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Abstract 

Piezoelectric ceramics are widely used in many applications and industries, but the 

traditional materials usually contain lead, which can undermine the environment and do 

harm to children. Most countries have therefore established laws or timetables to gradually 

minimize the consumption of lead, and research on lead-free compositions to substitute the 

lead-based counterparts has become a hot topic in recent years. However, investigations on 

transforming the innovative lead-free ceramics to their application are seldomly reported. 

In this thesis, one of the promising candidates in piezoelectric lead-free ceramics, 

(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3, has been chosen to investigate methods for decreasing its high 

sintering temperature by doping with lithium carbonate and synthesizing the powder by a 

sol-gel technique, in comparison with conventional powder synthesised by solid-state routes. 

Samples fabricated from sol-gel powder doped with 0.5 wt.% lithium carbonate and sintered 

at 1300°C for 2 hours exhibited d33 = 447 ± 9 pC N–1, Curie temperature 98.7 °C and grain 

size 7.0 ± 0.3 µm. 

Another important issue for the application of lead-free piezoelectric ceramic is its 

fabrication in various connectivities. By utilizing tape-casting and additive manufacturing 

techniques, piezoelectric ceramic has been processed into three different connectivities, 

namely 2-2, 3-3 and 1-3, to bridge the gap between materials science and materials 

engineering. 

Oil-based and water-based suspensions have been utilized for tape-casting in two steps and 

in one step, respectively. For oil-based tape-casting, carbon suspensions with a solids 

loading of 25 wt.% and BCZT suspensions with a solids loading of 65 wt.% have been 

developed for preparing crack-free green films. The problem of powder hydrolysis in 

aqueous suspensions has been solved by surface treating the powder with Al(H2PO4)3 

enabling crack-free films to be tape cast in one step. Films sintered at 1500 ºC exhibited 

relative dielectric constant of 1207, dielectric loss of 0.018 at 1 kHz, remanent polarization 

of 7.54 µC/cm2 and coercive field (Ec) of 0.23 kV/mm at 3 kV/mm. 

To achieve 3-3 and 1-3 connectivities, a free-forming direct ink writing method has been 

applied in shaping BCZT. An ink formulation containing a solids loading of 41.6 vol.% 

BCZT with the processing additives (HPMC ~ 2.4 % and PEI ~ 0.03 %) endowed the 

feedstock with a viscoelastic behaviour, which was suitable for the printing process. 3-3 

samples sintered at 1500 ºC exhibited the highest dielectric and piezoelectric properties, 

with Curie point = 86 ºC, tan δ = 0.021, remanent polarization = 4.56 µC/cm2, and d33 = 100 

± 4 pC/N. 1-3 samples sintered at 1500 ºC and infiltrated by epoxy exhibited a dielectric 

constant of 144 and dielectric loss of 0.035 at 1 kHz. 
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This work has demonstrated the shaping of lead-free piezoelectric ceramics with excellent 

properties into complex device structures in a step towards their use in applications. 

 

Abstrakt 

Piezoelektrické keramické materiály jsou široce používány v mnoha aplikacích a 

průmyslových odvětvích, nicméně tradiční materiály obvykle obsahují olovo, které je 

toxické vůči životnímu prostředí. Většina zemí proto zavedla zákony a omezení, které 

postupně minimalizují spotřebu olova a podporují výzkum v oblasti bezolovnatých 

kompozic, které by nahradily olověné protějšky. Bezolovnatá piezoelektrická keramika se 

tak stala žhavým tématem v posledních letech. Nicméně výzkumy na praktické využití 

bezolovnatých piezoelektrických materiálů jsou jen zřídka publikovány. 

V této diplomové práci byl vybrán jeden z nadějných kandidátů na piezoelektrickou 

bezolovnatou keramiku (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 za účelem zkoumání metody snížení 

jeho vysoké teploty slinování pomocí dotování uhličitanem lithným, kde syntéza prášku 

byla připravená pomocí techniky sol-gel. Výsledky byly srovnány s konvenčním práškem 

syntetizovaným v pevné fázi. Vzorky vyrobené ze sol-gel prášku dopovaného 0.5% hmotn. 

uhličitanem lithným a slinované při 1300 °C po dobu 2 hodin vykazovaly d33 = 447 ± 9 pC 

N–1, teplotu Curie 98.7 °C a velikost zrn 7.0 ± 0.3 μm. 

Další důležitou otázkou pro aplikace bezolovnatého piezoelektrického keramického 

materiálu je jeho výroba v různých konfiguracích. Použitím techniky odlévání pásky a 

aditivních výrobních postupů byla piezoelektrická keramika zpracována do tří různých 

konfigurací (2-2, 3-3 a 1-3), aby se překlenula mezera mezi materiálovými vědami a 

materiálovým inženýrstvím. 

Pro dolévání pásky byly použity suspenze na bázi oleje a vody. Pro přípravu neslinutých 

keramických fólií bez trhlin, byly pro odlévání na bázi oleje vyvinuty uhlíkové suspenze s 

obsahem pevných látek 25% hmotn. a BCZT suspenze s obsahem pevných látek 65% hmotn. 

Problém práškové hydrolýzy ve vodných suspenzích byl vyřešen povrchovou úpravou 

prášku Al(H2PO4)3, což umožnilo, aby byly tlusté vrstvy bez trhlin odlety v jednom kroku. 

Tlusté vrstvy slinované při 1500 °C vykazovaly relativní dielektrickou konstantu 1207, 

dielektrickou ztrátu 0,018 při 1 kHz, remanentní polarizaci 7.54 µC/cm2 a koercitivní síla 

intenzity pole (Ec) 0.23 kV/mm při 3 kV/mm. 

Pro tvarování BCZT v konfiguraci 3-3 a 1-3 byla použita přímá metoda tisknutí inkoustu. 

Pro správnou úpravu tiskového procesu byla použita inkoustová náplň s viskoelastickým 

chováním obsahující 41.6% obj. pevných látek BCZT a se zpracovatelskými přísadami 

(HPMC ~ 2.4% a PEI ~ 0.03%). Vzorky v konfiguraci 3-3, slinované při 1500 °C, 
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vykazovaly nejvyšší dielektrické a piezoelektrické vlastnosti, kde Curieho teplota = 86 °C, 

tan δ = 0.021, remanentní polarizace = 4.56 µC/cm2 a d33 = 100 ± 4 pC/N. Vzorky 

v konfiguraci 1-3 slinované při 1500 °C, které byly smíchány s epoxidem, vykazovaly 

dielektrickou konstantu 144 a dielektrickou ztrátu 0.035 při 1 kHz. 

Tato práce popisuje tvarování bezolovnaté piezoelektrické keramiky s vynikajícími 

vlastnostmi v pokročilých strukturách jako krok k návrhu pro moderní senzorické a energy 

harvesting aplikace. 

  



VI 

 

Key words 

Lead-free ceramic, solid-state synthesis, sol-gel technique, dopant, pellet, connectivity, tape 

casting, thick film, Robocasting, rheological characterization, X-ray diffraction, scanning 

electron microscope, piezoelectric property, dielectric property 

Kličová slova 

Bezolovnatá keramika, syntéza v pevné fázi, technika sol-gel, dopant, tableta, konfigurace, 

odlévání pásky, tlusté vrstvy, Robocasting, reologická charakterizace, rentgenová difrakce, 

rastrovací elektronový mikroskop, piezoelektrická vlastnost, dielektrická vlastnost 

 

 

Bibliographic citation 

Nan, B. An investigation of novel electroceramic structures for new sensor applications. 

Brno: Brno University of Technology, Central European Institute of Technology, 2019. 163 

p. Dissertation supervisor: Prof. (Dr.) Timothy W. Button. 

Bibliografická citace 

Nan, B. Výzkum nových elektrokeramických struktur pro nové aplikace sensorů. Brno: 

Vysoké učení technické v Brně, Středoevropský technologický institut, 2019. 163 p. 

Vedoucí disertační práce: Prof. (Dr.) Timothy W. Button. 

 

 

Statement 

 

I hereby declare that I have written the Ph.D. thesis An investigation of novel electroceramic 

structures for new sensor application independently without assistance from external 

parties and without using other resources than those identified as references. The ideas taken 

directly or indirectly from external sources (including electronic sources) are duly 

acknowledged in the text. The material, either in full or in part, has not been previously 

submitted for obtaining a degree at this or any other academic institution. 

 

Brno, ____________ ….……………………... Ing. Bo Nan 

 



VII 

 

Acknowledgement 

It has been almost five years to finish my Ph.D. study, which is not a short period of time 

in one’s life. I am grateful to those who supported and accompanied with me in various 

ways during this happy while occasionally tough time. First of all, I would like to thank my 

supervisor, Prof. Tim W. Button, for all he has done throughout my study. His decision of 

giving me the offer as a Ph.D. candidate started this adventure, and even now I still 

remembered the scene when we met each other the first time and what he said to me that 

the Ph.D. is a scientific training process. After experiencing it by myself, I can understand 

the meaning right now. His abundant knowledge and experience and rigorous academic 

attitude guide me through those unknown experiments, meanwhile gradually influence and 

improve both of my practical and writing skills. Moreover, his kind offer for me to exchange 

in University of Birmingham and University of Aveiro enriches my experience and enlarges 

my horizon of the understanding of material science. Without his support, the experimental 

work and the final thesis could not be completed so smoothly. 

I would like to thank my parents, Mrs. Yihong Ni and Mr. Lijun Nan, who always instruct 

me the idea of lifelong education. They have given me the biggest encouragement and 

comfort when I was down. I apologize for my absence in their daily life during these years. 

I would also like to thank my two co-supervisors Dr. Pavel Tofel and Dr. Susana Olhero, 

for their warm host during my stay in Czechia and Portugal. A special thank also should be 

given to Prof. Jaroslav Cihlář, Prof. Karel Maca, Dr. Klára Částková and Prof. Martin 

Trunec in University of Brno for offering me access to use the chemical reagents, equipment 

and facility and experiences for starting experiments (Chapter 4), Mr. Carl Meggs in 

University of Birmingham for the technical assistance (Chapter 5), Prof. José M. Ferreira 

and Prof. Paula Vilarinho in University of Aveiro, and Dr. Francisco Galindo-Rosales in 

University of Porto for offering me access to the lab and sharing the ideas and experience 

with me (Chapter 6). 

In addition, thanks to my friends – Ing. Mirek Šebela, Ing. Olga Gruberová, Ing. Ana Sofia 

Neto, Dr. Anuraag Gaddam, Ing. Roman Kornelly, Yijing Zhang, Dr. Yuankun Xue, Dr. 

Bing Tian, Rui Shi, Lisa, Ing. Elle Kong, Ing. Hua Tan, Dr. Ajay Kaushal, Ing. Anna De 

Marzi, Ing. Daniela Brazette, Ing. Inês Carolina for companion and hanging around, to my 

colleagues in advanced ceramic materials group in CEITEC, University of Birmingham and 

University of Aveiro – Mrs. Stanislava Jilčíková, Mrs. Renáta Hritzová, Dr. Aleš Matoušek, 

Dr. Yang Bai, Dr. Hana Hughes, Dr. Vijay Bijalwan, Dr. David Salamon, Ing. Jana 

Sekaninová, Dr. Martin Kachlík, Ing. Tomáš Spusta, Dr. Jaroslav Kaštyl, Dr. Václav 

Pouchlý, Dr. Daniel Drdlík, Dr. Chang Shu, Dr. Hojat Pooladvand, Dr. Qingbin Liu, Dr. Ye 

Zhang, Dr. Paula Torres and Dr. Hugo Fernandes, and also to everyone from my jogging 



VIII 

 

team and language meeting in Brno, for the happy time we spent together. Because of you, 

I am feeling strong and there are homes waiting for me in all the cities I stayed. 

I would like to acknowledge the four-year doctoral scholarship from Ministry of Education, 

Youth and Sport of the Czech Republic, Erasmus+ program for fully covering the expense 

during the stay in University of Birmingham and partially during the stay in University of 

Aveiro, Fundação para a Ciência e Tecnologia (FCT), under the scope of IF/00951/2014 

project, for giving me four-month grant during the last several months’ stay in University 

of Aveiro, and JECS Trust from European Ceramic Society for participating in 3D printing 

spring school and yCAM 2019. 

 

Bo Nan, in Aveiro. 

  



IX 

 

Contents 

1. Nomenclature: List of Symbols and acronyms ................................................................. 1 

2. Introduction ..................................................................................................................... 5 

3. Aims of Thesis .................................................................................................................. 6 

4. Synthesis and characterisation of BCZT powders and sintered pellets ............................ 7 

4.1 Introduction ............................................................................................................. 7 

4.2 Experimental procedures ......................................................................................... 7 

4.2.1 Powder synthesis ........................................................................................... 7 

4.2.2 Microstructure ............................................................................................... 9 

4.2.3 Functional properties ................................................................................... 10 

4.3 Results and discussions ......................................................................................... 11 

4.3.1 Particle size distribution .............................................................................. 11 

4.3.2 Structure....................................................................................................... 12 

4.3.3 Thermal analysis .......................................................................................... 16 

4.3.4 Microstructure ............................................................................................. 17 

4.3.5 Functional properties ................................................................................... 19 

5. Tape-casting .................................................................................................................... 26 

5.1 Introduction ........................................................................................................... 26 

5.2 BCZT in 2-2 connectivity by oil-based suspension............................................... 26 

5.2.1 Experimental procedures ............................................................................. 26 

5.2.2 Results and discussion ................................................................................. 28 

5.3 Surface treating powder for aqueous process ........................................................ 34 

5.3.1 Experimental procedures ............................................................................. 35 

5.3.2 Results and discussions ............................................................................... 37 

5.4 BCZT in 2-2 connectivity by water-based suspension .......................................... 40 

5.4.1 Experimental procedures ............................................................................. 40 

5.4.2 Results and discussion ................................................................................. 42 

6. Direct ink writing............................................................................................................ 47 

6.1 Introduction ........................................................................................................... 47 

6.2 BCZT in 3-3 connectivity ...................................................................................... 47 

6.2.1 Experimental procedures ............................................................................. 47 

6.2.2 Results and discussions ............................................................................... 52 

6.3 BCZT in 1-3 connectivity ...................................................................................... 60 



X 

 

6.3.1 Technical difficulties ................................................................................... 60 

6.3.2 Printing and sintering green samples ........................................................... 61 

6.3.3 Functional measurement .............................................................................. 62 

7. Conclusions .................................................................................................................... 64 

8. References ...................................................................................................................... 66 

List of publications during Ph. D........................................................................................ 78 

Conferences attended .......................................................................................................... 78 

  



1 

 

1. Nomenclature: List of Symbols and acronyms 

Piezoelectric properties 

P/Pm   electric polarization 

Tj/Ti   elastic stress 

S/Sj/Si   elastic strain 

dmj/dni  piezoelectric strain constants 

emj/eni   piezoelectric stress constants 

D/Dm  electric displacement 

E/En  electric field 

ε   dielectric constant 

d   piezoelectric charge constant 

𝑣1    volume fraction of piezoceramic in the composite (ideal) 

𝑣2    volume fraction of polymer in the composite (ideal) 

𝑣1 ∗
  volume fraction of active piezoceramic in the composite (real) 

𝑣2 ∗   volume fraction of inactive part in the composite (real) 

휀3̅3   dielectric constant of the composite 

휀3̅3
1   dielectric constant of the piezoceramic part in the composite 

d31 the charge per unit force applied perpendicular to the poling direction (m V−1 or C 

N−1) 

d33   the charge per unit force parallel applied to the poling direction (m V−1 or C N−1) 

�̅�31 the charge per unit force applied perpendicular to the poling direction of the 

composite (m V−1 or C N−1) 

�̅�33 the charge per unit force parallel applied to the poling direction of the composite 

(m V−1 or C N−1) 

𝑠1
33  elastic compliance coefficient of the piezoceramic 

𝑠2
33
∗    elastic compliance coefficient of the polymer (real) 

dh   hydrostatic strain constant (m V−1 or C N−1) 

gh   hydrostatic piezoelectric voltage constant (V m−1 Pa−1) 

kp   planar coupling coefficient 
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Qm   mechanical quality factor 

k33   electromechanical coupling factor 

εr   relative permittivity 

tan δ  dielectric loss 

Pr   remanent polarization 

Ec   coercive field 

Rheological properties 

𝜂    viscosity 

σ   shear stress 

σ0   amplitude of the shear stress 

δ   phase lag 

γ   shear strain 

γ0   amplitude of the shear strain 

�̇�   shear rate 

k   consistency (Sisko model) 

n   power-law index (Sisko model) 

𝜂∞   infinite shear viscosity (Sisko model) 

ω   frequency 

G   elastic modulus 

G*   complex elastic modulus 

G’   storage modulus 

G”   loss modulus 

𝜂∗   complex viscosity 

𝜂′   real part of the complex viscosity 

𝜂"   imaginary part of the complex viscosity 

Zeta potential 

f(Ka)  Henry’s function 

Ka2 dissociation constant (2 means the second orthophosphoric acid–base dissociation 

reaction) 
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pHiep  isoelectric point 

UE   electrophoretic mobility 

ζ   zeta potential 

Other parameters 

D10   10 percent of the particle’s population lies below this value 

D50   median particle size, where half of the particle’s population lies below this value 

D90   90 percent of the particle’s population lies below this value 

Mn   number average molecular weight 

Mw   weight average molecular weight 

Q   volume flow rate 

R   radius of the nozzle 

Acronyms 

ABS     acrylonitrile butadiene styrene 

AM      additive manufacturing 

AO       antiferroelectric phase 

BCT     Ba0.7Ca0.3TiO3 

BCZT     (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 

BKNT     Bi(K,Na)TiO3 

BNBT-6    (Bi0.5Na0.5)0.94Ba0.06TiO3 

BNT     (Bi,Na)TiO3 

BT      BaTiO3 

BZT     BaZr0.2Ti0.8O3 

(1-x)BZT-xBCT   (1-x)(BaZr0.2Ti0.8O3)-x(Ba0.7Ca0.3TiO3) 

CNC     computer Numerical Control  

CVD     chemical vapour deposition 

DIW     direct ink writing 

FDM     fused deposition modelling 

FR (HT)/FR (LT)   rhombohedral phase at high temperature/ at low temperature 

FS      ionic field strength 
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FT       tetragonal phase 

HPMC     hydroxypropyl methylcellulose 

IM      intermediate mask 

KNN     (K,Na)NbO3 

LIGA     lithographie, galvanik und abformung 

LVR     linear viscoelastic region 

MPB     morphotropic phase boundary 

PC      cubic phase 

PEEK     polyether ether ketone 

PEI      polyethylenimine 

PEO     poly(ethylene oxide) 

PLA     polylactic acid 

PMMA     poly(methyl methacrylate) 

PPT      polymorphic phase transition 

PVD     physical vapour deposition 

PVDF     polyvinylidene fluoride 

PZN     Pb(Zn,Nb)O3 

PZT     Pb(Zr,Ti)O3 

Ra      surface roughness 

RH      relative humidity 

SAW     surface acoustic wave 

SPS      spark plasma sintering 

TC      Curie temperature 

VPP     viscous polymer processing 

WHM     width at half-maximum 

WM     working mask 
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2. Introduction 

Piezoelectric ceramics have been widely used in industry, but the inevitable consumption of 

traditional lead-based material during the manufacture and waste recycling can undermine the 

environment. Besides, it can threaten public health and especially do harm to children, such as 

the irreversible learning disability, behavioural problems, malformed bones and slow growth, 

and moreover high levels can cause seizures, coma and even death [1]. With increasing 

awareness of environmental protection, the usage and maximum quantity of lead has been 

gradually restricted by many countries and organisations in the way of legislation since the new 

century [2]. A timetable of reducing the usage of these substances has been drawn up, too. 

Therefore, the research on lead-free substitutes has boomed and increasing numbers of 

innovative lead-free material systems have been discovered and investigated. 

Among them, (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 (BCZT) is one of the promising candidates in 

piezoelectric lead-free ceramics due to its excellent properties. Based on BaTiO3, calcium atoms 

partially substitute for the barium atoms and zirconium for the titanium, which enormously 

improves the functional properties. However, a high sintering temperature of approximately 

1450°C is a necessity to gain the good properties by traditional solid-state synthesis [3]. Not 

only does this require high-temperature furnaces, increasing the cost, but also induces large and 

inhomogeneous grain size, which weakens the competence of lead-free ceramic compared with 

lead-based counterpart, and restrains the further research in the application of sensors and other 

devices with micro-dimensions. Hence, it is essential to lower the sintering temperature and 

develop a simple and steady process for further optimization and application of BCZT ceramics. 

From the perspective of sintering theory, small particle size can accelerate sintering processes 

and bring excellent mechanical and functional properties. In addition, doping is an effective 

method to change the properties in lead-based piezoelectric ceramic, which offers an idea to 

improve the properties of BCZT. 

Apart from investigating the properties by adjusting the structure and composition of the 

piezoelectric ceramics fabricated by conventional press and sinter processes, another important 

issue for the application of lead-free piezoceramic is the design of its connectivity in composite 

forms required for many devices [4]. As the number of connectivities is fixed for a biphasic or 

composite material, the design mainly involves a feasible process to realize the desired 

geometry, to exert the merits and avoid weakness in the functional properties. With the 

development of mechanical and chemical engineering, many kinds of techniques have been 
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utilized in shaping and machining, now possessing a high precision in the traditional fabrication 

such as dice-and-fill, tape-casting and moulding, and other sophisticated methods such as 

lithography and additive manufacturing have been introduced in manufacturing piezoelectric 

ceramics. Moreover, the evolving measuring technology in colloidal science and rheology also 

facilitates the whole interdisciplinary process. 

In this thesis, BCZT powder was firstly made by both solid-state and sol-gel technique. The 

powder was doped by lithium carbonate, aiming to lower the sintering temperature. The effect 

of sintering temperatures and the quantity of lithium carbonate dopants on the functional 

properties has been investigated. In the second part, both non-aqueous and aqueous suspensions 

were utilized for tape-casting. A powder treatment process is the key enabler for the preparation 

of aqueous suspensions of piezoelectric ceramics into different connectivities, as it could 

minimize the strong hydrolysis reaction between the powder and water. In the last part, the 

aqueous paste was formed into samples with 3-3 and 1-3 connectivity. Rheological 

measurements were used on the as-prepared suspensions/pastes, to balance the chemical 

compositions of all the ingredients in the suspension/paste. From the starting procedure of 

powder preparation to the different shaping techniques utilized, the work is aimed to give an 

example for transforming the lead-free piezoelectric ceramics into various forms for potential 

applications. 

3. Aims of Thesis 

The overall aim of this work focuses on the lead-free piezoceramic composition 

Ba0.85Ca0.15Zr0.1Ti0.9O3, and investigates different ways of powder synthesis and its fabrication 

into various connectivities suitable for device applications. A series of objectives to achieve 

this aim are outlined as follows: 

a) To investigate the synthesis of lead-free BCZT ceramic powders by both solid-state 

reaction and sol-gel techniques. 

b) To investigate the lowering of the sintering temperature of BCZT by doping with Li2CO3. 

c) To study the hydrolysis of the BCZT ceramic powder when dispersed in water. 

d) To investigate the shaping of the lead-free piezoceramic into 2-2 connectivity by tape-

casting. 

e) To investigate the 3D printing of the piezoceramic into 3-3 and 1-3 connectivity shaped 

by robocasting. 
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4. Synthesis and characterisation of BCZT powders and sintered 

pellets 

4.1 Introduction 

The solid-state reaction route is a simple and efficient way of preparing samples so that their 

properties can be rapidly surveyed. It is the most common method to investigate the 

relationships between the composition, microstructure and functional properties of 

piezoelectric ceramics. 

In this chapter, the preparation of Ba0.85Ca0.15Zr0.1Ti0.9O3 (BCZT) powder by solid-state reaction 

is described. This is by way of a preliminary experiment, and to offer practical experience for 

the following preparation by sol-gel synthesis. BCZT powder was doped with Li2CO3 in the 

experimental group, in comparison with the pure BCZT samples as a controlled group, to prove 

its feasibility of decreasing the high sintering temperature while maintaining the functional 

properties at a satisfactory level. In the initial experiments, only some of the properties were 

measured, mainly because of the sintering failure and electrical breakdown during poling. 

Samples produced using the sol-gel technique were comprehensively investigated to reach the 

goal of sintering BCZT at lower temperature than the previous reports. 

4.2 Experimental procedures 

4.2.1 Powder synthesis 

4.2.1.1 Solid-state reaction 

BaCO3 (Dakram Material Ltd, 99.5%), CaCO3 (Lach-Ner s.r.o., 99.4%), ZrO2 (Dakram Material 

Ltd, 99.5%) and TiO2 (Dakram Material Ltd, 99.5%) were used as raw materials to prepare the 

BCZT powder by solid-state reaction, as schematized in Figure 4.1. The raw materials were 

wet mixed with deionized water (every 50 g powder with 25 g water) by horizontal milling 

(zirconia balls with 10 mm diameter with a ball-to-powder ratio of 2:1, Tosoh, Japan) for 8 

hours. The mixture was dried at 80°C for 8 hours and calcined in the furnace (HT 08/17, 

Nabertherm GmbH) at 1100°C for 4 hours. 

The as-calcined BCZT powder was deagglomerated and then divided into 5 parts, four of which 

were then doped individually with 0.25, 0.5, 1.0 and 1.5 wt.% lithium carbonate (Chemapol, 

Czechoslovakia), to compare the sintering behaviour and functional properties with the 

undoped powder. The as-calcined powder and dopant, together with deionized water and two 
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kinds of binder (5 wt.% Duramax B1000 and 5 wt.% B1007, Chesham Chemicals Ltd.) were 

mixed again by planetary ball milling (Pulverisette 05.102, Fritsch GmbH) with a ball-to-

powder ratio (ZrO2 balls with 5 mm diameter) of 2:1 for 24 hours at the rate of 224 rpm. The 

mixture was dried at 80°C for 8 hours and sieved (300 µm) to get rid of the coarse and hard 

agglomeration. Powder samples were weighed (approximately 0.5 g) and then pressed using a 

hydraulic machine at 148 MPa into green bodies in a 13 mm diameter stainless steel mould. 

The as-pressed pellets were transferred onto an alumina plate and were first debinded in the 

furnace (HT 08/17, Nabertherm GmbH) at dwelling temperatures of 325°C and 500°C for 1 

hour with a ramp rate 1°C per minute. Then the samples were transferred to another alumina 

plate which was covered with a layer of BCZT powder. The sintering process continued with a 

ramp rate of 5 °C per minute to 800°C for 30 minutes and the samples were finally heated at 

1300°C holding for different dwell times (1 minute, 2 hours and 4 hours) with a ramp rate 5°C 

per minute. The crystalline phases of the sintered samples were examined at room temperature 

using an X‐ray diffractometer (Bruker D8 Advance diffractometer) with CuKα radiation at a 

step rate of 0.02°. 

 

Figure 4.1 Schematic diagram of sample preparation using a solid-state reaction route. 

4.2.1.2 Sol-gel technique 

Sol-gel synthesis is an advanced technique for the preparation of ceramics and glass. It takes 

more time than the solid-state reaction during dry processing, but should result in powders with 

a smaller particle size in which the constituents are more homogeneously mixed. Figure 4.2 

shows the schematic procedure for preparing powder using a sol-gel technique [152]. 

 

Figure 4.2 Schematic diagram of powder preparation using a sol-gel technique. 
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Barium and calcium acetates (Sigma-Aldrich, ≥ 99%, respectively) were dissolved in acetic 

acid (Lach-Ner, s.r.o.) in a beaker and then stirred with a further addition of deionized water 

until the solution was transparent (Solution A). Meanwhile, zirconium and titanium propoxides 

(Sigma Aldrich, ≥ 98% and 70% solution in propanol, respectively) were stirred with acetic 

acid and i-propanol (Sigma Aldrich) in another beaker (Solution B). The proportions of all the 

chemicals were calculated according to the stoichiometric ratios of the nominal composition. 

Then the two beakers of as-prepared solutions (A and B) were mixed together until a final 

transparent solution was obtained by stirring for another 1 hour at room temperature. The 

solution was heated at 100°C and stirred to accelerate the evaporation of organics till a clear 

gel was obtained. After the gel was obtained, it was dried at 200°C so that white crystals evolved, 

and these crystals were later mortared and calcined at 800°C for 4 hours to obtain the as-

calcined sol-gel powder. The parameters and conditions for remixing, doping and pressing 

procedures are the same as described in section 4.2.1.1. One composition of the mixed powder 

(doped with 0.25 wt.% Li2CO3) was used for thermal analysis (Netzsch Jupiter STA 449 F3) 

with synchronous differential scanning calorimetry (DSC) and thermal gravimetric (TG). A 

scoop of powder (~ 50 mg) was loaded in an alumina crucible and heated in air at the rate of 

5°C min-1 in the temperature range 30 – 1350°C. The lowest doping amount (0.25 wt.%) was 

chosen, in order to minimize the potential contamination to the equipment because of the 

existence of lithium carbonate in the powder mixture. 

The as-pressed pellets were transferred to a zirconia plate, covered with a layer of BCZT 

powder. They were first debinded in the furnace (HT 08/17, Nabertherm GmbH) at dwelling 

temperatures of 325°C and 500°C for 1 hour with a ramp rate 1°C per minute. Then the 

temperature was dwelled at 800°C for 30 minutes and heated to 1000°C, 1100°C, 1200°C and 

1300°C holding for 2 hours with a ramp rate 5°C per minute. The crystalline phase of samples 

with various amounts of dopants was examined at room temperature by an X‐ray diffractometer 

(Bruker D8 Advance diffractometer) using CuKα radiation at a step rate of 0.02°.  

4.2.2 Microstructure 

The samples for microstructural characterisation were mounted in a thermoplastic acrylic 

(ClaroFast, Struers Ltd., United Kindom) and cut with a grinding wheel (MD Piano 120, Struers 

Ltd) to quickly obtain a flat face by further polishing on the Struers TegraPol-25 (Struers Ltd., 

United Kindom). Then polishing was processed with diamond suspensions (different particle 

sizes, namely 9µm, 3µm and 1µm) on polishing clothes (MD Alegro Largo and MD Dac, 
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Struers Ltd., United Kindom) until no scratches were visible. Then the mounting media were 

melted at 200 °C for 10 minutes, and the as-polished ceramics were taken out. The residual 

mounting media around the ceramic samples was dissolved in xylene, followed by cleaning 

steps in ethanol and deionized water, and then dried at 80°C for 8 hours. The clean samples 

were thermally etched in a furnace (HT 08/17, Nabertherm GmbH, Germany), with heating and 

cooling rate of 20°C min–1 and holding for 5 minutes at temperature 100°C lower than the 

sintering temperature. Then the thermally etched samples were observed by a field‐emission 

scanning electron microscope (SEM, Zeiss Ultra Plus, Zeiss, Germany). Based on the pictures 

taken by SEM, the average grain sizes were calculated according to the linear intercept method 

(BSI Method EN 623‐3). The relative density of the sintered samples was measured by the 

Archimedes method. 

4.2.3 Functional properties 

As piezoelectric ceramics are sensitive to the mechanical state, according to the stress state, the 

way to measure piezoelectric constants can be divided to three categories: frequency method 

measurement, laser interferometry method and quasi-static method. Prior to any functional tests, 

the as-sintered pellets were coated with chromium (40 nm) and two gold layers (100 nm for 

each layer) on both faces by a sputter coating machine (K575X Sputter Coater, Quorum 

Technologies). The electrical conductivity of the samples was measured by a multimeter to 

avoid short circuit in further measurements. 

4.2.3.1 Dielectric measurements 

Unpoled samples were directly utilized for dielectric measurement. With the external 

impedance bridge HP 4294A (Agilent) and temperature-controlled sample holder, continuous 

measurements of free capacitance and dielectric loss (tan δ) versus temperature with a changing 

frequency (100 Hz to 1 MHz) were recorded by the software platform (aixACCT GmbH, 

Germany). The critical structure change points such as from orthorhombic to tetragonal (TO-T) 

and tetragonal to cubic (Curie point, TC) can be determined from the temperature dependent 

curves. Dielectric permittivity ε can be calculated by the equation 

휀 =
𝐶𝑡

𝐴
                                        (4-1) 

where C was the capacitance, A was the area of the electrode and t was the distance between 

the electrodes. Thus, relative permittivity ɛr can be written in  

휀𝑟 =
𝜀

𝜀0
                                        (4-2) 
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where ɛ0 = 8.85 × 10–13 F m–1. 

4.2.3.2 Piezoelectric measurement 

The samples were poled at room temperature in a silicone oil bath under a 3 kV mm–1 DC 

electric field for 10 minutes. Piezoelectric coefficient d33 was measured by a d33 meter 

(SINOCERA YE2730A) 24 hours after poling. Due to the relatively high symmetry of the 

structure of BaTiO3 type ceramics (4mm), the matrix of piezoelectric coefficients of BCZT can 

be simplified as 

d = (
0 0 0
0 0 0

d31 d31 d33

0 d15 0
d15 0 0
0 0 0

)                       (4-3) 

The piezoelectric coefficient, d33, was measured by the quasi-static method. The sample of mass 

m was placed on a vibrating holder, with an acceleration a, and the mass on the sample of M . 

The force applied to the sample can be written as: 

𝐹 = (𝑀 +
𝑚

2
) 𝑎                                (4-4) 

and the electric displacement D3 generated on the sample is 

𝐷3 = 𝑑33𝑇3                                   (4-5) 

where d33 is the piezoelectric strain constant and T3 is the stress on the surface. When the force 

was F, the total amount of electric charge Q was 

𝑄 = 𝑑33𝐹                                    (4-6) 

Then the d33 can be calculated by 

𝑑33 = 𝐶𝑉/𝐹                                  (4-7) 

where C is the static capacitance of the sample and V is the voltage caused by Q. For each 

sample, at least seven different points were tested, in order to assess the homogeneity of d33 of 

the whole sample. 

4.3 Results and discussions 

4.3.1 Particle size distribution 

The particle size distribution of powders prepared by both solid-state reaction and sol-gel 

techniques are shown in Figure 4.3. The powder made by solid-state reaction has a wide range 

of distribution with D10 less than 0.50 µm, D50 = 1.25 µm and D90 = 15.10 µm, while the sol-

gel powder shows narrow range of distribution with D10 = 0.65 µm, D50 = 1.49 µm and D90 = 

3.12 µm, which shows that the sol-gel powder is more homogeneous in size and has a greater 

number of small particles less than 4 µm. Both results fit a logistic model (a statistical model 
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using a logistic function to model a binary dependent variable), but the sol-gel powder has a 

better fitting curve than the solid-state reaction one. The particle size result is important because 

the smaller the particles are, the more driving force will be offered during the sintering process. 

 

Figure 4.3 Cumulative (volume-based) particle size distribution of powder via (a) solid-state reaction and (b) sol-

gel technique (in dots) and their fitted curves (in red dash lines). 

4.3.2 Structure 

4.3.2.1 Samples from solid-state reaction powder 

The focus of the powder synthesis and doping study has been to try to fabricate BCZT materials 

at lower sintering temperatures, compared with other reports [13, 51, 153-156], in order to 

facilitate the fabrication of the material into device structures. The phase of samples made from 

solid-state reaction powder sintered at 1300°C can be inferred from the X-ray diffraction (XRD) 

patterns shown in Figure 4.4. It can be found that a tetragonal barium calcium titanium 

zirconium oxide (Ba0.9Ca0.1Zr0.13Ti0.87O3, ICDD PDF#04‐018‐9939) forms as the main phase 

after sintering at 1300°C in all samples, which coincides with the nominal composition 

(Ba0.85Ca0.15Zr0.1Ti0.9O3). No impurity phase is detected in the undoped sample and the sample 

doped with 0.25 wt.% Li2CO3. What is worth noting is that with an increasing amount of Li2CO3 

(≥ 0.5 wt.%), three peaks (2θ ~ 33°, 47° and 59°) appear and the peaks around 2θ ~ 22° and 45° 

become larger. A similar phenomenon has been reported previously [153], but without indexing 

and explanation. The three extra peaks are indexed as CaTiO3 (ICDD PDF# 00-022-0153), 

while the other two higher peaks are due to the formation of BaZr0.07Ti0.93O3 (ICDD PDF# 04-

007-9924). The existence of the impurities may be ascribed to the occupation of Li+ on both the 

A and B sites of the crystalline lattice, causing the original ions to leave their original sites [153]. 

With the addition of lithium carbonate, the sintering temperature is lowered in comparison with 

most reports [13, 51, 153-156], but it is still insufficient to get a homogeneous composition. It 

is reported in [153] that a pure tetragonal phase is obtained when BCZT doped with 1.0 wt.% 

Li2CO3 is sintered at 1350°C, proving that these impurities are only intermediate phases and 

will disappear with higher sintering driving force (either higher temperature demonstrated by 

[153] or larger surface energy demonstrated by the results with the doped sol-gel samples 
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presented in the next section). The impurities are not detected in samples with 0 and 0.25 wt.% 

dopant, mainly due to the insufficient amount of the impurities to reach the sensitivity of the X-

ray diffractometer (usually assumed to be ~ 5 wt.%), as the impurity peaks can be only seen 

when the dopant is 0.3 wt.% in [153]. Therefore, it is concluded that the amount of dopant is 

decisive for the final phase of a sintered sample. 

4.3.2.2 Samples from sol-gel powder 

Figure 4.5 shows the XRD patterns of samples made from sol-gel powder and sintered at 

1300°C. The phase of all samples matches well with the tetragonal perovskite phase 

Ba0.9Ca0.1Zr0.07Ti0.93O3 (ICDD PDF#04‐020‐5211) without any impurities, demonstrating 

better compositional homogeneity of the samples made from sol-gel powder compared to the 

ones from solid-state reaction reported in the previous section. Taking Figure 4.5(c) as an 

example, in comparison with the counterpart made by solid-state reaction in Figure 4.4(c), 

although the two batches of samples have the same amount of Li2CO3 (0.5 wt.%) and have been 

sintered at the same temperature for the same time (1300°C, 2 hours), impurity phases are not 

detected in the samples produced from the sol-gel powder, while the impurity phase is observed 

 

Figure 4.4 XRD patterns of samples from solid-state reaction: (a) undoped Ba0.85Ca0.15Zr0.1Ti0.9O3; (b) – (e) 

Ba0.85Ca0.15Zr0.1Ti0.9O3 doped with 0.25, 0.5, 1.0, 1.5 wt.% Li2CO3 sintered at 1300°C for 2 hours; (f) ICDD 

PDF# 04‐018‐9939 (Ba0.9Ca0.1Zr0.13Ti0.87O3) (g) ICDD PDF# 00-022-0153 (CaTiO3) (h) ICDD PDF# 04-007-

9924 (BaZr0.07Ti0.93O3). 

in the samples made from the powder of solid-state reaction. The only difference lies in the 

different preparation process of the raw powder. In the conventional solid-state reaction, the 

temperature-dependent diffusion rate is a key factor for the nominal phase formation in the 
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calcination process, as the mixing stage is only to homogenize the raw powder without any 

chemical bonding among particles. 

In the sol-gel process, barium acetate and calcium acetate are dissolved in acetic acid (solution 

A), and zirconium propoxide and titanium propoxide are dissolved in i-propanol (solution B), 

to protect the metal organics from hydrolysis during dissolution, as shown in Equations (4–8, 

4–9, 4–10 and 4–11, respectively). Meanwhile, deionized water is added in both solutions, in 

preparation for the further polycondensation reaction. When both solutions reach a transparent 

state, the dissolution process is finished. Then both solutions are mixed together to reach 

another clear solution, to ensure homogeneous mixing in the final solution and to avoid any 

unwanted hydrolysis in this stage, by the use of a large amount of the corresponding solvent to 

avoid the reactions proceeding in a reverse direction. With the help of heating after obtaining a 

homogeneous mixed solution, the volatile solvent starts to evaporate (with continuous heating 

and mixing) and the polycondensation reaction initiates at this stage in mainly two ways, as 

shown in Equations (4–12, loss of water, and 4–13, loss of alcohol). When the solution gets 

thicker and reaches a gel-like state, mixing and heating were stopped and a network structure 

of metal-oxygen bonds forms. Compared with the powder mixture made by the solid-state 

reaction at the stage before calcination, this homogeneous mixture is chemically bonded and 

the non-stop mixing before the formation of the network guarantees its compositional 

homogeneity. Further calcination strengthens the bonding via complete solvent evaporation, 

decomposition of the organic part and diffusion. Therefore, the powder made by the sol-gel 

technique has a more homogeneous composition and a better fitting of particle size distribution 

in the final samples than the one made from solid-state reaction. 

Solution A:       

𝐵𝑎(𝐴𝑐)2 + 𝑥 𝐻2𝑂 ↔ 𝐵𝑎(𝑂𝐻)𝑥(𝐴𝑐)2−𝑥 + 𝑥𝐻𝐴𝑐              (4–8) 

𝐶𝑎(𝐴𝑐)2 + 𝑥 𝐻2𝑂 ↔ 𝐶𝑎(𝑂𝐻)𝑥(𝐴𝑐)2−𝑥 + 𝑥𝐻𝐴𝑐              (4–9) 

Solution B: 

𝑍𝑟(𝑂𝑃𝑟)4 + 𝑥 𝐻2𝑂 ↔  𝑍𝑟(𝑂𝐻)𝑥(𝑂𝑃𝑟)(4−𝑥) + 𝑥 𝐶𝐻3𝐶𝐻2𝐶𝐻2𝑂𝐻       (4–10) 

𝑇𝑖(𝑂𝑃𝑟)4 + 𝑥 𝐻2𝑂 ↔ 𝑇𝑖(𝑂𝐻)𝑥(𝑂𝑃𝑟)(4−𝑥) + 𝑥 𝐶𝐻3𝐶𝐻2𝐶𝐻2𝑂𝐻       (4–11) 

After mixing solution A and B: 

− 𝑀 − 𝑂𝐻 + 𝐻𝑂 − 𝑀 −  ↔ − 𝑀 − 𝑂 − 𝑀 − + 𝐻2𝑂            (4–12) 

− 𝑀 − 𝑂𝑅 + 𝐻𝑂 − 𝑀 −  ↔  − 𝑀 − 𝑂 − 𝑀 − + 𝑅𝑂𝐻           (4–13) 

In the above equations, Ac is the acetate, Pr is the i-propanol, R is the corresponding alcohol 

functional group, M is the metal ion, and – is the chemical bond. 
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The detailed lattice parameters, theoretical density and relative density are displayed in Table 

4.1. The c/a values reflect the degree of spontaneous polarisation, which is important for the 

movement of the domain walls. All the samples with dopants have higher c/a values than the 

one without dopant, and the highest value is reached when the amount of dopant is 0.25 wt.%. 

At the same time, the theoretical density increases slightly with increasing amounts of dopants, 

calculated from the unit cell volume from XRD analysis. The relative density results show that 

the addition of 0.25 wt% lithium carbonate can densify the samples, to some extent, which is 

helpful for the improvement of the functional properties, proving that lithium carbonate also 

plays a role as a sintering aid. With increasing amount of dopant, the relative density maintains 

around ~ 95%. 

 

Figure 4.5 XRD patterns of samples made of sol-gel powder: (a) undoped Ba0.85Ca0.15Zr0.1Ti0.9O3; (b) – (e) 

Ba0.85Ca0.15Zr0.1Ti0.9O3 doped with 0.25, 0.5, 1.0, 1.5 wt.% Li2CO3 sintered at 1300°C for 2 hours; (f) ICDD 

PDF# 04‐020-5211 (Ba0.9Ca0.1Zr0.07Ti0.93O3). 

Table 4.1 Lattice parameters, theoretical and relative density of sol-gel BCZT + x wt.% Li2CO3 sintered at 

1300°C 

x (wt.%) a (Å) c (Å) c/a (%) Theoretical density (g cm–3) Relative density (%) 

0 3.9979 4.0140 1.00403 5.8626 91.5±0.2 

0.25 3.9962 4.0168 1.00515 5.8633 95.1±0.3 

0.5 3.9962 4.0168 1.00488 5.8651 95.8±0.6 

1.0 3.9963 4.0154 1.00478 5.8653 95.9±0.1 

1.5 3.9960 4.0131 1.00428 5.8693 95.0±0.3 
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Figure 4.6 shows the phase evolution in the XRD patterns of samples of sol-gel BCZT doped 

with 0.5 wt.% Li2CO3 after sintering at various temperatures. The main phase of all samples 

matches well with the tetragonal perovskite phase Ba0.9Ca0.1Zr0.07Ti0.93O3 (ICDD PDF#04‐020‐

5211). The peak intensity of impurity phases CaTiO3 and BaZr0.07Ti0.93O3 (indexed in Figure 

4.6 (a), (b) and (c)) increases with sintering temperature up to 1200°C. When the sintering 

temperature reaches 1300°C, the impurity phases disappear, again demonstrating the 

importance of a critical sintering temperature to the compositional homogeneity of the sintered 

samples, as mentioned in previous paragraphs. 

 

Figure 4.6 XRD patterns of BCZT made of sol-gel powder doped with 0.5 wt.% Li2CO3 sintered at (a) 1000°C 

(b) 1100°C (c) 1200°C (d) 1300°C for 2 hours; (e) ICDD PDF# 00-022-0153 (CaTiO3) (f) ICDD PDF# 04-007-

9924 (BaZr0.07Ti0.93O3) (g) ICDD PDF# 04‐020-5211 (Ba0.9Ca0.1Zr0.07Ti0.93O3). 

4.3.3 Thermal analysis 

The thermogravimetric and differential scanning calorimetry (TG/DSC) curves of the 

stoichiometric mixture of 0.25 wt.% Li2CO3 doped sol-gel BCZT with 5 wt.% B1001 and 5 wt.% 

B1007 binder are depicted in Figure 4.7. The sample experiences the mass loss continuously 

from the beginning to the point near 1000°C on the TG curve, while two peaks of heat 

absorption appear on the DSC curve. The first peak from 100°C to 600°C is ascribed to the 

evaporation of water and decomposition of binders, and the reason for the second peak is the 

melting (~ 723 °C) and the decomposition of Li2CO3 (~ 1300 °C) [157]. Therefore, in the 

beginning of the sintering procedure, the heating rate should be slow enough, to completely 

burn out the binder and the holding steps should be set at the points where the rate of mass loss 

is large, to avoid the formation of defects in the final sintered samples. After the binder is 

released, the Li2CO3 melts and the transient liquid flows into the pores, and that’s why almost 

no mass loss is observed on the TG curve after 1000°C, while a clear endothermic peak appears 



17 

 

on the DSC curve. With increasing temperature, Li2CO3 starts to evaporate and decompose, 

leaving holes behind as shown in Figure 4.8 (c) and (d), and a small perturbation of mass loss 

on the TG curve can be observed after 1200°C. 

 

Figure 4.7 Thermal gravimetric (TG) thermogram and differential thermal analysis (DSC) of stoichiometric 

mixture of BCZT + 0.25 wt.% Li2CO3 with 5 wt.% B1001 and 5 wt.% B1007. 

According to the sintering mechanism, the presence of liquid phase will provide faster channels 

for the migration of both atoms and vacancies, thus accelerating the process of densification 

and formation of a homogeneous phase during sintering compared to compositions without 

liquid phase. When further increasing temperature, more holes on the grain boundaries can be 

observed due to the evaporation or decomposition of the dopant, and at this stage, the migration 

of atoms and vacancies stimulated by the high temperature help to develop the homogeneity of 

the phase. Meanwhile, the holes have the tendency to become more circular and the grain size 

becomes larger, to decrease the Gibbs free energy of the sintering system. 

4.3.4 Microstructure 

Figure 4.8 shows the microstructure of polished cross-sections of sol-gel samples sintered at 

1300°C. In the undoped sample (Figure 4.8(a)), interconnected pores and holes can be observed 

throughout the sample, while in the doped samples (Figure 4.8(b), (c), (d) and (e)), the quantity 

of the holes are much less than the undoped counterpart. 

With increasing amount of lithium carbonate, the grain size of the samples grows, even though 

the sintering condition is the same for all the samples. The pores may be ascribed to the binder 

burning, necking effect and/or the original occupied location of the lithium carbonate before its 

decomposition. Then, Li+ occupies the B site in perovskite structure [153]. At a sintering 

temperature of 1300°C, the contribution of dopant to sintering is obvious when comparing 

Figure 4.8 (a) with the other pictures in Figure 4.8. The sample without dopant tends to be more 

porous, demonstrating that the undoped sample has a lower degree of densification, as 

confirmed already by the results from the relative density in Table 4.1. While with addition of 

only 0.25 wt.% of lithium carbonate, the number of the pores reduces. 
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Figure 4.8 Microstructure of sol-gel BCZT + x wt.% Li2CO3 samples sintered at 1300°C for 2 hours (a) x = 0 (b) 

x = 0.25 (c) x = 0.5 (d) x = 1.0 and (e) x = 1.5 (scale bar = 10 µm). 

Figure 4.9 shows the microstructure of thermally etched cross-sections of sol-gel samples with 

0.5 wt.% lithium carbonate sintered at different temperatures, namely at 1000°C, 1100°C, 

1200°C and 1300°C. From Figure 4.9 (a) to (b), it can be observed that the microstructure of 

the samples is very dense, and the grain size grows quickly when the sintering temperature is 

increased from 1000°C to 1100°C. With further increases in sintering temperature, holes with 

irregular shapes on the grain boundaries can be observed, accompanied by constantly increasing 

grain size (Figure 4.9(c)), while in Figure 4.9 (d), the holes on the grain boundaries are less than 

the ones in Figure 4.9(c). 

(a) (b) 

(c) (d) 

(e) 
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Figure 4.9 Microstructure of thermally etched BCZT + 0.5 wt.% Li2CO3 samples (made using sol-gel powders) 

sintered at (a) 1000°C (b) 1100°C (c) 1200°C and (d) 1300°C for 2 hours. 

4.3.5 Functional properties 

4.3.5.1 Samples from solid-state reaction powder 

The dielectric properties of samples doped with 0.5 wt.% lithium carbonate and sintered at 

1300°C for different times (1 minute, 2 hours and 4 hours) are shown in Figure 4.10. In Figure 

4.10(a), only one peak (Curie point, phase change from tetragonal to cubic structure, TC) can 

be seen in the relative permittivity curves, while in Figure 4.10(b), two peaks appear in the 

dielectric loss curves, where the first one is the TO-T (transition from orthorhombic to tetragonal 

structure) and the second one is the Curie point (TC). The first peak (TO-T) is not seen in the 

curve of relative permittivity, which may indicate that the relative permittivity is not sensitive 

to the phase structure change in these samples, while in the dielectric loss curve, the change of 

dielectric loss is more sensitive due to the internal friction when the domains rotate caused by 

the structure change [18]. 

The dielectric parameters of the samples are listed in Table 4.2. Both insufficient sintering time 

(1 minute) and deliberately prolongated sintering time (4 hours) increase the relative 

permittivity and move the phase change point to a positive direction, compared with the sample 

with the 2 hours sintering time, but the tetragonal range (temperature range between TC and TO-

T) doesn’t widen so much. The negative effect is that the dielectric loss in both these samples 

is obviously higher than the one sintered only for 2 hours, as shown in Figure 4.10(b). 

(a) (b) 

(c) (d) 
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Figure 4.10 Temperature dependence of (a) relative permittivity (εr) and (b) dielectric loss (tan δ) measured at 1 

kHz for BCZT samples doped with 0.5 wt.% lithium carbonate from solid-state reaction sintered at 1300°C for 1 

min, 2 hours and 4 hours. 

Table 4.2 Dielectric parameters for BCZT samples doped with 0.5 wt.% lithium carbonate from solid-state 

reaction sintered at 1300°C for 1 min, 2 hours and 4 hours (from Figure 4.10) 

Sintering condition TO-T (°C) TC (°C) εr at 25 °C tan δ at 25 °C 

1300°C, 1 minute 7 72 2726 0.034 

1300°C, 2 hours 5 69 2262 0.013 

1300°C, 4 hours 7 75 2507 0.036 

 

The piezoelectric charge coefficient d33 of samples made by powder via the solid-state reaction 

route is shown in Figure 4.11. The missing data (the undoped samples and the samples with 

0.25 wt.% lithium carbonate sintered at 1300°C for 4 hours) in the plot is due to the electrical 

breakdown during poling samples of this composition under high DC voltage due to the high 

porosity. With an increasing amount of dopant, d33 increases and then remains almost constant 

when the sintering time is only 1 minute, but when the sintering time is increased to 2 hours, 

an increasing d33 is obviously observed, while again d33 maintains the same level when sintering 

time is increased to 4 hours. It is likely that d33 can be optimised by changes to the amount of 

dopant and the sintering time, as both insufficient dopant and sintering time will impact the 

final d33 value. In order to avoid the possibility of the samples sticking on the alumina substrate, 

observed when the sintering time reached 4 hours, a compromise solution may be to shorten 

the sintering time to 2 hours and to decrease the dopant amount to 1.0 wt.% for the preparation 

of samples from solid-state reaction powder. That’s the reason why in the sintering process of 

sol-gel samples, the alumina substrate is substituted by a zirconia substrate to reduce the 

possibility of sintering failure. 
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Figure 4.11 Piezoelectric coefficient (d33) of BCZT samples doped with 0.25, 0.5, 1.0 and 1.5 wt.% lithium 

carbonate made from solid-state reaction sintered for different holding times at 1300°C. 

4.3.5.2 Samples from sol-gel powder 

Figure 4.12 shows the dielectric permittivity and dielectric loss of BCZT + x wt.% Li2CO3 

samples sintered at 1300°C as a function of temperature in the range -50°C to 150°C at 1 kHz. 

Both phase changes, from orthorhombic (O) to tetragonal (T) and from tetragonal (T) to cubic 

(C) can be clearly observed from both graphs of dielectric permittivity and dielectric loss, while 

in the samples made from solids-state reaction, only one peak can be observed on the relative 

permittivity curve (Figure 4.10(a)). All the curves of dielectric loss versus temperature reach 

their maximum values at the first peak representing the O-T transition, and after that, the 

dielectric loss gradually decreases to around 0.02 or even lower at 25°C. The values of TO-T, 

TC, the relative permittivity and dielectric loss at 25°C are summarized in Table 4.3. With 

addition of lithium carbonate, the relative permittivity values at 25°C of all the compositions 

are higher than the undoped counterpart. The highest TC is 101.5°C when the amount of dopant 

is 0.25%, while dielectric loss is maintained at a low level and reaches the lowest value 0.008 

with 1.0 wt.% of dopant. The temperature range of tetragonal phase region (between the TC and 

TO-T) is around 90°C in the undoped sample and the samples with 0.25, 0.5 and 1.0 wt.% of 

dopant, while this range shrinks to only 81°C in the samples with 1.5 wt.% of dopant. 
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Figure 4.12 Temperature dependence of relative permittivity (εr) and dielectric loss (tanδ) of sol-gel BCZT + x 

wt.% Li2CO3 sintered at 1300°C for 2 hours measured at 1 kHz for (a) x = 0 (b) x = 0.25 (c) x = 0.5 (d) x = 1.0 

(e) x = 1.5. 

Table 4.3 Dielectric properties of sol-gel BCZT + x wt.% Li2CO3 sintered at 1300°C measured at 1 kHz 

x (wt.%) TO-T (°C) TC (°C) εr at 25°C tanδ at 25°C 

0 3 96 2212 0.021 

0.25 11 102 2518 0.026 

0.5 5 99 2778 0.022 

1 3 96 3244 0.008 

1.5 15 96 3235 0.018 



23 

 

Figure 4.13 exhibits the influence of sintering temperature on the dielectric permittivity and 

dielectric loss on the BCZT + 0.5 wt.% Li2CO3 samples measured in the temperature range 

between -50°C to 150°C at 1 kHz. From Figure 4.13(a) to (d), all the curves of dielectric 

permittivity have the same trend that the dielectric permittivity increases when the phase 

changes from orthorhombic to tetragonal and start to decrease when the tetragonal phase 

changes to cubic. With increasing sintering temperature, the dielectric permittivity increases 

within the tetragonal range and the Curie point is also moving in a positive direction, as shown 

by the data summarised in Table 4.4. 

 

Figure 4.13 Temperature dependence of sol-gel BCZT + 0.5 wt.% Li2CO3 sintered at 1000°C, 1100°C, 1200°C 

and 1300°C measured at 1 kHz (a) – (d) dielectric permittivity and (e) – (h) dielectric loss. 

Comparing the dielectric measurements with the corresponding XRD patterns, as the results 

from both techniques were collected at 25°C, it seems that the existing impurity phases and the 

gradual densification after sintering at increasing temperatures have influence on the dielectric 

loss and the relative permittivity. The relative permittivity increases with the gradual 

disappearance of the impurities, while the dielectric loss firstly decreases with the 

disappearance of the impurity phase, and then reaches above 0.02 again though there is no 

impurity observed in the sample after sintering at 1300°C. The reason for this sudden increasing 

of the dielectric loss may be due to the growing grain size and the decomposition of the dopant, 

leaving the pores behind and causing the internal energy consumption for the rotation of 

domains. The flatter peak at the O-T change in Figure 4.13(f) compared to the peaks for the 

other samples can be ascribed to a slower phase changing rate, as the dielectric loss is around 

0.094 in the vicinity of the TO-T peak, while the dielectric loss in the other samples quickly 

reaches a maximum value then starts to decrease again rapidly. 
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Table 4.4 Dielectric properties of sol-gel BCZT + 0.5 wt.% Li2CO3 sintered at 1000°C, 1100°C, 1200°C and 

1300°C measured at 1 kHz 

Temperature TO-T (°C) TC (°C) εr at 25°C tanδ at 25°C 

1000 4 91 1956 0.021 

1100 12 92 2290 0.019 

1200 7 93 2352 0.015 

1300 5 99 2778 0.022 

 

It is shown in Figure 4.14 how the piezoelectric charge coefficient d33 varies with an increasing 

amount of dopant and sintering temperature. The d33 values and the grain size calculated from 

Figure 4.8 are summarised in Table 4.5. All the undoped samples exhibit low d33 values of 

approximately 50 pC N–1 even though sintered at 1300°C, while addition of 0.25 wt.% dopant 

can dramatically improve d33 to 346 pC N–1 when sintered at 1300°C, which is the evidence 

that doping can improve the piezoelectric coefficient. For the different sintering temperatures, 

the values of d33 increase with increasing sintering temperature. It means that the sintering 

temperature can be tuned to balance between dielectric and piezoelectric properties. The 

missing points of undoped samples in Figure 4.14 are due to the electrical breakdown of these 

compositions during poling under high DC voltage. 

 

Figure 4.14 Piezoelectric constant (d33) of sol-gel BCZT + x wt.% Li2CO3 (x = 0, 0.25, 0.5, 1.0, 1.5) sintered at 

1000°C, 1100°C, 1200°C and 1300°C as a function of the content of lithium carbonate. 

For the same sintering temperature, the amount of lithium carbonate has an impact on the grain 

size and piezoelectric coefficient of the samples, as shown in Table 4.5. Without dopant, the 

grain size, the d33 value and the relative density are small, in comparison with the doped 

counterparts. The grain size becomes larger with an increasing amount of lithium carbonate, 

demonstrating that lithium carbonate can help to lower the sintering temperature of sol-gel 

BCZT powder. When the amount of dopant is 0.25 and 0.5 wt.%, the grain size is around 7 µm, 

while for higher additions of dopant, the grain size doubles.  
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Table.4.5 Grain size, d33 and relative density of sol-gel BCZT + x wt.% Li2CO3 samples sintered at 1300°C for 2h 

x (%) Grain size (μm) d33 (pC N–1) Relative density (%) 

0 1.1 [152] 50±7 91.5±0.2 

0.25 6.3±0.3 346±2 95.1±0.3 

0.5 7.0±0.3 447±9 95.8±0.6 

1.0 14.4±0.7 435±7 95.9±0.1 

1.5 14.8±1.2 408±7 95.0±0.3 

 

From both Table 4.3 and 4.5, it is obvious that 0.25 wt.% is a transition point, as the d33 value 

is not in the same level, while 1.5 wt.% is overdosed, because the dielectric loss is larger and 

d33 value dropped than the one doped with 1.0 wt.%. Therefore, considering the purity of the 

phase, dielectric and piezoelectric properties, the samples with the amount of lithium carbonate 

between 0.5 and 1.0 wt.% sintered at 1300°C for 2 hours show a comprehensive performance. 
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5. Tape-casting 

5.1 Introduction 

Tape-casting is a simple and universal way for preparing thick films of ceramic materials, either 

free standing or on a substrate. The process can be realized either by a commercial machine or 

even by hand (doctor blade), depending on the size and quality the final green sample requires. 

In this chapter, the tape casting of Ba0.85Ca0.15Zr0.1Ti0.9O3 thick films using both oil-based and 

water-based suspensions is presented. Though the oil-based suspension is easy to prepare, an 

unknown ingredient in the commercial liquid vehicle resulted in some agglomeration in the 

suspension and the two-step preparation necessary to overcome this might limit its universal 

application. The key technical difficulty in the preparation of water-based processes lies in the 

strong hydrolysis of the Ba0.85Ca0.15Zr0.1Ti0.9O3 powder when dispersed in water. This issue has 

been comprehensively investigated and the results are presented and discussed in this chapter. 

The work paves the way for experiments on the net shape processing of the BCZT ceramics 

reported in the next chapter. The aqueous suspensions have been tape-cast into thick films and 

their preliminary functional characterisation tests are also reported. 

5.2 BCZT in 2-2 connectivity by oil-based suspension 

5.2.1 Experimental procedures 

5.2.1.1 Preparation of carbon and BCZT suspensions 

The Ba0.85Ca0.15Zr0.1Ti0.9O3 powder was prepared as described in section 4.2.1, using powders 

synthesised by both solid state and sol-gel methods. Considering the strong hydrolysis of the 

BCZT powder in water-based suspensions, a commercial non-aqueous organic thick film liquid 

vehicle (Product No. 63/2, batch M03MD10, Johnson Matthey) was firstly used as the liquid 

part of the suspension. As a commercial product the full composition of this vehicle was not 

disclosed by the company. It was claimed that this oil-based product was pre-formulated with 

unknown quantities of pine oil, dispersant, binder and other necessary additives and it was 

recommended to be mixed directly with the powder without any further additions. 

The shaping process was designed in two steps, as shown in Figure 5.1, where a carbon layer 

was tape-cast before the aimed piezoelectric layer. The carbon black (Carbot, M120, Lot 

number 4008340) was pre-mixed with the vehicle by agitation milling in a series of solids 

loadings 25, 30, 35 and 40 wt.% for 4 hours. Similarly, lead-free BCZT powder made by solid-

state reaction was pre-mixed with the vehicle in the solids loadings of 55, 60, 65 and 70 wt.%. 

Then all the suspensions were further homogenized on a three-roll-milling machine (G2996, 

Marchant Engineers, United Kingdom, with front gap of 400 μm and rear gap of 30 μm), to 

eliminate the agglomerates in the suspensions for further rheological tests and tape-casting. 
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Figure 5.1 Tape-casting oil-based carbon and lead-free piezoelectric BCZT ceramic suspensions. 

5.2.1.2 Rheological measurements 

The viscosity of the suspensions for tape-casting was measured by a rotational rheometer (AR 

500, TA instruments). The cone-and-plate (4°, 40mm and gap 150µm) geometry was utilized 

to guarantee a homogeneous distribution of shear stress and shear rate applied on the sample 

during the test [158]. The measuring temperature was set at 25°C. 

Viscosity 𝜂 is the ability of a fluid resisting flowing [158], when a stress is applied, and it can 

be written in the form of  

𝜂 =
𝜎

�̇�
                                      (5-1) 

where σ is the shear stress and �̇� is the shear rate. For thick-film tape-casting, typical shear-

rates lie in the range of 37 ~ 74 s-1 for differences in height of 0.27 ~ 0.135 mm respectively, at 

a speed of approximately 10 mm s-1 [159]. In terms of the solids loadings in suspensions for the 

tape-casting, too low a solids loading may cause defects in the green samples after the 

evaporation of the liquid (drying stage), while too high a solids loading may lead to a shear-

thickening behaviour in the suspension, which would not be possible to tape-cast. 

5.2.1.3 Preparation of films 

The carbon and BCZT suspensions were three-roll-milled for six and twelve times, respectively, 

until there were no visible agglomerates, and then stored in sealed glass bottles for later use. 

The reason to three-roll-mill the carbon suspensions 6 times while 12 times for BCZT 

suspensions was that the agglomerates in the carbon suspensions were easier to break down 

than in the BCZT suspensions. Each conserved suspension was remixed by hand in a mortar 

and pestle to homogenise the suspensions and avoid any particle setting before tape-casting. In 

the first attempt, the carbon suspensions were tape-cast on to glass substrates within a 

rectangular area (6 × 0.6 cm) restricted by one layer of insulation tape (Draper, No. 619, 

thickness ~ 0.135 mm). The insulation tape was peeled off immediately after casting and the 

cast carbon layer on the substrate was transferred into an oven with ventilation at 30°C 

overnight, to ensure complete drying. After finding out a suitable formulation and a stable 

drying process for the carbon suspension, subsequent films were tape-cast on to zirconia 

substrates (Zhengzhou Kejia Furnace CO., LTD, China) in an area of ~ 5 × 1.2 cm. The BCZT 

suspension was tape cast onto the dried carbon layer restricted by one layer of insulation tape 
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in an area of 4 × 0.8 cm to form the layered structure depicted in Figure 5.1. The substrate with 

tape-cast carbon and BCZT layers was transferred to the oven for drying of the BCZT at 30°C 

overnight. Then this whole structure comprising substrate and the two combined layers was 

fired in a muffle furnace at 1200°C with a ramp rate of 3°C per minute and dwell time of 10 

minutes, to burn off the carbon layer and obtain a sintered free-standing BCZT film. 

5.2.2 Results and discussion 

5.2.2.1 Rheological behaviour and macrostructures 

The flow curve of a carbon suspension with a solids loading of 25 wt.% is shown in Figure 5.2. 

Although the suspension was prepared using agitated milling, it was observed that 

agglomeration still existed inside the suspension as discussed below. Therefore, a three-roll-

milling procedure was utilized to further reduce and eliminate the agglomeration in the 

suspension. As the liquid vehicle is volatile, its viscosity may increase with increasing times of 

three-roll-milling. The carbon suspension (25 wt.%) was divided into 4 portions and different 

times of repetition by three-roll-milling was applied to each portion, to look for sufficient 

repetition time for three-roll-milling.  

 

Figure 5.2 Flow curve of the carbon suspension (25 wt.%) after three-roll-milling for different times. 

From Figure 5.2, the value of viscosity versus shear rate increases with increasing times of 

three-roll-milling. Compared with the raw suspension, the viscosity of the suspension three-

roll-milled for twelve times has obviously higher values, while the flow curves of the 

suspensions after three and six times three-roll-milling are almost overlapped and lie in between 

the curves with 0 times and 12 times three-roll-milling. All the three-roll-milled suspensions 

were tape-cast onto glass substrates with both one and two layers of insulation tape to control 

the film thickness. Agglomerates were clearly seen in the dried films made from suspensions 

with no three-roll-milling and with only three times three-roll-milling. In contrast, for the 

samples made from the suspensions subjected to six and twelve times three-roll-milling, though 

agglomerates still exist, the larger agglomerates are obviously reduced and no apparent 

difference can be found in the green films made by these two suspensions. Considering the 
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increase in viscosity when the suspension is three-roll-milled for twelve times, six times three-

roll-milling was chosen for further deagglomeration of the carbon suspensions. 

The flow curves of the pure liquid vehicle and carbon suspensions with various solids loadings 

(25, 30, 35 and 40 wt.%) are depicted in Figure 5.3. The pure vehicle has a very small change 

of the viscosity in the whole shear rate range and exhibits approximately Newtonian behaviour, 

therefore it can be regarded as a flowing agent for the process of tape-casting. All the flow 

curves of the carbon suspensions show a shear-thinning behaviour, which can facilitate the tape-

casting process. With an increasing amount of solids loading, the value of the viscosity becomes 

larger at the initial low shear rate range. Further increasing the shear rate, the viscosity starts to 

decrease rapidly. The curves with solids loadings of 30 and 35 wt.% almost overlap between 4 

s–1 and 300 s–1, while at higher shear rate, both curves (35 and 40 wt.%) drop to a very low level 

with a viscosity around 1 Pa s, similar to the viscosity of the pure vehicle. As all the suspensions 

meet the shear-thinning requirement (shear rate in the range of 37 ~ 74 s-1 for the thickness of 

tape from 0.27 mm (2 layers) to 0.135 mm (1 layer)), the carbon suspensions were tape-cast 

onto glass substrates, as shown in Figure 5.4. 

 

Figure 5.3 Flow curve of pure vehicle and carbon suspensions (25, 30, 35 and 40 wt.%) after six times three-roll-

milling. 

From Figure 5.4 (a) and (b), it can be observed that there are no cracks but only agglomerates 

of carbon particles on the green films cast using 1 layer of insulation tape with various solids 

loadings, while large cracks appear on the surface of all the green films cast using 2 layers of 

insulation tape, as shown in Figure 5.4 (c) as an example. Therefore, the thickness of the carbon 

film was set as that being cast using 1 layer of insulation tape to define the wet thickness. The 

particle agglomeration was a foreseeable problem, as the vehicle utilized in the experiment has 

a viscosity 1000 times higher than water (8.9 × 10–4 Pa s [158]), therefore it is difficult to 

disperse the small carbon particles completely, even though the suspensions were homogenized 

under a high shear stress by three-roll-milling. Also, the unknown information such as the type 

and the quantity of the binder and dispersant in the vehicle makes it impossible to adjust the 

dispersing homogeneity of the suspensions. It is important to eliminate the agglomeration as 

much as possible since BCZT film may inherit the appearance from the carbon layer as it is 

directly attached to the top side of the carbon film. 
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Figure 5.4 Dried tape-cast carbon films on glass with solids loadings of (a) 25 wt.% (up) and 30 wt.% (bottom) 

(b) 35 wt.% (up) and 40 wt.% (bottom) cast using one layer of insulation tape and (c) 40 wt.% cast with two 

layers of insulation tape, scale bar = 1 cm. 

As there were no cracks when tape-casting the suspension with 25 wt.% solids loading on the 

glass substrates, the same experiment was repeated on a zirconia substrate. No cracks were 

observed in the green carbon film, as shown in Figure 5.5, and it is easier to prepare the 

suspension at this solids loading than the higher ones, because the carbon powder has a low 

density and too much carbon powder is very difficult to disperse fully in the vehicle. Therefore, 

25 wt.% was selected for the carbon suspension for the further experiments. 

 

Figure 5.5 Dried carbon film (25.3 wt.%) on zirconia substrate cast using one layer of insulation tape, scale bar = 

1 cm. 

In contrast to the commercial carbon powder, both kinds of BCZT powder were home-made. 

Taking the experience of three-roll-milling the carbon suspensions, a series of suspensions 

(a) 

(c) 

(b) 
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(made using the sol-gel BCZT powder as an example) with various solids loadings of 55, 60, 

65 and 70 wt.% were three-roll-milled for rheological measurements, and the results are shown 

in Figure 5.6. It was found impossible to load the sample with a solids loading of 70 wt.% 

BCZT between the cone-and-plate geometry on the rheometer, so no measurements could be 

made and this sample was omitted from further tests and tape-casting. For the other flow curves 

of the BCZT suspensions, all of them show a shear-thinning behaviour, and with an increasing 

solids loading, the value of the viscosity becomes larger at the initial low shear rate. Further 

increasing the shear rate, the viscosity starts to decrease rapidly, thus facilitating the tape-

casting process. After the shear rate reaches 400 s–1, the curves with solids loadings of 55 and 

60 wt.% tend to overlap, while the curve with a solids loading of 65 wt.% shows a small drop 

in viscosity (~ 3 Pa s), but still higher than the other two curves (~ 1 Pa s). As all the BCZT 

suspensions are shear-thinning, in contrast to the goal in preparing carbon films that the 

agglomeration should be eliminated while avoiding the defects, the goal of the BCZT 

suspension was to maximize its solids loading to assure a dense green sample while still 

maintaining a shear-thinning behaviour for tape casting. 

 

Figure 5.6 Flow curves of BCZT suspensions (55, 60 and 65 wt.%, sol-gel powder) after twelve times three-roll-

milling. 

To save the limited quantity of BCZT powder, unlike the preliminary experiments of tape-

casting carbon suspensions onto glass substrates, the degree of agglomeration in the BCZT 

suspensions (using both solid-state and sol-gel powders) with a high solids loading (65 wt.%) 

was firstly checked by spreading them through a specially designed groove, from 100 µm to 0 

µm, on a Fineness of Grind gauge as shown in Figure 5.7. The sol-gel suspension (on the left 

side) shows a lower degree of agglomeration (less than 40 µm, identified as where the film 

begins to break up) than the solid-state reaction one (~ 50 µm, on the right side) made from the 

solid-state reaction powder, demonstrating that the suspension from the sol-gel powder tends 

to have smaller agglomerates than those of the solid-state powder with an equal solids loading. 

As the previous results shown in Chapter 4.3.1, the powder from solid-state reaction has less 

homogeneity and larger (D90 ~ 15.10 µm) than the sol-gel counterpart (D90 ~ 3.12 µm), which 

may be the main reason of the larger agglomeration in a concentrated suspension [160]. 

Therefore, only sol-gel powder was utilized for preparing the lead-free film in the oil-based 



32 

 

vehicle, as shown in Figure 5.8. The green samples were tape-cast from the sol-gel suspension 

(65 wt.%) onto dried carbon films on zirconia substrates using one layer and two layers of 

insulation tape, and then fired at 1200 °C for 10 minutes with a ramp rate of 3 °C per minute. 

The carbon was burned out after firing and free-standing BCZT films were obtained, as shown 

in Figure 5.8(c) with a one-layer BCZT film as an example. 

 

Figure 5.7 Fineness of Grind results of BCZT suspensions (65 wt.%) after twelve times three-roll-milling with 

powder made from (a) sol-gel technique (b) solid-state reaction, scale bar = 1 cm. 

 

 

Figure 5.8 Green samples from BCZT sol-gel suspensions (65 wt.%) cast on dried carbon layers on zirconia 

substrates using (a) one layer and (b) two layers of insulation tape, and (c) one-layer free standing BCZT tape 

after sintering at 1200 °C for 10 minutes, scale bar = 1 cm. 

5.2.2.2 Failure analysis 

This section highlights some of the difficulties encountered in the development of a reliable 

tape casting process for BCZT films and some of the problem solving which was carried out. 

(1). Immediately peeling off the insulation tape 

After tape-casting, the insulation tape should be peeled off immediately to avoid cracking of 

the film during drying, caused by the shear stress in the direction of tape-casting, especially on 

(a) (b) 

(b) (a) (c) 
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the margin of the tape, as seen in Figure 5.9. Tiny cracks can be observed when the insulation 

tape is not peeled off before drying. What’s more important is that even if the film were without 

defects after drying, the surface near the margin of the film would be damaged after peeling off 

the insulation tape from the dried film, due to the glue existing on one side of the tape attached 

to the film. 

 

Figure 5.9 Cracks appear on the margin of the carbon film (cast using a 25 wt.% suspension) without 

immediately peeling off the insulation tape, scale bar = 1 cm. 

(2). Drying temperature 

The drying temperature is another important factor for producing a crack-free film after tape-

casting. It can be seen in Figure 5.10 that cracks appear when the drying temperature is set at 

60 °C. The liquid part in the suspension is evaporated faster at 60 °C than at 30 °C, and the 

suspension even tends to flow, resulting in an inhomogeneous drying process. Therefore, even 

a small increase in temperature will lead to devastating defects such as cracks and loss of shape 

retention due to the liquid flowing. 

 

Figure 5.10 Cracks on the carbon film (25 wt.% suspension) after drying at 60 °C, scale bar = 1 cm. 

(3). Solids loading 

The effect of a lower solids loading on the green tape-cast film is depicted in Figure 5.11. A 

sol-gel suspension (60 wt.%) was tape-cast on a piece of green carbon film. Cracks appeared 

during drying in green films cast using both one layer (on the right) or two layers (on the left) 

Casting direction 
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of insulation tape. In comparison with Figure 5.8, it can be seen that when the solids loading is 

not high enough, the films will crack irrespective of the casting thickness. 

 

Figure 5.11 BCZT suspensions (60 wt.%) made with sol-gel powder after twelve times three-roll-milling and 

tape-cast using one layer (on the right) and two layers (on the left) of insulation tape to define the film thickness, 

scale bar = 1 cm. 

In a conclusion, besides the above-mentioned effects, there are a lot of external and internal 

factors and effects which may result in failure in the green films prepared by tape-casting. First, 

the powder should be fine and homogeneously distributed while agglomeration should be 

minimised in a high enough solids loading suspension with a shear-thinning behaviour. Second, 

care should be taken during the tape-casting process such as peeling off the tape immediately 

after tape-casting. Finally, an appropriate drying process is also decisive to obtain a crack-free 

green film. 

5.3 Surface treating powder for aqueous process 

Though the green BCZT lead-free film was successfully prepared using an oil-based suspension, 

the two-step preparation and unknown composition of the dispersant and binder in the liquid 

vehicle make it a potentially variable process which is dependent on many factors difficult or 

impossible to properly control. Work was therefore switched to the development of an aqueous 

tape casting system for BCZT. However, in order to obtain a known composition and 

universally repeatable process, prior to the preparation of a BCZT aqueous suspension, the 

strong hydrolysis reaction of BCZT powder when dispersed in water was comprehensively 

studied. Due to the high expense of the raw materials for the sol-gel technique and the 

requirements for a relatively large amount of powder, a new batch of BCZT powder was 

synthesized by the solid-state reaction as described in section 4.2.1.1, but with ethanol instead 

of any participation of water, to completely eliminate the hydrolysis reaction from the powder 

preparation procedure. This powder is utilized for the rest of the experiments reported in this 

chapter and the next chapter. The biggest difference between the powder in the previous batch 

(mentioned in section 4.2.1.1) and this batch is the mixing medium, where the former one was 

mixed with deionized water, while ethanol was utilized in the latter one. 
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5.3.1 Experimental procedures 

5.3.1.1 Powder synthesis 

The procedures of powder synthesis and powder treatment are depicted in Figure 5.12. Barium 

carbonate (Panreac AppliChem, Spain, 98%), calcium carbonate (Riedel-de Haen, Germany, 

99%), zirconium oxide (Sigma-Aldrich, USA, 99%) and titanium oxide (Riedel-de Haen, 

Germany, 99%) were used as raw materials to prepare the stoichiometric BCZT powder by 

solid-state reaction. The raw materials were wet-mixed with ethanol by attrition milling 

(Siemens, Germany, zirconia balls with 5 mm diameter, Tosoh, Japan and the ball-to-powder 

ratio 1.5:1 and ethanol-to-powder ratio 1:1) for 2.5 h at the rate of 700 rpm. Then the suspension 

was dried at 80 ºC and the powder mixture was calcined at 1100 ºC for 4 hours. The as-calcined 

powder was deagglomerated by hand in a mortar and pestle and then attrition milled again for 

5 hours at 700 rpm in ethanol to obtain a powder with a suitable particle size distribution. 

Particle size and particle size distributions of the BCZT powder before and after attrition milling 

were determined using a laser diffraction analyser (Coulter LS 230, United Kingdom). A given 

amount of powder (~0.3 g) was dispersed in 50 mL of deionized water with the aid of a drop of 

Dispex® A40 (a solution of an ammonium salt of an acrylic polymer in water, BASF, Germany). 

The dilute suspension was sonicated for 5 minutes to destroy any agglomerates before 

performing the particle size and particle distribution measurements. 

 

Figure 5.12 Procedures of the BCZT powder synthesis and powder treatment processes. 

5.3.1.2 Surface treatment 

The fine powder was then surface treated to prevent hydrolysis. For this, every 50 g of attrition 

milled BCZT powder was mixed with 100 cm3 of 2.0 wt.% aqueous solution of aluminum di-

hydrogen phosphate (Al(H2PO4)3, Bindal A, TKI, Hrastnik, Slovenia). The mixture was kept at 

60 ºC under magnetic stirring for 30 minutes and then transferred to an oven and dried at 80 ºC 

for 10 h followed by a deagglomeration step by hand in a mortar and pestle. The particle size 

and particle size distribution of the surface treated powder was measured again to check if the 

treatment had led to any agglomeration. The attrition milled BCZT powder, before and after 

the surface treatment, was used to prepare suspensions for the evaluation of the effects of the 

surface treatment on the ease of processing. 

In order to understand the effects of the surface treatment and the added amount of dispersant 

on the interactions between the BCZT particles in the aqueous media, zeta-potential 
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measurements were carried out at several pH values using a MalvernZeta sizer (Nano ZS, 

Malvern, United Kingdom). For this measurement, a stock diluted suspension (4 mg BCZT 

powder in 40 ml deionized water) was firstly ultrasonicated for 10 min to obtain a good 

dispersion. Then, aliquots of 6 ml of this as-prepared BCZT suspension were taken and further 

diluted into 25 ml 10−3 M KCl solution. The pH values of these diluted suspensions were 

adjusted with 0.1 M HCl and 0.1 M NaOH, for decreasing and increasing pH runs, respectively. 

5.3.1.3 Zeta-potential and dynamic pH analysis 

When two different phases are in contact, a difference in potential between them is developed 

[161]. Similarly, when a solid particle is dispersed in a liquid, an adsorbed double layer 

develops on its surface, as shown in Figure 5.13. The first outer layer of the particle consists of 

the ions/molecules with opposite charge to the particle and thus forms the Stern layer. 

Outside the Stern layer, a surface of shear or slipping plane is considered as an area where the 

fluid is stationary. Within this imaginary layer, the measurement of the electrophoretic mobility 

gives the net charge on the solid particle. From Henry’s equation, electrophoretic mobility UE 

can be expressed as 

𝑈𝐸 =
2ɛ𝜁𝑓(𝐾𝑎)

3𝜂
                                 (5-2) 

where ζ is the zeta potential, UE is the electrophoretic mobility, ɛ is the dielectric constant, η is 

the viscosity, and f(Ka) is the Henry’s function. 

There are two values for f(Ka): when the suspension is non-aqueous, it equals to 1.0 and follows 

Huckel’s approximation, while when the suspension is aqueous, it equals to 1.5 and obeys the 

Smoluchowski approximation, where more information about f(Ka) could be found in [161] on 

page 71. Thus, zeta potential can be calculated from the equation (5-2). Zeta potential or 

electrokinetic potential indicates the average electrostatic potential in the slipping plane, and it 

can be applied in different areas such as measurement of the powder particle size, the stability 

of colloids, the measurement of sedimentation volume and settling time and electrophoretic 

deposition. 

 

Figure 5.13 Schematic diagram of electronic double layer (EDL) on a negatively charged particle [162]. 

Electrolyte 
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To assess the protecting efficacy of the surface treatment against hydrolysis, the pH of 

suspensions containing 5 wt.% of untreated and surface-treated powders were monitored within 

an aging period of 64 h by using a pH Meter (Consort C1010, Cleaver Scientific Ltd, United 

Kingdom). The powders were firstly ultrasonicated for 10 min to obtain a good dispersion. 

During the entire aging period, both suspensions were kept in hermetic containers to prevent 

water evaporation, and under magnetic stirring at a rate of 150 rpm to prevent particles from 

sedimentation. 

5.3.2 Results and discussions 

Figure 5.14 displays the particle size distribution curves of the calcined BCZT powder 

synthesized (1100 ºC, 4 hours) and deagglomerated before and after attrition milling (700 rpm, 

5 hours). Before milling, the particle size distribution exhibits three populations, including two 

main peaks, one centred at around 0.20 µm, another small peak around 2.2 µm, and a shoulder 

at ~ 8 µm corresponding to the coarser agglomerates, with D50 = 1.0 µm and D90 = 4.6 µm. 

After milling, the particle size distribution exhibits a bimodal distribution with a main large 

peak centred at around 0.2 µm and another small peak around 1.8 µm, and with overall D50 = 

0.17 µm and D90 = 0.38 µm. These results show that attrition milling is essential for achieving 

a homogeneous particle size distribution by destroying the agglomerates that otherwise might 

obstruct any subsequent printing or shaping processes. Obtaining a controlled particle size 

distribution with good particle packing ability is also essential for maximizing the solid loading 

and reducing the dimensional variations during the drying and sintering steps. 

 

Figure 5.14 Particle size distribution of calcined and deagglomerated BCZT powder before and after attrition 

milling. 

Figure 5.15 illustrates the effects of the powder surface treatment and of different added 

amounts of dispersant on the zeta potential (ζ) values measured within a broad pH range (pH 

~2−12). It can be seen that in the acidic region all curves converge towards an apparently 

common isoelectric point (pHiep ~ 2.3). However, a more detailed observation reveals that in 

the presence of the highest amount of Dispex® A40 (1.0 wt.%) a further slightly acid shift of 

the pHiep is observed, in good agreement with the anionic nature of this dispersant. 
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It is worth mentioning that pHiep shifts due to specific adsorption of anionic species can hardly 

be manifested under such acidic conditions. This is the probable reason why no shift in the pHiep 

is apparent in the presence of 0.5 wt.% dispersant. The absolute values of zeta potential rapidly 

increase with increasing pH, especially in the presence of Dispex® A40. The increasing trend 

is more accentuated for the sample with 1.0 wt.% dispersant with | ζ | values reaching ~47 mV 

within the pH range of ~6−9, followed by further gradual increments up to 55 mV. The curve 

corresponding to 0.5 wt.% dispersant follows a similar trend but at slightly lower values of | ζ 

|, except at the extreme alkaline pH tested, suggesting that this amount of Dispex® A40 is 

insufficient for promoting a good dispersion in BCZT. 

With pH increasing, the untreated powder shows a continuous increase of the absolute zeta 

potential till pH = 6, a plateau of ~30 mV that extends up to pH ~10, followed by a decreasing 

trend. This last feature is also common to the surface treated powder in the absence of dispersant, 

but zeta potential values within the ~6.5−11 pH range are close to those measured for the same 

powder in the presence of dispersant. For the surface treated powder in the absence of dispersant, 

a noticeable increase of | ζ | from ~30 mV (observed for the untreated powder within the ~6−11 

pH range) to a level similar to those measured in the presence of Dispex® A40 was registered 

within the ~5.5−7 pH range. This can be attributed to the second orthophosphoric acid–base 

dissociation reaction: 

H2PO4
− (aq) + H2O (l) ⇌ H3O

+ 
(aq) + HPO4

2− 
(aq),               (5-3) 

with a dissociation constant Ka2 = 6.2×10−8, corresponding to pKa2 = 7.198 [163]. This means 

that the second deprotonation of the adsorbed phosphate ions confers a negative surface density 

to the particles similar to that brought by the anionic dispersant species. 

 

Figure 5.15 Effects of the surface treatment and of adding different amounts of dispersant on the zeta potential 

(ζ) of calcined BCZT particles in an aqueous medium. 

The results displayed in Figure 5.15 indicate that electrostatic stabilization is likely to be 

achieved within the neutral to moderately alkaline pH range under all tested conditions as 

colloidal stability is expected when | ζ | is larger than 30 mV [164]. However, significant 

improvements in dispersion ability are obtained using the surface treated powder in the presence 
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of 1.0 wt.% dispersant, while excessive amounts may lead to instability of suspensions, as 

previously reported [164-165]. Based on these results, 1.0 wt.% of dispersant was chosen to 

proceed with further experiments aiming at preparing concentrated BCZT suspensions. 

The pH variations for the 5 wt.% solids loading (0.5 g powder in 9.5 g water) suspensions of 

untreated and treated BCZT powders are reported in Table 5.1. It can be seen that the untreated 

powder suspension exhibits higher pH values, which tend to increase along the aging period, 

while the pH of the system containing the surface-treated powder remains practically constant 

over the entire aging period with only small apparent oscillations around 9.6. 

Alkali or alkaline earth containing zirconate- and titanate-based functional ceramics tend to 

undergo non-stoichiometric dissolution reactions when in contact with liquid water [117-120, 

123-124]. The ease of ionic leaching is related to the ionic field strength (FS), defined as the 

ratio between the ionic charge of a given element and the square root of its ionic radius (Å) 

[166]. Based on the valence of the different ions involved in BCZT and on their respective ionic 

radius data [167], the following FS values can be obtained: Ba2+ = 1.7, Ca2+= 2.0, Zr4+ = 4.7 

and Ti4+ = 5.2. This means that the alkaline earth ions, which are more loosely bonded to the 

structure, will be much more easily dissolved in an aqueous dispersion medium compared to 

the Zr4+ and Ti4+ ions. In order to keep the electronic balance, this non-stoichiometric 

dissolution process involves a charge compensation mechanism with the uptake of H+ ions from 

the solution. This means that for each divalent ion leached to the aqueous medium, there will 

be an uptake of 2 H+ ions by the solid, thus disturbing the initial balance existing between 

OH−/H+ ions in the dispersing liquid [120]. In other words, the gradual depletion of H+ ions 

from the dispersing liquid due to this charge compensation mechanism leads to the pH rising 

as observed in Table 5.1 for the untreated powder. On the other hand, the constancy of the pH 

values registered in the case of the surface-treated powder proves that the applied surface 

treatment is effective in preventing hydrolysis. 

Table 5.1 pH changes registered for untreated and treated BCZT suspension over the aging time period 

Aging time (min) 5 30 60 120 960 1440 2400 3840 

pH (untreated) 10.53 10.58 10.58 10.58 10.79 10.68 10.75 10.65 

pH (treated) 9.60 9.60 9.55 9.60 9.52 9.56 9.62 9.61 

 

The beneficial effects of surface treating the BCZT powder on its dispersing ability can be 

directly inferred by observing the photograph displayed in Figure 5.16. The two plastic cups 

contain the same amounts of water, dispersant, and powder required for preparing 40.0 vol.% 

suspensions. The mixing was performed under the same conditions (600 rpm, 5 min). The only 

difference is that the cup on the left side contains the surface treated BCZT powder, while the 

one on the right side contains the untreated powder. 
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Figure 5.16 Macroscopic aspects of BCZT suspensions with 40.0 vol.% solids loading in the presence of 1.0 

wt.% dispersant prepared from the surface-treated powder (left) and from the untreated one (right) under the 

same mixing conditions. 

It is clear that a homogeneous fluid suspension is obtained by using the surface-treated powder, 

while caking and insufficient wetting/imbibition occurs with the untreated powder, 

demonstrating that the latter one is impractical for preparing aqueous pastes for direct ink 

writing. The untreated powder easily undergoes hydrolysis, which not only consumes part of 

the limited amount of added water but also contributes to a more extensive dissolution of the 

solid particles, enhancing the ionic strength of the dispersion medium [119-120, 123]. Therefore, 

treating the surface of BCZT particles is a key step for facilitating powder dispersion and for 

achieving homogeneous and colloidal stable aqueous suspensions. 

5.4 BCZT in 2-2 connectivity by water-based suspension 

5.4.1 Experimental procedures 

5.4.1.1 Preparation of aqueous suspension 

Based on the study of the BCZT powder treatment described in the last section, the treated 

powder was utilized for preparing aqueous suspensions. In comparison with the two-step tape-

casting process for the oil-based carbon and BCZT suspensions shown in Figure 5.1, the 

aqueous process was facilitated into one step by directly tape-casting the aqueous BCZT 

suspension on a piece of PVC film (thickness ~70 μm), which was fixed onto a flat surface 

(glass or alumina substrate) with double sided adhesive tape, as shown in Figure 5.17. 

 

Figure 5.17 Tape-casting of aqueous BCZT suspensions 
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A series of BCZT suspensions with solids loadings of 44, 49, 51, 54 vol.% were prepared. The 

powder was weighed and mixed with deionized water in the presence of 1.0 wt.% dispersant 

(Dispex® A40), as demonstrated by the analysis of zeta-potential in Chapter 5.3.2. The powder 

was added into the liquid stepwise by homogenizing the mixture in a planetary mixer for 5 

minutes at the rate of 600 rpm in each interval until all the powder was accommodated in the 

liquid. Zirconia balls with 3 mm diameter were used as the mixing medium and the ball-to-

powder ratio was 0.2:1. The suspensions were further homogenized for 8 hours on a rolling 

machine and then characterised on the rheometer. 

The as-prepared suspensions were divided into different bottles for further analysis. Two kinds 

of binder (5 wt.% each of Duramax B1001 and B1035) were added in the suspension (44 vol.% 

BCZT) to check their compatibility with the suspension. After the selection of the binder, 

different amounts of binder (10, 15 and 20 wt.%) were added into the as-prepared suspensions, 

followed by further homogenizing by mixing at a rate of 600 rpm for 5 minutes. The amount of 

binder was calculated based on the mass of powder in the initial suspensions. 

5.4.1.2 Rheological measurements 

Flow curves of the suspensions were measured on a rotational rheometer (Kinexus Pro+ 

Rheometer) by using a cone and plate sensor system (4º/40 mm) with a gap of 150 μm in the 

shear rate range from 0.1 to 200 s-1. The temperature was set at 25 ºC for the rheological tests 

and a Kinexus hood solvent trap cover was used to maintain the temperature and prevent water 

evaporation from the samples during the tests. 

5.4.1.3 Preparation of films 

Before tape-casting, each suspension was homogenized again at a rate of 600 rpm for 5 minutes 

to avoid any phase separation in the suspension. The suspension was tape-cast by hand on the 

PVC film, where the thickness and dimension of the final green film was controlled by 2 layers 

of insulation tape (Draper, No. 619, thickness ~ 0.135 mm). After tape casting, the green film 

together with PVC film was cut off from the substrate and transferred into a petri dish, followed 

by a drying process at a room temperature for 24 hours until it was completely dry.  

Circular discs (Φ = 10 mm) were cut from the green film using a hand punch (Korff & Honsberg 

GmbH & Co. KG, Germany, diameter 10 mm) following which the PVC sheet could be easily 

peeled off from the green film. The as-punched circular films (thickness for one layer ~ 100 

μm) were then glued (UHU stick, Germany) layer by layer into two- and four-layer green 

samples. The reason to stick the single layered samples together was that it was difficult to 

handle the one-layer sample and also warpage was found in both one-layer and two-layer 

samples after sintering in several initial experiments (sintering steps are shown below).  

Therefore, four-layer samples were used in further experiments. All the samples were debinded 

at 800 ºC for 1 hour with a ramp rate of 1 ºC per minute and then fired in a furnace (Termolab-
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fornos Eléctricos Lda., Portugal). Different dwell temperatures were tried till a mechanically 

strong sample (able to be handled) was obtained after sintering at 1350 ºC for 2 hours, with a 

ramp rate of 5 ºC per minute. Then the rest of the samples were sintered at 1500 ºC for 2 hours, 

anticipated to increase the functional properties compared to the ones sintered at 1350 ºC. The 

microstructure of the green samples was observed by a field emission scanning electron 

microscope (HITACHI SU-70, Japan). Silver suspension (Agar fast drying silver suspension, 

United Kingdom) was brushed carefully on the top and the bottom of the sintered ceramics. 

The samples with silver electrode were then dried in an oven at 100 ºC for 8 h and the electrical 

conductivity of the samples was measured by a multimeter to avoid short-circuit. With the 

precision LCR meter (HP 4284A) and an external temperature-controlled chamber, the 

dielectric constants and loss were measured in the frequency range from 100 Hz to 1 MHz at 

room temperature. Polarization (P)-Electric Field (E) hysteresis loops were swept using a TF 

2000 Analyzer (axiAct Systems GmbH, Germany) with the sample immersed in silicone oil. 

5.4.2 Results and discussion 

5.4.2.1 Compatibility suspension with binder 

Two kinds of binder (Duramax B1001 and B1035, 5 wt.%) were mixed with an aqueous 

suspension of 44 vol% of surface treated BCZT powder. After homogenizing at 600 rpm for 5 

minutes, flocculated particles were observed in the bottom of the bottle with B1001 added, 

while the suspension with B1035 was still well dispersed and no flocculation could be observed 

in the bottom of the bottle, as shown in Figure 5.18. Hence, B1035 was chosen as the binder, 

which combines well with Dispex® A40. 

 

Figure 5.18 Surface treated BCZT powder dispersed in Dispex® A40 (44 vol.%) after adding different binders. 

Left: B1001, with flocculation in the bottom. Right: B1035, no flocculation in the bottom, scale bar = 1 cm. 

5.4.2.2 Rheological characterization of suspensions 

As described previously for the two-step oil-based tape-casting, a suspension with a solids 

loading as high as possible is preferable for preparing crack-free green samples. The flow 

curves of suspensions prepared with surface treated solid-state BCZT powder with solids 

loadings of 44, 49, 51 and 54 vol.%, are shown in Figure 5.19(a) and it can be seen that the 
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higher the solid loading is, the larger the viscosity at a specific shear rate. With the exception 

of the suspension with a deliberately high solids loading (54 vol.%), all the curves show a shear-

thinning behaviour and fit well with the Sisko model, 

𝜂 = 𝑘 · �̇�𝑛−1 + 𝜂∞                              (5-3) 

where η is the shear viscosity, �̇� is the shear rate, k is the consistency, n is the power-law index, 

and 𝜂∞ is the infinite shear viscosity [158]. The suspension with a solids loading of 54 vol.% 

is not appropriate for further tape-casting due to its shear-thickening behaviour. To ensure a 

shear thinning behaviour during tape-casting, the 51 vol.% suspension was not utilized even 

though its flow curve shows shear thinning behaviour, as it is near the shear-thickening 

transition range where, from practical experience, any external perturbation during mixing may 

transfer its shear-thinning behaviour to a shear-thickening one. Thus, experiments to investigate 

the binder content were carried out with suspensions with a solids loading of 49 vol.%. B1035 

binder amounts of 10, 15 and 20 wt.%, based on the mass of the powder, were added with the 

goal to obtain a shear-thinning suspension in a consistently stable range at shear rates up to ~ 

100 s-1. 

 

Figure 5.19 Rheological characterization of aqueous suspensions of surface treated BCZT powder with (a) 

different solid loadings (44, 49, 51 and 54 vol.%) (b) suspension (49 vol.%) with various amounts of B1035 

binder (0, 10, 15 and 20 wt.%) (dots) and their fitting curves (dashed lines). 

In Figure 5.19(b), the viscosity of the suspension with a solids loading of 49 vol.% decreases 

with increasing amount of the water-based binder. The curve without the addition of binder 

shows viscosity beginning to increase at a shear rate around 160 s-1, demonstrating this solids 

loading is still near the shear-thickening transition, while all the curves with the addition of 

binder show a complete shear-thinning behaviour within the range of shear rates measured. All 

the curves concord with the Sisko model, and the fitted parameters are listed in Table 5.2. With 

an increasing amount of binder, the infinite viscosity ( 𝜂∞ ) decreases, indicating that the 

participation of the water-based latex binder can further guarantee the suspension has a stable 

shear-thinning behaviour, while avoiding defects appearing in the green samples. All the values 

of the correlation coefficients are around 1.000, which proves the Sisko model is in good 

agreement with the measured rheological results. 
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Table 5.2 Fitted parameters to the Sisko model [158] from the flow curves of aqueous suspensions of 49 vol% 

surface treated BCZT powder without and with the addition of B1035 binder 

Binder amount 𝜂
∞

 (Pa s) n k Correlation coefficient 

0 wt.% 0.5954 0.7800 6.275 1.000 

10 wt.% 0.1459 0.7574 1.714 1.000 

15 wt.% 0.1331 0.7865 1.509 0.999 

20 wt.% 0.07977 0.7398 0.9093 1.000 

 

 

Figure 5.20 Crack-free green sample made from an aqueous suspension of 49 vol.% surface treated BCZT 

powder with the addition of 15 wt.% B1035 binder. 

The amount of binder was optimized based on the rheological properties and the appearance of 

the green samples. The suspension with 15 wt.% of binder was selected for it’s good flowability 

and no visible cracks in the green samples. In comparison, the green sample from the suspension 

with 10 wt.% of binder showed tiny cracks while the suspension with 20 wt.% binder was too 

fluid to retain its shape in the wet state after peeling off the insulation tape. A dried crack-free 

film could be successfully made from an aqueous suspension of 49 vol.% of surface treated 

BCZT powder with the addition of 15 wt.% B1035 binder, as shown in Figure 5.20. 

Tape-casting the aqueous suspension into a green film is influenced by many different internal 

and external factors, when compared with tape-casting the oil-based suspension discussed in 

Chapter 5.2.2.2. The internal factors mainly influence the quality of the suspension, such as the 

stability when dispersing the powder in the liquid medium, the compatibility between the 

dispersant and the binder, the combination between the solids loading and the amount of binder 

required for shear-thinning behaviour. The external factors mostly have impact throughout the 

whole process from preparing the starting suspension until the final green sample is fabricated 

and include temperature, drying conditions and other details which may bring failure to the 

green films. Therefore, many experiments were required to reduce the influence from these 

potential influences and stabilize the process, in order to obtain crack-free green films of good 

quality. 
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5.4.2.3 Macro- and microstructure 

The macrostructure of green samples and samples after sintering is shown in Figure 5.21. As 

mentioned in section 5.4.1.3, the two-layer sample has an obvious warpage while it was 

eliminated when the number of layers was increased to four. For the four-layer sample, the 

shrinkage in the radial direction was about 22 % (diameter of green sample is 10 mm and 

diameter of sample sintered at 1500 ºC is 7.8 mm), while the shrinkage in the vertical direction 

is about 29.8% (the thickness of green sample is 0.57 and the thickness of sintered sample is 

0.4 mm). 

 

Figure 5.21 From left to right: macrostructure of four-layer green sample, two-layer and four-layer BCZT 

samples sintered at 1500 ºC and fabricated by aqueous tape casting of surface treated BCZT powder. 

   

  
 

Figure 5.22 SEM micrographs of tape-cast Ba0.85Ca0.15Zr0.1Ti0.9O3 films from the surface view (a) the green film 

and the films sintered at (b) 1200 ºC (c) 1350 ºC and (d) 1500 ºC for 2 hours. 

The microstructure of a green film and samples sintered at a range of temperatures are shown 

in Figure 5.22. In the green sample, the agglomerated particles are bonded together with the 

(b) 

(c) (d) 

(a) 
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help of the binder. When the sintering temperature comes to 1200 ºC, the binder has been burned 

out and only the loosely bonded particles (less than 1 μm) with a porous structure can be 

observed. At this point, the temperature is too low to stimulate particle growth and the porous 

structure does not endow the sample a sufficient mechanical strength for any functional 

measurement. On further increasing the sintering temperature to 1350 ºC, the particles become 

larger (6.3 ± 0.3 μm) and most particles show a square shape, the porosity has noticeably 

reduced and the sample is mechanically strong for holding for functional measurements. 

Stronger bonding and grain growth are developed by increasing the sintering temperature to 

1500 ºC and the particles (24.3 ± 2.1 μm) become more circular with only small pores visible. 

 

5.4.2.4 Functional properties 

Figure 5.23 (a) shows the relative dielectric constant (εr) and the dielectric loss (tan δ) of a thick 

film sintered at 1500 ºC, with a frequency sweep from 100 Hz to 1 MHz. With increasing 

frequency, the relative dielectric constant almost decreases linearly, while the dielectric loss 

reaches a minimum at 10 kHz and then increases again until 1 MHz. At 1 kHz, the relative 

dielectric constant is 1207 and the dielectric loss is 0.018. Figure 5.23(b) plots the Polarization 

(P) ‐ Electric field (E) hysteresis loops of the BCZT film sintered at 1500 ºC, swept at room 

temperature at 50 Hz with an increasing electric field. Both the remanent polarization (Pr) and 

the coercive field (Ec) increase with an increasing electric field, and at 3 kV/mm, the values of 

Pr and Ec are 7.54 µC/cm2 and 0.23 kV/mm, respectively. In comparison with the results in 

[168], both dielectric constant and the remanent polarization are lower. It is probably due to the 

isostatic pressing before sintering in [168], which may densify the samples after preparation. 

Therefore, the future work for our thick films made by tape casting water-based suspensions is 

to further optimize the composition of the suspensions and to increase its functional properties 

by densification in the post-processing procedures. 

  

Figure 5.23 (a) Relative dielectric constant (ɛr) and dielectric loss (tan δ) of BCZT film sintered at 1500 ºC swept 

in the frequency range from 100 Hz to 1 MHz; (b) P‐E hysteresis loops of BCZT film sintered at 1500 ºC 

measured under different electric fields. 
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6. Direct ink writing 

6.1 Introduction 

As an important branch of additive manufacturing (AM), direct ink writing (DIW) is a free-

forming technique firstly invented by Sandia National Lab in USA in 1997 [169], and has been 

utilized in 3D printing soft materials, including ceramic and bio-glass suspensions and recently 

biological cell and tissues [170-173]. Besides DIW, it is also called solid freeform fabrication 

or Robocasting, and in the application of printing ceramic parts, the feedstock is usually 

prepared into a shear-thinning concentrated colloidal gel-like ink or paste. The size of the 

filament is dependent on the inner diameter of the nozzle, where the feedstock is extruded out 

by either a pneumatic or a mechanical dispensing system. Unlike the thermoplastic polymers 

such as PLA, ABS and, PEEK utilized in fused deposition modelling which require heating and 

cooling equipment during printing, the cold extrusion consisting of ceramic powder suspended 

in polymer solutions such as poly(vinyl alcohol), hydroxypropyl methylcellulose with 

polyethylenimine and cellulose is used, to form a homogeneous and clog-free feedstock [170, 

171, 174]. The variable options for nozzle sizes ranging in diameter from 20 μm to 1000 μm 

have already been reported in different applications [170-176]. 

In common with the other kinds of additive manufacturing, most of the geometries in DIW are 

completed in the following procedures, irrespective of the types of the feedstock: shape design 

in computer aided design software → slicing the design into a number of layers (the layer 

thickness in the Z direction determined by the filament diameter) and generating the moving 

path in each layer in the X-Y plane → extrusion of filament according to the path in the sliced 

file. In this way of slicing, DIW can be applied in printing most geometrical designs. Due to its 

mouldless free-forming, open-source platform and the possibility of realizing multimaterial 

printing, DIW is increasingly attracting the attention of the research community [111]. 

For piezoelectric ceramics, the connectivity of the ceramic phase influences its application, and 

3D printing is an ideal technology for fabricating a small batch of samples into complex shapes. 

In this chapter, a novel investigation of direct ink writing for the shaping of green samples of 

BCZT in both 3-3 and 1-3 connectivities is reported. The functional properties of the materials 

and sintered structures are also presented. 

6.2 BCZT in 3-3 connectivity 

6.2.1 Experimental procedures 

6.2.1.1 Preparation of ink 

The same batch of surface-treated solid state BCZT powder (as described in Chapter 5.3.1) was 

used in this work, while untreated powder was utilized as a control group, building on the 

knowledge and experience developed in the tape casting work reported in Chapter 5. The inks 
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for direct ink writing were prepared following several successive steps as schematized in Figure 

6.1. Aqueous stock solutions of hydroxypropyl methylcellulose (HPMC, Sigma-Aldrich, Mn 

~10,000 – binder) and of polyethyleneimine (PEI, Sigma-Aldrich, Mn ~1,800 and Mw ~2,000 – 

coagulating agent) were prepared in advance. A similar binder and coagulating agent for 

developing a suitable ink system can be also found elsewhere [171]. The mass of the chemicals 

was calculated prior to the experiment and weighed on a high-accuracy (0.0001 g) balance. The 

polymer solution concentrations were 33.0 wt.% for HPMC and 5 wt.% for PEI. These stock 

solutions were kept in hermetic containers to prevent water evaporation. BCZT suspensions 

with solids loadings of 40.0, 41.6, 43.2 and 44.0 vol.% were prepared by mixing deionized 

water with 1.0 wt.% Dispex® A40 (BASF) and the surface treated BCZT powder. Then, 

different amounts of the HPMC binder (1.5 and 2.4 wt.%) were added to increase the intrinsic 

viscosity of the dispersing liquid. Following the right sequence of adding the processing 

additives (dispersant → binder → coagulating agent) is crucial, as the wrong order of addition 

may strongly influence the quality of the final ink [177]. Accordingly, extrudable pastes/inks 

with sufficient stiffness could be obtained upon further adding 0.03 wt.% of PEI solution. After 

adding each processing additive, the suspension was homogenized in the planetary mixer for 5 

minutes at the rate of 600 rpm (with only dispersant) and 1300 rpm (after adding binder and 

coagulating agent). The amounts of Dispex® A40, HPMC and PEI were calculated based on 

the mass of solids in the initial suspensions. When compared with the suspensions described in 

Chapter 5.4.1 for tape casting, a series of starting suspensions with lower solids loadings were 

utilized in this work. The inks for 3D printing must be strictly shear-thinning after adding binder 

and coagulating agent, and stably flow out of the nozzle to avoid clogging, instead of the starting 

suspension locating in the shear-thinning and shear-thickening transition area as required for 

tape-casting. 

 

Figure 6.1 Schematic diagram of BCZT ink preparation and direct ink writing 3-3 sample for functional tests. 

6.2.1.2 Rheological characterization 

The flow behaviour of the suspensions and the viscoelastic properties of the inks were 

characterized using a rotational rheometer (Kinexus Pro+ Rheometer, Malvern, United 

Kingdom) in rotational and oscillatory modes, respectively. The shear viscosity was measured 
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using a cone and plate sensor system (4º/40 mm) with a gap of 150 μm, while the viscoelastic 

properties were assessed by using a plate and plate sensor (Φ = 20 mm), with a gap of 1 mm at 

a constant frequency of 1 Hz. The temperature was set at 25 ºC for the rheological tests and a 

Kinexus hood solvent trap cover was used to maintain the temperature and prevent water 

evaporation from the samples during the tests. 

The basic theory of flow curves was described in Chapter 5.4.1.2. However, in contrast to the 

suspensions for tape casting, direct ink writing requires a viscoelastic ink for printing, i.e. the 

ink should have both viscous and elastic effects, as the viscous behaviour facilitates the ink’s 

flowing ability, while elastic behaviour provides the shape retention of the extruded filament 

after printing. In the oscillatory tests, samples are subjected to a deformation varying with time 

and the typical input signal is in sinusoidal shear (shear strain or shear stress). The strain γ in 

the sample between the oscillating plate and stationary plate is a function of time and frequency 

defined as 

γ = 𝛾0sin (𝜔𝑡)                                  (6-1) 

where γ0 is the amplitude of the strain and 𝜔 is 2𝜋𝑓, where f is the frequency. The shear stress 

σ is defined as 

σ = 𝜎0𝑠𝑖𝑛(𝜔𝑡 + 𝛿)                                (6-2) 

where σ0 is the amplitude of the shear stress and δ is the phase lag. 

For easy understanding, elastic and viscous elements are commonly modelled as springs (which 

store energy) and dashdots (which dissipate energy), respectively. The spring obeys Hooke’s 

law, 

𝜎 = 𝐺𝛾                                        (6-3) 

where the strain is proportional to the applied stress and G represents the elastic modulus, while 

in the dashpot model, a plunger moves through a viscous liquid, 

𝜎 = 𝜂�̇�                                        (6-4) 

where the shear rate �̇� is proportional to the applied stress and η represents the viscosity. 

When the oscillatory test is applied with an input of deformation, the result can be resolved into 

two parts: a solid-like response (e.g. cheese) and a liquid-like response (e.g. honey), which are 

characterized by the storage modulus G’ and loss modulus G”. A schematic graph illustrating 

typical solid-like response (G’>G’’) to a shear stress/strain amplitude sweep is shown in Figure 

6.2. Other parameters can be defined as: 

frequency ω = 2𝜋𝑓                                  (6-5) 
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complex modulus 𝐺∗ = √𝐺′2 + 𝐺"2                         (6-6) 

loss tangent 𝑡𝑎𝑛𝛿 = 𝐺"/𝐺′                             (6-7) 

complex viscosity 𝜂∗ = √𝜂′2 + 𝜂"2 = √(
𝐺"

𝜔
)2 + (

𝐺′

𝜔2)2                (6-8) 

 

Figure 6.2 Schematic response of a sample to a strain or stress amplitude sweep exhibiting the linear viscoelastic 

region defined by the critical value of the sweep parameter [159]. 

An amplitude sweep test was selected to determine the storage modulus (G’) and loss modulus 

(G”) in the linear viscoelastic region (LVR), which indicate the structural stability of a sample 

under an oscillatory deformation. The test recorded the response of a sample to an increasing 

amplitude of deformation under a constant frequency and temperature. 

6.2.1.3 Printing and sintering 

Each of the as-prepared inks was loaded into a syringe (3 mL, Nordson, United States) and 

extruded through a nozzle (internal diameter d = 0.41 mm, Nordson, United States) as shown 

in Figure 6.1. In order to demonstrate the fabrication of a piezoelectric structure with 3-3 

connectivity, a simple structure was designed with a 10.41 × 10.41 mm overall deposition area 

and a lattice spacing w (distance between centres of two successive filaments) was 0.714 mm. 

Connected with the Robocasting system (Model EBRD-A32, 3D Inks, LLC, United States), the 

syringe driver dispensed the ink onto an aluminum oxide substrate (100 × 100 mm, Zhengzhou 

Kejia Furnace CO., LTD, China), which was immersed in a low viscosity glycerin oil reservoir 

during printing to guarantee a homogenous drying rate [122]. The direct ink writing machine 

can be divided into four parts: computer (not shown), movement controller (not shown), 

positioning system (X, Y and Z axis) and printing system (U and A axis), as shown in Figure 

6.3 (a). The position of the nozzle tip (X, Y and Z value) is controlled by the positioning system, 

while two different channels of ink (U and A) can be printed simultaneously. The enlarged 

details of one syringe chamber and a 3 mL syringe (Nordson, United States) equipped with a 

nozzle (inner diameter of 410 μm, Nordson, United States) are shown as an example in Figure 

6.3 (b) and (c). 
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Figure 6.3 Photo of (a) the Robocasting machine (b) enlarged parts (left syringe chamber) as labelled in (a) and 

(c) a 3 mL syringe equipped with a nozzle of inner diameter of 410 μm. 

After printing, the substrate was taken out of the glycerin oil and the oil on the edges of the 

substrate was absorbed by tissue paper to get rid of the glycerin oil as much as possible. It is 

important to emphasize that the green sample at this stage was still soft and any attempt to clean 

the oil inside the sample may have destroyed it. Later, the substrate, together with the printed 

BCZT samples, was transferred to an oven at 40 ºC for 8 h. After drying, the printed BCZT 

structures had hardened and the residual glycerin oil in the as-printed green filaments would be 

burned out during the subsequent debinding process. 

Before debinding, the samples were transferred onto an alumina substrate (Zhengzhou Kejia 

Furnace CO., LTD, China). Organic additives in the green samples were burned out in air using 

a heating rate of 1 ºC min−1 up to 800 ºC, dwell for 2 h, followed by natural cooling inside the 

furnace (Termolab-fornos Eléctricos Lda., Portugal). The samples were then transferred onto a 

zirconia substrate (Zhengzhou Kejia Furnace CO., LTD, China), as the alumina substrate is not 

suitable for sintering BCZT (see also in section 4.3.4.1). Then the temperature was increased at 

the rate of 3 ºC min−1 to each of the final sintering temperatures (1350 ºC, 1400 ºC and 1500 

ºC) with a dwell for 2.5 h, to obtain densified samples with enough mechanical strength for the 

following tests. The crystalline phase assemblage of both untreated and treated powders and of 

a sample printed and sintered at 1400 ºC were examined at room temperature by an X-ray 

diffractometer (Malvern Panalytical X’Pert) using CuKα radiation at a step rate of 0.02º. Green 

samples and sintered samples were observed by an optical microscope (Leica EZ4 HD), and a 

field emission scanning electron microscope (HITACHI S-4100). The grain size was calculated 

by the linear intercept method (BSI Method EN 623-3). The relative density of the sintered 

samples was measured by the Archimedes method by immersing them in ethylene glycol. 

6.2.1.4 Measurement of electrical properties 

A commercial silver suspension (Agar fast drying silver suspension, United Kingdom) was 

adjusted to a non-dripping state and brushed carefully on the top and the bottom filaments of 

the sintered ceramics, to avoid the silver entering inside of the pore walls. The samples were 
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then dried in an oven at 100 ºC for 8 h and the electrical conductivity of the samples was 

measured by a multimeter to check for short-circuits. Prior to the functional measurement, the 

length of filaments and the size of pores were measured under an optical microscope (Leica 

EZ4 HD) for each sample. The electrode area of the original square-shaped sample was 

calculated, and an equivalent circle radius was converted to facilitate the calculation of the 

dielectric constant. With a precision LCR meter (HP 4284A) and a home-made external 

temperature-controlled chamber, the frequency and temperature dependence of the dielectric 

constants and loss were measured from 100 Hz to 1 MHz, and from 20 to 150 ºC, respectively. 

Polarization (P) - Electric Field (E) hysteresis loops were swept using a TF 2000 Analyzer 

(axiAct Systems GmbH). The samples were poled at room temperature in a silicone oil bath at 

an electrical field of 3 kV mm−1 for 30 minutes and piezoelectric constant (d33) was measured 

by a d33 meter (SINOCERA YE2730A) 24 hours after poling. 

6.2.2 Results and discussions 

6.2.2.1 Phase of aged powder and sintered samples 

The crystalline phases formed during the heat treatments (calcination at 1100 ºC and sintering 

at 1400 ºC) and the effects of surface treatment on the extent of hydrolysis and on the 

consequent crystalline phase assemblages can also inferred from the X-ray diffraction patterns 

displayed in Figure 6.4. A barium calcium titanium zirconium oxide (Ba0.9Ca0.1Zr0.13Ti0.87O3 − 

ICDD PDF# 04-018-9939) is the single perovskite-type tetragonal crystalline phase already 

formed at 1100 ºC. The crystallinity is further enhanced upon sintering the printed sample at 

1400 ºC. It is worth noting that the chemical composition of the main phase almost coincides 

with the nominal composition (Ba0.85Ca0.15Zr0.1Ti0.9O3). The detection of residual 

[H14(H3O)Al3(PO4)8(H2O)4 − ICDD PDF# 04-011-9432] species in the surface treated powder 

after aging in water for 64 h (as described in Chapter 5.3.1) proves that the protecting agent has 

been strongly adsorbed at the surface of the particles. Aging the untreated powder leads to the 

formation of BaZrO3 − ICDD PDF# 01-074-1299 as a minor phase. The formation of BaZrO3 

together with a hydrated barium hydroxide [Ba(OH)2)H2O] after aging in water for 1 week was 

already reported in [120], confirming the occurrence of hydrolysis and degradation of the 

original lead-free piezoelectric powder. 

The apparent absence of the minority Ba(OH)2)H2O phase in the present case is likely due to 

the shorter aging period (64 hours) in comparison to 168 hours in the previous study [120]. The 

formation of impurity phases derived from hydrolysis in the case of untreated powder is 

expected from the pH variations described in Table 5.1. In the case of surface treated powder, 

although firm conclusions cannot be drawn, the XRD analysis also suggests the possible 

formation of a calcium zirconate phase (CaZr4O9 − ICDD PDF# 01-081-8083). The occurrence 

of some hydrolysis, even in small extent, cannot be excluded for the surface treated powder, 

due to the detection limit of the powder XRD technique (generally considered to be 
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approximately 5 wt. %). Even through, the XRD pattern of the sample sintered at 1400 ºC that 

was printed from the ink with the surface treated powder, exhibits a single crystalline phase. 

 

Figure 6.4 XRD patterns of: (a-c) BCZT powder calcined at 1100 ºC for 4 hours; (b) untreated after aging in 

water for 64 h; (c) surface treated after aging in water for 64 h; (d) printed sample after sintering at 1400 ºC; (e) 

ICDD PDF# 04-018-9939 (main phase); (f) ICDD PDF# 01-074-1299 (BaZrO3); (g) ICDD PDF# 01-081-8083 

(CaZr4O9);  (h) ICDD PDF# 04-011-9432 [H14(H3O)Al3(PO4)8(H2O)4]. 

6.2.2.2 Rheological characterization 

An ink suitable for direct writing should possess well balanced viscoelastic properties. Ideally, 

the viscous component enables the ink to flow and extrude through the nozzle fluently, while 

the elastic component confers to the as-extruded filaments shape retention capability as well as 

sufficient mechanical strength for the base layer to support the weight of the subsequent layers. 

Meaningful rheological data should be collected within an appropriate shear rate range 

according to the practical conditions in direct ink writing. The shear rate  �̇�  for fluid flow 

through a cone-cylindrical nozzle can be calculated from the following equation: 

�̇� =
4Q

πR3                                          (6-9) 

where Q is the volume flow rate and R is the radius of the nozzle [178]. 
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Figure 6.5 Apparent viscosity curves as a function of shear rate within the range of 0.1 to 200 s−1 showing the 

influences of solids loading and the concentrations of processing additives on the rheological properties of BCZT 

pastes: (a) effects of solids loading and of HPMC contents; (b) effects of solids loading for a fixed concentration 

of HPMC and PEI. 

During direct ink writing, the nozzle with a diameter of 0.41 mm was utilized and the printing 

speed was 10 mm s−1, which corresponds to a shear rate in the printing process of 195.1 s−1. 

Therefore, the rheological data for flow curves in Figure 6.5 were collected up to shear rate 

values ~ 200 s−1. 

The flow curves of suspensions with increasing solids loading and with different amounts of 

processing additives are displayed in Figure 6.5. All the suspensions exhibit shear-thinning 

behaviour in the shear rate range from 0.1 to 200 s−1. In Figure 6.5(a), the flow curves are 

smooth and shift to a higher viscosity as the solids loading and HPMC content increase, as 

expected. The most concentrated suspension with 44.0 vol.% solids was prepared in an attempt 

to maximize the solids loading. But its flow curve (not shown in Figure 6.5) revealed a shear-

thickening behaviour, unsuitable for printing. Hence, 43.2 vol.% was chosen as the workable 

maximum solids loading. Figure 6.5(b) depicts the effects of different concentrations of solids 

and of PEI on the apparent viscosity. With incremental solids loading up to 43.2 vol.%, the 

apparent viscosity also increases, but the curves still maintain the desired shear-thinning 

behavior. In the presence of PEI, the apparent viscosity at low shear rate (e.g. 0.5 s−1) is two 

orders of magnitude higher in comparison with the counterparts without PEI in Figure 6.5(a). 

This confirms the strong coagulating effect promoted by PEI, which transforms the viscous-

like suspensions into solid-like pastes [179-180]. The coagulating effect can be ascribed to the 

charge neutralization: cationic secondary and tertiary amino groups existing in the branched 

PEI can easily interact with negatively charged functional groups in Dispex® A40, as proposed 

in earlier reports [179-180]. The HPMC plays the role of a binder and thickening agent and 

which, due to its low ionic degree, is not expected to contribute much to the final drastic change 

measured in the rheological properties observed upon adding PEI. However, as the shear rate 

is increased, the internal structure of the pastes is gradually destroyed and the pastes regain the 

flowing ability that allows them to be easily extruded through the fine nozzle, as confirmed by 

the significant drop in apparent viscosity that can be observed between shear rates of 20 and 
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200 s−1. Such a decrease in the apparent viscosity, useful for facilitating extrusion, should be 

accompanied by a relatively fast recovery of the internal structure to enable shape retention 

after printing. Since flow curves involve extensive deformations that destroy the internal 

structure of the systems, the viscoelastic properties of the pastes were measured under the 

oscillatory mode by imposing low deformations within the linear viscoelastic region (LVR). 

The results gathered for the same suspensions and pastes investigated in Figure 6.5 are 

displayed in Figure 6.6. 

 

Figure 6.6 Effects of solids loading and concentrations of processing additives (HPMC and PEI) on the elastic 

modulus (G´) versus shear stress of BCZT pastes. 

Figure 6.6 shows that all the suspensions with only dispersant and HPMC exhibit LVR plateau 

up to shear stress values of about 3 - 4 Pa. The amount of HPMC less than 1.5 wt.% will cause 

cracks in green samples after drying, as it plays the role of binder. Further increasing the shear 

stress in these systems leads to a gradual collapse of their internal structure according to the 

flow curves reported in Figure 6.5. The suspension with 41.6 vol.% solids loading and of 1.5 

wt.% HPMC consistently exhibits the lowest elastic modulus (G´ ~3.7 kPa). The increment in 

solids loading to 43.2 vol.% while keeping the same added amount of HPMC (1.5 wt.%) 

upshifts the LVR plateau to G´ ~ 4.7 kPa. With further increasing the HPMC content to 2.4 

wt.%, the LVR plateau increases to G´ ~ 10 kPa. However, G´ values larger than 100 kPa are 

usually required for direct ink writing [181-183], depicted by the horizontal dashed line in 

Figure 6.6, and HPMC alone does not allow G´ to reach an adequate stiffness. 

What is interesting to notice is that only adding 0.03 wt.% PEI in the suspension with a solids 

loading of 40.0 vol.% transformed the viscous suspension into a viscoelastic paste exhibiting 

G´ values within the range of 0.2 − 3 MPa. Further increasing PEI can endow the ink too much 

elasticity and transform the ink from a shear-thinning to a shear-thickening behaviour. The 

dramatic increases in stiffness are illustrated by the observed jumps in G´ of about two orders 

of magnitude with the solids loading from 41.6 up to 43.2 vol.%. These variations are 

accompanied by prolonged LVR plateaux, demonstrating that PEI is much more active in 

changing the elastic component of the internal structure than HPMC. The binder is effective in 

increasing the intrinsic viscosity of the system, thus contributing to a homogeneous flow upon 
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extrusion and preventing the nozzle from clogging due to particle segregation effect under shear. 

Sufficient elastic modulus can be reached in the presence of PEI, and all the three pastes could 

be printed through the nozzle.  

However, significant changes in G´ and in the extent of the LVR have resulted from increasing 

the solids loadings within this narrow range (40.0 − 43.2 vol.%). The increment in solids loading 

from 40.0 to 41.6 vol.% increases the G´ values from ~ 0.2 to 1 MPa, while the LVR extends 

from shear stress values ~10 Pa to beyond 100 Pa. The elastic modulus is apparently only 

slightly enhanced with further increasing solids loading to 43.2 vol.%, but the printing process 

became less reproducible, suggesting that this solids concentration is above the optimal one for 

this particular system. An excessive solids loading may increase the possibility of 

agglomeration under shear and lead to nozzle obstruction. 

6.2.2.3 Macro- and microstructure 

The green filaments printed from the paste with 40.0 vol.% solids are shown in Figure 6.7(a) 

where it can be seen the individual filaments are not straight (slightly wavy) and crack are 

visible on the surface. This contrasts with the filaments without waves or cracks extruded from 

the paste with 41.6% solids, as observed in the optical micrographs taken from both surface and 

cross-section views in Figure 6.7(b) and Figure 6.7(c). Accordingly, the macroporous structures 

produced for assessing the final properties of the sintered samples were printed only from the 

paste with 41.6 vol.% solids loading, 2.4% HPMC and 0.03% PEI.  

 

Figure 6.7 Green BCZT filaments printed from the pastes with different solids loadings: (a) 40.0 vol.%; (b) 41.6 

vol.%; (c) cross-section of green sample printed from the paste with 41.6 vol.% solids loading; (d) sample 

printed from the paste with 41.6 vol.% solids loading and sintered at 1350 ºC for 2 hours. 

(a) (b) 

(c) (d) 
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It can be concluded from these results that the effects of the relevant processing variables need 

to be suitably investigated in order to establish the optimal conditions for the printing process. 

Nevertheless, there is no doubt that the coagulating role of PEI is essential to confer adequate 

wet strength to the printable pastes even containing solids loadings lower than 40.0 vol.%. But 

sufficient stiffness needs to be combined with enough solids loading in order to obtain crack-

free green samples. Moreover, variations in particle size distribution are likely to positively or 

negatively affect the maximum solids loading, an aspect that needs to be further investigated. 

Figure 6.7(d) shows a sample printed from the optimal paste containing 41.6 vol.% solids, 

which was then sintered at 1500 ºC. 

The samples printed under the optimal conditions were sintered at different temperatures and 

used for assessing relative their density, morphological features, pore size and functional 

properties. The relative density of the rods as determined by the Archimedes method varied 

within the range of ~ 92 - 93% (which is lower than the bulk discs doped with lithium carbonate 

(~ 95%) and a slightly higher than the undoped ones (~ 91.5%) reported in Chapter 4), with the 

highest value being registered for the sample sintered at 1400 ºC. The microstructural details of 

surfaces of the filaments of samples sintered at different temperatures are shown in Figure 6.8. 

At 1350 ºC, the surface consists of randomly distributed and poorly sintered cuboid shaped 

grains. It is noteworthy that typical F-faces (terraces), S-faces (ledges) and K-faces (kinks) can 

be observed on the grains, according to Hartman’s periodic bond chain (P.B.C) theory [184]. 

With the sintering temperature increasing to 1400 ºC, the cubic grains become more circular 

and the formation of sintering necks can be clearly observed, while their size grows from 6.5 ± 

0.8 µm to 12.3 ± 1.6 µm. Abundant growth of F-faces on the grains is clearly visible, similarly 

to the dense BCZT microstructures found in other reports [18, 185]. Further increasing the 

sintering temperature to 1500 ºC results in even larger grains (15.7 ± 2.3 µm). From the 

macroscopic thermodynamics’ viewpoint, the rounding of angular grains is a consequence of 

atomic diffusion towards defects and surfaces with more pronounced curvatures, which helps 

to lower the surface free energy and thus provide the driving force for the sintering process. 

From a microscopic perspective, atomic diffusion during crystallization is energetically 

preferred firstly at K-faces and then at S-faces, causing the K-faces to gradually disappear with 

the development of the sintering process [186]. The terraces grow perpendicularly to the lateral 

direction of the ledges. When the sintering temperature is increased from 1400 ºC to 1500 ºC, 

the terrace lateral growth and flatness increase as shown in Figure 6.8(c) and Figure 6.8(d). 

These observations correlate well with the terrace-ledge-kink (TLK) model [186]. This 

interesting phenomenon has obvious morphological consequences as it can be clearly noticed 

from the SEM observations. The relatively smooth surface of the green sample (Figure 6.7(c)) 

becomes much rougher after sintering at 1500 ºC for 2 hours (Figure 6.8(e)), which is a natural 

consequence of the gradual coarsening of the grain network and of grain boundary grooving by 

surface diffusion [187-188]. According to previous reports about the huge difference of 

diffusion coefficients D of the ions in the perovskite ABO3 structure (𝐷𝑂 ≫ 𝐷𝐴 ≫ 𝐷𝐵) [189-
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190], the B-site atoms, Ti and Zr dominate the diffusion process, as B-site atoms have the 

smaller diffusion coefficient. With increasing sintering temperature, the diffusion of the Ti and 

Zr is gradually activated and grain growth takes place thus causing grooving among the grains. 

 

Figure 6.8 The microstructure of the sintered filaments. The sintered surfaces of samples sintered at (a) 1350 ºC; 

(b) 1400 ºC; (c, d) 1500 ºC; (d) magnification of one grain in (c); (e) a cross-section view of a sample sintered at 

1350 ºC for 2 hours. 

The distances between consecutive filaments in the sintered porous structures tend to slightly 

decrease with increasing sintering temperature from ~ 0.40 mm (green dried) to ~ 0.34 mm 

(1350 ºC) to ~ 0.30 mm (1400 ºC) and to ~ 0.28 mm (1500 ºC). The first decrease is consistent 

with a slight increase in relative density. But the further small decrease with sintering at 1500 

ºC cannot be predicted from the negative variation in relative density from 92.9 % to 92.7 %, 

being probably due to some experimental errors. 

6.2.2.4 Functional properties 

Figure 6.9(a) shows the temperature dependence of the dielectric constant (ɛr) and dielectric 

loss (tan δ) of printed BCZT samples sintered at different temperatures and measured at 1 kHz. 

(b) 

(c) (d) 

(e) 

(a) 
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With the increasing sintering temperature, the Curie point decreases slightly from 88 ºC to 86 

ºC, which concurs with the same trend reported in [18] that Curie point varies inversely with 

grain size. 

The dielectric loss maintains a low value and reaches a maximum value at the Curie point, as 

the phase change may cause friction among the electrical domains [191]. Figure 6.9(b) plots 

the Polarization (P) - Electric Field (E) hysteresis loops of the BCZT samples, swept at 25 ºC 

and 50 Hz. The remanent polarization (Pr) increases slightly with the increasing sintering 

temperature, while the coercive field shows the highest value when the sintering temperature is 

1400 ºC. The functional parameters measured at 25 ºC are summarized in Table 6.1. The 

piezoelectric constant d33 increases from 62 pC N-1 to 100 pC N-1 with increasing sintering 

temperature. These results demonstrate the ferroelectric nature of the BCZT produced from the 

surface-treated powder. However, comparing d33 values in Table 6.1 with the results in [13], 

the relatively low values result from the low volume fraction of BCZT filaments in the 

measured structure. There may also be an effect caused by the limited numbers of poled 

elements at the junctions of filaments between each layer (i.e. not all of the volume of BCZT 

material was poled). A way to mitigate this limitation and enhance the piezoelectric constant 

d33 would be increasing the number of layers for a given total height of the printed sample 

and/or designing more filaments in each layer so that more connected joints can be realized, 

thus increasing the actual numbers of poled elements and also the volume fraction [94]. 

 

Figure 6.9 (a) Temperature dependence of dielectric constant (ɛr, solid dots) and dielectric loss (tan δ, hollow 

dots) (b) P-E hysteresis loops of BCZT samples with 3-3 connectivity sintered at temperatures from 1350 – 1500 

ºC for 2.5 hours.  

Table 6.1 Parameters of functional properties of printed BCZT samples with 3-3 connectivity measured at 25 ºC 

Sintering temperature 

(ºC) 

TT-C 

(ºC) 

Pr 

(µC/cm2) 

Ec 

(kV/mm) 

ɛr tan δ d33 

(pC/N) 

1350 88 4.11 0.269 256 0.021 62±5 

1400 87 4.21 0.389 440 0.022 88±3 

1500 86 4.56 0.270 1046 0.021 100±4 
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6.3 BCZT in 1-3 connectivity 

6.3.1 Technical difficulties 

Based on the preliminary experiments for the direct ink writing of BCZT in 3-3 connectivity 

presented in the previous section, the ink with the same composition and formulation was 

utilized in printing BCZT in 1-3 connectivity. In contrast to the traditional dice-and-fill method 

for fabricating fragile ceramic pillar structures [192] depicted in Figure 6.10, direct ink writing 

has been rarely utilized in shaping 1-3 piezoelectric ceramic, in either lead-based or lead-free 

compositions. 

 

Figure 6.10 Traditional dice-and-fill method used for fabricating 1–3 composites [192] 

The common way of designing a printable geometry is to draw a three-dimensional model in a 

software such as Solidworks or AutoCAD, and then the as-designed model is sliced into various 

layers. This method was experimented, and the design is shown in Figure 6.11(a). The as-

prepared ink described in Chapter 6.2.1.1 was loaded into a syringe (5 ml, Nordson, United 

States) and extruded through a nozzle (internal diameter d = 0.25 mm, Nordson, United States). 

Prior to printing, the printing path was automatically generated in the Robocasting software 

(3D Inks, LLC, United States), with layers sliced in X-Y plane with an increasement in Z axis.  

 

Figure 6.11 (a) Three-dimensional design of 1-3 connectivity (b) part of one sintered pillar printed from the 

design in (a) and the tail-like residual paste on each layer of the printed pillars in blue oval 

The facile slicing logic may meet the requirement in most of the cases, but not for the 1-3 

structures, due to the exaggerated resolution of the pillar diameter (3.5 mm in diameter, 14 

times larger than the nozzle diameter itself), and also the tail-like residual paste on each layer 

of the printed pillars and the printing trace from the nozzle which can be clearly seen in Figure 

(a) (b) 
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6.11(b) in the microstructure. As long as the printing is not processed in a vertical direction, the 

loss of resolution is inevitable, as the idea of the printing is to fill the as-designed two-

dimensional shape (in this case it is a circle and that’s why the 3D printing is sometimes 

regarded as 2.5-dimentional printing). 

6.3.2 Printing and sintering green samples 

To solve the above-mentioned technical difficulties, a new way of printing along the Z axis 

without slicing was designed, instead of the common printing along the X and Y axes followed 

by increments in the Z direction, inspired by the previous work [193]. 

The as-prepared ink described in Chapter 6.2.1.1 was loaded into a syringe (5 mL, Nordson, 

United States) and extruded through a nozzle (internal diameter d = 0.20 mm, Nordson, United 

States). The base of the green sample was designed as 12 × 12 mm and the pitch of the pillars 

(distance between centres of two neighbouring pillars) was 1 mm. Connected with the 

Robocasting system (Model EBRD-A32, 3D Inks), the syringe driver dispensed the ink onto an 

alumina substrate in air, and the ambient temperature and relative humidity (RH) was controlled 

around 20 ºC and 70 % respectively. 

A square base was printed firstly for further supporting the pillars, and then the viscoelastic ink 

was extruded and stretched to a pillar’s shape in a designed height. In this way, the resolution 

of the as-printed sample was maintained to the utmost extent, solely depended on the diameter 

of the nozzle used in printing. The green pillars (in a 9 × 9 square array) were printed on the 

base through a 200 µm nozzle, as shown in Figure 6.12, without falling or breaking after drying 

at 40 ºC for 8 h showing the success of the new printing technique. It is also worth noting that 

the aspect ratio of the pillars can be adjusted by the parameters in the shape design and it can 

be applied not only in piezoelectric ceramics but also in other functional and structural ceramic 

compositions, which would be interesting to investigate in the future. 

  

Figure 6.12 (a) Top view and (b) side view of green BCZT sample printed in 1-3 connectivity 

The green pillars were heated at a rate of 3 ºC per minute to 800 ºC and dwelled for 2 hours in 

order to burn out the binder and other organics and then sintered at 1500 ºC with a heating rate 

of 5 ºC per minute and dwell of 2.5 hours, followed by a natural cooling. The sintered sample 

was infiltrated with EpoThin Epoxy Resin (20-8140) and EpoThin Epoxy Hardner (20-8142), 

(Buehler, United States) in a mass ratio of 100:41, which was slightly deviated from the advised 

(a) (b) 
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formulation from the manufacturer (100:39), because the hardness of this adjusted formulation 

will be helpful for the following grounding procedure. The condition for hardening the resin 

was at 40 ºC for 24 hours. Then the base of the composite sample was ground and the thickness 

(pillar height) was reduced to ~ 0.5 mm, as shown in Figure 6.13. 

 

Figure 6.13 3D printed 1-3 BCZT composite sample sintered at 1500 ºC and infiltrated by resin 

6.3.3 Functional measurement 

Silver suspension (Agar fast drying silver suspension) was brushed carefully on the top and the 

bottom of the infiltrated sample. The samples were then dried in an oven at 100 ºC for 8 h. Prior 

to the functional measurement, the diameter of pillars was measured under an optical 

microscope (Leica EZ4 HD). The actual electrode area of the pillars was calculated, and an 

equivalent circle radius was converted to facilitate the calculation of dielectric constant. With 

the precision LCR meter (HP 4284A), the dielectric constants and loss were measured 

dependent on the frequency (100 Hz to 1 MHz). 

Figure 6.14 shows the relative dielectric constant (εr) and the dielectric loss (tan δ) of the 3D 

printed pillars sintered at 1500 ºC and infiltrated with epoxy, with a frequency sweep from 100 

Hz to 1 MHz. With the increasing frequency, the relative dielectric constant almost decreases 

linearly, while the dielectric loss decreases to a peak value ~ 0.032 around 5 kHz and then 

increases again till 1 MHz. At 1 kHz, the relative dielectric constant is 144 and the dielectric 

loss is 0.035. As there have been very few reports about BCZT in 1-3 connectivity, in 

comparison with the previous reports related to the lead-based 1-3 connectivity, the dielectric 

constant in the current work is lower and the dielectric loss is higher than the previous work in 

[194] (their values were measured after poling), but the dielectric constant is slightly higher 

than the value mentioned in the report [195]. Compared with the dielectric properties of bulk 

BCZT samples in section 4.3.5, the dielectric constant of BCZT in 1-3 connectivity is lower 

and the dielectric loss is higher than its counterpart. Due to the limitation of the instrument in 

the lab, other functional properties in the frequency range above megahertz will be left for future 

work. Also, based on the functional properties of bulk BCZT, the solid-state BCZT powder 

doped with lithium carbonate and the one prepared by sol-gel technique is probably helpful in 
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improving the functional properties of BCZT in 1-3 connectivity, which can also be an 

interesting future work. 

 

Figure 6.14 Relative dielectric constant (ɛr) and dielectric loss (tan δ) of the 1-3 BCZT composite sintered at 

1500 ºC and swept in the frequency range from 100 Hz to 1 MHz 
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7. Conclusions 

Lead-free piezoelectric Ba0.85Ca0.15Zr0.1Ti0.9O3 has been investigated, from the powder 

synthesis (by two kinds of technique and the addition of dopants) to shaping the ceramic powder 

in different connectivities (namely 2-2, 3-3 and 1-3). One of the most difficult and also key 

points is to prevent the powder from hydrolysis when preparing an aqueous suspension/ink, 

which was solved by anti-hydrolysis protection of the powder surface. Several main 

conclusions can be summarized as follows: 

1. Ba0.85Ca0.15Zr0.1Ti0.9O3 powders were successfully prepared by solid-state reaction and sol-

gel techniques and fabricated into cylindrical pellets by uniaxial pressing. The sol-gel 

powder had a more homogeneous particle size distribution than the one made by solid-state 

reaction. Doping with lithium carbonate accelerated the sintering process and lowered the 

sintering temperature, whilst maintaining the functional properties at an excellent level. 

Samples fabricated from sol-gel powder doped with 0.5 wt.% lithium carbonate and sintered 

at 1300°C for 2 hours exhibited d33 = 447 ± 9 pC N–1, Curie temperature 98.7 °C and grain 

size 7.0 ± 0.3 µm. An optimum combination of sintering conditions, homogeneous powder 

and the amount of dopant was helpful to obtain a comprehensive performance among 

composition, structure and functional properties. 

2. Tape-casting was processed with oil-based suspensions in two steps and water-based 

suspensions in one step. For oil-based tape-casting, carbon suspensions with a solids 

loading of 25 wt.% and the BCZT suspension with a solids loading of 65 wt.% were utilized 

for preparing crack-free green carbon and successive BCZT films. The BCZT powder was 

surface-treated prior to the preparation of aqueous suspensions, to minimize the hydrolysis 

reaction when dispersed in water. The tape-casting process was facilitated into one step and 

a crack-free green film was obtained by directly casting the water-based suspension (solids 

loading of 49 vol.% and 15 wt.% B1035 binder) on PVC film. The film was punched and 

stacked into four layers and sintered at 1500 ºC. The relative dielectric constant was 1207 

and the dielectric loss was 0.018 at 1 kHz. The remanent polarization was 7.54 µC/cm2 and 

the coercive field (Ec) 0.23 kV/mm at 3 kV/mm, respectively. Both internal and external 

factors which may cause failure in green samples were analysed. 

3. The surface treatment was proved to be a vital procedure, as it facilitated the preparation of 

water-based ceramic suspensions/inks for further shaping in 2-2, 3-3 and 1-3 connectivities. 

Prior to the treatment, the particle size distribution was adjusted by attrition milling to avoid 

the existence of large particles causing agglomerates and sedimentation in the successive 

steps. After treating the powder with Al(H2PO4)3, the zeta-potential was measured to give 

a general idea of the stable pH range of the ceramic suspension incorporated with dispersant 

and helped to decide the amount of dispersant for stabilizing the suspension. Dynamic pH 

change was observed to further guarantee the stability of the particles in the suspension with 
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an increasing aging time. A clear contrast between the untreated and treated powder when 

dispersing in water was exhibited, demonstrating the necessity and the effectiveness of the 

powder-treating step for the preparation in further shaping steps. 

4. Direct ink writing was successfully applied in shaping BCZT into 3-3 and 1-3 connectivities. 

The key factors for preparing a proper viscoelastic ink were investigated and the ink with a 

solids loading of 41.6 vol.%, and suitable concentrations of the processing additives (HPMC 

~ 2.4 % and PEI ~ 0.03 %) was used for printing process. The green 3-3 samples with 

sufficient strength to retain the as-deposited shapes after drying could be obtained from the 

optimal processing conditions. The sample sintered at 1500 ºC exhibited the highest 

dielectric and piezoelectric properties, with Curie point = 86 ºC, tan δ = 0.021, remanent 

polarization = 4.56 µC/cm2, and d33 = 100 ± 4 pC/N. The green 1-3 samples without 

macrodefects were obtained after drying at 40 ºC for 8 h. A special printing procedure was 

developed utilising movement only along the Z axis to avoid the common slicing designed 

shape, and maintains the actual resolution of the direct ink writing. Only one preliminary 

test was completed: the relative dielectric constant of the sample sintered at 1500 ºC and 

infiltrated by epoxy was 144 and the dielectric loss was 0.035 when measured at 1 kHz. 

This work has paved the way for complex device structures of lead-free BCZT piezoelectric 

to be fabricated and assessed, so that they can form environmentally benign alternatives to 

the current devices incorporating lead-based materials. 
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