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Summary

In many commercial devices, there are a number of waydich energy is wasted

or dissipated. This waste energy can, in principle, be harvested by using the correct
functional material. In the case of vibrational energy, the logical materials of choice
are piezoelectric ceramics. However, all current commepgdoelectrics contain

lead oxide which is classed as a restricted material in environmental legislation. The
main contenders for lead free piezoelectrics are based gvaisNbOz (KNN) and
NaosBio.sTiO3. The former however, has the advantage in ithiatcompatible with
cheap Nibased internal electrodes and thus it is feasible to manufacture low cost
KNN based multilayer devices provided formulations do not deteriorate in the
reducing condition required to suppress the formation of NiO. Consequihily

based lead free piezoelectric ceramics have been studied from the perspective of
optimising their performance for multilayer actuatonsotentially for energy
harvesting applications. To this end, the defect chemistry of KNN has been
investigated uner different sintering conditions, dopafigeceptors: Mff, Ti**, Sri

in KNN_50/50 ratio; Donor: St in KNN_50/50 ratio; T&" as an isovalent in KNN

51/49 ratio; and caopants: Bi* and Zf* in KNN_50/50 ratio) have been
incorporated into KNN to enhaacthe piezoelectric performance and prototype
multilayers of 10 and 16 layers with inner Pt electrodes/e been fabricated to
demonstrate the potential df.942KNN-0.058BNZ+ZrQ for the fabrication of
multilayer actuatorsThis lead free composition halket potential to replace PZT

and PZT8 in piezoelectric devices for room temperature applications. To fabricate
the multilayers, a novel Wedultilayer-Method (WMM) was also developed to

overcome the issues of delamination during firing of MLCCs.
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Chapter 1 Introduction and Aims

1.1 Introduction and Aims

Piezoelectric ceramics are an important class of functional matefiagever, the
majority of piezoelectrics are based on Pb(Zr,EijRZT) which contains lead oxide.
According to European environmental legislation, lead is toxic and not
environmentally friendly. There is therefore, significant focus on lead free
piezoeleatic materials. Potassium Sodium Niobate (KNN) is one of the leading
candidates to replace PZT but there are many fundamental science and processing
issues to be understood before it can be used commercially. The main issue in, e.g.,
the fabrication of KNNmultilayer actuators for potential use in energy harvesting
applicationsis the optimisation of its piezoelectric properties duringfigog with

Ni based internal electrodes. The use of base metal electrodes is highly desirable
since they are cheap ahdve been extensively developed for the capacitor industry
but to prevent oxidation during sintering they require lowJp(Oonsequently, inert

or reducing atmospheres are commonly used. KNN is an ideal starting material for
the fabrication of PbO free guoelectrics since it follows a sequence of ferroelectric
phase transitions on cooling, Figurell which are similar to better known

compounds such as BaTiO
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Figure1-1 The phase transitions in KNN with respect to the temperature

At high temperature, KNN (50:50) is cubic but below £0) it transforms to a
ferroelectric tetragonal structure with subsequent transitions to orthorhombic (210
°C) and rhombohedral123°C) on further coolingFigure1-1.

The flexibility of the structure means that the properties of KidN be modified by
sutable dopard and domain engineere@ thave superior properties a manner
reminiscent of PZT. However, K and Na are volatile at high tempessethere

are difficulties anticipated in high tempiaure fabricaion of actuators. Moreover,
the defect chemistry of KN sintered at differerent atmospheres is not well
understood.

The aim of this project therefore wae develop KNN based compositions whose
piezoelectric properties are optimised and in the long term not affected by firing in
inert/reducing conditions. Tthis end, the effect of processing atmosphere on the
properties of KNN have been investigated. In addition, the role of dopants has been
studied in the enhancement of piezoelectric properties with a view to developing

prototype multilayers in the latteap of the project.



Chapter 2 Literature Review

2.1 Perovskite Structure (ABX%)

This perovskitestructure was discovered by Geologist Gustav Rose in 1830, named
After Russian Mineralogist, C. L. A. Von Perovski. In this structure A and B are
metallic catims, and Xis nonmetallic anion,typically O or a halide. The ideal
perovskite has a priive cubic structuravith PmBm-symmetry, in which R>> Rs

and R & oRvhere R Rg and R are the ionic radii of the A B- and Gsite ions
respectively[1].The tolerance factor (t) was first used by Goldschmidt (1926) to

establish comination of ions likely to form the perovskite structure,

and for an ideal cubic crystal such as Se[i 1.

2.2 Piezoelectric and Dielectric Properties

Piezoelectric properties can only be obtained framgstds which are non
centrosymmetric From 32 cryml classes or point groups2l are non
centrosymmetric (i.e., without centre of symmetry} baly 20 are piezoelectri@as
described in detail ifrigure2-1 and Figure 2-3. Fromthe piezoelectrigoint groups,

only 10 are polar and exhihiiezoelectridy and pyroelectrity simultaneously and
within this there is a subgroup which exhibiigortaneous reversible polarization.
This latter group are simultaneouglyroelectric, ferroelectric and piezoelectirij.

Mainly ceramicsare composed of randomly oriented grains and are said to be
isotropic To induce pyreor piezoelectricity therefore,
uswally carried out a high field 21v/m and at eleated temperatures to encourage
the reorientation of electric dipoles and domains within the crystal structure and

grains. At a morphotropic phase bounda¥P@), the reorientation of dipoles and

3



domains is comparatively easy and thus thepgties of ceamics are optimised.
MPBs in typical KNNbased compositions are considered to arise af ¢heand
To-r-T phase boundarig8]

In addition to piezoelectric properties being optimised at an MPB,ralaive
permittivity (&) is often at a maximunin principlee is independent of electric field
strength butmay dependon frequency of AC field, crystal structure, defect
chemistry, €mperature and pressure.is an effective measure of the ability af
dielectric to store charge within a simple parallel plate capaamdrits value is
determined by magnitude andlype of polarizability. Electronic, ionic, dipolar and
space chargdominateer and tad in the approximate frequency ranges?if 1¢*

12 10*° and <16, respectively, and are briefly describedFigure 2-2. Tard or the
dielectric loss is a measure of tthesipation oheat during the storage of charge in a
dielectic.[2-5]

Dipolar behaviour in ferroelectric materials arises from the onsepaiftaneous
polarisationfrom a centreto norrcentrosymmetric state at i@urie emperaturéTc)
which for KNN is from anonpolar cubic topolar tetragonal structure. Polarisation
of the low temperature ferroelectric structure is defined asatiaedipole moment

per unit volume.
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M : dipole moment is the product of

“ the distance between two opposite charges ( ¥ ) and magnitude of the charges’
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(ae): nucleus and (oci): localised movement (adp): localised movement (a:sc): long range migration of
e~ cloud displacement of cations and anions of ions involved in dipole carriers (e”,h*,ions)

(@totar) = (@) + (@) + (@gp) + (a5;) mmmm) Ferroelectric materials

Figure 2-2 Explanation of dipole moment and polarisation mechanismdrawn

from[3, 5]

The efficiency of piezoelectric material
energyconverted nt o mechani cal energy6é6 to O6input
which is known as thelectremechanical coupling factor (k). k is alwaggpressed
asa fraction or percentage. For quartz,= 0.1, for baum titanate 0.4 whereas for

PZT, it is around 0.7.
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Piezoelectric propeds are anisotropic bagse they depenoh crystal orientation.
Hence, the piezoelectric coefficiet and k, requiréensornotation in order to have
a useful meaning.zgl for example, denotes that the applied stress/field are in the
same direction as the measured strain/chdfigeire 2-6. d may also be defined in

two different ways,

Q or Q (unit: 2 pC/N)

Similarly, the pezoelectric voltage coefficieny, may be defined as

Q or'Q (unit: 3 Vm/N)

Piezoelectric propertieandequationsare further defined imable 21.

2 Pico-Coulombs / Newton
3 Volt-meter/Newton
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Figure2-5 Piezoelectric vibrational modes vs. shapes with dimensional f&tios
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2.2 Piezoelectric Materials

The history of piezoelectrics began thousands of years ago when certain types of
minerals were known to generasparks when rubbed together to light fires. The
direct piezoelectric effect which leads to the generation of charge was first
demonstrated however, by two French brothersr®iand Jacques Curie in 1880 by
pressing in certain directions crystals such asrrmhaline, zinc blende, sodium
chlorate, boracite, tartaric acids, calamine, topaz, quartz, cane sugar and Rochelle

salt.[1]]

. A Pb*orla?
® eszvwTiv

O o0

ABQ, Unit Cell

Folarization Up Folanzation Down

Figure2-7 Perovskite ABQ unit cell for PZT or PLZT, illustrating 180° polarization
reversal for two of the six possible polarization statesluced by displacement of

the central cation in the tetragonal plah&]
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Today, most of commercial piezoelectrics with the exception of quartz are
synthesised and generally have the perovskite structure with an #®B®ula unit,
assome of them arshown inFigure 2-7. The Tcs and piezoelectric properties of
some early synthetic piezoelectrics material are listefaile 2-2. Note that even
amongst these early compositions, PZT is clearly the most performant piezoelectric.
The piezoelectric coefficients of PZT
when itwas first discovered and many publications have shown that its properties are

influenced by crystal structure, grain size and domain structure

Table2-2 Properties of some piezoelectrieranics @mpositions are defined, along

with the transition temperatures for each compositidi.

72 5.44 53 7.6 7.5 43 4.4 59 59

Density (10° kg/m?) 5.

Compliance 8.55 11 13 14.6 14.8 10.5 9.0 10.9 11.5

Radial frequency constant- - 2.9 32 22 22 32 3.4 2.65 2.6

frequency % dia (10°m/s)

Relative permittivity (€,) 1900 1400 600 1200 1500 2000 2000 900 1500

Power factor (Low fields) - 0.02 0.007 0.005 0.02 0.01 0.01 0.02 0.01

Resistivity (1052m) (20C) - - - 10 10° - - 10° 105
(250C) - - - 0.1 300 - - 10 10

Coupling Factors:

* Radial mode (disc) k, 0.35 0.28 0.22 0.55 0.54 0.30 0.26 0.24 0.38

* Length mode (bar) ks, 0.21 0.15%*  0.12*%* 030 0.32 0.17*%* 0.14**%  0.13%* (0.22**

* Thickness mode k; 0.49 0.40%*  0.30%*  0.76 0.67 0.42%* 0.35*%* 033 0.55%*

Mechanical Q-factor (radial - 200 350 500 75 - - 350 250

mode)

Piezoelectric strain constants:

* dyu(pC/N) -79 -60 -35 -130 -140 -80 -60 -40 -90
* dy(pC/N) 191 150%*%  9Q** 300 320 200%* 150%* 100%*  220%*
* g3 (mV/N) 47 -4.8 -7.3 -12.3 -10.6 -4.5 -34 -5.0 -6.8
* g33 (mV/N) 11.4 12.1%%  18** 283 244 11.3** 8.5%* 12.5%*  16.5%*
Curie Temperature (°C) 120 105 160 320 350 240 200 340 260
Other transitions 10 & 50&5 - - - -10 -56 - -

-80 - - - - -

All quantities other than resistivity measured at room temperature.

** Estimated.

Abbreviations used in this table:

BaTiO;(BT), Ba(Ti, 05215 05)O3 (BZ), (Bag 50Pbg 05Cag 12) TIO;(BPC), Pb(Tly 45710 5,)O; (LZ),
LZ4A & LZ5A are commercial names, (Nag 5,Cd, 1,)NbO; (SCN20), (Na, 5Cd, 125)NbO;
(SCN25), (Pby 7Bag 30)Nb,Og (PBN30), (Pby 5,Ba, 10)Nb,O4 (PBN40).
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2.2 Lead Zirconate Titanate (PZT)

PbzZiTi1xO3 (PZT) is a wellknown commerciallyjused perovskite ferroelectric
material. Key compositions with optimised piezoelectric coefficients lie at the
morphotropic phase boundary (MBP, x= 0.52) between rhombohedral and tetragonal
phase$13, 14]. Table2-3 andFigure2-8 showsome recent PZT based compositions
using strontium potassium nidiea(SKN) as a dopant in comparison with some
classic formulationsand ds3 vs Tc of well-established PZTrespectively The
optimum low field value of g& is 510 pm/V for a T = 356C. The exceptional
combination of ek vs Tc demonstrated by SKN doped compositions illustrates the

difficulty in replacing PZT with Pb&ree compositions.

800
700 @ 7
] S S
= -
6004 [} . r
— 1 b r bl
E } - -W : -
oS00 iy | = N
& = H3pg
= 4004 = N
-l
300 N
3]
200; . . . . . . -
150 200 250 300 350
T.('C)

Figure2-8 dsszvs. Tc temperature of wekstablished PZpiezoelectric ceramids]
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Table 2-3 Functional Properties of PZXSKN Ceramics Sintered at 125

(Standard PZT Copositions at the end of table for comparisfi)

Mol.(SKN) | Grain Te(°C) | Epax £50°C) k,
Size (1kHz) | (1kHz)
(pm)
0.01 11.4+£2.9 375 54000 1300 0.53
0.02 6.2+2.0 356 40200 1400 0.59
0.03 2.8+1.0 341 31100 1430 0.58
0.04 1.5+0.5 323 22600 1500 0.55
0.05 1.5£0.5 305 15300 1500 0.47
0.03 (24h) 2.8+1.0 341 40300 1420 0.62
0.05(24h) 1.2+0.4 305 17300 1460 0.52
PZT- - 328 1300 0.58
6%Sr!
PZT- - 365 1700 0.02 -- 374 0.60
2.4%Nb!
PZT-5A1 - 365 1700 - -- 410 0.60

Where, (SKN = Sr, K, Nb), &, = maximum relative permittivity at T¢., £sgoc) = permittivity at 50 °C, tand(spec) = tangent loss at 50
°C, dy;™% (pm/V) = high field value taken from strain diagram and d;*% (pm/V) = taken from low field. While PZT-6%Sr, PZT-
2.4%Nb and PZT-5A in this table are used as a comparison from other work.

2.3 Lead free piezoceramics versuBZT
The safe disposal of waste electrical and electronic equipment is a major concern in
t he EU. The European Parliament has adop
El ectronic( VEQEUE)p m&@md 66 Restriction of t he
Sub st aneteetrcdl and electronic equipment (RoHS) to prevent, reuse, or
recycle waste electrical and electronic equipment and to protect human health and
environment by the substitution of hazardous substances by safe or safer materials
from July 1, 200416, 17]. Lead oxide is classed as toxic and is thus one of the target
materials for eradication according to the above legislafiondate, the use of PbO
in the fabrication of PZT has received exemptions from this legislation due to
extensive lobbying by manufacturers and-esdrs. However, it is likely that in the

long term such exemptions will be more difficult to achieve andg tRbOfree

alternatives to PZT are currently being sought.
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At present, lead free piezoceramics are replacing Pb containing functional materials
in some applications, so the full usage of lead free might be envisaged in the near
future. However, there igi8 a critical need to focus on sustainability, reliability and
reproducibility of leaefree piezoceramics to use safely in devices.

The two main contenders for lead free piezoelectric materials also belong to the
perovskite family and are based ofsKaosNbOz (KNN) and Na.sBiosTiO3 (NBT).

Figure 2-9, Figure 2-12 and Figure 2-13, and Table 2-4, compare thealielectrics vs.

Tc and piezoelectric properties of NBT and KNN with currently available PZT
based formulationg13, 18-21] and llustrates the magnitude of the task. PZT
comfortably outperforms PbGfree alternatives for all the key metrics, inclugim,

dss, kp and Tc.

10000

B PZTs material
O Lead free material

8000

6000

4000

Dielectric Permittivity

2000

100 200 300 400 500

Curie Temperature ("C)

Figure2-9 Room temperature value tfas a function of & for various piezoelectric

ceramicq1§|.

Figure 2-10 shows the number of publications on lead free piezoelectrics per year
from 2004 to 2014 Papers on alkali niobates and its phase boundary dominate the
research landscapiigure2-11
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4 | I Lead-free piezoelectrics
4004 | B Alkali-niobium
4 | I Phase boundary in Alkali-niobium

Publications

2004 2005 2006 2007 2008 2009 20102011 20122013 2014
Year

Figure 2-10. Lead freepiezoelectrics in general anakali-niobium with phase

boundary in particularpublications from 2004 to 20148]

I Other lead-free piezoelectrics (a) I Phasc boundary in Alkali-niobium (b)
I Alkali-niobium [0 Other studies in Alkali-niobium

53.27%

d3.85%

Figure 2-11 Pie charts showing (a) the comparison of alk&ibium research with
other lead free materials, (b) amount of research work done on (MPB) phase

boundary of alkaliniobium from 2004 to 2014.

Table2-4Dielect i ¢ and piezoelectric properties

and prl&Ssent . o
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Materials* elg, tand | ds; k, Kis Tc To /Ty
(PC/N) (°C) (°C)
0.01 190 0.36 0.5 115 0

BaTiO, 1700
BaTi0,-CaTiO;-Co 1420 0.005 150 0.31 0.46 105 - 45
(N2 50K 50)ND O3 (HP) 500 02 127 0.46 0.6 420 =
(Nag 5K s0)NDO, 290 0.40 80 035 0.51 420 195
KNN-Li (7%) 950 0.084 240 0.45 0.64 460 ~20
KNN-Li (7%)-Ta(20%) 920 0.024 190 0.46 0.615 310 50
KNN-LF4** 1570 = 410 0.61 = 253 25
KNN-SrTiO; (5%) 950 = 200 0.37 = 277 27
KNN-LiTaO, (5%) 570 0.04 200 036 = 430 55
KNN-LINbO; (6%) 500 0.04 235 0.42 0.61 460 70
KNN-LIiSbO; (5%) 1288 0019 283 0.50 = 392 45
NBT-KBT-LBT 1550 0034 216 0401 = 350 160
NBT-KBT-BT 820 0.03 145 0.162 0519 302 224
NBT-KBT-BT (MPB) 730 0.02 173 0.33 0.59 290 162
NBT-KBT-BT 770 0.034 183 0367 0619 290 100
SBT-KBT90 870 0.04 110 0.15 0.507 296 =
SBT-KBTS85 1000 0.05 120 0.16 0491 250 =
BBT-KBT90 837 0.05 140 0.23 0.538 297 144
BBT-KBTS0 630 0.04 95 0.15 0361 290 238
Sr.NaNbO,.** 1100 = 120 = = 280 -

** Textured; To.q: Orthorhombic to tetragonal phase transition; HP: Hot
Pressed; T,4: depolarisation temperature;

NBT: (Nag 5oBig 50) TiO3, KBT: (K 5oBig 50) TiO3; LBT: (Lig 5oBip 59) TiO3; BT:
BaTiO;; SBT: (Srg5oBig20) TiO; ; BBT: (Bag 70Big2g) TiO;

B PZTs material

2 1000 | = O Lead free material
(®] A
=

= 800}
Q0

s I
S 600}
o

0 E
£ 400 |
(&)

2 L
8 200
9

2 [

Curie Temperature (°C)

Figure 2-12 Room temperature value ofsdas a function of & for various

piezoceramid4.g].
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Figure 2-13 Room temperature electromechanical couplipdléft) and ks (right)

for various piezoelectric ceramifg].

2.4 Potassium Sodium Niobate (KNN)

2.4.1 Phase Diagrams

Potassium niobate and sodium niobate are ferroelectric crystals that were first studied
by Matthias in 1949 but it was not until 1952 that the extensive polymorphism and
solid solution of these two crystals was first establisfzf]. The pseudoternary
phase diagram of KNb{3 NaNbQ; was reported for thettime in 1971 by Jaffe et

al., Figure 2-14. The phasdransitions of interest occur near the-csiled MPB
composition (KNN50) which itself exhibits rhombohedral to orthorhombigofT
orthorhombic to tetragonal €F) and tetragonal to cubic €J transitions from low
temperature to high temperature. At rooemperature, MPB composition have a
mixture of two orthorhombic phases shown in this diagram as dotted verticat line
nealy 50/50 ratio of K/NaThere is a very narrow region of liquid/solid whigtay
create problems in achieving optimum density throsigkering. Since the work of
Jaffe et al,[23, 24] a modified phase diagram for KNNrigure 2-15) has been
published which revdathe coexistence of monoclinic and orthorhombic phases at x

= 0.5. In this diagram, oxygen tilting superscripts and cation displacements

20



subscripts for each phase are utilised according to notation taken from St@kes
2002[25] Dotted lines represent changes in the tilt system, and the fhé&es?)
and T» (P4bm) correspond to those described by Ahtee and Glazer, 1976, but with

updated spacgroups corresponding to the oxygen tilt and cation displacements

observed[26]
(/A [ T e [ T S| Tl T ] D00
1400 i 1400°
Liquid /tIZ)OO"
1200 L"qu']d + Sohd j37000
E Pe
1000 Solid
I —600°
A
P F)TM
500 c 5000
400 ~400°
300 300°

200 H200°

Temperature, °C (Note change of scale at high temp.)

100 100°
_ﬂs';"g femp‘
\\\ O°
Falling JeMp. pro ™~
\s'@ E@ hySferesE\
e frars 0
Bopl e
[ | B A e 1o [y N S
O 10 20 30 40 50 60 70 80 90 92 94 96 98 100
KNbO3 Mole % NaNbO3 (Note change of scale at 90%) NaNbO3

Figure 2-14 Potassium niobate sodium niobate phase diagratemperaturéC vs

composition.23]
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Figure2-15 Modified phase diagram for KNNewals thecoexistence of monoclinic

and orthorhombic phases at x=0[24]

2.4.2 Undoped KNN Piezoelectric Ceramics

Birol et al. 20® conventionally prepared tihoped KNN andobtaineddss = 100G

110pC/N with 95% dense material. Ferroelectric loops from the work of Birol et al

are shown irFigure2-16. [27] Prior to this, Jaeger et al. 1962improved densityly

through hot

K soNasoNbOs.[28]

To date,

pressing and obtainedss d=

the

optimum

160pC/N

single

for 98.8% dense

crystal f oun-doped

(KoseNao.44)NbOs obtained by slowcooling method using 0.8(k.sNao.5)NbOs-

0.20KCQ; as starting powdehas realised a maximumsd= 220pC/N[29] By using

polarized light, the dmain structure oforthorhombic where domains in [001]

oriented KNN single crystals ave reportednonexistert, as shown irFigure 2-17

and dielectric measurements revealech,TTor and rct 0

433U0C,

rgpectivel y.
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Figure 2-16 Hysteresis loopsof KNN-50/50 at room temperatur@and different

applied electric fieldg.27]
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Figure 2-17 (a) Domain structureof orthorhombicand extinction of [@0]-oriented

KNN singlecrystal. (b) Fegion Ais magnified [29]

2.4.2.1 Volatility issues in KNNbasedCeramics

Many publications raised the issue of volatility in KNBIO-37], particularly with
respect to Kand Nd. However, converse to this issue, almost none of the authors
have given any direct evidence and thus a meaningful critical review of this topic is
difficult. In theory, volatility is the measure of tendency of a substance to vaporize;
and this pheomenon happens whedhe vapour pressure of that substance goes
higher than the environmental or atmospheric pressure. So by this definition every
material is volatileundercertain atmospheric conditions (e.g. pressure, temperature).
These conditions varfrom compound to compound. More oxidizing and complex
compounds are more stable at higher temperatures. Some groups have discussed
potassium oxide and sodium oxide separately in terms of volatility but to date none
have measured the vapour pressure folNKIR3, 30, 31, 33, 37-40]. LEE Yong

hyun et al 2008 fabricated the (¥NaosNbOz) composition by conventional solid
state processingand claimed relative densities over 97.4% weittess K of 0.44

mol % andNa" of 0.22 mol %to compensate volatility31]. The piezoelectric
constant (ek) andelectromechanical coupling factory)lof this ceramic were 0.341

and 126 pC/N, respectivelyMoreover, XRD the peak of 45f2(Figure 2-18) is
clearly changing with excess*KThe e- T data, reported by these authofigure

2-19 suggest that an excess of Kns is however, responsible for a shift ig T
towards higher temperatures. These authors reportedothearid Tr.c at 230°C and
425C in contast with expectedalues of 200°C and 41G; respectivelyj27,31 32,

41-43]. Furthermore, tathincreased andpKactor decrease(
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Table 2-5), consistentwith excess K and Na in the system, suggesting that the

reported volatility is much less prevalent than suggested. It maymeuded that

the larger ek value is a result of therlo-MPB shifting towards room temperature. In

contradiction tathe above, most authors report XRD patterns similar to the JEPDS

00-0320822, as illustrated iRigure2-20. [27, 32, 41-47]

Table2-5 Properties of KNN as a function of excess K/Nalj

Relative "

e df:l;/:i)ly ‘I‘:/?) (111:’?111) Om (1 If;lz) ld(f;:)%’/ ('Pg‘-;;/3N )
KNN 929 354 3312 8 358 37 9l
ﬁ?ﬁ);ng@?)/ 96.53 333 3314 122 364 53 115
EAN%;:{n‘]g i‘:’/ 9735 341 3334 116 361 96 126
KRN + K062/ 0706 309 3280 123 367 64 129

Na (0.31) mol %

o
ﬁ Orthorhombic (Pnmm)
KNN + K(1.26)/Na(0.13) mol%
—— KNN + K(0.44)/Nai0.22) mol %
— —— KNN + K{0.62)/Na(0.31) mol %
z g
‘E &
= o o
=1 =] <
. ‘ =t o9 o o
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= Y3y +
= N =
;:‘ ‘ | g || I'II | I| A
‘T [ S — ]w—punu-—J I--_-,_A.._n.‘_,-u-afd' et b e
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Figure2-18 XRD pattern of KNN with excess addition of K and ]
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2.4.3Modified KNN

The most extensively studied lead free KNN piezoelectric based materials
(Ko.4aN&o 52li0.04)(Nbo 84T @0.16Skn.06)Os  first time reached atlargest ds values
(416pC/N) which was first claimedby Saito et al. and was fabricated using a
Reactive Templated Grain Growth Method (RTGG) method used for textured
ceramic§52l Fol |l owing Saito et alds work, Guo
and LiTa modified KNN respective[$3, 54] and Damjanovic et aJ55] discussed

Li, Ta modified KNN synthesized by solid statethod Theyreportedpiezoelectric
propertiesk: = 53% anddzz = 200 pm/V for the Lidoped ceramics, ard= 52% and

dsz = 300 pm/Vfor the Li,Taco-doped sampleg55] Figure2-21 and Figure 2-22

show the UO-T relationship and unipolar  strain loops  for
(Ko.soN&o.50)0.97i0.09)(Nbo.goTa2003  in  comparison with commercial P26

(Ferroperm, Denmark).
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T8000F ——— KNN-8% Li
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g 3000
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£ 2000t

&

1000 | \
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Figure2-21 0-T relationshipfor Li, Ta doped KNN[55]
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Figure 2-22 Unipolar strainfield loops measured at 1Hz and room temperature; of

Li, Ta doped KNN compared witkerropernPZ26hard PZT ceramicb5]

Dunmin et al synt he s X)(KaMNbs)NOQA3IxBa(Zrn.osTio.os)Os (KNN-
BZT)with optimum properties obtained for x= 0.06 when 1 mol% of Mw@s used
as a sintering aid. These authattributed the excellent propies of KNN-BZT-

0.06 to the ceexistence of an orthorhombietragonal transition at room temperature
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and atievedds:s=234pC/N,kp=0.49,ki=0.48, =1191, tad =1.20%, andlc=318 °C,

Figure2-23 andFigure2-24.[32]
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Figure2-23 XRD data of KNNBZT, illustrating the structural changes with respect

to the xvalues[32]
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Figure 2-24 Comparison betweenigzoelectric and dielectric properties of KNN

BZT [32]

In 2011, Jianhua et &)56] prepared (N@sKo.s)0.94 10.0dNDOs througha molten salt
method and obtained optimum propertigstard, cs, kp, Qm (Mmechanical quality
factor), k, and T of 585, 1.8%, 213 pC/N0.35 500, 0.46 and 381.4C,

respectively[56]

2.4.4 Giant piezoelectricity in KNN-basedCeramics
After Saito et al, first reported so callégiantd piezoelectricity in 2004Wang and
co-workers [36, 43, 57] proposed a wide range dfNN-based ceramics that

exhibited high levels piezoactivity.
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2.4.4.1(2 x) (Ko.sNao.s) NbOsi x (Bio.sNao.s) ZrO s

The optimum piezoelectric properties ofi(X) (Ko.sNao.s) NbOsi x (Bio.sNao.s) ZrOs
ceramics reported aslzz = 360 pC/N, k= 32.1%, = 1429, tad = 3.5%, and € =
329°C were obtained through conventional solid state synthesis for xf8D03 he
authors reported that for x = 0.05 there is an MPB betweeTrtibé To-1 transitions

at close to room temperatur@iosNaos)>* was selected to decrease the temperature
of Tor transition and Z¥" ions were introduced to increase the temperature of the T
o transition. The sintering temperature was reported as-1120°C for 3 hours in

air. XRD patterns, £ loops and LCR data of this composition are showhrigure
2-25, Figure 2-26 and Figure 2-27, respectively In addition to this, LCR data

showed relaxor behaviour beyond the x=0.D%&g).

A\~ T x=0080 A-___% A= R ~__ x=0.080
- A R~ x=0.060
= s
o | A x=0055 A A | g | R~___ x=00ss
-~ ~ | New n MPB
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2 _J{ Jl x=0040 | A A g T x=0.040
) JI @ [ O-T Mixed Phase
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Figure 2-25 XRD of the KNN xBNZ formulationsin the 2y rangeof (a) 207 60°

and (b) 44r48°, respectively43]
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Figure2-26 Ferroelectric loops of KNMBNZ ceramics as a function off43]

14
20007 \ 4p] TX=0000
7500 e one | S ——x=0.020
——x=0020 | 1.04 ——x=0.030
—e—x=0,030
6000 —v— x=0.040 0.8- ——x=0.040
W | —4—x=0080 | —— x=0.050
4500 Gl e | 061 ——x=0.055
- —— x=0.060
30001 s 1 ——x=0.080
1500 e 0.2
i
0 100 200 300 400 500 100 200 300 " 400 500(
Temperature(°C) Temperature(°C)

Figure 2-27 (left) Relative permittivity and (right) tahloss plots of KNNxXBNZ at

10kHz as a function of temperatyes]
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2.4.4.2  0.96(1.48\Nao0.59 (Nbo.os_x'@0.0550x)Osi 0.04Bb.s(Nao.sXK 0.18052rO3  or
(0.96KNNTS,i 0.04BNK2Z)

Optimum properties for10.96KNNTSi 0.04BNKZ were obtained for x= 0.04 for
ceramics fabricated using conventional solid state synthatisizs= 460pC/N[58],
which ishigher tharthose ofthe textured ceramics reported by Saito ef5d]. The
thermal stability of ek value was also investigad with 354pC/Nbeingrecorded at
180C. Ta*, BNKZ and SB" were consideretb beconcurrently responsible for the
increase in ko and the decrease ino¥ transitions of potassium sodium niobate
ceramics,

Figure2-28 andFigure2-.[58]

3.0k 3k

2.5k x=0.0,
2%
2.0k
W~ w"
1.5k ‘f
1k 70 °
T, ~19°C R
1.0k ..’.,.-'
" T, ~72'C
2150 -100 -50 /(()) S0 100 150 200 50 -100 0 0 S0 100 150 200
8.0k 7°C 10.0k TI°C
(©) (d)
x=0.06| 8ok x=0.08
6.0k
N 6.0k
4.0k
4.0k ."“,-“
2.0k \ )
2.0k .."..f"‘ T(,~115C
~10°C
0.0 o 0.0
2150 100 -50 0 50 100 150 200 -150 -100 -30 0 50 100 150 200
e T/°C

Figure2-28 vs T (-150'200<C) for the 0.96KNNTSK0.04BNKZ ceramics (a) x
=0, (b) x = 0.04, (c) x =0.06, and (d) x= 0.08, the inddh) is  vs T of the ceramic

with x =0.03[58]
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Figure 2-29 Room temperature sglalues as a function of cT for KNN,

Bio.sNao sTiO3, BaTiGs, and Pb(Zr, Ti)@based piezocerami¢S8]

2. 4. 4. 31:Na)(Nb: p8h,)0OK x Bs(Naz 1 6w)0.52rOs( 0 O x O 0. 05,
y O 0.68, 0 O z O 0.08, and 0 O w O 1)
In the above complex formulation, thauthors ascribed the function of
[Bios(Nas 1 kw)og]?* and Zf* to that of lowering i rand raising &r oof

(K1 1Nay)(Nby 1Shk,)Os, respectively, which resulted in the largess of D490pC/N

ever claimed so far for KNNased ceramics. These authdeveloped a range of
compositions with € D21771 304 AC which rsewluebtbyed i n
systematically modifying x, y, z and w, in the above formula, thereby creating a
number of different MPB compositionas illustrated irFigure 2-29, , Figure 2-30,
Figure2-31 and Figure 2-32. They also discussed and plotted the direct relatipnshi

between gt and P, Figure2-. [57]
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Figure2-29 Temperaturad e pendent

C ap ac iitNa)(Mbe ShHOk

T X Bs(Naw 7 Kw)0.5ZrCs ceramics with (a) y=0.52, z=0.05, @48, (b)x=0.04,

z=0.05, w=0.18, (c) x=0.04, y=0.52, w=0.18, and (d) x=0.04, y=0.5D.05=

recorded at IKHz where thetemperature range a s
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Figure2-31dszand k of the( 1 T x )N&)INDb: 1Sh)O3 T X BsiNaw 1 Ikw)0.5Z2r0s
ceramics with (ay=0.52, z=0.05, w=0.18; (b) x=0.04, @965, w9.18; €) x=0.04,

y=0.52, w=0.18; (d) x = 0.04, y=0.52, z=0[6%F]
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Figure 232 § P and ds of the ( 1T x)N&KNb::Sh)Os
T X Bs(Naw 7 Kw)0.5ZrQ; ceramicsof (a) y=0.52, z=0.05, w=0.18; (b) x=0.04,

z=0.05, w#9.18; (c) x =0.04, y=0.52, wx18; (d) x=0.04, y=0.52, z=0.057]

2.4.4.4 0.96k 48N ap.54Nb0.955h0.0503-0.04Bi.5(Nap.sK 0.18)0.52r0O 3

The study of this composition mainly focused on attaining an optimum sintering
temperature (§) and broadening the range ofs Wwithout losing the MPB
structurg.36] The authors found the optimum range gfwas 1060i 1105C in
which RT phase coexistence could be achieved. In their XRD sé$tdfure 2-33,

they reported splitting of peaks in the-23 and 4447 2q ranges promotedyb

increasing & and proposed to be due to the volatility of alkali ions.
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