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Abstract

This thesis is concerned with the fabrication and characterisation of lead free
piezocomposites and transducers for use in high frequency medical ultrasound
imaging applications. A water based gel casting and micro moulding approach has
been developed to fabricate 1-3 composites with a random pillar structure in the lead
free piezoelectric material (BagssCag 15) (Zro.1Tip9)O3 or (S0BZCT). High frequency
transducers incorporating the random composites as the active components have
been fabricated, characterised and demonstrated in real tissue imaging environments,
For comparison, lead zirconate titanate (PZT) composites and transducers have been
fabricated using the same techniques.

A water based gel casting system has been used incorporating Hydantoin Epoxy
resin, amine hardener (Bis (3-aminoproply) amine) and dispersant. The optimum
quantity of hardener, resulting in the highest green strengths, was found to be 18 g
hardener per 100 g of resin for both the SOBCZT and PZT systems. Viscosities of the
50BCZT and PZT systems were minimised by the addition of 2.4 and 1 wt% of
dispersant respectively. The highest green strengths of around 55 and 58 MPa were
achieved for the SOBCZT (40 wt% resin content and 45 vol% solids loading) and
PZT (40 wt% resin content and 48 vol% solids loading), systems respectively. The
influence of sintering temperature on the microstructure, physical, piezoelectric and
dielectric properties of the SOBCZT samples revealed a complex behaviour. The
highest values of piezoelectric and dielectric properties corresponded to S0BCZT
samples fabricated with a gel casting slurry incorporating 30 wt% resin and sintered at

1425 °C, with d33 and kp values of 330 pC/N and 0.43, respectively. Too high a resin



content has a deleterious effect on piezoelectric and dielectric properties of the sintered
gel cast samples in both materials.

1-3 composites were successfully fabricated from the BCZT and PZT bristle block
structures and only one resonance peak corresponding to the thickness mode was
observed in all samples, with a complete absence of spurious modes. PZT composites
offered generally higher thickness coupling coefficients than SO0BCZT composites,
where the highest value of 0.78 was measured for samples sintered at temperature 1425
°C. Focused PZT, focused 50BCZT, unfocussed PZT and unfocussed 50BCZT
transducers were successfully fabricated using the composites with randomised structure,

and have operating frequencies of 35, 40, 50 and 35 MHz respectively.



Acknowledgements

First of all, I would like to express my deep gratitude to Prof. Tim W Button, my
research supervisor, for offering me the opportunity to do this research, for his
patient guidance, enthusiastic encouragement and excellent supervision throughout

this work.

Special appreciation to Dr. Yun Jiang and Dr. Daniel Sanmartin, my co - supervisors
and Mr. Carl Meggs for their useful suggestions, loving inspiration, timely guidance,
technical assistance, practical advice on the transducer design and encourage me to

work thought some of difficulties in this research.

I should also thank Prof. Stuart Blackburn and Mr. John Wedderburn for their

personal training on the viscometer equipment.

I am very much thankful to Prof. Sandy Cochran, Dr. Yongqiang Qiu from the
University of Glasgow, for their help in characterizing the lead based and lead free
transducer, as well as Dr. Hana Hughes and Dr. Alez Matousek from Central
European Institute and Technology for their contributions to the development of lead

free powders.

I should also thank all my friends and the members of the Functional Materials

Group for their support.

Finally, I would like to express my deepest gratitude to Mr and Mrs. Thongchai, my

parents, for their encouragement, support and their love.



Contents

Contents
INdexX Of fIGUIES.......c..oviiiiiie e e e e et e e e e neaeee s VI
Index of tables...........coooiiiiiii e XVI
Nomenclature and aCrOMYMS...........cooooouiiiiiiiiiiiiiiiieeeeeeeeieeee e eieee e XVII
Chapter 1  INtroduction................cooooiiiiiiiiiiiieieeeeeeeee e 1
1.1 REfeTeNCES....cuueiiniieiiiiiieeeee e 3
Chapter 2  Ultrasound imaging for medical applications............................... 4
2.1 Medical ultrasound hiStOTy..........cceevvierieeiieniieniee e 4
2.2 Understanding Medical Ultrasound Imaging..............ccccevverveennenn. 6
2.2.1 UItrasound WavVes...........cecvueeeereeeriueeerieeenreeeeireeseneeessneeesnnens 6
2.2.2 Principles of Ultrasound operation.............cceeceevvierieennennnn. 9
2.2.3 Interaction of ultrasound wave with mediums...................... 13
2.2.4 Matching ultrasound frequency to clinical applications....... 15
2.3 Basics of ultrasound transducers............ccceeevevienieneenenieneeenen. 17
2.3.1 Components and construction of a typical transducer...... 18
2.3.2 Characteristics of ultrasound transducers.........c...cccceeeuueenee. 23
2.3.2.1 Ultrasound beam shape..........cccceeevveeriveenieeercnneennne. 23
2.3.2.2 Ultrasound transducer imaging resolution.............. 24
2.4 SUIMNMATY.c..otiiiiiiiiiieeee ettt ettt st re e sane e ean 27
2.5 RETEIENCES. .. .eiiiieiieeieeieeeee e 27

Chapter 3 Piezoelectric materials, 1-3 randomised piezocomposites design and

manufacture for high frequency ultrasound transducer

APPLICALIONS.......oooiiiiiiiie e et 30
3.1  Principle of piezoelectriCity........ccevierieriiienieeiierieeieeee e 30
3.1.1 PiZOCIECIIICILY . eeuvieentieiieeiieeiee ettt 31
3.1.2 Poling of piezoelectric Ceramics.........ccecvveeerrveeerveeerveennnnen. 33
3.1.3 Piezoelectric constitutive €quations...........cceceeerveeerveeennnnn. 34

3.2 Piezoelectric materials for high frequency ultrasound
trANSAUCETS3 ...t 37
3.2.1 Lead based piezoelectric Ceramics..........cceevveevveerveriveenneenns 38
3.2.2 Lead free piezoelectric Ceramics..........ceevueerveereeeneeenenennnenn 41
3.2.2.1 BaTiOz Based Materials........cccocvvvveeieiiniiiiiiieeeennn. 42
3.2.2.2 BNT and BKT Based Materials............cccceerueennnne. 42
3.2.2.3 KNN Based Materials.........cccceeeveeeiieencieenrieenenn 44
3.2.2.4 BCZT Based Materials.........ccccoeeueeniinieininnienenne 45
3.2.3 Piezoelectric POlymers..........cccoeevvieeiiieeeiieeciee e, 49



Chapter
Chapter

3.3

3.4

3.5
3.6

4
5
5.1

52

3.2.4 Piezoelectric single crystal.........coocvevieiiiieniienienieciiees 50

3.2.5 Piezoelectric COMPOSILES. ......eevvrerreeeieeiieeieeieesreerieeseneeneees 52
The crucial property and parameters of 1-3 composites for........
transducer apPliCatioNS........ccueerueeriierieeiiierie e et 55
3.3.1 Influence of ceramic volume fraction on acoustic impedance
and eletromechanical coupling coefficient.......................... 56
3.3.2 Influence of piezocomposite geometry on resonance......... 57
Piezocomposite manufacture for 1-3 piezocomposite.................. 63
3.4.1 Dice and fill.......ccoriiniiiiiiiiiiieee e 64
3.4.2 Injection Moulding..........cceeueeiierieiiiienieeieerie e 66
3.4.3 Lost Mould Technique.........c..ccceeevieriieniieriieiieeieeeie e 66
3.4.4 Soft [ithography........cccoveeviieriieiiieiiecieceee e 70
3.4.5 Gel CASHING..c..eeruiiiiiiiiieriieeeeet et 71
3.4.6 Gel casting for high frequency transducer..........c..ccccceeuene. 78
SUMIMATY ...c.etieiiieiieieceeere ettt ens 79
RETRIENCES.....eeiieiiieiieee e 80
Aims and objectives of the project................c.coeeiiriiinnnnnnn. 89
Research methods................coocoiiiiii 92
Process proCedures..........uueeuiiieiieeeiiieeciie et 92
5.1.1 Soft mould fabrication process........c..ccoceeveereenuereeneeniennenn 92
5.1.2 Fabrication of lead based and lead free bulk ceramic by gel
CASTIMIZ . c.vteeeueieeetieeeiteeeteeeete e e e tee et eeesnaeeeabeeenreeennneesnnneeennns 94
5.1.2.1 Powder size reduction........c..cceeeerieenicniieenienieennee. 94
5.1.2.2 Gel casting slurry preparation, de-airing, casting and
AIYING et e e 94

5.1.2.3 Organic burnout and sintering of green samples... 98
5.1.3 Lead based and lead free 1-3 random piezocomposite

fADIICAtION. ... 102
5.1.3.1 Gel casting slurry preparation, de-airing, casting and
AIYING 0ttt 102
5.1.3.2 Organic burnout and sintering of green samples... 103
5.1.3.3 Encapsulation of bristle block.............cceeveuvrenneen. 104
5.1.3.4 LapPing.....ceeecueeeeiieeeieeeeiee et 104
5.1.3.5 Contact and non-contact poling..............ccccuee.... . 105
5.1.3.6 Electroding..........ccoeveeeiienieeiieiiecieeie e 106
Characterisation methods...........ccccoceviiriiiiniininiineee, 110
5.2.1 Characterisation of rheological behaviour........................ 110
5.2.1.1 Elastic storage and viscous loss modulus.............
MEASUTEIMENE . ¢...eeeiiieeiiieeniite ettt 110
5.2.1.2 Viscosity Measurements. ..........eceveeereveeerveessnveennnes 110
5.2.2 Specific surface area measurement...........ccceeeeveeeeveeerneens 111

II



Chapter

53

6.1
6.2

6.3

6.4
6.5

6.6
6.7

5.2.3 Particle size MeasuremMent........ooeveeeeeeeeeeeeeeeeeiieieeeeeeeeeeeeeeen. 111

5.2.4 Thermal analysis.......ccccccveviieriieniieiienieeieeeee e 111
5.2.5 Density MeasUremMeNt. .........ccueeeveerureerveeneeereenneeeveenseesneens 112
5.2.6 Drying and sintering shrinkages.............cccceeeveevienieenenne. 112
5.2.7 Green strength measurement............cccccceeeeevveercveeerreeennnenn. 113
5.2.8 Dielectric and Piezoelectric property measurements........ 114
5.2.9 X-ray diffraction analysis...........ccceevvvreerreeeriieeniee e 114
5.2.10 Microstructure characterisation.............cceeceeeveeeeeeneennnen. 115
5.2.10.1 Optical MICTOSCOPY...ccvrerrrerrrrerrrerrreereenreenenennneas 115
5.2.10.2 Scanning electron microscopy and environmental
scanning electron miCroSCopPe.........ccevvreveeenveenne. 115
5.2.11 TranSducCer teStNG........cccveerreerireriienieeieeeieeree e ereeseeeens 116
5.2.11.1 B-SCan teSting.......ccccuevveeniieeieeiieeieenee e 116
5.2.11.2 Pulse and echo testing...........ccccceeeeeevieeneeenieennenns 120
RETRIENCES. ...ooiiieiiieieee e 120
Optimisation of the lead free gel casting process.................... 121
INtrOdUCHION. ....eeiiiiieiieece e 121
Polymerisation of the premix solution...........cccceveeeeveenieeiennnen. 122
6.2.1 Influence of hardener content on the premix solution...... 122
6.2.2 Influence of reaction temperature on premix solution..... 127
6.2.3 Influence of resin content on the premix solution............ 129
Optimisation of lead free powder and slurries..........cc.ceeuuee.ee. 133
6.3.1 Lead free powder characterisation...........c.cceeeevveerveeennnenn. 133
6.3.1.1 Particle size analysis........ccceevveeerieeerieeniee e 133
6.3.1.2 Crystalline material structure...........cccceeevveeerrnnennns 136
6.3.2 Lead free slurries characterisation...........c.ccceceeveernieennenne 137
6.3.2.1 Influence of dispersant concentration on viscosity
of lead free Slurry......ccoocveeiieiieniiee e, 137
6.3.2.2 Influence of solids loading on the viscosity of lead
free SIUITIES ...vevvereieiiiicieeece e 141
6.3.2.3 Influence of resin content on viscosity and gelation
time of lead free slurries..........cccooeiiiiniiiicnnnens 144
Characterization of lead free gel casting green bodies................ 148
Characterization of lead free gel cast sintered bodies................. 154
6.5.1 The influence of resin content on the key properties....... 154
6.5.2 The influence of sintering temperature on the key
PrOPEIties....ccvieiiieiieeie ettt 159
SUMMATY ...ttt s 164
REfeIenCes. ... coouviiiiiiiieiieee e 166

III



Chapter

Chapter

7

7.1
7.2

7.3
7.4
7.5
7.6

8.1
8.2

8.3

8.4

8.5

8.6
8.7

Optimisation of the gel casting process for lead-based

POWAETS ...ttt ettt e st e e ee e eeeneee e 170
INtrOdUCHION. .. et 170
Optimisation of lead based powder and slurries........................ 171
7.2.1 Lead based powder characterisation............c.cceeeveeeevveennneen. 171
7.2.1.1 Particle size analysis..........cccceeeeerieeciienieeniiennenns 171
7.2.1.2 Crystalline material structure............ccoceevuervenuennen. 173
7.2.2 Organic bUIMOUL.........cceeeviierieeiienieeieesie e sve e 174
7.2.3 Lead based slurries characterisation...........c..cceceeevevvennennee. 175
7.2.3.1 Influence of dispersant concentration on viscosity of
lead based SIUITY.......oocvieiiiiiiiiie e 175
7.2.3.2 Influence of solids loading on viscosity of lead based
STUITY . et 177
7.2.3.3 Influence of resin content on viscosity and gelation
time of lead free SIUITY.......cccoevvieriieciiiiiciie, 179
Characterization of lead based gel casting green bodies............. 182
Characterization of lead based gel cast sintered bodies............... 187
SUMIMATY.....eeiiiiiiiiiiee e e 191
RETRIENCES.....eoieiiieiieee e 192

Characterization of lead free and lead based 1-3 random

PIE€ZOCOMPOSILES.......c.oeeeeiiiieiiieeeiieeciie et 194
INtrodUCtiON. ......eiiiiiiiiice e 194
Fabrication of Green lead based and lead free randomised
SETUCTUTES. ..ottt ettt ettt et e e et e e e e e s eeeees 194
8.2.1 Lead free randomised Structures.............cceeceeevveerveennenne. 194
8.2.2 Lead based randomised structures.............cceecveereeeneennee. 199
Sintered lead based and lead free radomised structures........... 202
8.3.1 Sintering of lead free randomised structures................... 202
8.3.2 Sintering of PZT randomised structures.............cccveennee.. 209
Impedance analysis of lead free and lead based 1-3 randomised
COMMPOSIEES . ..eeuvteeuiieiieenieesiieeieesiteeteesereenseessbeeseesnseenseesnseenseennns 212
8.4.1 Impedance analysis of lead free 1-3 randomised

COMPOSIEES. ..eeeuvieiieeiiieriieeieeeieeerteeeteeteeereeseeeseaeeaeesaneenes 212
8.4.2 Impedance analysis of lead free 1-3 randomised

COMIPOSIEES . ..veeeuereeeiieeerereeeiereeateeesaeeesseeesseeessseesssseesnnseeans 216
Functional performance of lead free and lead based 1-3 randomised
COMPOSIEES . ..eeeerreerurreerereeerreeesereeessreeassreesseeeasseeessseeesssessnsseennnes 219
SUMMATY.....eiiieieecieeee e et reeeeaee e 223
REfeTeNCES. ....ouviiiiiieieeiieceee e 224

v



Chapter 9

9.1
9.2

9.3
9.4
9.5

Chapter 10
10.1
10.2

Appendix I

Appendix II :

Appendix III :

High frequency transducer fabrication, characterisation and

IMAGING. ... 226
Transducer fabriCatioN........coeeeeeeeeeeeeeeeee e 226
Transducer CharacteriSAtiON. ......coeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeanns 233
9.2.1 Electrical impedance...........cceeeeveeerieeerieeeeiie e eiiee e 233
9.2.2 Pulse-Echo 1eSponse........cccveevuvieeieieeniiieeiieeeiee e eieee e 235
9.2.3 Tungsten wire phantom iMaging...........ccccveereveeerreeerveennns 240
Imaging of agar phantom and tiSSU€...........cccceeevreerieecieenieenenne, 250
N 101000 10 ) 2SRRI 254
RETEIEIICES. ... oo et e e e e e eeeeaaaas 255
Conclusions and future Work............cooueeeeioeeieiieeeeeieeeeenan, 256
CONCIUSION. ettt e e e e e e e e e eeeeeeeeeeeeeenaans 256
FULUIE WOTK . ..ottt eeeeeeaens 260

Vibration modes and piezoelectric coefficient of standard
samples with electrode on the top and bottom....................... 262
Material Properties from electrical impedance and

CAPACIEANICE. ......eeiiiiiieiiieeiiee e e e 263

Conference Presentations..............oueeeeeveeeeeeiieieeeeeeeeeeeeeeennn. 265



Index of Figures

Figure 2.1 shows examples of ultrasound images for human medical applications (a)

Cysts in liver, (b) Carotid artery blood flow, (c) 3D of heart image, (d) Baby

AEVEIOPIMENL. ....eoueiiiiieiieeie ettt ettt ettt et ebe et e eab e e teeenbeesaseesseensnesnseensneans 5
Figure 2.2 The ACOUSHIC SPECIUML.......cccuiieiiiieeiieeeiieeereeeeiee et e eveeeereeeaeeeeeeee e 7
Figure 2.3 Longitudinal and transverse waves through a solid medium.................... 7
Figure 2.4 Rayleigh waves through solid...........c.cocveriiiiiiiniiiiieecece e 9

Figure 2.5 Tllustration of ultrasound imaging showing (a) position of transducer, (b)
Ultrasound baby SCANS.......cc.cocuiriiiiiiiiiniiieiieeeeeteeeee e 11
Figure 2.6 Schematic representation of Pulse repetition frequency per unit time... 11
Figure 2.7 Schematic diagrams showing the basic of ultrasound (a) Ultrasound pulse
is generated and propagated into organs by applying voltage into piezoelectric
transducer, which echo is reflected back at the interface of body tissue and converted
to electrical signal by transducer. (b) A-scan mode presents the amplitude of echo are
created as a function of time. (c¢) B-scan mode shows the grey scale of reflected
echoes which determined by the amplitude of each returning ultrasound echoes
signal. A different shade of grey depending on their intensity for reflection from
different tissues, white and dark areas representing strong and weak echoes,
respectively (d) M-mode shows the motion mode of object...........ccceeveiviiieniiennns 12

Figure 2.8 Schematic illustration of an ultrasound beam encountering a boundary
between two mediums of different acoustic impedance............ccceevveeeiieeniiieeennennns 14
Figure 2.9 Penetration and resolution of different ultrasound frequency................. 16
Figure 2.10 Attenuation coefficients of a various tissues in the frequency range from

10 £0 100 MHZ....c.eiiiieeeeee ettt et sae e 17
Figure 2.11 The basic components of a single element transducer..................cc........ 19
Figure 2.12 Schematic of vibrations in active element from applying electricity... 22
Figure 2.13 Schematic of the elimination of vibration from the face of transducer by
backing material (a) and (b) the relationship between spatial pulse length and
BaNAWIALN. ..o 22

VI



Figure 2.14 Transducer focusing by (a) curving the active materials (b) utilizing

A LBIIS e ettt ettt 23
Figure 2.15 Schematic of focus of beam from a single element transducer............. 24
Figure 2.16 Schematic of good and poor axial resolution............cccceeevveevieeerveennnenn. 25
Figure 2.17 Schematic of good and poor lateral resolution............cceceveerierieniennnene 26
Figure 2.18 How the beam width separate two structures into two images.............. 26

Figure 2.19 Schematic diagram of beam width and beam shape from low frequency
and high frequency tranSAUCET............coeiiieeiiieciee e e 27
Figure 3.1 Crystallographic structures of lead zirconate titanate perovskite crystal (a)

tetragonal, (b) cubic and (¢) rhombohedral, the direction of polarization are indicated

DY the QITOWS. .. .eiiiiiiiieiee ettt ettt et ettt e st e e beeseeeeteesaeaens 33
Figure 3.2 Designation of the coordinate axis for a piezoelectric plate pole along its

ERICKIIESS. ...ttt ettt 35
Figure 3.3 Phase diagram of PZT.........cccooiiiiiiiiiieeeeeeeeeee e 39
Figure 3.4 Phase diagram of binary system BCZT.........cccccccoiiniiiiniinininicnees 46
Figure 3.5 Phase diagram of binary system BCZT with A phase.......c..cccccecevvenneenne. 47
Figure 3.6 Polyvinylidene difluoride in a and B phase.......cccccooceerveiniininncincnnen. 50
Figure 3.7 Electromechanical coupling coefficient in thickness mode versus acoustic
impedance of different piezoelectric materials..........ccccoveeiiiiiiiniiniiinicecee, 53
Figure 3.8 Schematic of 2-2, 1-3, 0-3 and 3-3 cOMPOSILES......ccceevvereereenierieneenenne 55
Figure 3.9 Electromechanical coupling factor (k) of 1-3, 3-3 and 3-0 composites and
acoustic impedance of 1-3 composite as a function of volume fraction (V) ............ 56
Figure 3.10 The dimensions of 1-3 cOMPOSItE.........cccuervuiiriiiniiiniiiiienieeiereeeieee 59

Figure 3.11 Randomised 1-3 piezocomposite pattern in 300 pm square section with
40 vOl% CEramic PRASE.......cccuieiiieiieeiieeie ettt ettt 63
Figure 3.12 Bristle block structure of 1-3 piezocomposite.........cccccveeerveeenveerrnveennne. 64
Figure 3.13 Schematic procedures of dice and fill technique for making bristle block
SETUCTUTE. ...ttt ettt ettt e bt st e bt e eat e e beesat e e bt e saneeneesaneens 65
Figure 3.14 Viscous polymer ProCeSSING........eerueervierierieeniieeieerireeeeenieeeseeseneseeas 69
Figure 3.15 Section of green ceramic pillars (a) arcs and (b) hexagonal fabricated by
embossing viscous polymer processing paste into polymer moulds, followed by

chemical dissolution Of the MOULAS......c.ooviiiiiiiiiii e, 69

VII



Figure 3.16 Schematic presents the formation of egg box model by adding calcium
iodate into suspension. The gel can be form after divalent metal ions (Ca*") are
cooperative bound with aligned ribbons at 60°C.............ccccveeeviiieiieenieecee e 75
Figure 3.17 The ring open reaction mechanism of epoxy amine.............cccevveeennnnns 77
Figure 3.18 Scanning electron images of green stage ceramic pillars with random
geometries (a) at 60° tiled and (b) the top view of ceramic pillars...............cccueenneen. 78
Figure 5.1 Schematic of PDMS soft mould replication from a master mould. The
PDMS is cast onto the master mould and, after curing, the soft mould is peeled off 93
Figure 5.2 Chemical structure of (a) hydantoin epoxy resin, C;;H;6N>O4 (b) Bis(3-
aminopropyl)amine, CoH 7N3...cuiiiiiiiiiiiieiiececeeee e 95
Figure 5.3 Schematic illustration of burnout and sintering of PZT green gel casting
samples in lead rich atmoOSPRETre...........oooviiiiiiiiiie e 99
Figure 5.4 the burnout and sintering profile of PZT green gel casting samples (BCZT
samples were set the same sintering profile; excepted sintering temperatures were
studied between 1300-1500°C) .....oiieiiiieiieeeiee et e e e 100
Figure 5.5 Flow chart of the key materials and steps of piezoelectric ceramic gel
CASTITIZ .ttt euttee ettt e ettt e et e e ettt eeeteeesateeesaaee e saeeesseeesaeeensseeensseeensseesnsneeensneesnsneennsneennnns 101
Figure 5.6 Schematic illustration of setup used for the burnout and sintering of the
PZT gel cast bristle block green samples..........coecveeriiieiiieeniiieeniie e 103
Figure 5.7 (a) The assembly of the composite on the copper plate using a silica ring
to flatten the surface of the composite (b) The custom corona poling equipment used
for non-contact poling of PZT and S0BCZT 1-3 composites..........cecceervveenurenueenne 106
Figure 5.8 Schematic illustration of electroding of 1-3 composite by using
polycarbonate mask with tail............cocceiiiiiiiiiiiiii e 108
Figure 5.9 Schematic illustration of the fabrication process of

A 1-3 PICZOCOMPOSILE. ...eeeerieeiiieeiieeeiieeeiteeeiteesireesteeesreeesebeeessreeesreeensseessseesneens 109
Figure 5.10 Photograph of the scanning system............cccccveevvieeiiieeiieenieeeiee e 117

Figure 5.11 Schematic diagram of the component connections of the scanning
Figure 5.12 Photograph of experimental set up for the B-scan of Tungsten wires.. 118

Figure 5.13 Photograph of the experimental set up for the B-scan of Tungsten wires

10 AZAT 8Y0 A2ttt e 118

VIII



Figure 5.14 Photograph of focused transducer and pig bowel tissue placed for B-
SCANMIIIG.....eeveentreeuteeieeeteestteesseesseeesseensseenseessseanseensseensaessseenseessseensaesnseenseessseenseesnses 119
Figure 6.1 (a) Elastic modulus G'and (b) viscous modulus G of 20 wt% hydantoin

epoxy resin content premix solutions cross-linked with various hardener contents at

Figure 6.2 Elastic modulus G'and viscous modulus G" of 20 wt% hydantoin epoxy
resin content premix solutions cross-linked with hardener PHR = 18 g per 100 g of
TESIN AL A0PC. ettt ettt beeaees 126

Figure 6.3 (a) Elastic modulus G'and (b) viscous modulus G" of 20 wt% hydantoin
epoxy resin content premix solutions cross-linked with hardener PHR = 18 g per 100
g of resin measured at various teMPETratUres...........cecveereeerieereeriieeseeeseeenieeeeeneeans 128

Figure 6.4 Arrhenius plots of data calculated using the gelation time obtained from
figure 6.3 (a), showing that the gelation time t; is inversely proportional to the
1030010153 ¥21 10 L I AU 129

Figure 6.5 (a) The dependence of the elastic modulus G’ and (b) viscous modulus G’
as a function of time for premix solutions with various resin contents cross-linked
with a hardener concentration PHR = 18 g at 40 °C.......cccovvvvivciiiiniieeiieeieeee, 130

Figure 6.6 The additional ring open polymerisation reaction in the presence

OF WALET 1.ttt ettt et e st et e st e et e bt e et e saee et e naeeeateas 132

Figure 6.7 The two possibilities of water molecules binding with epoxy resin through
hydrogen boning (a). Type I, single hydrogen bonding between water molecules and
epoxy resin. (b) Type II, multiple hydrogen bonds between water molecules and
EPOXY TESIMutteeitenieeeiteeteeetteeiteestte s bt estteeate e seesateeseeenbeenseesaseeseesnseenseesnseenseaanseenses 132

Figure 6.8 The particle size distribution of SOBCZT powders (a) as-received and (b)
after vibro-milling for 7 Rrs.......ooouiieiiie e 135

Figure 6.9 SEM micrographs of S0BCZT powders (a) as-received and (b) after vibro-
MILING FOT 7 RIS, 1ottt st 136

Figure 6.10 XRD patterns of SOBCZT powders calcined at 1100 °C and S0BCZT
discs sintered at difference temperature. ..........ccceeevveeeiieeeiieerie et 137

Figure 6.11 Viscosity of the SOBCZT slurry with 40% vol solids loading and 20 wt%

resin contents as a function of dispersant concentration measured at a shear rate 100

IX



Figure 6.12 Viscosity curves as a function of shear rate of the SOBCZT slurry at
various solids loadings with 20 wt% resin content using hardener concentration PHR
= 18 g and the dispersant concentration Was 2.4 Wt%0.......cccceevueeneeriennieenieenieennne. 143
Figure 6.13 Viscosity curves as a function of shear rate of S0BCZT 45 vol % solids
loading slurries with various resin contents using hardener concentration PHR = 18 g
and the dispersant concentration Was 2.4 Wt%0.......cccceeueeerierieenieenieeiieeneeeieenne e 146
Figure 6.14 Variation of viscosity curves as a function of time of 50BCZT slurries
of different resin contents. All slurries have 45 vol % solids loading using hardener
concentration PHR = 18 g and the dispersant concentration was 2.4 wt%............. 148
Figure 6.15 Fracture surface of green S0BCZT samples prepared from 45 vol%
solids loading, 30 wt% resin content at optimum hardener and dispersant
concentrations (a) with de-airing step after casting (b) without de-airing step after
CASEITE. 1.ttt eeiie et et e et etee et e e bt e esbeeseeeabeeseeasbeensaeenseensseesseensseenseenseeesseenseesnseenseennns 149
Figure 6.16 Green S0BCZT gel cast sample obtained from 45 vol% solids loading
with 30wt% resin and 2.4 wt% Dispex AA4040 after demoulding............c..cc........ 149
Figure 6.17 SEM micrographs of fracture surface of SOBCZT green bodies obtained
from 45 vol% solids loading with various hydantoin epoxy resin concentrations (a)
10 wt% (b) 20 wt% (c) 30 wt% (d) 40 wt% after demoulding and drying............. 150
Figure 6.18 Green density and drying shrinkage of SOBCZT gel cast green samples

versus resin content at a solid loading 0f 45 VOI%0......c.coovieiieniiiiiiiiieeee, 152
Figure 6.19 Effect of resin content on particles at green state (a) 10 wt% (insufficient
polymer chains) (b) 40wt% (sufficient polymer chains) ...........ccccceevvveeriieenreennnee. 153
Figure 6.20 Green strength of the gel cast SOBCZT obtained from 45 vol% solids
loading at various reSin CONTENLS. .......c.eeruierueerieiiieniie et ereeeieesite et seeeeeeesaeeenseenes 154
Figure 6.21 Sintered density and sintering shrinkage of SOBCZT gel samples at a
solid loading of 45 vol% sintered at 1425°C versus resin content..............c.ceeeueeen. 156
Figure 6.22 SEM micrographs showing the fracture surfaces of sintered gel cast
samples obtained from 45 vol% solids loading S0BCZT slurries with various

hydantoin epoxy resin concentrations (a) 10 wt% (b) 20 wt% (c) 30 wt% (d) 40



Figure 6.23 The variation of piezoelectric charge coefficient ds3; and planar coupling
coefficient k,, with resin content of SOBCZT gel cast samples at a solid loading of 45
VOL% sintered at T425%C ... .oouiiiiieie et 158
Figure 6.24 The variation of relative ppermittivity and dielectric loss tangent versus
resin content of SOBCZT gel cast samples at a solid loading of 45 vol% sintered at
LA259C ettt et sttt sttt naeens 158
Figure 6.25 Sintered density of SOBCZT gel cast samples at a solids loading of 45
vol% and 30 wt% resin content sintered at different temperatures................... 160
Figure 6.26 SEM micrographs of SOBCZT gel cast samples at a solids loading of 45
vol% and 30 wt% resin content sintered at temperatures between 1300 °C and 1500
RO o) 7 s DTSSR 161
Figure 6.27 Piezoelectric coefficient and planar coupling of 5S0BCZT gel cast
samples at a solids loading of 45 vol% and 40 wt% resin content sintered at different
EITIPETALTUTCS. ¢ .veeeeveeeeiieeeeieeeeiieeeeiteeestteeeaaeeeeaeeensaeeansaeesnseeensseeensseeensseesnsseesnsneesnseens 162
Figure 6.28 Permittivity and dielectric loss tangent of SOBCZT gel cast samples at a
solids loading of 45 vol% and 40 wt% resin content sintered at different
EOTMIPETATUTES. ..ee.veeeevieeeieeeiteeetteeeeteeeeteestaeesnseeesssaesasseeensseeesseeesseeensseesnsseesnnneennnes 162
Figure 7.1 The particle size distribution of the (a) as-received PZT powder and (b)
PZT powder after vibro-milling for 48 hrs .........ccccvveiiiieiiiieiieeee e 172
Figure 7.2 SEM micrographs of (a) as-received PZT powders and (b) after vibro-
MILING OT 48 ISttt 173
Figure 7.3 XRD patterns of PZT powders as-received powder and PZT discs sintered
AL 1200 PC ettt sttt ettt et eee e 174
Figure 7.4 Thermal analysis of a gel cast PZT green compact with 20% resin in

premixed solution at 48 Vol % solids loading measured at 5°C/minute.................. 175
Figure 7.5 Viscosity of the PZT slurry with 48% vol solids loading and 20 wt% resin

contents as a function of dispersant concentration measured at the shear rate 100
Figure 7.6 Viscosity curves as a function of shear rate of the PZT slurry at various

solids loadings with 20 wt% resin content using optimum dispersant concentration

ANA NATAENET CONTENT. .eeeeeeeieee ettt e e et e e e e e e e e e e eeeaaeaeeeeeeeeanennnas 178

XI



Figure 7.7 Viscosity curves as a function of shear rate of the PZT 48 vol % solids
loading slurry at various resin contents loading using optimum dispersant
concentration and hardener CONeNt.............eoieeiiiiiiiieiieniiee e 180
Figure 7.8 Viscosity curves as a function of time of the PZT 48 vol % solids loading
slurry at various resin contents loading using optimum dispersant concentration and
hardener CONENL. .........ccuiiiiriiiieiieiee ettt sttt st 182
Figure 7.9 Green PZT gel cast sample obtained from 48 vol% solids loading with
20wt% resin and 1 wt% Dispex AA4040 after demoulding and drying.................. 183
Figure 7.10 SEM micrographs of fracture surface of PZT green bodies obtained from
48 vol% solids loading with various hydantoin epoxy resin concentrations (a) 10
wt% (b) 20 wt% (c) 30 wt% (d) 40 wt% after demoulding and drying................... 184
Figure 7.11 Green density and linear drying shrinkage of PZT gel cast green samples
versus resin content at a solid loading 0f 48 VOI%o.......ccccveeiieciieriiiiiecieeieeie e 185
Figure 7.12 Green strength of the gel cast PZT samples obtained from 45 vol% solids
loading at various reSin CONTENLS. ......ecuuieruierieeriieeieeiie et eiee et siee et e eeeaeeseeeeaeens 186
Figure 7.13 Sintered density and linear sintering shrinkage of PZT gel samples at a
solid loading of 48 vol% sintered at 1200°C versus resin content..............c.cceeuee. 188
Figure 7.14 SEM micrographs showing the fracture surfaces of sintered gel cast
samples obtained from 48 vol% solids loading PZT slurries with various hydantoin
epoxy resin concentrations (a) 10 wt% (b) 20 wt% (c) 30 wt% (d) 40 wt%............ 189
Figure 7.15 Piezoelectric coefficient and planar coupling of PZT gel cast samples at
a solid loading of 48 vol% sintered at 1200°C versus resin content. ...................... 190
Figure 7.16 Permittivity and dielectric loss tangent of PZT gel cast samples at a solid
loading of 48 vol% sintered at 1200 °C versus resin content...........c..cecevvereeuennne. 190
Figure 8.1 SEM micrographs showing the top-view of demoulded randomised
SOBCZT structures prepared from gel casting slurries with 45% solids loading with
(a) 10 wt%, (b) 20 wt%, (c) 30 wt% and (d) 40 wt% resin contents........................ 198
Figure 8.2 SEM micrograph of (a) the top view (b) detailed side view of the
randomised SOBCZT segments fabricated by gel casting slurry with 45% solids
loading and 30 wt% resin content after drying and demoulding.............cc.ccc.u........ 198

XII



Figure 8.3 SEM micrographs showing the top-view of demoulded randomised PZT
structures prepared from gel casting slurries 48% solids loading with (a) 10 wt%, (b)
20 wt%, (c) 30 wt% and (d) 40 Wt% resin CONtENLS.......ceevueereeriueerieeieenieeieenieenne 201
Figure 8.4 SEM micrograph of (a) the top view (b) detailed side view of the
randomised PZT segments fabricated by gel casting slurries with 48% solids loading
and 30 wt% resin content after drying and demoulding.............ccceevvveeiieniiiiiennnnnne. 202
Figure 8.5 SEM micrograph of the top view of the radomised SO0BCZT segments (a)
before and (b) after sintering at 1300 °C...........ooviieiiiierieeeee e 205
Figure 8.6 SEM micrographs of a(i) to j (i) top view and a(ii) to j (ii) the cross
section of bristle blocks of S0BCZT randomised segments after sintering at 1300 -
L500°C ... ettt ettt ettt ettt et e e e st et e enteenaenre e st entenneenteeneenneens 208
Figure 8.7 Optical image of overview of randomised S0BCZT 1-3 composites after
sintering at (a) 1400 °C with ceramic volume fraction of 51.70 % (b) 1425 °C with
ceramic volume fraction 0f 58.5 Y0...cccuevuiiiiiiiiiiiieieeeeeee e 208
Figure 8.8 SEM micrographs of top view of randomised PZT segments (a) before
and (b) after sintering at 1200 ®C........cooiiiiiiiiiiieieeeeee e 210
Figure 8.9 SEM micrographs of (a) top view and (b) lateral side of randomised PZT
SEEIMCTILS ....eeuvreeutieeeuteeesereeesureeesteeenteeesaseeessseeeasseeesseeassaeansseeansseesnseesasseeenssesensseennns 211

Figure 8.10 Optical images of a random composite with ceramic volume fraction of

Figure 8.11 Impedance (a) and (b) phase magnitude diagrams measured from
SO0BCZT randomised 1-3 composites sintered at 1300 °C - 1500 °C with different
thicknesses, using a bias =40 VOILS.......ceeveciiieriiieriieeeecee e 215
Figure 8.12 Impedance (a) and (b) phase magnitude diagrams measured from PZT
randomised 1-3 composites sintered at 1200 °C with different thickness............... 218
Figure 8.13 Thickness coupling coefficient (k; ) of the 50BCZT randomised
composites sintered at 1300 °C - 1500 °C and PZT randomised composites sintered

AL 1200 PC.iiiiiii e e 220

Figure 8.14 Relative permittivity (ers) of the SO0BCZT randomised composites
sintered at 1300°C - 1500°C and PZT randomised composites sintered at 1200°C.221
Figure 8.15 Acoustic impedance of the SOBCZT randomised composites sintered at

1300°C - 1500°C and PZT randomised composites sintered at 1200 °C...............222

XIII



Figure 9.1 Photograph of (a) 1-3 random composite with dimensions marked for
laser cutting, and (b) laser cut 1-3 composite with diameter

ApPProXiMAately 1.6 MM ..ccciuiiiiiiieciie ettt e e e baee s eeesseeenes 227
Figure 9.2 Illustration of the fabrication procedures of transducer.......................... 229
Figure 9.3 Photograph of (a) The small bulb of silver epoxy fixed the wire on the
random composite (b) the copper wire attached on the surface of the random
composite on the PLA/PTFE mount master...........ccccueeeviieeiieeeiieeciee e 230
Figure 9. 4 Photograph of 1-3 random composite with diameter 1.6 mm stuck onto
the cast tungsten epoXy DACKING. .......cc.eviiiriieiiiiiiierieeie et 232
Figure 9. 5 Photograph of completed (a) focussed transducer and (b) unfocussed
ETANSAUCET ..ottt ettt et et e et esbee et e e bt e sabe e beesnaeeseesnseans 232
Figure 9. 6 The photograph of the imperfect curve within the active area of a focused
PZT AraNSAUCET . ....ecveeiieieeiiesee ettt ettt 232
Figure 9.7 Electrical impedance and phase measured from transducers, using a bias -
40 volts for the SOBCZT tranSdUuCETS..........cecueeruieruieriieiie ettt 234
Figure 9.8 Phase magnitude diagram measured from transducers, using a bias -40
volts for the SOBCZT tranSdUuCeTs. ........cocceerieeiiiiiieiiieienceeeeeeee e 234
Figure 9.9 Pulse-echo measured from focussed SOBCZT transducer at focus in time

and frequency domain, showing frequency, bandwidth............c..ccccoveeviiirininnnen. 237

Figure 9.10 Pulse-echo measured from focussed PZT transducer at focus in time and
frequency domain, showing frequency, bandwidth and spatial pulse length........ 237
Figure 9.11 Pulse-echo measured from unfocussed SOBCZT transducer at focus in
time and frequency domain, showing frequency, bandwidth and spatial

PUISE 1@NGLN. ..oiiiiiie e s 238
Figure 9.12 Pulse-echo measured from unfocussed PZT transducer at focus in time
and frequency domain, showing frequency, bandwidth and spatial pulse length.... 238
Figure 9.13 Schematic illustration of the tungsten wire phantom scanning experiment
in which the transducer travelled along the lateral distance at different depth between
transducer and tUNGSTEN WITES......cccvieriieeriiieeeiieeerieeereieeenteeeesareeeereesseeesseeesseeenns 241
Figure 9.14 B-scan images of a set of 25 um tungsten wires at different distances
using (a) focussed SOBCZT, (B) focussed PZT (c) unfocussed SOBCZT and (d)

UNTOCUSSEA PZT LrANSAUCETS .evvveeeeeeeeeeeeeeeeeeeeeeeeeeee e 243

XV



Figure 9.15 The 2D B-scan images of the amplitude at different travelling distance of
(a) focussed SOBCZT, (B) focussed PZT (c) unfocussed SOBCZT and (d) unfocussed

PZT traNSAUCETS. ..ocoooiiiiiiiiieieee ettt e e e e e et e e e e e e e s eeasbaareeeeeeeseinns 245
Figure 9.16 The amplitude at different travelling distance of focussed PZT, SO0BCZT,
unfocussed PZT and unfocussed 5S0BCZT transducers, cut off at -6dB................ 246

Figure 9.17 Schematic illustrate 3D B-scan image for calculating the axial and lateral
resolution at -6dB of a set of tungste n wires obtained from the focussed SOBCZT
ELANSAUCET ...ttt ettt et et e et e bt e st e et e sabe e beessteeseesnneans 247
Figure 9.18 Illustration of (a) the axial distance (b) close up data of the axial distance
and amplitude when focussed SOBCZT scanned the second wire transducer at -6 dB
(c) the lateral distance (b) close up data of lateral distance and amplitude when
focussed SOBCZT scanned the second wire transducer at -6 dB for calculating the
axial and lateral resolution at -6 dB. .........cccoooiiiiiiiiiiieee 248
Figure 9.19 Axial resolution of focused and unfocussed PZT and 50 BCZT
transducers at different distances, measured at at -6dB ..............ccccoovvvvviniiiennnnnn. 249
Figure 9.20 The Lateral resolutions of focused and unfocussed PZT and 50 BCZT
transducers travelled at different distances, measured at -6 dB. ..........cccccevvuueneee. 249
Figure 9.21 Photograph of B-scan of Tungsten wires in agar 8% Al,O; ............... 250
Figure 9.22 The B-scan images of agar phantom with tungsten wires 100, 200, 200
um in diameter obtained from focussed and unfocussed lead based and lead free
ELANSAUCETS. ..ottt ettt ettt ettt et sae et eb e e bt eaesaeenaeens 251
Figure 9.23 The photograph of (a) pig bowel with a thickness 2.5 mm submerged in
phosphate buffered saline (PBS) at pH 7.4 and (b) the pig bowel structure obtained
using an AFM PZT transducer by Dr. Benjamin F Cox (Clinical Research Centre
Tayside at University of DUNAEe) .........ccceveeviirieniinieiiiiinieecceee e 252
Figure 9.24 B-scan images of pig bowel from (a) focussed SOBCZT , (b)focussed
PZT transducer travelled by 20 mm lateral distance and (c) the side by side
comparison of (¢) focussed PZT and (d) focussed SOBCZT transducer................. 253

XV



Index of Tables

Table 2.1 Acoustic properties of various medium............cccccveeevveeeriieeniieenieeeeieeenns 15
Table 2.2 Percentage reflection of ultrasound wave at boundary..........c..cccceevuenee 15

Table 2.3 Comparison of resolution, depth for various clinical use at different

UIrasoUNd fTEQUENCY.....ccciiiiiiiie ettt s e e re e e aeeesaaeeesseeenaee s 17
Table 3.1 Piezoelectric, Pyroelectric and Ferroelectric crystal..........coccoeviiiiiennene 32
Table 3.2 Characteristic of hard and soft PZT...........cccooiviniininineeeeee 40
Table 3.3 Piezoelectric properties of KNN-based Materials............cccceevveerienneennen. 45
Table 3.4 Curie temperature of various piezoelectric materials..........c.cccceeeeveeeneennn. 49

Table 3.5 The dimensions and aspect ratio of a 50% volume fraction piezocomposite,
assume the longitudinal velocity of 3,000 m/s and based on a square packed array of
SQUATE PIIIATS.....eeiiieiiieiie ettt ettt sa e e e e e e beeesbeenaeesnseensae e 61

Table 5.1 Raw materials for preparation of PZT and SOBCZT gel casting

SUSPEIISIONS ..euveeeuiientieruieeteesuteeteessteeseesaseasseesnseaseessseenseasnseaseesnseenseesnseenseesnseenseennns 95
Table 5.2 An example of a PZT gel casting composition..........cccceceeeeeniercveneeneennne. 96
Table 5.3 An example of a SOBCZT gel casting composition. ..........ccccceeeeveeennnenn. 96

Table 6.1 Gelation time by crossover criterion of 20wt% hydantoin epoxy resin
premix solution cross-linked with various hardener concentration (PHR = 12-50 g
per 100 g of 1e81N) @t 40 OC..cniiiiiiiiieeeee e 126
Table 6.2 Gelation time calculated by the crossover criterion of G’ and G" for 10
wt%- 40wt% hydantoin epoxy resin premix solutions cross-linked with hardener
concentration PHR = 18 g per 100 g of resin) at 40 °C. ......cccoovieiiiiiiiiiiniieieeen, 132
Table 8.1 The average height, grain size, finest feature size, aspect ratio and %

sintering shrinkage of SOBCZT segments sintered at temperatures of 1300 °C - 1500

ettt a e bbbttt ettt b e ae b e 209
Table 8.2 Summary of S0BCZT randomised composites sintered at 1300 °C - 1500

et ettt 216
Table 8.3 Summary of PZT randomised composites sintered at 1200 °C ............. 219

Table 9.1 Characteristics and properties of focussed SOBCZT, focussed PZT,
unfocussed SOBCZT, unfocussed PZT tranSAUCeT ............ccoovvvvvvveeeiiiiiiiiiiireeeeeenen, 239

XVI



Jr

Ja
Gl

Gll

NOMENCLATURE AND ACRONYMS

Arrhenius pre-exponential factor

Width of rectangular bar

Capacitance (F)

Capacitance (F) at 1 kHz
Capacitance (F) at 2f,
Compressibility

Planar coupling coefficient
Diameter of soft mould (mm)
Diameter of dried sample (mm)

Diameter of the gel casting sample after sintering(mm)
Dielectric displacement (C/mz)

Thickness of rectangular bar

Electric field (V/m)

Activation energy of polymerisation reaction (J/mol)
Frequency (Hz)

Resonant frequency (Hz)

Anti-resonant frequency (Hz)

Elastic modulus (Pa)
Viscous modulus (Pa)

Thickness (m)

Reaction rate

Effective electromechanical coupling factor

Electromechanical coupling factor, thickness-extensional mode
Electromechanical coupling factor, planar-extensional mode
Electromechanical coupling factor, length-extensional mode

Linear drying shrinkage
Linear sintering shrinkage

Span length(m)

XVII



R,
R,

9

AM
APS
BaTiO;
BET
BNT

BZT

Lateral resolution (m)
Axial resolution (m)

Gas constant 8.31 J.(k.mol)”
Strain

Compliance of material 1I(m?/N)

Elastic compliance constant at constant electric field (m*/N)
Stress

Absolute temperature (K)

Induction time

Volume fraction

Velocity of sound in composite
Acoustic impedance

Dielectric constant

Elastic constant (m%/N)

Dry weight of sample

Wet weight of sample

Wavelength length (m)
Viscosity (Pas)

Vacuum permittivity(F/m)

Relative permittivity
Permittivity at constant stress
Permittivity at constant strain
Density (kg/m’)

Wavelength length (m)

Flexural stress

Arylamide

Ammonium persulfate

Barium Titanate
Brunauer—-Emmett-Teller

Bismuth Sodium Titanate based materials

Barium Zirconate Titanate

XVIII



BCT
BKT
BCZT
CT
DPTA
DSC
EGDG
EEW
FFT
GPGE
HMAM
IEP
KNN
MRI
MLCC
MPB
MBAM
MAM
NVP
NH4,PAA
PRF
PbZO0;
PVDF
PZT
PbTiO;
Pb
PVA
PVB

PMMA

Barium Carbonate Titanate
Bismuth potassium titanat

Lead carbonate zirconate titanate
Computed tomography
Dipropylenetriamine

Differential scanning calorimetry
EEthylene glycol diglycidyl ether
Equivalent Epoxide Weight

Fast Fourier Transformation
Glycerol polyglycicidyl ether
Hydroxymethylacrylamide

Isoelectric point

Sodium Potassium Titanate based materials

Magnetic resonance imaging
Multilayer ceramic capacitors

Morphotropic phase boundary

Crosslinker, N,N’- methylene bisacrylamide

Methacrylamide

N-vinylpyrrolidone

Solution of an ammonium salt of an acrylic polymer in water

Pulse repetition frequency
Lead Zirconate
Polyvinylidinedifluoride
Lead zirconate titanate
Lead Titanate

Lead

Polyvinyl alcohol
Polyvinyl butyral

Polymethyl methacrylate

XIX



PDMS
PEGDGE
RoHS
RDGE
SPGE
SSA
PHR
VPP

Tc

TrFE
TEMED

TGA

Poly(dimethysiloxane)

Poly ethylene glycol diglycidyl ether
Restriction of Hazardous Substances Directive
Rresorcinoldiglycidyl ether

Sorbitol polyglycidyl ether

Specific surface area

Parts Per Hundred Resin

Viscous polymer processing

Curie temperature

Trifluoroethylene
Tetramethylethylenediamine

Thermogravimetric analysis

XX



Chapter 1 Introduction

Ultrasound scanning is one of the most popular medical imaging techniques. It offers
several advantages over other imaging techniques because it is not based on ionising
radiation and is therefore considered extremely safe, has good resolution, and is very
economical and convenient for the user. The quality of the ultrasound imaging
system depends on the characteristics of transducer used to send and receive the
ultrasound pulses. Conventional medical ultrasound imaging uses frequencies
between 1-15 MHz, and usually <10 MHz [1, 2]. High frequency ultrasound
transducers (>30 MHz) provide micro-scale resolution useful for a wide range of
diagnostic medical imaging situations, especially for surface specific structures such
as ophthalmology, dermatology and intravascular applications [3]. The active
component of a transducer is based on a piezoelectric material, usually ceramic, and
1-3 piezocomposites, which comprise piezoelectric ceramic pillars in a polymer
matrix, offer advantages such as excellent electromechanical coupling and reduced
acoustic impedance mismatch compared to monolithic piezoelectric ceramics.
However, the better resolution which comes with the high operating frequency
requires an ultrafine spatial scale in the structure of the piezocomposite, with high
aspect ratio pillars and narrow gaps or kerfs. In addition, in order to avoid
interference from unwanted or spurious resonant modes caused by the regular
periodicity of the ceramic pillars, 1-3 composites are being developed in which the
pillar cross-sectional shapes, sizes and positions are randomised, which are not

possible to be manufactured using standard processing techniques [4, 5].



Typically, lead zirconate titanate (PZT) is the commonly used material of choice for
the active component of the transducers. However, this material has a high content of
lead. According to the growing concern over environmental and public health, the
European Union has issued important legislation restricting the use of hazard
substances in electrical and electronic equipment devices known as RoHS [6].

Hence, lead free materials are being developed as potential replacements for PZT.

This project is focused on the fabrication of lead free piezoelectric materials in the
form of 1-3 composites for use as the active material for high frequency ultrasound
transducers. A gel casting and micromoulding system has been developed which
enables the net shape fabrication of composites with a randomised structure. The
construction and characterisation of lead free composites and transducers have been
studied, together with lead based comparisons. In outline, Chapter 2 and 3 describe
the theory and basic knowledge of medical ultrasound imaging and the requirement
for the ultrasound transducer. Also discussed are the factors affecting performance of
the transducers, basic ultrasound transducer construction and how transducers
operate in each component. Additionally the principles of piezoelectricity,
piezoelectric materials for high frequency ultrasound transducers and methods for the
manufacture of 1-3 piezocomposite are described. The aims of the project are
explained in Chapter 4. Chapter 5 is describes the experimental procedures. The
optimisations and characterisations of lead free and lead based materials are
presented in Chapters 6 and 7, followed by the fabrication and characterisation of
lead based and lead free 1-3 composites in Chapter 8. The transducer fabrication and
characterisation are described explained in Chapter 9 and the final chapter, Chapter

10 contains the conclusions of this project and suggestions for future work.
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Chapter 2 Ultrasound imaging for medical
applications

2.1 Medical imaging history

Medical imaging is a technique to identify any structural abnormalities or functions
of some organs or tissues in the body by using visual images to represent internal
body parts. This enables clinical quantification and assessment for medical treatment
of organs or structures which are hidden by bones or skin. There are several methods
for medical imaging. For example X-ray is the most common for medical imaging.
However, X-rays can cause damage to the body and can be a cancer risk factor as it
is an ionising radiation. Computed tomography (CT) and mammography provides
better definition and more precise medical images of internal parts such as muscles,
blood vessels and soft tissue compared to X-ray and also the image processing is
faster than X-ray. However, CT also uses very high amount of radiation [1-3].
Magnetic resonance imaging (MRI) produces very good contrast between soft tissues
and organs without using ionising radiation. It is adopted because it is safer.
However, some patients suffer claustrophobia from entering the large magnet,
patients with pacemakers cannot undergo this method for diagnosis and MRI images
are not produced in real time [4, 5]. Ultrasound provides a noninvasive visualisation
method albeit with reduced image quality. This method is a lot safer as it can be used
without using ionising radiation and it is also very economical and particularly

convenient for the user compared with other techniques [6, 7].



The use of ultrasound for medical diagnosis was first developed by using a beam
transmitted into a skull for visualizing brain structure and checking for brain tumors.
It was invented by Karl Theo (Theodore) Dussik, an Austrian neurologist and
psychiatrist [8-11]. Ultrasound imaging has been used for medical applications for
over fifty years and accounts for over 20% of medical imaging scans in hospitals

worldwide [6], [12-14].

(a) (b)

(c)

Figure 2.1 Shows examples of ultrasound images for human medical applications [15] (a) Cysts

in liver, (b) Carotid artery blood flow, (c) 3D of heart image, (d) Baby development.



2.2 Understanding Medical Ultrasound Imaging

2.2.1 Ultrasound waves

Sound is one of the most common waves that results from the transmission of
vibration through a medium such as air or water. Oscillation of atoms or molecules
around their median position is then transmitted to adjacent molecules resulting in
propagation of a mechanical wave. The mechanical wave and vibration can occur
over a wide frequency range representing the acoustic spectrum. Figure 2.2 presents
a graphical interpretation of the acoustic spectrum [16]. Sound occupies the
frequency range between 10 Hz to 20 kHz. Ultrasound is a longitudinal mechanical
sound wave with a frequency above that of human hearing (above 20 kHz). It can be
used in many applications such as non-destructive testing, sonar systems for
underwater range finding and locating objects. For medical imaging applications,
ultrasound normally operates at frequencies between 1-30 MHz [17-19]. Ultrasound
waves can be described as a sinusoidal wave of wavelength (A), frequency (f) and
velocity of propagation (v), which is constant in a specific medium at the constant
temperature, and also depends on the stiffness and density of the propagation
medium [20]. The relationship between these parameters is shown in Equation 2.1.
Thus increasing the frequency results in a decreasing wavelength at the constant
velocity in specific medium. Normally, the speed of sound in solids is higher than in

liquids, which in turn are higher than in gases [21-23].

Equation 2.1

<



The motion of sound waves in solids can be classified into two types; compression
waves (also called longitudinal waves) and sheer waves (also known as transverse

waves) as illustrated in Fig 2.3.
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Figure 2.2 The acoustic spectrum [16].

Longitudinal wave

Figure 2.3 Longitudinal and transverse waves through a solid medium [24].



Longitudinal waves are the propagation of waves in which the displacement of
particles is along the direction of travel of the wave. Mechanical longitudinal waves
are known as compression waves, and during the wave propagate through the
medium compression and rarefaction waves are produced. For transverse waves, the
displacement of particles is perpendicular to the direction of the wave propagation.
The speed of sound in a particular material is related to the compressibility (C) and

density () of the medium and is expressed by Equation 2.2.

V=4 C/ Equation 2.2

Longitudinal wave propagation occurs in liquids, solids and gases while shear waves
do not travel in liquids, only in solids. Solids provide the fastest velocity of sound
wave due to their elastic compression. Shear waves only exist in solids because they
require a rigid medium in which to propagate. In soft tissues, ultrasound travels in
longitudinal waves while the shear waves are highly attenuated and also can only

propagate at low speed as the properties are similar to liquid [25].

Longitudinal and transverse waves are the most common used in ultrasound analysis.
However, at the surface and interfaces, there are other types of waves that can occur
due to the elaborate vibration of the particles, e.g. surface and plate waves that also
useful in ultrasound analysis. Surface or Rayleigh waves penetrate materials to a
depth of only one wavelength and create an ellipsoidal movement on the surface.
Rayleigh waves are sensitive to surface defects and features so are valuable for
ultrasound inspection [26]. Lamb waves are similar to surface waves but can
penetrate to a depth of a few wavelengths. In medical visualisation, Lamb waves

generate the spurious modes that degrade image quality.
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Figure 2.4 Rayleigh waves through solid [27].

2.2.2 Principles of Ultrasound operation

Medical ultrasound imaging is operated based on the pulse and echo principle as
shown in Figure 2.5. Ultrasound devices can form medical images by transmitting
beams of focused sound waves into the body and then the reflected beams are
detected and processed to create the image. The device that is used to generate the
focused beams of sound waves is called a piezoelectric transducer which converts
between mechanical and electrical energy based on piezoelectric theory. A voltage is
transmitted to the piezoelectric transducer and then the sound waves are generated in
a pulse which is emitted from a face of the transducer directed into the body.
Normally, each pulse has a two or three sound cycles of the same frequency (Figure.
2.6). Pulse repetition frequency (PRF) is the number of pulses per unit of time. The
ultrasound pulses (length and PRF) must be timed to allow sound waves reach the
target of interest or the interface of body tissue where there is an acoustic
discontinuity, which then causes the reflection of the beam (which is called echo) to
return to the transducer before the next pulse is generated. By timing the period
elapsed between the transmitted pulse and the receiving of the echo, the geometry of
the internal organ can be determined. There are several modes that can be used for
the ultrasound probe to produce images. The easiest scanning mode is called A mode

or amplitude modulation.



A mode: is a one dimensional measurement in which pulses are transmitted into
targets and then amplitudes of echoes are created on the Y axis as a function of time
plotted on X axis. Thus the X-axis represents depth, and Y axis represents the
amplitude of the reflection which depends on the difference in acoustic impedance of
the tissues. A mode is most commonly used in non-destructive testing, but for
medical imaging this mode is used only for ophthalmological studies such as eye ball

diameter.

M mode: or motion mode scan is a useful mode to detect the motion of objects such
as vessel walls, and for cardiac and fetal cardiac imaging. M mode takes a single

ultrasound beam to produce a one directional image of tissue motion over the time.

B mode: the brightness mode is the most commonly used mode in diagnostic
ultrasound. This mode is based on a two dimensional measurement in which the
amplitude of each returning echo is not presented on a graph as an individual point as
in an A mode scan, but the amplitudes are generated by the brightness which has a
different shade of grey depending on their intensity for reflection from different
tissues, white and dark areas representing strong and weak echoes, respectively. This
means B mode display composed of bright dots and the brightness of dots is
determined by the amplitude of each returning ultrasound echoes signal [28], [29],

[30]. These principles are illustrated in Fig 2.7.
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Figure 2.5 Illustration of ultrasound imaging showing (a) position of transducer [15], (b)

Ultrasound baby scans [31].
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Figure 2.6 Schematic representation of Pulse repetition frequency per unit time [29].
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Figure 2.7 Schematic diagrams showing the basic of ultrasound (a) Ultrasound pulse is
generated and propagated into organs by applying voltage into piezoelectric transducer, which
echo is reflected back at the interface of body tissue and converted to electrical signal by
transducer. (b) A-scan mode presents the amplitude of echo are created as a function of time. (c)
B-scan mode shows the grey scale of reflected echoes which determined by the amplitude of each
returning ultrasound echoes signal. A different shade of grey depending on their intensity for
reflection from different tissues, white and dark areas representing strong and weak echoes,

respectively (d) M-mode shows the motion mode of object [32, 33].
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2.2.3 Interaction of ultrasound wave with mediums

When an ultrasound beam travels through human tissue and encounters some form of
discontinuity, there are several interactions that happen between the wave and tissue.
Part of the wave could continue being transmitted deeper into the structure and
become attenuated as the depth of travelling increases. Another part of the wave will
be reflected back to the transducer (which is known as the echo signal), and involves
refraction, scattering and attenuation, and this is used to generate the ultrasound
image. The size of the echo signal is determined by the acoustic impedance (Z,) of
the mediums encountered, and represents the resistance of the medium to the
ultrasound beam, defined as the density ( ) of medium times the velocity of

ultrasound beam (v) travelling in the medium as presented in Equation 2.3.
Zy= .V Equation 2.3

The unit of acoustic impedance is the Rayls (1 Rayl = 1 kg/m’s). The intensity of the
echo is proportional to the acoustic mismatch between two mediums as illustrated in
Figure 2.8. For example, if two structures have identical acoustic impedance, most of
ultrasound wave will be transmitted to the next interface. If two mediums have a
small acoustic mismatch, weak reflected echoes will be generated but most of waves
will pass through the next medium. If the difference in acoustic impedance between
two structures is large, most of the signal will be reflected and a large echo will be

produced [28], [34].
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Figure 2.8 Schematic illustration of an ultrasound beam encountering a boundary between two

mediums of different acoustic impedance.

Table 2.1 presents acoustic properties of tissues and other materials. The higher the
density of medium, the greater the acoustic impedance. Air has an extremely low
acoustic impedance so a high intensity echo will be reflected. Ultrasound medical
imaging, therefore, some conducting gel is usually applied between the ultrasound
transducer and medium as an acoustic coupling medium to reduce the air pocket.
Some organs such as lung is an air-containing organs which have the lowest acoustic
impedance while dense organs such as bones have a higher acoustic impedance value
[29], [35]. Most tissues have similar acoustic impedance values. For this reason, the
interface between soft tissues and bone creates strong echoes because of the greater
difference in their acoustic impedance, and a good diagnostic image can be created.
Conversely at the interface between two tissues that have the same acoustic
impedance, the ultrasound wave will have no echo. Table 2.2 shows the percentage
reflection of ultrasound waves at the boundaries of various materials. At the
boundary of soft tissue, the amplitude of an echo is small compared to the incident
beam, while if the ultrasound wave strikes some areas such as in bone or air, large
echoes are produced and only a small wave being transmitted, resulting in poor
visualisation of any further interfaces. The operator can avoid this problem by

adjusting the angle of incident to prevent this problem.

14



Table 2.1 Acoustic properties of various medium [28].

Materials Speed of sound (m/s) Acous(t;/cﬂn{rg)ll)l(;dance
Air 331 0.0004
Soft tissue (mean) 1540 1.63
Blood 1575 1.62
Bone 3183 4.8
Brain 1565 1.54
Fat 1450 1.38
Liver 1604 1.63
Lung 650 0.26
Water 1498 1.50
PZT 4000 30

Table 2.2 Percentage reflection of ultrasound wave at boundary [28].

Boundary % Reflection
Fat/Muscle 1.08
Fat/Kidney 0.6
Soft Tissue/Water 0.2
Bone/Fat 49
Soft tissue/Air 99

2.2.4 Matching ultrasound frequency to clinical applications

Medical ultrasound imaging is operated over a wide range frequency, so choosing the
right frequency is very important for each particular medical application due to the
properties of different tissues, penetration depth of the ultrasound and resolution
required. The standard value of the speed of sound in biological tissues can be
assumed to be 1540 m/s [19], and so, using Equation 2.1, it can be shown that the
wavelength range for frequencies 5-7.5 MHz are 0.380 to 0.205 mm, while the
wavelength for a frequency of 30 MHz is 0.05 mm. Therefore, high ultrasound
frequency has a short wavelength. Figure 2.9 and 2.10 shows the variation of
penetration depth and resolution for ultrasound of different frequencies and the

attenuation coefficient of a various tissues as a function of frequency, respectively. It
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can be seen that the penetration, which relates to the inverse of attenuation, and
resolution depend on frequency and wavelength. The attenuation increases while the
penetration depth in tissue decreases with increasing operation frequency and shorter
wavelengths [6] [36, 37]. Improved resolution can be provided by using shorter
wavelengths and high frequencies. Thus, compared to low frequency, high frequency
and the shorter wavelength ultrasound provides better resolution albeit with high
attenuation [38]. Table 2.3 shows the resolution and penetration depth for various
clinical uses, at low frequency range 2-5 MHz are used for characterize heart
function (cardiology) and fetus development while 5-7.5 MHz are used to assesses
the arteries or veins and also blood vascular system. A better resolution of image can
be obtained by using high frequency. However, it comes with high attenuated. Thus,
high frequency is more useful for near surface structures (e.g. ophthalmology,

dermatology, intravascular).
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Figure 2.9 Penetration and resolution of different ultrasound frequency [29].
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Figure 2.10 Attenuation coefficients of a various tissues in the frequency range from 10 to 100

MHz [6].

Table 2.3 Comparison of resolution, depth for various clinical use at different ultrasound
frequency [15], [10], [39-42].

Characterize heart

onation Cardiology 2-5 2-3 2-16
Imaging fetus Obstetrics/Gynaecology 35-5 2-3 2-20
Characterlge heart Intracardiac 5_75 0.3 <1
function
Assess breast Vascular 5-75 0.5 1-5
tumors, tyroid
Assess severity of Intravascular 10 -30 03 1-5

plaques

2.3 Basics of ultrasound transducers

The transducer is the key component of the imaging system for diagnostic ultrasound

applications. Ultrasonic transducers utilise the piezoelectric effect to enable electrical

signals to be converted into acoustic waves, and vice versa. The mechanical
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vibrations are produced across the electrode surfaces of the ultrasound transducer by
applying an electrical pulse and returned echo causes generation of an electrical
signal which is then used to produce the diagnostic image. Depending on the
application, there are many different types of ultrasound transducers but they
normally divided into two types. The simplest ultrasound transducer is called a single
element transducer whereas the current generation of transducers is based on more
complex phased array systems. The single element involves only one single
piezoelectric material, and utilizes mechanical steering in order to form a B scan
image. This type of transducer has a single focus and can be classified as a flat or
focused transducer. Focus transducers were developed to improve the lateral
resolution and provide a better performance and higher resolution compared with flat
transducers of the same frequency. Phased array transducers are created from
multiple elements, generally arranged in a line which is called a linear array. Each
element can be addressed with an individual electrical signal, thus enabling electrical

steering and focusing of the beam [43-45].

2.3.1 Components and construction of a typical transducer

The main components of single element and array ultrasound transducers are the

same. A typical single element transducer is shown in Figure 2.11 and consists of

e Transducer housing

e FElectrical connections
e Active element

e Backing material

e Matching material
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Figure 2.11 The basic components of a single element transducer (adapted from [46]).

Transducer housing: As shown in Figure 2.11, the whole components of the
ultrasound transducer including active material, electrodes, matching layer, backing
layer components are contained in the transducer housing which supplies the
structure support, provides acoustic insulation and may form part of the Ground

connection [38].

Electrical connections: Thin films of electrically conducting materials such as gold
or silver are deposited on the upper and lower main surfaces of the active element,

and wires connect to a coaxial lead or connector [38].

Active element: The most important part of transducer is the active element which
made from piezoelectric materials. The thickness of the active element is related to
the operating frequency of transducer. The active element works most effectively
when it is operated at its resonant frequency which occurs when the thickness of
active element is equal to one half of the wavelength. Therefore, a thinner active

element results in higher frequency as shown in Equation 2.4 (t is thickness, V is the

velocity of ultrasound beam travelling in the medium and f is frequency) [47], [38].
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t=— Equation 2.4

Backing material: Material behind the rear face of the active element is made of an
ultrasound absorbing material such as tungsten powder in epoxy resin. When the
active element is subjected to a short electrical pulse, the main vibrations are created
from both sides of active element, as presented in Figure 2.12. The large acoustic
mismatch between the active element and tissue causes the oscillation back and forth
between both active element sides. Therefore, the purpose of using the backing
material or damping material is to prevent the reverberation in the active element,
reduce the ringing from the active element, and shortening the length of pulse
(spatial pulse length), producing a wide bandwidth, as presented in Figure 2.13. This
results in a better axial resolution for diagnostic imaging; it is used as a support for
the active material. Acoustic impedance between the active element and backing
material is one of the most important factors for choosing the backing material. The
most effective damping of ultrasound energy would be produced by choosing the
identical acoustic impedance between active element and backing material, resulting
in short pulse length and improved axial resolution. If using an active element with
higher acoustic impedance than the backing materials, less ultrasound energy can be
absorbed which causes internal reverberation, the ringing in the transducer increases
because longer transmitted and received pulses are generated; however, the
transducer has better sensitivity. For the selection of backing materials, a good trade-
off between transducer sensitivity and attenuation has to be taken into account that is

determined by the application requirement [19], [38], [46].
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Matching material: The large difference in acoustic impedance between the active
element and the medium causes a large reflection in the beam. Therefore, only
around 20% of the acoustic energy would be transmitted into the tissues and most of
it would be reflected. To decrease the acoustic mismatch a layer of matching material
is placed on the front of transducer to improve the transducer performance
significantly. The matching materials should have an acoustic impedance value in
between that of the active material and tissues can be calculated from Equation 2.5
[44]. The energy transmitted from the active element to the medium could be
maximised by using a matching layer with thickness around a quarter wavelength
(A/4) at the operating frequency. This thickness provides the best performance at a
single frequency, however, pulses do contain a range of frequencies. Therefore, a
tapered matching layer may be used to further improve the frequency distribution,

resulting in border bandwidth and better axial resolution [19], [43].

— 1/2 :
Zmatching materials — (Zactive elementhedium) / Equatlon 2.5

Focused transducers provide a better performance than unfocused transducers.
Focusing of ultrasound beam can be achieved by using a lens or a curved active
element as show in Figure 2.14. In this thesis, the focusing was achieved by
geometrically curving the actual active element in a former with a specific radius of

curvature.
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An alternating voltage applied across the active
element causes it to vibrate

Figure 2.12 Schematic of vibrations in active element from applying electricity [38].
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Figure 2.13 Schematic of the elimination of vibration from the face of transducer by backing

material (a) and (b) the relationship between spatial pulse length and bandwidth [38].
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Figure 2.14 Transducer focusing by (a) curving the active materials (b) utilising a lens.

2.3.2 Characteristics of ultrasound transducers

2.3.2.1 Ultrasound beam shape

The ultrasound energy travels outwards from the transducer surface in the form of a
beam. The beam has a symmetric shape in three-dimensions and its axial intensity
decreases slowly as the distance from the surface of the transducer increases, while
lateral intensity is diminished rapidly with distance along the central axis. Figure
2.15 presents the beam shape from a focused transducer. The beam can be separated
into 3 zones: near field or fresnel zone, focal zone, and far field or fraunhofer zone.
In the near far zone, the waves travel from the front of transducer and converge
towards the focal zone where the greatest degree of focus is achieved. However, the
ultrasound waves diverge in the fraunhofer zone and the beam spreads out as the
distance from the transducer increases [47]. For an unfocused transducer, the beam

zone can be divided into near field and far field or divergence zones.
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Figure 2.15 Schematic of focus of beam from a single element transducer [48].

2.3.2.2 Ultrasound transducer imaging resolution

The quality of diagnostic images primarily depends on the resolution of the system
and the transducer. Resolution refers to the ability of the ultrasound system to

differentiate between objects or structures.

Spatial resolution: spatial resolution is the ability to distinguish structures located
close together. The ultimate factor affecting the ultrasound imaging spatial resolution
is wavelength as discussed previously, with resolution improving with decreasing
wavelength. Spatial resolution is categorised into axial resolution and lateral

resolution [38] and can be calculated using the following Equation:

number of wavelength x speed of soumd

f

Spatial pulse length = Equation 2.6

Axial resolution: Axial resolution, also known as longitudinal resolution or depth
resolution, refers to the minimum distance that could be distinguished between two
structures situated along the ultrasound beam (Figure 2.16) and its performance

depends on the spatial pulse length, which is the length of each pulse transmitted
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from transducer, 2-3 wavelengths long [38]. Spatial pulse length limits the axial
resolution, the best axial resolution can be obtained when the axial pulse is one half
of the spatial pulse length [47]. Short spatial pulse length could be achieved by using
a properly designed backing layer or increasing operating frequency. The operating
frequency determines the wavelength of the ultrasound pulse; high frequency
transducers have a thin active element which produces the pulse of short wavelength;
therefore, using high frequency transducers provide shorter spatial and better axial

resolution The axial resolution can be calculated using the Equation 2.7 [49].

Spatial pulse length

Axial resolution = > Equation 2.7
o . .
ps Poor axial resolution
Structure to
be imaged
¢ - Good axial resolution
o L

Figure 2.16 Schematic of good and poor axial resolution.

Lateral resolution: Lateral resolution is the ability to resolve between two reflectors
located in a direction perpendicular to the ultrasound beam axis, as shown in figure
2.17 [49]. Lateral resolution in ultrasound imaging is not as good as axial resolution
since there are more factors that affect resolution such as beam width and frequency.
Spatial pulse length limits the axial resolution, whereas lateral resolution is restricted

by beam width, which is roughly equal to the transducer diameter. The best lateral

25



resolution could be achieved in the focal zone of the beam where the beam width is a

minimum, as determined by Equation 2.8 [46], [49].

focal length xwavelength

width of focal length = Equation 2.8

aperture

Figure 2.18 shows how the width of the ultrasound beam resolves two structures into
different images. The two reflectors would not be resolved into two images if the
distance between them is less than the width of the ultrasound beam [44], [49]. The
major influence is frequency because it has an effect on the beam shape, Comparison
between high frequency and low frequency transducers with the same diameter,
shows that the high frequency ultrasound transducer provides a shorter wavelength

and broader bandwidth, resulting in better lateral resolution [50].

[ I ) Poor lateral resolution
Structure to
be imaged

PRy ‘ ‘ Good lateral resolution

Figure 2.17 Schematic of good and poor lateral resolution
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Figure 2.18 How the beam width separate two structures into two images [38].
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Figure 2.19 Schematic diagram of beam width and beam shape from low frequency and high

frequency transducer.

2.4 Summary

This chapter includes the theory and basic knowledge of medical ultrasound imaging
and explains the differences between each technique and mentions the benefits of
using ultrasound imaging. The history and basics physics of ultrasound are provided.
The interaction of ultrasound wave with mediums and the matching ultrasound
frequency to clinical applications are discussed. The requirement for ultrasound
transducer for medical imaging application is discussed. The ultrasound transducers
with high frequency, short pulse length, and broad bandwidth provide a better
performance and high resolution of transducer. The other factors affecting
performance of transducers are also described. This chapter also presents basic

ultrasound transducer construction and how transducers operate in each component.
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Chapter 3 Piezoelectric materials, 1-3 randomised
piezocomposites design and manufacture for high
frequency ultrasound transducer applications

Ultrasound transducers are employed for diagnostic application by using the
piezoelectric effect. Piezoelectric materials are utilized as the active material that can
determine the characteristics of the transducer. Lead zirconate titanate (PZT) based
materials have dominated the piezoelectric material market, including
piezocomposites for medical ultrasound applications. However, one of the critical
drawbacks of PZT is the high percentage of hazardous lead which it contains, and
which could be released during processing. Therefore, lead free materials are being
developed as replacements for PZT. This chapter introduces and reviews basic
knowledge of the piezoelectric phenomenon, piezoelectric materials, including lead
based and lead free materials and 1-3 piezocomposite fabrication with emphasis on

gel casing for high frequency transducer application.
3.1 Principle of piezoelectricity

The piezoelectric phenomenon was first discovered in 1880 by Pierre and Jacques
Curie who found out effects of pressure on the electrical charge of the surface of
asymmetric crystals such Quartz, Tourmaline, Topaz and Rockshell. This
phenomenon was subsequently named as piezoelectricity by W.G. Hankel in 1881
[1], [2]. Although the Curie brothers were credited to discover the direct
piezoelectric effect, it was Lippmann who discovered the converse effect by using

mathematical predictions from thermodynamic principles. The first piezoelectric
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application, which was an ultrasonic transducer for sonar application, was developed
by Paul Langevin and his colleagues during World War I [3]. The success of this
first application brought up the opportunities for piezoelectric materials during and
after World War II. Countries such as the United States, Japan and the Soviet Union
were interested in the research and development of piezoelectric materials, leading to
the discovery of piezoelectricity in polycrystalline ceramics, initially in Barium
Titanate (BaTiOs) and subsequently in PZT. This was considered a breakthrough, as
all previous piezoelectric materials had been single crystals. Therefore, the use of
piezoelectric materials became widespread for many industrial applications such as

microphones and accelerometers [4-6].

3.1.1 Piezoelectricity

Piezoelectricity is a phenomenon that can be described by the interaction between the
electrical and mechanical properties of some materials. The direct piezoelectric effect
is defined as the polarization generated by the application of a mechanical stress, and
is exploited in generator or sensor applications. Vice versa, when a piezoelectric
material is subjected to an applied electrical field strain is induced. This phenomenon
is known as the converse or indirect effect which is used in motor applications [7-9].

As shown in Table 3.1, the crystallographic symmetry of materials can be classified
into 32 crystal classes or point groups of which 21 are non centrosymmetric and
provide the potential for a net dipole moment since the positive and negative charge
centres do not coincide. Only 20 of these crystal classes exhibit the piezoelectric
effect [10], and 10 of these possess a permanent net dipole moment in the absence of

an electrical field and in which the spontaneous polarization can be induced by
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changing temperature. For example, the polarization in the crystal will be increased
with increasing the temperature, and the critical temperature at which the
polarization reduces to zero is called the Curie temperature (T¢). All pyroelectric
materials display the piezoelectric effect, but not all piezoelectric materials are
pyroelectric. A special sub group of pyroelectric materials in which the direction of
the polarization can be changed by the application of an external electric field, are
called “Ferroelectric” [11], [12]. For ultrasound transducer applications, ferroelectric

materials, which are both piezoelectric and pyroelectric, are the most commonly

used.
Table 3.1 Piezoelectric, Pyroelectric and Ferroelectric crystal classes.
32 crystal classes
of which 21 Lack of Centre of symmetry 11 are Centrosymmetric
of which 20 Exhibit piezoelectricity 1 Class Non-piezoelectric
of which ?0 Exhibit pyroelectricity 10 do not (Non-polar classes)
of which some are ferroelectric some are non ferroelectric

Barium Titanate (BaTiO;), Lead Zirconate Titanate (PbTxZ;40O3), Lead Titanate
(PbTiO3) and Lead Zirconate (PbZOs3) are the most commonly used commercial
piezoelectric materials. The structures of these piezoceramics are based on the
perovskite structure with the chemical formula ABO;. The simplest atomic
arrangement consists of oxygen anions (O%), located at the centre of the 6 faces,
large divalent metal cations (A®") such as barium or lead, occupying the cube
corners, and small tetravalent metal ions (B*") such as zirconium or titanium,
occupying the body centre position [3], [13], [14]. Above the Curie temperature,

each perovskite crystal in, for example, PZT has a cubic symmetry which cannot
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exhibit piezoelectricity due to the centres of the negative and positive charges in the
unit cell being balanced, resulting in a zero net dipole in the crystal [15], as presented
in Figure 3.1. However, when the temperature is decreased below the Curie
temperature, due to the distortion of the oxygen and metal ions in the crystal, the
cubic system is destroyed to non-cubic symmetry such as tetragonal or rhombohedral
symmetry. The off-centre ions generate an imbalance of centre of positive and

negative charges in the unit cell, resulting in a net dipole moment (Fig 3.1).

@ Pb ® O Ti, Zr 4+

Figure 3.1 Crystallographic structures of lead zirconate titanate perovskite crystal (a)
tetragonal, (b) cubic and (c¢) rhombohedral, the direction of polarization are indicated by the

arrows.

3.1.2 Poling of piezoelectric ceramics

Piezoelectric ceramics are normally created by solid-state reaction methods involving
calcination and sintering of precursor oxide and carbonate powders. After cooling to
below the Curie temperature, each grain in a polycrystalline material will become
spontaneously polarized, but as the orientation of the grains, and hence the
polarisations, will be random, no net polarization will be observed. In order to

observe the piezoelectric properties, an external electric field needs to be applied to
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the material at a temperature below the Curie temperature (T¢) in a process known as
poling. Each domain can be switched and aligned parallel to the external electric
field. Some domains change back after the external electric field is removed or are
difficult to reorient. However, the ferroelectric now exhibits piezoelectricity as most
of dipoles remain aligned [16], [17], [6]. Permanent polarization will be partially or
totally lost by applying an external electric field with opposite polarity to the
piezoelectric ceramic, by applying a strong mechanical stress to disturb the domain

orientation, or heating above the Curie temperature [18].

3.1.3 Piezoelectric constitutive equations

When poled piezoelectric ceramics are subjected to low mechanical stresses or
electrical fields, the atomic alignments in the unit cell are changed. This is known as
the intrinsic effect and is often linear. In this research, it is assumed that piezoelectric
transducers are being utilised at low electrical fields and low external stresses,

therefore, this thesis is mainly concerned with linear behaviour [4], [13], [19], [20].

The convention for the definition of directions relative to the poling direction in a
piezoceramic is depicted in Figure 3.2. The 3 axis (z) is defined as the direction of
initial polarization (i.e. the poling direction), 1 axis (x) and 2 axis (y) are all
orthogonal to the 3 axis, subscripts 4, 5 and 6 indicate the shear direction along 1, 2
and 3 axis, respectively. The defined directions with two subscript numbers are given
with a specific piezoelectric parameter to explain their behaviour. The first and
second numbers represent the input and response directions, respectively. For

example, ds; relates to charge displacement developed in the 1 direction relative to
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the stress applied along the 3 direction, while the electric field applied along the 3

direction inducing a strain along the 1 direction for the transverse effect.

Poling axis
3 axis (z) c p

2 axis (y)

4

1 axis (x)

Figure 3.2 Designation of the coordinate axis for a piezoelectric plate pole along its thickness.

The constitutive equations explaining the piezoelectricity are based on the
relationship between the elastic and electrical properties. The coupled relationship
can be assumed that the total mechanical strains in piezoelectric material are induced
by mechanical stress caused by the applied electric field [21]. When an unstressed
medium has been influenced by an electric field, the electrical behaviour can be

described by dielectric displacement (D) and electric field (E) as:

D = ¢E Equation 3.1

where eis the permittivity of material. The mechanical behaviour of the same
medium placed at zero electric field, can be described by the applied stress (7) and a
strain (S). The strain in piezoelectric materials can be induced by applied stress as in

equation 3.2.
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S = sT Equation 3.2
where s is the compliance of material

The electromechanical equations of piezoelectric material, which is a strain-charge

form, can be expressed as a by linear relationship form as
D =dyT + ¢ ,E Equation 3.3
S =siT+d;E Equation 3.4
where:
D is the vector of electric displacement (C/m?)
d and d are the matrix of piezoelectric charge constants (m/V)
T is the stress vector (N/m?)
¢ 1s the matrix of dielectric constant (F/m)
E is the vector of electric field (V/m)
S is the strain vector (m/m)
s is the matrix of compliance coefficients (m’/N)

Dielectric constant (el-Tj) and elastic constant (sfjkl) are measured under conditions of

constant stress and electric field, respectively.
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3.2 Piezoelectric materials for high frequency ultrasound

transducers

The performance of single element high frequency ultrasound transducers is
significantly influenced by the properties of the piezoelectric materials from which
they are made. There are many crucial determinants for piezoelectric materials to be
used as active materials for the transducer; explained as follows; [22-29]. For
medical ultrasound applications, the electromechanical coupling coefficient (k) and

acoustic impedance (Z,) are two of the most crucial factors.
Electromechanical coupling coefficient

This coefficient explains the efficiency of converting acoustic energy to electrical
energy and vice versa; therefore, this coefficient should be as close to 1 as possible.
Typically, for medical applications, the ultrasound wave propagates in longitudinal
vibration mode in which the displacements coincide with the direction of

polarization; therefore, the thickness mode £; is normally used.
Acoustic impedance

The piezoelectric disc or plate should provide good acoustic matching to biological
tissues (approximately 1.5 MRayl). A small acoustic mismatch leads to lower losses
at the interfaces and results in a strong transmitted intensity of the ultrasound beam.

Consequently, the signal has a good clarity.

There are a few other factors which also play a vital role in choosing the active

piezoelectric materials.
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Electrical impedance and system electronics

The single element transducer typically needs a large active area in order to moderate
the high dielectric constant of the piezoelectric material in order to achieve

compatibility between electrical impedance match to the electronics.

Electrical and mechanical loss

Minimal dissipation factor of both the electrical and mechanical signals are required

in order to reduce the heat generated during operation and improving sensitivity.

Machinable and mechanically flexible

The active material should have enough strength in case for shaping to achieve the

focused transducer without lenses and can be machinable.

3.2.1 Lead based piezoelectric ceramics

The natural occurring piezoelectric crystals are not normally used as for industrial
applications because their properties are inferior to the polycrystalline piezoelectric
ceramics. Barium Titanate (BaTiO3) is one of most well-known and widely used
polycrystalline ferroelectric materials for many of industrial utilisations, especially
for multilayer ceramic capacitors (MLCC) because its large dielectric constant.
However, BaTiO; has not reached the requirements of some applications such as
transducers, sensors or actuators which demand tailored performance [30], [31].
After lead zirconate titanate (PZT), which has superior piezoelectric properties such
as high electrocoupling coefficient and high dielectric constant, was discovered

during the 1960’s, BaTiO; was not extensively used [32]. PZT is the most popular as
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piezoelectric material used today for ultrasound transducers in medical applications.

Figure 3.3 presents the phase diagram for the PbZr(;_TiO3 system.
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PbZrO; (x) PbTiO3 PbTiO;

Figure 3.3 Phase diagram of PZT [33], [34].

The properties of PZT are dependent on the Zr and Ti content, temperature, and also
concentration of dopant. With increasing Ti content, at x > 0.48, the structure is
changed from rhombohedral to tetragonal. The Morphotropic phase boundary (MPB)
refers to the boundary in a composition diagram that provides a maximum number of
polarization states. In PZT phase diagram, MPB is the line that separates these
tetragonal and rhombohedral phases. On the boundary, both tetragonal and
rhombohedral phases co-exist; therefore the compositions close to the MPB allow
PZT to achieve excellent properties. The two coexisting phases provide more
equivalent directions of polarization for the material (<001> in tetragonal and <111>
in rhombohedral). The properties also vary with temperature, with increasing

temperature, the polarization decreases, and piezoelectricity of the material
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disappears at the Curie point since the polarization is reduced to zero when the cubic
phase is formed. The properties of PZT can also be tailored by donor or acceptor
doping. For example, soft PZT, which is normally used as the transducer material for
medical imaging application, can be created by donor dopants such as Nb>", Sb>",
Ta " ions of the B-site which allow the domain movements as cation vacancies are
formed. Hard PZT can be created from oxygen vacancies formed by acceptor doping
with low charge ions such as Co3+, Fe3+, Cr’* on the B-site, and K" or Rb" on the A
site [4], [7], [35-39]. These are the reasons why PZT based material can be adapted
for many application. Table 3.2 shows the characteristic of hard and soft PZT. Soft
PZT presents high heat loses; however, it is acceptable for small devices. PZT5A and
PZT 5H are two standard types of soft PZT which normally use in industrial
applications. For transducer materials, PZT 5H is the common as it provides higher

electromechanical coupling coefficient and dielectric constant [29], [40-42].

Table 3.2 Characteristic of hard and soft PZT [43].

Characteristic Soft PZT Hard PZT
Piezoelectric Constants larger smaller
Permittivity higher lower
Dielectric Constants larger smaller
Dielectric Losses higher lower
Electromechanical Coupling Factors larger smaller
Polarization / Depolarization easier more difficult

However, there are some critical drawbacks of PZT. Firstly, it has high acoustic

impedance (>30 MRayl) which causes acoustic mismatch between human tissue and
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the active material. Second, the nature of the ceramic if that it is hard and brittle,
which can lead to fracture. These factors limit the ability to do machining of the

shape required for focused transducers.

3.2.2 Lead free piezoelectric ceramics

As discussed above, lead based ferroelectric materials represented by PZT are the
most extensively used in piezoelectric applications and have dominated the
ferroelectric device market due to their excellent properties close to the MPB [44].
Nevertheless, the most critical disadvantage of this material is that it contains lead
(Pb) which is a very toxic substance which causes human health and environmental
problems [45]. With the growing concern over environmental and public health risks,
the Restriction of Hazardous Substances Directive (RoHS) which is a very important
legislation restricting the use of hazard substances in electrical and electronic
equipment (EEE) devices and was issued from the European Union in 2006. In this
legislation, the maximum allowable amount of lead is 0.1%; however, typically, lead
based piezoelectric materials has high percent lead content (~60%) [46]. As a result,
research has turned towards the search for alternative lead free materials to replace
the lead based materials. A number of well-known lead free perovskite materials
such as Barium Titanate (BaTiO3), Bismuth Sodium Titanate based materials (BNT),
Sodium Potassium Titanate based materials (KNN) have received considerable
attention [47]. However, compared with PZT materials, these lead free materials still
present low piezoelectric properties (d3; values of 100-200 pC/N) [44], [48]. The
new lead free material Barium Zirconate Titanate (BZT) and Barium Carbonate

Titanate (BCT) or BCZT were discovered by Liu and Ren in 2009, [49] and have
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attracted more attention due to its high piezoelectric coefficient (d3; ~ 350-650

pC/N) at the composition of 0.5BZT-0.5 BCT or 50 BCZT [49-51].

3.2.2.1 BaTiO; Based Materials

One of the first piezoelectric materials with perovskite structure was BaTiOs,
discovered and published in open literature during mid of 1940s [52]. In 1945, Gray
discovered and proved that BaTiOs; can be an invaluable ferroelectric material.
BaTiO; also was the first piezoceramic material for transducer applications.
However, it has low electromechanical coupling factor (~0.35) and low Curie
temperature (T¢ ~120°C), which restricts the operational output and its use as a high
power transducer [53]. However, BaTiO; is a superior piezoelectric material for
using in discrete and multilayer capacitors due to its high dielectric constant [54]. A
large amount of research has been devoted to improve its basic properties and also
increase Curie temperature by using special additives. The binary system of
(1-x)BaTiOs-x(Bio 5K 5)TiOs3 elevates the Curie temperature but results in reduced
piezoelectric properties [55]. Small amounts of Sr and Zr were used as dopants for
substitution on A site and B site, respectively, resulting in a phase change from
tetragonal to orthorhombic [56]. The (BagosSro.0s5)(Zro0sTi095)O3 composition
presented high d3; (~300pC/N) with high relative permittivity (~1346) [57]. The
discovery of the binary system of BCZT led to the development of the compositions

to achieve the high electromechanical coupling factor and high d;;.

3.2.2.2 BNT and BKT Based Materials

Bismuth sodium titanate (BigpsNagsTiOs : BNT) and bismuth potassium titanate

(BipsKo5TiO3 : BKT) were first reported by Smolenskii in the 1960s [58]. They both
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adopt the perovskite structure with the mixture of Bi*" and Na”/K” on the A site, but
BNT exhibits tetragonal symmetry at room temperature whereas BKT is
rhombohedral [59]. These two materials are promising alternative lead free
piezoelectric materials due to their advantages such as high remnant polarization
(~38 pC.cm™), and high Curie temperatures (BNT ~ 325°C, BKT ~380°C) with
depolarization temperature (Tq4) at 187°C and 270°C for BNT and BKT, respectively
[60], [61]. However, there are several drawbacks of these materials, such as, difficult
poling process due to high coercive field and conductivity, low piezoelectric and
dielectric constant, and poor sinterability. BNT and BKT require temperatures above
1200°C to achieve sintered ceramics, but such high sintering temperatures result in
the loss of bismuth which causes high conductivity and low density in the sintered
ceramics, leading to difficulties in poling [62]. The sinterability can be improved by
using hot pressing methods at 1100°C [63]. The use of sintering aids was studied by
Hiruma et al. by using 0.3%wt bismuth excess which can improve piezoelectric
properties in the BKT system [64]. As the properties of pure BNT and BKT
themselves are not good enough, a number of the binary and ternary systems have
been studied to overcome the drawbacks. Barium modified bismuth sodium titanate
(1-x)Bigp sNay sTiO3-xBaTiOs (BNT-BT) can reduce the sintering temperature to
1100-1200°C [62], The dielectric and piezoelectric properties can be enhanced at the

value x = 0.6 where the MPB exists between tetragonal and rhombohedral phase (d3;

~ 125pC/N, £33 = 580, ky; = 0.5); however, T4 dropped to 228°C [65]. In contrast to

€o
BNT-BT, the piezoelectric properties of BKT-BT are not as good as BNT-BT [66].
Binary BipsNa ¢sTi03 and BigsKosTiO; (BNT-BKT) mixtures were first studied by

Elkechai et al [67], later research revealed that, compared with other binary systems,
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BNT-BKT possesses higher ds; relative permittivity, and also high Curie
temperature and depolarization temperature, as expected from BKT. Although
piezoelectric properties can be achieved at the MPB, the lowest T4 are also observed
[62], [68]. The most well known ternary systems are BNT- BT-BKT and BNT-BT-
KNN where compositions near the MPBs were mostly researched. The properties of
BNT- BT-BKT are comparable to those binary systems due to its high T, and
piezoelectric properties, also the lowest T4 can be observed near the MPB, similar to
binary systems. It also was suggested by Choy et al. to be an alternative piezoelectric
materials for replacement of PZT in accelerometer [69] and transducer applications
[70]. The BNT-BT-KNN system can improve domain wall movement and poling
ability due to its MPB exhibiting 3 phases of rhombohedral, tetragonal and
orthorhombic from BNT, BT and BKK, respectively, resulting in a high strain

induced material [62] [71].

3.2.2.3 KNN Based Materials

Another lead free piezoelectric material alternative to PZT is K;,Na,NbO; (KNN).
KNN has a perovskite structure and is a solid solution of ferroelectric (KNbO3) and
antiferroelectric (NaNbOs) [72], which have orthorhombic structures at room
temperature. The highest piezoelectric properties occur at the 50/50 composition near
the MPB where the two orthorhombic phases are separated [47]. The main advantage
of this system is that it has a high Curie temperature (about ~400°C). However, there
are several drawbacks; for example, KNN is difficult to achieve in fully dense form
due to the instability of KNbO; above 1040 °C and NaNbO3 above 1140°C, resulting
in stoichiometry changes due to the volatility of the components at high temperature.

It is difficult to produce dense KNN using ordinary sintering methods: however, fully
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dense of KNN can be achieved by using hot pressing which provides double the d;;
value (~ 160 pC/N) compared with materials produced using a conventional sintering
method. KNN also has a low dielectric constant and planar electromechanical
coupling (k,, ~0.2-0.4) [47], [73-75]. The difficulty of processing KNN makes it a
less attractive lead free alternative to PZT. Nevertheless, by adding dopants such as
LiTaO; (LT) or LiSbOs (LS) the density and piezoelectric properties can be enhanced
due to the decrease of the phase transition temperature from tetragonal to
orthorhombic (T¢,). A planar coupling coefficient of 0.5, d3; of 230 pC/N with high
dielectric constant of 1255 has been reported for (Ko sNags) 0.07L10.03 (NbosTa ¢2)O3
by Saito e/ at [76]. KNN with LS dopant exhibits ds; values of 265 pC/N while the

highest d3; can be obtained from KNN- LT-LS ceramics as presented in Table 3.3.

Table 3.3 Piezoelectric properties of KNN-based Materials [77].

“maeriaty | /%0 | TCO | TaCO) | oy, | o
KNN-BKT 1260 376 75 251

KNN-LT 540-1256 323 70 200-230 0.3-0.5
KNN-LS 1380 368 35 265 50
KNN-LT-LS 665-1865 | 265-290 60 315 48.4

3.2.2.4 BCZT Based Material

As discussed above, a significant amount of research is now focused on alternative
lead free piezoelectric materials with perovskite structure. Although BT, BNT and
BKT, and KNN related materials have received extensive attention due to their good
piezoelectric properties and high Curie temperature, the d3; values are much lower
than PZT. In 2009, Liu and Ren discovered a new binary system by doping Ca and
Zr into BaTiO; based materials, resulting in a solid solution of BCZT lead free

piezoelectric materials with the extremely high piezoelectric constant value about
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~620 pC/N (comparable to lead based materials) at the composition x = 0.5 (where x
is the molar percent of BCT) [49]. The pseudo binary system of BCZT was originally
developed by attempting to improve the piezoelectric properties of barium titanate by
using Ca”" and Zr*" ion as dopants to substitute onto the A site (Ba*") and B site
(Ti*"), respectively [78]. The BCZT samples were prepared by solid state reaction
methods from high purity of BaZrOs;, BaCO3, CaCOs, TiO; [49], or BaCO3;, CaCOs,
TiO, and ZrO, raw materials [79]. Figure 3.4 shows the phase diagram of BCZT. An
MPB separates the rhombohedral and tetragonal phases. The dominant feature of
BCZT the makes it different from other lead free systems is that it has a strongly
curved MPB and there is a cubic-rhombohedral-tetragonal triple point or tricritical
point (TCP) at ~52°C and x ~ 32% [49].
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Figure 3.4 Phase diagram of binary system BCZT [49].
The BCZT binary system could be a good alternative piezoelectric material to lead
based materials - it is an environmentally friendly material, and has a similar phase
diagram to PZT with a triple point of cubic-rhombohedral-tetragonal phases — so
having the potential to exhibit enhanced piezoelectric properties compared to the end

members. However, the MPB in BCZT is tilted and varies with temperature and
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composition indicating poor temperature stability. Revised phase diagrams have been
presented by Keeble et al. in 2013 [80], and Bai et al. in 2015 [79], both showing
that there is an additional orthorhombic phase, A, region between the tetragonal and
rhombohedral phases, similar to BaTiOs, as shown in figure 3.5 (orthorhombic phase

indicated as A phase).
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Figure 3.5 Phase diagram of binary system BCZT with A phase [79].

Recently, many more investigations of BCZT have been reported including effects of
composition and phase diagram, fabrication methods (thick film, sol gel, gel casting),
calcination and sintering temperature, dopants, poling conditions and microstructure
on properties. For example, thick films for micro actuator applications of 0.5BZT-
0.5BCT have been produced by screen printing with d3; = 427 pm/V and remnant
polarization P~ 15.8 pC/cm2 [81]. Thin films of 50BCZT on Pt/TiO,/Si0,/Si
substrates have been fabricated by pulsed laser deposition, with d3; = 80 pm/V and

relative permittivity 1010 being observed [82]. The effects of sintering temperature
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on piezoelectric and dielectric properties have been stud by Mishra et al., reporting
that the density, grain size and d3; increased with increasing sintering temperature. A
ds33 (~281 pC/N) has been reported for samples sintered at 1400°C [83]. Moreover, it
has been reported that with increased calcination temperature, the piezoelectric
constant, planar and thickness coupling coefficients and dielectric constant can be
enhanced. Using a calcination temperature of 1300°C for 0.5BZT-0.5BCT and
sintering at 1540°C properties of ds3; = 650 pC/N, k, = 0.53 , k, = 0.38 and relative
permittivity = 4500 were reported [44]. It has also been reported that ds; values can
be improved with increasing poling temperature, by poling the samples at
temperatures above the Curie temperature (120°C) and then cooling to room
temperature under the applied electric field, the highest d3; value of 510 pC/N was

observed [84].

The effect of additions have also been studied. Y,0O; added to BCZT shows
enhanced sinterability, resulting in a decreased sintering temperature from 1530 to
1350°C, and increased Curie temperature from 85 to 95°C, the highest d;; 560 pC/N
and k, 0.53 were found for x=0.06 [48]. Bai et al. reported an investigation of the
effect of composition (ratio of Ba(Zr,Ti)O; to (Ba,Ca)Ti0Os3), sintering temperature,
cooling rate and particle size on density and piezoelectric properties. The density of
samples prepared from 1 and 3 um powders decreased with increasing sintering
temperature due to the incomplete densification of samples leading to trapped
porosity, while the density of samples prepared from 5 pm powder increased with
increasing sintering temperature. However, the grain size of samples produced from
1, 3 and 5 um powders followed the same trend of sintering temperature. The density

also can be controlled by cooling rate, with slower cooling rates (1°C / min), the

48



relative density tends to increase by 2-3%. The grain sizes can also vary according to
the compositions. Powder particle size was shown to influence d3;, samples produced
from 1 um powder revealed a highest d3; of 300 pC/N while 3 and 5 um powders
produced samples with d3; = 300-500 pC/N, and the highest d3; was obtained from 5
um powders of the 0.5BZT-0.5BCT composition, sintered at 1475°C with slow

cooling rate [79].

The main drawback of the BCZT system is that it has a low Curie temperature as
presented in Table 3.4, which limits its wide use in piezoelectric applications.
However, a needle ultrasound transducer for intravascular imaging using the
0.5BZT- 0.50BCT composition with a thickness of active material ~75 pm has been
fabricated by Yan et al., presenting a transducer with k., = 0.51, centre frequency
was 30 MHz and bandwidth of 53% at -6 dB [85], showing the potential of the

material for medical ultrasound applications.

Table 3.4 Curie temperature of various piezoelectric materials [49, 55, 62, 63, 86, 87]

Piezoelectric
materials Tc O
0.5BZT-0.5BCT | ~90
BT based ~ 120
KNN based ~400
BNT based ~325
BKT based ~380
PZT based ~385

3.2.3 Piezoelectric Polymers

In addition to lead based materials, piezoelectric polymers have also been found to
be useful for making ultrasound transducers. A 5 MHz single element transducer for

medical diagnosis using Polyvinylidine difluoride (PVDF) as the transducer material
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was reported in 1979 [88], then PVDF became a commonly used material [89], [90].
During melting, the non-polar a phase is formed, and this phase can be changed to
the polar B phase by a drawing process which causes the reorientation of the dipole
moments. After processing, the thin piezoelectric polymer sheet with thickness
5-25 um can be used as a piezoelectric polymer for transducer fabrication [36]. There
are several advantages of PVDF such as low cost, high flexibility, and low acoustic
impedance (4 MRayl), leading to simplification of acoustic matching with biological
tissues. Though transducers produced by PVDF are wideband, PVDF is not a good
transmitting material since it has a piezoelectric activity, low electromechanical
coupling coefficient, low dielectric constant, and high dielectric loss. Copolymers
such as trifluoroethylene (TrFE) have been used for enhancing properties but the
properties are still not enough to achieve good sensitivity and widespread transducer

applications [27], [29], [88], [91].

Figure 3.6 Polyvinylidene difluoride in a and p phase [92].

3.2.4 Piezoelectric single crystal

The piezoelectricity was investigated in single crystals as quartz and lithium niobate;
however they were not the material of choice for industrial applications due to the

low piezoelectric properties compared to PZT [93]. Transducer materials for medical
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imaging have been dominated by solid solutions of the PZT compositions near the
MPB. More recently, the development of relaxor-based piezoelectric single crystals
has demonstrated exceptional piezoelectric properties compared to their
polycrystalline counterparts. Typically, the formula of the relaxor-based piezoelectric
single crystals is Pb (B;B,) O3 (B;: Zn*", Mg*", S¢*, Ni*"..., B,: Nb°', Ta™"). Two
relaxor-based piezoelectric compositions, Pb (Mg;3 Nby;3) O3 — PbTiO3; (PMN-PT)
and Pb (Zn;;3 Nby3)O3 — PbTiO; (PZN-PT), are the most commonly used as single
crystal transducer materials. Compared with PZT, there are some similarities
between these two single crystals compositions and PZT as they have a perovskite
structure and the best piezoelectric properties can be achieved near the MPB where
the rhombohedral-tetragonal phases coexist [94]. However, relaxor-based
piezoelectric single crystals provide better piezoelectric properties, including
electromechanical coupling, k33 ~0.85-0.95, lower acoustic impedance (22-28
MRayl), ultrahigh piezoelectric coefficient (d33 ~ 1500-2800 pC/N), dielectric
constant 1000-5000 with low dielectric loss (<1%). Therefore, these single crystals
are preferable for designing high transducer performance with board bandwidth and
high sensitivity [95-97]. The first commercial single crystal transducer with low
frequency (5 MHz) for cardiac harmonic medical imaging from Philips Ultrasound
was launched to the market in 2004 [98]. Although single crystals can be a material
for commercial transducers, their commercialisation has been limited by low yield
and high cost [97], caused by difficulties in crystal growth [99]. One of the critical
limitations for using these materials is the low Curie temperature (T¢ < 160°C)
which is important in determining thermal stability, which restricts the temperature

during fabrication and operation [27], [29].
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3.2.5 Piezoelectric composites

As discussed above, PZT based materials, piezoelectric polymers and single crystals
have several limitations to be the material of choice for medical transducers as PZT
based materials and single crystal have high &, and acoustic impedance; therefore,
acoustic mismatch will be a problem, which restricts extensive use for medical
diagnostic applications. Piezoelectric polymers can be a choice for acoustic matching
but they are not good transmitting materials. This means one single piezoelectric
material can only partially meet all these requirements and no readily available
materials combine two of the most important parameters for ultrasound transducer
medical applications (high electromechanical coupling and low acoustic impedance),
as shown in Figure 3.7. Therefore, the performance of the transducer is restricted
[100]. One solution to this problem is to use piezoelectric composites (or
piezocomposites) which offer the ability to tailor piezoelectric properties.
Piezoelectric composites have many advantages over one single piezoelectric
material phase which lead to the improvement of the transducer performance. In
general, piezocomposites consist of a piezoelectric active material and non-
piezoelectric passive polymer, to create piezoelectric composite materials. The
properties of piezocomposites correspond to the connectivity between the
piezoceramic and polymer phases. Connectivity can be described the arrangement
and the number of dimensions in which the individual phases are continuously
distributed [101]. There are various connectivities for each phase in a piezoelectric
composite including: 0-3, 1-3, 2-2, 2-3, 3-0, 3-1, 3-2, 3-3, where the connectivity of
the active phase (epiezoceramic) and the passive phase (polymer) are represented by

the first and second number in the notation, respectively. For example, a 0-3
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composite consists of random piezoceramic particles such as PZT or PbTiOs;
dispersed in a 3 dimensional passive polymer phases. One of the most obvious
advantages of this pattern is high flexibility which provide more possibility to

fabricate complicated shapes [102].

- PZT: Lead zirconate
100 @ ideal titanate (types 100, 200,
20 300, 500, 600)
80 PT: Lead titanate (type
70 700)
i PMN : Lead metaniobate
k, (%) 90 (type 800)
50 7 PVDF : Polymer
40 P(VDF-TrFE) : Copolymer
.D MN PT BT : Bismuth titanate
30 PSC : Piezoelectric single
0 _4 PVDF-TIFE) — o Erystals
PVDF BT 1-3 composites : PZT and
10 polymer.
{] I I T
0 10 20 30 40
Z (MRa)

Figure 3.7 Electromechanical coupling coefficient in thickness mode versus acoustic impedance

of different piezoelectric materials [28].

In order to achieve high performance of transducer, the electromechanical coupling
coefficient must be sufficiently high by adjusting the piezoceramic volume fraction
(V) (> 50%) therefore some randomly dispersed particles could be connected to other
particles, in this case the 0-3 composite can be considered as a 3-3 composite [103].
A notation of 2-2 refers to layers of the piezoceramic and polymer phases
sandwiched together so that each phase is connected to itself in two directions. A
notation of 1-3 connectivity is defined as parallel rods or pillars of piezoceramic
active phase connected in one direction embedded in the polymer passive phase

which is connected in three directions as illustrated in Figure 3.8 [27], [104].
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The 1-3 composite configuration is the most widely used for many applications;
including active materials in high performance transducers for medical imaging. The
piezoelectric phase in the piezocomposite exhibits an excellent electromechanical
thickness coupling coefficient [105] whereas the non-piezoelectric passive polymer
can reduce the acoustic impedance mismatch to biological issues, and prevent
unwanted resonance modes. Piezocomposites can also possess a wide range of
relative permittivity and low losses [106]. The benefits from combining of two
phases results in enhancement of the transducer performance in terms of increased
sensitivity, broader bandwidth and improved image resolution. Compared with single
phase piezoceeramics or piezopolymers, piezocomposites also offer more mechanical
flexibility and can be geometrically focused. Therefore, lenses may not be necessary
resulting in reduced acoustic attenuation [107], [108]. Piezocomposite properties can
be tailored by adjusting the piezoceramic and polymer phases and composition, the
volume fraction of phases, size and shape of piezocomposites, and therefore a new
range of their properties can be offered to meet the requirement for various
applications. These are especially useful for medical diagnosis applications including
ultrasound transducers for medical imaging [109], [110]. However, these composites
still have several difficulties for use as high frequency transducer materials due to the
high processing cost to achieve an ultra-fine structure which meets the high

frequency requirement.
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Figure 3.8 Schematic of 2-2, 1-3, 0-3 and 3-3 composites [109].

3.3 The crucial property and parameters of 1-3 composites

for transducer applications

As explained in section 3.2, the most important property of active material for
ultrasound transducer applications is high electrocmechanical coupling coefficient
with low acoustic impedance which relates directly to the performance of thickness
mode ultrasound transducers. A good tradeoff between these two properties can be
obtained by piezoelectric composite materials. Composite with 1-3 and 2-2
connectivity are the two major composites on the market for ultrasound transducers,
sensor and actuator applications. For medical diagnostic applications, 2-2 composites
can only be used to fabricate transducer with frequencies below 20 MHz [111], while
1-3 composites are the materials of choice for low to high frequency transducers.
There are several crucial factors which need to be taken into account in order to
maximize 1-3 composite performance and to achieve an appropriate design for each

particular transducer application.
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3.3.1 Influence of ceramic volume fraction on acoustic impedance

and electromechanical coupling coefficient

A model for designing 1-3 composites was first suggested by Smith, who explained
that the electrocmechanical coupling coefficient and acoustic impedance of
piezocomposite active materials can be modified by the ceramic volume fraction
[106]. Figure 3.9 presents the electromechanical coupling factor for 3-3, 0-3, 1-3
composites, and the acoustic impedance of 1-3 composites as a function of ceramic

volume fraction.
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Figure 3.9 Electromechanical coupling factor (k;) of 1-3, 3-3 and 3-0 composites and acoustic

impedance of 1-3 composite as a function of volume fraction (V) [109].

The 1-3 connectivity shows clearly superior high electrocoupling factor with better
stability over a wide range of ceramic volume fractions compared with the other two
composites and also the end member piezoceramic and polymers phases [112]. The
ceramic volume fraction can be modified in the range of 20-80% to achieve the

maximum of k, values and small variation. Conversely, at ceramic volume fractions
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lower than 20 and higher than 80%, a different behaviour is observed. The effect of
volume fraction can be explained by considering the two situations between the
ceramic pillars surrounded by a light polymer compared to a stiff ceramic. At small
piezoceramic volume fractions, the acoustic impedance can be reduced; leading to
the more acoustic matching with tissues. However, the large amount of polymer
stiffens the pillars, resulting in the reducing of 4; by this elastic loading. For over
80% ceramic volume fraction, the deformation of polymer become more difficult due
to insufficient polymer limiting the lateral movement of the pillars, leading it behave
like a solid block [113, 114]. Acoustic impedance follows the same trend as the
ceramic volume fraction. Even though, a high ceramic volume fraction leads to an
increasing of electromechanical coupling, the acoustic impedance is increased [115].
The optimum performance of 1-3 composite can be obtained by modifying the

volume fraction; therefore, a good trade-off must be made between these properties.

3.3.2 Influence of piezocomposite geometry on resonance

Geometry and spatial scale of piezocomposites are important factors affecting the
performance of ultrasound transducers as they are both related with the resonance of
the piezoelectric elements. When an AC electric field is applied to a piezocomposite,
a cyclical change in its dimensions and a series of resonances can be observed at
specific frequencies. The frequency at which the piezocomposite vibrates most easily
with the most efficient conversion between both electrical and mechanical energy
occurs when the driving frequency is equivalent to the natural frequency of motion of
the piezoelectric element [116]. Typically, the radial resonance is the resonance at

the lowest frequency and corresponds to the vibration in the largest dimension of
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piezocomposite. This thesis is concerned with high frequency ultrasound transducers;

therefore, the resonance of 1-3 composite is of interest in thickness mode.

The thickness resonance occurs when the ultrasound wave being reflected back into
the piezocomposite is exactly in phase or in step with the next wave and the
amplitude of each peak coincides, which is referred to the constructive interference
phenomena, resulting in the increasing of amplitude [117]. Consequently, the first
thickness resonance can be observed when the thickness of the piezocomposite (t) is
equal to the half wavelength (A/2), in this case the piezocomposite has a minimum
loss of the energy. The relationship between the operating frequency (f) and

thickness of piezocomposite can be determined by substituting t = A/2 into the

equation 2.1 and rearranging to give f = th [114], where v is the speed of sound in

the piezoelectric material. In a piezocomposite, the velocity of sound depends on the
volume fraction of ceramic and polymer phases, and can be calculated by the rule of
mixtures as presented in Equation 3.5. V is the volume fraction, subscripts pc, ¢ and

p refer to piezocomposite, ceramic and polymer, respectively.
Vpe = Vel + vl Equation 3.5

For example, if V. is 50 %, the speed of sound in ceramic is 4000 m/s and in
polymer is 2000 m/s, the velocity of sound in the piezocomposite can be calculated
to be 3000 m/s [114]. Typically, the most effective conversion energy occurs at the
fundamental thickness frequency. Therefore, this resonance frequency can be defined
by the thickness of piezocomposite. As discussed in chapter 2, a better resolution can
be achieved by using the high operating frequency. Therefore, the short wavelength

and the small thickness of piezocomposite are required. For example, super
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resolution for facial imaging, the operating frequency is required approximately 30
MHz, the velocity of sound in PZT composite is 3000 m/s; therefore, the thickness of
piezocomposite should be 50 um [107]. This means that the thickness resonant
frequency mainly depends on the thickness of device. Hence for high frequency a

very small thickness is required which brings difficulties for fabrication.

However, not only the thickness or pillar height is important, but also the geometry
and spacing of the pillars. The distribution, size and shape of pillars can be modified
to achieve the best performance of the transducer. The geometry of a 1-3 composite
can be described as shown in Figure 3.10. The pillar shape depends on the
fabrication method used and also can be arranged in a pattern or randomly
distributed. Kerf is the gap between each pillar which related to the required volume
fraction of piezocomposite. Typically, the kerf is smaller than the thickness and

width of pillar.

Piezoelectric rods

Electrodes

Thickness

Epoxy resin matrix A

Kerf Poling direction
Width

Figure 3.10 The dimensions of 1-3 composite [118].

59



The required width of the pillars can be determined by the height or thickness of the
1-3 composite based on the aspect ratio of the pillars, the ratio of the height (length)
of a pillar compared to its lateral dimension. This in turn is related to the
performance of the transducer. A number of investigations have reported the
relationship between the ceramic volume fraction, geometry and aspect ratio on the
electromechanical coupling coefficient. The results show that for composites based
on square section pillars with high aspect ratio and high piezoceramic volume
fraction, the pillars are more closely spaced. The lateral mode resonance is, therefore,
shifted from the thickness resonance which can be exploited in practical applications
[119]. However, high aspect ratio pillars in piezocomposites with low ceramic
volume fraction causes degradation of the thickness mode due to the wide spacing
between pillars [120]. The resonance mode of composites fabricated with cylindrical
piezoceramic pillars showed similar behaviour to the square pillars from which can
be concluded that there is no benefit to be gained by using circular pillars. However,
the electromechanical conversion may be improved by triangular pillars, because
their orientations have no facing parallel surfaces, leading to the lateral resonances
being reduced, even in composites with high aspect ratio and low ceramic volume
fraction. The effect of tapered pillars was also investigated, but the lateral resonance
was not significantly reduced [119]. In practical terms, to maximize the coupling
coefficient, the 1-3 composite should have high volume fraction of ceramic with high

aspect ratio pillars (greater than 2) [121] with no adjacent sides being parallel.

When the piezocomposite is excited by an electrical field or mechanical pressure,
acoustic Lamb waves normally propagate in the surface and also reflect at the

ceramic/polymer interfaces. If the wavelength of the Lamb waves match with the
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lateral periodicity of the pillar spacing, a spurious resonance mode is built up. To
avoid this, the kerf between pillars, or inter-planar spacing, should be sufficiently
fine scale, and consequently the resonant wavelength so short, that the lateral mode is
pushed away from the spectrum of the required thickness resonance [106, 112, 115,
122]. Therefore, to avoid lateral resonances the kerf should be as small as possible
and the width of the pillars in the 1-3 composite should be less than half of the pillars

height [123].

The dimensions and aspect ratio of 1-3 composite with 50% volume fraction of PZT
is presented in table 3.5. It can be seen that for higher frequency operation, smaller
dimensions are required. For example, with the pillar aspect ratio of 3.5, a 1-3
composite operating at over 40 MHz requires the thickness and kerf less than 38 and
4 um, respectively. Note that as the kerf is much smaller than the pillar width, the

aspect ratio of the kerf is correspondingly larger.

Table 3.5 The dimensions and aspect ratio of a 50% volume fraction piezocomposite, assume the
longitudinal velocity of 3,000 m/s and based on a square packed array of square pillars [107].

Frequency Thickness Pillar width Kerf Pillar Kerf aspect
(um) (nm) (um) aspect ratio ratio
20 MHz 75 21 6 3.5 12.25
30 MHz 50 14 4 3.5 12.25
40 MHz 37.5 10 3 3.5 12.25
50 MHz 30 9 2 3.5 12.25

These dimensional restrictions have limited the development of 1-3 composites for
high frequency applications, in particular the extremely fine scale of pillars and kerfs
required to avoid the interference [124] due to the lateral resonance in pillar and
spurious modes caused by the regular periodicity of ceramic pillar arrays [122].
Many attempts to suppress these resonances have been studied. Triangular pillars

have been studied; the results suggest that the lateral resonance and spurious mode
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which can be clearly seen in rectangular pillar arrays can be suppressed by using
triangular geometries [124], [125]. An ultrasound transducer made from a 1-3
piezocomposite with pseudo random geometry has been investigated by Brown et al.
[125]. The results at 15 MHz show that the pseudo random geometry provides a
higher k; value compared with square and triangular geometries and is able to
suppress that lateral resonance modes, and it can also be implied that the more
complex geometry, the more lateral resonance and spurious mode would be reduced

or eliminated [126].

A 1-3 piezocomposite with a fully random distribution of geometries and dimensions
of the ceramic phase has been studied in order to achieve the optimum performance
of transducers by suppressing the interference of lateral modes [127]. The
randomised piezocomposite pattern was designed as irregular shapes of ceramic
pillars in order to provide better stability and fewer tendencies for the pillars to lean
or fall over during fabrication [128]. The pattern is presented in Figure 3.11, and
examples realized in PZT have demonstrated k; of 0.68, corresponding to a coupling

coefficient of 40 vol% of ceramic phase.
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Figure 3.11 Randomised 1-3 piezocomposite pattern in 300 pm square section with 40 vol%

ceramic phase [127].

There is only one attempt to fabricate a very complex 1-3 composite structure from
PZT based materials. However, there have been no reports to fabricate ultrasound

transducers by using lead free piezocomposite materials with randomised structure.

3.4 Piezocomposite manufacture for 1-3 piezocomposite

Typically, the manufacturing of 1-3 piezocomposite is based on the basic structure

called a “bristle block™ as presented in Figure 3.12.

63



Figure 3.12 Bristle block structure of 1-3 piezocomposite.

All fabrication methods have the purpose to form this structure which consists of thin
and tall active piezoceramic pillars on a ceramic base or stock. The polymer or epoxy
matrix is infiltrated into the bristle block, followed by lapping processes. The pillars
have to be fabricated taller than the final required thickness of the composite to allow
for removal of material from the top and bottom side of the piezocomposite during
lapping in order to expose the pillars and achieve a parallel sided piezocomposite. A
number of fabrication methods have been developed for 1-3 piezocomposite
including dice and fill, injection moulding, and lost mould techniques. The
characteristics, capabilities, advantages and limitations of each process are discussed

below.

3.4.1 Dice and fill

Among various methods for 1-3 piezocomposite fabrication, dice and fill is the
standard method for commercial products because of its simplicity. A bristle block of
pillars can be created by using dicing saw to cut a set of parallel grooves into a dense

sintered piezoceramic block and then a second set of parallel grooves are cut after the
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piezoceramic block is rotated by 90 degrees [129]. After the infiltration, lapping and
electroding stages the active 1-3 composite can be achieved by applying the electric
field across the two parallel electroded faces. The schematic procedure of the dice

and fill technique is shown in Figure 3.13.

L

(a) Piezoceramic block  (b) Dice the block for 1* time (c) Dice the block for 2 " time

i b

(d) Infiltration with epoxy (e) Lapping (f) Electrodes are sputtered both side

Figure 3.13 Schematic procedures of dice and fill technique for making bristle block structure
[130].

Although this technique can create not only square pillars but also hexagonal and
triangle geometries [131], [132], unfortunately, this technique is only suitable for
high frequency transducer fabrication operating at frequencies up to 20 MHz. For
higher operating frequencies the ultrafine scale lateral dimensions are required for
efficient operation, as discussed previously. In the dice and fill technique it is
difficult to create a piezocomposite with the pillars less than 100 pm [100], [133],
and due to the size of dicing blades kerfs are limited to approximately 15-20 pm. In
addition, the pillars may have defects which causes pillars to break off during
machining, thus reducing device yields [121], [134]. The other disadvantages of this

process is that it has high tooling cost, long process time and the structure of the
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piezocomposites are limited to simple geometric designs. Thus alternative fabrication

techniques have been investigated for high frequency transducers.

3.4.2 Injection moulding

Injection moulding is widely use in plastics production to produce mass products of
complex shape. It has also been used for ceramics fabrication by mixing the ceramic
powders with suitable polymer binders, and has been demonstrated for the
fabrication of bristle blocks from piezoceramics [135]. The mixtures are injected into
a cold mould under heat and pressure to create the required shape. The bristle block
is removed from the mould after cooling, followed by heating in order to remove the
organic binder before sintering [136]. The advantage of this method over the dice
and fill technique is that variations of geometry and spacing can be possible
depending on the mould. However, this process has several disadvantages, although
the mould is reusable, this process has high tooling and manufacturing costs and has
long process cycle. Moreover, the pillars can easily be destroyed during demoulding
for pillar pitches less than 50 pm. Ceramic volume fraction of bristle block tend to
have low volume fractions and creating the ultrafine scale of 1-3 piezocomposite

with high respect ratio is still difficult [121, 135, 137].

3.4.3 Lost Mould Technique

The lost mould technique is based on using a sacrificial or dissolvable mould to
create fine pillars with aspect ratios of 3-9 and spacing approximately 20-25 um. The
basic of this technique is that the mixture of piezoceramic and polymer binder in the
form of a dough, slurry or paste are poured into a negative mould with the bristle

block structure, which can be crated from various mould materials such as polymer.
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After drying process, the mould is removed by dissolving in solvent or thermal
processes such as plasma etching, depending on the mould material [138, 139]. The
piezocomposite can be created into a various sizes and geometries depending on the
desired mould. However, this technique requires a new mould for each composite, as
the moulds cannot be reused [133, 140]. By using acrylic or plastic moulds to
produce fine scale pillars (~20 um), the mould removal step has to be done by
plasma etching instead of burnt out processes because the structure can be damaged
by the flow during heating of the binder [140]. However, for creating very fine
structures with this type of mould, the deformation of pillar structure seems almost
inevitable. Another alternative method to avoid pillar deformation and distortion and

offer the high green strength of bristle block structure is viscous polymer processing

(VPP) [141], [142].

For a range of designs of 1-3 piezocomposite with the ultrafine lateral scale, kerf
sizes of approximately 4 um with the ultrafine lateral scale pillars below 10 um and
aspect ratios up to nearly 10 [127], and ceramic volume fractions of approximately
60% [143] have been achieved. VPP offers the suitable ability for the fabrication
because the high green strength of the ceramic pillar maintains the shapes without
damage from the mould-dissolving step. The uniform shrinkage can be achieved due
to the good homogeneity of ceramic paste. Therefore, this technique can be used for
net shape processing, the choice of binder system is flexible, resulting in the
selection of a range of mould materials and the possibility to selectively dissolve the

mould without destruction of the pillars [121, 143].

VPP ceramic paste or dough comprises ceramic powder with some binder such as

polyvinyl alcohol (PVA) or polyvinyl butyral (PVB) and some processing additives
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for improving the mixture texture and rheological behaviour [100], [142], which are
combined using twin roll mill machine, as shown in Figure 3.14. The high green
strength of the bristle block structure can be achieved due to the high shear mixing
and the high molecular weight of the polymer, which also result in a reduced size of
strength limiting defects in the sintered material. The 1-3 piezocomposite can be
produced by embossing the viscous polymer paste into a polymethyl methacrylate
(PMMA) mould wunder a pressure of approximately 50 MPa [144] and then the
mould can be either burnt out or dissolved in a suitable solvent such as
tetrahydrofuran. After sintering, the bristle block is back-filled with polymer/epoxy

resin to fabricate 1-3 composite in the normal way.

A range of sizes and geometries of ceramic pillars have been produced using
different lost mould techniques. For example, PZT slurry was cast into polymer
moulds and the moulds were removed by burnout and pillars with hexagonal shape
with the width and kerf ~ 50 um with the aspect ratio 8 were reported. However, the
pillars were distorted due to the polymer flow during burnout [138, 145]. Other
workers have reported the fabrication of square and circular ceramic segments by
injecting ceramic slurry into polymer moulds which were then removed by plasma
etching mould before sintering. Pillar widths of approximately 25 um with the aspect
ratio 2.5-7 were achieved [138, 140, 145]. Pillars with hexagonal, ellipse and arc
shapes have been fabricated by embossing PZT dough into polymer moulds,
followed by chemical dissolution. Pillars with the fine scale (width > 8 um with
height 100 um and aspect ratio approximately 10) have been achieved as shown in

Figure 3.15 [127].
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However, the lost mould technique has several limitations due to the costs of the
mould fabrication, plasma etching processing, are relatively high and mould is easily

damaged during processing [ 139, 140].

Binder/Plasticizer
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o Ceramic paste
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Polymer =

mould
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Lapping, Electroding, Vacuum Casting Demoulding & Sintering
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Figure 3.14 Viscous polymer processing [143]

Figure 3.15 Section of green ceramic pillars (a) arcs and (b) hexagonal fabricated by embossing
viscous polymer processing paste into polymer moulds, followed by chemical dissolution of the

moulds [127, 143].
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3.4.4 Soft lithography

Soft lithography is a cost effective technique because it can replicate and transform
the pattern of a master mould down to nanometers in flexible elastomers. In this way
a reusable polymer mould is created and both the elastomer mould and the master
mould can be reused many times. Poly(dimethysiloxane) or (PDMS) is the most
popular elastomer mould material that is used due to the several advantages. For
example, it offers biocompatibility, low toxicity and its viscoelastic properties allow
PDMS to spread over the surface of the master mould [146] with low surface energy
and great chemical stability [147]. As a result, the adherence and reaction between

master mould and the PDMS can be minimised.

The master mould can be fabricated by using various techniques such as electron
beam lithography, photolithography, micromachining, or etching (chemical or
plasma) [107, 148]. The PDMS is poured over the master mould, followed by
peeling off after the PDMS is hardened. The bristle block structure can be fabricated
by casting ceramic slurry into the polymer mould. Once the structure has dried, the

mould can be removed by carefully peeling off the soft mould.

The forming of 1-3 composites for ultrasound transducer application by using soft
mould techniques has been reported by a number of researchers. For example, 1-3
composites with square pillars with lateral dimensions of 85 and 145 pm and kerfs of
45 um have been successfully fabricated, with measured 4, values of 0.71 and 0.79,
respectively and working frequencies ~5-10 MHz [148]. Gebhardt et al. created 1-3
composites with square and cylindrical shape pillars with diameter ~ 65 pm and

inter pillar spacings varying between 36-79 um. Hence these composites were
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suitable only for low frequency applications [149, 150]. However, in 2011 it was
reported that 1-3 composites with arc and ellipsoidal shape of pillars for high
frequency devices had been successfully fabricated by soft mould techniques [151]

using sintered ceramic mater moulds fabricated by VPP.

3.4.5 Gel casting

Gel casting is one of the colloidal ceramics processes which improve ceramic
reliability. The advantages of this processing route over dry processing are that the
interactions between the ceramic particles can be controlled and the homogeneity can
be improved. Therefore, small ceramic particles can be solidified to form high green
strength and uniform ceramic bodies with fewer imperfections in the microstructure.

It is inherently a low cost manufacturing route. [152].

Gel casting has been widely developed in the past ten years due to its ability of near
net shape fabrication of small ceramic products [153]. This technique was first
developed during the 1980s by Omatete and colleagues at Oak Ridge National
Laboratory (ORNL) in the USA in order to overcome some drawbacks of the

complex shape forming of injection moulding.

The standard gel casting method is based on a combining traditional ceramics with
polymer chemistry [154]. The generic principle of gel casting is that the ceramic
powders are dispersed in a pre-mixed solution of monomer, crosslinker, catalyst and
initiator in order to achieve a homogeneous slurry with low viscosity and high solid
loading [155, 156]. After milling, the homogeneous slurry is cast into the required
mould. The monomer solution is polymerised and crosslinked in situ to form a

water-polymer irreversible gel as a three dimension network structure that holds the
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dispersed ceramic particles. After drying, the ceramic product is removed from the
mould, and then the homogeneous high strength green body, can be realised. The
drying stage will be required under controlled conditions to allow the green product
to dry properly without cracking. Polymer removal can be done by thermal pyrolysis,
followed by sintering process [152, 154-158]. There are a number of advantages of
the gel casting technique. Gel casting can produce high quality ceramic in complex
shapes, similar to injection moulding, but the gel casting technique offers lower cost
due to the cheaper equipment and mould materials. Water is used as the suspension
medium and thereby good homogeneity of particles in the wet stage can be achieved.
The green ceramic bodies have high homogeneity and green strength that lead to
excellent ability for handling and machining the green bodies before sintering
without damage. This process requires a relatively small amount of binders, which
results in the critical binder removal step being avoided and gel casting can be
applied to both ceramic and metal powders [159]. The irreversible gel can be created

based on different mechanisms, summarised as follows.

* Free radical initiated polymerisation of monomer

The initial gel casting technique reported by Omatete and colleagues was based on
the free radical polymerisation of two organic monomers [154]. The main monomer
normally forms a linear polymer and the second is crosslinking monomer. The
solvent gel is formed after polymerisation and crosslinking of both monomers. The
aqueous monomer solution consists of monomer, crosslinker, initiator and catalyst.
The monomer, acrylamide (AM), and crosslinker, N,N’- methylene bisacrylamide
(MBAM), are mixed together in a weight ratio 24:1. Ammonium persulfate (APS) is

used as initiator while tetramethylethylenediamine (TEMED) is utilised as a catalyst
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for the polymerisation [160]. However, industry was unwilling to use the acrylamide
system due to its neurotoxicity. [161]. To mitigate the problem, a number of low
toxicity monomers such as methacrylamide (MAM) N-vinylpyrrolidone (NVP) and
hydroxymethylacrylamide (HMAM) have been developed to be an alternative to
AM. The most common crosslinker, initiator and catalyst used are MBAM, APS and
TEMED, respectively. The reaction of monomer and crosslinker lead to the
formation of a high molecular weight polymer; therefore, the molecule of solvent can

be trapped.

The free radical initiated polymerisation has several limitations. In general, the
strength of the gelcast product improves with increasing the concentration of
monomer and crosslinker in solution. However, the solubility limit of the crosslinker
in water is relatively low (~2 wt%)at room temperature and this leads to
inappropriate solutions resulting in the low green strength of ceramic bodies [160].
Moreover, this mechanism results in the surface exfoliation of green bodies because
the reaction is inhibited by oxygen when it is carried out in air. Although the use of
an N, chamber overcome this problem, the system is complicated and increases the

manufacturer cost [162].

* Cooperative binding of metal ion

The acrylamide system is neurotoxic and sensitive when carried out in air. Therefore,
the development of a harmless gel casting system has been actively researched.
Agarose and gelatin have been reported as alternatives to the AM system but both
systems are expensive. Alginate is a type of gelling polysaccharide that is normally

extracted from kelp [163]. Compared with AM, alginate is a nontoxic, cost effective
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natural polymer. At room temperature, it can be dissolved in water and then when
the temperature is increased, the three-dimension network is formed with the divalent

metal ions.

In this process, the mechanism of crosslinking involves the cooperative bonding of
calcium ions with alginate. Calcium iodate is added into the process as a solidifying
agent to cooperative bonding with the carboxyl and hydroxyl groups [164].
Therefore, a strong three-dimension network can be formed in an “egg box”
structure, as shown in Figure 3.16. The solubility of this solidifying agent can be
increased by increasing the temperature to 60 °C; therefore, the process is

temperature controllable [165].

The gel casting of alumina bars has been reported by utilising this mechanism. The
nontoxic polymer solution can be prepared by mixing sodium alginate solution with
distilled water to coagulate the alumina suspension, and then the solidifying agents
were added into the suspension. After increasing the temperature, the network
structure was formed because the chains of alginate were boned with the released
calcium, and the gel cast green body was created. However, the green ceramic
products fabricated by this mechanism possess low green strength and the gelation
rate is difficult to control because the gel is formed relatively quickly due to a fast
reaction rate between the calcium ions and alginate molecule. Although a time delay
in the release of calcium ions can be achieved by adding hexanedioic acid, a

satisfactory process still cannot be achieved [166].
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Figure 3.16 Schematic presents the formation of egg box model by adding calcium iodate into

suspension. The gel can be form after divalent metal ions (Ca™) are cooperative bound with

aligned ribbons at 60°C [167].

* Protein forming

It has been reported that the globular protein generally obtained from blood plasma
or egg white was used as gelling agent due to its ability to change under some
conditions such as pH and temperature. At room temperature, the protein molecules
are folded into the circular shape. However, when the protein is heated up to a certain
temperature or the pH is adjusted, a metastable form occurs due to the breaking of
the hydrogen bonds and formation of a new bond. Hence the formation of thermo

irreversible gel with three dimension network is achieved [168].

* Ring-opening reaction

A new system has been developed to overcome the problems reported above. In
1997, Takeshita and Kurita studied an alternative system which is called the KN-

process, which offers a self-hardening slip casting method by using epoxy resin and

75



Y-PSZ [169]. Alumina gel cast ceramic samples have been developed by using
sorbitol polyglycidyl ether (SPGE) as the gelling agent and 3,3’-iminodipropylamine
as an amine hardener [162]. The results showed that the process can be carried out in
air without any surface problem. However, this epoxy resin is difficult to dissolve in

water and the suspension has a relatively high viscosity approximately 5 Pa.s [170].

To overcome the drawback from the SPGE based system, the development of a new
system was necessary. This involved using ethylene glycol diglycidyl ether
(EGDGE), poly ethylene glycol diglycidyl ether (PEGDGE), glycerol polyglycicidyl
ether (GPGE) and resorcinol diglycidyl ether (RDGE) as a gelling agent and
dipropylenetriamine (DPTA) as a hardener for alumina gel casting. The results
showed that all gelling agents resulted in slurries with low viscosity (<1 Pa.s at
100 s™) and excellent flexural strength of alumina green bodies was obtained by

EGDGE (17 MPa) and GPGE (19 MPa) [170].

The gel casting of PZT 1-3 composites with randomised structure with EGDGE
epoxy resin has been studied [107, 134, 151]. EGDGE and bis(3-aminopropyl)amine
were utilised as gelling agent and hardener, respectively. The slurry viscosity was
less than 2 Pa.s and the highest green strength (35 MPa) was observed at a resin

content of 40%wt [107].

Although EGDGE results in low viscosity slurries and high green strength bodies, it
causes irritation to the skin and eyes[171]. Hydantoin Epoxy resin has recently been
studied and reported as a new candidate in gel casting systems because it has high
water solubility, is non-toxic, low cost and crystallises at ambient temperatures, and

thus is easy to store and transport. The gel casting of aluminum nitride and alumina
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powder has been demonstrated by using hydantoin epoxy resin. The strength of the
green bodies were significantly higher than those fabricated using EGDGE [171,

172].

The polymerisation between the epoxide groups of the epoxy resins and the active
hydrogen atoms of the amine hardener is via a ring-opening reaction. The greatest
advantage of this reaction is that the system is not affected by oxygen [173]. The
concept of amino epoxy curing is shown in Figure 3.17. There are three main
reactions. First, the primary amine links to the epoxide group, and then a secondary
amine is formed. Second, the secondary amine continues to react with the epoxide
group and, finally, hydroxyl formed from the second step reacts with the epoxide

group and ends up forming a three-dimensional network.

Primary reaction

0 Vi OH |i|
/A + TN — )\/ ~
R' R R' R
Epoxy Primary amine Secondary amine + hydroxyl
Secondary reaction
OH H OH R OH
/A + )\/I )\/ l \)\
' ~N R’ R’
R’ R R . '
Epoxy Secondary amine Tertiary amine + hydroxyl
Esterification
~f OH
A — e
/A\\\/‘/ R' R"
R’ Hydroxyl
Epoxy Hydroxyl ydroxy

Figure 3.17 The ring opening reaction mechanism of epoxy amine (adopted from [174]).
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3.4.6 Gel casting for high frequency transducer

The combination of gel casting and soft moulding methods offer new route for the
fabrication of various sizes, geometries and complex shapes for 1-3 PZT
piezocomposites for high frequency transducer for medical applications. Pillars with
lateral dimensions less than 10 um, 100 pm in height and with excellent green
strength (38 MPa) have been achieved. The slurry of PZT powders were mixed with
the solution of epoxy resin and cast into PDMS moulds that had been created by the
soft lithography of Si moulds with randomised 1-3 pillar structures. The irregular
PZT pillars with overall area of 2 mm x 2 mm square had sizes less than 2 um with
150 pm height (aspect ratio approximately about 70) without distortion as shown in
Figure 3.18. The 1-3 piezocomposites possessed ceramic volume fractions ~40% ,

and exhibited &; of approximately 0.68 and no spurious modes were observed [128].

The random composites were used to successfully fabricate single element
transducers at frequencies between 30 and 60 MHz, with only a single thickness

mode being observed.

Figure 3.18 Scanning electron images of green stage ceramic pillars with random geometries (a)

at 60° tiled and (b) the top view of ceramic pillars [107, 128].
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3.5 Summary

This chapter has introduced and discussed the background theory required for study
of 1-3 piezocomposites for high frequency transducer applications. The fundamentals
and principles of piezoelectricity including the piezoelectric effect, polarization,
piezoelectric coefficients and crucial determinants were discussed as the background
for understanding the conceptualisation of piezoceramics. Lead based, lead free,
piezoelectric polymer, and piezoelectric single crystal and piezocomposite materials
were introduced to provide their characteristics and properties in order to choose
suitable materials for transducer applications. Due to a good tradeoff between high
coupling coefficient and low acoustic impedance, the 1-3 composite was introduced
as a candidate active material used for high frequency transducers. In order to
achieve the high performance of this piezocomposite, the crucial properties and
important parameters of 1-3 piezocomposites were discussed. An appropriate design
in term of volume fraction, size and geometry of 1-3 composites was introduced. In
order to suppress the interference of lateral and spurious modes, a fully random
pattern with ultrafine structure of the 1-3 were addressed. However, considering the
formation of ultrafine size and complex structures, the fabrication routes need to be
taken into account. Therefore, the fundamental advantages and drawbacks of dice
and fill, injection moulding, soft mould and lost mould techniques were reviewed to
draw a clear picture of ultrafine 1-3 composite fabrication. Compared with other
techniques, the advantages of the gel casting process in terms of forming complex
shape, improvements to the ceramic reliability, lower cost, high green strength and
avoiding the critical binder removal were introduced. The mechanism of gel casting,

compatibility between ceramic powder and polymer/binder system, advantages and
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disadvantages of various polymer monomers were discussed. The ceramic powder

with epoxy resin system was introduced as a new alternative to the acrylamide and

monomer and biopolymer. The system was used for various studies including PZT 1-

3 piezocomposite with a random structure. The process can be carried out in air

without green body exfoliation and high green strength of the ceramic body was

reported.
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Chapter 4 Aims and objectives of the project

Monolithic piezoelectric materials have several limitations as the material of choice
for medical ultrasound transducers. PZT based ceramic materials and single crystals
have high £, but they also come with high acoustic impedance leading to acoustic
mismatch. Piezoelectric polymers offer better acoustic matching but they are not
good transmitting materials due to their low piezoelectric activity. 1-3
piezocomposites represent an alternative to monolithic materials for the active
component of transducers as the piezoelectric phase in the piezocomposite offers
excellent electromechanical thickness coupling coefficient, and the non-piezoelectric
passive polymer can reduce the acoustic impedance mismatch to tissues and offers

improved mechanical and geometrical flexibility.

In order to diagnose smaller structures with better resolution ultrasound transducers
have to be operated at high frequencies. Therefore, an ultrafine spatial scale
composite with small kerf and high aspect ratio is required in order to avoid
interference due to spurious resonant modes. A random design of 1-3
piezocomposites has been studied and reported in which the spurious and lateral
resonance modes caused by regular ceramic pillar structures can be suppressed. The
fabrication of ceramic segments with small lateral dimensions and random
geometries required for these composites brings great difficulties. The industrial
standard method of dice and fill cannot fabricate the ultrafine (<50 um) and random
geometries required, and so new processes need to be developed. The randomised
structures of 1-3 piezocomposites with an ultrafine dimension can be obtained by

combining a gel casting and soft moulding method, providing excellent green
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strength ceramic pillars. A gel casting system requires suitable ceramic powders and

water soluble epoxy resin as the main components.

PZT ceramic powders are the most commonly used. However, the critical drawback
of PZT is that it has high percent lead content; hence lead free materials are being
developed as replacements for PZT, and recently, BCZT has been reported as a
suitable candidate due to its high piezoelectric constant. Hydantoin Epoxy resin is a
new candidate epoxy resin for gel casting systems because of it has high water

solubility, and is non-toxic, low cost and offers high ceramic green strength.

The overall aim of this project is to develop, fabricate and characterise lead free and
lead based materials and composites for use in high frequency medical ultrasound
transducers. PZT, BCZT and hydantoin epoxy resin have been selected for the
preparation of the PZT and BCZT gel casting slurries. In order to achieve this aim a

number of specific objectives will be studied as detailed below.

1. To optimise all process parameters of soft PZT/epoxy resin and SO0BCZT/epoxy
resin gel casting systems from the premixed solution preparation to the sintering of
bulk ceramics/ 1-3 composites.

2. To study the casting and demoulding techniques suitable for soft PZT/epoxy resin

and S0BCZT/epoxy resin gel casting systems.

3. To fabricate bulk gel casting samples by using soft PZT and 50BCZT, and

compare their properties related to high frequency ultrasound transducers.

4. To study the possibilities of lead free material with gel casting systems, in order to
fabricate the high frequency transducer and considering the properties for the

replacement of soft PZT.
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5. To fabricate 1-3 piezocomposite with random mould structure using soft

PZT/epoxy resin and S0BCZT/epoxy resin gel casting systems.

6. To characterise and compare the properties of 1-3 piezocomposite with random
structure in lead free piezoelectric/epoxy resin and soft PZT/epoxy resin gel casting

system.

7. To fabricate and characterise flat and focused high frequency transducers
incorporating 1-3 composites made from the soft PZT and lead free gelcasting

systems.
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Chapter S Research methods

5.1 Process procedures

5.1.1 Soft mould fabrication process

In this project, the elastomer soft moulds for 1-3 piezocomposite fabrication have
been replicated from Si master moulds with randomised structure using a soft
lithography technique. The master moulds were fabricated by deep dry etching of Si
at the University of Edinburgh, as discussed in detail in reference [1]. The

replication process is detailed below:

Step I: the Si master mould with the randomised design facing upward was placed on
a plastic weighing boat. The position was fixed by applying a small amount of glue

on the bottom of the master mould.

Step 2: Poly(dimethysiloxane)-Sylgard silicone (PDMS) elastomer 184 was mixed by
hand with Sylgard curing agent (Dow Corning Corporation Limited, UK) with 10:1
weight ratio in a clean and dry beaker, followed by de-airing in vacuum chamber for

10-20 minutes in order to eliminate bubbles in the mixture.

Step 3: the mixture was heated to 50°C in an oven (Lenton Thermal Designs, UK) for
10 minutes and after that it was slowly poured on top the master mould, ensuring the
PDMS mixture spreads over the whole master mould as shown in Figure 5.1,
followed by de-airing in vacuum chamber for 3 minutes in order to ensure that the

master mould was completely filled with PDMS.
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Step 4: the PDMS was cured at room temperature for 24 hours before transferring to

an oven at 60°C for a further 24 hours.

Step 5: The whole assembly was removed from the plastic weighing boat and then
the bottom of the master mould was glued onto a glass slide by using adhesive tape,
followed by peeling the cured PDMS from the master mould, resulting in a negative

replication of the structure in the soft mould.

This process was also used to produce circular, disc-shaped PDMS moulds for the
fabrication of bulk gel cast ceramics. Aluminum discs 12.53 mm diameter and 3 mm

high were used as master mould templates.

PDMS is poured onto the master mould

The mixture of silicone elastomer
and curing agent

Master mould

Cured PDMS

After Curing, PDMS release ¢ Negative mould

Figure 5.1 Schematic of PDMS soft mould replication from a master mould. The PDMS is cast

onto the master mould and, after curing, the soft mould is peeled off [2].
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5.1.2 Fabrication of lead based and lead free bulk ceramic by gel

casting

5.1.2.1 Powder size reduction

In this project, lead based and lead free piezoelectric materials were the two main
ceramic powders used for fabricating 1-3 composites. For lead free materials, the
0.5Ba(Zry,Ti 5)03-0.5(Bag 7Cap3)TiO; or 0.5BZT-0.5BCT composition (designated
50BCZT in this thesis) was chosen due to its good piezoelectric properties over other
lead free piezoelectric materials as discussed in Chapter 3.2.2 and 3.2.2.4. These
powders were supplied from the Central European Institute of Technology
(CEITEC), Czech Republic, prepared through the solid state reaction with the density
of 5.73 g/cm’ and mean particle size of 3.31 pm. A commercial soft PZT 5H-TRS
610C [3] from TRS Technologies, USA with density of 7.95 g/cm’® was used as the

lead based piezoelectric material.

Prior to being used for gel casting, all powders were subjected to a vibro-milling
procedure in order to break down any hard agglomerates. Suspensions were prepared
by adding 250 g powder and 200 g of the zirconia balls with 5 and 10 mm diameter
into 300 ml of distilled water in a polyethylene bottle and placed in a vibro-milling
machine (Model M.18, Sweco Europe S.A., Belgium) for 48 and 7 hours for the PZT
and S0BCZT powders respectively. After milling the suspensions were freeze dried

(Edwards Modulyo Freeze dryer, Labconco Crop., Kansan City, USA).
5.1.2.2 Gel casting slurry preparation, de-airing, casting and drying

* Gel casting slurry preparation
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The details of raw materials including their purpose and supplier for preparing the

PZT and 50BCZTgel casting suspensions, are shown in table 5.1.

Table 5.1 Raw materials for preparation of PZT and SOBCZT gel casting suspensions

Purpose Product and
Materials P . Details
Supplier
i lectri .
Vibro milled PZT Piezoelectric TRS, USA Mean particle size : 1.20 um
powder
Vibro milled BCZT Piezoelectric CEITEC, C_zech Mean particle size : 3 and
powder Republic 1.28 um
- Resistivity at 20°C : 16.5 MQ.cm

Distilled water
S;)tlutflon o ari'AmrlnomurTl Di ing agent BASEF, -, German (Sl L G
salt of an acrylic polymer in ispersing ag , - y Density : 1.16 g Jom? at 20°C

water

Epoxy equivalent weight :139
g/mol
Density : 1.35 g/em? at 20°C

Hubei Xitai
i i E M
Hydantoin Epoxy Resin poxy Monomer Chemical, China

Sigma-Aldrich,, Molecular weight 131.22 g/mol

Bis(3-aminopropyl) Cross-linker
Germany

amine

For the preparation of the slurry, hydantoin epoxy resin and Bis(3-

aminopropyl)amine were used as epoxy monomer and cross-linker monomer,

respectively. Figure 5.2 shows the chemical structure of these two monomers.

)
o N
>=O
H,C N
H3c \\<]O
(a) hydantoin epoxy resin

H N/\/\N/\/\NH
2 H 2

(b) Bis(3-aminopropyl)amine

Figure 5.2 Chemical structure of (a) hydantoin epoxy resin, C;{H;(N,O; (b) Bis(3-

aminopropyl)amine, C¢H{;N; [4-6].
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The hydantoin epoxy resin and distilled water were weighed as a weight percent of
the premix solution, followed by mixing both of them by magnetic stirrer until the
epoxy resin had dissolved. The Bis(3-aminopropyl)amine is used as a hardener, and
is expressed as the number of moles per equivalent weight of hydantoin epoxy resin
in the premix solution. Dispex AA4040 was used as an additive to make the
dispersion of the powders easier and provide better stability of the slurry. In this
work, the dispersing agent is expressed as a weight percentage of the dry weight of
ceramic powder (wt. /wt. basis of piezoelectric powders). The amounts of both
piezoelectric powders are expressed as the volume fraction of the solid in the slurry
(vol% solid loading). An example of a gel casting composition of each material for

PZT and S0BCZT gel casting slurries are shown in Tables 5.2 and 5.3, respectively.

Table 5.2 An example of a PZT gel casting composition.

PZT DispexAA4040 | Distilled | Hydantoin | Bis(3-aminopropyl)
water epoxy resin amine
Actual amount 36.2 0.362 35 15 0.375
®
YA
Actual We%in | o0 35 wio 0.86 Wt% 835wt% |  3.58 wt% 0.89 Wt%
the slurry
ition i Parts Per Hundred
Definitionin | 1o | 1o; 1 wi% N/A 30 wi% arts et PUndre
this project Resin (PHR) = 18
Table 5.3 An example of a SOBCZT gel casting composition.
S0BCZT | DispexAA4040 | Distilled | Hydantoin | Bis(3-aminopropyl)
water epoxy resin amine
Actual amount 24 0.576 35 1.5 0.374
®
o/ 11.
Actual We%in | o 15 o 1.92 wt% o8 5 wt% 1.25 wi%
the slurry wt%
e . Parts Per Hundred
Definitionin | o o104 2.4 wt% N/A 30 wi% arts et Hundre
this project Resin (PHR) = 18

In this work, all slurries were prepared at room temperature in batch sizes of

approximately 40 g, using a 60 ml plastic bottle (Azlon, UK) as a container in which
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a total of 20 g of 3 and 5 mm diameter zirconia balls were also placed. The amount
of each material was calculated and weighed to 4 decimal places using a balance
(R300S, Sartorius GMBH Gottingen, Germany). The procedures of preparation gel
casting slurry are explained as follows. The appropriate amount of hydantoin epoxy
resin was dissolved in distilled water before adding the dispersing agent, and the
mixture was stirred for 20 minutes using a magnetic stirrer. One of the most
important steps was adding the ceramic power into pre mix solution which could
affect the slurry behavior. This work aims for a high solid loading and low viscosity,
well-mixed slurry; therefore, the staged addition of PZT and BCZT powders was
required [1, 7]. For the PZT slurry, the powder addition was separated into 4 stages
in the pattern 1/2, 1/4, 1/8 and 1/8 of the required amount. After each addition, the
slurries were ball milled for 2 hours with the milling speed approximately 70 rpm in
order to achieve good mixing and limit the air bubbles in the slurry. However,
SOBCZT slurries were ball milled only 20 minutes after each powder addition to

maintain the flowability of slurries.

* De-airing

After adding all the constituents, each slurry was poured into a clean container,
followed by the addition of the appropriate amount of hardener. In this stage, the
slurry had to be slowly mixed by hand and then degassed in a vacuum chamber for 2

minutes in order to minimize the formation of air bubbles during casting.

* Casting
The slurry was gradually poured (cast) on the top of the negative PDMS soft mould.

After the casting, the filled mould was placed into a vacuum chamber for degassing
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for 2 minutes in order to eliminate all air bubbles and assist the slurry to completely
fill the soft mould cavities. However, the total of processing time needed to be
considered to ensure that the time was not longer that the induction time of the cross-
linking reaction. Therefore, the time for mixing hardener, slurry casting and
vacuuming had to be controlled.

* Drying

Drying was one of the critical steps in gel casting fabrication because at this stage the
green body was weak and cracks could be formed. Therefore, slow drying were
required to prevent drying defects such as cracking or warping. Drying was carried
out for 24 hours at room temperature and another 24 hours in an oven at 40°C,
following which the green pieces were carefully demoulded by hand before further
drying in which the temperature of the oven was increased from 40°C to 100°C at
1°C /minute and then held for 1 hour to ensure that the green gel cast samples were
fully dried.

5.1.2.3 Organic burnout and sintering of green samples

* PZT gel cast samples

For PZT samples, the sintering atmosphere is a crucial factor in the success of
sintering due to the volatility of the lead oxide component in PZT at temperatures
above 800 °C [8] which can affect the stoichiometry and functional properties of the
PZT samples [9]. In order to maintain the chemical composition of PZT and prevent
the lead loss during sintering, lead II oxide (Sigma-Aldrich, Germany) and Doped

71O, sand (Ferro corporation, USA ) were used to provide a lead rich atmosphere.

The PZT gel cast samples were buried in the sand, using an alumina crucible as a

container. A flat layer of coarse and fine sand were put into the alumina crucible as
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shown in Figure 5.3, the PZT green samples were put on top of the flat surface of the
fine sand, and then covered by another layer the fine sand. An alumina lid was put on

the top of the crucible to help maintain a lead rich atmosphere.

I ’ ’
/ PZT green samples

Alumina lid o ‘_/ E: ::* .
4

Alumina crucible - : A

Fine PbO-doped ZrO , sand

Coarse PbO-doped ZrO , sand

Figure 5.3 Schematic illustration of burnout and sintering of PZT green gel casting samples in
lead rich atmosphere (adopted from [1]).

Figure 5.4 presents the burnout and sintering profile of PZT green samples which
was carried out in a muffle furnace (Serial No. 3967, Lenton Furnaces, UK). To
ensure that the polymer was completely removed from the green samples, the process
of the organic burnout was separated into 2 steps. Firstly, the samples were heated
from 40 to 250°C at 1°C/minute and dwelled at 250°C for 60 minutes, Secondly, the
temperature was increased from 250°C to 400°C at the same heating rate, followed
dwelling for 1 hour. After that, the ramp rate was changed to 5°C/minute to the
sintering temperature of 1200°C, followed by dwelling for 1 hour and then cooling

to 40°C at 5°C/minute.

* BCZT gel cast samples
The BCZT green gel cast samples were sintered in another muffle furnace (Serial
No. 5079, Lenton Furnaces, UK) in order to avoid cross-contamination. The burn out

and sintering profile was the same as the sintering profile of the PZT samples.
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However, the BCZT samples were studied at sintering temperatures between 1300-

1500 °C and samples were not embedded in sand like PZT.

1200°C

1200

1000

800

600

400

Temperature (°C)

200

0 : T i T ‘ T I T 5 T 3 T T T 1
150 250 350 450 550 650 750 850 950 1050

Time (min)

Figure 5.4 the burnout and sintering profile of PZT green gel casting samples (BCZT
samples were set the same sintering profile; excepted sintering temperatures were

studied between 1300-1500°C)

The key materials and steps of piezoelectric ceramic gel casting can be summarised

as shown in the flow chart in Figure 5.5.
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Distilled water Hydantoin epoxy resin

Premix solution

Y
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A\ 4

Ceramic powder [—» Ball Milling Dispersant

A 4

Hardener

Vacuum casting

Drying

\ 4

Demoulding
1

Burnout and sintering

Figure 5.5 Flow chart of the key materials and steps of piezoelectric ceramic gel casting.
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5.1.3 Lead based and lead free 1-3 random piezocomposite fabrication

5.1.3.1 Gel casting slurry preparation, de-airing, casting and drying

For the fabrication of 1-3 piezocomposites, the PZT and 50 BCZT powders with
mean particle size approximately 1.2-1.3 um were used as the ceramic materials. The
preparation of the slurries was the same as used for the preparation of the bulk PZT
and S0BCZT samples described in the previous section. Two steps of de-airing were
applied; after adding hardener into the slurry and after casting the slurry into the soft
mould. The soft mould for 1-3 composites, which presented a negative structure,
were replicated from the randomised design of Si master mould as explained in
section 5.1.1. After casting, a flat and clean glass slide was placed on top of the
slurry, followed by gentle pressing by hand. The purpose of this was not only to
guarantee the slurry had fully filled the mould cavities but also to ensure that the
stock layer side and the top surface of ceramic pillars were parallel, for ease of

subsequent processing. The bristle block was left upside down until dried properly.

The drying steps were the same as were carried out for bulk PZT and SO0BCZT green
samples except the initial drying at room temperature was done for 48 hours in order
to prevent the pillars from cracking followed by drying at 40°C in the oven for
another 24 hours. At this stage the 1-3 composite was carefully demoulded and then

dried further by heating from 40°C to 100°C at 1°C/minute and dwelled for 1 hour.

One of the critical process steps for gel casting is demoulding. It is very dependent
on the skill and experience of the operator, and proved particularly difficult with the
randomised ultrafine scale structures of ceramic segments produced in this work.

After the glass slide was removed from the bottom of the 1-3 composite, the stock
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side of the casting was positioned on a new glass slide (right side up), and then the

soft mould was slowly peeled away from the bristle block green body.

5.1.3.2 Organic burnout and sintering of green samples

The burnout and sintering processes for both PZT and SOBCZT bristle block samples
followed the same programmes as were used for the bulk ceramics. However, care
had to be taken for the sintering of the PZT bristle blocks, in order to prevent the
contamination of doped sand in the fragile structure, especially between ceramic
segments. Each PZT bristle block was put on a small alumina substrate with the
pillars facing upwards, surrounded by an alumina ring and covered with a small
alumina lid before the whole assembly was buried in the doped sand, as shown in
Figure 5.6. For SOBCZT bristle block samples, samples were put in the furnace on a
substrate with the pillars facing upwards and using the same sintering programme as

for the bulk materials.

PZT bristle block green samples

Alumina lid

=% Fine PbO-doped ZrO , sand
Alumina ring

» Coarse PbO-doped ZrO , sand

Alumina substrate - ~

Alumina crucible
Figure 5.6 Schematic illustration of setup used for the burnout and sintering of the PZT gel cast

bristle block green samples.
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5.1.3.3 Encapsulation of bristle block

After the bristle block was sintered, the vacant spaces between ceramic segments of
the bristle block were filled with the Epofix epoxy (Struers, UK) by an encapsulation
technique. A PDMS soft mould with cylindrical cavity approximately 20 mm
diameter and 35 mm high was fabricated for use as a container for the encapsulation
process. The sintered bristle block sample was placed in the mould cavity, and then
the epofix resin which was mixed with the hardener with the weight ratio of 25:3,
was slowly poured on top the sintered bristle block. To prevent the entrapment of air
bubbles in the samples, assembly was degassed for 20 minutes and then left for 30
minutes at room temperature. Finally, the 1-3 composite was placed in an oven and
heated from 40 to 60 °C at 1°C/minute, followed by holding at 60°C for 2 hour. In
order to aid the curing of the polymer. The mould was removed from the oven and
cooled down to room temperature. Eventually, the fully cured 1-3 composite was

ready for lapping.

5.1.3.4 Lapping

The thickness of the 1-3 composite needs to be matched to the operating frequency
of the transducer, and the composite should be flat with the two major faces parallel
to each other. This was achieved by a apping process using a MP5 lapping machine
(Logitech, Glasgow, UK). The process enables precise lapping to a precise thickness
by using suspensions that were mixed from a range of alumina lapping media,
distilled water and ethanediol. Initially a suspension of 9 um alumina was used to
remove the meniscus and excess Epofix resin on the stock side of the 1-3 composite.

After the meniscus and excess Epofix were removed, the sample was turned over and
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lapped from the stock side to expose the pillars by using a suspension of 3 um
alumina, then turning the sample over and lapping from the other side until the
thickness reached 200 um, then the sample were lapped to the required thickness by

using a suspension of 1 um.

5.1.3.5 Contact and non-contact poling

Typically, a contact poling method using an oil bath is used for almost all
piezoelectric ceramics. However, high frequency 1-3 composites are very thin
(approximately 50 um) and the surface might be scratched by the top of the contact
pin. In order to avoid such defects, a non-contact poling method was adopted using a
custom made corona poling machine, which can be carried out before electrodes are
applied. The corona poling machine and assembly for holding the composite in place

is shown in Figure 5.7.

A high voltage (30 kV) was applied to the copper pin to create the corona discharges
in an insulated chamber. The copper plate was utilised as a ground electrode and
provided the required temperature via a heater plate in the base of the equipment.
The composite was placed on the plate and covered by a silica ring in order to keep
the surface of composite flat and then the copper plate was put in the chamber with
its centre below the copper pin to ensure that the corona discharge covered the whole
sample. For the PZT composites, samples were pre-heated to 110°C whereas the
S0BCZT composites were pre-heated to 80 °C, followed by poling at 30 kV for 10
minutes. After leaving for 10 minutes, the temperature of PZT and S50BCZT
composites were slowly reduced to 50°C and 25°C ,respectively, using a fan, with

the 30 kV still applied.
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(a) (b)

Figure 5.7 (a) The assembly of the composite on the copper plate using a silica ring to flatten the
surface of the composite (b) The custom corona poling equipment used for non-contact poling of
PZT and S0BCZT 1-3 composites.

Contact poling in silicone oil was used to re-pole some of the 50BCZT 1-3
composites. An applied electric field of 3kV/mm at 80°C was applied for 10 minutes,
following which the temperature was slowly decreased to 25°C and then the voltage
was gradually decreased to zero. The sample was gently removed from the contact
pin and removed the excess oil on the sample surface by submerging in 2-proponol

for 20 seconds and then in distilled water for 20 seconds.

5.1.3.6 Electroding

The composites were placed on a glass slide and a 2x2 mm square kapton film mask
with a small tail created by laser cutting was placed on top, as shown in Figure 5.8,
in order to allow only the active area of 1-3 composite to be electroded and also
prevent shorting through holes between two surfaces caused by any air bubbles

trapped in the epoxy during encapsulation. The small tail was created as a holding
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area for carrying the composite and to avoid scratches from the impedance analyser

contact pin during impedance measurement.

The glass slide with the composite and mask on top was electroded in a Peltier
cooled sputter coater (Emitech K575, Emitech Ltd., UK) by depositing 1 cycle of
target A (Cr with 10 nm at 100 mA), followed by 2 cycle of target B ( Au with 80 nm
layer at 80 mA), each cycle was set at 2 minutes. After complete electroding one side
of composite, the composite was turned over to electrode the side using the same

procedure.
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Laser cut of kapton film mask

Active area of randomised composite

(a) Before electroding

Active area of randomised composite

Kapton film mask %’

(b) After electroding

Figure 5.8 Schematic illustration of electroding of 1-3 composite by using polycarbonate mask
with tail.

The complete fabrication procedures for a 1-3 composite, including the PDMS soft
mould replication, slurry casting, PDMS peeling, composite encapsulation and
electroding are presented in Figure 5.9. As a final step, after characterisation,
composites to use for transducer fabrication were cut into 1.6 mm diameter circular
discs. This was carried out in the Machining Center Mechanical Engineering,

University of Birmingham.
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(a) (b)
(a) and (b) preparing Si master (c) Stick Si master mould on the (d) Fix the plastic on the substrate (e) After curing, demould the
mould and stick it on glass slide substrate and then cast the PDMS PDMS

(f) The negative soft mould (g) Cast the gel casting slurry (h) Put the glass slide ontop (i) After drying, peel PDMS  (j) The bristle block structure
into PDMS mould

- ®

(k) Put the bristle block (1) Encapsulate the bristle (m) 1-3 piezocomposite (n) 1-3 piezocomposite with (o) 1-3 piezocomposite
structure in the backfill mould block structure ready to do lapping the required thickness with electrode

Figure 5.9 Schematic illustration of the fabrication process of a 1-3 piezocomposite
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5.2 Characterisation methods

5.2.1 Characterisation of rheological behaviour

The rheological behaviour of the premixed solutions and the lead based and lead free
slurries were measured using an AR 500 rotational rheometer (TA instruments,
USA). The experiments were carried out using a cone and plate geometry with a 40
mm diameter, cone angle 2° and gab 55 um, rotating against the flat measuring plate.
8-10 drops of the solutions or slurries were dropped on the centre of the measuring
plate and then the excess liquid that spread out after the cone reached the required
gap was cleaned. The reason for using a cone and plate was for comparison with

other people’s work in Functional Material Group, University of Birmingham.
5.2.1.1 Elastic storage and viscous loss modulus measurement

The dynamic oscillation shear tests of premixed solutions and ceramic slurries were
measured at the strain of 0.2% and fixed frequency of 1 Hz at different temperatures
relative to the elastic storage modulus and viscous loss modulus (G’ and G”’,

respectively).
5.2.1.2 Viscosity measurements

The effect of dispersant concentrations and amount of resin on the flowability of the
ceramic slurries were investigated by viscosity measurements. The slurries were pre-
sheared for 10 seconds before measuring the shear mode with the speed of
deformation (shear rate) in the range 0.1-600 s at 20°C. The effect of resin content
on the gelation time of the ceramic slurries were investigated by measuring the

change in viscosity at a shear rate of 0.1 s at 20°C.
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5.2.2 Specific surface area measurement

The specific surface area (SSA) of PZT and 50BCZT powders in the as received
state and after vibro-milling were measured using a Brunauer—-Emmett—
Teller (BET) single point nitrogen adsorption (Micromeritics Area ASAP2010c,

Norcross, USA).

5.2.3 Particle size measurement

Particle size measurements of the PZT and S0BCZT powders were carried out using
a laser diffraction particle size analyser (Sympatec, Bury, UK) with integral
ultrasonic bath. Suspensions consisting of 0.5 g of the PZT or S0BCZT powders
were prepared using 3 g of distilled water and 2 drops of NasP,07 as a dispersing
agent. Soft agglomerates can be broken down by ultrasonic vibrations which
normally takes about 15 seconds and then the laser beam detected the particles in
suspension and scattered the incident light to the lens. Finally, the data of diffraction

from the lens created the particle size distribution.

5.2.4 Thermal analysis

TGA and DSC were measured to study the effect of polymer burnout on weight loss
of gel cast samples using a NETZSCH simultaneous thermal analysis (STA 449C
Jupiter). The samples (approximately 15 mg) were measured in an alumina crucible

in an air atmosphere at a heating rate of 5°C/minute to 600°C.
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5.2.5 Density measurement

The density of the green and sintered bulk samples of PZT and 50 BCZT were
measured based on Archimedes principle. The following formula was used for the

density calculation.

Wq

Equation 5.1

Wq—Ww
where p is a density
w, is the dry weight of the sample
w,, is the weight of the sample in water.
5.2.6 Drying and sintering shrinkages

The drying shrinkage of gel cast bulk samples was calculated from measurements of
the diameter of the soft mould and the dried samples after demoulding using the

following equation;

LD =222 4 100 Equation 5.2

Dym
where LD is the drying shrinkage
Dy, is the diameter of soft mould
D, 1s the diameter of the gel cast sample after complete drying

The sintering shrinkage of the gel cast bulk samples carried using the same basis but
the diameter of sample before burnout and sintering and after sintering were

measured instead, followed by calculation using the equation as follows;

— Dg—Ds
= D

LS x 100 Equation 5.3
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where LS is the sintering shrinkage
D, is the diameter of dried sample
Dy 1is the diameter of the gel casting sample after sintering

All measurements were carried out to 0.01 mm using precision digital calipers. 3

measurements of each sample was made and an average taken.
5.2.7 Green strength measurement

The flexural strength of green PZT and SOBCZT were measured in order to study the
influences of the resin concentration on the green strength. Test bars (45 mm length,
4 mm width and 3 mm thickness) were fabricated by casting the slurries into
appropriate PDMS soft moulds and, after complete drying (see section 5.1.2.2),
bars were tested in three point bending an Instron testing machine (Instron,
Buckinghamshire, UK) with the span length of 50 mm and crosshead speed of 1

mm/minute. The flexural stress gy of rectangular cross section can be calculated as a

following equation;

3PL
" 2bd?

Equation 5.4

where P is fracture load

L is the span length (distance between support pins)

b is the width of rectangular bar

d is the thickness of rectangular bar

For each test condition 20 bars were tested and averages and standard deviations

calculated.
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5.2.8 Dielectric and Piezoelectric property measurements

The impedance magnitude, phase and capacitance of the PZT and 50BCZT
composites and high frequency transducers were measured using an Agilent 4294A
impedance analyser (Agilent Ltd, UK) with a frequency range of 40 Hz-110 MHz.
The capacitance was measured at 1 kHz and 2f, for low and high frequency samples

respectively. The electromechanical coupling factor, planar-extensional mode (k,),
thickness-extensional mode (k;) and relative permittivity at constant stress (ET), at

constant strain (SS) were calculated by using the value of parameters from each

sample along the active area and thickness using the equation as follows;

= fatfr _ (fafr)’ ;
k, —J(Z.Sl. - ( R ) ) Equation 5.5
ky = \/ =, &. tan <E : f“_fr> Equation 5.6
2'f, 2" f,
CLh
el = - Equation 5.7
ASO
Cnh
eS = -2 Equation 5.8
ASO

The dj3 was measured using d;3 meter model YE2730A with the range of 10 to 2000
pC/N (Sinocera, China). 5 samples for each composition were measured and 3

measurements were made on each sample.
5.2.9 X-ray diffraction analysis

As-received PZT and S0BCZT powders and sintered discs were measured on X-ray
diffractometer (Equinox 3000, Intel Inc, Artenay France) using Cu-Kal radiation

with wavelength 1.54056 A and 20 between 15-90. The intensity spectra were
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analysed by using the Match software with PDF-2 data base (ICDD : International
Centre for Diffraction Data - JCPDS : Joint Committee on Powder Diffraction

Standards, copyright 2004, Newton Square, USA).

5.2.10 Microstructure characterisation

5.2.10.1 Optical microscopy

During the lapping process the ceramic pillars of the 1-3 composites were observed
using a confocal scanning laser microscope (OLS3100/3000, Olympus, UK) to
ensure that the pillars were exposed. Image J software was used for analysis the
volume percentage of ceramics in each 1-3 composite. To aid fabrication of the high
frequency transducers, an optical microscope (RZ, Meiji Techno microscopy, UK)

were used, combined with digicam control software.

5.2.10.2 Scanning electron microscopy and environmental scanning electron

microscope

The morphology of material powders, ceramic bulks, 1-3 composites were studied
using a scanning electron microscope (JSM6060, Jeol, Tokyo, Japan) and an
environmental scanning electron microscope (XL30, Philips, Amsterdam). For grain
size observation, the sintered samples were polished then thermal etched at 150 °C
below sintering temperature for 10 minutes using heating and cooling rate of
600°C/hour. The samples for testing were attached to an aluminium stub using a
carbon adhesive disc A Peltier cooled sputter coater (Emitech K575, Emitech Ltd.,

UK) was used for gold coating the sample surface at 80mA for 2 minutes.
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5.2.11 Transducer testing

5.2.11.1 B-scan testing

* Tungsten wire scanning

The resolution of focused and unfocused transducers fabricated in this work were
carried out in the Systems Power and Energy Group at the University of Glasgow. A
high frequency scanning system consisting of acomputer controller, a pulser/receiver
(DPR/500, JSR Ultrasonics, UK), remote pulse box (JRS RP-H2, Ultrasonics, UK),
NI PXle controller (National Instruments, USA), frame and scanning stage were set

up for this measurement as shown in Figure 5.10.

The transducer was placed on the JRS RP-H2 pulse box which was placed on the
frame (Thorlabs, UK) in order to minimise vibration during testing. A LabView
interface software controlled the system, including the scanning directions, the
pulse/receiver and the NI PXle controller. The motion controller (Motion Link Ltd,
UK) controlled the scanning stage with a resolution of 2 um. The transducer
received a pulse from the pulser/receiver and was moved at the same time via the
scanning stage. The NI PXle controller collected and sent all the data to the LabView
software and then the data were processed by MATLAB. The basic components and
their connections for this measurement are presented in Figures 5.10 and 5.11,
respectively. The resolution of the PZT and S50BCZT focused and unfocused
transducers were evaluated using the B-scan of 5 x 25 um diameter tungsten wires.
The tungsten wires were submerged in water and each wire was separated by 1 mm
and placed on a holder as shown in Figure 5.12. The surface of transducer was

submerged in water, keeping the distance between the wires less than the focal length
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of the transducer. Scanning of tungsten wires in agar with 8% of 3 pm ALO;
particles was done with the same basic set up, except using 100, 200 and 200 um

diameter wires, respectively, as shown in Figure 5.13.

Figure 5.10 Photograph of the scanning system.

»  LabView on PC
v
Collet/transfer data Stage control
s
v
Pulse/receiver [€ X Y stage
\ 4
Scanning stage <€
> Transducer

Figure 5.11 Schematic diagram of the component connections of the scanning system.
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Figure 5.12 Photograph of experimental set up for the B-scan of Tungsten wires.

Transducer

Figure 5.13 Photograph of the experimental set up for the B-scan of Tungsten wires in agar 8%

ALOs.
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* Tissue scanning

The real time capabilities of the lead based and lead free focused transducers for
medical imaging applications were tested by tissue scanning in the Clinical Research
Centre Tayside at the University of Dundee. A 2.5 mm thick cross section of pig
bowel in the area of serosa was adopted as the target. The pig bowel was pinned onto
a flat agar surface which was then placed on top of an absorbor and submerged into a
phosphate buffered saline solution (PBS) at pH 7.4. The surface of the transducer
was lower down into the PBS solution and placed perpendicular to the tissue surface,
as shown in Figure 5.14. All experiments were done based on the same system for
tungsten wire scanning, carried out at 37°C, with the scanning distance 20 mm from

the tissue.

Transducer

Figure 5.14 Photograph of focused transducer and pig bowel tissue placed for B-scanning.
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5.2.11.2 Pulse and echo testing

For pulse-echo measurements of the focussed and unfocussed transducers, a flat
quartz block with 5 mm thickness was used as the echo target. The surface of the
transducer was submerged vertically into the water. The echoes from the target were
input into a Fast Fourier Transformation (FFT) to create frequency spectra from

which the bandwidths of each transducer were calculated.
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Chapter 6 Optimisation of the lead free gel casting
process

6.1 Introduction

One of the main aims of this thesis is to fabricate lead free high frequency
transducers for ultrasound medical imaging. 1-3 composites were chosen as the
active material for the transducers, and utilsing the gel casting process to fabricate
the bristle-block structure. SOBCZT powders and hydantoin epoxy resin were
selected as the main materials for gel casting system as SOBCZT powders have been
reported to possess good piezoelectric properties, while hydantoin epoxy resin was
reported to have high water solubility, low toxicity, low cost and crystallise at
ambient temperatures to provide high green strength green bodies as mentioned in

Chapter 3.

The optimisation of the key parameters and compositions for the gel casting method
have been studied, starting with the premix solution, including hardener content,
gelation time and temperature. The influence of the key compositional variables for
producing slurries including dispersant and resin concentration and % volume solids
loading on working time and viscosity were studied in order to optimise the slurry
compositions that provided the best flowability. Before fabricating the micro bristle
block structure, a range of lead — free gel casting slurries were cast into PDMS soft
moulds with bulk and bar shapes in order to study the microstructure and the series

properties of samples in green and sintered stage including shrinkage, green density,

121



green strength, dielectric, piezoelectric and functional properties as the initial datum

for further steps. The results are presented and discussed in this chapter.

6.2 Polymerisation of the premix solution

6.2.1 Influence of hardener content on the premix solution

In this gel casting system, a ring-opening reaction is the main polymerisation
mechanism that takes place between the epoxide groups of the epoxy resin and active
hydrogen atoms of the amine hardener in order to achieve the bonding between
epoxy resin and amine. In the hydantoin epoxy system used in this work, the epoxy-
amine curing occurred by HN, NH, and NH, groups at the end of Bis(3-
aminopropyl) amine hardener opening the epoxide ring of the hydantoin epoxy resin
[1] as mentioned in section 3.4.5. The stoichiometric ratio between amine hardener
and epoxy resin of the amine hardener need to be calculated in order to ensure the
stability of the curing mechanism [2, 3]. Hydantoin epoxy resin has an Equivalent
Epoxide Weight (EEW) of around 139 g/eq this means 139 g of epoxy contains one
mole of reactive epoxy group while Bis (3-aminopropyl) amine hardener has 5
functional hydrogen atoms per molecule and acts with molecular weight 131 g/mol;
therefore, the Amine Hydrogen Equivalent Weight (AHEW) of this amine hardener
is 26.2 g/eq. This means that in theory that hydantoin epoxy resin with 139 g/eq
needs to be mixed with an amine hardener with an equivalent weight of 26.2 g/eq in
order to completely react with no unreacted amine hardener or epoxy resin
remaining. Hence, the amount of hardener needed per hundred grams of epoxy resin
(Parts Per Hundred Resin or PHR) is 18 g. This implies that the complete reaction

can be done by using 1 g of epoxy resin per 0.18 g of amine hardener, the amount of
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hardener larger or smaller than this will cause excess amine and excess epoxy resin,
respectively. Figure 6.1 presents the elastic modulus G' and viscous modulus G" of
20 wt% hydantoin epoxy resin premix solutions with hardener PHR 12 g - 50 g
during polymerisation as a function of time at 40°C. The elastic modulus increased
with increasing hardener and most of premix solutions exhibited a plateau region
which corresponds to the strength of gel. The highest elastic modulus value of
175,900 Pa can be achieved by increasing the hardener to PHR 18 which corresponds
to the stoichiometric ratio of amine hardener and epoxide group as mentioned above.
This means by using this stoichiometric ratio, a network of interconnected rings
occurred between all amine epoxide groups and all amine active hydrogen atoms
were linked with a high degree of crosslinking. At a hardener PHR = 12 g, the
maximum G’ value of only 10,780 Pa is obtained after 1 hr, and the gel was being
formed after 31 minutes. However, within 1 hr a G’ plateau region was not detected,
which implied that the gel was not completely formed in this time as there was
insufficient amine hardener to react with epoxide groups. At the hardener addition of
PHR = 25 g and 37 g, the plateau regions were slightly lower than for PHR = 18 g
and reached peak values of 156,100 Pa and 72,330 Pa, respectively. Further increase
of the hardener concentration to PHR = 50 g, resulted in the G’ value decreasing to a
plateau region of around 10,360 Pa. As shown in Figure 3.17, there are three mains
crosslinking reactions that involve the ring open reactions between amine hardeners
and epoxide groups. Generally, the primary reaction dominates the initial curing and
offers only the linear structure. Therefore, in these three amine-rich systems, there is
a strong possibility that the linear structure increases and the network of

interconnected rings do not start until the epoxide groups were reacted with
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secondary amine. However, there were insufficient epoxide groups resulting in
increase of unreacted secondary amine and decrease in the amount of cross-liking.
This led to the decrease of G’ [4]. It can be observed in Figure 6.1 (b) that the viscous
response also increases with increasing hardener and the highest G'’ can be obtained
at the stoichiometric ratio. Thus the largest concentration of interconnected rings
between the amine hardener and epoxide groups, leads to an increase in the viscous
modulus of this premix system. Figure 6.2 presents the elastic and viscous moduli of
premix solution prepared from 20 wt% resin content with hardener PHR = 18 g
measured at 40°C. From this figure, an example of the available time for mixing and
casting, the gelation time, can be determined by using the crossover point between
the two moduli [5]. At the early stage of the curing process, elastic and viscous
modulus were observed a low value as the reaction between amine hardener and
epoxide group just started. However, it can be observed that at the start G
dominates while G’ represents the entanglement of polymer chains. As the reaction
progresses cross-linking between amine hardener and epoxide groups of premix
solution can be observed as both moduli increase sharply when the molecular weight
of the polymer chain increased. However, the elastic behaviour became dominant in
this stage due to the increasing of cross-linking from the ring opening reaction.
Finally, the plateau regions of the elastic and viscous moduli can be observed when
the ring open reaction has completed. From an example of crossover point between
the elastic and viscous moduli, the gelation time at 40 °C for 20wt% epoxy resin
premix solution with hardener concentration PHR = 18 g was 14 minutes, while the
gelation time for other premix solutions studied at various hardener concentrations

are presented in Table 6.1.
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Figure 6.1 (a) Elastic modulus G'and (b) viscous modulus G of 20 wt% hydantoin epoxy resin

content premix solutions cross-linked with various hardener contents at 40°C.
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Figure 6.2 Elastic modulus G'and viscous modulus G'' of 20 wt% hydantoin epoxy resin content

premix solutions cross-linked with hardener PHR = 18 g per 100 g of resin at 40°C.

The results show that the available time for mixing and casting is shortened with

increasing amine hardener concentration due to the increase in the concentration of

amine active hydrogen atoms to create the ring open reaction. An alternative criterion

to the crossover point is monitoring the time corresponding to the abrupt change of

G'for the slurries [6, 7]. Using this criterion the gelation time for hardener

concentration with PHR = 12, 18, 25, 37 and 50 g would be obviously shortened

from 31 to 14, 12, 11 and 10 minutes, respectively.

Table 6.1 Gelation time by crossover criterion of 20wt% hydantoin epoxy resin premix solution
cross-linked with various hardener concentration (PHR = 12-50 g per 100 g of resin) at 40 °C.

Hardener concentration
(Parts Per Hundred Resin)

12

18

25

37

50

Gelation time at 40 °C
(min)

28

14

13

8

6
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6.2.2 Influence of reaction temperature on premix solution

The gelation behaviour of the premix solution can be controlled by temperature.
Figure 6.3 shows the elastic and viscous moduli of premix solutions prepared from
20 wt% hydantoin epoxy resin with hardener concentration PHR = 18 g at various
temperatures. It can be seen that the gelation time of both moduli show great
dependence on temperature as the gelation time displays a tendency to decrease from
nearly 50 minutes to around 5 minutes when the temperature is increased from 20 °C
to 50 °C, in agreement with several other reports [1, 7-11]. This means the gelation
kinetics or reaction rate for curing can be accelerated by increasing temperature [9,
10]. This relationship can be expressed by an Arrhenius-type equation as shown in

Equation 6.1 [1, 12].

1
t;x P =Aefo/RT Equation 6.1

T

When () is the induction time, K, is the reaction rate, is the Arrhenius pre-
exponential factor, is the gas constant 8.31 J.(k.mol)”", is the activation energy
of the polymerisation reaction and T is the absolute temperature (K). Figure 6.4
shows the Arrhenius plot calculated from the data obtained from Figure 6.3 (a). It
can be seen that the logarithm of the gelation time is inversely proportional to the
temperature and the slope of line is equal to the E,/R, therefore the activation energy
of polymerisation reaction of 20 wt% hydantoin epoxy resin with hardener
concentration with PHR = 18 premix solution was calculated value as 82 kJ/mol in

good agreement with other reports (47.6, 59.1 and 27.5 kJ/mol) [1, 8-11].
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Figure 6.3 (a) Elastic modulus G'and (b) viscous modulus G'' of 20 wt% hydantoin epoxy resin

content premix solutions cross-linked with hardener PHR = 18 g per 100 g of resin measured at

various temperatures.
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(a), showing that the gelation time is inversely proportional to the temperature.
6.2.3 Influence of resin content on the premix solution

Apart from hardener concentration and temperature, resin content also plays a vital
role in the elastic and viscous behaviour of the premix solutions. Figure 6.5 shows
the elastic and viscous moduli of premix solutions with various resin contents (10-40
wt%) with hardener concentration PHR = 18 g measured at 40 °C as a function of
time. It can be observed that both G' and G"' show great dependence on resin content
as the G' and G'"' values increased with increasing resin content. The highest values
of G' and G" in the plateau region were around 1.57 MPa and 0.025 MPa,
respectively for the premix solution with 40 wt% epoxy resin, while the solution with
10 wt% epoxy resin offered maximum values of G’ and G"' of around 16000 Pa and
1250 Pa, respectively. This means the strength of gel after the ring opening reaction
can be improved by increasing the resin content. This can be explained by

considering the curing reaction of epoxy in the presence of water, which cause
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additional ring open polymerisation reactions through hydrogen bonding, as
presented in Figure 6.6. However, it has been reported that bonding and diffusion of
molecules of water into the epoxy resin network can occur by two mechanisms. First,
some molecules of water diffuse and bond with the epoxy resin by forming hydrogen
bonds with hydrophilic functional groups in the epoxy resin. An alternative
mechanism is that some molecules of water are retained in the epoxy resin network
as free water. Based on the hydrogen bonding between water molecules and epoxy
resin, two types of bonding were found and classified into types I and II [13],
depending on the activation energy and hydrogen bond complex as shown in Figure
6.7. Generally, type I bonding is the dominant form, possesses lower activation
energy and acts only as plasticizer [13, 14] while the amount of type II bonding
depends on temperature and time and offers higher activation energy as the presence
of water forms multiple hydrogen bonds with the epoxy resin network and creates
bridging resulting in additional cross-linking [13]. It has been reported by Wu et al.
[15] that the presence of a small amount water of in the epoxy and hardener system
can increase the ability of polymer chains to move and acts as a catalyst accelerator.
However, an increasing amount of water diffuses into the polymer network and acts
as plasticizer [14], leading to a lower degree of the curing reaction and decreasing of
the cross-linked density [16] and elastic modulus [15]. Therefore, increasing the resin
content in the premix solution leads to a reduction in the presence and retention of
water that acts as plasticizer in the epoxy/hardener system, resulting in a stronger gel
and higher modulus, This is also in agreement with a study of premix solutions with
EGDGE epoxy resin at 10 wt% - 40 wt% resin contents reported by Jiang [11]. By

using the crossover point between G’ and G''to determine the gelation time, it can be
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observed that the gelation times were obviously shortened with increasing amounts
of resin as presented in Table 6.2. These values are in close agreement with those
determined by monitoring the time that corresponds to the abrupt increase in G’ of
the slurries, where the gelation time decreases from 16, 11, 7 and 5 minutes for

increasing resin contents of10, 20, 30 and 40 wt%, respectively.

H-O-H
0 0
RaNH + WG CH— + B30 . RNH-H,C— CH
]
Y
OH OH
R:N-CH; CHov + H;0 = R;NH—CH;—CHow + HO

Figure 6.6 The additional ring open polymerisation reaction in the presence of water [15].
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Figure 6.7 The two possibilities of water molecules binding with epoxy resin through hydrogen
boning (a). Type I, single hydrogen bonding between water molecules and epoxy resin. (b) Type
I1, multiple hydrogen bonds between water molecules and epoxy resin [13].

Table 6.2 Gelation time calculated by the crossover criterion of G' and G'' for 10 wt%- 40wt%

hydantoin epoxy resin premix solutions cross-linked with hardener concentration PHR = 18 g
per 100 g of resin) at 40 °C.

Resin content 10 20 30 40

Gelation time at 40 °C

) 15 13 7 5
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6.3 Optimisation of lead free powder and slurries

6.3.1 Lead free powder characterisation

6.3.1.1 Particle size analysis

As one of the aims of this project is to fabricate fine scale 1-3 composites for high
frequency transducers using gel coating and micromould techniques, the choice of
the BCZT powder needs to be taken into account in order to achieve an appropriate
particle size. The randomised segments for this application require an ultrafine
structure. Consequently, the particle size of the SOBCZT powder should be smaller
than 2 pm to fully fill the mould cavities [11]. Smaller particles can also increase the
sintering efficiency and reduce the sintering temperature due to the higher solid-solid
interfacial area and surface energy [17, 18]. However, using small particle size
SOBCZT powders can cause the excessive grain sizes and diminish the piezoelectric
charge coefficient (d3;) [19]. From the point of view of mixing the slurry, fine
particles not only possess high surface area but also high surface tension. Therefore,
small particles have a higher tendency to agglomerate in the slurry, leading to high
viscosity and difficulties in achieving a homogeneous slurry [20, 21]. Consequently,
the selection of particle size had to be a compromise between these factors and

requirements.

50BCZT powders with the average particle size of 3.3 um were supplied from
Central European Institute of Technology (CEITEC). Particle size characterization of
the as-received powders revealed a bimodal distribution with the centres of large and
small peaks at 0.6 pm and 27.9 um, respectively as shown in Figure 6.8 (a). After the

S0BCZT powders were vibro milled for 7 hrs, the average particle size was reduced
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to 0.95 um. The average particle size can also be calculated by using the specific
surface area (SSA) and the density of 50BCZT powders (5.73 g/em’) [22] as
presented in Equation 6.2 [23, 24] assuming the powders are spherical and
nonporous. The SSA of as-received and vibro-milled S0BCZT powders measured by
BET single point nitrogen adsorption were 1.5022 m%g and 2.2022 m%g,
respectively, resulting in the average particle size calculated from Equation 6.2 as
0.70 pm and 0.48 pm, respectively. However, these values did not correspond
precisely to the results from the laser diffraction method. This might be due to the
non-spherical shape of the powders, inaccuracies between the true and theoretical

densities, or some agglomeration.

6

Average particle size = ——
gep SSA X density

Equation 6.2
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Figure 6.8 The particle size distribution of S0BCZT powders (a) as-received and (b) after vibro-

milling for 7 hrs.
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Figure 6.9 (a) shows the SEM micrograph of as-received powders, although the
primary particle size is < 1 pum, agglomeration can be seen with a broad range of
sizes from less than 10 um to over 50 pm. The powders after vibro-milling 7 hrs are
shown in in Figure 6.9 (b) where it can see that the large agglomerates were broken

down and obviously smaller particles are observed.
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Figure 6.9 SEM micrographs of SOBCZT powders (a) as-received and (b) after vibro-milling for

7 hrs.

6.3.1.2 Crystalline material structure

XRD patterns of the as-received S0BCZT powders (calcined at 1100 °C) and
50BCZT discs from gelcasting sintered at various temperatures are shown in Figure
6.10. All XRD patterns were indexed on the perovskite phase structure (ICSD code :
187675 [25]) and it can be seen that the XRD patterns of the samples sintered at
1300 °C - 1500°C have similar patterns which are in agreement with XRD patterns
of SOBCZT sintered at 1325 °C and 1500°C using 1 pm powder size reported by Bai
[26]. However, the XRD pattern of the calcined powder shows a small additional

peak at 26 = 30° and other peaks are shifted slightly to the right. It has been reported
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[26] that for SOBCZT powders calcined at 1350°C, there are no additional peaks in
the XRD pattern. However, in this project, the as-received SOBCZT powders were
calcined at 1100°C, which obviously is not a high enough temperature for complete

reaction and homogenisation of the oxide and carbonate precursors.
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Figure 6.10 XRD patterns of SOBCZT powders calcined at 1100 °C and S0BCZT discs sintered

at difference temperature.

6.3.2 Lead free slurries characterisation

6.3.2.1 Influence of dispersant concentration on viscosity of lead free slurry

The key parameters for the successful slurry preparation with well-dispersed ceramic
powders in a suspension suitable for gel casting system are homogenisation,
flowability, low viscosity and stability with high ceramic solids content. However,
the viscosity of slurry increases with increasing solid loading while low solid loading
can cause defects and damage of the surface in the finished ceramic [27-29]. An

effective dispersant is one of the most important constituents in the slurry that will

137



help achieve high solids loading and low viscosity. In this thesis, a solution of an
ammonium salt of an acrylic polymer in water (NHsPAA) or Dispex AA4040, was
utilised as a dispersing agent because it has been reported as a good dispersant for

aqueous ceramic systems [11, 30-32].

Typically, the interparticle forces in most ceramic suspensions are dominated by two
key forces. The first one is an attractive force which arises from van der Waals
forces, and the second one is repulsive force comprising electrostatic and steric
repulsive forces of the polymer or dispersing agent on the surface of the ceramic
particles [33, 34]. Most ceramic powders exhibit van der Waals attraction between
like particles and also depends on the nature of solvent and surface of particle. In
order to achieve the desired degree of colloidal suspension stability, the electrostatic
and steric repulsive stabilisation need to be introduced to overcome and mitigate the

van der Waals attraction between the particles [35, 36].

The electrostatic effect arises from the net surface charge between particle and liquid
interface which depends on the zeta potential of colloidal suspensions, and can be
adjusted by modifying the pH of the aqueous ceramic suspensions. Previous works
has reported the effect of pH value and NH4PAA at various pH values on the zeta
potential and isoelectric point (IEP) of PZT suspensions [32]. The electrostatic force
between particles tends to dominate when the suspension has a high zeta potential
while a lower zeta potential (close to IEP) results in flocculation. The zeta potential
of ceramic suspensions without dispersant agent has been shown to have the IEP at
around pH 8 which means an alkaline environment might not be suitable to disperse
the suspension, and it was also found that from pH 7 to around 12 the zeta potential

was only slightly changed. Conversely, with a dispersant, the IEP was shifted to pH
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around 2 and offered a more negative zeta potential value which means the
dispersant was effective. The different pH values of ceramic suspensions with and
without dispersant were studied in order to determine the influence of pH and
dispersant on the viscosity of the suspension. It has been reported that changing the
pH values only slightly affected viscosity while the presence of a dispersant

significantly decreased the viscosity of the suspensions [27, 32, 34].

The steric effect comes from the absorption of polymer molecules on the particle
surface which the polymer particles should cover completely with enough thickness
to avoid particles from approaching each other too closely where the net attraction
force and bridging flocculation can occur due to van der Waals force. The polymer
molecules should be firmly anchored on the ceramic particles in order to prevent
desorption during particle collision and, with the appropriate condition, the
interpenetration of the polymer surface layer can create the steric repulsion. [33, 35].
Therefore, the stabilisation of electrostatic and steric repulsive forces in the
suspension can be created by the dispersing agent, overcoming or reducing the van

der Waals force attraction [27, 32, 34].

The well-dispersed slurry can be developed by adjusting the dispersant concentration
in the slurries. Figure 6.11 shows the influence of dispersant concentration on the
viscosity behaviour of SOBCZT slurries with 40% vol solids loading and 20% resin
content at the shear rate of 100 s™. It can be clearly seen that the dispersant
essentially reduced the viscosity of slurries. The optimum dispersant concentration
was found at 2.4 wt% which provided the lowest viscosity of the slurry with a value
of 0.11 Pa.s. This indicates that the dispersant effectively dispersed the ceramic

particles in the slurry by providing enough negative charge of PAA to absorb on the
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surface of SO0BCZT particles, increasing the repulsion force and, at the lowest
viscosity, the dispersant concentration was enough to overcome van der Waals force
and provided a well-dispersed system. At concentration below 2.4 wt%, a higher
viscosity of the slurry was found due to insufficient dispersant to cover the surface of
the particles, resulting in some flocculation due to attraction from the van der Waals
force [9, 11, 27, 37-39]. However, increasing the dispersant concentration over 2.4
wt% also led to an increase in viscosity which may relate to the interlocking of the
unabsorbed dispersant in the slurry causing bridging between ceramic particles [9]
and could also function as an electrolyte, thereby resulting in the reduction of the
range of the electrical double layer repulsion and distance between particles [9, 40,
41]. The optimum dispersant concentration for this S0BCZT slurry with 40%vol
solids loading and 20 wt% epoxy resin was 2.4 wt% that offered the lowest viscosity

for the slurry.
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6.3.2.2 Influence of solids loading on the viscosity of lead free slurries

As mentioned above, a ceramic slurry for a gel casting system requires well-
dispersed ceramic powders in a suspension with low viscosity and high ceramic
solids loading. This can be beneficial to the green density of ceramic part as the
green density has a correlation with the solids loading of the slurry. A higher solids
loading results in higher green density and minimises the drying shrinkage [42],
hence resulting in better control of geometry and structure, improving green strength
and reducing the possibility of distortion of the ceramic part during drying and
sintering [38, 43]. In this thesis, the Si master mould with the random geometry and
complex shape were used for fabricating the bristle block structure, therefore, a low

viscosity slurry is required during mixing and casting in order to achieve a
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homogeneous slurry that can be completely fill the complex mould shape. According
to these two conditions, this means that it is necessary to tailor the slurry with low
viscosity and optimum solids content. The solids loading of the slurry can be

calculated according to the following Equation 6.3 [37, 44].

¢ = :ﬁ Equation 6.3
SV

where ¢ is the solids loading, m (g) and p (g/cm’) are the mass and density of the
S0BCZT powder, respectively, V is the volume (ml) of the premix solution in the

slurry.

Figure 6.12 presents the rheological curves of SOBCZT slurries at various solids
loadings with 20 wt% resin content and optimum dispersant agent (based on dry
solid). It can be seen that all slurries exhibited higher viscosity at higher solids
loadings with Non-Newtonian flow behaviour [45]. As the solids loading ranged
from 40 to 47 vol%, the viscosity of slurries changed with changing of shear rate
and volume fraction of S0BCZT powder. All slurries exhibited shear thinning
behaviour which may be a result of the perturbation of the slurry structure by the
shear [8]. At low shear rate, high viscosities were observed because the slurries were
close to their equilibrium state and the ceramic particles were close to each other
because the thermal motion of ceramic particles was dominant over the viscous
force. On the other hand, at high shear rate, the viscous force dominated the structure
of slurry; thereby, resulting in the shear thinning behaviour and most slurries having

a constant viscosity [8, 9, 46] which is in agreement with other research [8, 9, 38,
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42, 44, 46-49]. This means that, for the various volume fractions, the differences in

viscosity are more significant at low shear rate [42].
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Figure 6.12 Viscosity curves as a function of shear rate of the SOBCZT slurry at various solids
loadings with 20 wt% resin content using hardener concentration PHR = 18 g and the
dispersant concentration was 2.4 wt%.

For the slurries with 40, 43 and 45 vol% solid loading, the viscosities at a shear rate
of 100 s ' were about 0.17, 0.25 and 0.35 Pa.s, respectively, which were relatively
low viscosity and also suitable for gelcasting because the viscosity was less than 1.0
Pa.s, which ensures the slurries have flowability for casting into the mould cavity
[37, 48, 50]. The viscosity of the slurry with a solid loading 47 vol% at a shear rate
of 100 s was about 3.45 Pa.s, which was too high for the gelcasting process.

Therefore, the optimum solid loading was determined as 45 vol%.
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6.3.2.3 Influence of resin content on viscosity and gelation time of lead free

slurries

Apart from the amount of dispersant and the solids loading, the epoxy resin is also
one of the key constituents affecting the rheological behaviour of the slurries.
Therefore, the influence of resin content on the viscosity of the SOBCZT gel casting
system has been studied by considering the viscosity at a critical shear rate (100 s™)
as it is close to the condition during the casting stage. Figure 6.13 shows the viscosity
as a function of shear rate of 45 vol% solids loading SOBCZT slurries with 2.4 wt%
Dispex AA4040 after being mixed with optimum hardener amount for resin contents
ranging from 10 wt% to 40 wt %. All the slurries exhibited shear thinning behaviour
indicating suitability for gel casting. As expected, the amount of resin affected the
viscosity of the slurry. The viscosity gradually increased with increasing resin
content which were in agreement with other research [9, 10, 37, 41, 50]. There are
several reasons that can explain this behaviour. For example, compared to the
viscosity of the resin, the distilled water which was utilised as the dispersed medium,
possessed a lower viscosity. Therefore, with increasing addition of resin into the
water the overall viscosity of the solution increases. The second possible reason is
that the increase of resin content of the slurry may cause an increase in
intermolecular entanglement, resulting in an increase in the viscosity of the slurry
due to difficulties of individual chain movement [11]. Moreover, another possible
reason is the depletion flocculation effect which can be caused by the non-absorbed
polymer leading to the flocculation of particles. Generally, the polymer is lyophilic,
in that the flexible polymer chains like to dissolve in the dispersed medium rather

than precipitate out. The polymer chains can move freely in the colloid and do not
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interact with the ceramic particles. At low amounts of resin, the resin is more likely
to cover the surface of the particles. However, with increasing resin content, excess
resin can float around in the dispersed medium and does not absorb on the surface of
the particles. When the concentration of free polymer exceeds a critical value and the
gaps between adjacent particles are less than the effective radius of the polymer, the
polymer tends to not fit into the gaps and then the non-absorbed polymers are pushed
into the bulk dispersed medium. This means there is no polymer between the ceramic
particles. In the region between particles, there is a reduced concentration of
polymer, whereas everywhere else there is a higher concentration of polymer. This
creates an osmotic pressure on the dispersed medium between particles where it
wants to reach equilibrium by moving the solvent to the region where the polymer is
concentrated. If the polymer could get into the gap, the system would achieve
equilibrium but the polymer cannot get into the gap so the dispersed medium moves
instead. The movement of the dispersed medium from the gap between particles by
osmosis to the concentrated polymer region creates a lower pressure region in the
gap which leads to an attraction between the particles. With increasing resin content,
more non-absorbed polymers were introduced into the slurry. Therefore, the
viscosity of slurry increased [41, 51]. It can be found that with increasing the resin
concentrations from 10 wt% to 40 wt%, the viscosity increased from 0.19 to 0.97
Pa.s at the shear rate of 100 s'. This means even at the highest resin concentration

with 40 wt%, the viscosity was still relatively low and acceptable for gel casting.
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Figure 6.13 Viscosity curves as a function of shear rate of SOBCZT 45 vol % solids loading
slurries with various resin contents using hardener concentration PHR = 18 g and the
dispersant concentration was 2.4 wt%.

Another important parameter for a gel casting slurry is the time available for the
whole gel casting process including mixing, casting and degasing. This is represented
by the gelation time which can determine the efficiency of production. After the
slurry was mixed and cast into the soft mould, the gelation time should be long
enough to let the gel casting slurry completely fill the mould cavity allow the slurry
to be degassed effectively before curing begins to minimise trapped bubbles in the
slurry and finished sample. Thus the effect of resin content on the gelation time has
been studied. As described previously, there are a number of criteria for the

indication of the gelation time. The traditional criteria has been reported by using the
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crossover point of elastic modulus (G') and loss modulus (G') [5]. However, this
traditional way was not applicable for several gel casting systems based on ceramic
and epoxy resin because the crossover point between the elastic modulus and loss
modulus cannot be observed [1, 6, 7, 11, 52]. An alternative criteria is monitoring the
time corresponding to an abrupt increase of G'for the slurry [6, 7]. However, this
criteria also was not suitable for the gel casting system with ceramic powders and
high resin contents (over 30 wt%) as the sudden change of G'was difficult to
determine [11]. Another criterion for determination of gelation time has been
reported based on the detection of the time when an abrupt change of viscosity of

slurry occurs [9-11, 50, 53].

The gelation times of S0BCZT slurries with 45 vol% solids loading, 2.4 wt% of
Dispex AA4040 at various resin contents were monitored by measuring the viscosity
as a function of time at constant shear rate of 0.1 s™ and temperature of 25°C. The
start time was taken as the point of hardener addition. Figure 6.14 shows the effect of
hydantoin epoxy resin concentration on gelation behaviour. It can be clearly seen that
all of the slurries presented a period of time with constant viscosity and then the
viscosity suddenly increased, which is in agreement with the results reported by
Jiang [11], Xie [9, 50] and Liu [53]. In this gel casting system, the increase of resin
concentration from 10, 20, 30 to 40 wt% resulted in a decrease in gelation time from
25, 15, 11 to 7 minutes, respectively. It has been reported that the gelation may
happen during mixing the hardener if the gelation time is <10 minutes, which will
cause problems during processing, and gelation times > 70 minutes will cause
production inefficiencies [53]. Therefore, in term of gelation time, 10, 20 and 30

wt% resin contents are suitable for a gel casting process.
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Figure 6.14 Variation of viscosity curves as a function of time of S0BCZT slurries of different
resin contents. All slurries have 45 vol % solids loading using hardener concentration PHR = 18

¢ and the dispersant concentration was 2.4 wt%.

6.4 Characterization of lead free gel casting green bodies

In this thesis, for the purpose of studying lead free gel casting green bodies, the
optimum hardener and dispersant were utilised for preparing gel casting slurry with
45 vol% solids loading at different resin contents. All slurries were prepared at room
temperature, degassed and then gradually cast into the PDMS soft moulds, followed
by another de-airing step in vacuum for 2 minutes. Figure 6.15 shows the comparison
of the microstructure of the fracture surfaces of green SOBCZT gelcasting samples
with and without the de-airing step after casting. It can be clearly seen that the
sample without de-airing had some pores which were caused by the presence of air

entrapped in the gel casting slurry during casting. These pores could jeopardise the
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mechanical properties and inhibit the polymerisation reaction [43], leading to low
strength and density of green and sintered samples. Figure 6.16 shows a typical gel
casting sample of around 12 mm in diameter and around 1.5 mm in height after

demoulding and drying prepared from 50BCZT powders. Samples shows well-

shaped with no visible cracks and also have sufficient strength for handling.

() (b)

Figure 6.15 Fracture surface of green SO0BCZT samples prepared from 45 vol% solids loading,
30 wt% resin content at optimum hardener and dispersant concentrations (a) with de-airing

step after casting (b) without de-airing step after casting.

Figure 6.16 Green SOBCZT gel cast sample obtained from 45 vol% solids loading with 30wt%

resin and 2.4 wt% Dispex AA4040 after demoulding.
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Figure 6.17 shows SEM micrographs of the fracture surfaces of the gel cast green
bodies obtained from 45 vol% solids loading with resin contents ranging from
10 wt% - 40 wt%. It can be observed that the green bodies presented a tendency to
gradually reduce pore size with increasing resin content while the outline of S0BCZT
particles in green bodies can be more defined and distinct at lower resin
concentrations while at higher resin content, the outline of particles was difficult to
define, which is indicative of the green bodies having more cross-linked polymer
between the spaces between the SOBCZT particles. All green bodies were packed
uniformly without obvious defects, indicating relative homogeneous microstructures

[9, 11].
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Figure 6.17 SEM micrographs of fracture surface of SOBCZT green bodies obtained from 45
vol% solids loading with various hydantoin epoxy resin concentrations (a) 10 wt% (b) 20 wt%

(¢) 30 wt% (d) 40 wt% after demoulding and drying.
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The strong influence of resin content on green density and drying shrinkage of green
S50BCZT gel cast samples obtained from 45 vol% solids loading at various resin
contents are presented in Figure 6.18. With increasing resin content, green density
and drying shrinkages were enhanced indicating improved particle packing of the
green compacts, which should lead to enhanced sintering because of the increase in
the number of material transport paths for densification. These results are in
agreement with the study of the effect of EGDEG epoxy resin concentrations on
shrinkage and density of green bodies prepared from PZT 45 vol % solids loading
reported by Jiang [11] [32]. As can be seen from the SEM micrographs in Figure
6.17, samples from all resin contents had relatively homogeneous microstructures
and the influence of resin content on particle packing were not clearly observable.
However, the drying shrinkage data can help explain about the particle packing of
green samples. Generally, there are two main sources that influence the drying
shrinkage. Firstly, the cross-linking of the epoxy-amine will cause a contraction and
the second relates to the evaporation of water. Typically, the gel casting slurries with
lower resin concentrations possess higher amounts of water; therefore, compared to
gel casting slurries with higher resin concentrations, the drying shrinkage
contribution from the removal of water from lower resin concentrations should be
higher. As can be seen from Figure 6.18, the drying shrinkage of green bodies with

lower resin concentrations presented smaller values of net shrinkage.
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Figure 6.18 Green density and drying shrinkage of SOBCZT gel cast green samples versus resin

content at a solid loading of 45 vol%.

According to Jiang [11] and Olhero et al. [32], the possible reasons for this
phenomenon can be explained as follows. The lower resin contents caused the
inhomogeneous distribution of polymer chains as the polymer molecules were
attracted and interconnected mainly only at the surface of particles. Therefore, the
drying shrinkage occurred from a small amount of contraction between the close
particles to create 3 dimensional networks. On the other hand, at higher resin
concentrations which contained smaller amounts of water but exhibited higher drying
shrinkages, a more uniform distribution of polymer chains was considered important.
At higher resin contents, the molecules of resin were sufficient to anchor and fill the
spaces between individual particles as presents in Figure 6.19. Therefore, during
curing, the higher resin contents provide higher fractions of 3 dimensional networks

between the gaps which means that neighboring particles in the suspension can be
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dragged closer together. Moreover, Olhero et al. [32] suggested that at higher resin
contents, finer pore networks can be developed, leading to a high capillary suction

pressure, resulting in the possibility of a higher drying shrinkage.

As can be seen in Figure 6.18, the green density was significant improved by
increasing the resin contents from 10 wt% to 40 wt% due to the improved packing of
particles and the increasing of fractions of polymer chains completely filling the gap
between ceramic particles. It is well known that green density is one of the most
important parameters that has a strong influence on the green strength of samples
[46]. Therefore, the higher green density should enhance the green strength of
samples. It can be seen in Figure 6.20 that increasing hydantoin epoxy resin content
of samples from 10 wt% to 40 wt% increases the measured green strength from 18
MPa to 55 MPa respectively. This can be attributed to the enhanced green density of
the samples with higher resin contents, resulting in the better green strength. The
results also are in agreement with Jiang et al. [37], and Xie et al. [50], for AIN and
Al,Os, respectively. Compared to the green strength obtained from the green bodies
using EGDGE resin at the same resin content the sample prepared from hydantoin
epoxy resin system provided higher green strength than those based on the EGDGE

system [54].

Figure 6.19 Effect of resin content on particles at green state (a) 10 wt% (insufficient polymer

chains) (b) 40wt% (sufficient polymer chains).
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Figure 6.20 Green strength of the gel cast SOBCZT obtained from 45 vol% solids loading at
various resin contents.

The green strength of samples is an important factor for successful demoulding and
handling the green structures. Generally, the strength of green bodies for bulk
samples was recommended to be higher than 10 MPa [54]. This means the green
strength values obtained from bulk green samples at all resin contents were sufficient
for demoulding and handling for the initial study of these gel casting systems.
However, in this work, the aim is to produce ultrafine randomised bristle block
structures for high frequency ultrasound transducers. Therefore, in practical work,
higher green strength values would be beneficial for successful demoulding of the

delicate pillar structures.

6.5 Characterization of lead free gel cast sintered bodies

6.5.1 The influence of resin content on the key properties
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It has been shown above that the optimum solids loading for the SOBCZT gel casting
system was 45 vol% as it presented the maximum ceramic content of the slurry with
viscosity and flowability suitable for gelcasting (viscosity < 1.0 Pa.s at a shear rate of
100 s ™). In the search for the optimum resin content of the gel casting system, the
green bulk samples obtained from 45 vol% solid loading at various resin
concentrations were produced in order to initially study the effect of resin content on
sintered density and shrinkage and other the key parameters including the

piezoelectric coefficient (d3;3), the planar coupling coefficient (k,), the relative
permittivity at constant stress €T and the dielectric lost tangent. For an initial study

the green bulk samples were sintered at 1425 °C as a maximum dj3; value of
approximately 410.8 £ 13.2 pC/N had been reported at this sintering temperature on
similar powders by Castkova et al. [55]. Figures 6.21 - 6.24, show the key
parameters of the gel cast SOBCZT sintered samples versus resin content at solid
loading of 45 vol% sintered at 1425 °C. It can be seen that there is a strong influence

of resin content on all the measured parameters.

Figure 6.21 shows the sintered density and shrinkage of the gel cast S0BCZT
sintered samples versus resin content. In the green stage, higher green densities were
found with higher resin contents. However, it can be seen that high green density
does not result in high sintered density. With increasing resin content from 10 wt% to
40 wt%, the sintered density decreased from 5.5 g/cm’ to 5.21 g/em’, which is in
agreement with the results according to Jiang [11] and Olhero ef al. [32] in other

material systems.
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Figure 6.21 Sintered density and sintering shrinkage of SOBCZT gel samples at a solid loading
of 45 vol% sintered at 1425°C versus resin content.

Figure 6.22 shows SEM micrographs of fracture surfaces of the sintered gel cast
samples obtained from 45 vol% solids loading 50BCZT slurries with various
hydantoin epoxy resin concentrations. All samples presented a relatively dense and
homogeneous microstructure. However, the sintered samples with 10 wt% and 20
wt% seemed to present the smaller amount of porosity compared to those obtained
from 30 wt% and 40 wt% resin content. This indicates that the porosity tended to
increase with increasing resin content. These results are in agreement with the
reduced value of sintered density when the resin content was increased. The higher
resin contents might cause an obstacle to the structure during burnout of the polymer
during the binder burnout stage, the organic binders are either melted (thermoplastic)
or decomposed to gas (thermoset). Epoxy resin systems are thermosetting polymers.

Generally, gases can be released by flowing through porous structure between the
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Figure 6.22 SEM micrographs showing the fracture surfaces of sintered gel cast samples
obtained from 45 vol% solids loading SOBCZT slurries with various hydantoin epoxy resin
concentrations (a) 10 wt% (b) 20 wt% (c) 30 wt% (d) 40 wt%.

ceramic particles. However, the accumulation of gas during decomposition can cause
an internal pressure leading to internal stresses in the ceramic body. The gel casting
sample prepared from the higher resin contents may have higher gas accumulation.
Considering the high particle packing, the gas permeation will be restricted which
might cause a greater pressure difference in the microstructure and bring problems to
the sintered body such as blisters, cracks and also trapped organics. The increase of
trapped gases and porosity with increasing resin content leads to the decreased ability
of the sample to sinter, resulting in a decrease of the sintering shrinkage and sintered

density [11, 56].
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k;, with resin content of SOBCZT gel cast samples at a solid loading of 45 vol% sintered at
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Figures 6.23 and 6.24 show the influence of resin content on the piezoelectric
coefficient (dj33), the planar coupling coefficient (k,), the relative permittivity at
constant stress (¢7) and the dielectric lost tangent of SO0BCZT gel cast green samples
sintered at 1425°Cat solids loading 45 vol%. The highest ds; and &, of around 330
pC/N and 0.43, respectively was obtained by using 30 wt% resin content while the
highest €T and the smallest dielectric lost tangent were measured in samples with 20
wt% resin content. However, for samples with 40 wt% resin these properties showed
decreasing trends indicating that too high a resin content. The sintered density
decreased with increasing resin content this might lead to a deleterious effect on

piezoelectric and dielectric properties of sintered gel cast samples.

6.5.2 The influence of sintering temperature on the key properties

As mentioned above, 30 wt% resin content provided the highest value of ds; and k,;
therefore, this resin content were selected for preparing the gel casting slurries with

45 vol% solids loading for sintering at various temperatures.
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Figure 6.25 Sintered density of SOBCZT gel cast samples at a solids loading of 45 vol% and
30 wt% resin content sintered at different temperatures.

Figure 6.25 shows the sintered density and sintering shrinkage of SO0BCZT gel cast
samples at a solid loading of 45 vol% and 30 wt% resin content sintered at
temperatures from 1300 °C - 1500 °C, and the microstructures of polished and
thermally etched samples are shown in Figure 6.26. It can be seen that the sintering
shrinkage tends to increase with an increase of sintering temperature which supports
the increasing trend of sintered density and the decreasing of porosity (see Figure
6.26) which is in agreement with the result of SOBCZT powder pressed samples
reported by Bai [26]. The highest value of sintered density 5.53 g/em® (~ 96.60 % of
theoretical density) was observed for a sintering temperature of 1425 °C, indicating
the improvement of densification at elevated temperature which corresponds to the
reduction in porosity presented in Figure 6.26. When the sintering temperature

increased from 1300 °C to 1425 °C, it can be considered not only as an increase of
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Figure 6.26 SEM micrographs of SOBCZT gel cast samples at a solids loading of 45 vol% and 30 wt% resin content sintered at temperatures between 1300 °C

and 1500 °C for 4 h.
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Figure 6.27 Piezoelectric coefficient and planar coupling of SOBCZT gel cast samples at a solids

loading of 45 vol% and 40 wt% resin content sintered at different temperatures.
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Figure 6.28 Permittivity and dielectric loss tangent of SOBCZT gel cast samples at a solids

loading of 45 vol% and 40 wt% resin content sintered at different temperatures.
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densification but also an increase of grain size. During the sintering process both
densification and grain growth will occur, but can dominant at different
temperatures. For the sample sintered at 1300 °C, the average of grain size was
around 1.03+0.25 pm with a small pore size. When the sintering temperature was
increased to 1325, 1350, 1375 1400 and 1425 °C, the grain size increased to
approximately 13.67+0.32, 16.69+0.67, 20.05+0.70, 21.20+1.46, and 25.69+1.73
um, respectively and a corresponding reduction in porosity can be seen. In this range
of sintering temperatures, densification dominated the sintering behaviour leading to
the reduced porosity and increase in sintered density, while the average grain size
increased but between 1375 °C - 1425 °C the grain size was maintained in the range
of 20-25 pm. The increase of sintering temperature above 1425 °C results in samples
with average grain sizes of 29.60+1.80, 30.23+1.57 and 31.81£0.92 um for samples
sintered at 1450, 1475 and 1500 °C , respectively while the sintering shrinkage and
density decreased. The average grain size increased because the grain growth
dominated over the densification which might cause trapped pores between grains
according to Bai [19, 26], resulting in lower sintered densities and shrinkage. BCZT
has been reported to have rapid grain growth [57] which could be bring some issues

for fabricating of ultrafine structure bristle brock structures.

The influence of sintering temperature on the piezoelectric coefficient, planar
coupling coefficient, dielectric constant and dielectric loss are presented in Figures
6.27 - 6.28. It can be seen that the d3, k, and €T increased while dielectric loss
tangent decreased with increasing sintering temperature, corresponding to the
increased sintered density. As expected, the sample sintered at 1300 °C showed the

lowest values of ds;, k, and €7 with highest dielectric loss tangent compared to
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samples sintered at 1325 °C - 1500 °C. It has been reported that the sintered density
and grain size influence the piezoelectric and dielectric properties of sintered samples
[58, 59], the increasing values the ds;, k, and €7 with increased sintering temperature
due to increased sintered density and grain size. When the sintering temperature
increased from 1300 °C to 1425 °C, the sintered density and the average grain size
increased thus improving ds;, k, and &7 [58], and leading to a reduction in the
dielectric loss tangent. The highest values of ds3, k, and €™ were 330 pC/N, 0.43 and
around 2617, respectively for samples sintered at 1425 °C. However, for sintering
temperatures above 1425 °C, although the average grain size tended to increase with
increasing sintering temperature, the dielectric loss tangent increased while djs3, k,
and €7 tended to decrease which is in agreement with reports from Bai [19] who
explained that the large grain size will diminish the piezoelectric charge coefficient.
Thus optimisation of properties requires a careful control of densification and grain

growth during the sintering process.
6.6 Summary

This chapter has reported on the development of gel casting of lead free SOBCZT
bulk samples based on a hydantoin epoxy resin and amine hardener system. The

results can be summarised as follows;

(1) The amount of hardener, resin and curing temperature have a great influence on
the polymerisation reaction of the premix solution. The optimum value for amine
hardener (Bis (3-aminoproply) amine) was PHR = 18 g per 100 g of resin as it
provided the highest strength (highest G') with a gelation time of approximately 14

minutes which is reasonable for the casting and degassing process. The gelation time
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is also dependent on curing temperature as the gelation time displays a tendency to
decrease when the curing temperature is increased. The activation energy of the
polymerisation reaction of this gel casting system was calculated as 82 kJ/mol while
the elastic modulus slightly increased with increasing curing temperature. The
strength of the gel formed by the ring open reaction can be improved by increasing
resin content; with increasing the resin content to 40 wt% the elastic modulus
showed ’s highest value 1,570,000 Pa while the gelation time decreased to 5

minutes.

(2) The dispersant has an effect on the dispersion of the suspension, and it was found
that 2.4 wt% of dispersant based on the dried S0BCZT powder weight offered the

lowest viscosity.

(3) The viscosity increased with an increase in resin content and solids loading, the
optimum solid loading was determined as 45 vol% as it was tailored between high

solids loading with low viscosity suitable for this gel casting system.

(4) In this gel casting slurry, the increase of resin concentration from 10, 20, 30 to 40
wt% resulted in a decrease in gelation time from 25, 15, 11 to 7 minutes,

respectively.

(5) Without de-airing processes, air entrapment in the gel casting slurry can give rise
to pores in the green bodies leading to low strength and density of green and sintered

samples.

(6) For green samples, with increasing resin content, the green density, drying
shrinkage and green strength were enhanced, with the highest green strength of

around 55 MPa being achieved for samples with 40 wt% resin. This is a much higher
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value than that reported for EGDGE epoxy resins which have been has been

promoted as a resin offering high green strength.

(7) For sintered samples, with increasing resin content, the sintered density and
sintering shrinkage decreased possibly due to the increase of trapped gases and
porosity, resulting in a decrease of sinterability. The highest ds; and &, of around 330
pC/N and 0.43, respectively were obtained by using 30 wt% resin content while the
highest €7 and the smallest dielectric lost tangent were found for samples with 20
wt% resin content. However, too high a resin content has a deleterious effect on
piezoelectric and dielectric properties of sintered gel cast samples, as the properties

were reduced for samples with a resin content of 40 wt%.

(8) The sintered temperature has a strong and complicated influence on key
properties including sintered density, sintering shrinkage, piezoelectric and dielectric
properties. When the sintered temperature increased from 1300 °C - 1425 °C, the
densification slightly dominated the sintering behaviour as the reducing of porosity,
increasing of sintered density and shrinkage can be observed while the grain size
tended to be increase. On the other hand, above 1425 °C sintering shrinkage and
density tented to decrease while the average grain size increased because the grain
growth dominated over the densification which might cause trapped pores between
grains. The highest values of piezoelectric and dielectric properties corresponded to

samples sintered at 1425 °C.
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Chapter 7 Optimisation of the gel casting process for
lead-based powders

7.1 Introduction

Although the fabrication of lead free high frequency ultrasound transducers with
random composite structure for medical imaging is the main focus of this thesis, lead
based transducers have also been studied so that a true comparison of performance
can be made. Therefore, gel casting systems based on PZT powders and hydantoin
epoxy resin were studied. Generally, the premix solution of gel casting system does
not contain ceramic powder; therefore, for the PZT and hydantoin epoxy resin gel
casting system, the optimum amine hardener with PHR = 18 g per 100 g of resin that
was developed for the lead free system, and reported in Chapter 6, was also utilised
for the lead based system. In the search for the optimum composition of a gel casting
slurry, the main constituents including dispersant and resin concentration and solids
loading have been studied and are reported in this chapter. Bulk samples have been
fabricated in the form of discs and bars and their properties characterized in order to
study the property trend before applying the process to the fabrication of ultrafine
random composite structures. The specific requirements of a gel casting system
suitable for the fabrication of bristle blocks with fine scale pillar structures have been

outlined and discussed in detail in Chapter 6, so are not repeated here.
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7.2 Optimisation of lead based powder and slurries

7.2.1 Lead based powder characterisation

7.2.1.1 Particle size analysis

A commercial PZT powder TRS 610 was selected for this study. The particle size
distribution of the as-received powder is shown in Figure 7.1 (a) to have a bimodal
distribution with peaks centred at 26.95 pm and 2.60 um, respectively indicating
significant agglomeration. After vibro milling for 48 hrs the average particle size was
reduced to around 1.2 pm with an almost unimodal distribution, indicating the
agglomerates had been broken down. Using Equation 6.2, and assuming the powders
are spherical and nonporous, the specific surface area (SSA) and the density of the
PZT powders (7.95 g/cm®) [1] can be used for calculating the average particle size.
The SSA of the PZT powders in the as-received condition and after vibro-milling
were measured by BET single point nitrogen adsorption to be 1.4325 m?g and
1.6302 m*/g, respectively. These values equate to calculated average particle size
values of 0.53 um and 0.46 pum, respectively. A similar discrepancy in the particle
sizes measured by the two techniques was also found for the 50 BCZT powders. The
BET measurement may be more reliable for the measurement of the primary particle
size in the as-received powder because the nitrogen gas can penetrate the
agglomerate structures. Figure 7.2 (a) shows the SEM micrograph of as-received
powders, the powder morphology has a doughnut shape granules from spray drying.
The agglomeration can be seen with a broad range of powder size from less than 5
um to over 30 um, the large agglomerates were broken down after the powders were

vibro-milled for 48 hrs., leading to the fine particles as seen in Figure 7.2 (b).
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Figure 7.1 The particle size distribution of the (a) as-received PZT powder and (b) PZT powder

after vibro-milling for 48 hrs.
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(@) (b)

Figure 7.2 SEM micrographs of (a) as-received PZT powders and (b) after vibro-milling for 48

hrs.

7.2.1.2 Crystalline material structure

Figure 7.3 shows the XRD patterns of the as-received PZT powders and discs
sintered at 1200 °C. Both XRD patterns can be indexed as a tetragonal perovskite
phase, the patterns of as-received powder matched with ICSD code : 86136 [2], the
pattern being similar to Pb(Zr ¢s5,Ti 943)Os. A slight shift in peak positions was
noticed in the sintered ceramic compared to the as-received powder. According to
Bai [3], the XRD pattern of sintered samples shifts because the La element, which
was claimed by the company as the dopant for soft PZT, was only fully incorporated

into the PZT structure during the sintering process.
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Figure 7.3 XRD patterns of PZT as-received powder and PZT discs sintered at 1200 °C.

7.2.2 Organic burnout

As the gel casting system in this project was based on a water soluble epoxy resin
burnout of the resin and any other organics is one of the most important steps to be
considered in order to achieve complete removal of polymer and determine the
appropriate heating rate and sintering profile. The pyrolysis process of polymer in
dried PZT gel cast sample during sintering in air was monitored by using thermal
analysis technique (TGA/DSC). Generally, epoxy resin is expected to completely
burnout before the ceramic starts to sinter; therefore, in this project, only PZT
powder was studied the pyrolysis process and the data was also considered to be

representative for the gel cast SOBCZT system.

A gel cast PZT sample with 48 vol% solids loading and resin content of 20 wt%
epoxy resin was prepared and then dried for 24 hrs at room temperature, 24 hrs in an
oven at 40°C followed by a further 2 hrs at 100 °C before starting this experiment.

Figure 7.4 shows the TGA (wt% loss) and DSC (mW/mg) data of the sample
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measured in air at 5 °C/minute. It can be seen that the main exothermic peak in DSC
occurs at approximately 320 °C with a corresponding weight loss in the temperature
range 200 °C - 420 °C, which can be attributed to the burnout of all the additives in
the PZT compact. The total weight loss is around 3.08 wt% which is in agreement
with calculated weight loss value of 3.12 wt% (epoxy resin, amine hardener and
dispersant). This confirms that the organic additives in the gel cast green sample

were decomposed completely before 420 °C.
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Figure 7.4 Thermal analysis of a gel cast PZT green compact with 20% resin in premixed

solution at 48 Vol % solids loading measured at 5°C/minute.

7.2.3 Lead based slurries characterisation

7.2.3.1 Influence of dispersant concentration on viscosity of lead based slurry
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As mentioned in section 6.3.2.1, homogeneous, flowable, low viscosity and stable
slurries with high ceramic solids loading are required for gel casting [4-6]. Generally,
the dispersant can be utilised as an additive for enhancing the slurry viscosity.
Therefore, for the PZT gel casting system, the effect of dispersant on the PZT slurry
was studied in order to search for the optimum dispersant concentration that
minimizes the viscosity. The experiment was carried out under the same conditions
as for the SOBCZT slurry and using the same dispersant (solution of an ammonium
salt of an acrylic polymer in water (NH4PAA) or Dispex AA4040) as it is well
known being a good dispersant for aqueous ceramic systems [7-10], as described in

Section 6.3.2.1.

Figure 7.5 shows the influence of dispersant concentration on the viscosity behaviour
of PZT slurries with 48% vol solids loading and 20% resin content at a shear rate of
100 s Tt can be clearly seen that the optimum dispersant concentration was 1.0 wt%
which provided the lowest viscosity of the slurry with a value of 0.14 Pa.s. This
result confirms that the viscosity of slurries can be minimised by an appropriate
addition of dispersant which is in agreement with the result obtained from the
S0BCZT slurry and the result reported by Jiang [7]. Compared to SOBCZT, the
viscosity of the PZT gel casting slurry required a lower concentration of dispersant to
achieve the minimum viscosity value. This might be due to the difference of the
average particle size between these two powders. According to Olhero et al. [10, 11],
slurries containing finer powders exhibit higher viscosities as the finer powders have
higher specific surface areas and therefore require more dispersant to completely
cover the particle surfaces. As presented in section 6.3.1.1, the average particle size

of S0BCZT powder after vibro-milling for 7 hrs. was around 0.94 um, compared to
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1.2 um for the vibro milled PZT powder. Therefore, at the same vol% solids loading
and resin content, the optimum dispersant concentration of the SOBCZT gel cast

slurry was higher (2.4 wt%) compared to the 1wt% for the PZT slurry.
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Figure 7.5 Viscosity of the PZT slurry with 48% vol solids loading and 20 wt% resin contents as

a function of dispersant concentration measured at the shear rate 100 s

7.2.3.2 Influence of solids loading on viscosity of lead based slurry

The rheological curves of PZT slurries at various solids loadings with 20 wt% resin

content and 1 wt% dispex AA4040 (based on dry solid) are shown in Figure 7.6.
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Figure 7.6 Viscosity curves as a function of shear rate of the PZT slurry at various solids
loadings with 20 wt% resin content using optimum dispersant concentration and hardener

content.

Compared to the results for SOBCZT slurries (see Figure 6.3.2.2), all the PZT slurries
also exhibit non-Newtonian flow behaviour [12], and the viscosity changed with
changing volume fraction and shear rate. For slurries with 43, 45, 47 and 48 Vol%
solids loading, the higher viscosities of slurries were found at low shear rate as the
thermal motion of ceramic particles was dominant over the viscous force while at
high shear rate, the slurries exhibited shear thinning behaviour and most slurries
exhibited an approximately constant viscosity as the viscous forces dominated the
structure of the slurry [13-15]. This implies that the differences in viscosity are more
significant at low shear rate for solids loadings ranging from 43 vol% solids loading

to 47 vol%. All slurries exhibited a viscosity lower than 1 Pa.s at shear rate 100 s
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which means they were suitable for the gelcasting process. At high shear rate, the
viscosity of the slurry with 48 vol% solids loading tended to slightly increase.
However, at the highest shear rate measured (600 s™), the viscosity was still lower
than 1 Pa.s. The viscosity of the 50 vol% solids loading slurry showed obvious shear
thickening behaviour with viscosity >1 Pa.s. at a shear rate of 600 s™'. This might be
due to the slurry containing too high a solids loading. Therefore, the viscous force
did not overcome the attractive force between particles, resulting in flocculation
during measurement and increasing of viscosity. Therefore, the optimum solid

loading was determined as 48 vol%.

7.2.3.3 Influence of resin content on viscosity and gelation time of lead free

slurry

Viscosity measurements as a function of shear rate of PZT slurries with 48 vol%
solids loading, 1 wt% Dispex AA4040 after mixing with optimal hardener, and resin
contents ranging from 10 wt% to 40 wt %, are shown in Figure 7.7. Compared to
S0BCZT slurries (see Fig 6.3.2.3), the PZT slurries exhibited lower viscosity due to
the larger particle size and lower specific surface area of the PZT vibro-milled
powder. It can be seen that the viscosity of lead based slurries were also affected by
resin content. All lead based slurries displayed a shear thinning behaviour and

viscosity.
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Figure 7.7 Viscosity curves as a function of shear rate of the PZT 48 vol % solids loading slurry
at various resin contents loading using optimum dispersant concentration and hardener content.
gradually increased with increasing hydantoin epoxy resin content which is in
agreement with the SOBCZT gel casting system. Possible reasons for the increase in

viscosity with an increase of resin content have been discussed in section 6.3.2.3.

As mentioned in Chapter 6, the viscosity of slurry at shear rate of 100 s should be
lower than 1.0 Pa.s in order to ensure that the slurry has flowability for casting into
the mould cavity. With increase in resin content from 10 wt% to 40 wt%, the
viscosities at shear rate 100 s™' increased from 0.22 to 0.25 Pa.s, respectively. This
means all slurries presented a good fluidity during the casting process, even at the
highest resin concentration of 40 wt%, the viscosity of slurry tended to slightly
increase. However, at highest shear rate (600 s™), the viscosity of the gel casting

system was still lower than 1 Pa.s and still acceptable for casting. The available time
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for mixing, casting and degasing was also studied. As mentioned in section 6.3.2.3,
there are several criteria for the indication of the gelation time. The time taken for an
abrupt increase in the viscosity of the slurry has been taken as the most applicable for
this project. The gelation time of PZT slurries with 48 vol% solids loading, 1 wt% of
Dispex AA4040 at various resin contents were determined by measuring the
viscosity as a function of time at a constant shear rate of 0.1 s” and temperature of
25°C. The start time is taken after the slurries have been mixed with hardener. Figure
7.8 shows the effect of hydantoin epoxy resin concentration on gelation behaviour. It
can be clearly seen that all of the slurries presented a period with constant viscosity
and then the viscosity of slurries of all resin contents increased dramatically, which
are in agreement with the results from the S0BCZT slurries and other research
projects [7, 14, 16, 17]. It can be observed that with an increase of resin content from
10, 20, 30 to 40 wt%, the gelation time decreased from approximately 28, 18, 11 to 9
minutes, respectively. As the gelation time should not be less than 10 minutes or
more than 70 minutes in order to achieve high efficiency production, in term of
gelation time, therefore, 10, 20 and 30 wt% resin contents are suitable for the gel

casting process.
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Figure 7.8 Viscosity curves as a function of time of the PZT 48 vol % solids loading slurry at

various resin contents loading using optimum dispersant concentration and hardener content.

7.3 Characterization of lead based gel cast green bodies

Lead based gel cast green samples were produced at room temperature by using the
optimum hardener content and with 48 vol% solids loading at different resin contents
using the casting processes developed for SOBCZT and described in Chapter 6.
Figure 7.9 shows a typical gel casting sample of around 12 mm in diameter and
around 1.5 mm in height after demoulding and drying prepared from PZT powders.
Green 50BCZT and PZT samples were almost identical in appearance with good
geometrical replication from the mould, no visible cracks and also having sufficient
strength for handling. Figure 7.10 shows the SEM micrographs of the fracture
surfaces of the gel cast green bodies obtained from 48 vol% solids loading with resin

contents ranging from 10 wt% - 40 wt%.
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Figure 7.9 Green PZT gel cast sample obtained from 48 vol% solids loading with 20wt% resin
and 1 wt% Dispex AA4040 after demoulding and drying.

All green PZT samples presented a uniform structure with no large defects,
indicating an homogeneous structure. Moreover, the particle outlines were also less
distinct at higher resin contents while the outlines were more obvious in the samples
with lower resin content. This is in agreement with the SEM fracture surfaces of
green PZT samples reported by Jiang [7] and SOBCZT gel cast samples reported in

Chapter 6.

It can be seen in Figure 7.11 that the resin content has a strong influence on green
density and shrinkage as they both increased with an increase of resin content,
leading to homogeneous microstructures and enhanced sintering rate, the results are
also in agreement with PZT 45 vo% solids loading using EGDGE as an epoxy resin
reported by Jiang [7] and similar to the results obtained from green SOBCZT samples

presented in section 6.4.
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Figure 7.10 SEM micrographs of fracture surface of PZT green bodies obtained from 48 vol%
solids loading with various hydantoin epoxy resin concentrations (a) 10 wt% (b) 20 wt% (c) 30

wt% (d) 40 wt% after demoulding and drying.
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Figure 7.11 Green density and drying shrinkage of PZT gel cast green samples versus resin
content at a solid loading of 48 vol%.

Figure 7.12 shows the green strength of green PZT gel casting sample obtained from
48 vol% solids loading at various resin contents. It can be seen that the green sample
with the highest resin content presented the highest green strength which is also
similar to the trend of increasing green strength of SOBCZT gel casting samples. The
increase of hydantoin epoxy resin content from 10 wt% to 40 wt% led to a
corresponding increase in the green strength from 24 MPa to 58 MPa. As mentioned
in section 6.4, this can be attributed to the higher resin contents leading to enhanced
green density and a correspondingly higher green strength. Therefore, the green PZT
gel cast samples possessed higher green strength values than the green S0BCZT
samples. However, it has been reported by Xie ef al. [18] that green PZT samples
obtained from 55 vol% solids loading and 20 wt% hydantoin epoxy resin provided a

green strength of around 48 MPa. This might be due to the difference in vol% solid
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loading and type of dispersant. According to Jiang [7], the green strength of green
PZT gel cast samples with 45 vol% solids loading reached a maximum value of 38
MPa at 40 wt% EGDGE epoxy resin. Thus the hydantoin epoxy resin enhances the
green density and green strength of samples as it provided the higher values of both
properties. These initial studies provided the conclusion that the green strength
obtained from these green samples were sufficient for demoulding and handling as

the green strength were higher than 10 MPa. which are required for successful

demoulding of green samples.
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Figure 7.12 Green strength of the gel cast PZT samples obtained from 45 vol% solids loading at

various resin contents.
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7.4 Characterization of lead based gel cast sintered bodies

The influence of resin content on the sintered properties including sintered density
and shrinkage, ds3, k,, €"and the dielectric lost tangent also have been studied. Figure
7.13 presents the effect of resin content on sintered density and shrinkage of sintered
PZT gel cast samples prepared from 48 vol% solids loading at various resin contents
and sintered at 1200 °C. It can be seen that with increasing resin content, the
sintering shrinkage and sintered density decreased. Increasing resin content from 10
wt% to 40 wt% resulted in a decrease in sintered density from 7.61 g/cm’ to
7.39 g/em’. This trend is in agreement with the results obtained from sintered
S50BCZT samples, and the sintered density values are similar to those of sintered PZT
samples with 45 vol% solids loading using EDGDE resin reported by Jiang [7] and

Olhero et al. [10].

The SEM micrographs of the fracture surfaces of sintered gel cast samples obtained
from 48 vol% solids loading PZT slurries with various hydantoin epoxy resin
contents are presented in Figure 7.14. The grain sizes of samples were approximately
lum. The relatively dense and homogeneous microstructure can be observed with all
samples. However, the sintered sample with higher resin content presented the
highest amount of porosity which is also in agreement with the SEM micrograph of

SOBCZT samples sintered at 1425 °C.
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Figure 7.13 Sintered density and sintering shrinkage of PZT gel samples at a solid loading of 48

vol% sintered at 1200°C versus resin content.

Figures 7.15 and 7.16 show the influence of resin content on ds3, &, el and the
dielectric lost tangent of PZT gel cast green samples sintered at 1200 °C versus resin
content at solid loading 48 vol%. It can be seen that with increasing resin content, the
piezoelectric and dielectric values increased while the dielectric loss tangent
decreased, the sintered sample with 30 wt% resin content presented the highest d;;,
kp, €T values of around 480 pC/N, 0.5 and 2765, respectively with the lowest
dielectric loss tangent of around 2.32%. However, at 40 wt% resin content, the
properties deteriorate which is also similar to the results observed in sintered

S0BCZT sample at different resin contents (Section 6.5.1).
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Figure 7.14 SEM micrographs showing the fracture surfaces of sintered gel cast samples
obtained from 48 vol% solids loading PZT slurries with various hydantoin epoxy resin

concentrations (a) 10 wt% (b) 20 wt% (c) 30 wt% (d) 40 wt%.
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Figure 7.15 Piezoelectric coefficient and planar coupling of PZT gel cast samples at a solid

loading of 48 vol% sintered at 1200°C versus resin content.
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Figure 7.16 Permittivity and dielectric loss tangent of PZT gel cast samples at a solid loading of

48 vol% sintered at 1200 °C versus resin content.
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7.5 Summary

This chapter has reported on the lead based PZT powders and bulk gel cast samples
based on a hydantoin epoxy resin and amine hardener system. The influences of
dispersant, solid loading and resin content on the rheological behaviour of the
slurries were studied, followed by characterisation of the green and sintered density,
green strength, drying and sintering shrinkage, piezoelectric and dielectric properties.

The resulted obtained can be summarised as follow:

(1) The dispersant is effective in producing stable suspensions, with 1 wt%

dispersant based on the dried PZT powder weight exhibiting the lowest viscosity.

(2) The viscosity increased with an increase of solid loading, and the optimum solid
loading was determined as 48 vol% as it offered the highest solids loading with

acceptable viscosity for this gel casting system.

(3) The viscosity increased with an increase of resin content while the gelation time
was shorten from 28 to 9 minutes when the resin content increased from 10 wt% to

40 wt%.

(4) For green samples, a gradually reduction in porosity and increase in green
density, drying shrinkage and green strength were observed with an increase of resin
content. The highest green strength of around 58 MPa was achieved at a resin content

of 40 wt%.

(5) For sintered samples, an increase of resin content resulted in a decrease of the
sintered density and sintering shrinkage. The highest d3;, k, and &’ and lowest

dielectric lost tangent was observed with a 30 wt% resin content. However,
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deleterious effects on the piezoelectric and dielectric properties were found at 40

wt% resin content.

(6) A gel cast PZT slurries with 48 vol% solids loading, resin content of 20 - 40 wt%

and the dispersant concentration was 1.0 wt% were selected for fabrication of 1-3

piezoelectric composites.
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Chapter 8 Characterization of lead free and lead
based 1-3 random piezocomposites

8.1 Introduction

The main aim of this project is to develop a gel casting process suitable for the
fabrication of lead free random composites for use in high frequency medical
ultrasound transducers. The optimisation and characterisation of lead free and lead
based gel casting systems were presented in Chapters 6 and 7 respectively. In this
chapter, the fabrication of SOBCZT and PZT 1-3 random composites using these gel

casting systems is reported and discussed.

8.2 Fabrication of Green lead based and lead free

randomised structures

8.2.1 Lead free randomised structures

As discussed in Chapter 6, the green strength of gel cast samples increased with the
increasing amount of resin in the slurry, with the 40 wt% resin concentration having
the highest value. However, this resin content also resulted in a decrease of sintered
density, and dielectric and piezoelectric properties compared to lower resin
concentrations, and was, therefore, considered not ideal for the fabrication of 1-3
composites. Slurries with a resin concentration of 30 wt% provided the best
piezoelectric properties for bulk ceramics. However, to investigate the effect of resin

content on the green stage fabrication of randomised 1-3 segments a number of
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casting and demoulding trails were carried out for the complete range of resin

contents reported in Chapter 6.

Gel cast slurries with 45 vol% of BCZT powder were prepared with resin contents
of 10, 20, 30 and 40 wt% with the optimum dispersant concentration (2.4 wt%) and
cast into negative PDMS soft moulds which had been replicated from the Si-master
moulds of the randomised structure. The height of the pillar cavities in the mould
was ~150 pm. After the slurries had been cured and dried, the samples were slowly
demoulded, as explained in section 5.1.3.1. Figure 8.1 shows SEM micrographs of
the randomised BCZT structures. The green segments prepared from the slurry
containing 10 wt% resin were mostly broken off at their base with the stock. For the
20 wt% resin samples, only a small number of ceramic segments remained on the
stock. The remaining pillars were found as broken segments, collapsed, and trapped
in the cavity of the PDMS mould. Thus gel casting slurries with resin contents
10 wt% and 20 wt% were not suitable for the fabrication of 1-3 composites. There
are a number of possible reasons for this behaviour. The green strength of the
samples fabricated with 10 and 20 wt% resin contents provided insufficient green
strength (18 and 20 MPa, respectively) and, therefore, the ceramic segments were
unable to resist the peeling stresses during demoulding. The surface area-volume
ratio of the micro segments was also an important factor affecting the demoulding
ability of composites. The surface area of the composite increases significantly with
increasing the aspect ratio of the pillars and segments. Therefore, high aspect ratio
structures lead to higher frictional and demoulding forces, causing an increased
susceptibility for the pillars to crack, deform, collapse, break and buckle [1, 2].

Another factor relates to the manual demoulding process that was used in this work,
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which could cause a non-uniform force during peeling the soft mould from the bristle

block.

For the samples fabricated with 30 and 40 wt% resin contents, most of the ceramic
segments on the 2x2 mm square area of randomised composites were found to be
successfully demoulded, with only a few collapsed and broken segments, as can be
seen in Figure 8.1 (¢) and (d). The ceramic segments prepared from 30 wt% resin
content stood in the place and position that they were replicated from the soft mould.
However, it was found that a few segments were missing from the top left corner.
Some segments of randomised structure prepared from slurries with 40 wt% resin
were also missing from the centre of the sample due to the Si segments of the master
mould being damaged. As would be expected, samples with higher resin content, and
therefore higher green strength, are preferred for the fabrication of the ceramic
segments. The systems with higher resin contents also exhibit increased drying
shrinkage of the green structures as discussed in section 6.4, the highest drying
shrinkage being observed for the 40 wt% resin content. However, the choice of resin
content for the fabrication of 1-3 composites needs not only to consider the green
strength of the ceramic segments, but also the piezoelectric and functional properties.
Thus, although a resin content of 40 wt% offered improved green strength compared
to systems with 30 wt% resin, the latter system produced sintered materials with
better properties in bulk ceramics, whilst also offering sufficient green strength for
demoulding the fine scale structures. Therefore, 30 wt% resin content was selected

for fabricating lead free composites in further work.

High magnification micrographs of segments with randomised structures prepared

from slurries with S0BCZT 45 vo% solids loading and 30% resin content are
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presented in Figure 8.2 (a) and (b). These images show that the green stage of
S0BCZT segments has a smooth and homogeneous surface. Dense segments with
ultrafine feature sizes and well-defined structure and edges can be observed, with no
cracks or distortions., This agrees well with reports of gel cast lead free piezoelectric
structures fabricated with a regular shape [3]. Therefore, it can be confirmed that
this gel casting system provided excellent replication of the Si master mould
structures in lead free ceramic and proves the feasibility of using the combination of
gel casting and soft moulding methods for the fabrication of bristle block structures
for lead free 1-3 composites with randomised structure. Figure 8.2 (a) also shows the
aspect ratio of the ceramic segments. The height of the composite is around 141.79
um (the drying shrinkage is approximately 5.47 %) and the smallest feature size of
the segment is around 5 pm, representing an aspect ratio up to 30, which is higher
than that of Bay ¢St 4TiO3(BST) regular pillars reported by Olhero et al (the smallest

feature size of the segment is around 83 pm and an aspect ratio was around 4) [3].
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Figure 8.1 SEM micrographs showing the top-view of demoulded randomised SO0BCZT
structures prepared from gel casting slurries with 45% solids loading with (a) 10 wt%, (b) 20

wt%, (c) 30 wt% and (d) 40 wt% resin contents.

Figure 8.2 SEM micrograph of (a) the top view (b) detailed side view of the randomised

S0BCZT segments fabricated by gel casting slurry with 45% solids loading and 30 wt% resin

content after drying and demoulding.

198



8.2.2 Lead based randomised structures

According to the results from section 7.3, the influence of resin contents on the green
strength of green PZT segments presented a similar trend to that of SOBCZT, higher
green strength can be achieved with increasing resin content in the slurries. Although
40 wt% resin contents offered the highest green strength, the key piezoelectric
properties were reduced. The best functional properties of bulk sintered PZT samples
were observed for samples fabricated with 30 wt% resin content. Therefore, to
enable the selection of the resin content for further work, gel cast samples of the
randomised structures were prepared from slurries with a range of resin contents and
48 wt% solids loading PZT. The microstructure of the demoulded segments are
presented in Figure 8.3. For a resin content of 10 wt% there are no ceramic segments
remaining after demoulding. For samples with 20 wt% resin content, some of the
segments were found to be collapsed, broken off or were trapped inside the mould,
and only a few of them were demoulded successfully. This is in agreement with the
results from the 10 wt% and 20 wt% resin content slurries of S0BCZT 45 vol%
system. It has been reported from Jiang [4] that green state randomised PZT
structures produced using 10 wt% resin content gel cast systems with 45 vol% solids
loading that no segments survived demoulding and only 30% of ceramic pillars were
observed in structures produced using slurries with 20 wt% resin content. The work
of Jiang [4] used an EGDGE resin system, whereas in this project, it can be clearly
seen that a greater number of ceramic segments can be demoulded due to the
hydantoin epoxy resin providing higher green strength and enabling a higher vol%
solids loading [5, 6]. However, gel cast slurries with resin contents 10 wt% and 20

wt% were considered not suitable for fabricating 1-3 composites. At 30 and 40 wt%
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resin contents, most of the segments were found to be completely demoulded, a
result of the green strength of the pillars increasing with increasing resin contents,
in agreement with Jiang [4] and Olhero et al. [7]. Only a few segments were
observed to be collapsed or missing at the uppermost part of the structure produced
with 30 wt% resin content, and at the top centre and centre and to the right of the
samples produced with 40 wt% resin content. PZT ceramic segments prepared by
using 30 wt% and 40 wt% EGDGE epoxy resin contents reported that only 40% wt%
resin showed complete ceramic segments after demoulding and over 50% of the
segments prepared from 30 wt% resin content slurries were observed to have
survived the demoulding process [4]. It can thus be concluded that the gel casting
system using hydantoin epoxy resin improved the green strength of randomised
structures. This is in agreement with Xie et al. [8], who concluded that the hydantoin
epoxy resin produced higher green strength ceramics compared to other epoxy resin
systems with the same resin content [9, 10]. In Xie’s work, green square ceramic
segments were completely demoulded and exhibited smooth and homogeneous
surfaces with no cracks for samples using 20 wt% resin content, but the aspect ratio
of the structures was only 5. In this work, the highest green strength can be achieved
by using 40 wt% resin content. However, piezoelectric and functional properties of
bulk samples with 40 wt% resin content were decreased as shown in section 7.4. For
further work, therefore, a compromise between green strength and piezoelectric and
functional properties had to be made, and 30 wt% resin content was selected as the
optimum resin content for a gel casting system with 48 vol% PZT. High
magnification micrographs of segments with randomised structures prepared from

PZT 48 vo% solids loading and 30% resin content are presented in Figure 8.4 (a) and
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(b). The ultrafine feature size of PZT segments can be replicated from PDMS soft
mould, a smooth and homogeneous surface with no cracks were observed. The height
of the composite is around 140.61 um (the drying shrinkage of PZT bristle block
structure is approximately 6.26 %) and the smallest feature size of the segment is
around 4.28 pum, representing an aspect ratio up to 33. The properties and replication
characteristics of the samples from slurries with 30 wt% resin confirmed that this gel
casting system was suitable for fabricating the 1-3 randomised structure as an active

material for transducers.
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Figure 8.3 SEM micrographs showing the top-view of demoulded randomised PZT structures
prepared from gel casting slurries 48% solids loading with (a) 10 wt%, (b) 20 wt%, (c) 30 wt%

and (d) 40 wt% resin contents.

201



Figure 8.4 SEM micrograph of (a) the top view (b) detailed side view of the randomised PZT
segments fabricated by gel casting slurries with 48% solids loading and 30 wt% resin content

after drying and demoulding.

8.3 Sintered lead based and lead free radomised structures

Bristle block structures fabricated from S50BCZT and PZT were sintered and
characterised in order to observe any defects and distortion effects happening during
sintering and to enable comparison between the green and sintering stages. PZT
samples were sintered at 1200°C while the SOBCZT ceramic segments were sintered
at various temperatures between 1300°C to 1500°Cto study the influence of the

sintering temperature not only on the microstructure but also on the grain size.
8.3.1 Sintering of lead free randomised structures

The microstructures of randomised SOBCZT segments were studied by sintering at
1300, 1325, 1350, 1375, 1400, 1425, 1450, 1475 and 1500°C using the sintering
profile as detailed in section 5.1.2.3. Figure 8.5 shows the SEM micrograph of a
bristle block in the green state, and after being sintered at 1300 °C so that the

microstructures can be compared. It can be seen that after sintering the bristle block

202



structure has an area of approximately 1.6 x 1.6 mm square, and it is clear that some
of the ceramic segments have broken off the base, tilted or collapsed and only 70%
of the segments survived. However, collapsed segments will not necessarily affect
the 1-3 composite performance because they can be removed during lapping as
reported by Jiang [4]. The absence of segments around the edge will be one of the
most problematic for making the piezocomposites as it will reduce the diameter of

composite that can be produced.

However, the tendency to lose of the missing segments around the edge of the bristle
block decreased with increased sintering temperature as shown in Figure 8.6 a (i) to j
(1). This may relate to the sintering temperature of 1300°C being too low to allow the
segments to be sintered to full density, as indicated by the results presented in section
6.5.2. The relative density of bulk ceramics sintered at 1300 °C was only 5.06 g/crn3
( ~ 88% theoretical density) and consequently the strength may not have been high
enough to keep the randomised segments in their original positions. When sintering
temperature was increased, the number of collapsed and tilted segments also
increased. Although collapsed segments were considered as not affecting the
performance of resulting composites, an increase of tilting could change the overall
ceramic volume fraction which may affect the piezocomposite performance [4].
Figure 8.7 (a) and (b) shows optical micrographs of the top view of 1-3 composites
sintered at 1400 °C and 1425 °C. It can be clearly seen that when the sintering
temperature is increased, the segments became more tilted, joined with neighbouring
segments, and became larger in lateral dimensions. This will result in the volume
fraction of ceramic being increased in the composite, with a consequential change in

performance as discussed in section 8.5.
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The side views of the bristle blocks sintered at temperatures from 1300 °C - 1500 °C
are presented in Figure 8.6 a (ii) — j (ii), respectively where the height and grain size
of the segments can be seen. It can be seen that with increasing sintering
temperature, the height of the segments reduced with more joining of segments with
their neighbours, as shown in Figure 8.7 (b), resulting in an expansion in lateral
dimensions. This results is not only an increase in ceramic volume fraction, but also

an increase in the sintering shrinkage in the height dimension as presented in Table

8.1.

The grain size and feature size of the randomised structures increased with increasing
sintering temperature with a resulting decrease in the aspect ratio. Table 8.1 shows
the average height, grain size, finest feature size, aspect ratio and sintering shrinkage
of segments sintered at temperatures between 1300 °C - 1500 °C. The average grain
size of the segments increased with increasing temperature showing the same trend
as reported for bulk samples in Chapter 6.5.2 However, at the same sintering
temperature, the average grain sizes of segments were found to be smaller than for
the bulk samples. Sintering of the pillar segments represents a different situation to
that of bulk materials. On the one hand, grains within the segments are less
constrained by surrounding material and perhaps could be expected to grow larger.
On the other hand, there may be a restriction in the supply of material required for
grain growth, resulting in smaller grains. The categories of sintering which are
dependent on composition can be divided into 4 groups - solid state sintering, liquid
phase sintering, vitrification and viscous sintering [11]. For BaTiOs, liquid phase
sintering is normally considered as the main sintering process. During densification,

the initial stage will start when some degree of atomic mobility is achieved, followed
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by the intermediate state in which the microstructure consists of a three dimension
network of particles. During this stage, the grain growth rate increases significantly
and is most pronounced in the final stage. However, due to their geometry, ceramic
segments have less material available for sintering and grain growth, leading to lower
boundary mobility and insufficient liquid surface available during the liquid phase
sintering process, with non uniform interfacial. These factors may lead to the

constraining of grain growth in the ceramic segments [12].

Thus, although the overall structure of randomised segments is maintained during
sintering, most segments cannot keep the shape characteristics of their green stage
due to the grain growth during sintering and some segments joining with their
neighbours resulting in an overall increase in feature size compared to the green

structures.
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Figure 8.5 SEM micrograph of the top view of the radomised SOBCZT segments (a) before and

(b) after sintering at 1300 °C.
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Figure 8.6 SEM micrographs of a(i) to j (i) top view and a(ii) to j (ii) the cross section of bristle

blocks of SOBCZT randomised segments after sintering at 1300 - 1500 °C.

[ Epoxy [ 50BCZ

Figure 8.7 Optical image of overview of randomised SOBCZT 1-3 composites after sintering at
(a) 1400 °C with ceramic volume fraction of 51.70 % (b) 1425 °C with ceramic volume fraction

of 58.5 %.
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Table 8.1 The average height, grain size, finest feature size, aspect ratio and % sintering

shrinkage of SOBCZT segments sintered at temperatures of 1300 °C - 1500 °C.

Sintered A\:erage A.V erage Finest Sintering
height of grain size of . . ]
temperature feature size Aspect ratio shrinkage
©C) segments segments (um) (%)
(nm) (nm)
1300 122.95 5.2 17 ~6 13.28
1325 117.22 11.72 17.22 ~6.8 17.32
1350 112.25 15.59 18.09 ~6.2 20.83
1375 107 15.65 26.26 ~4 24.53
1400 105.96 15.83 25.49 ~4 25.26
1425 102.15 16.30 27.88 ~3.60 27.95
1450 96.71 16.90 33.13 ~291 31.79
1475 90.75 18.14 33.97 ~2.67 36
1500 88.03 20.93 39.93 ~2.20 37.91

8.3.2 Sintering of PZT randomised structures

A comparison of green stage and sintered stage PZT segments is presented in Figure
8.8 (a) and (b), respectively. It can be seen that the distance between segments and
the size of segments are almost the same in the sintered state as in the original green
structure. Compared to SOBCZT segments, PZT segments present less change in
structure, which may relate to the smaller grain growth during sintering, in
agreement with the report by Jiang [4]. It also can be observed that relatively few
segments were collapsed and tilted. As mentioned in 8.3.1, the collapsed segments
can be removed during the lapping process. Figure 8.9 (a) and (b) show the top view
and side view of the surface morphology of PZT randomised segments after sintering
at 1200 °C. The height of the composite is around 128 um; therefore, the sintering

shrinkage in height is approximately 8.96 %. Compared to SOBCZT randomised
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Figure 8.8 SEM micrographs of top view of randomised PZT segments (a) before and (b) after
sintering at 1200 °C.

segments, the PZT segments presented smooth surfaces and sharp angles as in the
green state. The grain size is approximately 1-2 um which is similar to those of the
PZT pillars with 45 vol% solids loading and 40 wt% resin content fabricated by gel
casting and sintered at 1200 °C, reported by Jiang [4], PZT pillars with 55 vol%
solids loading with 15% wt hydantoin epoxy resin sintered at 1120 °C fabricated by
gel casting reported by Xie [8] and PZT pillars fabricated by VPP sintered at 1150
°C reported by Dou [13] and bulk PZT samples reported in section 7.4. The grain
sizes of PZT segments are much smaller than those SOBCZT segments, in line with
the results of bulk gel-cast samples reported in chapters 6 and 7. After sintering, the
segment structure was backfilled with epoxy, followed by lapping away the stock
layer and surplus epoxy in order to achieve the required thickness with parallel
surfaces and exposed ceramic segments on both faces. Figure 8.10 presents the
optical image of a PZT randomised 1-3 composite approximately 1.6 x 1.6 mm
square. It can be observed that some segments are missing that may have broken off

due to the non-uniform forces during demoulding. 1-3 composites can be achieved
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with high ceramic volume fraction of 46% and the finest feature size of segment
around 5.85 um can be observed in the image as a small spots. This shows that an

aspect ratio up to approximately 20 has been achieved.

Figure 8.10 Optical images of a random composite with ceramic volume fraction of 46%.
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8.4 Impedance analysis of lead free and lead based 1-3

randomised composites

SOBCZT bristle blocks were sintered at various temperatures between 1300 °C -
1500 °C while PZT bristle blocks were sintered at 1200 °C. The bristle blocks were
then encapsulated with epoxy resin as explained in section 5.1.3.3 in order to
fabricate 1-3 composites, followed by lapping the excess epoxy and stock layer of

ceramic to achieve the 1-3 composites with the required thickness.
8.4.1 Impedance analysis of lead free 1-3 randomised composites

1-3 composites of SOBCZT were lapped to different thicknesses as shown in Table
8.2. Figure 8.11 (a) and (b) present the electrical impedance and phase spectra of
S0BCZT 1-3 randomised composites produced from bristle blocks sintered at
temperatures of 1300 °C - 1500 °C. A broad frequency range between 100 kHz to 60
MHz is displayed but only one peak corresponding to the thickness mode resonance
without any spurious modes were observed. This confirms that the randomised
structure and dimensions of the ceramic segments suppressed the unwanted modes
and only the thickness dimension resonance mode can be seen. These results are in
agreement with the results of 1-3 composites with triangular geometry [14], [15],
pseudo random pillar geometry [16] and random geometry [17] as explained in

section 3.3.2.

It can also be noticed that a difference in impedance spectra and phase occurred with
various thickness of 1-3 composites. For example, SOBCZT 1-3 composites sintered

at 1425 °C and 1450 °C had thicknesses of 56 um and 45 pum, respectively, and the
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phase and impedance spectra at the resonant frequencies changed as anticipated. As
the thickness of the 1-3 composite increased, the resonant frequencies were pushed to
lower values, corresponding to equation 2.1 as explained in section 3.3.2. Compared
to impedance spectra measured from PZT 1-3 composite, the impedance spectra
obtained from S50BCZT were observed to be broader and the resonant and anti-
resonant frequencies were not seen very clearly when measured without an applied
bias voltage. Use of a bias voltage (40V) results in the resonance peaks becoming

clearer.

One explanation for this behaviour could be that during poling, almost all dipole
moments in each domain become fully aligned with the applied electric field. After
poling, some of dipole moments stayed aligned but some of them might relax or
switch to other angles due to the curie temperature being relatively close to room
temperature. Also, the use of corona poling may not be so effective for SOBCZT.
These dipole misalignments may be sufficient to dampen the resonant response of
the composites. However, with DC bias on, the misaligned dipole moments may
realign enabling the resonant and anti-resonant frequencies to be observed more
clearly. An alternative hypothesis relates to the large grain size of S0BCZT materials.
For the SOBCZT npillar structures, only a few grains are observed in each pillar as
shown in Figure 8.6 a (ii) — j (ii); Therefore, the proportion of grain size to pillar
height are much lower than for the corresponding PZT pillars. Therefore, even just
one or two grains with misaligned dipole moments could have a larger effect on the
measured properties compared to PZT. The large SOBCZT grains may also act more
like single crystals than bulk sintered ceramics. However, the precise reason for this

phenomenon is a matter for further investigation.
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The thickness, ceramic volume fractions, resonant and anti-resonant frequencies of
the 1-3 composites produced from SOBCZT are shown in Table 8.2. In this work, the
resonant and anti-resonant frequencies have been determined by manually scanning
the raw data for the maximum and minimum values. The thickness of the composites
varied between 40 - 56 um resulting in operating frequencies between 40 MHz to 56
MHz. The ceramic volume fraction of all SOBCZT 1-3 composites ranged between
48 % - 59 % which is higher than the designed value of 40%. This may be caused by
the grain growth during sintering leading to the larger grain sizes, and would also

affect the acoustic impedance of the composites as discussed in section 8.5.2.

Thus, the gel casting route has been shown suitable for the fabrication of S0BCZT
1-3 composites with random geometries operating at frequencies over 30MHz and
with no unwanted resonance modes, However, the BCZT material is still being
investigated and so the properties and characteristics are currently not well
understood. Some variables such as depolarisation after poling still need further

investigation.
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Figure 8.11 Impedance (a) and (b) phase magnitude diagrams measured from S0BCZT
randomised 1-3 composites sintered at 1300 °C - 1500 °C with different thicknesses, using a bias

-40 volts.
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Table 8.2 Summary of SOBCZT randomised composites sintered at 1300 °C - 1500 °C.

Sintered ] Ceramic Resonant Anti-resonant
temperature til-iil::::sls(():lltrf) volume frequency frequency

°O) fraction (%) (MHz) (MHz)
1300 40 48.56 56.28 57.86
1325 55 49.32 32.75 40.12
1350 53 50.15 38.25 4275
1375 55 50.50 35.18 39.62
1400 52 51.70 40.18 44.93

1425 (1) 56 58.50 30.18 45.50

1425 (2) 52 52.87 47.37 51.31
1450 45 58.70 45.87 48.62
1475 55 52.84 43.77 45.35
1500 50 54.12 49.62 53.93

8.4.2 Impedance analysis of lead free 1-3 randomised composites

Figure 8.12 (a) and (b) show the electrical impedance spectra and phase of PZT 1-3
composites sintered at 1200 °C. It can be observed, as found in 50BCZT 1-3
composites, the electrical impedance spectra and phase of both 1-3 composites only
exhibit one peak corresponding to the thickness resonance. This shows that the
random geometries and dimensions of the PZT ceramic bristle blocks also effectively
inhibit the spurious modes in agreement with the impedance spectra and phase of
50BCZT composites and research as mentioned in section 8.4.1. Note that there was
no requirement to use a bias voltage for the impedance characterization of the PZT
composites. Two PZT 1-3 composites with thickness 40 and 58 pm both showed
sharp and clearly defined peaks their respective resonant frequencies. In addition, the

thickness of composites also affected the resonant frequencies of impedance spectra
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and phase as seen in Figure 8.12. The thicker composite had a lower resonant
frequency as expected. The information of height, ceramic volume fraction, resonant
and anti-resonant frequencies are presented in Table 8.2. Both composites presented
the ceramic volume fraction approximately 40% which is in agreement with the
desired value and PZT randomised composite with 45 vol% solids loading report by
Jiang [4]. According to the resonant and anti-resonant frequencies, the operating
frequencies of composite with 40 and 58 pum thickness can be predicted around 30
MHz and 60 MHz, respectively as expected. This also confirms that the PZT 1-3
composites can be produced with various dimensions, geometries, and thickness to

meet the requirement of various frequencies by using the gel casting method.
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Figure 8.12 Impedance (a) and (b) phase magnitude diagrams measured from PZT randomised

1-3 composites sintered at 1200 °C with different thickness.
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Table 8.3 Summary of PZT randomised composites sintered at 1200 °C.

Sintered . Ceramic Resonant Anti-resonant
1-3 composite
temperature height (um) volume frequency frequency
(°C) ght(u fraction (%) (MHz) (MHz)
1200 (No.1) 40 46 52.25 67.15
1200 (No.2) 58 43 29.01 35.33

8.5 Functional performance of lead free and lead based 1-3

randomised composites

As explained in Chapter 3, the thickness coupling coefficient (%;) is one of the most
important key parameters for assessing the composite performance, and relates to the
ability of the composite to convert between electrical and mechanical energy when
the applied electric field and vibration are in the thickness direction. In order to
achieve a high performance composite, k; should be as close to 1 as possible. The
thickness coupling coefficients of 50BCZT 1-3 composites sintered at various
temperatures are shown in Figure 8.13. The highest value of k; = 0.78 was measured
from the composite sintered at 1425 °C sample 1 with a thickness = 56 um, and the
lowest value of approximately &, = 0.25 was found from the composite sintered at
1300 °C. This may caused by see microstructure in Figure 8.6 a (ii). For PZT
composites, they both presented higher £, values than all the BCZT composites
except for one of the SOBCZT samples sintered at 1425 °C sample 1 as expected.
Compared to the k; values ranging from 0.5-0.68 obtained from composites with PZT
45 %vol solids loading reported by Jiang [4], the k, values obtained from PZT with

48 %vol solids loading in this work have similar values.
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Figure 8.13 Thickness coupling coefficient (k;) of the S0BCZT randomised composites sintered
at 1300 °C - 1500 °C and PZT randomised composites sintered at 1200 °C.

Figure 8.14 shows the relative permittivity at constant strain of S0BCZT randomised
composites sintered at various temperatures and PZT composites sintered at 1200 °C.
The relative permittivity of the composite is related to the relative permittivity and
relative density of the individual phases, and their volume fractions in the composite.
For S0BCZT 1-3 composites, the highest relative permittivity (262) was be observed
for the SOBCZT composite sintered at 1425 °C which possessed the highest thickness
with 56 um and largest ceramic volume fraction (58.5%), while the composite
sintered at the same temperature with thickness 52 um presented a lower ceramic
volume fraction (52.9%) and a correspondingly lower &5 (193). The smallest value
was found for the composite sintered at 1300 °C. This sample not only had the
lowest ceramic volume fraction (48.6%) but also, based on the data for the bulk

S0BCZT ceramics presented in Chapter 6, the ceramic phase itself may have a lower
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density (see section 6.5.2). The PZT composites with thickness 40 um and 58 pum,
had relative permittivity values of 190 and 170, respectively. These results are
reasonable considering the fact that the ceramic volume fraction of 40 pm composite

(46%) is higher than that of the 58 um composite (43%).
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Figure 8.14 Relative permittivity at constant strain (85 ) of the S0BCZT randomised composites

sintered at 1300 °C - 1500 °C and PZT randomised composites sintered at 1200 °C.
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Figure 8.15 Acoustic impedance of the SOBCZT randomised composites sintered at 1300 °C -
1500 °C and PZT randomised composites sintered at 1200 °C.

Figure 8.15 shows the acoustic impedance Z, of SOBCZT and PZT composites. For
S0BCZT, it can be seen that the composite sintered at 1450 °C with highest ceramic
volume fraction (58.70%) exhibited the highest Z,. For the two composites sintered
at the same temperature (1425 °C), the composite with higher ceramic volume
fraction exhibited a slightly lower value of Z,. This opposite to what would be
expected, but may be indicative of the errors in both the calculation of the volume
fraction, and the measurement of Z,. As explained in section 2.2.3 and equation 2.3,
the acoustic impedance increases with increasing density and sound velocity. The
density of the composite relates to relative volume fractions of ceramic and epoxy
resin, as the velocity of sound in the ceramic phase is higher than in the epoxy.
Therefore, a composite with higher ceramic volume fraction should have a higher
density and much faster sound velocity, resulting in higher acoustic impedance. For

PZT composites, the acoustic impedance of both composites showed similar values
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which are in agreement with the acoustic impedance of PZT randomised composites

reported by Jiang [4].
8.6 Summary

Lead based and lead free bristle block randomised structures were fabricated by
utilising a gel casting process with a soft moulding replication route. Slurries with
resin concentrations of 30%wt and 40% wt resin could be successfully demoulded
from the PDMS soft moulds. The green stage of both the 50BCZT and PZT
piezoelectric materials presented dense segments in green stage with homogeneous,
smooth surfaces, no visible cracks, and segments with accurately replicated irregular
shapes and well-defined edges. Ceramic segments with the height approximately 140
um were observed in both materials. However, SOBCZT offered a smallest feature
size 5 pum, resulting in an aspect ratio up to 30 while PZT bristle block structures

presented the feature sizes as low as 4.28 pm, corresponding to an aspect ratio up to

33.

It was found that the grain size of the SOBCZT segments were smaller than those of
bulk ceramics sintered at the same temperature, and the grain size increased with
increasing sintering temperature, resulting in microstructural issues in the sintered
bristle blocks. The average heights and aspect ratios of ceramic segment at various
temperatures ranged from 88 pum - 123 pm and 2.2 — 6, respectively. PZT ceramic
segments had much smaller grain size and, after sintering, the segments retained the

original structure from the green stage.

1-3 composites were successfully fabricated from the BCZT and PZT bristle block

structures. For the PZT composite, the ceramic volume fraction was close to the
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desired value while for the SOBCZT composites the ceramic volume fraction were
found to be higher due to the microstructural distortions during sintering. The
resonant and anti-resonant frequencies in the impedance spectra of SO0BCZT 1-3
composites can only be observed by using bias voltage. However, only one
resonance peak corresponding to the thickness mode was observed in all samples,
with a complete absence of spurious modes. This shows that randomised structures
with various dimensions, geometries, and thicknesses can be fabricated by the gel
casting method to meet the requirement of various frequencies and effectively
diminished the spurious modes. PZT composites offered generally higher thickness
coupling coefficients than 50BCZT composites, where the highest value was
measured for samples sintered at temperature 1425 °C. The relative permittivity
values were affected by the ceramic volume fraction of the composite. Therefore, the
composites with the higher ceramic volume fraction had higher values. The highest
acoustic impedance was obtained for a SOBCZT composite sintered at 1450°C with a

ceramic volume fraction of 58.70%.
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Chapter 9 High frequency transducer fabrication,
characterisation and imaging

9.1. Transducer fabrication

PZT and 50BCZT 1-3 composites have been fabricated and characterised as
explained in Chapter 8 and four of them were selected to be taken forward and used
as the active element in high frequency transducers. The selected SO0BCZT
composites can be identified in Table 8.2 as those sintered at 1425 °C with
thicknesses of 56 um and 52 pm, which were used for the fabrication of unfocussed
and focussed transducers respectively. Transducers were also fabricated from the two
PZT composites listed in Table 8.3, with the 40 um and 58 pum thick composites
selected for unfocussed and focussed transducers respectively. In this chapter, the
transducer fabrication and characterisation are described. Fabrication and some
initial characterisation were carried out in Birmingham to ensure the transducers
were working at their intended frequencies, and more detailed characterisation was

then undertaken at the University of Glasgow.

The overall transducer design was based on previous work [1, 2]. This necessitated
having the composites laser cut to a diameter of approximately 1.6 mm, ensuring the
area was selected to minimise the incorporation of any defective areas where, for
example, there may be missing or damaged pillar segments, as shown in Figure 9.1
(a). Laser cutting was carried out in the School of Mechanical Engineering,
University of Birmingham using a Laser Multi Axis, and a picture of a cut composite

in shown in Figure 9.1 (b). The laser cut composites were checked by impedance
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analysis to ensure that they were still piezoelectrically active, and this indicated that
the resultant focused PZT, focused 50BCZT, unfocussed PZT and unfocussed
50BCZT transducers would have operating frequencies around 35, 40, 50 and 35

MHZz respectively.

Figure 9.1 Photograph of (a) 1-3 random composite with dimensions marked for laser cutting,
and (b) laser cut 1-3 composite with diameter approximately 1.6 mm.

In previous work in the Functional Material Group at University of Birmingham [3-
5], and some similar work from other groups [6], an SMA electrical connector has
been adopted as a transducer housing which requires modification of the centre pin
and other internal components. However, this method proved difficult to reproduce
reliably due to internal bonding issues [1]. Therefore, in this project, the focussed
and unfocussed transducers were fabricated by using the procedures developed by
AFM Ltd [7]. A flow diagram of the transducer fabrication procedure is shown in
Figure 9.2. There are three main steps. Firstly the replication of the mount master,
secondly the replication of the backing insert former. Finally these two components

are combined together in a third set of procedures.
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In the first step, a polytetrafluoroethylene (PTFE) mount master were utilised for the
central positioning of the composites. For fabrication of the focussed transducers, 2
portions of PDMS was prepared as explained in 5.1.1 for replication the mount
master and backing insert former. The first portion was poured on top the mount
master (as presented in Figure 9.2 (b)), after the PDMS was cured, the PDMS soft
mould was peeled off (see Figure 9.2 (¢)) and used for positioning and curving the
composite. In the second step the backing insert former made from brass was slowly
cast using another portion of PDMS mixture in order to forming the soft mould for

casting tungsten epoxy and supporting the connected wire as presented in Figure 9.2

(D).

The laser cut composite with diameter approximately 1.6 mm as presented in Figure
9.1 (b) was positioned on the mount master with glue (acrylic emulsion with water,
Kuretake Co., Ltd.). The PDMS mould replica from the mount master was slowly
placed over the composite. Once the soft mould touched the composite’s surface on
the mount master, the composite was gently pressed to take the soft mould shape (see
Figure 9.2 (d)). After leaving at room temperature for 3-5 minutes for the glue to set,
the soft mould was gently removed leaving the composite on the mount master. A
copper wire was placed at the edge of the composite’s surface using a small amount

of silver epoxy as shown in Figure 9.3 (a) and (b).
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1. The replication of mount master 2. The replication of the two pins backing insert former

—)

¥ (c) Soft mould for used for
(a) Mount master (b) Soft mould

o positioning and curving (e) Two pin (®) Soft mould (g) Soft mould for
replication - composite backing insert replication tungsten cast in
former place and wire
support

(d) Place the composite on mount master and slowly curving

(h) Positioning copper wire (i) Removing the mount from  (j) Tungsten epoxy insert (k) Incorporating backing (1) Sputtering on composite
and inserting the mount into  soft mould after fully curing  with wire and 1-3 random insert into transducer housing surface
soft mould and injection of tungsten epoxy composite on surface was
backing material removed from mount

Figure 9.2 Illustration of the fabrication procedures of transducer (adopted from [1]).
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(b)

Figure 9.3 Photograph of (a) The small bulb of silver epoxy fixed the wire on the random
composite (b) the copper wire attached on the surface of the random composite on the
PLA/PTFE mount master.

After that the mount assembly with the wire on top was put in an oven at 40°C for 15
minutes to ensure that the conductive silver epoxy was properly set. The mount was
slowly inserted into the PDMS soft mould replicated from two pins backing insert
former (formed in step 2) ensuring that the wire was also gently inserted through the
hole (see Figure 9.2 (h)). According to Webster, tungsten epoxy was adopted as a
backing material instead of silver epoxy because it can be cast into shape with low

viscosity, resulting in a backing material without porosity. The tungsten powder was
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mixed with CY1301/HY1300 (Aradite, UK) at the tungsten volume fraction of
approximately 0.3 in order to achieve the appropriate viscosity suitable for casting
[1]. The tungsten mixture was degassed for 5 minutes to minimise bubbles, followed
by injection into the soft mould using a syringe needle. This technique is called “cast
in place”. After the soft mould was fully filled in its cavity with the tungsten mixture,
the mould was placed in an oven at 45°C for 30 minutes to allow any air bubbles to
rise to the top of the soft mould where they could be removed with a syringe needle.
After that the whole assembly was left at room temperature for 24 hours and then
moved into an oven at 40°C for 10 minutes. The soft mould was then cut and the
mount was gently removed, followed by removing the tungsten epoxy from the
metal/PTFE mount with the composite stuck on the tungsten epoxy backing as
shown in Figures 9.2 (i) and (j). Figure 9.4 presents the photograph of 1-3 random
composite and tungsten epoxy backing layer casted onto the 1-3 random composite.
The tungsten epoxy with the transducer element on top was fitted into a stainless
steel housing, followed by connecting the copper wire to the centre pin of an MCX
connector by soldering and then the connector was fitted into another end of housing
(Fig 9.2 (k)). The surface of composites was gently cleaned and then sputtered with a
thin layer of Cr and thick layer of Au, respectively (Fig 9.2 (1)). Figure 9.5 presents
an example of completed transducers produced using this method. However, some
active area of 1-3 random composite of the focussed PZT transducer was broken
during curving, resulting in the imperfect curve in the active area of the focussed

transduce as shown in Figure 9.6.
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Tungsten epoxy
1.6 mm

1-3 random composite with Au

Figure 9. 4 Photograph of 1-3 random composite with diameter 1.6 mm stuck onto the cast

tungsten epoxy backing.

(a) Focussed transducer (b) Unfocussed transducer

Figure 9. 5 Photograph of completed (a) focussed transducer and (b) unfocussed transducer.

Figure 9. 6 The photograph of the imperfect curve within the active area of a focused PZT

transducer.
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9.2 Transducer characterisation

9.2.1 Electrical impedance

Figure 9.7 presents the electrical impedance spectra and phase magnitude of the
focussed and unfocussed PZT and SOBCZT transducers. The impedance data of the
transducers are similar to those of the respective 1-3 composites, as presented in
Figures 8.11 and 8.12. The results demonstrate that the transducers are functional,
even the focussed PZT transducer with a defective active area in which the intended
curved geometry was not fully achieved (see Figure 9.6). The lead free transducers
were measured with a DC bias of -40 volts in order to determine the resonance peaks
more clearly. However, even under this DC bias condition, the f. and f, of the
focussed SOBCZT transducer were still not clearly defined. The resonant frequencies
of transducers occurred in the range that they were expected as shown in Figures 9.7
and 9.8. The focussed PZT, unfocussed PZT and unfocussed SOBCZT transducers
show operating frequencies at 32 MHz, 55 MHz and 33 MHz (from the raw data),
respectively while f, and f, of focussed 50 BCZT could not be observed but the
operating frequency was subsequently obtained by pulse-echo testing. It can be seen
clearly that none of the transducers exhibit lateral resonance in the board frequency
range of 10-80 MHz and only the thickness mode resonance is present. The results
correspond well to a focussed PZT random composite transducer fabricated using a
gel casting method reported by Jiang [2]. In comparison, lead based transducers with
operating frequencies of 36 MHz and 45 MHz fabricated with composites
comprising regular circular pillar geometries and fabricated using a VPP route have

been reported to have lateral modes at around 50 MHz and 75 MHz, respectively

233



[2, 8]. Also, lead based transducers with regular square pillar composites fabricated
by a dice and fill method, as reported by Brown et al. [9], have 2 or more resonance

modes due to the design of the composite.
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Figure 9.7 Electrical impedance and phase measured from transducers, using a bias -40 volts for

the SOBCZT transducers.
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Figure 9.8 Phase magnitude diagram measured from transducers, using a bias -40 volts for the

50BCZT transducers.
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9.2.2 Pulse-Echo response

The pulse-echo responses of all transducers were measured by using flat quartz as a
target. Figures 9.9 - 9.12 present the results for the focussed PZT, focussed SOBCZT,
unfocussed PZT and unfocussed SOBCZT transducers, respectively. The spatial pulse
length, axial resolution and other characteristics of the all transducers including
operating frequency, bandwidth and fractional bandwidth at -6 dB have been
calculated and are shown in Table 9.1. It can be seen from the pulse-echo data that
the centre frequencies of the focussed SOBCZT, focussed PZT , unfocussed SOBCZT
and unfocussed PZT transducers are 40 MHz, 35 MHz, 35 MHz and 50 MHz
respectively, which is in agreement with the impedance spectroscopy data presented

in Figure 9.7.

The pulse-echo responses of focussed PZT transducer suffered due to the imperfect
curve of active material. The axial resolutions of all transducer were defined as one-
half of the spatial pulse length as presented in equation 2.7. The spatial pulse length
(SPL) can be calculated by substitution of the number of wavelengths, speed of
sound in water and frequency of each measurement into the equation 2.6 and then the
axial resolution can be defined as presented in Table 9.1. It can be clearly seen that
the best axial resolution (shortest length) in this measurement can be obtained from
the shortest spatial pulse length and highest frequency which in this case is obtained
for the unfocussed PZT transducer with the spatial pulse length 88.92 pum. The
results are also in agreement with the results of bandwidth and fractional bandwidth
at -6dB (see in Table 9.1). Compared to a narrow bandwidth, a broad bandwidth
transducer generates a shorter spatial pulse length resulting in an improvement of

axial resolution. A PZT transducer with operating frequency around 30 MHz and
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fabricated using a random composite was reported by Jiang [2] to have a bandwidth
at -6 dB was 13 MHz, -corresponding well to the 35MHz 50BCZT transducer.
However, the 35 MHz PZT transducer presents lower bandwidth than expected,
which may relate to the imperfect curving of the composite. A VPP composite
transducer with a regular geometry of composite was reported to have a bandwidth
of 29 MHz [8]. However, all transducers fabricated using gel casting with random
composite geometries have resulted in lower bandwidths, which also may relate to

the composite geometry.
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Figure 9.9 Pulse-echo measured from focussed SOBCZT transducer at focus in time and

frequency domain, showing frequency, bandwidth.
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Figure 9.10 Pulse-echo measured from focussed PZT transducer at focus in time and frequency

domain, showing frequency, bandwidth and spatial pulse length.
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Figure 9.11 Pulse-echo measured from unfocussed SOBCZT transducer at focus in time and

frequency domain, showing frequency, bandwidth and spatial pulse length.
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Figure 9.12 Pulse-echo measured from unfocussed PZT transducer at focus in time and

frequency domain, showing frequency, bandwidth and spatial pulse length.
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Table 9.1 Characteristics and properties of focussed SOBCZT, focussed PZT, unfocussed SOBCZT, unfocussed PZT transducer.

Pulse-echo Measurement

B-Scan Measurement

Transducers
> > =
= 5} 5} > =
= = ~ ~
% m |5 B |5 2|5 8|2 = 2 | 2 g E E
S = o= = = = = = o = = = =) £ £
g /(3 V| E |2 =T <« |2 | 9 = p =
= 2 - = < = < & < 2 < o - = = Q
2 8|2 ®|E8 /|8 /RR|= /|T /|7 = 2 S S
- =|= £|2 2|2 2|5 £|5 |8 | € N S
= E = £ | g = 8 3 e X = E s
‘g = = = = E = E = E = 2 = < > g Z
s, ~— < ~— = ~— .E ~ 8 ~' ~ g Z = a
n > = =
Focussed 50BCZT 111.15 55.57 35 50 40 15 37.5 ~0-34 34-7.5 >17.5
Cannot
Focussed PZT identify
211.71 105.85 33 40 35 7 20 ~0-5 due to the >5
fabrication
problem
Unfocussed 50BCZT 127.02 63.51 27 40 35 13 37.14 0-8 = >8
Unfocussed PZT 88.92 44.46 40 57 50 17 34 ~0-5.5 - >5.5
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9.2.3 Tungsten wire phantom imaging

The set up for the tungsten wire scan experiment was carried out with support from
the Medical and Industrial Ultrasonics (MIU), The University of Glasgow. The set
up was shown in Figure 5.10. A pulser/receiver DPR/500, remote pulse box RS RP-
H2, NI PXle controller, frame, scanning stage and stage controller, were set up for
this measurement and connected to a computer with a LabView interface to control
the scanning directions and MATLAB to process the data. The transducer was
positioned on a JRS RP-H2 stage box which was placed on the frame in order to
prevent the vibration during testing. The transducers were scanned over a set of 25
um diameter tungsten wires in water with the step size between each wire of 1 mm.

A schematic of the test system is shown in Figure. 9.13.
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Figure 9.13 Schematic illustration of the tungsten wire phantom scanning experiment in which
the transducer travelled along the lateral distance at different depth between transducer and
tungsten wires.

The B-scan images of the wires scanned by the four transducers are shown in Figure
9.14. In each experiment, MATLAB was used for creating all B-scan images by
taking the median values of the 7x7 matrix from the absolute value raw data. B-Scan
images from all transducers confirmed that the transducers are able to function and
create images of the fine tungsten wires at a range of distances from the transducers.
The B-scan images from three of the transducers clearly show all the wires at
different distances from the transducers. However, compared with other transducers,

the B-scan image of wires obtained from the unfocussed PZT transducer with
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operating frequency 50 MHz cannot be seen clearly when the ultrasound wave
travelled longer than ~5 mm. as shown in Figure 9.14 (d). This is due to the reduced
penetration of the ultrasound at the higher frequency of this transducer. With
increasing axial distance, the focused and unfocussed PZT transducers show a
greater change of the image with lateral distance. As can be seen in figure 9.14 (b),
the lateral distance of each wire increased with increasing axial distance and also the
B-scan image of each wire is slightly bent. This unexpected result is possibly due to
the area of the 1-3 random composite for this focussed PZT transducer not being

curved uniformly as shown in Figure 9.6.
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Lateral Distance (mm)
Figure 9.14 B-scan images of a set of 25 pm tungsten wires at different distances using (a) focussed SOBCZT, (B) focussed PZT (c) unfocussed SOBCZT

and (d) unfocussed PZT transducers.
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The amplitude at different axial travelling distances of the transducers is shown in
Figure 9.15. For the focussed PZT transducer, the highest amplitude was observed at
the distance between transducer and wires of around 5.17 mm and the amplitude then
decreased with increasing the distance. Similarly, the amplitude of focused SOBCZT
transducer increased with increasing the axial distance and hit the peak at around 5.5
mm, followed by decreasing when the distance between the transducer and wires
increased. These results are in agreement with near field, focal zone and far field of
transducer beam shape expected from focused transducers. However, the unusual
result from focussed PZT transducer may relate to the active composite was not
curved with a right radius of curvature. The amplitude trend of unfocussed PZT
decreased with the increasing of penetration depth which is also in agreement with
the bean shape of unfocussed transducer that typically has a near field and
divergence zone. For the unfocussed 50 BCZT transducer, the amplitude increased
with increasing axial distance and hit a peak when the distance between transducer
and wire was about 5.9 mm and then the amplitude remained approximately
constant. Figure 9.16 shows the amplitude of all transducers when they travelled at
different depths. The value at -6dB has been used to define the beam zone which is

stated in Table 9.1.
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Figure 9.15 The 2D B-scan images of the amplitude at different travelling distance of (a) focussed SOBCZT, (B) focussed PZT (c) unfocussed S0BCZT and

(d) unfocussed PZT transducers.
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Figure 9.16 The amplitude at different travelling distance of focussed PZT, SOBCZT, unfocussed
PZT and unfocussed SOBCZT transducers, cut off at -6dB.

From the B-scan measurements, the lateral and axial resolutions of the focussed and
unfocussed transducers at different distances were defined by calculating the lateral
and axial distance at -6 dB of each tungsten wire. Figure 9.17 presents an example of
the 3D images including amplitude (dB), lateral distance (mm) and axial distance
(mm) of the focussed SOBCZT transducer when scanned all wires. From this data,
the axial and lateral resolution of the transducer can be defined. Figure 9.18 shows an
example of 2D images of the amplitude, axial and lateral distance of the focussed
SO0BCZT transducer when the transducer scanned all the wires and an enlarged view
of the second wire at -6dB. Therefore, the axial and lateral resolution of transducer
along the travelled distance can be calculated. By doing this with all wires, the axial
and lateral resolution of each transducer could be defined, and this is presented in

Figures 9.19-20. The axial resolutions of three transducers remain approximately
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constant when the distance between the transducer and wires increased. However, the
data obtained from focused PZT transducer presents an unexpected trend due to the
problem during construction. The lateral resolutions of focussed and unfocussed
transducers present results which are in agreement with their beam zone as discussed

above.

Amplitude (dB)
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Figure 9.17 Schematic illustrate 3D B-scan image for calculating the axial and lateral resolution

at -6dB of a set of tungsten wires obtained from the focussed SOBCZT transducer.

247



Amplitude (dB)

Amplitude (dB)

Amplitude (dB) Amplitude (dB)

= | = o N
- i,

Axial distance Lateral distance

Figure 9.18 Illustration of (a) the axial distance (b) close up data of the axial distance and amplitude when focussed SOBCZT scanned the second wire

transducer at -6 dB (c) the lateral distance (b) close up data of lateral distance and amplitude when focussed SOBCZT scanned the second wire transducer at

-6 dB for calculating the axial and lateral resolution at -6 dB.
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Figure 9.19 Axial resolution of focused and unfocussed PZT and 50 BCZT transducers at

different distances, measured at -6dB.
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Figure 9.20 The Lateral resolutions of focused and unfocussed PZT and 50 BCZT transducers

travelled at different distances, measured at -6 dB.
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9.3 Imaging of agar phantom and tissue

The scanning of tungsten wires in agar was also carried out at the University of
Glasgow, using wires with diameters approximately 100, 200 and 200 pm in 8% of 3
um Al,Os, in the agar. The experimental set up is shown in Figure 9.21. The agar
phantom images shown in Figure 9.22 confirmed that 3 transducers provided clear
wire images including the boundary of agar and petri dish. Only the unfocussed PZT

transducer was unable to resolve the boundary of the agar.

Transducer

Figure 9.21 Photograph of B-scan of Tungsten wires in agar 8% Al,O;.

250



Focussed S0BCZT

Amplitude (dB)

Y {mm)

Wire

Petri dish

Wire

&

a

14

Y (o)

Focussed PZT

Unfocussed

Amplitude (dB)

K
|
"
|

<40
4 6 & 10

Figure 9.22 The B-scan images of agar phantom with tungsten wires 100, 200, 200 pm in diameter obtained from focusséd and unfocussed lead based and

lead free transducers.
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For tissue scanning, a pig bowel was utilised as the scanning tissue and the scanning
were carried out in Clinical Research Centre Tayside at the University of Dundee.
The pig bowel structure includes mucosa, submucosa, muscularis propria, subserosa
and serosa regions as shown in 9.23 (b). The B-scan images of thin pig bowel sample
using focussed S0BCZT transducer (40 MHz) and focussed PZT transducer (35
MHz), these two images are compared side by side as presented in Figure 9.24. The
results show that the two transducers provide the images with a good resolution. The
main structures of the pig bowel can be seen clearly with both transducers, which is
in agreement with the results from Cox [10]. It can be concluded that the quality of
the B-scan image created from the focused SOBCZT high frequency transducer is

comparable with the PZT transducer.

1 Mucosa
Submucosa

i I Muscularis Propria

— Subserosa
— Serosa

L CouplingGel

" Agar

Figure 9.23 The photograph of (a) pig bowel with a thickness 2.5 mm submerged in phosphate
buffered saline (PBS) at pH 7.4 and (b) the pig bowel structure obtained using an AFM PZT
transducer by Dr. Benjamin F Cox (Clinical Research Centre Tayside at University of Dundee)

[10].
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Figure 9. 24 B-scan images of pig bowel from (a) focussed SOBCZT , (b)focussed PZT transducer travelled by 20 mm lateral distance and (c) the side by side

comparison of (¢) focussed PZT and (d) focussed SOBCZT transducer.
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9.4 Summary

Focussed and unfocussed lead based and lead free transducers were successfully
fabricated using the composites with randomised structure and fabricated by gel
casting as the active materials. The focussed S0BCZT, unfocussed SOBCZT and
unfocussed PZT transducers were formed in the correct geometries, but the focussed
PZT was not uniformly curved. However, the electrical impedance and pulse-echo
testing confirmed that all the transducers were functional at high frequencies, in
agreement with the results obtained from the respective 1-3 composites. The shortest
spatial pulse length at -20 dB was obtained from the transducer with highest
operating frequency which was the unfocussed PZT transducer with an operating
frequency of 50 MHz. This transducer had the boardest bandwidth and the best
resolution compared with the other 3 transducers. The focussed PZT transducer
presented unexpected results including the narrow bandwidth, distorted B-scan
images of wire phantoms with a bent, undefined focal zone which may be due to the
imperfect curving of the active material. In comparison the focussed 50BCZT
presented shorter spatial pulse length, boarder bandwidth and defined beam zone
with the near field about 0-3.4 mm, focal zone about 3.5-7.5 mm and far field greater
than 7.5 mm.

The performance of the transducers was also confimed by carrying out B-scanning of
an agar phantom. The images showed that all transducers functioned peoperly and
provided clear images of the 3 wires, agar boundary and petri dish. The two focussed
transducers were selected for tissue imaging, with the images clearly showing the
structure of pig bowel and demonstrating that the focussed SOBCZT transducer is

comparable with the PZT transducer.
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Chapter 10 Conclusions and future work

10.1 Conclusions

1-3 PZT piezocomposites with random structure for high frequency ultrasound
transducer application have been studied and reported in previous work. The random
geometry of segments provides high performance and eliminates spurious resonant
modes. In addition, materials based on PZT are the most extensively used
piezoelectric materials in ultrasound transducer applications due to their excellent
properties. However, PZT contains lead (Pb) as a main constituent element which is
very toxic and harmful to human health and the environment. The lead free SOBCZT
has been reported as an alternative to PZT because it provides relatively high
dielectric and piezoelectric properties similar to PZT. Therefore, in this thesis, for the
first time, random lead free composites have been studied and fabricated by using a
gel casting and soft moulding technique. Also, for the first time, focussed and
unfocussed lead free high frequency transducer incorporating random 1-3 lead free
composites as active materials have been fabricated. The aims and objectives for this
project were outlined in Chapter 4. It now remains to explore to what extent these

have been achieved.

In this work lead free and lead based gel casting slurries were prepared by using
hydantoin soluble epoxy resin and amine hardener. The influence of hardener and
resin concentrations and curing temperature on the polymerisation between epoxy
resin and amine hardener were studied by preparing premix solutions with different
hardener and resin contents. The optimum value of amine hardener was found to be

18 g per 100 g resin. Increasing curing temperature was found to accelerate the
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reaction rate as the gelation time was decreased. The activation energy of the
polymerisation reaction of this gel casting system was calculated to be 82 kJ/mol, in
good agreement with literature. With increasing resin content in the premix solution,
the elastic modulus and the strength of gel can be enhanced while the gelation time

was decreased.

The problems of air trapped in the casting can be prevented by de-airing in vacuum
before and after casting. The influences of dispersant, resin and solid loading on the
viscosity behaviour of lead free and lead based slurries were elucidated. The
optimum amounts of dispersant based on the dried powder weight of lead free and
lead based were 2.4 wt% and 1 wt%, respectively, resulting in minimum viscosities
in the two systems. An increase in solids loading increased the viscosity of the
slurries, and the optimum solids loadings for the lead free and lead based systems
were 45 vol% and 48 vol% solids loading, respectively. Increasing resin content was
found to increase the viscosity of the slurries, decrease gelation time and sintered
density, and result in higher trapped porosity. However, green density and green
strength were enhanced. The maximum green strength values of 55 MPa and 58 MPa
were achieved in green SOBCZT and PZT samples which were consolidated from the
slurries with 45 vol% and 48vol% solids loadings, respectively with 40 wt% epoxy
resin. These values were higher than conventional gel casting systems and also other

water-soluble epoxy resins such as EGDGE.

For the lead free S0BCZT gel casting system, the highest d3; and k, values of 330
pC/N and 0.43 respectively were achieved from gel cast samples consolidated from
slurries with 45 vol% solids loading and 30 wt% resin sintered at 1425 °C. The

sintering temperature has a complicated influence on grain size and properties.
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However, the optimum sintered temperature was 1425 °C as it offered the highest
ds3, k, and €T values with the lowest dielectric loss tangent. For the lead based PZT
gel casting system, the highest ds;, k, and €7 values and lowest dielectric lost tangent
were observed in sintered PZT sample produced using a slurry with 30 wt% resin
content. A deleterious effect on the piezoelectric and dielectric properties was found

for both the SOBCZT and PZT gel casting systems with 40 wt% resin content.

Lead free and lead based bristle blocks with randomised structures have been
achieved by using the gel casting and soft moulding techniques. The green bristle
block structures from both powder compositions obtained from 30 wt% and 40 wt%
resin had dense segments with homogeneous, smooth surfaces, no cracks and well-
defined, accurately replicated ceramic segments. The smallest lateral feature size of
around 5 pum and aspect ratio up to 30 were achieved by from a SOBCZT slurry with
45 vol% solids loading and 30 wt% hydantoin epoxy resin, while the lead based
random structures with smallest lateral feature size of around 4.28 um and aspect
ratio up to 33 were achieved from a PZT slurry with 48 vol% solids loading and 30

wt% hydantoin epoxy resin.

The broad impedance spectra with only a single thickness mode resonance between
100 kHz to 60 MHz were achieved for both SO0BCZT and PZT 1-3 randomised
composites. However, SOBCZT composites required the application of a DC bias
voltage in order to clearly observe the resonance. An increase in thickness of 1-3
composite resulted in lower the resonant frequencies. The absence of spurious modes
confirmed that the randomised structure and dimension of the ceramic segments were

appropriate for high frequency transducer applications. The S0BCZT random 1-3
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composites were had higher volume fractions than expected, caused by grain growth

during sintering which will also affect the acoustic impedance of composites.

PZT random 1-3 composites exhibited higher &; values than the corresponding BCZT
composites. The thickness coupling coefficient of SOBCZT random 1-3 composites
varied with sintering temperature, ranging from 0.24 - 0.78 with the highest value
achieved for samples sintered at 1425 °C, while the relative permittivity was
affected by the ceramic volume percentage of the composite.

Focussed and unfocussed lead free and lead based transducers have been fabricated
using the random 1-3 composites as active materials. Lead free focussed and
unfocussed complete transducers required the application of a DC bias voltage for
impedance measurement, in the same way as the lead free composites. Pulse echo
responses demonstrated the operating frequencies of the focussed lead based and lead
free transducers were around 40 and 35 MHz, respectively while the operating
frequencies of the unfocussed lead free and lead based transducers were observed at
35 MHz and 50 MHz respectively. B-scan images obtained by scanning tungsten
wire and pig bowel tissues using the focussed lead based and lead free transducers
produced images with good resolution, and demonstrated clearly the structure of the
pig bowel. Thus it has been established that the focussed SOBCZT transducer is
comparable with the PZT transducer.

Thus the aims of objectives of the project have been achieved in full. The results
confirm that not only PZT but also SO0BCZT powders can be used for the fabrication
of random 1-3 composites for high frequency transducer applications via gel casting

and soft mould techniques. The dielectric and piezoelectric properties of SOBCZT gel
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cast samples were generally inferior to those obtained from PZT. However, the

complete transducers had comparable resolution.

10.2 Suggestions for future work

The focussed and unfocussed lead free and lead based transducers have been
achieved and reported in this thesis, which can be regarded as the initial step for
studying and development of random lead free composites fabricated using gel
casting and soft mould techniques. Although the lead free composites and
transducers have been successfully fabricated with relatively good performance and
resolution, several problems were encountered which are worthy of further
investigation as outlined below. The optimisation of the gel casting system should be
studied with a focus on elucidating the interaction and polymerisation reactions in
systems containing ceramic powders, water soluble epoxy resin, hardener and
dispersant in slurries, looking for improvements in green strength, reduced viscosity,

increased solids loading and gelation time.

Other selections of dispersants, epoxy resins and hardeners, and other lead free
powders can be considered for enhancing the piezoelectric, dielectric and functional

properties and performance of transducers.

In this work the demoulding process was carried out by hand and was dependent on
the experience and skill of the operator. An automated demoulding process should be

developed which would provide more reliability and control of the process.

Further work on the S0BCZT materials and composites would elucidate the structure

and phase analysis in order to understand more clearly the complex and interrelated
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issues such as grain growth during sintering, de-polarization, DC bias voltage

requirement and optimisation of the poling process.

The transducer fabrication process is also complex and very dependent on the
experience and skill of the operator. In further work, the process should be developed
further, looking to integrate techniques such as wire bonding to the composite and

the use of motorised stages to minimise faults from manual handling.
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Appendix I : Vibration modes and piezoelectric
coefficient of standard samples with electrode on the
top and bottom

Table I-1 Vibration modes and piezoelectric coefficient of standard samples with electrode on
the top and bottom [1-3].

direction of
Vibration modes
Polarization

Transverse length mode

——

Thickness shear mode
—

Radial mode

- } —

Thickness extension mode

—

y —

Thickness length mode
>

\d
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Appendix II : Material Properties from electrical
impedance and capacitance.

Table I-2 Material properties and formulation.

Properties Formula used

e k,,=\/(2.51.ﬁ“f—‘f— (ff—f)z)

= [T I T Jfatr
‘ = (EE ran (2. 22E)

\Y v=2f.h

P = Ppiezoceramic Vvolume fraction of piezocomposite

Pcomposite
+ Pepofix Vvolume fraction of epofix
T C,h
Agg
Agg
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Figure II-1 Impedance and phase angle of a piezoelectric resonator as a function of frequency

[4].
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Appendix III : Conference Presentations

Table I1I-1 Conference presentations.

Name Paper Conferences Year Place

T.Thongchai, Y. Lead-Free BCZT 1-3

Jiang, C.Meggs, T. . . Electroceramics
& EES, Randomised Composites .
W. Button, A. . XV Limoges,
for High Frequency 2016
Matousek, H. . France
Ultrasonic Transducer
Hughes
T.Thongchai, Y. Evalqatlon of thg International
Jiane. C Meges. T functional behavior of Svmposium on
& £85, lead-free BCZT-based ymp . Dresden,
W. Button, A. . . Piezocomposite 2015
randomized composites for S German
Matousek, H. . . . Applications
medical ultrasonic imaging
Hughes .
applications
Y. . .
: . Lead-Free Piezoelectric 2014 IEEE
Jiang, T.Thongchali, . . . .
. Materials and Composites International Chicago,
Y. Bai, C.Meggs, T. . : .S
for High Frequency Ultrasonics 2014 Illinois,
W. Button, A. . .
Medical Ultrasound Symposium USA
Matousek, P. Tofel, Transducer Applications
H. Hughes pp
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