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Abstract

Abstract

The study in this project focuses on using three different processing routes,
conventional soligstate sintering, microwave sintering and melt processing, to
manufacture electrical ceramics and gleassamics in bismuthoslium titanate (BNT)
and potassium sodium niobate (KNN) systems. Manufacturing electrical ceramics using
a conventional soliestate processing route requires high sintering tempesatun@e
than 1100C) for long times (at least 10 hours including heatind cooling) with high
energy consumption (20kwWh) falectricalfurnaces, leading to high cost. Moreover,
laboratoryscale preparain of electrical ceramics iWW K H D Xawhk Bourfiry, Iraq, is
difficult because of equipment shortagasd power wattsTherefore, in the present
work, a microwave processing route using a standard kitchen microwave oven has been
used to produce electrical ceramics, whilst dramatically reducing sintering times
(heating between 2RP5mins and cooling 2h) arittus energy consumption (0.4kWh).
Also, amelt processing route has been used to manufacture electricatglasscs as
bulk and fibre sampleshusreducingprocessing steps and preparing KNN borosilicate

glassceramic fibres for thérst time.

Microwave sintering/hd@eng depends on the generation of heatimgughout the
sample simultaneouslyThis projecthas used a combination afirect microwave
heating of the sample itself, combined with indireetting by microwave susceptor
disks placed clge to the sampldn the present project, microwave susceptor disks
composed of 50wt% graphite, 30wt% SiQ0wt% MnOs, 10wt% FeOs have been

used

Both conventional soligtate sintering and microwave processing have been used
to prepardour different dectrical ceramic compositions: pure bismuth sodium titanate
(Bio.sNaosTiO3), pure potassium sodium niobateo@lao sNbOz), iron-dopedbismuth
sodium titanate (BisNaosTii-xFeOs.05¢ and iron-doped potassium sodium niobate
(Ko.sNao.sNb1.xFeOz.x), with high sintering temperatures (90Q0CC) for 2h insidean
electricalfurnace (conventional sintering) and short heating time2ELMins) inside
standard 900W kitchemicrowave oven.

A melt procesimig route has also been used, with the aim of preparing bismuth
sodium titanate (BisNao.5Ti03) and potassium sodium niobatey@lagsNbOs) by heat
treatment of bismuth sodium titanium silicate, bismuth sodium titanium borate,

potassium sodium niobiumlisiate, potassium sodium niobium borate and potassium
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Abstract

sodium niobium borosilicate glasses to form glessamics. Inaddition, opportunities
for preparation opotassium sodium niobium borosilicate glassl glasseramic fibres
have been studied.

A range of structural, thermal and electrical measurements have been carried out,
including differential thermal analysis (DTA), -bay diffraction (XRD), Raman
spectroscopy, scanning electron microscopy (SEM), density, polarisation and strain
versus electri¢ield measurement were carried out on the electrical ceramics and glass

ceramics.

Pure BNT ceramics have been prepared by stéite sintering and microwave
sintering. In addition, BN®ilicate and BNTborate glasses have been prepared by melt
processingand subsequent heat treatment with the aim of forming BNT in the resulting
glassceramics. A BjsNapsTiOz phase with rhombohedral structure has been
successfully produced by solgdate sintering and microwave sintering methods,
however, it was not psgle to produce entirely glassy materials in the silicate and
borate systems studied, which instead formed glass + crystalline components upon
cooling from molten. Increasing the sintering temperature from °C@® 1100C for
pure BNT ceramicprepared by solidtate sintering increasederage grain size from
ca. 0.4 pym to 2 um and the relative density increased fapproximately83% of
theoretical density taapproximately94% of theoretical density. Also, increasing
sintering temperatures fm 1050C to 1100C enhanced the remnant polarisation from
approximately22 to 40 pC/crh and maximum strain increased from about 4.5 to 8%,
respectively. Furthermor@jcreasing the microwave sintering time from 10 to 25 min
for pure BNT ceramics prepareg@ microwave sintering processing, increasedrage
grain sizeapproximately0.2 to ca 0.9 um, and the relative density frapproximately
70% to approximately94% of theoretical densityThe remnant polarisation (about
42.2uC/cn) and the maximum strairB3%) with a saturated and typical shape for

ferroelectric behaviour were obtained at higher microwave sintering times (25 mins).

Iron-doped BNT ceramics were produced by sacligte sintering and microwave
sintering. A single BisNapsTiOs phase with chic structure was successfully produced
by both processing method#édding iron to the BNT ceramics using soldate
sintering processing increased average grain size with increasing Fe content from 0.2
pm in pure BNT to 5 um inBio.sNao.sTio0.9F&.102.95) for iron doped BNT ceramic3he
relative density was low (69% of theoretical density) for undoped BNT ceramics and
high (97% of theoretical density) for 7 mole%-BHNT.
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Abstract

Pure KNN ceramics have been prepared by stk sintering and microwave
sintering. In addition, KNMksilicate glasses, KNMorate glasses, KNiHorosilicate
glasses and KNNborosilicate glass fibres have been prepared by melt processing, and
subsequent heat treatment with the aim of forming KNN in the resultingcgassics.

A KosNapsNbOs phase with orthorhombic structure has been successfully produced by
solid-state sintering and microwave sintering processing. Also, a mgNagsNbOs

phase withanorthicstructure has been presented for kNdrate glasseramics, KNN
borcsilicate glasseramics and KNMborosilicate glasseramic fibres by melt
processing, however, it was not possible to produce entirely glassy materials in the
silicate systems studied, which instead formed glass + crystalline components upon
cooling from nolten. Increasing the sintering temperature from 200@ 1100C for

pure KNN ceramics manufactured by sedighte sintering increasexverage grain size

from ca. 0.6 um to 5 um and the relative density increased from ca. 69% of theoretical
density to appoximately 91% of theoretical density. Also, increasing sintering
temperatures from 1076 to 1100C enhanced maximum strain increased from about
3.6 to 6%, respectively. The remnant polarisatiommbroximately33 puC/cnt with a
saturated and ideal-IP hysteresis shape related to the ferroelectric behaviour has
obtained at a higher sintering temperature of $COQAdditionally, increasing the
microwave sintering time from 10 to 25 min for pure KNN ceramics manufactured by
microwave sintering processingchneasedaverage grain sizapproximately0.2 um to
approximately3 um, and the relative density from ca. 68% to ca. 90% of theoretical
density. Also, increasing microwave sintering time from 20 to 25 mins improved
maximum strain increased from abaproxmately 5.2 to 7.5%, respectively. The
remnant polarisation ofpproximately17 pClcnt with a saturated and ideal-EP
hysteresis shape related to the ferroelectric behaviour has obtained at a higher
microwave sintering time of 25 mins. On the other halad stirfaces with grain growth,

and slimmed P-E hysteresis shapg indicatedthe absence of ferroelectric behaviour
from theKNN borate glasseramics and KNN borosilicate glassramics prepared by

melt method.

Iron-doped KNN ceramics were prepared by saclate sintering. A single
KosNapsNbOs phase was obtained for only one irestoped sample,
Ko.sNao.sNbo.ogF&0.0202.98 Adding iron to KNN ceramicsincreasedhe relative density
from 73% of the theoretical density for undoped KNN ceramics86% of the
theoretical density foKo.sNao.sNbo.odFe.102.0.
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Chapter One| General Introduction

Chapter One

General Introduction

1.1. Introduction

Chapter one introduces electrical ceramic materials, pgr@vskite structure,
processing routes and the aims and objectives of the present promatyrasrisedn
Figurel.l.

Electrical ceramics anglassceramicshavebeen extensively used electrical and
electronic applications such as communications, medicagndstics, industrial
automation energy storage (Priya & Nahm, 2011); and sensors, transducers, memory
cells, energy harvesters and actuators (Koruza et al., 2018). Thbg cdassifiednto
three main groups: (i) piezoelectrics (Duran & Moure, 1986)i) (ferroelectrics
(Buchanan, 1986); and (iii) dielectrics (Marghussiam, 2015; Vijaya M. S., 2013).
Piezoelectrics include lead zirconate titanate (PZT) (Jaffe et al., 1971), barium titanate
(BT or BTO) (Jaffe et al., 1971), bismuth sodium titanate (BNPFlyad & Nahm, 2011)
and potassium sodium niobate (KNN) (Priya & Nahm, 2011). Piezoelectrics typically
have a perovskite structure of ABXvhere A is a cation such as Pb, Ba, Bi, Na or K; B
is a cation such as Zr, Ti or Nb; and X is an anion such as héBan, 1986; Jaffe et
al., 1971). Electrical ceramics arglassceramicscan be prepared using different
processing routes including conventional ssWdbWDWH VLQWHULQJ ODOLY
microwave sintering (Agrawal, 2013) and melt processing (Bansab&mus, 1986;
Shelby, 2005). The solistate sintering processing roultasbeen extensively used over
many decades to manufacture electrical cerarhlosvever it has disadvantages related
to the high energy consumption related to long sintering times &:1470 mis(Wei et
al., 2018), 350 mim (Magbool et al., 2014) 0840 mirs (Kakroo et al., 2016)high
energy consumption (20 khy and high sintering temperatur¢$100C) (Smart &
Moore, 2016) Microwave sintering processing has been used to prepectrieal
ceramics by a few researchers (Chiang et al., 2013; Feizpour et al., 2014; Ramana et al.,
2011). This processing route displays some advantages, for exaetpleed sintering
and processing times and energy consumption. However, it has oneadkaiwvhthe
context of ceramic sintering which is correlated to the ability of the raw materials or
green body to absorkufficient electromagnetic energy generag high temperatuie

(susceptability) (Bykov et al., 2001; Chandrasekaran et al., 204&l}. processing
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Chapter One| General Introduction

routes have been used to prepare electrical glass ceramics, presenting a potentially
reduced number of processing steps as an advantage (Fanelli et al., 2011; Yongsiri et
al., 2014; Zheng et al., 2016).

Figure 11. Schematic werview ofthegeneralntroduction ChapterOne).

1.2.1.Electrical Ceramic and GlassCeramic Materials

Electrical ceramics cabe classifiednto piezoelectric, ferroelectric and dielectric

materials

1.2.1. Ferroelectric Ceramics
Ferroelectric ceramicsare characterisedby the generation of spontaneous
polarisation under an applied electric field or mechanicalstress to form permanent
Page2




Chapter One| General Introduction

electricaldipoles which canbe reorientedswitched) by the application oin external
electric field to reversthe polarisation Valasek first discovered ferroelectricity 1920
during work on Rochelle salt(Buchanan, 1986) Later, ferroelectric materials
historically developedn terms ofceramic compositions of barium titang®aTiOs),
lead zirconate titanat@hb(ZrTi)Oz), alkali niobategKo.sNao.sNbOs) and alkali bismuth
titanates (Bio.sNaosTiO3) from 19401960, to beutilised in the many applications
including sensors, transducers, memory cells, energy harvesters and adfiKiatars
et al., 2018)Ferroelectric behaviour depends significantly ongihape of théysteresis
loop (polarisation versus electric field), which shows nonlinepolarisation as a
function ofanelectricfield (Buchanan, 1986 hysteresis loop plot of ferroelectricity
depends on three main factors; coercive fiéld) (placedon thex-axis exhibiting at
zero polarization, spontaneous polarizatiBg) @nd remant polarsation Pr) placedon
the y-axis displaying on the zero electfields, as shown irFigure 1.2 (lvanov et al.,
2018).

Figure 12. Ferroelectric hysteresis lodlvanov et al., 2018).

1.2.2. PiezoelectricCeramics

Piezoelectricity canbe definedas the development of an electric charge by
applying mechanical stress. The generated electric ifgbioportioral to mechanical
stresqJaffe, Cook Jr, & Jaffe, 197.1piezoelectricity was first discovered by Pierre and

Jacques Curien 1880 when theytried to generate an electric charge by applying

Page3



Chapter One| General Introduction

pressure to singlerystal quartz (Uchino, 2012iezoelectric ceramicareferroelectric
materials Ferroelectric behaviouis not exhibitedabove the Curie temperaturecfl
and the ferroelectric transitiooccursbelow the Curie temperature €J to induce a
polar axis which leads to spontane@adarisation The piezoelectric stathus occurst
the same timasthe ferroelectricstate(Duran & Moure, 1986)Piezoelectriceramics
form acritical partof electronic ceramic materialand havebeen usedh many systems
such as communications, medical diagnostics, industmi@mation and energy storage
and harvestingPriya & Nahm, 2011)There are twanaterial classe$rom an industrial
perspectiveof piezoelectric materials; ledzhsed piezoelectric ceramics (lead zirconate
titanate(Pb(Zr, Ti)Q)) and leadfree piezoelectric ceramics (barium titang®aTiOs),
bismuth sodium titanate®io.sNao.sTi03)), potassium sodium nioba{&o.sNagsNbOs),
and bismuth layestructured ferroelectricgPriya & Nahm, 2011)

1.2.2.1.Langevin Transducers

Langevin transducerare givenas anindustrial exampleof ecological piezoelectric
applicationsfor example to findunderwater fish. In Japan, Honda Electronics used the
BNT leadfree piezoelectric ceramics to develop Langevin transducers for ultrasonic
cleaner applications. 0.82BNapsTiO30.15BaTiQ H.03(B1oNaw2) (MnyaNb3)O3
ceramics shova smaller piezoelectric constant (110pC/N), a relative permittivity (520),
and a Curie point (260°C) less than that of hard PA{J©Os (PZT). On the other hand,

the electromechanical coupling factor (41%)asgerthan that of PZT. Also, it exhibits
amaximum vibration velocityk31) up to 1.4m/s and a mechaaliquality factor (500)
(Priya & Nahm 2011;Tou et al, 2009).

1.2.3. Dielectrics

Dielectric materials can baefined as electrical insulatorend havebeen usedh
many applications such as capacitansl transducer@oulson & Herbert, 2003Most
ceramicmaterialsexhibit dielectric propertes. Whendielectric materialsare subjeced
to an external electric fieJdthis leacs to the modification in dimensions. The
dimensioml change results from transportation of chargdyere positive charge
(cations) transpaosttoward theexternal electric field direction and negative charge
(anions)move in the opposite direction, which leads to the formatigotarisationand
development of a dipole mome(arghussian, 2015; Vijaya, 2013)
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Chapter One| General Introduction

1.3. Piezoelectric Ceramicand GlassCeramic Materials

Piezoelectric ceramic can be classifiedy chemical composition and their

propertiesareexplaired asfollows:

1.3.1. Lead Zirconate Titanate (PZT)

Lead zirconate titanatePb(zZrTi)G; (PZT) is one of the most important
compositions and haseen widely usedor many decades as a piezoelecinaterial
(Tiwari & Srivastava, 2015)Shirane et alfirst discoveredPb(ZrTi)Os as a solid
solution in 1954Kimura, Ando & Sakabe, 2010andsince then ihasbeen extensively
used in electronic applications such as piezoelectric actuators, transducers, ferroelectric
memory devices, stalglers, modulators, parametric amplifiers, and sen&usowiak,
Kupriyanov & Czekaj, 2001; Xu et al., 2018ZT ha& a perovskite structure dhe
ABX 3 general formula, where Pb(ionic radus 1.18 A) occupiesthe A-site, and Z
(ionic radus0.72 A) and Ti** (ionic radus0.61A) occupythe B-site, and G occupies
the X-site in the ABX structure(Kamakshi, Rao & Rao, 2015PZT ceramics have
excellent ferroelectric and piezoelectric propertigeluding a coercive field of 1
kV/mm and a remnarptolarisation of 35 pC/cnf, a strain of 0.1%0.2%, and a Curie
temperature between 3@Wto 400C (Rddel et al., 2009)Although PZT has excellent
ferroelectric and piezoelectric propertibewever, the EU banned lead from electronic
devices in 2006, leadg to searches for Hbee piezoelectric ceramic®ZT faces
further pressuredue to the evaporation of lead oxide (PbO) at sintering temperatures
abovel28CC during the processin@iwari & Srivastava, 2015; Wang et al., 2001)

1.3.2. Barium Titanate (BTO)

Barium titanateBaTiOs (BTO) is a leadfree piezoelectric ceramithat has been
widely used for electronic applications such as multilayer ceramic capacensors,
piezoelectric actuators and transdud@dkathy el al., 2017; Dai et al., 201BTO was
first discovered asa piezoelectric ceramic during World War II, by Waimand
Salomon in 1942, Ogawa in 1944 and Vul in 194B4ran & Moure, 1986; Uchino,
2012) BTO ceramics have a perovskite structuin ABX 3 general formula, wherine
A-site is occupied by B#, the B-site by Tf* and Xsite by & (Abdul Hamid etal.,
2015) BTO ceramics have high dielectric constant; howekeir application ranges
limited by theirlow Curie temperature(12°C) which limits their high-temperature
applicationgNayak et al., 2014 Barium titanate has differeperovskitephaseswhich
dependon temperaturerhombohedral (belowd0°C), orthorhombic (betweerfG and-
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Chapter One| General Introduction

9(°C), tetragonal (between°G and 126C) and cubic (above 120), as shown in
Figure 1.3 (VillafuerteCastrejon etlg 2016).

Figure 13. Phase temperature of BaEi(¥illafuerte-Castrejon et al., 2016)

1.3.3. Bismuth Sodium Titanate (BNT)

Bismuth sodium titanate, BiNaosTiO3 (BNT) is animportantcandidate leafree
piezoelectric ceramjcand wasfirst discoveredoy Smolenskii and colleagues in 1960
(Priya & Nahm, 2011)BNT ceramics have been used for ecological applications such
as Langevin transducers utilized flocating fishunderwater{Tou et al., 2009) non
contact sensing applicatiofSharma, Chauhan, & Kumar, 201@hermal detectors
(Liu et al., 2018) luminescent ferroelectriog®an et al., 2018)piezoelectric actuators
(Zhu et al., 2018pnd energy storage applicatio(@Ghandrasekha& Kumar, 2016)
BNT has a perovskite structure (ABXvith a rhombohedral ferroelectric phase at room
temperatureyherethe A-site is occupied by Bi and N4, the Bsite by Tf* and X-site
by O%. It has two main phase transition temperatunae isthe Curie point(tetragona
cubic phase transition) at 320°@nd another isthe ferroelectric phase transition
temperature (rhombohedratetragonal phase transitionat 200°C BNT exhibits
excellent ferroelectric properties f@ge remrant polarisation R | & ’F@ones &
Thomas, 2002)However,it shows relativel high coercive field (73kV/cin(Pardo et
al., 2018)
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1.3.4. Potassium Sodium Niobate (KNN)

Potassium sodium niobatep ¥NaosNbOs (KNN) is anotherpromising leadree
piezoelectric ceramic. It has a perovskite structure (4BXth an orthorhombic phase
at room temperatureyherethe Asite is occupied by Kand N4, the Bsite by Ni*
and Xsite by G (Panda & Sahoo, 2015t has been usedh a number of many
applications such as medical diagnastisonar) (Lusiola et al., 2016) energy
harvestingKim et al., 2016; Kumar etl., 2016; Zheng et al., 2017; Zheng et al., 2018)
energy storag€Zheng et al., 2016)ptical compting and information processingin
et al., 2017) KNN leadfree piezoelectric ceranschave two key phase transition
temperaturesone isthe orthorhombietetragonal phase transition (200°C), déinelother
is the tetragonaicubic phasdransition (420°C). It has a relatively high Curie point
(420°C)making it potentially useful in higtemperature application3his compound
has a high rermamt polarisation & PP However, it is difficult to achieve high-
densityceramicbecause oft is hygroscopic nature and volatility of alkaline oxides such
as KO and NaO during processin§Jenko et al., 2005; Priya & Nahm, 2011; Shrout &
Zhang, 2007)

1.3.5. Dopants

Many differentdopantshave been studied with the aim of improvingrwdifying the
electrical and physical propertiestmémuth sodium titanate (BsNao.5TiO3) andpotassium
sodium niobate (KsNao.sNbQs) leadfree piezoelectric ceramics. According to the
perovskitestructure (ABX), there arehreetypes of modifiers:

i. A-site dopants such as ThSpB”, La®*, Nd**, B&*, and St*.

ii. B-site dopants such asTasSc”, Fe’*, and Mdg*

iii. X-site dopants such &and Ci (Panda & Sahoo, 2015)

Mainly, according to the compositional substitution of each of BNT and KNN

ceramics, there are three types of modifiers used:

i. Isovalent modifiers: this kind of dopant hasimilar valence and ionic ragto
the replaced ion, for example, Sfdionic radius0.68 A) substitutes N¥ (ionic radius
0.69A) and SA* (ionic radius0.71A) substitutes T (ionic radius0.68A).

ii. Donor modifiers: this type of additives a higher valence cation, that means,
Ba?*, S, La®* and SB* for modificaion of theK* or Na* site W®™ for substitutionon

theNb°* site, and T& and SB* for modificationof the Ti** site.
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iii. Acceptor modifiers: this type of doparg alower valence cation, that means,
S¢S, Fe, AlI*T and Mg for modificationof the Ti%* site Zr** and SA* for substitution
on theNb®* site and B&*, SP* and K for substitutionon theBi3* site (Panda & Sahoo,
2015; Priya & Nahm, 2011)

In addition to doping with single cationdoping or mixing with multiple cations

or compoundsgan also b@erformed:

i. Doped BNT: BNT ceramics hadeeenpreviously dopedvith SrZrO; (Magbool
et al., 2014), Bi(MgsTio.5)Os (Aman Ullah et al., 2015 Nd.5Ta0.5)xO3 (Cheng et al.,
2015), KNbQ (Jiang et al., 2014), CuO and NiO (Kakroo et al., 200&)O (Chou et
al., 2011), and E©3 (Aksel et al., 2010) the effects of mentioned doped on the

properties has explained in the chapter two literature review.

ii. DopedKNN: KNN ceramics havdeenpreviously dopedvith Bi(Mgo.5Tio.5)O3
(He et al., 2013)Dy203, ErO3, EwOs and PgO11 (Du et al., 2017)MnO- (Tian & Du,
2014), TiQ and ZrQ (Vendrell et al., 2015)Fe0Os (Coondoo et al., 2015), CuO
(Alkoy & Berksoy-Yavuz, 2012), ZnO (Ramajo et al., 2014) angDy(Kambale et al.,
2017) the effects of mentioned doped on the propertisdescribed in the next chapter

literature review.

1.4. Perovskite Structure

The perovskite structuiis derivedfrom the name of Lev Perovskite, wimrked
on the mineral perovskite, CaT#Jin 1839 in the Ural MountainsThe perovskite
structurehas a generalformula of ABXs;, where A isthe larger cation (monovalent,
divalent, ortrivalent cations such as B4, Bi**, Na', and K); B is the smallercation
(pentavalent, tetravalent, or trivalent elements, such“asNb*, and F&") and X isan
anion(usually G") (Petrovic & Bobic, 2018)The perovskite structure showise A-site
cationat the cornes, the B-site cationin thebody cente, andthe X anion in the centre
of each faceas shown in Figre 1.4 (a). The perovskite structure has many phases; a
cubic phase appesaat ahighertemperature thancl and anorthorhombic phaseccurs
at alower temperature thancl which displays spontaneoysolarisation in the [011]

direction as shown iRigure1.4 (b andc) (Zheng et al., 2013)
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Figure 14. (a) perovskiteABX 3 structure, (bunit cell in the cubic perovskite phase,
and (c) unit cell in the orthorhombic phg&heng et al., 2013)

Titanates, niobates, zirconates and -+eagh materialshave beenwidely
investigatedas perovskite and ferroelectric compounds. A significant number of
elements present in the periodic talvlay be accommodatea the perovskite structure

of piezoelectric compounds as showrkigurel.5 (Petrovic & Bobic, 2018)

Figure 15. A periodictable of elements with elemeriteat carbe accommodateid the
perovskite structur@etrovic & Bobic, 2018)

Many electroceramiccompoundsadopt theperovskite structuresuch as lead

zirconate titanate (PbZrT#d barium titanate (BaTi§), bismuth sodium titanate
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(BiosNaonsTiO3) and potassium sodium niobate o@lansNbOs). The perovskite
structure forthe compounds mentioned above explained in the previous section

(section 1.3).

1.5. Processing Routes

The global ceramic material is approximate 75 (Carter & Norton, 2007).
Advanced ceramics form about 17% of annual ceramics sales, whibk second
largest sector of the ceramiadumstry. Electrical and electronic ceramics fors0% of
the advanced ceramiaswarket These &ctrical ceramics include bismuth sodium
titanate, potassium sodium niobate, barium titanate and lead zirconate titanate, which
have beenused in many applicationsuch as capacitors, varistors and transducers
(Carter & Norton, 2007)Therefore, the importance tifie presentprojectto develop
new processing routdsr these materialsuch as microwave sintering processing and
melt processingandconventional soliestate sintering processing electrical BNT and

KNN ceramics and glasseramics

1.5.1. Conventional Solid-State Sintering Processing
The most widely-used synthetic processing routéor preparing solid

ferroelectric (piezoelectric) ceraasi is solidstate sintering processing(Figure 1.6)

ODOLp., A0A8)Okis process is widely used in industry andlaboratores to
preparea wide range of ceramic material8lthoughit is the simplest anthostwidely
usedmethodto preparepiezoelectric ceramics, it has drawbacks such as high sintering
temperature (500°C-2000°C) that require high energy consumption and long sintering
times (Smart & Moore, 2016)Consequentlythis processouteis energyintensive and
contributes significartly to humanmadeCO, emissions. 8lid-state sintering includes
many stepsthe first step is preparing the starting raw materials such as oxides and
carbonates. The reactant powdare accurately weighedccording to the compound
stoichiometric formulaThey are themixed, milled and calcined ODOLp HW.DO
Wet milling is oftenused to prepare thaw materials fopiezoelectric ceramicgne of
the most suitable machis& grindvery fine powders with grain sizelselow 10pum is
ball milling (Ralaman, 2003) During the calcination step, reactions occur between
reactant powders (oxides, hydroxides and carbonates) to decompose most of the
hydroxides in the range (280-550°C) (Busca, 2014) The ekleaseof CO, for
Ko.sNao.sNbOs occursin the calcination temperature range 400700°C, as shown in
reactionequation1.1 and Figrre 1.6, andfor BiosNaosTiO3 ceramics it occursin the
calcination temperature range 8G8650°C, as shown in reaction equatidn2. After
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calcination, the powdsrarewet milledagain, andine powder compactare preparedt
specific pressureusing uniaxial or isostatic prasg to produce pelletsThe final step

is sintering he green pellets at high temperatur@€ DOLp HW .[5@teringis
consideredne ofthe essentiabteps in ceramic processing/formatioandoccurs under
heating without reaching the atten state.There are two types of sinterinthe first
occurs when particles join together under heating without reatchangolten state
during ceramic processing/formatiprhis is called solidstate sinteringThe second

type occurs when patrticles join together under heatini¢st in the molterstate for one
componenor more forming ceramic component during ceramic processing/formation
and cwling, which is called liquiestate sintering.The joining of particles occurs
driving force effect, which leads tthe surface tension and fusioof the particles
creatinga solid ceramicwith the formationof grain boundariesThe driving force for
solid-state sintering is the difference in the free energy or chemical potential between
the free surfaces of the particles and the points of contact between adjacent particles
(Richerson, 2005)The sntering stepreducea porosity andenhanceghe densification
(density) and mechanical strength ceramic componest(Rahaman, 200Xingery,

1958)

K2COs + NaCOs + 2NIpOs = 4Ko sNag sNbOs +2C O Equation 11

Bi2O3z + N&oCOs + 4TiO2 = 4Nay sBios5TiOz + CO Equation 12

Figure 16. Reaction sequence during firing of KNN using conventional siate
sintering processin@dopted fron{Kingery, 1958).
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Figure 17. Flow diagram of glid-state sintering processiiii§ingery, 1958).

1.5.2. Microwave Sintering Processing

Microwave sintering is a novel processingute for ceramic technology when
compared with conventionablid-statesintering(Rajkumar & Aravindan, 2009)The
main aimof usingthis technologyin ceramicprocessings saving energy and lowering
sintering time reducing processing timg@nergy and C®emissons) (Bykov et al.,
2001; Chandrasekaran et al., 2018% described in the previous sectiorgramic
processing includes many stegmwder preparation, weighing, milling, calcination,
presing/forming and the final sintering step(Agrawal, 2010) Mainly, microwave
sinteringproceedddy internal heat generation via absorbing electromagnestdiation
with wavelength (1slmm) and frequency (300MH200GHz). The most common
frequeng is 2.45 GHzthat is used irkitchen microwavesecause there is strong
coupling with water molecules at this frequency. Frequenci28@&0 GHz and 915
MHz havebeen usedor research and industifAgrawal, 2013) Microwave heating
dependsmainly on the dielectric constant and dielectric loss factbmaterials for
example; water has dielectric constant (77) and dielectric loss fd@&prindeed,the
dielectric constant refers the storage ofelectric energyHowever the dielectric loss
factor indicateghe generation of hediy the dissipationof electri@al power Therefore,
heat generation of materiadby microwave radiatiomequiresa considerable dielectric
constant and high dielectric loss factor, indechby absorbingmicrowaves and
dissipating electromagnetic energyg heat(Birla & Pitchai, 2017; Chandrasekaran et
al., 2012)
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1.5.3. Melt Processing

The meltquenchmethod isthe most commonlysedprocesdor almost all
glass products. This process involves raw materials seleB@dch componestconsist
of glass formes such as silica (Si£), phosphoric oxide @s) or boric oxide (BOs) to
form glass;fluxes to reducethe melting temperaturee(. Na2O, K>O and PbO)
modifiers to improve durability and/or reduce melting temperatag. MgO, CaO,
SrO, BaO and ZnO) angroperty modifiers to adjust propertiesd. TiO», FeOs and
Al203). Drying the raw materials is then carried out to remove moisture. Followatg t
the raw materials are weighed according to stoichiometric batch calculations, and mixed
to provide batch homogeneity. The mixed batch then passes to the final melting step to
prepare the glass melt. The first step of glass melting is heating untidiséure is
released and dehydration of the batch is complete, then liquid phase formation occurs by
melting the carbonate raw materials and others, which form eutectic mixtures. The final
stage involves dissolution of refractory oxides (e.g.2&i@ Al203) in the liquid phase,
forming the viscous melt. Control of both melting time and temperature is essential to
enable the chemical reactions to complete and the glass melt to homogenize. Finally, the
glass melt is poured and formed into shapes. Theé d¢asling rate prevents
crystallisation and instead forms an amorphous phase. Annealing of the product is then
carried out to remove thermal stresses (Narottam P. Bansal & Doremus, 1986; Shelby,
2005)

1.6. Aimsand Objectives of the Project

This project ains to understand the potential nbvel processing routes such as
microwave sintering and melt processing, to prepeadfree electrical ceramics and
glassceramics (bulk and fibre) using BNT and KNN compositioBBIT and KNN
ceramics have beenommercially manufactured using soklstate processing route
However due to the long time to prepare ceramics7days), andhigh energy
consumption (2&kWh) through usingordinaryfurnaces, it was necessary to search for
novel processing routesffer that lower processing GOemissions andimes, and
energiescost of leadfree electricalceramicproduction.The aims and objedtes are

summarisedn Tablel.1.
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Table 11. Aimsand objective of the present project

Processing route (aim)

Solid-State Processing

Microwave Processing

Melt Processing

State of aim

Conventional x

Novel X

Novel X

1.7. Contribution to Knowledge

Objective

Using processing as baselineto
compare results with nove

processing routes

Reducing energy consumptiol
(0.4 kWh)

Loweling sintering time to the
20-25minsin the present project
Reducingprocessing time.
Reduce processing tim& the
three days is by reducing
processing step® 5 stepsin the
present project.

Preparing electricaglassceramic

fibres.

The present project offers novelty through using microwave sinteringraattd

processing routes with the aim of developing electrical ceramics andcglassics

including fibre manufacturing. Thaurrentprojecthas contributedb:

i. Solving the issue of umterrupted electricity supply (> 10 hours) for
electrical furnaces (conventional sintering), a major problem in many

countries such as Iraq, by reducing the need for uninterrupted electricity

supply (<25 min) foamicrowave oven in ceramic research anodpction.

ii.  Producing electrical ceramics during short sintering time using developed
microwave sintering processing, with single phase and enhancing the
densification (density) and electrical properties (polarisation and strain

versus electric field) asummarised in chapter six conclusions and future

work.
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iii. Reduced sintering times and energies by using microwave sintering.
Equivalent properties have been achieved between-salid sintering
processing and microwave sintering processing routes.

iv.  First useof microwave susceptor disks consisting of 50wt% graphite,
30wt% SiQ, 10wt% MmOz, 10wt% FeOs, to accelerate sintering times
(20-30 mins) for BNT and KNN ceramics.

v. Demonstrabn of low cost, readily accessible firing procedures for
electroceramics in developing countries.

vi.  Conventional BNT and KNN sintering processing shows enhancing the
densification with increasing the sintering temperature to /@0 whilst
exhibiting piezoelecic behaviour.

vii.  FeOs doping d BNT and KNN ha reduced sintering temperature with
improving densification.

viii.  Developinga melt processing glageramic production route with potential
for KNN formation with further development.

ix. Demonstrated the potential for KNN glassramic fibre formation routes

with further development.

1.8. Thesis Outline

Chapter one describes electrical aterials,perovskitestructure, piezoelectric ceramic
materials, theoretical processing routes and the aim and objectives of the present

project.

Chapter two describes previous researcbhncerningprocessing routes aridadfree

electricalceramicmaterias which havebeenused

Chapter three concers experimental processing routes such as conventionat solid
state sintered, novel microwaveteired and novel melt processingisitalso consided

the analytical techniquet® investigate thecomposition, structure and properties of
electrical ceramics and glassramics, Xray diffraction, Ramanspectroscopy,
scanning electron microscopdifferential thermal analysis, density, amolarization

and strain versus electriefd.

Chapter four considerspureandiron-dopedBNT ceramics prepared by three different
processing routesconventional soliestate sintering processing, microwave sintering

processing and melt processing.

Pagel5



Chapter One| General Introduction

Chapter five concerngpureandiron-dopedKNN ceramics prepared byree different
processing routesconventional soliestate sintering processing, microwave sintering
processing and melt processing.

Chapter six considers conclusions and future work.
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Chapter Two

Literature Review

2.1.Introduction

Chapter twoconsidersprevious researchelevantto the processing routes and

electrical materiastudied as shown ifrigure2.1.

The bestperforming piezoelectric ceramithat has been used is lead zirconate
titanate, Pb(ZrTi)G: (PZT), with excellent ferroelectric and piezoelectric properties.
However, PZT has toxicity andolatilisation of lead oxide (PbO) at higher sintering
temperatures Also, lead was banned in electrical equipment in the EU in 2006,
thereforehave beerfiaang a limitation in usen Europe (Pal, Dwivedi & Thakur, 2014;
Rahman et al., 2014; Rodel et al., 2009). So farium titanate (BTO) is a Plbree
piezoelectric ceramic théitasbeen used to replace PZT ceramics (Alkathy et al., 2017;
Dai et al., 2017)However, BTO ceramics have low @temperature (12€) which
leadsto areductionin the range oépplication at higher temperature than 2(Nayak
et al., 2014) Leadfree potassium sodium niobate ceramicy.sKaosNbQOs, has been
identified as a prorsing material for the replacement of PAHowever, it is difficult to
achieve a high densitin these ceramickecause of the hygroscopic nature and
volatility of alkaline oxides such as;® and NaO (Jenko et al., 2005; Priya & Nahm,
2011; Shrout & Zhag, 2007). Another leaffee piezoelectric ceramic BNT, which
hasbeen used for electronic materials. BNT gk piezoelectric cerami¢tgvea high
Curie point (320°C) andlisplay excellent ferroelectric properties (a large remnant
polarisationR | & ?F(Pones & Thomas, 2002). However, BN@ramics havaigh
conductivity and relatively high coercive field (73kV/cm) awhit volatile materials
such as Bi or Na or BiNaosat hgher sintering temperatulsgPardo et al., 2018).
Conventionalsolid-statesintering (Hollenstein, Damjanovic & Setter, 2007; Li et al.,
2017; Malic et al., 2005; Takao et al., 2006; Vendrell et al., 2016), hot press (Fisher et
al., 2008; Qin et al., 20)5sotgel (Kang et al., 2011; Wiegand et al., 2012; Xu et al.,
2008), and hydrothermal processing (Bai et al., 2017; Hao et al., 2014; Wang et al.,
2016), haveall been used in the last few decades to prepare piezoelectric ceramics.
However, all of thesepreparation methods have the disadvantage of long processing
times of 4-5 daysandthe needfor long sintering times of more than 18h to manufacture
BNT and KNN ceramics (Feizpour et al., 2014). Therefore several researchers have
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studied other processing routes to prepare BNT and KNN ceramics, for example
reducing sintering time to 200min without saking time usingnovel microwave
sintering processing (Chiang et al., 2013; Feizpour et al., 2014; Ramana et al.Jr2011).
addition, melt processing has been used to manufacture electrical KNNcgllasscs

by some researchers, reducing time procesaitttprocessing steps, by excluding wet
milling steps thatireused in soliestate sintering that may taked42days (Fanelli et al.,
2011; Kioka, Honma & Komatsu, 2011a; Yongsiri et al., 2014; Zheng et al., 2016).

L

Figure 21. Overview oftheliteraturereview ChapterTwo).

2.2. Literature Review

The most promisingpropertiesinclude giant stain (45%) fol0.92BNT-0.0&8BT-
0.02KNN ceramics prepared by sebthte sintering processing (12003h) (Zhanget
al., 2007); thebest remnant polarisation (43.6uCRmfor pure BNT ceramics
manufactured by solidtate sintering processing with sintering temperature of
1150C/2h (Jiang et al., 2004 the best normalised strain(dsz* = 625 pm/V) for
0.75KNN-0.25SrTiQ ceramics andthe bestpiezoelectric constan{dzz = 700 pC/N)
for 0.78KNN-0.22SrTiQ ceramicspreparedby solidstate sintering processing with
sintering temperature of 11%&/2h (Duong et al., 2018)These examples represent
some of the excellent characteristics of the BNT and KNN ceramics.

2.2.1. Solid State Sintering Processing
2.2.1.1. BNT Ceramics

BNT ceramics should be sintered at more than %208s a high sintering
temperatures neededo obtain dense ceramics. However, sintering BNT ceramics at >
1200°C causs difficulty in polingof theceramics, which is due to the evaporation of Bi
at more than 1,13C. Therefore, the BsNaosTiOs shouldbe sintered at 1,100 and
lower, as Priya and Nahm reported (Priya & Nahm, 200l)e relevant previous

studiesare summarsedin Table2.1.
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Table 21. Summary of propertiesor undoped BNT cerami¢cpreparedusing solid-
stateprocessing

Citation

Calcination
temperature
ftime

Sintering

temperature

ftime

Properties

Maqgbool
et al.,
2014

850°C/2h

1150C/2h

x PureBNT perovskitephase (100%).

Average grain size of 25.2 um

Saturated HE hysteresis and butterfly-iS loops
indicating ferroelectric properties

Remnant polarisation (30uC/&n

Coercive field (55kV/cm)

Maximum trainof 0.08%.

X X

Aman
Ullah et
al., 2015

80C°C/2h

115CC/2h

X |IX X X

Single BNT perovskite phasg100%) with
rhombohedral symmetry.

Average grain size of 5 pm.

Saturated HE hysteresis and butterfly-IS loops
indicating ferroelectric properties.

Remnant polarisation (28uC/én

Coercive field (58kV/cm)

X X

Cheng et
al.,2015

85(°C/2h

1150C/2h

Pure BNT perovskite phase (100%).

Average grain size of 2.2 um.

Saturated typical ¥ hysteresis loop#ndicating
ferroelectric properties

Remnant polarisation (24uC/én

X X X |X X

x

Jiang et
al., 2014

1150C/2h

x Pure BNT perovskite phase (100%)with
rhombohedral symmetry.

x Saturated HE hysteresis and butterfly-iS loops

indicating ferroelectric properties.

Remnant polarisatiort8.6uC/cm).

Coercive field $3.5kV/cm).

Maximumstrainof 0.07%.

Kakroo et
al,, 2016

750°C/2h

1100C/2h

X | X X X

Singe BNT perovskite phase (100%) w,
rhombohedral symmetry

Average grain size of 2 um.

Remnant polarisation (2.76puC/én

Coercive field (12.31kV/cm).

Wei et al.,
2018

850°C/4h

1150C/4h

X | X X X

Pure BNT perovskite phase
rhombohedral symmetry.
Average grain size of 7 pm.
Saturated HE hysteresis and butterfly-iS loops
indicating ferroelectric properties.

Remnant polarisatior26uClcnt).

Maximum strainof 0.07%.

(100%) w

xX X

Chou et
al., 2011

800°C/3h

900-105CC
/3h

Pure BNTperovskite phase (100%)

Relative density (81.8% of theoretical density)
80C°C/3h (calcination temperature) and 180(Bh
(sintering temperature).

Khamman
, 2014

1100C/2h

x Pure BNT perovskite phase (100%) w
rhombohedral symmetry.
X Average grain size of 2.5 ym.

Fujii et
al., 2016

1100C/2h

x Pure BNT perovskite phase (10Q%)
X Relative density (95% of theoretical density).

Pagel9




Chapter Two| Literature Review

Watcharapasorret al. (2007) (Watcharapasorn, Jiansirisomboon & Tunkasiri,
2007) investigated BisNeaosTi i[F&O i | (FeEBNT) ceramics usingsolid-state
processing, where x ranged from O to 0.15mol%. The composition was calcined at
800°C/2 h and sintered between 850 and 1000°C{®D showeda pure perovskite
phase without secondary phaskesall Fe-BNT samplesthe (200)peak position shifted
to lower anglewith increasingFexOs contents SEM images displayed very porous
samples with smaller grain sizes fuureBNT ceramics andenser sampsawith larger
grain sizes for 0.15mol%HBNT ceramics sintered at 850°C. The highest relative
density of 95% appeared at 1000for 0.15mol%FeBNT ceramics. In this work, Pé
substitution in the same sitas Ti** can generateoxygen vacanci in the BNT
perovskite structure that assistedreducingthe sintering temperature from 1000 to
850°C and promote densification.

Aksel andgroup (2010) (Aksel et al., 2010jnvestigated iron doped BNT (Fe
BNT) ceramics, synthésed by solid-state sintering using sintering temperature
110®C/2h, and iron content ranged from 0 to 5mol%. XRD patterns shemede
phaseBNT for all samples. Adding iron to the BNT displayed d¢feomplexes of
oxygen vacancies in the perovskite structatibuted to substitution of Eein the T
B-site ofthe perovskitestructure, which leads to the formation of pseudocubic phase in
the BNT lattice, due to lattice distortion of c/a for rHwyhedral phase at room
temperatureAlso, Fe doped BNT ceramics leadit@reasesn the coercive field with

increasing F€Os.

A significantnumber of researchers have worked to improve density, microstructural,

and electrical properties by studying the effect of dopants on the BNT ceramics using
solid-state sintering processing route, a review of dopants effect on the density,
microstructural and electrical properties of BNT usisglid-state sintering processing

are described below and shown in Table 2.2.
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Table 22. Summary of dopangffecs on the properties of BNpreparedusingsolid-
statesinteringprocessing

Citation | Stoichiometric Sintering Properties
formula temperature
/time
Magbool | (1-x)BiosNaosTiOs | 115FC/2h |x Pure BNT perovskite phase (100%yith
et al., KSrZr0O;, pseudocubic symmetry
2014 x = 0-0.15mol% x Average grain siz€.4 um, at x=0.10%).
x Saturated typical H& hysteresis and butterf
S-E loops shape identical to ferroelectri
property.
x Remnant polarisation (32uC/érat x= 5%).
x Coercive field (35kV/cm, at x=0.05%).
X Maximum strain(0.24%, at x=0.09%)
Aman (1-x)Bio.sNaosTiOs | 115FC/2h |x Single BNT perovskite phase (100%) w
Ullah et | &Bi(Mgo.5Tio:5)0s, rhombohedral symmetry.
a., 2015 | x = 0 to 6 mol%. X Average grain size (1 um, at x=0.06).
x Saturated typical 4& hysteresis loops shaj
identical toferroelectric property.
x Remnant polarisation (38uC/é&rat x= 0.04).
x Coercive field (43kV/cm, at x=0.04).
Cheng et| Bio.sNao.sTi1x 115C¢C/2h |x Pure BNT perovskite phase (100%).
al., 2015 | (Ndo.5T@0.5)xOs, x Average grain size (4.9 pm, at X=06%).
x=0 to 1.2mol%. X Saturated typical £ hysteresis loops shap
related taheferroelectric property.
x Remnant  polarisation  (34.7uC/ém at
x=0.06%).
Jiang et | (1-x)BiosNaosTiOs | 1150FC/2h |x Pure BNT perovskite phase (100%) wite
al., 2014 | XKNbOQOsg, coexistencef rhombohedral and orthorhomh
x=0 to 8mol%. symmetries.
x Slimmed PE hysteresis and-§ loops shapg
related to relaxer behaviour.
x Remnant polarisation (1.8uC/énat x= 0.06).
x Coercive field (5.6kV/cm, at x= 0.06).
X Maximum strain(0.28%, atx=0.06).
Kakroo | (Nao.sBio.s)TiOs- 1100C/2h |x Pure BNT perovskite phase (100%)
et al., XCuO-yNiO, x=y=0-0.04, however appearing additiong
2016 x=y=0 to 8mol%. phases of x=y=0.06
X Average grain size (4 pm, at x=y= 0.06).
x Remnanpolarisation (9.12uC/cfy at
x=y=0.08).
x Coercive field (8.00kV/cm, at x=y= 0.08).
Wang et | 0.94(BbsNaps) TiIO | 1130°C/5h |x Pure BNT perovskite phase (100%) with
al., 2018 | 3 .06Ba(Z6.0s5 combination of rhombohedral and tetrago

Ti0.04503

phases

X Average grain size of 1 pm.

x Saturated typical 4& hysteresis loops shaj
related to ferroelectric behaviour.

x Remnant polarisatior88.7uC/cnv).

X Maximum strainof 0.2%.
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Citation Stoichiometric formula Sintering Properties
temperature
/time
Wei et al.,2018 | (1-x)BiosNaosTiOz - | 1150C/4h |x Pure BNT perovskite phase (100§
xBa(Zrno.sNbo 7)Os, with rhombohedral symmetry (x=(
x=0 to 7% mol%. 5%) and pseudocubic symmet
(x=6-7%).

X Average grain size (1 pm, x=6%).

x Slimmed PE hysteresis and -&
loops shape related to relaxe
behaviour at x=6%.

x Remnant polarisation (5uC/énat

X= 6%).
X Maximum  strain (0.04%, at
x=5.5%).
Chou et al., CuO doped BNT, 900-105C°C |x Main BNT perovskite phaseand
2011 CuO =0 to 8wt%. /3h secondary CuO phase have appes:

for all CuO doped BNT ceramics.

x Relative density 96.7% of
theoretical density), at4wt%Cu
BNT ceramic, calcined at 760/3h
and sintered at 95G/3h.

Khamman, BiosNapsTiixGe Oz, | 1100C/2h |x Pure BNT perovskite phase (100%
2014 X = 0-20mol%. (x=0), x Average grain siz€0.3 pm, x=0.2
1000C/2h and 900C/2h sintering temperature
(x=0.05), |x Relative densityq4% of theoretical
90C0°C/2h density, at x=0.15 and 92% of
(x=0.1-0.2) | theoretical density, ax=0.20, with
90(’C/2h sintering temperature.

2.2.1.2. KNN Ceramics

Sintering temperature has sgnificant effect on the density, structural and
electrical properties gbure KNN ceramics produced usirgplid-stateprocessing. It is
difficult to sinter KNN ceramics more than 1200 which is due to theolatilisation of
alkali componerg such as PO and NaO. Increasing the volatility of alkali elements
makespure KNN ceramics less dense at higher than 2C0§intering temperatur@he

previous studieare summasedin Table2.3.

Severalresearchers have added dopants to KNN ceramics prepared by traditional
solid-state sintering tomprove density, microstructural, and electrical properties. A
review of dopanteffecs on the density, microstructural, and electrical properties of

KNN usingsolid-statesintering processing described below and shown iadle 2.4.
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Table 23. Summary of properties for undoped KNN ceramipsgparedusing solid-
statesinteringprocessing

Citation | Calcination | Sintering Properties
temperature| temperature
/time /time
Ponraj & | 800°C/5h 1100°C/1h |x PureKNN perovskite phase (100%).
Varma, x Average grain size & pm.
2016 X Saturated typical £ hysteresis loop shapshowing
theferroelectric property
x Remnanpolarisation {OuC/cn).
x Coercive field 4.86kV/cm).
He et al.,| 900°C/8h 1130°C/2.5 |x PureKNN perovskite phase (100%) with
2013 h orthorhombicsymmetry.
X Relative density (97.78% of theoretical density
x Satuated typical FE hysteresis loop shapes,
showingferroelectric behaviour.
x Remnant polarisatiorl6uC/cnt).
x Coercive field {0OkV/cm).
Alkoy & | 90C°C/1h 1100C/4h |x Pure KNN perovskite phase (100%) w
Berksoy orthorhombic symmetry.
Yavuz, X Average grain sizes(um).
2012 X Saturated tyjgal P-E hysteresis loops shapelated
to ferroelectric behaviour.
x Remnant polarisatior88uC/cnt).
Tian & | 850°C/4h 1040 x Pure KNN perovskite phase (100%).
Du, 1140C/2h |x Saturated typical & hysteresis looghaperelated
2014 to ferroelectric behaviour.
x Remnant polarisatior26uC/cn¥).
x_Coercive field 16.7kV/cn).
Vendrell | 700°C/2h 1125C/2h |x PureorthorhombicKNN perovskite phase (100%)
et al., X Average grain size (3.9 um).
2015 x Saturatedypical RE hysteresis loop shapes,
showing ferroelectric behaviour.
x Remnant polarisatior8(5uC/cnt).
x_Coercive field 11.4kV/cn).
Du et al.,| 89(°C/4.5h | 1140C/ x Pure KNN perovskite phase (100%)with
2017 3.5h orthorhombic structure
X Saturated typical & hysteresis and-E loopsshape
corresponding to thierroelectricproperty.
x Remnant polarisation (30pC/&n
X Maximum strainof 0.06%.
Ramajo | - 1128C/2h |x Main perovskite KNN phase with second:
et al, KaNbsO17 phase attributed the evaporation of alk
2014 element at thaéigh sintering temperature.
X Average grain sizel(61 um.
X Remnant polarisation ( & BP
x Coercive field 17.3 kV/cm).
Byunet |- 1110C/4h |x Pure KNN perovskite phase (100%)with
al., 2018 orthorhombic structure

X Average grain size8(um).
x BHPQDQW SRODULVDWLRQ
x Coercive field 7.41 kV/cm)

Page23



Chapter Two| Literature Review

Coondoo andgroup (2015) (Coondoo et al., 2015¥tudied pure KNN and
0.25mol%FeKNN (KNFN) ceramics prepared bysolid-state sintering processing,
where pure KNN ceramics sintered at 1%92h and 0.25mol%FKNN sintered at
98(°C/2h. XRD results showea pureperovskite phase witthe orthorhombicphase at
room temperature. SEM images displayed rectangular grains with larger grain sizes (9
um) of 0.25mol%FeKNN ceramics. Adding F& for Nb>* improved the relative
density to 94% of theoretical density of 0.25mol%HENN ceramics, however it
reduceghe dielectric constant from 650 (KNN) to 430 (KNFN).

Zuo and group (2009)XZuo et al., 2009)investigated (N&sKo.s)(Nbi-xF&)Ozx,
Lay(Nao.sKo.5)1-3yNbOz and (Na.sKo.5)1--La-(Nbi--F&)Oz ceramic compositianprepared

by solid state sintering at 104030C/4h, where x and y ranged from 0 to 4mol% and

z ranged from 0 to 2mol%. XRD results showed single perovskite phase for all samples
sintered at 108, with orthorhombic phase (iron doped KNN) and transitiom the
orthorhombic to pseudocubic phase with increasing y content (lanthanum doped KNN)
and z content (iron and lanthanum doped KNN)e replacement of Ee(0.65A) for

Nb°* (0.64A) does not show any change in the crystal structure because they have
similar ionic sizes, however, the replacement at*l(1.36A) for K* (1.64A) and N&
(1.39A) shows a clear change in the crystal structure and cr@aggen vacancies

SEM imagesshowed that adding B®: to the KNN ceramics sintered at 1200
improved densification with increasing grain sizes from 2.5 um (pure KNN) to the
larger grain sizes of 8.0 um (x=3mol%hligh densificationwas obtained by adding
0.5mol%FeOs and sinteing at 1100C for a maximumrelative density of 97.9% of
theoretical density. Adding 0.25mol¥%a #e03 to KNN ceramics sintered at 108D
improved the remnant polarization to 26.5 uClaompaed with 15.1 uC/cm (pure

KNN) and 21.5 uC/crh(0.5mol%Fedoped KNN).

Chan and group (2011Xhan et al., 20113tudiedSb-dopedKNN (Nao.sKo.sNb1-
xShO3) ceramics prepared tsplid-state sintering between 1000 and 12M@h, where
x ranged between 0 to 0.1rP@l XRD patterns indicated that aBb-doped KNN
samples hépure perovskite structure with no secondary phases, and the phase structure
was completely changedrom tetragonal to orthorhombic at x= 0-07LmoPa.
Densified ceramics wita maximumbulk densityof 4.31 g/cm occurred at 107%&/2h
sintering temperature and x=0.03%0IRelayor hysteresis loop has obtained at (@l

0.1mol and then changed tderroelectric loop at x=0.Z&nd 0.7mol with maximum
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remnantpolarisation of 12.7 uC/cm (x=0.07mol) and minimum coercive field of 9.3

kV/cm (x=0) measured at 120 and 60 Hz frequency.

Cheng and group (2012jCheng, Chen & Yang, 2012)nvestigated the
0.5mol%Ta0s doped KNN ceramics fabricated Isplid-state sintering processing

sintered at differed sintering temperatures from 1060 to ¥@/48h. XRD showedh

pure perovskite phase with orthorhombic symmetry. SEM micrographs exhibited a

densified ceramic with maximum grain sizes 62 Jum at 1100C. The maximum

relative density (97.6%yas obtained at 1100. Hysteresisloop results exhibited

maximum remnantpolarisation of 22 pC/cnt (1100C sintering temperature) and

minimum coercive field of 10 kV/cm (1080 sintering temperature).

Table 24. A summary of dopants effect on the properties of KNN ceramics ssiig
statesinteringprocessing, according to the previous papers.

Citation | Stoichiometric | Sintering Properties
formula temperature
/time
Ponraj | KosNaosNbOs+ | 1100C/1h  |x Pure KNN perovskite phase of xd@vt% without
& x(0.5Lix0O secondary phases, however main KNN perovs
Varma, | 0.5K:0 2B,03 phase with secondary phases oBKO; and LiKBsO;
2016 (glass)) have detected at=1.52wt%.
X=0 to 2 wt%. X Average grain sizeB(um, at x=0.0L
X Saturated typical #E hysteresis loophapeadentical to
ferroelectric property.
x Remnant polarisation22.3uC/cn3, at x=0.01).
x Coercive field £0.6kV/cm at x=0.Q).
He et (1- 1130C x Pure KNN perovskite phase withoubbserved
al., X)Ko.sNapsNbO | (x=0), secondary phases of all samples, with introdug
2013 3 1130C orthorhombic (x=€0.03) and tetragonal (x=0.04
XBi(MgosTios) | (x=0.01), structure. Average grain size (8 um, at x=0.01).
Os, and 1216C |x Relative density (98.89% of theoretical density,
x=0to 4mol% | /2.5h x=0.01).
(x=0.02 X Hysteresis FE loops detected saturdte typical
0.04) hysteresis shapes of x€003 and slimmed shape
x=0.04, referring to the transition of ferroelectric
relaxer behaviour.
x Remnant polarisatior2@.1uC/cn%, at x= 0.01).
x Coercive field $3.16kV/cm at x=0.01).
Alkoy | 1mol%CuO 109C°C/4h  |x Pure KNN perovskite phase (100%) with orthorhom
& doped symmetry.
Berksoy | Ko.sNaosNbOs X Average grain size (40 um).
-2\(()21\;”21 x Propellerlike P-E hysteresis loop shape identical

hard piezoelectric behaviour.
x Remnant polarisation (3uC/én
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Citation | Stoichiometric | Sintering Properties
formula temperature
/time
Vendrell | (KosNaos)(Nby | 1128C/2h  |x Pure KNN perovskite phase (100%) w
et al., x Zrx)  Osx orthorhombic structure.
2015 (KNNZ)  and x Average grain size (2.1 um (0.5mol% KNNZ) al
(Ko.sNao.s)(Nb1 1.7 pm (0.5mMol%KNNT)).
xTix ) Osx x Saturated typical & hysteresis loop shay
(KNNT), identcal to ferroelectric property.
x=0 to x Remnant polarisation (19.8 uC/érior
0.5mol%. 0.5mMol%KNNT).
x Coercive field (15kV/cm for 0.5mol% KNNT).
Lopez 1-x 1100C/2h |x Pure KNN perovskite phase (100%) w
Juarez et| Ko.sNao.sNbOs- orthorhombic structure.
al,, 2015 | xMnO, X Average grain size3(8 um, at x=0.0R
x=0-2mol%. x Adding Mr?* to the KNN ceramics create dipg
defects due to the generation of oxygen vacar
resulting from charges imbalance of substitut
Mn?* (ionic radius 0.83 A) in the Nb (ionic radius
0.64 A) same Bperovskite structure.
x Bulk density (4.27 g/ch at x=0.02).
Du et al., | Addition of 1140C/ x Pure KNN perovskite phase (100%) wi
2017 0.6wt% of 3.5h orthorhombic structure.
each of DyOs, x Average grain size (larger 6.91 pm £Bs added
Er:0s, EwOs KNN) and smaller 1.11 ym (F®:1 added KNN)).
and PgOx1 to x Saturated typical £ hysteresis and -B loops
Ko.sNaosNbGs shape corresponding to ferroelectric behaviour.
ceramics. x Remnant polarisation (39uC/éfor 0.6wt%DyOs
doped KNN).
X Maximum strain Q.07% for 0.6wt% P4O11 doped
KNN).
Byun et | (KosNaos)i- 1110C/4h |x Pure KNN perovskite phase (100%) w
al., 2018 | xAgx NbGs, orthorhombic structure at x8-20mol%, howeve
x=0-30mol% main perovskite KNN phase with secondary ph
and pseudocubic symmetry have detected at x
30mol%.
X Average grain size (3 um, at x= 30mol%).
X BHPQDQW SRODULVDWLRIQ x=
30mol%).
x Coercive field (9.03 kV/cm, at x30mol%).
Tian & (1- 1040 x Single KNN perovskite phase (100%) w
Du, 2014 | X)Ko.sNapsNbO | 1140C/2h coexistence of orthorhombic and tetragonal struc
3-XMnOy, of all samples sintered at 1080
x=0 to X Saturated typical H& hysteresis looghape identica
0.8mol%. to ferroelectric property.

x Remnant polarisation (28.3uC/épat x= 0.004 and

1100°C).

X Coercive field (13.7kV/cm., at x=0.004 and 1301
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Xie HW DO L QY H oW d) NB@HXSr(InpisNbo,5) O3 (KNN-XSIN)
ceramics which weresynthesised using solgtate sintering, where x ranged from 0.05
to 0.25. KNNxSIN ceramicserecalcined at 958/5h and sintered at 12A@270C/5h.

XRD results show single phase withpseudecubic structure for all doped KNN
ceramics withouexisting any secondary phases. Adding 0.25SIN to the KNN presented

relaxor behaviour.

2.2.2. Microwave Sintering Processing
2.2.2.1. BNT Ceramics

Ramaneaet al.(2011)investigated BisNaosTiOs (BNT) ceramicsBNT ceramics
were prepared by microwaverocessing, calcined and sintered at 7@2h
(conventional furnace) and 95/30 mins (laboratorymodified microwave oven),
respectively. XRD patterns showadgure perovskite phase with tetragonal symmetry.
SEM images displayed inhomogeneous distribuitothe shapeand ste of grains with
average graigize of 1 um.The densificatiorhad significantly improved witra relative
density of 99% of theoretical density. At room temperature, the dielectric constant and

loss factomwereconsiderably enhanced to 798 and 0.04, respectively.

Chiang et al. (2013) studied B¢ sNapsTiOz+xZnO (BNT+xZnO) ceramics.
BNT+xZnO ceramicsvere manufacturedby microwave processing, where x ranged
from 0-3 (Wt%). BNT+xZnO ceramics calcined and sintered a®8h conventional
furnace) and 750000°C/30 (aboratorymodified microwave oven), respteely. XRD
results revealethe main perovskite BNT phase without presenting secondary phases of
x=0-1. However themain KNN perovskite phase withe secondaryphase of ZsilO4
wasidentified at higher ZnO contents 0f36. At 1000°C sintering temperature, SEM
micrographs showed a significantreasen average grains sizes from 2.9 to 7.3 pm of
x= 0.1 to 3.0, respectively, Addition of 0.1wt%ZnO to BNT ceramics sintered & 950
significantly increased remnant polarization and ¢doery H ILHOG 180&B39 & FP
N9 FP SXUH %17 ?&MdR58.5k¥/dmPrespectively.

2.2.2.2. KNN Ceramics

Feizpour and group (2014Jeizpour et al., 20143tudied kK sNagsNbOz (KNN)
ceramics. KNN ceramicsvere preparedoy microwaveassisted sintering method,
calcined and sintered at 9%036min and 1118C/36min (aboratorymodified
microwave oven), respectively. XRD results showed pure KNN perovskite phase with

the orthorhombic structure ofthe microwave sintered sampléSEM micrographs
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displayedthe nearly cubiclike shape of grains with average grain sizega8.8 pum.
Densificationwas achieved witla high relative density of 93.8% of theoretical density.
Hysteresis FE loop showedtypical saturatedshape indicating the achievement of
ferroelectric properes. Good electrical results weekhieved at room temperature, for
example remnantpolarisation 18uC/cnt, coercive field 12kV/cm, dielectric constant
(427) and dielectric loss factor (0.035).

2.2.3. Melt processing
2.2.3.1. KNN Glass- Ceramics

Yongsiri andcolleague(2014) (Yongsiri et al., 2014)nvestigated two different
glassceramic compositionsincluding 0.51.0 EpOs doped 70KNNSBO0SI® and
80KNN 20Si& (mol%), manufactured by incorporation processing.sN&osNbOsz
powderwasprepared without mixingvith SiO; by solid-state sintering processing, and
then KNN glassesvere prepared by mixing KsNaosNbOs powder with SiOp, then
meltquenching processing eting at 1300C/15 min. DTA analysis exhibited
exothermic peaks identified at 664, 672, 601, °@)7indicating the crystallization
temperatures for 0.5 ED3-70KNN 8B0Si©&, 1.0 EpOz-70KNN 80Si©, 0.5 EpOsz-
80KNN 20Si&® and 1.0 EfO3-80KNN R20SiG glassesrespectively. Heat treatment
temperatures of 670 and 5@for 4h have been used to prepare DEROs doped
70KNN 80SiG and 0.51.0EpOs doped 80KNN20SIG glassceramics, respectively.
XRD results showed an amorphopatternwith no sharp crystallingpeaks for melted
glass sampledHowever crystalline sharp peaks appeared for heat treated glass samples
as a result othe formation of I§.esNao.3sNbOs glassceramics. SEM imageshowed
grains on heat treated glass samplesnsistent withthe formation of KNN glass
ceramics. The dielectric properties significantly improved to maximum dielectric
constant (458.41) and minimum dielectric loss factor (0.001),0f6ErOs doped
70KNN 80Si» and 1.0E103 doped 80KNN20SIQ glassceramics respectively,

measured at room temperature and 100 kHz frequency.

Fanelli andgroup (2011) (Fanelli et al., 2011¥tudied 13KO-10N&O-27NpOs-
50SI® (KNaNS) glassceramics prepared by melt quenching, melted at 1500°C/1.5h.
DTA analysis exhibitedan exothermic peak atapproximatly 700°C indicating the
crystallisation temperature. XRD results showed a broad hump with no peakbkeor
melted compositionhowever sharp peaks indicating crystallinity (formatia glass

ceramics)wereshown for heat treated glass at 700°C/10h.
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Zheng and group (2016)Zheng et al., 2016)nvestigated 15N#-15K>0-
30NkOs-27SIG-10B,03-3CeQ@ (KNNBSC) glassceramics prepared by melt
quenching, melted at 14%0/2h. DTA analysis showed two exothermic peaks at 707
and 900C, indicating thecrystallisation temperatures. KNNBSC glassegere heat
treated at various temperatures and tineeg. G1 (70r°C/5h), G2 (707C/4h +
90(°C/1h), G3 (707C/3h + 900C/2h), G4 (707C/2h + 900C/3h), G5 (707C/1h +
90(°C/4h) and G6 (90/5h). XRD results showetthe main Nay.9K0.1NbOs phase with
sharp peaks anthe presencef secondary phases for all heat treated glasses, indicating
crystallisation and formationof glassceramics from glasses of KNNBSC composition.
SEM images revealedery fine grains,with no cleargrain boundaries and irregular
grain shaps for glasses heatdated at G1, then clearly shown boundane#) grain
shaps beconing regular and increasing grasizes with increasing holding time from 1
to 5h atthe 900°C heat treatment temperature. The dielectric constant significantly
enhanced from 121 to 27AQith increasing heat treatment temperatures from 707 to
90(°C/5h, respectively. Hysteresis-BP loops of KNNBSC glasseramics revealed
unsaturated and slimmed shader all glassceramics referring to relak than

ferroelectric property.

Kioka and group Z011) (Kioka et al., 2011b)studied (3&x) K>O-xNaO-
25Nb0Os-45SiG (KNNS) glassceramic compositions, where x contemtsludedO, 5,
10, 20 and 30mol%.for glasses synthesized by malienching processing at
1300°C/1h. DTA investigation revealed three exothermic peaks (crystallization peaks)
place at 748, 770 and 8Z7 for x=0 mol% and 764, 852 and 8T7for x=5mol% On
the other handthey exhibited one exthermic peak identified at 754, 749, ?@9for
each of x=10, 20 and 30mol%amplesrespectively. XRD results exhibited perovskite
KosNapsNbOs phase for heat treated 28B:10Na0-25N0s-45SiG; and 10kO-
20N&0-25Nk0s-45SiG glassceramic.
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Chapter Three

Experimental Procedures

3.1. Introduction

Chapter threedescribs the three experimental processing routesedin this
study conventional soliestate sintering, microwaveinteringand melt processing. In
this project a variety of measurem&hts been used to investigate electrical ceramics
and glasseramics,including structuralanalysis(X-ray diffraction, Raman, scanning
electron microscop, differential thermal anabys, density and electrical measurements
(polarization and strain versus electric field, dielectric constant and dielectric loss

factor), as showschematicallyn Figure 3.1.

Figure 31.0verview oftheexperimentaprocedureg¢Chapter three).
3.2. Experimental Processing Routes

In the present projecthree different processing routes have been used to prepare

ceramics and glass ceramics, described as fallow
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3.2.1. Conventional SolidState Sintering

The solid-state sinteng processing route has been used to prepare electrical
ceramics, afollows:
3.2.1.1.Bismuth Sodium Titanate (BNT) Ceramics

A conventionalsolid-statesintering processing route was used to prepare solid
state BNT ceramics with different calcination and sintering temperatures, as presented
in Table 3.1. Bi2Oz (99%, Alfa Aesar), Ng&COz (99%, Better Equipped) and TiO
(99.9%, Aldrich)were used as starting raw maaés, then BNT ceramic synthesis was
carried out to produce ceramics according to the stoichiometric formgdBldgisTiOs3.
The nominal compositions of the samples prepardtle present workresummarigd
in Table 3.1. The manufacturing process stepedi to produce pure bismuth sodium
titanate ceramics using conventional sdtdte sinteringire shownn Figure3.2. The
pureBNT batch compositione30 g were calcinedn an electric furnace by ramping at
5°C / min to different calcinatiotemperatures of 70 and 800C and held at these
temperatures for 4tlihen cooled slowly to room temperatufdl of the preparedNT
pellets (10 mm diameter ane2lmm thickness) in the present work were sintered in one
process as follows: (i) Heat fromom temperature at 3°C/min to 3@and hold at this
temperature for 1h; (i) heat at 3°C/min from 300to 700°C and hold at this
temperature for 1h; (iii) and finally heat &Cmin from 700C to different sintering
temperatures, such as 1000, 105075Land 1108C and hold at each temperature for
2h; then allow samples to cool slowly inside the furnace to room temperature.

Table 31. Sample name, nominal sample compositions, calcination and sintering
temperatures per time.

: Calcination o
Nominal : Sintering temperature
Sample name . temperaturg@ertime -
composition (TH) pertime (T/t)

B700, 1000 | BiosNapsTiOs 700°C/4h 1000°C/2h
B700, 1050 | BiosNapsTiOs 700°C/4h 1050C/2h
B700, 1075 | BiosNaosTiOs 700°C/4h 1075C/2h
B700,1100 Bio.sNaosTiO3 700°C/4h 1100C/2h
B800, 1000 | Bio.sNao.sTiO3 80C°C/4h 1000°C/2h
B800, 1050 | BiosNapsTiOs 80C°C/4h 1050C/2h
B800, 1075 | BiosNaosTiOs 800°C/4h 1075C/2h
B800, 1100 | Bio.sNaosTiO3 800°C/4h 1100C/2h
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Dry raw materials at Weigh out Wet mill for Dry wet milled
11C°C for 24h the batch 24h batch atLl10°C
N7

Press Dry wet milled Wet mill for Calcine the batch &00
pellets batch atl10°C 48h or 80CP°C, 5°C/min, 4h

(2 tonne,
1 min) Sinter the pellets at 00, 105,

10750r 1100°C, 5°C/min, 2h

Figure 32. Solid-statesintering processinfpr pure solidstate sintered BNT ceramics.

3.2.1.2. IronDoped Bismuth Sodium Titanate (BNTFe) Ceramics

A conventional soliestatesinteringprocessing route was used to prepare solid
state irondoped BNT(BNTFe) ceramics with calcination and sintering temperatures as
presented iMable3.2 Bi2Os (99% Alfa Aesal), NaCOs (99%, Better Equippel TiO:
(99.9% Aldrich) and FeOs (>99% Aldrich) were used as starting raw materials, then
BNTFe ceramic synthesis was carried out poepare ceramics according to the
stoichiometric formula BisNao.sTi1.xFeOs.0.5x where x = 0, 0.025, 0.0375, 0.050, 0.070
and 0.100. The nominal compositionstbé samples prepared in the present warek
summarsed in Table 3.2 The manufacturing process steps usedyathesisaron-
doped bismuth sodium titanate ceramics usiaditionalsolid-state sinteringre shown
in Figure 3.3 The ironrdoped BNT batch compositions (30 gkere calcinedn an
electric furnace by ramping at&/min toa calcinationtemperature of 70C and held at
these temperatures for 4h, then cooled slowly to room temperatlie. the prepared
BNTFe pellets (10 mm diameter and-2 mm thickness) in the present work were
sintered in one process as follows: (i) Heat from room temperature at 3°C/mirP@ 300
and hold at this temperature for 1h; (ii) heat at 3°C/min fronG3@06 700°C and hold
at this temperatar for 1h; (iii) and finally heat at°€/min from 700C to different
sintering temperatures, such as @W@nd hold at each temperature for 2h; then allow

samples to cool slowly inside the furnace to room temperature.
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Table 32. Nominal sampls, nominal compositions and sintering temperapgadime.

Sample name | Nominal composition Sintering terF_If_J/%rature and tin
BFe0.00 Bio.sNa5T103 900°C/2h
BFe2.50 BiosNaosTio.o7d@.02402.9875 90C(°C/2h
BFe3.75 Bio.sNao.sTi0.9624€.037402.98125 90C°C/2h
BFe5.00 Bio.sNao.5T10.95-€.0502.975 900°C/2h
BFe7.00 Bio.sNao.5Ti0.93.0702.965 900°C/2h
BFel0.00 BiosNagsTig.oFe.102.95 90C(°C/2h
Dry raw materials at Weigh out Wet mill for Dry wet milled
11C°C for 24h the batch 24h batch atLl10°C
A\ 4
Press Dry wet milled Wet mill for Calcine the batch at
pellets batch atl10°C 48h 700°C, 5°C/min, 4h
(2 tonne,
1 min) Sinter the pellets at 960,
5°C/min, 2h

Figure 33. Solid-state sintering processifgy iron-doped BNT ceramics.

3.2.1.3. Potassium Sodium Niobate (KNN) Ceramics

A conventional soliestate processing route was usedyothesisesolid-state sintered
KNN ceramics with different calcination and sintering temperatures as sholable

3.3 K2COs (>99% Better Equippeld NaCOs (>99.9% Better Equippedand NROs
(>99.9% Aldrich) were useds starting raw materials, then KNN batch (30 g) prepared
according to the stoichiometric formulay ¥NaosNbOz. The nominal compositions of

the samples prepared in the present ware summarisedn Table 3.3 The
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manufacturiig of pure potassium sodium niobate ceramics using conventional-solid
state sintering processirage shownn Figure3.4. The pure KNN batch compositions
were calcinedn an electric furnace at different calcination temperatures diC;hd
80C°C with ranping of C/min and held for 4hthen cooled them gradually to room
temperatureAll of the KNN prepared pellets in the present work were sintered in one
process as follows: (i) Heat from room temperature at 3°C/min t&C38@d hold at this
temperature for 1h; (i) heat at 3°C/min from 300to 700°C and hold at this
temperature for 1h; (iii) and finally heat &CGmin from 700C to different sintering
temperatures, such as 1000, 1050, 1075 and°Cl80d hold at each temperature for

2h; then allow samples to cool slowly inside the furnace to room temperature.

Table 33. Nominal sample compositions, calcination temperature and sintering
temperatures per time.

, Calcination L
Nominal . Sintering temperature
Sample name o temperatur@ertime >
composition (TH) pertime (T/t)

K700, 1000 Ko.sNap.sNbOs 700°C/4h 1000°C/2h
K700, 1050 Ko.sNapsNbOs 700°C/4h 1050C/2h
K700, 1075 Ko.sNao.sNbOs 700°C/4h 1075C/2h
K700, 1100 Ko.sNao.sNbOs 700°C/4h 1100C/2h
K800, 1000 Ko.sNao.sNbOs 80C°C/4h 1000°C/2h
K800, 1050 Ko.sNao.sNbOs 80C°C/4h 1050C/2h
K800, 1075 Ko.sNao.sNbOs 800°C/4h 1075C/2h
K800, 1100 Ko.sNao.sNbOs 800°C/4h 1100C/2h
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Dry raw materials at Weigh out Wet mill for Dry wet milled
11C°C for 24h the batch 24h batch atLl10°C
N7
Press Dry wet milled Wet mill for Calcine the batch at00
pellets batch atLl10°C 48h or 80C°C, 5°C/min, 4h
(1 tonne,

1 min) : Sinter the pellets at D0, 1050,
1075and1100C, 5°C/min, 2h

Figure 34. Processing flow diagram for solgtate sintered KNN ceramics.

3.2.1.4. IronDoped Potassium Sodium Niobate (KNNFe) Ceramics

A traditional solid-state sintering processing route was used to synthesise solid
state irondoped KNN ceramics with calcination and sintering temperatures, as
presented iTable3.4. K20 (99%, Alfa Aesar), N&LOs (99%, Better Equipped), N©s
(99.9%, Aldridh) and FeOs (>99%, Aldrich) were used as starting raw materials, then
KNNFe ceramic synthesis was carried outn@anufactureceramics according to the
stoichiometric formula KsNao.sNbi.xFeOsx where x = 0, 0.02, 0.025, 0.050 and 0.100.
The nominal compositions of the samples prepared in the presentwecskkmmarisd
in Table3.4. The manufacturing process steps usesiytihesiséron-dopedpotassium
sodiumniobateceramics using conventionablid-state sinteringare shownn Figure
3.5. The irondoped KNN batch compositions (30 glere calcinedin an electric
furnace by ramping at’6/min toa calcinationtemperature of 70C€ and held at these
temperatures for 4h, then cooled slowly to ra@mperatureAll the KNNFe prepared
pellets (10 mm diameter ane2lmm thickness) in the present work were sintered in one
process as follows: (i) Heat from room temperature at 5°C/min t&C38@d hold at this
temperature for 1h; (i) heat &°C/min from 300C to 700°C and hold at this

temperature for 1h; (iii) and finally heat &tCmin from 700C to different sintering
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temperatures, such as 1000and hold at each temperature for 2h; then allow samples

to cool slowly inside the furnace toam temperature.

Table 34. Nominal sample, nominal compositions and sintering temperpartane.

Sample name | Nominal composition Sintering terFTete)raturpertlme
KFe0.00 Ko.sNap.sNbOs 1000°C/2h
KFe2.00 Ko.sNao.sNbo.og-€0.0202.98 1000°C/2h
KFe2.50 Ko.sNao.sNbo.975-€.02402.975 1000°C/2h
KFe5.00 Ko.sNao.sNbo.oF-€.0802.95 1000°C/2h
KFel10.00 Ko.sNao.sNbo oF&.102.9 1000°C/2h
Dry raw materials at Weigh out Wet mill for Dry wet milled
11C°C for 24h the batch 24h batch atLl10°C
N7
Press Dry wet milled Wet mill for Calcine the batch at
pellets batch atl10°C 48h 700°C, 5°C/min, 4h
(1 tonne,
1 min) Sinter the pellets at 1000,
5°C/min, 2h

Figure 35. Solid-state sintering processimgr iron-dopedKNN ceramics.
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3.2.2. Microwave Sintering Rrocessing
The microwave sintered processing route has been used to prepare electrical

ceramics, as follows:

3.2.2.1. Bismuth Sodium Titanate (BNT) Ceramics

The microwave sintering processing route was used to prepare microwave sintered
BNT ceramics. The startingaw materials in the present work consistBofO3z (99%,
Alfa Aesar), NaCQOsz (99%, Better Equipped) and Ti®99.9%, Aldrich)which were
used to synthesise BNT ceramics according to the stoichiometric fornusdaBsTiOs.
Details of BNT samples prepared using microwave processggummaredin Table
3.5. A process diagram alfie preparatiorof bismuth sodium titanate ceramics using the
microwave sintering process studidetre is shownin Figure 3.6. The prepared
compositions were calcined individually insidee furnaceat ramping rate ®/min
with different temperatures (780 and 800C) for 4h. All BNT pellets were sintered
inside astandard kitchen microwave ovdor different sintering (10, 15, 20 and

25mins) times as shown kgure 3.6.

Table 35. Sample namenominalsample compositions, calcination temperatures per
time and microwave sintering time.

Nominal Calcination
Sample name - temperaturgertime | Sintering time (mins)

composition o

(°Clt)

MKB700, 10 | Bio.sNao.sTiO3 700°C/4h 10
MKB700, 15 | Bio.sNaosTiO3 700°C/4h 15
MKB700, 20 | BiosNaosTiO3 700°C/4h 20
MKB700, 25 | Bio.sNao.sTiO3 700°C/4h 25
MKB800, 10 | Bio.sNaosTiOs3 80C°C/4h 10
MKB800, 15 | Bio.sNasTiO3 800°C/4h 15
MKB800, 20 | Bio.sNasTiO3 800°C/4h 20
MKB800, 25 | Bio.sNao.sTiO3 80C°C/4h 25
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Dry raw materials at Weigh out Wet mill for Dry wet milled
110°C for 24h the batch 24h batch at1l10°C
N7
Press Dry wet milled Wet mill for Calcine the batch &00
pellets batch atl10°C 48h and 800C, 5°C/min, 4h
(2 tonne,

1 min) :>[ Sinter thepellets at 10, 15, 28nd25min

Figure 36. Process diagram of microwave sintering processing of pure microwave
sintered BNT ceramics.

3.2.2.2. IronDoped Bismuth Sodium Titanate BNTFe) Ceramics

A microwave sintering processing route was used to prepare microwave sintered
BNTFe ceramics. The starting raw materials in the present work con&sinf(99%,
Alfa Aesar), NaCOs (99%, Better Equipped), Tid99.9%, Aldrich) and F©s (>99%,
Aldrich), which were used to synthesise iron modified BNT ceramics according to the
stoichiometric formula BisNaosTiixF&Oso0sx, Where x = 0, 0.025, 0.0375, 0M5
0.070 and 0.100. Details of BNT samples prepared using microwave procesarag
summariged in Table 3.6. A process diagram of preparation iobn-doped bismuth
sodium titanate ceramics using the microwave sintering process sheteid shown
in Figure 3.7. The prepared compositions were calcined insideslectricfurnaceat
ramping rate /min with temperatures (700) for 4h. All BNT pellets were siered
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inside a standard kitchen microwave oven (0.4 k\win)full powerfor sintering (20
mins) time, as shown ifigure3.7.

Table 36. Sample namejominalsample compositions, and microwave sintering time.

Samplename Nominalcomposition Sinteringtime (mins)
MKBFe0.00 Bio.sNao.sTiO3 20

MKBFe2.50 Bio.sNao.sTio.97€0.02902.0875 20

MKBFe3.75 Bio.sNao.sTi0.9629€0.037402.98125 20

MKBFe5.00 Bio.sN&ao.sTio0.99€.0802.975 20

MKBFe7.00 Bio.sNao5Tio.90F6.0702.965 20
MKBFe10.00 Bio.sNao.sTio.oFe.102.95 20

Dry raw materials at Weigh out Wet mill for Dry wet milled

11C°C for 24h the batch 24h batch atl10°C
N7

Press Dry wet milled Wet mill for Calcine thébatch at
pellets batch atLl10°C 48h 700°C, 5°C/min, 4h

(2 tonne,

1 min)

Sinter the pellets at 20 min

Figure 37. Process diagram of microwave sintering processing of microwave sintered
iron modified BNT ceramics.
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3.2.2.3. Potassium Sodium Niobate (KNN) Ceramics

A microwave sintering processing route was used to manufacture microwavedsinte

KNN ceramics with different calcination and microwave sintering times, as shown in

Table 3.7. The starting raw materials in the present work consisK:30z (>99%,
Better Equippel] NaCOs (>99.9%, Better Equippeland NbOs (>99.9%, Aldrich)

were used to prepared pure microwave sintered KNN ceramic compositions according

to stoichiometry formula of KsNaosNbOs. The nominal compositions of the

microwave sintered KNN ceramic samples made in the presentarmdummaresdin

Table 3.7. A flow diagram of thepreparation ofpure potassium sodium niobate

ceramics using microwave sintering processsmghownin Figure3.8. ThepureKNN

batch compositionswere calcined in an electric furnace at different calcination

temperatures of 70Q and ®0°C with ramping of 8C/min and held for 4h, then cooled

them gradually to room temperature. Al the KNN prepared pellets in the present

work were sintered in kitchestandardmicrowave oven using different microwave

sintering times, such as 10, 15, 26d 25mins without holding time; then allow

samples to cool slowly inside microwave oven during 2h to reach approximately room

temperature.

Table 37. Nominal sample compositions, calcination temperatures per time and
microwave sintering times.

Sample name

MKK?700, 10
MKK?700, 15
MKK700, 20
MKK700, 25
MKK800, 10
MKK800, 15
MKK800, 20
MKK800, 25

Nominal
composition

Ko.sNaosNbO;
Ko.sNaosNbO;s
Ko.sNao.sNbOs
Ko.sNao.sNbOs
Ko.sNaosNbO;
Ko.sNaosNbO;s
Ko.sNapsNbOs
Ko.sNapsNbOs

Calcination
temperature®C/t)

700°C/4h
700°C/4h
700°C/4h
700°C/4h
80C°C/4h
80C°C/4h
80C°C/4h
80C°C/4h

Sintering time (mins)
10
15
20
25
10
15
20
25
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Dry raw materials Weigh out Wet mill Dry wet milled
at11CC for 24h the batch for 24h batch atl10°C

4 e
Press Dry wet milled Wet mill Calcine the batch a00
pellet (1 batch atl10°C for 48h and 800C, 5°C/min, 4h
\
tonnes/
1min)

Sinter the pellets at 10, 15, 28d25min

)

Figure 38. Processing flow diagram for microwave sintered KNN ceramics.

3.2.2.4. Microwave Susceptor Disks

Microwave susceptor diskaere madeby solid-state sintering processing. The
starting materials consisted of 50wt% graphite (99.9%, Timothy Sleight), 30wt% SiO
(99.9%, Better Equipped), 10wt% MnO(99%, Aldrich), 10wt% FeDs (97%, Alfa
Aesar).The prepareccomposition of microwave susceptor diskasdesignedased on
the materialspresented in Table 3.@Rao et al., 1999)As shown by the data in the
table, MnQ and FeOs provide high temperature under microwave irradiation. Early
attempts to use susceptor diskadefrom pure MnQ or FegOs failed due to these
materials melting during the experiments. Graphite was therefore added to provide a
different hightemperature segptor, and Si@was added to provide stability as a
refractory material to reduce the effects of MnCFesO4 melting during processing.
This formulation was not optimised, but was found to be sufficient for the processing

times of up to 25 minutes.
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To prepare the microwave susceptor diske starting materialgere driedat
11C°C for 24h, then weighed into a 40g batch. The batch was wet milled and mixed
using propanol and zirconia milling media in 250 mL polyethene (PE) bottles, and
milled in a planetar ball mill for 10h. The milled powder was then removed and dried
at 110C in an oven placed in a fume cupboard. The prepared compositions were then
calcined individually inside &urnaceat different temperatures (780) with ramp rate
5°C/min for 1h, the wet milled again for 10h. The milled powder was then removed
and dried at 111 in an oven placed in a fume cupboard. The disks were pressed using
a hydraulic press with 10 tons per 20mm diameter disk. The final step was to sinter the
green microwave sasptor disks at 90C with a ramp rate ®/min for 2h.The final
microwave susceptor disks that were used to sinter sample pellets in the microwave
oven, were used by placing the ceramic pellet between two microwave susceptor disks
in a "sandwich" arrangeemt. A bed of powdered sample material was used to separate
the pellet from the susceptor discs, as shown in Figure 3.9. Inside the microwave oven
was placed a "hot pot" constructed from a hpginosity, lowdensity AbOs material.
Samples and their surrounding powder bed and susceptor disks were placed inside the
"hot-pot" and these were used to absorb the microwave energy from room temperature,

generating heat, and to transmit this heat to the sample pellet.

Figure 39. Microwave susceptor disksdmicrowave sintering step
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Table 38. Microwave active elementsiatural minerals and compoun{Rao et al.,
1999).

3.2.3. Melt Processing Rute

3.23.1.Bismuth Sodium Titanium Silicate (BNTSi) Glasses

A melt processing route was used to manufacture six samplasnofith sodium
titanium silicate glassedhe glasses in the present work were manufactured using the
starting raw materials such &i>0Oz (99%, Alfa Aesar), NaCOs (99%, Better
Equipped), TiQ (99.9%, Aldrich)and SiQ (99% Better Equippelin various moles
percentages, as shownTiable3.9. The preparation dfismuth sodium titanium silicate
glassesusing melt processing rouéee shownn Figure3.10 All prepared glasses were
melted at 145%W/1h or 5h separately with °®€/min heating rate, then poured melt
directly on a metallic casting plate to make glasses. However, all melted compositions

havecrystallisedcompletelyor partly.

Table 39. Sample name, nominal sample compositions and oxides concenfi@tion
bismuth sodium titanium silicate glasses

Mol%
Sample name Melting (T/t)
Bi2Os | NaO | TiO2 @ SiO; | Total
MBS50, 1h | 12.50| 12.50 | 25.00| 50.00| 100.00, 145CC/1h
MBS60, 1h | 10.00 10.00 | 20.00| 60.00| 100.00, 145CC/1h
MBS70,1h | 7.50 | 7.50 | 15.00| 70.00| 100.00, 145CC/1h
MBS70,5h | 7.50 | 7.50 | 15.00| 70.00 100.00, 145CC/5h
MBS75,5h | 6.25 | 6.25 | 12.50| 75.00| 100.00, 145CC/5h

MBS80, 1h | 5.00 | 5.00 | 10.00| 80.00| 100.00, 145CC/1h
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Dry raw materials at Weigh out Mixing the batcthomogeneously
110°C for 24h the batch (30 in the plastic bags for 15 minute
grams)
A 4
-
Melting glassest 1450°C,
5°C/min, 1 or 5h separately
\

Figure 310. Melt processindor bismuth sodium titanium silicate glasses

3.2.32. Bismuth Sodium Titanium Borate (BNTB) Glasses

A melt processing route was used to manufacture three samissnofth sodium
titanium borate glasse$he glasses in the present work wareparedising the starting
raw materials such &i>Os3 (99%, Alfa Aesar), N&COs (99%, Better Equipped), TiO
(99.9%, Aldrich)and H:BO» (99% Better Equippeplin various molepercentages, as
shown in therable3.10. Thesynthesiof bismuth sodium titanium borate glasssing
melt procesing routeis shownin Figure 3.11. All prepared glasses were melted
Al>0s cruciblesat 1300°C/1h separately with °®€/min heating rate, then poured melt

directly on a metallic casting plate to make glasses. However, all melted compositions

havecrystallisedcompletelyor partly.

Table 310. Sample name, nominal sample compositions and oxides concentoation
bismuth sodium titanium borate glasses

Mol%
Sample nam Melting (T/t)

Bi2Os | NaO | TiO2 | HsBOs | Total
MBB30 1750 | 17.50 | 35.00 | 30.00 | 100.00, 1300°C/1h
MBB50 1250 | 12.50 | 25.00 | 50.00 | 100.00, 1300°C/1h

MBB70 7.50 | 7.50 | 15.00| 70.00 | 100.00, 1300°C/1h
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Dry raw materials at Weigh out Mixing the batcthomogeneously
110°C for 24h the batch (30 in the plastic bags for 15 minute
grams)
A 4
-
Melting glassest 1300°C,
5°C/min, 1h separately
\

Figure 311 Melt processindor bismuth sodium titaniurborateglasses

3.2.3.3.Potassium Niobium Borate (KNB) Glasses and GlagSeramics

The melt processing route was used to manufacture potassium niobium borate (KNB)
glasses with different mol% contents of starting raw materials, as sholable 311

The glasses in the presentnwavere prepared using the starting raw materials such as
K2COs (>99%, Better Equippedd NbOs (>99.9%, Aldrich), and BBOs (>99.9%,
Better Equippel In the present work, the nominal compositions of the prepared
samplesare presenteth Table 3.11. The manufacturing of KR glasses using novel

melt processingare revealedin Figure 3.12. The mixed compositionglaced in
recrydallised alumina crucibls, then melt them at 1300 for specific time separately,

then poured melt directly on a metallic casting plate to make glasses. Two of the
prepared glasseagere visiblyamorphous, and oneaspartly crystalline
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Table 311 Nominal samplecompositionsand oxides concentratiofor potassium
niobium borate glasses.

Mol%
Sample Name Melting (T/t)
K20 | Nb2Os | B2Os

25K25Nb50B | 25 25 50 1300C/1h

30K30Nbk40B | 30 30 40 1300°C/1h

35K35Nb30B | 35 35 30 1300°C/1h
40K30Nb30B | 40 30 30 1300C/1h

40K35Nb25B | 40 35 25 1300C/1h

40K40Nb20B | 40 40 20 1300C/1h

N
Dry raw materials at Weigh out Mixing the batcthomogeneously
11C°C for 24h the batch in the plastic bags for 15 minute:

J

N
Melting glassat 1300°C,
5°C/min, 1 h separately

J

Figure 312. Melt processindor potassium niobium borate glasses.

3.2.34. Potassium Sodium Niobium Silicate (KNNS) Glasses

The melt processing route was used to manufacture potassium sodium niobium
silicate (MKS) glasses with different mol% contents of starting raw matesmkspwn
in Table3.12 Theglassesn the present work were manufactured using the starting raw
materials such as>COs (>99%, Better Equippel] N&COs (>99.9%,Better Equippep
and SiQ (>99.9%,Better Equipped In the currentwork, the nominal compositions of
the prepared samplese summasedin Table3.12 The synthesis of MKS using novel
melt processings shownin Figure3.13. The mixedcompositiongput in arecrystallsed
alumina crucible, then melt them at 1460for identified time separately, then poured
melt directly on a metallic casting plate to make glasses. However, all melted

compositions haverystallizedcompletelyor partly.
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Table 312. Nominal sample compositions and oxidesncentrationfor potassium
sodium niobium silicate glasses

Mol%
Sample nam Melting (T/t)
K20 | N&O | Nb2Os | SiO; | Total
MKS50, 1h | 12.50| 12.50 | 25.00 | 50.00| 100.00| 1450|C/1h

MKS60, 1h | 10.00| 10.00 | 20.00 | 60.00| 100.00| 1450|C/1h

MKS65, 1h | 8.75 | 8.75 | 17.50 | 65.00| 100.00, 1450|C/1h

MKS70, 1h | 7.50 | 7.50 | 15.00 | 70.00| 100.00, 1450|C/1h

MKS70,4h | 7.50 | 7.50 | 15.00 | 70.00| 100.00, 1450|C/4h

MKS75,5h | 6.25 | 6.25 | 12.50 | 75.00| 100.00, 1450|C/5h

Dry raw materials at Weigh out Mixing the batchhomogeneously
110°C for 24h the batch in the plastic bags for 15 minute

Melting glassesat 1450°C,
5°C/min, 1, 4 or 5h separately

Figure 313. Melt processindor potassium sodium niobium silicate glasses.

3.2.35. Potassium Sodium Niobium Brate (KNNB) Glasses and Glas€eramics

The novel melt processing route was used to manufacture potassium sodium niobium
borate (KNNB) glasses with different mol% contents t#rtshng raw materialsas
shown inTable3.13 Theglassesn the present work were prepared using the starting
raw materials such akK,COs; (>99%, Better Equipped Na&CO: (>99.9%, Better
Equipped, NbOs (>99.9%, Aldrich), and HBBOs (>99.9%, Better Equipped. In the
presentvork, the nominal compositions of the prepared samgiegpresenteth Table

3.13 The manufacturing of KNNborate glasses and glasgeramics using melt
processingare revealedn Figure3.14. The mixed compositions put inractystallised
alumina crucible, then melt them at 1300for specific time separately, then poured
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melt directly on a metallic casting plate to make glasses. Two girdparedglasses

appearedompletelyamorphousandone of thermappearegbartly crystallised

Table 313. Nominal sample compositions and oxides concentratiorKNN borate
glasses and glaseramics

Mol% Melting (T/t)

Sample Name
K20 | NaO | NbxOs | B2O3

40KNa30Nb30BSi 20 20 30 30 1300|C/1h

40KNa35Nb25BSi| 20 20 35 25 1300|C/1h

40KNa40Nb20BS| 20 20 40 20 1300|C/1h

Dry raw materials at Weigh out Mixing the batcthomogeneously
11C°C for 24h the batch in the plastic bags for 15 minute:

‘VV

-
: l l: l Melting glassat 1300°C
Heat treatment DTA ) '
] 5°C/min,1 h separately]
\

Figure 314. Melt processingor potassium sodium niobiurnorate glasseand glass
ceramics.

3.2.36. Potassium Sodium Niobium Borosilicate (KNNBS) Glasses and Glass
Ceramics

Potassium sodium niobium borosilicate (KNNBS) glasaese manufactured using
novel melt processing route, with different mol% contents of starting raw matesals,
presented imable3.14 Theglassesn the present work were made using the starting
raw materials such akK,COs; (>99%, Better Equipped Na&CO: (>99.9%, Better
Equipped, NbOs (>99.9%, Aldrich), H3BOs (>99.9%, Better Equipped and SiQ
(>99.9%, Better Equippeld In the current work, the nominal compositions of the

prepared glassese statedh Table3.14 The preparation of KNNBSI glasses ajidss
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ceramics using melt processiage shownn Figure3.15. The mixed compositionsere
placedin arecrystalli®d alumina crucible, then meltl at 1300C for 1h, then poured
melt directly on a metallic casting plate to make glasses. All glagge=arecentirely

amorphous.

Table 314. Nominal sample compositions and oxides concentrafan KNN
borosilicateglasses and glaggramics

Mol%
Sample Name Melting (T/t)
K20 | Na2O | Nb2Os | B2O3 | SIO,
40KNa30Nb30BS| 20 20 30 15 15 1300|C/1h
40KNa35Nb25BSi 20 20 35 125 125 1300|C/1h
40KNa40Nb20BSi 20 20 40 10 10 1300|C/1h

Dry raw materials at Weigh out Mixing the batchhomogeneously
11C°C for 24h the batch in the plastic bags for 15 minute

‘YV

1 0
Heat treatment DTA Me't'”g glassat 1300°C,
5°C/min, 1 h separately

Figure 315. Melt processindor KNN borosilicate glasses and glassramics.

3.2.37. Potassium Sodium Niobium Borosilicate (KNNBS) Glasses and Glass
Ceramic Fibres

Potassium sodium niobium borosilicate (KNNBSI) glass and -glasamic fibres were
prepared using a meftrocessing route, with different mol% contents of starting raw
materialsas presented imable3.15 The glass fibres were made using the starting raw
materialsK2.COs (>99%, Better Equippel] NaeCOs (>99.9%,Better Equippeld Nb2Os
(>99.9%, Aldrich), H3BOs (>99.9%, Better Equipped and SiQ (>99.9%, Better
Equipped. In the present work, the nominal compositions of the prepared ghaks

glassceramicfibres are identifiedn Table3.15 The manufacturing process diagram of
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KNNBSI glass and glasseramicfibres using melt processirage showrin Figure3.16.
The mixed batch compositiongere placedin a recrystallsed alumina crucible, and
then melted at heatingrate (5C/min) to 130C°C then heldfor 1h, then glass fibres

were dewn from themolten glass in the alumina crucible using borosilicate gtads

Table 315. Nominal sample compositions and oxides concentrafan KNN
borosilicate glasand glasseramicfibres.

Nominal Mol%

Sample Name
K20 | NaO | Nb2Os | B20Os | SiO

40KNa30Nb30BSi 20 20 30 15 15

40KNa35Nb25BSi 20 20 35 125 | 125

40KNa40Nb20BS| 20 20 40 10 10

Dry raw materials at Weigh out Mixing the batcthomogeneously
110°C for 24h the batch in the plastic bags for 15 minute

Draw glass Melting glassat 1300°C,
Heat treatment DTA fibres 5°C/min, 1 h separately

Figure 316. Melt processingor KNN borosilicate glass and glassramic fibres.

3.3. Structural Analysis
3.3.1. XRD (X-Ray Diffraction)

All ceramic pellets glasses and glasgramicspowderswere analysed using a
Philips X-Pert ProX-ray diffractometer Ranalytical, Netherlands) @an Empyrean X
ray diffractometer Ranalytical, Netherlands) at room temperature, usiRK
UDGLDWLRQ ¢ RYHU °WK H KWD Qwddexiaiamretedor

phase identificatiomsingX'PertHighScore Plus software.
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XRD can beused to identify the atomictracture, phases and grain sifw
crystalline materialgingham & Toney, 2014)The principle of the technique depends
on the generation of -xays by a cathode ray tube to produ¢erayswhich arefocused
on the sample. The incideXtrays interact with the sample produg diffraction of X-
rays which takes placethroughconstructive interference, aescribedby Braggs law

(Equation 3.} andshownschematially in Figure 317.

Q=2dnxisin( ) Equation 31

Wheren is the order of diffraction, is the wavelength of the incoming bead

is the lattice spacin@nd is the angle of the diffracted beam (Epp, 2016).

Figure 317. Schematic representationtbe XRD principle (Epp, 2016)

All powders and pellets weraeasuredisinga spinningsample stage during4h
measurement time for each sample. After obtaining XRD results, phase ideasity
determined using X'Pert HighScore Plus softwdfigase idenfication proceed by
fitting peals, and then mataing ICDD profiles stored in the software to obtdits
between peakfrom ICDD databaseand sampladatapeaks according to the specific

elements ocompaents

3.3.2. Raman Spectroscopy

Material structures were analysed using Raman spectroscopy (DXR2 Raman
Microscope, Thermo Fisher Scientific, USA) using a 532nm laser, applied at room
temperatureRaman spectroscopy @vibrational spectroscopiechniquethathas been
used to describe molecular structusg characterising fundamental vibrations and

studying the vibrational modes of molecula different material@Larkin, 2018)
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Raman spectroscopgepends on the lighdécattered from incident light on the
sample;which canbe dividedinto two types. The first type is Rayleigh scattered light
Thisis elastially scattered light andds a wavelength equi that oftheincident light.

The second type is Raman scattdight. Thisis inelastially scattered light and has a
wavelength diffeentto that oftheincident light. The los inenergy between the energy

of the incident light and Raman scatteligtit is namedhe Raman shift, which is equal

to the vibrational errgy of a molecule in the samp(Ebnesajjad, 2011)'he molecular
structure can be interpreted dependingtmRaman shift, Raman intensity and band
shape, according to the Raman vibrational bands obtaining by a graph of Raman

intensity (polarizability) gainst Raman shift (energgftbnesajjad, 2011; Larkin, 2018)

Powders, bulk and pellet samplevereanalysedusing Raman spectroscopy and
measured at room temperature. The Raman reswdt® collected using Omnic
software this proceeds by arming and switchinghe laseron and then calibratingnd
aligning the instrument using silicon substratand 1@um lens After thatscan sample
scansusing exposure time {80 second) andample exposures (accumulation) ranged
between 1 to 20 timeere used focollectingRamanspectra.

3.3.3. Scanning Electron Mcroscopy (SEM)
The microstructure of ceramics, glasses and glasmmicswas analysedusing
scanning electron microscopy (Nova Nano SEM, Czech RepuBlio). toanalysis all
samples were polished using SiC paper with water (100, 200, 400, 800, 1200, and 2500
grit size); then polished using diamorablish P 7KH SROLVKHG VDPS
thermaly etched at 80 in an electricfurnace for 1 houto revealgrains boundaries
and then polished sample®recoated with a thin layer of carb@d®0-30nm thickness)
to colled smooth micrographsSilver paint was applied on the three sides to provide

electrical contact between the sample and sample holder.

Conventional linear intercept measurements estimated to measure the grain size
by measuring the grain length asiree measurement from edge to edge through grain

boundary of particle.

SEM is one otthe most importantechniquesused to investigate the surfaaed
microstructure of ceramics and glasamics.The @arbon coated surface must be
connected by a thinayer of silver or gold (electrically conductive) to the metallic

sample holder to pasdectronsrom surfaceof the sampldéo the sample holder, which
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prevens charge aggregation on the surfacehefsamplethat wouldcaug disturbancs

in the imaging

The SEM working principle depends dhe formation ofa magnified image from
emitted electron$rom the sample surface. At first, sampke® placeal inside vacuum
cavity, and then the electron gun Bran electrorbeamatthe sample surface, whidtas
high energy ands transmited through magnetic lense® concentrate the incident
electrons on the sample surface accurat&lysmall probe is used tmsterelectrons
across the sample surface. The incident electrons penetrate the sample surface to
produce emitted electrons, resulting from beam interactions with sample composition.
Finally, the emitted electrons accumulate and analyse to the black and magesi
usingadetectoEbnesajjad, 2011; Sinha Ray, 2013)

Secondary electron imaging originates close to the sample surface as a result of having
low energy <50 eV and inelastic interactions between the primary electron beam and the
sample, which is u$el for sample surface detection

Backscattered electromaging originates from higknergy electrons in the electron
beam the backscattered electron interacts elastically with sample atoms, this leads to
scan sample volume, which is useful for chemamahposition detection (Goldstein et

al., 1981).

3.4. Differential Thermal Analysis (DTA)

Thermal behaviour of samples was analysed using differential thermal analysis
(DTA). The aim ofusingDTA wasto identify thecrystallisation peaktemperature of
glasseghroughthe exothermic peakgnabling targeted heat treatment to form glass
ceramics The aalysis was carried out using a NETZSCH STA 449 F5 Jupiter
instrument. All samplesvere ground tofine powders, then weigdd out as 30 mg
agDLQVW WKH VDPH TXDQW LAMNO: Rért Deference gnAteriahiter .
that, the fine powdersvere heatedrom room temperature to 138at 3C/min andthe
data collected

DTA is an important technique to determine phase transition temperatures of
materials, forexample glass transitiontemperaturge crystallisation temperatures and
melting points. The DTA working principle mainly depends norecording the
temperaturalifference betweethesample andhe inertreference material ¢IT,). Data

processing is caed out during heating of both sample and reference materials inside
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the furnace. The heating processontrolledby a specificprogrammercontrolling the
furnace .ODQPQLN OHGYHG 0UY Déas represenied Bigure3.18.
The DTA datawere collectedusing STA 409PG softwamamping to1300°C at
5°C/min, then calibrang the NETZSCH STA 449 F5 instrument usiragreference
crucible and empty sample crucible obtain baselinelata and then repeating the

processising 30 mg of powder to collect the data.

Atmosphere
control

Furnace

Furnace
programmer

Temperature senso

Microvolt Recorder
amplifier

Figure 318. Schematic representation of typical DTA instrum@niri, 2012)

3.5. Density Measuremensg

The hulk density of glasses and glassramicswas measure@ccording to the
Archimedes principle. The relaé density of ceramic samples wadaulated according

to the bulk density, as presenteddguation 3.2:

P 1) x100 Equation 3

: KH Udis bulk density (mass per volumend  is theoretical densitipased on
the compositionwhich is obtainedfrom references or ICCD card number KjPert
HighScore Plus softwardhe bulk density ws measured using density balance and

vacuumdesiccator, where the dried peleasweighed out in the air (W1), then the air
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was evacuated fronthe vacuum desiccator for 3fins After that the vacuumed
samplewasimmersed in the liquid (distilled water) inside the vacuum desiccator for 10
min to dlow the water to penetrat@side the openpores. Therthe wet samplewas
weighed out in water (W2), and ithe air (W3). The bulk densityvas thencalculated
using Equation 3.3and theoretical density calculated for iron doped BNT or KNN

ceramics using guation 3.4
Im = (W1/W3W?2) x Liquid Density Equation 33

lt = Mentorkan+ Mee2od [(M ent or knn/ Tent or kNN) (M Eez0d Ire209] Equation 34

where MiNT or kNN, Mre2o3  BnTorknn D Qs lepresent the mass of BNof KNN
composition, the mass of #8s, the theoretical density of BNT (5.97 g/&niCCD 04-
017-0216 or KNN (4.49 g/cn?, ICDD no 980186360 composition, and the
theoretical of FgOs (5.12 g/cmi, ICCD no 032-0469).

3.6. Electrical Property M easurements

In the present project, polarisation versus electric field (hysteresis) and strain
versus electric field loops habeen measurea@s described below:

3.6.1. Electrode Preparation

Sample electrodeswere prepared usin@ coating instrument for electrical
measirements and then the electrodes were made usiggld sputter coating witha
sputtering current (10 mA), sputtering time (600 seconds) and tooling factor (2.7)
parametersBoth faces of each sample peletre coatedwere pellet thickness ranged

from 1 to 3 mm and diameter ranged from 8 to 10 mm.

3.6.2. Hysteresis (Polarization \ersus Electric Field) and Stain Versus Electric
Field Loop Measurements

In the present project, hysteresisEPand strairelectric field (SE) loops have
been usedo investigae the electricalproperties oteramics and glassramics. The P
E and SE loopsare essentialto the classificationof electricalceramicmaterials, for
example whether piezoelectrjcrelaxor (norpiezoelectric) or dielectricas shown in
Figure3.19.
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Figure 319. Classification of idedP-E shapes for electrical materigiStewart, Cain, &
Hall, 1999)

A hysteresis loop (Figure &l) is essentiallyaffected by parameters such as
polarisation (P), stored electrad charge (Q)the areaof the samplesurface (A),the
electricfield (E), spontaneougolarisation (Ps), remnantpolarisation (P;) and coercive
field (Ec).

Hysteresis folarisation vs electric field, FE) (Figure 320) and strain vs electric
field (SE) (Figure 321) loops were measured usiag AIXACT (GMBH, Germany)
system. The measuremenin the present workwere carried outusing a laser
interferometer system, whiamainly depend®n measuring the displacemenftlaser
beams througlhe splitting of the monochromatidight source liere,a He-Ne laser) to
the twobeams One of thebeams isa reference beam actirgg a fixed path, ad the
secondbeamis heading towards the sample and returns ito tiee reference beam to
createinterference fringes, which are used to identify the displacement. For obtaining
the RE and SE loops, the systeins constructedf ageneratara high voltage amplifier
and PC AixPlorer Software) software, where the generator is used to form the initial
wave,and then the wave is amplified by a high voltage ampldigingtransmitting it

to the sampleThe appled field and accumulated charge the samplesurfaceare
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recorded andlownloaded to PC software to analyse and collect the(8&avart et al.,
1999)

Figure 320. Typical shape ofhysteresisloop for ferroelectric material¢Carter &
Norton, 2007)

Figure 321 Typical shapeof strain versus electric field for piezoelectnnaterials
(Vijaya, 2012)
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Chapter Four

Pure and Iron DopedBismuth Sodium Titanate

Ceramicsand Glasss

4.1.Introduction

Chapter fourconsidershe pureand irondopedBNT ceramics prepared by three
different processing routes, including conventional ssiate sintering processing,

microwavesintering processing and melt processing, as shown in Figure 4.1.

BNT ceramics have been essentially chosen asfregk electrical materials,
indicating to their excellent piezoelectric propesi{remnantpolarisation (38 uC/cnt))
(Jones & Thomas, 2002BNT wasdiscovered bysmolenskiiin 1960(Priya & Nahm,
2011) BNT hasbeen utilsed in electronic applications such as resonators and filters,
piezoelectric motors, transducers, and actuatBrg/a & Nahm, 2011; Yuan et al.,
2010) However, BNT ceramics have drawbackshas difficulties inpaing due to
their highcoercive field (73 kV/cm)Pardo et al., 2018)and evaporation of volatile
Bi-Oz (melting temperature 83¢) and NaO (melting temperature 1132) during
processing, that leads to porous cerartk@ng et al., 2013; Panda & Sahoo, 2004)
et al, 2011) BNT ceramics have been prepared usiagvertional solidstate sintering
processing for several decadesowever this method has drawbacks such as long
sintering times of about 340 mins (12G05°C/min, 2h) and consequently high energy
consumption(Fujii et al., 2016; Khamman, 2014Adding flux materials to BNT has
been studied by many researchers asm@ehanism ofedudng sintering temperatures
and/or timego reduce energy deman8uch addions have included MgQChou et al.,
2010) CuO(Chou et al., 2011BiFeG (Fujii et al., 2016)and FeOs (Watcharapasorn,
Jiansirisomboon & Tunkasiri, 20QHlowever any such additions alsafect electrical
physical and/or electrical properties of the resulting ceranditernative processing
routes havelso been used to reduce energy consumption and develop electrical and
physical properties, for example soft combustion proceg8&agak,Yip & Sreekantan,
2011) solgel processing(Cernea et al.,, 2012; Dargham et al., 2018dlution
combustion processingMa et al., 2013)and hydrothermal processifida et al., 2006;

Trelcat et al., 2011)However, reducing the energy consumption antesirg time in
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BNT sintering as well as enhancing the electrical and physical propemtissll under

study.

In the present chapter, three processing routes haveusedto synthesis pure
and irondopedbismuth sodium titanate ceramid@®neprocessingoute has alsdeen
used to prepare bismuth sodium titanate gt®samics Microwave sintering
processing has been sussfelly used to prepare BNT ceramics as an alternative
method to replace solistate sinteringwith threemotivations redwcing sintering time
reducingenergy consumptigrandusing alow-costmicrowave oven in comparisdo a
conventionalfurnace. A novel melt processimgute has beerstudiedto manufacture
bismuth sodium titanate glassramics as an alternative processeplace soliestate
sintering processing for two asons: reducing the processing steps aaducing the
processing time. Convential solidstate sintering jmcessing has been used as a

baseline to compare the results withenthovel ones.
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Figure 41. Overview of pure and iron-dopedbismuth sodium titanate ceramics and
glassesChapter Four).
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4.2.Pure Bismuth Sodium Titanate Ceramics and Glasses

In the present worlkpureBNT ceramicsvereprepared by three processing routes

presented in Figure 4.1.

4.2.1.Solid State Processing Route

The experimental procedur®r solid-state sintering processingof pure BNT