. . ... i 82
k.9 TIET method impulse illustration with two types of GrindoSonic MK7 vibra-
bion transducers — piezo-probe and acoustic microphone sensors. . . . . . 83
k.10 Three-point flexural strength test for advanced ceramics at ambient tem-
perature set up illustration . . . . . . . . . . .. e 85
k.11 Tllustration of the working principle of the scanning electron microscope;
glectron-sample interaction in function of the specimen volume . . . . . . 91
K.12 Ceramic samples with an ultra—thin goldcoating/ . . . . ... .. ... ... 92
4.13 Ultra-thin gold coating deposition| . . . . . . . . . .. . ... .. ... ... 92
k.14 LFA working principle schematic illustration . . . . .. ... ... ... .. 95

k.15 Characteristic thermal curve (temperature in function of time) for the FLA

k.16 Ceramic sample (left), circular sample carriers (right), and integrated mo-

torized sample changer (middle) . . .. ... ... .............. 96
k.17 TMA sample holder with a diameter of 4 mm, ceramic specimen (left), and

reference (right) material specimen| . . . .. ... ... ... ........ 99
4.18 Experimental setup and materials used for the DBD plasma actuator char-

.................................... 100
4.19 Plasma actuator ready to be tested: (a) top and (b) bottom surfaces . ... 101
4.20 Electric current method setup diagram . . . ... .............. 102
k.21 Electric charge method setupdiagram . . . . ... ... .. ... ...... 104
k.22 Lissajous diagram of a surface DBD plasma actuator dischargd . . . . . . . 105
k.23 Tllustration of the induced flow velocity measurements setup . . . . . . . . 106
k.24 Illustration of thermal propertiestestsetup . . . . . . ... ... ...... 107
5.1 Number-weighted PSD of the fabricated ceramic systemg . . . .. ... .. 109
5.2 Volume-weighted PSD of the fabricated ceramic composites . . . ... .. 110
5.3 XRD pattern of MA2 ceramic composite . . . . . . . . ... 112
5.4 XRD pattern of MCZ ceramic composite . . . . . . v v v v v v v v ot 114
5.5 XRD pattern of YSZ ceramic compositd . . . . . . ... ... 115

5.6 Scanning electron micrographs of polished and thermally etched surfaced
at high magnifications: a), b) MA1, and c¢), d) MA2. Magnification factorg
pf 5000X for a) and ¢); and 10000X for b) and d) micrographg . . . . . . . 117

xviii



5.7 Scanning electron micrographs of polished and thermally etched surfaced

at hich magnifications: e) MCZ, and f) YSZ. Magnification factors of 15000X|

for e) and f) micrographs . . . . . . . . . . ... 118

5.8 Scanning electron micrograph of polished and thermally etched surfaces af]

high magnifications: g) MCZ. Magnification factor of 10000X . ... ... 119

5.9 Apparent porosity, P, of the manufactured ceramic composites and the as-

sociated error of measurements . . . ... ... 124

5.10 Relative density, p,, of the manufactured ceramic composites and the as-

sociated error of measurementy . . . .. .. ... ... ... 125

5.11 Young’s modulus, F, experimentally obtained for MA1, MA2, MCZ, and

YSZ ceramic composites . . . . . . . ... e e 128
5.12 Shear modulus, G, experimentally obtained for MA1, MA2, MCZ, and YSZ
CeramiC COMPOSIEES . . . . v v v v e e e e e e e e e e e e e e e e 129
5.13 Flexural strength, o, experimentally obtained for MA1, MA2, MCZ, and YSZ|
Ceramic Compositesd . . . . v v o i e e e e e e 133
5.14 Fracture mode geometry of MA2 ceramic composited . . . .. ... .... 137
5.15 Fracture mode geometry of MCZ ceramic composited . . . .. ... .... 137
5.16 Fracture mode geometry of YSZ ceramic composited . . . . . ... ... .. 137
5.17 Hardness, HV, experimentally obtained for MA2, MCZ, and YSZ ceramid
.................................... 138
5.18 Fracture toughness, K., experimentally obtained for MA2, MCZ, and YSZ
Ceramic compositesd . . . . . . .t e e e e 140

k.19 SEM micrographs of the characteristic results from Vickers indentation foi]

MA2 hardness and fracture toughness determination| . . ... .. ... .. 143

5.20 SEM micrographs of the characteristic results from Vickers indentation for

MCZ hardness and fracture toughness determination . . ... ... .. .. 143

5.21 SEM micrographs of the characteristic results from Vickers indentation foi

IYSZ hardness and fracture toughness determination . . . . . . .. ... .. 143

5.22 Specific heat, c,, variation in function of temperature of MA2, MCZ, and

IYSZ ceramic cOompoSIteS . . . . v v vt e e e e e e e e e e 146

k.23 Thermal diffusivity, a, variation in function of temperature of MA2, MCZ|

and YSZ ceramic composited . . . . . ..o i e e e 147
5.24 Thermal conductivity, ), variation in function of temperature of MA2, MCZ)

and YSZ ceramic composited . . . . v v v v i e e e e e e e e e e e e e 148
5.25 Dimensional percentage, dL/lo, variation in function of temperature of MA2)

MZC, and YSZ ceramic COMPpPOSItES . « « v v v v v v o e e e e e 151
5.26 Coefficient of thermal expansion, CTE, variation in function of temperature

pbf MA2, MCZ, and YSZ ceramic cOmposites . . . . . . . v v v v v v v v v .. 151
5.27 Electric power consumption for MA1, MA2, MCZ and YSZ ceramic com-

....................................... 157



5.28 Lissajous curves of MA1 DBD plasma actuator at 24 kHz for different ap-

................................... 161

5.29 Lissajous curves of MA2 DBD plasma actuator at 24 kHz for different ap-

................................... 162

5.30 Lissajous curves of MCZ DBD plasma actuator at 24 kHz for different ap-

................................... 163
5.31 Lissajous curves of YSZ DBD plasma actuator at 24 kHz for different ap-

................................... 164
5.32 Lissajous curves comparison of the MA1, MA2, MCZ and YSZ ceramics di

glectricfor 10KVPD . . . . . . o e 165
5.33 Maximum (a) and minimum (b) charge variation for the four sintered ce

ramic composites, i.e., MA1, MA2, MCZandYSZ . . .. ... ........ 166
5.34 Cold and effective capacitances determined for the positive and negative

half-cycles from the Lissajous curves for MCZ (a) and YSZ (b) ceramic com-

....................................... 167

5.35 Maximum induced flow velocity for alumina—based ceramics (a) and zirconia—|

based (b) with a distance between the exposed electrode and Pitot tube of

....................................... 169

k.36 Maximum induced flow velocity for alumina—based ceramics (a) and zirconia—|

based (b) with a distance between the exposed electrode and Pitot tube of

....................................... 170
5.37 Thermographic (infra-red) images obtained for DBD plasma actuators with

different dielectric materials: (a) MA1, (b) MA2, (¢c) MCZand (d)YSZ . . . 172
5.38 Spatial temperature variation along the z—axis for MA1 (a) and MA2 (b)

CeramicC COMPOSIEES . « . v v v v e e e e e e e e e e e e e e 174
5.39 Spatial temperature variation along the z—axis for MCZ (a) and YSZ (b)

Ceramic COMPOSIEES . .« v v v v e e e e e e e e e e e e 176
5.40 Spatial temperature variation along the y—axis for MA1 (a) and MA2 (b)

Ceramic COMPOSIEES . . . v v v v v e e e e e e e e e e e e e 177
5.41 Spatial temperature variation along the y—axis for MCZ (a) and YSZ (b)

Ceramic COMPOSIEES . . . . ¢ v v v e e e e e e e e e e e e e e 178
5.42 YSZa sample after fracture, crack profile (dashed black line), and electrode’y

burn location (encapsulated in dashed black circle) . . ... ... ... .. 179
5.43 YSZb sample after fracture, crack profile (dashed black line), and electrode’s

burn location (encapsulated in dashed black circle) . .. ........ .. 179

5.44 Ilustration of oxygen vacancy formation in YSZ after addition of Y, O, intg




List of Tables

p.1 Comparison table of metals, engineering plastics and advanced ceramic§ . 10
p.2 Application fields, examples of components, properties desired and advanced
ceramics alternativesforeach(. . . . . ... ... ... ... ... ... ... 12
2.3 Engineered ceramics classification by composition and their respective prop-
....................................... 13
B.1 Material requirements for ceramic top coat of thermal barrier coatingg . . 38
B.2 Summary of parallel research on material alternatives to YSZ that could bd
................................... 47
B.3 Properties of microdischarge channeld . . ... ............... 51
4.1 Mg—doped Alumina, MA, ceramic systemdata) . . . . .. ... ....... 68
4.2 Mg—doped Calcium Zirconate, MCZ, ceramic systemdata) .. ... .. .. 68
k.3 Yttria Stabilized Zirconia, YSZ, ceramic systemdatal . . . . . ... ... .. 69
k.4 Powders’ theoretical densities based on XRD files/cards] . ... ... ... 70
k.5 Powders’ theoretical densities based on manufacturers’ data spreadsheet] . 70

k.6 Uniaxial pressing technique parameters for the rectangular and disc spec
imens powder compaction) . . . . . ... ... 75
4.7 Semi-automatic polishing in sequence of procedures performed) . . . . . . 86
5.1  MA1, MA2, MCZ, and YSZ mixture powders and their respective dsq and do 111
5.2 Diffraction angles of the crystallographic intensity peaks and the XRD the-
pretical cards data for MA2 compositd . . . . .. ... ... ... 113
5.3 Diffraction angles of the crystallographic intensity peaks and the XRD the-
pretical cards data for MCZ compositd . . . . . . . . ..o oo 115
5.4 Diffraction angles of the crystallographic intensity peaks and the XRD the-
pretical cards data for YSZ compositd . . . . .. .. ... 116
5.5 Diametrical linear contraction mean values and associated error of sintered
CEramicC COMPOSIEEY . . . v v v v e e e e e e e e e e e 120

.6

Primary properties of ceramic composites manufactured: apparent poros-

ity P, in addition to theoretical p;;, bulk p;, apparent p,, and relative p.

..................................... 12
densities 3

Single—phased ceramic elastic and rigidity theoretical modulij . . . . . .. 130

5.8

Ceramic composites elastic and rigidity moduli experimentally obtained;

and theoretically computed exploiting Voigt model for MA1, MA2, and MCZ|
whereas directly retrieved from literature sources forYSZ . . . . . ... .. 131

5.9

Flexural strength determined by the 3—point bend test for MA1, MA2, MCZ)

and YSZ ceramic composites) . . . . . ... .. 136




5.10 Vickers hardness and fracture toughness determined from the Vickers in-

dentation for MA2, MCZ, and YSZ ceramic composites) . . . ... .. ...
5.11 Specific heat of MA2, MCZ, and YSZ ceramic composites at 30 °C and 709

5.12 Thermal diffusivity of MA2, MCZ, and YSZ ceramic composites at 30 °(

....................................
5.13 Thermal conductivity of MA2, MCZ, and YSZ ceramic composites at 30 °Q

and 700 %0 . . . . . e e e e e e e e e

5.14 Average CTE values for three temperature regimes: low, room, and high

q
EMPEraturey . . . . . . o o e e e e e e e e e e e e e e e e e e e e e e e

5.15 CTE figures considering different temperature interval ranges of YSZ ce-

ramic composite) . . . . . ... e

5.16 Operating limits of the four ceramic composites and the associated average

DOWETr CONSUMPLION .« + « & v v v e e e e e e e e e e e e e e e e

158

5.17 Maximum induced flow velocities for different dielectric materials sintered] 171

xxii



Acronyms and Abbreviations

3D MAT

AC

AC-SDBD Alternating—Current Surface Dielectric Barrier Discharge

AFM

APS

APTD

ASTM

AVCO

AVCOAT

BSE

CDBD

CMAS

CMC

CNT

CTE

DBD

DCS

DTA

EBC

EB-PVD

EDA

EHD

FEM

FOD

GCMC

Three—Dimensional Multifunctional Ablative Thermal Protection System

Alternate Current

Atomic Force Microscopy

Atmospheric Plasma Spraying
Atmospheric Pressure Townsend Discharge
American Society for Testing and Materials
Aviation Corporation

Coating by Aviation Corporation

Back Scattered Electron

Coplanar Dielectric Barrier Discharge
Calcium—Magnesia—Alumina—Silicate
Ceramic Matrix Composite

Carbon Nanotube

Coefficient of Thermal Expansion
Chemical Vapor Infiltration

Dielectric Barrier Discharge

Differential Scanning Calorimetry
Differential Thermal Analysis
Environmental Barrier Coating
Electron—Beam Physical Vapor Deposition
European Defense Agency
Electrohydrodynamic

Finit Element Method

Foreign Object Damage

Graphene Ceramic Matrix Composite

xxiii



GE General Electric
HT Hot Pressing
ICDD International Center for Diffraction Data

ICTAC International Confederation of Thermal Analysis and Calorimetry

IET Impulse Excitation Technique
ISO International Standardization Organization
ITPS Integrated Thermal Protection Systems

JCPDS Joint Committee on Powder Diffraction Standards

LDA Laser Diffraction Analysis
LFA Laser Flash Analysis
LHA Lanthanum Hexaaluminate

LPPS Low Pressure Plasma Spraying
LTCC Low Temperature Co-Fired Ceramics

LVDT Linear Variable Differential Transformer

LWC Liquid Water Content
MS Mega Sample
MI Melt Infiltration

NACA National Advisory Committee For Aeronautics

NBS National Bureau Of Standards

ND-DBD Nanosecond—DBD

nSDBD  Nanosecond Pulse Surface Dielectric Barrier Discharge
NTP Non Thermal Plasmas

OM Optical Microscope

PAPS Protective Atmosphere Plasma Spraying

PDF Power Diffraction Files

PIB Poly—Isobutylene

PICA Phenolic—Impregnated Carbon Ablator

XXiv



PIP Polymer Impregnation and Pyrolysis
PIXEL Picure Element
PLA Polylactic Acid

PMMA  Polymethyl Methacrylate

PS Plasma-Sprayed

PSD Particle Size Distribution
PVC Polyvinyl Chloride

RE Rare—Earth

SD Standard Deviation

SDBD Surface Dielectric Barrier Discharge

SE Secondary Electron

SEM Scanning Electron Microscope

SIRCA Silicone-Impregnated Reusable Ceramic Ablator
SLA Super Lightweight Ablators

SOEC Solid Oxide Electrolysis Cells

SOFC Solid Oxide Fuel Cell

SPPS Solution Precursor Plasma Spraying
TA Thermal Analysis

TBC Thermal Barrier Coating

TGA Thermo Gravimetric Analysis

TGO Thermally Grown Oxide

TMA Thermo Mechanical Analysis

TPS Thermal Protection System

UDP Uniaxial Die Pressing

UHTC Ultra—High Temperature Ceramic
UHTCMC Ultra High Temperature Ceramic Matrix Composite

Uv Ultraviolet radiation



USA

VAMAS

VDBD

XRD

XRF

YSZ

United States of America

Versailles Project on Advanced Materials and Standards
Volume Dielectric Barrier Discharge

Vacuum Plasma Spraying

X—Ray Diffraction

X—Ray Fluorescence

Yttria-Stabilized Zirconia



Symbols

Chemical Symbols

3Al,0,-2Si0,
Al,O,

AIN

B,C

Ba
Ba(Mg,/;Ta,/3)04
BaLa,Ti;0,,
BaZrO,

BN

C

Ca

CaO

CaZrO,

Ce

Ce,Zr,0,

Co

Cr

Fe

Gd

Gd,O0,
Gd,Zr,0,
Hf

HfB,

HfC

Mullite

Aluminum Oxide, or Alumina
Aluminum Nitride

Boron Carbide

Barium

Complex form of perovskite compounds
Complex form of perovskite compounds
Barium Zirconate

Boron Nitride

Carbon

Calcium

Calcium Oxide

Calcium Zirconate

Cerium

Cerium Zirconium Oxide
Cobalt

Chromium

Iron

Gadolinium

Gadolinium (III) Oxide
Gadolinium Zirconate, or GZ
Hafnium

Hafnium Diboride

Hafnium Carbide

XXvil



HfO,

La
La(Al,,,Mg,,,Ta,;,)0,4
La,(Zr, Ce, 3).0,
La,Hf,0,

La,0,

La,Zr,0,
LaMgAl,,0,,
LaTi,Al,0,,
LaZnAl,,O,,

Mg

MgAlL,O,

Nd,0,

Nd,Zr,0,

Pt

Re
Sc,0,
Si;N,
SiC

Sm

Hafnium (IV) Oxide, Hafnium Dioxide, or Hafnia
Lanthanum

Complex form of perovskite compounds
Pyrochlore Oxide compound, LZ7C3
Dilanthanum Dihafnate (IV)

Lanthanum Oxide, or Lanthana
Lanthanum Zirconate, or LZ

LHA compound, also named LaMa, or LMA
LHA compound

LHA compound

Magnesium

Magnesium Aluminum Oxide, or Magnesium
Aluminate

Magnesium Oxide
Manganese
Molybdenum
Molybdenum Disilicide
Niobium

Neodymium
Neodymium (III) Oxide
Neodymium Zirconate
Nickel

Platinum

Rhenium

Scandium (IIT) Oxide, or Scandia
Silicon Nitride

Silicon Carbide

Samarium

xXxviii



Sm,FeTaO, Pyrochlore compound

Sm,0, Samarium (IIT) Oxide
Sm,Ti, 0, Samarium Dititanium Oxide
Sr Strontium

SrZrO, Strontium Zirconate

Ta Tantalum

TaC Tantalum Carbide

Ti Titanium

TiB, Titanium Diboride

TiC Titanium Carbide

TiO, Titanium Dioxide

Y Yttrium

Y,0, Yttrium (III) Oxide, or Yttria
Yb,0, Ytterbium (IIT) Oxide

Zn Zinc

Zr Zirconium

ZrB, Zirconium Diboride

ZrC Zirconium Carbide

Zr0, Zirconium Dioxide, or Zirconia
a—Al,04 a—Alumina

7—Al, 0,4 ~—Alumina

XXIX



Other Symbols

Latin Symbols
a Thermal Diffusivity
b Width
c Constant (related to the elastic behavior of a material)
C Capacitance
Ce Average Length of the Diagonal Cracks
Cy Diametrical Linear Contraction
p Specific Heat Capacity
d Thickness
D Dry Weight
dso Particle Size at 50 % Percentile
dgo Particle Size at 90 % Percentile
d. Average Length of the Diagonals
d; Initial Diameter
dy Final Diameter
dp Distance between Lattice Planes
E Young’s Modulus
Ep Energy (of a particle of light)
By, Theoretical Young’s Modulus
G Shear Modulus
Gy, Theoretical Shear Modulus
h Planck’s Constant
HV Vickers Hardness
i Phase Element
1 Current
k Calibration Coefficient
K. Fracture Toughness

XXX



Lref

[, spec

Sd

sin

t50

Tref

Tspec

Ve:ct

Vi

Wy

Length

Outer Support Span Length
Reference Material Length
Specimen Length

Mass

Number (of)

Porosity

Power

Load Applied

Pixel

Charge

Resistance

Suspended Weight
Diametrical Linear Contraction
Sine Function

Time

Half-Minimum
Temperature

Reference Material Temperature
Specimen Temperature
Frequency

Voltage

Breakdown Voltage
Exterior Volume

Volume Fraction

Sutured Weight

Mass Fraction

Molar Fraction

XXXi1



x/l Spacial Variation (z—axis)
y/w Spacial Variation (y—axis)
Greek Symbols
Qm Coefficient of Linear Thermal Expansion
Uma Coefficient of Linear Thermal Expansion in the z—direction
Qmp Coefficient of Linear Thermal Expansion in the y—direction
Qe Coefficient of Linear Thermal Expansion in the z—direction
arel
A Thermal Conductivity
Aw Wavelength of X—rays
p Density
Pth Theoretical Density
Pa Apparent Density
Ob Bulk Density
Pr Relative Density
o Flexural Strength
Om Linear Thermal Capacity
0 Reflected Angle
€ Strain
A Variation

Mean Coefficient of Linear Thermal Expansion for Reference Material

Xxxil



Chapter 1

Introduction

This chapter will focus on providing an overview of the importance of the ceramic mate-
rials in the aeronautical and aerospace industries with special emphasis on the advanced
ceramics and their ability to fulfill extreme and differentiating application requirements.
The motivation behind this work, its objectives and the documentation organization will
all be mentioned and described as well.

1.1 Motivation

Nowadays, in material science and engineering, it is possible to identify four major classes
of materials which are characterized and distinguished by the nature of their chemical
bonding: metals, polymers, ceramics, and composites [1, 2].

The premise that materials permeate all aspects of our day-a-day lives is well accepted.
The continuous research and investigation of atomic and molecular structures, as well as
their understanding not only allows scientists to improve already existing materials, but
also develop new and advanced ones. Therefore, interesting opportunities arise for meet-
ing challenging requirements for different applications fields.

From an historical point of view, ceramics are the oldest man-made materials, dating back
to the dawn of human civilization. While naturally available ceramics, such as hard rock
and flint, were used for production of tools, with the advent of fire, soft and pliable clay,
and loam raw materials, were changed eventually into hard, durable shapes that served
as liquids recipient, storage containers as well as terracotta [, 3]. Consequently, since
ancient times the technology and applications of ceramics have been increasing and con-
tributing to the progress of society. These materials possess an overwhelmingly wide va-
riety regarding their origin, history, utilization, and properties. Figure [L.1 shows the
evolution and importance of the different classes of materials, namely ceramics.

Defining ceramics is not straightforward nor an easy task. Describing exactly what the
term “ceramic” means is challenging since it strongly depends on the point of view that is
being considered. The term will have different interpretations for a historian, a scientist,
an engineer, or a manufacturer [4]. Despite what was mentioned before, there seems to
be an agreement in the division between the so-called traditional ceramics and the ad-
vanced ceramics. Traditional ceramics are characterized by mostly silicate-based, porous
microstructures that are quite coarse, nonuniform and multiphase; whilst advanced ce-



ramics are known for being crystalline materials of rigorously controlled composition and
manufactured with detailed regulation from highly refined and characterized raw mate-
rials [5].
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Figure 1.1: Historical evolution and applications of different existing material types [2].

Advanced ceramics may also be denominated as high-performance ceramics, high-tech
ceramics, engineering ceramics, fine ceramics, and technical ceramics. They are recog-
nized by their outstanding higher physical and mechanical properties, as well as great po-
tential for use in sound, magnetism, heat, electricity, light, and other applications [5, 3].
Figure [1.2 represents three levels of hierarchical triangles relating different groups of
materials where level 1 consists of materials supergroups (metals, polymers, ceramics),
level 2 regards ceramics sensu lato (glasses, hydraulic ceramics, ceramic sensu strictu),
and, finally, level 3 represents ceramic subgroups formed by advanced oxide ceramics,
non-oxide ceramics and classic silicate ceramics [1].
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In concern to aeronautical and aerospace engineering, there are many properties of ad-
vanced ceramics-based materials that do them appealing. Modern advanced structures
and components intended for these industries consist of highly complex geometries which
require the use of materials capable of handling the extreme range of environmental con-
ditions for an extended diversity of applications. The available metal alloys and conven-
tional composites based on reinforced polymers can no longer meet these rising require-
ments for new applications. Consequently, a shift is being noticed to the use of ceramics
that exhibit superior performances, reliability, and lifespan over those that are shown by
the metal alloys [6]. Characteristics of ceramics such as their relatively low-density, high
temperature resistance, electrical insulation, resistance to corrosion, chemical stability,
wear resistance and ability to withstand vibration are all extremely desirable in this field
of engineering. The main applications of ceramics in the aeronautical and aerospace in-
dustry, just to name a few, consist in components of engines and exhaust systems brakes,
insulation tiles in space vehicles and nose cones, as well as high-temperature coatings in
ultra-high-speed flying objects [7]. Figures [1.3, i.4 and 1.5 are examples of engineered
ceramics applications.

Figure [t.grepresents General Electric (GE) new ceramic matrix composite (CMC) component-
assembly on the blades of a low-pressure turbine of a F414 model jet engine where some of
the blades are covered with a specific yellow colored environmental barrier coating (EBC).

Figure 1.3: Low-pressure turbine of a F414 jet engine with blades from CMCs [8].

Figure [1.4 shows the most well-known example of heat tiles applied on the famous Space
Shuttle Discovery, which served as a prevention of heat transfer to the underlying orbiter
aluminum skin and vital structures not only at the time of the reentry of the vehicle in the
atmosphere, but namely additional safeguard from cold temperatures of space while in
orbit.
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Figure 1.4: Space Shuttle Discovery heat shield tiles [g].

As a last example, Figure [1.5 exhibits the ultra-careful and demanding process of ap-
plication of ablative material to function as heat shield for the Orion spacecraft designed
for the Artemis II lunar mission. This structure aims to protect the capsule itself and the

astronauts inside from extremely high temperatures experienced during reentry through
Earth’s atmosphere.

Figure 1.5: Application of 180 blocks of ablative material to serve as heat shield [10].

In summary, it is clear from the given examples the major role that ceramics play in to-
day’s world. Nevertheless, driven by the aeronautical and aerospace industries, engineers
and material scientists will continue to develop new materials, processes, and applications
that will take advantage of the powerful properties of the advanced ceramic materials [11].



1.2 Objectives

In this sense, this dissertation project aims to perform an extensive and comprehensive
literature review research, in addition to further selection, fabrication, testing, and anal-
ysis of MgO—Al,0,4, MgO—CaZrO,, and YSZ ceramic composite materials which are in-
tended to satisfy the condition of advanced multifunctional ceramic in the aeronautical
and aerospace fields. Within this framework of thought, thermal protection systems, ther-
mal barrier coatings, and dielectric barrier discharge plasma actuators applications were
perceived and adopted as a jumping-off point.

To achieve the described objectives, the following tasks must be fulfilled:

» Overview of the global demand for ceramic materials, their wide-ranging field of
application, as well as assessment of their dynamic and differentiating properties.

 Research of advanced ceramics in aeronautical and aerospace fields capable to fulfill
extreme and differentiating application requirements.

 Further study, contextualization, and presentation of the state-of-art of thermal
protection systems, thermal barrier coatings, and dielectric barrier discharges for
plasma actuators.

« Identification, selection, and justification of adequate engineering ceramics systems
for the purposes in view.

+ Manufacturing of several samples, i.e., discs, bars, and plates, of MgO—Al, 05, MgO—
CaZrO,, and YSZ ceramic systems.

« Microstructural characterization of the ceramic composites fabricated via X-ray
Diffraction, and scanning electron microscope analysis.

« Physical characterization of the ceramic composites fabricated through diametri-
cal linear contraction, apparent porosity, in addition to bulk, apparent and relative
densities.

« Mechanical characterization of the ceramic composites fabricated via dynamic Young’s
modulus, dynamic shear modulus, flexural strength, hardness and fracture tough-
ness properties.

» Thermal characterization of the ceramic composites fabricated owing to thermal
conductivity and coefficient of thermal expansion features.

« Proof of concept of the electrical feasibility, capability, and applicability of MgO—Al,O,,
MgO- CaZrO,, and YSZ ceramic systems as surface dielectric barrier discharge plasma
actuator.



« Electrical characterization of the ceramic composites manufactured through elec-
trical power consumption, capacitance via Lissajous figures, capacitance, induced
flow velocities, and thermographic analysis.

« Consideration and crosscheck of the experimental results obtained with the reported
in the literature by the scientific community.

1.3 Dissertation Outline

This dissertation work consists of a total of six chapters organized as follow:

+ The current Chapter 1, Introduction, focuses on contextualizing advanced ceram-
ics in the nowadays material science and engineering sciences. A distinction among
traditional and advance ceramics is provided, as well as insight into the variety of
these materials in terms of their origin, history, utilization, and properties. To con-
clude, an outline of the importance of ceramic materials in the aeronautical and
aerospace fields is made.

 Chapter 2, Literature Review, consist of a brief discussion about engineering ce-
ramics timeline evolution from a global perspective, as well as regarding their grow-
ing opportunities ascertained based on the technology foresight methodology.

« Chapter 3, State—of—Art of Advanced Ceramics in Aeronautical and Aero—
space Engineering, offers an in—depth introduction, contextualization, and anal-
ysis, as the name itself suggests, of the state—of—art of advanced ceramics’ role in
three different domain of application within aeronautical and aerospace domains.
Accordingly, the chapter is segmented into three main sections — 3.1 Thermal Pro-
tection Systems, 3.2 Thermal Barrier Coatings, and 3.3 Dielectric Barrier Discharges
— with an additional one in which the concept of multifunctional advanced ceramic
is addressed and the reasoning line of ceramic composite selection to be manufac-
tured justified. For each main subsection, an introduction is performed to the tech-
nology topic being discussed, their corresponding brief history presented, classifica-
tion systems provided, and, more importantly, a ceramic-oriented investigation and
research reported to be performed by the scientific community to date described.

« Chapter 4, Experimental Procedure, which is divided in three section exposes
the materials used, the experimental procedure for sampling manufacturing, and
experimental procedure for sampling analysis. In a broad way, the selected raw
powders and their corresponding characterization, step—by—step fabrication pro-
cess and each testing methodology exploited are described. On top, a support ex-
planation of the working principles of techniques announced is provided when con-
sidered necessary.



« To conclude Chapter 5, Results and Discussion, indicates the experimentally ob-
tained microstructural, physical, mechanical, thermal, and electrical results. A com-
prehensive study and analysis of the findings achieved is acquired through illustra-
tive charts, figures and tables. Additionally, a comparison and crosscheck with the
literature is performed.

« To sum up, Chapter 6, Conclusion and Future Work, summarizes the conclu-
sions reached throughout the elaboration of the present dissertation work and points
out future work research guidelines.






Chapter 2

Literature Review

This chapter will start by introducing the technology foresight methodology focused on
advanced ceramic materials. Followed by this brief discussion, an easy-to-analyze com-
parison is made between technical ceramics and other existing material in engineering,
which aims to hone their full potential and areas of applications. To conclude, classifica-
tion systems as well as roadmaps of evolving ceramics technology are shown.

2.1 Advanced Ceramics

Science and technology are advancing at a progressively rapid pace; hence it becomes cru-
cial to identify, select and develop technology alternatives to satisfy future needs. Tech-
nology foresight is a mechanism for strategic decision making [12]. According to the Eu-
ropean Defense Agency (EDA), “technology foresight provides a framework to think about
the possible futures in a structured and constructive way. It is not about predicting a pre-
determined future, but about exploring how the future might evolve in different ways,
depending on the actions and decisions taken today” [13]. In scope of this and within
the immeasurable number of fields of application, tremendous growth opportunities for
ceramics as an enabling technology is highlighted and manifold suggestions for future de-
velopment of these materials come to light. In sum, advanced ceramics will have a major
impact on addressing emerging key challenges in diverse domains.

A traditional definition of advanced ceramics consists in characterizing ceramics as inor-
ganic, nonmetallic solids that are prepared from powdered materials and fabricated into
products through the application of heat which display features as hardness, strength, low
electrical conductivity, and brittleness.

On the other hand, advanced ceramics embody a furtherance over this previously men-
tioned definition. Through the employment of a modern science approach, new materials
or new combinations of materials have been designed and orientated to present surpris-
ing variations on the properties traditionally ascribed to ceramics [14]]. With the continu-
ous maturing of advanced ceramics, a more detailed definition of the material originated
by the 1993 Versailles Project on Advanced Materials and Standards (VAMAS), which de-
scribed an advanced ceramic as “an inorganic, nonmetallic (ceramic), basically crystalline
material of rigorous controlled composition and raw materials giving precise specific at-
tributes.”. Particular distinguished features of advanced ceramics are possible to with-
draw from this definition: primarily, advanced ceramics tend to lack a glassy component;
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then, their microstructures are highly controlled and engineered, which means that grain
sizes, grain shape, porosity and phase distribution are meticulously and rigorously con-
trolled, and additionally, advanced ceramics tend to exhibit unique and superior func-
tional attributes that can be precisely specified by proper processing and careful quality
control [14].

2.1.1 Advanced Ceramics and Other Materials

When compared to metals and some polymers, high-tech ceramics excel these materials
in terms of their high temperature stability, low thermal expansion, high corrosion resis-
tance and high hardness, as well as the variety of electrical properties offered. Despite the
enumerated advantages, parameters such as fracture toughness and impact resistance of
ceramics are low, driving science to the creation of transformed-toughened ceramics that
show good performances even in adverse mechanical conditions [15]. Table R.1 gives an
overview of some properties of metals, engineering plastics and advanced ceramics to il-
lustrate their assets and weaknesses, allowing this way to perform a comparison among
them.

Table 2.1: Comparison table of metals, engineering plastics and advanced ceramics [15]

Property Metals Engineering plastics  Advanced ceramics

Maximum temperature for

continuous use (°C)

Typical 1000 250 1200

Maximum 1500 350 2500
Hardness Medium-high  Low-medium High
Toughness

Flexibility Medium-high  High Low

Impact resistance High Medium-high Low
Corrosion resistance Low-medium  Medium High
Coefficient of thermal expansion High Medium Low
Electrical properties Conductive Insulative to conductive Insulative to conductive

(with fillers)*

Density High Low Medium

On the exposed basis, nowadays the term advanced ceramics refers to ceramic mate-
rials which are [15]:

» predominantly inorganic nonmetallic compounds;

'Adding fillers can transform plastic properties so it meets the intended use without sacrificing the quali-
ties that made it attractive in the first place. Regarding specifically engineering plastics electrical properties,

fillers lend the material electrically isolating or electrically conductive features.
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« highly specialized by exploiting unique properties;

« performing outstandingly well under extreme conditions;

« capable of solving current manufacturing and use problems;

« high value-added products owing to their sophisticated processing technology;

« relatively expensive with properties and failure mechanism not yet fully understood;

« positioning at the beginning of the development cycle and not yet widely used with
respect to their potential; and

« not presently profitable in terms of return investment, but with great promise for
the future.

2.2 C(lassification Systems and Fields of Application

With respect to a high-performance ceramic division arrangement, a broad categorization
system can be recognized, especially depending on the field or domain that is being con-
sidered. In general, these materials can be sorted by their function, their use or even by
their atomic arrangement based on the principles of crystallography. The task becomes
even more difficult since currently constantly new classes of technical ceramic materials
have been fractionated to satisfy a profuse number of new emerging applications. Hence,
two categories were adopted to simplify the division of advanced ceramics: one based on
their application and another on their composition. From an application point of view, a
two-subsection classification is assumed, and so these materials class is subdivided into:

« structural ceramics, and

 functional ceramics.

Advanced structural ceramics are conventionally best suited in mechanical, structural,
tribological, thermal or chemical load applications, owing to their chemical inert nature,
high compression and flexural strength, toughness, high corrosion, and thermal shock re-
sistant as well as thermal oscillations. A consideration should be made regarding these
structural ceramics during the fabrication process; this is, upon the manufacturing stage
a defect free material should be obtained, which will eventually carry significant levels
of load normally at high temperatures. Typical examples of these ceramics are alumina
(AL,O,), zirconia (ZrO,), mullite (3 Al,04-2 SiO,), boron carbide (B,C), silicon carbide
(SiC) and titanium carbide (TiC), boron nitride (BN), silicon nitride (Si;N,) and aluminum
nitride (AIN), and composites [1, 16]. Moreover, as the name suggests, the functional ce-
ramics application is based on their functional capabilities ruled by microstructural ef-
fects, which involve semiconducting, piezoelectric, ferroelectric, pyroelectric, and super-
conducting properties. In case one desires a further categorization of this type of ceramics,
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an analysis may be established on the basis of their functions, for example, mechanical,
thermal, electrical, electronic, chemical, magnetic, optical, nuclear, or biological func-
tions [i, 16]. Table 2.2 shows some application fields, common components, and a few
examples of advanced ceramics solutions to fulfill the requirements for the optimum com-
ponent performance.

Table 2.2: Application fields, examples of components, properties desired and advanced
ceramics alternatives for each [15]

Application field

Component

Properties utilized

Advanced ceramics

Processing technology

Chemical apparatus

Corrosion resistance

Aluminum oxide

Sliding rings Wear resistance Silicon carbide
Thread guides Titanium oxide
Wire-drawing dies Zirconium oxide
Shaping of materials Cutting tools Wear resistance Aluminum oxide
Grinding disks Hardness Silicon nitride
Sand-blasting nozzles Silicon carbide
Boron carbide
High temperatures Burner nozzles Heat resistance Silicon nitride
Welding nozzles Corrosion resistance Silicon carbide
Heat exchanger Heat conductivity Aluminum oxide
Crucibles Carbon
Heat pipes Boron nitride
Engines Valve seats Heat resistance Aluminum titanate

Turbocharger

Corrosion resistance

Silicon carbide

Gas turbine

Heat conductivity

Silicon nitride

Catalyst support Cordierite

A-probe Zirconium oxide
Electronics, electrical Special electrical and . .

Substrates Aluminum oxide
engineering, optics magnetic properties

Capacitors Titanate perovskites

Sensors Ferrites

Laser materials

Magnets
Energy technology Nuclear fuel Radiation resistance Uranium oxide
Solid-state electrolyte  Ionic conductivity Zirconium oxide
B-Aluminum oxide
Medical technology Hip joints Mechanical resistance ~ Aluminum oxide
Bone replacement Surface finish Calcium phosphate
Biocompatibility
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On the other hand, from a chemical composition perspective, two classes are identified:
« oxide ceramics, and
» non-oxide ceramics.

Figure 2.1 subdivides the high-tech ceramics into oxide ceramics, non-oxide ceramics,
and shows examples of specific components for each subgroup.

[ Advanced ceramics ]

" " Advanced non-oxide
Oxide ceramics .
ceramics

— Silicon carbide

I | —— Boron carbide

Advanced oxide —— Silicon nitride
ceramics

= Aluminum nitride

[Classic oxide ceramics}

—— Boron nitride

—— Glasses —— Alumina

— Graphite
—— Stoneware +—— Zirconia

— Diamond
+—— Porcelain —— Titania

—— Concrete — Perovskites

— Ferrites
Figure 2.1: Advanced oxide and non-oxide ceramics, as well as their examples [1].

Table presented below summarizes some important key guide properties of oxides,
and non-oxides ceramics.

Table 2.3: Engineered ceramics classification by composition and their respective prop-
erties.

Technical ceramics Properties

Oxidation resistant
Chemically inert
Oxide ceramics Electrically insulating
Generally low thermal conductivity

Slightly complex manufacturing

Low oxidation resistance
Extreme hardness
. . Chemically inert
Non-oxide ceramics
High thermal conductivity and electrically conducting

Difficult energy dependent manufacturing

High cost
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As mentioned, the domain of advanced ceramics represents an important technology for a
variety of industries, branches, and markets thanks to the numerous enhancements they
have to offer. Figure 2.2 represents a typical Japanese intuitive panorama of the inter-

actions and synergetic relations of the advanced ceramics [15].
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Figure 2.2: Properties and applications of fine ceramics a
methodology [15].
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Overall, in the figure shown, i.e., Figure 2.2, the tree diagram of fine ceramics (according
to the Japanese nomenclature) is divided into several phases of maturity. In other words,
the advanced ceramic tree is nourished in terms of knowledge and expertise through its
roots founded in the so designated (here) master disciplines such as physics, chemistry,
mechanical engineering, electricity, metallurgy, civil engineering, and medicine. Further,
from the trunk of the tree, main branches appear which will reunite the general proper-
ties of fields such as nuclear, mechanical, electromagnetic, thermal, optical, chemical, and
biological depending on the domain that is being considered. Additionally, and in more
detail, smaller branches are correlated to the union of secondary properties and appli-
cations, whilst finally the leaves of the tree symbolize examples of individual compounds
adequate for tangible functions that one desires to assign to them [15].

2.3 Advanced Ceramics Timeline Evolution

The above presented scheme grants the possibility to learn that, from a global perspective,
the advanced ceramics sector comprises different fields, and furthermore indicates that
the continuing research and investigation of the ceramic materials, as well as the asso-
ciated materials technologies is rapidly supplying more data to the knowledge bank [17].
With the aim to facilitate the visualization of the evolution of ceramic technologies, a time
frame, based on “Development of a roadmap for advanced ceramics: 2010 — 2025.” is fol-
lowingly described. The authors proposed five roadmaps for advanced ceramics through-
out the years, along with guidelines for future investments in policy makers, scientists,
and industry as summarized in the scheme of Figure 2.3.

Advanced Ceramic Materials Evolution Prediction: 2010 - 2025

Proposed roadmaps for advanced ceramics

Application field Scientific field

¢ Electronics, information and communication + Structural and functional properties

* Energy and environment
* Process technology

* Mechanical energy

Figure 2.3: Five proposed roadmaps for advanced ceramics sectorized by fields as pro-
posed by Rodel et al. (2009) [12].

As Figure 2.3 shows, the top three initial roadmaps focused on the next application fields
— electronics, information, and communication; energy and environment; and lastly,
mechanical engineering. Regarding the bottom two, they were related to scientific fields,
such as — structural and functional properties, and process technology. The methodol-
ogy of information gathering, and meta-data structuring may be consulted in the article
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itself. Here, the focus will lie specifically on the scientific fields and how these may be
addressed in future challenges and needs.

Presently, and as described until now, it is well-established that high-ceramics are rec-
ognized by their broadest wide-spectrum of properties when compared to classes of ma-
terials such as polymers and metals. As mentioned, they impact an extensive variety of
industries, so they can be functional structural, bioceramics, coating systems or even spe-
cial glasses. Nevertheless, although the science and the market are already exploring the
concept of multifunctional ceramics, these materials still offer an unexplored potential,
specifically [12]:

 Structural ceramics where enhancement of the mechanical properties (based on
affordable raw materials, optimized technologies, and simulations of the complete
process chain), as well as exploration of the reliability of materials by auxiliar sen-
sors integration for structural health controlling or even further self-healing ceramic
are mandatory.

« Miniaturization and integration density of devices and systems is a current ten-
dency and will clearly constitute a further pursuit. To this aim, better understand-
ing, and the control of the corresponding changes of specific properties of materials,
new testing and measurements methods are crucial.

« Modelling is a sensitive topic of uplift since complete chains of production and a
faithful multi-scale modeling must be matured for new materials and devices with
higher emphases in cases of coupled properties.

« Functional ceramics defect structures dissemination should be achieved
to take advantage of a full temperature dependent influence study on atomic and
electronic point defects.

« Functional ceramics and properties enhancement allows investigating mul-
tifunctional ceramics which normally do not simply exhibit additive effects, but es-
pecially a coupling of their properties. Unfortunately, the limitations of these effects
are not yet explored, even so they promise to provide and stimulate scientific and
technological advancements henceforward.

The roadmap displayed on Figure .4 illustrates the evolution and its prediction from
2010 to 2025 of the concepts, materials, technologies and modelling and simulations of
the structural and functional properties described above. This roadmap places its key
topics on the axis centered at the year where the pioneer prototypes became available,
and the length of the arrows suggest a time span for the setting developments.

16



2010 2015 2020 2025

1

Mechanical properties:
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Self-healing materials
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composites)

Modelling of tr ibological >

systems
I

Validation of limits for coupled
properties (e.g. piezoelectric-
mechanical or optical-mechanical)
; |
Scale-dependent
properties (e.g. nano-
scaled ionic conductor, thin

Tailoring of defect structure
(e.g. semiconducting oxide

piezo films) goramics)
Defect structures (e g. p-
- and n-semiconducting
Thermodynamics oxide ceramics, ionic
and kinetics of conductors)
interfaces

Madelling and
simulation of coupled
properties under
consideration of
microstructure

Atomistic simulat ion of
crystal structures and
properties

Atomistic simulat ion
of microstructure
and properties

Figure 2.4: Roadmap evolution between 2010 and 2025 for structural and functional
properties [12].

In conclusion, one can say that to leverage the entire innovative potential of advanced
ceramics four major research topics should be approached to guarantee a sustainable de-
velopment and growth of the advanced ceramic materials market. They are:

 novel ceramics with enhanced and new properties

« high performances key components for system applications

highly efficient processing technology

integral modelling and simulating techniques.

17



18



Chapter 3

State—of—Art of Advanced Ceramics in
Aeronautical and Aerospace Engineering

The quest of increased performance in aeronautical and aerospace industries has provided
the driving force for the development of high temperature ceramics with attractive combi-
nations of thermomechanical properties, oxidation resistance, as well as low to moderate
density [18]. In the aeronautical and aerospace fields, their main applications consist of
thermal protection systems, shielding purposes, as well as instrumentation and control.

One of the most common and well-known use cases for high performance ceramics in
aviation, rocketry and space technologies is as part of the thermal protection systems.
This application of ceramics protects the intended components against hazard aerother-
mal environments ensuring the reliability, durability, and useful time life of the critical
structures of a system it is protecting. Examples of the thermal protection systems can be
encountered in coatings made of various heat-resisting materials for aircraft engine na-
celle, thrust reverser fire protection, helicopter cowlings, gas turbine engines, satellites,
rockets, and re-entry vehicles [19]. Besides thermal protection itself, another major ad-
vantage of this type of ceramics consists in being capable of enabling higher operating
temperatures, consequently increasing, for example, an engine’s combustion efficiency,
which in turn reduces the fuel consumption and harmful residual emissions.

Additionally, another application of technical ceramics may be as means of shielding,
since through the years they have been specifically tailored and designed to act as a ballis-
tic shielding against foreign objects, both from internal and external sources. Examples of
shielding purposes based on advanced ceramic materials are the conservation and safety
of propulsion components from the existing particles in the surroundings or namely resid-
uals resulting from poor combustion processes, space debris or micrometeoroid particles
in case of a spacecraft or rockets [6].

A different, and lastly mentioned, important field of application of high-tech ceramics
consists in a specific category of ceramics materials designed as electroceramics which are
materials that combine specific characteristics such as piezoelectric and dielectric proper-
ties with corrosion and thermal resistance that are used in aircraft instrumentation and
control systems, such as missile guidance systems, satellite positioning equipment, ig-
nition systems, instrument display and engine monitoring equipment [11]. In essence,
piezoelectric sensors consist of instruments that take advantage of the so-called piezoelec-
tric effect which can be translated into an electrical charge across the crystalline structure
of a crystal due to induced mechanical stress. In aeronautical and aerospace engineering,
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accelerometers, gyroscopes, and level sensors are practical examples of piezoelectric sen-
sors [20].

The subsequent three subsections of this chapter aim to provide an in-depth introduction,
contextualization, delineation and analysis of the state-of-art of advanced ceramics’ role
in three different domains — Thermal Protection System (TPS), Thermal Barrier Coating
(TBC) and Dielectric Barrier Discharge (BDB). The following review presented is specif-
ically focused on the aerospace and aeronautical industries and academia research per-
formed to date. Each subsection obeys more or less to the same structure. Initially, a brief
preamble to the topic in addition to a brief historical framework are established. Then,
a more technical and focused characterization of each mechanism/system or concept are
made. Lastly, ceramic-oriented studies and investigations for each application are out-
lined with the help of current and even ongoing research. The fourth and last subsection
of this chapter named Multifunctional Advanced Ceramics points out the fine ceramic sys-
tems that will be studied, as well as arguments the reasoning for which they were selected.
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3.1 Thermal Protection System (TPS)

In the time of the atmosphere entry, hypersonic vehicles are subjected to strong mechani-
cal stress and aerodynamic heating, equilibrium or non—equilibrium gas chemistry, large
heat fluxes, which in consequence induce the vehicle’s structure to reach very high temper-
atures. These adverse conditions make indispensable a proper protection and insulation
subsystem for spacecrafts [21].

3.1.1 Introduction to TPS

Thermal protection systems (TPSs) play a crucial role in the aerospace and aeronauti-
cal industries as they are single—point—failure systems which work above all as thermal
shields, i.e., a subsystem that protects the structure, aerodynamic surfaces, payload of
probes, missiles, warheads, and space vehicles from severe aerothermodynamic heating.
Accordingly, an effective TPS system must uphold a reliable shield against aerothermal
loads, without adding significant weight penalties nor compromising the structure of the
vehicle. Nonetheless, TPSs also work as structural component and aerodynamic body
[21, 22, 23].

The idea of using a protection layer to prevent damage to interior parts of a vehicle dates
back to 1920 and is attributed to Robert Goddart who developed the concept of a heat
shield after observing the behavior of meteors entering the Earth’s atmosphere. However,
the origin of the modern protection systems as they are known nowadays can be traced
back to the period of World War II. During this period, considered a golden age in space
flight, ushered countries to invest in developing long range missiles and rockets capable
of leaving the earth’s atmosphere and hereinafter reentering to deliver payloads. Several
studies were conducted during this period, and it was soon concluded that the vehicles
had no capacity of reentering into the earth’s atmosphere due to high heat loads and high
reentry speeds, as well as lack of suitable TPS materials. From mid twentieth century to
date, various TPS technologies have been developed and tested with the aim to ensure
safety of space vehicles [24].

3.1.2 TPS Classification System

The type of protection on any space—venturing vehicle or, more precisely, on any given
area of a vehicle depends largely on the magnitude and duration of the heat load as well as
various operational considerations. In the broadest sense, thermal protection systems can
be categorized into three major classes — passive methods, semi—passive methods, and
active methods — as shown in Figure B.1 — based on their physicalmechanical working
principle for the thermal management, which can be insulation, ablation, dissipation, or
cooling [24], 25, 26]]. The correct selection of a TPS includes considering first and foremost
the propulsion system of the vehicle, its geometry, and the amount of heat flux on the
surface as well as the time of exposure [27].
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T

[ Passive methods l [Semi—aclive methods] [ Active methods ]
—— Heat sink ——— Heat pipe Convective cooling
—— Ablation . . .
Hot structure —— Film cooling
—— Insulated structure ~——— Transpiration cooling

Figure 3.1: TPS classification based on their working principle and developed structures
of each method.

The following subsections aim to explain in greater detail the methods — passive, semi—

passive and active — of the TPS classification adopted.

(a)

(b)

Passive methods

As the name itself suggests, passive thermal protection systems have no moving
parts. Furthermore, they are the simplest thermal protection systems. The three
different passive TPSs are heat sink, hot structure, or insulated structure. Con-
cisely, heat sinks consist of a metallic structure that absorb almost all the incident
heat and store it. This concept has the limitation that it is only suitable for short
heat pulses. Hot structures on the other hand are systems characterized by high
emissivity which allows the temperature of the structure to rise until the heat being
radiated from the surface equals to the incident heating. Last passive method, i.e.,
insulated structures are composed by an outer shell that radiates most of the inci-
dent heat and an underlying structure protected by an insulative material, such as,
for example, high—temperature ceramic matrix that slows down the heat transfer
process [24, 25, 28].

Semi—passive methods

The two semi—passive methods that have been explored and tested for TPS applica-
tions are heat pipes and ablative surfaces. Summarily, heat pipes are devices with
very high thermal conductivity that enable transportation of heat while maintain-
ing almost uniform temperatures along its heated and cooled sections. Heat pipes
possess the great advantage that their show a wide variety of sizes and geometries
that vary accordingly to the desired application [29]. On the other hand, ablation
is a process in which the material — ablative layer — is sacrificed, i.e., consumed to
protect the underlying structure. The term “ablative” refers to a number of physico-
chemical processes, namely vaporization, chemical reaction, and erosion, leading to
the surface material removal. Naturally, this method is limited by the duration of its
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operation and eliminates the possibility of reuse [21, 24, 25]. Examples of ablative
TPS materials are super lightweight ablators (SLA), phenolic—impregnated carbon
ablator (PICA), silicone—impregnated reusable ceramic ablator (SIRCA), coating by
Aviation Corporation (AVCO), AVCOAT, three—dimensional multifunctional abla-
tive TPS (3D MAT) [30].

(c¢) Active methods

Convective cooling, film cooling, and transpiration cooling are three different ac-
tive TPS technologies widely investigated in applications such as rockets and hyper-
sonic vehicles’ engines. Briefly, convective, or regenerative cooling uses a circulat-
ing coolant underneath the vehicle’s surface to absorb the aerothermal heat load.
In film cooling the selected coolant is injected at a discrete location on the surface
of the vehicle, and followingly a thin film — cooling blanket — is created on the wall
to be protected, ensuring that the melting temperature is not exceeded. Film cool-
ing is widely used specially in blades of gas turbines. Lastly, transpiration cooling
that is characterized by a higher efficiency and with a lower coolant consumption
when compared to film cooling method, takes advantage of the flow of the coolant
through a porous wall into the mainstream, protecting this way the intended surface
of the body by forming a thin film that further decreases the heat flux. Transpiration
cooling can be found as thermal protection of rocket engine throats [24, 25, 31].
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Figure illustrates the historical development of the thermal protection system meth-
ods between 1950 and 2020 and gives specific examples of application of materials applied
in different space missions.
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Figure 3.2: Examples of TPS methods and materials employed in different space missions
between 1950 and 2020 [24].

Despite of the classification above, it is important to emphasize that some authors suggest
different grouping of TPSs. Based on the properties and nature of application of TPS, a
distinction is hence made between the thermal protection systems which are reusable, or
also designated insulative or radiative TPS (i.e., non—ablative TPS), and the ablative TPS
[26, 39, 33, 34, B5, 36]. It should be noted that this type of classification is rather a sim-
plification since dissipation and cooling mechanisms are put aside [21]. To cover every
aspect, usually reusable insulative systems are related to parts of the vehicle that experi-
ences less intense heating during reentry. Reusable insulative systems consist of materi-
als that are mechanically or chemically unchanged by flight mission — no mass variation
or composition occurs of the materials during its exposure to the hazard environments
— and can be relatively safely flown a number of times — with or without servicing. In
contrast, when the vehicle is subjected to very high heat fluxes, ablative TPS is used since
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they can withstand much higher heat loads through the process of phase change and mass
loss [30, 32, 37]. The following Figure summarizes the different TPS material classes
described.

[ TPS materials ’

Ablative TPS Non Ablative TPS
materials materials

Inorganic polymers/oxides]
and metals

Organic polymers and
composites

Figure 3.3: TPS classification based on their materials based on [35].

3.1.3 Advanced Ceramic Materials for TPSs

Aerospace insatiable aspirations are the source of intense demand for more efficient and
powerful vehicle—structure thermal protection systems. To put it simply, the severe oper-
ating conditions, including higher temperatures, faster speeds, higher stresses, and hos-
tile environments require the constant investigation and improvement of available mate-
rials in conjunction with cooling systems for TPSs applications [37]. Therefore, the TPS of
next generation hypersonic and reentry space vehicles must offer a combination of suit-
able properties among them [30]:

+ high melting point (>3000 °C)
« high softening temperature

« low areal density

+ low recession rate

« high impact resistance

high ablation resistance
« ability to withstand radiative heating

« superior oxidation resistance

thermal shock resistance

high fracture toughness
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« high temperature strength

+ low to moderate thermal conductivity (depending on areas of applications).

Accordingly, the introduction of advanced structural ceramics plays a key role in address-
ing these challenges considering the vast range of improvements they offer, such as weight
reduction, longer lifetime, thus cost savings.

Intuitively, oxide ceramics, such as alumina, zirconia and mullite, appear ideal candi-
dates for high—temperature structural applications due to their high temperature stabil-
ity, high hardness, good corrosion and erosion resistance together with comparatively
low costs. Nevertheless, relatively poor mechanical properties, videlicet, creep, fatigue,
fracture toughness, large volume change (generated by phase transformation) and signif-
icant grain growth above 1000 °C severely limit oxide ceramics as structural components
in high—temperature applications [30]. In contrast, non—oxide ceramics such as nitrides,
carbides and borides can achieve high—strength and excellent creep resistance up to ele-
vated temperatures, due to their predominant covalent bonding. Unfortunately, the fun-
damental drawback of these materials is their susceptibility to oxidation [38].

Thus, to overcome the problems associated to conventional technical ceramics, ceramic
matrix composites, or CMCs, were developed to achieve damage tolerance and favor-
able failure behavior. In essence, CMCs consist of ceramic fibers or whiskers in a ceramic
matrix and generally an interphase provided by a fiber coating. Both the fibers and the
matrix can be made of any ceramic material. The choice of focusing on systems with sim-
ilar matrices and fibers is mainly justified by the need of minimizing the residual stress
associated with mismatch between the thermal expansion coefficients of the matrix and
the reinforcement material. In spite of that, by carefully combining different ceramic ma-
trix materials with special suitable fibers, new properties can be created and tailored [39].

Itis interesting to mention that CMCs are referred to as “inverse composites” which means
that contrarily to most polymer or metal matrix composites, the failure strain of the ma-
trix is lower that the failure strain of the fibers. Hence, under load it is the matrix that
fails first. Overall, long—term high—temperature stability, creep resistance, and oxidation
stability are sought. The term “ceramic fibers” encompasses all non—metallic inorganic
fibers — oxide and non—oxide — as pointed out in the Figure 3.4 below. It should be
noted that carbon fibers can namely be exploited in CMCs materials [38].
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Figure 3.4: Classification of different groups of fibers.

The most commonly used CMCs are non—oxide CMCs, namely carbon/carbon (C/C), car-
bon/silicon carbide (C/SiC), and silicon carbide/silicon carbide (SiC/SiC). Hybrid com-
posites and composites with nanostructured reinforcements, like carbon nanotubes (CNTs)
and graphene, have paved the way to further investigation. For instance, Cho J. et al.
(2009) [40] provides a review the status of the research and development of CNT-loaded
ceramic matrix composite materials, whilst H. Porwal et al. (2014) [41] hands a compre-
hensive overview on the graphene ceramic matrix composite (GCMC) in comparison to
polymer composites.

Nevertheless, carbon fiber—reinforced silicon carbide (C/SiC) CMCs are among the most
famous composites for high—temperature structural applications.

In what concerns fiber/matrix behavior, L.B. Li et al. (2014) [42] studied the uniaxial
tensile behavior of unidirectional C/SiC CMCs at room temperature. During conducted
tests, the failure strength and the failure strain obtained 230 MPa and 0.24 %, respec-
tively. Scattered cracks resulting from the thermal residual stress in the composites due
to the mismatch of the thermal expansion coefficient of the matrix and fiber were seen in
the matrix.

Additionally, Wei K. et al (2018) [43] focused its research rather on integrated thermal
protection systems (ITPS) that are comprised of a cellular core sandwich panel and fill-
ing insulative material in the core. It was shown that compared to using metal sandwich
panels, ITPS incorporating CMC sandwich panels gives notable advantages of high tem-
perature resistance up to 1600 °C and areal density of 17.22—30.56 kg/m? which are much
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lower than those of the reported ITPSs (23.66—88.84 kg/m?). Notably, Heidenreich B. et
al. (2021) [44] studied the shear properties of C/C—SiC sandwich structures on samples
based on different core types. Results showed that sandwich samples with fold—cores of-
fered higher specific stiffness and effective shear modulus of up to G, s =6.4 GPa/(g/cm?)
compared to the sandwich samples based on grid—cores, G.rr=4.2 GPa/(g/ cm?). Hence,
it was remarked that fold—cores are preferred.

Recently, Shi et al. (2021) [45] focused its work on experimental characterization and
theoretical prediction of elastic and failure properties of continuous reinforced silicon car-
bide, C/C-SiC.

Interestingly enough, Huang J. et al. (2022) [46] investigated a novel SiC coating with a
relatively high crack resistance property, in addition to outstanding thermal shock resis-
tance achieved by means of pack cementation technique. ABSC2 coating (i.e., SiC coating
with Al-B-C) was prepared on C/C composites. When compared to conventional AOSC2
(i.e., SiC coating with Al,O,), ABSC2 coating showed a refined and denser microstruc-
ture thanks to better effects in promoting SiC densification. Therefore, the improvements
in microstructure results in superior mechanical capabilities, antioxidation performance
(900 °C), and thermal shock resistance (between 1500 °C and room temperature).

Despite of this broad investigation on CMCs materials, over the last years, to extend the
temperature range capabilities of state—of—art materials in addition to develop com-
ponents able to withstand larger and multiple aerothermal—chemical loads, ultra—high
temperature ceramic (UHTC) materials have been the focus of intensive research by the
scientific community. Fundamentally, UHTCs encompass carbides, nitrides and borides
of the transition metals, e.g., — zirconium diboride (ZrB,), hafnium diboride (HfB,), ti-
tanium diboride (TiB,), zirconium carbide (ZrC), hafnium carbide (HfC), tantalum car-
bide (TaC), that are characterized by melting points above 3000 °C, high temperature
strength and excellent oxidation ablation resistance. This portends that they can main-
tain non—ablative properties and structural integrity in hazard environments above 1800
°C for long periods [27, 47].

Among UHTC materials, ZrB,, HfB, are the most widely investigated. Opila E. et al.
(2004) [48] reported that the addition of SiC up to 30 vol. % is found to improve both
the oxidation resistance and the mechanical properties of sintered ZrB,—SiC and HfB,—
SiC composites. Likewise, Chamberlain A. L. et al. (2004) [49] investigated zirconium
diboride, ZrB,, composites containing 10 vol. %, 20 vol. %, and 30 vol. % of either SiC
or molybdenum disilicide (MoSi,) prepared by hot pressing. Results exhibited an im-
provement of strength of ZrB,, reaching a maximum of approximately 1 GPa at 30 vol.
% additives. In particular, SiC additives increased the fracture toughness to 5.25 MPa
-m'/2. Overall, the addition of MoSi, and SiC decreased the oxidation rate when com-
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pared to monolithic ZrB,. Latterly, Zhang H. et al. (2019) [50] proposed a novel eutectic
engineered microstructural design of ZrB,—SiC UHTCs to improve oxidation resistance
by means of directionally solidification.

Notwithstanding the advances in the TPS materials already obtained, continuous inves-
tigation led to follow—up research on the strengthening and toughening technology of
UHTCs. By combining the unique properties of the UHTCs with the concepts of CMCs,
a new class of materials known as fiber reinforced UHTCMCs (Ultra High Temperature
Ceramic Matrix Composite) are developed. This class of materials focuses on overcom-
ing the inherent brittleness and poor mechanical resistance of bulk UHTCs as summa-
rized in Figure B.5. Therefore, UHTCMCs are very promising for application in extreme
conditions and considered as the best candidates for a new generation of high—thermal
protection materials [47].

CMCs UHTCs

Disadvantages Advantages Advantages Disadvantages
Moderate erosion resistance Low density High temperature strength High specific weight
Low oxidation resistance Excellent damage tolerance Extreme melting temperature Very low damage tolerance
Low temperature capability Excellent thermal shock resistance | Self-healing ability? Low thermal shock resistance

— _/
Y
UHTCMCs

Figure 3.5: UHTCMCs approach based on concepts of CMCs and UHTCs materials.

The EU-funded project C:HARME aspires to combine the best features of CMCs and
UHTCs to design, develop, manufacture and test UHTCMCs with self-healing capabil-
ities. The self—healing capabilities desired to achieve is a formation in situ of an adher-
ent, ultra—refractory solid oxide scales achieved by nanosized ceramic dopants. Sciti et al.
(2018) [51] reported that the preferred matrix is essentially based on ZrB,, enriched with
secondary phases and different functionalities.

Carbon fiber reinforced UHTC composites, consisting of carbon fibers embedded in a
UHTC-matrix or a C—SiC—UHTC matrix are also count a promising class of materials
in order to surpass monolithic UHTC materials in terms of fracture toughness and ther-
mal shock resistance. Tang S. et al. (2016) [52] elaborated an outright review on this topic
including the design, preparation and properties of such materials for aerospace applica-
tion.

2Self-healing ability mentioned refers to the capacity of partial or complete sealing of cracks thought a

thermal treatment, also known as “crack—healing”.
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Carbon reinforced ultra—high temperature ceramic matrix (C/UHTC) composites fabri-
cation processes — hot pressing (HT), chemical vapor infiltration (CVI), polymer impreg-
nation and pyrolysis (PIP) and melt infiltration (MI) — were reviewed by Arai et al. (2019)
[53]. In detail, the fracture toughness, thermal conductivity and recession behavior in
an oxidizing atmosphere of (C/UHTC) were evaluated. It was concluded that Zr— and
Hf-based mechanical behavior and thermal conductivity can be tailored by varying their
fiber volume fraction and by the formation of a “weak” interface by using fiber coatings.
Further, MI was pointed out as an efficient approach for the preparation of C/UHTC com-
posites.

Of late, an extensive aerothermodynamic characterization of UHTCMCs produced by sin-
tering technology, including ZrB,—SiC matrix reinforced with short random or continuous
fiber was performed by Mungiguerra S. et al. (2022) [r4]. Test conditions aimed to repro-
duce the typical heat fluxes (around 2 MW/m?) and stagnation pressure (around 70 kPa)
of a reference re—entry mission with a high amount of dissociated oxygen, i.e., about 22
wt. %. All the materials successfully passed the base qualification and cycling exposure
for three times, achieving temperatures about 2000 — 2500 K. The materials developed
and tested were ZS—SF and ZSY (i.e., 53 vol. % ZrB,—SiC matrix, 45 vol. % chopped car-
bon fibres, with porosity below 2 %. The difference between the two samples was the SiC
content with respect to the UHTC matrix); ZSY-LF: 45 vol. % ZrB2—-SiC matrix, 50 vol.
% continuous carbon fibres (0°/90° configuration) with porosity of 5 %; and CS (baseline
C—-SiC material loaded with 10 vol. % ZrB, phase and a porosity of about 10 %. Altogether,
the capability of these novel UHTCMCs to maintain their functionality and structural in-
tegrity after repeated exposure was confirmed which makes them extremely appealing for
future reusable TPSs applications.
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3.2 Thermal Barrier Coating (TBC)

Nowadays, higher efficiency in thermal conversion processes has been required to satisfy
the global push for reliable green energy use, reducing this way the consumptions of fossil
fuels. Consequently, today’s competitive world economy makes vital the further research
of engineering components with increased efficiency that operate in harsh environments.
Advances in several techniques, such as superalloys, cooling processes, and coatings have
been reported. Among them, thermal barrier coatings (TBCs) show promising potentials
as a result of extensive research over the last decades to safeguard critical components
under even the most demanding conditions [55, 56].

3.2.1 Introduction to TBC

As mentioned, strong renewable energy demands, (i.e., the urgent need in reducing the
fossil fuel consumption) and continuously growing fuel costs are forcing — among other
sectors — aerospace industries to focus their investigations on more efficient turbine and
scramjet engines, turbine blades, rockets, reentry vehicles and space vehicles. Since the
operating conditions of such structures are characterized by long periods in temperatures
well above structures’ superalloy substrate melting points, the development of new capa-
ble materials and coatings has been the target [56, 57].

Thermal barrier coatings, or TBCs, systems are generally explored to enhance energy
durability and therefore efficiency of hot components of aero-engines, gas turbines and
parts for combustion power plants. More specifically, TBCs serve as a protection for the
substrate structure by preventing them from experience high temperature and harsh en-
vironments degradation. Consequently, thermal barrier coating, as a surface modifica-
tion technique, provides wear, oxidation, thermal shock and corrosion resistance for pro-
longed service times and thermal cycles without failure, increasing this way both the effi-
ciency and lifetime of the desired components [58, 59, 60]. Ultimately, TBCs are multi-
functional systems that provide a wide range of benefits such as [56]:

« shielding of metallic structure,

+ decreased thermal conductivity,

high thermomechanical stability,
« increased exhaust gas temperature,

« increased engine power efficiency,

decreased fuel consumption, and

increased lifespan of parts through decreased fatigue and stress.
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The concept of “thermal barrier coating” is believed to be firstly introduced by National
Advisory Committee for Aeronautics (NACA) and National Bureau of Standards (NBS)
with the publication of the earliest turbine blade-oriented ceramic coatings research enti-
tled “Review of an Investigation of Ceramic Coatings for Metallic Turbine Parts and Other
High—Temperature Applications” by W.N. Harrison, D.G. Moore, and J.C. Richmond in
1947 [61, 62, 63]. The pioneer ceramic coatings for aerospace applications were frit enam-
els used in aircraft engines throughout the 1950s [63]. With the development of the flame-
sprayed ceramic coatings technique, further applications included the protection of sheet
metal in jet engines and in rocket engine thrust chambers. With regard to the materials
appraised for TBC purposes, the flame-sprayed zirconia-calcia coatings were widely ap-
plied on the regeneratively cooled XLR99 thrust chamber for the X-15 experimental rocket
planes. In addition, in the 1970, “modern” plasma-sprayed TBCs began to be employed
on hot section transition ducts and other hot section sheet metal components in commer-
cial gas turbines [64]. Most recently, the morphology (i.e., microstructure) of the thermal
barrier coatings, the materials applied, the coating preparation technologies and the fail-
ure mechanisms, as well as lifetime prediction models have all been part of the different
branches of extensive and deep investigation in TBC technology [61].

3.2.2 TBC Structure, Fabrication Techniques and Failure Mechanisms

A great deal of effort has been devoted over the past few decades so that TBCs systems
could enable higher operating temperatures and reduce cooling systems costs, thus im-
proving the overall components’ capabilities and effectiveness [56]. Irrespective of the
evolution achieved, the stability of TBCs systems continues to be a major concern of the
scientific community. During the operating service, TBCs are exposed to complex phe-
nomena, such as thermomechanical stress, corrosion by foreign objects, erosion, diffu-
sion, oxidation, phase transformation, and sintering [60]. In essence, TBC are complex,
multilayered and multi-material coatings systems composed of (1) a top coat, (2) a metal-
licbond coat (MCrAlY; M = Co, Ni, Fe and/or their combinations), a thin thermally grown
oxide (TGO) layer, and a superalloy substrate (structure) as depicted in the Figure B.6
[56, 591
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Figure 3.6: Schematic illustration of a traditional TBC system (not to scale).

The ceramic top coat, also referred in the literature as the “TBC layer”, is generally as
the name itself implies a ceramic material layer that provides more importantly thermal
protection to the substrate, but also strain tolerance, and thermal shock resistance for
components through reduction of the heat transfer. Consequently, to decrease the tem-
perature of the metal substrate this top coat should have essentially low thermal conduc-
tivity [56, 58, 59]. A state-of-art TBC top coat material is yttria—stabilized zirconia (YSZ)
composed of ZrO, with 7-8 wt. % Y,0, for the reason that it has excellent thermome-
chanical properties, such as [58, 59, 651:

« very high mechanical strength,

« very high wear resistance,

« very high erosion resistance,

« high impact resistance,

« high corrosion resistance,

+ high chemical resistance,

« very low thermal conductivity, and

« relatively high coefficient of thermal expansion when compared to other ceramics.

Followed, the TGO layer is created via diffusion of oxygen from the bond coat through
the top coat of metallic elements during manufacturing and operation processes. The
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TGO layer acts as a protective layer to retard the further thermal and oxidation dif-
fusion. Nonetheless, the TGO layer may increase the internal stress in the TBC system,
hence originating potential cracking at the interface between the bond and top coats. This
phenomenon may eventually lead to the unwanted spallation or delamination of the top
coat [56, 66, 67].

Lastly, the metallic bond coat acts as a precoating interface between the substrate and
the top coat aims to protect the superalloy substrate from oxidation and corrosion, in-
crease both the adhesion between the layers, and ultimately guarantee the structural
integrity of the coating by matching the thermal properties and stress between the sub-
strate and the ceramic coating [56, 66]. Two types of metallic bond coat may be identi-
fied. The well-known first-generation bond coat of Platinum (Pt) modified aluminide,
which is recognized by having good stabilization and adhesive strength of the coating
by reducing the inter-diffusion between the coating and the substrate layers. Unfortu-
nately, Pt is an expensive component and does not possess a desirable mechanical ro-
bustness at high-temperatures [61, 68]. Another widely investigated second-generation
bond coat that consist of MCrAlY coatings. These MCrAlY coatings include NiCrAlY,
CoCrAlY, and NiCoCrAlY which have good oxidation, as well as hot corrosion resistances
[55, 58, 61, 69]. Moreover, the composition of MCrAlY coating systems can be enhanced
by adding Ta (Tantalum), Nb (Niobium), Re (Rhenium), Hf (Hafnium), Zr (Zirconium)
and/or other components to improve the high temperature performance, extend the lifes-
pan, and match specific requirements [55, 61]. Worth noting that new ultra-high temper-
ature bond coat materials have become the focus of research in recent years [61].

Concerning the fabrication techniques of TBCs, several different methods are known and
ready to be used e.g., atmospheric plasma spraying (APS) and electron bean physical va-
por deposition (EB-PVD); whereas others are still under intensive research as promising
candidates to achieve better results in the near future, for example, plasma spray physical
deposition vapor deposition technology.

The plasma-sprayed (PS) TBCs were firstly invented in the 1960s. During the following
years, several different variations of this technique appeared, including APS, low pres-
sure plasma spraying (LPPS), solution precursor plasma spraying (SPPS), vacuum plasma
spraying (VPS) and protective atmosphere plasma spraying (PAPS). Among them, the APS
and LPPS are two main methods utilized in TBC deposition, since they are characterized
by their low cost, rapid deposition rate, high efficiency and easily management [61]. The
TBCs deposited by APS and LPPS are distinguished by their complex laminated structure
containing horizontal to the surface pores and defects encountered in the form of microc-
racks of various sizes and shapes [69]. Substantially, the porosity of APS TBCs lays in the
range of 3 — 20 %, however the acceptable range is 10 — 15 %, which serves essential for
high strain compliance and effectively further reduce the thermal conductivity. Despite
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of the advantages pointed out that these methodology offer, inter-lamellar pores, micro-
cracks and microstructural defects give way to the possibility of delamination and spal-
lation. Therefore, APS and SPPS are useful for structures with large volume and weaker
mechanical properties needed, i.e., combustion chambers and stator vanes [56, 61, 70, [71].

In the 1980s, countries such as Germany, Britain, United States and the former Soviet
Union, switched their focus in the TBC deposition techniques to EB-PVD and with the ad-
vent of low cost EB-PVD equipment in 1990s, it was subsequently popularized worldwide.
Overall, the EB-PVD exhibits excellent aerodynamic properties, since they have better
surface roughness than those of PS TBCs and do not block fine cooling holes. The EB-
PVD coatings exhibit a columnar morphology within randomly distributed multi-scale
porosity, as well as a thin layer in the form of equiaxed grains near the interface between
the bond and ceramic top coat. The EB-PVD microstructure improves the TBCs system
strain tolerance, thermal shock resistance, in addition to relax thermal expansion mis-
match stresses. Nonetheless, EB-PVD TBCs result unfortunately in higher thermal con-
ductivity and lower thermal insulation than those of APS TBCs [56, 61, 70, 71].

In summary, up to now, although various methods for TBCs deposition exist besides the
described ones, APS and EB-PVD techniques are widely exploited [56, 61, 70, 71]. Fig-
ure 3.7 illustrates the contrast in the coatings produced by the EB-PVD process which,
as mentioned, exhibits a columnar morphology whereas the coating deposited via APS
exhibits a lamellar morphology.

Top coat

TGO

& /] X A Bond coat -

Top coat

Bond coat
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b

Figure 3.7: Photographs of (a) an APS TBC showing a laminar morphology and (b) an
EB-PVD TBC showing a columnar morphology based on [[72]
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Based on the deposition techniques announced and in consequence different morpholo-
gies obtained, it can be highlighted that the porosity aspect of coatings which varies in size
and location plays a major role in controlling the thermomechanical properties of TBCs
systems. Therefore, it must be a topic of consideration when designing and implementing
a TBCs structures for a specific application in order it will withstand the operating service

conditions.

Both industry and research experience indicate that TBC failure can occur in a multitude
of ways depending on the TBC system and the service conditions due to the sheer com-
plexity of the interactions between the three primary layers described. It is important
to note that all these layers have distinct physical, mechanical, and thermal properties.
When the word “failure” is applied in the of TBC contexts, it implies that the coating is no
longer capable of fulfill its functional requirements. Simply put, when the top coat spalls
due to, for example, fatigue, corrosion or erosion, the TBC is considered unfit and “failed”
(73, 74].

Generally, damage in the TBCs may result from, for example, thermal shocks and gradi-
ents, sintering, phase transformation, oxidation, external mechanical damage, calcium-
magnesia-alumina-silicate (CMAS) attack, corrosion, as well as environment-induced ero-
sion. Figure 3.8 represents a schematic illustration of the major drivers of material fail-
ure in TBC structures when subjected to high-temperature and harsh conditions [56, 74].

Thermal shocks and
gradients

Environment-induced
erosion

Sintering

Phase transformation Corrosion

TBCs exposed to harsh
environments

Oxidation CMAS attack

External mechanical
damage

Figure 3.8: Different damage types that occur to TBCs in high-temperature and hazard
environments based on [56].

Nevertheless, a regrouping may be considered to better categorize and understand the
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different existing failure types of TBC structures, such as: thermal fatigue—, corrosion—

and erosion—based damage—causing mechanisms [73, 74].

Thermal Fatigue—based failure mechanisms: thermal fatigue is related to
the impairment of the TBCs structure motivated by cyclic thermal stresses due to
temperature oscillations. During thermal fatigue, different phenomena may occur,
such as mismatch in the coefficient of thermal expansion (CTE), sintering of the top
coat which refers to a process where densification of material occurs by the closing
of the existing pores and micro-cracks, bond coat oxidation and interdiffusion.

Corrosion—based failure mechanisms: corrosion is responsible for the desta-
bilization of the coating by acceleration of oxidation and/or mechanical damage.
Considering the dominant location of the dominant damage, corrosion can be di-
vided into top coat corrosion or bond coat corrosion.

Erosion—based failure mechanisms: erosion of the top coat may happen thanks
to the impact of abrasive particles existing in the environment on the coating sur-
face. Smaller particles normally are the origin of erosion, whilst, in contrast, the
larger particles are the cause of the so—called foreign object damage (FOD). Both
types of particles accelerate the deterioration, damage and reduction of the lifespan
of TBCs.

3.2.3 Advanced Ceramic Materials for TBCs

The selection of effective materials for the TBC applications is highly restricted by many

desirable properties, such as [57, 68, 75, 761:

high melting point,

phase stability in the operating temperature range,
chemical inertness,

low thermal conductivity,

low thermal diffusivity,

thermal shock resistance,

no oxygen transparent (i.e., permeable),

good adherence to the metallic substrate,

low sintering rate of the porous microstructures,

thermal expansion match with the metallic substrate (matched CTE).
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The following Table B.1 summarizes the material major requirements for thermal barrier
coatings and briefly explains its importance [77].

Table 3.1: Material requirements for ceramic top coat of thermal barrier coatings [77].

Property Requirement Fundament

Melting point High Operating environment at high temperatures

. Temperature reduction inversely proportional to
Thermal conductivity Low

thermal conductivity
. . . Expansion should be close to that of substrate and
Coefficient of thermal expansion High
bond coat on which coatings are deposited

Phase change in thermocycle environment is

Phase Stable

structurally detrimental
Oxidation resistance High Operating environment highly oxidizing
Corrosion resistance Moderate to high  Operating environment may be corrosive
Strain tolerance High Operating environment large strain ranges

Consequently, the number of materials that can be used as TBCs is very limited. So far,
only a few ceramics have been found to satisfy the majority of these requirements. Natu-
rally, a single compound ceramic can hardly meet all the requirements for TBCs applica-
tions, therefore the combination of two of more ceramics materials becomes mandatory.
Among the properties referred, a special attention should be paid to the thermochemical
stability, the thermal conductivity, as well as the thermal expansion coefficient.

As mentioned in the previous subsection, yttria-stabilized zirconia, YSZ, is the most suc-
cessful top coat ceramic material and considered an industry standard. The development
of YSZ started way back in the 19770s and continues to dominate the TBC field. The main
reason behind this truth, is that YSZ gathers a considerable number of features that makes
it an attractive top coat, including relatively low density, high strain tolerance, high
fracture toughness, high coefficient of thermal expansion, low thermal conductivity at-
tributed to its high concentration of point defects, ability to stress relaxation caused by
compatible CTE, high resistance to thermal shock when compared to other ceramic top
coats, as well as thermochemically compatible with the protective TGO. Hence, the supe-
rior successor of YSZ has not been developed yet [57, 68, 75, 76].

Better performance of YSZ is typically achieved by variation of Y,O, content from 6 — 8 wt.
% in ZrO,. Nevertheless, by lowering Y,O, content in ZrO, in a range between 7 — 8 wt. %
improves both thermal and mechanical properties, i.e., high melting point, low thermal
conductivity and high thermal expansion coefficient are obtained. Fundamentally, yttria
is added to zirconia to stabilize its phase at high temperatures. Pure zirconia is allotropic
(i.e., the existence of a chemical element in two or more forms). It exhibits a monoclinic
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structure up to 1170 °C, tetragonal structure in the temperature range of 1170 — 2370 °C
and cubic structure up to its melting point at 2690 °C, as shown in the phase diagram of
ZrO,-Y,0, system in Figure B.9. The phase transformation of zirconia from tetragonal
to monoclinic is martensitic and leads to a significant volume expansion of about 4 — 6 %.
This is sufficient to damage the mechanical integrity of the coating to a serious concern,
due to fatigue failure when the coating is subjected to repeat thermal cycle and thermal
expansion mismatch. Yttria, when added to zirconia in the range of 7 — 8 wt. %, forms a
non-transformable tetragonal prime (¢’) phase. This phase is stable up to 1200 °C above
which a phase transition causes catastrophic delamination of the top coat [73, 75, 76].
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Figure 3.9: Phase diagram of ZrO,-Y,0, system [77]

For this reason, YSZ has a functional operation limit of about 1200 °C, which means that
YSZ barrier coatings are unreliable for long-term use in temperatures of over 1200 °C,
due to their catastrophic phase transformation, that in turn escalates thermal conductiv-
ity and boosts spallation in the TBCs. In addition, sensitivity to hot corrosion, sinterabil-
ity and accelerated TGO formation caused by the extremely high ionic oxygen diffusion in
the ZrO,—based ceramics also restricts YSZ usage. Early studies suggested a double layer
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coatings design of the top coat to minimize the delamination phenomenon by compen-
sating the thermal expansion mismatch, whereas some authors claimed that to overcome
the limited phase transition of YSZ, it was critical to change the stabilizing oxide or ad-
dition or components in YSZ, such as aluminum oxide, calcium oxide (CaO), titanium
dioxide (TiO,) and magnesium oxide (MgO) [73, 75]. As a result, many parallel research
and investigations have been carried out on alternative materials to YSZ. Substantially,
two approaches may be considered: (1) development of new structural coating materials
with higher temperature resistance, i.e., advanced multicomponent oxide-doped ZrO, and
HfO, (Hafnium Dioxide, Hafnium(IV) Oxide, or Hafnia) solid solution-based ceramics;
and (2) multi-element modification and optimization of YSZ materials. From the litera-
ture, it is generally accepted that defect cluster TBCs, crystal structures of perovskite, py-
rochlore and lanthanum compounds are regarded as the potential materials for advanced
TBCs. Some other materials, such as mullite, silicates, and garnets were also considered
as candidate materials through the years, but regrettably their typical low CTE precludes
the likelihood of their implementation [57, 61, 78, 68, 75, 76].

3.2.3.1 Defect cluster TBCs

As referred, many new TBC materials have been proposed to achieve low thermal conduc-
tivity and high-temperature capability mandatory of a coating system. In particular, ZrO,
and HfO, solid solutions based ceramic coatings co-doped with Y,O, as primary stabilizer
and additional paired rare-earth (RE) cluster oxides were detected to offer significantly
better features. Defect cluster TBCs possess much lower thermal conductivity, and,
consequently, better thermal stability to the material, since the resulting point defects
are thermodynamically stable; and better sintering resistance at high temperatures than
the state-of-art YSZ due to the reduction of effective defect concentration and the increase
of activation energies by clustering [79].

Zhu et al. (2004) [80] studied the conventional furnace cyclic oxidation behavior of ad-
vanced multicomponent oxide-doped zirconia—based TBCs designed based on defect clus-
ter concept. The aim was to report the furnace cyclic oxidation performance of plasma-
sprayed multicomponent rare-earth (RE203) oxide doped zirconia thermal barrier coat-
ings as a function of dopant concentration and processing variation. In essence, the coat-
ings analyzed were the ZrO,—based oxides, stabilized with the primary yttria, Y,O,, dopant
and/or paired Group A and Group B RE oxide co-dopants. Group A dopants consisted
in neodymium (III) oxide (Nd,O,), gadolinium (III) oxide (Gd,0,), and samarium (III)
oxide (Sm,0,); whilst Group B ones were such as ytterbium (III) oxide (Yb,O,), scandium
(IIT) oxide, or also known as scandia (Sc,0,). Results showed that the tested multicompo-
nent, more precisely, multiphase coatings had significantly lower thermal conductivities
and better thermal stability, mainly in the lower total dopant concentration (which var-
ied between 4.5 to 52.5 % mol) when compared with ZrO,-8 wt. % Y,0, coating. The
defect cluster coatings consisted of a 180—250 um thick ceramic top coat, a 120 pm thick
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NiCoCrAlY or NiCrAlY bond coat, and finally a 3.2 mm thick nickel superalloy. In sum-
mary, it was proven that the oxide defect cluster have the potential to achieve better cyclic
performance than the binary ZrO,-Y,0, coatings owing to their high temperature stabil-
ity, reduced grain growth, and hence increased toughness structures. Nevertheless, it was
pointed out by the authors that the ceramic coating cyclic life generally decreases as the
dopant concentration increases due to the reduced fraction of tetragonal phase and the
increased fraction of the cubic phase. The fully stabilized cubic phase normally shows an
enhanced grain growth behavior, and also lacks the additional grain-refining and tough-
ening mechanism by the tetragonal to monoclinic phase transformation which is present
in a partially stabilized tetragonal phase. Therefore, in high-dopant-concentration coat-
ing, a very low toughness of coating structure was distinguished.

In a subsequent research, Zhu et al. (2005) [81], proposed similarly an advanced alterna-
tive oxide ceramic compounds, low-conductivity and high stability TBC based on an oxide
defect-clustering design approach, but obtained this time by applying a laser high-heat-
flux thermal conductivity technique. The laser test approach emphasized real-time moni-
toring of the coating conductivity at high temperatures to evaluate its performance under
engine-like heat-flux and thermal gradients. Briefly, the advanced oxide coatings were
designed by incorporating multicomponent, paired-cluster rare—earth oxide dopants into
conventional zirconia— and hafnia—yttria oxide systems. The dopant oxides were selected
by considering their interatomic and chemical potentials, lattice elastic strain energy, po-
larization, as well as electro-neutrality within the oxides. Selected oxide cluster TBC sys-
tems including ZrO,-Y,04—Nd,04(Gd,04,Sm,04)-Yb,04(Sc,0,) were synthesized, and
their conductivity and sintering behavior were investigated. The aim of the carried tests
was to essentially promote a production of thermodynamically stable, highly defective lat-
tice structures and/or nanoscale ordered phases which would in turn reduce oxide coating
thermal conductivity and improve coatings sintering resistance. The study highlighted
as conclusion that despite of similar trend between the advanced oxide cluster coatings
and the binary ZrO,-Y,0, coatings in the furnace cyclic behavior (where, as discussed,
the cyclic lifespan generally decreased with the increase of total dopant concentration),
the oxide cluster coatings showed promise to have significantly better cyclic durability
(comparable to that of zirconia—4.55 mol % yttria) than the binary ZrO,-Y,0, coatings
with equivalent dopant concentrations.

Further improvements are expected in defect cluster TBC’s by utilizing advanced coating
architecture design, dopant type and composition optimization, and improved processing
techniques [79, 80, 81].

3.2.3.2 Perovskites

Perovskite oxides are a class of ABOj crystal structure which can accommodate a wide
variety of ions in a solid solution including ions with large atomic mass. Perovskite-type
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oxides have been favored by researchers because of their enthusiastic structure features
and properties, especially ABO3 (A = Ca (Calcium), Sr (Strontium), Ba (Barium); B = Zr,
Ti (Titanium), Ce (Cerium)) perovskites. The major advantage of using perovskite oxides
as thermal barrier coatings is its 20 % lower thermal conductivity than YSZ, which pro-
vides good thermal stability at high temperatures [75, 82, 83, 84, 85].

In greater depth, materials exhibiting perovskite structure, have attracted much atten-
tion as YSZ replacement mainly due to their high melting point (higher than 1800 °C),
high thermal expansion coefficient (higher than 8.5x10~% K™1), relatively low thermal
conductivity (lower than 2.2 W/mK) and low Young’s modulus (approximately 210 GPa).
The biggest drawbacks of materials exhibiting simple perovskite structure are mainly their
inferior fracture-related mechanical properties, as well as the partial evaporation of con-
stituents of the perovskites phase during plasma spraying process, which leads to impurity
phases in the coating, that, in turn, often have detrimental effects on the coating perfor-
mance [83, 86].

Nonetheless, it is highly important to mention that perovskites offer the possibility of ex-
tensive substitution of ions at the A or/and B site, thus allowing their properties to be tai-
lored towards specific requirements [87]. The well-known and studied simple perovskite
oxides materials for TBC applications are strontium zirconate (SrZrO,), barium zirconate
(BaZrO,), and calcium zirconate (CaZrO,) [88].

The early candidate for TBC applications, BaZrO,, draws attention in the first place due
to its high melting temperature of 2600 °C, however both relatively poor thermal ex-
pansion coefficient and interior chemical stability induce the coating to failure in the
course of thermal cycle tests, minimizing this way the TBC service lifetime [84]. Contrar-
ily, SrZrO;, exhibits a better performance on these cyclic tests with surface temperatures
above 1250 °C with respect to its high melting temperature (2800 °C), relatively low ther-
mal conductivity, and high thermal expansion coefficient of ~11x10~% K=! (30-1000
°C). Therewithal both the sintering rate and Young’s modulus of SrZrO, are lower than
those of YSZ as well, which is of assistance to favorable mechanical responses [84, 87, 89].
Unfortunately, this perovskite has been reported to suffer temperature-induced phase
transformation that has a detrimental effect on the performance of this type of TBC ma-
terial. Some studies highlighted that such transformation could be suppressed by doping
gadolinium oxide (Gd,O,) or ytterbium(III) oxide (Yb,0O,) in addition to enhance ther-
mophysical properties of the coatings [89].

Vassen R. et al. (2000) [82] investigated both BaZrO, and SrZrO, materials as new ther-
mal barrier coatings, focusing on their properties. Similarly, Ma W. et al. (2008) [89]
focused on both SrZrO, and SrZrO,/YSZ double-layer coating thermophysical properties
in addition to thermal cycling behavior. More recently, Qiao Z. et al. (2022) [85] con-

42



sidered the co-doping mechanism regarding the BaZrO, at A-B sites instead of limiting
the doping modification of this material at either A or B sites. As outcome, a characteri-
zation was conducted on the composition, structure, mechanical properties and thermal
conductivity.

Lastly, CaZrQ, on the other hand is the latest material to be considered for TBC appli-
cation in this group. Although its melting temperature is lower than that of YSZ, it has
an encouraging thermal conductivity of approximately 2 W/mK and excellent mechanical
properties [85, 89, 90, 91]. For instance, Garcia E. et al. (2008) [90] carried out a com-
parative study of CaZrO, coatings prepared by air plasma and by flame spray processes.
Results showed that the two techniques produced coatings with different microstructures
and thus properties. All of coatings were porous, but the flame sprayed ones exhibited
interplast cracks whereas atmospheric plasma spraying coatings had larger round pores.
Nevertheless, all the CaZrO, coatings showed very low thermal conductivity.

Generally speaking, perovskites may be subdivided into the discussed zirconates and com-
plex forms. Under the concept of compositional control of properties, complex substituted
structures have also been a focus of studies as YSZ substitutes. In particular complex
forms, with a A(B’;/3B”;/3)O3 structure, such as Bala,Ti;0,,, Ba(Mg, 3Tay/3)03, and
La(Al, ;Mg »Ta, /4) have promising bulk properties for TBC applications [76, 84, 89].
However, the thermal expansion coefficients of these materials are still lower than those
of substrates and bondcoats, leading to thermal stresses in TBC systems. Moreover, rel-
atively low toughness values are observed. As a result, the thermal cycling properties are
poorer than those of YSZ coatings and further improvements are necessary [78]. Applica-
tion of complex perovskites as TBC was considered by Jarligo M. O. et al. (2009) [83] that
concluded that these compounds show a promising TBC performance since the means to
control the propagation of interfacial cracks from TGO along the interface of the coatings
were proven possible.

3.2.3.3 Pyrochlores

Among the interesting candidates for TBCs applications, the group of pyrochlore-structured
oxide compounds gained gradually importance as advantageous ceramic top coats to re-
place the state-of-art YSZ. The features that have drawn special attention is their distinc-
tive arrangement of ions and vacations within the A,B,O, (or also sometimes found in the
literature as A,B,0.) compositional structure where the first metal cation A is a rare earth
element, typically a lanthanide such as lanthanum (La), gadolinium (Gd), neodymium
(Nd), yttrium (Y), etc., and the second metal cation such as Zr, Hf, titanium (Ti), or molyb-
denum (Mo). The vacancies at A3*, B4" and O>” sites make the composition flexible to
design for achievement of attractive material properties by incorporating of other RE ele-
ments [92]. Materials with pyrochlore structures show excellent thermophysical proper-
ties of these materials, i.e., high melting point, stable phase conditions and morphology
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at temperatures up to 1400 °C, relatively high coefficient of thermal expansion, low ther-
mal conductivity, and, mostly, pronounced CMAS resistance, which make them suitable
for applications as high-temperature thermal barrier coatings. Conversely, the thermal
expansion coefficient lower (9—10x107% K~!) than that of YSZ (10-11x107% K~!) may
lead to higher thermal stresses in the TBC system as both substrate and bondcoat have
higher thermal expansion coefficient (about 15x10-% K=1) [92, 93, 94, 05].

Out of pyrochlore materials, especially interesting candidates are lanthanum zirconate,
LZ (La,Zr,0,), gadolinium zirconate, GZ (Gd,Zr,0,), cerium zirconium oxide (Ce,Zr,0.),
samarium dititanium oxide (Sm,Ti,0,), dilanthanum dihafnate(IV) (La,Hf,0.), and neody-
mium zirconate (Nd,Zr,0.) [95].

Specifically, La,Zr,0., seems to be one of the most promising for TBC application due to
its outstanding bulk properties compared to standard YSZ with a high thermal stability
up to 2000 °C, a low thermal conductivity of 1.56 W/(mK) and eminent sintering resis-
tance. A major drawback however is the relatively low thermal expansion coefficient of
about 9x107% K~! compared to YSZ with 10—11x10—6 K—!, which leads to higher thermal
stresses from thermal expansion mismatch, and poor toughness responsible of lowering
the thermal cycling life time use of LZ as TBCs. In this regard, the higher thermal ex-
pansion coefficient of 1.1x107% K~! of Gd,Zr,0, is advantageous [92]. To overcome the
thermal cycling lifetime issue of LZ pyrochlore, VaBen R. et el. (2004) [95] suggested a
pyrochlore/YSZ double layers systems based on La,Zr,0, and Gd,Zr,O, pyrochlores. Re-
sults showed similar performances to YSZ coatings at temperatures below about 1300 °C.
At higher temperatures, however, double-layer systems coatings revealed excellent ther-
mal cycling behavior, i.e., at the highest test conditions, lifetime was thereby orders of
magnitude better than that of YSZ coatings.

In another study, Bansal N. et al. (2007) [96] focused on lowering even further the thermal
conductivity of pyrochlore oxide compounds. An oxide doping approach was used where
part of cation A was substituted by other cations, e.g., Ay, M,B>0O7 (where x = 0—0.5 and
M = RE or other cation) in the pyrochlore materials. Pyrochlore oxide powders of various
compositions were synthesized by sol-gel process and hot-pressed into 2.54 cm diame-
ters discs whereas the thermal conductivity was measured using a steady-state laser heat
flux test method. It was concluded that the performed investigation was successful since
doping with RE cations at the A sites in La,Zr,0, (A,B,0.) pyrochlore greatly reduced the
thermal conductivity. Yang et al. (2018) [97] investigated and synthesized the pyrochlore-
related Sm,FeTaO, compound as a potential material for TBCs top coat with low thermal
conductivity, better mechanical properties, and high-temperature phase stability. It was
concluded that the compound had low thermal conductivity values (approximately half
of YSZ), due to a complex and distorted crystal lattice, high concentration of defects, and
large differences in atomic mass of cations. Lastly, Che J. et al. (2021) [98] considered
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and studied the sintering behavior of nanostructured pyrochlore-type La,(Zr, ,Ce, 5),0,,
designated as LZ7C3, using experiments and molecular dynamics. It was proven than the
novel LZ7C3 compound exhibited significantly higher sintering resistance than the host
La,Zr,0, and typical 8YSZ at temperatures up to 1773 K. Hence, it was concluded that
LZ703 is a promising TBC topcoat at high temperatures that could substitute YSZ.

3.2.3.4 Hexaaluminates

Two important thermophysical properties influence the lifespan of a TBC materials, which
are thermocycling and thermal shock resistance. These parameters are mainly influenced
by the microstructure, the coefficient of thermal expansion and aging behavior of the TBC
material [9g]. Lanthanum hexaaluminate (LHA) with magnetoplumbite structure has
proven to be a promising competitor to the state-of-art yttria stabilized zirconia as a TBC
material, especially bearing in mind that most of zirconia-based coatings age significantly
due to thermal loads, and thus include undesired densification at temperatures exceeding
1200 °C. Fortunately, in contrast to zirconia, lanthanum hexaaluminate permits oper-
ating at high temperatures owing to its high temperature thermal stability (up to 1600
°C), and electrical insulating properties. Besides these features, LHA particularly pos-
sess high melting point, high thermal expansion, low thermal conductivity, high frac-
ture toughness, and outstanding sintering resistance, since such kind of oxides usually
crystallize in hexagonal platelet-like grains [99, 100]. In conclusion, LHA materials have
both superior thermochemical and thermophysical characteristics which grants them an
attractive thermal cycling lifespan making them a sublime candidate material for TBC
application. As last remark, oxides with magnetoplumbite structure have a nominal com-
position of LnMAl,,0,, (Ln = La to Gd; M = Mg (Magnesium), Mn (Manganese) to Zn
(Zinc), Cr (Chromium) or Sm (Samarium)) [101]. Some specific examples of investigated
LHA materials for TBC applications are LaMgAl,,0,4, LaZnAl,,0,,, and LaTi,Al,O,, [102].

In greater detail, among LHA materials, LaMgAl11019 (also known as LaMA or LMA)
is the one that has been the most widely studied during the last decades. LaMA with
magnetoplumbite-type structure displays naturally as its analogues a high thermochemi-
cal stability, a superior sintering resistance, and a high fracture toughness [103]. Further-
more, LaMA single—layered coating is the only one that exhibits a close thermal cycling
lifetime of the traditional YSZ coating at the similar testing conditions. However, the rel-
atively lower CTE than traditional YSZ in combination with the recrystallization behavior
— that reduces the bond strength between the ceramic coating and the bond coat — re-
sults in the single LaMA coating to be less durable under higher service temperatures.
The recrystallization issue forces the LaMA to have some shortcomings [104]. On one
hand, the ED-PVD LaMA coating, usually characterized by the columnar structure, with
superior strain tolerance and service lifetime has shown difficulties in being successfully
prepared; whereas, in the plasma sprayed LaMA coating, partial decomposition of LaMA
oxide usually occurs, originating this way a large amount of amorphous phase due to the
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rapid quenching from the molten state. Therefore, the following recrystallization of the
coating during high temperature service may compromise the reliability of the LaMA layer
in terms of variation of the heat capacity of the material, that consequently will have a
strong influence on the thermal conductivity, as well as in CTE giving rise to the forma-
tion of residual stress [[75].

Chen X. et al. (2011) [105] approached this problem and investigated the thermal aging
behavior of plasma sprayed LaMgAl11019 thermal barrier coatings. LaMA powders were
synthesized by a solid-state reaction method. La,O,, 7—Al,O,, and MgO were selected
to be the starting materials. Results showed that the recrystallization and grain growth
rates can be significantly accelerated when LaMA coating is isothermally aged at temper-
ature above 1173 K. The well crystallized LaMA coating exhibited improved properties,
such as reduced microhardness with the consequence of enhanced strain tolerance and
thermal shock resistance, as well as CTE and heat capacity close to its bulk counterpart.
Furthermore, to overcome the mentioned drawbacks of LaMgAl11019 — relative lower
CTE than traditional YSZ in combination with the recrystallization behavior — double—
ceramic top coat TBCs based on LaMA/YSZ systems were studied. For instance, Chen X.
et al. (2011) [106] evaluated the thermal cycling failure of LaMgAl,,0,,/YSZ double ce-
ramic top coat material, and with the help of two different types of LaMA/YSZ composite
coatings, the weak bond strength at the interface of LaMA and YSZ were addressed. Pre-
liminary results exhibited improved strain tolerance and thermal cycling lifetime in com-
parison to single layer YSZ and LaMA coatings. It was namely noticed that specific crys-
tal chemistry in addition to the nano-crystallization of LaMA coating induced by recrys-
tallization during thermal cycling also made contribution to further enhance the LaMA
layer-containing LaMA/YSZ double ceramic TBCs. On top of that, functionally graded
thermal barrier coatings systems based LaMgAl,,0,, and YSZ designed and prepared by
APS were introduced to improve the durability and temperature capability of LaMA top
coat materials. For instance, Chen et al. (2012) [107] prepared a new five-layer quasi-
gradient functionally graded thermal barrier coating based on LaMgAl,,0,,/YSZ whose
microstructure, thermal and mechanical properties were investigated. It was proven that
the burner-rig thermal cycling lifetime increased by approximately 50 % in comparison
with the double-layered TBCs of the same ceramics. More recently and to further under-
stand the factors related to thermal cycling lifetime, Chen et al. (2020) [108] analyzed
three multilayered TBCs similarly based on LaMA/YSZ, but this time with different vari-
ations in composition and thickness of the intermediate gradient layers.

The following Table B.2] serves as a summary of properties, discriminated as advantages

and disadvantages, of the materials and categories of materials discussed throughout this
last subsection.
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Table 3.2: Summary of parallel research on material alternatives to YSZ that could be used

as TBCs based on [75, 76].

Category Material

Advantages

Disadvantages

Zirconium oxide 7-8 wt. % Y,05 + 92—93 wt. %

Zr0O,

Al,O, (Alumina)
Zirconium Oxide-doped

YSZ + CaO

YSZ + MgO

YSZ + CeO,

Defect cluster
(Zr0,/Hf0,-Y,0,

Zr0,-Y,0,~Gd,0,-Yb,0,
-RE oxides)

BaZrO, (Barium Zirconate)
Perovskite oxides
(simple form, ABO,)

SrZrO, (Strontium Zirconate)

CaZrO, (Calcium Zirconate)

Pyrochlore Oxides
(AxBLO, or A,B,0,)

La,Zr,0, (Lanthanum Zirconate)

Gd,Zr,0, (Gadolinium Zirconate)

LHA (Lanthanum Hexaaluminates)

Lanthanum compounds

LnMAL,0,, (Lanthanum Aluminate)

Rare Earth Oxides

Low thermal conductivity

High thermal expansion coefficient
Thermal shock resistance

High fracture toughness

High bond strength and hardness
Corrosion resistance

No oxygen transparent

Lower thermal diffusivity
Corrosion resistance

Low thermal conductivity

High thermal expansion coefficient
Low thermal conductivity

High thermal expansion

High thermal shock resistance
High corrosion resistance

Low phase transition

Low thermal conductivity
High thermal stability

High sintering resistance

Low sintering rate

Low thermal conductivity

High thermal expansion coefficient
Low sintering rate

Low thermal conductivity

Good thermal shock resistance
High chemical stability

High thermal stability

Low thermal conductivity

High hardness

Low sintering rate

High temperature capability

Good resistance to CMAS attack
Cost effective with YSZ

Low thermal conductivity

High thermal expansion coefficient
Better thermal stability

Low sintering rate

Low thermal conductivity

High thermal expansion coefficient
Low sintering rate

High thermal expansion coefficient
Lower thermal diffusivity

Cheap

Readily available

Sintering above 1473 K

Phase transition above 1443 K
Corrosion resistance

Oxygen transparent

Phase transition above 1273 K
Low thermal expansion coefficient
High thermal conductivity
Destabilization

Sintering effect above 1300 K
Low strength

Low erosion resistance

High sintering rate

CeO, precipitation (>1373 K)

Low toughness

(with increasing dopant-concentration)

Low thermal shock resistance
Low thermal expansion coefficient

Poor thermal and chemical stability

Phase transition

Low thermal shock resistance

Anisotropic crystalline thermal expansion

Highly prone to decomposition
during plasma spraying

Low thermal expansion

Poor toughness

Low lifetime

Prone to decomposition
during plasma spraying

Low lifetime

Crystallization

Low hardness

Phase instability

Low thermal shock resistance
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3.3 Dielectric Barrier Discharge (DBD)

At first sight, matter is assumed to exist only in three major states, this is, solid, liquid,
and/or gas. Nevertheless, by increasing the kinetic energy of the particles, matter can
change — in the mentioned sequence — its states. Specifically, when enough energy is
added to a gas, it starts to get partially ionized and transforms into the so-called fourth
state of matter, or simply put, plasma [109]. Plasma is often defined as quasi-neutral
gas containing charged and neutral particles which possess collective behavior. The an-
nounced collective behavior allows to evaluate the reaction of plasma to deviations from
neutrality and applied external electromagnetic fields, in addition to its ability to sustain
many different forms of waves and oscillations [110, 111]. Essentially, one may say that
plasma contains electrons, neutrals, electronically and vibrationally excited species, ions,
radicals, and atoms [110]. Plasmas can be broadly classified into two major categories:
thermal and non-thermal plasmas (NTP).

On one hand, thermal plasmas are considered to be in thermodynamic equilibrium and
all their constituent particles have the same temperature. They are generated at high pres-
sure with high excitation energy. Flame and fusion plasmas are clear examples of thermal
plasmas. Also designated as hot plasmas, they can be detected in space whereas earthly
applications are mainly constrained to astronomy research, fusion reactors, particle accel-
erators and other particles’ physical research [109, 110]. On the other hand, non-thermal
plasmas are not in thermodynamic equilibrium, and therefore different particles show
different characteristic temperatures or degrees of freedom. Non-thermal plasmas have
found extensive applications at low and atmospheric pressures due to their low enthalpy,
which makes their study relatively simpler compared to the thermal ones. Also termed as
cold plasmas or as non-equilibrium plasma — since the electrons temperature, 7., is sev-
eral orders of magnitude higher than the temperature of the ions, T}, or of the neutral gas,
T, — they require smaller energy input and are generated by the application of electrical
fields. Most plasmas of practical interest are non-equilibrium plasmas, considering that
their usage is based on the high energy of electrons and chemically active species. There-
fore, an increase in the gas temperature constitutes an unwelcome side effect because it
misspends the input energy designed to generate plasma and originates additional com-
plications, for example, the need for cooling techniques and devices [110, 111, 112, 113].

In many applications of plasmas and gas discharge techniques, it has been proven that
atmospheric pressure conditions are favorable or even required [113]. These discharges
(at atmospheric pressure) are found in the region between a glow discharge and an atmo-
spheric arc discharge. To give better insight, glow discharge has a low gas temperature
(~ 300K =~ 0.025 eV), a high electron temperature (~ 11000K ~ 1 eV), and a low de-
gree of ionization (% of gas molecules or atoms that are ionized). Thermal arcs are close
to thermal equilibrium, so electron and gas temperatures are within 1 % of each other
(T.. = T, ~ 10000 K) [111].
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Finally, and as a last introductory remark, it is important to emphasize that an electri-
cal discharge is a process employed to fabricate man-made plasma by inducing a high
electrical voltage. These electrical discharges occur when an insulating medium becomes
partially or completely ionized to an electrical field. Consequently, discharges produce
plasma in some regions of the discharge area or/and at specific time intervals during the
whole process [111, 114]. Different physical mechanisms of creating non-thermal plasma
based on electrical discharge exist, including the mostly known corona discharge and di-
electric barrier discharge [109, 110, 111, 112].

The following Figure 3.10 summarizes some of the applications of man-made plasmas in
several fields, such as catalysis, materials synthesis, cleaning, biochemistry and medicine,
and fusion reactions studies.

‘ Plasma Applications ’

i

* Ammonia “— Water cleaning “— TOKAMAK3
— Methane reformation — Surface etching
— NOy treatment % Flue gas cleaning
[ CO,, reformation * Sterilization
Materials Biochemistry
Synthesis and Medicine
— Graphene synthesis — Waste treatment
— Nanomaterial synthesis — Analyzing bone tissue
— Semiconductor growth — Killing cells and microbes
— Doping on material — Cancer detection and treatment

Figure 3.10: Plasma applications in different research fields.

3.3.1 Introduction to DBD

Dielectric barrier discharge, or DBD, mechanism has been introduced for more than a cen-
tury and a half and its research continues to suffer ongoing technological development as
well as industrial exploration on a large scale [114, 115, 116]. Dielectric barrier discharge
(also known as barrier discharge, silent discharge, or ozonizer discharge) is a mecha-
nism that is ignited by applying a high voltage — both at low and at atmospheric pressure

3The TOKAMAK (i.e., toroidal chamber with magnetic coils) is an experimental device which uses a pow-
erful magnetic field to confine plasma in the shape of a torus. In essence, a TOKAMAK consists in thermonu-
clear fusion power,or, in other words, a machine designed to harness the energy produced through fusion of

atoms, which is absorbed as heat in the walls of the vessel.
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— between two electrodes wherein at least one of the electrodes is insulated by a dielec-
tric, as depicted in Figure §.11 [115, 117, 118]. Typically, the dielectric materials used — of
low dielectric loss and high breakdown strength — may be glass, quartz, ceramics, enamel,
mica, plastics, silicon rubber, or teflon [109, 115, 116].

W

Resistance

[ ]=—Electrode

[ l=—1Insulator

| — (Dielectric)

AC high voltage
power supply
L Electrode

Figure 3.11: Scheme of a dielectric barrier discharge setup [118].

By using an insulator — that works in the same way that a capacitor (i.e., a passive elec-
tronic component (with two terminals) which is a device that stores electrical energy in an
electric field), — many fine plasma filaments usually are formed between the electrodes;
and the formation of a spark or an arc discharge is thus prevented [117, 118, 119, 120].
Worth emphasizing that these filaments (also called microdischarges) have a random
distribution over the dielectric surface, as well as a very short lifetime, more precisely
in the range of a few nanoseconds. This happens due to the accumulation of the charge
carriers on the dielectric surface, which generates an opposite field to the externally ap-
plied voltage so that the discharge disappears again. Consequently, DBD microplasmas
are often considered and recognized as self-limited in time and space, and, as pointed by
Bruggeman and Brandenburg, intrinsically transient [113]. Additionally, in DBDs, mi-
crodischarges are observed in every half cycle of the applied voltage, as shown in Figure

3.12.

For this reason, DBDs are operated with AC (alternate current) voltage typically at several
kilohertz [117]. Namely, as a consequence of the low lifetime of the discharge, the heavy
particles are able to absorb far less energy from the alternating field than the lighter and
faster electrons. Therefore, the DBD gives rise to a non-thermal cold plasma in which,
as already described, the electrons have an elevated temperature, but the ions and the
neutral gas are at room temperature [117, 118].

4With increasing pressure and neutral gas density, gas discharge have the tendency to become non-
uniform, unstable and constricted. Consequently, a glow-to-spark/arc transition occurs. This way, it is
fundamental to accurately design and control some parameters, such as the use of special geometries, the
electrode arrangements, the excitation methods and other techniques to obtain non-equilibrium plasmas at

elevated pressures [113].
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Figure 3.12: Microdischarges (filaments, or channels) typical representation based on a

graph of applied voltage (left axis) and resulting current (right axis) as a function of time
[118].

Table presented below summarizes and highlights some of the characteristic proper-
ties of a microdischarge channel in air, at atmospheric pressure, for clarification purposes
on the parameters involved in the described process.

Table 3.3: Properties of microdischarge channels [111, 121].

Characteristic properties of microdischarge channels
Duration (lifetime) a few nanoseconds
Radius of filament 50 - 100 um
Peak current 0.1A
Current density 10° - 10" A/m?
Total transported charge 107%-107°C
Electrons density 10'*-10” em™3
Mean electron energy 1-10eV
Gas temperature of microdischarge near room temperature, about 300 K

In summary, the main aspects that must be considered, since they influence the general
performance of dielectric barrier discharge plasma actuators, are (a) geometry (configura-
tion), (b) dimensions of the electrodes, (c) gap between the electrodes, (d) dielectric thick-
ness, (e) dielectric material, (f) applied voltage, (g) voltage waveform, as well as (h) AC
frequency. It is important to realize that the influence of these parameters is highly non-
linear and interdependent which regrettably makes it more difficult to design, optimize
and mathematically model these devices. For this reason, the continuous investigation of
dielectric barrier discharge plasma actuators is crucial to guide their future implementa-

51



tion for several applications. Despite the above mentioned, the most important charac-
teristic of DBD devices is that non-equilibrium plasma conditions can be provided in a
much simpler way than based on other existing alternatives — for instance, low-pressure
discharges, fast pulsed high-pressure discharges, or electron beam injections. Its flexibil-
ity concerning geometrical configurations, operating medium, and operating parameters
is unprecedented [122]. Therefore, advantages such as low costs associated with the con-
struction of reactors, low-frequency power supply needed, as well as easy scalability by
numbering-up make dielectric barrier discharge an attractive and easily adaptable tech-
nology to a particular desired application [109, 117].

In the literature can be found that the DBDs are predestined for a large volume of appli-
cations, including ozone and UV generation, plasma display panels of large-area flat tele-
vision screens, pollution control by air and wastewater treatment, sterilization of packing
and food, as well as activation, cleaning, etching, and coating of surfaces [117, 121, 122,
123].

3.3.2 DBD Actuators Classification System

Based on the described general working principle of the DBDs mechanism, as well as the
different existing applications, dielectric barrier discharge designs may be divided into
two main categories. It is noteworthy that the classification of configurations is distin-
guished by the presence and usage of insulating material in the discharge path [109, 124].

« If the space between the electrodes includes both a dielectric and a discharge gap,
the plasma is therefore ignited in the volume existing between the two electrodes.
In that case, the DBD is considered a volume dielectric barrier discharge, or VDBD
geometry. As shown in Figure B.13, the schemes (a) to (c) represent the so-called
planar configurations of VDBDs in which the dielectric(s) is (are) placed in different
positions, in (h) is depicted a cylindrical setup, and, lastly, in (i) a packed-bed DBD
setup may be observed [109, 115].

« Otherwise, in case the space between the electrodes is completely filled by a dielec-
tric, the plasma is consequently ignited on the surface of the dielectric exposed to
the gas volume. In that case, the DBD is named a surface dielectric barrier dis-
charge, or SDBD geometry. Still in Figure B.13, in (d) and (e) a symmetric and
an asymmetric single-sided SDBD are shown, respectively, in which the plasma is
ignited around the powered electrodes, in (f) a coplanar design is represented, and,
finally, in (g) a symmetric double-sided setup is illustrated [109, 115].
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Figure 3.13: Different configurations of VDBD and SDBD geometries [109].

It is important to highlight that the SDBDs, Figure B.14], have been considered for space
applications for decades. Since the 1990s, the surface dielectric barrier discharge actua-
tors — which are non-equilibrium plasma devices capable of generating forces in air with-
out any moving parts — are considered an engaging technology in the aerospace sector.
Overall, their appealing features, such as their mechanical simplicity, lightweight, planar
and low drag-structure, as well as relatively low-performance power levels consumption
make them a great choice for, for example, aerodynamic flow control and aircraft propul-
sion investigations [].

Exposed Electrode

y ,
Dielectric Layer
‘ / Y

Encapsulated Electrode

Figure 3.14: Schematic representation of a surface DBD (SDBD) plasma actuator config-

uration [f125].

As a last remark of this subsection, it is noted that the various investigations and adap-
tations of DBDs on different problems have directed this technology towards the adop-
tion of several special configurations. Just to name a few, DBD-based plasma jets ac-
tuators, multiple encapsulated electrode plasma actuators, nanosecond-DBD (i.e., NS-
DBD), sliding discharges, and capillary plasma electrode discharges have been demon-
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strated and applied in numerous studies over the last few years with special focus on the
aeronautical and aerospace fields [115, 124].

3.3.3 DBD Technology in Aerospace and Aeronautical Sectors

The origin of the dielectric barrier discharge is attributed to Ernst Werner von Siemens
in 1857 [114, 115, 116, 122]. The first experimental investigations performed by Siemens
et al. were focused on the generation of ozone and the experiment discharge apparatus
design featured many novel traits, including the electrodes positioned outside the dis-
charge chamber, as well as they were not in contact with the plasma. For this reason,
DBDs were considered ozone discharges for a long time [114, 116, 122, 126]. A few years
after the original publications, in 1860, Andrew and Tait also conducted studies on the
topic called the system silent discharge because of its quiet and silent discharge process.
Such nomenclature is still frequently used in English, German and French scientific liter-
ature [114, 116, 126]. Later, in 1932, K. Buss made a notable contribution to characterize
the discharge by reporting that the breakdown of atmospheric pressure air between pla-
nar parallel electrodes covered by dielectrics always gives origin to a large number of tiny
short-lived current channels. First photographic traces — Lichtenberg figures — of these
channels (or microdischarges); and oscilloscopes recording of current, in addition to the
voltage applied were obtained [116, 122]. Further investigation on more detailed infor-
mation on these channels (or filaments) was collected by several research groups, such
as Klemenc et al. (1937), Suzuki (1950) Honda and Naito (1955), and later by Gobrecht
et al. (1964), Bagirov et al. (1971), Tanaka et al. (1978), Hirth (1981) and Heuser (1984)
[116, 122]. Despite all ongoing research mentioned through the years, in 1943, another
key contribution was made by T.C. Manley who proposed a method for determining the
dissipated power in DBDs by using closed voltage/charge Lissajous figures (i.e., a pattern
shown in a graph of a system of parametric equations that describes the complex harmonic
motion) and derived an equation that became known as the power formula for ozonizers
[115, 126].

Over the last years, plasma actuators based on the dielectric barrier discharge mechanism
have attracted much attention for aerospace and aeronautical applications [127]. Broadly
speaking, the DBD actuators may be applied in conducting research regarding aerody-
namic active flow control and heat transfer purposes [124].

(a) Plasma actuators for aerodynamic flow control and aerodynamic drag
reduction

Active flow control is an important subject of study since it allows to improve the effi-
ciency of several mechanical systems by enhancing their performance through both
fuel consumption and environmental impact reduction [128, 129]. Thus, the ability
to manipulate a flow field is crucial for the scientific community worldwide. Par-
ticularly, dielectric barrier discharge plasma actuators are a technology with great
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characteristics for this aim, once it is characterized by an easy implementation (i.e.,
simple construction), absence of moving parts, extremely low mass, robustness,
low power requirements, and fast response to electrical signals [128, 129, 130, 131].
From the practical point of view, this type of actuator allows modification of the
airflow owing to the electrokinetic conversion mechanism which is called the elec-
trohydrodynamic (EHD) phenomenon. The exploited electrohydrodynamic force
originating from the electrohydrodynamic phenomenon is produced due to momen-
tum transfer from charged species accelerated by an electrical field to neutral molecules
by collision [128, 129]. On the whole, research regarding the plasma actuators for
active flow control includes turbulent boundary-layer separation control, steady
airfoil leading-edge separation control, oscillating airfoil dynamic stall control,
and circular cylinder wake control [128].

+ Drag reduction:

Since the 1930s extensive research has been carried out on aerodynamic flow
control, specifically on retaining laminar flow along with an aircraft’s primary
structures, such as wings and fuselage. The final goal is to through active flow
control techniques, reduce the skin friction associated with the transition of
laminar boundary-layer flow to the turbulent state to reduce the overall aircraft
drag [132]. The need for minimizing the aerodynamic drag is justified by the
limitations that it imposes on the fluid dynamic performance of any vehicle and
consequently on its stability, safety, and power consumption, in addition to its
general efficiency [133, 134, 135, 136]. For instance, the aerodynamic drag for
commercial air vehicles, heavy highway vehicles, and high-speed trains may be
compromised by up to 50 %, 65 %, and 70 %, respectively. Therefore, control-
ling the flow around vehicles for drag reduction purposes is vital and can have
a profound impact on transportation applications [134, 136]. In the literature,
to reduce skin-friction drag, flow control methods can be roughly divided into
two categories, i.e., passive and active tools — in which the active approaches
are based on the manipulation of the near-wall flow properties [136, 137]. Ever
since its first reported success that plasma actuators have been the focus of de-
tailed investigations for improving the authority of flow control in a wide range
of industries — owing especially due to their applicability on a surface with-
out significant change of geometry, fast time-response, small size, and static
parts [134, 135, 136]. In the field of drag reduction, DBD plasma actuators
have proven to be capable of modifying the laminar-to-turbulent transition,
enhancing jet vectoring, and reattaching separated flows [135].

« Noise reduction:
Furthermore, the noise produced by an aircraft and, consequently the emerg-
ing need for noise reduction, has been proven to be a relevant topic of research,
in modern aeronautics, both by academic, as well as industrial centers over the
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past few decades [137, 138]. Specifically, due to urban expansion (shift of ur-
banized sectors closer to airports), and an increasing number of aircraft oper-
ations, noise owing to airport activities has negatively impacted the environ-
ment. Consequently, this phenomenon has been forcing authorities to imple-
ment restrictions on tolerable levels of noise [138]. The source of the aircraft
noise is its different components, and the interaction of external flow and the
aircraft parts produced during the different phases of flight according to the air-
craft performance studies [137, 138, 139]. Therefore, an approach that consid-
ers different noise sources is required for effective noise reduction [140]. Two
types of solutions may be applied for this end (similarly to the drag reduction
issue): passive flow control or active flow control. On one hand, passive flow
control is unfortunately shown to be a mechanically complex mechanism that
possesses high mass (i.e., it is heavy), is difficult to manufacture and maintain,
and, even worse, degrades the aerodynamic performance of the vehicle once
they are not capable to adapt to different conditions. On the other hand, active
flow control demands the addition of energy to manipulate the airflow [138].
Bearing all this in mind, one proposed mean of accomplishing noise reduction
is by using the dielectric barrier discharge plasma actuators due to all their key
assets previously mentioned (i.e., among others, characteristic simplicity of the
mechanism, absence of mechanical moving parts, and lack of need to physically
alter or adjust the shape of the aerodynamic surfaces) [124, 137, 138, 139, 141].
Overall, the principle of using plasma actuators for aeroacoustic control relies
on sufficiently modifying the flow field to disrupt or modify the mechanism of
the generation of flow-induced noise — as flow and surface interaction repre-
sents one of the dominant sources of aerodynamic noise. Examples of aeroa-
coustic control are cavity noise attenuation, noise control model development,
and bluff body noise control [139].

(b) Plasma actuators for heat transfer

Apart from the main described aerodynamic applications, dielectric barrier discharge
plasma actuators devices can be considered and used within the field of heat trans-
fer, for example, for film cooling of gas turbine blades, and heat generation for de-
icing or anti-icing objectives [131, 141]. In essence, the thermal behavior of DBD
plasma actuators has great importance for these types of applications. Nevertheless,
there have been a relatively limited number of studies reporting these applications
[B9l.

+ Gas turbine film cooling:
As mentioned in the subchapter of 5.1, Thermal Protection Systems, film cool-
ing is used in hypersonic vehicles by injecting a coolant at a discrete location
on a surface of a structure that aims to protect it from high thermal stresses.
Therefore, the fluid acts as a thin cool insulating blanket on the component to
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be cooled, ensuring that the melting temperature is not exceeded. This type
of cooling is considered an active cooling method with a relatively high degree
of complexity since it depends both on the geometry and the flow parameters.
Film cooling has become the main method applied to modern gas turbines that
shields them from hot combustion gasses and thus increases the blades’ life-
time [131, 142, 143]. Furthermore, the behavior of the actual turbine flow high-
lights the need for an active cooling technology that is able to adjust in time to
maintain an efficient performance [142]. The concept of using plasma actua-
tors for active flow control in case of film cooling enhancement was introduced
by Roy and Wang in 2008, and it was shown by numerical simulations that —
with the classical hole geometry — the application of plasma discharges could
improve the film cooling efficiency up to 26 % [124, 142]. Other studies were
conducted over the years; however, the general conclusion is the same: despite
different boundary conditions or geometries of components to be cooled, the
plasma aerodynamic actuation allows to improve the overall efficiency of the
film cooling process by enhancing the adherence of the coolant working fluid
(also called “coolant jet”) [124, 144].

Plasma actuators for aircraft icing mitigation:

For years, aircraft icing has been recognized as a well-known weather hazard
to flight performance, and consequently a threat to the overall flight safety
[1457, 146]. In more detail, the icing on critical parts of an aircraft, especially
ice accretion on the airframe surfaces may cause large-scale flow separation
due to airfoil and rotating blades geometry deformation — owing to contami-
nation of the streamlined profile —, and thus significantly reduce aerodynamic
performance. Aircraft icing occurs when small, supercooled, airborne water
droplets impinge and freeze upon impact on the airframe components [147,
148, 149, 150]. In case the aircraft is exposed to icing conditions during a pro-
longed interval of time, it may even lose the ability to continue a stable flight
(145,146,147, 148, 149, 150]. In fact, according to statistics, it was reported that
of all the in-flight accidents due to weather, approximately, 12 % are related to
the icing of aircraft, which may give rise to loss of both personnel and property
[147]. Ice accretion may occur on the ground or in flight and can follow either
by dry growth or wet growth. For the sake of clarity, during dry growth im-
pinging droplets release latent heat quickly and freeze on impact. Dry growth
is therefore related to rime ice that is characterized as white and opaque. Con-
trary, during wet growth droplets do not lose the latent heat quickly, so they
can deform and run back along the incident surface. As a consequence, wet
growth is related to glaze ice that is clear and glossy [149]. The ice accretion
process is affected by several parameters, such as the geometry of the compo-
nen, surface type, airspeed of the aircraft, temperature of the surface, droplet
size, as well as liquid water content (LWC) [149]. In an attempt to prevent
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unwanted icing outcomes, several anti-/de-icing systems and methods have
been developed for icing mitigation. Nevertheless, currently applied strategies
and technologies are not sufficient to address the ever-evolving requirements
in aerodynamics, materials, and energy consumption, since they are too com-
plex, too heavy, or consume too much power to be effective [145, 148, 150].
Examples of these methods are freezing point depressants, pneumatic boots,
hot-bleed-air anti-icing systems, and electrothermal heating, along with, hy-
drophobic materials or, also designated, superhydrophobic coatings [147, 149].
As a result, novel methodologies and techniques are sought to extend the dura-
bility and efficiency of anti-/de-icing strategies to ensure safer aircraft opera-
tion specifically in cold weather [1457, 148, 150]. Van den Broecke was the first
to conduct research on the feasibility and effectiveness of using DBD plasma
actuators to remove ice accretion from a stationary flat plate. Currently, more
studies were carried out on this topic and plasma actuation has gained great
attention concerning icing mitigation due to its unique features [148, 150]. Fi-
nally, SDBD was defined by Jia Y. et al. (2022) [147] as a “novel anti-icing
method featuring low energy consumption, geometrical simplicity, and rapid
heating effect” and that depending on the driving waveform, both nanosecond
pulse SDBD (nSDBD) and alternating-current SDBD (AC-SDBD) have been
proven a verified through experiments technologies for anti-icing purposes.

3.3.4 Advanced Ceramic Materials for DBDs

DBD plasma actuators’ performance may be predominantly considered in terms of their
three major features, i.e., their electrical parameters, the geometry chosen, and material
properties, of particular interest, the dielectric barrier materials properties. Despite the
several advantageous features of DBD plasma actuators — listed through this subchap-
ter —, one of the major weaknesses of these devices is their longevity. As previously
explained, when high voltages are applied between two electrodes separated by a dielec-
tric to promote the ionization of encompassing air, the charged particles are therefore
accelerated in the electric field and transfer momentum occurs through collisions of the
surrounding air molecules. Naturally, during this plasma microdischarge process, the
charged particles interact with the dielectric barrier and, consequently, after a sufficient
period of time, may lead to its degradation or even premature dielectric breakdown, i.e.,
electric charging in the sense it no longer maintains its semiconductor properties.

Authors such as Moreau E. (2007) [151] Corke T.C. et al. (2009) [152], and Bernard and
Moreau (2014) [153] have elaborated and published comprehensive reviews of physics,
modeling, and experiments, as well as applications of the plasma actuators [149, 154]. In
addition, several papers have namely elaborated on the properties of dielectric materials,
as described by Bian D.L. et al. (2017) [154] and Rodrigues, F.M.F. (2018) [124]. For
instance, parameters such as dielectric thickness and its influence on the DBD plasma ac-
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tuator performance, the relationship between the concentration of discharge filaments
and the consequent dielectric breakdown, as well as the surface temperature of the di-
electric and its impact on the transition from glow to filamentary discharge have all been
addressed on conducted investigations by several authors. Furthermore, both novel di-
electric barrier materials and material modifications, focusing mainly on polymers — due
to their simplicity of use — have also been part of current research regarding DBD devices
[152]. Nevertheless, polymers have been reported to be very vulnerable to ion bombard-
ment, radical species, and ultraviolet radiations that are emitted by plasma filaments in
air at atmospheric pressure, thus making them extremely susceptible to material degra-
dation, in addition to discrete thickness, and partial discharge between layers [124, 155].

As a result, ceramics appear a suitable substitute for the widely used polymers, since this
type of materials offers several superior and favorable traits such as corrosion resistance,
high- and low-temperature resistance, excellent dielectric properties, and heat conduc-
tion — which clearly highlights its possibility of being a good dielectric barrier in the years
to come [154]. In spite of today’s advancements in many technical and scientific fields,
in standard applications of dielectric barrier discharges, a significant effort for extensive
research in dielectric barrier layers is lacking in the literature [156].This becomes par-
ticularly concerning since physical properties and plasma-chemical efforts are highly de-
pendent on the material of the dielectric barrier used. In other words, both surface and
electrical properties of the DBD actuator are particularly influenced by the chemical com-
position of the dielectric barrier. These features are of utmost importance since they affect
charge accumulation, charge traps, and electric field distribution in the vicinity of the di-
electric surface [157, 158].

In an attempt to put emphasis on the most prominent investigations detected during the
database and comprehensive searching on dielectric barrier materials, some studies will
be summarized below.

Pons et al. (2008) [155] analyzed the surface degradation for two types of polymers as a
dielectric barrier on a DBD actuator, i.e., polymethyl methacrylate (PMMA) and polyvinyl
chloride (PVC) materials, and an afterward comparison with a borosilicate glass exposed
to the same test conditions was performed. Images taken of both polymers showed clear
degradation after operation in terms of roughness and burning. Pictures of PVC polymers
showed color changing. Contrary to the evaluated polymers, images taken of borosilicate
glass plates presented no obvious modification of the surface. It was concluded that this
material is indeed more robust to chemical and radiation exposure. Additionally, glass
(ceramic) dielectric barriers have been successfully utilized in many DBD experiments
and have demonstrated improved resilience over organic materials, including epoxies and
polymers, such as Kapton tape and polyimide film [154, 159].
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In their studies, Zito J. et al. (2013) [159] fabricated microscale dielectric barrier discharge
plasma actuators and experimentally characterized silicon dioxide for the dielectric bar-
rier. Power, velocity, and thrust/force data were reported for several device geometries.
In the final conclusions, it was stated that by using SiO,, as a dielectric barrier the lifetime
of the actuators was extended when compared with the first generation of DBD actua-
tors, i.e., polymer dielectric material. Nevertheless, the authors also emphasized that,
according to the results of induced velocities and thrust data, the increased device relia-
bility — from using a ceramic dielectric — shows a clear trade-off with device performance.
Furthermore, Fine N.E. and Brickner S. (2010) [160] proposed the addition of a hetero-
geneous catalyst on the surface of the dielectric exposed to the plasma as an approach to
increase actuators’ thrust. It was reported, according to the results obtained, that the use
of titania (TiO,) as a plasma catalyst allowed to increase the actuator thrust by 120 % when
compared to a catalyst-free actuator.

In addition, in order to determine the time-resolved body force induced by a DBD plasma
actuator motivated by the conflicting results in the literature on the correlation between
induced body force, flow behavior and phase of the dielectric discharge, Neumann et al.
(2013) [161] performed flow studies captured with a high spatial and temporal resolution.
All measurements were carried out in a DBD placed in quiescent air. A ceramic dielec-
tric manufactured using the low temperature co-fired ceramics technology (LTCC) was
applied which, according to the authors, allowed the use of a very durable and lasting
ceramic, which possibly will enable the future application of this material in harsh envi-
ronments, such as turbomachines. In turn, Segawa et al. (2007) [162] elaborated a study
on the characteristics of a dielectric barrier discharge plasma actuator under elevated tem-
peratures — up to 600 °C. In their study, the authors developed a DBD plasma actuator
with ceramic and quartz insulators. Overall results verified the performance deterioration
of both dielectric materials — alumina ceramics and quartz ceramics — with the increasing
temperature from the room temperature to 500 °C.

On top of all the investigations described, to obtain a homogeneous DBD in air at atmo-
spheric pressure, many methods — including different types of barrier materials, different
types of power supply, and different types of electrode arrangements — have been explored
[59]. Ran J. et al. (2018) [163] focused their work on the factors that influence the for-
mation of homogeneous dielectric barrier discharges at atmospheric pressure in air with
a greater focus on dielectric properties on discharge modes. The experimental set-up fea-
tured plane-parallel electrodes which were covered with quartz plates of 0.5 mm to 1 mm
thick or Al,O, ceramic plates of 0.5 mm to 3.25 mm thick. It was found that the dielectrics
play a crucial role in the formation of Atmospheric Pressure Townsend Discharge®, or
APTD, in the open air. Three dielectric characteristics were distinguished of major im-
portance: type of dielectric material, the thickness of the dielectric barrier, and surface
roughness of the dielectric barrier. Nevertheless, it was highlighted by the authors that
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the rougher the dielectric material, the more the number of shallow traps, so the more
electrons can be provided for the next half-cycle discharge of the DBD. In addition, it was
shown that the surface roughness of the dielectric also reduces the breakdown electric
field due to its uneven surface. The ceramics used in this study had more shallow traps
than quartz glass, which explains the difficulties quartz has in generating homogeneous
DBD in air.

As a follow-up, in their article, Ran et al. (2020) [164] approached the factors that affect
the transition of discharge mode for obtaining a homogeneous atmospheric pressure di-
electric barrier discharge in air. The surface morphology of different dielectric materials
— quartz glass and ceramic — was given special attention. It was once again concluded that
the surface morphology of different applied dielectric has indeed a remarkable influence
on discharge mode and emission spectrum of the discharge.

A particularity of interest about DBD actuators is the efficiency of DBD plasma chemical
reaction. In fact, this efficiency is expected to increase by increasing the permittivity of
the barrier material, since the transported charge of plasma reaction is proportional to
the permittivity of the dielectric material. Ceramics with high permittivity tend to break
by supplying a high voltage thanks to their modest dielectric strength, and therefore SiO5
which has a low permittivity is generally used as a dielectric material [165]. Nevertheless,
MTiO3 (M = Ca, Sr, Ba) ceramics are actually recognized as a typical dielectric material
possessing a variety of dielectric properties. Li R. et al. (2004) [165] investigated the sin-
terability, mechanical and dielectric properties of Cag 7Sr( 3TiO3 using LSi>O5 as a sin-
tering additive. Followingly, the produced ceramic was applied as a dielectric barrier for
the decomposition of COs. For comparison purposes, alumina and silica glass were also
used as dielectric barriers. Results pointed out that the permittivities of the three types of
ceramics at 100 °C and 10 MHz were Cag 7St 3TiO3 (207) > alumina (10.4) > silica glass
(4.6); and the CO, conversions greatly changed depending on the barrier materials in the
same order as the permittivity, i.e., Cag 7Sry 3TiO3 > alumina > silica glass.

In the same train of thought, Song X. et al. (2016) [158] evaluated the Ca 3Sr( 2 TiO3 ce-
ramics’ performance as a dielectric barrier, based on different amounts of glass addition,
in the decomposition of carbon dioxide at atmospheric pressure. Several conclusions were
reached, including the feasibility of using Cag gSr( 2 TiO3 for the decomposition of CO,
both the conversion rate and the conversion efficiency increase with increasing glass con-
tent, and, lastly, the high glass content may increase the number of electrons near the
surface of the dielectric barrier.

5The Townsend discharge consists in a gas ionization process where an initially small amount of free elec-
trons, accelerated by a sufficiently strong electric field, give rise to electrical conduction through a gas by
avalanche multiplication. Once the number of free charges drops or the electric field weakens, the phenom-

ena ceases.
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Moreover, in the literature is stated that alumina ceramics are widely applied as a ceramic
dielectric barrier, since they are still considered sufficient for DBD actuators applications
due to their advantageous features, such as high mechanical and dielectric strength, high
resistivity, and small dielectric losses [156, 157].

In their study regarding the influence of the DBD actuator above the construction thresh-
old on the two-dimensional subsonic boundary layer, Moravel et al. (2018) [166] used an
actuator design with a two-layer underlying electrode to stabilize the position of the fila-
ments; and between these two electrode layers, as well as above them dielectric plates of
alumina ceramic 1 mm thick were placed. Recently, in their research, Keral et al. (2020)
[156] studied and determined the ignition and quenching voltage of the DBD regarding
the effect of adding several types of oxides into a pure alumina ceramic. The aim was to
determine the impact of the chemical composition of the dielectric barrier. In addition,
changes in surface morphology of the coplanar arrangement of the DBD (CDBD) barrier
layer were verified. Overall, the final findings showed, in the form of graphs and atomic
force microscopy (AFM) images, that the addition of small amounts of oxide dopant into
pure alumina ceramics affects both ceramic’s chemical composition, as well as surface
structure, which in turn influence plasma parameters. Similarly, the investigations car-
ried out by Pribyl R. et al. (2020) [157] consisted of a complex study on alumina-based
ceramics barriers doped with spinel, i.e., MgAl,O,. It was concluded that the change in the
sample composition resulted in a nonlinear response of physical properties for coplanar
DBD. In summary, it was remarked that the determination of bulk and surface properties
is necessary for complex analysis of the suitability of materials to be used as a dielectric
barrier for CDBD; however, based on the knowledge and experience already acquired, the
alumina-based ceramics with a small addition of MgAl,O, are a promising compound for
effective cold nonthermal plasma generation.

Lastly, a remarkable investigation was carried out by Bian D.L. et al. (2017) [154] that re-
ports the material characterization and performance evolution of an AIN ceramic-based
DBD plasma actuator. A conventional Al,O, ceramic was also investigated as a control
material. The plasma images, thermal characteristics, and electrical properties of the two
actuators were compared and studied. Afterward, the evolutions of the surface morpholo-
gies, power consumption, and plasma images were monitored and analyzed at various op-
erating intervals of time. A digital microscope imaging system was further used to char-
acterize changes in the surface morphology. In addition, the induced velocities of the ac-
tuators were measured using a Pitot tube before and after plasma discharge aging. Lots of
conclusions were therefore extrapolated, but, in general, it was highlighted by the authors
that the AIN-based actuator can produce a more uniform discharge whilst the discharge
of the Al, O, actuator is easier to become filamentary. The later condition unfortunately
leads to higher power consumption and earlier failure due to electrode oxidation.
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3.4 Multifunctional Advanced Ceramics

The function of an engineering ceramic material may be defined as the specific purpose
for which it is used in a particular application. Moreover, multifunctional ceramic systems
composed of different materials — each offering primarily a single function — are namely
well known. Nevertheless, sometimes even for a monofunctional application, a fine ce-
ramic is frequently able to fulfill a set of secondary purposes based on their secondary
properties [167].

Taking the above into consideration, the three aforementioned and reviewed applications
of advanced ceramics in aerospace and aeronautical engineering fields — i.e., Thermal Pro-
tection Systems, Thermal Barrier Coatings and Dielectric Barrier Discharges —, in addition
to the materials assessed in each subsection, three chemical compositions of ceramic sys-
tems were selected to be fabricated and further carefully studied. Specifically, the three
ceramic systems are Mg-doped aluminum oxide, Mg-doped calcium zirconate oxide, and
yttria stabilized zirconia.

3.4.1 Mg—-doped Aluminum Oxide, Mg—Al,O,

Aluminum oxide, commonly referred to as alumina, is one of the most widely cost effec-
tive material in the family of fine ceramics. With an excellent combination of properties
and reasonably priced available raw materials it is instinctive that fine grain technical alu-
mina has a very wide range of applications. In detail, this material possesses strong ionic
interatomic bonding, which consequently gives rise to its desirable key properties, such
as:

high temperature stability,

excellent size and shape molding capabilities,
« high strength, stiffness, hardness and wear resistance,

« good corrosion and erosion resistance,

resistant to strong acid and alkali attacks at elevated temperatures®,

high dielectric strength and small dielectric losses, and

« commercial availability in purity ranges from 94 % to 99.8 % for the most demand-
ing high temperature application.

%The issue of ceramic corrosion is widely considered and investigated. Contrarily to the metal corrosion,
which is mostly a consequence of electrochemical processes, in ceramics it is related to the dissolution phe-
nomenon in different media. Many studies have been conducted to fulfill the urge for new applications pos-
sibilities of advanced ceramics, especially for engineering structures exposed to high-temperature environ-
ments, i.e., power generation industries and hot sections of the gas turbine engines. As consequence, it has

been proven that alumina withstands both acid and alkali attacks at relatively large temperature ranges.
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Moreover, the listed characteristics make alumina-based ceramics the material of choice
for a wide range of applications, including high temperature and aggressive environ-
ments, wear and corrosion resistance, metal cutting tools, microwave components, and
electrical insulation, as illustrated in Figure &2.2.

Furthermore, authors such as Pribyl R. et al. [157], Molla J. et al. [168], and Ramirez-
Gonzéalez J. et al. [169] studied and evaluated the addition of magnesium-based dopants
on standard alumina ceramics. It was reported and highlighted that Mg-based dopant
components are usually used as a sintering aid in alumina fabrication process since it
produces an inhibition of the grain growth, as well as an increase in the final density of
the material. Accordingly, and bearing in mind two crucial considerations described in
and B.3.4, respectively, this is, (a) oxide ceramics are intuitively a good candidate
for passive TPS application, (b) alumina is the state-of-art ceramic dielectric barrier ma-
terial of DBD actuators; Mg-doped Al,O, was therefore appraised a suitable material for
a ceramic system to be produced and thereafter analyzed.

3.4.2 Mg—doped Calcium Zirconate Oxide, Mg—CaZrO,

Calcium zirconate oxide, also named calcium zirconate, or simply, CZ, is reported to be a
potential candidate for many purposes in mechanical, coating and electrical applications.
As described in B.2.9, calcium zirconate has appealing and exciting thermal properties,
rendering this ceramic material to be a convenient candidate for thermal barrier appli-
cations. Besides, CZ is a material with a perovskite structure that is of fundamental sig-
nificance for its electrical properties. All in all, some of attractive properties of calcium
zirconate oxide are:

« excellent mechanical properties,

+ low thermal conductivity,

+ high thermal and chemical stabilities,
« good thermal shock resistance,

+ high melting point, and

excellent dielectric properties, i.e., high dielectric constant, low loss factor7, and
both of the qualities are well stable between 1 kHz and 1 MHz.

Calcium zirconate has been applied in different sectors, for example, as a sensor material
in aluminum melts, as a refractory material for titanium metallurgy, in addition to as a
microwave dielectric ceramic in modern communication systems. Nonetheless, in aero-
nautical and aerospace fields, it is considered as an alternative material to YSZ to be used

7The dielectric loss factor is a parameter used to evaluate the energy absorbed in the medium as an electro-
magnetic wave passes through. Considering an ideal case, the losses are zero, and consequently the dielectric

loss factor is also zero.
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in thermal barrier coating as pointed out by Ma W. et al. [89] and Garcia E. et al. [90]

and explained in B.2.4.

Additionally, it is also found in the literature that simple perovskite structured materials
are of essential significance for their electrical properties including ferroelectricity, piezo-
electricity, and superconductivity. Studies showed that perovskite ceramics increase the
efficiency of the dielectric barrier discharge process. Li R. et al. [165] and Song X. et al.
[158] focused their studies on the family of CaTiO,—based compositions as described in
B.3.4, however these ceramics have a drawback consisting in a lower temperature stabil-
ity when compared to that of CaZrO,. Taking the above aspects into account, Mg—doped
CaZrO, ceramic system was as well considered a reasonable and suitable material to be
fabricated and studied. It is relevant to highlight that calcium zirconate was also chosen
to be doped for the reasons mentioned in B.4.1, i.e., as a sintering aid in the fabrication
process for inhibition of the grain growth, and densification of the ceramic produced.

3.4.3 Yttria Stabilized Zirconia, YSZ

As described in B.2.d, YSZ is widely considered and adopted material for thermal barrier
coatings on gas turbine blades typically made of an Ni-based superalloy, considering its
attractive properties, such as high thermal stability, low thermal conductivity, and a rel-
atively large thermal expansion coefficient, which is close to that of the metal substrate.
In addition, it is known that zirconia, or ZrO, has a very high melting point (3053.15 K),
high temperature resistance, wear resistance, as well as corrosion resistance. Nonethe-
less, pure zirconium dioxide undergoes a phase transformation from monoclinic (stable
at room temperature) to tetragonal (at about 1170 °C) and then to cubic (at about 2370
°C). Therefore, in order to obtain stable zirconia ceramic products stabilized zirconias
are developed and studied by the process of doping ZrO,. Particularly, by adding yttrium
oxide, or yttria (Y,0,), which has excellent chemical inertness and high corrosion resis-
tance, a fully stabilized zirconia is possible to obtain. Precisely, ZrO, with 7-8 wt. % Y,O,
composition has been studied for years for TBC applications due to its unique proper-
ties enumerated along the subsection of Thermal Barrier Coatings, but reconsidered once
again:

« very high mechanical strength and wear resistance,
« very high erosion resistance,

« high impact resistance,

« high corrosion resistance,

« high chemical resistance,

very low thermal conductivity, and

relatively high coefficient of thermal expansion when compared to other ceramics.
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Balca F. (2021) [170] studied specifically the optimization of multiphase composites of
zirconium oxide for thermomechanical aeronautical applications. On the whole, the re-
search consisted on the fabrication and microstructural, physical, mechanical and thermal
characterization of seven multiphase distinct ceramic compositions in which pure zirco-
nia ZrO, (monoclinic phase), 3YSZ (tetragonal phase) and 8YSZ (cubic phase) served as
base materials. After performing an analysis, it was concluded for this work that based
on mechanical and thermal results the composition named as P7 (i.e., 33.3 wt. % ZrO,,
33.3 wt. % 3YSZ, 33.3 wt. %, and 8YSZ) would be a best fit to reproduce and study both
as a Thermal Barrier Coating and as a passive Thermal Protection System. It is impor-
tant to emphasis that the decision made was mainly influenced by the high mechanical
resistance and notably low thermal conductivity which is a crucial parameter for the two
applications referred.

To sum up, Figure outlines the three ceramic systems chosen to be investigated,
i.e, Mg-doped Al,O,, and Mg-doped CaZrO,, and YSZ in addition to their intended appli-
cations based on the aeronautical and aerospace implementations exploited throughout
the course of this chapter, i.e., TPS, TBC and DBD. The selection was made in the sense
that, when possible, one of functions of each candidate ceramic system should be based
on their usual state-of-art application — YSZ is a state-of art material for TBCs, whereas
alumina ceramic is for DBD —, whilst the second application should be an alternative one
according to the literature revision performed. The third and remaining employment,
which in the diagram is always opposite to the material considered, serves as a sugges-
tion and, therefore, conducted studies are expected to answer regarding to its suitability
— Mg-doped calcium zirconate as a TPS, Mg-doped alumina for TBC usage, and lastly YSZ
as a dieletric barrier for DBD actuators.

Mg — CaZrO;

DBD TBC

Multifunctional
ceramic

Mg — Al, 054 YSZ
TPS

Figure 3.15: Ceramic systems selected to be investigated in addition to their state—of—art,
proposed by the literature and likely possible applications in aeronautical and aerospace
fields.
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Chapter 4

Experimental Procedure

Ceramic components can be configured in various geometries through several fabrication
processes, which in turn are achieved via different techniques. Despite the large manufac-
turing technique options, all of them can somehow be divided into four common stages in-
cluding material preparation, processing, sintering, and finishing — Figure j4.1. More-
over, it is important to acknowledge that one of the most significant steps in preparing fine
ceramics involves the heating process of ceramic powders, also known — and mentioned
above — as sintering. Specifically, the sintering stage must undergo special handling con-
trol of the heterogeneity, chemical compositions, purity, particle size, particle size distri-
bution (PSD), and part shape as the aforementioned factors play a significant role in the
properties of the ceramic material components obtained [5, 171].

Accordingly, this part of the dissertation, i.e., Chapter |4, sets a general characterization of
the selected raw powders for the ceramic materials fabricated in terms of their chemical
properties. Furthermore, a description of the experimental procedure regarding both the
specimens’ manufacturing routine and samples analysis with respect to their physical,
mechanical, thermal, and electrical properties is given. On top of that, when needed, a
support explanation of the working principles of the techniques exploited is also provided.

1/4 2/4 3/4 4/4

Material Processing Sintering Finishing

preparation

Figure 4.1: Fabrication process of advanced ceramics segmented into stages.

4.1 Materials

As detailed in the subsection entitled Multifunctional Advanced Ceramics, .4, the ce-
ramic materials chosen to be fabricated and subsequently submitted to extensive study
and analysis processes were Mg-doped Aluminum Oxide (Mg—Al,O,), Mg-doped Calcium
Zirconate Oxide, (Mg—CaZrO,) and Yttria Stabilized Zirconia (YSZ). The following tables
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summarize the nomenclature adopted, as well as the detailed compositions in molar frac-
tion (z;), mass fraction (w;), and volume fraction (v;) for each ceramic system aimed to
be studied. In addition, theoretical density values of the initial raw powders utilized are
namely provided since they were used for the calculation of the theoretical density of each
ceramic system material mixture.

For the oxide magnesium-doped alumina ceramic system — Table 4.1 — commercial (Acros
Organics, Belgium) aluminum oxide (Al,O4, A) and (Alfa Aesar, USA) magnesium oxide
(MgO, M) powders of extra high and high purity (wt. %: 99 and 96, for A and M, respec-
tively) were used as starting materials to prepare Mg-doped Al,O, (designated as MA).

Table 4.1: Mg—doped Alumina, MA, ceramic system data.

Mg—doped Alumina (MA) MgO AlO,
Molar fraction, z; 1/3 2/3
Mass fraction, w; [wt. %] 15.7 84.3
Volume fraction, v; [vol. %] 17.2 82.8
Theoretical density, p [g/cm?] 3577  3.99T
Theoretical density of the ceramic composite, pasa [g/cm?®] 3,92

Furthermore, for the magnesium-doped calcium zirconate ceramic system — Table
— commercial (Alfa Aesar, USA) calcium zirconate (CaZrO,, CZ) and magnesium oxide
(MgO, M) powders of extra high and high purity (wt. %: 99.2 and 96, for CZ and M,
respectively) were used as starting materials to produce Mg—doped CaZrO, (named as
MCZ).

Table 4.2: Mg—doped Calcium Zirconate, MCZ, ceramic system data.

Mg—doped Calcium Zirconate (MCZ) MgO CaZrO,
Molar fraction, z; 1/3 2/3
Mass fraction, w; [wt. %] 10.1 89.9
Volume fraction, v; [vol. %] 12.7 87.3
Theoretical density, p [g/cm?] 3577 4.62f
Theoretical density of the ceramic composite, parcz [g/cm?] 4.49

Lastly, and similarly, for the three-phased yttria-stabilized zirconia ceramic system — Ta-
ble |4.3 — commercial (Tosoh-Zirconia, Japan) 3 mol % yttria-stabilized zirconia (t-3YSZ)
— in which the tetragonal phase is predominant — 8 mol % yttria-stabilized zirconia (c-
8YSZ) — in which the cubic phase is predominant — in addition to (Acros Organics, Bel-

"Theoretical densities values based on the XRD files indicated on Table [4.4).
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gium) monoclinic zirconia (m-ZrO,) powders of extra high purity (wt. %: 99.8, 99.7 and
98.5 for t-3YSZ, ¢-8YSZ, and m-ZrO.,, respectively) were used as starting materials to
make YSZ.

Table 4.3: Yttria Stabilized Zirconia, YSZ, ceramic system data.

Yttria Stabilized Zirconia (YSZ) t-3YSZ c-8YSZ m-ZrO,
Molar fraction, x; 1/3 1/3 1/3
Mass fraction, w; [wt. %] 33.3 33.3 33.3
Volume fraction, v; [vol. %] 32.6 33.0 34.4
Theoretical density, p [g/cm?] 6.13 1 6,071 5821
Theoretical density of the ceramic composite, py sz [g/cm?] 6.00

What’s more, theoretical values of each powder were used for the calculation of the theo-
retical density py, (g/cm?) of the three ceramic composite materials. Based on the follow-
ing Equation [4.1 where v; indicates the volume fraction of the element i, p the theoretical
density of the element i, and »n the number of ingredients of the mixture.

n

pin =Y _vixp; (4.1)
i=1

Table |4.4 summarized the XRD files from which values of theoretical densities were ac-
cessed. These XRD files, formerly known as ASTM (American Society for Testing and Ma-
terials) and JCPDS (Joint Committee on Powder Diffraction Standards), are supplied in
the form of power diffraction files (PDF) by the International Centre for Diffraction Data
(ICDD). The XRD files/cards here mentioned and used were collected from the DMAX
ITI/C (Rigaku, Japan) apparatus based on the X-ray diffraction principle. For clarity, it
is worth mentioning that some mismatches between the values applied in the calculation
performed and the values provided by the manufacturers’ data spreadsheets may occur.
This happens mainly due to each manufacturer’s techniques adopted to sinter the speci-
mens and the following applied calculation routines. Having this in mind was assessed as
a reasonable and consistent approach to take into consideration the theoretical densities
indicated by the XRD cards.Table [4.5 summarizes the manufacturer and the theoretical
densities by them listed.

"Theoretical densities values based on the XRD files indicated on Table [1.4).
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Table 4.4: Powders’ theoretical densities based on XRD files/cards.

Material XRD file Theoretical density, p, [g/cm?]
Magnesium oxide, M XRD file/card #71-1176 3.570
Aluminum oxide, A XRD file/card #46-1212 3.987
Calcium zirconate, CZ | XRD file/card #35-0790 4.619
t-3YSZ XRD file/card #50-1089 6.134
c-8YSZ XRD file/card #49-1642 6.069
m-ZrO, XRD file/card #37-1484 5.817

Table 4.5: Powders’ theoretical densities based on manufacturers’ data spreadsheet.

Material (powder) Manufacturer data CAS LOT Theoretical density, p, [g/cm®]
Magnesium oxide, M | Acros Organics, Belgium | 1309-48-4 Bo2Yo033 3.58
Aluminum oxide, A Alfa Aesar, USA 1344-28-1 | A0383004 3.97
Calcium zirconate, CZ | Alfa Aesar, USA 12013-47-7 | U25D020 n/a®
t-3YSZ Tosoh-Zirconia, Japan n/a’ 7308782P 6.05
c-8YSZ Tosoh-Zirconia, Japan n/a® 7807724P 5.95
m-ZrO, Acros Organics, Belgium | 1314-23-4 | A0387501 5.60

The XRD files are obtained based on an X-ray analysis technique, i.e., in many produc-
tion or research and development centers, X-rays can be used to characterize materials
and samples. This electromagnetic radiations of extremely short wavelength — ranging
from about 107® and 107'? m —, and high frequency — 10'® and 10?° Hz — make them
exceptionally suitable to analyze structures and elements at the atomic level. Among the
techniques that incorporate X-ray analysis for sample analysis, two stand out for their
non-destructive nature: X-ray Fluorescence (XRF) and X-ray Diffraction (XRD). Both of
the announced techniques allow to measure a sample’s response to the X-rays, however,
each of them provides a different type of measurement [172, 173, 174].

On one hand, the X-ray Fluorescence 2 technique is applied to determine the element com-
position of materials that are being analyzed. XRF analyzers determine the chemistry of a
sample by measuring the fluorescent, also named secondary, X-ray emitted from a sample
when it is excited by a primary X-ray source. Consequently, each of the elements present
in a sample produces a set of characteristic fluorescent X-rays that is unique for that spe-

"Theoretical densities values based on the XRD files indicated on Table [4.4].
8Information not available by the manufacturer.
9The XRF method is only described for the sake of completeness. It is outlined that the XRF analysis was

not performed.
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cific element. XRF analyzers are available in models designed to provide instant elemen-
tal evaluation for immediate feedback in the field, or in lab-based systems designed to
provide qualitative and quantitative analysis. Unfortunately, the XRF examination deter-
mines the elemental composition of a sample but does not provide information regarding
how the various elements in a sample are combined. Such information is only available
through X-ray Diffraction. X-ray Diffraction, or XRD, is a powerful technique regularly
used to recognize the different phases in a polycrystalline sample, i.e., XRD provides an
analysis of crystalline phases in materials. More specifically, information on structures,
phases, preferred crystal orientations, and other structural parameters — such as aver-
age grain size, crystallinity, strain, and crystal defects —, can be obtained from a careful
examination of the diagram patterns which work as fingerprints as they are unique for
a single substance. In other words, from a standard database for X-ray powder diffrac-
tion patterns, an easy phase recognition and identification for a large variety of crystalline
samples is enabled. Within this framework of thought, it can be considered that the XRD
technique is complementary to XRF since by using both of them it is possible not only
to obtain the detailed chemical composition of a sample but namely the presence and
amounts of minerals species, as well as phases identification [172, 173, 174].

As the name itself indicates, XRD analysis is performed with the aid of X-ray radiation.
Considering the entire electromagnetic spectrum, this is justified by the fact that the wave-
lengths )\, of X—rays range from 0.01 nm to 10 nm, which corresponds to energies E in
the range from 0.125 to 125 keV, and in turn are in tune with the crystal atomic distances
and lattice parameters [175, 176]. These quantities — X—rays wavelengths and their ener-
gies — are inversely proportional as indicated by Equation [4.2 where A is the Planck’s
constant, v is the frequency, and ¢ the velocity of light.

Ep:hxv:hxi (4.2)
Aw
In addition, XRD tests are carried out with X—ray diffractometers that generally consist
of three components, this is, a source, also designated as an X-ray tube, a sample holder,
and an X-ray detector [174]. At its basics, when a specimen is fired with the X-ray beam,
the crystalline constituent atoms of a given material cause its diffraction in several direc-
tions. The term diffraction is usually used to explain the deviations of rays propagation
from a trajectory dictated by a geometrical optical setup [175]. In other words, when X—
ray radiation collides on a specific periodic crystal structure a characteristic diffraction
effect is observed since X—rays diffract treating inter-atomic distances as slits. These X—
ray diffraction patterns are thus exploited to assess the composition of a sample of study

[174, 175, 176, 177, 178, 179].

In physics, the relation between the spacing of atomic planes in crystals and the angles
of incidence — at which these planes produce the most intense reflections of radiation,
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known as peaks — is expressed by the Bragg law. This law states that for maximum in-
tensity of reflected wave trains (wave sequences are formed by crests and troughs) they
must stay in phase to produce constructive interference — i.e., corresponding points of the
wave must arrive simultaneously. Contrarily, if the wave trains do not stay in phase, de-
structive interference is produced, and the signal is destroyed creating background noise
in the measurements. The Bragg law allows this way to compute both the lattice spac-
ing of crystals and the wavelengths of incident X-ray beams illustrated in Figure [4.2
(174, 175, 176, 177, 178, 179].

path difference = dsin®

— O O S *—

Figure 4.2: Bragg law diagram illustration.

The diagram of Figure illustrates a two-dimensional incident two X-ray waves (de-
picted by red arrows) on a crystal structure (represented by grey dots and dashed lines)
with a separation distance d, — the distance between the lattice planes — at a reflected
angle ¢ that originates diffraction in phase, i.e., as previously explained, constructive in-
terference in the distance traveled — path difference — and determined by the expression
2d,, sin . Accordingly, Bragg law is given by Equation [4.3.

nAw = 2d,sind  (4.3)

Moreover, it is important to note that after the waves are reflected, they can only be in
phase if the path length 2d), sin 6 is an integer number of wavelengths, n\,,. Otherwise,
in the case of fractional n lengths of wavelengths, the reflected waves are naturally out of
phase and destructive interferences are created giving rise to noise instead of the desired
sharp peaks for crystallographic determination [179].
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4.2 Experimental Procedure - Sample Manufacturing

4.2.1 Material Preparation Stage

The samples’ manufacturing process adopted was overall similar to the production of all-
ceramic materials previously announced — MA, MCZ, and YSZ. The fabrication procedure
commenced with the weighing of the corresponding proportion of every powder with the
help of a single pan analytical balance (Oertling, United Kingdom) with a maximum ca-
pacity of 200 g and readability of 0.0001 g. Thereafter, the starting powders were milled
for 3 h at 500 rpm in a high-energy planetary mill (Fritsch, Pulverisette 6, Germany) in
alumina — for the MA mixture — and zirconia — for the MCZ and YSZ mixtures — grid-
ing bowls of 250 mL capacity. In addition, alumina and zirconia balls of 1 mm diameter
(Fritsch) were added to the powder mixtures using isopropyl alcohol as a media in a pow-
der/alcohol/balls ration of 1/1/2. Specifically, the mixtures were composed of 100 g of
powder, 100 g of isopropyl alcohol, and 200 g of balls — which are responsible for the ho-
mogenization of the mixture and therefore their higher weight. The milling process aimed
to reduce the characteristic particles’ sizes. It must be highlighted that during the milling
process cycles of 30 min were made with intervals of rest so that the mixture would not
overheat inside the griding bowls which would have adverse consequences on the chemi-
cal composition of the ceramic produced. Afterward, all the mixtures were dried at 50 °C
for 24 h in air (Carbolite, NR200-F, United Kingdom) — with the purpose of isopropyl al-
cohol complete evaporation — and, in due course, sieved with a vibratory shaker machine
(Retsch, AS200, Germany) in 63 xm mesh so that the collected fine particles would be
free, first and foremost, of alumina/zirconia balls, and namely some unintended agglom-
erates and impurities.

It must be remarked that due to unexpected high relative porosity values obtained for
the MA specimens during physical properties determination — explained in the follow-
ing sections — an optimized fabrication approach was then adopted. In greater detail, a
fourth ceramic material, named MA2, was fabricated with the difference that its milling
time was doubled, i.e., extended to 6 h instead of 3 h as for the rest of the compositions.
Furthermore, during the milling process, an analysis of the particle size of the mixture
was also performed based on the laser diffraction principle with a multifunctional parti-
cle characterization tool (Coulter LS-200, CA, United States of America) to ensure that
a proper improvement regarding the particle size was being achieved when compared to
MA1. This awareness regarding particle size worked as a quality control process and was
fundamental since the ceramic materials that were being fabricated aimed to fulfill a range
of applications common to the three of them. Naturally, the more alike the process of fab-
rication and its results, the more accurate characterization can afterward be performed
for the ceramic materials studied through the course of this dissertation work.
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Laser diffraction analysis, LDA, also called laser diffractions spectroscopy, is a technol-
ogy — grounded on the Fraunhofer diffraction theory — that exploits diffraction patterns
of a laser beam passed through any sample — ranging from nanometers to millimeters in
size — to measure relatively quickly the geometrical dimensions of the particles composing
the sample that is being analyzed. To put it in another way, at its very most basic, laser
diffraction is about the relationship between particle size and the angle and intensity of
the scattering light. The measurements are made when a sample is passed through a mea-
surement chamber which is where a laser beam illuminates the particles. The intensity
of light scattered by the particles within the sample is detected over an extensive range of
angles. Large particles scatter light at small angles relative to the laser beam and small
particles scatter light at large angles. Furthermore, a major advantage of this process is
that it does not depend on volumetric flow rate, i.e., the number of particles that pass
through a surface over time [180, 181, 182, 183]

For the apparatus available in the laboratory — Coulter LS-200 — the light intensity lev-
els are first measured with no sample in the system, and then subtracted out. The back-
ground must always be measured before adding the sample to the system. Only this way, a
comparison is possible based on the obtained light intensity patterns from which the size
distribution is calculated. Figure consists of a schematic illustration of the work-
ing principle of a laser diffraction analysis methodology, whereas Figure 4.4 shows a
schematic diagram of the Counter LS model laser granulometer.

Laser Saimila

Light ¥ Lens Detectors
Module

Source

Figure 4.3: Schematic illustration of the optical working principle of the LDA particle size
detector [184]].

On the whole, laser diffraction analysis is characterized by rapid measurements, repeata-
bility since a large number of particles can be sampled in each measurement, elevated
sample throughput, i.e., a high number of measurements may be conducted, for exam-
ple, per day; and it is considered a well-established technique as it is covered by ISO13320
(International Organization for Standardization).
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Figure 4.4: Schematic diagram of the Coulter LS model laser granulometer [185].

4.2.2 Processing Stage

After all the fine-powder mixtures were obtained, the next step consisted of the pressing
process for the shape-forming of three types of specimens, i.e., two rectangular (one of
them was intended to be transformed, i.e., cut into several rectangular bars) and one disc
specimens. The uniaxial pressing technique was adopted in a universal testing machine
using rectangular (Instron 8800, 100 kN electromechanical actuator capacity, United
States of America) and cylindrical (Shimadzu, AGS-X, 50 kN electromechanical actuator
capacity, Japan) dies of high strength steel — previously lubricated with thin oil (Connex
COX591109, Germany) — at 25 MPa for both rectangular specimens (60 x 60 mm), and
disc specimens (diameter of 28 mm) which correspond to, approximately, 90.0 kN and
15.4 kN, respectively. A total mass of 40 g for the rectangular specimens and 4 g for the
discs were used. Table [4.6 summarizes the information mentioned.

Table 4.6: Uniaxial pressing technique parameters for the rectangular and disc specimens
powder compaction.

Mold
Specimen type Powder mass [g] Force applied [kKN] Strength [MPa]
dimensions [mm]
Rectangular 40 ~ 90.0 25 60 x 60

Disc 4 ~ 15.4 25 @28

The uniaxial die pressing or UDP is one of the dry forming techniques type that is consid-
ered to be the most common forming process of ceramic components for their mass pro-
duction. The great benefit of dry forming — when compared for instance to wet forming
methods — is that it eliminates problems related to drying shrinkage, as well as associated
energy and costs. When the procedure takes place at room temperatures it is designated
as cold pressing. Concisely, UDP consists of the powder compaction methodology involv-
ing uniaxial pressure applied to the powder deposited in a die between two stiff punches
(5, 186]. Figure j4.5 shows the uniaxial die pressing process divided into three stages:
(a) die fill stage, (b) compaction, and (c) component or part ejection.
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Figure 4.5: UDP methodology illustration divided into three stages: (a) die fill, (b) com-
paction, and (c) part ejection [187].

4.2.3 Sintering Stage

After the compaction process achieved by uniaxial die pressing, the following stage con-
sisted of the sintering process that aims to convert fine-sized materials into an agglomer-
ated product. In its essence, sintering is a thermal behavior of materials where particles
bond together through a mass transport mechanism — mass transit due to species concen-
tration gradient, i.e., the spatial difference in the abundance of a specific chemical species
— in a mixture [188]. The goal of the sintering phase is to obtain a fully dense solid compo-
nent, however, in most cases, some residual porosity remains. As pointed out by Otitoju
et al. (2020) [5] sintering correlates with many factors, such as sintering temperature,
time, atmosphere, heating, and cooling rates, shrinkage, pressure, grain size, agglomer-
ates, and porosity. For this reason, it is a very critical stage in the fabrication of advanced
ceramics [5, 189].

For the MA1, MA2, MCZ, and YSZ advanced ceramic materials the sintering process was
carried out in air (Termolab, MLR, Portugal) and it was composed of pre-sintering (for
rectangular specimens cut into bars) and sintering (for all the specimens) steps. The
pre-sintering phase started with the rectangular specimens being heated with a rate of
5 °C/min from room temperature to the maximum temperature of 1200 °C, 120 min
dwell, and 5 °C/min cooling rate from pre-sintering to room temperature. After the pre-
sintering was completed, the specimens were cut into rectangular bars with a diamond
wheel (Buehler IsoMet 15LC, United States of America) set on a laboratory precision cut-
off machine (Accutom-2, Struers, Denmark), and their surfaces smoothened and uni-
formized with a silicon carbide paper of grid #1000 (Struers, Denmark).

Lastly, the sintering stage comprised the following steps common to the rectangular, the
bar, and disc specimens: heating rate of 5 °C/min from room temperature to the sintering

76



temperature (1450 °C for the MCZ and YSZ, and 1600 °C for the MA1 and MA2 ceramic
mixtures), 120 min dwell, and 5 °C/min cooling rate from referred sintering temperatures
to room temperature.

Bearing in mind that owing to the thermochemical reactions that take place during the
sintering stage, a strengthening and densification of the engineering ceramic occur. Con-
sequently, this leads to a reduction in porosity of the material which in turn diminish its
volume. The process described is known as sintering shrinkage [190]. To ascertain the
sintering shrinkage, diametrical linear contraction Cj; (%) was evaluated on the disc sam-
ples based on the following Equation [4.4 where d; corresponds to the initial diameter of
the disc specimens, whereas d; is the final one.

d — d;
Oy = fd %100 (4.4)

)

Moreover, to analyze any deviation and/or associated error with the, at least, three mea-
surements, n, taken of the diametrical linear contraction, mean value C; and standard
deviation SD for the two manufactured disc specimens were established according to the
following Equations [4.5 and [4.6, respectively.

oy
Cyq= Z—nld (4.5)

n—1

SD = \/Z?ZI(CCI — ﬁd>2 (46)

4.2.4 Finishing Stage

The concluding step in the ceramic component fabrication was the finishing stage. All
ceramic components in their processed state have some individual physical characteris-
tic features due to minor uncontrollable changes. Therefore, a finishing stage becomes
mandatory to eliminate possible imperfections on the surface of the specimens. To over-
come this phenomenon manual surfaces optimization grinding and polishing procedures
were performed with the help of materialographic equipment (Struers DAP-V, Denmark)
and silicon carbide paper #1000 (Struers, Denmark), followed by silicon carbide paper
#2400 (Struers, Denmark) designated for materials wet grinding.

All in all, Figue [4.6 summarizes the four steps and their determining parameters for

the MA1, MA2, MCZ, and YSZ technical ceramics production covered in greater detail
throughout this sample manufacturing description section, i.e., [4.d.
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MATERIAL PREPARATION
Raw powders weighing
Mixture milling: 3 h at 500 rpm
Mixture drying: 50 °C for 24 h

Mixture powder sieving: 63 pm, 106 pm and 212 pm meshes

PROCESSING
Shape-forming by UDP method
« Die fill: 40 g and 4 g for rectangular and discs specimens, respectively

- Compaction: 25 MPa

» Part/component ejection

SINTERING
= Pre-sintering: 1200 °C for 120 min
« Sintering: 1450 °C for MCZ and YSZ, and 1600 °C for MA1 and MA2

during 120 min

FINISHING
Surfaces grinding and polishing procedures with
- Silicon carbide paper #1000

- Silicon carbide paper #2400

Figure 4.6: MA1, MA2, MCA, and YSZ manufacturing process summary.
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4.3 Experimental Procedure - Sample Analysis

4.3.1 Physical Properties

4.3.1.1 Apparent Porosity, Bulk Density, Apparent Density and Relative Den-
sity

Apparent porosity and bulk density were measured following the ASTM C-20 — 00 [191]
standard test methodology using deionized water and the — previously mentioned — sin-
gle pan analytical balance (Oertling, United Kingdom) with a maximum capacity of 200
g and readability of 0.0001 g. The analysis of these parameters is essential once they are
considered to be the primary properties of advanced ceramics, i.e., they are strongly cor-
related to the mechanical, thermal, and electrical performance of the finished technical
ceramics. Both apparent porosity and bulk density parameters are widely applied in the
evaluation exercises of different ceramic materials and serve namely as criteria of com-
parison, or benchmark, for distinct purposes, such as quality control, research, and devel-
opment, as well as compliance assessment based on particular specifications. Therefore,
it becomes appropriate and significant to note that during the fabrication process factors
such as raw powders used, the particle size of the fine grain of mixtures obtained and,
ultimately, the sintering temperature in addition to its duration, will dictate and govern
the apparent porosity and bulk density of the fine ceramics manufactured. In summary,
and simply put, the fabrication process influences the physical properties of a particular
ceramic, which in turn will be decisive for the overall performance of an engineering struc-
ture, or component, that that specific ceramic integrates.

Thereby, the apparent porosity and bulk density determination procedure began with the
measurement — in grams (g) — of three individual weigh for each bar specimen of every
composition — MA1, MA2, MCZ, and YSZ, in the following sequence: dry weight, D, after
the specimens were dried in air with the help of a laboratory oven (Carbolite, NR200-F,
United Kingdom); saturated weight, W, after the samples were maintained in deionized
water for 12 h and slightly wiped with absorbent paper so that remaining residual water
drops would not impair the measurements, but also with special caution to avoid excessive
withdrawing of water from their pores; and lastly, suspended weight, S, also performed
in water and accomplished by suspending the specimen in a wire arm from a hung set on
the balance. In between, i.e., after equipment assembly and before the weighing for the
suspended weight determination, the calibration of the balance was done since the wire
aimed to support the specimens is intended to be immersed in water to the same depth as
when the sample is in place which naturally impacts the exercise described.

Once all measurements were made, a calculation routine was implemented to obtain the
desired physical parameter values. The referred routine started with the exterior volume
determination based on Equation 4.7, i.e., the exterior volume V,,; (cm?®) was given by
subtracting the suspended weight S from the saturated weight W
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Veat =W =5 (4.7)

Next, the apparent porosity P (%) computation — Equation 4.8 - (i.e., the percentage
of open pores of the specimens) followed and was obtained by the subtraction of the dry
weight D from the saturated weight W and divided by the exterior volume V,,;. In ad-
dition, the bulk density p; (g/cm?®) — Equation 4.9 - or, in other words, the quotient of
the sample’s dry weight D divided by their corresponding exterior volume V.,; was also
computed as presented below

W —D

ext

P =

x 100 (4.8)

w= g (4.9)

Additional calculation of the apparent density were performed p,, (g/cm?) which consists
of the quotient of the specimen dry weight D (i.e., the sum weight of the compact fraction
of material and the open pores or voids) divided by the difference between the dry D and
the suspended weights S as depicted Equation

D
Pa = D_3S (4.10)
And, lastly, for the relative density p, (%) Equation was applied that represents the

quotient samples bulk density p; divided by the previously calculated theoretical density
pw, of in agreement ceramic material

Pr = Pb 100 (4.11)
Pth

For the four ceramic composites produced, to ascertain any deviation and/or associated
error with the measurements taken of each bar sample, mean value P and standard de-
viation SD of the apparent porosity for, at least, seven specimens, n, were established
according to the following Equations and .13, respectively

P = 2iz1 P (4.12)
n
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n—1

4.3.2 Mechanical Properties
4.3.2.1 Dynamic Young’s Modulus and Dynamic Shear Modulus

The Young’s modulus also called the elastic modulus, £, and the dynamic shear modulus,
modulus of rigidity, or torsional modulus, GG, were experimentally determined based on
the impulse excitation technique according to the standard test method ASTM C1198 —
20 [192]. On one hand, Young’s modulus parameter consists of the elastic modulus of a
material in tension or compression. On the other, the shear modulus property of a mate-
rial describes its elastic modulus to shear or torsion. The reasoning behind choosing the
method of impulse excitation technique, IET, for the calculation of the dynamic elastic
modulus is described as follows. Primarily, the traditional method considering the typi-
cal stress-strain curve and its slope on the linear-elastic regime usually applied on metals
and polymers is not suitable for ceramics. In more detail, according to Robert Hooke’s
law, the quotient of stress divided by strain is equal to a constant which is approximately
the elastic modulus of a material. In other words, for metals and polymeric materials, the
modulus of elasticity — which measures the stiffness of material — is defined as the ratio of
stress o to strain ¢ in the linear elastic region and mathematically it equals to F = Ao /Ac.
Therefore, it is assumed that the linear Young’s modulus is the slope of the linear-elastic
regime within a stress-strain curve — Figure [4.7. Since the advanced ceramics of high
stiffness possess a very low deformation rate, the accurate analysis of the elastic modulus
by E = Ao /Ae technique becomes extremely hard to perform, and therefore high associ-
ated errors will dictate the results which in turn would lead to misleading conclusions.
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Figure 4.7: Typical stress—strain curve for metals.
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Besides this, one has namely to be aware of the phenomenon of the complacency of the
equipment at disposal. The Shimadzu AGS-X (Japan) equipment (supports, wedge, among
other components) is made of steel that has a modulus of elasticity of 210 GPa. This value
is inferior to the ones of the studied ceramic constituents, i.e., alumina (430 GPa) [57],
calcium zirconate (228 GPa) [193], magnesium oxide (280 GPa) [193] and YSZ (210 — 220
GPa) [194]. Consequently, elevated repeatability of test would be necessary to properly
measure the deformation rate of both the specimens and the machine’s structure so that
the last one could be subtracted to the first and elasticity modulus of the ceramic systems
thus determined. This way, a constrain is immediately identified since relatively few spec-
imens of each ceramic system material were fabricated. In summary, the IET technique
is the natural method to apply in the dynamic Young’s modulus experimental determina-

tion.

The impulse excitation technique, or simply named IET, is a non-destructive test method
based on the analysis of the vibration of a test sample after it is impulse excited. In other
words, the component to be analyzed is mechanically excited by a single elastic strike with
the appropriate equipment, i.e., an impulse tool — Figure j4.8.

Figure 4.8: IET impulse hammers.

It is known that the resonance frequencies are characteristic of a test object or specimen,
as they are related to its elastic modulus, mass, and geometry. The relation between these
parameters is accurately identified for isotropic objects of simple shape such as bars or
disks, thus making IET a standard method to determine material key properties such as
Young’s modulus, and shear modulus of advanced ceramics at ambient or high tempera-
tures. Based on the awareness that small geometrical distortions, density fluctuations, or
cracks influence the resonance frequencies values, IET may also be used for quality con-
trol and quality assurance in material processing.

For room temperature conditions, a high-performance IET device was used, i.e., Grindo-
Sonic MKy, GrindoSonic, whose core equipment — widely used by the industrial and re-
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search laboratory — measures various natural vibration frequencies, ranging from 100 Hz
to 50 kHz, on an ample variety of test objects. Overall, IET GrindoSonic MK7 equipment
measures the fundamental resonant frequency of test specimens of suitable geometry by
exciting them mechanically with an impulse tool. Specimen supports, impulse locations,
and signal pick-up points are selected to induce and measure specific modes of the tran-
sient vibrations — i.e., dynamic Young’s modulus is determined using the resonant fre-
quency in the flexural mode, whilst the dynamic shear modulus is found thanks to the
torsional resonant vibrations.

In its core, a transducer senses the resulting mechanical vibrations of the specimen im-
posed by a single elastic strike and thereafter transforms them into electric signals. Next,
the appropriate fundamental resonant frequencies, dimensions, and mass of the speci-
men are used to calculate either Young’s modulus or shear modulus. Noteworthy to high-
light that a standard MK7 shipment includes two vibration transducers. On one hand, the
piezo-probe, or the piezoelectric detector, is sensitive over the entire operating frequency
range of the GrindoSonic MK7, since the probe is most sensitive to movement back and
forth in the direction indicated by the black dot on the probe making it easier to isolate
particular vibrational modes. On the other, vibrations can also be measured using an
acoustic microphone. The detection sensitivity of the microphone decreases for frequen-
cies above about 20 kHz and it doesn’t have the directional sensitivity of the piezo-probe
sensor. An advantage of the microphone is that it is a non-contact detector and so will
not introduce any additional damping of vibrational. Figure 4.9 shows the IET tech-
nique working principle with the two GrindoSonic MK7 equipment vibration transducers
discussed above.

piezoelectric detector

. acoustic microphone

“tap” “tap”

impulse tool
impulse tool
specimen

S ~_

supports supports

Figure 4.9: IET method impulse illustration with two types of GrindoSonic MK7 vibration
transducers — piezo-probe and acoustic microphone sensors.

To optimize the measurement of the flexural (or bending mode) vibration mode, the ce-
ramic rectangular bars specimens were rested on two resin supports — one at each end at
a distance of approximately 22.4 % of the length of the bar. These points — where the bars
are supported — are the vibrational nodes of the fundamental flexural vibration i.e., points
of minimal vibrational amplitude. Consequently, resting the specimens on the nodes has
a minimal damping effect on the vibrations. The bars were then tapped in the center with
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proper excitation hammers. The resonant vibration was measured using either one of the
vibration sensors, i.e., the piezo-probe vibration sensor or microphone equipment. At the
end of this procedure, values of E-modulus measurements were obtained as the output of
the MK7 device.

Lastly, for the measurements of the shear modulus, the rectangular samples were sup-
ported on the cross-shaped nodal support instead and excited not at the center as per-
formed with bars in the flexural vibrational mode, but close to the edge along the node
line. The procedure described excites preferentially the torsional mode allowing this way
the G-modulus measurements.

For experimental results comparison, a Voigt model, Equation [4.14], was analytically
used to estimate the theoretical Young’s modulus E;;, (GPa) of the ceramic composites

n

Ey, = Z v X B (4.14)

i=1

where F; is the elastic modulus of the phase element i, and n the number of phases, i.e.,
the ingredients of the mixture of the ceramic.

Lastly, to ascertain any deviation and/or associated error with the, at least, fifteen mea-
surements performed, n, mean value F and standard deviation SD of the experimentally
obtained Young’s modulus were established according to the following Equations
and [4.16, respectively. Alike computation was performed for G-modulus data assessment
also for the, at least, fifteen measurements made.

_ L )
E = Z;Ll (4.15)

n—1

4.3.2.2 Flexural Strength

The determination of flexural strength also known as modulus of rupture, or bend strength,
of advanced ceramic material at ambient temperature was performed accordingly to the
ASTM C1161 — 18 [195] standard test method. In its essence, flexural strength consists
of a measure of the ultimate strength of a specific beam in bending which depends on
the ceramic inherent resistance to fracture and the size, severity, and concentration of
flaws. Three-point loading test configuration was conducted using the universal testing
machine Shimadzu AGS-X (Japan). This type of flexural strength analysis — contrary to
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the four-point flexural strength test — exposes only a very small portion of the sample to
the maximum stress. Figure illustrates a schematic setup of the three-point loading
test where L is the supporting span and [ is the specimen’s length.
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Figure 4.10: Three-point flexural strength test for advanced ceramics at ambient temper-
ature set up illustration.

At least three specimens of each type of material — MA1, MA2, MCZ, and YSZ — were
tested. Taking into consideration the bar specimens dimensions — measured in mm — of
approximately 5.0 x 4.5 x 45 in a sequence of width (b) x thickness (d) x length (1), the
selected crosshead speed for displacement-controlled testing was of 0.5 mm/min, and an
outer support span (L) of 40 mm. During the testing process, special attention to the
supports (diameter of 10 mm) and the wedge (diameter of 20 mm) of the testing machine
was paid so that the ceramic surfaces would not be in direct contact with the metallic com-
ponents. Therefore, to protect the ceramic specimens, the metallic components’ surfaces
were covered with polymeric film.

The flexural strength o (MPa) of a beam in three-point flexure was calculated from the
load exerted by the applied force P, (N) as a function of the geometric parameters of the
specimens above-listed. The standard calculation formula is thus represented by Equa-

tion as follows

_3PL
7T b2

(4.17)

In addition, values of the flexural strength mean & and standard deviation S D for error as-
sociated evaluation of, at least, three specimens tested, n, were computed by Equations

and |g.19, respectively, as expressed below
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n

(4.19)

4.3.2.3 Hardness and Fracture Toughness

After the three-point flexural strength tests were performed, the recovered shreds of the
rectangular bar specimens were reused. The half-parts of material were embedded in
a two-part mixture of epoxy resin (EpoxiCure 2 Epoxy Resin, Buehler, United States of
America) and hardener (EpoxiCure 2 Epoxy Hardener, Buehler, United States of Amer-
ica), in a ratio of approximately 4:1, that gave rise to a chemical reaction which trans-
formed the obtained solution from liquid into solid state after 24 h of resting at room
temperature.

Thereafter, a surface optimization area process was conducted which aimed to reduce
the samples’ rugosity and repair minor scratches or imperfections. Firstly, the excess of
epoxy mixture with hardener was removed through wet grinding with the help of manual
materialographic apparatus (Struers DAP-V, Denmark) and silicon carbide paper #400
(BUEHLER, United States of America). Then, a semi-automatic RotoPol-21 (Struers,
United States of America) apparatus (discs with a diameter of 250 mm and 150 rpm rota-
tional speed) was used equipped with a RotoForce-4 arm (Struers, United States of Amer-
ica), and a rotary speed of 8 rpm, for the polishing procedure which was conducted in the
sequence specified on Table 4.7 below.

Table 4.7: Semi-automatic polishing in sequence of procedures performed.

Polishing cloth | Diamond suspension | Total duration [min] | Force applied [N]
MD-PLAN 6 um 120 25
MD-DAC 3 pm 120 20
MD-DUR 1pm 60 15

Polishing cloths with magnetic backings were used to expose the ceramic material struc-
ture for analysis by surface deformation removal through surface treatment along with an
abrasive. More specifically, MD-PLAN (catalog number 40500087), MD-DAC (catalog
number 40500075), and MD-DUR (catalog number 40500095) polishing cloths (Buehler,
United States of America) with a diameter of 250 mm were used with a polycrystalline di-
amond suspension (MetaDi, Buehler, United States of America) of 6 ym (item number
40-6632), 3 um (item number 40-6631F), and 1 ym (item number 40-6630F), respec-
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tively. Worth mentioning that the diamond suspensions are routinely used for material
preparation since they allow high-quality surface finishing due to the diamond’s high re-
moval rates.

The polishing of specimens was conducted as described since the surface’s smoothness
highly influences the accuracy of the Vickers indentation hardness test which is one of
many properties that is used to characterize fine ceramics and allows to determine the
resistance of deformation, densification, and fracture of ceramics.

The Vickers indentation hardness of advanced ceramics test was performed as described
in the standard test method ASTM C1327-15 [196] documentation. At its core, the inden-
tation hardness test is performed by using a calibrated hardness tester (Mitutoyo AVK —
C2, Japan) to force a pointed and pyramidal diamond indenter under a predetermined
load into a surface of the ceramics, i.e., the fragments embedded in resin with hardener.
After the indentation is done and the load removed, the surface-projected diagonals of the
obtained impression are measured.

During the test special attention was paid to the load applied, i.e., the test force is intended
to be sufficiently large that a mark is made, but not so large as to introduce cracking of the
material, since, as described in the literature, the Vickers indentations are quite likely to
cause fractures or even excessive damage to the samples.

Therefore, taking into consideration the load applied as well as its time of application of 15
s (£ 2), a proper selection of the acceptable indentations was made according to the guide-
lines provided in the ASTM C1327-15 norm [196]. For instance, the indentations with
irregularities such as large tip cracks, asymmetrical impressions, spalled edges, pores
presence, tip region displacement, or ragged edges, were discarded.

After making a considerably reasonable number of impressions, the Vickers hardness HV
(GPa) was computed as follows by Equation .20

l

P,
HV = 0.0018544 x 3 (4.20)

(¢

where P, (N) is the load applied and d. (mm) is the average length of the two diagonals of
the indentation.

Similarly to other conducted tests, to evaluate any deviation and/or associated error with,
at least, five measurements taken, n, the mean value HV and standard deviation SD of the
Vickers hardness of the ceramic specimens were established according to the following

Equations j4.21 and [4.22, respectively
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HV = ZZ:;LHV (4.21)

(4.22)

. \/ S (HY — V)

n—1

In addition to the Vickers hardness, the radial median crack system fracture toughness
K¢ (MPa.m'/2) which describes a material’s capacity to resist to fracture when enduring
a crack was namely calculated with the help of Equation [4.23 proposed by Anstis et al.
(1981) [197]

Pl E 0.5

where P, (N) is once more the load applied, c. (mm) is the average length of the two diag-
onal cracks that emerged from the corners of the indentation made, E (GPa) is the elastic
modulus previously calculated, and HV (GPa) the hardness determined.

Lastly, the same methodology, as previously described, was adopted for the calculation
of mean value K and error computation SD of fracture toughness for, at least, five mea-
surements, n, performed. Equations [4.24 and §.25 were therefore used as follows

YK
KC:ZZ;L < (424

(4.25)

o \/ Sy (Ko — Ko?

n—1
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4.3.3 Microstructural Analysis
4.3.3.1 X—Ray Diffraction

XRD analysis was performed based on CuKa radiation on the bulk ceramic bar specimens
by utilizing a diffractometer (Rigaku DMAX III/C, Japan). The aim of this experimental
procedure was to carry out the crystalline phases identification, as above-described, in
detail, in section l4.1. For careful examination, data was collected between 5° and 90°
(26), and furthermore the results obtained, in the diffractograms form, analyzed on a basis
of comparison with the theoretical XRD cards, enunciated on Table [4.4], in addition to
magnesium aluminum oxide card, i.e.,

« Magnesium oxide, M — XRD file/card #71-1176,
« Aluminum oxide, A — XRD file/card #46-1212,

 Calcium zirconate, CZ — XRD file/card #35-0790,

t-3YSZ — XRD file/card #50-1089,

+ c-8YSZ — XRD file/card #49-1642,

m-ZrO2 — XRD file/card #37-1484 ,

+ Magnesium aluminum oxide, MgAl,O, — XRD file/card #77-1193.

It is highlighted that the range of measurements between 5° and 90° was selected to en-
sure the validity and viability of the data subject to be analyzed and studied.

4.3.3.2 Microstructure

In the human body, the optical system is composed of the eye. Nonetheless, this organ
has natural limitations in terms of visual acuity dictated both by the biology of the vi-
sual system and the physical optical phenomena. Therefore, to overcome the limitations
of human eyesight, efficient magnifying tools become mandatory to bring some specific
images into focus [198, 199]. Analogically to the human eye, the microscope’s resolving
power (also known as angular resolution, or simply resolution) efficiency — which denotes
the smallest detail that a microscope can resolve when imaging a specimen — depends on
the design of the instrument (quality and number of operating lenses) in addition to the
properties of light used in the image formation process [198, 199, 200].

Microscopes are instruments that are conventionally used to provide clarity while in-
specting objects profoundly, i.e., they produce extremely detailed and enlarged pictures
of the smallest objects. Roughly, they can be divided into two main categories — based
on the source to produce an image — optical microscope (OM) and electron scanning mi-
croscope (SEM). The main difference between the optical microscope and the scanning
electron microscope is the source to produce images, more precisely, the type of beam of
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light applied to the sample. For the optical microscope, the visible light beam is applied,
whilst for the electron scanning microscope, an accelerated electron beam is used instead
[201, 202, 203].

As pointed out by Zhou et al. (2006) [204] the SEM “is one of the most versatile instru-
ments available for the examination and analysis of the microstructure morphology and
chemical compositions”. The interaction of the electron beam with the sample dictates
the quality of the signal acquisition produced which in turn influences the image forma-
tion. This relationship may be categorized as elastic interactions — consequence of the
deflection of the incident electron by the specimen atomic nucleus or outer shell electrons
of similar energy — and inelastic interactions — an outcome of several interactions among
the incident electrons and the electrons and atoms of the sample [203, 204].

The incident electrons that are elastically scattered by the specimen give rise to the so-
called back-scattered electrons (BSEs) in a wide-angle directional change characterized
by negligible energy loss. The BSEs provide compositional information, i.e., a contrast in
multiphase samples composition is exhibited for speedy phase judgment. On the other
hand, inelastic electron scattering originates primary beam electrons and substantial en-
ergy to the atoms of the specimen is consequently transferred. The amount of energy
loss relies on whether the specimen electrons are excited singly or collectively and on the
binding energy of the electron to the atom. Thereby, the excitation of the electrons by
the primary beam strike of the sample surface generates secondary electrons (SEs) which
consists of the loosely bound electrons of the atoms of the material. The SEs are normally
considered the most important electrons since they strongly interact with the surface and
therefore hand sample topographical and morphological information. Besides the signals
mentioned — back-scattered electron and secondary electron detectors — other signals are
produced when an electron beam strikes a sample, for instance, X—rays, Auger electrons,
and cathodoluminescence. Moreover, the X-rays — that are generated by the inflexible
impacts of the incident electron beam with the electron available in the orbital levels of
the sample atom — may serve for the so-called elemental analysis of surfaces in SEM using
energy dispersive spectroscopy [201, 202, 203, 204].

To conclude, SEM analysis is an advanced technique with a greater focus depth, i.e., greater
depth of field when compared to standard optical microscopy and magnification power
for small features, such as texture (morphology), chemical composition, crystalline struc-
ture, and material orientation evaluation. Figure [4.11 shows a schematic illustration of
the SEM working principle, i.e., the different signals - BSE, SE, X—rays — generated by the
incident primary electron beam and the corresponding regions from which each signal
can be detected.
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Figure 4.11: Illustration of the working principle of the scanning electron microscope:
electron-sample interaction in function of the specimen volume [205]

Accordingly, for the microstructure imaging attainment, SEM methodology was exploited
with a scanning electron microscope (Hitachi S-2700, Japan) - and by applying an accel-
erating voltage of 20 kV - after performing careful specimen surface preparation, as de-
scribed inl4.3.2.3, once the microscope time and image analysis are highly impacted by the
quality of the surface being examined. To put it in another way, the quality of the imaging
obtained is strongly affected by the quality of the surface of the specimen being studied.
Furthermore, thermal etching was also conducted for microstructure — grain boundary
— contrasting for 30 min at 1305 °C and 1440 °C for the zirconia and alumina samples,
respectively, i.e., at a temperature 10 % lower than the sintering temperature (referred in
l4.2.9). Both, the heating and cooling rates were of 10 °C/min.

Once optimized, the surface of the ceramics bar specimen being analyzed — MA1, MA2,
MCZ, and YSZ — was gold-sputtered, as shown in Figure [4.12. The ultra—thin gold coat-
ing was applied with a turbomolecular pump coater (Emitech K550 Gold Sputter Coater,
Quorum Technologies, United Kingdom) - Figure - to enhance the conductivity of
the sample, which in turn will boost the interaction between the bombarded electron beam
and the specimen surface.
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Figure 4.12: Ceramic samples with an ultra-thin gold coating.

Lastly, and to conclude, gold — which is not easily oxidized — is considered one of the most
widely used materials to coat non-conducting or poorly conducting specimens. Overall,
the coating procedure offers benefits for the samples subject to SEM analysis, such as di-
minishing microscope beam damage, protection of beam-sensitive specimens, increased
thermal conduction, reduced sample charging, and improved secondary electron emis-

sion [206].

gold sputteringﬁ on the ceramic specimens

Figure 4.13: Ultra-thin gold coating deposition.
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4.3.4 Thermal Properties

When evaluating material characteristics, it is necessary to use different techniques or
even a combination of multiple techniques depending on the purpose sought. According
to the definition provided by the International Confederation for Thermal Analysis and
Calorimetry (ICTAC), thermal analysis (TA) — which is a branch of physicochemical sci-
ence — is “a group of techniques in which a property of a sample is monitored against
time or temperature while the temperature of the sample, in a specified atmosphere, is
programmed” [207, 208]. In other words, TA focuses on the study of the relationship be-
tween a sample property and its temperature, as the sample is heated or cooled, in a con-
trolled manner. Each TA technique is defined according to the types of physical changes
being analyzed, that is to say, temperature, enthalpy, mass and dimensional variation
[207, 209].

Complementary to stated, depending upon the physical properties of the material being
measured and studied (as referred, temperature, enthalpy, mass, or deformation), the
most common thermal analytical techniques are as follows [209]:

Differential Thermal Analysis (DTA) which evaluates the temperature difference,

Differential Scanning Calorimetry (DCS) that analyzes the enthalpy variations,
+ Thermo Gravimetric Analysis (TGA) that assess the mass (weight) changes, and

« Thermo Mechanical Analysis (TMA) which studies the dimensional variations (de-
formation) of the material investigated.

Generally, thermal analysis is mainly used in the field of research and development, and
the instruments applied comprise a detection unit which includes a sample and reference
holder, furnace, and sensors; a temperature control unit that rules the furnace temper-
ature; and lastly, a data recording unit responsible for recording the signals initiated by
the sensors and analyzing them [209].

4.3.4.1 Thermal conductivity

Thermal conductivity was computed throughout thermal diffusivity and specific heat ex-
perimental determination according to the thermal diffusivity by the flash method stan-
dard test method ASTM E1461 — 13 [210] of primarily homogeneous isotropic solid mate-
rial. On one hand, thermal conductivity may be defined, according to Ratna (2012) [211],
as “the rate at which heat is transferred by conducting through a unit cross-section area of
a material when a temperature gradient exists perpendicular to the area”. On the other,
thermal diffusivity can be described as the parameter that describes the rate of tempera-
ture spread through a material. Consequently, thermal diffusivity is a material property
that gives an insight into the ability of a material to conduct thermal energy relative to its
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ability to store it [212].

In thermal characterization, many questions — for instance, related to development of new
materials and designs, process control and optimization, safe operating temperatures,
quality assurance, in addition to numerical simulation — may be solved when these two
fundamental thermophysical properties are accurately known. To summarise, it is possi-
ble to state that the two main properties related to heat conduction are thermal conduc-
tivity and thermal diffusivity [213]. Mathematically, thermal diffusivity, « [mm?/s], is the
thermal conductivity A [W/(m.K)] divided by the volumetric heat capacity, ¢, [J/(g.K)],
and the sample’s density p [g/cm®], at constant pressure, as follows in Equation j4.26

A(T)

W)= 0T < (@)

< MNT)=a(T) x cp(T) x p(T) (4.26)

To solve the equation enunciated, and thus determine the thermal conductivity A the Laser
Flash Analysis (LFA) technique — introduced by W. J. Parker et al. [214] in 1961 — was
considered. The LFA method is particularly advantageous thanks to the simple specimen
size and geometry requirements, rapidity of measurement © and ease of handling. More-
over, it is found a non-destructive and non-contact method [210].

From the theoretical point of view, the physical model of the pulse method is established
on the thermal behavior of the specimen being analyzed, in adiabatic conditions®, at a
constant temperature, whose bottom side has been exposed to a light flash. Accordingly,
it is important to highlight that an analytical solution for LFA thermal diffusivity mea-
surements is only considered valid if the following conditions are fulfilled [210]:

« one-dimensional heat flow,

» no heat losses from the specimen surfaces,

« uniform pulse absorption at the bottom surfaces,
« absorption of the pulse energy in a very thin layer,

« infinitesimally short pulse duration (when compared to the time required for heat
diffusion), and

« property invariance with temperature within the experimental conditions.

For a detailed explanation of the working principles and fundamentals of the flash test
method, the ASTM E1461 — 13 Annex X2 [210], which provides additional support, should

9The LFA method conducts tests at a range of a few seconds for a given temperature. Measurements over

a wide temperature range may take some hours to perform [213].
9By convention, an adiabatic process transfers energy to the surrounding only as work.
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be considered.

In principle, the thermal diffusivity is attained from the thickness of the specimen and
from a characteristic time function describing the propagation of heat from the bottom
to the top surface. In this discontinuous measuring technique, the bottom surface of the
specimen is heated to defined temperature steps by a short laser pulse. After the temper-
ature stabilization, the temperature rise verified on the top surface is recorded by an in-
frared detector [213, 210]. Figure shows a schematic representation of the working
principle of the LFA method, whilst Figure illustrates a typical curve of temperature

variation as a function of time.

Infrared detector
(temperature versus time analysis)

Top surface
temperature increase Ty + AT (t)

Initial temperature T,

Lateral surface
Sample thickness d
Bottom surface T T T T T T T T T
Instantaneous pulse
(laser or flash pulse)

Figure 4.14: LFA working principle schematic illustration.

Mathematically, the graph of temperature variation in function of time allows the deter-
mination of the thermal diffusivity as follows in Equation [4.27

2

d
a(T) =0.13879 x — (4.27)
tos

with d [mm] being the thickness of the sample, and ¢( 5 [s] the so-called half~-minimum
that consists of the time needed for the temperature on the top side of the sample to rise
half of its maximum value.
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Figure 4.15: Characteristic thermal curve (temperature in function of time) for the FLA
method.

Consequently, based on the information described, for the accomplishment of the thermal
diffusivity determination, the disc specimens originally with a diameter of 28 mm and a
thickness of 2.5 mm were cut with the help of water jet to adapt and adequate them to
the sample carrier dimensions of the laser flash apparatus, i.e., diameter of 12.55 + 0.5
mm. Afterward, a high emissivity coating (Kontakt-Chemie 76009-AG, Graphit 33 Spray,
Belgium) was applied to the surface of the ceramic specimens to improve their capabil-
ity to absorb the energy applied. Figure shows the ceramic specimen (right side
picture) encapsulated in the circular sample carriers (left side picture) and then mounted
on the integrated motorized sample changer with a capacity of taking up to three sample
measurements simultaneously (middle picture).

ceramic specimen

circular sample carriers

sample changer

Figure 4.16: Ceramic sample (left), circular sample carriers (right), and integrated motor-
ized sample changer (middle).
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As already described and to put it succinctly, the thermal diffusivity was obtained by heat-
ing the bottom surface of the plane-parallel disc specimen with a short energy light (i.e.,
laser) pulse of the laser flash apparatus (LFA 457 MicroFlash, Netzsch, Germany). Next
to the temperature stabilization, the resulting temperature exchange (rise) on the top side
of the sample — which was recorded by performing seven measurements — as a function
of time was obtained. The thermal diffusivity of the ceramic samples — MA2, MCZ, and
YSZ — was tested upon a temperature interval ranging from room temperature 298.15 K
(25 °C) to 1273.15 K (1000 °C) in a controlled inert atmosphere composed of argon or
nitrogen .

In addition, a reference material (Pyroceramic, Order number 6.256.1-94.0.03, Netzsch,
Germany), with a diameter of 12.7 mm and thickness of 2.5 mm, was tested simultane-
ously with the ceramic samples to compute the specific heat of the ceramic specimens
and to serve as a calibration and verification control practice. Since the total temperature
increase, i.e., step height is indirectly proportional to the heat capacity of the sample, as
shown in Figure [4.15, the specific heat of the sample may be determined. The method
applied for the specific heat ¢, determination is known as a comparative method in which
two samples are measured under the same conditions: a test sample under investigation
and a reference sample with specific heat values already established [215]. The computa-
tion of the ceramic specimen specific heat for a given temperature was therefore computed
as shown by Equation [4.28 below

Tref ref dref
Cif’ample = lenj;le X spample x dsample X C;ef (428)
Tmax p
where ;""" ‘e and c;;ef [J/(g.K)] are the specific heat, Temple and 77/, [K] the maximum

temperature recorded, p**™¢ and p ¢/ [g/cm?] the density, and, lastly, d**™r¢ and d"¢f
[mm] the thickness of both sample and reference material, respectively.

Finally, having calculated the thermal diffusivity through Equation 4.2 and the spe-
cific heat thanks to Equation [4.28, Equation [4.26 was used to withdraw the thermal
conductivity of the three ceramics studied in the thermal analysis — MA2, MCZ, and YSZ.

4.3.4.2 Coefficient of Thermal Expansion

The coefficient of thermal expansion was determined through thermomechanical anal-
ysis. In its simplest, thermomechanical analysis is one of the crucial tools in thermal
analysis that evaluates the change in the dimensions of a sample as a function of tem-
perature, time, and (nonoscillatory) load. Bearing in mind that many materials during
cooling and/or heating processes suffer modifications in their (thermomechanical) prop-
erties, the TMA analysis grants information about the expansion or contraction of the
sample in addition to its softening or deformation [216, 217]. In other words, the ICTAC
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defines the thermomechanical analysis technique as “a technique whereby the deforma-
tion of a sample is measured under constant load” [208]. The TMA methodology is ex-
tremely advantageous since it allows the computation of several different properties of a
sample being studied in the same test. Examples of these properties may be the coefficient
of thermal expansion, melting temperature, phase transition temperatures, and elevated
temperature creep or stress relaxation behavior, among others. Therefore, TMA delivers
valuable information regarding the composition, structure, production conditions, and
feasible applications for various materials. As a last remark, it is highlighted that in case
aload is not applied during TMA measurements, the technique is named thermodilatom-
etry [216, 217].

Overall, the TMA analyzer consists of a rigid specimen holder, a weight or force trans-
ducer, a sensing element (i.e., usually a linear variable differential transformer (LVDT)),
a rigid expansion probe that contacts the specimen with an applied expansion/compres-
sion force, a furnace that generates a constant force, temperature controller and sensor,
a cooling system, a recording device, and a micrometer. In addition, the TMA technique
is performed in a controlled atmosphere [218].

The TMA test performed according to the ASTM E831 — 06 [218] standard test method,
used a thermomechanical analyzer device — which can be conceptualized as a caliper in
an oven — to determine the linear thermal expansion of solid materials when subject to
a constant heating rate. The change of the specimen length was electronically recorded
as a function of temperature, and, consequently, the mean coefficient of linear thermal
expansion «,, [pm/(m.°C)] calculated from the collected data, as shown in the follow-
ing Equation [4.29, where AL*P°[um] is the change of specimen length, L*° [m] is
the specimen length at room temperature, A7*P¢¢ [°C] is the temperature difference over
which the change in specimen length is measured, and % is the calibration coefficient given
by Equation [4.30 where, in turn, "¢/ [zm/(m.°C)] is the mean coefficient of linear ther-
mal expansion for reference material, L"¢/ [m] is the reference material length at room
temperature, AT"¢/ [°C] is the temperature difference over which the change in reference
material length is measured, and, lastly, AL™/ [um] is the change of reference material
length due to heating

ALPeC x k

= [spec s AT'spec (429)

Qm

aref % L'r'ef % ATref

k= NI, (4.30)

The linear thermal coefficient is a vital parameter to be studied since it gives insights into
the material’s response to a change of temperature and hence allows to infer if failure by
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thermal stress may occur [214].

Experimentally, a TMA analyzer (TMA 402 F1/F3 Hyperion, Germany) was used for the
thermal expansion coefficient determination with a pretest applied load in the interval of
0.2 N. The tests performed used rectangular ceramic specimen type with approximately
5.0 X 4.5 x 25 mm dimensions in a sequence of width (b) x thickness (d) x length (1), re-
spectively. In addition, a reference material (Fused Silica, Serial number 35859, Netzsch,
Germany), with a diameter of 6 mm and length of 25 mm was also used to establish the
validity of the obtained data, accuracy assessment, and calibration purposes through the
calibration coefficient enunciated in Equation [4.3d, i.e., the observed expansion must
be corrected for the difference in expansion between the specimen holder and a probe test
obtained from a control specimen — Figure [4.17 [218]. The apparatus allowed to have
a software-controlled, protective atmosphere of inert gas, i.e., more specifically, nitrogen
gas. A temperature interval ranging from 173.15 K (-100 °C) to 1253.15 K (980 °C) was
considered and a heating rate of 5 K/min was applied. The reasoning behind starting the
CTE determination with 173.15 K relies on two grounds: the first being the apparatus’
steel furnace capacity to achieve 123.15 K (-150 °C), and the second is the interesting data
it would offer to analyze.

sample holder
pushrod with
flat tip with

sample holder

pushrod with @ 4mm
flat tip with
Qg reference

material
ceramic specimen

specimen

Figure 4.17: TMA sample holder with a diameter of 4 mm, ceramic specimen (left), and
reference (right) material specimen.
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4.3.5 Electrical Properties

To conduct the experimental study regarding the feasibility of the different ceramic ma-
terials produced — MA1, MA2, MCZ, and YSZ — as dielectric barriers for DBD plasma
actuators, electrical tests were performed. For this aim, several types of equipment were
used to operate and evaluate the DBD plasma actuators in terms of electrical, mechanical
and thermal performance. Figure shows the experimental setup applied.

Specifically, the DBD plasma actuators were supplied by an AC high-voltage and frequency
power source (PVM 500, Information Unlimited, United States of America) that allows
producing signals with voltage amplitudes up to 20 kV peak to peak (kVpp) — this is, the
distance from a crest and a trough of an AC voltage waveform —, frequencies between 20
and 50 kHz, and the power may reach up to 200 W. Furthermore, to monitor and record
the voltage and current waveforms, a digital oscilloscope (PicoScope 5443A, Pico Technol-
ogy, United Kingdom) of high signal integrity was used and connected to a high-voltage
probe named “Secondary Ignition Pickup” (MIo74 Secondary Ignition Pickup, United
Kingdom). The high voltage probe is typically designed to safeguard the measuring in-
strument since attempting to make a direct connection would almost surely damage the
equipment due to high voltages involved in the performed tests.

Figure 4.18: Experimental setup and materials used for the DBD plasma actuator charac-
terization.

Additionally, the plasma actuator electrodes were made of copper tape and asymmetri-
cally mounted on both sides of the dielectric, as depicted in the previous scheme presented
in Figure .14, with a gap of 1 mm between them. The electrodes had a length of 30 mm
and a thickness of 80 ym. The width of the exposed electrode was 10 mm, whereas of
the enclosed one was 20 mm to certify that the plasma discharge extension would not be
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limited by the end, i.e., the shortest length of the covered electrode.

In the literature, several studies conducted to infer about the optimum gap distance be-
tween the exposed and covered electrodes may be found. Commonly, three arrangements
stand out, including the overlapping design, the gapless design and the variable gap de-
sign. It was shown by Roth and Dai (2006) [220] that the variable gap setup with an
interval range of 1 — 2 mm maximizes the generated horizontal electrostatic pressure and
consequently the horizontal flow velocity. Within the same framework of though, Forte et
al. (2007) [221] emphasized that a gap with values higher than 5 mm gives rise to strongly
modified electric field distribution. In addition, Rigit et al. (2009) [222] concluded that
with the augmentation of the gap distance, degradation of the DBD actuator may be re-
duced by the lesser concentration of ion bombardment that is weakened at a specific area.
In conformity with the above described a trade-off was therefore made between the de-
gree of degradation of the dielectric and the performance to be achieved. Accordingly, 1
mm gap, as mentioned previously, was implemented.

Figure [4.19 represents the ceramic dielectrics glued with the copper tape electrodes and
Kapton tape as protection material to shield the covered electrode and therefore ready to

betested. The electric experimental tests were conducted under environmental conditions
of approximately 22 °C and 40 — 50 % relative humidity.

Kapton tape

covered electrode

ceramic dielectric layer

Figure 4.19: Plasma actuator ready to be tested: (a) top and (b) bottom surfaces.

In undertaking electrical tests, it shall be understood that due to their nature and charac-
teristic features, DBD plasma actuators are devices that make it impossible to use some of
the recurrent experimental techniques or equipment without considering certain safety
measures. More precisely, during the plasma actuator operation, high-frequency and
high-voltage signals are engendered, which in addition to the generated strong electri-
cal field make accurate experimental analysis extremely difficult.
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For these reasons, two methods from the literature were applied to perform the electri-
cal characterization analysis, i.e., the electrical current method and the electric charge
method based on a digital oscilloscope aforenamed that worked as a signal digitizer, i.e.,
an instrument that — by using the analog to digital converters — captures the fast-changing
electrical signals and stores digitized waveform data in fast memory [223, 224].

The waveforms were collected with a sampling rate of 125 MS/s (mega samples per sec-
ond) and a vertical resolution of 14 bits, which results in an uncertainty of approximately
1%.

4.3.5.1 Electrical Current Method

In greater detail, once high voltages were to be imposed, and consequently, conventional
laboratory equipment is not suitable to directly measure the resulting current, the electric
current method (also named current measurement using a shunt resistor) was employed
to calculate the current of the input signal and, in turn, perform the average power deter-
mination.

As result, to conduct this test method, a metal film resistor (Robert Mauser, Lda., Por-
tugal), with an impedance of 100 Q and 1 % of tolerance, was placed in series with the
plasma device allowing this way the voltage across the resistor to be low enough, and thus
to be measured by a conventional probe — Figure [4.20. From the literature, the resistor
utilized in this method shall present a typical impedance in the range of 1 — 100 ().

Figure 4.20: Electric current method setup diagram.
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The resistor used was selected based on its temperature coefficient of 50 ppm, i.e., 0.00005
/°C which by being low can be neglected in the power consumption analysis and namely
denotes that the impedance' remained almost constant under temperature variations.
Furthermore, since the impedance is very low when compared with the actuator’s impedance,
it can be considered that no influence on the actuator operation was imposed.

Once the voltage across the resistor was measured, the current passing through the resis-
tor was quantified employing the Ohm’s law as follows in Equation j4.31

V.
I, = -~ (4.
I (4.31)

In addition, bearing in mind that the two components (actuator and resistor) were placed
in series, their current value were equal, i.e., I, = I,. The determination of the consumed
electrical power from the electric current method consisted initially of the described ex-
perimental measurement of the voltage and current waveforms, and afterwards by the
multiplication of the two recorded signals. Consequently, the instantaneous power P,;(t)
(W) was computed through Equation [4.32 as follows

Pel (t) = Va(t) X Ia(t) (432)

where V(t) (V) and I(t) (A) are the input voltage and the input current, respectively, on
the actuator. Lastly, for the electrical current method, the average consumed power by
the actuator P,; (W) of n signal periods T was determined by Equation

1 nT

el—nT 0

]
|

V(t) x I(t)dt (4.33)

4.3.5.2 Electrical Charge Method

On the other hand, the electric charge method (also designated as charge measurement
using a monitor capacitor) was performed for further detailed analysis of the plasma ac-
tuator electrical characteristics by replacing the previously used resistor with a ceramic
disc capacitor E222M (Robert Mauser, Lda., Portugal) — Figure [4.21. In this method,
the capacitor known as monitor, measurement or probe capacitor is chosen to have a large
capacitance when compared to the capacitance of the actuator without plasma discharge.

"Electrical impedance measures the total opposition that a circuit or part of a circuit offers to the pass-
ing through electrical alternating current. In other words, the electrical impedance is the combined effect of
both resistance component which arises from collision of the current-carrying charged particles with the in-
ternal structure of the conductor; and reactance component that is an additional opposition to the movement
of electric charge that arises from the changing magnetic and electric fields in circuits carrying alternating

current.
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Once the capacitance of typical actuators is very low, i.e., 5 — 200 pF, monitor capacitors
with values that fall within the range of 10 — 330 nF are chosen. The selected ceramic
capacitor E222M had a characteristic capacitance of 10 nF and a tolerance of 10 %.

10 nF —=

—_

Figure 4.21: Electric charge method setup diagram.

The instantaneous charge q(t) (C) accumulated in the monitor capacitor was calculated
by the following Equation j4.34

q(t) = Ce x Vo(t)  (4.34)

where C, (F) is the capacitance of the ceramic capacitor and V., (t) (V) is the voltage across
it. The variation of the maximum and minimum charge measured by the monitoring ca-
pacitor is an important feature for the electrical characterization of the DBD plasma ac-
tuators — considering, for instance, ice sensing and deicing performance aims [225]. The
current I.. (t) (A) passing through the capacitor was given by Equation [4.35

OVe(t)
ot

I.(t) = Ce x (4.35)

Since the capacitor was placed in series with the actuator between the covered electrode
and the ground, the current passing through it is equal to the one in the actuator, i.e., I. =
I,. Thus, the instantaneous power P.;(¢) (W) dissipated by the actuator was computed by
Equation [4.36 as indicated next

a@:n@x@@:n@qu%ﬁ)m%)

where V, (t) (V) is the voltage and I, (t) (A) is the current at the actuator. Finally, the
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average consumed power P,; (W) of n signal periods T was determined by the following
Equation [4.37

L 1 nT §Vc(t) 1 nT
el = ot c dt = —
! nT 0 Ve ( ) x C x (9t nT 0

e

Vo x Ce x dV, (4.37)

It should be emphasized that the power consumption is one of the most important pa-
rameters to be calculated and considered since it allows comparative characterization of
the performance of the various ceramic actuators produced, as well as in terms of practi-
cal implementation the actuator consumption data grant the opportunity for cost-benefit
evaluation.

By plotting the instantaneous charge accumulated in the capacitor, previously calculated
by Equation [4.34, against the instantaneous voltage of the actuator, Lissajous curves,
i.e., voltage-charge plot are thus obtained. Mathematically, the Lissajous curves can be
used to analyze the properties of any two simple harmonic motions that are at right an-
gles to each other. Figure [4.22 shows the voltage-charge filtered data graph — black
continuous line — of a surface DBD plasma actuator discharge attained from the collected
experimental data — represented by the black dots.

Charge [n(C]

qmax

Vmax

Voltage [kV]

—— Ccold

Figure 4.22: Lissajous diagram of a surface DBD plasma actuator discharge.

Typically, the Lissajous curves allow determining relevant electrical parameters of the ac-
tuators, i.e., cold C,,4 and effective C. s, capacitance through specific local slopes of the
curves, the breakdown voltage 1}, and the charge transferred dq for different applied op-
erating voltages. In the interest of clarity, C.,4 concerns the pure passive component
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capacitance of the actuator device, therefore it represents the capacitance of the actuator
when no plasma is generated. In turn, the C.; refers to a combination of the passive
component capacitance, i.e., C.,4 in addition to the contribution of the produced plasma

itself capacitance. In other words, and simply put, the C is related to the capacitance
of the device during the plasma discharge phenomenon [224, 226].

After the power consumption was determined, the fluid dynamic characterization was
performed to study the mechanical performance of each plasma actuator. Fundamentally,
the velocity of the plasma-induced flow was assessed by using the stainless-steel Pitot
tube (167-6 model, Dwyer, United States of America) with inner and external diameters
of 1.19 and 3.18 mm, respectively. It is important to highlight that once the Pitot tube is
made of stainless steel, a special precaution had to be considered in the distance set — in
the z-axis as shown in Figure [4.23 — between the exposed electrode and the Pitot tube
in order to avoid an arc discharge — i.e., arc discharge produces a prolonged electrical
discharge and would therefore modify the plasma discharge actuation nature which is
highly undesirable. As consequence, experiments were conducted for distances (between
the exposed electrode and Pitot tube) of 1 cm and 1.5 cm namely to establish in which
of these two positions higher velocities would be recorded. For the measurement of the
flow velocity originating from the plasma discharge, a micromanometer (Extech HD 350,
United Kingdom) with a resolution of 0.01 m/s and an accuracy of 1 % full-scale (FS) was
used directly connected to a computer, thus allowing live streaming data. For the sake of
completeness, when an instrument has the accuracy specified as % FS then the associated
error, i.e., the percentage of variation will be constant for all the readings performed. This
is different to the usually recognized percentage of reading accuracy since it is represented
with respect to the true value of the measurement. In other words, the accuracy of reading
value is dependent on the actual reading, thus the error may change linearly, whilst for
the full-scale accuracy it remains constant.

Figure 4.23: Illustration of the induced flow velocity measurements setup.
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Lastly, thermal properties and the temperature effect on the plasma discharge were stud-
ied. The thermal examination allowed to infer regarding the plasma discharge extension
which is an important parameter since it is associated with the body force generated by
the plasma actuator. For this aim, a thermal imaging camera (FLIR E50, Teledyne FLIR,
United States of America) was used with a resolution of 240 x 180 pixels and 2 % of un-
certainty. The measurement was performed on the upper side of the dielectric plasma
actuator — from 13 cm and 21 cm height for the zirconia— and alumina—based ceramics
due to their respective sizes — immediately after the stoppage of plasma discharge for a
total interval of time of operation of 300 s to ensure temperature stabilization. For the
thermal properties analysis, the plasma actuators were painted with a black matte ink
with an emissivity (i.e., effectiveness in emitting energy as thermal radiation) of 0.97 as
shown in Figure [4.24 . The black ink was previously tested, validated, and certified so
that no impairment in the measurements would occur thanks to the ink’s temperature
field interference during the actuator operation.

Figure 4.24: Illustration of thermal properties test setup.
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Chapter 5
Results and Discussion

5.1 Microstructural Analysis

In this section the evaluation of the particle size distribution, the X-ray diffraction, as well
as scanning electron microscopy imaging data for the manufactured ceramic composites
will be presented. In addition, conclusions reached will be reported and described as well.

5.1.1 Particle Size Distribution

Determining particle size distributions (PSDs) is one of the key elements in ensuring the
performance and consistency of a product since the particle size of a component highly
influences many materials’ properties. In its essence, by evaluating the PSD data, it is
possible to infer the frequency of particles of a determined size in a sample. PSD is there-
fore a statistical concept in which percentages may be indicated per size interval or cumu-
lative data. As mentioned in the last chapter in section [4.2.1, Material Preparation Stage,
monitoring of the PSD was conducted throughout the fabrication stage to ensure that the
ceramic systems produced — MA1, MA2, MCZ, and YSZ — would have a manufacturing
process as similar as possible to foster greater confidence in the analysis of their physical,
mechanical, thermal, and electrical results. The following Figures [5.1 and .2 show the
particle size distribution of MA1, MCZ, and YSZ powder mixtures after 3 h and MA2 after
6 h milling in number and volume, respectively.

Particle Size Distribution

~=MCZ

—YSZ

—MA2

Number [%]

—MA1

Particle size [pm]

Figure 5.1: Number-weighted PSD of the fabricated ceramic systems.
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From the number-weighted PSD analysis — in which all particles have the same contri-
bution — is possible to conclude that all the mixtures present a particle size distribution
roughly lesser than 1.5 yum. More specifically, all the powders show a mean maximum
number percentage of particle size of 0.5 pm. In addition, two slightly different behaviors
may be identified in Figure 5.1. Both MCZ and YSZ ceramic mixtures exhibit a higher
percentage of particles in the range of 0.5 um, i.e., 24 % and 23.4 %, respectively, whereas
MA2 and MA1 show a maximum of about 18.4 % and 14.5 %, respectively. This means
that alumina-based systems have a higher content of residual particles bigger than 1.5
pm when compared to MCZ and YSZ compositions. In Figure [5.27 this is represented
by the horizontal relatively noticeable gap between the pair composed of the yellow and
green function lines and the pair of the blue and red ones.

On top of that, a slimmer gap also exists between the blue and red lines, this is the MA2
and MA1 powders. From here, is possible to surmise that the milling time augmentation
from 3 to 6 h for MA2 has homogenized to a certain degree the MA2 powder. In essence,
smaller particle size gives rise to a higher surface area, which, in turn, boosts an increased
number of points of contact among the particles of the mixture. Consequently, a lesser
relative porosity is expected in this ceramic composite.

Particle Size Distribution

~—MCZ

—YSZ

—MA2

Volume [%]

—MA1

Particle size [pm]

Figure 5.2: Volume-weighted PSD of the fabricated ceramic composites.

From the volume-weighted PSD analysis — in which the contribution of each particle
relates to its volume — is possible to verify that MCZ, YSZ and MA1 powder have a multi-
modal behavior, whilst the MA2 has a monomodal one. This is evidenced by the number of
relative maximums in the frequency distribution shown in Figure [5.2. This is to say, one
peakis displayed for MA2 powder (blue line) and three relative maximums for the remain-
ing compositions (yellow, green and red lines). Based on the more or less similar locations
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of maximums, it is possible to state that the different particle sizes present in the mixtures
coexist. By examining more closely the multimodal mixtures (MCZ, YSZ and MA1), the
most frequently identified sizes are in the, approximately, [0.30, 0.60], [1.25, 1.80], and
[4.0, 6.0] interval ranges. Additionally, by further inspecting Figure .2, the multimodal
MAL1 function line (red) compared to the monomodal MA2 (blue) strongly highlights the
milling process efficiency improvement which agrees with the analysis made previously
based on the number-weighted PSD.

Additionally, Table f.1 displays the ds, and dgo percentile values which correspond re-
spectively to 50 % and 90 % of the volume of the four ceramic systems mixtures measured
according to the Fraunhofer Diffraction Theory method. The ds5y and dg, are statistical
parameters which indicate the cumulative PSD and, therefore, the particle size below 50
% and 90 % of the entire spectrum of size particles found in the granulometer.

Table 5.1: MA1, MA2, MCZ, and YSZ mixture powders and their respective ds, and dyy.

Percentile
Ceramic Composite dso dgo
[um] [um]
MA1 1.150 2.217
MA2 0.655 1.805
MCZ 0.835 2.502
YSZ 0.931 1.642

On the whole, d5q percentile mostly evinces the drop from 1.150 xm of MA1 to 0.655 ym
of MA2 which, in turn, indicates, as stated above, that by augmenting the milling timing
of the alumina ceramic, smaller particle size was achieved. Similarly, dgy data supports
this conclusion, once 90 % of the volume of the MA1 is constituted of particles with a size
up to 2.217 um, whereas for MA2 the maximum size recorded is of 1.805 ym. As a result,
owing to the smaller size of the MA2 sample’s particles, low porosity is foreseen, and in
accordance, denser bulk ceramic.

For zirconia-based sintered ceramics d5y data shows relatively strong similarity among the
particle size, i.e., 0.835 ym and 0.931 um for MCZ and YSZ, respectively. However, with
the dgo percentile data, it is possible to conclude that the tendency became different, i.e.,
the compositions depict heterogeneous behavior. Contrary to the verified in d5, column in
which MCZ shows a similar, but lower characteristic particle size, in the dgg column MCZ
and YSZ became very divergent. In other words, 90 % of the MCZ mixture analyzed a par-
ticle size up to 2.502 ym, whilst YSZ mixture goes up to 1.642 ym. From this information,
one may suppose that the MCZ mixture will show some occasional bigger particles in the
SEM imaging, whereas YSZ will exhibit matching — in size — particles.
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In conclusion, it is highlighted that the PSD, which unequivocally and straightforwardly,
consists of a quality assessment tool parameter, confers direct insights into the condi-
tion/status of the final ceramic composites to be produced once the level of homogeneity
of the mixture influences the ceramic overall properties.

5.1.2 X-—Ray Diffraction

The XRD patterns were obtained, as explained in section 4.3.3.1, with the aim of crys-
talline phases identification for the sintered ceramics composites MA2, MCZ and YSZ, as
shown in Figure 5.3, 5.4 and 5.5, respectively. The analysis of the XRD diffractograms
started by the identification step of the 26 angles in which main intensity peaks occurred,
i.e., diffraction of crystalline planes corresponding to the different phases present in the
samples. Then, a comparison to the crystallographic intensity peaks of the individual con-
stituent materials for every sintered ceramic was performed based on the XRD theoretical
cards.

It is highlighted that when two or more crystalline phases are identified for the same in-
tensity peaks — on the following figures — it means that very close diffraction angles were
obtained, and, therefore, doubling or tripling of crystalline phases is assumed. This phe-
nomenon is represented with a “+” sign. Consequently, the following Tables 5.2, 5.3
and k.4 of crystallographic intensity peaks of the ceramic samples and their constituents
materials are presented to ease the diffractograms interpretation.

The following Figure 5.3 and Table 5.2 present the XRD analysis of MA2 ceramic com-
posite.
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M+MAI

3000

Al
2500

Al MAlL
Al

2000

Intensity [arbitrary units]

1500

M+MAl

1000

Al+M+MAl
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Figure 5.3: XRD pattern of MA2 ceramic composite.
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For MA2, several intensity peaks were identified. Nevertheless, the majority of them cor-
responded mainly to alumina (Al,O,) — XRD card #46-1212 — or magnesium aluminum
oxide (MgAl,O,) — XRD card #77-1193. In terms of stronger intensity peaks the same
tendency is evidenced by Figure .3, i.e., alumina and magnesium aluminum oxide crys-
talline phases stand out. Only the highest peak corresponding to an angle of 26 to, approx-
imately, 37.15° deviate from the stated by presenting, besides the magnesium aluminum
oxide, a magnesium oxide (MgO) — XRD card #71-1176 — phase. Table .2 provides de-
tailed additional information about peaks identification 26 angles and the corresponding
crystalline phases for MA2 bulk ceramic composite.

Table 5.2: Diffraction angles of the crystallographic intensity peaks and the XRD theoret-
ical cards data for MA2 composite.

20 Al O, MgO MgAlL. O, Crystalline Phase'®
19.10 - - 19.001 MAI
25.70 25.578 - - Al
31.55 - - 31.273 MAI
35.35 35.152 - - Al
37.15 - 36.888 36.849 M + MAI
37.95 37.776 - - Al
38.75 - - 38.551 MAI
43.55 43.355 - - Al
45.10 - - 44.814 MAI
52.80 52.549 - - Al
56.00 - - 55.66 MAI
57.70 57.496 - - Al
59.70 59.739 - 59.362 Al + MAl
61.50 61.298 - - Al
65.60 - - 65.241 MAI
66.70 66.519 - - Al
68.40 68.212 - 68.635 Al + MAI
69.10 - - 69.748 MAI
74.60 74.297 74.576 74.127 Al + M + MAI
77.00 77.224 - - Al
77.65 - - 77.349 MAI

The following Figure f.4 and Table .3 show the XRD analysis of MCZ ceramic com-

posite.

2The nomenclature adopted in this column is coincident with the legend provided in Figure 5.3.
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Figure 5.4: XRD pattern of MCZ ceramic composite.

In the MCZ sample, various intensity peaks were found. The majority of the diffraction
peaks are coincident with the peaks of calcium zirconate (CaZrO,) — XRD card #35-0790 —
whereas only some are of magnesium oxide (MgO) — XRD card #71-1176. Concerning the
diffraction intensity, alike behavior is depicted by Figure .5, i.e., calcium zirconate crys-
talline phase evidently emerge. In addition, in some specific 260 angles, i.e., approximately
for 42.85°, 62.15°, 74.90°, and 78.45° angles, magnesium oxide (MgO) — XRD card #71-
1176 — phase is found. Table k.3 provides detailed additional information about peaks
identification 26 angles and their corresponding crystalline phases for MCZ bulk ceramic
composite.
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Table 5.3: Diffraction angles of the crystallographic intensity peaks and the XRD theoret-

ical cards data for MCZ composite.

20 MgO CaZrO, Crystalline Phase 3
22.10 - 22.154 CZ
31.50 - 31.539 CZ
37.40 - 37.436 CZ
42.85 42.855 42.413 M+ CZ
45.20 - 45.183 CZ
46.75 - 46.639 CZ
50.25 - 50.227 CZ
50.90 - 50.89 CZ
51.45 - 51.496 CZ
55.75 - 55.857 CZ
56.65 - 56.729 CZ
62.15 62.215 61.763 M
65.90 - 65.847 CZ
66.95 - 66.838 CZ
69.90 - 69.873 CZ
70.80 - 70.933 CZ
74.90 74.576 74.814 M+ CZ
78.45 78.508 - M

The following Figure .5 and Table .4 are regarding the XRD analysis of YSZ ceramic
composite.
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Figure 5.5: XRD pattern of YSZ ceramic composite.
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The XRD analysis for YSZ specimen reveals that all three possible phases, i.e., c-8YSZ
(XRD card #49-1642), t-3YSZ (XRD card #50-1089), and m-ZrO, (XRD card #37-1484)

3The nomenclature adopted in this column is coincident with the legend provided in Figure 5.4.
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are present in the ceramic composite. The occurrence of doubling and tripling of crys-
talline phases, specifically in this ceramic composite, adds complexity to the sharp and
precise identification of the intensity peaks. In other words, is not possible to estab-
lish, with the desired optimum accuracy, a unique correlation between a specific value of
diffraction angle and a single exact phase, as shown in Figure f.5. Notwithstanding, the
monoclinic phase is distinctly identified for 24.54°, 28.28° and 31.34°; in the middle, the
higher intensity diffraction peak for 30.1° shows a close diffraction angle for the c-8YSZ
and t-3YSZ phases; and the remaining majority of peaks in the angle range from 33° to
809, exhibit the tripling particularly of the crystalline phases justified by the very close
diffraction angles. Once again, Table k.4 provides detailed additional information about
peaks identification 26 angles and their corresponding crystalline phases for YSZ bulk ce-
ramic composite. Lastly, it must be highlighted that in the Figure .5, the second iden-
tified peak at, approximately, 26.58°, does not correspond to any previously mentioned
crystalline phases, i.e., c-8YSZ (XRD card #49-1642), t-3YSZ (XRD card #50-1089), and
m-ZrO, (XRD card #37-1484). As a result, further investigation for the comprehension of
the phenomenon occurred took place. It was concluded that an additional phase named
orthorhombic zirconia 0—ZrO, (XRD card #49-1746) must have emerged due to the signif-
icantly high density of the material (owing to the low apparent porosity achieved). More
specifically, the absence of significant open pores or voids, has not allowed the complete
transformation — due to the lack of volume (space) — of the monoclinic phase to the tetrag-
onal, or cubic, and, as a result, an intermediate orthorhombic zirconia phase appeared.
The theoretical XRD card #49-1746, points out a peak of 26 at 27.489°.

Table 5.4: Diffraction angles of the crystallographic intensity peaks and the XRD theoret-
ical cards data for YSZ composite.

20 c-8YSZ t-3YSZ m-ZrO, Crystalline Phase 4

22.54 - - 24.440 m

28.28 - - 28.174 m

30.10 30.119 30.270 - c+t

31.34 - - 31.467 m

35.00 34.959 34.811 35.308 c+t+m

50.20 50.219 50.377 50.115 c+t+m

59.90 59.738 59.61 59.773 c+t+m

62.70 62.678 62.967 62.836 c+t+m

74.22 73.938 74.538 74.680 c+t+m

It should be emphasized, as last consideration of XRD analysis, that short (in height)
peaks may be visualized in the diffractograms — Figure 5.3, 5.4/ and 5.5 — of the data
collected, particularly in the initial (up to, approximately, 20°) and last few (about 80°)
angles. The reason behind may be justified by the inherent noise in the measuring process

4The nomenclature adopted in this column is coincident with the legend provided in Figure §.5.
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registered, in addition to the adjustment and/or calibration of the diffractometer equip-
ment.

Overall, the XRD results provide support to the information described in the section j4.1
entitled Materials where the ceramics composited to be manufactured were characterized
in terms of volume and mass fractions.

5.1.3 Microstructure

Bearing in mind that the structure of the surface of the ceramic composites controls the in-
teraction of the material with its surroundings, performing SEM analysis becomes conse-
quently of utmost importance. Representative SEM micrographs, obtained via BSE mode,
of the cross-section of four sintered ceramic composites — MA1, MA2, MCZ, and YSZ —
with the grain size distributions are presented in the following Figures .6, 5.7, and
5.8. In greater detail, Figure .6 shows the alumina-based compositions, i.e., MA1 and
MA2, whilst Figures 5.7 and .8 represent, in turn, the zirconia-based ones, i.e., MCZ
and YSZ. The SEM surface micrographs a) and c) were achieved with a magnification of
5000X, the micrographs b), d), and g) with a magnification of 10000X, whilst e) and f)
micrographs with 15000X.

Figure 5.6: Scanning electron micrographs of polished and thermally etched surfaces at
high magnifications: a), b) MA1, and c¢), d) MA2. Magnification factors of 5000X for a)
and c¢); and 10000X for b) and d) micrographs.
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Figure |.7 emphasizes the difference between the two alumina ceramics produced — one
with a higher content of porosity (to be evaluated in the following section), lesser points
of contact among grains, and as pointed out, during PSD analysis, higher microstructure
heterogeneity — a) and b) for MA1 versus ¢) and d) for MA2. In other words, what emerges
distinctly, is a greater compaction degree (densification of the material) in micrograph c)
of MA2 in comparison with the micrograph a) of MA1. Additionally, it is possible to high-
light that altogether both alumina micrographs show a multiformity of grains, this is, in
size and geometry: some are more elongated and longer (chord length < 2 ym), whereas
others are circular and much minor (chord length < 1 ym), in addition to the uneven ones
(variable chord length). Generally, MA1 and MA2 microstructures show a chord length
lower than 3 ym. Additionally, in both ceramic composites MA1 and MA2 microstruc-
tures, an irregular shape of the grains and high porosity may be observed, which is illus-
trative of an incomplete sintering [157, 227]. Thus, although the decrease in the particle
size of the MA2 mixture contributed to increase (to some extent) the atomic diffusion and,
consequently, the porosity, in comparison with the MA1, the sintering time should have
been increased for the composite MA2. By doing so, a high diffusivity would be obtained,
and a clearer (better-defined) crystal structure achieved.

Figure 5.7: Scanning electron micrographs of polished and thermally etched surfaces at
high magnifications: e€) MCZ, and f) YSZ. Magnification factors of 15000X for e) and f)
micrographs.

Figure 5.7 depicts the micrographs for the zirconia-based ceramic composites, i.e., mi-
crograph e) shows MCZ microstructure, whereas micrograph f), YSZ. By comparing the
two, it is evident that the milling process of YSZ fomented a notably homogeneous grain
size distribution (chord length <1 xm), which contributed to higher densification of the
ceramic (no evidence of empty pores exist). Extremely low porosity values are therefore
expected. Contrastingly, MCZ microstructure features differences in crystalline phases of
the materials which compose the ceramic, i.e., grains of dissimilar size and morphology
can be visualized and promoted by: the larger and brighter grains (chord length < 1 ym)
corresponding to the calcium zirconate, whereas smaller, darker, and textured (rugged)
ones (chord length > 1 ym) to the magnesium oxide. This is evidenced to some degree bet-
ter through color contrasting in micrograph g), Figure [.8. Despite the described and
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stated above, this is, the polycrystalline nature of MCZ demonstrable by the perceptible
distinct grain size and contour (the boundary between two adjacent grains), similarly to
YSZ, extremely low porosity values are anticipated for MCZ since inexistence of intergran-
ular and intragranular microfractures is displayed.

Figure 5.8: Scanning electron micrograph of polished and thermally etched surfaces at
high magnifications: g) MCZ. Magnification factor of 10000X.

On the whole, and as the last conclusion, zirconia-based ceramic microstructures do not
provide evidence of microstructural flaws, or defects, as microcracks due to their high
level of densification, which cannot be assured for the alumina-based ceramics. The re-
vealed presence of pores in alumina micrographs points out that incomplete densification
during the sintering process was carried out. Moreover, the presence of pores will inter-
fere with the functional and structural properties of the advanced ceramic. Therefore, the
relationship should be derived between the microstructural data obtained — which will be
determining the overall performance of the fine bulk ceramic manufactured — and further
analyzed mechanical, thermal, and electrical properties.
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5.2 Physical Properties

In this section the physical properties of the sintered bulk ceramics will be discussed, in-
cluding the diametrical linear contraction, the apparent porosity, as well as the bulk, ap-
parent and relative densities. A bridge between the microstructure analysis results and
the physical parameters will also be performed.

5.2.1 Diametrical Linear Contraction

After processing (die pressing) of ceramic powders, sintering step took place where the
resultant densification — achieved through porosity reduction — is the primarily responsi-
ble (in the advanced ceramics manufacturing) parameter for the achievement of the final
dimensions and properties of the ceramic composites. The densification leads to volume
diminishing, i.e., shrinkage which is a commonly recognized phenomenon that takes place
during sintering. As aresult, Table .5 summarizes the studied diametric linear contrac-
tion of the specimens analyzed of each of the three ceramic composites sintered — MA2,
MCZ, and YSZ. The calculation was performed as explained in with the aim to asset
and characterize the sintering step in the manufacturing of the fine ceramics.

Table 5.5: Diametrical linear contraction mean values and associated error of sintered
ceramic composites.

. . Ca
Ceramic Composite
[%]
MA2 13.0 £ 0.2
MCZ 24.0 & 0.1
YSZ 27.4 + 0.3

From Table .5 it is valid to state that, during the sintering phase of the ceramic com-
posites, a relatively accentuate shrinkage phenomenon occurred ranging from, approxi-
mately, 13.0 to 28 %, where MA2 suffered the lowest value of 13.0 %, and MCZ in addition
to YSZ the highest percentages, i.e., 24.0 and 27.4 %, respectively.

According to the literature, and it must be highlighted, ceramic shrinkage may depend
on several different factors such as the composition of powder used, their (powders) den-
sity, the processing method involved, more specifically in case of die pressing the com-
paction pressure applied, in addition to sintering method adopted (for instance, one or
several firings), sintering temperature, dwell time, as well as heating and cooling rates
[170, 227, 228, 229, 230, 231].

Somton K. et al. (2020) [227] studied the shrinkage and properties of die pressed alumina
produced from different powders source. The shrinkage values have been reported to in-
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crease with the increasing of the sintering temperature up to 1600 °C. In their study, bar
samples showed a sintered shrinkage range of 14.4 % to 18.0 % at a compaction pressure
of 133 MPa.

Ropus I. et al. (2021) [228] compared the properties of cold isostatically high-purity of
99.83 wt. % alumina samples sintered by electrical (at 1600 °C for 6 h) and hybrid mi-
crowave (1600 °C for 1 h) techniques. It was verified that all cylindrical pellets shrunk
both radially and axially of about 16 — 17 %.

Similarly, Shui A. at al. (2002) [229] verified that, in height and diameter directions,
alumina-based ceramic pointed out values for linear contraction in between 15 to 20 %.

Since the 13.0 % for the MA2 is slightly out of the range of the values found in the literature,
this may indicate that the sintering step conducted at 1600 °C was not totally completed.
Therefore, to some extent, porosity is expected to be found in these samples. To overcome
this undesirable drawback and considering the furnace at disposal, an increase of dwell
interval of time at the maximum sintering temperature is suggested for future works.

Szczerba K. et al. (2011) [230] studied the synthesis of spinel and calcium zirconate by
sintering natural dolomite, zirconia and alumina. Sintering was carried out in two ways.
The first one, the one-step process in which the ceramic mixtures were exposed to several
maxima temperatures and a dwell time of 120 min. The second one, the two-step pro-
cess in which the powders were first heated to 1200 °C, maintained at this temperature
for 60 min, then pressed (for a second time) under 120 MPa and sintered again at a max-
ima of 1400, 1500 and 1600 °C for 120 °C. It was reported that spinel-calcium zirconate
showed a significant densification and, consequently, shrinkage after firing from 1400 °C
and above. In the two-step process, the materials showed shrinkage about 20 % and 22
% at 1500 °C and 1600 °C, respectively.

Thus, it is concluded that, for the MCZ ceramic composite, sintered at a temperature of
1450 °C, a diametrical linear contraction of 24 % is quite achievable once high-purity MgO
(96 %) and CaZrO, (99 %) powders were used as starting materials. This value indicates
that very high densification was accomplished and that, as a result, the material with low-
porosity could be obtained.

Lastly, YSZ diametrical linear contraction was of 27.4 %. From the literature, this value
was to some degree higher than the expected. Hu L. and Wang C. (2010) [231] studied
the effect of different sintering temperatures in the yttria-stabilized zirconia compressive
strength as a potential heat-insulation material. The evaluation was performed based on
few parameters, including linear shrinkage after bulk ceramic fabrication applying gel-
casting technique. All in all, the variation of linear shrinkage of YSZ samples increased
from 15.4 to 31.8 % as the temperature increased from 1350 to 1550 °C. The authors high-
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lighted that between 1400 °C and 1450 °C the shrinkage rate was most prominent. Addi-
tionally, for 1450 °C — which coincides with the sintering rate adopted in the sintering of
YSZ specimens (section [4.2.3) — the linear contraction registered was of, approximately,
24 %.

Furthermore, Balca F. (2022) [170], reported values of C,; between 19 and 25 % for differ-
ent yttria-stabilized zirconia composition studied. The composition which is theoretically
equal to the manufactured YSZ ceramic composite (in this dissertation work) — 33.3 wt.
% t-3YSZ, 33.3 wt. % ¢-8YSZ and 33.3 wt. % m-ZrO2 — showed a linear contraction of
24.4 %.

It is believed that the reasoning behind the values obtained in the experimental analysis
may be justified as follows. In comparison to Hu L. and Wang C. (2010) [231] the fabrica-
tion procedure adopted for the ceramic specimens was different. Authors used gel-casting
technique whereas, in this dissertation, uniaxial die pressing (as described in [4.2.9) was
applied. According to Otitoju T. (2020) [F] gel casting does not lead to shrinkage of the
powder compacted in a mold or removes any component. It rather solidified the medium
through polymerization or trapping voids or molecules in the system.

Besides, although Balca F. (2022) [170] studied a priori an equal YSZ composition, when
comparing the grain dimensions of the ceramic composite powders — in terms of dy, per-
centile values — a difference is noted. More specifically, Balca F. (2022) reported a dy, of
2.36 um which is, approximately, 30 % higher in comparison to the 1.64 um verified for
the YSZ specimens manufactured (section f.1.1). In other words, 90 % of the YSZ mixture
fabricated showed a significant lesser grain size to the indicated in the literature which
most likely enabled a higher shrinkage percentage due to higher densification of the ma-
terial.

Moreover, considering that all the samples of MA2, MCZ and YSZ were fabricated having
the same amount (mass) of initial powder — i.e., 4.0 g (section [4.2.9) — it is interesting
enough to note that the final height of the cylindrical specimens were of, approximately,
3.23 (£ 0.07), 2.44 (+ 0.01), and 2.03 (+ 0.04), respectively. These values are reason-

able and in conformity to the expected based on the compaction percentage announced
in Table §.5.
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5.2.2 Apparent Porosity, Bulk Density, Apparent Density and Rela-
tive Density

As explained in section of Physical Properties, i.e., l4.3.1, the study and examination of the
apparent porosity and the different densities is of vital importance, since these parame-
ters are closely related to the overall performance of the manufactured advanced ceramic
composites. Thus, it is highlighted once more that the apparent porosity and the density
of the bulk sintered ceramics are their primary properties. The following Table .6 sum-
marizes the primary properties enunciated above of the four sintered fine ceramics MA1,
MA2, MCZ, and YSZ, this is, apparent porosity P (%), theoretical densities (for compar-
ison purposes) (g/cm?), bulk densities (g/cm?), apparent densities (g/cm?) and relative
densities (%).

Table 5.6: Primary properties of ceramic composites manufactured: apparent porosity P,
in addition to theoretical p;, bulk p,, apparent p,, and relative p, densities.

Ceramic Composite F pun pe pa pr
[%] [g/cm®] [g/cm®] [g/cm®] [%]

MA1 34.62 + 4.63 3.92 2.46 + 0.05 3.77 £ 0.20 62.73 £ 1.15

MA2 7.03 £+ 0.93 3.92 2.79 + 0.04 2.66 £ 0.25 71.14 + 1.03

MCZ 0.05 £ 0.05 4.49 4.48 £+ 0.03 4.51 £+ 0.03 99.95 + 0.59

YSZ 0.16 + 0.19 6.00 5.88 £+ 0.02 5.89 + 0.03 97.95 + 0.35

Broadly speaking, and although different ceramic composites — MA, MCZ and YSZ — were
fabricated (which precludes the possibility of direct comparison among them) a tendency
exists. More specifically, alumina-based bulk ceramics show an undesired high porosity:
approximately, 34.62 % for MA1 and 7.03 % for MA. Contrastingly, zirconia-based ce-
ramics, exhibit minimum — less than 0.5 % — values of porosity. In greater detail, MA1
porosity data besides of a very high percentage exhibits also the higher dispersion in ex-
perimentally measured results, i.e., 4.63 %.

In summary, the column dedicated to apparent porosity reinforces and underpins the con-
clusions taken through Figure 5.6 and 5.7. MA1 reports very high apparent porosity
values when compared to MA2 specimens. This is justified by the longer milling pro-
cess to which the mixture was exposed. Oppositely, MCZ and YSZ samples have a very
low porosity percentage which indicates that a strong compaction was achieved, i.e., no
empty considerable voids were found.

Figure depicts the apparent porosity of each ceramic composite manufactured as
well as the associated error of the experimental measurements taken. It is noted that
when no vertical bar is associated to each marker of each specimen type this means that
the dispersion of data is very low, and, therefore, housed by the marker.
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Figure 5.9: Apparent porosity, P, of the manufactured ceramic composites and the asso-
ciated error of measurements.

Regarding the density data, very different behaviors were verified. For MA2, the com-
paction process was lower than expected due to the existing apparent porosity of approxi-
mately 7.0 %. Consequently, both bulk 2.79 g/cm? and apparent 2.66 g/cm? densities are
considerably lower than the theoretical value 3.92 g/cm? used as reference. For MCZ and
by deeming the theoretical density value of 4.49 g/cm?, the bulk density of 4.48 g/cm? is
very close to the reference, whereas the apparent density figure 4.52 g/cm? is believed to
be slightly atypical since it is higher than the theoretical one. Lastly, YSZ showed a good
compaction, and therefore densification during sintering phase, once both bulk and ap-
parent densities are quite similar, i.e., 5.88 g/cm® and 5.89 g/cm? and, in turn, alike to the
theoretical density of 6.00 g/cm?. In addition, the error associated to the measurements
taken is considered to be very low, i.e., below 5 %.

Figure .10 illustrates the relative density of each ceramic composite manufactured as
well as the computed error through standard deviation parameter. Identically to apparent
porosity graph, when no vertical bar is associated to each marker of each specimen type
this means that the dispersion of data is very low and, therefore, is contained inside the
marker.
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Figure 5.10: Relative density, p,, of the manufactured ceramic composites and the asso-
ciated error of measurements.

Many specific properties depend critically on the manufacturing conditions, including
grain size (assessed through PSD analysis), purity of the material (evaluated based on the
XRD analysis), in addition to apparent porosity and relative density (experimentally mea-
sured). In further detail, the fabrication process and parameters involved in each stage —
material preparation, processing, sintering and finishing — influences and dictates the ce-
ramic composites physical characteristics, which in turn rule their performance in terms
of mechanical, thermal and electrical properties. On the whole, it should be remarked that
to achieve better mechanical and thermal properties as well as higher corrosion resistance
of fine ceramics, the maximum particle density must be combined with a minimum total
porosity and, particularly, absence of large pores should be sought.

Bearing in mind the application purposes exploited in Chapter [, in case of passive TPSs
and TBCs applications, in which, the insulative material and coatings are intended to slow
down the heat transfer process, high-level porosity may be extremely harmful since the
materials become more prone to both mechanical and thermal related in-service failure.
In other words, the existing open pores and voids lessen the mechanical strength, corro-
sion and scratch resistance, as well as temperature strength and thermal shock resistance
of bulk ceramics. From the mechanical point of view, shielding is impaired for both TPS
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and TBC applications. From the thermal one and still considering TPS and TBS applica-
tions, higher than expected thermal conductivity is obtained due to accentuated thermal
gradients; whereas thermal expansion mismatch is induced thanks to mismatches in CTE
between the metallic bond coat and ceramic top coat for (particularly-) TBCs applications.
Therefore, on the whole, increased apparent porosity in the ceramic composites gives rise
to decreased lifespan of parts owing to increased fatigue and stress.

On the other hand, as observed by Kelar J. et al. (2020) [156], the type of dielectric barrier
material in addition to its surface morphology are closely related to the plasma discharge
parameters. Moreover, it is recognized by the scientific community that the behavior of
any surface electric discharge is affected by the trapping and de-trapping complex phe-
nomenon of the charges in the surface layer [232]. Thus, it is expected that the apparent
porosity, relative density as well as particle size parameters will be influencing features
for the DBD plasma actuators overall performance.

Therefore, further study and evaluation of the influence of porosity in the ceramic com-
posite performance as dielectric barriers, in addition to a trade-off establishment of the
effects of porosity in different applications, studied in detail is expected in the following
sections.

Lastly, since distinct ceramic composites were manufactured, as previously stated, this
consideration makes impossible of performing their direct comparison. Notwithstand-
ing, they may be exploited in the fabrication process characterization and serve as a fore-
cast tool of the overall performance of an engineering structure, or component, that the
ceramic composites studied may integrate.
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5.3 Mechanical Properties

In this subsection, the mechanical characterization of the manufactured advanced ce-
ramics composites, i.e., MA1, MA2, MCZ, and YSZ is presented. The mechanical tests
conducted were, as enunciated throughout the Experimental Procedure chapter, dynamic
Young’s and dynamic shear moduli, flexural strength, hardness, and fracture toughness.
In both functional as well as structural ceramics, the mechanical properties of these fine
materials are of fundamental importance, as first and foremost, among other features, en-
gineering ceramics are highlighted by their high hardness, high wear, and corrosion resis-
tance. However, a significant predisposition to brittle fracture and low endurance limits —
when compared to metals and engineering plastics, as shown in Table [2.1 — strongly con-
ditions their applications. Accordingly, to properly tailor and target the ceramic’s prop-
erties to predefined engineering structures, or components, mechanical characterization
shall primarily be assessed and carefully conducted.

5.3.1 Dynamic Young’s Modulus and Dynamic Shear Modulus

Figure shows Young’s modulus measured by impulse excitation technique at room
temperature of the four different manufactured ceramic systems. Broadly speaking, Young’s
modulus describes the strain response ability of a specific material to withstand uniaxial
stress or bending stress. Young’s modulus involves both, volume and shape changes of
the material. By analyzing the plot, it is possible to easily infer that Young’s modulus of
317 GPa of the denser alumina strongly surpasses in magnitude the rest of the materials,
i.e., 213 GPa and 197 GPa of MCZ and YSZ ceramic composites, respectively. It is noted
that when no vertical bar is visibly associated with each marker of each specimen type this
means that the dispersion of data is very low, and, therefore, the vertical black bar housed
by the marker.
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Figure 5.11: Young’s, E/, modulus experimentally obtained for MA1, MA2, MCZ, and YSZ
ceramic composites.

Figure represents the shear modulus of the MA1, MA2, MCZ, and YSZ ceramics
namely measured by impulse excitation technique at room temperature. Shear modu-
lus, on the other hand, describes the strain response of a body to shear stress or torsional
stress in which a change of shape may occur but not in volume. Through examination of
the graph below, once again, the alumina MA2 ceramic composite shows a higher value
in magnitude, this time, however, for the shear modulus, of 130 GPa than the rest of the
zirconia-based materials, i.e., 84 GPa and 69 GPa for MCZ and YSZ, respectively. Iden-
tically to Young’s modulus graph, when no vertical bar is associated with each marker of
each specimen type this means that the dispersion of data is very low and, therefore, the
vertical black bar is contained inside the marker.
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Figure 5.12: Shear modulus, G, experimentally obtained for MA1, MA2, MCZ, and YSZ
ceramic composites.

It must be strongly emphasized that, in the literature, it is well established and long stud-
ied — both experimentally and analytically — the porosity dependence of materials prop-
erties. Particularly, porosity in brittle materials, i.e., ceramics, can have significant draw-
backs on their physical properties, which in turn influence their mechanical, thermal, and
electrical features [233, 234]. Consequently, numerous relationships may be encountered
proposed by several researchers that allow computing the variation of the elastic proper-
ties — i.e., Young’s and shear moduli, bulk modulus, and Poisson’s ratio — of the ceramic
materials in terms of porosity content or volume fraction of pores [235]. Moreover, in
materials with constituents of different natures, additional complexity is added to the so-
called modulus-porosity relationship since divergent responses from the characteristic
single ceramic composite’s phases may be found. Shortly, it may be stated that the poros-
ity dependence of material properties is a large and complex field that has a great impact
on elastic properties. Hence, it plays a key role in dictating the mechanical response of
ceramic materials [236].
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More specifically for the materials used, in the analytical models, the values of the elastic
and rigidity moduli of single phases of ceramic materials, i.e., magnesium oxide, alumina,
calcium zirconate, and magnesium aluminate, in addition to the polycrystalline yttria-
stabilized zirconia were considered as the starting point. Further, the Voigt model was
applied, as specified by Equation [4.14], to analytically estimate the theoretical modulus
of the ceramic composite materials. Lastly, relative porosity was namely considered to
contextualize possible deviations in experimental and theoretical data. Table 5.7 sum-
marizes the single-phase ceramic theoretical values considered for zero-porosity, whereas
Table k.8 represents the elastic Ecsp and shear G.,;, moduli experimentally obtained,
theoretically computed without considering porosity content and considering porosity for
each respective manufactured ceramic system, i.e., MA1 (35 %), MA2 (7 %), MCZ (0 %),
and YSZ (0.2 %). The computation of the influence (i.e., impact) on the elastic and rigidity
moduli on the composite ceramics was computed adopting the formulation proposed by
Rice W. R. et al. (1996) [234] throughEquation .1 and 5.2, respectively, as follows:

E=FEyxe ' (5.1)

G=Gyxer (52)

where F is the modulus of elasticity, GPa, E is the modulus of elasticity for zero porosity,
GPa, P is the apparent porosity, and c is a constant related to the elastic behavior of the
material. Adopting the alike notation for the shear modulus, comes that G is the modu-
lus of rigidity, GPa, G is the modulus of rigidity for zero porosity, GPa, P is the apparent
porosity, and cis again a constant related to the elastic behavior of the material. It is noted
that the YSZ Voigt computation was not performed for the determination of theoretical
values, rather directly data from the literature was adopted for fully dense ceramics (i.e.,
with zero-porosity content ceramics).

Table 5.7: Single—phased ceramic elastic and rigidity theoretical moduli.

. . Young’s modulus, £ Shear modulus, G
Single Phase Ceramics
[GPa] [GPa]

Magnesium Oxide 280 [194] 130 [237]
Magnesium Aluminate 187 [238, 239] 109 [238, 23]
Alumina 405 [237, 244, 241] 163 [237]
Calcium Zirconate 228 [193] 87.9 [242]
Yttria-Stabilized Zirconia 210 — 220 [241, 243, 194] 76.5 [244]

130



Table 5.8: Ceramic composites elastic and rigidity moduli experimentally obtained; and
theoretically computed exploiting Voigt model for MA1, MA2, and MCZ, whereas directly
retrieved from literature sources for YSZ'.

Eeap Evoigt Evoigt Geap Gvoigt Gvoigt
Ceramic Composite [GPa] [GPa] [GPa] [GPa] [GPa] [GPa]
(without porosity) | (with porosity) (without porosity) | (with porosity)
MA1 148 + 2.3 384 161.9 71 + 0.01 154 63.8
MA2 317+ 2.2 384 311.3 130 £ 2.5 154 127.3
MCZ 213 + 0.2 235 - 84 0.2 93 -
YSZ 199 4 0.2 210 — 220 208.7 — 218.7 69 4+ 0.1 76.5 72.1

Considering Young’s modulus of alumina-based — MA — materials, i.e., MA1 and MAZ2,
strong discrepancies are verified between the experimental (148 GPa and 317 GPa, re-
spectively) and theoretical (384 GPa) values. The reasoning behind this consists of the
high and relatively high porosity obtained in the bulk MA1 and MAz2 sintered ceramics of
approximately 35 % and 7 %, respectively [245]. If considering existing models to estimate
the influence of the porosity, it is concluded that the values experimentally obtained are
somehow reasonable. Similarly, the same dissimilarities were found for the shear mod-
ulus, and it is namely believed that the approximately 15.5 % lower experimental value
obtained for the MA2 ceramic composite is due to the relatively high porosity contained
in the ceramics. Auerkari P. (1996) [246] reported that the usual ranges of elastic prop-
erties at room temperature for engineering alumina ceramic of 99 % purity with1 -5 %
porosity level are of 340 — 380 GPa for elastic modulus and 130 — 145 GPa for rigidity
modulus. In turn, Asmani M. et al. (2001) [247] focused on the study of the influence of
the porosity level on Young’s modulus and Poisson’s ratio properties of a sintered alumina
using a non-destructive technique, this is ultrasonic waves. For this aim, a correlation was
made by the authors between the transverse and longitudinal ultrasonic wave velocities
data with measured density and porosity. From the obtained results it was concluded that
Young’s modulus of almost 400 GPa — with less than 0.05 pore volume fraction — drasti-
cally dropped to nearly 150 GPa with a total pore volume fraction of, approximately, 0.25.
Moreover, for a ore volume fraction of 0.1, Young’s modulus corresponded to, approxi-
mately, 300 GPa [247]. Based on the described data from the enunciated sources, it is,
therefore, possible to infer that the values obtained are quite achievable since the charac-
teristic relative porosity, as referred to, of MA2 is higher than 5 %. Moreover, not only the
amount, but the character (i.e., pore characteristic, for instance, closed or opened, spher-
ical or cylindrical) of the porosity content heavily influences the mechanical response and
properties of ceramic materials under study.

Considering the MCZ ceramic composite, the experimental values for both moduli, i.e.,
elastic and rigidity, are slightly lower than the computed by the Voigt model through the
single-phase constituent ceramics. More precisely, the 213 GPa for Young’s modulus and
the 84 GPa for the shear modulus measured are, approximately, both 91 % of the 235 GPa
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and 93 GPa computed, respectively. Although this slight difference exists, it was con-
sidered that the experimental results fall within the range of the several reported values
obtained in other studies. Additionally, it must be remarked that in some of the studies
found, different theoretical values for single-phase materials are assumed and this may
be justified by several factors, such as the manufacturer, the purity of the raw materials,
and the measuring techniques exploited, among others.

Lastly, for YSZ a resembling trend as of MCZ was recorded. This is to say, that the experi-
mental data of 199 GPa and 69 GPa, is, roughly, 90 — 95 % of the reported in the literature,
i.e., 210 — 220 GPa and 76.5 GPa for Young’s modulus and shear modulus, respectively.
As previously explained, the data computed is consistent with the indicated by other in-
vestigations and therefore considered valid.

In short, the values obtained for Young’s modulus and shear modulus parameters studied
— of the magnesium oxide-doped alumina, magnesium oxide-doped calcium zirconate,
and yttria-stabilized zirconia — are considered reasonable which signifies that they are in
consonance with the announced by the scientific community.

On top of the discussion above provided, the elastic properties of polycrystalline materials
are commonly envisioned to be isotropic. Under such conditions, the elastic properties —
elastic modulus, shear modulus, bulk modulus, and Poisson’s ratio — have well-known
relationships. These elastic quantities are usually computed through ultrasonic meth-
ods under the relationships drawn between the longitudinal and shear velocities and the
characteristic bulk density of the specimens under study [248]. It is emphasized that for
a more detailed description of these relationships, Munro R. G. (1997) [248] article is ad-
vised. Furthermore, Phani K. K. and Sanyal D. (2008) [237] studied the relationships
between the elastic properties — shear modulus, bulk modulus, and Young’s modulus —
for porous isotropic ceramic materials. For isotropic materials, as stated previously, the
relations between these characteristics are given by the theory of elasticity. By plotting
the variation of the shear modulus with Young’s modulus (i.e., G versus E) — for various
porous materials including more than twenty-five datasets retrieved from the literature
— the authors concluded that a similar relationship to the rough proportionality of G/E
= 0.375 for polycrystalline metallic materials may also exist for ceramic porous materi-
als. The derived relationship defended that, if ignoring the variation of Poisson’s ratio
with porosity, then G/E becomes constant for a material. For the oxide materials studied,
a proportionality of G/E interval ranging between 0.369 and 0.424 was provided. Con-
sidering the experimentally Young’s and shear moduli values obtained for MA2, MCZ,
and YSZ, the relationship between these parameters is, approximately, 0.410, 0.396, and
0.349, respectively, which are considered to be about consistent with the proportionality
derived in the Phani K. K. and Sanyal D. (2008) [237] study.
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5.3.2 Flexural Strength

Figure depicts the flexural strength of the MA1, MA2, MCZ, and YSZ sintered ce-
ramic systems. In general, flexural strength may be pointed out as the ability of a material
to resist bending deflections applied perpendicularly to its longitudinal axis [249].

Flexural strength

850

739.78
750 A %

650 4
550 A
450 A

350 - 318.40

Flexural strength [MPa]

250 A

150 1 101.02 102.72

50
MA1 MA2 MCZ YSZ

Figure 5.13: Flexural strength, o, experimentally obtained for MA1, MA2, MCZ, and YSZ
ceramic composites.

The graph represented in Figure depicts the flexural strength of the ceramic materi-
als sintered, i.e., the alumina-based MA1 and MA2; as well as the zirconia-based MCZ and
YSZ. Overall, the YSZ specimens showed the highest flexural strength in the magnitude
of, approximately, 740 MPa, followed by the MCZ samples with, approximately, 318 MPa,
and lastly MA2 and MA1 ones with, approximately, 101 MPa and 103 MPa, respectively.

It is highlighted that when no vertical bar is associated with each marker of each spec-
imen type this means that the dispersion of data is very low and, therefore, the vertical
bar is housed inside the marker. Additionally, the largest dispersion in the experimental
results achieved (in comparison to other mechanical tests conducted and described in this
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section) was somehow expected since the flexural strength is heavily dependent on micro-
cracks and/or internal flaws of the specimens, as well as on the quality of their surfaces.

Based on studies found in the literature and commercially available material’s datasheet,
both MA1 and MA2 ceramic samples possess a very low flexural strength versus the ex-
pected. Heimann R. (2010) [250] indicates a range varying between 280 MPa and 420
MPa. In turn, Otitoju T. A. et al. (2020) [5] point out a value of 379 MPa, whereas the
commercial datasheets suggest an interval of 310 — 455 MPa [251, 250]. On the other
hand, for alumina with a purity of 99 % and 1 — 5 % porosity level, Auerkari P. (1996)
[246] reported a drop for the lower limit of the interval range of flexural strength for 150
MPa. Therefore, it is not unexpected that — for MA1 and MA2 specimens with consider-
ably high content of porosity — the flexural strength parameter would be highly impacted,
and its value in magnitude greatly diminished.

For the MCZ ceramic composites, a much higher flexural strength data was recorded when
compared to alumina-based ceramics. Bearing in mind parallel investigations on MgO —
CaZrO, mixtures, slightly lower figures — to the ones experimentally obtained in this dis-
sertation work, i.e., 318 MPa (with an apparent porosity of 0.05 + 0.05) — of 270 MPa
(with an apparent porosity of 0 + 0.1 %) and 251 MPa (with an apparent porosity of 0.03
+ 0.1 %) were reported by Cabral A. (2021) [252] and Mamede et al. (2022) [253], re-
spectively. It is believed that the differences of, around, 15 — 18 % may be justified by the
chemical composition of the samples studied. Both Cabral A. (2021) [252] and Mamede
etal. (2022) [253] investigated MgO — CaZrO, mixtures with 22.5 vol. % of MgO and 77.5
vol. % CaZrO,. The magnesium-doped calcium zirconate ceramic composites manufac-
tured, as described in section 4.1 Materials, had 12.7 vol. % of MgO and 87.3 vol. % of
CaZrO,. In other words, the authors here discussed used a higher content of magnesium
oxide. Lang J. F. et al. (2018) [254] studied the effect of MgO on the thermal shock resis-
tance of CaZrO, ceramic. Four batches containing o wt. %, 2 wt. %, 4 wt. %, and 8 wt. %
were fabricated by solid-state reaction and further mechanically and thermally analyzed.
It was concluded by the authors that, by adding MgO dopant, the flexural strength of the
specimens at room temperature was improved due to grain refinement. However, after
undergoing thermal shock, the samples with higher content of MgO proved to be more
prone to microcracks due to mismatches in thermal expansion coefficients between MgO
and CaZrO, (i.e., 13.8 x 107%/°C and 10.4 x 10~/°C, respectively). This study, therefore,
suggests that, in the course of the sintering process, the residual strength of the MgO—
CaZrO, specimens of Cabral A. (2021) [252] and Mamede et al. (2022) [253] was lowered
due to the emergence of internal microcracks. Consequently, the highest flexural strength
value of 318 MPa of MCZ manufactured specimens — with lower content of MgO dopant
— is very much plausible to be recorded.
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Lastly, YSZ samples showed to have the greatest flexural toughness among the ceramic
composites manufactured and studied. According to the Tosoh powder manufacturer
datasheet [243], yttria-stabilized zirconia may achieve a bending strength of 1200 MPa,
whereas Heimann R. (2010) [255] indicates a range varying between 900 MPa and 1300
MPa for commercially available zirconia with an yttria content of 3 — 5 %. Amarante V.
J. E. et al. (2019) [256] evaluated in their investigation the biaxial flexural for yttria-
stabilized zirconia specimens with different surface finishing. For polished surfaces, 3
mol % YSZ of the VIPI Block Zirconn Translucen manufacturer showed an average flexu-
ral strength of 861 + 81 MPa. Further, White S. N. et al. (2005) [249] studied the flexural
strength of layered zirconia and porcelain all-ceramic system beams through 3-point flex-
ural strength. The specimens tested had dimensions of 4.0 x 4.0 X 45.0 mm in a sequence
of width x thickness x length. The module of rupture, or simply MOR, obtained for a
solely zirconia layered beam, was 786 MPa. The authors namely reported a significant
discrepancy between the manufacturer’s technical specification product profile and the
experimentally obtained data. In other words, 1272 MPa versus 786 MPa. Based on these
figures, it is concluded that the value of 740 MPa for YSZ ceramic composite samples with
5.0 X 4.5 X 45.0 mm developed, tested, and studied is therefore conceivable and likely to
be obtained.

Nonetheless, due to the vast dissimilarities in the values announced in the literature and
commercial manufacturers, it is thus concluded that the inconsistency in the flexural
strength of yttria-stabilized zirconia is dependent on several considerations. These are the
chemical composition under study, the fabrication process adopted, the surface prepara-
tion, the nature of the test conducted, the methodology of analysis, and the experimental
conditions, among many others. Moreover, the concentration of the stabilizing or dop-
ing agent heavily influences and plays a significantly decisive role in the mechanical per-
formance of zirconia. Being yttria the dopant, the following should be retained as ex-
plained by Amarante V. J. E. et al. (2019) [256]. For 3 — 4 % mol of Y203, the tetragonal
toughening phase is stabilized. This zirconia alloy, i.e., yttria partially stabilized zirco-
nia, is characterized by exceptional toughness and flexural strength. Nevertheless, by fur-
ther increasing the concentration of yttrium oxide, a higher concentration of the cubic
phase arises, compromising, therefore, the amount of tetragonal phase available for the
so-called transformation-toughening process — manipulation of the tetragonal to mono-
clinic martensitic phase transformation [257]. With an even greater content of yttria, i.e.,
8 — 12 mol %, a fully stabilized zirconia may be obtained which does not possess the tough-
ening capacity of the tetragonal grains, however, still offers extremely high resistance to
thermal shock, excellent fracture toughness, corrosion resistance, and, particularly, al-
lows the passing of oxygen ions, making it applicable as active membranes.
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Table .9 demonstrates the flexural strength figures as well as standard deviations of the
different ceramic systems under investigation, i.e., MA1, MA2, MCZ, and YSZ.

Table 5.9: Flexural strength determined by the 3—point bend test for MA1, MA2, MCZ,
and YSZ ceramic composites.

. . Flexural strength, ¢
Ceramic Composite
[MPa]
MA1 101+ 6.5
MA2 103 + 8.8
MCZ 318 £ 16.5
YSZ 740 *+ 31.4

As well-known, ceramics are vulnerable to brittle fracture, particularly, when cracks or
flaws arbitrarily oriented exist, concerning the applied stress. The ceramic cracks may be
generated during the manufacturing, and machining processes or/and due to mechanical
and thermal loads application during in-service lifetime. The evaluation of fracture tough-
ness (assessed in the forthcoming section) and the crack growth direction is an integral
component of designing and producing advanced ceramics for engineering structures. It
is usually common to adapt as a frame of reference three basic modes of deformation in-
side engineering components, including opening, or simply mode I, in-plane sliding, or
just mode II, and, lastly, out-off plane tearing, or mode III. A combination of these modes
is recognized and announced as mixed mode deformation. For reliability analysis of such
engineering structures, physically realistic mixed mode fracture evaluation must be per-
formed [258, 259]. Figures 5.14l, 5.15, and 5.16/ show the fracture modes geometries of
the specimens after testing from the top and side — for better fracture profile visualization

— views.
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Figure 5.14: Fracture mode geometry of MA2 ceramic composites.

Figure 5.15: Fracture mode geometry of MCZ ceramic composites.

Figure 5.16: Fracture mode geometry of YSZ ceramic composites.
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5.3.3 Hardness and Fracture Toughness

Hardness and fracture toughness are two characteristics of advanced ceramics which are
namely commonly discussed in the context of the strength of both functional and struc-
tural ceramics — nevertheless with a slightly special focus for the latter one, i.e., structural
purposes.

Figure .17 and Table f.10 show the Vickers hardness of the different ceramic systems
manufactured, i.e., MA2, MCZ, and YSZ. The hardness parameter is crucially useful since
it measures the resistance of the materials to plastic deformation, which potentially may
incorporate effects such as material displacement and fracture [248]. In ceramic materi-
als, Vickers hardness is of high importance since it allows to assess and evaluate the wear,
abrasion, and friction resistance of the surface and structure.
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Figure 5.17: Hardness, HV, experimentally obtained for MA2, MCZ, and YSZ ceramic
composites.

By studying the graph in Figure .17, it is possible to infer that of the three ceramic com-
positions investigated, the YSZ shows the highest value of hardness of, approximately,
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13.06 GPa, whereas MCZ follows with 7.31 GPa and, lastly, MA2 has the lowest experimen-
tally obtained value of 4.83 GPa. The graph shown in Figure omits MA1 ceramics
due to its very high porosity content and, therefore, unlikely plausible results. Based on
Table it is possible to conclude that the dispersion in data acquired associated with
the measurements taken for the ceramic composite was very low, which indicates that the
results were consistent. Solely for YSZ with a fairly short — but even so slightly higher than
of the MA2 and MCZ — dispersion in data attained is represented by the vertical (black)
error bar. Contrastingly, whenever no vertical bar is associated with each marker of each
specimen type this means that the dispersion of data is very low and, therefore, it is con-
tained inside the marker.

By getting deeper into detail, the experimental data presented in Figure must be
carefully discussed on the following grounds. The average hardness value recorded for
alumina ceramic composite is considerably lower than expected. Based on other investi-
gations or commercially available alumina, the hardness value of this material should fall
within a range of 15 — 22 GPa [248, 251, 260, 261, 262, 263]. It is strongly believed that the
porosity content of 7 % present in these ceramic samples conditioned the final results of
some parameters. Besides, even if considering the lowest Vickers hardness value of MgO
of 12 GPa [264], this doping material feature is not capable to lower the final sintered ce-
ramic composition hardness to the degree described.

In their article, Ternero F. et al. (2021) [265] discussed the influence of the total poros-
ity on the overall properties of sintered materials. It is contextualized that, for the in-
dentation hardness study, whenever porosity is detected in a material, it is necessary to
differentiate between true hardness and apparent hardness. True hardness, also known
as microhardness, is attained through single particle indentation using very low loads.
Naturally, the hardness this way studied depends uniquely on the local composition and
the microstructural state that does not differ from the hardness of analogous fully dense
material. However, in the presence of porosity, microhardness does not provide correct
insight into the porous true hardness. The apparent hardness, contrastingly, results of
measurements made with higher loads and therefore considers the effect of porosity, and
this relationship is far from linear. Thus, the relative hardness of 4.83 GPa experimen-
tally obtained is presented, however, it does not represent an accurate reflection of the
potential of alumina-based ceramics due to the incomplete sintering process and not fully
compacted bulk ceramic, as shown in Figure 5.17. In other words, the porosity filling
beneath the loaded indenter compromises the Vickers hardness indentation testing, anal-
ysis, and, ultimately, discussion.

Further, the MCZ value of hardness of 7.31 GPa shows a more confident value when com-
pared to other studies. For instance, Nunes-Pereira J. et al. (2020) [264] reported a
Vickers hardness of 7.5 GPa and 7.8 GPa for CaZrO,—MgO composites sintered at tem-
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peratures of 1450 °C and 1500 °C. In line with these results, Mamede et al. (2022) [253]
reported namely a hardness experimental value of 7.8 GPa for a CaZrO;—MgO composi-
tion with 0.02 % of porosity. As a result, it is concluded that the relative hardness of MCZ
ceramic composite, with a porosity of 0.05, is assumed quite achievable and valid.

For the YSZ ceramic composite, the highest value of Vickers hardness was recorded, i.e.,
13.06 GPa. Balca F. (2021) [170] who investigated several YSZ compositions, reported
slightly lower values of about 10 — 11 GPa. According to the Tosoh powder manufacturer
datasheet, YSZ’s typical hardness is 12.5 GPa [243]. Other datasheets [262, 263] of com-
mercially available YSZ ceramics point out a 12 — 14.5 GPa interval range. Thus, the value
obtained is believed conceivable via ceramic sample experimental fabrication.

In turn, Figure and Table illustrate the fracture toughness of the different ce-
ramic systems under investigation, i.e., MA2, MCZ, and YSZ. Essentially, fracture tough-
ness is utilized to assess the resistance to the extension of cracks on a material [248].
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Figure 5.18: Fracture toughness, K., experimentally obtained for MA2, MCZ, and YSZ
ceramic composites.
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For the fracture toughness parameter, a different tendency was registered when compared
to the Vickers hardness. In other words, the ability of a material to resist the propagation
of flaws under applied stress was highest for YSZ with a magnitude value of, approxi-
mately, 5.12 MPa.mm'/2, then MA2 with 3.39 MPa.mm'/2, and, lastly, MCZ had the low-
est experimentally obtained figure of 2.67 MPa.mm'/2. Similarly, as in hardness mea-
surements, Table indicates that the deviations encountered in the tests conducted
were low, which implies that the data gathered was congruous. Once again and identically
to the hardness graph, if no vertical bar is associated with each marker of each specimen
type this means that the dispersion of data is very low and, therefore, it is housed inside
the marker.

Particularly, for MA2, fracture toughness of 3.59 MPa.mm!/? curiously enough is con-
sistent with the values mentioned in the literature. At room temperature, Heimann R.
(2010) [250] indicates a range of 3 — 4 MPa.mm?/2 for the fracture toughness parameter
of high-alumina ceramics. Additionally, Auerkari P. (1996) [246] defends that, based on
other studies, engineering alumina of 99 % purity and a porosity content of 1 — 5 % shall
have a fracture toughness of about 3.5 — 5.5 MPa.mm'/2. Some commercially available
manufacturers namely point out an interval varying from 3 to 5 MPa.mm?/2. Based on the
diversity in fracture toughness data, considering the 7 % of porosity, the MA2’s fracture
toughness may be assessed well grounded.

Fracture toughness of 2.67 MPa.mm'/?

of MCZ is consistent with the one reported by
Nunes-Pereira J. et al. (2020) [264] for CaZrO,—MgO ceramic composites of 2.6 and 2.5
MPa.mm'/? for a sintering temperature of 1450 °C and 1500 °C, respectively. In addi-
tion, Cabral A. (2021) [252] that studied the enhancement of the mechanical resistance of
CaZrO,—MgO, for a purely standard sample, indicated an experimentally achieved frac-
ture toughness of 2.30 MPa.mm'/2. Consequently, and bearing in mind possible exper-
imental fluctuations — represented by a standard deviation of + 0.5 — the MCZ fracture
toughness parameter is considered consistent with the reported by other investigations

and therefore envisioned as rational.

To finalize, the remaining ceramic composite YSZ, as mentioned previously, recorded the
highest value among all ceramics fabricated at 5.12 MPa.mm'/2. For the same composi-
tion investigated, i.e., 33.3 wt. % t-3YSZ, 33.3 wt. % c-8YSZ, and 33.3 wt. % m-ZrO,, Balca
F. (2021) [170] recorded slightly lower value of 4.09 MPa.mm'/2. Datasheets of the man-
ufacturers of the powder used, however, indicate an optimum value of 6.0 MPa.mm'/2
[243]. It is remarked that the three-phase ceramic system YSZ, has an interesting com-
position in which the monoclinic, tetragonal, and cubic phases are ubiquitous. Conse-
quently, and considering that each of these phases has its characteristic benefits, it is
expected that slight variations may prevail. Additionally, once experimental deviation

always occurs due to several different factors, the in-between 5.12 MPa.mm'/2? achieved
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is thus considered an enthusiastic result for YSZ’s fracture roughness feature.

Table 5.10: Vickers hardness and fracture toughness determined from the Vickers inden-
tation for MA2, MCZ, and YSZ ceramic composites.

Hardness, HV Fracture toughness, K.
Ceramic Composite
[GPa] [MPa.mm'/?]
MA2 4.83 £ 0.1 3.50 + 0.1
MCZ 7.31+ 0.5 2.67+ 0.5
YSZ 13.06 + 0.6 5.12 + 0.6

Figures .19, 5.20, and .21 illustrate the SEM micrographs representation of the Vick-
ers indentation — of MA2, MCZ, and YSZ ceramic composites — performed for hardness
and fracture toughness determination. In these figures, auxiliary red lines were drawn
to facilitate the identification of the two diagonal cracks that emerge from the marks of
the indentations made. The MA2 micrograph was achieved with a magnification of 350X,
whilst the MCZ and YSZ micrographs with 250X.

Broadly speaking, an overall assessment of the mechanical elastic properties, in addition
to the mechanical strength features of the four ceramic composites manufactured was in-
vestigated throughout this section. More specifically, the elastic properties were analyzed
owing to the dynamic Young’s modulus and the dynamic shear modulus collected data,
whereas mechanical strength was characterized by flexural strength, hardness, and frac-
ture toughness figures. As already explained, in the section on the Microstructure and
Physical analysis, the direct comparison among the ceramic systems (MA1, MA2, MCZ,
and YSZ) is not conceivable, but, on the other hand, it does not signify that a trade-off
cannot be made. In terms of the module of rupture (i.e., flexural strength) and Vickers
hardness YSZ showed the best results, followed by MCZ and lastly, MA2. In the frac-
ture toughness test, however, MA2 is depicted to have a better capacity in resisting crack
propagation than MCZ. Both ceramic systems, still fall behind taking into account the
improved performance of YSZ. Contrastingly, in the elastic features, an inverse trend is
observed. In other words, MA2 shows to have higher elastic and shear modulus than MCZ
and YSZ. Nevertheless, it is emphasized the conditioning porosity content of the alumina-
based ceramics strongly influenced the data results achieved.
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Figure 5.19: SEM micrographs of the characteristic results from Vickers indentation for
MA2 hardness and fracture toughness determination.

Figure 5.20: SEM micrographs of the characteristic results from Vickers indentation for
MCZ hardness and fracture toughness determination.

Figure 5.21: SEM micrographs of the characteristic results from Vickers indentation for
YSZ hardness and fracture toughness determination.
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Otitoju T. A. et al. (2020) [5] emphasized in their article review about advanced ceramics
that in the last decades, research efforts have been focused on the investigation and de-
velopment of ceramic components exhibiting a vast domain of applications owing to their
unique features [5]. Accordingly, the pushing conditions of aeronautical and aerospace
fields make it undeniably essential to study the mechanical properties of advanced ce-
ramics both carefully and extensively. A set of needs evolved into real engineering re-
quirements will dictate and shape the desired attributes to be fulfilled for a specific real
application. Moreover, considering the multifunctional advanced ceramic aim and focus
of this dissertation work, the mechanical evaluation developed throughout this section of
MA1, MA2, MCZ, and YSZ in parallel to the microstructural and physical analysis is the
first step key in the extensive characterization process of this ceramic material systems.

144



5.4 Thermal Properties

This section provides a thermal analysis of the manufactured ceramic composites. The
thermal analysis is comprised of both, thermal conductivity — determined through flash
method standard test — as well as thermal expansion coefficient — conducted by ther-
momechanical analysis, as explained in section }4.3.4, i.e., Thermal Properties of Chap-
ter [, Experimental Procedure. The assessment of thermal properties of the MA2, MCZ,
and YSZ ceramic composites is of utmost importance, considering the high thermal wide
range of applications in view. In other words, Thermal Protection Systems, Thermal Bar-
rier Coating, in addition to Dielectric Barrier Discharges applications require a compre-
hensive analysis — of the thermal influence — on the performance of ceramic systems due
to their desirable characteristics to provide both thermal insulation and environmental
stability for engineering structures, or parts. Therefore, considering aeronautical and
aerospace applications, in which hazard conditions to ceramics are continuously imposed,
thermal analysis becomes mandatory. It is henceforth remarked that, in the present Ther-
mal Analysis section, MA1 ceramic composite was not considered due to its high porosity
and equipment (sample changer, as depicted in Figure limitations.

5.4.1 Thermal Conductivity

The property of thermal conductivity of the ceramic composites MA2, MCZ, and YSZ
was achieved by initial specific heat and thermal diffusivity experimental determination
through flash method standards and by data computation via Equation 4.26. As ex-
plained in section }.3.4.1] Thermal Conductivity, thermal conductivity may be defined as
“the rate at which heat is transferred by conducting through a unit cross-section area of a
material when a temperature gradient exists perpendicular to the area” [211].

The following Figures 5.22 and [5.23 represent the specific heat capacity and thermal
diffusivity evolution with increase of temperature from 30 °C to 700 °C. It is remarked
that the temperature interval mentioned above is slightly different from the referred in
the Thermal Properties section [4.3.4, which is grounded on the need to adjust the condi-
tions of the experimental analysis. This is, the controlled argon atmosphere was exploited
rather than the nitrogen one, once it offered more consistent results. However, conversely,
the argon atmosphere measurements were considered not feasible above 700 °C, owing
to infra—red opacity at elevated temperatures.

On its basis, as well-known, equal masses of different materials require different amounts
of heat to raise them through the same temperature interval. Accordingly, specific heat
concept represents this phenomenon that consists of the quantity of heat necessary to
raise the temperature of one gram of a substance by one Celsius degree. By examining
Figure |5.22, MA2 ceramic composite is the ceramic system under analysis with higher
specific heat, followed by MCZ, and lastly YSZ. In other words, MA2 requires an increased
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amount of heat, than MCZ, which in turn will need a higher quantity of heat than YSZ to
rise these three materials at the same temperature interval.
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Figure 5.22: Specific heat, ¢, variation in function of temperature of MA2, MCZ, and YSZ
ceramic composites.

In addition, with the growth of the temperature from 30 °C to 700 °C, the three ceramic
composites increase to some degree their specific heat figures: MA2 in a more accentu-
ated way, and with YSZ rise contrastingly being almost constant.

The following Table f.11 summarizes the experimentally obtained specific heat values at
30 °C — room temperature — and 700 °C — high-temperature — regimes.

Table 5.11: Specific heat of MA2, MCZ, and YSZ ceramic composites at 30 °C and 700 °C.

Specific heat capacity
Ceramic Composite [J/(g-K)]
Room temperature (30 °C) High-temperature (700 °C)
MA2 0.986 1.53
MCZ 0.745 0.980
YSZ 0.472 0.570

146



As already referred, Figure depicts the evolution of the thermal diffusivity variation
with temperature in the interval range of 30 °C to 700 °C.
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Figure 5.23: Thermal diffusivity, a, variation in function of temperature of MA2, MCZ,
and YSZ ceramic composites.

The feature thermal diffusivity can be depicts as the parameter that describes the rate of
temperature spread through a material. Consequently, thermal diffusivity is a material’s
property that gives an insight into the ability of a material to conduct thermal energy rela-
tive to its ability to store it [212]. Figure allows to conclude that of the three studied
materials, MA2 and MCZ ceramic samples are more prone to spread heat energy through
the specimen than YSZ. More accurately, MA2, at lower temperatures tested possesses a
higher thermal diffusivity than MCZ, however this trend inverts at, approximately, 240 °C
until 300 °C (i.e., the thermal diffusivity of MA2 and MCZ overlap). From approximately,
300 °C to 700 °C MCZ has a higher thermal diffusivity than MA2.

Moreover, Figure .23 shows that with the increase of the temperature, in general, the
three ceramic systems decrease their thermal diffusivity.
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The Table below sums up the experimentally obtained thermal diffusivity values at
30 °C — room temperature, and 700 °C — high-temperature regimes.

Table 5.12: Thermal diffusivity of MA2, MCZ, and YSZ ceramic composites at 30 °C and

700 °C.

Ceramic Composite

Thermal diffusivity

[mm?/s]

Room temperature (30 °C)

High-temperature (700 °C)

MA2 2.17 0.716
MCZ 2.04 0.790
YSZ 1.01 0.567

Finally, Figure f.24 illustrates the thermal conductivity of MA2, MCZ, and YSZ ceramic
composite materials, computed, as mentioned, through Equation 4.26 from 30 °C to 700

°C.
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Figure 5.24: Thermal conductivity, ), variation in function of temperature of MA2, MCZ,

and YSZ ceramic composites.

By observing Figure [5.24, two major conclusions may be withdrawn. Primarily, it is
evidenced that MCZ has a higher thermal conductivity than MA2, which in turn has an
increased thermal conductivity than YSZ. Secondly, similarly to the thermal diffusivity
behavior, the thermal conductivity tends to diminish with the growth of the temperature.
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The following Table summarizes the experimentally obtained thermal conductivity
values at 30 °C — room temperature — and 700 °C — high-temperature — regimes.

Table 5.13: Thermal conductivity of MA2, MCZ, and YSZ ceramic composites at 30 °C and
700 °C.

Thermal conductivity
Ceramic Composite [W/(mK)]
Room temperature (30 °C) High-temperature (700 °C)
MA2 5.61 2.95
MCZ 6.95 3-59
YSZ 2.87 1.91

Considering the MA2 ceramic material, the thermal conductivity recorded for this sample
is remarkably low. Typical figures of thermal conductivity for alumina, at room temper-
ature, vary from 30 to 40 W/(mK) [250, 251, 262, 263]. Therefore, it is concluded that
for MA2 a significant gap exist among the values reported by the literature and, approxi-
mately, 5.61 W/(mK) experimentally obtained. As a rule, the thermal conductivity param-
eter of porous ceramic materials is known to decrease with increasing porosity content
[266]. More specifically, Sun J. et al. (2014) [267] explain that if increasing the porosity
(i.e., lowering the density), ceramic’s solid-phase heat conduction decreases regardless
the temperature range studied, whilst the gas-phase heat conduction and thermal radia-
tion rises. Thus, the overall thermal conductivity diminishes [267]. Furthermore, it has
been shown in the literature that a modified exponential relationship for the description of
the porosity dependence of the Young’s modulus may alike be exploited with appropriate
modifications of the numerical coefficient for the porosity dependence of the thermal con-
ductivity [268]. The typical tendency curves shown for porous alumina ceramics studied
by Zivcova Z. et al. (2009) [268] of thermal conductivity behavior variation with temper-
ature are resembling to the one represented of MA2 in Figure 5.24.

For the magnesium oxide-doped calcium zirconate, Carneiro P. et al. (2021) [241] per-
formed a complete thermal characterization of composite materials with different CaZrO,/
MgO fractions. In their study — for the CZ2M1 ceramic, i.e., 1/3 MgO and 2/3 CaZrO, —
experimental results, in addition to finite element method (FEM) simulations, and ana-
lytical model comparison showed a thermal conductivity rough variation between 3 and
7 W/(mK) for, approximately, [20; 500] °C. Accordingly, these values are in line with the
ones obtained for MCZ ranging from 3.59 W/(mK) and 6.95 W/(mK) as announced in Ta-
ble .13. In terms of tendency behavior, alike graph line to the ones reported in Carneiro
P. et al. (2021) [241] investigation may be observed, i.e., with increasing temperature,
thermal conductivity diminishes.
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Lastly, for the YSZ ceramic composite, satisfactory results were achieved. From the com-
mercially available datasheets, it is recognized that YSZ has a very low thermal conduc-
tivity of, approximately, 2 — 3 W/(mK) [57, 262, 269]. Additionally, Zhao H. et al. (2006)
[270] reported an interval range for thermal conductivity of yttria stabilized zirconia of
2.2 — 2.9 W(mK). Balca F. [170], clarifies that the cubic, tetragonal and monoclinic phases
that coexist in the YSZ ceramic composites have dissimilar thermal conductivities of, ap-
proximately, 1.8 W/(mK), 3 W/(mK), and 7 W/(mK), respectively. Adopting different an-
alytical studies, the results for the conductivity feature pointed out in Balca F. [171] study
to vary between 2.93 and 3.57 W/(mK) at room temperature. Bearing this in mind, the
values of 2.87 W(mK) and 1.91 W(mK) for 30 °C and 700 °C, respectively, are considered
congruent and in agreement within the figures reported in the literature. On top, for fully
dense yttria-stabilized zirconia, Schlichting K. W. et al. (2001) [271] research supports the
behavior of lower thermal conductivity with increase of temperature depicted in Figure

5.24|

5.4.2 Coefficient of Thermal Expansion

As explained in the latter Chapter l, the linear expansion coefficient, CTE, is an essential
and indispensable parameter to be investigated once it grants insights into the ceramic’s
response to a change of temperature, and thus provides information if the failure of a part,
or structure, may occur due to imposed thermal stress.

The following Figure k.25 depicts the evolution of the dimensional percentage change
of MA2, MCZ, and YSZ ceramic composites for an interval range of -110 °C to 980 °C.

From a broad perspective, it can be stated that the dimensional evolution of ceramic
composites is approximately close to linear over the temperature range evaluated, i.e.,
it rises continuously from -110 °C to 980 °C. Nevertheless, a slight decrease — for the
three ceramic samples — is pointed out at, about, 650 °C with no further strong oscilla-
tions recorded.

It should be namely emphasized the behavioral tendencies that are opposite in the below
0 °C and the above 0 °C regimes. In other words, up to 0 °C, the MA2 curve has higher
dimensional percentage change in magnitude — than both zirconia-based ceramics, i.e.,
MCZ and YSZ. On the other hand, after o °C, this tendency inverts, being zirconia-based
ceramics, the materials with a greater dimensional percentage both in magnitude during
the course of temperature rise from 0°C to, approximately, 980 °C, and variation - veri-
fied by its increased slope. Curiously, at, approximately, 9oo °C, MCZ and YSZ ceramic
systems overlap in their corresponding dimensional variation. Moreover, in both delin-
eated (positive and negative temperatures) regimes, the MA2 curve shows a reasonable
gap between the MCZ and YSZ curves which may be justified by not only its chemical com-
position difference but as well relatively accentuate porosity content.
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Figure 5.25: Dimensional percentage, dL/10, variation in function of temperature of MA2,
MZC, and YSZ ceramic composites.

Figure [.26 below describes the evolution of the CTE variation of MA2, MCZ, and YSZ
ceramic composites similarly analyzed in an interval range of -100 °C to 980 °C.
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Figure 5.26: Coefficient of thermal expansion, CTE, variation in function of temperature
of MA2, MCZ, and YSZ ceramic composites.
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By analyzing Figure 5.26|, a similar tendency is identified for all ceramic composites
— MA2, MCZ, and YSZ. Their behavior starts with initial strong unsteady oscillations in
CTE values in the temperature interval of -110 °C until, approximately, o °C. Worth being
noted that MA2 ceramic is the ceramic system (of three) with the most volatile variations
in CTE values. Subsequently, a sharp fluctuating increase in CTE until approximately 50
°C temperature figure is identified, after which a steadier growth is observed up to the
end of the whole evaluated temperature range — with the exceptions already verified in

Figure 5.25 — at 650 °C.

Accordingly, based on the data behavior described, it is concluded that from -100 °C to
0 °C the samples suffered contraction — Figure .25 — and thus the unsteady values in
CTE for all samples. The ceramic’s overall dimensions are diminished as well as the coef-
ficient of thermal expansion. Further, from 0 °C to 650 °C, an expansion of the material
was observed which consequently contributed to the determination of higher CTE values.
Within the highest range of temperatures under investigation, i.e., from 650 °C to 980
°C, the dimensional expansion of the sample decreased to some degree which in turn led
the coefficient of thermal expansion to stabilize. It is remarked that, for the last analyzed
temperature value, approximately, 980 °C, YSZ’s overlaps with the MCZ’s CTE feature
being, approximately, 11.0 x 1076/°C.

Additionally, Table contains data with an average CTE for three temperature inter-
vals: a low (negative) of -50 to -100 °C; an average room temperature considered from 20
to 30 °C, and, lastly, a high—temperature from 800 to 980 °C.

Table 5.14: Average CTE values for three temperature regimes: low, room, and high tem-
peratures.

Coefficient of thermal expansion, CTE

Ceramic Composite [107%/°C]
Low temperature range | Room temperature range | High—temperature range
[-50; -100] [20; 30] [50; 980]
MA2 4.71 7.56 7-91
MCZ 5.63 8.24 9.94
YSZ 9.04 10.96 10.5

Reading the values of Table .14, it is concluded that the values of CTE are character-
istic for every ceramic material under study, once they are considerably chemically, mi-
crostructurally, and physically dissimilar. Nevertheless, a common tendency for MA2,
MCZ, and YSZ, as previously analyzed in Figure §.26), is stressed out, i.e., with the growth

in temperature, a rise in thermal expansion coefficient is recorded.
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Considering the MA2 ceramic composite, the values obtained regardless of the temper-
ature regimes studied, i.e., low temperature, room temperature and high temperature
ranges, in Table 5.14|, may be perceived as coherent with the data reported in the liter-
ature. More precisely, Auerkari P. (1996) [246] pointed out in his research that, at room
temperature, for engineering alumina ceramic of 99 % purity with 1 — 5 % porosity level,
the CTE is, approximately, 5.4 x 10~6/°C. If considering the value listed on Table .14
for the room temperature regime from 20 °C to 30 °C, MA2 possesses a very identical
figure of 5.6 x 1079/°C. Additionally, Munro R. G. (1997) [248], outlined a CTE of, ap-
proximately, 4.6 x 1079/°C, 7.1 x 107%/°C, and 8.1 x 107%/°C for [0; 20] °C, [0; 500]
°C, and [0; 1000] °C temperature intervals. If computing an average of the determined
discrete values of CTE for the announced specific temperatures ranges, the corresponding
values are, approximately, 5.4 x 1079/°C, 6.8 x 107%/°C, and 7.8 x 1076/°C.

Moreover, it is emphasized and recognized that a solid understanding of the variations
of the material properties with the porosity consists of a useful tool for an adequate ap-
plication of the porosity dependent relations in real engineering structures [272]. Nev-
ertheless, for the CTE feature, conflicting and non-concordant data is provided [273].
Depending on several parameters — chemical composition, fabrication process, analysis
performed — the thermal expansion coefficient may increase or decrease with the poros-
ity content. It is claimed that a unique thermal expansion-porosity relationship does not
exist [272]. Accordingly, the apparent porosity of MA2 of 7 % was not considered for the
evaluation, validation and verification purposes in the CTE conducted tests. In short, it is
therefore concluded that the variation among the experimentally obtained values and the
cited in the literature is consistent.

Bearing in mind values indicated in the literature, it was concluded that MCZ have satis-
factory final results. More precisely, Schaffoner S. et al. (2013) [274] reported values of
CTE collected from other previous studies of CaZrO, ceramics to be about 8.5 — 11.8 x
1079/°C between 20 °C and 900 °C. For the sake of completeness, and within the same
framework of thought, an average computation of the experimental MCZ’s CTE feature
obtained in between 20 °C and 900 °C was performed. The result determined was ap-
proximately 9.8 x 107%/°C. Moreover, in its study about dense CaZrO, produced by elec-
tric arc melting, Schaffoner et al. (2017) [275] experimentally obtained a CTE of 10.45
x 107%/°C [275]. Contrastingly, Hou Z. F. (2008) [242] highlighted a relatively rather
lower thermal expansion coefficient 6.5 — 8.5 x 1076/°C. The slightly disparate values
found in the bibliography may be justified by the anisotropic structure of MgO—doped
CaZrO,. More accurately, a thermal mismatch may be verified between the dopant agent
MgO that has a CTE of 13.5 x 10~%/°C and CaZrO, average CTE of 10.4 x 10~6/°C (result
of large thermal expansion anisotropy, i.e., a,,,=4.9 x 1075/°C, a;,,,,=10.9 x 10-6/°C, and
me= 15.1 x 1079/°C) [276]. Therefore, considering the data provided, it is believed that
the CTE result for MCZ ceramic composite is in line with other studied.
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Lastly, for YSZ material the following was established. As previously, in the mechanical
properties analysis, some values provided by manufacturer’s datasheets varying consid-
erably. Naturally, it depends on the compositions of yttria-stabilized zirconia used, the
methodologies of manufacturing and testing applied, as well as the conditions in which the
tests were conducted. Overall, some datasheets indicate values for CTE of 9.1 x 1076/°C
between 20 and 100 °C; 9.9 x 107%/°C between 20 and 200 °C, and 10.1 x 107%/°C be-
tween 20 and 300 °C [277]; whereas others show lesser values, for instance, 6.9 x 1075/°C
between 25 and 100 °C; 8.1 x 10~%/°C between 25 and 300 °C, and 10.5 x 1079/°C be-
tween 25 and 600 °C [278]. Cao X. Q. et al. (2004) [57] that summarized the basic prop-
erties for thermal barrier coatings from studies available in the literature listed a CTE of
11.5 x 1079/°C for the 3YSZ and a slightly lower 10.7 x 1076/°C for 8YSZ. As described
on Table |5.15, the acquired experimentally fabricated, tested and evaluated YSZ ceramic
depicts reasonable and more constant (than of some references) values in terms of CTE
parameter over the temperature interval studied.

Table 5.15: CTE figures considering different temperature interval ranges of YSZ ceramic
composite.

CTE CTE
Temperature intervals
[1079/°C] [1079/°C]
[°C]
(from literature) (experimentally computed)

[20; 100] [277] 9.1 9.3
[20; 200] [277] 9.9 9.5
[20; 300] [277] 10.1 9.7
[25; 100] [278] 6.9 9.3
[25; 300] [278] 8.1 9.7
[25; 600] [278] 10.5 10.1
[0; 1000] [57] 11.5 10.4
[0; 1000] [57] 10.7 10.4

To summarize, in this section, two major thermal properties of ceramic materials, i.e.,
thermal conductivity and coefficient of thermal expansion were examined and evaluated
for the manufactured MA2, MCZ and YSZ ceramic systems. Briefly, in terms of thermal
conductivity, MCZ showed a higher capacity to conduct heat when a temperature gradient
exists perpendicular to the area of the sample, followed by MA2, and thenceforth YSZ. On
the whole, the three ceramic composites analyzed tend to decrease their respective ther-
mal conductivity values with the increase of temperature from 30 °C to 700 °C. Further,
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considering the CTE feature, a totally different behavior was ascertained. This is, the ma-
terial that showed a higher coefficient of thermal expansion was YSZ, followed by MCZ,
and lastly MA2. Broadly speaking, the three materials increased their CTE values from
room temperature up to 980 °C with a slight change in this tendency at, approximately,
650 °C. In the CTE study, additionally, data was computed and studied for negative tem-
peratures. In this regime, a more scattered and frequently changing variations in CTE
were recorded.

Overall, from an application perspective, in aeronautical and aerospace fields, ceramics
present interesting thermal properties. Particularly, backtracking to the discussed TPS,
TBC and DBD purposes, thermal features such as thermochemical stability, thermal con-
ductivity, as well as thermal expansion coefficient are crucial. In high temperature ap-
plications — both TPSs and TBCs — ceramic materials protect aerospace structures from
aerothermal cooling and heating imposed under harsh environmental conditions. More
specifically, TPSs rise challenges in adequate ceramic material selection due to loads, high
temperatures as well as shock phenomena associated with hypersonic flight and re-entry
into atmosphere. Furthermore, TBCs not only serve as protection mean to the underlying
metallic substrate, as well as metallic bond coat — both with elevated coefficient of thermal
expansion (about 15 x 107%/°C) — from corrosive and erosive conditions, but namely as
thermal insulator in high-temperature regimes [78]. Accordingly, assessment of thermal
coefficients of the several layers that comprise a TBC structure allows to predict and pre-
vent adhesive failure from thermal interlayer stress, and cohesive failures as microcracks
and/or spalling. In case of DBDs, different ceramic-based insulators are useful for high
voltage applications due to their high resistivity and thermal conductivities.

All in all, it may be concluded that the tailorable properties of ceramics make them suit-
able for extremely demanding application in low and high-temperature. Consequently,
the full comprehension of their thermal properties, such as conductivity and expansion
coefficients become mandatory to not only improve the performance of engineering struc-
tures, or parts, but also extend their useful lifetime.
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5.5 Electrical Properties

The present section focuses on the proof-of-concept evaluation and validation regarding
the feasibility of the different ceramic composites produced — MA1, MA2, MCZ, and YSZ
— as dielectric barriers for DBD plasma actuators. Within this framework, the follow-
ing sequence is adopted to progressively discuss the results obtained. To start with, the
electrical analysis composed of the average power consumption, the Lissajous curves as
well as the capacitance variance are presented and examined. Then, a trade-off among
the distance of the Pitot tube to the edge of the exposed electrode and the velocity — in
function of the applied voltage — is performed for induced flow velocity study purposes.
Lastly, thermographs (infra-red) images taken of the ceramic composite dielectrics dur-
ing plasma discharge are namely shown. Additionally, to the thermographic pictures, the
variations of the temperature along the x— and y—directions across the dielectric material
are provided to better understand the temperature influence on the overall ceramic DBD
plasma actuator performance. Lastly, to finalize and sum up, some general conclusions
are highlighted.

5.5.1 Average Power Consumption Analysis

Before initializing the discussion about the experimental data results obtained, it should
be accentuated the importance of the power consumptions parameter in the all-embracing
DBD plasma actuator analysis. As explained by Ashpis D. (2017) [223] the characteriza-
tion of the power consumption of the DBD actuators is a key feature for the following
reasons. Initially, and shortly put, it is essential in comparative characterization of per-
formance of different actuators designs. Nevertheless, the comparisons are considered
meaningful only in case they are conducted at constant powers. Next, in terms of practi-
cal implementations of flow control systems for aeronautical and aerospace aims, actua-
tors power consumption is required for cost-benefit analysis of the system they are part
of. Lastly, it is fundamental to acknowledge the magnitude of power consumptions to
properly understand how to implement an efficient and lightweight high-voltage power
supplies as well as through real-time sensors health monitor the actuator itself. All in all,
as demonstrated, accurate power measurements of DBD plasma actuators are of vital rel-
evance to the DBD research community for the technological advance of the engineering
structures that are being focus of study.

Consequently, and as a starting point of this section, the average power consumed by the
four manufactured ceramic composites DBD plasma actuators — MA1, MA2, MCZ and YSZ
— are shown in the following Figure 5.2 as function of the wide range of applied voltages
at the frequency of 24 kHz. The represented average power consumed was calculated, as
explained in section [4.3.5.1, this is, through Equation .33 enunciated on the Electrical
Current Method section. Although both methods, i.e., the Electric Current Method and
the Electric Charge Method are coherent and reasonable for the electric average power

156



consumption estimation, once the capacitor’s tolerance of 10 % (used in the Electrical
Charge Method setup) is considerably higher than the resistor’s tolerance of 1 % (applied
in the Electrical Current Method setup), it becomes natural to exploit the average electrical
consumption from the Current Method.
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Figure 5.27: Electric power consumption for MA1, MA2, MCZ and YSZ ceramic compos-
ites.

On the whole, and by evaluating Figure .27, it can be assessed that the average power
consumed by the four ceramic dielectrics increased with the increase of the input voltage.
It is noted that for a better illustration of the evolution of the experimental data results, a
fitting line was added for the four ceramic composites. Until, approximately, 6 kVpp, i.e.,
for low-voltages range, the power consumption shows a similar behavior for MA1, MA2,
MCZ and YSZ ceramic samples. Afterward, however, different tendencies — depicted by
the fitting curves — arise for each dielectric. It must be emphasized that although the be-
havior for low-voltages range mentioned is claimed to be similar, the magnitude of the
values measured of the average power consumed — by the ceramic composites — is quite
heterogeneous, this is, at 6 kVpp the corresponding power consumptions are, approxi-
mately, 3.0 W for YSZ, 2.9 W for MCZ, 2.1 W for MA1, and 1.7 W for MA2.

Moreover, at higher level voltages, i.e., from 7 kVpp on, it is noticeable that the power con-
sumed by each DBD plasma actuator device strongly depends on the dielectric ceramic
composite material. More precisely, YSZ curve depicts the sharpest increase of power
consumptions of all materials for different input voltages analyzed, whereas MCZ shows
a slightly slower (than YSZ) but still somehow rapid rise. Subsequently, MA1 and MA2
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ceramics represent a more regular growth in power consumed for the voltage interval ap-
plied. It must be highlighted that MA2 ceramic composite presents a higher power con-
sumption values for applied voltages above 12 kVpp than MA1. In short, from described
tendencies and observations, and by considering a broadest perspective, the conclusion
reached was that the ceramic composite that requires the highest amount of average power
for the same range of applied voltages is the YSZ, and the lowest one the MA1. Addition-
ally, it is possible to conclude that the zirconia—based ceramic composites tend to consume
more power than the alumina—based ceramic composites, when operated at same input
voltage level.

Besides the discussed, owing to both Figure k.27 and Table 5.16), it is also possible to
infer that the YSZ ceramic has the lowest operating limit of 10 kVpp, followed by MCZ with
a maximum input limit of 12 kVpp, and, lastly, MA2 and MA1 showing both the highest
operating limit of 18 kVpp. It should be highlighted that the operating limits stated were
evaluated and judged by considering the transition of the plasma discharge to an unstable
and markedly filamentary regime, since, at this stage, for the wide range of input voltages
tested, none of specimens fractured or deteriorate to a level that they could no longer be
tested. Therefore, the highest the input voltage the ceramic material is capable to support
without causing marked, or profound degradation, the broadest the operating range of
the actuator.

Table summarizes the operating limits in terms of input voltage for each ceramic
composite as enunciated, in addition to the corresponding average electric power con-
sumption.

Table 5.16: Operating limits of the four ceramic composites and the associated average
power consumption.

Ceramic Composite Operating limit Average electric power consumption
[kVpp] (W]
MA1 18 17.4
MA2 18 26.0
MCZ 12 16.8
YSZ 10 20.7

Furthermore, the registered operating limits were considered to be significant among the
different ceramic composites studied, once the observed variation in maximum input volt-
age values is quite diverse. More specifically, from the conducted testes, MA1 and MA2
demonstrated to be the most robust ceramic composites since their maximum input volt-
age was almost two times higher than the YSZ.
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The following provided and delineated information aims to contextualize and further de-
scribe the complexity of power consumption analysis for DBD plasma actuator devices
considering the exposed on the literature.

From the extensive research undertaken on the DBD plasma actuators, and as already
expected, it was concluded that it is extremely difficult, if not impossible, to perform an
accurate, or precise, comparison with other studies on the field. In other words, bearing
in mind the ceramic composites research as dielectrics barriers in surface DBD geometry
(adopted in this dissertation work) — which is particularly linked to active flow control
and icing mitigation — investigations in the literature do not report similarities. Conse-
quently, power consumption comparison or even an assessment of this parameter with
the found information becomes unlikable to add any significant validation, verification,
or major conclusion to the present subsection.

Generally, SDBD power consumption is mostly considered and reported as a function of
electrical, geometrical, and material features. Some authors emphasize and give detailed
information about electrical parameters, i.e., input peak-to-peak voltage, frequency, and
type of AC waveform as a determining parameter on the power consumption of DBD
plasma actuators. Others, tend to lean to a more material-oriented perspective, for in-
stance, the electrical properties of the dielectric being studied, for example, permittivity,
dielectric strength, and thickness relationships [279]. Moreover, the electrical character-
istics of the power supply are as well influenced by the environmental condition, such as
temperature, pressure, humidity, and ambient gas [223].

On one hand, alumina composite — which is considered a state-of-art ceramic as dielectric
barrier — comprises commonly recognized application such as surface treatment [157],
adhesion improvement for film deposition [156], and CO, decomposition [165]. Nev-
ertheless, the geometry designs adopted in these processes are very different from the
one adopted in this dissertation work. For instance, Pribyl R. et al. (2020) [157] studied
spinel-doped alumina ceramics sintered through gel-casting and mounted on a coplanar
geometry (CDBD) with several electrodes and embedded in cooling and an insulating sys-
tem. Likewise, Kelar J et al. (2020) [156] investigated alumina as dielectric barrier but
instead of doping it with spinel — which was claimed by the authors to be highly insolu-
ble in alumina — oxides such as cerium dioxide (CeO,), chromium (III) oxide (CeO,), and
ferric oxide (Fe,O,) were added. Explicitly, in these studied, besides the varying chemical
composition, which is different of the MA1 and MA2 samples (magnesium oxide doped
alumina), the CDBD design exploited does not match with the geometry adopted. Even
though, CDBD is considered a surface DBD, both ground and high-voltage electrodes were
placed in refrigerating oil and covered by a ceramic insulator. This is considerably dif-
ferent from the asymmetric surface DBD design adopted and described in the previous
Experimental Procedure Chapter 4.
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On the other hand, and considering this time the MCZ ceramic composite, the most sim-
ilar case studies encountered, were of other perovskites. For example, Li R. et al. (2004)
[165] investigated the Ca,, ,Sr, ;TiO, with Li,Si,O; as a sintering additive for CO, decom-
position, whereas, in turn, Song X. et al. (2016) [158] analyzed the feasibility of using
Ca, gSr, ,TiO,4 for the same aim. Besides the different chemical composition, a volume
(planar) DBD geometry was chosen in both studies.

Lastly, YSZ ceramic composite as an asymmetric surface dielectric barrier discharge con-
sists of a purely proof-of-concept, i.e., an establishment of the feasibility and rationale
to use this ceramic composite as a product to DBD plasma actuator integration. In the
literature, solely 8 % mol yttria-stabilized Zr,O, microtubes has been reported to be im-
plemented as dielectric barrier material in a micro atmospheric pressure micro-plasma jet
by Talviste R. et al. (2021) [280]. Nevertheless, the authors highlighted that a quantita-
tive description of the effect of the microtube material’s dielectric constant on the electric
fields, as well as plasma parameters, such as electron density and temperature, are still
topics of further research.

On this basis, and as abovementioned, it is not plausible or cogent to evaluate power con-

sumptions of different experiments especially when their features are not compatible and
greatly divergent.

5.5.2 Lissajous Curves Analysis

The subsequent Figures .28, 5.29, 5.30, and .31 show Lissajous curves computed
by the Electrical Charge Method (announced in the section [4.3.5.2) for four different se-
lected voltage levels at which induced flow velocity (discussed in the next section) was
registered for the ceramic composites DBD plasma actuators. It should be remarked that
only four levels were selected for each ceramic DBD actuator to ease the Lissajous curve
figures visualization once plotting all the data obtained would most certainly difficult the
interpretation of the results to the reader.

In short, Lissajous figures for plasma actuators assembled were obtained by plotting the
charge flowing into the circuit as function of the voltage differences between the elec-
trodes. The measurement of the charge was performed by means of the ceramic probe
capacitor E222M placed in series in the Current Charge Method, as shown in Figure
l4.21. As explained in detail by Biganzoli I. et el. (2014) [281], if the input voltage is on
a low-level range, the imposed electrical field is weak and therefore incapable to gener-
ate plasma. In this case, the Lissajous figure consists of a straight line once the charge
varies proportional to the voltage and the system assumes a purely capacitive behavior.
Contrastingly, if the input voltage is on a considerable high-level range, and, thus, is ca-
pable of inducing a high electrical field, the Lissajous plot opens (spreads) in a geometry
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of a convex figure. Lissajous figures also known as voltage-charge cyclograms allow to
infer about the power consumed by any actuators per cycle by computing the area inside
a particular closed curve for that specific cycle period. What is more, it must be noted
that in the SDBD plasma actuators — contrarily to volume or planar geometries — the dis-
charge process is not characterized by a constant geometrical plasma shape. It is much
more complex since it is time-varying in terms of discharge properties and behavior. In
other words, the geometric shape of the overall discharge for this type of DBD plasma
actuators, may change throughout the discharge active phase. This is owing to the accu-
mulation of charges on the dielectric material surface which will dictate the electric fields
of the future discharges of the voltage AC sinusoid supply. Accordingly, changes in shape
of the (physical) discharge region occur and have a direct influence on the discharge ca-
pacitance, leading to so-called almond-shape Lissajous curves.

Figure .28 represents the Lissajous curves for MA1 ceramic composite for four — 12 kV,
14 kV, 16 kV and 18 kV — voltage levels.

MA1 ceramic Lissajous Curve
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Figure 5.28: Lissajous curves of MA1 DBD plasma actuator at 24 kHz for different applied
voltages.

The Lissajous curves for MA1 ceramic composite show a very closed shape and an espe-
cially sharp transition from the capacitance regime (in which no plasma discharge occurs)
to the discharge regime (in which plasma discharge occurs). Besides, by increasing the in-
put voltages, the cyclogram extends to a certain extent. Worth noting, that for the lowest
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shown input voltage of 12 kV, the Lissajous curve is almost a straight line. Despite the
characteristic geometry of the cyclogram, the represented behavior is concordant to the
data of the power consumption, this is, by increasing the voltage, a higher electric field is
originated, and, consequently, a higher amount of power is necessary to generate plasma.
In addition, this type of ceramic presented the lowest power consumption values and,
thus, it shows also very close Lissajous curves which is translated into low power con-
sumption.

Figure .29 represents the Lissajous curves for MA2 ceramic composite for four — 12 kV,
14 kV, 16 kV and 18 kV — voltage levels.
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Figure 5.29: Lissajous curves of MA2 DBD plasma actuator at 24 kHz for different applied
voltages.

The Lissajous curves for MA2 ceramic composite depict a profoundly round shape and
a much smoothest transition from the capacitance regime to the discharge regime when
compared to the less dense MA1 . This last consideration regarding the transition between
the capacitance and discharge regimes induces into the idea that the MA2 dielectric is able
to continue, at least to some degree, of providing plasma discharge in the passive i.e., ca-
pacitance regime. In addition, by increasing the input voltages, the cyclogram extends
(broaden) quite significantly. From this observation, it is concluded that MA2 required a
higher power consumption than the significantly porous alumina based ceramic MA1 for
the same input voltages.
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Taheraslani M. and Gardeniers H. (2021) [282] investigated the conversion of methane in
a packed-bed dielectric barrier discharge, at ambient conditions, and analyzed the impact
of different packed materials on the process. The materials studied were silica, barium ti-
tanate (BaTiO,), in addition to o— and y—alumina. Lissajous figures for the different listed
materials packed inside the DBD plasma reactor were provided. Curiously enough, the
geometry of the voltage-charge plot of both alumina ceramics, resembled the presented
oval shapes figures on Figure f.29. The authors attributed this special rounded form
to the occurrence of a combination of filamentary discharges accompanied with further
surface discharges. The effect of further partial surface discharge in DBDs is alike to hav-
ing stray capacitance in the circuit, i.e., unintentional manifestation of electric charge or
non-capacitive components. This stray capacitance can also be represented by a non-
discharging capacitance [282].

Figure [5.30 represents the Lissajous curves for MCZ ceramic composite for — 7kV, 8 kV,
9 kV and 10 kV - four voltage levels.
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Figure 5.30: Lissajous curves of MCZ DBD plasma actuator at 24 kHz for different applied
voltages.

The Lissajous curves for MCZ ceramic similarly to the MA1, represent a narrow shape
and a distinctly sharp transition from the capacitance regime to the discharge regime.
Furthermore, by rising the input voltage, the cyclogram contained area slightly expands,
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agreeing therefore with the tendency of higher power consumption for higher voltage val-
ues. It must be emphasized that the expansion of the cyclogram for consecutive higher
voltage inputs, does not occur in a sound way, i.e., the Lissajous curves are very close to
each other, and in turn this agrees with the power consumption behavior shown by Fig-
ure [5.27. To put it in another way, smalls (steps) amount in power increases by rising
the input voltage — the MCZ tendency line (yellow line) growths in a much slower way
than the rest of the ceramic dielectrics and the spacing between the markers (triangles)
is relatively evenly distanced without abrupt jumps. Moreover, the main differences be-
tween the alumina-based ceramic and the MCZ, independently of the input voltage values
considered, geometrically consist of the following: the Lissajous curves of MCZ shows
a bigger central area than MA1, i.e., they do not behave in the straight-line format; and
when compared to MCZ, MA2 dielectric continues to show an acutely round shape. In ad-
dition, despite MA2 appears to present wider Lissajous curves when compared with MCZ,
the values of charge in MCZ are quite larger which justifies the higher power consump-
tion observed previously in Figure .27. Although, the Lissajous curves of MCZ does not
present a convex geometry well-defined, slopes were subsequently determined to draw
conclusions regarding cold and effective capacitances of this DBD plasma actuator.

Figure .31 represents the Lissajous curves for YSZ ceramic composite for four — 7 kV,
8 kV, 9kV, and 10 kV - voltage levels.
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Figure 5.31: Lissajous curves of YSZ DBD plasma actuator at 24 kHz for different applied
voltages.
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Lastly, the Lissajous curves for the YSZ ceramic composite depict a more commonly rec-
ognized — in the literature [283] — shape and behavior among the four dielectrics. This
is to say, that YSZ’s cyclograms have a convex geometry, which was not observed for the
alumina-based ceramics, nor for the calcium zirconate (MCZ). Contrastingly to Figures

5.28, and j5.29, the Lissajous curves of YSZ have well-defined slopes to easily assess the

cold and effective capacitances of the assembled DBD plasma actuator device. Similarly,
to all previously reported materials, with the increase of input voltage, an increase in
power consumption is verified. Additionally, the areas enclosed by the cyclograms be-
come wider and with a more precise characteristic convex form. Thus, the power con-
sumed abruptly increases, as suggested by Figure [.27.

To ease the comparisons made throughout the Lissajous curves presentation and discus-
sion, the following Figure .32 plots the four different ceramic material Lissajous figures
for 10 kV.

Ceramic composites Lissajous Curve comparison
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Figure 5.32: Lissajous curves comparison of the MA1, MA2, MCZ and YSZ ceramics di-
electric for 10 kVpp.

Figure [.32 confirms and supports the conclusions drawn from the analysis of Figures
5.27, 5.28, 5.29, 5.3d, and 5.31. In short, for the alumina-based ceramics, MA1 Lis-
sajous curve depicts a very closed shape and almost a straight-lined geometry, whilst MA2

cyclogram is more rounded shape with the transition of the capacitance regime to the dis-
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charge regime more prolonged — which induces to the assumption that, when plasma is
created, electrical charges are continuously transported during capacitance regime through
the gap (between the electrodes) and accumulated on the insulating surfaces. Finally, for
zirconia-based ceramic composites, MCZ has a higher area embodied by its Lissajous fig-
ure than both alumina ceramics which agrees with the power consumption results since
MCZ presented higher power consumption. Nonetheless, the MCZ’s Lissajous curve area
is still slimmer than of the YSZ’s material that in turn has the most trending behavior
reported on the literature considering other dielectric materials. Moreover, owing to Fig-
ure .32, the total charge transferred (assessed through y—axis) to the ceramic compos-
ites is, approximately, as follows: roughly 25 nC to MA1 and MA2, about 80 nC to MCZ,
and 120 nC to YSZ. The breakdown voltage (analyzed through z—axis), that determines
the onset ignition of the plasma discharge, is highest for the YSZ (approximately, 1.5 kV),
followed by MCZ (approximately, 0.6 kV), and, finally, by MA2 and MA1 (approximately,
0.2 kV).

As an additional feature, besides the Lissajous figures, maximum and minimum charge
variations for the four ceramic composites were also computed through the Electrical
Charge Method and depicted in the graphs of Figure .33
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Figure 5.33: Maximum (a) and minimum (b) charge variation for the four sintered ce-
ramic composites, i.e., MA1, MA2, MCZ, and YSZ'.

Figure represents the different maximum and minimum charges values for differ-
ent input voltages for MA1, MA2, MCZ and YSZ sintered ceramic composites. It is re-
marked that for a better illustration of the evolution of the experimental data results, a
trendline was added for the four ceramic composites. In detail, the maximum and mini-
mum charge values oscillate considerably for the YSZ material, in a range of, about [-130,
125] nC, as shown in Figure .31, i.e., during the plasma discharge phenomenon, the

5In some of the Lissajous curves (i.e.., the ones related to the highest input voltages) of Figures §.28,
5.29, 5.30, and 5.31, the maximum charge values reached by the plot may be a little lower than the values

shown in Figure .33 since, as explained, some tests were omitted for clearer results presentation.
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(a) MCZ cold and effective capacitance variation.

total charge transferred to this ceramic was higher when comparing to other manufac-
tured materials. Besides, considerable charge amount was transmitted to MCZ, varying
in between [-115, 115] nC interval, as illustrated by Figure 5.30. Both alumina ceramics
had their maximum and minimum variations considerable lesser when compared to the
zirconia-based ceramics, i.e., [-40; 40] nC for MA1, and [-60; 60] nC for MA2, as can be
visualized in Figure .28 and .28, respectively.

Additionally, if considering the particular event of 10 kVpp input voltage — for the indi-
vidual case of Lissajous curves represented by Figure — the maximum charge trans-
ferred to the alumina ceramic recorded was roughly 40 nC, 84 nC in case of MCZ, and 124
nC for YSZ. Therefore, it is concluded that the graphs shown in Figure [.33 agree with
the data depicted in Figure 5.32.

As previously mentioned, in terms of Lissajous figures, MA1’s extremely sharp and nar-
row characteristic geometry, as well as MA2’s very round almond-shape, did not allow to
differentiate the two — capacitive and discharge — regimes, nor in turn compute the cold
and effective capacitances. Therefore, cold and effective capacitances were only possible
to compute for the MCZ and YSZ ceramics due to the existence of a clear slope on the Lis-
sajous curve profile.

This way, Figures .34 represent the cold (C.;¢) and the effective (C. ) capacitances for
zirconia—based ceramic composites — MCZ and YSZ — extracted from the voltage-charge
filtered data graphs (Lissajous diagrams) of the DBD plasma actuators discharge process
by considering their local slopes, as explained in Figure [4.22.
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Figure 5.34: Cold and effective capacitances determined for the positive and negative half-
cycles from the Lissajous curves for MCZ (a) and YSZ (b) ceramic composites
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Figure [5.34 represents the cold and effective capacitances of both zirconia-based ce-
ramic, i.e., MCZ (left side graph) and YSZ (right side graph). As anticipated, for both
ceramic composites, the cold capacitance (C.,;4), represented with blue lines, remained
more or less stable over the applied range of input voltages, from 7 kVpp to 10 kVpp. This
happens once cold capacitance refers to a purely passive component of the device’s ca-
pacitance, and, as a result, should not change with the applied voltage rise. Although a
wider range of input values was tested for MCZ, for consistency of results presentation, 7
to 10 kVpp is shown.

Moreover, the variations of effective capacitance (C.) illustrated by green lines show a
higher variation for YSZ in the interval of [21; 34] pF than for MCZ ranging [17.5; 19.2]
pF. These variation in effective capacitance — which correspond to the capacitance of the
DBD device with the influence of the plasma discharge — are reasonable. As depicted
by the Lissajous figures of MCZ, little variation (very closed cyclograms) was computed
with increasing input voltages, whilst YSZ’s Lissajous figures showed wider intervals (big-
ger cyclograph areas). To put it in another way, the higher effective capacitance for both
ceramic composites is congruent with increased slopes of the voltage-charge curves. No-
tably, the visible inflation in capacitance at 8 kVpp is sustained by the larger gap between
the yellow (8 kVpp) and green (9 kVpp) cyclogram lines represented in Figure 5.31.

5.5.3 Induced Flow Velocity Analysis

To evaluate the efficiency of the different DBD plasma actuators for active flow control
applications in aeronautical and aerospace fields, the induced flow velocities were mea-
sured by the Pitot tube technique, as explained in the Electrical Properties section of the
Experimental Procedure chapter and illustrated by Figure j4.23.

The induced velocities experimentally obtained were tested for — horizontal (z—direction)
distances between the exposed electrode and Pitot tube — of 1.0 cm shown in Figure 5.35,
and 1.5 cm, depicted in Figure 5.36. The purpose was to establish by using a micro-
manometer in which of these two positions higher velocity values would be recorded. In
addition, the velocity was acquired during a time interval of 10 s, at a sampling rate of
1 sample per second, and the final presented results were computed by performing the
overall average of the attained data. Table .17 serves as a summary support resource
for the shown graphs understanding and critical analysis.

As referred, Figure f.35 presents the recorded induced velocities as functions of the ap-

plied voltages for alumina-based (left side graph), i.e., MA1 and MA2, and zirconia-based
(right side graph), i.e., MCZ and YSZ ceramic composites.
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Figure 5.35: Maximum induced flow velocity for alumina—based ceramics (a) and
zirconia—based (b) with a distance between the exposed electrode and Pitot tube of 1.0
cm.

According to Figure 5.35, the following conclusions were driven for 1.0 cm setup. MA2
alumina was the ceramic system, which was capable of inducing higher velocities, this is,
approximately 3.2 m/s in comparison to the maximum achieved velocities of, about, 2.7
m/s, 2.4 m/s and 2.2 m/s by MA1, MCZ and YSZ ceramic dielectrics, respectively.

Nevertheless, it is noted that alumina-based ceramic required higher input voltages to
generate flow velocities, i.e., the micromanometer was only able to register data starting
from input voltages in the range of 8 kVpp for MCZ and YSZ, and 11 kVpp for the MA1 and
MA2. Worth noting that once the difference between the induced velocities for 7 kVpp
and 8 kVpp of MCZ is practically negligible, 8 kVpp is referred to as a starting point volt-
age of evaluation and analysis.

On one hand, considering the overall evolution of MA1 and MA2 flow velocities — despite
starting to produce similar flow velocities for 11 kVpp voltage — these become considerably
different when increasing to 12 kVpp, in the sense that MA2 jumps to velocities in order of
2.0 m/s and tends to increase, whilst MA1 continue with much lower results, this is, below
1.0 m/s threshold. After 16 kVpp, MA1 achieves higher velocities but is still overall lower
than the ones presented by the denser MA2 ceramic composite. On the other hand, taking
into account the evolution of MCZ and YSZ, it is straightforward to infer that MCZ has a
significantly nonuniform and unstable behavior. For voltages between 8 and 10 kVpp,
MCZ induces lower velocities than YSZ. Nevertheless, at 11 kVpp this material achieves
its maximum, after which it drops sharply. Similarly, to the alumina ceramics, YSZ starts
to provide low velocities for low applied voltages, but after a particular value, in this case,
9 kVpp, this parameter rises considerably. The very filamentary discharge verified on the
YSZ surface was considered a strong limitation factor to further proceed with additional
tests for higher voltages.
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Figure 5.36: Maximum induced flow velocity for alumina—based ceramics (a) and
zirconia—based (b) with a distance between the exposed electrode and Pitot tube of 1.5
cm.

According to Figure .36, the following conclusions were driven for the 1.5 cm setup.
MAZ2 alumina was once again the ceramic system that succeeded in inducing higher ve-
locities, this is, approximately 3.8 m/s in comparison to the maximum achieved velocities
of, about, 3.0 m/s, 0.90 m/s and 0.38 m/s by MA1, MCZ, and YSZ ceramic dielectrics,
respectively.

In parallel to the results of the setup with 1.0 cm, higher voltages were necessary to apply
to start recording any evidence of induced flow velocity for alumina ceramic composites
than for MCZ or YSZ.

Similarly, to before, for the left side graph, MA1 and MA2 start to show analog results
but generally, MA2 is able to achieve higher flow velocities than MA1 with the clear ex-
ception at 12 kVpp. For the right-side graph of Figure .36, MCZ and YSZ depict much
divergent behaviors and values than in the 1.0 cm setup. In this configuration, contrary to
the previous, MCZ tends to produce higher induced velocities than YSZ but still decreases
after reaching its maximum. Once more, the very filamentary discharge observed on the
YSZ dielectric surface was found a solid limitation factor to further rise the applied voltage.

Taking into consideration both Figure .35 and Figure .36 some further general con-
clusions are emphasized. Broadly speaking, despite the configuration analyzed, i.e., 1.0
cm and 1.5 cm, MA2 manifested to be the sintered ceramic composite that was able to
supply the plasma actuator device with higher induced flow velocities. Therefore, it is
possible to claim that, in view of active flow control focus, MA2 is the most efficient ce-
ramic composite material. Furthermore, alumina-based ceramics were more efficient in
the 1.5 cm arrangement, whilst zirconia-based ceramics tended to improve in the 1.0 cm
layout.
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Table 5.17: Maximum induced flow velocities for different dielectric materials sintered.

Maximum velocity
Ceramic Composite [m/s]
1.0 cm 1.5 cm
MA1 2.69 3.03
MA2 3.21 3.85
MCZ 2.42 0.89
YSZ 2.22 0.38

Ultimately, it must be highlighted that further investigation is suggested to better com-
prehend the MCZ and YSZ variations of induced flow velocities since very dissimilar be-
haviors were verified for these two ceramic composites. In greater detail, it is necessary to
more clearly understand if YSZ ceramic composite is capable of supplying in a continuous
manner increased flow velocities than MCZ or if the tendency inverts for higher applied
voltages. In addition to ascertaining whether the efficiency of MCZ, from an active flow
control perspective, improves with the increase of the distance from the exposed electrode.
Further velocity profile construction of the flow induced by each DBD plasma actuator is
namely advised once the maximum reached flow velocities may not be encountered at 1.5
mm in height (y—direction) position. Lastly, the higher input voltages necessary for the
alumina-based ceramics in comparison to the zirconia ones may be justified by the sight-
less higher thickness of these samples. Since, as discussed in the literature [154, 163], this
parameter (thickness) is strictly related to the input voltage recorded and has a strong
influence on its magnitudes, this interdependency must be clarified and dissected.

5.5.4 Thermographic Analysis

The heating of a DBD plasma actuator is considered one of the limiting factors of the oper-
ation performance during the plasma discharge process. More precisely, the variation of
electrical power consumed by the device with the voltage increase may be a trade-off with
the dielectric heating power oscillation during the discharge phenomenon, since a signif-
icant part of the power consumed is dissipated in form of thermal energy [283, 284, 285].

To greater extend the fundamental knowledge of the thermal behavior of the different
ceramic dielectric composites and, as consequence, the overall DBD actuator device, in-
frared dielectric surface thermographic measurements were made. It is essential to un-
derstand at this point that the plasma discharge is nonuniform and with characteristic
filamentary regions (random oscillations in discharge filaments and their corresponding
color intensity), and thus the emissivity of the plasma varies along the discharge area. In
turn, it becomes impossible to obtain the plasma’s temperature through infrared tech-
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niques. On this basis, to acquire the temperature field of the plasma actuator, the tem-
perature of the dielectric surface was considered. Considering that a surface of a body
with its temperature above absolute zero, is capable of emitting electromagnetic radia-
tion proportional to its inherent temperature, infrared thermography in quiescent air was
conducted. Additionally, the infrared, i.e., thermographic images, were experimentally
taken after an interval of time of operation of 300 s to ensure temperature stabilization as

complete as possible.
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Figure 5.37: Thermographic (infra-red) images obtained for DBD plasma actuators with
different dielectric materials: (a) MA1, (b) MA2, (¢c) MCZ and (d) YSZ.

Figure .37 shows the thermographic images captured during temperature effect exam-
ination on the plasma discharge for each ceramic composite acting as a dielectric barrier
for the DBD plasma actuator. It is remarked that the delimited rectangle with a black line
corresponds to the exposed electrode position and that the asymmetry direction of the
electrodes is according to the positive direction of the y-direction illustrated referential.
In Figure (.37, the infrared images obtained of each ceramic composite manufactured
are coincident with the operating conditions for which the maximum induced flows were
recorded in the previously described efficiency tests for active flow control aim. More pre-
cisely, the thermographs of MA1, MA2, MCZ, and YSZ were taken for an input voltage of
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16 kVpp, 18 kVpp, 11 kVpp and 10 kVpp, respectively, and a frequency of 24 kHz.

By analyzing Figure [5.37, it was concluded, first and foremost, that the temperature
asymmetries and irregularities shown along both sides of the exposed electrodes are at-
tributed to the effects of the connections of the electrode with the cables used in the
mounted circuit, which tend to increase the temperature on their corresponding loca-
tions. Additionally, high discrepancies in terms of temperature magnitudes, i.e., maxi-
mum recorded temperatures for each ceramic system were noted. In other words, MCZ
showed a lowest achieved maximum temperature near the edge of the exposed electrode
of, approximately, 60 °C, followed by MA1 and MA2 in the range of 70° C and 80 °C.
Lastly, it is highlighted that YSZ ceramic composite evidenced the considerably higher
maximum ceiling value of 150 °C. The discrepancies verified in the temperature fields
may be justified by several factors, such as dielectric thicknesses, dielectric permittivity,
and, above all, particular dielectric material thermal properties. It must be contextualized
that, although the direct influence of the dielectrics’ thickness was a priori undertaken as
a firmly influencing factor, the sintering process and, furthermore, the shrinkage phe-
nomenon dictated the final achieved geometrical properties of the samples. A common
parameter considered was the total mass of 40 g used in the die uniaxial pressing of the
specimens. Additionally, it is strongly emphasized that the order of the maximum tem-
perature achieved depicted by Figure .37 is not coincident with the power consumption
order indicated by Figure §.27 since, as previously explained, the infrared images shown
are corresponding to the operating conditions in which the maximum induced flow veloc-
ities were recorded, i.e., 16 kV (MA1), 18 kV (MA2), 11 kV (MCZ), and 10 kV (YSZ).

The temperature fields of the different ceramic dielectrics showed dissimilarities in func-
tion of the dielectric material. In detail, the YSZ temperature distribution field was much
more concentrated than of the rest of the materials. Contrastingly, MCZ depicted the
vastest and broadly distributed temperature levels across the dielectric surface. MA1 and
MAZ2 — in spite of the connector cables interference — had somehow identical temperature
levels dispersal. In addition, it is remarked that the highest temperatures in the YSZ ma-
terial were mainly recorded at the edge of the exposed electrode (its frontal region), whilst
for the remaining ceramic materials, it was more dispersed around the edge’s area. The
rate of spread of temperature across the ceramic samples described above is consistent
to the thermal diffusivity results discussed in the Thermal Analysis 5.4. As Figure 5.23
depicts, MCZ and MA2 ceramic systems are more prone to spread heat energy through
the specimen than the YSZ composite.

On top of the presented, an analysis of the spatial temperature variation along the z— and
y—axis follows below.
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As previously stated, part of the applied power is converted in the generation of flow ve-
locities, whereas the remaining part is dissipated in the form of heat. Therefore, the di-
electrics that registered a higher electrical power consumption tendentially will be the
ceramic composites which dissipate the higher amount of energy in the form of heat, that,
in turn, increases the overall temperature of their surfaces. The exposed above is parallel
and concordant to the discussion provided about the power consumption tendencies in
Figure [.27. In the following analysis, as expected, YSZ which has a higher maximum
temperature level achieved of almost 150 °C, had also an abrupt rise in power consumed,
pursued then by the MCZ, MA2, and, finally, MA1 ceramics that has the slowest increase
rate of power consumption with the increase of applied voltages. Even more interest-
ingly, it is noted that this sequence of the maximum temperature achieved by YSZ, MCZ,
and MA2 ceramic composite is concordant to the study performed of the specifc heat vari-
ation in the Thermal Analysis 5.4. More precisely, as was ascertain through Figure .22,
YSZ requires a lesser amount of heat to raise its temperature than MCZ, which, in turn,
needs an even reduced one than MA2.

Figure 5.38 represents the spatial variation of the temperature along the z—axis for the
alumina-based ceramics sintered, i.e., MA1 and MA2, between =/l = —0.2 and /] = 1.2.
In this section, [ is the length of the exposed electrodes, whereas 0 < z/l < 1 is their
frontal region. The extended interval of [-0.2; 1.2] was adopted to accomplish a completer
and more comprehensive investigation of the x—axis spatial temperature variation. Once
again, it should be noted that part of the total test cases (applied voltages) is shown below
for graphics interpretation easing purposes.
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Figure 5.38: Spatial temperature variation along the x—axis for MA1 (a) and MA2 (b)
ceramic composites.

The temperature variations along the x—axis were analyzed on the adjacent points of the
exposed electrode edge, which is considered to be the region where the maximum tem-
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perature levels are located. For alumina-based ceramics, and owing to Figure [5.38, it is
possible to infer that — for the same applied low-Ilevel voltage values of 10 kV and 12 kV
— the temperature distribution across z—axis presented similar behaviors. More specifi-
cally, the temperature magnitudes were distinctly stable. The main difference that stands
out between the MA1 and MA2 ceramics — for 12 kV case study — is in the maximum tem-
perature achieved was slightly lower for MA2 (up to, approximately, 54 °C) than for MA1
(up to, approximately, 60 °C).

Furthermore, for the same applied high-level voltage values of 14 kV and 16 kV trenchant
differences are remarked in the temperature variation profiles of MA1 and MA2. In other
words, curiously enough, for 16 kV, MA1 ceramic achieved higher temperatures (approx-
imately, 74 °C) whereas this was not verified for the denser MA2 material that achieved
contrastingly higher temperatures for 14 kV (approximately, 78 °C).

Additionally, and as stated previously, the same vast applied voltage range was not pos-
sible to test in every ceramic composite sample due to their diverse limiting capacity in a
plasma discharge. In detail, some ceramics showed unstable filamentary behavior much
sooner than others. This is the reason behind the fact that the analysis of MA1 was further
extended to 18 kV and MA2 stayed at a maximum of 16 kV. On top of this, MA2 tem-
perature profile depicted a relatively slightly more pronounced variation modification in
temperature levels from distances of /I in the ranges of [-0.2; 0.0] and [1.0; 1.2]. This
ceramic composite (MA2) exhibit namely scattered values for z /I of [-0.08; 0.04]. The
visualized phenomenon is justified by the progressive degradation —with the application
of higher voltages of the several tests conducted — of the Kapton tape that was used to fix,
glue and electrically insulate the connection cables of the circuit mounted to the dielectric

material, as illustrated on Figures and .23

Lastly, in Figure .38, both left and right side plots do not have incident fluctuations
along the temperature profiles which may be created by the nonuniformity of the plasma
distribution across the actuator. These irregularities (nonuniformities) caused by hot
spots, that are usually observable in the filamentary plasma discharge for higher voltages,
are steep spikes that indicate that plasma is close to the limit of the dielectric material.
To reinforce, these particularities were not found on these temperature profiles, but are
commonly present in other dielectric materials investigations, such as, for example, Kap-
ton, PLA (polylactic acid), and PIB (poly-isobutylene) rubbers [141, 283].

Figure represents the spatial variation of the temperature along the z—axis for the
zirconia-based ceramics sintered, i.e., MCZ and YSZ, between =/l = —0.2 and z/l = 1.2.
Once again, [ is the length of the exposed electrodes, whereas 0 < x/I < 1 is their frontal
region. The extended interval of [-0.2; 1.2] was also adopted to accomplish a wholly and
more proper investigation of the z-axis spatial temperature variation. Similarly, solely
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part of the total test cases (applied voltages) is shown below to ease the graphics reading.

As previously stated, the temperature variations along the z-axis were analyzed on the
adjacent points of the exposed electrode edge, which is considered to be the region where
the maximum temperature levels are located. For zirconia-based ceramics, and through
Figure interpretation, it is possible to infer that — for the same applied low-level
voltage values of 8 kV and 9 kV— the temperature distribution across z-axis presented
alike behaviors. More specifically, the temperature magnitudes were quite stable. How-
ever, for a higher input voltage of 10 kV (and 11 kV for MCZ) a significant change can be
observed for the YSZ ceramic when compared to the smooth MCZ'’s temperature profile
variation. In terms of maximum achieved temperatures, MCZ ceramic slightly surpasses
60 °C, whereas YSZ reaches over 150 °C. Additionally, YSZ had profound dissimilarity
between the temperature of electrode’s frontal central region (0.2 < z/I < 0.8) and its
edges (0.2 <z/l <land1l < z/l < 1.2).
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(a) MCZ spatial temperature variation along the xz—axis. (b) YSZ spatial temperature variation along the z—axis.

Figure 5.39: Spatial temperature variation along the x—axis for MCZ (a) and YSZ (b) ce-
ramic composites.

Moreover, and as stated previously for alumina ceramic, an equally broad applied voltage
range was not possible to test both enunciated zirconia-based ceramic composite speci-
mens due to their diverse limiting capacity in plasma discharge. This is to say that YSZ
showed an unstable and remarkably filamentary behavior much sooner than MCZ.

Lastly, in Figure 5.39, as well as in previous Figure .38 no evidence of nonuniformi-
ties caused by hot spots — that are usually observable in the filamentary plasma discharge
for higher voltages for the state-of-art polymers — were recorded in the form of sharp os-
cillation in the temperature profile along the x—axis.
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(a) MA1 spatial temperature variation along the y—axis.

Figure (.40 depicts the spatial variation of the temperature across the y—axis (perpen-
dicularly to the exposed electrode length, i.e., outwards) for the alumina-based sintered
ceramics, i.e., MA1 and MA2, between y/w = 0.0 and y/w = 2.5. In this section, w is
the width of the exposed electrodes. As before, it should be remarked that just part of the
total test cases (applied voltages) is shown below for clear and objective graphics reading
purposes.

Figure 5.40: Spatial temperature variation along the y—axis for MA1 (a) and MA2 (b)
ceramic composites.

From the experimental tests performed, Figure 5.40, allows to infer that along the y-
axis, the temperature recorded was higher, more or less, near the exposed electrode edge,
i.e., y/w = 0.0, in the onset of plasma discharge formation. A very little increase in tem-
perature however is noted for y/w marginally over the start of the axis reference, i.e., for
0.0 < y/w < 0.2 interval. This rise in temperature across the y-axis is especially verified
for higher voltages applied for both MA1 and MA2 materials. Additionally, for MA1 after
y/w > 2.2, a (to a certain degree) steeped decrease in temperature is observed.

Figure .41 represents the spatial variation of the temperature across the y-axis (perpen-
dicularly to the exposed electrode length, i.e., outwards) for the zirconia-based sintered
ceramics, i.e., MCZ and YSZ, between y/w = 0.0 and y/w = 2.5. In this section, as stated
before for Figure .44, w is the width of the exposed electrodes. Once more, it should be
remarked that just part of the total test cases (applied voltages) is shown below for graph-
ics interpretation easing purposes.

Resembling behavior to the one described based on Figure .40 for MA1 and MA2 ce-
ramic may be detected in Figure .41 for MCZ and YSZ samples as well. This is to say
that the maximum verified temperature was measured near the onset of the edge of the
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3

exposed electrode. The main dissimilarity between the alumina-based ceramics and the
zirconia ones, is that the latest had a much more pronounced increase (than MA1 and
MA2) in temperature for a little increased interval distance outwards the exposed elec-
trode, i.e., of, approximately, 0.0 < y/w < 0.3.
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Figure 5.41: Spatial temperature variation along the y—axis for MCZ (a) and YSZ (b) ce-
ramic composites.

As a last remark, the ceiling temperatures for both z—axis and y—axis spatial analyses of
each ceramic composite case were very alike, i.e., for the highest applied voltage tested of
18 kV for MA1, the maximum temperature reached at z— and y—directions were of, ap-
proximately, 90 °C; for MA2 at 16 kV, the maximum temperature recorded as well in both
directions was of, approximately, 80 °C; afterward, for 11 kV of the MCZ material a top
value was of, more or less, 95 °C; and lastly, YSZ recorded the highest maximum temper-
ature in both axis studies in a range varying from, approximately, 150 °C to 160 °C.

Although not part of the initial scope of the investigation aimed to be conducted in the elec-
trical analysis section presented throughout this subchapter, it is extremely compelling to
present the following obtained phenomenon. Last tests performed on YSZ ceramic mate-
rial induced a major crack on the sample exploited. The subsequent Figure .44 displays
the YSZa (first YSZ sample tested) specimen’s crack profile, as well as the location of the
exposed electrode that burnt. As a consequence, another ceramic plate was fabricated
from the original powder mixture. Notably, after being subject to the whole round of
tests described throughout this subchapter, the second sample YSZb (second YSZ sample
tested) fractured as well in a very identical way.

It is emphasized that YSZ was the only ceramic composite produced, aimed to act as a
dielectric for DBD plasma actuator, that fractured. Moreover, both YSZ samples, i.e., YSZa
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and YSZb, cracked in the same way. In other words, the fracture along the ceramic had
a very alike profile in which the crack “points” to the electrode’s burning location. It is
believed and supposed that the breakage of the yttria-stabilized zirconia can be justified
through the linkage of its microstructural, physical, electrical, and thermal properties.

Figure 5.42: YSZa sample after fracture, crack profile (dashed black line), and electrode’s
burn location (encapsulated in dashed black circle).

The following Figure shows the second YSZb ceramic composite specimen, equally,
fractured.

Figure 5.43: YSZb sample after fracture, crack profile (dashed black line), and electrode’s
burn location (encapsulated in dashed black circle).

As announced in Microstructural Analysis, both SEM imaging as well as PSD tests al-
lowed to conclude that YSZ was a ceramic composite that exhibited a very small particles
size, and consequently, was the material with a very high shrinkage percentage, which, in
turn, translated into low porosity. The low porosity of the bulk YSZ ceramic made it ex-
tremely dense, i.e., compact. Once the material does not possess empty voids or pores, the
material grains are the ones responsible for withstanding all the electrical, thermal, and
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mechanical interferences related to the plasma discharge process. Regarding the electri-
cal properties of YSZ, Lanagan M. T. et al. (1989) [286] reported that with the increase of
yttria content of the yttria-doped zirconia material, both dielectric constant and dielectric
loss parameters increased. Once, the dielectric constant (related to the ability of the di-
electric that is acting as an insulating material to store electrical energy) and the dielectric
loss (associated with the loss of the overall input energy to the circuit in the form of heat)
increase, this means that the YSZ not only is responsible for storing the electrical energy
in the electric field generated to obtain the plasma discharge, but it also loses a consid-
erable amount of the provided power in form of thermal energy that heats the dielectric
surface. Furthermore, bearing in mind this temperature rise of the ceramic, both rela-
tively high thermal expansion coefficient (approximately, 10.0 x 107%/°C) [287] and low
thermal conductivity (2.2—2.9 W/(m K)) [270] condition limit the material’s response to
the cyclic imposed harsh environmental thermal conditions.

In greater detail, ceramic like yttria-stabilized zirconia (YSZ) is solid-state crystalline ma-
terials in which the crystal structure of zirconium dioxide is stabilized at room tempera-
ture by addition of yttrium oxide (Y,0,). The addition of Y,04 into intrinsic ZrO, (both
crystalline) substitutes Zr*" ions with Y®* ions within the lattice. This process produces
anionic vacancies where three O®~ ions replace four O*~ ions. Thus, YSZ is able to conduct
0®” ions (electrical current) by means of vacancy site mobility, a property that increases
with temperature. This ability to conduct O~ ions is what makes YSZ a potential material
to be used as solid electrolyte in energy cells, i.e., solid oxide fuel cells (SOFC) and solid
oxide electrolysis cells (SOEC), usually in form of thin films [288, 284].

o
© z*
© o

Oxygen
 vacancy

Figure 5.44: Illustration of oxygen vacancy formation in YSZ after addition of Y,O, into
Zr0, [288].

Moreover, the development of cracks in ceramics could be due to stresses remaining in the
sample as consequence of the manufacture process, such us microcracking, strain con-
tours, and nanoporosity. However, due to exposure to high electrical current density, as
in flash sintering, the bibliography also reports common degradation in YSZ. Typically,
the flash, and consequently the first microstructural defect, starts from the anode side
but soon the entire section between the two electrodes is noted to lit up to red hot. The
electrode protrusion is a field/current concentrator, it often initiated the flash [289, 290].
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The first defect is reported near of the negative electrode as grain boundary cracking and
spherical “dimpling” of the internal grain bulk structure was observed from a transgran-
ular fracture. This morphology suggests a plastic-like behavior of the ceramic during the
flash that remains locked into the microstructure after quenching by turning off the elec-
tric field [289].

From the micromechanical point of view, in YSZ ceramic composition with a greater frac-
tion of the cubic and tetragonal phases, compared to the classic 8YSZ, the resistance to
crack propagation provided by the deformation absorption capacity of the monoclinic
phase, due to the martensitic transformation of the tetragonal phase into monoclinic, is
not sufficient to withstand the variations in thermal expansion generated by the electric
current [291].

Thereby, all combined, i.e., dense YSZ bulk ceramic, with an accumulated electrical field
and considerably heated surface — Figures 5.37, 5.39 and j5.41 — lead to profound degra-
dation of this ceramic composite. As an ultimate result, extensive spalling, and major lon-

gitudinal crack on the YSZ (a and b) specimens took place.

To conclude this section, and from a general point of view, a dielectric barrier in the atmo-
spheric pressure discharge has two main functions. First and foremost, the dielectric bar-
rier material limits the amount of charge transported by a single microdischarge; further-
more, it distributes the microdischarges over the total area of the electrode [292]. Com-
monly found in the literature, investigations with Kapton tape, which may be comprised
of alternating layers of polyimide film and silicone adhesive, are applied as a dielectric
of plasma actuators for asymmetric surface DBD geometry aimed to be applied in aero-
dynamic research regarding active flow control. Even though this approach is reported
and proven to work, it has several limitations, including discrete thickness handling diffi-
culties, partial discharge between layers, and, more markedly, material rapid degradation.

Consequently, ceramic dielectric appears as an excellent candidate (when compared to the
widely and commonly used polymer dielectrics), due to their overall favorable properties.
For instance, their physical stability, chemical inertness, low and high-temperature resis-
tance, and insulative to conductive electrical properties turn them into a great candidate
for this — DBD plasma actuators — category of application [154].

Considering all the parameters investigated, studied, analyzed, and reported throughout
this section, it is possible to say with a high degree of confidence that, in general, DBD
plasma actuator are quite complex and sensible devices. This may be foreseeable as fol-
lows: a special focus shall be given to the fact that the history of a DBD plasma actua-
tor discharge is heavily reliant on various factors. These factors may be the geometry
and setup of the actuator (position and number of both electrode and dielectric); elec-
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trode’s shape, size, gap distance; dielectric’s material (chemical composition in addition
to microstructural and physical properties), thickness, dielectric properties, among oth-
ers. The environmental conditions — room temperature, humidity, pressure, and ambient
gas composition — namely have an impact on the performance of these devices.

By virtue of the electrical, mechanical and thermal vast research performed on the ce-
ramic samples sintered — MA1, MA2, MCZ and YSZ — through their implementation as
DBD plasma actuators devices, it was not only possible to prove that these ceramics are
plausible candidates as dielectrics materials since plasma discharge was achieved, but also
showed favorable results. In greater detail, as expected, ceramic dielectrics showed much
higher longevity than some polymeric dielectrics applied to this end. Furthermore, solely
one material (YSZ) suffered a longitudinal crack at the end of the whole cycle of tests,
whilst the others (MA1, MA2, MCZ) remained intact.

Moreover, to ascertain the efficiency of these ceramic composites as dielectrics for aero-
dynamic active flow control, induced flow velocities recorded were found to not lag behind
from reported induced flow velocities of, for instance, remarkably tested, Kapton tape.

On top of that, besides their electrical features, thermal properties and data results of MA1,
MA2, MCZ and YSZ ceramic composites, are believed to be an indicator of their ability to
offer a reasonable solution for the recent trends of DBD plasma actuators applications
for de- and anti-acing purposes. In other words, to take advantage of the heating phe-
nomenon of the DBD plasma actuators — considered a limiting factor of plasma actuators
technology — ceramic dielectrics could be evaluated for both high and low-temperature
thermal protection systems, and this could be an interesting path of research to explore
in the future.

Correspondingly, further research and investigation are forecast to be vital to answering

some of the questions raised thanks to the extensive work already undertaken and fully
reported.
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Chapter 6

Conclusions and Future Perspectives

6.1 Conclusions

The premise that materials permeate all aspects of our day—a—day lives is well established.
At present, in material science and engineering, among the major classes of existing ma-
terials, the advanced ceramics field is believed to be an enabling technology with the po-
tential to deliver high-value contributions for meeting both future needs and challenges.
Moreover, the advanced ceramics industry is quite distinctive due to its high diversity
and interdisciplinary nature that encompasses an engaging number of different process-
ing methodologies and a variety of applications.

Particularly, the relentless pursuit for increased performance in aeronautical and aero—
space industries over the years has provided a solid driving force for the study, research,
and investigation of fine ceramics for several future investments. It can be naturally justi-
fied and foreseen due to these materials’ ability to accomplish an attractive, extreme, and
distinguished arrangement of thermomechanical, thermoelectric, and electromechanical
properties.

Within this framework of thought, this dissertation project focused on the concept of
multifunctional advanced ceramic material systems that can be adapted to a multitude
of requirements. Therefore, an extensive and comprehensive review of thermal protec-
tion systems, thermal barrier coatings, and dielectric barrier discharges was perceived
and adopted as a jumping-off point. Fundamental knowledge was acquired regarding the
current challenges pertaining to TPS, TBC, and DBD fields in parallel to the window of
opportunity scrutiny for advanced ceramics in each of the announced applications.

Thereafter, once the research task was considered satisfactory to proceed, three ceramic
compositions — MgO—Al, 05, MgO—CaZrO,, and YSZ — were chosen to be objects of exten-
sive investigation and, thus, the experimental phase took place. For the sake of complete-
ness and to recall, the selection was made in the sense that, whenever possible, one of the
functions of each candidate ceramic system was grounded on their nowadays state-of-art
usage, the second employment consisted of an alternative one according to the literature
revision, and, lastly, the third and remaining application, served as a suggestion and tar-
get of further assessment study.
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Within the experimental procedure, a step-by—step approach was adopted. Primarily,
MgO—Al, 0,4, MgO—CaZrO,, and YSZ ceramic composite samples were manufactured via
a four stages process, i.e., material preparation, processing, sintering, and finishing. Af-
ter the rectangular plates, bars, and disc specimens were obtained for the three referred
compositions, the in—depth study under the microstructural, physical, mechanical, ther-
mal, and electrical characterization followed. Accordingly, the following conclusions were
established.

One of the most common and well-known use cases for high-performance ceramics in
aeronautical and aerospace sectors is as part of the thermal protection systems and ther-
mal barrier coatings. On one hand, thermal protection systems play a crucial role as
they are single-point-failure systems that work above all as thermal shields from severe
aerothermodynamic heating, but namely as structural components and aerodynamic bod-
ies in aviation and rocketry. The thermal protection systems of the next generation must
offer a combination of suitable properties, among them a high melting point, high impact
resistance, ability to withstand radiative heating, high ablation resistance, superior oxida-
tion resistance, high fracture toughness, high—temperature strength, and low to moderate
thermal conductivity. On the other hand, thermal barrier coatings systems are generally
explored to enhance energy durability and therefore efficiency of hot components of aero-
engines, gas turbines, and part of combustion power plants. Within the TBC structure, the
ceramic top layer provides thermal protection to the metallic bond coat and substrate, in
addition to strain tolerance, and thermal shock resistance. Consequently, to decrease par-
ticularly the temperature of the superalloy substrate material, the top coat shall have very
high mechanical strength, wear, erosion impact, corrosion, and chemical resistance, as
well as very low thermal conductivity, and a relatively high coefficient of thermal expan-
sion. This way, microstructural and physical analysis come to the fore accompanied by
mechanical and thermal studies.

The microstructure analysis allied to the physical properties assessment remarked that
many specific features of ceramics depend critically on the manufacturing conditions, in-
cluding grain size, and purity of the material, in addition to apparent porosity and rela-
tive density. The particle size distribution test which consists of a quality assessment tool
parameter, allowed to infer through number—weighting and volume weighting analysis
that the YSZ sample showed a highly homogeneous composition, whereas Mg—CaZrO,
tended to contain some occasional bigger particles. Contrastingly, Mg—CaZrO, samples
evidenced higher than expected particle sizes. Therefore, a second MA2 mixture with a
doubled milling interval time (6 h), when compared to the first one (MA1), was produced.
The adopted process was considered successful since it diminished the overall size of the
MA2 mixture. The data read in the PSD results were consolidated by the SEM imaging
which revealed the presence of pores in alumina micrographs that induced the conclusion
that incomplete densification during sintering processes was carried out. With the XRD
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patterns, the crystalline phases of the composites under research were identified and con-
firmation was secured about the chemical composition of the specimens. Furthermore,
physical properties investigation through diametrical linear shrinkage, apparent porosity,
as well as relative density, allowed to surmise the following. The sintering process, which
is primarily responsible for the achievement of the final dimensions of ceramics lead to an
increased shrinkage of the YSZ (27 %) sample, followed by Mg—CaZrO, (24 %), and this,
in turn, by MA2 (13 %). Additionally, apparent porosity data reinforced the expected, this
is, the MA1 sample was the sample with the highest degree of porosity (35 %). Consider-
ably improved porosity results, i.e., much decreased values were obtained for MA2 (7 %),
MCZ (0.04 %) and YSZ (0.2 %) specimens. The relative density reflected the porosity data,
i.e., the ratio between bulk and theoretically computed densities was, approximately, 63
% (MA1), 71 % (MA2), 99.95 % (MCZ), and 97.95 (YSZ). Thus, it is highlighted that the
primary properties of ceramic systems — apparent porosity and relative density — were in
line. On the whole, it is remarked that naturally the overall performance of an engineer-
ing structure, or component, that the ceramic composites studied may integrate is directly
influenced by their microstructural and physical characteristics.

From a scientific field perspective, this is, both functional and structural ceramics pos-
sess mechanical properties of fundamental importance. More accurately, among many
features, ceramics stand out due to their high hardness, high wear, fatigue, and corrosion
resistance. Nevertheless, a significant predisposition to brittle fraction and low endurance
limits — when compared to metal and engineering plastics — strongly condition their per-
formance. Thereby, the mechanical characterization followed the microstructural and
physical studies. The mechanical assessment of fabricated ceramics was achieved through
dynamic Young’s modulus, dynamic shear modulus, flexural strength, hardness, and frac-
ture toughness. For the dynamic Young’s and shear modulus, satisfactory results were ob-
tained and considered congruent with the reported by the literature. As expected MA1 and
MAZ2 composites showed inconsistencies due to the high and relatively high, respectively,
porosity content. Notwithstanding, by adopting existing models for ceramic materials
dedicated to the estimation of the porosity impact on these properties, it was proved that
the experimental results acquired were reasonable. For the flexural strength parameter,
the experimental figures are concordant with the reported by the bibliography, even for
alumina—based ceramics specimens with their respective porosities. Lastly, considering
hardness property, as expected, alumina ceramic samples did not represent an accurate
reflection of their true potential due to the incomplete sintering and, therefore, not fully
compact bulk ceramic. Both MCZ and YSZ reported data values foreseen and agreeable
with other studies and investigations. Curiously enough, fracture toughness figures were
coincident with the intervals mentioned in the literature for the three ceramic systems un-
der study. It is remarked that in hardness and fracture toughness tests MA1 sample was
not considered once the vast porosity filling beneath the loaded indenter heavily compro-
mised these parameters examination.
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The assessment of thermal properties of ceramic composites is of utmost importance
given the critical role that fine ceramics have and continue to play in all aspects of energy
storage, distribution, conservation, and efficiency via thermal insulation and environmen-
tal stability means. The study of thermal properties of the MA2, MCZ, and YSZ ceramic
composites was done through the thermal conductivity (from 30°C to 700 °C temper-
ature range) and coefficient of thermal expansion parameters (from -100 °C to 980 °C
temperature range). It is remarked that typically, low (negative) temperature ranges are
not studied for the coefficient of thermal expansion. Nevertheless, considering the aero-
nautical and aerospace applications, in which engineering structures are prone to both
negative (low), and positive (high) temperatures, as well as temperature strong oscilla-
tions, it is believed that the test undertaken adds significant value to the scientific com-
munity. In short, MA2 ceramic had lower thermal conductivity figures than expected due
to the porosity of 7 %, whereas zirconia—based ones were in line and therefore congruent
with the exposed in the literature. Contrastingly, experimentally obtained data for the
coefficient of thermal expansion was consistent with the reported investigations in the
bibliography. All in all, it is highlighted that the comprehension of thermal properties of
ceramic composites is believed to be compulsory due to the extremely demanding appli-
cation they are tailored to in low—, room— and high-temperature regimes.

Over the last years, plasma actuators based on the dielectric barrier discharge mechanism
have attracted much attention for aeronautical and aerospace applications. Broadly, the
DBD plasma actuators may be applied in conducting research regarding aerodynamic ac-
tive flow and heat transfer purposes. DBD plasma actuators’ performance may be pre-
dominantly considered in terms of their three major features, i.e., their electrical parame-
ters, the geometry chosen, and material properties. One of the major weaknesses of these
devices is their longevity due to degradation or even premature electric breakdown phe-
nomena. Studies in the literature focus their research mainly on polymeric dielectric bar-
riers. Nevertheless, polymers are reported to be susceptible to material degradation or
even burnout. As a result, ceramics appear a suitable substitute for the widely applied
polymers, since this type of material offers several superior traits such as corrosion resis-
tance, high- and low-temperature resistance, and excellent dielectric properties. Within
this train of thought, an experimental study was conducted regarding the feasibility of
the different materials manufactured — MA1, MA2, MCZ, and YSZ — as dielectric barri-
ers for DBD plasma actuators. To start, the electrical analysis composed of the average
power consumption, the Lissajous curves, as well as the capacitance variance were tested
and examined via Electric Current Method and Electric Charge Method. The experimen-
tal data acquired through Electric Current Method allowed inferring that alumina—based
ceramic had a higher operating limit (18 kVpp) than both MCZ (12 kVpp) and YSZ (10
kVpp). Additionally, Lissajous figures, known as voltage-charge cyclograms, were com-
puted. On the whole, Lissajous cyclograms allow ascertaining the power consumed by the
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actuators per cycle by computing the area inside a particular closed curve. On this basis,
it is possible to state that both methods applied were consistent. In other words, the YSZ
ceramic composite that showed a wider cyclogram (with an increased enclosed area) was
the material that had also a sharper increase in power consumption, followed by MCZ,
MA2, and MA1 ceramic systems. Afterward, a trade-off between the distance of the Pitot
tube to the edge of the exposed dielectric and the maximum velocity in the function of the
applied voltage achieved was performed for induced flow velocity study purposes. Inter-
estingly, alumina—based ceramics were capable of achieving higher induced flow veloci-
ties than zirconia—based ones for the two setups studied, i.e., 1.0 cm and 1.5 cm between
the Pitot tube and the exposed electrode. Moreover, in the view of active flow control fo-
cus, MA2 specifically, was the most efficient material once it achieved velocities of 3.85
m/s. Finally, thermographic images were taken during the plasma discharge useful to
infer the properties of the discharge and its implication on the performance of the DBD
actuators. Additionally, to the infra-red pictures, the variations of temperature along the
x— and y—directions across the dielectric material were conducted. Worth noting that part
of the applied power to the DBD devices is converted in the generation of flow velocities,
whereas the remaining amount is dissipated in the form of heat. Through the variations
of temperature along the z— and y—directions, it was remarked that the ceramic system
with higher power consumption was the one with higher surface temperature achieved.
This is, YSZ was the ceramic that heated the most, i.e., achieved the highest surface tem-
peratures, followed by MCZ, MA2, and MA1 ceramics just as in the power consumption
sequence.

To conclude, many fine ceramics are multifunctional and therefore predestined to solve
the forthcoming technological and engineering challenges. It is believed that ceramic
composites offer an enormous potential to be exploited with the knowledge of material
science, i.e., through correlations between microstructural, physical, mechanical, ther-
mal, and electrical features. Future needs and requirements for innovative and multi-
functional advanced ceramic material systems, system-level performance studies, system
reliability, and durability, as well as lifecycle extension, have to be addressed. From a gen-
eral point of view, all in all, it is outlined that the objectives of this dissertation work were
successfully accomplished.
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6.2 Future Perspectives

In consideration of the extensive and in-depth research conducted in the present disserta-
tion work, a wide range of forthcoming studies may be identified to continuously engage
innovative and relevant investigation in the multifunctional ceramic composite field for
aeronautical and aerospace applications. Therefore, the following topics are suggested for
future work research guidelines:

+ Optimize the manufacturing process of MgO—Al, O, specimens for reduced porosity

content achievement.

+ Conduct mechanical and thermal experimental tests for MgO—Al,O, samples to as-
sess their true capabilities as reported by the literature.

» Retake the three—point flexural strength examination to investigate the fracture lo-
cus and the direction of the crack initiation under the mixed mode deformation in
the ceramics studied.

« Perform ballistic testing to evaluate the protective strength of the ceramic compos-
ites manufactured.

« Particularly, conduct an experimental test analysis of the coefficient of thermal ex-
pansion, for the compositions studied, to investigate the implications of porosity
in this ceramic composites’ feature. Additionally, provide clarity on the described
conflicting data in the bibliography.

« Carry out thermal cycling articulated with vibrational tests to simulate the ceramics’
performance, in both cooling and heating environments, during ascent and re—entry
atmosphere conditions simulation to establish these compositions’ robustness.

 Additionally, ascertain the combination of convective and radiative heat transfer
mechanisms on the surface of ceramic composites that instigate chemical reactions
and gas dynamics phenomena, resulting in constraints for TPS and TBC design and

material selection.

« Execute surface topography measurements for the ceramic composition samples un-
der study to infer the influence of the surface roughness in mechanical, thermal, and
electrical research.

« Exploit corrosion, erosion, and oxidation testing methodologies to evaluate the ro-
bustness and stability of MgO—Al,O;, MgO—CaZrO,, and YSZ systems.

« With produced denser MgO—Al,O, specimens, repeat the electrical experimental
studies, via Electrical Current Method and Electrical Charge methods, to further ex-
tent examine the implication of the porosity content on the plasma microdischarge
process through the charge traps phenomenon.
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Optimize the fabrication process of specimens of the ceramic composites under study,
i.e., thinner thickness, to perform for each a comparison of their capabilities as di-
electric barriers more easily.

Carry out dielectric properties acquisition tests for the MgO—Al,O5, MgO—CaZrO,,
and YSZ ceramic composites and crosscheck with their respective performance.

Perform comparison research on ceramic systems dielectric materials versus poly-
mers under analogous conditions, to fulfill an existing gap in the literature specifi-
cally for surface dielectric barrier discharge geometry.

Conduct induced velocity analysis through the development of velocity profiles for
the MgO—Al,O,, MgO—CaZrO,, and YSZ ceramic materials to analyze their me-
chanical efficiency more clearly.

Under the same electrical operating parameters, i.e., constant input voltage, inves-
tigate the aging process of the ceramic dielectric barriers.

Moreover, gather SEM imaging of the aged ceramic dielectric to investigate the in-
dividual impact of high—voltage AC cycles on MgO—Al,O,4, MgO—CaZrO,, and YSZ
composites.

Further perform velocity research of the MCZ and YSZ zirconia—based ceramic sys-
tems’ capability to provide induced flow velocities, due to dissimilarities found over
the evaluated range of input voltages. In other words, confirm, via testing repeti-
tion, if with higher voltages, the induced flow velocity of zirconia—based ceramics
decreases. Additionally, assess if MCZ delivers in fact higher flow velocities than
YSZ for the two setups, i.e., 1.0 cm and 1.5 cm.

In—depth investigation of the fracturing phenomenon of YSZ samples through SEM
analysis to greater comprehend the reasoning behind it and to determine accurately
the location of initiation of fracturing.

Implement numerical simulation methodologies through FEM analysis to simulate
the different MgO—Al,O,, MgO—CaZrO,, and YSZ systems’ mechanical, thermal,
and electrical features.

Validation of the experimental investigation and research conducted throughout
this dissertation work by applying MgO—Al,O,, MgO—CaZrO,, and YSZ layers on
engineering structures.
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